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Abstract

The available capacity of layered transition metal oxides, used as cathode active ma-
terials (CAMs) in lithium-ion batteries (LIBs), deteriorates during operation, thereby
limiting the lifetime of a battery cell. To develop a more comprehensive and quanti-
tative understanding of the mechanisms responsible for the associated capacity loss,
including particle cracking and oxygen release, in this thesis, the degradation phe-
nomena of nickel-rich CAMs are investigated combining surface area determination by
krypton-gas physisorption (Kr-BET), electrochemical impedance spectroscopy (EIS)
using a micro-reference electrode (p-RE), and on-line electrochemical mass spectrom-
etry (OEMS). To assess the impact of particle cracking, a novel impedance-based
technique is developed and validated, which is then applied to quantify the extent of
the cracking of CAM particles upon mechanical compression, upon extended charge/
discharge cycling, as well as at high state of charge. Single-crystalline particles, being
one possible candidate to alleviate particle cracking, are benchmarked against their
conventional polycrystalline analog — not only to evaluate the effect of the particle
morphology on fundamental properties such as the extent of gas evolution, the dis-
solution of transition metals, and the (chemo)mechanical and thermal stability but
also to elucidate their consequences on the performance in full-cells. Regarding their
structural stability, the onset of the release of lattice oxygen at high degrees of delithi-
ation is determined, exposing significant differences in the stability limit and thus
in the available capacity of layered-transition-metal-oxide CAMs dependent on their

composition.






Kurzfassung

Die verfiighare Kapazitit von Ubergangsmetallschichtoxiden, die als Kathodenak-
tivmaterialien (CAMs) in Lithiumionenbatterien (LIBs) eingesetzt werden, nimmt
wahrend des Betriebs ab, was die Lebensdauer einer Batteriezelle limitiert. Um
ein umfassenderes und quantitatives Verstandnis der Mechanismen zu entwickeln,
die fiir den damit einhergehenden Kapazitatsverlust verantwortlich sind, werden die
Degradationsphanomene von nickelreichen Kathodenaktivmaterialien, unter anderem
das Brechen von Partikeln und die Sauerstoffentwicklung, in dieser Arbeit mittels
Oberflichenbestimmung durch Kryptongasphysisorption (Kr-BET), elektrochemischer
Impedanzspektroskopie (EIS) mithilfe einer Mikroreferenzelektrode (p-RE) sowie elek-
trochemischer Massenspektrometrie (OEMS) untersucht. Um die Auswirkung des
Brechens von Partikeln einzuschatzen wird eine neuartige impedanzbasierte Technik
entwickelt und validiert, die dann angewendet wird, um das Ausmafl des Brechens
von Kathodenaktivmaterialpartikeln durch mechanisches Verpressen, iiber zahlreiche
Lade- und Entladezyklen oder bei hohen Ladezustinden zu quantifizieren. FEinkris-
talline Partikel, die ein moglicher Materialansatz zur Abschwéchung des Brechens
von Partikeln sind, werden mit ihrem konventionellen polykristallinen Analogon ver-
glichen — nicht nur um den Einfluss der Partikelmorphologie auf fundamentale Eigen-
schaften wie das AusmafB der Gasentwicklung, die Ubergangsmetallauflosung und die
chemo-(mechanische) und thermische Stabilitdt zu bewerten, sondern auch um ihre
Auswirkungen auf das Verhalten in Vollzellen aufzuklaren. Im Bezug auf ihre struk-
turelle Stabilitat wird das Einsetzen der Sauerstoffentwicklung bei hohen Delithi-
ierungszustanden bestimmt, was signifikante Unterschiede des Stabilitatslimits und
folglich der verfiigharen Kapazitit von Ubergangsmetallschichtoxid-basierten Katho-

denaktivmaterialien aufdeckt.
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List of Acronyms

Abbreviation

BET
BEV
CAM
CC
CCCV
CE
CEI
CMC
CPE
Ccv
DCIR
DMC
EC
EV
EIS
FEC
FIB
GEIS
GITT
GWRE
HF
LCO
LEDC
LF
LFO
LFP
LIB

Description

Brunauer-Emmett-Teller

battery electric vehicle

cathode active material
constant-current or current collector
constant-current /constant-voltage
Coulombic efficiency
cathode-electrolyte interphase
carboxymethyl cellulose

constant-phase element

constant voltage

direct-current internal resistance
dimethyl carbonate

ethylene carbonate

electric vehicle

electrochemical impedance spectroscopy
fluoroethylene carbonate

focused ion beam

galvano electrochemical impedance spectroscopy
galvanostatic intermittent titration technique
gold-wire reference electrode
high-frequency or hydrofluoric acid
lithium cobalt oxide

lithium ethylene dicarbonate
low-frequency

lithium difluorophosphate

lithium iron phosphate

lithium-ion battery



List of Acronyms

LMR-NCM
LNO
LNMO
LTO
p-RE
MS
NCA
NCM
NMP
OoCP
ocv
OEMS
PC
PEIS
PVDF
SBR
SC

SEI
SEM
SHE
SOC
TBATFSI
TEM
™
TGA
V2G
VC
VGCF
XRD

vi

lithium- and manganese-rich NCM
lithium nickel oxide

lithium nickel manganese oxide

lithium titanate

micro-reference electrode

mass spectrometry

lithium nickel cobalt aluminum oxide
lithium nickel cobalt manganese oxide
N-methyl-2-pyrrolidone

open-circuit potential

open-circuit voltage

on-line electrochemical mass spectrometry
polycrystalline or propylene carbonate
potentio electrochemical impedance spectroscopy
polyvinylidene difluoride

styrene butadiene rubber
single-crystalline

solid-electrolyte interphase

scanning electron microscopy

standard hydrogen electrode

state of charge

tetramethylammonium bis(trifluoromethanesulfonyl)imide
transmission electron microscopy
transition metal

thermogravimetric analysis

vehicle-to-grid

vinylene carbonate

vapor-grown carbon fibers

X-ray diffraction



What is a scientist after all?
It s a curious man looking through a keyhole,
the keyhole of nature, trying to know what’s going on.

Jacques Yves Cousteau (1910 - 1997)
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1 Introduction

1.1 The Transition into a Low-Carbon Economy

Over the past 800,000 years, the carbon dioxide (COz) concentration in the atmosphere
of the earth had never exceeded 300 ppm before the appearance of humankind. This
mark was first crossed in 1912, and the CO, level has increased to a value of 421 ppm
as of June 2022 [1, 2].

Since the beginning of the industrial period in the late 18" century, more and more
fossil fuels are being consumed producing CO5 upon combustion, which accumulates in
the atmosphere. Within in the same period, the global anthropogenic CO5 emissions
of 10 Mtgo, /year in 1750 have followed an exponential rise, reaching a 3,500-fold value
of 35 Gtco, /year in 2021 [1, 3, 4]. Over the past decades, the observed concentrations
of gases such as CO,, methane (CHy), and nitrous oxide (N2O) amongst others have
hit a new all-time high every year [1]. These so-called greenhouse gases are mostly
transparent to the light emitted from the sun, but can absorb, emit, and thus reflect
light of the infrared part of the electromagnetic spectrum; hence, the natural green-
house effect, i.e, the reflection of the thermal radiation from the surface of the earth
with a wavelength of 7 to 14 pm, grows with the amount of greenhouse gases in the

atmosphere [2, 5].

It is now widely accepted that the anthropogenic emission of these gases has been
resulting in and will continue to cause a rise of the average temperature of the earth
as well as changes of the climate in general. For the future, not only extreme weathers
such as heat waves, storms, floods, and droughts are predicted, but also glacier and sea
ice reduction, rising sea levels, and ocean acidification will change the ecosystem [6].
The extent of these phenomena will be dramatic, both for the ecosystem as well as for

humanity — if the emission of greenhouse gases remains at such a high level.

Within the Paris Agreement, a legally binding international treaty of 2015, 196 parties
committed to decrease greenhouse gas emissions and reach net-zero carbon emissions

by the middle of the 21%% century, aiming to limit the temperature rise to 2.0°C as
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compared to pre-industrial levels. To achieve this target, the global COy emissions
have to be reduced by -4 % /year, while limiting the temperature rise to the preferred
value of 1.5°C requires a reduction in emissions by -8 % /year [7]. So far, based on the
average temperature of the 20" century, the global average surface temperature has
risen by 1.0°C [1].

The main contributor to these emissions is the consumption of fossil fuels in industrial
processes, in private households, for transportation, and for the generation of electric-
ity. Currently, these processes are mostly based on the combustion of natural oil, gas,
and coal. For the transition to a sustainable low-carbon energy economy, these sectors
are required to replace fossil fuels with electricity that is generated from renewable
sources. The majority of this renewable energy is expected to come from wind, solar,
and hydropower, which are not only limited geographically but often alternate period-
ically, i.e., with time of day or time of year [8]. Therefore, the energy surplus available
in times of high power needs to be stored and later consumed during times of low
power. The required storage technology is expected to be based on electrochemical
processes, due to the relatively high energy density that can be stored and released by

the conversion of chemicals.

The electrochemical storage of electrical energy could be based on the production of
hydrogen (Hj) in electrolysers during times of a surplus of the electricity production;
its later consumption in fuel cells to generate electricity when it is needed [9, 10],
however, might not be feasible in the future since the produced Hs is expected to be
essential for chemical processes, e.g., for the production of ammonia, methanol, and
steel [11]. Therefore, the short-term storage on the order of hours or days might require
rechargeable batteries [12]. In the case of lithium-ion batteries (LIBs), the round-trip
energy efficiency, i.e., the ratio of the energy provided by during the discharge of a
battery and the one required to charge it, is typically between 75 to 90 % on the system

level, making them a highly relevant technology for energy storage in the future [13].

Even though the production capacity of high-energy LIBs has multiplied tenfold over
five years from 64 GWh in 2016 to 631 GWh in 2020 [14-16], and even though their
prices have dropped by an order of magnitude over the past 20 years from between
1000 and 2000 US$/kWh to between 100 and 200 US$/kWh [15], both mainly driven
by the rising numbers in electric vehicle (EV) production [14], batteries with the sole
purpose of storing the electricity surplus and releasing it back into the grid when
needed are not viable from a cost perspective. Furthermore, since the amount of raw

materials for batteries is limited, an efficient use of the available battery capacity is
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essential. Therefore, vehicle-to-grid (V2G) operation has been proposed, using the
available battery capacity in current and future battery electric vehicles (BEVs) to
buffer the fluctuating electricity production and consumption [17]. The application of
this concept requires BEVs with the ability to charge bidirectionally to return electric
power into the grid during times of high demand. Since the majority of cars is parked
at any given time, V2G is receiving rising attention, as it would allow to use the

battery capacity of parked cars.
In Germany, more than 50 % of the total electrical energy of 583 TWh produced in 2021

stems from renewable sources, mainly based on solar and wind power, which fluctuate
strongly with time of day and with the weather conditions [18-20]. Assuming an
average battery pack size of 45 kWh for a typical BEV [21], the current fleet of more
than 600.000 BEV passenger cars could store more than 27 GWh, which correspond
to 1.7 % of the average daily electricity production of 1.6 TWh [22]. In theory, to hold
the entire daily electricity production, the capacity of 36 million average BEVs would
be required, which would be fulfilled by the complete electrification of the 49 million
passenger cars currently registered in Germany. However, since only the production
surplus needs to be stored, a significantly smaller number of BEVs would be already
sufficient to buffer the fluctuating electricity production, highlighting the capability

and importance of V2G operation in the future.

For this purpose, the state-of-the-art battery technology does not only have to be
improved to satisfy the expectation of the customer regarding the driving range of
a BEV but also to sustain more load cycles than actually required for solely driving
the car. For vehicles which are allocated daily for V2G operation, the battery of
a BEV does not only have to operate for the lifetime of the vehicle of more than
15 years but also withstand more than 5,000 charge/discharge cycles. Essentially, the
transformation into a sustainable low-carbon energy economy crucially depends on the

large-scale availability of durable batteries.

As the cathode active material (CAM) is the largest component of a LIB, both in
weight and cost, the focus and purpose of this work is the understanding of the degra-
dation mechanisms of the CAMs, aiming to develop strategies for the future design
of improved CAMs. First, the degradation of CAMs induced by particle cracking is
elucidated by a newly developed impedance-based method, while its consequences are
alleviated by the modification of the particle morphology. Furthermore, the upper
potential limit for the stable operation of a CAM, essential to ensure its structural

stability at a high degree of delithiation, is determined dependent on its composition.
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1.2 Lithium-Ion Battery Technology

The breakthrough of the commercial LIB, introduced by Sony in 1991, was driven
by the digital revolution of the 21% century and the rise of portable devices such
as mobile phones, cameras, and laptops, where energy and power density are crucial
for the usability of the device [14, 23]. Since then, LIBs have become indispensable
in diverse technologies such as portable electronics, power tools, medical devices, and
electric mobility [14, 23], mainly due to their relatively high energy density of currently
260 Wh/kg or 700 Wh/1; furthermore, they are expected to be a key technology to

enable the energy transition.

The Working Principle

State-of-the-art LIBs comprise two insertion electrodes, based either on transition
metal (TM) oxides (LiMO,, M being the transition metal) or phosphates (LiMPOy)
for the positive electrode and on graphite (Cg) (and possibly silicon (Si) or silicon oxide
(Si0,)) on the negative electrode, as it is depicted in Figure 1.1. The two electrodes
are separated mechanically by a polymeric separator to prevent the physical contact
of both electrodes and thus an electrical short circuit. This porous separator is soaked
with a lithium-ion-conducting electrolyte, containing alkyl-carbonate-based solvents,
a dissociated lithium salt, and possibly electrolyte additives. To ensure a sufficient
ionic connection of the active material particles, a porous electrode is manufactured
consisting of pm-sized particles, while its pores are also filled by the electrolyte. The
proper mechanical stability regarding cohesion of the particles as well as the adhe-
sion of the electrode to the current collector is obtained by using a polymeric binder,
whereas conductive additives such as carbon particles or fibers enhance the electronic
conductivity within the electrode. The metallic current collector foils, made of alu-
minum for the positive and of copper for the negative electrode, conduct the electrons

from/to the reaction site to/from the external circuit.

In a secondary (i.e., a rechargeable) battery, electrical energy is stored as chemical
energy by redox reactions and converted back reversibly. The charging is a non-
spontaneous process, which requires external energy to drive the reaction (with the
Gibbs free energy being AG > 0), while discharging runs spontaneously and provides
external energy (AG < 0), since the intercalation of lithium ions (LiT) in the positive

electrode is thermodynamically favored. To charge the cell, an external source provides
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Figure 1.1 Schematic of a lithium-ion battery, consisting of the copper current collector (from left to
right), the negative electrode, the separator, the positive electrode including the conductive additive,
and the aluminum current collector, while all void space is occupied by electrolyte. Reprinted from
Ender [24] under a Creative Commons BY-SA 3.0 DE license.

work and drives electrons from the positive electrode to the negative electrode, which
is accompanied by the deintercalation of lithium ions at the positive electrode and a
simultaneous intercalation at the negative one, as it is presented for LiMO, and Cg in

Equations 1.1 and 1.2 (from left to right), respectively.

LiMOy = Li;_,MOy + Lit + 2 e~ (1.1)
Ce +rLit +ze” = Li,Cg (1.2)
The two half-cell reactions can be combined to the full-cell reaction in Equation 1.3

charge

LiMO, + Cg Li;_,MO, + Li, Cg (1.3)

discharge

The external electronic current and the consequent lithium (de)intercalation during
charge induce a concentration gradient of the conducting ions in the electrolyte, which
is compensated by an ionic current between the electrodes. For the discharge, the
reactions are reversed (i.e., Equations 1.1, 1.2, and 1.3 occur from right to left), what
provides electrical energy and drives the external load. Originating from primary
batteries, which only allowed for the discharge reaction, the positive electrode, where
the reduction reaction takes place during discharge, is colloquially called cathode, while
the negative one is called anode, as the oxidation reaction occurs here during discharge.
Even though the host material is reduced/oxidized upon (de)lithiation, ideally, it does

not undergo structural or morphological changes, what enables the highly reversible
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charge/discharge reactions. The Coulombic efficiency (CE), which is a measure for the
reversibility of the reactions and defined in Equation 1.4 by the ratio of the discharge
capacity Qgischarge and the charge capacity Qcharge, 15 typically close to 100 % during

the operation of LIBs (except for the first few so-called formation cycles).

CE — Qdischarge (1.4)
Qcharge

Since the electrochemical potential of an electrode rests upon the chemical potential
of the active species, e.g., on the environment of the lithium ions in the host structure
as well as its degree of (de)lithiation, each active material shows a distinct poten-
tial profile, i.e., a curve which relates the potential of the electrode to the degree of
(de)lithiation. It has to be noted that potentials which are referenced to the reduction
potential of lithium (Li*/Li) will be marked here using the notation of Vi;, whereby
0 V; corresponds to -3.04 V against the standard hydrogen electrode (SHE).

The potential difference between the two electrodes results in the cell voltage
Eeen = Eeathode — Fanode- In the absence of current, this voltage is called open-circuit
voltage (OCV), what results from the difference of the open-circuit potential (OCP)
of each electrode; during operation, however, overpotentials which arise from vari-
ous (ohmic, kinetic, and mass-transport-related) resistances and which are required to
drive the reaction add to the half-cell potential during delithiation, while they reduce
the potential upon lithiation. The electrochemical potential (profile) directly affects
the specific energy w (i.e., the gravimetric energy density) of an electrode (in units of
Wh/kg), being the ratio of the energy W, either required for the charge or delivered

upon discharge, and the (active) material mass m within the electrode

W 1 / /
UP>—=/ ﬂwdq=mE (1.5)
m 0

which is defined by the integral of the potential E(q’) over the exchanged specific
capacity (or charge) ¢ (in units of mAh/g)

g=—= (1.6)

m M

and can be simplified by the product of ¢ and the mean potential £, with Q being
the total exchanged capacity, F' the Faraday constant of 96,485 As/mol, z the valency

of the active species (z = 1 for lithium ions), and M the molar mass of the active
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material. The energy required to charge an electrode (or cell) is generally larger than
the energy gained during discharge, both due to the mentioned overpotentials required
to drive the reaction as well as a CE which is typically just below 100 %. The rate of
the complete (dis)charge of an electrode (or battery cell) is commonly expressed by
its C-rate (in units of 1/h), which is defined by the ratio of the applied current I and
the total available capacity. If a cell is charged within two hours, the applied current
corresponds to a C-rate of 0.51/h (or C/2).

C-rate = é (1.7)

Electrolyte Components and the Solid-Electrolyte Interphase

In contrast to aqueous battery systems such as lead-acid batteries, the higher oper-
ating voltage of LIBs requires the use of aprotic, organic solvents which are stable
towards unwanted electrolyte oxidation up to 4.5 Vy;. The commonly used alkyl car-
bonates include cyclic carbonates such as ethylene carbonate (EC) since they enable
the sufficient dissolution of the salt to conducting ions by forming a solvation shell due
to their high polarity and the high dielectric constant; in contrast, the added linear
carbonates such as ethyl methyl carbonate (EMC) optimize the physical properties of
the electrolyte, including its viscosity and its freezing point, to ensure good a ionic

conductivity [25].
As conducting salt, lithium hexafluorophosphate (LiPFg) is typically used in commer-

cial LIBs, what is owed to its high solubility in non-aqueous, polar solvents and its
high conductivity, e.g., of 12mS/cm at 25°C for LP57 (i.e., 1M LiPFg in EC:EMC
3:7 w/w) [26]. In the presence of trace amounts of water, LiPFg hydrolyzes and forms
hydrofluoric acid (HF), additionally producing either lithium fluoride (LiF') and phos-
phoryl fluoride (POF3) or lithium difluorophosphate (LiPOsF,, LFO) [27]. HF does
not only passivate and thus protect the aluminum cathode current collector against
corrosion upon reaction with its inherent oxide layer forming a passivating layer of
aluminum fluoride (AlF3) [28] but also induces unwanted reactions with the electrode
materials, such as the corrosion of the CAM. Furthermore, the disproportionation of
the LiPFg salt

LiPFg = LiF + PFj; (1.8)

is shifted to the right side at elevated temperatures, forming insoluble LiF and reactive

phosphorus pentafluoride (PFj5) gas, what induces unwanted side reactions, limiting
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the operation temperature of LIBs using LiPFg as conductive salt to 60°C [29, 30].

The stability towards the electrochemical oxidation of the mentioned electrolyte com-
ponents is reported to be limited to ~4.5 Vy;, at least at 25°C, while electrochemi-
cal electrolyte oxidation may already occur at lower potentials for elevated tempera-
tures [31, 32]. In contrast, as the low operating potential of most anode active materials
exceeds the stability window of the electrolyte components, they get reduced electro-
chemically; fortunately, the reduction products, e.g., of EC, which decomposes below
0.8 Vi, form a stable protective surface film [33]. This so-called solid-electrolyte
interphase (SEI), first described by Peled in 1979 [34], is formed during the first
formation cycle and consumes cyclable lithium, resulting in the first-cycle irreversible
capacity loss, which scales with the specific surface area of the anode [35, 36]. The
composition of the SEI depends strongly on the used electrolyte components (i.e.,
the solvents, the salt, and possible additives) as well as the applied formation and
cycling conditions; nevertheless, the main components include LiF, lithium carbon-
ate (LiyCOs3), lithium ethylene dicarbonate (LEDC), lithium alkoxides (Li-OR), and
polyolefins [37]. By conducting lithium ions but being insulating for electrons, the
SEI offers the properties of a solid-state electrolyte, protecting the electrolyte from a
continuous reduction. However, the SEI can be damaged through unwanted processes,
e.g., by the volume change of the active material rupturing the SEI and exposing fresh
surfaces, by reducing and incorporating TMs dissolved from the cathode active mate-
rial, or by its decomposition at elevated temperatures, all consuming cyclable lithium
when the SEI is restored.

The properties and the stability of the SEI can be improved by modifying its compo-
sition through the use of electrolyte additives, which are admixed with the standard
electrolyte in quantities of up to 5 %. Typical electrolyte additives are carbonates such
as vinylene carbonate (VC) and (di)fluoroethylene carbonate (FEC (or DiFEC)) or
LFO, all improving the long-term cycling stability [38-43]. Since the additives are
reduced already at ~1 Vp;, the reduction of the solvents, e.g., of EC, is suppressed and

the composition of the SEI is modified to improve its stability.

Anode Active Materials

Titanium disulfide (TiSz), which was introduced as CAM by Wittingham in 1976 to be
the first material to (de)intercalate lithium ions reversibly, could only be synthesized

in the delithiated state [44, 45]. Therefore, lithium metal was used as an anode con-
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taining the required lithium inventory. Due to the repeated stripping and plating of
lithium metal during operation, which does typically not occur in a perfectly homoge-
neous manner, cavities and dendrites form on the lithium-metal surface, whereby the
latter may grow through the separator to the cathode. Upon contact of the lithium-
metal dendrite and the cathode, an internal electrical short circuit would release (part
of) the stored energy instantaneously in the form of heat, compromising the safety
due to a fire hazard, what eliminated the use of lithium metal as anode in commercial
LIBs. Due to the high specific capacity of pure lithium metal, however, it remains an
anode material of interest, what stimulates many efforts to stabilize lithium metal for
commercial applications, e.g., through advanced electrolyte formulations [46-48]. Cur-
rent activities include the investigation of so-called anode-free LIBs, where, instead of
an anode, a sole copper current collector is used, on which the lithium inventory of the

cathode is plated, what would enhance the energy density of LIBs significantly [49-51].

To enable the safe production and operation of LIBs and thus their successful com-
mercialization, the lithium-metal anode was replaced by carbonaceous anode active
materials when the lithium-containing layered oxides and phosphates were found.
For (natural or synthetic) graphite (Cg), the lithium ions intercalate between the
graphene layers from the edge plane (see Figure 1.2), showing a staging behavior with
various plateaus at a low potential of 0.05 to 0.25Vy; and a theoretical capacity of
372mAh/g when fully lithiated to the LiCq phase (see Equation 1.2) [36]. The use of
graphite comes with low cost, a high electronic conductivity, and a high reversibility.
The uniaxial volume expansion of ~10% perpendicular to the graphene layers, how-
ever, results in the cracking of the SEI and a subsequent reduction of electrolyte and
consumption of lithium inventory by side reactions, what slightly decreases the CE of
each cycle. Additionally, due to the graphite potential being close to the one of lithium
metal, the risk of unwanted lithium plating becomes relevant, in particular, at high
rates, low temperatures, high areal mass loadings, or low electrolyte concentrations [52,
53|. For graphite anodes, propylene carbonate (PC) cannot be used as electrolyte sol-
vent molecule since it intercalates with the lithium ions into the active material, what

results in the irreversible exfoliation/delamination of the graphene layers.

Silicon (Si) particles are often added to graphite anodes to increase the energy density
of the cell. As the storage of lithium in the silicon active material is not based on inter-
calation but on the formation of an alloy, silicon provides a theoretical specific capacity
of 3,579 mAh/g for the full electrochemical lithiation to the Li;5Siy phase, being ten-
fold as compared to the one of graphite. Silicon has a higher operating potential of 0.3
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LiMn,O, LiFePO,

Figure 1.2 Crystal structure of graphite (Li,Cg), layered lithium transition metal oxides (LiMOs),
spinel-type lithium manganese oxide (LiMnyQOy), and lithium iron phosphate (LiFePOy4) (from left to
right). Reprinted from Manthiram [61] under an open-access ACS AuthorChoice usage agreement.

to 0.5 Vy;, what does not compromise the energy density of the cell dramatically but
impedes lithium plating and enables higher charging rates [54]. However, the volume
expansion of +280 % upon full lithiation induces mechanical stress, particle fracture,
and even particle pulverization, resulting in the electronic isolation of silicon parti-
cles, both for nanometer- and micrometer-sized silicon particles [55, 56]. However, a
new approach considers the partial lithiation of micrometer-sized particles, lithiating
only an amorphized outer shell of the particles, while the core remains crystalline;
this is achieved by limiting the cutoff potential to 170 mV, what ensures the mechan-
ical stability of the particle [57, 58]. The repeated expansion and contraction upon
delithiation, however, exposes fresh surfaces, what promotes electrolyte reduction and
lithium inventory loss due to a continuous (re)formation of the SEI. This mechanism
can be suppressed by the use of suitable electrolyte formulations which contain elec-
trolyte additives such as fluoroethylene carbonate (FEC) or lithium nitrate (LiNiO3);
by this approach, however, the significant loss of lithium inventory is only postponed
until the additive is consumed [38]. Therefore, current activities include the investiga-
tion of silicon encapsulated in a carbon shell, which separates silicon and electrolyte

and thus allows for an improved CE and capacity retention [59, 60].

Lithium titanate (Li;Ti;O15, LTO) is a spinel-type anode active material with a
specific capacity of 175 mAh/g (for the full lithiation to the Li;Ti;O15 phase), which
is exchanged during its potential plateau at 1.55Vy;. Therefore, LTO provides a
relatively low specific energy, however, its (de)lithiation is highly reversible since it
operates within the stability window of the electrolyte components, suppressing elec-
trolyte reduction and lithium inventory loss due to the absence of SEI formation.
Furthermore, the high operation potential impedes lithium plating while the typically

used nanoparticles enable the rate capability of the material, what enhances safety
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and enables the utilization of LTO in high-power and/or low-temperature applica-
tions. Additionally, this so-called zero-strain anode material exhibits a small volume
change of only +0.2 % upon full lithiation, impeding particle cracking [62]. Due to its
prolonged cycled life, LTO is employed in medical devices and stationary energy stor-
age applications. However, LTO reacts with the organic electrolyte, e.g., by reducing

protic species in the electrolyte and evolving gas, e.g. Hy [63, 64].

Cathode Active Materials

State-of-the-art LIBs are assembled in the discharged state, i.e., that the CAM provides
the inventory of the active lithium, hence, determining the capacity of a full-cell.
Therefore, both a high reversible capacity as well as a high operating potential are
desired for CAMs to maximize the cells energy density. All commercially available
active materials are based on 3d TMs such as manganese (Mn), iron (Fe), cobalt (Co),
and nickel (Ni). In addition to the widely used layered lithium transition metal oxides
(discussed below in Chapter 1.3), two cobalt-free alternatives are presented in the

following.

Spinel-type lithium nickel manganese oxide (LiNigsMn; 504, LNMO) is derived
from spinel-type manganese oxide (LiMnyO4, LMO). LMO was introduced by Thack-
eray et al. in 1983 and provided an operating voltage of 4.0 Vy; and a theoretical
capacity of 148 mAh/g, which was, however, limited practically to 120 mAh/g [62, 65].
By replacing manganese partially with nickel, LNMO was synthesized by Gao et al.
in 1996 [66] and is relatively cheap due to the high abundance of manganese. The
high rate capability of LNMO is owed to the three-dimensional lithium-ion diffusion
pathways of the spinel-type lattice (see Figure 1.2). Even though LNMO provides a
theoretical capacity of only 147mAh/g (for the full delithiation to the NigsMn; 504
phase), its high energy density is owed to its high operating potential of ~4.75Vp;
(see orange data in Figure 1.3). On the downside, the high potential of the so-called
high-voltage spinel gives rise to electrochemical electrolyte oxidation, in particular, at
elevated temperature [31, 32, 39], what results in the formation of protic species and

in TM dissolution, ultimately inducing a drastic capacity fade in full-cells [67-69].

Lithium transition metal phosphates have a phospho-olivine polyanion host structure.
Their most common representative is lithium iron phosphate (LiFePO,, LFP), in-
troduced by Padhi et al. in 1997 [70, 71], providing a theoretical capacity of 170 mAh/g
(for the full delithiation to the FePO,4 phase), which is mainly delivered during its po-
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tential plateau at ~3.45 Vi; (see yellow data in Figure 1.3). LFP has a relatively stable
host structure (see Figure 1.2), what allows to fully delithiate the material without
degrading the structure, and is known for its low cost, thermal stability, and longevity;
however, it exhibits a relatively poor electronic and ionic conductivity, the latter being
due to the one-dimensional lithium-ion diffusion pathways. LFP is (de)lithiated by a
two-phase reaction consisting of a fully lithiated and a fully delithiated phase; between
the two phases, it exhibits a relative change of its unit cell volume of -6.8 % upon full
delithiation [70], what results in stress and strain and eventually in particle crack-
ing, as observed by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) [72-74]. Nevertheless, LFP does provide a high-power capability
when its particle size is reduced appropriately to typically 100 to 500 nm and when
a carbonaceous surface coating is applied. Due to its low cost and high power, LFP
serves in stationary energy storage applications, in power tools, or in heavy-duty or
mass-produced EVs, but is not suitable where high energy density is required owed
to its relatively low operating potential. Current activities also include the investiga-
tion of lithium manganese phosphate (LiMnPO,4, LMP) and lithium manganese iron
phosphate (LiMnyFe; (PO4, LMFP) due to their higher operating voltage between 3.4
and 4.2 Vy,; [75-77]. Similar to LNMO, LFP can be fully delithiated without CAM

degradation due to the absence of detrimental changes of its crystal structure.

1.3 Advances in Layered Lithium Transition Metal
Oxides

Development of Compositions

While LFP represented around 34 % of the total CAM production of 350,000 tons
in 2018, layered lithium transition metal oxides (LiMOg, M typically being a TM
such as cobalt, nickel, manganese, and/or aluminum) were the most commonly used
CAMs [14]. Synthesized in lithiated state by Mizushima and Goodenough in 1980 [78],
lithium cobalt oxide (LiCoO;) was the first commercially used member of the class of
layered lithium transition metal oxides. Since it had been paired with a carbonaceous
anode by Yoshino in 1985 and commercialized by Sony in 1991, it was the most widely

used active material for more than 20 years [62].

In LCO (or layered oxides, in general), having an a-NaFeO, structure, the alternating

layers of lithium ions (Li™) and cobalt ions (Co*") (or TM ions, respectively), which re-
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Figure 1.3 Representative cathode potential curves (i.e., the relationship of potential and spe-
cific capacity) of the first charge of CAMs: LCO (light green), NCM111 (green), NCM622 (blue),
NCM851005 (dark blue), LNO (black), LMR-NCM (purple), LNMO (orange), and LFP (yellow). The
data were collected in T-cells with LP57 electrolyte against a lithium-metal counter electrode and
reference electrode, while the CAM was charged to 5.0 Vi; at C/15 based on the theoretical capacity
of the CAM. The solid line marks the region of the capacity window used for practical cell operation,
while the dotted line completes the curve for the full delithiation of the CAM. The potential region
above the oxidative stability limit of 4.5 V; of the carbonate-based electrolyte is marked in light red.

side in octahedral sites, are separated by layers of oxygen ions (see Figure 1.2). Within
these layers, lithium ions can move in-plane, i.e., within the two-dimensional pathways
of the layered structure, via tetrahedral voids sharing faces with the octahedral sites.
During operation, lithium ions are (de)intercalated reversibly from/into the solid host
structure while the charge is compensated by the oxidation of the TM ions. Even
though it provides a relatively large theoretical capacity of 274 mAh/g, the practical
capacity of pure LCO is typically limited to values between 150 and 170 mAh/g due
to its structural instability at high degrees of delithiation [62]. Coating and doping
efforts, however, have pushed the practical capacity up to 210 mAh/g [79]. Its capacity
is delivered during a sloped potential profile with an average potential of 4.0 Vi; (see
light green data in Figure 1.3), boosting its energy density, as the operating potential
is significantly higher than the one of LFP. Due to the sloped potential profile (in
contrast to the flat curves of LEP or LNMO), the amount of extracted lithium can be
conveniently controlled by the applied upper cutoff potential.

Even though LCO accounted for only 11 % of the CAM market in 2018, it dominates
the market for portable electronics, what is mainly owed to its relatively simple synthe-
sis, high volumetric capacity, and longevity [62, 79]. On the downside, due to the high
cobalt content, LCO is vulnerable to the relatively high cobalt price (of ~50 US$/kg)
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and price volatility as well as the fragile supply chain and the social concerns with
regard to the mining conditions [80], altogether limiting the use of LCO to low-volume

markets.

Since the CAM contributes ~50 % to the cost of the cell, and since the CAM cost is gov-
erned by the raw material price [21, 81], it is desired to replace cobalt by cheaper metal
ions such as nickel (24 US$/kg), manganese (2US$/kg), and aluminum (2 US$/kg)
for the high-volume EV market [21, 80], what opened the field of the isostructural
compounds of lithium nickel cobalt manganese oxide (NCM, LiNi,Co,Mn,Os,
x+y+ z = 1) and lithium nickel cobalt aluminum oxide (NCA, LiNi,Co,Al,O5). As
the NCM materials are labeled NCMzyz according to their composition (i.e., their
TM ratio), LiNi; ;5C01 ;3Mny /30, which emerged in the early 2000s [82, 83], is referred
to as NCM111. The potential curve of NCM111 is shifted to lower potentials, pro-
viding a reversible capacity of 160 mAh/g when charged to 4.4 Vi; (see green data in
Figure 1.3) at an average potential of 3.9 Vi;. To further reduce the required amount
of cobalt and increase the available capacity at a given potential, the nickel content of
NCMs has been increased continuously: typical representatives for nickel-rich NCMs
such as NCM622 and NCM851005 operate at even lower potential but deliver a higher
reversible capacity of up to 190 and 200 mAh/g, respectively (see blue and dark blue
data in Figure 1.3, respectively). Recent work on NCMs with an ultra-high nickel
content has even crossed the mark of 90mol% of nickel among the transition met-
als [84-87]. Continuing this journey, current efforts (have restarted to) investigate the
feasibility of the nickel-based end member lithium nickel oxide (LNO, LiNiO,) [86,
88-92]: LNO was already discovered in the early 1990s by Dahn et al. and Ohzuku
et al. [93-95], however, despite intensive research efforts, LNO has not been commer-
cialized, owing to the complexity and cost of its synthesis as well as its high reactivity

with moisture and electrolyte components.

Even though LCO, LNO, and the various NCMs are isostructural compounds, their
physical and electrochemical properties differ depending on their TM ratio [21]. The
structural and thermal stability is improved by the manganese content, while cobalt
and nickel in the structure lower the decomposition temperature in the delithiated
state [83, 84, 96]. The presence of cobalt reduces unwanted cation mixing, i.e., the
amount of unwanted TMs in the lithium layer [83, 89, 97]. Consequently, a high
nickel content diminishes the lithium diffusivity, possibly governed by the increased
presence of nickel in the lithium layer, while cobalt enhances the kinetics [83]. Having

more nickel as the redox-active species in the structure does not only provide more
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capacity at lower potentials [96, 98] but also increases the reactivity with moisture
during ambient storage or with the electrolyte during cell operation [89, 99, 100].
Since manganese is already present in the Mn?* state, it cannot participate in the
charge compensation and is therefore electrochemically inactive [101, 102], while, with
increasing manganese content, nickel and cobalt have a lower oxidation state when

fully lithiated, while it increases more rapidly upon delithiation.

Due to the relatively high price of nickel [80], research efforts also aim at CAMs com-
prising mainly the cheaper and more abundant TMs iron or manganese. As LFP
and LNMO exhibit a relatively poor energy density as compared to NCMs, the in-
terest in (cobalt-free) lithium- and manganese-rich lithium nickel cobalt man-
ganese oxides (LMR-NCMs), which were introduced by Lu et al. in 2001 [103, 104],
as next-generation CAMs is growing. In contrast to the stoichiometric NCMs, TM
ions are replaced by additional lithium ions, which occupy the TM layer, either de-
scribed by the one-phase representation of Li[LisM;_s]O9 or the two-phase notation of
x LisMnOg e (1-z) LiMO, [105, 106]. The additional lithium pushes the theoretical
capacity to more than 300 mAh/g depending on the LMR-NCM composition, e.g., to
378 mAh/g for Li[LipsNig2Mngg]Os with x = 0.5, or 6 = 0.2, respectively. In prac-
tice, they provide a reversible capacity of up to 250mAh/g at an average discharge
potential of ~3.5Vy; [107]. To access their full capacity, LMR-NCMs are activated
in the first cycle to 4.8 Vi; (see purple data in Figure 1.3), whereby the charge is not
only compensated by the oxidation of the TM ions but also by the oxidation of the
oxygen. This so-called anion redox during the voltage plateau at ~4.5Vy; is accom-
panied by the release of lattice oxygen in the near-surface region of the LMR-NCM
particles, what induces a surface reconstruction as well as a chemical oxidation of the
electrolyte components [104, 107-109]. In addition, as LMR-NCMs are operated at
an upper cutoff potential of 4.7 Vy;, their cell performance suffers from the additional
electrochemical oxidation of the electrolyte at this high potential. Further challenges
include the hysteresis of the potential curve over a charge/discharge cycle, which de-
creases the energy efficiency, as well as the potential fading upon extended cycling,

which decreases the energy density of the cell [107, 110].
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Degradation Phenomena

The available capacity of a LIB and thus its energy decrease within the lifetime of a cell.
A variety of degradation phenomena can deteriorate the performance of the battery —
not only by cyclic aging during operation (i.e., over the course of hundreds or thousands
of charge/discharge cycles) but also by calendar aging occurring over time (e.g., upon
long-term storage in the charged state and/or at elevated temperature) [111]. This
capacity loss does not only originate from the loss of lithium inventory (e.g., due to
continuous (re)formation of the SEI) but can also be induced by the degradation of the
CAM, either due to the loss of active material or through impedance build-up [112]. In
this chapter, the typical degradation phenomena occurring for stoichiometric layered
oxides (i.e., LCO, LNO, and NCM compounds) are discussed.

Even before cell assembly, a CAM can deteriorate if it is stored inappropriately. Upon
ambient storage, the CAM reacts with moisture and carbon dioxide (COsz), not
only forming unwanted surface contaminants such as hydroxides and carbonates but
also intercalating protons [99, 100, 113]. Consequently, the proper processing of the
deteriorated CAM can be hindered during slurry preparation by the gelation of the ink,
often induced by the reaction of the hydroxides with the polymeric binder [96]. The
decomposition of the contaminants and their reaction with the electrolyte during cell
operation lead to extensive gas generation [100, 114, 115] while the insertion of protons
alters the capacity retention of the CAM [116-118]. This effect is most pronounced
for nickel-rich compounds due to the high reactivity of nickel [96, 99, 100].

Within the cell, LCO, LNO, and the NCM compounds (in contrast to LNMO and
LMR-NCMs) are typically operated within the stability window of the carbonate-based
electrolyte below ~4.5 V; [31]; at elevated temperatures, however, the reaction kinetics
of the electrochemical electrolyte oxidation are increased and its onset potential
may be shifted to lower values [32], what results in the continuous decomposition
of the electrolyte components and in gas evolution within the cell. The oxidation
products include gaseous species such as carbon monoxide (CO) and CO, as well as

protic species (e.g., HF), which can decompose the conducting salt and/or damage the
CAM [30-32).

Even though the above discussed CAMs provide a theoretical capacity between 274
and 278 mAh/g, which can be almost fully accessed even below the stability limit
of the electrolyte (e.g., 240 and 257mAh/g for NCM851005 and LNO, respectively

(see Figure 1.3)), their degree of delithiation must be limited in practical applications
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Figure 1.4 Schematic overview over degradation mechanisms occurring in a lithium-ion battery.
Reprinted from Birkl et al. [112] under a Creative Commons BY 4.0 license.

to 150 to 220mAh/g, depending on the composition. Otherwise, at high state of
charge (SOC, here corresponding to the degree of delithiation x in Li;_,MOs), the
delithiated layered structure becomes unstable and the oxygen ions become oxidized,
what results in the release of oxygen from the lattice in the near-surface region of the
CAM particles [31, 119]. The majority of this reactive (singlet) oxygen decomposes the
electrolyte chemically, what results in the evolution of CO and COy [31, 119-121]. This
oxygen release is accompanied by the formation of an oxygen-deficient surface layer
in the NCM, which is ionically and electronically less conductive as compared to the
layered phase, increasing the impedance of the CAM [119, 122]. Furthermore, the rock-
salt-type phase, reported to develop for the nickel-rich NCMs, cannot store any lithium
ions, what results in the loss of active material [122]. For LCO, the release of oxygen
and the formation of a spinel-type surface layer is reported to initiate at 50 %SOC [79,
123], while the onset of the oxygen release is reported to occur at 80 %SOC both for
LNO [90, 124] as well as for the NCMs [119, 125]. Therefore, a direct comparison of
various NCM composition charged to the same upper cutoff potential, as it is often
done, e.g., for their capacity retention, is not meaningful since the degree of delithiation
at a given cathode potential differs significantly (see Figure 1.3), while a meaningful

comparison would need to be performed for similar degrees of delithiation.

The release of lattice oxygen promotes the formation of HF, which is associated with
the dissolution of transition metals from the CAM due to acid etching on the CAM
surface. This TM dissolution is most pronounced at high potential, or high SOC, re-
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spectively [126-129], while only ~0.1 wt% of TMs are dissolved for typical operation
conditions (being on the order of one NCM monolayer), even after extended cycling at
elevated temperature. Therefore, the extent of TM dissolution is insignificant with re-
gard to loss of CAM [130, 131]; however, the dissolved TM ions diffuse/migrate to the
anode where they get reduced at low potential and incorporated into the SEI [127]. In
particular, manganese, being present in the SEI in the Mn*2 state, has been identified
to be detrimental to the full-cell performance, as it either i) increases the electronic
conductivity of the SEI what suppresses its passivating effect, or ii) promotes the
conversion of the SEI components catalytically [132]. Essentially, manganese ions de-
posited on the anode promote the continuous growth of the SEI, what decomposes the
electrolyte, generates gas, consumes lithium ions, and decreases the available capacity
in a full-cell [127, 132]. The capacity loss scales with the amount of manganese ions in
the anode, as each manganese ion traps around 10 to 100 lithium ions [130, 133, 134].
The use of SEI-stabilizing additives such as VC can mitigate the detrimental effect
of the manganese ions [132]. Due to the reduced amounts of manganese, nickel-rich

NCMs are expected to be less prone to the negative effects of TM dissolution.

In contrast to the near-surface region of the particles, the host structure of the bulk
remains intact even upon full delithiation. However, the lattice parameters of the
layered lithium transition metal oxides change when the lithium is removed, what is
typically monitored by in situ X-ray diffraction (XRD). Both LCO as well as LNO
exhibit sharp phase transitions upon (de)lithiation, which show as abrupt changes
in the unit cell volume and correlate with the phase transitions observed from the
plateaus of the potential profiles. While the relative volume change is only -1.5%
for LCO [135, 136], it abruptly increases to -9.0 % above 75 %SOC for LNO [88, 90,
95]. For NCMs, however, a continuous decrease of the unit cell volume is observed
for an increasing degree of delithiation, resulting in volume changes, e.g., from -1.5 to
-7.2 % when the NCMs are charged to 4.5 Vy;, while the nickel-rich NCMs exhibit more
pronounced changes [98]. If the volume change of the NCM, however, is presented as a
function of the degree of delithiation, or SOC, respectively, the extent of volume change
is similar independent of the NCM composition [98, 137]. In addition to the volume
change of the NCM unit cell, the volume change even occurs anisotropically, i.e., the
two lattice parameters a and ¢ expand/contract independently from each other; their

ratio ¢/a provides a measure of this anisotropy [98, 138, 139].

This anisotropic volume change of the NCMs upon (de)lithiation forms cracks between

the primary crystallites of the polycrystalline secondary agglomerates, which have been
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assessed visually by tomography or by cross-sectional scanning electron microscopy or
transmission electron microscopy prepared by a focused ion beam (FIB-SEM/-TEM)
of charged and/or aged NCM electrodes [138, 140-142]. Even though these cracks
seem to close reversibly upon lithiation, irreversible particle cracking occurs upon
repeated charge/discharge cycling, which is often associated with a diminished ca-
pacity retention [137]. Particle cracking of NCM particles does not only result in an
increased surface area, which gives rise to unwanted side reactions such as oxygen
release, (electro)chemical oxidation of the electrolyte, and/or TM dissolution but also
impedes the electronic contact within the NCM particles [143]. In contrast to all-
solid-state batteries, where no penetration of the electrolyte into pores occurs, what
diminishes the cycling performance drastically [144], the rate capability of LIBs us-
ing liquid electrolyte benefits from the improved apparent ionic diffusion due to the
cracking of NCM particles [145].

Furthermore, cation mixing or lithium-nickel disorder, i.e., the mixing of lithium
ions and TM ions within the NCM structure, diminishes the available specific ca-
pacity as well as the solid-state diffusion of lithium, when the nickel ions occupy
the lithium sites [146]. This effect may occur upon synthesis and/or upon repeated
charge/discharge cycling [147, 148] and is most pronounced for nickel-rich NCMs,
while cobalt in the structure decreases and manganese increases the extent of cation
mixing [83, 149-151].

Similar to the release of oxygen at high degrees of delithiation for typical operation
temperatures [119, 152], the partially delithiated/charged layered oxides release lattice
oxygen when they are heated. The onset temperature of this thermal instability
appears between 170 and 320°C and decreases with increasing degree of delithiation
(both when compared for the same SOC or for the same cutoff potential) as well as with
the nickel content [83, 84, 96, 153, 154]. This thermal decomposition is accompanied
by an exothermic release of heat, what might trigger a thermal runaway and thus
compromise the safety of a cell or even of the entire battery pack [155, 156]. Upon
the release of oxygen, the layered oxides typically convert to a spinel-type structure,
while the nickel-rich NCMs form a rock-salt-type phase [157].

To counter the aforementioned degradation phenomena, which mostly affect the CAM-
electrolyte interface, approaches include the use of EC-free electrolytes in combination
with SEI-forming additives, the doping of the bulk structure (e.g., to improve the
conductivity of the CAM) as well as of the surface only (using dopants such as Mn,
Al, Fe, Cr, Co, Mg, W, Zr, Ti, and B, from a few ppm up to 5mol%) and/or the
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application of surface coatings (using compounds such as Al,O3, B2O3, TiOy, ZrO,,
and AlF3) amongst others [154, 158, 159]. Since the surface doping or coating can only
be applied to the accessible outer surface in the pristine state, which increases due to
particle cracking upon cycling, untreated inner surface area is exposed upon cycling,
what is expected to diminish the beneficial effect of a surface treatment. Therefore,
significant efforts have been made to optimize the particle morphology to mitigate the

detrimental consequences of particle cracking.

Particle Morphology and Microstructure

The increase of energy density and the reduction of the cobalt content — achieved over
the last decade by a compositional adjustment through the increase of the nickel con-
tent of the NCM — has (almost) reached its limit since recent publications have already
crossed the mark of 90 mol% [85-87, 160]. Due to the pronounced surface reactivity
of nickel, however, the focus has shifted to the optimization of the morphology and
the minimization the exposed nickel-rich surface to ensure cycle life, energy density,

sustainability, and safety [161].

The synthesis of the conventional NCMs is mostly based on the co-precipitation of the
TM hydroxide or TM carbonate precursor particles, which are precipitated from TM
sulfates. By controlling the pH and by the addition of chelating agents, the kinetics of
the particle growth can be controlled and spherical precursor particles are obtained,
which then also govern the morphology and the particle size of the CAM particles.
The CAM is finally synthesized by the calcination of the precursors with a lithium
source such as lithium carbonate (Li;COs) (or lithium hydroxide (LiOH) for nickel-
rich compositions) under dry air (or pure oxygen) at temperatures between 650 and
1000°C, depending on the NCM composition. The nickel-rich compositions require
post-treatments after their synthesis, such as washing to remove residual lithium salts
or surface coating to improve their cycling performance, as well as inert storage (in
the absence of water) to prevent the formation of surface contaminants [96, 100, 113,
116, 161].

At first sight, the conventional NCMs consist of spherical particles with a diame-
ter of typically 5 to 20 pm, minimizing the surface-area-to-volume ratio due to their
sphericity. However, on closer inspection, their primary structure consists of hundreds

to thousands of randomly oriented, densely packed crystallites with 50 to 500 nm in
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Figure 1.5 Schematic representation of the morphology and microstructure of a) a conventional
polycrystalline particle, b) a polycrystalline particle synthesized with a radial gradient of the nickel
concentration (lower nickel content in green), ¢) a polycrystalline particle consisting of elongated,
radially oriented primary crystallites, d) a polycrystalline particle including a grain boundary rein-
forcement (light blue), and e) single-crystalline particles.

size, which are agglomerated to spherical secondary particles of 5 to 20 pm (see Fig-
ure 1.5a). As a consequence, this so-called polycrystalline (PC) particle morphol-
ogy forms cracks upon repeated (de)lithiation. To mitigate the unwanted exposure
of (fresh) nickel-rich surface of the PC particles, morphological and microstructural

design considerations have generated the following approaches:

o Surface modifications of the CAM particles have proven beneficial regarding their
cycling performance. By adding compounds on the surface of the CAM, surface
coatings may serve as physical barrier between CAM and electrolyte, scavenge
HF from the electrolyte, or improve the mechanical stability of the particles, all
protecting the reactive surface of nickel-rich CAMs [159, 162-164].

o As a doping of the bulk changes the overall composition, while unwanted side
reactions depend mainly on the surface composition, a modification by doping of
the surface only is desired. A surface doping can be obtained by an additional
calcination step after a surface coating is applied, also stabilizing the lattice
structure of the CAM on the external surface [159, 165].

o From the idea of a surface doping, the concept of core-shell particles or parti-
cles with a TM concentration gradient is derived. A heterogeneity of the TM
distribution can be obtained during co-precipitation of the precursor by (contin-
uously) changing the ratio of the TM sulfates in the feed. As a consequence, a
nickel-depleted shell is obtained (typically low-nickel NCMs or LNMO), which
protects the nickel-rich core (see Figure 1.5b) [166-170].

o The anisotropic volume change of the randomly oriented primary crystallites,
which results in the formation of cracks upon delithiation, can be countered by
a modification of the size, shape, and orientation of the primary crystallites.

Induced by the use of dopants, elongated and radially aligned crystallites
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are obtained, which are expected to reduce the stress and strain within the
particles upon delithiation (see Figure 1.5¢) [169, 171, 172].

o To alleviate particle cracking, a filler substance, such as Li,CoO,, LizPOy,
and Li,W,0,, within the pores and between the primary crystallites can serve
as glue, improving the adhesion between crystallites and, therefore, mechanically

reinforcing the internal interfaces (see Figure 1.5d) [173-175].

o Despite all the aforementioned efforts, it might not be possible to fully suppress
the cracking of PC particles. As a last resort, monolithic and monodisperse
primary particles with a size of 0.5 to 5pm and without secondary structure,
so-called single-crystalline (SC) particles, have been developed, which are ex-
pected to maintain the morphological integrity and eliminate particle cracking
upon repeated (de)lithiation (see Figure 1.5¢e) [176-180].

Since the synthesis of nickel-rich NCMs is already more complex than the one of
LCO or NCM111, additional processes or treatments to obtain a customized particle
morphology and microstructure might be challenging (or expensive, at least) when
considering the incorporation into a large-scale CAM production. In the case of SCs,
the synthesis routes are more complex and thus more expensive, as they often require
a higher calcination temperature of up to 1000°C, the addition of a molten salt as
flux agent, multi-step calcination, a washing step to remove excess lithium salts or flux
agents, and a deagglomeration step (e.g., by grinding or ball-milling) [161]. Alternative
approaches include the synthesis by hydrothermal methods [181, 182] or are based on
the mechanical grinding of nano-sized transition metal oxide precursors, not requiring

the co-precipitation of a precursor [183].

SC CAMs do not only allow to reach higher electrode densities due to the absence of in-
ner pore volume [184, 185], but are expected to provide an enhanced (chemo)mechani-
cal stability and to maintain their surface area upon repeated (de)lithiation. Therefore,
the CAM surface area which is available in the cell can be defined by the synthesis
conditions. Unwanted side reactions and parasitic currents decrease with a decreasing
specific surface area and, therefore, with an increasing particle diameter, what may
improve the cycle life of a full-cell. Similarly, a beneficial effect is expected with regard
to the capacity fading caused by active material loss (e.g., by the formation of inactive
rock-salt phase in the surface-near region of the particles due to the release of lattice
oxygen), as the extent of the latter decreases with decreasing specific surface area. In

contrast, however, an increasing particle size and, therefore, decreasing specific sur-
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face area results in longer diffusion paths for the lithium ions within the particle as
well as in an increasing mass-normalized charge-transfer resistance, both decreasing
the kinetics of the CAM. Therefore, the sweet spot of the particle size of SC CAMs
depends on the respective application, i.e., whether it is targeting high power, high

energy, or long lifetime.

1.4 Objective of This Work

Within this context, the overall goal of this PhD thesis is the thorough investigation
and comprehensive understanding of degradation phenomena associated with layered
lithium transition metal oxides used as CAMs for LIBs. This work focuses on crucial
processes including particle cracking, the release of lattice oxygen in the near-surface
region at high SOC or upon heating, and the dissolution of transition metals. Further-
more, the impact of the CAM particle morphology as well as of the CAM composition

on these degradation phenomena is evaluated.

In the first part (see Chapter 3), three studies introduce the development, validation,
and application of a novel method which enables to track the surface area of an elec-
trode and thus the particle cracking of an active material, using in situ electrochemical
impedance spectroscopy. Thereby, the cracking of CAM particles is quantified upon
mechanical compression, upon extended cycling for three upper cutoff potentials, or
upon the release of lattice oxygen at high SOC. To allow for a broad accessibility of
the method, the originally introduced configuration is modified to enable its use with

a standard coin (half-)cell setup and a conventional battery cycler.

In the second part (see Chapter 4), three studies demonstrate the implications of
the polycrystalline and the single-crystalline CAM particle morphology on the surface
area changes upon mechanical compression, during the (de)lithiation within the first
charge/discharge cycle, as well as at high SOC. Due to the observed absence of particle
cracking for the single-crystalline CAM, the beneficial effect of the particle morphology
is elucidated regarding the extent of gas evolution, the rate capability, and the thermal
stability as well as the transition metal dissolution, the impedance build-up, and the

capacity retention in full-cells.

In the final part (see Chapter 5), the structural stability is investigated for five CAMs
with different composition as a function of upper cutoff potential or SOC. The stability

limit is assessed both in cycling experiments as well as in gas evolution measurements,
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elucidating the correlation of the release of lattice oxygen from the surface-near regions

and the loss of discharge capacity due to the loss of CAM and/or impedance build-up.

Therefore, it is the main focus of this work to understand and subsequently mitigate

the degradation phenomena of layered lithium transition metal oxides

o by providing methodology to quantify the extent as well as the consequences of

particle cracking,

o by understanding the effect of the particle morphology on fundamental properties

as well as on the long-term cycling performance, and
o by identifying their structural stability limit at high degrees of delithiation

to improve the available capacity and thus energy of LIBs as well as their lifetime.
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2.1 Surface Area Determination by Gas
Physisorption

The specific surface area of battery materials governs their electrochemical properties
and side reactions during battery operation, such as the (de)intercalation kinetics,
the irreversible capacity loss of anode materials during SEI formation, the irreversible
capacity of CAMs within the first cycle, or the gas evolution. The morphology (i.e.,
the surface area as well as the pore size distribution) of porous solids and fine powders
is typically investigated by gas physisorption experiments [186] and analyzed by the
BET theory (abbreviated from the original publication of Brunauer, Emmett, and

Teller in 1938 [187]), which is an extension of the Langmuir model.

When inert gas molecules get in contact with solids, they do not react chemically but
can adsorb to its surface, while the amount of the adsorbed gas (adsorbate) depends
on the type of the gas (adsorptive), its pressure, the temperature, the surface area
of the sample (adsorbent) as well as its morphology. Due to the weak interaction of
inert gases with solids, the experiments are performed at lower temperatures, typically
cooled to 77K and kept constant (i.e., in isothermal conditions) using liquid nitrogen.
The pressure (or the concentration) of the adsorbing gas is increased stepwise (by
repeatedly adding a known calibrated volume of gas), monitoring the equilibrium
pressure and the adsorbed fraction of the gas added to the known volume of the
sample tube, which are expected to follow Equation 2.1.
p/Po 1 -1

n(l—p/po) 1m-C  nm-C (p/po) (2.1)

The BET equation describes the relationship of the specific amount of adsorbed gas
n and the relative pressure p/py, where ny, is the specific monolayer capacity, p the
equilibrium pressure, py the saturation vapor pressure, and C a parameter related to

P/Po

the heat of adsorption. When plotting Tlop/y 88 @ function of p/pg, the recorded

25



2 Experimental Methods

data is predicted to be linear in the region of 0.05 < p/py < 0.30 while the surface is
being covered up to a complete monolayer. By fitting the linear region, n,, is extracted
from Equation 2.1 and the specific surface area determined by the BET method a is
obtained by
a = M - Na - Om (2.2)
m
where N, is the Avogadro constant, m the sample mass, and o, the molecular cross-

sectional area of the adsorbate, latter being distinct for each kind of gas.

Before the measurement, the remaining void volume within the tube (already filled
with the dried adsorbent) is determined, typically using helium gas. During the mea-
surement, the pressure in the evacuated sample tube is increased step wise by adding
a known amount of adsorbtive. Part of the added gas is adsorbed on the sample, while
the rest remains gaseous and fills the void volume, both phases being in equilibrium.
The difference between the amount of gas inserted into the sample tube and the gas
remaining in the void volume equates to the amount of adsorbate on the sample, by
which the surface area of the sample can be determined. Therefore, the precision
of the measurement crucially depends on the ratio of the adsorbed amount and the
one remaining in the void volume. As the gas is dosed accurately by a piston with a
calibrated volume, the remaining error results mainly from the determination of the
amount in the gas phase, using a pressure gauge. To increase the accuracy, the void
volume is typically reduced, e.g., using a suitable size of the sample tube or by filler
rods. Nevertheless, the accuracy is deteriorated when the amount of adsorbed gas is
small as compared to adsorbate gas in the gas phase, in particular, for low absolute

surface areas of the sample.

In practice, mainly nitrogen (o, = 0.162nm?) is used as adsorbate, requiring a mini-
mum absolute surface area of more than ~1m? (at least, in the case of this work, but
depending on the used device). Since the vapor pressure of krypton (o, = 0.205nm?)
at 77K is much lower than the one of nitrogen (pox: ~ 200 Pa vs. pyn, ~ 100kPa),
the operating pressure, defined by the vapor pressure, is lower for krypton than for ni-
trogen and, since the adsorbed gas amount required to form a monolayer on the sample
is similar for both gases, the amount of adsorbed krypton gas is relatively high as com-
pared to the krypton gas remaining in the void volume [186, 188]. Therefore, mainly
krypton gas is used in this work for BET measurements (abbreviated as Kr-BET) due
to its higher sensitivity, enabling the surface area determination of electrodes from lab
cells (@ 11 mm, ~0.01 m?).
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When electrodes are harvested from cycled cells to determine their surface area, in
addition to the used glass fiber separators, a polymer-based separator is placed into
the cell facing the investigated electrode; by this approach, no glass fibers remain on
the electrodes (and, also, no electrode material remains on the separator) during cell
disassembly, which could otherwise affect the results of the surface area determination.
After harvesting the electrodes from the cells, the electrodes were washed in volatile
carbonate-based solvents to remove all soluble species, such as non-volatile solvents
(e.g., EC) and the conducting salt. Since the electrolyte comprises the same solvents,
no affect of the washing on the surface area of the electrode is expected. After the
sample preparation and the determination of its mass, the sample is typically degassed
at elevated temperatures under dynamic vacuum. Within the frame of this work, the
NCM powders or electrodes were dried at 120°C for at least 6h. For electrodes
investigated in the charged state, in particular, the handling under inert atmosphere
between cell disassembly and surface area determination is crucial due to the relatively

high reactivity of charged CAMs with ambient gases.
In this work, Kr-BET is determined for 13 points between 0.01 < p/py < 0.30, using

an autosorb iQ (Quantachrome Instruments, USA). The determination of the specific
surface area is used to evaluate the effect of mechanical compression (see Chapters 3.1
and 4.3), electrochemical (de)lithiation (see Chapters 4.1 and 4.3), the release of lattice
oxygen at high SOC (see Chapter 3.2), and extended cycling (see Chapters 3.1 and
4.3) on the specific surface area of pristine CAM powders; furthermore, it allows to
determine the surface-area-normalized capacitance, i.e., the correlation between the

surface area and the capacitance of the material-specific electrochemical double layer.

2.2 Pseudo Full-Cells

In contrast to half-cells, comprising a lithium-metal counter electrode, or full-cells, em-
ploying pristine (silicon/)graphite or LTO, pseudo full-cells combine the advantages
of both in order to investigate the electrochemical properties of the working electrode
only. For the investigation of CAMs, ideally, the counter electrodes in pseudo full-cells
should be capacitively oversized, partially lithiated, and should operate in a potential
window in which the electrolyte components are stable against electrochemical reduc-
tion and oxidation. Thereby, measurements with pseudo full-cells provide a sufficient
lithium inventory and suppress the cross-diffusion of side products formed electro-

chemically on the counter electrode [189, 190]. Even though the preparation of pseudo
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full-cells is more tedious due to the pre-(de)lithiation of the counter electrode, the su-
perposition of degradation phenomena such as loss of lithium inventory or cross-talk
can be excluded, what allows for the investigation of the effects of the experimental
condition and procedure on the working electrode only, as it was introduced for the
investigation of the cycling performance as well as of the consumption of electrolyte
components of silicon-based anodes [38, 42, 56, 191-193]. In this work, two different

pseudo-full cell setups were employed depending on the experimental requirements:

Pre-lithiated, capacitively oversized LFP (3.5 mAh/cm? at 90 %SOC) serves as counter
electrode in OEMS experiments of CAMs (see Chapter 2.3) since the typical electrolyte
components are stable at the LFP potential of 3.45 V;, thereby eliminating the forma-
tion of gaseous products from the counter electrode. Consequently, the gas evolution
stemming exclusively from the CAM working electrode can be monitored both during

the first charge (see Chapters 3.2 and 5) and over the course of up to five cycles (see
Chapters 4.1 and 4.3).

Pre-lithiated, capacitively oversized LTO (3.5mAh/cm? at 10, 30, or 90 %SOC) is
employed as counter electrode for the impedance-based capacitance measurements in
blocking conditions (see Chapter 2.4) since its lithium inventory allows for the full
lithiation of the working electrode even if cyclable lithium is lost in side reactions (see
Chapters 3.1, 3.2, 3.3, and 4.1). Additionally, due to its lower potential of 1.55Vy,
(corresponding to -1.5 Vggg), LTO removes protic species such as HF upon reduction to
molecular hydrogen from the electrolyte, which would otherwise result in the chemical
delithiation of the lithiated GWRE, as it was observed by the loss of the reference
potential after a few hours of cell operation when LFP is used instead (data not shown).
Furthermore, this setup allows for the individual investigation of the stability limit of

CAMs in extended cycling experiments of more than 200 cycles (see Chapter 5).

2.3 On-Line Electrochemical Mass Spectrometry

Operando mass spectrometry has proven valuable for the understanding of funda-
mental chemical, electrochemical, and thermal side reactions in electrochemical sys-
tems [195], such as the structural instability of CAMs [90, 107, 109, 119, 123, 152, 196]
as well as the reductive or oxidative decomposition of the electrolyte components [32,
38, 39, 114, 132, 197-203].

Through on-line electrochemical mass spectrometry (OEMS), the evolution and con-
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Figure 2.1 Schematic of the OEMS system. Gases evolved during cell cycling accumulate in the
custom-made OEMS cell, which are continuously sampled via a capillary leak and analyzed by mass
spectrometry. Reprinted from Metzger [194].

sumption of gaseous species is not only monitored simultaneously with the operation
of the battery cell but also evaluated in a quantitative manner. The system deployed
in this work was first presented by Tsiouvaras et al. [204] and later described in detail
by Metzger [194]. The custom-made battery cell hardware containing the electrochem-
ical cell is a closed system with a head space volume of ~11ml, which is placed in a
temperature-controlled chamber. The gas composition is probed continuously through
a crimped capillary with a leak rate of ~1 pmol/min, which is then analyzed by a mass
spectrometer, as depicted in Figure 2.1. By this approach, the pressure within the cell
decreases with time, limiting the experiment time to ~40h. The amounts of evolved
gas are sampled for each mass-over-charge ratio m/z of 1 to 128amu with a time
resolution of 10s. After the experiment is completed, a calibration procedure with
a calibration gas containing 2000 ppm of the relevant gases (e.g., Ha, Oq, CoHy, CO,
and CO,) in argon allows to convert the detected ion-current signal into ppm, or into
pmol/g by considering the head space volume of the cell and the electrode mass. To
compensate for a change of the background signal, each experiment initiates with an
OCYV phase of 4h, which is used to extrapolate the signals for the duration of the

experiment.

In this work, the one-compartment cell design is used to avoid the large overpoten-

tials introduced in CC mode by the resistive solid lithium-ion conductor of the two-
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compartment cell [194]. To exclude any interference of the counter electrode with the
measurement of the gas evolution of the working electrode, either i) LFP serves as non-
gassing counter electrode (see Chapter 2.2), or ii) a half-cell setup with a lithium-metal
counter electrode is used with an EC-only electrolyte, which solely forms ethylene gas
upon reduction [33]. The use of an EC-only electrolyte does not only allow to exclu-
sively track the oxygen evolution from the CAM working electrode but also improves
the signal-to-noise ratio, resulting from the much lower vapor pressure and thus lower
background signal of EC as compared to the one of the linear carbonates [201]. These
two configurations are used to probe the oxygen release from CAMs with regards to

its onset (see Chapters 3.2 and 5) as well as its extent (see Chapters 4.1 and 4.3).

2.4 Electrochemical Impedance Spectroscopy

Impedance spectroscopy is a powerful and non-destructive tool providing valuable in-
formation about electrical or electrochemical systems, characterizing, e.g., interfacial
processes, dynamics of charge carriers, and geometric effects. The processes occur-
ring in these systems have distinct time constants, which can be distinguished and
characterized individually through impedance spectroscopy by probing various ap-
plied frequencies. In potentio (or galvano) electrochemical impedance spectroscopy
(EIS), a small sinusoidal potential (or current) perturbation U(t) (or I(t)) of a chosen
frequency f (or angular frequency w = 27 f) is applied to the system while the current
(or potential) response I(t) (or U(t)) is recorded (PEIS (or GEIS)). This approach
is performed for various frequencies of a whole frequency range, while the data of

perturbation and response are fitted for each frequency by two sine functions:
U(t) = Uy - sin(wt + ¢y) (2.3)

I(t) = I - sin(wt + ¢r) (2.4)

Since electrochemical systems do not only consist of resistive but also of capacitive and
inductive elements, which introduce a delay of At of the potential or current response,
respectively, a phase shift Ay = At - w between the perturbation and the response

may occur:

Ap = oy — @1 (2-5)
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Figure 2.2 Exemplary potential and current data recorded during an impedance measurement,
showing the sinusoidal waves of current (red) and potential (blue) and their respective amplitudes of
Iy and Uy as well as the phase shift Ap = At-w. Data extracted from Figure 4 in reference [205].

After extracting the phase shift and the amplitude of current and potential from the
data, all being dependent on the applied frequency, the absolute value of the impedance
(in units of €2) as well as the complex impedance are calculated using the definition of
the impedance, in coherence with Ohm’s law:

12

|Z| = ﬁ (2.6)

Z =|Z| "% = |Z| - cos(Ap) +i-|Z| - sin(Ap) = Re(Z) +i-Im(Z) (2.7)

For electrochemical systems, the data is typically represented in a so-called Nyquist
plot, depicting the negative imaginary impedance —Im(Z) on the y-axis against the
positive real impedance Re(Z) on the x-axis (see black data in Figure 2.3b for a battery

full-cell) for the entire frequency range, creating an impedance spectrum.

Since an impedance spectrum of a battery cell comprises the convoluted impedance of
both anode and cathode, which are added linearly to become the full-cell impedance,
and since the features of the two electrodes often have similar characteristic frequen-
cies, it remains a challenge to deconvolute their respective contributions. It has been
demonstrated that the disassembly of two nominally identical cells and the subse-
quent assembly of the two anodes and the two cathodes in respective symmetric cells
can provide the impedance contribution of one electrode (after the recorded data is
divided by two), what is not only a tedious but also a destructive technique [107,
206-212]. In contrast, the use of a micro-reference electrode (p-RE) allows to monitor
the impedance contribution of each electrode in situ during operation, e.g., through a
gold-wire reference electrode (GWRE): for this purpose, the lithiated tip of an insu-
lated gold wire is placed between two separators (see Figure 2.3a), accurately defining

its position between the electrodes, which also has a stable potential of 0.31 Vy;, as it
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Figure 2.3 a) Cell setup for the use of a gold-wire reference electrode in a T-cell. Adapted from
Solchenbach et al. [208]. b) Exemplary impedance spectra of a full-cell (black) with graphite anode
(blue) and single-crystalline NCM851005 cathode (red) at 3.8 Vi, or ~50 %SOC, respectively, after
42 charge/discharge cycles in LP57 to 4.4V at 45 °C, which were normalized to the geometric surface
area of 0.94 cm? of the electrode. Data extracted from Figure 7 in Chapter 4.3 and depicted

electrode
from 30kHz to 100 mHz. The gray arrows indicate the absolute value of the impedance |Z| as well

as the phase angle Ag at a selected point (gray circle).
was demonstrated previously by Solchenbach et al. [208].

Typical impedance spectra of the positive and negative electrode, determined using
a 1-RE, are depicted in Figure 2.3b: the full-cell impedance (black) deconvolutes to
the anode (blue) and cathode (red) impedance, exhibiting various semicircles. To
quantify the contribution of the different electrochemical processes, a spectrum is
fitted by a suitable electrical equivalent circuit which comprises resistors, capacitors,
and/or inductors, or serial and/or parallel combinations thereof. An ohmic resistance
contributes only a real (frequency-independent) part to the impedance Zr = R, while

a capacitor and an inductor contribute purely to the imaginary impedance part by

Zc = iwlC and Z;, = iwL, respectively, both in a frequency-dependent manner. For
a resistor and a capacitor connected in parallel, the impedance spectrum follows the
equation Zyjc(w) = m%’ resulting in a semicircle in the Nyquist representation

with a diameter of R and an apex angular frequency of

1

max — 5~ 2.
w R0 (2.8)

The capacitive behavior in real electrochemical systems, however, is not characterized
by a physical capacitor but by a constant-phase element (CPE), which is described by
Zcpg = m and does not give a vertical line but a straight line which is tilted by the
phase angle «, resulting from the surface roughness or the inhomogeneous distribution

of different resistive and capacitive elements on the surface of the electrode [213-215].
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Figure 2.4 Schematic representation of the equivalent circuit of a porous battery electrode including
a transmission line model, comprising active material (blue) and conductive carbon (black), filled by
electrolyte (green), and enclosed by the separator (white) and the current collector (gray). Adapted
from Hauck et al. [216].

To fit an entire impedance spectrum at once, an equivalent circuit comprising the re-
quired elements to represent the relevant physical processes is used: for one-dimensional
porous electrodes, the equivalent circuit is based on a transmission line model [206,
207, 217-219], representing the ionic rail in the electrolyte as well as the electronic rail
within the electrode, which are connected by a charge-transfer process; it is completed
by the contact resistance of the electrode as well as the ionic resistance in the porous

separator, as depicted in Figure 2.4, from right to left:

o To enter the electrode from the current collector, the electrons pass the contact
impedance Xcont, cOmprising the contact resistance R.q,:, which is connected in

parallel with the double-layer capacitance of the current collector Qcons.

o Their travel through the electrode is hindered due to the electronic impedance
Xel, consisting of the ohmic resistance R, between as well as within the particles

of the electrode components.

o The electrons either continue to move through the solid electrode via a series

of xa elements or they participate in a charge-transfer reaction (., which is
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described by an R-(Q) element, consisting of the charge-transfer resistance R
and the double-layer capacitance () in the form of a CPE. In this reaction, the
charge of the electrons is transferred from the solid to form ions in the liquid (or
vice versa). To take into account the diffusion of lithium ions in the solid from/to
the charge-transfer reaction, a so-called Warburg term Zw = ow™"/? —igw=1/2
is added in series (depicted by the symbol W), accounting for the diffusion in

the solid phase.

o The lithium ions created/consumed in the charge-transfer reaction travel to-
wards/from the counter electrode through the electrolyte, which is described
by the ohmic resistance of the electrolyte Ri,, as well as a respective Warburg

element, accounting for the diffusion in the liquid phase.

o The impedance of lithium ions moving through the porous separator xsep consists

of the ionic resistance of the electrolyte R and a respective Warburg term.

Further developments of the transmission line model complete the existing model by
parameters such as the contribution of the non-active counter ion in the porous elec-
trode and separator, of interphases formed on active materials (such as SEI/CEI),
and the deposition of porous or inactive lithium on lithium-metal anodes [220-223].
Additionally, the electronic conductivity within an active material particle becomes
relevant when particle cracking impedes the electronic conduction within a secondary
agglomerate, as it is observed in Chapter 4.3; its proper physical description would
require a transmission line model within each active material particle, which is lim-
ited by the electronic rail. However, the model depicted in Figure 2.4 has proven to

represent typical battery electrodes sufficiently.

For a charged NCM electrode (at 4.3 Vy,;), the presented transmission line model results
in the impedance spectra observed in the Nyquist plot in Figure 2.5 (red solid line):

the shift in the real direction, corresponding to the so-called high-frequency resistance

sep
ion?’

Ryr, mainly stems from the ohmic resistance of the ions in the porous separator R
but also contains, e.g., the resistance of the current collector or any external resistance
of the setup, which can both be neglected in the context of lab-size battery cells. The
left semicircle is attributed to the contact impedance X ont, Which is followed by a
second semicircle for the electrode impedance: the latter contains the contribution
of the charge-transfer resistance R, the ionic pore resistance R;.,, as well as the
electronic resistance R, through the solid part of the electrode. At medium SOC (at

3.9 Vi, red dashed line), the first semicircle remains constant, while the second one
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Figure 2.5 Exemplary impedance spectra of polycrystalline NCM851005 at three different potentials
of 2.55 (red dotted line), 3.9 (red dashed line), and 4.3 Vy; (red solid line), corresponding to three
SOCs of 0, 50, and 80 %SOC, respectively, which were normalized to the geometric surface area of
0.94 cmglectmde of the electrode. NCM as working electrode compressed at 100 MPa in a pseudo full-
cell with 60 nl LP57, two glass fiber separators, and a p-RE, using pre-lithiated, capacitively oversized
LTO as the counter electrode. Impedance spectra of the NCM working electrodes were recorded at
25°C in CV mode for 2.55Vy; and in OCV for 3.9 and 4.3 Vy; (15mV amplitude, from 100kHz to
100 mHz). The origin of each semicircle is labeled by the black arrows. The semicircle of the contact
resistance Reong of 3.9 and 4.3 V; lie on top of each other.

decreases in size due to a decrease in R [122, 219, 224]. In the fully discharged state
(at 2.55 V;, red dotted line), Reoy increases due to a change of the conductivity [225]
of the CAM, as it is discussed in Chapter 4.1, while the semicircle of the electrode
impedance converts into a capacitive branch in the form of a CPE, due to a semi-
infinite R in fully lithiated state [122, 219, 224], as discussed in Chapter 3.1.

The state of a semi-infinite charge-transfer resistance R, is also referred to as block-
ing conditions, which is obtained when the (de)intercalation of lithium ions is not
possible, either i) when an electrolyte based on non-intercalating ions is used (such
as TBATFSI [224]), or ii) at a potential at which (de)intercalation is thermodynam-
ically unfavorable (i.e., no charge is exchanged even though a potential change is
applied [219]). The latter can be obtained for battery active materials upon full
(de)lithiation, as previously shown for LNMO [219] or here for NCMs [224]. In this
state, since R is semi-infinite and thus blocking, the current through the charge-
transfer impedance X passes only through )., appearing as a capacitive branch in
the form of a CPE at low frequencies. An electrode in blocking conditions does not
only allow for the extraction of the ionic pore resistance of the electrode and thus of
the tortuosity of the electrode [206, 207, 218, 219] but also for the straight-forward
extraction of Q. [224]; the extraction of the capacitance is more challenging in non-
blocking conditions, i.e., for finite R, since the charge-transfer impedance (. is in
this case convoluted with R, [226].
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The capacitance in electrochemical systems (such as Q. and Qeon) originates from
the electrochemical double layer, which is formed at the interface of a solid and the
electrolyte by free charge carriers, i.e., by electrons in the solid and ions in the liquid
phase. Ions with and without ionization shell are adsorbed at the electrode surface,
forming the inner and outer Helmholtz layer, respectively; charge carriers which are
attracted diffusely to the electrode create the Gouy-Chapman layer. This double
layer can be (dis)charged similarly to a physical capacitor when it experiences an
externally applied potential difference. Since the absolute capacitance of a capacitor
is proportional to its surface area, the analysis of the capacitance allows to quantify the
electrochemically active surface area (changes), as this has been observed for roughened
metal electrodes [227, 228].

While the surface-area-normalized capacitance of carbon materials, e.g., used in su-
percapacitors, ranges on the order of 2 to 10uF/cm? [229-231], the one of metals
and their respective oxides exhibits capacitance values of 15 to 60 pF/cm? [232-236].
Interestingly, the surface-area-normalized capacitance of ~28 1Fxcn/cm% ey is essen-
tially identical for the two NCM compositions NCM622 and NCM851005 and does not
change upon formation of the oxygen-depleted surface layer at high SOC, as observed
in Chapter 3.2. As a consequence, the NCM capacitance determined by EIS (in units
of nFxem/cm%iey) can be translated directly into a physical surface area (in units of
m?/gnem). Therefore, the analysis of the capacitance is not only able to track relative
changes of the electrode or NCM surface area but can also quantitatively determine the
specific surface area of NCM materials in absolute values (after the subtraction of the
contribution of the other components in the electrode). Nevertheless, the capacitance
of an electrode is strongly dependent on the used materials, the applied potential, and
the electrolyte composition, i.e., the type of salt and its concentration as well as the

solvent type (see Chapter 3.1).

Therefore, in this work, EIS is used to monitor NCM particle cracking quantitatively
through the evolution of the capacitance of an electrode (see Chapters 3.1, 3.2, 3.3,
and 4.1), while the limitations of the method are illustrated in Chapter 4.2. Fur-
thermore, it provides insight into the origin of the morphology-dependent differences
of the resistance of a cell upon extended charge/discharge cycling in full-cells (see
Chapter 4.3).
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2.5 Thermogravimetric Analysis

2.5 Thermogravimetric Analysis

Thermogravimetric analysis (TGA), being a method for the thermal analysis of mate-
rials, tracks the mass of a sample by a high-precision balance as a function of both time
and temperature. During the TGA measurement, the sample temperature is changed
according to a defined protocol, including heating and cooling steps or isothermal
holds; additionally, the gas atmosphere can be adjusted according to the experimental

requirements [237, 238].

The investigation by TGA elucidates physical phenomena, such as vaporization, ad-
sorption, and desorption (e.g. (de)hydration), or chemical phenomena such as the
thermal decomposition of the sample or solid-gas reactions, such as oxidation and
reduction, depending on the used atmosphere (e.g., nitrogen or argon for inert condi-
tions, air or pure oxygen for the oxidation, or hydrogen or carbon monoxide for the
reduction). However, sample changes without mass change such as phase transitions
of the crystal structure cannot be observed through TGA only; by using differential
thermal analysis (DTA) or differential scanning calorimetry (DSC), however, physical
and chemical changes can be deconvoluted. Additionally, by coupling TGA with mass
spectrometry or infrared spectroscopy, the analysis of the evolved gases gives further

insights into the composition of the sample and its reaction processes [237, 238|.

The sample is placed in an open pan before it is heated inside of a closed furnace, which
can be flushed by a chosen gas type and flow rate. For air-sensitive samples, such as
charged battery electrodes, the exposure to the ambient atmosphere is prevented by
enclosing the sample in a crimped gas-tight crucible (e.g., made of aluminum), which
is punctured shortly before the experiment is initiated. The measurement is typically
corrected by a reference run with an empty pan. For battery materials, the operating
temperatures are found to range from 25 to 1200 °C and the applied heating rates vary
on the order of 1 to 10 K/min.

The TGA method has proven useful for the characterization of CAMs, e.g., in the
identification and quantification of surface contaminants [100, 239, 240] or in the
investigation of the thermal stability of the CAM indicated by the decomposition
temperature of delithiated or protonated NCMs [96, 113, 116, 241]. In this work, TGA
is used to elucidate the thermal stability of charged NCM622 electrodes in dependence
of the CAM particle morphology and surface area (see Chapter 4.1).
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2 Experimental Methods

2.6 Further Characterization Techniques

In addition to the methods described in this chapter, images of active material powders
and electrodes were taken in top view by scanning electron microscopy (SEM) (see
Chapters 3.2, 4.1, and 4.3); cross-sectional images are taken of electrodes which were
polished by a focused argon ion beam (FIB) (see Chapter 3.1). The images were
collected by a tabletop microscope (JCM-6000, JEOL, Japan) in secondary electron

mode, applying an acceleration voltage of 15kV.

The used electrochemical methods include cyclic voltammetry to investigate the ef-
fect of the applied potential on the specific capacitance (see Chapter 3.1) as well as
on the gas evolution (see Chapter 5) of electrodes consisting of conductive carbon
and binder only. Furthermore, galvanostatic charge/discharge cycling is applied to
half-cells, consisting of an electrode paired with a lithium-metal counter electrode, to
full-cells, consisting of a graphite anode and a cathode, as well as to pseudo full-cells,
as described in Chapter 2.2. In these cells, typical battery electrodes are cycled both
in CC or CCCV mode, i.e., a constant-current (CC) mode with or without constant-
voltage (CV) hold, respectively, either using conventional battery cyclers (Series 4000,
Maccor, USA) or potentiostats with impedance capability (VMP3, BioLogic, France),
to investigate their rate capability and/or their cycle life, or to deliberately age elec-
trode materials for subsequent characterization. To exclude any contribution by the
periphery, the cells are connected by separate cables for voltage and current. Depend-
ing on the requirements, the cells include a lithium-metal reference electrode to track
the potentials of each electrode, or a micro-reference electrode (p-RE, being a gold-
wire reference electrode [208] in this work) to monitor the impedance of each electrode
individually. Furthermore, some cycling protocols include direct-current internal resis-
tance (DCIR) measurements (see Chapter 4.3 and Chapter 5), consisting of a (charge
or discharge) direct-current pulse with a current I and a duration ¢, (of typically 1 or
10s), while the cell is in OCV before and after the pulse. For a pulse starting at ¢t = 0,
the internal resistance R of the cell is calculated by Equation 2.9 [242].

o U(2t0)2—U(0) N U(to)
1

(2.9)
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3 Monitoring Particle Cracking by
In Situ Impedance Spectroscopy

The integrity of the active material particles is essential to the lifetime of battery
materials. The (chemo)mechanical cracking of particles, typically resulting from me-
chanical compression during manufacturing [243, 244] and/or their volume change
upon repeated (de)lithiation [98, 138], alters the pristine morphology and is reported
to be detrimental for the capacity retention of the battery cell. This performance loss
due to cracking may originate from the loss of active material and/or from impedance
build-up, both for anode (e.g., for silicon [55, 56]) and cathode (e.g., for LEP [72-74] or
NCM [122, 245]) materials. Additionally, the increase in CAM surface area may give
rise to unwanted side reactions on the freshly exposed electrode-electrolyte interfaces,
such as (electro)chemical electrolyte oxidation [31, 121, 201], oxygen release at high
state of charge [109, 119, 120], and/or transition metal dissolution [126, 127, 134]. So
far, the integrity of CAM particles has been monitored qualitatively in ex situ exper-
iments using microscopy (e.g., FIB-SEM/-TEM) [140, 160, 246] or tomography [142].
Since the mentioned methods are not only non-quantitative but also expensive regard-
ing time, resources, and labor, and since each experiment contributes only a single
data point to the whole data set, a new facile methodology is required to track and

quantify the changes of the particle morphology in situ during cell operation.

This chapter describes the stepwise development process of a novel impedance-based
method, which tracks the capacitance of an electrode as an indicator for its surface
area and thus for particle cracking of active material particles. It is composed of three
successive parts: i) the theoretical fundamentals enabling the capacitance determina-
tion of battery electrodes by EIS are derived and discussed and the relation between
electrochemical capacitance and physical surface area is validated; ii) the effect of
NCM composition and NCM particle morphology on the morphological and structural
stability at high state of charge is illuminated; and iii) a simplification of the initially

devised setup is deduced, enabling the utilization of the method in simple half-cells.
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3 Monitoring Particle Cracking by In Situ Impedance Spectroscopy

3.1 Theory and Validation

The article ”Novel Method for Monitoring the Electrochemical Capacitance by In
Situ Impedance Spectroscopy as Indicator for Particle Cracking of Nickel-Rich NCMs:
Part I. Theory and Validation” was submitted to the peer-reviewed Journal of the
FElectrochemical Society in April 2020 and published online in June 2020 [224]. It is
available as an open-access article and distributed under the terms of the Creative
Commons Attribution Non-Commercial No Derivatives 4.0 License. This paper was
awarded with the Norman Hackerman Young Author Award 2020 of the Electrochem-
ical Society. A permanent link to this article can be found under https://doi.org/
10.1149/1945-7111/ab9187. The main findings of this paper were presented by Stefan
Oswald as Poster #A004 at the Electrochemistry 2018 Meeting of the Gesellschaft
deutscher Chemiker in Ulm, Germany, in September 2018, as well as in an oral pre-
sentation at the 70** Annual Meeting of the International Society of Electrochemistry
in Durban, South Africa, in August 2019.

The objective of this work is the development, validation, and application of a tech-
nique which is capable of quantifying the cracking of CAM particles during electrode
manufacturing and/or cell operation, which had not been reported in the literature
before. Through the mathematical analysis of the impedance response of a CPE;, it
is first shown that the unique properties of the frequency point at ~180mHz of an
electrode in blocking conditions allow for the extraction of the capacitance without a
fit of the entire impedance spectrum. The proportional relation between the capaci-
tance extracted by EIS at 180 mHz and the physical surface area obtained by Kr-BET
is verified for mechanically compressed electrodes, exhibiting significant NCM particle
cracking by visual investigation through FIB-SEM. By using a lithiated gold wire as
1-RE [208], the capacitance of PC NCM622 electrodes in the fully discharged state was
monitored individually over 200 charge/discharge cycles to three different upper cutoff
potentials between 3.9 and 4.5 Vy,;, inducing a repeated volume change AV/V between
-1.0 and -4.0% for NCM622, respectively. The pronounced surface area increase at
high potential of more than +250 % is attributed to the increased volume change at
higher SOCs and the subsequent irreversible cracking of the secondary agglomerates,
which is verified in post mortem FIB-SEM images. Consequently, an accelerated ca-
pacity fading and impedance build-up is observed over 200 cycles for the higher upper
cutoff potentials which stems (at least partially) from the fragmentation of the NCM

secondary agglomerates. Finally, the impact of the volume change of the active mate-
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3.1 Theory and Validation

rial is further highlighted by cycling experiments on LTO (exhibiting a volume change
of +0.2%) and LFP (-6.8 %) upon (de)lithiation: the capacitance of the ”zero-strain”
material LTO remains essentially unaffected over the course of 200 cycles while the

one of LFP increases by more than +60 %.

To support the main article, additional information is provided for the benefit of the
reader. The Supporting Information includes all relevant details about the validation of
blocking conditions for LFP and LTO, the potential-dependent capacitance of carbon-
only C65 and VGCF electrodes as well as the one of the NCM electrodes, and the
discharge capacity as a function of cycle number of LFP, LTO, and NCM, including
the dependence on the upper cutoff potential for the latter.

The determination of material-specific parameters such as the charge-transfer resis-
tance and the diffusion kinetics of lithium in the solid phase in the form of the appar-
ent diffusion coefficient requires knowledge of the surface area of the material and/or
its particle size distribution [247-250]; this knowledge is also essential for the interpre-
tation of results such as the thickness of the oxygen-depleted surface layer computed
from the amount of released lattice oxygen [107, 109, 119] or the amount of dissolved
transition metals [129, 130]. For these evaluations, typically, the values of the pristine
CAM powder are considered. Due to the here observed significant increase of the
capacitance and thus the surface area of both NCM and LFP, however, future stud-
ies should take into account the changes in the particle morphology when results are
normalized to the surface area of the CAM. The technique has been applied by Sim
et al. to elucidate the impact of calendering on the cycling performance of nickel-rich
CAMs [251] as well as by Riewald et al. to correlate the synthesis conditions of LNO

with its available surface area and its irreversible capacity [92].
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Layered lithium nickel cobalt manganese oxide based materials
(NCMs, Liy 4 sNi,Co,Mn_O,, x+y+z+6 = 1) are commercially used
cathode active materials (CAMSs) in current lithium-ion batteries for
electric vehicle applications,'™ owing to their technological ma-
turity as well as their relatively high discharge capacity and
discharge potential, resulting in superior energy and power density.
To push the delivered specific capacity at the same upper cutoff
potential closer to the theoretical limit of ~275 mAh/gnewm, the
nickel content of these materials is increased to values of x > 0.8.
The increased nickel content, however, implies a lower thermal
stability, compromised safety, a lower onset potential for oxygen
release, and a shorter cycle life.™>

One proposed failure mechanism of nickel-rich NCMs is the
structural degradation of the NCM particles and the electrode due to
volumetric changes of the rhombohedral unit cell upon repeated
(de)lithiation of the NCM crystallites.® De Biasi et al. showed by
in situ X-ray diffraction that the volume change of the NCM unit cell
increases with the nickel content.’” In addition, the unit cell volume
changes anisotropically due to the unequal variation of the a- and the
c-axis lattice parameter, leading to changes in the c/a ratio upon
(de)lithiation that are accompanied by severe stress and strain in the
particle, and, therefore, to an even stronger evolution of cracks in
the secondary agglomerates.®® Many studies have visually shown
the formation of cracks upon extended charge/discharge cycling in
nickel-rich NCMs®?™"* and NCAs,>'*'7 accompanied by an in-
crease in specific surface area (i.e. in BET surface area) and by the
penetration of electrolyte into the secondary particle, exposing the
primary NCM particles to the electrolyte.'* It is expected
that the formation of cracks in the polycrystalline material enhances
the degradation of NCM cycle life by various mechanisms: (i) the
release of lattice oxygen at the freshly exposed electrode/electrolyte
interface can result in the formation of a rock-salt layer that hinders
lithium diffusion,®%!%18:19 (i1) the reaction of the simultaneously
released singlet oxygen with the electrolyte constituents produces

*Electrochemical Society Student Member.
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“E-mail: Stefan.Oswald @tum.de

HF?*?! that enhances active material loss due to transition metal
dissolution,”** and (iii) the eventual separation of fragments from
the initial secondary NCM agglomerate, promoting loss of electrical
contact of the active material.>'®*~*’ Either one or a combination
of these mechanisms will ultimately lead to increasing overpotentials
and/or a loss of available capacity, limiting the discharge capacity of
the cells.

Crack formation, either due to volume change upon electro-
chemical (de)lithiation®’ or due to mechanical compression upon
calendering,”®**° may have serious consequences with regard to
cycle life—in particular, for CAMs having tailored surfaces to
protect the sensitive (nickel-rich) core.>**** These include any type
of gas-treated or coated CAM particles as well as particles with a
nickel-deficient shell>'* or a nickel concentration grzldif:nt,34’35 in
which case the exposure of unprotected surfaces by cracking would
be detrimental. This effect can be mitigated by tailor-made coatings
or deliberate handling of CAMs, which is reported to help maintain
the structure of the secondary agglomerates and to improve the
cycling stability.'*'>3%37 However, single crystalline CAMs are
perhaps the most promising concept for suppressing the formation of
cracks.”™”

In most previous studies investigating particle cracking, the
electrodes had to be harvested from the cycled cells and prepared
and analyzed by Kr-BET, FIB-SEM or even TEM, which are
cumbersome and not generally available methods that furthermore
require a large number of repeat analyses to be statistically
significant. This study aims to develop a novel diagnostic tool to
quantify particle cracking upon cycling using in situ electrochemical
impedance spectroscopy (EIS) with a micro-reference electrode (based
on a lithiated gold wire*®). By taking into account suitable theoretical
considerations, the electrochemical capacitance can be used as a
measure for the electrode’s electrochemically active surface area
(i.e. the electrode surface area in contact with the electrolyte), which
will be monitored upon the formation of cracks in cathode active
material particles. In this study, we validate this method by comparing
the evolution of capacitance determined by in situ EIS with a micro-
reference electrode with physical surface area measurements by
krypton gas physisorption, while the cracking of the particles is
verified by FIB-SEM.
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Theoretical Considerations

Constant-phase element.—Electrochemical impedance spectro-
scopy (EIS) provides information about physical processes in electro-
chemical systems, which can be investigated due to their separation by
different time constants. By applying an alternating potential or
current in an EIS experiment to an ideal electrode/electrolyte interface
in the absence of charge transfer, one would expect a purely capacitive
behavior due to the capacitance of the electrochemical double layer.
This theoretical capacitor appears as a vertical line in a Nyquist plot,
what is expressed in complex notation as:

1

Ze iwC 1]
Assuming that the areal capacitance (i.e. the electrochemical
capacitance per surface area) is distinct, constant, and uniformly
distributed for each electrode material, the absolute capacitance C is
a direct measure of the surface area of an electrode (see Eq. 2), a
property which can, e.g. be used to assign observed features to

physical properties, such as contact resistances.

CxA [2]

Real systems like battery electrodes do not show a purely
capacitive behavior, but rather have to be described by a constant-
phase element (CPE).*** This is commonly explained by surface
roughness or a distribution of differently sized capacitive and
resistive elements along the surface of the electrode.**™® This
type of circuit element can be mathematically described through a
transformation of the physical capacitor by introducing the CPE
parameter Q with units F/s'~* and the phase angle a, which is
independent of frequency and does not only appear as a clockwise
tilt of the vertical line, but also shifts the frequency points on the
line. In complex notation, this is expressed as:

1
(w)*Q

For @ = 1, one obtains the purely imaginary impedance of the
physical capacitor (i.e. Eq. 3 simplifies to Eq. 1), whereas
0 < a < 1 adds a real resistive part. For a < 1, Q does not
represent a simple capacitance,45 but should, nevertheless, scale with
the electrochemically active surface area. When using Q as a
measure for the surface area of the electrode, one either obtains
the Q parameter from a fit of the capacitive branch of the Nyquist
plot contributed by a CPE or utilizes a reasonable approximation.

Figure 1a shows the calculated impedance response of a physical
capacitor with capacitance C = 1 - 1073 F using Eq. 1 as well as of
four CPEs defined by Eq. 3 with Q = 1 - 1073 F/s!~® and phase
angle a € {0.95, 0.90, 0.85, 0.80}. For the CPEs, it appears that
the imaginary part of the impedance Im(Z) at 180 mHz (blue open
circles in Fig. la) is largely independent of the phase angle
a. Through the analysis of the imaginary part of the CPE impedance
as shown in Eq. 4, it becomes obvious that the dependence of the
first factor % in the last term of Eq. 4 on the phase angle « is minor
for frequeﬁmes close to w=2nf=1, ie. for f~ 159 mHz.
Furthermore, for o values close to 1, the dependence of the sine
term in the second factor of Eq. 4 is also very small.

1 1 N
Im(Zcpg) = Im( (iw)“Q) = Im( ) exp (1(—504))]
= ——Im|cos| ——a| + isin| ——a«
wQ 2 2

1 . T
= >0 sm(—za) 4]

(3]

Zcpg =

For this reason, one expects that the ratio of the imaginary part of
the impedance of a CPE taken at phase angles close to o = 1 and at
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Figure 1. Simulation of constant-phase elements (CPEs) as defined in
Eq. 3. (a) Nyquist plot of the impedance spectra of a pure physical capacitor
(Cc = 11107 Fand o = 1.00) as well as of four constant-phase elements
(Q = 1-1072 F/s'~*) with different phase angles (a € {0.95, 0.90, 0.85,
0.80}). (b) Calculation of the imaginary impedance of a CPE normalized to
the imaginary part of the impedance of a capacitor, i.e. Imn(Z¢pg) /Im(Z&),
vs. the phase angle « for different frequencies as predicted by Eq. 5. For the
frequency of f= 180 mHz, the imaginary impedance changes less than +1 %
between phase angles of @ = 1.00 and o = 0.85 (dark green area); for a
frequency of f = 200 mHz, this applies for phase angles as small as o = 0.79
(light green area). For f = 160 mHz, which also corresponds to
w = 2nf =~ 157!, a purely sinusoidal behavior is observed.

frequencies close to f = 159 mHz normalized by the imaginary part
of the impedance of an ideal capacitor, i.e. Im(Zcpg) /Im(Z&):El),
described by Eq. 5 will be close to 1.

Im(Zcpg) /IM(Z&p) = —w' ™ - sin(—%a) [5]

This ratio of Im(Zcpg) /Im(Zé‘P:EI) vs. phase angle « is depicted
in Fig. 1b, showing that the influence of the phase angle o on the
normalized imaginary impedance is less than 1 % for f = 180 mHz
and « > 0.85 or for f= 200 mHz and a > 0.79. For the experi-
ments shown in this study, the impedance spectra are recorded
with eight frequency points per decade, which includes the point at
180 mHz, which is why we will be focusing on this frequency point
in our further discussion. From Fig. 1b it becomes obvious that the
imaginary part of the impedance at a frequency of f = 180 mHz is,
at least to a good approximation, inversely proportional to Q (see last
term in Eq. 4), even if the phase angle might change during the
experiment. To avoid having to fit the CPE of each impedance
spectrum and having to find Q and «, we take advantage of the
following approximation:

1
~N—_— 6
¢ wo - (—=Im(Z.)) 1]

which is within an error of 1 % for wy ~ 1 s~! corresponding to a
frequency of f; = 180 mHz and for o > 0.85. Note that in this case
the units of Q represent those of a capacitor (i.e. F rather than F/s' ).
In the present study, we utilize this property to extract the relative
change of the electrode’s surface area by monitoring the change of the
180 mHz point and further compare this simplification to the exact
result obtained from a fit of Q to legitimate its application experi-
mentally. In summary, the CPE parameter Q is treated as a measure
for the electrochemical capacitance, which is a good approximation at
a frequency of 180 mHz and for phase angles of o > 0.85.

Determination of surface area from impedance spectra.—In
this study, we aim to use the capacitance of the electrochemical
double layer of the entire composite electrode (i.e. consisting of
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active material, conductive carbon, and binder) to track the cracking
of active material particles due to mechanical compression or due to
volume changes upon (de)lithiation. When exposed to mechanical
stress, a material may develop cracks and open pores that can be
penetrated by the electrolyte, thereby creating additional electro-
chemically active surface area. Assuming an ion radius of a lithium
cation of 0.09 nm having a single-layer solvent shell of ethylene
carbonate with 0.41 nm additional radius,*’ one would expect that
pores larger than 1 nm in the active material can be filled by
electrolyte and, therefore, be detected by probing the electrode
capacitance for a given electrolyte. Any solid/electrolyte interface
element of the electrode which is connected electronically through
the solid part and ionically by the electrolyte thus forms an
electrochemical double layer, providing a physical capacitance that
can be charged or discharged similar to a physical capacitor through the
displacement of ions and electrons when a potential difference is
applied. In principal, this charge-transfer capacitance could be ex-
tracted from the respective R-Q semicircle in a Nyquist plot at any state
of charge (SOC). In practice, however, the frequency range in which
this charge-transfer resistance appears is similar to the ionic pore
resistance, and thus these two contributions to the impedance can often
not be discriminated, as discussed already by Landesfeind et al.*® in the
case of a transmission line model. However, the capacitance can be
extracted separately when an electrode is in the state of quasi-infinite
charge-transfer resistance, often referred to as blocking conditions.**>°
For lithium-ion battery electrodes, this state is achieved either when the
active material is 1) fully lithiated or ii) fully delithiated or when iii) a
non-intercalating electrolyte is used, whereby in all three of these cases
no char§e is transferred, even when a finite potential perturbation is
applied. ™! Under these conditions, real electrode interfaces, often
discussed through the Randles circuit,****3*3 then only show a purely
capacitive behavior which, for low frequencies, can be described by a
single constant-phase element (CPE). At these relatively low frequen-
cies, this straight line in a Nyquist plot, in principal the onset of a huge
semicircle, dominates the much smaller pore resistance and all other
circuit elements, what allows the extraction of the charge-transfer
capacitance from impedance spectra. Assuming a proportional relation-
ship between capacitance and electrochemical surface area, and
following the theoretical considerations discussed above, the change
in surface area and, therefore, the cracking of the active material in the
electrode can be monitored by electrochemical impedance spectro-
scopy utilizing Eq. 6.

Experimental

Electrode preparation.—NCM electrodes were prepared by
mixing uncoated NCM622 (Li; ¢;NigcCop,Mng,0,, 0.3 szET/g,

BASF SE, Germany), vapor-grown carbon fibers (VGCF-H,
12.4 m*gpr/g, Showa Denko, Japan), and polyvinylidene fluoride
(PVDF, Kynar HSV 900, Arkema, France) at a mass ratio of 90:8:2
with N-methyl-2-pyrrolidone (NMP, anhydrous, Sigma Aldrich,
Germany) in a planetary mixer (Thinky Corp., USA) for 17 min,
using a three-step sequential mixing procedure. This slurry was
coated onto the rough side of an aluminum foil (18 pm, MTIL, USA)
with a box-type coating bar (Erichsen, Hemer, Germany) using an
automated coater (RK PrintCoat Instruments, United Kingdom),
and dried in a convection oven at 50 °C for 5h. The NCM622
electrodes had a loading of 9.7 mgAM/cm2 (=1.8 mAh/cm? based on
184 mAh/gnemezz)- The same procedure was applied for lithium
titanate (LTO, LisTi50;5, 3.0 szET/g, Siidchemie, Germany) and
lithium iron phosphate (LFP, LiFePO,, LFP 400, 20.7 m“gg1/g,
BASF SE, Germany); however, the slurry compositions and the
conductive carbon type (C65, carbon black SuperC65, 64 m’grr/g,
TIMCAL, Switzerland) were adapted in accordance with Table L.
Furthermore, slurries without active material, one containing only
VGCF and PVDF at a mass ratio of 8:2 and one containing only C65
and PVDF at a mass ratio of 1:1 were mixed with NMP, and
coatings were prepared as described above.

Electrodes with a diameter of 10.95 mm were punched out from
the above prepared electrode coatings as well as from commerciallzy
available LTO electrode sheets (LTO on aluminum, 3.5 mAh/cm~,
Custom Cells, Germany). For the electrochemical cycling tests, the
electrodes were used uncompressed, except for the LFP electrodes
which were compressed at 200 MPa for 30s using a KBr press
(Mauthe, PE-011). For the experiments on mechanical cracking,
NCM622 electrodes were compressed at 50, 100, and 200 MPa for
30 s using the KBr press. All electrodes were dried in a Biichi oven
at 120 °C under dynamic vacuum for at least 6 h and then transferred
to an argon-filled glove box (<1 ppm O, and H,O, MBraun,
Germany) without exposure to air.

Cell assembly.—The experiments on mechanical cracking were
conducted in symmetric cells with NCM622 electrodes (uncom-
pressed as well as compressed at 50, 100, and 200 MPa) and with
pure VGCEF electrodes, which were assembled in spring-compressed
T-cells (Swagelok, USA), using two glass fiber separators (glass
microfiber filter, 691, VWR, Germany) and 60 pl of non-interca-
lating electrolyte®’ (10 mM TBATESI in EC:EMC 3:7 w/w).

In preparation for the cycling experiments with NCM and LFP,
capacitively oversized LTO electrodes (3.5 mAh/cm?) are used as
the counter electrode, which were pre-lithiated in spring-compressed
T-cells using two glass fiber separators and 60 pl LP57 (1 M LiPFq
in EC:EMC 3:7 w/w, <20 ppm H,O, BASF, Germany) against
metallic lithium (450 pm thick and 11 mm in diameter, Rockwood

Table I. Overview of the properties of the electrodes prepared and investigated in this study. The composition is stated as a mass ratio of active material
(AM), conductive carbon (CC), and binder (B); also provided are the areal mass loadings of the electrode and the AM, together with the thickness of the
final electrode (numbers in parenthesis refer to electrodes compressed at 200 MPa), and the Kr-BET areas are also specified. Further, the specific current
values are listed which are taken to define a C-rate of 1 h™" as well as the upper/lower cutoff potentials and the potential at which potential-controlled EIS
data (PEIS) are acquired (all referenced vs. Li*/Li, based on an LTO counter electrode potential of 1.55 V vs. Li*/Li), latter corresponding to 0 %SOC.

Electrode material

NCM622 NCM622 NCM622

Units 3B9V) 42V) “4.5V) LTO LFP VGCF only  C65 only
Composition AM:CC:B wt% 90:8:2 90:8:2 90:8:2 90:5:5 93:4:3 0:80:20 0:10:10
Conductive carbon — VGCF VGCF VGCF C65 C65 VGCF C65
Areal electrode loading mgelecm,de/cm2 10.8 10.8 10.8 10.3 13.9 1.1 0.9
Areal AM loading mgAM/cm2 9.7 9.7 9.7 9.3 12.9 — —
Electrode thickness pm ~55 (~37) ~55 (~37) ~55 (~37) ~60 ~116 (~75) ~40 ~28
Active material BET mZ/gAM 0.3 0.3 0.3 3 20.7 — —
Specific current @1C mA/gam 184 184 184 170 150 — —
Upper cutoff potential V vs. Lit/Li 3.90 4.20 4.50 2.05 3.80 — —
Lower cutoff potential V vs. Lit/Li 2.55 2.55 2.55 1.05 2.95 — —
Potential for PEIS V vs. Lit/Li 2.55 2.55 2.55 2.55 2.55 — —
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Figure 2. Cycling procedure shown exemplarily for an NCM622 working electrode in a pseudo full-cell with a pre-lithiated, capacitively oversized LTO as the
counter electrode and a gold-wire reference electrode, whereby all potentials are shown vs. Li*/Li (analogous procedures were used for LTO and LFP working
electrodes). (a) Realization of blocking conditions by discharging the NCM622 working electrode to 2.55 V vs. Li*/Li, holding it there for 1 h, and then
conducting a PEIS at this potential (the colored open circles mark the potentials at which the EIS spectra shown in Fig. 4 were recorded). (b) Long-term cycling
procedure, with an initial OCV phase of 10 h, a conditioning step (black line), three formation cycles (yellow lines), and cycling (blue lines). This is shown
exemplarily for an NCM622 working electrode with an upper cutoff of 4.5 V vs. Li*/Li, with the intermittent acquisition of EIS spectra (red circles), under

blocking conditions at the points marked with #0, #1, etc.

Lithium, USA) to ~30 %SOC at a specific current of 15 mA/gay for
3 h, after having performed one full formation cycle at 15 mA/ga.
For experiments with LTO as working electrode, pre-lithiated,
capacitively oversized LTO counter electrodes were prepared
using an equivalent procedure with a final charge to ~90 %SOC
(corresponding to a lithium reservoir of ~3.15 mAh/cm?®) by
charging for 9h. After pre-lithiation, the LTO electrodes were
harvested from the cells and used as the counter electrode in the
pseudo full-cells for the electrochemical cycling tests (note that
pseudo full-cell here refers to a cell with a specific working electrode
and a pre-lithiated, capacitively oversized LTO electrode). The pre-
lithiated, capacitively oversized LTO provides a stable half-cell
potential of 1.55V wvs. Li*/Li over a wide SOC window, a
sufficiently large capacity to take up the lithium from the investi-
gated NCM and LFP working electrodes or to provide the lithium for
LTO working electrodes, and an excess of lithium compensating any
lost lithium due to side reactions during cycling in order to fully
(de)lithiate the working electrodes for the EIS measurements (i.e. for
bringing the working electrodes into blocking conditions).

For the electrochemical cycling tests, spring-compressed T-cells
with pre-lithiated, capacitively oversized LTO as the counter electrode
and NCM, LFP, or LTO as working electrodes were assembled using
two glass fiber separators and 60 pl LP57. Between the two separators,
a micro-reference electrode (u-RE) was installed, namely the gold-
wire reference electrode (GWRE) based on the setup described by
Solchenbach et al.,** whereby the GWRE was lithiated in situ at
150 nA over 1 h from the LTO counter electrode before cycling (note
that the GWRE lithiation charge of ~0.15 pAh is negligible compared
to the capacity of the counter electrode). This establishes a constant
GWRE potential of 0.31 V vs. Li*/Li,** which remained stable for
more than 1200 h. For details about the cell setup and the preparation
of the gold wire, please refer to the original publication.

To identify the specific capacitance contributed by only VGCF
and PVDF or by only C65 and PVDF, the identical pseudo full-cell
setup with pre-lithiated, capacitively oversized LTO (~30 %SOC)
as counter electrode, two glass fiber separators, -RE (i.e. a GWRE)
and 60 pl LP57 electrolyte was used with the respective VGCF or
C65 electrodes as working electrode.

Impedance spectroscopy.—All electrochemical impedance
spectra were included directly into the cycling procedure of a
multi-channel potentiostat VMP3 (BioLogic, France) and recorded
in a climate chamber (Binder, Germany) at 25 °C in potentiostatic
mode (PEIS), with an amplitude of 15 mV for 8 points per decade

from 100 kHz to 100 mHz. This results in an acquisition time of
~10min per PEIS. Each EIS spectrum consists of a full-cell
spectrum (between working and counter electrode) and, by using a
GWRE, also of the half-cell spectrum (i.e. between the working
and the micro-reference electrode), including a frequency point at
180 mHz. In the case of symmetric cell measurements, impedance
spectra were recorded 10 h after cell assembly.

Cell testing.—All electrochemical cycling tests were performed
in a climate chamber (Binder, Germany) at 25 °C, using a multi-
channel potentiostat (Biologic VMP3). Before cell cycling, the
GWRE was lithiated using the LTO counter electrode (see above).
To acquire EIS spectra under blocking conditions, represented by a
semi-infinite charge-transfer resistance, the working electrode is
cycled to a state of charge of 0 %SOC at a potential of 2.55 V vs.
Li*/Li for all active materials as indicated in the last line of Table I,
i.e. to either full lithiation for LFP and NCM or to full delithiation
for LTO working electrodes, where the working electrode was then
held for 1 h prior to taking EIS spectra. This is illustrated in Fig. 2a
for an NCM622 working electrode. After an initial OCV phase of
10 h, PEIS was measured at OCV (marked by the first black circle in
Fig. 2a), followed by a C/10 charge (=18.4 mA/gncm for NCM622)
in constant current (CC) mode to the upper cutoff potential
(4.2 V vs. Li"/Li in this case). At this point, where the nominal
state of charge if referenced to the theoretical capacity of NCM622
(=276.5 mAh/gnem) is 66 %SOC, another PEIS was measured (see
open red circle in Fig. 2a). Subsequently, the C/10 discharge in CC
mode was continued in 10 min segments with a PEIS taken at the
end of each segment, which was repeated until the lower cutoff
potential (2.55 V vs. Lit/Li for NCM622) was reached, which was
defined as 0 %SOC. There, a constant voltage (CV) hold of 1 h was
performed, followed by a final PEIS. The procedure was executed in
a similar manner for LFP and LTO, using the cutoff potentials listed
in Table I. However, since LTO is delithiated in its pristine state and
cell cycling of LTO starts by lithiation, the charge to the upper and
the discharge to the lower cutoff potential are switched for LTO in
the above given description of the cycling procedure.

To investigate the specific capacitance of the pristine materials at
different potentials, the same electrode setup as described above was
assembled using NCM electrodes as working electrodes as well as
setups using working electrodes comprising only VGCF and PVDF
or comprising only C65 and PVDF. After an initial PEIS at OCV (at
~3.0V vs. Li*/Li for NCM622 and at ~2.8 V vs. Li*/Li for VGCF
working electrodes) and a first OCV phase of 1h followed by
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another PEIS measurement, the potential was held for 1h at 2.85,
2.75, 2.65, and 2.55 V vs. Li*/Li for NCM and at 3.05, 2.95, 2.85,
2.75, 2.65, and 2.55V vs. Li*/Li for VGCF and C65 electrodes,
including a PEIS at the respective potentials.

The long-term cycling procedure shown exemplarily for an
NCM622 working electrode in Fig. 2b was initiated by an OCV
phase of 10 h, during which a PEIS was taken every 1 h (red open
circles in Fig. 2b). During conditioning (black line in Fig. 2b), the
electrodes were charged at C/10 (=18.4 mA/gnem for NCM622) in
CC mode for 1h, then discharged to the lower cutoff potential of
2.55V vs. Li*/Li at C/10 in CC mode, where a CV hold of 1 h was
performed, followed by a PEIS. Since nickel-rich CAMs are
commonly slightly overlithiated (by up to 1 %) in the synthesis
process, the conditioning step was included in the procedure to
ensure comparable impedance spectra for each cycle, namely by
assuring that similar SOCs are obtained by the potential hold of 1 h
at 2.55V vs. Li*/Li, especially when using different NCM active
materials. For the formation (yellow lines in Fig. 2b), three charge/
discharge cycles are executed, with a charge to the upper cutoff
potential at C/10 with a CV hold until the current dropped to below
0.1 mA (~C/20, CCCV mode), and with a discharge to the lower
cutoff potential at C/10 with a final CV hold of 1 h before a PEIS
was recorded (marked by the #1, #2, and #3 points in Fig. 2b). The
formation was followed by cycling (blue lines) four times at 1C
(=184 mA/gnem for NCM622) in CCCV mode in charge, until the
current dropped to 0.1 mA (~C/20), and at 1C in CC mode for
the discharge. The fifth cycle was performed at C/10, identical to the
formation cycles, followed by a 1 h CV hold at the lower cutoff
potential and a PEIS. This set of five cycles was repeated for more
than 200 charge/discharge cycles. The impedance spectra taken in
blocking conditions are numbered by the number of full cycles that
the electrodes had performed up to that point (e.g. #8 after the first
set of the five blue cycles shown in Fig. 2b). Since LTO is delithiated
in its pristine state, the charge to the upper and the discharge to the
lower cutoff potential are switched for LTO in the description of the
cycling procedure.

For the visual investigation by FIB-SEM, additional NCM622
cells were stopped after 0.5, 1.0, and 203.5 cycles to 4.2V vs.
Li*/Li, including a potential hold at the respective target potential,
namely 4.2 V vs. Li*/Li for non-integer cycle numbers or 2.55 V vs.
Li*/Li for integer ones.

Cell disassembly.— After cycling, the electrodes were harvested
from the cells for the krypton gas physisorption measurements to
determine their specific surface area and for FIB-SEM analysis. Any
residue of the conductive salt was removed from the electrodes in a
three-step sequential washing procedure: first, they were washed for
5 min in 5 ml EC:EMC 3:7 w/w, followed by a soaking step of 24 h
in 1 ml DMC, and, finally, a washing step of 5 min in 5 ml DMC.

Scanning electron microscopy.—The morphology of fresh,
mechanically compressed electrodes as well as of the ones harvested
and washed after charge/discharge cycling for 0.5, 1.0, and 203.5 cycles
was investigated by FIB-SEM at BASF SE (Ludwigshafen, Germany),
where the electrodes were cut by focused argon-ion beam (FIB) milling
and their cross-sections were investigated by scanning electron micro-
scopy (SEM) in backscattering mode at 10 kV.

Surface area analysis.—The surface area of the harvested and
washed electrodes as well as of the compressed NCM622 electrodes
was determined by krypton gas physisorption at 77 K, as previously
presented by Friedrich et al.,*® measuring isothermally at 13 points
between 0.01 < p/po < 0.30, using an autosorb iQ (Quantachrome
Instruments, USA). Comparative N,-BET measurements for the
pristine materials (VGCF, C65, and NCM622) are within £10 % of
the specific surface areas obtained by krypton physisorption. The
advantage of the measurement with krypton is a superior sensitivity
of this method, since only ca. 1/100 of the total surface area is

required for the physisorption measurements, so that Kr-BET areas
can be obtained for 11 mm diameter electrodes, what would not be
possible using N,-BET. Prior to Kr-BET measurements, both
powder samples as well as samples of pristine or harvested and
washed electrodes were dried at 120 °C under vacuum for 6 h.

Results and Discussion

Mechanical compression of NCM622.—In the following, the
effects of mechanical compression on NCM622 particle cracking and
on the electrochemically accessible surface area or the surface area
accessible by krypton gas physisorption are investigated and dis-
cussed. Figure 3a shows the cross-sectional view of an uncompressed
pristine NCM622 electrode recorded by FIB-SEM. The spherical
shape of the secondary agglomerates (with ~5-10 pm diameter) that
are comprised of numerous primary crystallites (~0.1-0.5 pm) is
intact for all shown particles, which is representative of the entire
electrode. Void volumes in the core of the NCM particles result from
the synthesis and are observed for all cross sections through the
particle centers. In contrast, Fig. 3b illustrates the compression-
induced breakage of the NCM secondary particles. The applied
compression of 200 MPa does not only decrease the electrode
porosity from 55 % to 27 % (reflected by a decrease in electrode
thickness, see Table I), but is sufficient to break the mechanically
fragile secondary agglomerates into many fragments or even into
single primary particles. Similar behavior has been observed for
calendered battery electrodes by electron microscopy>® as well as by
X-ray tomography.>* Due to this breakage, additional NCM surface
area is exposed for compressed electrodes as compared to the
uncompressed material, which is accessible for krypton gas in
Kr-BET measurements as well as for the electrolyte in battery cells.

Figure 3c depicts the impedance spectra of the symmetric cells
assembled with VGCEF electrodes as well as with NCM electrodes that
were uncompressed or compressed at 50 MPa, 100 MPa, or 200 MPa,
using non-intercalating 10 mM TBATEFSI electrolyte. (Note that the
difference in the specific high-frequency resistance (in €2 - g, cirode)
of NCM electrodes (10.8 mg/ cm?) and VGCF electrodes
(1.1 mg/ cm?) results from the normalization to the mass of the
electrodes; the absolute high-frequency resistance of ~130 Q is
similar for all cells and electrodes and is typical for the 10 mM
TBATFSI electrolyte with a low conductivity of ~300 uS/cm). For
low frequencies, all materials show purely capacitive behavior, even
the NCM622 electrodes, as their charge-transfer reaction is impeded
by the electrolyte with non-intercalating ions.>" It is observed that the
absolute value of the imaginary impedance at the lowest frequency of
100 mHz decreases with increasing compression of the NCM
electrodes. The same can be observed for the absolute value of the
imaginary impedance of the 180 mHz point (open circles in Fig. 3c),
which decreases from 16.6 Q- g ...0qe fOr the uncompressed
NCM622 electrodes to 14.5 € - g .cpoqe fOr a compression of
50MPa, further to 11.9 € - g, .poqe fOr 100 MPa, and even to
10.4 Q - geciroqe TOr 200 MPa. Since a decrease of the absolute value
of the imaginary low-frequency impedance of a CPE element
corresponds to an increase of its capacitance parameter Q (see
Eq. 3), a compression of the NCM622 particles results in an increase
in their capacitance. We assign this increase in capacitance to an
increase in electrochemically active surface area of the NCM622
particles in the entire electrode, which would actually be expected
based on the observed NCM622 particle breakage upon compression
(see Fig. 3b). By fitting the capacitive branch between 100 mHz and
1 Hz with an R-Q element, the CPE parameter Q and the phase angle
« can be determined, whereby the values of latter are noted in Fig. 3c.
The decrease of o with increasing compression from 0.87 to 0.84
(visible by a clockwise tilt of the capacitive branch) is most likely
related to the reduced relative contribution of the CPE with a very
high value of o = 0.97 that is characteristic of the VGCF carbon
fibers to the total CPE as the NCM622 surface area increases.
However, since the obtained values of « are close to or larger than
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Figure 3. Effect of mechanical compression on pristine NCM622 electrodes: cross-sectional view by FIB-SEM in backscattering mode at 10 kV:
(a) uncompressed electrode and (b) electrode compressed at 200 MPa. (c) Nyquist plots of symmetric cells at 25 °C with VGCF electrodes and with pristine
NCM622 electrodes that were uncompressed or compressed at 50, 100, or 200 MPa, all assembled with 60 ul of 10 mM TBATFSI. The values for the phase
angle « obtained from the fit of the capacitive branch by an R-Q element between 100 mHz and 1 Hz are listed in the figure, and the frequency points at 180 mHz
are indicated by larger empty circles. (d) The left y-axis shows the specific capacitance extracted from the impedance spectra of the symmetric cells depicted in
(c), either via a fit with an R-Q element between 100 mHz and 1 Hz (hatched bars) or via the imaginary impedance at 180 mHz according to Eq. 6 (solid bars).
The right axis shows the specific surface area determined by krypton gas physisorption of VGCF electrodes and of pristine NCM622 electrodes that were
uncompressed or compressed at 50, 100, or 200 MPa (cross-hatched bars). Note that the specific capacitance and the specific surface area for the VGCF electrode
were divided by 10, accounting for the fact that 1 g of an NCM electrode contains 0.08 g VGCF and 0.02 g PVDF, which corresponds to that in 0.1 g of a VGCF
electrode. The thus estimated capacitance and specific surface increase of the NM622 particles in the NCM622 electrodes (in %) is marked above each set of
bars. The values shown here are calculated from the mean of two identical cell pairs for PEIS or of two electrodes for BET, and the error bars correspond to the

minimum/maximum value of two measurements.

0.85, the assumptions used for Eq. 6 still apply, so that the
approximate capacitance of the electrode can be obtained from the
imaginary part of the impedance at 180 mHz.

In Fig. 3d, we compare the compression-induced increase of the
specific capacitance Q/Mejecuoge (left axis) of the NCM622 elec-
trodes, extracted from the fit of the capacitive branch (hatched bars)
or from the imaginary part of the impedance at 180 mHz via Eq. 6
(solid bars), with that of the increase of the specific surface area
obtained by krypton gas physisorption (cross-hatched bars, plotted
against the right axis). The specific capacitance of the pristine
NCM622 electrode of 0.053 F/s' ™ “/geiectrode increases by 15 % when
it is compressed at 50 MPa, by 39 % at 100 MPa, and by even 67 %
at 200 MPa (hatched bars in Fig. 3d). When the capacitance is not
extracted from an R-Q fit, but simply through the imaginary value of
the impedance at the 180 mHz point using Eq. 6 (see solid bars in
Fig. 3d, plotted against the left axis), the obtained results (now in
units of F/geecuogqe) are essentially identical to the numerical
QO-values extracted from the R-Q element fit, which experimentally
proves the validity of the theoretical assumptions of this simplified

method. To determine the relative change of the capacitance of only
the NCM622 particles upon compression, the capacitance contribu-
tion from the conductive carbon and binder must be subtracted. This
contribution is measured through the same setup, using VGCF
electrodes, yielding 0.394 F/slf”/gelectmde or 0.392 F/gejectrode USING
Eq. 6. Since 1g of the NCM622 electrode comprises 0.08 g of
VGCEF and 0.02 g of PVDF (see Table I), the capacitance contribu-
tion of the VGCF/binder composite in 1 g NCM622 electrode
corresponds to 1/10 of that of the mass normalized capacitance of
the VGCEF electrode, i.e. 0.0394 F/s""/gelectmde, which is marked by
the black hatched bar in Fig. 3d (or 0.0392 F/g.jecirode Using Eq. 6,
marked by the black solid bar). Assuming that the capacitance
contribution of VGCF and PVDF in the NCM622 electrode is the
same as that in the VGCF electrode, the capacitance contributed by
the NCM622 particles in the NMC622 electrodes is the total
capacitance of the NCM622 electrode minus 1/10 of the capacitance
of the VGCF electrode, indicated by the capacitance extending
beyond the black dashed horizontal line in Fig. 3d. Thus, if the
capacitance increase of the NCM622 electrodes with compression is
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referenced to the estimated NCM622 contribution, it increases by
47 %, 138 %, and 245 %, when compressing the NCM622 electrodes
at 50, 100, and 200 MPa, respectively.

To prove that this increase in capacitance upon mechanical
compression is proportional to the increase in the specific surface
area of the electrodes and of the NCM622 particles in the electrodes,
the specific surface area of the NCM622 electrodes was quantified
by krypton BET. The Kr-BET surface area increases from
1.08 mzlgelectmde of the uncompressed NMC622 electrode by
16 %, 38 %, and 65 % for a compression of 50, 100, and
200 MPa, respectively (cross-hatched bars in Fig. 3d). This increase
in the total specific surface area is within the error bars in perfect
agreement with the observed increase in the total capacitance
obtained by the impedance measurements (namely 15 %, 39 %,
and 67 % for a compression of 50, 100, and 200 MPa, respectively).
This not only proves that the increase in capacitance is indeed
related to an increase in specific surface area (something one would
anyways expect), but also the validity of the approximation that the
Q parameter of the CPE response of the electrode (in units of
F/s' ™ “/getectrode) €an be equated with the capacitance of the electrode
(in units F/gejecurode), at least as long as the a-value is sufficiently
large. Furthermore, it indicates that the estimation of the capacitance
through the 180 mHz point is sufficiently accurate and is a valid
approximation for the experiments conducted in this study.

Using the Kr-BET analysis, we can now examine whether the
above estimate of the capacitance contribution by the NCM622
particles is valid. For this, we measured the Kr-BET area of the
VGCEF electrode (7.8 mzlgelemode), which is ~20 % smaller than the
predicted value of 9.9 m*/g¢jecrode based on the 12.4 Illz/g‘,/,ecm,de for
the pristine VGCF fibers and the 80 wt% VGCF content in the
VGCF electrodes. (Note that the same was observed when com-
paring BET areas of several carbon blacks with that of electrodes
made of carbon black and Nafion® binder, which was ascribed by
partial pore blocking by the binder.””) By multiplying the VGCF
electrode Kr-BET area by 0.1 (as explained above), the estimated
Kr-BET area contribution from the VGCF/PVDF components to the
NCM622 electrode would be 0.78 mz/ge]ectmde (black cross-hatched
bar in Fig. 3d). Thus, the specific surface area measured for the
NCM622 electrodes which extends above this value (black dashed
line in Fig. 3d) would have to be equal to the specific surface area
contributed by the pristine NCM622 particles. For the uncompressed
NCM622 electrodes, the difference in specific surface area between
the estimated contribution by the VGCF/PVDF components
(0.78 mzlgelemode) and the one measured for the NCM622 electrode
(1.08 m™/gejectrode) €quates to 0.30 mz/gelemode, which is identical
with the BET surface area of the pristine NCM622 particles. This
clearly proves our above assumption that the specific surface area
and the capacitance contributions from the VGCF/binder compo-
nents of the NCM622 electrode can be simply subtracted by using
the mass-fraction corrected specific capacitances and specific surface
areas of pure VCGF electrodes, thereby yielding the desired values
for the specific surface area and the specific capacitance contributed
solely by the NCM622 particles in the NCM622 electrodes.

Realization of blocking conditions for NCMs.—When cycling
battery cells using a conventional electrolyte containing intercalating
ions (a non-blocking electrolyte so to speak), blocking conditions that
represent a state of quasi-infinite charge-transfer resistance can be
achieved by either fully lithiating or fully delithiating the active
material during the charge/discharge procedure. Since NCM materials
become unstable and degrade significantly at high SOC,>”® NCMs
cannot be fully delithiated reversibly, so blocking conditions can only
be achieved towards 0 %SOC when the NCM is fully lithiated. To
achieve full lithiation of the working electrode at selected points
during a typical charge/discharge cycling procedure, a capacitively
oversized, pre-lithiated counter electrode with a stable potential is
required. For this, we here use LTO; a metallic lithium counter
electrode would in principle also satisfy these requirements, but its
long-term cycling stability is inferior to that of pre-lithiated LTO.

-Im(Z) [Q'gelectrode]

Re(Z) [Q'gelectrode]

Figure 4. Realization of blocking conditions in conventional electrolyte,
shown exemplarily for NCM622. For this, pseudo full-cells were assembled
in Swagelok T-cells with 60 pl LP57, two glass fiber separators, and a p-RE
(i.e. a GWRE) using NCM622 as the working electrode and pre-lithiated,
capacitively oversized LTO as the counter electrode. Following the
procedure introduced in the experimental part and depicted in Fig. 2a, the
impedance spectra of an NCM622 working electrode were recorded at 25 °C
at different SOCs between 4.20 V and 2.55V vs. Li*/Li, applying an
amplitude of 15 mV from 100 kHz to 100 mHz. Nyquist plots of selected
impedance spectra show an increasing charge-transfer semicircle with
decreasing SOC, developing into blocking conditions for 0 %SOC. The
frequency points at 180 mHz are indicated by large open circles.

Figure 4 depicts selected impedance spectra of an NCM622
electrode as a function of its SOC, extracted from the procedure
depicted in Fig. 2a and using a GWRE to exclusively monitor the
impedance spectra of the working electrode.*® At 4.2V vs. Li™/Li,
corresponding to 66 %SOC when referenced to the theoretical
NCM622 capacity of 276.5 mAh/gncwm, the impedance spectrum
in the Nyquist plot shows (apart from the HFR offset by the
electrolyte resistance in the separator) only one relatively small
semicircle of ~0.015 Q - g_;..0qe With an apex frequency of 116 Hz
(see yellow line in Fig. 4) that is assigned to the NCM622 charge-
transfer resistance convoluted with the ionic pore resistance.*® Upon
decreasing the SOC to 19 %SOC (orange line), the size of the
semicircle remains approximately constant and only grows signifi-
cantly with each lithiation step at lower SOCs, as can be seen for the
data at 11 %SOC (red line). After the final potential hold at 2.55 V
vs. Li*/Li for 1 h, the semicircle is converted to a purely straight line
of a CPE with o = 0.85. At this low potential, the NCM622 active
material is fully lithiated, which inhibits the charge-transfer reaction
and thus increases the charge-transfer resistance to a very large,
quasi-infinite value. In this state, the NCM622 active material shows
only capacitive behavior, as observed for the impedance response of
the NCM622 electrodes in non-intercalating electrolyte (see Fig. 3c);
as the capacitive impedance response at low frequencies exceeds that
of the ionic pore resistance by orders of magnitude, it can be used as
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a direct measure of the electrode’s surface area. By implementing a
potential hold at 2.55 V vs. Li*/Li into a charge/discharge cycling
procedure with NCM cathodes, we are therefore able to monitor its
capacitance from the impedance spectra in blocking conditions. As
we have shown that the thus quantitively determined capacitance is
proportional to the specific surface area of the NCM active material
(see Fig. 3d), this approach allows to monitor the specific surface
area change of NCM cathode active materials due to particle
breakage over the course of charge/discharge cycling. As blocking
conditions for NCMs can only be achieved at 0 %SOC, i.e. in the
fully lithiated state in which the NCM unit cell volume is the largest,
there is the possibility that cracks that may have formed at high
SOCs (i.e. at low NCM unit cell volume) may have closed
reversibly, so that the area between these cracks would not be
wetted by electrolyte and not contribute to the measured capacitance.
Therefore, only irreversible crack formation in the active material
particles can be observed with this method utilizing blocking
conditions.

Furthermore, blocking conditions could also be realized for
electrodes comprising LTO or LFP, for both materials at a potential
of 2.55 V vs. Li*/Li (see Fig. S1 which is available online at stacks.
iop.org/JES/167/100511/mmedia), following a procedure similar to
the one used for the NCM622 electrodes. While layered oxides
degrade at high SOCs and, therefore, cannot be fully delithiated to
bring them into blocking conditions at 100 %SOC, other active
materials, such as LFP, are stable at both ends of the SOC window,
so that for these blocking conditions can be achieved at full lithiation
as well as at full delithiation (shown, e.g. for LiNiy.sMn, s0,*®). For
a better comparability with the pristine state, the impedance spectra
were recorded in the fully lithiated state for LFP and in fully
delithiated state for LTO, corresponding to 0 %SOC at 2.55V vs.
Li*/Li for both materials.

Specific capacitance of pristine electrode constitutents.—As
discussed above, to quantify the relative capacitance increase of the
examined active material from the capacitance increase of the
electrode, the specific capacitance of each electrode component
needs to be identified. In the analysis based on symmetric cells
presented in Fig. 3d, this was accomplished by subtracting the
specific capacitance of the VGCF electrode from that of the
NCM622 electrode. However, since the specific capacitance of a
given electrode material will likely depend on both the potential and
the type of electrolyte,”’ any comparative measurements and the
measurements for the background correction due to the conductive
carbon and the binder components must be conducted at the same
potential and in the same electrolyte. For the following long-term
cycling experiments with NCM622 electrodes in LP57 electrolyte,
where we will conduct impedance analysis of the NCM622 working
electrode in blocking conditions at 2.55V vs. Li*/Li, we have
therefore evaluated the specific capacitance of the NCM622 and of
the PVDF electrodes as a function of potential in the LP57
electrolyte (1 M LiPFg in EC:EMC 3:7 w/w), using pre-lithiated
LTO as counter electrode and a p-RE (i.e. a GWRE).

The specific capacitance of the pristine uncompressed NCM
electrodes in the LP57 electrolyte at 2.55V vs. Lit/Li is
0.12 F/gejecirode (based on two independent experiments; see Fig.
S2), which is ~9 % higher than the value of 0.11 F/gjecirode Obtained
at OCV (corresponding to ~3.0 V vs. Li*/Li). Interestingly enough,
while the latter potential should closely correspond to the NCM622
potential in the symmetric cell experiments conducted with non-
intercalating electrolyte (10 mM TBATFSI in EC:EMC 3:7 w/w.),
the specific capacitance we had obtained in this case is ~2-fold
lower (0.054 + 0.01 F/gejecrodes S€€ blue solid bar in Fig. 3d). The
potential dependence of the specific capacitance of the VGCF
electrode in the LP57 electrolyte is similarly weak as that of the
NCM622 electrode (see Fig. S2), yielding 0.43 + 0.01 F/g¢jectrode at
2.55V vs. Lit/Li and ~0.39 F/g jcciroqe at OCV (corresponding to
~2.8V vs. Li"/Li); in this case, the difference to the specific
capacitance obtained in symmetric cells with non-intercalating

electrolyte is rather minor (0.39 F/g¢ectrodes S€€ black solid bar in
Fig. 3d). Due to these unpredictable but significant dependencies of
the specific capacitances on potential and electrolyte type, it
becomes clear that comparative measurements always must be
done under identical conditions.

As commercial electrodes typically use C65 as conductive carbons
(or other carbon blacks with similar BET surface area), we also
examined the specific capacitance of C65 electrodes (50 wt% C65 and
50 wt% PVDF, see Table I). As one would expect due to the much
higher BET area of C65 compared to VGCF fibers (64 vs. 12.4 mz/g),
the specific capacitance of C65 electrodes at 2.55V vs. Li*/Li
amounting to 1.7 F/gejeciroge (s€€ Fig. S2) is much higher than that
of the VGCF electrodes (0.43 F/gciectrode)-

Charge/discharge cycling of NCM622 electrodes.—To monitor
the electromechanical NCM622 particle breakage upon cycling, the
electrode must contain fully intact secondary agglomerates, i.e.
NCM622 particles must not have been fractured by electrode
compression before cell cycling. Based on our analysis of the effects
of mechanical compression of the electrodes (see Fig. 3), this
necessitates that uncompressed NCM622 electrodes are used. To
ensure electronic connection throughout the entire electrode even
without compression, vapor-grown carbon fibers with a length of
15 pm were used as conductive additives, rather than the commonly
used C65 carbon black. As it will be shown later, the initial
performance of these electrodes (for detailed composition, see
Table I) is what one would expect for this NCM622 active material
using C65 carbon black as conductive electrode constituent.

Prior to charge/discharge cycling, it was verified that the
impedance spectra of the NCM622 working electrode are stable
over time during the initial OCV phase of 10 h in order to exclude
any time-dependent effect on the impedance (data not shown).
Figure 5a shows three selected impedance spectra of the same
NCMG622 electrode after the conditioning cycle (referred to as #0),
after 3 formation cycles (referred to as #3), and after 203 cycles with
an upper cutoff potential of 4.2 V vs. Li*/Li (see Fig. 2b for a sketch
of the cycling procedure). First, it is observed that blocking
conditions are achieved in all instances through the full lithiation
of the NCM622 particles after the 1 h long potential hold at 2.55 V
vs. Li*/Li. It should be noted that the semicircle at high frequencies
is due to a contact resistance, as was shown previously for
uncompressed LFP!® and uncompressed LiNip sMn; s0,*' elec-
trodes. While the phase angle of the NCM622 electrodes during the
initial OCV phase is approximately o = 0.90 (data not shown), it
decreases to o = 0.89 after conditioning (see spectrum #0 in
Fig. 5a), to a = 0.88 after formation (see spectrum #3) and to
a = 0.87 after cycle 203 (see spectrum #203). Even for the highest
upper cutoff potential of 4.5 V vs. Li*/Li, the phase angle does not
decrease below a = 0.85 over a total of 303 test cycles (the full
number of cycles are shown in Fig. S3), wherefore the theoretical
considerations in the theory section still apply (see Fig. 1), so that
the expected error for approximating the capacitance with the
Q-value of the CPE extracted at a frequency of 180 mHz should
still be below *1 %. As illustrated by the impedance data for cells
cycled to 4.2V vs. Li*/Li, the fact that the value of QO (or the
capacitance) increases with increasing cycle number can be seen by
the decreasing imaginary impedance at 180 mHz that is marked
by the open by circles in Fig. 5a: it decreases from 6.90 Q-g.icctrode
after the conditioning cycle (cycle #0) to 4.94 Q-Zejecurode after the
3 formation cycles, all the way to 3.36 €-g¢jecrode after 203 cycles to
an upper cutoff of 4.2 V vs. Li*/Li. Based on Eq. 6, this corresponds
to an increase of electrode capacitance of 40 % between cycle 0 and
cycle 3, and of 109 % between cycle 0 and cycle 203.

Figure 5b shows this increase in capacitance of NCM622
electrodes, depicted as specific capacitance in units of F/gejecrodes VS-
cycle number for NCM622 pseudo full-cells cycled to different
upper cutoff potentials of 3.9, 4.2, and 4.5V vs. Li"/Li. For
comparison, the specific capacitance of the pristine NCM622 electrode
of 0.12 + 0.00 F/gejectrode (see Fig. S2) is marked by the two gray
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Figure 5. Electrochemical cycling of NCM622 in pseudo full-cells with 60 ul LP57, two glass fiber separators, and a p-RE (i.e. a GWRE) using an
uncompressed NCM622 working electrode and pre-lithiated, capacitively oversized LTO as the counter electrode. Following the procedure depicted in Fig. 2b,
NCM622 was cycled at 25 °C to different upper cutoft potentials of 3.9 V (blue lines/symbols), 4.2 V (green lines/symbols), or 4.5 V (red lines/symbols) vs.
Li*/Li. Impedance spectra of the NCM622 working electrodes were recorded in blocking conditions after a potential hold at 2.55 V vs. Li*/Li, applying an
amplitude of 15 mV from 100 kHz to 100 mHz. The specific capacitance and the specific discharge capacity values shown here are calculated from the mean of
two nominally identical cells, with the error bars corresponding to the minimum/maximum value of two cells. (a) Selected impedance spectra in blocking
conditions of the NCM622 working electrode after the conditioning cycle (referred to as #0), after three formation cycles (referred to as #3), and after 203 cycles
(referred to as #203) to an upper cutoff potential of 4.2 V vs. Li*/Li (see also Fig. 2b). (b) Specific capacitance of the NCM622 working electrode extracted from
the imaginary impedance at a frequency of 180 mHz in blocking conditions (see Eq. 6). The sum of the gray areas indicates the specific capacitance of the
pristine uncompressed NCM622 working electrode, and the dark gray area shows the specific capacitance of a VGCF electrode multiplied by 0.1 (see text).
(c) Specific discharge capacity normalized to the active material mass vs. cycle number following the procedure shown in Fig. 2b. The open circles show the

discharge capacity at C/10 (after a CCCV charge at C/10), and the solid circles at 1C (after a CCCV charge at 1C).

colored areas. By subtracting 1/10 of the specific capacitance of a
VGCF electrode which equates to 0.043 + 0.01 F/gejectrode (analogous
to what was done when constructing Fig. 3d), indicated by the
dark gray colored area in Fig. 5b, the capacitance contributed solely
by the NCMG622 active material is obtained (i.e. the light gray
area). Furthermore, since it is assumed to be proportional to the
surface area of the NCM622 active material, the relative increase of
the surface area of the NCM622 particles with cycling should be
proportional to the ratio of the thus estimated NCM622 capacitance at
any given cycle number (marked by the blue arrow in Fig. 5b for cycle
#133) and the NCM622 capacitance prior to cycling (marked by the
black arrow).

After conditioning (cycle #0), the specific capacitance of the
NCM electrodes is increased by ~6 % compared to the pristine
electrodes (marked by the light gray area). Since the unit cell volume
change for this very small SOC change of 7.5 % (referenced to
276.5 mAh/gnem) s rather negligible (AV/V =~ —0.3 %), cracking
of the NCM622 particles is not expected. Nevertheless, this small
volume change seems to already be sufficient to increase the specific
capacitance of the electrode, which we interpret to be caused by the
formation of a small extent of irreversible cracks in the NCM

particles. This cracking at very small volume changes may be related
to the fact that these NCM622 particles are not monocrystalline, but
consist of thousands of primary particles, which may decrease the
stability of the material upon even very small unit cell volume
changes. For all three upper cutoff potentials, the major portion of
the increase in specific capacitance (i.e. of surface area increase,
presumably via crack formation) occurs during the first few cycles.
For example, after the first three formation cycles an upper cutoff
potential of 4.2V (green symbols), the NCM622 electrode capaci-
tance increases by 47 % compared to the pristine electrode, and
ultimately increases by 125 % after 203 cycles. The fact that the
largest capacitance increase per cycle occurs over the first few cycles
suggests that the crack formation due to the unit cell volume changes
upon repeated (de)lithiation is most pronounced during the first
cycles, until a major part of the mechanical stress is dissipated at the
mechanically weakest interfaces and, therefore, a reduced rate of
capacitance increase (i.e. a reduced crack formation rate) is observed
for later cycles. After roughly 30 cycles, a continuous increase of the
capacitance is observed for the three different cutoff potentials. This
may not only be related to mechanical crack formation, but may also
be caused by the chemical decomposition of Li,CO;, LiOH, and
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Li,O residuals remaining after the synthesis of the NCM622 active
material, which might be decomposed chemically by protic species
released upon cycling,5 ° creating pores between the primary crystal-
lites that also contribute to the continuous capacitance and surface
area increase. In general, Fig. 5b shows that the capacitance increase
is larger for higher cutoff potentials, as one might expect due to the
associated larger unit cell volume changes (see below discussion).
Based on these observations, we hypothesize that the unit cell
volume changes upon (de)lithiation induce particle cracking and a
concomitant increase in surface area, which is reflected by the
increasing capacitance upon cycling.

Figure 5c shows the discharge capacities vs. cycle number for
these NCM622 electrodes, from which one can examine how
particle breakage might impact its cycling stability. As these tests
were conducted with pre-lithiated, capacitively oversized LTO
counter electrodes with a large lithium reservoir, capacity fading
due to the loss of active lithium can be excluded. The open circles
show the discharge capacity of the C/10 cycles (=18.4 mA/gnem)
conducted prior to each PEIS measurement in blocking conditions
(every 5th cycle, see Fig. 2b), while the solid circles show the four
1C cycles conducted in between the PEIS measurements. The initial
performance of these NCM622 electrodes with VGCF conductive
carbon is reasonably close to what is reported for conventional
NCMG622 electrodes (i.e. with C65 conductive binder): at the upper
cutoff potential of 4.5 V vs. Li*/Li, the here obtained initial capacity
of ~204 mAh/gnem at C/10 and of ~165 mAh/gnenm at 1C (see red
symbols in Fig. 5c) is comparable to the initial specific capacities of
~195 mAh/gnenm at C/10 and the ~175 mAh/gycm at 1C reported
by Jung et al.°® (the latter cells were cycled against graphite,
whereby 4.4 V vs. graphite correspond to roughly 4.5 V vs. Li*/Li).

At C/10 and at the lowest cutoff potential of 3.9V vs. Li"/Li, the
capacity remains at 124 mAh/gncm for more than 200 cycles (blue
open symbols in Fig. 5c). As the upper cutoff potential is increased to
4.2 or 4.5V, a constant fading of the discharge capacity is observed
over the 203 cycles, starting from the very first cycle: at 4.2 V from
initially 169 to 157 mAh/gncm after 203 cycles (—7 %), and at 4.5 V
from initially 204 to 188 mAh/gncwm after 203 cycles (—8 %). Since
the counter electrode provides an excess of cyclable lithium, and
since overpotentials are relatively small at such a slow C-rate, the
here observed capacity fading at C/10 must be related to an enhanced
extent of particle breakage for these higher cutoff potentials, which
we believe leads to a loss of the electronic connection to some
fragments of the NCM622 active material. This furthermore suggests
that the relatively small unit cell volume change of —1.0 % for an
upper cutoff potential of 3.9 V and the associated particle cracking
that is indicated by the capacitance increase (see Fig. 5b) is not
sufficient to totally disconnect the NCM622 active material particles,
otherwise some capacity fading would be observed.

At the higher rate of 1C, the capacity fading for a cutoff potential
of 3.9V vs. Li*/Li is rather minor, from 104 mAh/gycy at the
beginning of test to 98 mAh/gncym after 203 cycles (—6 %). Since in
this case capacity fading is only noted at the higher rate of 1C, we
assign this effect to an increased overpotential due to a poor
electronic connectivity between the fragments of the cracked
secondary NCM622 agglomerates, yet without a complete electronic
isolation. Much higher capacity fading is observed for 4.2 V upper
cutoff potential, namely from 150 to 127 mAh/gnem (—15 %) over
the same number of cycles, which we again ascribe to a poor
electronic connectivity within the NCM622 secondary agglomerate
due to more extensive cracking. At the highest upper cutoff potential
of 4.5V, the capacity fading at 1C is even more pronounced (from
164 to 129 mAh/gycMm, corresponding to —21 %) and is approxi-
mately 3-fold higher than that at C/10 (—8 %). At such a high cutoff
potential, however, the capacity fading will likely also have
contributions from a rock-salt like surface layer that is formed
upon lattice oxygen release, which is reported to occur at around
80 %SOC,’ i.e. close to upper cutoff potentials of 4.5V vs. Li™/Li
for NCM622.°° The thus formed poorly conductive surface layer
around the active material particles was suggested to increase the
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Figure 6. Capacitance contributed by the NCM622 particles in the NCM622
electrodes, normalized by their capacitance in the pristine NCM622 electrode
vs. cycle number for the three upper cutoff potentials of 3.9V (blue
symbols), 4.2 V (green symbols), and 4.5 V (red symbols) vs. Li*/Li. Data
were extracted from Fig. 5, whereby the NCM622 capacitance contribution
was obtained by subtracting the capacitance contribution of the VGCF
electrode (dark gray area in Fig. 5b) from the overall NCM622 electrode
capacitance (symbols in Fig. 5b). The error bars are determined by the laws
of error propagation (see supporting information), using the average
capacitances and their minimum/maximum values given by Fig. 5b. The
relative volume change of the unit cell upon delithiation as measured by
XRD"%1%% (ie. AV/V) for the three different upper cutoff potentials is
specified in the figure.

electronic resistance and thus the overpotential at higher C-rates.?®
The effect of oxygen release on particle cracking and capacity fading
will be discussed further in Part II of this study. To conclude, we
believe that the capacity fading at 3.9V vs. Li*/Li is solely
attributed to a loss of electronic connection of some NCM622 active
material fragments; at 4.2 V, some fragments become totally isolated
electronically, and at 4.5V, particle breakage and oxygen release
lead to both material loss as well as resistance growth.

Since the specific capacitance against cycle number described in
Fig. 5b is composed of the contributions of the NCM622 active
material, the conductive carbon, and the binder, we estimate the
capacitance contribution from the NCM622 active material particles
by subtracting the specific capacitance of the VGCF electrode in the
same manner as done for the evaluation of the data in Fig. 3d. This
assumes that the capacitance of the VGCF electrode can be
subtracted by considering the weight fractions of the VGCF/PVDF
components in the NCM622 electrode (10 wt%), and that their
capacitance does not change over cycling (a reasonable assumption,
as the VGCF fibers experience no ion (de)intercalation during
cycling in this voltage region). Based on this, we can determine
the relative change of the capacitance of the NCM622 particles over
the cycling experiment (see Fig. 5a) normalized that of the pristine
NCM622 particles, namely by taking the ratio of the difference of
the capacitance at a given cycle and the capacitance of the VGCF
electrode (illustrated by the blue arrow for cycle #133 in Fig. 5b)
over this difference after the conditioning cycle (represented by the
black arrow in Fig. 5b). Figure 6 shows the thus estimated normal-
ized capacitance changes of the NCM622 particles over cycling for
the three different upper cutoff potentials of 3.9 V (blue symbols),
4.2V (green symbols), and 4.5 V (red symbols); the error bars are
based on the minimum/maximum values of the measured electrode
capacitances (see Fig. 5b) and the error propagation when equating
capacitance differences and equating their ratio (explained in more
detail in the supporting information).

Since the NCM622 particle capacitance is expected to be directly
proportional to their electrochemically accessible surface area (i.e. to
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the NCM622 particle area in contact with the electrolyte), the
evolution of the normalized NCM622 particle capacitance shown in
Fig. 6 should be directly proportional to the cracking-induced
increase in the specific NCM622 surface area over the course of
cycling, if a constant surface area normalized double layer capaci-
tance is assumed. As shown in Fig. 6, the evolution of the
normalized NCM622 particle capacitance and, presumably, of its
electrochemically active specific surface area rapidly increases
within the first three formation cycles (cycles #0 to #3) and then
more gradually over the subsequent cycles, following the trend
shown in Fig. 5b. This behavior coincides nicely with the results
obtained by acoustic emission experiments on transition metal
oxides as well as on silicon, all showing that the cracking of the
active material particles appears predominantly during the first few
cycles.®*"% The total increase of the normalized NCM622 capaci-
tance scales approximately with the relative volume change of the
unit cell (AV/V) measured through XRD,”®!% and specified in
Fig. 6 for the different upper cutoff potentials: (i) for 3.9V vs.
Li*/Li, where AV/V during NCM622 delithiation amounts to
—1.0 %, the NCM622 capacitance increased by 149 % over 203
cycles; (ii) for 4.2V, where AV/V amounts to —1.8 %, the NCM
622 capacitance increased by 195 %; and, (iii) for 4.5V, where
AV/V amounts to —4.0 %, it increased by 261 %. If the relative
increase in capacitance were indeed equal to a relative increase in
specific surface area, an increase by 261 % (i.e. by a factor of ~3.6)
would imply an approximate decrease of the effective NCM622
particle diameter by ~3.6 (based on a simple cubic approximation,
where the specific surface area would be inversely proportional to
the length of the cube, if the total volume is kept constant), which in
turn would imply an increase of the number of particles by a factor
of ~50 (corresponding to the area change to the third power).
Considering that the approximate size of the primary crystallites in
the ~5-10 um secondary agglomerates of the pristine NCM622
particles (see Fig. 3a) is ~0.1-0.5 um, the above estimated increase
in the number of particles would suggest that a significant fraction of
the interfaces between the primary crystallites would be exposed to
the electrolyte after this cycling procedure to 4.5V due to crack
formation. Assuming a mean diameter of roughly spherical primary
crystallites of ~0.2 pm, their complete separation and the full
exposure of their surface area to the electrolyte would correspond
to a specific surface area of ~6 m%/gay, which is ~20-fold higher
than that of the pristine NCM622 material. As the maximum
experimentally determined surface area increase upon cycling (see
Fig. 6) is only ~3.6-fold, this suggests that a few hundred cycles
within the here considered upper cutoff potentials does not lead to a
complete disintegration of the secondary particle agglomerates.

Kr-BET surface area of cycled NCM622 electrodes.—To verify
that an increase of the specific surface area of the NCM622
electrodes and particles is indeed the origin for their increased
capacitance upon cycling, the surface area of cycled electrodes was
measured by Kr-BET and compared with the observed capacitance
increase. For this, the cells cycled to 4.5V vs. Li*/Li for which the
first 203 cycles are shown in Fig. 5c (red symbols) were cycled for
another 100 cycles (for cycling and capacitance data over 303
cycles, see Fig. S3); after 303 cycles, the cells were disassembled
and the NCM622 electrodes were harvested and washed prior to the
Kr-BET measurement. The specific capacitance was extracted from
the impedance spectra of the pristine and the cycled NCM622
electrodes in blocking conditions (i.e. after a potential hold at 2.55 V
vs. Li"/Li), either by fitting of the R-Q element (hatched bars in
Fig. 7) or by using the value of the imaginary impedance at 180 mHz
according to Eq. 6 (solid bars in Fig. 7).

The specific capacitance of the NCM622 electrodes calculated
from the 180 mHz point increases from 0.12 F/gejecirode in their pristine
state (solid bar on the left-hand side of Fig. 7) to 0.34 F/gqjectroqe after
303 cycles to 4.5V (solid bar on the right-hand side). Both
determination methods for the electrode capacitance, the exact R-Q
fit (hatched bars) as well as the 180 mHz approximation (solid bars),
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Figure 7. Effect of charge/discharge cycling on NCM622 electrodes for an
upper cutoff potential of 4.5V vs. Li*/Li after 303 cycles, continuing the
cycling shown in Fig. Sc (red symbols) for another 100 cycles (for cycling
and capacitance data, see Fig. S3): Specific capacitances (left axis) of pristine
electrodes (left-hand set of bars) and after the 203 cycles to 4.5 V vs. Li*/Li
(right-hand set of bars) were obtained either by fitting an R-Q element at
frequencies between 100 mHz and 1 Hz (hatched bars) or by using the
imaginary impedance at 180 mHz according to Eq. 6 (solid bars). BET
surface area (right axis) of pristine and cycled NCM622 electrodes (cross-
hatched bars) measured by Kr-BET. The contributions to capacitance and
specific surface area by the NCM622 particles are colored in red and were
obtained by subtracting the weight-fraction-normalized contributions from
the VGCEF electrodes (colored in black). All values are calculated from the
mean of two nominally identical cells (capacitances) or two nominally
identical electrodes (Kr-BET) and the error bars correspond to the minimum/
maximum value of two measurements.

result in a very similar increase of the NCM622 electrode capacitance
(left axis) over the 303 cycles, namely by 180 % and 182 %,
respectively. This good agreement is expected, as the corresponding
phase angles always exceed a = 0.85, which was the requirement for
the 180 mHz approximation (see Eq. 6) to be valid. Assuming that the
contribution of the VGCF/PVDF components to the electrode capaci-
tance remains constant upon cycling, the weight-fraction-normalized
contribution from the VGCF electrode (i.e. 0.043 + 0.001 F/geectrode
or 0.041 = 0.001 F/slf"/gelec,mde, constituting ~36 % of the total
capacitance of the pristine NCM622 electrode) can be subtracted from
the NCM622 electrode capacitance to obtain the NCM622 contribution
to the capacitance (red colored parts of the bars in Fig. 7). Comparing
the red colored segments of the hatched and solid bars for the pristine
NCM622 electrode (left-hand side of Fig. 7) with those for the cycled
NCM622 electrodes (right-hand side), a cycling-induced increase of
the NCM622 capacitance contribution by ~280 % (i.e. by a factor of
~3.8) can be deduced.

The increase in NCM622 electrode and particle capacitance over
the 303 cycles to 4.5V vs. Lit/Li will now be compared to the
measured changes in the specific surface area determined by Kr-BET.
The NCM622 electrode Kr-BET increases from 1.08 m“/g (cross-
hatched bar on the left-hand side of Fig. 7) to 3.6 m?/g after 303 cycles
(cross-hatched bar on the right-hand side). Subtracting the weight-
fraction-normalized contribution of the VGCF/PVDF components to
the specific surface area as explained in the discussion of Fig. 3d (i.e.
0.78 mzlgelecmde, constituting ~72 % of the total specific surface area
of the pristine NCM622 electrode), the specific surface area contribu-
tion of the NCM622 particles in the pristine NCM622 electrode
can again be estimated to be 0.30 m2/ge|ectmde (corresponding to the
Kr-BET area measured for pristine NCM622 active material). Here it
should be noted that while in the case of the capacitance measure-
ments in the non-intercalating electrolyte (10 mM TBATFSI in EC:
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EMC 3:7 w/w) the ratio of the capacitance contribution of the
NCM622 particles and the VGCF/PVDF components reflects the
ratio of their Kr-BET areas (namely ~1:3 in both cases, see Fig. 3d),
for the measurements in the intercalating LP57 electrolyte this ratio is
~2:1 for the capacitance contributions (hatched and solid bars on the
left-hand side of Fig. 7) and ~1:3 for the Kr-BET area contributions
(cross-hatched bar on the left-hand side of Fig. 7). This, we believe,
can be explained by different dependencies of the capacitances of
different materials (viz., NCM622 and VGCF) on the composition
of the electrolyte. Assuming that the specific surface area of the
VGCF/PVDF components will not be affected by cycling the
electrodes, the specific surface area contribution of the NCM622
particles to the specific surface area of the electrode after 303 cycles
can be estimated to be 2.82 mzlgelectmde. This implies an estimated
increase of the specific surface area of the NCM622 particles by
840 % (i.e. by a factor of ~9.4) over the 303 cycles.

Surprisingly, this estimated increase of the Kr-BET area of the
NCM622 particles over the 303 cycles is ~2.5-fold higher than the
above deduced capacitance increase of the NCM622 particles which
was only a factor of ~3.8. This deviation might result from an
unequal sensitivity of both methods towards the detectable surface
area: As the size of krypton atoms is ~(0.2 nm, pores which are
larger than ~0.2 nm will contribute to the measured Kr-BET area,
while only pores larger than ~1nm will be accessible to the
electrolyte (based on an estimated diameter of ~1 nm for solvated
lithium ions) and will thus be able to contribute to the capacitance.
Thus, the most likely explanation for the higher increase in Kr-BET
area compared to the capacitance of NCM622 particles upon cycling
would be the presence of very small pores or cracks in the cycled
NCM622 particles, which are large enough to be detectable by
Kr-BET, but too small for the wetting with electrolyte. If this
assumption is true, the capacitance is a more meaningful measure for
the electrochemically active surface area of an electrode as compared
to the surface area obtained by Kr-BET, since the capacitance actually
reflects the surface area in contact with electrolyte, which is the
relevant area for the charge-transfer reaction as well as for possible
side reactions, such as the attack of HF or dissolution of transition
metals. The Kr-BET measurement also includes pores with a size
between 1 nm and 0.2 nm, which, however, do not contribute to
charge transfer and/or side reactions that require electrolyte contact. In
addition to the different sensitivity of Kr-BET and capacitance, it
cannot be excluded that the washing procedure which was applied to
the cycled electrodes after disassembly of the cell prior to the BET
measurements might have altered the obtained results as well, leading
to the discrepancy between the surface area increase of the both
techniques (note that such a washing step was not used for acquiring
the data shown in Fig. 3d, where Kr-BET and capacitance measure-
ments are essentially identical).

Additionally, the possible formation of a cathode electrolyte
interphase (CEI) during cycling cannot be excluded; if it were to
form, it could, in principle, change the areal capacitance (i.e. the
capacitance normalized to the surface area of the electrode or of the
cathode active material) and thereby compromise our here assumed
direct correlation between the measured capacitance and the exposed
surface area. However, the independently obtained evidence for
crack formation and surface area increase by FIB-SEM and Kr-BET,
respectively, prove that particle cracking and surface area increase
indeed occur upon either mechanical compression or during cycling.
In our view, the simplified assumption that the areal capacitance
remains constant during crack formation (as stated in the theoretical
considerations) seems to be a reasonable approximation.
Nevertheless, the here suggested minor role of the changes in the
areal capacitance of a cathode active material by the possible
formation of a CEI upon cycling (or of an anode active material
by the SEI formation upon cycling) is required to be investigated.

Summarizing the findings in this section, one can state that it was
shown that electrochemical cycling of the NCM622 active material
significantly increases its capacitance, which is most pronounced
during the first few charge/discharge cycles. The capacitance

increase is dependent on the chosen cutoff potential, since this
defines the extent of volume change of the unit cells, that ultimately
causes the cracking of the NCM secondary agglomerates. This has
an important consequence for studies and analyses which involve a
normalization of a measured property/signal to the specific surface
area of the active material, which could lead to erroneous conclu-
sions in cases where the specific surface area of cycled and/or
compressed/calendered active materials increases substantially over
that of the pristine active materials. Examples where this would be
critical are rate tests where the current normalized to the surface area
is crucial for the evaluation of the rate capability, the analysis of the
charge-transfer resistance over the course of cycling, or the estima-
tion of the thickness of a surface spinel or rock-salt structure from
the amount of evolved gases.

Visual investigation of cycled NCM electrodes.—Figure 8
presents the cross sections of pristine NCM622 electrodes as well
as of the ones harvested from cells cycled to 4.2 V vs. Li*/Li after a
first charge cycle at C/10, after the subsequent first discharge cycle
at C/10 including a CV hold at 2.55 V vs. Li*/Li, and in the charged
state after the 203 cycles shown in Fig. 5 (according to the protocol
shown in Fig. 2). The uncompressed pristine electrode (see Fig. 8a),
as discussed before in the context of mechanical compression effects
(see Fig. 3a), does not show any cracks through the secondary
agglomerates. When the NCM622 electrode is charged in the very
first cycle at C/10to 4.2 V vs. Lit/Li (see Fig. 8b), numerous cracks
appear that are induced by the lattice volume contraction as well as
by the anisotropic change of the lattice parameters a and c.®” These
cracks appear mainly in the radial direction of the particles, creating
pathways that connect the outer part of the particles with the inner
voids of the NCM622 particles. The largest of these newly formed
pores show more than 1 pm in length, but no more than ~100 nm in
width; however, the formed cracks are clearly wide enough to be
penetrated by the carbonate-based electrolyte (i.e. wider than 1 nm).

At the end of the very first charge/discharge cycle including a
final CV hold at 2.55 V vs. Li*/Li, the FIB-SEM image depicted in
Fig. 8c indicates that the NCM622 particles seem to have almost
fully and reversibly expanded into their original state, i.e. that the
cracks that had been visible in the charged state shown in Fig. 8b
have largely been closed again. However, from the impedance
analysis in the fully discharged state (i.e. after a 1 h CV hold at
2.55V vs. Li*/Li) at the end the very first charge/discharge cycle to
4.2V vs. Li*/Li, it was proven that the electrochemically active
surface area has already increased by 47 % (second green symbol
from the left in Fig. 6). This increase in area must originate from
irreversibly opened cracks or pores that are large enough for
electrolyte penetration (i.e. with a width of more than 1 nm), created
either mechanically due to the volume change upon (de)lithiation or
through the decomposition of residual lithium salts by protic
species.sg These cracks must, however, be too small to be visible
in the FIB-SEM image (Fig. 8c), whereby it must be considered that
if there were one single crack reaching to the center of the particle,
the entire inner void volumes would be connected ionically and
would thus substantially increase the electrochemically active sur-
face area and capacitance.

The FIB-SEM image in Fig. 8d shows an NCM622 electrode in
the charged state after 203 cycles to 4.2V vs. Li'/Li, revealing
obvious irreversible cracks which must have formed due to the
repeated volume change upon (de)lithiation. Compared to the first
charge (see Fig. 8b), large cracks which cannot close anymore upon
lithiation have formed in almost all NCM particles. Some particle
fragments have even displaced from their original position in the
secondary agglomerate, resulting in a permanent and irreversible
surface area increase that must be accompanied by poor electronic
contacting of some parts within the secondary agglomerate, since for
some of the fragments only point contacts seem to provide an
electronic pathway; some 5particle fragments might even be electro-
nically fully isolated.*'®*>=*” As mentioned above, the surface area
of NCM622 cycled to 4.2V vs. Li*/Li for more than 200 cycles
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Figure 8. Visual investigation of particle cracking in uncompressed NCM622 electrodes upon charge/discharge cycling by cross-sectional FIB-SEM in
backscattering mode at 10 kV. (a) Pristine electrode. (b) Partially delithiated/charged NCM622 electrode after the first charge at C/10 to 4.2V vs. Li*/Li.
(c) Fully-lithiated/discharged NCM622 electrode at 0 %SOC after the first charge/discharge cycle at C/10 to 4.2 V vs. Li*/Li followed by a 1 h CV hold at
2.55V vs. Li"/Li. (d) Partially delithiated/charged electrode at 4.2 V vs. Li*/Li after the 203 cycles shown in Fig. 5.

increases by ~200 % (green symbols in Fig. 6), corresponding to
four complete cuts through the center of a sphere.

In summary, the FIB-SEM images, revealing the formation of
cracks in the NCM622 secondary agglomerates and the formation of
some almost completely isolated particle fragments upon repeated
charge/discharge cycling, are consistent with the observed increase
in NCM622 capacitance and Kr-BET surface area. While the latter
two methods allow a more easy quantification of the extent of
cracking, the FIB-SEM images also reveal that at least over the
initial cycles, the cracking of the secondary NCM622 agglomerates
seems to be partially reversible until larger and larger cracks are
being formed over extended charge/discharge cycling. The addi-
tional electrochemically active surface area exposed through particle
cracking has both detrimental and beneficial effects: On the one
hand, these freshly created interfaces are expected to enhance side
reactions and thus to lead to a loss of cyclable lithium and a loss of
active material, reducing the battery cycle life. On the other hand,
the formed cracks should facilitate the lithium-ion transport to the
primary crystallites in the core of the secondary particles via fast
transport through the lithium-ion conducting electrolyte (rather than
through the solid phase), which will likely improve the rate
capability of polycrystalline NCMs; since most of the cracking
occurs within the first few cycles, the high rate capability of
polycrystalline NCMs is likely due to their relatively high specific
surface area (i.e. several times larger than what one would deduce
from the BET area of the pristine materials). This latter aspect, when
considering the case of all-solid-state batteries, however, is expected
to have rather detrimental effects on performance and particularly on
rate capability: As ion-conducting solid electrolytes or polymer
electrolytes will not be able to intrude into the cracks formed in the
NCM secondary particles, the transport of lithium ions into the
interior of the secondary particles would be substantially hindered by
the formation of cracks, so that crack formation would be expected

to lead to a decrease of their capacity, particularly at higher C-rates.
This indeed has been observed for all-solid-state batteries, e.g. based
on polymer electrolytes as shown in the study of M. M. Besli.®®

Electrochemical cycling of LFP and LTO.—To exclusively
prove that the change in the unit cell volume leads to particle
cracking and an increased electrochemical surface area, cycling
experiments equivalent to the ones done for NCM622 were
performed for two other active materials, namely LFP and LTO.
LFP experiences a volume change of AV/V = —6.8 % upon full
delithiation,62 causing stress and strain more than one order of
magnitude higher as compared to LTO, which has a volume change
of only +0.2 %;61 moreover, for both of these active materials, the
crystal structure is maintained upon cycling, since phenomena such
as oxygen release have not been reported in contrast to NCM active
materials. Furthermore, using LTO and LFP, intraparticular cracking
can be investigated from a more fundamental perspective, since both
materials are usually made up of individual primary crystallites
instead of secondary agglomerates; therefore, an increase in capa-
citance would then correspond to a cracking of the primary particles
rather than a convoluted effect resulting from a combination of
intraparticular and interparticular cracking.

Figure S4 depicts the specific discharge capacity for both LFP
and LTO working electrodes cycled according to the protocol shown
in Fig. 2 against a pre-lithiated, capacitively oversized LTO as the
counter electrode in Swagelok T-cells with a p-RE (i.e. a GWRE).
At C/10, LFP (green open symbols) provides 150 mAh/gan and
loses 4 mAh/gan over 203 cycles, whereas LTO (yellow open
symbols) exhibits 154 mAh/gAM with a capacity loss of 2 mAh/gaw
over 203 cycles, proving stable cycling for both materials over 203
cycles. However, both show a lower discharge capacity at 1C, by
~20 mAh/gap for LEP (green filled symbols) and by ~40 mAh/gam
for LTO (yellow filled symbols). For LFP, the discharge capacity of
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Figure 9. Capacitance of LTO and LFP working electrodes over extended
charge/discharge cycling, determined from the imaginary impedance at a
frequency of 180 mHz of the working electrodes under blocking conditions
(using Eq. 6), normalized to the capacitance of the conditioning cycle (cycle
#0). For this, pseudo full-cells were assembled in Swagelok T-cells with
60 ul LP57, two glass fiber separators, and a p-RE (i.e. a GWRE) using LTO
or LFP as working electrode and pre-lithiated, capacitively oversized LTO as
the counter electrode. Following the procedure introduced in the experi-
mental section and depicted in Fig. 2b, the cells were cycled at 25 °C,
applying cutoff potentials of 1.05 and 2.05 V vs. Li*/Li for LTO and 2.95
and 3.80 V vs. Li*/Li for LFP. Impedance spectra of the working electrode
were recorded after a potential hold at 2.55 V vs. Li*/Li for both materials,
applying an amplitude of 15 mV from 100 kHz to 100 mHz. The values
shown here are calculated from the mean of two nominally identical cell
pairs. The error bars correspond to the minimum/maximum value of two
cells. The relative volume change of the unit cell upon delithiation as
measured by XRD""%? (ie. AV/V) is specified in the figure for both
materials.

125 mAh/gam at 1C is reasonable.®”%® For LTO, these losses can be
attributed to a limited electronic conductivity through the electrode,
since these electrodes were not compressed before cell assembly as
compared to LFP. However, during the cycles at C/10, the full
capacity was exchanged and, therefore, the entire volume change of
the respective unit cell was achieved for both materials at least in
these low-current cycles.

The capacitance upon cycling normalized to the value after the
conditioning cycle (cycle #0) is depicted in Fig. 9 for both materials.
The initial specific capacitance is 1.65 F/gqecyoqe for the LFP
electrode and 0.14 F/geiectroqe for the LTO electrode (data not

shown). The capacitance of LTO, measured at 0 %SOC or full
delithiation, shows no change over more than 200 charge/discharge
cycles (green symbols). The relatively small volume change upon
(de)lithiation of LTO, also often referred to as a zero strain
material,’® is not large enough to affect the mechanical stability of
the material, and thus the formation of cracks has not been reported
for LTO, which is reflected by the constant value of the electrode
capacitance upon cycling.

For LFP, however, the capacitance of the electrode (yellow
symbols, measured at 0 %SOC or full lithiation) increases by 25 %
already after the first full cycle; over 203 cycles, the capacitance
increases by a total of 64 % to 2.69 F/gqjecirode- This surface area
increase is expected to arise from the fracturing of the LFP particles,
originating from the relatively large volume change of —6.8 % upon
(de)lithiation, creating such large stress and strain that even the
primary LFP crystallites are known to fracture.®”’® In order to obtain
the contribution of the capacitance of LFP to the total capacitance of
the electrode, the contribution of C65 is subtracted from the
capacitance of the LFP electrode, similarly done as for Figs. 3
and 6. However, since the weight fractions of C65 and PVDF in the
LFP electrode are not 1:1, but 4:3, the calculations were adjusted in
the following way: It was assumed that only C65 contributes to the
capacitance of the C65/PVDF electrode, resulting in 3.5 F/gcgs.
With this, the capacitance of C65 in the LFP electrode of
0.14 F/g¢jectrode can be subtracted by considering the weight fraction
of C65 in the LFP electrode (3 wt%) and assuming that its
capacitance does not change over cycling (a reasonable assumption,
as the C65 particles experience no ion (de)intercalation during
cycling in this voltage region). With these assumptions, the
capacitance of the LFP particles only increases by 71 % over 203
cycles. Gabrisch et al.%” showed that LFP already forms first cracks
upon a single chemical delithiation to 50 %SOC (corresponding to
0.25 charge/discharge cycles) due to the material’s volume change,
which explains the sudden increase in capacitance after the first
charge/discharge cycle. Upon repeated cycling of LFP, some
particles separate into two or more fragments, as found by TEM and
SEM,*”"° which can now by quantified in situ by our impedance-
based analysis.

In summary, as illustrated by the overview in Table II, high
surface area materials such as LFP, VGCF, and C65 result as
expected in a relatively high specific capacitance as compared to
LTO and NCM. Furthermore, the increase in capacitance upon
cycling increases with relative volume change upon (de)lithiation,
which is a general measure of particle cracking.

Table II. Overview of the major results. Relative unit cell volume change, specific capacitance of pristine electrodes (extracted from the capacitance
at 2.55 V vs. Li*/Li as shown in Fig. S2), capacitance increase of the various working electrodes after 203 cycles compared to the pristine electrodes,
the active material surface area increase after having subtracted the contribution of conductive carbon to the electrode capacitance, as well as the
capacity retention at C/10 and 1C. The specific capacitance and its increase are referred to the pristine material for NCM622 at 2.55 V vs. Li*/Li and
to cycle 0 for LTO and LFP. The relative volume change in the unit cell of each active material is taken from XRD measurements obtained from
literature sources.”®"*> The error bars correspond to the minimum/maximum value of two cells.

Electrode material

NCM622 NCM622 NCM622
Units 39V) “42V) (45V) LTO LFP VGCF only C65 only

Relative volume change % -1.07 -1.8’ —4.0’ +0.2¢! —6.8% — —

Spec. electrode capacitance  F/g 0.12 + 0.00 0.12 + 0.00 0.12 £ 0.00 0.14 +0.00 1.65+0.01 043 +0.01 1.73+0.03
(pristine)

Electrode capacitance after F/g 0.24 + 0.00 0.27 £ 0.00 0.32 £ 0.01 0.14 £ 0.00  2.69 = 0.06 — —
203 cycles

Electrode capacitance gain % +96 +125 +168 +0 +64 — —
over 203 cycles

Active material surface area % +149 +195 +261 +0 +68 — —
increase

Capacity retention at C/10 % 99.6 88.5 80.8 — — — —
over 203 cycles

Capacity retention at 1C % 94.4 84.8 78.5 — — — —

over 199 cycles
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Conclusions

In this paper, a novel in situ method based on impedance was
introduced to monitor cracking of active material particles upon
charge/discharge cycling. First, the analysis of impedance spectra in
blocking conditions was illustrated from a theoretical point of view,
showing that the electrode capacitance can be easily extracted at a
frequency of 180 mHz to provide a measure of electrode surface
area. The direct correlation of surface area and capacitance was
validated by Kr-BET surface area measurements, and the cracking
behavior of the NCM622 particles was observed by FIB-SEM. Over
200 cycles, the NCM622 active material showed a surface area
increase of up to ~261 % (i.e. by a factor of ~3.6), depending on the
upper cutoff potential. All studies in which electrochemical or
analytical results are normalized to the surface area of an active
material must consider this increase in surface area upon cycling,
whereby the major gains in electrochemically active surface area are
shown to occur during the first few cycles.

This novel method is highly beneficial as compared to post
mortem Kr-BET measurements, symmetric cell measurements with
harvested electrodes, or post mortem FIB-SEM analysis, since it can
continuously track the surface area of a battery electrode in situ upon
cycling at any point during extended cycle life tests. Therefore, this
approach provides a powerful analytical tool to quantify particle
cracking, thus facilitating quality management in CAM production.
Moreover, it enables the monitoring of particle cracking originating
from electrode calendering in cell production; thereby, the integrity
of core—shell particles can be ensured, e.g. for NCMs synthesized
with a radial gradient of the nickel content as well as for coated or
gas-treated CAMs. Complementary studies specifically investigating
the effects associated with the release of oxygen on the morpholo-
gical integrity will be reported in Part II.
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Realization of blocking conditions for LTO and LFP - In order to be able to apply the developed method
for extracting an electrode’s capacitance from an impedance spectrum, blocking conditions are required,
which are achieved through a semi-infinite charge-transfer resistance at full (de)lithiation. Similar as for
NCM622, an analogous procedure is applied to LFP and LTO, as described in Figure 2a and Figure 4, to
prove that blocking conditions can be achieved for both active materials. In this experiment, impedance
spectra of both LFP and LTO working electrodes are recorded at different SOCs between 0 %SOC and
100 %SOC (here, 0 %SOC corresponds to full lithiation of LFP and full delithiation of LTO); this is
possible for LTO and LFP since both are structurally stable at both full lithiation as well as at full
delithiation, in contrast to nickel-rich layered oxides. As it can be seen in Figure Sla, the capacitive branch
of the constant-phase element dominates the impedance spectra at low frequency for LFP, both at 0 %SOC
(which was used to collect the impedance spectra during the long-term cycling experiments) as well as at
100 %SOC. For LTO, shown in Figure S1b, blocking conditions are achieved at 0 %SOC, corresponding
to full delithiation (at 2.55 V vs. Li*/Li). (Note that at 100 %SOC, blocking conditions for LTO could not
be achieved since the potential of 1.05 V vs. Li*/Li is presumably not sufficiently low in order to provide
complete lithiation of the material. The choice of the lower cutoff for LTO was limited by the reduction
potential of the electrolyte in order to avoid the effect of SEI formation on the impedance spectra and the
extracted capacitance.) Therefore, the capacitance can be extracted using the developed method by
approximating the capacitance from the imaginary impedance at 180 mHz according to Equation 6. During
the cycling experiments shown in Figure 9, the impedance spectroscopy is performed after a potential hold
of 1 hat2.55 V vs. Li*/Li for both LTO and LFP.
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Figure S1: Realization of blocking conditions, shown for selected impedance spectra of a) LFP and b) LTO working electrodes
in pseudo full-cells with 60 pl LP57 and capacitively oversized LTO counter electrodes that were pre-lithiated to 30 %SOC for
LFP and 90 %SOC for LTO. Analogous to the procedure depicted in Figure 2a, the working electrode potential-controlled
impedance spectroscopy (PEIS, with 15 mV amplitude and from 100 kHz to 100 mHz) was conducted with these cells using a
M-RE (i.e., a GWRE) at different SOCs between 0 %SOC and 100 %SOC. For LFP, blocking conditions are realized at 0 %SOC
(corresponding to 2.55 V vs. Li*/Li) as well as at 100 %SOC (corresponding to 3.80 V vs. Li*/Li). For LTO, blocking conditions
are achieved at 0 %SOC (corresponding to 2.55 V vs. Li*/Li). The frequency points at 180 mHz are indicated by open circles.



Specific capacitance of pristine electrode constitutents — In Figure S2, the specific capacitance of pristine
NCM®622 electrodes as well as of electrodes containing only conductive carbon and binder in LP57
electrolyte is shown dependent on the applied potential which is set between 3.05 V vs. Li*/Li and 2.55 V
vs. Li/Li. Over the entire potential range, the capacitance of the VGCF electrode (VGCF:PVDF 8:2 w/w)
and of the C65 electrode (C65:PVDF 1:1 w/w) varies less than 20 %, the variation of the capacitance of the
NCM622 electrode of 12 % is even lower. This shows that the potential does not have a drastic effect on
the measured capacitance for a pristine NCM622 electrode, either when measured at 2.55 V vs. Li*/Li
during cycling or in a symmetric cell setup in OCV at roughly 3.0 V vs. Li*/Li. Therefore, the discrepancy
of a factor of roughly two, which is observed for the specific capacitance of pristine NCM electrodes in
either LP57 or an electrolyte containing 10 mM TBATFSI, is not due to the different electrode potential,
but must be attributed to a changed double layer capacitance of the NCM active material in different
electrolytes.

In LP57 electrolyte and at 2.55 V vs. Li*/Li, where the capacitance is extracted during the cycling
experiments, the VGCF electrode and the C65 electrode exhibit 0.43 F/Qelectrode and 1.7 F/Qelectrode,
respectively; the NCM electrode shows 0.12 F/gelectrode. These values are required in Figure 5 and Figure 6
to subtract the contribution of VGCF and PVDF from the specific capacitance of the entire NCM electrode,
in order to obtain the contribution of the active material only and, subsequently, quantify its surface area

increase.
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Figure S2: Potential dependence of the specific capacitance of pristine NCM622, VGCF, and C65 working electrodes in pseudo
full-cells with 60 pl LP57 and capacitively oversized LTO counter electrodes that were pre-lithiated to 30 %SOC. The working
electrode potential-controlled impedance spectroscopy (PEIS, with 15 mV amplitude and from 100 kHz to 100 mHz) was
conducted with these cells using a u-RE (i.e. a GWRE) at different potentials between 3.05 V and 2.55 V vs. Li*/Li, approached
by a discharge at C/10 followed by a constant voltage step of 1 h. The capacitance was extracted from the imaginary impedance
at a frequency of 180 mHz and normalized to the electrode mass. The values shown here are calculated from the mean of two
identical cell pairs; the error bars correspond to the minimum/maximum value of two cells.



Charge/discharge cycling of NCM622 electrodes - Except for the shown number of cycles, Figure S3 is
identical to Figure 5b and 5c. The latter show only 203 cycles, since the cells cycled to 3.9 V and 4.2 V
were only tested for 203 cycles; the cells with an upper cutoff voltage of 4.5 V vs. Li*/Li were cycled to
303 cycles, after which the NCM622 electrodes were harvested, washed, and investigated by Kr-BET.

a)
3
2 03F |
S
L,
8
c 02 |
g
S
©
o
©
(6]
Res
£ 01f o t |
1 pristine NCM622  cfis,
pristine electrode
0.0
—_ b) @
= 200 - O0ooo _
2 oooooo
f cooooooooocoooooooooooooaooo
: 0000000000000 OLOOOGOOD
E 180 |-
z
3 160 _
Q
©
o
S 140 - |
g
3 00000000000000 |“||||||ﬂllﬂ
% ol © 50000000000 1
= 1Cc
[ M...|I
2 100 _
1 1 . : : I I
0 50 100 150 200 250 300

cycle [-]

Figure S3: Electrochemical cycling of NCM622 in pseudo full-cells with 60 pl LP57, two glass fiber separators, and a p-RE
(i.e., a GWRE) using an uncompressed NCM622 working electrode and pre-lithiated, capacitively oversized LTO as the counter
electrode. Following the procedure depicted in Figure 2b, NCM622 was cycled at 25 °C to different upper cutoff potentials of
3.9V (blue lines/symbols), 4.2 VV (green lines/symbols), or 4.5V (red lines/symbols) vs. Li*/Li. Impedance spectra of the
NCM622 working electrodes were recorded in blocking conditions after a potential hold at 2.55 V vs. Li*/Li, applying an
amplitude of 15 mV from 100 kHz to 100 mHz. The specific capacitance and the specific discharge values shown here are
calculated from the mean of two nominally identical cells, with the error bars corresponding to the minimum/maximum value of
two cells. a) Specific capacitance of the NCM622 working electrode extracted from the imaginary impedance at a frequency of
180 mHz in blocking conditions (see Equation 6). The sum of the gray areas indicates the specific capacitance of the pristine
uncompressed NCM622 working electrode, and the dark gray area shows the specific capacitance of a VGCF electrode
multiplied by 0.1 (see text). b) Specific discharge capacity normalized to the active material mass vs. cycle number following
the procedure shown in Figure 2b. The open circles show the discharge capacity at C/10 (after a CCCV charge at C/10), and the
solid circles at 1C (after a CCCV charge at 1C).



Rules of error propagation - When calculating the specific capacitance of only the NCM622 particles
normalized by the capacitance of the pristine NCM622, the following equation is applied:

cycled cycled

CNem  _ Celectrode 0.1 cyger
pristine ~ _pristine .
NCM Celectrode 0.1 CVGCF

In order to calculate the error of the ratio of the two specific capacitance values, the rules of error
propagation are applied. The error of sums and differences is calculated in the following way:

a=txty+z = Aaz\/(Ax)2+(Ay)2+(Az)2

The error of products and quotients is calculated in the following way:

X - Ax\? Ay\? Az\?
2o e ()4
Z X y A

First, one determines the error in the difference between the measured capacitance of the cycled NCM622

electrode (with error) and the VGCF capacitance (with error) as well as the error in the difference between

the capacitance of the pristine NCM622 electrode (with error) and the VGCF electrode (with error):

CNcM = Celectrode — 0.1- CvGeF

2 2
= ACNCM = \/(Acelectrode) + (0'1 ) ACVGCF)

The relative error is obtained by dividing the equation by the capacitance:

2 2
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CNeM Celectrode — 0.1- CVGCF

Subsequently, one takes the ratio of the two differences and computes their error. Finally, we obtain the
relative error of the normalized capacitance of the NCM only:
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Electrochemical cycling of LFP and LTO — In Figure S4, the specific discharge capacity is depicted for
the cycled cells shown in Figure 9 using LTO or LFP as working electrode, illustrating that the cycling
performance of the cells is as one would expect. Furthermore, these data show that the entire available
capacity was exchanged at C/10 and that a large fraction of it was exchanged at 1C, so that both active
materials experienced close to the full volume change of the respective unit cell. A detailed discussion of
the data is found in the main text in the respective section where the electrochemical behavior of LFP and
LTO is treated.
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Figure S4: Specific discharge capacity of LTO and LFP during electrochemical cycling. For this, pseudo full-cells were
assembled in Swagelok T-cells with 60 pl LP57, two glass fiber separators, and a p-RE (i.e. a GWRE) using LTO or LFP as
working electrode and pre-lithiated, capacitively oversized LTO as the counter electrode. Following the procedure introduced in
the experimental section and depicted in Figure 2b, the cells were cycled at 25 °C, applying cutoff potentials of 1.05 and 2.05 V
vs. Li*/Li for LTO and 2.95 and 3.80 V vs. Li*/Li for LFP. The values shown here are calculated from the mean of two identical
cell pairs. The error bars correspond to the minimum/maximum value of two cells.



3.2 Effect of Oxygen Release Dependent on Particle Morphology

3.2 Effect of Oxygen Release Dependent on
Particle Morphology

The article ”Novel Method for Monitoring the Electrochemical Capacitance by In
Situ Impedance Spectroscopy as Indicator for Particle Cracking of Nickel-Rich NCMs:
Part II. Effect of Oxygen Release Dependent on Particle Morphology” was submitted
to the peer-reviewed Journal of the FElectrochemical Society in September 2021 and
published online in December 2021 [252]. It is available as an open-access article and
distributed under the terms of the Creative Commons Attribution Non-Commercial
No Derivatives 4.0 License. A permanent link to this article can be found under
https://doi.org/10.1149/1945-7111/ac3905. The main findings of this paper were pre-
sented by Stefan Oswald at the Electrochemistry Undercover 2020 Meeting of the
Gesellschaft deutscher Chemiker in a virtual format in September 2020.

This article is a follow-up study on the newly developed impedance-based method to
quantify particle cracking (see Chapter 3.1) and investigates the effect of composition
(i.e., NCM622 vs. NCM851005) and particle morphology (i.e., PC vs. SC NCM)
on the structural and morphological stability at high state of charge. To elucidate
the structural stability of the partially delithiated NCM crystal lattice at high SOC,
the three materials are charged to 5.0 Vi; while the evolved gases O, and COq are
monitored by OEMS. Even though the release of lattice oxygen, being the indicator
for the structural instability of the NCMs, starts at different potentials of ~4.5 and
~4.2Vy,; for NCM622 and NCM851005, respectively, their onset in terms of degree of
delithiation coincides at ~80 %SOC, as previously reported by Jung et al. [119]. In
addition to particle cracking due to the repeated volume change upon (de)lithiation,
the two PC NCMs exhibit a sudden increase in capacitance at ~80 %SOC. After
being cycled to various upper cutoff potentials, EIS measurements in the discharged
state show an NCM capacitance increase by a factor of 4x to 5x for both NCM622
and NCM851005, while this increase was verified for NCM851005 by ex situ surface
area measurements using Kr-BET. In contrast, the SC NCM851005 does not show a
significant increase in capacitance, neither at low nor at high SOC (up to 5.0 V).
Additionally, at high SOC, the loss of specific discharge capacity, which indicates the
degradation of the NCM active materials and which is most pronounced for the SC
NCM, occurs simultaneously both with the release of lattice oxygen as well as with

the cracking of the PC particles.

Interestingly, the surface-area-normalized capacitance of ~28 Fycn/cm% oy was essen-
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tially identical for both NCM622 and NCM851005 and did not change upon formation
of the oxygen-depleted surface layer at high SOC. As a consequence, the specific NCM
capacitance determined by EIS (in units of Fxcwm/gnem) can be translated directly into
a physical surface area (in units of m?/gnen). Therefore, the novel impedance-based
method is not only able to track relative changes of the electrode or NCM surface area
but can also quantify the specific surface area of NCM materials in absolute values
(after the subtraction of the contribution of the other components in the electrode).
However, the dependence of the surface-area-normalized capacitance on, e.g., the po-
tential or the electrolyte composition (i.e., the concentration and type of salt or the

used solvents) has to be considered.

By comparing cycled PC and SC NCM particles after extended cell cycling by
FIB-SEM, various reports have claimed the enhanced morphological stability of the
SC materials [141, 180, 253]. In contrast, the cracking of the primary crystallites
at the surface or in the bulk of the particles has been observed as well, both after
extended cycling [254-256] but also already after the first charge [179, 257]. The re-
sults obtained in this study illustrate that the increase of the surface area in contact
with the electrolyte is suppressed (or, at least, significantly diminished) for SC NCM
crystallites since they do not crack even when cycled to 5.0 Vi;. However, it must
be noted that the morphological stability is expected to not only depend on the up-
per cutoff potential but also on other operating conditions, such as the amount of
charge/discharge cycles, the temperature, and the applied C-rate, as well as the ma-
terial properties, such as primary particle size, composition, and preexisting stacking
faults of the crystal structure. The consequences of the distinct particle morphologies
on the fundamental properties and on the cycling performance are further elucidated
in Chapter 4.
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batteries due to their high specific capacity. However, the available capacity is limited due to their structural instability at high state
of charge, causing the formation of a resistive surface layer upon release of lattice oxygen, observed at different upper cutoff
potentials depending on the NCM composition. To understand the impact of this instability, the correlation of oxygen release,
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lattice oxygen was identified by on-line electrochemical mass spectrometry (OEMS). In electrochemical cycling experiments, the
NCM capacitance was tracked in situ by impedance spectroscopy (EIS) using a micro-reference electrode while the upper cutoff
potential was increased every third cycle stepwise from 3.9 V to 5.0 V. Hereby, the effect of the degree of delithiation on the
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The demand for nickel-rich layered lithium nickel cobalt
manganese oxides (NCMs, Li;;sNi,Co,Mn,0,, x+y+z+6 = 1,
and 0 < 6 < 0.01) as attractive cathode active materials (CAMs) for
lithium-ion batteries is constantly growing, owed to their high
theoretical specific capacity of ~275 mAh/gnem.' As the material
is required to endure thousands of charge/discharge cycles in
applications such as electric vehicles or portable electronics, the
used capacity of nickel-rich NCMs, easily controlled by the applied
upper cutoff potential (typically set between 4.2V and 4.4V in
graphite/NCM full-cells, depending on the NCM composition),” has
to be limited to ~80-85 % of the theoretical capacity; otherwise, an
accelerated capacity loss is observed during long-term cycling to
higher states of charge (S0Cs). >

This drawback, diminishing the practical energy density, is owed
to the instability of the NCM layered structure at high degrees of
delithiation, apgearing beyond the H2-H3 phase transition at
~75 %SOC.>>~" Above this limit, the release of lattice oxygen,
detected by mass spectrometry for various NCM compositions,®*~'°
is accompanied by the formation of a surface-near resistive oxygen-
depleted layer, shown greviously by microscopy (HR-TEM), -4
spectroscopy (EELS),'* and diffraction (XRD and SAED).'*'*1¢
This degradation of the surface-near structure of NCMs does not
only add significant overpotentials during cycling, resulting in the
loss of capacity and energy density,® but the released (singlet)
oxygen also decomposes the electrolyte (:omponents.”'18 In this
reaction, protic species such as HF are produced,'”'® initiating the
dissolution of the transition metals from the NCM' and the
redeposition on the anode that causes additional lithium loss in the
SEL? Since the phase transformation is mainly restricted to the
surface-near regions of the NCM crystallites, reported to reach layer
thicknesses of up to 20nm,>'"'*!'® the fraction of converted
material, the extent of induced side reactions, and their impact on
the battery performance depend directly on the specific surface area

*Electrochemical Society Student Member.
**Electrochemical Society Fellow.
“E-mail: Stefan.Oswald @tum.de

of the CAM (i.e., on the electrochemically active surface area) and,
therefore, on the particle morphology of the CAM.

In part I of this study,>’ we successfully developed an in situ
method for tracking the surface area of a battery electrode by its
capacitance, obtained non-destructively from electrochemical im-
pedance spectroscopy (EIS). With this novel tool, we showed that
the surface area of a polycrystalline (PC) NCM622 increased
continuously upon charge/discharge cycling, resulting from the
crack formation of the secondary NCM agglomerates caused by
the anisotropic change of the lattice parameters a and ¢ upon
(de)lithiation.>”***

Aiming to suppress the NCM surface area increase and, thereby,
reduce the parasitic side reactions with the electrolyte that scale with
exposed surface area, the interest for NCM particles with a
monolithic structure and larger primary crystallites, so-called
single-crystalline (SC) NCMs,” is growing, as they are expected
to be less prone to garticle cracking.”*® By comparing PC and SC
NCM523, Li et al.* previously presented a significantly improved
long-term cycling stability for SC NCM523 at elevated tempera-
tures: at 40 °C, the single-crystalline NCM lasted for 300 cycles,
before the capacity degraded to 90 % of its initial value, even
without electrolyte additives; for the polycrystalline NCM, however,
the same state of health was reached already after 150 cycles.>®
According to the study of Harlow et al., battery cells (using a similar
SC NCMS523 material) could deliver more than 1000 charge/
discharge cycles at 40 °C, and even up to 10,000 cycles at 20 °C,
before 90 % of the initial capacity was reached.*® If it were possible
to show that the surface area of SC NCMs was maintained upon
cycling, the improved performance of SC NCMs®"* could be
clearly assigned to the stability of their morphology and, therefore,
to their ability to retain a low exposed surface area over the course of
cycling.

In this paper, the correlation of lattice oxygen release, capacity
fading, and particle cracking is investigated as a function of the state
of charge for three nickel-rich NCMs, differing either in composition
(i.e., in transition metal ratio: nickel content of 60 % vs. 85 %) or in
morphology (i.e., in primary crystallite size: PC vs. SC). First, the
onset of the release of lattice oxygen is identified by on-line
electrochemical mass spectrometry (OEMS). In electrochemical
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cycling experiments, the NCM electrode capacitance is tracked
in situ by impedance spectroscopy (EIS) using a micro-reference
electrode (n-RE) while the upper cutoff potential is increased every
third cycle stepwise from 3.9 V to 5.0 V. Hereby, the effect of a high
degree of delithiation on the discharge capacity as well as on the
particle integrity, tracked by the NCM specific surface area via
Kr-BET, is illuminated, both for poly- and single-crystalline NCMs.
As the two NCM morphologies exhibit an entirely different integrity
of the CAM particles at high state of charge, the underlying
mechanisms causing the surface area increase are discussed. From
the detected amounts of evolved gases as well as from the evolution
of the specific surface areas of the CAMs, the thickness of the
oxygen-depleted surface layer is estimated for each material.

Experimental

Scanning electron microscopy.—The morphology of the cathode
active material powders was investigated via top-view scanning
electron microscopy (SEM) using a tabletop microscope (JCM-6000,
JEOL, Japan) in secondary electron mode and applying an accel-
eration voltage of 15kV.

Electrode preparation.—For cell cycling, NCM electrodes were
prepared from three NCM powders (as presented in the SEM pictures
of Fig. 2): polycrystalline NCM622 referred to as PC-60
(Li; 01(Nig 6C0p2Mng 2)9.99002,  0.32 szET/gNCM measured by
Kr-BET), polycrystalline NCMS851005 referred to as PC-85
(Li; 1(Nig.gsC0g.10Mng 05)0.9902, 0.27 szET/gNCM)v and single-crystal-
line NCM851005 referred to as SC-85 (Ll] '01(Ni0.85COO'10MHO'05)0'9902,
0.51 szET/gNCM); all CAMs were received from BASF SE, Germany.
The three NCM powders were each mixed at a mass ratio of 90:8:2
with vapor-grown carbon fibers (VGCF-H, 12.4 mZBET/gVGCF, Showa
Denko, Japan) and polyvinylidene difluoride (PVDF, Kynar HSV 900,
Arkema, France) as well as N-methyl-2-pyrrolidone (NMP, anhydrous,
Sigma Aldrich, Germany) in a planetary mixer (Thinky Corp., USA)
for 17 min, using a four-step sequential mixing procedure.

For on-line electrochemical mass spectrometry (OEMS) mea-
surements, the slurries (with a solid content of 80 wt%) were coated
on a stainless-steel mesh (316 grade, 26 pm aperture, 25 pm wire
diameter, The Mesh Company, UK) with a doctor blade using an
automatic coater (RK PrintCoat Instruments, United Kingdom). The
electrode sheets were then dried in a convection oven at 50 °C for
5 h before electrodes with a diameter of 14 mm were punched out,
having a loading of 8.0 + 2.0 mgncwm/cm?; this corresponds to a
theoretical areal capacity of 2.2 = 0.6 mAh/cm?. For the counter
electrodes, LFP electrodes with a diameter of 15 mm were punched
out from commercially available LFP electrode sheets (LFP on
aluminum, 3.5 mAh/cmz, Custom Cells, Germany).

For the cycling experiments in Swagelok T-cells, the slurries
(with a solid content of 63 wt%) were coated onto the rough side of
an aluminum foil (18 pm, MTI, USA) with a box-type coating bar
(Erichsen, Germany) using the automated coater. All electrode
sheets were then dried in a convection oven at 50 °C for 5 h before
electrodes with a diameter of 10.95 mm were punched out, having a
loading of 8.7 = 1.0 mgNCM/cmz; this corresponds to a theoretical
areal capacity of 2.4 + 0.3 mAh/cm?. For the counter electrodes,
LTO electrodes with a diameter of 10.95 mm were punched out from
commercially available LTO electrode sheets (LTO on aluminum,
3.5 mAh/cm?, Custom Cells, Germany).

To avoid any cracking of the NCM particles during electrode
preparation, the NCM electrodes were not compressed or calen-
dered. They were dried in a Biichi oven at 120 °C under dynamic
vacuum for at least 6 h and then transferred without exposure to air
to an argon-filled glove box (<1 ppm O, and H,O, MBraun,
Germany), where all cells were assembled.

On-line electrochemical mass spectrometry.—In preparation
of the on-line electrochemical mass spectrometry (OEMS)
experiments, the capacitively oversized LFP electrodes (15 mm,

3.5 mAh/cm?) were pre-delithiated in coin cells (Hohsen, Japan)
using two glass fiber separators, one H2013 polyolefin separator
(Celgard, USA) facing the LFP electrode, and 100 pl of LP57
electrolyte (1 M LiPF¢ in EC:EMC 3:7 w/w, <20 ppm H,0, BASF,
Germany). For this, they were delithiated against metallic lithium
(450 pm thick and 15 mm in diameter, Rockwood Lithium, USA) to
~90 % SOC at a specific current of 30 mA/g; gp for 4.5 h, after
having performed one full formation cycle at 30 mA/g; gp between
3.0 Vand 4.0 V vs. Li"/Li. After pre-delithiation, the LFP electrodes
were harvested from the cells and used without washing as the
counter electrode in the OEMS cells for the gas evolution experi-
ments. The pre-delithiated, capacitively oversized LFP electrodes
are used because they: i) provide a stable potential of ~3.45V vs.
Li*/Li over a wide SOC window (3.40 V used at 90 %SOC for the
end of lithiation), ii) provide a sufficiently large capacity to take up
the lithium from the investigated NCM working electrodes, and
iii) exhibit no gas evolution due to the absence of electrolyte
decomposition reactions at their operating potential (as compared
to typical anodes such as lithium metal or graphite forming an SEI
including gas evolution®23"),

For the OEMS experiments, a pre-delithiated LFP counter
electrode was placed on the bottom of the custom-made OEMS
cell hardware, then covered by two H2013 polyolefin separators
(24 mm, Celgard, USA) that were wetted with 100 pl of LP57
electrolyte (1 M LiPFq in EC:EMC 3:7 w/w, <20 ppm H,0O, BASF,
Germany); finally, an NCM electrode was placed on top of the stack.
The electrode stack was then compressed by a spring in the sealed
OEMS cell. The assembled cells were positioned in a climate
chamber (CTS, Germany) at 25 °C and connected to a potentiostat
(SP-300, BioLogic, France) and the mass spectrometer system
(HiQuad QMH 400-1, Pfeiffer Vacuum, Germany), which has
been described in detail elsewhere.*

The cells were held at OCV for 4 h before they were charged in
constant-current mode (CC) to 5.0 V vs. Li*/Li (corresponding to
1.6 V vs. the pre-delithiated, capacitively oversized LFP counter
electrode) at a C-rate of C/15 (referenced to the theoretical capacities
of 276.5 mAh/gncwm for PC-60 and of 275.0 mAh/gnenm for PC-85
and SC-85). The traced mass signals were first normalized to the ion
current of the *®Ar isotope to correct for fluctuations of pressure and
temperature, and then the signals for O, and CO, were converted to
concentrations using a calibration gas (argon with 2000 ppm of H,,
0,, C,H,, and CO, each, Westfalen, Germany) and considering a
cell volume of ~11 ¢cm®. For details on the calibration procedure, see
Tsiouvaras et al.*?

T-cell assembly.—In preparation of the cycling experiments in
Swagelok T-cells (adapted and reprinted here from part I of this
study®"), capacitively oversized LTO electrodes (3.5 mAh/cm?) were
pre-lithiated to ~10 %SOC in spring-compressed T-cells with two
glass fiber separators that were wetted with 60 pl of LP57 (1M
LiPFg in EC:EMC 3:7 w/w, <20 ppm H,0, BASF, Germany) and a
metallic lithium counter electrode (450 pm thick and 11 mm in
diameter, Rockwood Lithium, USA). This was done at a specific
current of 30 mA/g; 1o for 0.5 h, after having performed one full
formation cycle at 30 mA/g; 1o between 1.2 V and 2.0 V vs. Li*/Li.
After pre-lithiation, the LTO electrodes were harvested from the
cells. They were then used without washing as the counter electrode
in the pseudo full-cells for the electrochemical cycling tests; note
that pseudo full-cell here refers to a cell with a given working
electrode (NCM electrodes in this work) and a capacitively over-
sized, pre-lithiated LTO electrode. The pre-lithiated, capacitively
oversized LTO counter electrodes are used because they provide: i) a
stable half-cell potential of 1.55V vs. Li*/Li over a wide SOC
window, ii) a sufficiently large capacity to take up the lithium from
the investigated NCM working electrodes, and iii) a sufficient excess
of lithium to compensate for any lithium consumed by side reactions
during cycling, so that the NCM working electrode can be fully
lithiated for the EIS measurements that are being conducted in
blocking conditions (see below).
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For the electrochemical cycling tests, spring-compressed T-cells
with capacitively oversized pre-lithiated LTO as the counter
electrode and the different NCM-based cathodes (with PC-60,
PC-85, or SC-85) as working electrodes were assembled using two
glass fiber separators and 60 pl of LP57. Between the two separators,
a micro-reference electrode (p-RE) was inserted, namely a gold-wire
reference electrode (GWRE) based on the setup described by
Solchenbach et al.>*> The GWRE was lithiated in situ at 150 nA
over 1 h from the LTO counter electrode before cycling, which
establishes a constant GWRE potential of 0.31 V vs. Li*/Li* that
remained stable for more than 800 h (note that the GWRE lithiation
charge of ~0.15 pAh is negligible compared to the capacity of the
counter electrode). For details about the cell setup and the prepara-
tion of the gold wire, please refer to the original publication.™

To record the potential curves of the first charge for the three
NCMs (shown in the appendix), spring-compressed Swagelok
T-cells with lithium metal as the reference and counter electrode
(so-called half-cells) and working electrodes based on PC-60,
PC-85, or SC-85 were assembled using three glass fiber separators
(two between working and counter electrode and one on the lithium
metal reference electrode) and 90 pl of LP57 electrolyte.

Impedance spectroscopy.—All electrochemical impedance
spectra were included directly into the cycling procedure of a
multi-channel potentiostat VMP3 (BioLogic, France) and recorded
in a climate chamber (Binder, Germany) at 25 °C in potentiostatic
mode (PEIS), with an amplitude of 15 mV for 8 points per decade
from 100 kHz to 100 mHz, including a data point at a frequency of
180 mHz. This results in an acquisition time of ~10 min per PEIS.
Each EIS spectrum consists of a full-cell spectrum (between working
and counter electrode) and, by using a p-RE (i.e., the GWRE), also
of the half-cell spectrum (i.e., between the working electrode and the
p-RE).

T-cell testing.—All electrochemical cycling tests including the
PEIS were performed in a climate chamber (Binder, Germany) at
25 °C, using a multi-channel potentiostat (VMP3, Biologic, France).
Before cell cycling, the GWRE was lithiated using the pre-lithiated,
capacitively oversized LTO counter electrode (see above). To
acquire EIS spectra under blocking conditions, characterized by a
semi-infinite charge-transfer resistance, the NCM working electrode
is cycled to the fully discharged state (corresponding to ~5 %SOC
due to the irreversible capacity of the NCM materials in the first
cycle) at a potential of 2.55 V vs. Li*/Li, i.e., to full lithiation of the
NCM working electrodes, where the working electrode potential was
then held for 1 h prior to taking EIS spectra. The long-term cycling
procedure is shown exemplarily for a PC-85 working electrode in
Fig. 1: it was initiated by an OCV phase of 10 h, during which a
PEIS was taken every 1 h (red open circles in Fig. 1). Then, in order
to determine the electrode capacitance for the pristine NCM, the
NCM working electrode was discharged to the lower cutoff potential
of 2.55 V vs. Li*/Li at a specific current of 18.4 mA/gycy for PC-60
and 21.4 mA/gnem for PC-85 and SC-85 (both corresponding to
~C/10 when referenced to the specific capacity obtained for an
upper cathode potential of 4.2 V vs. Li*/Li) in CC mode (orange line
in Fig. 1), where a constant voltage (CV) hold of 1 h was performed,
followed by a PEIS. During conditioning (black line in Fig. 1), the
electrodes were charged at C/10 in CC mode for 1 h, then discharged
to the lower cutoff potential of 2.55V vs. Li*/Li at C/10 in CC
mode, where a CV hold of 1 h was performed, followed by a PEIS
(marked by the #0 point in Figs. 1 and 4). Since nickel-rich CAMs
are commonly slightly overlithiated (by up to 1 %) in the synthesis
process, the conditioning step was included in the procedure to
ensure comparable impedance spectra for each cycle, namely by
assuring that similar SOCs are obtained by the potential hold of 1 h
at 2.55V vs. Li*/Li, especially when comparing different NCM
active materials.

For the subsequent cycling (blue lines in Fig. 1), three charge/
discharge cycles were executed, with a charge to the initial upper
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Figure 1. Cycling procedure shown exemplarily for a PC-85 working
electrode in a pseudo full-cell with a pre-lithiated, capacitively oversized
LTO counter electrode and a gold-wire reference electrode, whereby all
potentials are shown vs. Li*/Li, based on a potential of 1.55 V vs. Li*/Li of
the LTO counter electrode (analogous procedures were used for PC-60 and
SC-85 working electrodes). The long-term cycling procedure consists of an
initial OCV phase of 10 h, the discharge to blocking conditions of the
pristine electrode (orange line), a conditioning step (black line), and the
cycling to an upper cutoff potential which increases every three cycles from
initially 3.9 Vt0 5.0 V vs. Li*/Li (blue line), with the intermittent acquisition
of EIS spectra (red circles) under blocking conditions at the points marked
with #0, #1, etc.

cutoff potential of the NCM electrode of 3.9 V vs. Lit/Li at C/10
with a CV hold until the current dropped to below 0.1 mA (~C/20,
CCCV mode), and with a discharge to the lower cutoff potential of
2.55V vs. Li*/Li at C/10 with a final CV hold of 1 h before a PEIS
was recorded (marked by the #1, #2, and #3 points in Figs. 1 and 4).
This set of three cycles was then repeated while increasing the upper
cutoff potential (of the cell and, therefore, for the NCM electrode) by
100 mV for each set after every third cycle, finishing with three
cycles to 5.0V vs. Li*/Li (corresponding to cycle #34, #35, and
#36). The impedance spectra taken in blocking conditions are
numbered by the full cycles the cell had performed up to that point
(e.g., #6 after the three cycles to 4.0 V vs. Li*/Li). For the surface
area determination by Kr-BET, additional cells with PC-85 elec-
trodes were stopped after cycle #9 and cycle #30, corresponding to
charge/discharge cycling up to 4.1 V and 4.8 V vs. Li*/Li, respec-
tively.

To allow for the assignment of the applied potential to a state of
charge (or degree of delithiation) for each of the three NCMs, the
NCM electrodes assembled in half-cells were charged against the
potential of a metallic lithium reference electrode in constant-current
mode (CC) to 5.0 V vs. Li'/Li at a specific current of 18.4 mA/gncm
(corresponding to a C-rate of C/15 when referenced to the theoretical
capacities of 276.5 mAh/gncm for PC-60 and of 275.0 mAh/gnem
for PC-85 and SC-85), using a battery cycler (Series 4000, Maccor,
USA).

Cell disassembly.—After cycling, the electrodes were harvested
from the pseudo full-cells under inert atmosphere to determine their
specific surface area by Kr-BET. Any residue of the conductive salt
was removed from the electrodes in a three-step sequential washing
procedure: first, they were washed for 5 min in 5 ml EC:EMC 3:7
w/w (Gelon Lib, China), followed by a soaking step of 24 h in 1 ml
DMC (anhydrous, 299 %, Sigma Aldrich, USA) and, finally, a
washing step of 5 min in 5 ml DMC.

Surface area analysis.—The surface area of the NCM powders
as well as of the pristine and of the harvested and washed PC-85
electrodes was determined by krypton gas physisorption measure-
ments at 77 K, as previously presented by Friedrich et al. and
Oswald et al,'*?' measuring at 13 points between
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Figure 2. Visual investigation of the particle morphology of the three pristine NCM powders by top-view SEM in secondary electron mode at 15 kV.
a) Polycrystalline NCM622 (PC-60). b) Polycrystalline NCM851005 (PC-85). ¢) Single-crystalline NCM851005 (SC-85). The specific surface area obtained by

Kr-BET is displayed for each material in the respective panel.

0.01 < p/py <030, wusing an autosorb iQ (Quantachrome
Instruments, USA). Comparative N,-BET measurements for the
pristine materials (VGCF and NCM powders) are within +10 % of
the specific surface areas obtained by krypton physisorption (also
referred to as Kr-BET). The advantage of the measurement with
krypton is a superior sensitivity of this method, since only ca. 1/100™
of the total surface area is required for the physisorption measure-
ments, so that Kr-BET areas can be obtained electrodes with a
diameter of 11 mm, whereby an approximately 100-fold larger
electrode area would be required for meaningful N,-BET measure-
ments. Prior to Kr-BET measurements, both powder samples as well
as samples of pristine or harvested and washed electrodes were dried
at 120 °C under vacuum for 6 h.

Results and Discussion

Visual investigation of pristine NCM powders.—To be able to
understand and interpret the results of their later electrochemical
characterization, at first, the morphology of the three NCM cathode
active material (CAM) powders is examined, based on the repre-
sentative SEM pictures depicted in Fig. 2. The polycrystalline (PC)
NCM622 powder (PC-60, labeled in red color), as shown in Fig. 2a,
consists of spherical secondary agglomerates (~5-10pm in dia-
meter, obtained by a visual investigation) with a relatively narrow
particle size distribution (as one would expect for CAM powders
synthesized in a batch process). The secondary particles themselves
are comprised of numerous primary crystallites (~0.1-0.5 pm). As
shown in Fig. 2b, the polycrystalline NCM851005 powder (PC-85,
labeled in blue color), which has an increased nickel content of 85 %
as compared to PC-60 with 60 %, has a similar particle morphology.
In contrast to the polycrystalline materials, the single-crystalline
NCMS851005 (SC-85, labeled in green color), shown in Fig. 2c, has
the same transition metal composition as PC-85 but consists of much
larger primary crystallites (~0.5-2.0 pm), which are randomly
agglomerated or sintered, without having a well-defined secondary
structure as compared to the polycrystalline CAMs.

Upon (de)lithiation, the NCM materials experience a significant
unit cell volume change,7’22 what results in stress and strain
throughout the secondary particles, leading to cracking of the
agglomerates and a surface area increase of the NCM particles.”!
Since the absolute strain would be larger for bigger particles, one
could expect different behavior of smaller and larger particles
contributing to the measured surface area increase during the
electrochemical investigation. However, due to the relatively narrow
secondary particle size distribution of the two PC materials as well
as due to the similar particle size and, therefore, specific surface
area, any possible influence of different particle sizes on the
evolution of the morphology of the materials can be excluded.
Furthermore, as the ink preparation did not include any harsh mixing
procedures like ball-milling (a planetary mixer was used here), and
as the electrodes were not compressed or calendered, the particle
morphology of the powders was not altered during the electrode

preparation. For these reasons, a comparison of the two polycrystal-
line NCMs (PC-60 and PC-85) allows to examine the effect of the
composition (i.e., the transition metal ratio and the nickel content) on
the gas evolution and the increase in surface area. In contrast, the
investigation of the polycrystalline and single-crystalline nickel-rich
materials that have the same composition (PC-85 and SC-85) allows
to elucidate the effect of NCM particle morphology on the surface
area increase upon cycling and on the associated gas evolution.
Additionally, a comparison of these two materials should make it
possible to discriminate between the particle cracking of the primary
and of the secondary NCM particles, as SC-85 consists only of
primary crystallites without a well-defined secondary structure, so
that a surface area increase would only occur upon cracking of the
primary particles.

Oxygen release at high state of charge.—As morphological
changes of NCM particles cannot only be caused through the
repeated unit cell volume change upon long-term charge/discharge
cycling (see part I of this study®'), but may also be caused by the
release of lattice oxygen at high state of charge® (SOC, note that the
SOC is defined in this work as the degree of delithiation x in
Li;..MO,), we next investigate the onset and the amount of O, and
CO, gas evolution of the three NCMs by on-line electrochemical
mass spectrometry (OEMS) as a function of the degree of delithia-
tion (note that the evolution of CO was below 1 pmolco/gnem and
will thus not be discussed here). In Fig. 3a, the potential profiles of
the first charge of the three NCMs to 5.0 V vs. Li*/Li in an OEMS
cell are depicted as a function of time and SOC, respectively. The
voltage curve of PC-60 (red) appears above the ones of the nickel-
rich equivalents PC-85 (blue) and SC-85 (green); therefore, more
capacity is extracted at the same potential for the nickel-rich
materials—or, in other words, a lower cutoff potential is required
to reach the same SOC. Since PC-85 and SC-85 have the same
composition, the voltage profiles are essentially identical, especially
in the range between 50 %SOC and 90 %SOC, which is relevant for
this work. As the nickel content of PC-85 and SC-85 comes
relatively close to the one of a pure layered lithium nickel oxide
(LNO, LiNiO,), a first evidence of a plateau at 4.2 V vs. Li*/Li of
the potential curve can be seen, indicating the H2-H3 phase
tlransition,s_7 which is reported to be the cause for the release of
lattice oxygen.’

The onset and the amount of molecular oxygen (O,) released
from the NCM (quantified via mass spectrometry by the mass-over-
charge ratio m/z = 32) is analyzed from Fig. 3b. Upon charging of
the NCMs, the oxygen levels remain zero up to ~80 %SOC, at
which point all three materials start to evolve oxygen almost
independently of nickel content, as stated by Jung et al. in previous
reports. The onset of the oxygen evolution for PC-60 seems to be
shifted to lower SOCs by ~5-10 %SOC as compared to PC-85 and
SC-85; this observation will be subject of future studies.
Nevertheless, most of the oxygen is released above ~80 %SOC
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Figure 3. Electrochemical data and gas evolution of OEMS cells assembled
with PC-60 (red), PC-85 (blue), and SC-85 (green) as working electrodes,
using delithiated, capacitively oversized LFP as counter electrode, two
Celgard H2013 separators, and 100 pl LP57 electrolyte. The cells were
charged at 25 °C to 5.0 V vs. Li"/Li (corresponding to a cell voltage of
1.6 V) in constant current mode at 18.4 mA/gncm (corresponding to C/15
when referenced to ~275 mAh/gncm) While the gas evolution was recorded
by mass spectrometry. All data are shown as a function of both time (lower
x-axis) and state of charge (referenced to ~275 mAh/gncm; upper x-axis).
a) NCM potential vs. Li*/Li (calculated from the cell voltage and the
potential of 3.40 V vs. Li"/Li for LFP during the end of its lithiation).
b) and c¢) Total amounts of evolved oxygen (O,, mass-over-charge ratio
mlz = 32) and carbon dioxide (CO,, m/z = 44) in the OEMS cell,
respectively, which were normalized to the NCM mass. The horizontal
dashed lines mark the potential at which 80 %SOC are reached for PC-60
(red) as well as for PC-85 and SC-85 (blue).

for the two different NCM compositions, corresponding to 4.50 V
vs. Li*/Li for PC-60 and 4.23 V vs. Li*/Li for PC-85 and SC-85.
For PC-85 and SC-85, the value of ~80 %SOC nicely coincides with
the end of the plateau at 4.2 V vs. Li*/Li (see intersection of the
horizontal green and blue lines with the vertical dashed black line in
Fig. 3a), at which point the H2-H3 phase change is completed. The
amount of detected oxygen rises with increasing degree of delithia-
tion, which indicates an increasing destabilization of the layered
oxide lattice structure, causing the transformation to the oxygen-
depleted surface structure. At 5.0V vs. Lit/Li, corresponding to
~100 %SOC ideally, the total amount of oxygen from PC-60 in this
experiment amounts to 5.4 pmolg, /gycy. Which is approximately

half the amount as compared to the value for PC-85 with
11.7 pmoly, /gncy and approximately twice as much as compared
to SC-85 with 2.5 pmoly,/gycy- Even though the evolution of
oxygen almost vanishes before the upper potential limit at ~4.8 V
for the single-crystalline material (see green line in Fig. 3b), it must
be noted that the release of lattice oxygen does not seem to be

completed yet as the increase of CO, continues for all three NCM
materials.

Due to the reaction of the (singlet) oxygen released from the
NCM lattice with the electrolyte, a large fraction of it is detected as
carbon dioxide (CO,, m/z = 44), what is depicted in Fig. 3c. The
CO, signal of the three NCMs remains zero until ~40 %SOC,
corresponding to ~3.8V vs. LiT/Li for all three NCMs. This
potential is sufficiently high to initiate the electrochemical oxidation
of alcohols such as ethylene glycol or ethanol®>* and other unwanted
trace impurities remaining in the electrolyte from the synthesis of the
carbonate-based solvents. One product of this process are protons
(H") which chemically decompose lithium carbonate (Li,CO;3) that
remains on the NCM particles (from the lithium excess typical for
the synthesis of the active material), resulting in the formation of
lithium ions, water, and carbon dioxide.>* Furthermore, the produced
water in the electrolyte reacts with the conducting salt LiPFg, which
again generates protons,”> resulting in an autocatalytic cycle
decomposing Li,CO; and evolving CO,.** Therefore, we believe
that the CO, detected above ~3.8 V vs. Li*/Li and prior to the onset
potential for oxygen evolution predominantly stems from the
electrochemical oxidation of electrolyte impurities and the chemical
decomposition of Li,CO;. Up to ~80 %SOC (corresponding to 12 h
in the experiment), 18.6 pmolcq,/gycy 0of CO, were detected for

PC-60, 11.2 pmoleq,/gyey for PC-85, and 8.5 pmolqg,/gyey for

SC-85. Assuming that these amounts of CO, would indeed be due to
the decomposition of Li,CO3, this would require a minimum Li,CO3
impurity level of the NCMs ranging between 0.06-0.14 wt%, which
is within typical values.

At ~80 %SOC, a sharply increasing slope of the CO, signals of
PC-85 and SC-85 (corresponding to a change in CO, production
rate) is observed. This SOC coincides with the O, release from the
NCM lattice in the near-surface region of the NCM particles, which
is why we assign most of the released CO, above ~80 %SOC to the
chemical oxidation of electrolyte.® At the end of charge,
64  pmoleg /gyeyy ©of CO,  were detected for PC-60,

195 pmolqq, /gyey for PC-85, and 114 pmoleq,/gycy for SC-85.

The cause for the differing gas amount of the three NCMs will be
discussed in a later section, where we estimate the thickness of the
oxygen-depleted surface layer.

In summary, the release of reactive lattice oxygen from the
surface-near regions of the NCM particles accompanied by a CO,
evolution is almost independent of nickel content and occurs at an
SOC of ~80 %; at this SOC, however, the NCM cathode potential is
lower for a nickel-rich NCM.

Charge/discharge cycling with increasing upper cutoff poten-
tial.—In the following, the effect of the state of charge (SOC) on the
discharge capacity and on the morphology of the NCM active
materials is investigated. For this, the upper cutoff potential of the
NCM working electrode is increased stepwise by 0.1 V every third
cycle, inducing structural and morphological changes which are
illuminated through the measurement of the electrode capacitance in
the discharged state (i.e., under blocking conditions). Aiming to
track the behavior of fully intact NCM particles, electrodes that were
not compressed or calendered were cycled, as the mechanical
compression could lead to the partial breakage of the secondary
agglomerates already before the measurement.”' To ensure elec-
tronic connection throughout the entire electrode even without
compression or calendering, vapor-grown carbon fibers with a length
of 15 pm were used as conductive additive.

The specific discharge capacity of all three NCMs, depicted in
Fig. 4a, increases after each set of three cycles, i.e., with each
increase in the upper cutoff potential of the NCM working electrode.
For lower cutoff potentials, the delivered capacity is higher for the
nickel-rich materials PC-85 and SC-85 as compared to PC-60,
consistent with the NCM charge curves shown in Fig. 3a and in
Fig. A-2. When cycling to upper cutoff potentials that are below the
onset of lattice oxygen release at ~80 %SOC (marked by a vertical
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Figure 4. Electrochemical cycling data of PC-60 (red), PC-85 (blue), and SC-85 (green) as working electrodes in pseudo full-cells with a p-RE (i.e., a GWRE),
using pre-lithiated, capacitively oversized LTO as the counter electrode, two glass fiber separators and 60 pl LP57 electrolyte. Following the procedure depicted
in Fig. 1, the cells were cycled at 25 °C to a selected upper cutoff potential of the NCM electrode that was increased every three cycles by 0.1 V starting at 3.9 V
vs. Li/Li. The current applied for cell cycling was 18.4 mA/gxcey for PC-60 and 21.4 mA/gney for PC-85 and SC-85 (this corresponds to C/10 when referenced
to the specific capacity obtained for an upper cathode potential of 4.2 V vs. Li*/Li). Impedance spectra of the NCM working electrodes were recorded in
blocking conditions after a potential hold of 1 h at 2.55 V vs. Li*/Li (15 mV amplitude, from 100 kHz to 100 mHz). The vertical dashed lines mark the cycle at
which ~80 %SOC (extracted from Fig. 3) are exceeded for each of the three NCMs (4.50 V for PC-60, and 4.23 V for PC-85 and SC-85), marking the onset of
the release of lattice oxygen. The specific capacitance and the specific discharge values are calculated from the mean of two nominally identical cells, with the
error bars corresponding to the minimum/maximum values. a) Specific discharge capacity for the respective upper cutoff potential normalized to the NCM mass
as a function of cycle number. b) Selected impedance spectra in blocking conditions of the PC-85 working electrode after the conditioning cycle (referred to as
#0), after the three cycles to 3.9 V (referred to as #3), 4.2V (#12), 4.5V (#21), and 4.8 V (#30) (see also Fig. 1), while the respective frequency points at
180 mHz are indicated by empty circles. ¢) Specific capacitance of the NCM working electrode extracted from the imaginary impedance at 180 mHz in blocking
conditions as a function of cycle number. The horizontal dashed lines indicate the pristine capacitance value of each of the three NCM working electrodes before
the conditioning step (#0). The gray area marks the specific capacitance of the VGCF electrode multiplied by 0.1.

dashed line for each material), the discharge capacity stays constant
during each set of three cycles. As the upper cutoff potential exceeds
the onset potential for lattice oxygen release by more than ~0.1 V,
the discharge capacity starts to fade within each set of three
consecutive cycles. For PC-60 (red symbols), the discharge capacity
at 4.7 V decreases by 2 mAh/gncwm in the course of three cycles (see
cycle #25 to #27) and by 4 mAh/gnem at 4.8 V (see cycle #28 to
#30). A similar capacity fading behavior is observed for PC-85 (blue
symbols) and SC-85 (green symbols), but already starting at ~4.2 V.
Additionally, the discharge capacity fading of the SC-85 material
within each set of three cycles decreases significantly above ~4.2 V,
namely by 2 mAh/gnem at 4.3V (from cycle #13 to #15) and by
4 mAh/gnem at 4.5 V (from cycle #19 to #21), while no such fading
is observed for these potentials for the PC-85 material. Overall,
independent of the upper cutoff potential, the discharge capacity
of the polycrystalline NCMs does not exceed 225 mAh/gnem

(or 211 mAh/gnem for the single-crystalline NCM), corresponding
to ~82 %SOC. Taking into account the initial irreversible capacity of
these NCMs of ~12 mAh/gnem or ~5 %SOC (for all NCMs in
cycle #0), the structural instability of the NCMs apparently limits the
accessible SOC to ~87 %SOC for the polycrystalline NCMs
(or ~81 %SOC for the single-crystalline NCM). The impact of the
compositions and morphologies of the three NCMs on the here
observed onset of the capacity fading as well as on the differences in
(maximum) discharge capacity will be further examined when
discussing Fig. 6.

To track the effect of a high SOC on the morphological stability
of the three NCMs, the electrode capacitance was measured in situ
from the recorded impedance spectra as a function of the upper
cutoff potential. All spectra of the working electrode were collected
via the p-RE (i.e., the gold-wire reference electrode®® (GWRE)) after
each cycle in the fully discharged state at an NCM potential of
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2.55V vs. Li"/Li. As the charge transfer of NCMs is impeded in the
fully discharged/lithiated state, resulting in a semi-infinite value of
the charge-transfer resistance (so-called blocking conditions), the
impedance is dominated by the capacitive contribution of the
electrochemical double layer at the electrode/electrolyte
interface.”'*® Assuming that the surface-area-normalized capaci-
tance is distinct, constant, and uniformly distributed for each of the
electrode components (i.e., the active material and the conductive
carbon), the capacitance contribution of each of the electrode
materials would be proportional to their respective surface area, an
assumption that was proven by Kr-BET in part I of this study.21
There, we had also shown that the electrode capacitance does not
necessarily have to be extracted from a fit of the entire impedance
spectrum, but that the impedance of the individual frequency point at
180 mHz is sufficient to accurately determine the electrode
capacitance (see below).?! For more details about the developed
method and the applied analysis, please refer to the original
publication.

Prior to charge/discharge cycling, it was verified that the
impedance spectra of the NCM working electrodes are stable over
time during the initial OCV phase of 10 h (data not shown), so that
any time-dependent effects on the impedance can be excluded.
Figure 4b shows five selected impedance spectra of the same PC-85
working electrode after the conditioning cycle (referred to as #0),
and after the 3rd cycle at the here selected upper cutoff potentials of
39V,42V,4.5V, and 4.8V (referred to as #3, #12, #21, and #30,
respectively). First, it is observed that blocking conditions are
achieved in all instances upon the full lithiation of the NCM
particles through a potential hold of 1h at 2.55V vs. Li*/Li. The
very small semicircle at high frequencies (see Fig. 4b) is due to a
contact resistance at the interface between the NCM electrode and
the aluminum current collector, as shown previouslgl for uncom-
pressed LFP, -7 LiNiysMn; s04,°® and NCM622”' electrodes.
Similar to part I of this study, where we investigated the impedance
of NCM622 electrodes under blocking conditions, the phase angle
(extracted from an R-Q fit of the frequency points between 0.1 Hz
and 1 Hz) of o = 0.89 for the conditioned PC-85 electrode (see
spectrum #0 in Fig. 4b) only decreases negligibly to 0.87 after the
third cycle at 4.8V (cycle #30). As the phase angle does not
decrease below o = 0.85 even at 5.0V (data not shown), the
theoretical considerations discussed in part I of this study still apply,
and the electrode capacitance can be extracted from the impedance at
180 mHz with an error of less than +1 % as compared to the value
extracted from the fit.?!

As shown in Fig. 4b, the length of the capacitive branch
decreases considerably with increasing cycle number (and, therefore,
with increasing upper cutoff potential), also illustrated by the
decreasing value of the imaginary impedance at 180 mHz (marked
by the empty circles), which decreases from 7.8 Q-Z.icciroge fOr
the conditioned PC-85 electrode (see cycle #0) to values of
6.5 Qgelectrode after 3.9V (#3), 5.4 Q-Zelecroge after 4.2V (#12),
2.6 2-Zelectrode after 4.5V (#21), and to 2.3 Q-gejecrrode after 4.8 V
(#30). As the imaginary impedance is inversely proportional to the
capacitance of a purely capacitive circuit element, its decreasing
contribution corresponds here to an increasing value of the capaci-
tance. Quantitatively, the electrode capacitance is obtained from the
imaginary part of the electrode impedance Z,, at the selected
frequency of fy = 180 mHz (with wy = 2-7fy) using Eq. 1, pre-
viously derived in part I of this study®':

1
ox wo-(-Im(Z,,)) -

The thus obtained capacitance values can then be normalized by
the electrode mass and are depicted in units of F/gqjecroqe in Fig. 4c.
The pristine capacitance (shown as horizontal dashed line) is found
to be 0.12 F/geiectroqe for PC-60, 0.11 F/geecroge for PC-85, and
0.17 F/gejectrode for SC-85, and is essentially identical with the values

obtained for the conditioned electrode (data points at cycle #0).
Contained in these electrode capacitance values is the capacitance
contribution from the conductive carbon and the binder (here
referred to as inert components), which was identified to be
0.43 = 0.01 F/gejecnode for an electrode containing exclusively VGCF
and PVDF (4:1 w/w).”' As only 10 wt% of the NCM electrode consist of
VGCF and PVDF, the contribution of the inert components to the NCM
electrode capacitance is thus 0.043 + 0.001 F/gqjecode and is marked by
the gray area in Fig. 4c. By subtracting this contribution of the inert
components from the NCM electrode capacitance, the capacitance of the
NCM only can be obtained. Exemplarily for the PC-60 working
electrode, the NCM capacitance equates to 0.07 Fyom/Zelectrodes COTTE-
sponding to 0.08 Fycaw/gnem, considering that the NCM content in the
electrode is 90 wt% (mncm = 0.9Mggecoqe). Analogously, values of
0.09 Fnem/gnem and 0.14 Fyewm/gnem are obtained for PC-85 and
SC-85, respectively.

By dividing the thus determined NCM capacitances by the
specific surface areas (Sggr) of the pristine NCM powders obtained
through krypton gas physisorption measurements (in the following
referred to as Kr-BET), the surface-area-normalized NCM capaci-
tances equate to 27 uFNCM/cmzNCM for PC-60, 29 pFnem/cm™nem
for PC-85, and 28 pFycm/cm’nem for SC-85. By the same approach,
a surface-area-normalized capacitance of 4.4 uFVGCF/cmZVGCF was
determined for VGCF (12.4 m%/g). Even though the NCMs show a
six-fold higher areal capacitance as compared to VGCF, the results
are in agreement with literature data for aqueous systems: for
carbon, a typical electrode material in supercapacitors, the
surface-area-normalized capacitance has been reported to be
~2-10 |LF/cm2,3941 while the values for metals and metals oxides
are typically ~15-60 pF/cm®**~*° For a Ni/NiO-based system, being
rather similar in composition to the here used nickel-rich NCMs, Liu
et al. found a surface-area-normalized capacitance of ~25 pF/cm?.*?
Even though the reported values for the double-layer capacitance were
measured in aqueous systems only, they are similar to the ones we
have measured here in the LP57 electrolyte, likely due to similar
values of the dielectric constant of water (e, ~ 80) and the here used
carbonate-based solvents (g, ~ 65—95).* As it is assumed that the
determined values of ~28 uFNCM/cmZNCM and 4.4 uFVGCF/cmZVGCF
remain constant during the course of the experiment, this correlation
allows for the determination of the specific surface area of the CAM
powder from the measured electrochemical capacitance.

The evolution of the capacitance of the NCM electrode is
depicted in Fig. 4c for the three NCMs as a function of cycle
number (and, hence, of upper cutoff potential). After the condi-
tioning step (corresponding to cycle #0), during which ~10 % of the
lithium were deintercalated to ensure a similar lithium content for all
subsequent impedance measurements in blocking conditions, the
capacitance of the three NCMs is insignificantly higher (<6 %) as
for the pristine electrodes. During the first nine full cycles (cycle #1
to #9) to relatively low upper cutoff potentials (4.1 V vs. Li*/Li),
the electrode capacitance then increases continuously, what we
assign to the repeated unit cell volume change of the NCM materials
upon (de)lithiation.”?""** As the crystal planes of the numerous
primary crystallites are oriented arbitrarily, and as the change of the
lattice parameters a and c is anisotropic, the repeated (de)lithiation
induces stress and strain in the agglomerates, leading to crack
formation primarily between the primary crystallites of the poly-
crystalline materials. The penetration of the electrolyte into the
cracks is then accompanied by an increase in the NCM/electrolyte
interface, which leads to the observed capacitance increase. This is
observed even for the single-crystalline material that has no
hierarchical secondary agglomerates, so that it is likely due to the
(partial) separation of the adhered/sintered primary crystallites. After
three cycles to 4.1 V, the capacitance of the PC-60 electrode has
increased to 0.20 F/geiecrodes 10 0.17 F/gejecrode for PC-85, and to
0.22 F/gejectroqe for SC-85; when considering only the NCM con-
tribution to the capacitance (i.e., in units of Fycm/gnem, shown in
Fig. A-1 in the Appendix), the NCM capacitance change between the
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pristine electrodes and the electrodes after the third cycle to 4.1V
(cycle #9) is 2.0x for the PC-60, 1.8x for the PC-85, and 1.4x for the
SC-85 electrodes.

The capacitance of the single-crystalline material remains at this
value, even when cycled to upper cutoff potentials of 5.0 V (cycle #9
to #36 of the green curve in Figs. 4c and A-1), at which the release of
lattice oxygen is known to lead to a reconstruction of the surface-
near region into a rock-salt-type structure, implying the morpholo-
gical stability of the (primary) single-crystalline particles even at a
nearly full delithiation. In contrast, the electrode capacitance of the
polycrystalline materials is increased abruptly as soon as the upper
cutoff potential exceeds the onset of oxygen release (marked by the
blue and red dashed vertical lines in Fig. 4c). Most of this increase is
completed within nine cycles, corresponding to an additional ~0.3 V
above the onset potential of the lattice oxygen release for both
polycrystalline materials. For PC-85 (blue curve), the slope of the
capacitance curve starts to increase at 4.3V vs. Li*/Li (oxygen
release at ~4.23 V, see Fig. 3). When cycled to 4.4 V, a sudden jump
in the capacitance is observed, which further increases during the
subsequent cycles, however, then reaches a stable value of
~0.40 F/gqjeciode  during the final nine cycles (cycle #30 in
Fig. 4c). A similar behavior is observed for PC-60 (red curve),
however, occurring at a higher cycle number: the change in electrode
capacitance increases at a potential of ~4.5V (oxygen release at
~4.50 V, see Fig. 3) and an abrupt increase is observed subsequently
when cycling to 4.7 V. During the final nine cycles, the capacitance
of PC-60 stabilizes at a value of ~0.35 F/giectrode- The quantitative
analysis of the NCM capacitance in contrast to the here examined
electrode capacitance will be performed later when discussing Fig. 6
and Table 1.

Validation of the surface area increase by Kr-BET.—To
confirm that the shown increase in capacitance of the NCM
electrodes induced by the increase of the upper cutoff potential is
in fact corresponding to an increase of the specific surface area of the
electrode, the Kr-BET surface area (hatched bars in Fig. 5, plotted
vs. the right y-axis) is determined for PC-85 electrodes in the pristine
state, for those cycled to 4.1V vs. Li*/Li, and for those cycled to
4.8 V; these are then compared to the electrode capacitance (solid
bars, plotted vs. the left y-axis) at the respective point in the cycling
procedure (extracted from Fig. 4c: pristine value from horizontal
dashed line, #9 for 4.1 V, and #30 for 4.8 V). For this comparison, it
is assumed that the contribution of VGCF and PVDF (black bars)
remains constant during the experiment. This assumption is reflected
in Fig. 5 by scaling the y-axes for the capacitance (left y-axis) and
for the specific surface area (right y-axis) such that all values for the
VGCF electrodes are at the same position for both y-axes. To obtain
the contribution of the NCM only (blue bars in Fig. 5), 1/ 10™ of the
determined values for specific capacitance and the specific surface
area of the electrode containing VGCF and PVDF only (i.e., 0.1x of
0.43 F/gejectrode and 0.1x of 7.8 mz/gelectmde) is subtracted from the
respective values obtained for the NCM electrodes, as they comprise
10 wt% of VGCF and PVDF. It is obvious that the relative
contribution of NCM differs depending on the used method: for
the pristine electrodes, the NCM capacitance of 0.07 F/geiectrode
contributes 61 % to the total electrode capacitance of 0.11 F/geiecuode
(see left solid bars), whereas the NCM surface area of
0.22 mzlgelectmde contributes only 22 % to the total electrode surface
area of 1.00 mz/gelemode (see left cross-hatched bars). Therefore, the
contribution of the NCM to the total electrode capacitance, as
depicted in Fig. 5, is six times larger than its contribution
to the electrode specific surface area. This is explained by the
~6-fold higher surface-area-normalized capacitance of NCM
28 uFNCM/cmzNCM) as compared to VGCF (44 MFVGCF/cmZVGCF),
as already discussed in the previous section (listed also in the Sth row of
Table I), whereas the ratio of the surface area determined by Kr-BET
corresponds to the actual physical surface area, independent of the type

[ PC-85 particle contribution 5.0x

04F [ VGCF/PVDF contribution 47

[ capacitance (f= 180 mHz)
%] surface area (Kr-BET)

0.3

specific capacitance [F/9,ecirodel
specific surface area [M%/9, ccirode)

pristine

Figure 5. Comparison of the effect of the upper cutoff potential on the
capacitance and on the Kr-BET surface area of discharged PC-85 electrodes:
specific capacitance (left axis, extracted from the blue data in Fig. 4c) of
pristine electrodes (corresponding to the blue horizontal dashed line and blue
arrow in Fig. 4c, left-hand set of bars), after three cycles to 4.1 V vs. Li*/Li
(after a total of nine cycles, middle set of bars), and after three cycles to
4.8V vs. Li*/Li (after a total of 30 cycles, corresponding to the dark blue
arrow in Fig. 4c, right-hand set of bars), which were obtained by using the
imaginary impedance at 180 mHz according to Eq. 1 (solid bars). Specific
surface area (right axis) of pristine and cycled PC-85 electrodes (cross-
hatched bars) measured by Kr-BET. The contributions to capacitance and
specific surface area by the PC-85 particles are colored in blue and were
obtained by subtracting the weight-fraction-normalized contributions from
the VGCEF electrodes (colored in black). The left (capacitance) and right axis
(surface area) are scaled such that the values for the VGCF electrodes are at
the same position for both axes. All values are calculated from the mean of
two nominally identical cells (capacitance) or two nominally identical
electrodes (Kr-BET), and the error bars correspond to the minimum/
maximum values. The numbers above the bars mark the increase of the
NCM contributions to the electrode capacitance and specific surface area
compared to the ones of the pristine electrodes.

of material. Even though the areal capacitance differs between the two
electrode components, the relative increase of the contribution of the
NCM only can be compared for each of the two properties.

Upon cycling, the NCM capacitance contribution to the electrode
(blue solid bars) increases from 0.07 F/gcecrode i the pristine state
to 0.12 F/gqjectroae for the electrodes cycled to 4.1 V, corresponding
to a change by a factor of ~1.8x, consistent with the increase of the
NCM specific surface area (blue hatched bars) by the same factor,
namely from 0.22 mzlgelmr(,de to 0.40 mzlgelectmde. This suggests a
direct proportionality between capacitance and specific surface area.
When cycling to 4.8 V, the NCM contribution to capacitance and
surface area further increases to values of 0.35 F/geiecyoqe and
1.85 mzlgeleclmde, respectively, corresponding to an increase by a
factor of ~5.0x and ~8.4x, respectively, as compared to the pristine
state. The at first sight unexpected difference between these two
factors in this case could be caused by the different domain sizes
measured by the two methods: very small micropores and very thin
cracks within the (primary and/or secondary) NCM particles*s~>°
induced by the release of lattice oxygen will increase the surface
roughness on an atomic scale and will contribute to the Kr-BET
surface area (diameter of a krypton atom: ~0.2 nm) but might be too
small to be detected by the capacitance measurement (diameter of a
solvated lithium ion: ~1.0 nm), as already discussed in part I of this
study.?! The specific surface area of the PC-85 electrode of
1.85 mzlgelectmde after cycling to 4.8V corresponds to
2.05 m*/gnems Which may be compared to the Kr-BET area of an
NCMBS811 material with the same initial BET area and a similar
particle morphology, which after a few cycles to 4.5V vs. Lit/Li
also substantially increased to ~1.8 mz/gNCM.l(’ In addition, the



Journal of The Electrochemical Society, 2021 168 120501

overestimation of the CAM surface area obtained by Kr-BET could
stem from additional surface area contributed by a porous organic
surface layer on the positive electrode (often referred to as cathode-
electrolyte interphase or CED;’' the formation of such a phase
would result from the electrochemical oxidation of the solvents in
the electrolyte at high potentials8 or via chemical electrolyte
oxidation by singlet oxygen released at high SOCs'”'® and, there-
fore, lead to an overestimation of the Kr-BET surface area of the
electrode cycled to 4.8 V.

Summarizing the findings in this section, one can state that
electrochemical cycling beyond the limit of oxygen release at high
SOCs does increase the NCM specific surface area to greater extent
(~8.4-fold at 4.8V for PC-85) as compared to cycling to lower
SOCs (~1.8-fold at 4.1 V for PC-85).

Simultaneity of lattice oxygen release, capacity fading, and
surface area increase.—Since it was found by Jung et al. that the
onset of the release of lattice oxygen occurs at ~80 %SOC for
NCMs with a wide range of nickel content, i.e., that it is largely a
function of the degree of delithiation, the analysis of the cycling data
as a function of the degree of delithiation x (as in Li;_\MO,, with
M = Ni, Co, Mn) or state of charge (in units of %SOC) will provide
further insights when examining the correlation between oxygen
release, capacity fading, and capacitance increase. By the analysis of
the potential curves from NCM half-cells charged to 5.0 V vs. Li*/Li
at the essentially same mass specific current density as those used in
Fig. 4 (see Fig. A-2 in the appendix), each one of the applied upper
cutoff potentials (i.e., 3.9V, 40V, ..., 5.0V vs. Li*/Li) can be
assigned to its respective degree of delithiation x, whereby x = 1
corresponds to a specific capacity of ~275 mAh/gncm or to an SOC
of 100 %SOC. Thus, Fig. 6a shows the oxygen evolution as a
function of the SOC either in units of mAh/gncMm (upper x-axis) or in
percent (lower x-axis) with the onset of the lattice oxygen release at
~80 %SOC being marked by the dashed vertical line, whereby the
data are taken from Fig. 3a. Figure 6b is based on the specific
discharge capacity data shown in Fig. 4a, plotting the value for the
third cycle at each upper cutoff potential setpoint as a function of its
degree of delithiation x or its SOC that is expected based on the first
charge curves shown in Fig. A-2 in the Appendix (note that ideally
the difference between the actual discharge capacity and the thus
obtained x or SOC value corresponds to the irreversible capacity of
the first cycle of the NCM active material). The data of the specific
NCM capacitance shown in Fig. 4c were re-plotted analogously in
Fig. 6¢ as a function of SOC.

Below ~85 %SOC, the specific discharge capacity of the three
NCMs increases linearly, as depicted in Fig. 6b, corresponding to a
linear relation between the charge capacity (x-axis, converted from
the upper cutoff potential from the first charge curve) and the
discharge capacity (y-axis, measured for each set of three cycles
shown in Fig. 4a), indicating a stable cycling performance and,
therefore, sufficient integrity of the NCMs in this SOC range. When
the SOC exceeds the onset of lattice oxygen release by more than
~5 %SOC, the discharge capacity decreases as compared to the
linear behavior observed for upper cutoff potentials that do not lead
to delithiation degrees that are higher than ~80 %SOC. As we used
pre-lithiated LTO as counter electrode, providing a substantial
lithium reservoir, the specific discharge capacity decrease at
>80 %SOC cannot be caused by a loss of cyclable lithium in the
cell (also confirmed by the potential profile of the LTO counter
electrode vs. the reference electrode, which stays on its plateau at
1.55 V vs. Li*/Li (data not shown)), but instead must be assigned to
an NCM material loss and/or a significant overpotential growth of
the NCM working electrode. This capacity loss can be explained by
the surface reconstruction of the NCM particles into a resistive rock-
salt-type surface layer upon the release of lattice oxygen, which
according to previous studies with NCM811'*'® leads to i) a cathode
active material loss, as the layered structure is converted into an
inactive rock-salt-type phase, and ii) an increase in the cathode
impedance, caused by an increased charge-transfer resistance on the
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Figure 6. Comparison of the electrochemical characteristics of the three
NCMs plotted as a function of SOC (at the top in mAh/gncn, at the bottom
in units of %SOC corresponding to the degree of delithiation x in Li;_ MO,),
where the value for ~80 %SOC is marked by the vertical dashed line. The
relation between upper cutoff potential of the NCM electrode for the cycling
data in Fig. 4 and the SOC was extracted from the potential curves of the first
charge of the NCM half-cells charged to 5.0 V vs. Li*/Li at the essentially
identical rate of 18.4 mA/gncMm (see Fig. A-2 in the Appendix). a) Amount of
oxygen normalized to the NCM mass that is detected during a CC charge at
18.4 mA/gnem to 5.0 V vs. Lit/Li (same data as in Fig. 3b). b) Specific
discharge capacity of the cells cycled to an increasing upper cutoff potential
of the NCM electrode. The here plotted data correspond to those obtained in
the third cycle of each upper cutoff potential shown in Fig. 4a.
¢) Capacitance contributed by the NCM particles in the NCM electrodes,
normalized by their capacitance of the pristine NCM. The here plotted data
correspond to those obtained in the third cycle of each upper cutoff cathode
potential shown in Fig. 4c, whereby the NCM capacitance contribution to the
total electrode capacitance was obtained by subtracting the capacitance
contribution of the VGCF electrode (the thus obtained NCM capacitances are
normalized by the NCM mass and shown in Fig. A-1 in the Appendix). The
error bars are determined by the laws of error propagation (see supporting
information of part I of this study),? using the average capacitances and their
minimum/maximum values given by Fig. 4c.

surface of the primary crystallites, a reduced electronic conductivity
through the NCM secondary particles, or a combination of both. Due
to these effects, the maximum discharge capacity of the two
polycrystalline materials is limited to a value of ~223 mAh/gnem,
which is reached at ~4.8 V vs. Li*/Li for PC-60 (corresponding to
~93 %SOC, red curve in Fig. 6b) and at ~4.6 V vs. Li*/Li for
PC-85 (corresponding to ~89 %SOC, blue curve). Even though the
single-crystalline SC-85 has essentially the same composition as the
polycrystalline PC-85, it reaches its maximum discharge capacity
already at ~4.4 V vs. Li*/Li (corresponding to ~85 %SOC, green
curve) at a ~15 mAh/gnem lower specific discharge capacity
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(~208 mAh/gncwm), which is attributed to the difference in mor-
phology and will be discussed below in the context of Fig. 7. After
the capacity fading of SC-85 starting at ~80 %SOC, a small increase
of the discharge capacity is observed above 94 %SOC (or 4.8 V):
here, we assume that the oxygen-depleted surface layer is limited in
its thickness (and, therefore, in its resistance) due to the sluggish
solid-state diffusion of oxygen in the NCM lattice, even though the
upper cutoff potential is increased. If the growth of the surface
resistance stagnates while the driving force to (de)intercalate lithium
ions is increased, the increasing upper cutoff potential results in the
extraction of more lithium ions and in the increase the discharge
capacity for the cycles to 4.9 V and 5.0 V.

The NCM capacitance depicted in Fig. 6¢ is obtained by the
subtraction of the contribution of the inert components VGCF and
PVDF from the electrode capacitance (for details, see Figs. 4c and 5
in the previous sections and Fig. A-1 in the appendix), normalized by
its pristine value, and depicted as a function of SOC. In this
representation, the NCM capacitance of the two polycrystalline
materials increases suddenly when charged to >80 %SOC, simulta-
neously with the release of lattice oxygen and the levelling-off/drop
of the discharge capacity curve in Fig. 6b. Compared to their pristine
state, the capacitance of the PC-60 and PC-85 active materials
determined at the end of the experiment after cycling to 5.0V vs.
Li*/Li changed by ~4.2x and ~5.0x, respectively, while that of the
SC-85 active material changed by ~1.2x only, illustrating the
morphological stability of single-crystalline NCMs even at high
degrees of delithiation.

For the possible formation of an organic layer on the NCM
surface at high potential, as discussed in the previous section on the
validation by Kr-BET, no effect is visible of the capacitance
measurements of the NCMs: SC-85 shows a stable capacitance
(after the formation of a few cycles is completed, see green data in
Figs. 4 and 6) up to an upper cutoff potential of 5.0 V vs. Li*/Li,
where a significant amount of electrolyte oxidation occurs for the
here used organic electrolyte.® We believe that it would be a curious
coincidence if the effect of hypothetical particle cracking of the
single-crystalline NCM (leading to an increase in the capacitance)
and the effect of an organic surface layer on the capacitance would
cancel each other out perfectly for each measurement point at each
upper cutoff potential. Therefore, we believe that there is no impact
of a possible CEI formation on the surface-area-normalized capaci-
tance of the NCMs in this experiment.

Under the reasonable assumption that the surface-area-normal-
ized capacitance (~28 p.FNCM/cmzNCM) determined for the pristine
materials (see Table I) remains constant, the specific surface area
calculated from the capacitance (Sg;s) can be estimated for the NCM

materials at any point of the procedure. At 5.0V (cycle #36 in

Fig. 4c or in Fig. A-1), the specific surface area Sﬁfsﬁ is estimated to

be ~1.3m%gnenm for both polycrystalline materials (PC-60 and
PC-85), whereas it is only half as large for the single-crystalline
material (SC-85) that equates to 0.63 mzlgNCM. If one assumes
spherical NCM particles and takes into account the NCM crystal-
lographic density of pnem A 4.63 glem?, the specific surface areas

obtained after cycling to 5.0 V vs. Li*/Li (S{) correspond to a particle
diameter of dlf % %~ 1.0 pm for PC-60 and PC-85, and to 2.0 pm for
SC-85, when calculated from the specific surface area S by Eq. 2:

d= _6 2]

S Pnem

The fact that the estimated diameter values for the cycled
polycrystalline NCMs are still much larger than the primary
crystallite size (~0.1-0.5pum, see Fig. 2) suggests that not all
primary particles within the secondary agglomerates have been
exposed to the electrolyte after the cycling procedure to 5.0V vs.
Li*/Li. However, here one has to consider that the capacitance
measurements are taken in the fully lithiated state of the NCM
particles, where initially formed cracks between the primary

particles might be sealed again; such a phenomenon was observed
for polycrystalline NCM811, which after a few cycles to 4.5V vs.
Li™/Li had a Kr-BET area of ~1.8 m*/g in the fully lithiated state
and ~3.2 m2/g in the charged state.'®

To summarize the findings in this section, we were able to show
that capacity loss and lattice oxygen release occur simultaneously
above ~80 %SOC for the three different NCM materials, indepen-
dent of their composition and morphology. Furthermore, the lattice
oxygen release also induces a sudden increase in the specific surface
area of polycrystalline NCMs, whereas the morphology of the
single-crystalline materials seems to be maintained, as inferred from
in situ capacitance measurements.

Capacity loss in dependence of the NCM particle mor-
phology.—When cycled to high state of charge, the observed
capacity of SC-85 (207 mAh/gnyem at 4.5V in cycle #21, see
Fig. 4a or Fig. 6b) is significantly diminished when compared to
PC-85 (222 mAh/gncem), and since these materials have the identical
composition, the observed difference must stem from the difference
in particle morphology. To illuminate this effect further, the
potential curves of charge and discharge as well as the respective
specific differential capacity curves (often referred to as dg/dV plot)
are presented in Fig. 7, both extracted from the electrochemical
cycling data shown in Figs. 4 and 6.

During cycle #9 with an upper cutoff potential of the NCM
electrode of 4.1 V vs. Li*/Li, which corresponds to ~69 %SOC and
is thus still below the onset potential of the lattice oxygen release for
both PC-85 and SC-85 (detected at 4.23V or ~80 %SOC), the
potential curves (see Fig. 7a) and the specific differential capacities
(see Fig. 7b) coincide, yielding the same discharge capacity of
186 mAh/gNCM.

In contrast, after three cycles to 4.5V vs. Li*/Li (cycle #21,
corresponding to ~89 %SOC), the features of the potential curve of
the single-crystalline SC-85 material (green), shown in Fig. 7c, are
not only shifted to lower capacities by ~15 mAh/gncm as compared
to PC-85 (blue), e.g., when comparing the position of the plateau at
~4.2V, but the entire curve also shows a ~40mV higher over-
potential as compared to PC-85, which can also be seen by the shift
of all dg/dV features of SC-85 during both charge and discharge (see
Fig. 7d). Furthermore, the capacity which is contributed during the
H2-H3 phase transition (marked by the plateau in Fig. 7c or the peak
in Fig. 7d at ~4.2 V) is significantly smaller for the single-crystalline
SC-85 material. When increasing the upper cutoff potential of the
NCM electrode to 4.8 V vs. Lit/Li (cycle #30, ~94 %SOC), these
differences between the poly- and the single-crystalline
NCM increase: the potential curve of SC-85 is shifted by
~20 mAh/gnem to lower capacities and it has a ~100 mV higher
overpotential for both charge and discharge as compared to the
PC-85 material (see Fig. 7e), which becomes clear when comparing
the shift of the dg/dV features (see Fig. 7f); at the same time, the
H2-H3 feature disappears almost completely for the charge of the
SC-85 material. Overall, a loss of the discharge capacity of
24 mAh/gneMm is observed for SC-85 (196 mAh/gnenm) as compared
to PC-85 (220 mAh/gnem)-

When cycled to 4.8V vs. Li*/Li in cycle #30, a potential
difference of ~210mV 1is observed between the charge and
discharge curve at 137.5 mAh/gncem (corresponding to ~50 %
SOC) for SC-85 in Fig. 7e, whereas only ~60 mV or ~30 % of the
value of SC-85 are detected for PC-85. If we assume that the
overpotential for charge and discharge are identical for the SC-85
material (i.e., ~105mV), this corresponds to a mass specific
electrode resistance of ~4.9 (2-gneom When considering the applied
current of 21.4mA/gncm; for the given NCM loading of
8.7 mgNCM/cmzelectmde, this translates to a very large areal resistance
of ~0.56 kQ-cm™jecrroge- At the current state, we assign this
resistance to the NCM charge-transfer reaction, which is signifi-
cantly hindered by the formation of an oxygen-depleted surface
layer. A similar resistance increase of an oxygen-depleted surface
layer was previously shown by Pritzl et al., inducing the oxygen
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release and the subsequent resistance increase through washing and
heating.>* In principal, the difference in overpotential of PC-85 and
SC-85 and the subsequent capacity loss could stem from the
difference in morphology, as, according to the above analysis of
the capacitance data, the polycrystalline PC-85 material provides a
~2-fold higher specific surface area as compared to the single-
crystalline SC-85 when charged to high SOCs (~1.3 m*/gncwm VS.
~0.63 mz/gNCM, as discussed above): at a ~2-fold higher specific
surface area and at the same applied specific current (in units of
mA/gnem), the surface-area-normalized current density (in units of
mA/mzNCM) for the polycrystalline PC-85 material would be ~50 %
lower; this appears as a ~2-fold lower charge-transfer resistance and
thus a ~2-fold lower overpotential for PC-85, assuming that the
surface and bulk properties of the two NCM851005 materials with
regards to the (de)lithiation kinetics are the same. Here, however, it
must be considered that the exposed NCM surface area for a
polycrystalline NCM can be up to ~2-fold larger in its delithiated
state compared to its lithiated state in which the capacitance
measurements were made, as demonstrated for a polycrystalline
NCMS11 by means of Kr-BET.'® If this were to apply also to the
here used PC-85 material, which has the same particle morphology
as the NCM811 material of the latter study, it would predict an up to
~4-fold higher surface area. As the total charge-transfer resistance
of an active material scales inversely with its total active material
surface area, the resistance and, therefore, the overpotential is
increased ~4-fold at the same specific current for the single-
crystalline SC-85 as compared to the polycrystalline PC-85 material.
Within this uncertainty, the observed differences in overpotential
between the PC-85 and the SC-85 material could be explained
entirely by the differences in exposed surface area.

Furthermore, the suppressed H2-H3 phase transition of SC-85,
seen in Fig. 7f at ~4.2-4.3 V, might be caused by a mechanism
mainly occurring at high SOC: Xu et al.>* showed that the lattice
mismatch of the layered bulk structure and the oxygen-depleted
(rock-salt-type) surface layer hinders the development of the H3
phase in the bulk of the primary particles and, therefore, the
extraction of lithium above ~75 %SOC. This lattice mismatch,
which occurs only at high SOCs, induces an additional kinetic
hindrance of the H2-H3 phase transition in the NCM during charge.
Due to the ~4-fold lower surface area of the single-crystalline
material as well as its respectively larger primary crystallite size, this
effect might emerge to a higher extent for SC-85, limiting the
capacity obtained from the H2-H3 phase transition at ~4.2-4.3 V. In
discharge, however, the H2-H3 phase transition of SC-85 delivers a
similar (differential) capacity as the one of PC-85, which can only be
explained by the higher charge capacity of SC-85 above 4.3V
(30 mAh/gnem for SC-85 between 4.3 V and the end of the CV hold
at 4.8 V as compared to 19 mAh/gncm for PC-85, see Fig. 7e), as
also the differential charge capacity of SC-85 above 4.3V is
permanently increased as compared to the one PC-85 (see Fig. 7f).
This observation shows that the H2-H3 phase transformation of
SC-85 does take place when cycled to 4.8V vs. Li*/Li but is
kinetically hindered during charge (i.e., during delithiation), which is
why the H2-H3 feature in the dg/dV is diminished while its capacity
is delivered at higher potentials.

In the end, the combination of the ~4-fold higher overpotential
caused by the difference in surface area as well as the suppressed
H2-H3 transition enhance the loss of discharge capacity for the
single-crystalline SC-85 material when cycled to high SOC.
However, one should note that in actual commercial battery cells
with single-crystalline NCMs such high cathode potential cutoffs of
4.8 V vs. Li*/Li would not be used for nickel-rich NCMs, so that the
here observed very large increase in overpotentials and the asso-
ciated large capacity losses would not be observed. The effect of the
morphology on the long-term cycling performance of the here used
materials in full-cells will be discussed in an independent publica-
tion.

Based on the results of this section, we conclude that stable
cycling of conventional NCMs is limited to degrees of delithiation
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Figure 7. Comparison of the (dis)charge curves of PC-85 (blue) and SC-85
(green). The potential curves, showing the NCM potential vs. Li*/Li as a
function of the specific capacity, were extracted from the electrochemical
cycling data shown in Fig. 4, here depicted in separate panels for the third
cycle to a) 4.1V (#9), ¢) 4.5V (#21), and e) 4.8 V (#30). The respective
specific differential capacity (often referred to as dg/dV plot) as a function of
the NCM potential, derived from the potential curves, is presented in
separate panels for the same cycles to b) 4.1 V (#9), d) 4.5 V (#21), and f)
4.8 V (#30). Here, the charge is shown on the positive x-axis (left half of the
right panels) and the discharge on the negative one (right half); also, the
x- and y-axis are switched as compared to the conventional representation for
an easier comparison with the potential curves. Distinct redox features or
phase transitions appear as peaks, corresponding to plateau-like regions in
the potential profiles. The NCM potential was calculated from the full-cell
potential, based on the potential of 1.55 V vs. Li*/Li of the pre-lithiated,
capacitively oversized LTO which was used as counter electrode.

<85 %SOC, independent of their composition or morphology.
However, single-crystalline NCM particles having a concentration
gradient of the transition metals (as previously reported for poly-
crystalline NCMs)**> with a nickel-rich core (e.g., a nickel content
of >85 %) and a surface layer region with a lower nickel content
(e.g., 60 % nickel) could circumvent this limit: if such a material
could be synthesized, and if it cycled without cracking of the
primary crystallites (not exposing the nickel-rich core to the
electrolyte), one could delithiate this material to an upper cutoff
potential of 4.50 V (stability limit of NCM622 at ~80 %SOC or
220 mAh/gncemena, see Figs. 3 and A-2); in contrast, the nickel-rich
core would have delivered 240 mAh/gncmssioos (for NCM851005,
87 %SOC of its theoretical capacity, see Fig. A-2) or 257 mAh/g; no
(for LNO, 93 %SOC)® at this potential, which could increase the
provided cathode energy density in future lithium-ion batteries by
~10 % or even up to ~17 %, respectively.

Mechanisms causing the surface area increase.—In the fol-
lowing, possible reasons for the surface area increase observed for
the polycrystalline NCMs occurring simultaneously with the oxygen
release at high SOC are discussed:

® The capacitance increase of the polycrystalline NCMs, asso-
ciated with an increase in specific surface area (proven by Kr-BET
measurements), could be caused by the cracking of the primary
crystallites upon the release of lattice oxygen. It has been reported
that the delamination/exfoliation of the layered NCM structure might
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Table I. Overview of the experimental results. Pristine NCM and VGCF-only powders/electrodes: specific surface areas of the material powders

measured by Kr-BET (Sgrt) and respective particle diameters d, (calculated from Sggt), specific NCM and VGCF electrode capacitance (measured
by EIS, from Fig. 4c), specific NCM capacitance contribution to the electrodes (from Fig. A-1 in the Appendix), and surface-area-normalized
capacitance of NCMs or VGCF (normalized by Sggr). Electrodes cycled to 5.0 V vs. Li*/Li (cycle #36): specific electrode capacitance (measured by

EIS, from Fig. 4c), specific NCM capacitance (from Fig. A-1 in the Appendix), specific surface area (SE36) calculated from the specnﬁc NCM
capacitance and the surface-area- normalized capac1tance of the pristine electrodes, NCM particle diameter (d 36 calculated from SEIS’ and specific
surface area change (comparing Sgrr and SFIS) Also shown are the specific amounts of oxygen (O,) and carbon dioxide (CO,) as well as their sum
(0,+CO,) detected by OEMS during a charge to 5.0 V and normalized by the NCM mass (from Fig. 3), from which the fraction of NCM converted
from a layered structure to a rock-salt-type reconstructed surface phase (y) and the respective layer thickness (d;) were calculated.

Electrode material Units PC-60 PC-85 SC-85 Units VGCF only
Specific surface area St m’nem/Enem 0.32 0.27 0.51 m?yGer/gveer 12.4

.QS’ Particle diameter d,, (from Sggt) pm 4.0 4.8 2.6 - -

é Specific electrode capacitance Flgeiectrode 0.12 0.11 0.17 F/getectrode 043
Specific material capacitance Fnem/gnem 0.09 0.08 0.14 FyvGer/gvaer 0.54
Surface-area-norm. capacitance uFNCM/cmZNCM 27 29 28 pLFVGCp/cmZVGCF 4.4

g Specific electrode capacitance F/getectrode 0.37 0.39 0.20

:i‘; Specific NCM capacitance Fnem/gnem 0.36 0.38 0.17

2, Specific surface area Sf m’Nem/gnem 1.34 1.33 0.63 -

_3/ Particle diameter ds‘ 3 (from Sf36) pm 1.0 1.0 2.0

é Specific surface area change - 4.2x 5.0x 1.2x

:? Detected specific O, amount pumolo,/gyem 5.4 11.7 2.5

g Detected specific CO, amount pmol o, /gnem 64.1 195.2 114.0

Z Detected specific O,+CO, amount pmoly, | co,/8nem 69.5 206.9 116.6 -

v Oxygen-depleted fraction y - 0.013 0.040 0.023

z Rock-salt-type layer thickness d; nm 1.0 3.0 3.6

be favored by the formation of a rock-salt-type phase which initiates
the delamination of the layers either from the surface, from the bulk,
or from nanopores of the primary crystallites.*>% Since the
capacitance of the single-crystalline SC-85 material only changes
by a factor of less than ~1.4x, which could be explained by cracking
of the interfaces between the large single-crystals (see Fig. 2¢), a
significant contribution from the cracking of the primary crystallites
to the capacitance increase of the polycrystalline NCMs (with
numerous primary crystallites forming secondary agglomerates)
upon lattice oxygen release seems unlikely. However, it must be
noted that the cells are cycled in this experiment for 36 cycles only,
all at rather slow rates and only at 25 °C. As an accelerated
degradation of the cell performance is typically observed during
long-term cycling at higher rates and elevated temperatures, the
potential cracking of the primary crystallites under harsher condi-
tions can occur and has indeed been observed.””>®

® Under the here examined conditions, an irreversible opening of
the void spaces between the primary crystallites seems to be more
likely than the cracking of the primary particles. Here, it has to be
noted that the capacitance is measured in the discharged state only,
therefore, tracking only irreversibly opened pores; it was observed
previously that small cracks are able to re-seal upon lithiation.'®>°
Upon the release of lattice oxygen, the near-surface region of the
NCM nparticles reconstruct into an oxygen-depleted surface layer
around each of the primary crystallites that are exposed to the
electrolyte.'* This phase, often reported to be a rock-salt-type
phase,’” has a primitive cell volume which is significantly reduced
as compared to the layered structure. For LNO, being similar to the
nickel-rich NCMs, the primitive cell volume decreases by 54 %
when the structure is converted from LiNiO, (V = 39.3 A%)%7:6! (o
NiO (V = 18.2 A%),%%%% a much larger volume chan%e compared to
that which occurs upon (de)lithiation (only ~9 %).”°' Through this
reduction of the material volume upon surface reconstruction,
mechanical stresses are likely induced that lead to crack formation
between the primary particles, which in turn leads to the penetration

of the secondary agglomerates by the electrolyte and to the here
observed increase of the capacitance and the Kr-BET.

¢ Finally, the released lattice oxygen partially reacts with the
organic electrolyte components, forming protic species by the
chemical oxidation of, e.g., ethylene carbonate (EC).*'”'® Lithium
compounds like lithium carbonate and lithium oxide that may have
remained on the surface of the primary crystallites from the
synthesis, would then be chemically decomposed by the protons in
the electrolyte, exposing the primary cirtystalhtes and increasing the
surface area of polycrystalline NCMs.?

From the presented data, we expect a combination of the latter
two mechanisms to cause the surface area increase at high state of
charge. The apparent surface area increase observed for polycrystal-
line NCMs might give rise to capacity fading in full-cells, caused by
loss of electronic contact in the secondary agglomerate]4 6465 as well
as by enhanced side reactions, including gas evolution,” electrolyte
oxidation,® proton generation * transition metal dissolution with
subsequent deposition on the anode leading to additional SEI growth
and loss of cyclable lithium,'??%% as well as loss of active
material."* For commercial cells, single-crystalline materials with
an appropriate particle size are expected to provide an improved
long-term performance, as they maintain their specific surface area
upon cycling.

Estimation of the thickness of the oxygen-depleted surface
layer.—Even though the pristine specific surface area of the SC-85
material (0.51 mZ/gNCM) is larger as compared to PC-85
0.27 m2/gNCM), smaller amounts (~50 %) of molecular oxygen (O,)
and carbon dioxide (CO,) are detected for the former (see Fig. 3). This
can only be explained through a significant surface area increase of PC,
if one assumes a similar film thickness of the oxygen-depleted surface
layer, what seems reasonable based on the identical NCM composition.
As the surface area increase of polycrystalline NCMs at high state of
charge (see Fig. 6) has not been considered for the estimation of the



Journal of The Electrochemical Society, 2021 168 120501

oxygen-depleted surface layer thickness, previous studies may have
significantly overestimated its thickness. With the precise in situ
quantification of the specific surface area of the NCM particles, a
more reliable value for the oxygen-depleted surface layer thickness is
now provided based on the detected amounts of O, and CO,.

In contrast to the O, evolution, the generation of CO; is not only
caused by the release of (singlet) oxygen and its chemical reaction
with the electrolyte, but also partially by the decomposition of
Li,COj3 and the electrochemical oxidation of electrolyte components
at 5.0V vs. Li*/Li, prohibiting to discriminate the CO, amounts
caused by the release of lattice oxygen from the other mechanisms.
By taking the sum of the amounts of O, and CO, (in units of
pmoly, , o,/8ncm) released at 5.0 V to represent the total amount of
released lattice oxygen, an upper limit of the released lattice oxygen
and, hence, of the thickness of the oxygen-depleted surface layer can
be determined. As shown in Fig. 3 and summarized in Table I, the
total amounts of the evolved gases are 69.5 pmoly, | co,/8nem

for PC-60, 2069 pmoly,, co,/gnem  for  PC-85,  and
116.6 pmoly, | co,/8yem for SC-85. If the surface reconstruction of

the layered structure to a rock-salt-type phase occurs according to
the following reaction,

Lii_MO; — (1-y) Li1-sMO, + y MO + % 0, (3]

0.5 molp, are released per 1 molycm that is reconstructed into a
rock-salt-type phase. From Eq. 3, together with the above assump-
tion that the actual amount of released lattice oxygen is represented
by the sum of detected O, and CO, (0.5 molg,co,), the fraction y of
the NCM material that was converted to a rock-salt-type surface
layer can be calculated from the ratio of the detected gas amounts
(in pmolg, | co,/8venm) and the gas amounts calculated for a complete
conversion to a rock-salt-type phase (0.5 molg,+co,/molxcm), taking
into account the NCM molar mass (Mncm = 96.9 gnem/molnem for
PC-60 and 97.5 gnem/molnenm for PC-85 and SC-85).

For PC-60, the observed 69.5 pmol, , -o,/gxcy correspond to a

converted fraction y = 0.013, whereas values of 0.040 and 0.022 are
obtained for PC-85 and SC-85, respectively. As previously done by
Jung et al. using a spherical approximaltion,3 the thickness of the
oxygen-depleted surface layer d; can be estimated by Eq. 4, taking
the ratio of the volume of the entire particle (V,,) and the one of the
oxygen-depleted layer (V)):

L Vi1 (@) = @y — d)?)
y= b= P [4]
046V, ~ 0.46 d;

Here, the estimated particle diameter d1f36 of the three NCMs at

5.0V (see Table I) is taken into account as well as the required
correction factor of 0.46 which considers the volume difference of
Li;_:MO; and MO, as, e.g., for LNO (as the lattice parameters for
rock-salt-type phase of the various NCMs are not available), the
primitive cell volume of the rock-salt-type phase is only 46 % as
compared to the one of the layered phase (see discussion above). For
PC-60, a rock-salt-type layer thickness of the exposed primary
crystallites of 1.0nm is obtained when charged once to 5.0V,
whereas for PC-85 and SC-85, both having a higher nickel content,
similar film thicknesses of 3.0nm and 3.6nm are estimated,
respectively. Hereby, one should note that the film thicknesses of
the polycrystalline NCMs would be overestimated by a factor of
4.2x or 5.0x, respectively, if the surface area increase at high SOC
would not be taken into account. We believe that the increased film
thickness of PC-85 and SC-85 as compared to PC-60 is caused by
the increased nickel content, destabilizing the layered structure due
to the high reactivity of Ni*T, as this has been assigned multiple
times to, e.g., a decreased thermal stability as well as an increased
reactivity towards moisture.*°"*"*° Further, a higher solid-state

diffusion of oxygen in the structure of layered oxides with a higher
nickel content could lead to more lattice oxygen being released upon
delithiation to high SOC, what has not yet been reported to the best
of our knowledge.

In summary, we were able to calculate the thicknesses of the
oxygen-depleted surface layer, which were larger for NCMs with a
higher nickel content and similar for NCMs with the same NCM
composition, independent of the particle morphology when the gas
amounts detected by OEMS were normalized to the surface area
obtained by the capacitance measurements upon cycling.

Conclusions

The correlation of oxygen release, capacity fading, and particle
cracking was investigated as a function of state of charge for three
nickel-rich NCMs, differing either in composition (i.e., in transition
metal ratio) or in morphology (i.e., in primary crystallite size of the
poly- and single-crystalline NCMs). First, the onset of the release of
lattice oxygen was observed at ~80 %SOC by OEMS, independent
of the nickel content. In electrochemical cycling experiments, during
which the NCM electrode capacitance was tracked by EIS while the
upper cutoff potential was increased every third cycle stepwise from
39V to 5.0V, a fading of the discharge capacity occurred at high
degree of delithiation when the onset of oxygen release was
exceeded by ~10 %SOC. Simultaneously, the specific surface area
of the polycrystalline NCMs increased suddenly at high SOC to
more than 400 % of the pristine one, which was determined by the
capacitance extracted from the impedance spectra using a micro-
reference electrode (u-RE) and validated through Kr-BET measure-
ments of cycled electrodes. In contrast, the specific surface area of
the single-crystalline NCM changed by less than 40 %, even after
complete delithiation, highlighting the morphological stability of
single-crystalline cathode active materials.

The lower specific surface area retained by the single-crystalline
material upon cycling, however, enhanced the detrimental effect of
the resistive oxygen-depleted surface layer formed upon release of
lattice oxygen, leading to lower discharge capacities at high SOC
compared to the polycrystalline materials. Owing to the morpholo-
gical integrity of the crystallites of the single-crystalline NCM, its
long-term cycling performance in full-cells with commonly used
upper cutoff potentials, however, is expected to be improved, as the
side reactions that consume cyclable lithium are diminished due to
its lower specific surface area upon cycling. From the detected
amounts of evolved gases and the determined specific surface areas,
the thickness of the reconstructed rock-salt-type surface layer was
estimated to be ~3-4nm for NCMS851005, independent of the
particle morphology, and ~1 nm for NCM622. To enable a broader
accessibility of this powerful and non-destructive impedance-based
method tracking the NCM particle cracking in situ, a simplified cell
setup — without reference electrode and without the need for a pre-
lithiated LTO electrode — will be introduced in part III of this study.
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Figure A-1. Specific NCM capacitance of PC-60 (red), PC-85 (blue), and
SC-85 (green) as working electrodes (in units of Fxcpm/gnem) as a function of
cycle number, calculated from the specific electrode capacitance in Fig. 4c
by subtracting 1/10™ of the contribution of the VGCF electrode (0.1x of
0.43 F/gcjectrode) and subsequently normalized by the NCM mass. The
horizontal dashed lines indicate the pristine NCM capacitance value of
each of the three NCM materials before the conditioning step (#0), whereas
the vertical dashed lines mark the cycle at which ~80 %SOC (extracted from
Fig. 3) are exceeded for each of the three NCMs (4.50 V for PC-60, and
4.23 V for PC-85 and SC-85), marking the onset of the release of lattice
oxygen observed in Fig. 3. The error bars are determined by the laws of error
propagation (see supporting information of part I of this study),”' using the
average capacitances and their minimum/maximum values given in Fig. 4c.

Appendix

To be able to quantify the relative increase of the capacitance of
the NCM materials only, the contribution of the inert electrode
components VGCF and PVDF are excluded: therefor, 1/10™ of the
VGCF electrode (0.1x of 0.43 F/gejcctroqe) Was subtracted from the
electrode capacitance values for each NCM material and cycle
number (both shown in Fig. 4c). The obtained NCM capacitance (in
units of Fyem/Eelectrode) Was normalized by the NCM mass in the
electrode (resulting in units of Fxcwm/gnem)s considering that the
NCM content in the electrode is 90 wt% (mncv = 0.9-Mejectrode), and
depicted as a function of cycle number in Fig. A-1.

To allow for a better interpretation of the cycling data in Fig. 4
showing the specific discharge capacity and the specific electrode
capacitance as a function of cycle number with increasing upper
cutoff potentials of the NCM electrode, the latter was converted into
the respective degree of delithiation (x in Li; ,MO,, with M = Ni, Co,
Mn) or state of charge (SOC), with the resulting plot being depicted in
Fig. 6. For this conversion, the required relation between upper cutoff
potential (i.e., 3.9V, 4.0V, ..., 5.0V vs. Li*/Li) and the SOC was
extracted from the potential curves of the first charge for each of the
three NCMs under the essentially identical charging current, which
are shown in Fig. A-2.
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Figure A-2. Potential curves of the first charge of the three NCMs as a
function of the specific charge capacity (in units of mAh/gncwm at the top) or
state of charge (in %SOC at the bottom, corresponding to the degree of
delithiation x in Li; \MO,), respectively. Cells were assembled with PC-60
(red), PC-85 (blue), or SC-85 (green) as working electrodes in T-cells with
90 pl LP57, and lithium metal as counter electrode and reference electrode
(with three glass fiber separators, two placed between the working and the
counter electrode as well as one toward the reference electrode). Controlled
by the reference electrode potential, the NCM electrodes were charged at
25°Cto 5.0 V vs. Li*/Li at a current of 18.4 mA/gncy (corresponding to a
C-rate of C/15 when referenced to the theoretical capacity of
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3 Monitoring Particle Cracking by In Situ Impedance Spectroscopy

3.3 Development of a Simplified Measurement
Setup

The article ”Novel Method for Monitoring the Electrochemical Capacitance by In
Situ Impedance Spectroscopy as Indicator for Particle Cracking of Nickel-Rich NCMs:
Part III. Development of a Simplified Measurement Setup” was submitted to the peer-
reviewed Journal of the FElectrochemical Society in March 2022 and published online
in May 2022 [205]. It is available as an open-access article and distributed under
the terms of the Creative Commons Attribution Non-Commercial No Derivatives 4.0
License. A permanent link to this article can be found under https://doi.org/10.1149/
1945-7111/ac67b3. The main findings of this paper were presented by Stefan Oswald
in an oral presentation as Paper #A02-0368 at the 241%* Meeting of the Electrochemical

Society in Vancouver, Canada, in June 2022.

As the impedance-based approach developed in Chapter 3.1 relies on an intricate setup
using a GWRE as well as a pre-lithiated LTO counter electrode, what limits the broad
application of the method, this article deals with the stepwise simplification thereof. It
is found that the capacitance of the working electrode can be determined even without
GWRE if the impedance of the counter electrode (in particular, at 180 mHz) is neg-
ligible as compared to the one of the working electrode in blocking conditions. This
prerequisite is typically fulfilled by counter electrodes based on active materials such
as graphite, LTO, and LFP, which are required to be capacitively oversized and par-
tially lithiated to allow for the full lithiation of the working electrode. Even though
lithium-metal electrodes exhibit an impedance contribution to the entire cell which
cannot be neglected, the impedance of lithium at 180 mHz is more than 10x smaller
as compared to the NCM in fully lithiated state. Therefore, the capacitance of the
NCMs can be determined in standard coin cells without p-RE when choosing a suitable
counter electrode. The use of half-cells, however, is limited to ~10 charge/discharge
cycles since the lithium-metal counter electrode affects the capacitance of the NCM
electrode, what is attributed to cross-talk phenomena. Finally, it could be demon-
strated that the impedance-based capacitance determination does not require the use
of an impedance analyzer but that, by implementing a sine-like current perturbation
of 180 mHz, the capacitance can be extracted by a single-point impedance using a
standard battery tester without explicit impedance capabilities. Through these sim-
plifications, the surface area changes of NCMs upon cycling can be determined by

implementing a single-point impedance into the standard testing protocols of coin
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half-cells at battery cyclers.

A variety of literature articles have reported the beneficial nature of a customized
morphology or microstructure (i.e., the size and shape of the primary crystallites) on
the (chemo)mechanical stability of NCM particles [171, 172, 180, 253, 257, 258]. Other
approaches to preserve the morphological integrity include the doping (using elements
such as Al, B, and W) and coating/infusion of the CAMs by other elements/materials
(e.g., by LisPOy) [171, 172, 175, 255, 259, 260]. The evaluation of the success of this
approach is typically based on the visual analysis by FIB-SEM. The here developed
simplified method provides a convenient tool, which allows for the quantitative eval-
uation of the impact of the synthesis conditions on the (chemo)mechanical stability
during operation. Exemplarily, Riewald et al. demonstrated through this approach
that the irreversible capacity of LNO in the first cycle scales with the LNO capaci-
tance and is thus directly linked to the exposed surface area and the size of the primary
crystallites, resulting from the synthesis conditions [91, 92]. Due to its simplicity, the
method also enables the large-scale screening of the effect of cycling conditions (e.g.,
operation temperature, applied C-rate, and upper cutoff potential) on the surface area
changes of newly developed CAMs and can serve as quality management tool in CAM

production.
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As the optimization of the electrochemical performance of lithium-ion batteries by the adjustment of the composition of the
cathode active materials (CAMs) has come to a limit, the focus has shifted to the modification of the morphological aspects.
However, new methodologies for the quantification of characteristics such as particle size, particle cracking, and surface area
change are needed. A previously reported impedance-based method allows for monitoring the capacitance of CAMs in the positive
electrodes as indicator for their surface area but relies on a sophisticated cell setup. In this study, we deduce a stepwise
simplification of the capacitance measurements from the setup using a gold-wire reference electrode to a conventional coin half-
cell setup, which is commonly used in industry as testing platform for the initial benchmarking of newly developed CAMs.
Additionally, it is shown that the CAM capacitance does not have to be extracted from a full impedance spectrum that requires an
impedance analyzer, but that it can be obtained solely from a low-frequency single-point impedance measurement, which can be
performed with a simple battery cycler. The working principle of this approach is validated using four different cell and
electrochemical test hardware configurations (potentiostat, battery cycler) over several charge/discharge cycles.
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As many technical challenges of the 21st century center on cheap
and efficient energy storage, the demand for lithium-ion batteries
(LIBs) is not expected to stop soon. LIBs provide a good trade-off
between energy and power density, efficiency, safety, and cost.' The
limitation in energy density as well as the lion’s share of cost (~50 %)
of such a battery still lie in the cathode active material (CAM).7*
Currently, layered lithium transition metal oxides (LiMO,) are the
most widely used CAMs for transportation applications. For NCM
(Liy+sNi,Co,Mn,0,, x+y+z+6 = 1, and 0 < 6 < 0.01), a
representative of commercially used CAMs, the transition metal ratio
has been adjusted towards higher nickel contents, providing more
specific capacity at a fixed cutoff potential, while decreasing the raw
materials’ cost due to the reduced cobalt content.”

However, the optimization of cell performance through the
composition has come to a limit, as recent reports on newly developed
and implemented CAMs with an ultra-high nickel content have
repeatedly crossed the mark of 90 mol% nickel.””"' More innovative
approaches pursue the modification of the particle morphology, which
often include the tailoring of the primary crystallite size as well as of
their shape and arrangement in secondary particle agglomerates.'>'¢
This approach targets to diminish the various side reactions and
degradation mechanisms that frequently scale with the CAM surface
area, such as the electrochemical electrolyte oxidation at elevated
potential (>4.5 V1.),'7 the chemical electrolyte oxidation by released
lattice oxygen,'®? the formation of a resistive oxygen-depleted
surface layer,23’26 as well as the dissolution of transition metals
(and their subsequent re-deposition on the anode).”’' Due to the
anisotropic change of lattice parameters and the resulting change in
unit cell volume upon (de)lithiation, mechanical fracture of the
secondary particle structure occurs, leading to an increase of the
interface area between CAM and electrolyte, which is therefore much
higher during cell operation as compared to the pristine state.>>>~%

~These authors contributed equally to this work.
*Electrochemical Society Student Member.
**Electrochemical Society Fellow.

“E-mail: Stefan.Oswald @tum.de

The combination of these factors heavily influences the long-term
cycling stability of actual cells.'*26:37:38

Therefore, the morphology and the accessible surface area has
become a more and more important characteristic and descriptor for
CAMs. So far, however, the morphological changes upon cycling
are investigated mainly by means of post mortem analyses. For the
analysis of cycled electrodes, typical approaches include the non-
quantitative scanning electron microscopy and transmission electron
microscopy of cross sections prepared by focused-ion beam milling
(FIB-SEM/-TEM)'%3*! a5 well as the surface area determination
via (Kr-)BET.?>23442 A[] of these are tedious and destructive, and
a convenient tool for in situ CAM surface area tracking upon cycling
is required.

Recently, a non-intrusive in situ impedance-based method has
been reported, which monitors the CAM’s capacitance as indicator
for its electrochemically active surface area and can be directly
included into the electrochemical cycling procedure.>**® However,
this requires a rather sophisticated and intricate Swagelok T-cell
setup with a micro-reference electrode (u-RE; e.g., a gold-wire
reference electrode (GWRE)™) as well as an impedance analyzer.
Thus, it is not well suited neither for the use in an industrial setting
(e.g., by CAM developers) nor for high-throughput screening, which
is typically needed in material development.

In this study, we deduce a stepwise simplification of the
capacitance measurements from a p-RE setup to a conventional
coin half-cell setup, which is the most used testing platform in
industry for the benchmarking of new active materials. Additionally,
it is shown that the capacitance does not have to be extracted from a
full impedance spectrum provided by an impedance analyzer, but
that it can be obtained solely from a low-frequency single-point
impedance measurement, which can be performed with a conven-
tional battery cycler without impedance capability.

Experimental

Electrode preparation.—For cell cycling, NCM electrodes
were prepared from polycrystalline NCMS851005 powder
(L} 01Nig85C00,10Mn 0502, 0.2 m’ger/gnem (determined by N»-BET),
BASF SE, Germany). To avoid contamination of the material by
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Table I. Overview of the four cell and test hardware configurations used for cell cycling studies of the NCM working electrodes, stating: the
abbreviated label specifying a given configuration, the cell type, the type of counter electrode, how the impedance was measured and whether
acquired as cell or as NCM cathode impedance, as well as the type of test hardware. Coin cells were assembled with 95 ul LP57 electrolyte and one
glass fiber separator; T-cells with a u-RE (GWRE) were assembled with 60 ul LP57 electrolyte and two glass fiber separators.

Label Cell type Counter electrode Measured impedance Test hardware
Znem-LTO-B T-cell w. u-RE43 pre-lithiated LTO NCM (spectrum) Biologic
Zcen-LTO-M Coin cell pre-lithiated LTO cell (180 mHz point only) Maccor
Zcen-Li-B Coin cell lithium metal cell (spectrum) Biologic
Zcen-Li-M Coin cell lithium metal cell (180 mHz point only) Maccor

moisture, all steps were performed in a dry room (at a room temperature
of 20 °C and a dew point below —40 °C). The NCM powder was mixed
at a mass ratio of 94:3:3 with conductive carbon (C65, carbon black
SuperC65, 64 m’ger/g, TIMCAL, Switzerland) and polyvinylidene
difluoride (PVDF, Solef5130, Solvay, Germany) as well as
N-methyl-2-pyrrolidone (NMP, anhydrous, BASF SE, Germany) at a
solid content of 61 wt% in a planetary centrifual mixer (ARE250, Thinky
Corp., Japan). In a first step, C65, PVDF, and NMP were mixed for
30 min before the NCM powder was added and mixed for a subsequent
10 min.

The slurries were coated onto aluminum foil (20 um, Nippon,
Japan) with a box-type coater (wet-film-thickness: 100 pm, width:
6 cm, Erichsen, Germany) using an automatic coating table (5 mm/s,
Coatmaster 510, Erichsen, Germany). All electrode sheets were then
dried in a vacuum oven at 120 °C for 12 h before being calendered to a
target value of 3.0 gnem/cm?® (corresponding to an electrode thickness
of 24 pm and a porosity of 32 %), using a laboratory calender (CAS,
Sumet, Germany) with non-heated rolls (i.e., at room temperature) and
a line pressure of 30 N/mm. Cathode working electrodes (WEs) with a
diameter of 11 mm and 14 mm were punched out, having a loading of
75+ 1.0 mgNCM/cmZWE (the CAM loading of individual electrodes
was determined with an accuracy of +0.01 mgNCM/cm2WE). For the
counter electrodes, LTO (LisTi50,,) electrodes with a diameter of
11 mm and 15 mm were punched out from commercially available
LTO electrode sheets (LTO on aluminum, 3.5 mAh/cm? Custom
Cells, Germany). All electrodes were vacuum-sealed and transferred
without further exposure to air to an argon-filled glove box (<1 ppm
0O, and H,0, Jacomex, Germany) where all cells were assembled.

Cell assembly.—In preparation of the cycling experiments,
capacitively oversized LTO electrodes (3.5 mAh/cm? @ 11 mm
for Swagelok T-cells and @ 15 mm for CR2032-type coin cells)
were pre-lithiated in coin cells to a state of charge (SOC) of
~10 %SOC, using a single glass fiber separator (@ 17 mm, 675 pm
nominal thickness, GF/D, VWR, Germany), 95 pl of LP57 electro-
Iyte (1 M LiPF¢ in EC:EMC 3:7 w/w, <20 ppm H,O, BASF SE,
Germany), and a metallic lithium counter electrode (@ 16 mm,
580 pm thickness, Gelon, China): after one full formation cycle at
30 mA/gnem between 1.2 Vi and 2.0 Vi, the LTO electrodes where
lithiated to ~10 %SOC at a specific current of 30 mA/gy 1o for 0.5 h.
After pre-lithiation, the LTO electrodes were harvested from the
cells and used as the counter electrode (CE) in the pseudo full-cells
for the electrochemical cycling tests (note that pseudo full-cell here
refers to a cell with a specific working electrode and a capacitively
oversized, ]:z)re—lithiated LTO counter electrode). As it was discussed
previously,* the use of a pre-lithiated, capacitively oversized LTO
counter electrode provides: i) a stable half-cell potential of 1.55 Vi
over a wide SOC window; ii) a sufficiently large capacity to take up
the lithium from the investigated NCM working electrodes; and, iii) an
excess of lithium to compensate any lost lithium due to side reactions
during cycling, thereby allowing to fully lithiate the working
electrodes for the EIS measurements (i.e., for bringing the working
electrodes into so-called blocking conditions).

For the electrochemical cycling tests with a p-RE, spring-
compressed Swagelok T-cells with capacitively oversized, pre-
lithiated LTO as the counter electrode (@ 11 mm) and NCM as

working electrode (@ 11 mm) were assembled using two glass fiber
separators (@ 11 mm, 240 pm nominal thickness, GF/A, VWR,
Germany) and 60 pl of LP57 electrolyte. Between the two separa-
tors, a p-RE was placed, namely a gold-wire reference electrode
(GWRE) based on the setup described by Solchenbach et al.,*
whereby the GWRE was lithiated in situ at 150 nA over 1 h from the
LTO counter electrode before cycling (note that the GWRE lithiation
charge of ~0.15 pAh is negligible compared to the capacity of the
counter electrode). This establishes a constant GWRE potential of
0.31 Vy;, which remains stable for more than 450 h. For details about
the cell setup and the Preparation of the gold wire, please refer to the
original publication.*

For the electrochemical cycling tests without p-RE, coin cells
(CR2032, Hohsen Corp., Japan) with either capacitively oversized
pre-lithiated LTO (@ 15 mm) or lithium metal (@ 16 mm) as counter
electrode and NCM as working electrode (@ 14 mm) were
assembled using one GF/D type glass fiber separator and 95 pl of
LP57 electrolyte. An overview of the configuration of the various
cells with an NCM working electrode is displayed in Table I. In
addition, symmetric coin cells using lithium metal (@ 16 mm) for
both electrodes were assembled using one glass fiber separator
(@ 17 mm, 240 pm nominal thickness, GF/A, VWR, Germany) and
95 pl of LP57 electrolyte, what allowed to determine the impedance
of lithium metal electrodes upon stripping and plating during
extended cell cycling. No pretreatment was carried out on the
lithium metal surface before cell assembly.

Impedance spectroscopy.—All electrochemical impedance spectra
(EIS) were included directly into the cycling procedure and
recorded in a climate chamber (Binder, Germany) at 25 °C. For
the experiments performed with a multi-channel potentiostat
VMP3 (BioLogic, France), all spectra were recorded in potentio-
static mode (PEIS), with an amplitude of 15 mV for 8 points per
decade from 100 kHz to 100 mHz, including a data point at a
frequency of 180 mHz. This results in an acquisition time of
~10 min per PEIS. For the T-cells, each EIS spectrum consists of a
full-cell spectrum (between working and counter electrode) and, by
using a GWRE, also of the half-cell spectrum (i.e., between the
working and the micro-reference electrode). Note that measure-
ments with the GWRE potentially contain artifacts at frequencies
over 30 kHz;44 however, as this work is focused on the low
frequency region of the impedance spectra, in particular on the
180 mHz point, the impedance spectra obtained with the GWRE
can be used without restrictions.

For the cycling experiments performed with a multi-channel
battery cycler (Series 4000, Maccor, USA), the impedance was
recorded for a single frequency point in galvanostatic mode (GEIS).
For this purpose, an alternating current was simulated by applying a
sine-like current-step function changing the current every 100 ms.
Thus, the duration of a single sine-like current excitation was set to
5.6 s, resulting in a frequency of 178.56 mHz, which will be rounded
to 180 mHz in the following for better readability. The current
amplitude corresponded to a rate of C/50 (4 mA/gncem) for all battery
cells. The sine-like current perturbation was repeated for 40 periods,
resulting in a total duration of 224 s. The current perturbation and the
voltage response of period 10 to 30 were fitted to a sine curve. The
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resulting fitting parameters were then used to calculate the complex
impedance.

For comparison of the impedance recorded with the potentiostat
and with the battery cycler, three replicas each of a 1 mF electrolytic
capacitor (20 % tolerance, KEMET, USA) and a 10 mF super-
capacitor (—20 %/+80 % Tolerance, KEMET, USA) were tested by
PEIS using the Biologic potentiostat (by the parameters described
above) as well as by a single-point GEIS measured at the Maccor
battery cycler at a frequency of 180 mHz. For the latter, the current
amplitudes were set to 0.02 mA (1 mF) and to 0.2 mA (10 mF),
respectively. Before each measurement, the capacitors were left to
rest in the climate chamber for at least 2h for temperature
equilibration.

Cell testing.—All electrochemical cycling tests were performed
in a climate chamber (Binder, Germany) at 25 °C, using either a
multi-channel potentiostat with full EIS capabilities (VMP3,
Biologic, France) or a multi-channel battery cycler without inte-
grated impedance capabilities (Series 4000, Maccor, USA), applying
similar charge/discharge procedures. When using T-cells with a
p-RE, the GWRE was lithiated using the pre-lithiated, capacitively
oversized LTO counter electrode (see above) prior to starting any
cycling procedures. Throughout this study, voltages are given either
in terms of the cell voltage in case of NCM/Li and Li/Li cells
(labeled as Vy;) or, in the case of NCM/LTO cells, as cell voltage
corrected for the potential difference between the LTO electrode and
a lithium metal electrode (Vi; = Vnemto + 1.55 V).

To acquire EIS spectra under so-called blocking conditions,
represented by a semi-infinite charge-transfer resistance, the NCM
working electrode is cycled to the fully discharged state at a
potential of 2.55 Vy;, i.e., to nearly full lithiation (that this results
in blocking conditions is shown in a previous study>*).

The long-term cycling procedure (shown exemplarily in Fig. 4a
for the first few cycles of Z.-Li-M, using lithium as counter
electrode and cycled at the Maccor battery cycler, see Table I) was
initiated by an open circuit voltage (OCV) phase of 2 h. To identify
the pristine value of the NCM electrode capacitance, the NCM
working electrode was discharged at C/10 (=20 mA/gnem O
~0.15 mA/cm®wg) from OCV to the lower cutoff potential of
2.55 Vi; (shown as the first step from OCV to “pristine” in
Fig. 4a), where a constant voltage (CV) hold was performed
(referred to as CCCV mode, always with either a 1h CV hold
when using the Biologic potentiostat or until the current dropped
below C/250 when using the Maccor battery cycler), followed by an
EIS. During conditioning (shown as the steps from “pristine” over
point A to point B in Fig. 4a), the electrodes were charged at C/10 in
constant current (CC) mode for 1h, then discharged to the lower
cutoff potential of 2.55 Vp; at C/10 in CC mode, where again a CV
hold of 1h (Biologic) or until the current dropped below C/250
(Maccor) was performed (shown as the step from point B to #0 in
Fig. 4a), followed by an EIS (point #0 for cycle 0). Since nickel-rich
CAMs are commonly slightly overlithiated (by up to 1 %) in the
synthesis process, the conditioning step was included in the
procedure to ensure comparable impedance spectra for each cycle,
namely by assuring that similar SOCs are obtained by the potential
hold at 2.55 Vy; (especially critical when comparing different NCM
active materials). For the consecutive formation, three charge/
discharge cycles are executed, with a charge to the upper cutoff
potential of 4.3 V; at C/10 (in CC mode), and with a discharge to a
lower cutoff potential of 2.55 Vi; at C/10 with a final CV hold
before an EIS was recorded (marked by the #1 point in Fig. 4a for
the first formation cycle, referred to as cycle 1). The formation was
followed by an extended cycling procedure that consisted of five
cycles per set: (i) cycling four times at 1C (=200 mA/gncem O
~1.5 mA/cm?ywg) in CCCV mode (either for 30 min or until the
current drops below C/10 at 4.3 V) for charge and in CC mode to
3.0 Vy; for discharge; (ii) a fifth cycle performed at C/10, followed
by a CV hold at 2.55 Vi ; and an EIS (i.e., identical to the formation
cycles). This set of five cycles was repeated for 65 charge/discharge

cycles. The impedance spectra taken in blocking conditions are
numbered by the number of full cycles that the electrodes had
performed up to that point (e.g., #8 after three formation cycles and
one set of five cycles).

A similar cycling procedure was applied for the symmetric
lithium-lithium cells cycled with the Biologic potentiostat (shown
in Fig. A-1): After an OCV period of 1 h and an initial PEIS at OCV
in the pristine state, the cells were charged for 1 h and discharged for
1h at a current of 0.30 mA (corresponding to 0.15 mA/cmZLi
(similar to the areal current of 0.18 mA/cm’wg in the NCM cells),
mimicking the conditioning step of the NCM cells (C/10) with
lithium metal counter electrode), both charge and discharge followed
by a rest step of 1 h and a PEIS. During three formation cycles, the
cells were charged for 10 h and discharged for 10 h at a current of
0.30 mA, while both charge and discharge were completed by a 1 h
OCV period and a PEIS. During cycling, the cells were charged for
1h and discharged for 1h, both at a current of 3.0 mA for four
cycles (mimicking the cycling of the NCM cells at 1C) and at a
current of 0.30 mA for a single charge/discharge cycle, whereby
after each set of four cycles at 3.0 mA and one cycle of 0.30 mA, an
OCV period of 1h and a PEIS is added, similar to the formation
cycles. This set of five cycles was repeated for 65 charge/discharge
cycles. The impedance spectra are numbered by the number of full
cycles that the cell had performed up to that point (e.g., #8 after three
formation cycles and one set of five cycles).

Results and Discussion

Comparison of impedance contributions.—As proven in part I
of this study,** the capacitance of the electrochemical double layer
of the components of a battery electrode is proportional to their
respective electrochemically active surface areas. To be able to
extract the cathode electrode capacitance, it is required to increase
the charge-transfer resistance to semi-infinite values (i.e., into
blocking conditions). To achieve this, the NCM electrodes were
fully lithiated, resulting in a capacitive branch of the electrode/
electrolyte interface dominating the impedance spectra for medium
to low frequencies (<100 Hz), a region in which contributions of
other effects (e.g., of the pore resistance) are negligible.45 “4® Further,
it was demonstrated that it is not necessary to extract the electrode
capacitance from a fit of the impedance data by an equivalent circuit,
but that it is possible to calculate the electrode capacitance Q from
the imaginary impedance Im(Z,,) of a single frequency point at
wo = 180 mHz using the following formula:**

1
P 1
¢ wo-(—Im(Z,,)) t

This approximation for the electrode capacitance is possible solely
since, at this frequency of 180 mHz, the imaginary impedance of a
constant-phase element (CPE) and, therefore, of the extracted
capacitance does not vary significantly with the phase angle « (error
of <1 % if a > 0.85). As it was shown in part I of this study,
frequencies in the range of 160 to 220 mHz are suitable to be used
with Eq. 1, while the optimal value depends on the expected/
determined values for the phase angle of the investigated electrode as
well as on the desired accuracy.’ In this study, the value of 180 mHz
is used for better comparability with the previous reports.

The ima%inary impedance of an NCM electrode with a loading of
~10 mg/cm”wg at 180 mHz was reported to be on the order of
-Im(Znem) = 700-1000 Q-cmZWE in the pristine state and on the
order of -Im(Zycm) = 200-300 Q-cm’wg after 200 cycles to 4.5 Vi
or after being cycled to high states of charge (SOCs),*** depending
on mass loading and electrode composition. In order to utilize this
method in a cell configuration without reference electrode, where
only the impedance of the entire cell can be determined instead of
the individual electrode impedances that are accessible with a p-RE,
the relative contributions of the imaginary impedance of working
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Figure 1. Nyquist plot of the impedance data acquired with the
Znem-LTO-B cell (see Table 1) after the conditioning step (corresponding
to cycle #0, following the procedure displayed in Fig. 4a), showing the
impedance spectra of the NCM working electrode (dark green), of the
capacitively oversized pre-lithiated LTO counter electrode (orange), as well
as of the entire cell (black), all normalized to the geometrical surface area of
the cell (0.94 cm*wg/cp). The frequency points at 180 mHz are indicated by
circles and the respective values of the imaginary impedance are marked
by the arrows. The insets magnify the region near the frequency point of
180 mHz for the cell and NCM impedance (upper panel) and for the LTO
impedance (lower panel). Pseudo full-cells were assembled with 60 ul LP57,
two glass fiber separators, and a p-RE, and cycled at 25 °C. Impedance
spectra were acquired between 100 kHz and 100 mHz (15 mV amplitude)
with the NCM working electrode being in blocking conditions, achieved
after a potential hold of 1 h at 2.55 Vy;.

and counter electrode need to be evaluated for the frequency point of
180 mHz.

Figure 1 shows the impedance spectra acquired with the
Znem-LTO-B cell (see Table 1) at 2.55 Vy; for cycle #0 (after the
conditioning step), presenting the impedance of the entire cell (black
line) as well as the one of the individual contributions of the NCM
(dashed dark green line) and the LTO electrode (dashed orange line).
Both the cell impedance as well as the NCM impedance show a
capacitive branch, whereby the cell impedance is mainly shifted to
larger real impedance values by ~10 Q-cm? the imaginary
impedance at 180 mHz (marked by the circles in Fig. 1), however,
is similar for both, namely -Im(Z..;) = 448.0 Q-cm*wg/cp for the
entire cell and -Im(Zycnm) = 447.5 Q-cm?yg for the NCM electrode
only. The difference in the real as well as in the imaginary
impedance is solely owed to the additional contribution of the
LTO counter electrode, which at 180 mHz has impedance values of
Re(Zi10) = 10.6 Q-cm’cg and -Im(Z;10) = —0.5 Q-cm’cg. The
impedance loop observed for the impedance spectrum of the LTO
counter electrode originates from the inherent difference of anode
and cathode impedance of more than three orders of magnitude,
which induces artifacts when utilizing a p-RE.*

As the contribution of the LTO counter electrode is not altered
signiﬁcantlg upon cycling (<0.1 Q-cm’cg in imaginary direction and
<0.5 Q-cm”cg in real direction, data not shown), and as the negative
imaginary impedance of the NCM working electrode at 180 mHz
does not decrease below 200 Q-cm’wg in all of the measurements
presented in this study (as well as in the ones of part I and part II of
this study), the relative contribution of the imaginary impedance of
the LTO counter electrode in comparison to the one of the entire cell

does not exceed 0.3 %. This finding allows for a reasonably accurate
estimation of the capacitance of the NCM electrode from the
impedance measurement of the entire cell, enabling the elimination
of the p-RE for the setup with an LTO counter electrode.

Since a full lithiation of the NCM active material is required to
achieve blocking conditions for the NCM working electrode,®* a
lithium reservoir is needed in the counter electrode. Therefore,
counter electrodes such as pre-lithiated graphite or LTO, pre-
delithiated LFP, or even lithium metal might fulfill these prerequi-
sites. However, the magnitude of their imaginary impedance value at
180 mHz needs to be sufficiently low to assure that their contribution
to the total impedance of the entire cell is negligible. Due to the
lithium loss upon solid-electrolyte interphase (SEI) formation, the
use of pristine graphite is here therefore not possible.

Impedance of lithium metal.— As half-cells are easy to build and
most used for the initial characterization of active materials, lithium
metal is investigated as possible counter electrode for the capaci-
tance measurements in a coin cell without reference electrode. To
mimic the cycling procedure to which the lithium metal electrode is
subjected in the later discussed NCM/Li cells, a similar protocol
with corresponding areal currents is applied to the symmetric
Li/Li cells. This procedure includes “C/10” cycles at 0.30 mA
(= 0.15 mA/cm?;) and “1C” cycles at 3.0 mA (= 1.5 mA/cm?,),
as it is depicted in Fig. A-1 (note that, even though no value for the
cell capacity was assigned for the symmetric Li/Li cells, the C-rates
in quotation marks refer to the corresponding C-rates that would be
applied in an NCM/Li cell based on the mass loading of the NCM
electrodes used in this study).

Figure 2 presents the impedance spectra of lithium metal cycled
in a symmetric cell with LP57 electrolyte, divided by a factor of 2 to
obtain the impedance of one electrode from the symmetric cell setup
and normalized to the geometric surface area of one lithium metal
electrode (2.0 cm?)), resulting in the areal impedance of one lithium
metal electrode only (including 50 % of the separator resistance).
The spectrum of the pristine cell (black) shows a large semicircle at
high to medium frequencies, with an apex of -Im(Z) = 60 Q-cm?y; at
376 Hz, and a substantially smaller semicircle at low frequencies
that is partially overlapped by the large semicircle; the large
semicircle is typically attributed to the charge transfer through a
compact SEI and the small semicircle potentiallgy stems from
the diffusion of lithium ions through a porous SEL*® The observed
high-frequency resistance (HFR, measured at 100 kHz) of 10 Q-cmzLi
is due to the ohmic resistance of the electrolyte in the porous
separator.45 The frequency point at 180 mHz (marked by the empty
circle) shows an imaginary impedance of -Im(Z) = 2.7 Q-cm?y;.

After the conditioning step at 0.30 mA (“C/10”) (dark blue,
corresponding to cycle #0), the imaginary impedance contribution of
the apex of the large semicircle has reduced in magnitude by 38 % to
-Im(Z) = 37 Q~cm2Li, what we assign to an increasing surface area
of the lithium metal electrodes upon formation of dendrites and
cavities.**® This trend further continues during the repeated lithium
stripping and plating of the subsequent cycles at 3.0 mA (“1C”). Up
to cycle #8 (turquoise), the negative imaginary impedance maximum
has already decreased to -Im(Z) = 4.4 Q-cmzm, whereas the HFR
stays constant. Starting at cycle #28 (green), only one full semicircle is
visible in the applied frequency range, whereas the onsets of two other
ones appear at lower and higher frequency: for both cycle #28 and #48
(dark green), the visible semicircle shows a negative imaginary
impedance maximum of -Im(Z) = 2.0 Q-cm?; and 2.2 Q-cm?,
respectively, which then increases to -Im(Z) = 8.6 Q-cm?; for cycle
#68 (brown). The HFR, however, initially undergoes a slight increase
(cycle #3: 10 Q-cm?; #8: 11 Q-cm?;; #28: 20 Q-cm?;;) but then

starts to significantly rise in the following cycles (#48: 47 Q-cm?;;
#68: 205 Q-cm’).

This behavior is reflected in the lithium/lithium cell voltage
extracted from the measured voltage profile shown in Fig. A-1, which,
even though the applied currents are constant for the “1C” and “C/10”
cycles, respectively, starts to increase drastically starting after cycle
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Figure 2. Nyquist plot of the impedance spectra of a symmetric lithium/
lithium cell upon cycling at 25 °C (following the procedure displayed in
Fig. A-1), whereby the impedance values were divided by a factor of 2 to
obtain the value of one electrode only and were further normalized to the
geometrical surface area of one lithium metal electrode (2.0 cmzLi). The
frequency points at 180 mHz are indicated by empty circles, and the
imaginary impedance of 7.2 Q-cm? is marked by the horizontal dashed dark
blue line. The inset magnifies the low-impedance region of the spectra
between cycle #3 and #48. Coin cells were assembled with lithium metal as
both electrodes, with 95 pl LP57 electrolyte, and one glass fiber separator.

#28: At “C/10” (= 0.30mA or 0.15 mA/cm?)), the cell voltage
required to drive the applied current decreases during the three
formation cycles from ~0.05 V during the conditioning to ~0.02 V
during cycle #3, correlating with the initial impedance decrease.
Starting at cycle #28, the cell voltage starts to increase from 0.01 V to
a maximum of 0.11 V in cycle #68. This overpotential increase is even
better visible for the “1C” cycles (= 3.0 mA or 1.50 mA/em?;;): here,
the overpotential increases from 0.16 V (#7) to 0.20 V (#27),t0 0.38 V
(#47), all the way to 1.34 V (#67).

When calculating the effective lithium/lithium cell resistance
from the potential drop of 0.073 V (from -0.119 V to —0.046 V)
after 1s at the end of “discharge” for cycle #68 at a current of
0.30 mA (as it is done for direct current internal resistance (DCIR)
measurements), a value of 243 () is obtained. This equates to an
areal cell resistance of 486 Q-cm?;; (based on the area of the lithium
electrodes of 2.0 cmzLi) or, if referenced to the resistance of only one
of the two lithium electrodes, to 243 Q-cm?;. As the lowest
frequency of 100 mHz in the EIS measurements shown in Fig. 2
corresponds to a time constant of T = l/w = 1/2xf =~ 1.6s, the
above determined effective cell resistance is in good agreement
with the measured low-frequency resistance (LFR, measured at
100 mHz) of 240 Q-cm?; for cycle #68 (see brown spectrum in
Fig. 2).

We assign the initial decrease of the magnitude of the real and
imaginary impedance to the increase of the surface area upon plating
and stripping of lithium metal, i.e., to the commonly observed
formation of a porous or mossy lithium surface.**%>! In addition,
however, the repeated deposition and stripping of lithium upon
cycling continuously produces a fresh lithium metal surface, con-
comitant with a continuous reduction of electrolyte components for
the formation of the SEI. Therefore, we believe that the drastic
increase of the HFR is caused by the decomposition of the alkyl
carbonate electrolyte solvents, resulting in large amounts of porous
SEI and eventually leading to electrolyte dry-out.>>>*

Nevertheless, the magnitude of the imaginary impedance value at
a frequency of 180 mHz (marked by the empty circles in Fig. 2)
never exceeds the value of 7.2 Q-cm?;; (marked by the horizontal
dashed dark blue line) that is observed for cycle #0 during the entire
cycling procedure up to cycle #68. Therefore, the contribution
of a lithium metal counter electrode to the imaginary impedance at
180 mHz of an NCM/Li cell is <4 % for the here observed imaginary

impedance of the NCM working electrode of >200 Q-cm?yg. In turn,
this means that the NCM capacitance determined from the cell
impedance by using -Im(Z..;;) at 180 mHz in Eq. 1 (i.e., not requiring
a reference electrode) would differ by <4 % from the more accurate
NCM capacitance value determined from -Im(Zycyy) at 180 mHz that
can only be obtained for a cell setup with a p-RE. Thus, a reasonably
accurate quantification of a CAM working electrode can be obtained
from the cell impedance of a CAM/Li half-cell, if the negative
imaginary impedance at 180 mHz is on the order of >200 Q-cm’wg
(assuming similarly sized working and counter electrode sizes).

Validation of battery cycler impedance by commercial capaci-
tors.—Due to the higher price and the limited availability of
potentiostats built for impedance spectroscopy as compared to
conventional battery cyclers that usually have no built-in impedance
capability, it would be convenient to be able to measure the
impedance at the frequency point of 180 mHz using a simple battery
cycler, as this would allow for a reasonably accurate quantification
of the CAM capacitance from CAM/Li half-cells during the
screening of new CAMs. For this purpose, an alternating current
was simulated at the Maccor battery cycler by applying a sine-like
current-step function with which the current is changed every
100 ms. To validate this approach, the impedance of two types of
commercially available capacitors was obtained with the Maccor
battery cycler and compared to the precise value determined with the
Biologic potentiostat, both depicted in Fig. 3.

Figure 3a shows the measurement data obtained by the Maccor
battery cycler (empty circles) and the mathematical fit (line) of the
current-step based perturbation (blue) with an amplitude of 0.02 mA
and a frequency of 180 mHz applied to one of the electrolytic
capacitors. The respective voltage response (red) is delayed as
compared to the current and shows an amplitude of ~19mV
oscillating around an OCV of —40 mV. To calculate the complex
impedance of the received signal, data processing was done by
fitting the modulated current and the voltage response to a sine
curve. This was done by first subtracting a baseline from the signal
to account for voltage drifts by calculating a floating average of
the voltage with the bandwidth of one sine period (target value:
180 mHz, effectively 5.6 s at 178.56 mHz). After subtraction, the
current and the voltage were fitted to Eqgs. 2 and 3, respectively,
using an applied frequency of wo = 2zfy = 27-178.58Hz, yielding
the fitting parameters for the current amplitude (/y), the voltage
amplitude (Uy), as well as the phase of current (¢;) and voltage (¢y).
The relative phase shift was calculated by ¢y = @y — ¢;.

1(t) = Iysin(wot + ¢;) [2]

U (t) = Uysin(wot + @) [3]

From the fit in Fig. 3a, the relative phase shift ¢, of the two curves
was identified to correspond to —1.39 s for the electrolytic capacitor,
equating to approximately —7/2 or —90° (precisely —89.4°),
considering the duration of a period of 5.56s. From the fitting
parameters Iy, Uy, and ¢, the real and the imaginary impedance
were calculated by the following formula:

Uo

— 1ol Ligy — 1ol LUl s
| 1o ’ [ 1o COS((/)O) +i | 1o Sm((/)o)
=Re(Z) + i Im(Z) (4]

The calculated impedance values at 180 mHz obtained for the
electrolytic capacitors by the Maccor battery cycler are depicted in
Fig. 3b (empty triangles), together with the impedance spectra collected
using the Biologic potentiostat (line), including the respective value at
180 mHz (empty circles). The impedance of the electrolytic capacitors
consists of a vertical line through the origin (corresponding to a phase
shift of ¢y = —90°, as it would be expected for an ideal parallel-plate
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Figure 3. Impedance data of three replicas each of a 1 mF electrolytic
capacitor as well as of a 10 mF supercapacitor at OCV and 25 °C, determined
by PEIS with an amplitude of 15 mV from 100 kHz to 100 mHz using the
Biologic potentiostat as well as by a single-point GEIS at 180 mHz with an
amplitude of 0.02 mA for the electrolytic capacitor and 0.2 mA for the
supercapacitor using the Maccor battery cycler. a) Measurement data (empty
circles) and mathematical fit (line) of the current-step-based perturbation
(blue) and the voltage response (red) of an electrolytic capacitor measured at
180 mHz with the Maccor battery cycler. The relative phase shift as well as
the twofold amplitudes of current (/y) and voltage (Uj) are marked by the
dashed lines and the arrows. Nyquist plots of b) the electrolytic capacitors
(three shades of ocher) and of ¢) the supercapacitors (three shades of violet),
showing the PEIS data (Biologic, lines) including the frequency point at
180 mHz (empty circle) as well as the GEIS data at 180 mHz (Maccor
battery cycler, empty triangles).

capacitor). The impedance obtained at the Biologic potentiostat at
180 mHz shows a real value of Re(Z) = 10.5 + 0.9 €2 and an imaginary
value of -Im(Z) = 909 + 4 ), which we believe to be more precise
owed to an instrument architecture that is optimized for impedance
measurements. At the Maccor battery cycler, the impedance shows a
real value of Re(Z) = 16.8 + 10.9 Q and an imaginary value of
-Im(Z) = 915 = 3 . The larger scatter of the real value is attributed to
small errors in the obtained phase shift: As the value of the real
impedance is relatively small at a phase angle of around +90° whereas
the imaginary value is relatively large, small deviations of the phase
angle lead to a large relative error of the real impedance value, as it is
proportional to cos(pg). In contrast, the obtained imaginary value
(proportional to sin(¢)) is not affected significantly by small errors in
the phase angle, as already discussed in part I of this study.>*

In turn, however, if a relatively large shift of the capacitive branch
in the real direction would occur (possibly due to, e.g., a large contact
resistance of uncompressed electrodes, ohmic resistances of the setup,
etc.), the phase angle of the impedance vector ¢ for the 180 mHz
point would become smaller (i.e., 0 < ¢y < 7/2). Hence, a certain

error in the determination of the phase angle at the Maccor could lead
to significant deviations of the extracted imaginary impedance value
and, therefore, of the capacitance. Even though this seems unlikely in
practical cases, as the real part of an electrode/cell should be low for a
proper application, the extent of this compromise is dependent on the
parameters of the systems and on the precision of the measurement.
To exclude any erroneous interpretation of the collected impedance
data, it is recommended to evaluate both imaginary and real value of
the impedance at 180 mHz to be able to estimate any introduced
errors.

By using Eq. 1, the capacitance of the electrolytic capacitors is
obtained from the frequency points at 180 mHz, yielding similar values
of 0.972 + 0.003 mF (standard deviation based on three capacitor
replicas) using the Maccor battery cycler and of 0.980 + 0.004 mF using
the Biologic potentiostat. The deviation between the measured values
and the nominal value of 1 mF is well within the tolerance of the
specified capacity of the electrolytic capacitor (20 %).

The impedance spectra of the three replicas of the supercapaci-
tors (depicted in Fig. 3c) include a high-frequency resistance (owed
to the ohmic resistance of the electrolyte), a 45° line at medium
frequencies (attributed to the ionic electrolyte resistance within the
pores of the carbon electrodes),* as well as a capacitive branch at
low frequencies in the form of a constant-phase element with a phase
angle of a ~ 0.95.%* It thus exhibits similar features as one would
observe with porous battery electrodes.*®> The obtained imaginary
values at a frequency of 180 mHz are -Im(Z) = 100 = 2 € using the
Biologic potentiostat and -Im(Z) = 98 + 2  using the Maccor
battery cycler; based on Eq. 1, the resulting values for the
capacitance of the supercapacitors are 9.0 + 0.2 mF using the
Biologic potentiostat and 8.9 + 0.2 mF using the Maccor battery
cycler. The deviation between these measured capacitances and the
nominal value of 10 mF is well within the specified product
tolerance of —20 %/+80 %.

To summarize the above discussion, it can be stated that the relative
error of the capacitance values obtained from the current-step-based
simulated sine-form current perturbation at 180 mHz with the Maccor
battery cycler as compared to the capacitance values obtained with the
Biologic potentiostat is found to be <1.5 % for both types of capacitors.
This demonstrates the feasibility and the validity of the here developed
method to determine the cell capacitance with a simple battery cycler
by simulating a sine-form current perturbation at 180 mHz using a
current-step based procedure that can be easily programmed.

Application in a simplified coin half-cell setup.— After investi-
gation of the applicability of a two-electrode setup with a lithium
metal anode for the determination of the NCM electrode capacitance
as well as the possibility of conducting the measurement with a
simple battery cycler, a “real” cell system will be investigated next.
Figure 4a shows the initial OCV, the initial EIS in the pristine state,
the conditioning, and the first formation cycle of a coin half-cell with
an NCM851005 cathode and a lithium metal anode, conducted with
the Maccor battery cycler. After the initial OCV phase, the cell was
discharged to 2.55 Vy;, where a CV step was applied until the current
dropped below C/250 (~0.0073 mA/cmzwg). Under the assumption
that the residual current at this point is approximately constant over the
time frame of several tens of seconds, a sine curve with a current
amplitude (i) corresponding to C/50 (0.036 mA/cm?wg) was modu-
lated on top of the residual current (marked by pristine, with a
variation of the current between 0.044 and —0.029 mA/cmZWE). After
the initial PEIS, the cell was charged to ~10 %SOC (marked by A),
then (Z.q-Li-M, see Table I) discharged to 2.55 Vi; (B), where
another CV hold at 2.55 Vi ; (B) and a PEIS (marked by cycle #0) was
performed. The cell was then charged (C) and discharged at C/10 (first
formation cycle, ending at D) before the capacitance test was repeated
after another CV hold at 2.55 Vy; (marked by cycle #1). Figure 4b
shows the enlarged view of the applied current modulation at
180 mHz (via the current-step procedure) and the voltage response
after the first formation cycle (cycle #1). Although the average current
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Figure 4. Current and potential profile of the initial cycling in a coin NCM/
Li half-cell (Z.e-Li-M, see Table I) measured with the Maccor battery cycler
using a current-step simulated sine-form current perturbation with 180 mHz.
a) Area-normalized current (red, left axis) and voltage (blue, right axis) of
the conditioning and first formation cycle. After an OCV period of 2 h, the
cell is brought into blocking conditions by discharging to 2.55 V; in CCCV
mode (until the current dropped below C/250), after which the capacitance
measurement is performed (see main text). In a conditioning step, the cell is
then charged to ~10 %SOC (marked by A), before the cell is again
discharged to 2.55 Vy; (B), where the capacitance is again determined
(marked as cycle #0). The cell is then charged to 4.3 Vi; (C) and again
discharged (D) for a full formation cycle after which the capacitance is again
determined (cycle #1). b) Enlarged view of the current perturbation at the
end of the first formation cycle. The measured values are shown as empty
circles, with the fitted sine curves being shown as solid lines. The area-
normalized current amplitude (iy), the voltage amplitude (U,), and the phase
shift (¢,) are indicated by arrows.

(i.e., the time-averaged current over the cycles shown in Fig. 4b) is
not perfectly zero due to the residual current (of less than C/250)
(see above), a sine wave voltage response with an amplitude of
Uy =17 mV (between 2.54 V1 ; and 2.58 V|, see blue symbols/line) is
observed. This value is in good accordance with the voltage amplitude
of Uy = 15 mV that was chosen for the PEIS measurements with the
Biologic potentiostat, validating the chosen dimension of the current
perturbation. The phase shift between current and voltage resulting
from the fits of current and voltage to Eqgs. 2 and 3, respectively (solid
red and blue lines in Fig. 4b) amounts to ¢y = —62.6° (corresponding
to a time shift of —0.97 s).

For the 180 mHz impedance measurement performed at the
Maccor battery cycler, the current instead of the voltage is
controlled, as this turned out to be more feasible for the experiment
at this instrument, possibly due to the much faster instrument
response rates in galvanostatic operation mode. To get reproducible
results for the specific capacitance of the electrodes, the applied
current perturbation must be sufficiently small to induce only minor
changes (below +50 mV) on the electrode potential of the previous
CV phase, as the double layer capacitance of the electrochemically
active materials (CAM, Li, conductive carbon) is potential depen-
dent. Thus, the perturbation current is modulated on top of the base
current at the end of the CV phase to stay in the potential range
of 2.55 Vi, as otherwise the perturbation would be modulated
on top of the OCV relaxation curve. This base current (here:
0.0073 mA/cm?yg) is assumed to stay constant over the

measurement range (40 sine periods a 5.6s, in total 224s).
However, the residual current at the end of the CV step after the
first cycle (cycle #1) still changes at a rate of ~0.001 pA/s-cm’wg
during impedance measurement at 180 mHz shown in Fig. 4b
(corresponding to ~0.2 pA/cm?yg over the 40 sine waves). This, in
combination with limitations in the hardware of the battery cycler
(latency when switching between charge and discharge) leads to a
slight drift in the voltage during measurement. This shift was
<0.01V for all performed measurements and was accounted for
by the baseline subtraction of the floating average.

Additionally, the difference of time spent at 2.55 Vy; in the CV
step prior to an impedance measurement needs to be discussed, as
the impedance measurements were performed either in potentiostatic
mode (PEIS) with the Biologic potentiostat or in galvanostatic mode
(GEIS) with the Maccor battery cycler: the average time to reach the
cutoff criterion of C/250 at 2.55 V;; for the GEIS measurements is
on the order of 5h, in comparison to the 1 h CV hold at 2.55 V;
performed before the PEIS measurements, increasing the experi-
mental time for a set of 5 cycles by ~15 %. In theory, this longer
duration might affect the measurement due to phenomena like
calendar aging of the NCM and the lithium metal within the
cell.’*>7 In comparison to other occurrences like the continuous
SEI growth during lithium metal plating and stripping, this impact is
assumed to be negligible.

Similar to conventional EIS measurements performed over the
whole frequency range, the single-point GEIS measurement using a
current-step-based sine wave modulation is determined by a series of
experimental parameters: the voltage where blocking conditions are
achieved (here: 2.55 V), the time/current over which this voltage is
held before the low-frequency modulation happens (here: until the
current drops below C/250), the applied frequency of the alternating
current (here: 180 mHz), and its amplitude (here: C/50). Those
parameters can be varied and adapted to the individual case as long
as certain boundary conditions are still met, e.g., the charge-transfer
resistance still being semi-infinitely large. The base current on which
the alternating current is applied can be further reduced to decrease the
overall measurement time if no severe voltage drift during modulation
is observed. The frequency was chosen due to the mathematically
small deviation of the constant-phase element in comparison to the
behavior of an ideal capacitor, but can be varied in a certain range if
this factor is regarded.> The amplitude can be adapted to the measured
voltage response, so that a proper signal-to-noise ratio is achieved,
should however not be increased in a way that the SOC is significantly
varied over the range of a single sine excitation. In our view, it might
be advantageous if material developers would use battery cyclers
having an implemented option to include (potentiostatic and/or
galvanostatic) single-frequency impedance points (at relatively low
frequency of ~180 mHz) in testing protocols.

Comparison of the different NCM cell configurations.—Finally,
a direct comparison of the capacitance data with different cell and
test hardware configurations was realized. When transferring the
formerly established approach to determine the CAM capacitance
using a T-cell setup with a p-RE and operated with an impedance-
capable potentiostat®® into an approach based on coin half-cells
operated with a simple battery cycler, the impact of the following
changes made must be evaluated: (i) moving from a cell setup with a
p-RE to a two-electrode setup without p-RE; (ii) replacing the pre-
lithiated LTO counter electrode with a lithium metal counter
electrode; and, (iii) conducting the impedance measurement with a
common battery cycler without explicit impedance capability (Series
4000, MACCOR) rather than with a PEIS-capable potentiostat
(VMP3, Biologic). Table I gives an overview of the cells built for
this purpose.

Figure 5a shows the Nyquist plot of all cell combinations at
2.55 Vy; after the initial conditioning step (cycle #0). The cathode
impedance spectrum measured by the T-cell setup with p-RE at the
Biologic potentiostat (cell Zncy-LTO-B; as originally described in
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Figure 5. Impedance spectra and specific capacitance vs. cycle number for
the four different combinations of cell setups and measurement modes, all
based on an NCM working electrode (specified in Table I). Nyquist plots
recorded in blocking conditions shown after a) initial conditioning (cycle
#0), b) after cycle # 8, and c¢) after cycle #38. For the cells measured at the
Biologic potentiostat, the measurement over the whole frequency range is
given by the dashed dark green line (T-cell with p-RE and LTO anode:
Znem-LTO-B) and by the yellow solid line (coin cell with a lithium metal
anode: Z.-Li-B), with the 180-mHz frequency points highlighted as circles.
For the measurements done at the Maccor battery cycler using a current-step-
based sine wave modulation at 180 mHz, the impedance at 180 mHz is given
as green triangle for the coin cell with the LTO anode (Z.;-LTO-M) and as
blue triangle for the coin cell with the lithium metal anode (Z..-Li-M).
d) Specific electrode capacitance in units of F/gwg (left y-axis) and the
specific NCM capacitance in units of Fxem/gnem (right y-axis), both as a
function of the cycle number, shown for the NCM working electrode for the
T-cell with u-RE or for the entire cell for the coin cells. The gray box
indicates the contribution of the binder-carbon mixture of 0.104 F/gciectrode tO
the total capacitance. The specific capacitance of the NCM (right y-axis) was
obtained by subtracting the contribution of C65 and PVDF from the value of
the entire electrode, schematical shown by the arrows in cycle #0 and #38,
and subsequently normalizing it to the NCM mass contribution (of 94 wt%)
in the electrode. The values of the capacitance shown here are calculated
from the mean of two identical cell pairs and the error bars correspond to the
minimum/maximum value of two measurements.

part I and part II of this study***®) is shown in dark green, mainly

consisting of a capacitive branch, whereby the empty circle highlights
the 180-mHz frequency point. For the NCM851005 working elec-
trode, a real impedance of Re(Zycym) = 84.9 Q-cm’wg and an
imaginary impedance of -Im(Zncym) = 447.5 Q-cmZWE is obtained
(o = —79°) at 180 mHz. This can now be compared to the pseudo

full-cell impedance measured at 180 mHz at the Maccor potentiostat
in a two-electrode coin cell setup, still employing a pre-lithiated LTO
anode (green triangle, cell Z.,-LTO-M). By fitting the voltage
response to the current perturbation with a frequency of 180 mHz, a
real impedance of Re(Z.y) = 77.3 Q-cm’wg and an imaginary
impedance of -Im(Z;) = 462.8 Q-cm?wg, is obtained (po = —81°),
being reasonably close to the one of the p-RE setup, as expected from
the observations made in Fig. 1. When comparing these data with the
cell impedance of the coin half-cell, where lithium metal is employed
as counter electrode (cell Z.q-Li-B, measured with the Biologic
potentiostat, yellow line), a shift of the capacitive branch at low
frequencies to higher real impedance values is observed, caused by an
additional semicircle feature at high frequencies. This is consistent the
measured impedance of the pristine symmetrical lithium/lithium cell
shown in Fig. 2: As the impedance of the complete cell is measured,
the impedance response is a superposition of the lithium metal and the
NCM impedance; therefore, a higher value is determined for the real
part, namely Re(Z..;) = 184.0 Q-cm?wg. However, due to the small
contribution of the real impedance to the imaginary impedance at the
180-mHz point (see yellow circle in Fig. 2), the effect of replacing
the LTO counter electrode with a lithium counter electrode on the
imaginary part of the imgedance is only minor, resulting in a value of
-Im(Z...;p) = 456.3 Q-cm“wg which is very close to the value that was
obtained with the T-cell with a p-RE (Zncum-LTO-B) that yielded a
value of -Im(Zycym) = 447.5 Q-cm’we. Finally, the blue triangle
depicts the 180-mHz point for the same coin half-cell setup measured
with the Maccor battery cycler (cell Z..-Li-M). Even though the real
part is shifted to higher values with Re(Z..;) = 237.8 Q-cm?wg, the
imaginary part of -Im(Z..;)) = 469.9 Q-cmZWE again fits well with the
values obtained from the other configurations. The observed shift in
the real part is hereby assumed to originate from the lithium metal
anode impedance, which is expected to stem from cell-to-cell
variations occuring for the initially low surface area of the employed
lithium foil, where small differences in the NCM loading determines
the amount of exchanged charge (and thus freshly plated lithium
surface), and can therefore have a significant impact on the measured
impedance. Likewise, deviations in the areal resistance can also
originate from varying areal loadings of the NCM active material
itself, which, however, will be eliminated for Fig. 5d when normal-
izing the capacitance to the electrode mass.

Furthermore, it must be considered that a single-point impedance
is not sufficient to determine whether the CAM is in blocking
conditions, i.e., whether the 180-mHz point lies on the capacitive
branch in the Nyquist depiction or whether it lies on another
semicircular feature in the case that the semi-infinite charge-transfer
resistance might not be reached. For NCMs, no deviation of the
capacitive behavior was observed so far; however, it is recom-
mended to measure an impedance spectrum over the whole
frequency range to understand the impedance behavior of the
CAM that is being investigated before going forward with single-
point measurements using a battery cycler.

Figures 5b and 5c show the Nyquist plots after cycle #8 and #38,
respectively. For all cells, a continuous decrease of the negative
imaginary contribution of the 180-mHz point is observed, coinciding
with the cycling-induced increase of the capacitance of the CAM by
particle fracture and, therefore, of the surface area. Similar to the
lithium/lithium cell impedance shown in Fig. 2, a decrease of
the real part of the cell impedance at lower frequencies as well as
of the semicircle is observed for the half-cell setups. Although the
values measured with the Biologic potentiostat and the Maccor
battery cycler coincide well in all cases, the decrease of the negative
imaginary contribution to the impedance at 180 mHz undergoes a
stronger decrease for the cells measured vs. a lithium metal counter
electrode: from cycle #0 to #38, the imaginary part decreases from
Im(Znem) = 447.5 Q-em’wg to -Im(Znewm) = 285.6 Q-em’wy for
the Znem-LTO-B cells as well as from -Im(Z.) = 456.3 Q-cm’wg
t0 -Im(Ze) = 237.4 Q-cm?wyg for the Zee-Li-B cells. This will be
further discussed in the following.
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Figure 5d shows the evolution of the specific capacitance of the
NCM electrode (left y-axis) as well as of the NCM active material
only (right y-axis), as determined from the imaginary impedance as a
function of cycle number for all four examined cell and test
hardware configurations. The values for the specific electrode
capacitance were calculated by Eq. 1 using the imaginary cell
impedance or NCM impedance (in case of cell Zncy-LTO-B) at
180 mHz. After conditioning (cycle #0), all measurements are in
good agreement. Exemplarily for the Zncp-LTO-B cell, a specific
capacitance of 0.221 + 0.008 F/gywg is obtained which then increases
to a value of 0.255 + 0.007 F/gwg over the three formation cycles
(green empty circles in Fig. 5d, left y-axis). To determine the
capacitance of the NCM active material only, from which the
relative surface area increase of the NCM CAM can be deduced,
the contribution of conductive carbon and binder to the capacitance
must be subtracted. The latter was estimated by the measurement of
a model electrode without NCM, as outlined in part I of this study;
for the present study, the contribution by the conductive carbon and
the binder is 0.104 = 0.002 F/g, corresponding to 6 % of the
capacitance of the C65/PVDF electrode (with a composition of
C65:PVDF of 1:1 w/w) of 1.729 + 0.028 F/g, since the NCM electrode
comprises 6 wt% of the C65/PVDF mixture.>* After this subtraction of
the contribution of the conductive carbon and the normalization by the
mass of the active material, a value for the NCM specific capacitance
of 0.125 + 0.005 Fnem/gnem is determined (plotted vs. the right y-axis
in Fig. 5d). By using the value for the surface-area-normalized
capacitance for NCMs of ~28 quNCM/cmzNCM in LP57 at 2.55 Vi;
determined in part II of this study,*® the obtained value for the specific
NCM capacitance can be converted to a specific surface area of
~0.4 szET/gNCM, which is approximately twice as large as compared
to the value of the pristine NCM powder determined by N,-BET. This
difference is attributed to the cracking and the concomitant surface
area increase of the secondary NCM agglomerates due to the
mechanical forces during calendering, as reported previously. 3338
It should be noted that, for carbons, the surface-area-normalized
capacitance (e.g., of VGCF or C65) with typical values between 4 and
10 pF/cm? is significantly smaller.*

During the first three cycles, an increase of the capacitance value
to 0.161 £ 0.003 Fyem/gnem 1s observed for all four cell setups what
equals an increase of ~30 % as compared to the initial NCM
capacitance. Depending on the upper cutoff potential, the capaci-
tance increase of an NCM622 CAM evaluated in the first part of this
study varied from ~50 % (3.9 V) to ~100 % (4.5 V),34 which is much
higher as compared to the NCM851005 used in this study. When
comparing different CAMs, a higher tendency for particle fracture
would be expected for compositions that have a higher nickel content,
as the degree of delithiation that is reached up to a set voltage, and
thus the anisotropic volume contraction, increases.’ 2400 However, in
part 1 of this study,® uncalendered electrodes were used for the
determination of the capacitance evolution upon cycling; here,
however, the NCM851005 electrodes were calendered before use,
which is always done for electrodes used in commercial cells to
maximize the energy density. Due to this compression, the mechanical
cracking of the polycrystalline particles increases the electrode surface
area already before cell assembly, as this was shown in part I of this
study,>* what is partially responsible for the smaller relative surface
area increase upon cycling of the here examined NCMS851005
cathodes compared to the NCM622 cathodes that had been uncalen-
dered. Additionally, the size and the shape of the NCM primary
crystallite as well as the morphology of the secondary NCM particle
agglomerates have an impact on the relative surface area increase
upon cycling.

Next to the differences in mechanical processing of the electrode
tapes or the CAM type, other factors might affect the capacitance
that is determined initially for the pristine cell: Commercial CAMs
are frequently washed to remove residual lithium salts such as Li,CO3
and LiOH,®"*? which remain from the synthesis procedure or form
during improper storage of the materials.®**® Said washing, e.g.,

impacts the surface area accessible for the electrolyte by opening
initially clogged pores within the secondary particle agglomerates.
Even though the pristine capacitance varies for differently prepared
CAMs and electrodes thereof, a quantitative comparison of the
capacitance upon cycling is still reasonable: as the areal capacitance
of NCM materials was identified to be 25 wF/cm’can independent of
nickel content or particle morphology, as shown in part I of this
study, the determination of the NCM capacitance directly provides
the surface area of the active material in the cell, which is in many
cases directly proportional to the various side reactions of the positive
electrode, such as oxygen release, electrolyte decomposition, forma-
tion of a resistive oxygen-depleted surface layer, and transition metal
dissolution, as discussed in the introduction. Therefore, this method
provides a powerful tool for the large-scale investigation and
optimization of CAMs in material development.

When considering the capacitance evolution over the measured
range of 68 cycles, no significant difference between the two test
hardware configurations (Biologic vs. Maccor) as well as between
the electrode setups (with and without p-RE) is observed for the cells
with an LTO counter electrode, with the estimated NCM capacitance
being 0.282 + 0.005 Fxem/gnem (cells Zyem-LTO-B in Fig. 5d,
I'igh[ y-axis) and 0.273 = 0.005 FNCM/gNCM (CGHS Zce“-LTO-M), i.e.,
differing by <4 %. However, a divergence of the cells with a lithium
metal counter electrode in comparison to those with an LTO counter
electrode develops after cycle #8: while the NCM capacitance
values of the NCM/Li cells up to cycle #38 agree reasonably
well with each other (0.328 + 0.006 Fxem/gnem for Zeey-Li-B vs.
0.318 = 0.007 Fncewm/gnem for Zeo-Li-M  after 38 cycles),
they are substantially higher than those obtained for the
NCM/LTO cells (0.250 + 0.001 Fyem/gnem for Znem-LTO-B vs.
0.242 + 0.001 Fnem/gnem for Zee-LTO-M after 38 cycles).
Upon further cycling of the NCM/Li cells, the NCM
capacitance values obtained with the Maccor battery cycler are slightly
lower compared to those obtained with the Biologic potentiostat
(e.g., in cycle #68, 0.339 + 0.007 Fyem/gnem for Zeep-Li-M vs.
0.370 = 0.006 Fnem/gnem for Zee-Li-B). At the cycle number where
the divergence of the data measured with the two different test
hardware configurations (Maccor battery cycler vs. Biologic potentio-
stat) initiates, the impedance of the lithium metal anode already starts to
significantly rise, as depicted in Figs. 2 and A-1. Although it is not clear
if the deviation between the two test hardware configurations is
correlated to this impedance rise, the limitations of the CAM/Li half-
cells upon extended cycling become obvious, indicating that the
capacitance measurement in half-cells should be restricted up to a
certain number of cycles, or exchanged accumulated charge per area of
the lithium metal anode, respectively.

For the above discussed reasons (i.e., the minor contribution of
the lithium metal anode to the imaginary part of the impedance), the
larger increase of specific NCM capacitance of the NCM/Li cells
starting at cycle #8 cannot be ascribed to a cell-to-cell variation nor
to a measurement artifact but originates from a real increase of the
CAM’s surface area. Even if the lithium metal anode would develop
a significant contribution to the imaginary impedance, an increasing
imaginary impedance would indicate a drop in capacitance following
Eq. 1 instead of the measured increase. As the lithium metal
electrode can barely decrease to lower values, as no imaginary
impedance of -Im(Z) < O is expected (see Fig. 2), the additional
increase in the capacitance is, therefore, assigned to a true decrease
of the imaginary impedance of the cathode. Here, cross-talk
phenomena between the lithium metal anode and the CAM that do
not come into play for the LTO anodes must be considered,”’
whereby an apparent difference between an LTO and a Li counter
electrode is that no SEI is formed on an LTO electrode due to its
significantly higher electrode potential of 1.55 Vp; and that it does
not form any additional surface area as no lithium plating can occur.
Indeed, it is expected that impurities like alkoxides, soluble
electrolyte reduction products, and/or detached SEI components,
all originating from the lithium metal surface of the counter
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electrode, can be oxidized at the cathode potential, leading to the
formation of protons within the electrolyte.”® Said protons can
hydrolyze residual Li,COj; impurities in CAMs that stem from
synthesis or storage.69 If said Li,CO;5 residuals sit at the grain
boundaries between the primary particle crystallites of the secondary
NCM agglomerates, the dissolution process is hypothesized to lead
to a capacitance increase as a result of pore opening and a
concomitant increase of the electrolyte percolation within the
secondary agglomerates.

Although it can only be hypothesized on the contribution of the
electrolyte to the increased surface area, a clear difference in the
coulombic efficiency can be seen when comparing cells with LTO
vs. those with a lithium metal counter electrode, as shown in
Fig. A-2b. The oxidation of the impurities formed at the counter
electrode and oxidized on the cathode electrode would be expected
to provide additional electrons on the cathode side, what would
result in a higher charge or lower discharge capacity for each cycle.
While the coulombic efficiency of the NCM/LTO cells averages
>0.995 over the whole cycle range, a lower coulombic efficiency of
~0.98 is measured for the NCM/Li cells, indicating parasitic side
reactions on the NCM cathode. In fact, the coulombic efficiency
continuously decreases during the cycling of the NCM/Li cells,
which coincides with the increase of lithium metal surface area by
plating and stripping operation, facilitating said parasitic reactions,
which thus could explain said continuous decrease of the coulombic
efficiency by increasing the extent of a parasitic current. In addition,
when investigating the discharge capacities depicted in Fig. A-2a, a
slightly steeper capacity fading is observed for the cells with a
lithium metal counter electrode as compared to the ones with an
LTO counter electrode, starting at around cycle #20 and indicating a
faster NCM degradation for the NCM/Li cells, possibly originating
from the above described cross-talk phenomenon.

Overall, these observations indicate a distortion of the capaci-
tance and the coulombic efficiency when NCM electrodes are tested
for many cycles in a half-cell setup. To reduce the effect of the cross-
talk to a minimum, we therefore suggest limiting the amount of half-
cell cycles to <10. This approach was already applied successfully
to evaluate the effect of the morphology on the electrochemical
behavior of LiNiO,.”” When seeking to evaluate the morphological
stability that would be exhibited by a given active material over
extended charge/discharge cycling in a full-cell, it is recommended
to avoid the use of lithium metal counter electrodes, as this would
lead to cross-talk-induced artefacts (see above). For this purpose, the
counter electrode should instead be based on other active materials
that also satisfy the prerequisites of a relatively low imaginary
contribution at low frequencies (of ~180 mHz) and a sufficient
lithium reservoir to fully lithiate the working electrode upon
discharge to induce blocking conditions (e.g., graphite, LTO, or
LFP, all capacitively oversized and used in a partially lithiated state).

In principle, the developed approach should also be applicable for
other active materials including anode active materials, if they can be
brought into blocking conditions. Of course, the same prerequisites
apply, i.e,, a counter electrode with a relatively low imaginary
impedance contribution at low frequencies (of ~180 mHz) is required.
Throughout this study, in addition to the different NCM compositions
and morphologies, the capacitance of conductive carbons (i.e., VGCF
and C65) was determined;** furthermore, the particle cracking of LFP
was quantified by the here presented impedance-based method by
monitoring its increasing capacitance upon charge/discharge cycling,
while, in contrast, the capacitance of LTO was observed to remain
constant in a similar experiment.** For graphite active materials, the
application of this method does not seem interesting, as no surface
area increase due to particle cracking is expected. For silicon, being a
possible alternative for graphite on the negative electrode, the
evaluation of the capacitance could provide a quantification of the
surface area increase induced by the large volume change upon
lithiation; however, this approach does not appear to be straightfor-
ward since the SEI formation of silicon would likely alter the surface-

area-normalized capacitance as well as decrease the electronic
conductivity of the silicon electrode.”"”* In general, monitoring the
change of the electrochemical capacitance of anode active materials is
expected to be possible using a suitable electrode composition (e.g.,
using conductive carbons such as VGCF ensuring the sufficient
electronic connection of the active material); however, for the
operation of electrodes at potentials below the reduction potential of
the electrolyte components, the concomitant (possibly continuous) SEI
formation must be considered for the meaningful application of this
method.

In general, if the parameters of any type of working electrode
were to deviate strongly from the typically used values that had been
chosen for this study (such as the mass loading of the electrode, its
porosity, its contact resistance, the electronic conductivity through
the electrode, its initial specific surface area, the ratio of the
capacitance contribution of the active material and the other
components, etc.), however, the approach using the single-point
frequency at 180 mHz in a half-cell for the determination of the
capacitance would have to be reevaluated. Exemplarily, in the case
of an increased mass loading of the working electrode (or, similarly,
an increased specific surface area of the active material powder), the
imaginary impedance would decrease due to the increased total
surface area, which would consequently increase the relative
contribution of the counter electrode to the imaginary impedance,
inducing a larger relative error of the capacitance determined for the
working electrode. In general, the potential user of the here
presented method is advised to thoroughly analyze and fully under-
stand the impedance response of the investigated active materials
and electrodes before this simplified method is applied.

Conclusions

In this study, we deduced a stepwise simplification of the
experimental design to monitor particle cracking through the evolution
of the capacitance of a NCM851005 CAM from the sophisticated,
but intricate setup in T-cells with a micro-reference electrode to a
conventional coin (half-)cell setup. For the latter, no p-RE electrode is
required if the impedance of the counter electrode is negligible as
compared to the investigated CAM working electrode. This prerequi-
site is met for electrodes such as (pre-lithiated) LTO and likely even
for pre-lithiated graphite. Even though lithium metal showed a
relatively large impedance, it is still suitable for the use as counter
electrode, as its contribution to the imaginary cell impedance at
180 mHz is small as compared to the one of the examined NCM
working electrode.

Additionally, it was shown that the NCM capacitance does not
have to be extracted from a full impedance spectrum provided by an
impedance analyzer but can be obtained by solely a low-frequency
single-point impedance measurement performed with a simple
battery cycler without explicit impedance capabilities, whereby a
sine-like current perturbation at 180 mHz is generated by a stepwise
but rapid change of the applied current. The measurement of two
types of commercial capacitors resulted in a deviation of <1 %
between the two methods.

Each step of the transformation was validated in cycling experi-
ments using four different cell and test hardware configurations: No
deviation in the specific NCM capacitance was found for cells without
a reference electrode as well as for the single-point impedance
measurement at the battery cycler for at least 68 cycles. However, it
could be shown that cross-talk phenomena increase the capacitance
and, consequently, the electrochemically active surface area of the
NCM CAM when cycled against a lithium metal counter electrode for
extended cycling. These occurring side reactions with NCM/lithium
cells were also expressed in the decrease of the coulombic efficiency
in contrast to NCM/LTO cells (i.e., pseudo full-cells).

Even though we suggest limiting the analysis of the capacitance
in half-cells to ~10 charge/discharge cycles due to pronounced
cross-talk phenomena as compared to NCM/LTO cells, the data
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Figure A-1. Cycling data of the symmetric lithium/lithium cell presented in Fig. 2, showing its areal current (red, left axis) and cell voltage profile (blue, right
axis). For the “C/10” cycles, 0.30 mA or 0.15 mA/cm?;; (when normalized to the geometric surface area of the lithium metal electrodes) were applied during
symmetric cell cycling, whereas for the “1C” cycles, a current of 3.0 mA or 1.50 mA/cm?;; was set. The “C/10” cycles are labeled with the respective cycle
number. The cell voltages given in the figure represent the cell potential at the end of the last of the four cycles at 3.0 mA.

acquired by the here proposed method and setup can give valuable
information about the chemomechanical stability of CAM particles.
Therefore, the capacitance method, which is now applicable in
combination with the developed simplified cell and test hardware
setup, provides a powerful in situ tool to monitor the surface
evolution of CAMs, using only standard testing procedures and
instrumentation.
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Appendix

Cycling data of the symmetric lithium/lithium coin cell—
Figure A-1 shows the areal current and potential profiles of the
symmetric lithium metal cell discussed in Fig. 2. Even though the
same two currents (i.e., 0.30mA and 3.0 mA) were applied
repeatedly over 68 cycles, the cell voltage initially decreases during
the first few cycles and later increases again. At cycle #28, the cell
voltage starts to increase drastically, which is in good agreement
with the LFR extracted from the impedance data being recorded after
each slow cycle and presented in Fig. 2.

Cycling data of the different NCM cell configurations.—Figure A-2
shows the coulombic efficiencies and specific discharge capacities
of the four different cell configurations during the aging cycles at 1C
that were used in this study. For all samples, the discharge capacity
shown in Fig. A-2a starts at 185.5 + 1.9 mAh/gncwm in cycle #4 and
decreases to 172.8 + 3.0 mAh/gnewm in cycle #68. Although the
capacity retention is similar for all samples, the coulombic effi-
ciency depicted in Fig. A-2b differs depending on the selected
counter electrode: it stays on a stable level for the cells with pre-
lithiated LTO anodes, viz. at >0.995 (pseudo full-cells, dark green
empty circles and green triangles), but continuously decreases for
the cells with lithium metal as anode, viz., from 0.995 to 0.97
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Figure A-2. a) Specific discharge capacity and b) coulombic efficiency as
a function of the cycle number during the 1C cycles for the data depicted in
Fig. 5. Green empty circles depict the T-cell setup with a p-RE and a pre-
lithiated LTO anode measured with the Biologic potentiostat (Zxcm-LTO-B),
green triangles show the coin-cell setup with pre-lithiated LTO anodes
measured with the Maccor battery cycler (Z.q-LTO-M), yellow circles
represent coin half-cells with lithium metal anode measured with the
Biologic potentiostat (Z.e-Li-B), and blue triangles show the half-cell setup
measured with the Maccor battery cycler (Z.-Li-M). The first cycle of each
set of four 1C cycles was omitted in the presentation of the coulombic
efficiency, as the ratio of charge and discharge capacity is affected simply by
the change of C-rate from C/10 to 1C. The values shown here are calculated
from the mean of two identical cells, and the error bars correspond to the
minimum/maximum value of two measurements.

(yellow circles and blue triangles), indicating parasitic side reactions
during cell cycling.

ORCID

Stefan Oswald @ https://orcid.org/0000-0001-6402-7833
Felix Riewald @ https://orcid.org/0000-0001-9002-3633
Hubert A. Gasteiger @ https://orcid.org/0000-0001-8199-8703



18.

19.

20.

21.

22.

23.

24.
25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Journal of The Electrochemical Society, 2022 169 040552

References

. O. Groger, H. A. Gasteiger, and J.-P. Suchsland, J. Electrochem. Soc., 162, A2605
(2015).

. W. Li, E. M. Erickson, and A. Manthiram, Nat. Energy, 5, 26 (2020).

. R. Schmuch, R. Wagner, G. Horpel, T. Placke, and M. Winter, Nat. Energy, 3, 267
(2018).

. D. Andre, S.-J. Kim, P. Lamp, S. F. Lux, F. Maglia, O. Paschos, and B. Stiaszny,
J. Mater. Chem. A, 3, 6709 (2015).

. S.-T. Myung, F. Maglia, K.-J. Park, C. S. Yoon, P. Lamp, S.-J. Kim, and Y.-K. Sun,
ACS Energy Lett., 2, 196 (2017).

. H.-J. Noh, S. Youn, C. S. Yoon, and Y.-K. Sun, J. Power Sources, 233, 121 (2013).

U. H. Kim et al., Energy Environ. Sci., 11, 1271 (2018).

. J. Li and A. Manthiram, Adv. Energy Mater., 9, 1902731 (2019).

C. S. Yoon, H.-H. Ryu, G.-T. Park, J.-H. Kim, K.-H. Kim, and Y.-K. Sun, J. Mater.

Chem. A, 6, 4126 (2018).

. J.-H. Kim, H.-H. Ryu, S. J. Kim, C. S. Yoon, and Y.-K. Sun, ACS Appl. Mater.
Interfaces, 11, 30936 (2019).

. Q. Xie and A. Manthiram, Chem. Mater., 32, 7413 (2020).

. Y. Kim, ACS Appl. Mater. Interfaces, 4, 2329 (2012).

. J. Li, A. R. Cameron, H. Li, S. Glazier, D. Xiong, M. Chatzidakis, J. Allen,
G. A. Botton, and J. R. Dahn, J. Electrochem. Soc., 164, A1534 (2017).

. J. E. Harlow et al., J. Electrochem. Soc., 166, A3031 (2019).

. Y.-K. Sun, S.-T. Myung, B.-C. Park, J. Prakash, I. Belharouak, and K. Amine, Nat.
Mater., 8, 320 (2009).

. J. Langdon and A. Manthiram, Energy Storage Mater., 37, 143 (2021).

. R. Jung, M. Metzger, F. Maglia, C. Stinner, and H. A. Gasteiger, The Journal of

Physical Chemistry Letters, 8, 4820 (2017).

R. Jung, M. Metzger, F. Maglia, C. Stinner, and H. A. Gasteiger, J. Electrochem.

Soc., 164, A1361 (2017).

J. Wandt, A. T. S. Freiberg, A. Ogrodnik, and H. A. Gasteiger, Mater. Today, 21,

825 (2018).

D. Streich, C. Erk, A. Guéguen, P. Miiller, F.-F. Chesneau, and E. J. Berg, The

Journal of Physical Chemistry C, 121, 13481 (2017).

L. Giordano, P. Karayaylali, Y. Yu, Y. Katayama, F. Maglia, S. Lux, and Y. Shao-

Horn, The Journal of Physical Chemistry Letters, 8, 3881 (2017).

A. T.S. Freiberg, M. K. Roos, J. Wandt, R. de Vivie-Riedle, and H. A. Gasteiger,

The Journal of Physical Chemistry A, 122, 8828 (2018).

D. P. Abraham, R. D. Twesten, M. Balasubramanian, I. Petrov, J. McBreen, and

K. Amine, Electrochem. Commun., 4, 620 (2002).

S. Venkatraman and A. Manthiram, Chem. Mater., 15, 5003 (2003).

F. Friedrich, B. Strehle, A. T. S. Freiberg, K. Kleiner, S. J. Day, C. Erk, M. Piana,

and H. A. Gasteiger, J. Electrochem. Soc., 166, A3760 (2019).

B. Strehle, F. Friedrich, and H. A. Gasteiger, J. Electrochem. Soc., 168, 050512 (2021).

S. Solchenbach, G. Hong, A. T. S. Freiberg, R. Jung, and H. A. Gasteiger,

J. Electrochem. Soc., 165, A3304 (2018).

J. Wandt, A. Freiberg, R. Thomas, Y. Gorlin, A. Siebel, R. Jung, H. A. Gasteiger,

and M. Tromp, J. Mater. Chem. A, 4, 18300 (2016).

R. Jung, F. Linsenmann, R. Thomas, J. Wandt, S. Solchenbach, F. Maglia,

C. Stinner, M. Tromp, and H. A. Gasteiger, J. Electrochem. Soc., 166, A378 (2019).

Z. Ruff, C. Xu, and C. P. Grey, J. Electrochem. Soc., 168, 060518 (2021).

L. M. Thompson, J. E. Harlow, A. Eldesoky, M. K. G. Bauer, J. H. Cheng,

W. S. Stone, T. Taskovic, C. R. M. McFarlane, and J. R. Dahn, J. Electrochem.

Soc., 168, 020532 (2021).

L. de Biasi, A. O. Kondrakov, H. GeBwein, T. Brezesinski, P. Hartmann, and

J. Janek, The Journal of Physical Chemistry C, 121, 26163 (2017).

A. O. Kondrakov, A. Schmidt, J. Xu, H. GeBwein, R. Monig, P. Hartmann,

H. Sommer, T. Brezesinski, and J. Janek, The Journal of Physical Chemistry C,

121, 3286 (2017).

S. Oswald, D. Pritzl, M. Wetjen, and H. A. Gasteiger, J. Electrochem. Soc., 167,

100511 (2020).

S. Oswald, M. Bock, and H. A. Gasteiger, J. Electrochem. Soc., 169, 050501 (2022).

S. Oswald, D. Pritzl, M. Wetjen, and H. A. Gasteiger, J. Electrochem. Soc., 168,

120501 (2021).

37

38.

39.

40.

42.

43.

44.
45.

46.

47.

48.

49.

50.

S1.

54.

55.

56.

57.
58.

59.

60.
61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.
72.

. S. Oswald, M. Bock, and H. A. Gasteiger, manuscript in preparation.

L. de Biasi, B. Schwarz, T. Brezesinski, P. Hartmann, J. Janek, and H. Ehrenberg,
Adv. Mater., 31, 1900985 (2019).

S. Watanabe, M. Kinoshita, T. Hosokawa, K. Morigaki, and K. Nakura, J. Power
Sources, 258, 210 (2014).

H.-H. Sun and A. Manthiram, Chem. Mater., 29, 8486 (2017).

. J.-H. Kim, S. J. Kim, T. Yuk, J. Kim, C. S. Yoon, and Y.-K. Sun, ACS Energy Lett.,
3, 3002 (2013).

E. Trevisanello, R. Ruess, G. Conforto, F. H. Richter, and J. Janek, Adv. Energy
Mater., 11, 2003400 (2021).

S. Solchenbach, D. Pritzl, E. J. Y. Kong, J. Landesfeind, and H. A. Gasteiger,
J. Electrochem. Soc., 163, A2265 (2016).

S. Solchenbach, PhD Thesis, Technical University of Munich (2018).

J. Landesfeind, J. Hattendorff, A. Ehrl, W. A. Wall, and H. A. Gasteiger,
J. Electrochem. Soc., 163, A1373 (2016).

J. Landesfeind, D. Pritzl, and H. A. Gasteiger, J. Electrochem. Soc., 164, A1773
(2017).

R. Morasch, B. Suthar, and H. A. Gasteiger, J. Electrochem. Soc., 167, 100540
(2020).

S. Drvari¢ Talian, J. Bobnar, A. R. Sinigoj, I. Humar, and M. Gaberscek, The
Journal of Physical Chemistry C, 123, 27997 (2019).

K. N. Wood, E. Kazyak, A. F. Chadwick, K.-H. Chen, J.-G. Zhang, K. Thornton,
and N. P. Dasgupta, ACS Central Science, 2, 790 (2016).

J. Wandt, C. Marino, H. A. Gasteiger, P. Jakes, R.-A. Eichel, and J. Granwehr,
Energy Environ. Sci., 8, 1358 (2015).

R. Weber, J.-H. Cheng, A. J. Louli, M. Coon, S. Hy, and J. R. Dahn,
J. Electrochem. Soc., 166, A3250 (2019).

. G. Bieker, M. Winter, and P. Bieker, Phys. Chem. Chem. Phys., 17, 8670 (2015).
. L. Yang, C. Smith, C. Patrissi, C. R. Schumacher, and B. L. Lucht, J. Power
Sources, 185, 1359 (2008).

G. J. Brug, A. L. G. van den Eeden, M. Sluyters-Rehbach, and J. H. Sluyters,
J. Electroanal. Chem. Interfacial Electrochem., 176, 275 (1984).

D. Pritzl, J. Landesfeind, S. Solchenbach, and H. A. Gasteiger, J. Electrochem. Soc.,
165, A2145 (2018).

D. T. Boyle, W. Huang, H. Wang, Y. Li, H. Chen, Z. Yu, W. Zhang, Z. Bao, and
Y. Cui, Nat. Energy, 6, 487 (2021).

H.-H. Ryu, G.-T. Park, C. S. Yoon, and Y.-K. Sun, Small, 14, 1803179 (2018).
R. Sim, S. Lee, W. Li, and A. Manthiram, ACS Appl. Mater. Interfaces, 13, 42898
(2021).

J. Chmiola, G. Yushin, Y. Gogotsi, C. Portet, P. Simon, and P. L. Taberna, Science,
313, 1760 (2006).

W. Li, H. Y. Asl, Q. Xie, and A. Manthiram, JACS, 141, 5097 (2019).

I. Hamam, N. Zhang, A. Liu, M. B. Johnson, and J. R. Dahn, J. Electrochem. Soc.,
167, 130521 (2020).

D. Pritzl, T. Teufl, A. T. S. Freiberg, B. Strehle, J. Sicklinger, H. Sommer,
P. Hartmann, and H. A. Gasteiger, J. Electrochem. Soc., 166, A4056 (2019).

I. A. Shkrob, J. A. Gilbert, P. J. Phillips, R. Klie, R. T. Haasch, J. Barefio, and
D. P. Abraham, J. Electrochem. Soc., 164, A1489 (2017).

J. Sicklinger, M. Metzger, H. Beyer, D. Pritzl, and H. A. Gasteiger, J. Electrochem.
Soc., 166, A2322 (2019).

R. Jung, R. Morasch, P. Karayaylali, K. Phillips, F. Maglia, C. Stinner, Y. Shao-
Horn, and H. A. Gasteiger, J. Electrochem. Soc., 165, A132 (2018).

Z. Chen, J. Wang, J. Huang, T. Fu, G. Sun, S. Lai, R. Zhou, K. Li, and J. Zhao,
J. Power Sources, 363, 168 (2017).

J. Langdon and A. Manthiram, Adv. Funct. Mater., 31, 2010267 (2021).

B. Strehle, S. Solchenbach, M. Metzger, K. U. Schwenke, and H. A. Gasteiger,
J. Electrochem. Soc., 164, A2513 (2017).

A. T. S. Freiberg, J. Sicklinger, S. Solchenbach, and H. A. Gasteiger, Electrochim.
Acta, 346, 136271 (2020).

F. Riewald, P. Kurzhals, M. Bianchini, H. Sommer, J. Janek, and H. A. Gasteiger,
J. Electrochem. Soc., 169, 020529 (2022).

U. Kasavajjula, C. Wang, and A. J. Appleby, J. Power Sources, 163, 1003 (2007).
M. Wetjen, D. Pritzl, R. Jung, S. Solchenbach, R. Ghadimi, and H. A. Gasteiger,
J. Electrochem. Soc., 164, A2840 (2017).






4 Implications of the Particle
Morphology of Nickel-Rich
NCMs

The rising demand for SC CAMs for today’s LIBs and the increasing number of lit-
erature reports on this class of materials highlight the importance of the morphology
of the active material morphology. Not only the synthesis and processing of mono-
lithic particles has become a trending topic [176, 177, 183, 190, 261-263], but also
the understanding of their electrochemical properties has emerged: based on previous
results, the SC morphology mostly outperforms the conventional PC analog in cycling
and storage experiments, especially at elevated temperatures [179, 180, 257]. This ad-
vantage is often attributed to the absence of particle cracking, what could then result
in a reduced active material loss and impedance build-up as well as less electrolyte
oxidation, gas evolution, transition metal dissolution, or other unwanted side reactions
in general. In contrast, other studies present a similar or even an inferior performance
for cells based on SC CAMs [141, 256, 264]. On that account, deeper understanding
and knowledge on the electrochemical properties and degradation mechanisms of the

different NCM morphologies is required.

After having demonstrated the improved morphological stability of SC NCMs in Chap-
ter 3.2, the two articles presented in this chapter elucidate the implications of this find-
ing on the electrochemical properties depending on the particle morphology. First, the
fundamental physical and electrochemical properties of PC and SC NCM622 are in-
vestigated regarding surface area changes as a function of the SOC and their effect
on the (de)lithiation kinetics, the gas evolution, and the thermal stability. Second,
the impact of the CAM morphology and the electrode properties on the capacitance
determination are elucidated. Third, PC and SC NCM851005 materials are compared
in extended full-cell cycling experiments, elucidating the effect of morphology, upper
cutoff potential, and temperature on capacity loss, impedance build-up, and particle

cracking.
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4 Implications of the Particle Morphology of Nickel-Rich NCMs

4.1 Cracking, Gassing, Rate Capability, and
Thermal Stability

The article ”Elucidating the Implications of Morphology on Fundamental Characteris-
tics of Nickel-Rich NCMs: Cracking, Gassing, Rate Capability, and Thermal Stability
of Poly- and Single-Crystalline NCM622” was submitted to the peer-reviewed Journal
of the Electrochemical Society in January 2022 and published online in May 2022 [265].
It is available as an open-access article and distributed under the terms of the Creative
Commons Attribution Non-Commercial No Derivatives 4.0 License. This paper is part
of the Focus Issue In Honor of John Goodenough: A Centenarian Milestone. A per-
manent link to this article can be found under https://doi.org/10.1149/10.1149/1945-
7111 /ac5{7f. The main findings of this paper were presented by Stefan Oswald as
Paper #A01-0144 at the PRIME 2020 Meeting of the FElectrochemical Society in a
virtual format in October 2020.

To assess the influence of particle morphology and primary particle size, the three
NCM622 CAM powders are first investigated visually by SEM, illuminating their dis-
tinct morphological properties: i) spherical PC secondary agglomerates (with a diam-
eter of @ 5-10um) consisting of primary particles (& 0.2-1.0 pm), ii) small monolithic
crystallites (@ 0.2-1.0pm), and iii) large monolithic crystallites (@ 2-8pm). By gas
physisorption experiments using Kr-BET to determine the surface area of charged
electrodes, a significantly increased surface area (by a factor of 3.0x) of the PC CAM
reveals substantial particle cracking induced by the volume change of the material upon
delithiation already after the first charge; in contrast, the two SC NCMs maintain their
surface area even when charged. By SOC-dependent measurements of the capacitance
of the NCM, as introduced in Chapter 3.2, the (chemo)mechanical stability of the SC
NCM can be demonstrated even for high SOCs while, for the PC NCM, the surface
area increases at 5.0 Vi; to 6.5x of its pristine value, corresponding to ~70% of the
primary crystallite surface area being exposed to the electrolyte. In accordance, both
the gas evolution at 90 %SOC, monitored by OEMS, as well at high temperatures of
325°C, tracked by the mass loss in TGA experiments, do not scale with the pristine
NCM surface area but with the surface area determined in the charged state. As a
drawback, however, the large SC particles exhibit an inferior rate capability as com-
pared to the PC ones, which benefit from particle cracking and electrolyte penetration

enhancing the diffusion of lithium ions through the liquid phase.

The implications of particle cracking on the (de)lithiation kinetics are further illumi-
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4.1 Cracking, Gassing, Rate Capability, and Thermal Stability

nated by a series of articles published by the group of Prof. Jiirgen Janek at Justus-
Liebig-Universitéat, GieBen, Germany. The here observed difference in rate capability
between PC and SC CAMs (despite a similar specific surface area in the pristine state)
can also be expressed by the SOC-dependent apparent diffusion coefficient, as it was
investigated by Trevisanello et al. through GITT measurements [266]: over a wide
region of the SOC window, the apparent diffusion coefficient remains constant for the
SC NCMs, while the one of the PC NCMs increases with increasing SOC, which is
explained by particle cracking, the increase in surface area, and the consequent short-
ening of the diffusion paths in the solid phase. Nevertheless, particle cracking only has
a beneficial effect if the electrolyte can penetrate the pores, which is not the case in all-
solid-state batteries. For systems using a solid-state electrolyte, Ruess et al. observed
that the apparent diffusion coefficient of PC NCM particles behaves like the one of
SC particles in liquid electrolyte since particle cracking reduces the lithium diffusion
between primary particles and thus the rate capability [145]. Furthermore, Conforto
et al. demonstrated that the capacity retention during extended cycling in solid-state
batteries is significantly improved for SC CAMs since active material is disconnected
ionically and/or electronically [144]. Even though particle cracking in the first cycle is
beneficial to the kinetics of PC NCMs in liquid electrolytes, its effect during long-term

cycling still needs to be evaluated and compared to the one of SC materials.
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Owing to their high specific capacity and their technological
maturity, ternary layered lithium transition metal oxides (LiMO,)
such as NCMs (M = Ni,Co,Mn_, x+y+z = 1) have already been
commercialized as cathode active materials (CAMs) for lithium-ion
batteries."”> In particular, nickel-rich NCM compositions are
cost-effective and deliver practical discharge capacities of
>200 mAh/gNCM.3’5 With increasing nickel content, however, the
capacity gain is often accompanied by a shorter cycle life due to
undesired side reactions at the NCM/electrolyte interface, resulting,
e.g., from (i) the decomposition of residual lithium salts leftover
from the synthesis®™’ or of surface contaminants formed during
improper storage,®'° all present in greater amounts on nickel-rich
materials,”'” as well as from (ii) the reaction of released (singlet)
oxygen at hifgh degrees of delithiation from the NCM lattice with the
electrolyte,''? which occurs at lower potentials for higher nickel
content.'>* These processes degrade the NCM active material upon
charge/discharge cycling and increase the cell impedance, eventually
leading to cell failure.'*"”

One additional reported failure mechanism of conventional poly-
crystalline NCMs is the cracking of the secondary agglomerates due to
the anisotropic volume change of the NCM unit cell of up to —8 %
upon (de)lithiation,'*™'® causing stress and strain throughout the NCM
particle,16 what results in the formation of pores and cracks between
the NCM primary crystallites and, therefore, in an increase of the
NCM surface area that is in contact with the electrolyte.'®~>! This does
not only enhance surface-area-dependent side reactions but also
impairs the electrical contact across a secondary agglomerate upon
its fragmentation into primary crystallites.**

To overcome this issue, more and more attention has been
dedicated to the development of an improved particle
morphology.>** One way to minimize the occurring side reactions
and resistances lays in the reduction of the specific surface area

*Electrochemical Society Student Member.
**Electrochemical Society Fellow.
“E-mail: Stefan.Oswald @tum.de

through a greater primary crystallite size, being known in the literature
under the designation single-crystals,>*>° describing relatively large
primary crystallites without a regular secondary structure and (ideally)
without agglomeration, which are expected to maintain their pristine
surface area upon cycling.'*?*?” The expected integrity of the single-
crystalline particle morphology could be the origin of the improved
capacity retention observed during extended charge/discharge cycling
experiments reported in recent studies.”’~° However, the synthesis of
single-crystalline NCMs is more demanding and, therefore, more
expensive when implemented in large-scale industrial processes. For
example, the synthesis of single-crystalline layered transition metal
oxides often includes higher calcination temperatures of up to 1000 °C,
multi-step calcination procedures, a washing step to remove excess
lithium salts and flux agents, as well as mechanical grinding to
deagglomerate the sintered primary crystallites (e.g., by ball milling).**

To better understand the morphology-related (dis)advantages of
single-crystalline NCMs, this study focuses on elucidating the intrinsic
characteristics and the possible performance benefits of different NCM
particle morphologies: a comparison of a polycrystalline and a single-
crystalline NCM622 with similar pristine specific surface area
(~0.3 mzNCM/gNCM) allows for the discrimination of the effect of
particle morphology, whereas a comparison of the rather large
NCM622 single-crystals (with a size of ~5 pum) with the tiny primary
crystallites obtained by milling of the polycrystalline NCM622 (with
~(.6 pm) exposes the effect of the difference in pristine surface area (of
a factor of ~8x) for single-crystalline materials. As one might expect on
account of the very different morphologies and specific surface areas of
these three materials, krypton physisorption experiments (referred to as
Kr-BET) and capacitance measurements reveal considerable differences
in the change of the NCM surface area upon compression, delithiation,
and charge/discharge cycling. Consequently, the effect of the mor-
phology on the extent of gassing at high state of charge (SOC) was
determined via on-line electrochemical mass spectrometry (OEMS), the
rate capability was evaluated in half-cell discharge rate test, and the
thermal stability was assessed by thermogravimetric analysis (TGA). In
summary, this report gives comprehensive insights into the fundamental
properties of poly- and single-crystalline NCMs.
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Experimental

NCM622 active material powders.—Three different NCM622
(LiNig¢Cop,Mng,0,) active materials were used in this study.
The polycrystalline NCM622 material (referred to as “PC,”
0.32 m2NCM/gNCM (measured by Kr-BET), BASF SE, Germany)
was used as received.

In order to obtain an NCM622 material that consists mostly of
individual primary crystallites, the secondary agglomerates of the
polycrystalline NCM622 powder were crushed to obtain the
individual primary particles by ball milling, similar to the procedure
shown by Hou et al.:>' The polycrystalline NCM622 powder was
mixed with N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5 %,
Sigma-Aldrich) at a mass ratio of 4:1 and ground in a 45 ml
zirconium oxide beaker using zirconium oxide balls (ZrO,, 2 mm in
diameter) for 2x5 min at 400 rpm and 2x5 min at 1000 rpm, using a
planetary ball mill (Pulverisette 7, Fritsch, Germany), including rest
periods of 2 min between each step. The mixture of NCM, NMP, and
7ZrO, balls was heated and dried in a tube furnace (Carbolite,
Germany) under argon atmosphere (1 1/min), applying a temperature
ramp of 0.75 K/min from room temperature to 150 °C and then at
0.33 K/min to 210 °C, where each of the two temperatures was held
for 4 h. (The relatively flat temperature profile (including the slow
temperature increase and the temperature hold) was chosen to avoid
boiling, bubbling, and splashing of the NMP in the furnace during
drying. Through the here chosen procedure, most of the solvent had
evaporated before the boiling point of NMP (at ~203 °C) was
reached. Up to this point, however, no changes of the NCM particles
regarding morphology, composition, or crystal structure were
expected). Subsequently, the dried mixture of NCM powder and
ZrO, balls was re-annealed by applying a temperature ramp of
10 K/min up to 525 °C in a gas atmosphere of 20 vol% oxygen in
argon (11/min), holding it at 525 °C for 1h before letting it cool
down to room temperature. The resulting ball-milled NCM622 was
separated from the ZrO, balls by sieving and then stored under inert
conditions; this material, consisting of mostly individual primary
NCM622 particles, will be referred to further on as “PC-bm”
(2.25 mzNCM/gNCM)~

As a third NCM622 material, a directly sgfnthesized single-
crystalline NCM622 (referred to as “SC,” 0.27 m"nem/gnems BASF
SE, Shanghai, China) was used as received.

Scanning electron microscopy.—The morphology of the CAM
powders was investigated via top-view scanning electron micro-
scopy (SEM) using a tabletop microscope (JCM-6000, JEOL, Japan)
in secondary electron mode and applying an acceleration voltage of
15kV.

Electrode preparation.—For cell cycling, NCM electrodes were
prepared from the three above described NCM622 powders that
exhibit very different morphologies (described later in Fig. 1) and
specific surface areas: the as-received polycrystalline NCM622 (PC),
the ball-milled polycrystalline NCM622 (PC-bm), and the as-
received single-crystalline NCM622 (SC). Targeting different ex-
perimental investigations (see below), three different electrode inks
were prepared with each of the three NCM622 powders, using
different mass ratios of active material, carbon black (C65, carbon
black SuperC65, 64 m2C65/gC65, TIMCAL, Switzerland), and poly-
vinylidene difluoride binder (PVDF, Solef, Solvay, Germany) binder
as well as different solid contents in the NMP solvent: (i) with a
mass ratio of 96:2:2 and a solid content of 80 wt%; (ii) with a mass
ratio of 96:2:2 and a solid content of 63 wt%; and, (iii) with a mass
ratio of 90:5:5 and a solid content of 52 wt%. The inks based on
polycrystalline NCM622 (PC) were mixed in a planetary mixer
(Thinky Corp., USA) for 17 min, using a four-step sequential mixing
procedure. To avoid particle agglomeration, the inks based on the SC
and PC-bm active materials were prepared using the planetary ball

mill with a ZrO, beaker (20 ml) and ZrO, balls (10 mm in diameter)
by mixing 4x5 min at 400 rpm, including rest periods of 2 min
between each step.

Due to the very high specific surface area of the PC-bm material,
uncompressed electrodes with a composition of 96:2:2 resulted in
significant overpotentials during electrochemical testing, even when
cycled at a slow rate of C/20, as the amount of conductive carbon of
2 wt% in the electrode was not sufficient to allow for a complete and
homogeneous electrical contacting of the PC-bm particles.
Therefore, PC-bm electrodes were compressed, even in experiments
in which uncompressed electrodes were used for the SC and PC
materials, as described in the following paragraphs. However, since
the PC-bm material consists mostly of separated primary crystallites,
as will be further discussed later, the mechanical compression of the
electrodes is expected to have no effect on the pristine CAM surface
area. In the following, we will describe the different electrode
compositions and electrode compressions used for the different
experimental procedures.

On-line electrochemical mass spectrometry (OEMS) measure-
ments: The NCM slurries with a mass ratio of 96:2:2 and a solid
content of 80 wt% were coated onto a stainless steel mesh (316
grade, 26 pm aperture, 25 pm wire diameter, The Mesh Company,
United Kingdom) with a doctor blade, using an automated coater
(RK PrintCoat Instruments, United Kingdom). The electrode sheets
were then dried in a convection oven at 50 °C for 5h before
electrodes with a diameter of 14 mm were punched out, having a
mass loading in the range of 10.0 = 1.8 mgNCM/cmz, For the counter
electrodes, lithium iron phosphate (LFP) electrodes with a diameter
of 15mm were punched out from commercially available LFP
electrode sheets (LFP on aluminum, 3.5 mAh/cmz, Customcells,
Germany). While the PC and the SC electrodes were used
uncompressed to avoid mechanically induced particle cracking, the
PC-bm electrodes were compressed at 100 MPa for 30s using a
manual hydraulic press (Specac, United Kingdom) to minimize
electrical contact resistances (see above). Data with these NCM
electrodes are shown in Figs. 4 and A-5.

Cycling experiments in coin cells and T-cells: The NCM inks
were coated onto the rough side of an aluminum foil (18 pm, MTI,
USA) with a box-type coating bar (Erichsen, Germany), using the
automated coater. All NCM electrode sheets were then dried in a
convection oven at 50 °C for 5 h before punching out electrodes for
the different types of experiments:

® The electrodes used for the Kr-BET and TGA measurements as
well as for the potential curves of the first charge were prepared from
the inks with an NCM:C65:PVDF mass ratio of 96:2:2 (with a solid
content of 63 wt%). They were punched out to diameter of 14 mm (for
the use in coin cells) and had a mass loading of 12.5 + 1.5 mgNCM/cm2.
The PC and SC electrodes were used uncompressed while the PC-bm
electrodes were compressed at 100 MPa for 30s, if not stated
otherwise. Data with these NCM electrodes are shown in Figs. 2, 6,
A2, and A-4.

® The electrodes used for the discharge rate tests were prepared from
the inks with an NCM:C65:PVDF mass ratio of 90:5:5 (with a solid
content of 52 wt%). They were punched out to a diameter of 10.95 mm
(for the use in T-cells) and had a mass loading of 12.5 £ 0.5 mgNCM/cmz.
The electrodes for all three NCM materials were compressed at 200 MPa
for 30 s. Data with these NCM electrodes are shown in Figs. 5 and A-6.

® The electrodes used for the NCM capacitance measurements in T-
cells were prepared from the inks with an NCM:C65:PVDF mass ratio
of 96:2:2 (with a solid content of 63 wt%). They were punched out to a
diameter of 10.95 mm and had a loading of 8.5 + 0.5 mgNCM/cmz.
These electrodes with all three NCM materials were used both
uncompressed and compressed at 100 MPa for 30s. Data with these
NCM electrodes are shown in Figs. 3 and A-3.

Two types of counter electrodes are used in these experiments:
either LTO electrodes, punched out at a diameter of 10.95 mm from
commercially available LTO electrode sheets (LTO on aluminum,
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3.5 mAh/cm?, Customcells, Germany), or lithium metal electrodes
(450 pm thick, Rockwood Lithium, USA) with a diameter of 11 mm
in T-cells or 15 mm in coin cells.

C65/PVDF electrodes: To serve as a background reference
material for the determination of the NCM specific surface area as
well as for the evaluation of the NCM thermal stability, slurries
without active material containing only C65 and PVDF at a mass
ratio of 1:1 were mixed with NMP in the planetary centrifugal mixer,
and coatings on aluminum foil were prepared as described above.
For the Kr-BET and TGA measurements, uncompressed C65
electrodes with a diameter of 14mm and a mass loading of
3.2 mg/em® were used.

All electrodes were dried in a Biichi oven at 120 °C under
dynamic vacuum for at least 6 h and then transferred without
exposure to air to an argon-filled glove box (<1 ppm O, and H,O,
MBraun, Germany) where all cells were assembled.

On-line electrochemical mass spectrometry.—In preparation of
the on-line electrochemical mass spectrometry (OEMS) experiments
(reprinted here from a previous publication'® for the sake of
completeness), capacitively oversized LFP electrodes (15 mm in
diameter, 3.5 mAh/cmZ) were pre-delithiated in coin cells (Hohsen,
Japan) using two glass fiber separators (16 mm in diameter), one
polyolefin separator (17 mm in diameter, H2013, Celgard, USA)
facing the LFP electrode (preventing that glass fibers adhere to the
LFP electrodes and get transferred to the OEMS cell), and 100 pl of
LP57 electrolyte (1 M LiPFg in EC:EMC 3:7 w/w, <20 ppm H,O,
BASF, Germany). For this, they were pre-delithiated in coin half-
cells against metallic lithium (450 pm thick and 15 mm in diameter,
Rockwood Lithium, USA) to ~90 %SOC at a specific current of
30 mA/g gp for 4.5h, after having performed one full formation
cycle at 30 mA/gnceMm between 3.0 and 4.0 Vi; (note that throughout
this article potentials referenced to the Li*/Li redox potential are
denoted as Vy;; similarly, Vigp and Vo are used for the cell
potential of the OEMS cells with LFP as counter electrode as well as
for the pseudo full-cells with LTO as counter electrode, respec-
tively). After pre-delithiation, the LFP electrodes were harvested
from the cells and used without washing as the counter electrode in
the OEMS cells for the gas evolution experiments. As described
previously,14 the pre-delithiated, capacitively oversized LFP elec-
trodes are used because they: (i) provide a stable potential of
~3.45 Vi, over a wide SOC window, (ii) provide a sufficiently large
capacity to take up the lithium from the investigated NCM working
electrodes, and (iii) exhibit no gas evolution due to the absence of
electrolyte decomposition reactions at their operating potential
(as compared to typical anodes such as lithium metal or graphite
forming an SEI, accompanied by gas evolution'>¥>3%). To later
choose the end of charge potential of the NCM electrodes in the
OEMS experiments, the LFP potential at ~10 %SOC is used: during
the re-lithiation in here-mentioned half-cells, a potential of 3.40 V;
was observed.

For the OEMS experiments, a pre-delithiated LFP counter
electrode was placed on the bottom of the custom-made OEMS
cell hardware, then covered by two polyolefin separators (24 mm in
diameter, H2013, Celgard, USA) that were wetted with 100 pl of
LP57 electrolyte, and finally an NCM electrode (14 mm in diameter,
NCM:C65:PVDF mass ratio of 96:2:2, with the PC-bm electrode
compressed at 100 MPa and the PC and SC electrodes uncom-
pressed) was placed on top of the stack in the spring-compressed
OEMS cells. The assembled cells were positioned in a climate
chamber (CTS, Germany) at 25 °C and connected to a potentiostat
(SP-300, BioLogic, France) and the mass spectrometer system
(HiQuad QMH 400-1, Pfeiffer Vacuum, Germany), which has
been described in detail elsewhere.™

The cells were held at OCV for 4 h before they were charged in
constant-current mode (CC) to 4.08 Vy; (corresponding to 0.68 Vi gp
against the pre-delithiated, capacitively oversized LFP counter

electrode) at a C-rate of C/5 (corresponding to 55 mA/gncm,
referenced to the theoretical capacity of 276.5 mAh/gnem of
NCM622), where they were held for one hour in constant-voltage
mode (CV), before they were discharged to ~3.0 Vi; (corresponding
to —0.4 Vpgp). After two full cycles to 4.08 Vi, three cycles were
executed with a higher upper cutoff potential of 4.73 Vy; (corre-
sponding to 1.33 Vgp). Each of the five CV steps was followed by a
OCYV period of 10 min.

The traced mass signals were normalized to the ion current of the
3Ar isotope in order to correct for fluctuations of pressure and
temperature, and the signals for O, and CO, were then converted to
concentrations using a calibration gas (Ar with 2000 ppm of H,, O,
C,H,, and CO, each, Westfalen, Germany) and considering a cell
volume of ~11 cm?, as introduced by Strehle et al. and Jung et al. for
the gassing of (LMR-)NCM.">?> For details on the calibration
procedure, see Tsiouvaras et al3*

Impedance spectroscopy.—All electrochemical impedance
spectra were included directly into the cycling procedure of a
multi-channel potentiostat VMP3 (BioLogic, France) and recorded
in a climate chamber (Binder, Germany) at 25 °C in potentiostatic
mode (PEIS), with an amplitude of 15 mV for 8 points per decade
from 100 kHz to 100 mHz, including a data point at a frequency of
180 mHz. This results in an acquisition time of ~10 min per PEIS.
Each EIS spectrum consists of a full-cell spectrum (between working
and counter electrode) and, by using a micro-reference electrode
(u-RE, i.e., a gold-wire reference electrode (GWRE)®®), also of the half-
cell spectrum (i.e., between the working electrode and the p-RE).

Coin cell assembly and testing.—All electrochemical cycling
tests (of both coin and Swagelok T-cells) were performed in a
climate chamber (Binder, Germany) at 25 °C, using a battery cycler
(Series 4000, Maccor, USA) for cell cycling or a multi-channel
potentiostat (VMP3, Biologic, France) for cell cycling with PEIS.

For the Kr-BET surface area determination as well as for the TGA,
NCM electrodes (14 mm in diameter, NCM:C65:PVDF mass ratio of
96:2:2, with the PC-bm electrodes compressed at 100 MPa and the PC
and SC electrodes uncompressed) as well as C65 electrodes (14 mm in
diameter, C65:PVDF mass ratio of 1:1, uncompressed) were as-
sembled in coin cells (CR2032, Hohsen, Japan) using two glass fiber
separators (16 mm in diameter), one polyolefin separator (17 mm in
diameter, H2013, Celgard, USA) facing the NCM or C65 electrode,
and 100 pl of LP57 electrolyte cycled against metallic lithium as
counter electrode (15 mm in diameter).

For Kr-BET, the coin half-cells with lithium counter and NCM
working electrodes were cycled at a C-rate of C/20 (corresponding
to 13.8 mA/gnem referenced to the theoretical capacity of
276.5 mAh/gnem of NCM622). After an initial OCV phase of 1h,
the cells were charged to 3.9 Vy; or to 4.4 Vy;, where the potential
was held for 1 h, followed by an OCV phase of 1 h. Additional cells
were cycled to 4.4 Vi; and, subsequently, discharged to 2.55 Vi,
applying a potential hold of 1 h at both potentials, resulting in a total
time of the experiment of 32 h. This procedure is shown in Fig. A-2
in the Appendix. To investigate the influence of the storage of the
electrode in the electrolyte on the electrode surface area, additional
cells with NCM or C65 electrodes were held at OCV for 24 h.

For thermal analysis via TGA, the coin half-cells with NCM
electrodes were first held at OCV for 1 h and then charged at C/15
(corresponding to 18.3 mA/gncem referenced to the theoretical
capacity of 276.5 mAh/gnem of NCM622) to 4.1 Vi;, where the
potential was held for 1h, followed by another OCV phase of 1h
(this procedure is also shown in Fig. A-2).

To record the potential charge curves of the three NCMs, coin
half-cells with lithium metal as the counter electrode (15 mm in
diameter) and PC, PC-bm, and SC as working electrodes (14 mm in
diameter, NCM:C65:PVDF mass ratio of 96:2:2, with the PC-bm
electrodes compressed at 100 MPa and the PC and SC electrodes
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uncompressed) were assembled using two glass fiber separators
(16 mm in diameter) and 100 pl of LP57 electrolyte. To allow for the
assignment of the applied potential to an SOC (i.e., to a degree of
delithiation of the NCM material) for each of the three NCMs, the
coin half-cells were charged in constant-current mode to 5.0 Vy; at a
C-rate of C/20 (corresponding to 13.8 mA/gncem)-

T-cell assembly and testing.—In preparation of the cycling
experiments in T-cells (Swagelok, USA) with p-RE (adapted and
reprinted here from a previous publication'* for the sake of
completeness), capacitively oversized LTO electrodes (10.95 mm
in diameter, 3.5 mAh/cm?) were pre-lithiated in spring-compressed
T-cells using two glass fiber separators (11 mm in diameter) and
60 pl of LP57 electrolyte against metallic lithium (450 pm in
thickness and 11 mm in diameter, Rockwood Lithium, USA) to
~10 %SOC at a specific current of 30 mA/g; o for 0.5h, after
having performed one full formation cycle at 30 mA/g; ro between
1.2 Vy; and 2.0 Vy;. After pre-lithiation, the LTO electrodes were
harvested from the cells and used as the counter electrode in the
pseudo full-cells for the electrochemical cycling tests (note that
pseudo full-cell here refers to a cell with a specific working electrode
and a capacitively oversized, pre-lithiated LTO electrode). As it was
already discussed in a previous publication,'® the pre-lithiated,
capacitively oversized LTO are used because they provide: (i) a
stable half-cell potential of 1.55 Vy; over a wide SOC window, (ii) a
sufficiently large capacity to take up the lithium from the investi-
gated NCM working electrodes, and (iii) a sufficient excess of
lithium to compensate for any lithium consumed by side reactions
during cycling, so that the NCM working electrode can be fully
lithiated for the EIS measurements that are being conducted in
blocking conditions (see below). Due to the stable half-cell potential
of 1.55 V; of the LTO counter electrode, the NCM working
electrode potential could be controlled by the cell voltage.

For the electrochemical cycling tests, spring-compressed T-cells
with capacitively oversized pre-lithiated LTO as the counter
electrode and NCM as working electrode (10.95 mm in diameter,
NCM:C65:PVDF mass ratio of 96:2:2, with all NCM electrodes
examined both uncompressed and compressed at 100 MPa) were
assembled using two glass fiber separators (11 mm in diameter) and
60 pul of LP57 electrolyte. Between the two separators, a micro-
reference electrode (u-RE) was inserted, namely a gold-wire
reference electrode (GWRE) based on the setup described by
Solchenbach et al.>® Prior to the experiments, the GWRE was
lithiated in situ at 150 nA over 1 h from the LTO counter electrode
before czcling, which establishes a constant GWRE potential of
0.31 Vi, that remained stable for more than 800 h (note that the
GWRE lithiation charge of ~0.15 pAh is negligible compared to the
capacity of the counter electrode). For details about the cell setup
and the preyaation of the gold wire, please refer to the original
publication. ©

To acquire EIS spectra under blocking conditions, represented by
a very large or quasi-infinite charge-transfer resistance, the working
electrode is cycled to the fully discharged state (corresponding to
~5 %SOC due to the irreversible capacity of the first cycle) at a
potential of 2.55 Vy; for all active materials (corresponding to a cell
voltage of 1.00 V1o in the pseudo full-cells), i.e., to full lithiation
for the NCM working electrodes, where the working electrode was
then held for 1 h prior to taking EIS spectra (for further details, see
Ref. 19). The long-term cycling procedure (adapted and reprinted
here from a previous publication' for the sake of completeness),
was initiated by an OCV phase of 10 h, during which a PEIS was
taken every 1h. To identify the pristine value of the electrode
capacitance (cycle #0), the NCM working electrode was discharged
to the lower cutoff potential of 2.55 Vy; at C/10 (corresponding to
27.7 mA/gnem) in CC mode, where a CV hold of 1 h was performed,
followed by a PEIS. During conditioning (cycle #1), the electrodes
were charged at C/10 in CC mode for 1h, then discharged to the
lower cutoff potential of 2.55 V; at C/10 in CC mode, where a CV

hold of 1h was performed, followed by a PEIS. Since nickel-rich
CAMs are commonly slightly overlithiated (by up to 1 %) in the
synthesis process, the conditioning step was included in the
procedure to ensure comparable impedance spectra for each cycle,
namely by assuring that similar SOCs are obtained by the potential
hold of 1h at 2.55 Vy;, especially when comparing different NCM
active materials.

For the subsequent cycling, three charge/discharge cycles are
executed, with a charge to the initial upper cutoff potential of 3.9 V;
at C/10 followed by a CV hold until the current dropped to below
0.1 mA (~C/20, CCCV mode), and with a discharge to the lower
cutoff potential at C/10 followed by a CV hold of 1h before
recording a PEIS (corresponding to cycle #2, #3, and #4). This set of
three cycles is then repeated while increasing the upper cutoff
potential by 0.1 V for each set after every third cycle, finishing with
three cycles to 5.0 Vi; (corresponding to cycle #35, #36, and #37).
The impedance spectra taken in blocking conditions are numbered
by the cycles the cell had performed up to that point (e.g., #7 after
the three cycles to 4.0 V).

To record the charge curves of the first charge of the three NCMs
(shown in Fig. A-4 in the Appendix), coin half-cells with lithium
metal as the counter electrode (15 mm in diameter) and PC, PC-bm,
and SC as working electrodes (14 mm in diameter, NCM:C65:PVDF
mass ratio of 96:2:2, with the PC-bm compressed at 100 MPa and
the PC and SC electrodes uncompressed) were assembled using two
glass fiber separators (11 mm in diameter) and 100 pl of LP57
electrolyte. To allow for the assignment of the applied potential to an
SOC (i.e., to a defined degree of delithiation) for each of the three
NCMs, the coin half-cells were charged in constant-current mode
(CC) to 5.0 Vy; at a C-rate of C/20 (corresponding to
13.8 mA/gNCM).

For the discharge rate tests, spring-compressed T-cells with a
lithium metal reference (6 mm in diameter) and a lithium metal
counter electrode (11 mm in diameter) as well as NCM-based
working electrodes (10.95 mm in diameter, NCM:C65:PVDF mass
ratio of 90:5:5, all NCM electrodes compressed at 200 MPa) were
assembled using three glass fiber separators (11 mm in diameter, two
between working and counter electrode and one on the lithium metal
reference electrode) and 90l of LP57 electrolyte. The NCM
electrodes were cycled between 3.0 Vp; and 4.1 Vp; measured
against the potential of the lithium metal reference electrode. After
an initial OCV phase of 1 h, the cells were charged in CCCV mode,
with a CV step for 1 h or until the current dropped to below C/20,
and were then discharged in CC mode. The applied discharge
C-rates (referenced to the theoretical capacity of 276.5 mAh/gncm of
NCM622) were increased from C/100 to C/50, C/20, C/10, C/5, C/2,
1C, 2C, 5C, 10C, 20C, while each rate was applied for three cycles.
For C-rates between C/100 and C/2, the charge currents were set to
be the same as the ones for discharge, and set to C/2 for all other
rates. After the rate test, another 14 cycles with a charge rate of C/2
and a discharge rate of 1C as well as three cycles at C/10 for both
charge and discharge were appended.

Cell disassembly.—In several experiments, the NCM electrodes
were harvested from charged or discharged coin half-cells under
inert atmosphere to determine their specific surface area by Kr-BET
as well as their thermal stability by TGA. Any residue of the
conductive salt was removed from the electrodes in a three-step
sequential washing procedure: first, they were washed for 5 min in
5 ml EC:EMC 3:7 w/w (Gelon Lib, China), followed by a soaking
step of 24 h in 1 ml DMC (anhydrous, >99 %, Sigma Aldrich, USA)
and, finally, a washing step of 5 min in 5 ml DMC.

Surface area analysis.—The surface area of the active material
powders and of the pristine as well as of the harvested and washed
electrodes was determined by krypton gas physisorption measure-
ments at 77K (adapted and reprinted here from previous
publications'*'**'** for the sake of completeness), measuring at
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5 pm

Figure 1. Visual investigation of the particle morphology of the three pristine NCM622 powders by top-view SEM in secondary electron mode at 15 kV.
a) Polycrystalline NCM (PC). b) Ball-milled polycrystalline NCM (PC-bm). ¢) Single-crystalline NCM (SC). The specific surface area obtained by Kr-BET is

displayed for each material in the respective panel.

13 points between 0.01 < p/py < 0.30, using an autosorb iQ
(Quantachrome Instruments, USA). Comparative N,-BET measure-
ments for the pristine materials (C65 and NCM powders) are within
+10 % of the specific surface areas obtained by krypton physisorp-
tion (also referred to as Kr-BET, referring to the original publication
by Brunauer, Emmett, and Teller’’). The advantage of the measure-
ment with krypton is a superior sensitivity of this method, since only
ca. 1/100 of the total surface area is required for krypton compared
to nitrogen physisorption measurements, so that Kr-BET areas can
be obtained for electrodes with 14 mm in diameter, whereas an
approximately 100-fold larger electrode area would be required for
meaningful N,-BET measurements. Prior to Kr-BET measurements,
both powder samples as well as samples of pristine or harvested and
washed electrodes were dried at 120 °C under vacuum for 6 h. (It has
to be noted that these conditions are common, both for the
outgassing of samples for BET measurements as well as for the
drying of battery electrodes. No Kr-BET measurements were
performed with non-dried electrodes, as this would not lead to
reliable surface area measurements).

Thermal analysis.—To investigate the thermal stability of
charged electrodes by thermogravimetric analysis (TGA), the pris-
tine as well as the washed and harvested electrodes were dried at
120 °C under dynamic vacuum for 6 h. To avoid contact to ambient
atmosphere during the transfer to the TGA device (TGA/DSC 1,
Mettler Toledo, USA), the electrodes were placed in crimped, air-
tight aluminum crucibles (Mettler Toledo, USA), which were
opened by a needle right before the start of the TGA measurement.
First, the measurement cell with the sample was flushed at 25 °C for
5 min under an argon flow rate of 200 ml/min, which was then
reduced to 50 ml/min for another 5 min at 25 °C. Subsequently, the
sample was heated under a constant argon flow rate of 50 ml/min
applying a temperature ramp of 5 K/min from 25 °C to 325 °C, while
the mass of the sample was recorded.

Results and Discussion

Visual investigation of pristine NCM622 powders.—In advance
to the electrochemical investigations, the morphology of the three
NCM622 CAM powders is examined by SEM and BET surface area
measurements with krypton gas (Kr-BET). The as-received pristine
polycrystalline NCM622 powder (PC, marked in blue color)
displayed in Fig. la consists of spherical secondary particles
with a diameter of 5-10pum, each comprising thousands of
primary crystallites. Kr-BET yields a specific surface area of
0.32 mzNCM/gNCM for PC, which (based on a spherical approxima-
tion of solid spheres with a single diameter d = 6/(Aggr-p)) would
correspond to an average diameter of d ~ 4 um, using the crystal-
lographic NCM622 density of p = 4.78 glem®'” suggesting that
mostly the external surface area of the secondary particle agglom-
erates of the pristine PC material is accessible to the electrolyte. For

the pristine ball-milled polycrystalline NCM622 (PC-bm, yellow)
shown in Fig. 1b, most of the secondary agglomerates of the
polycrystalline NCM622 have been completely separated into their
primary particles, showing individual crystallites with a size of
0.2-1.0 pm, while only a few agglomerates with a size of ~2pum
remain (see also the magnification in Fig. A-1 in the Appendix). If
compared to the original polycrystalline material, this separation of
the secondary agglomerates into its primary crystallites results in an
8-fold increase of the specific surface area to 2.25 mzNCM/gNCM,
corresponding to an average particle size of 0.6 pm (for the spherical
approximation). In contrast to the as-received polycrystalline
NCM622, the single-crystalline NCM622 (SC, green) consists of
individual monolithic particles without significant agglomeration,
with a particle size ranging from 2-8 pm, as displayed in Fig. Ic,
exhibiting a specific surface area of 0.27 m*yem/Enem, very similar
to that of the PC material.

Therefore, the three NCM622 materials used in this study allow
for the discrimination of the effect of particle morphology (poly-
crystalline vs. single-crystalline) for a similar pristine specific
surface area when comparing the PC and SC materials, whereas
the comparison of the PC-bm and SC materials allows to examine
the effect of the difference in pristine specific surface area (with an
~8-fold difference) for a similar single-crystalline particle mor-
phology (i.e., without significant secondary agglomerates).

NCM surface area during the first charge/discharge cycle.—
Due to their secondary structure, polycrystalline NCM particles
experience cracking upon long-term cycling, caused by the repeated
volume change of the NCM unit cell upon (de)lithiation and, more
importantly, by the anisotropic change of the lattice parameters a
and c that induces stress and strain throughout the secondary particle
agglomerate.'®'7'® Particle cracking increases the surface area,
facilitating unwanted side reactions as well as the loss of electrical
contact between the separated primary crystallites, both leading to a
decrease in cell capacity. In a previous publication,'® SEM analysis
of the cross section of an NCM electrode cut by a focused ion beam
(FIB-SEM) showed that this chemo-mechanical effect does not only
lead to cracking upon extended charge/discharge cycling, but also
induces the reversible formation of cracks through the polycrystal-
line particle in its charged state already in the very first cycle. For
single-crystalline materials, however, no (reversible) surface area
change is expected upon (de)lithiation due to their monolithic nature
having no secondary structure. To quantify the extent of the surface
area change of the three active materials during the first charge/
discharge cycle, Kr-BET measurements of pristine, stored, and
cycled electrodes are performed. To illustrate the procedure, the
respective voltage profiles of the stored and cycled PC electrodes are
depicted in Fig. A-2.

As mechanical compression of the electrodes affects the integrity
of the CAM particles,” it was intended to use uncompressed
electrodes. However, it was found that the electrochemical
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performance of the PC-bm material is very poor when only 2 wt%
C65 were used for electrode preparation, as this is too low for the
very high specific surface area of PC-bm (2.25 mzNCM/gNCM) and
thus results in significant overpotentials during cycling (data not
shown). At the same time, increasing the carbon content in the
electrode was not possible due to the high specific surface area of
C65, as it would then be the main contributor to the electrode surface
area, thereby masking any changes in the CAM surface area. For this
reason, the electrodes based on the PC-bm material had to be
compressed, but, since the primary crystallites of the PC-bm material
were already mostly separated, no change of its specific surface area
is expected upon electrode compression. A change of the surface
area of the PC-bm material could be excluded by Kr-BET measure-
ments of pristine (un)compressed PC-bm electrodes, which exhibited
similar specific surface area values of 2.81 + 0.03 mz/gelecm,de
for the uncompressed electrodes (data not shown) and
2.92 + 0.05 Illz/g‘,,,ectmde for the electrodes compressed at 100 MPa
(see Fig. 2a), respectively (note that the error values of the specific
surface areas correspond to the minimum/maximum values deter-
mined from the separate measurement of two electrodes and are
always below +0.07 mzlgelmmde or below =0.07 mzNCM/gNCM.).
Even though we illustrated that the specific surface area and,
therefore, the integrity of the PC-bm primary crystallites was
maintained despite the mechanical compression at 200 MPa, the
integrity is certainly dependent on the applied compressing force and
may be affected negatively at higher compressive forces. The
advanced mechanical stability of the single-crystalline material as
compared to the polycrystalline equivalent is discussed in detail in
Fig. 3. For the materials with relatively low specific surface area
(i.e., PC and SC), no compression was required, and uncompressed
electrodes were used for this experiment.

The measured values of the electrodes obtained by Kr-BET are
depicted in Fig. 2a (left y-axis): in the pristine state, the specific
surface areas are determined to be 1.20 + 0.03 mz/gdectmdc,
2.92 * 0.05 M%/Zetectrode, and 1.17 = 0.03 m*/gejecrode for the PC,
PC-bm, and SC electrodes, respectively. For the electrodes charged
to 3.9 Vi, or to 4.4 Vi, it is observed already in this representation
that there is a relatively small increase of the specific surface area of
the SC and PC-bm electrodes, while the one of the PC electrodes
exhibits a significant increase.

To allow for a quantitative analysis of the surface area change of
the NCM active material only, the contribution of C65 and PVDF,
which is assumed to remain constant, is subtracted by considering the
specific surface area of a C65 electrode (C65:PVDF 1:1 w/w) of
179 £ 04 mzlgelemode: as the NCM electrodes comprise 2 wt% of
C65 and 2 wt% of PVDF, the conductive carbon and binder are
assumed to contribute 0.72 + 0.01 m2/gelect,ode to the NCM electrode
(corresponding to 4 % of the measured value of the C65 electrode and
as marked by the gray area in Fig. 2a). Subtracting this value provides
a good estimate of the contribution of the NCM active material to
the specific surface area of the electrode and, when normalized by the
mass of the NCM in the electrode (mncy = 0.96:Mejectrode), Of the
specific surface area of the NCM material. The latter is displayed on
the right y-axis of Fig. 2a in units of mzNCM/gNCM. For the further
discussion, this latter contribution of the NCM only will be
considered.

The pristine NCM surface area of 2.30 + 0.05 mzNCM/gNCM
extracted from the PC-bm electrode (left-most yellow symbol in
Fig. 2a) agrees well with the one of 2.25 m2NCM/gNCM of the PC-bm
powder (dashed yellow line). For the PC and SC materials, however,
the NCM surface areas in the electrodes of 0.50 = 0.04 and
0.47 = 0.04 mZNCM/gNCM (left-most blue and green symbols) are
noticeably larger than the 0.32 and 0.27 m*ycm/gnem Of the pristine
powders (dashed blue and green lines), respectively. The difference
for these two NCMs with a low specific surface area could stem
from an underestimation of the contribution of C65 and PVDF in the
NCM electrode: based on the specific surface area of the C65
powder of 64 m2C65/gC65, one would expect a value of at least
32 mzlgelemmde for the C65 electrode with PVDF, as 50 wt% are
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Figure 2. Specific surface area of PC (blue), PC-bm (yellow), and SC
(green) electrodes obtained by Kr-BET measurements at different states of
charge. Electrodes were used in the pristine state or harvested from stored or
cycled cells. Coin half-cells were assembled using lithium metal as counter
electrode, 100 pl of LP57 electrolyte, two glass fiber separators, and one
polyolefin separator facing the NCM electrode. Cells were either stored at
OCV for 24 h, charged to 3.9 V; or to 4.4 Vy;, or discharged to 2.55 Vi;
after one full cycle to 4.4 Vi, as depicted by the exemplary potential profiles
in Fig. A-2. Electrodes were harvested, washed in carbonate-based solvents,
and subsequently dried. a) Specific electrode surface area (in units of
mzlge]wmde, left y-axis) and specific NCM surface area (in units of
mnem/8nems Tight y-axis), whereby the latter was obtained by the
subtraction of the contribution of the C65 electrode (gray area, multiplied
by 0.04). The horizontal dashed lines indicate the expected surface area
obtained from Kr-BET measurements of the NCM powders (plotted on the
right y-axis). The error bars correspond to the minimum/maximum value of
two measurements. b) NCM surface area normalized to the value of the
pristine NCM surface area, calculated from the values of the right axis of
Fig. 2a. The error bars are determined by the laws of error propagation taking
into account the error value of the C65 electrode.

contributed by the C65. From the value of 17.9 + 0.4 mzlgelem,,(,de
which was actually measured, however, we conclude that the binder
might agglomerate C65 particles and/or cover its surface and/or its
pores, resulting in a lower electrode surface area as expected from
the powder values. When an NCM electrode is prepared, the binder
is distributed between NCM and C65, reducing the covering effect
of the binder on the carbon and therefore, possibly increasing the
contribution of the C65 to the surface area of the NCM electrode.
This increase would result in the observed overestimation of the
NCM specific surface area and an underestimation of its relative
increase upon charge; therefore, the determined NCM specific
surface area increase represents a lower limit only.

To assure that the mere exposure of the electrodes to the electrolyte
does not affect the Kr-BET measurement (e.g., through the decomposi-
tion of residual lithium salts such as Li,COj in pores of the polycrystal-
line particles by HF impurities),”>® all electrodes were also stored with
electrolyte in the cell at OCV for 24 h, then harvested, washed, and
subjected to Kr-BET measurements. In this experiment, the surface area
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of the C65 electrode remains constant at 18.0 + 0.7 mzlgelemode (data not
shown), which is why it is assumed to also be unchanged throughout the
following experiments. The stored NCM electrodes exhibit NCM
surface areas of 0.41 + 0.02 m*nem/news 2.33 = 0.02 mPnew/Snems
and 0.51 = 0.07 mzNCM/gNCM for the PC, PC-bm, and SC electrodes,
respectively (see second set of symbols from the left in Fig. 2a), which
are essentially identical with the values obtained for the pristine
electrodes within the measurement error.

After the charge to 3.9 Vi; (corresponding to 49 %SOC, see Fig. A4
in the Appendix), the specific surface area of the SC material remains
unchanged (showing a value of 0.50 + 0.02 mZNCM/gNCM) and that of the
PC-bm material increases only slightly (to 2.44 = 0.07 m’xcwm/gnew)- In
contrast to these two single-crystalline materials, the specific
surface area of the polycrystalline PC material increases drastically (to
126 = 0.05 mZNCM/gNCM). This value corresponds to a ~2.5-fold
specific surface area increase as compared to the pristine PC material,
which is depicted in Fig. 2b. These trends continue when the electrodes
are charged to 4.4 V; (corresponding to 76 %SOC, see Fig. A-4): the
specific surface areas of both the SC and PC-bm materials increase
slightly to 0.65 + 0.02 and 2.68 + 0.04 mzNCM/gNCM, respectively, while
the one of the PC material increases further to 1.48 + 0.02 mzNCM/gNCM,
corresponding to a ~3-fold increase over the pristine PC material.
Additionally, this experiment shows that the specific surface area of the
PC material after its first charge to 4.4 Vy; reaches 55 % of the specific
surface area of the pristine PC-bm, what implies that more than half of
the surface area of the primary crystallites in the polycrystalline
secondary particle agglomerates is exposed to the electrolyte already
during the very first charge.

Discharging again to 2.55 Vy; after the initial charge to 4.4 Vy;,
the NCM materials show specific surface areas which are similar to
the ones in their pristine state: 0.49 + 0.02 mZNCM/gNCM for PC,
2.55 + 0.02 m*yem/gnem for PC-bm, and 0.48 + 0.02 m’nem/Enem
for SC. This is in contrast to a previous study, where we found that
the specific capacitance of a polycrystalline NCM622 increases by
~50 % and by ~70 % after a first full cycle to 4.2 V; and
4.5 Vy,, respectively,'® so that one would have expected a similar
increase in NCM specific surface area. This suggests that for the here
performed ex situ surface area determination by Kr-BET, it is
possible that small pores are closed/clogged due to the washing and
drying procedure of the harvested electrodes.

De Biasi et al. showed that NCM622 experiences a volume
change of its unit cell of —0.8 % as well as a change of the ratio of
its a and c lattice parameters of +3.3 % for a charge to 3.9 Vi,
whereas a charge to 4.4 Vi ; induces a volume change of —3.0 % and
an a/c change of +1.9 %. Apparently, these structural changes are
responsible for the up to ~3-fold specific surface area of the here
investigated polycrystalline NCM622 (PC) observed in the charged
state, which can be induced by cracking of the primary crystallites
and/or by a gradual separation of the primary crystallites in the
secondary particle agglomerates. The former is expected to be minor
due to the much lower specific surface area increase of the single-
crystalline materials (SC and PC-bm, see Fig. 2a), so that the major
effect must be the formation of cracks between the primary crystal-
lites in the secondary particle agglomerates, in which case the
specific surface area increase should depend on the size, shape, and
orientation of the primary crystallites, as suggested by Kim et al.*’
Similar increases in the specific surface area in the charged state
were also observed for NCMS811 by Trevisanello et al.,zo who
showed by Kr-BET that the NCM811 specific surface area changes
by ~3.5-fold and ~4.5-fold when charged to 3.9 Vi; (~50 %SOC)
and 4.2 V; (~75 %SOC), respectively. Our study shows that this
process seems to be reversible, as the specific surface area of the PC
material discharged after one full cycle is similar to the one observed
for the pristine material, suggesting that the initially formed cracks
close again in the discharged state.

The reversible change of the specific surface area by a factor of
~1.4 between the charged state at 4.4 Vi; and the subsequent
discharged state, however, cannot likely be explained by reversible
opening and closing of cracks between primary particles, as very few

particles are fused together (see Fig. 1). However, the reversible
gliding of the (003) planes, previously observed by scanning
tunneling electron microscopy (STEM) and in situ atomic force
microscopy (AFM) in a study by Bi et al. for a nickel-rich NCM,*°
could roughen the surface area of single-crystalline materials in the
charged state and, therefore, be the origin of the (relatively small)
reversible change in surface area. This would also explain the small
reversible change in specific surface area observed for the PC-bm
material (~1.2-fold).

Overall, the behavior of the specific NCM surface area as a
function of its state of charge differs significantly depending on the
NCM nparticle morphology: polycrystalline materials increase their
surface (reversibly) already during the first charge, whereas the
surface area of single-crystalline materials remains almost constant.
While the absolute value of the specific surface area of PC material
in its pristine state is similar to the one of the SC material, its drastic
specific surface area increase upon charge is expected to promote a
larger amount of released lattice oxygen at high state of charge, an
improved rate capability, as well as a decreased thermal stability.

Morphological stability at high state of charge.—To investigate
the effect of the SOC on the particle integrity for the poly- and
single-crystalline morphologies, the NCMs are cycled at slow rates
while the upper cutoff potential is increased stepwise by 0.1 V every
three cycles, using the exact procedure introduced in a previous
publication."* Any induced morphological changes that increase the
electrode surface area can be followed through the measurement of
the NCM capacitance in the fully discharged state, i.e., in blocking
conditions.

It was shown previously that the release of lattice oxygen from
NCMs due to structural instabilities which are often attributed to the
H2-H3 phase transition at high degrees of delithiation, viz., at/above
~80 %SOC, has a negative effect on the discharge capacity;7’15’41
additionally, these processes are accompanied by a sudden increase
of the specific surface area of polycrystalline NCMs at high SOCs.'*
To better illustrate this behavior, the measured specific discharge
capacity and electrode capacitance data (depicted in Fig. A-3 as a
function of cycle number) are plotted as a function of SOC in Fig. 3.
The latter is determined from an analysis of the potential curves
collected in half-cells charged to 5.0 Vi; (see Fig. A-4), allowing to
assign each one of the applied upper cutoff potentials (i.e., 3.9,
4.0, ..., and 5.0 V) to its respective SOC (corresponding to the
degree of delithiation x in Li,_.MO,), as introduced previously. 14 For
the PC-bm material, however, only the pristine and the conditioned
electrode (i.e., after a C/10 charge of 1 h and subsequent discharge to
2.55 V1) could be analyzed, since the impedance spectra obtained
after subsequent cycling were corrupted by additional features, as
discussed below in more detail.

The specific discharge capacity depicted in Fig. 3a increases
linearly with SOC for both the PC and SC materials, up to a degree
of delithiation of ~80 %SOC (i.e., up to an upper cutoff potential of
4.5 Vi; in cycle #22). During these first 22 cycles, the SC material
consistently delivers ~10 mAh/gnem less discharge capacity as
compared to the PC material, what we assign to a kinetic limitation
caused by the much lower specific surface area that is accessible to
the electrolyte in the charged state even after one cycle (see Fig. 2a);
this difference is further analyzed below in the discussion on the rate
capability in Fig. 5. At 4.5 Vy; (or ~80 %SOC), the PC material
reaches a discharge capacity of 202 + 3 mAh/gncnm compared to only
185 + 2 mAh/gnem for the SC material (note that the error values of
the specific capacities as well as of the specific capacitances
correspond to the minimum/maximum values determined from the
measurement of two cells). Above 80 %SOC (i.e., starting at 4.6 V;
in cycle #25), the discharge capacity does not follow its observed
linear increase with SOC anymore and even decreases significantly,
particularly in the case of the SC material: while the PC material
delivers its maximum discharge capacity of 216 + 2 mAh/gycm at
4.7 Vi;, the maximum discharge capacity of 185 = 3 mAh/gncwm is
already reached at 4.5 V; (#28) for the SC material. We assign this
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earlier and larger decrease in discharge capacity of the SC material
to its almost an order of magnitude larger primary crystallite size:
while the release of lattice oxygen near/beyond ~80 %SOC is
known to form a resistive, oxygen-depleted surface layer on
NCMs,15 23 the specific surface area of the SC material remains at
lower values as compared to the PC material, both when charged
(see Fig. 2) and/or when electrodes are mechanically compressed
during preparation (see Fig. 3b), what results in a higher surface-
area-normalized current at a given C-rate and, therefore, in a higher
overpotential during cycling. This effect (amongst others) decreases
the capacity of single-crystalline CAMs at high SOCs, as we had
previously observed and analyzed in more detail for NCM851005 in
similar experiments.'* Overall, a high SOC is detrimental for the
discharge capacity of NCMs, especially for SC materials with larger
primary crystallite size.

To track the effect of a high SOC on the morphological stability
of the three NCMs, the electrode capacitance was measured in situ
from the recorded impedance spectra as a function of the upper
cutoff potential (reprinted here from a previous publication for the
sake of completeness'*). All spectra of the working electrode were
collected via the p-RE (i.e., the gold-wire reference electrode®®
(GWRE)) after each cycle in the fully discharged state at an NCM
potential of 2.55 Vi ;. As the charge transfer of NCMs is impeded in
the fully discharged/lithiated state, resulting in a very large or quasi-
infinite value of the charge-transfer resistance (so-called blocking
conditions), the impedance is dominated by the capacitive contribu-
tion of the electrochemical double layer at the electrode/electrolyte
interface.'”*? Assuming that the surface-area-normalized capaci-
tance is distinct, constant, and uniformly distributed for each of the
electrode components (i.e., the active material and the conductive
carbon), the capacitance contribution of each of the electrode
materials would be proportional to their respective surface area,
what was proven by Kr-BET in previous publications.m’19 There, we
had also shown that the electrode capacitance does not necessarily
have to be extracted from a fit of the entire impedance spectrum, but
that the impedance of the individual frequency point at 180 mHz
under blocking conditions is sufficient to accurately determine the
electrode capacitance (for more details, see Ref. 19). Quantitatively,
the electrode capacitance is obtained from the capacitive branch of
the NCM electrode impedance spectrum in blocking conditions,
which was achieved for all recorded impedance spectra through the
full lithiation of the NCM particles by a potential hold of 1h at
2.55 Vy;. From the spectra, the value of the imaginary part of the
electrode impedance Z,,, at the selected frequency of f; = 180 mHz
(with (11;0 = 2-7-fy) yields the electrode capacitance Q by means of
Eq. I:

1
N — 1
¢ wo'(-Im(Z,,)) .

The thus obtained capacitance values can then be normalized by
the electrode mass (in units of F/gqjectroqe) S€IVING as a measure for
the specific electrode surface area.

Unfortunately, in case of the uncompressed PC-bm electrodes,
the impedance spectra showed an additional semicircle (of
~1 kQ-emeiecrode) at high to medium frequencies (at around
100kHz to 1Hz) in their discharged state only; this feature was
absent for the compressed PC-bm electrodes in their pristine state
but developed also there upon cycling (with a somewhat smaller
value ranging from 0.1-1 KQ-cmejectrode). We assign these observa-
tions to the relatively large surface area of the PC-bm material (of
2.25 mzNCM/gNCM) and the resulting low carbon-to-surface-area
ratio in combination with the poor electrical conductivity of NCM at
full lithiation,*> which seems to result in a growing contact
resistance upon cycling as well as a poor electrical conductivity
through the electrode at low SOC (note that a similar behavior was
also observed for an LNMO (LiNigsMn; sO4) cathode when using
1.5 wt% rather than 5 wt% of conductive carbon**). An increase of
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Figure 3. Electrochemical cycling data as a function of SOC for PC (blue),
PC-bm (yellow), and SC (green) as working electrodes (all compressed at
100 MPa) in pseudo full-cells with 60 pl LP57, two glass fiber separators,
and a p-RE, using pre-lithiated, capacitively oversized LTO as the counter
electrode. Following a previously developed procedure,'* the cells were
cycled at 25 °C and at C/10 to an upper cutoff potential which was increased
every three cycles by 0.1V, starting at 3.9 Vp;. Impedance spectra of the
NCM working electrodes were recorded in blocking conditions after a
potential hold of 1h at 2.55 Vy; (15mV amplitude, from 100 kHz to
100 mHz), from which the electrode capacitance was extracted. The obtained
capacity and capacitance data are depicted in Fig. A-3 as a function of cycle
number and then presented here for every third cycle as a function of SOC
(top x-axis in mAh/gncwm, bottom x-axis in terms of the degree of delithiation
x in Li;_;MO,), which was calculated for each NCM material from the
applied upper cutoff potential using the potential curves of the first charge
depicted in Fig. A-4. The vertical gray dashed line marks the value of
~80 %SOC (extracted from Fig. A-4), and the gray numbers mark the cycle
for which the data were extracted from Fig. A-3. The specific capacitances
and the specific discharge capacities represent the mean of two nominally
identical cells, with the error bars corresponding to the minimum/maximum
value of two cells. a) Specific discharge capacity delivered at a given SOC
and normalized by the NCM mass. b) Specific NCM capacitances (in units of
Fnem/gnem)- Derived from the specific capacitance of the NCM working
electrodes (in units of F/gqjccrrode, @s depicted in Fig. A-3b) determined from
the imaginary impedance at 180 mHz in blocking conditions, with a
subsequent subtraction of the contribution of the C65 electrode and a
normalization to the NCM mass. The blue and green horizontal dashed lines
indicate the capacitance value of the pristine uncompressed PC and SC
electrodes, respectively, and the yellow dashed line the one of the
compressed pristine PC-bm electrode. The blue and green numbers indicate
the relative change of the capacitance at selected SOCs as compared to the
pristine uncompressed electrode. The error bars are determined by the laws
of error propagation (see supporting information of a previous publication'?),
using the average capacitances and their minimum/maximum values given
by Fig. A-3b.

the carbon content in the electrode would alleviate this problem but
was not feasible for the analysis of the NCM capacitance since the
excessively high capacitance contribution from the high-surface-area
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carbon would not allow anymore to quantify the NCM capacitance at
higher carbon content (due to the high specific surface area of carbon
compared to that of the NCMs, as discussed in detail for the Kr-BET
measurements).

For the PC and SC materials, the effect of electrode compression
during fabrication of the polycrystalline and single-crystalline
morphologies is analyzed in the pristine state (shown at 0 %SOC),
comparing both uncompressed and compressed electrodes for the PC
and SC materials. As the determination of the capacitance of the
uncompressed PC-bm electrode was not possible (see above), and as
the primary crystallites of PC-bm were already separated mechani-
cally during ball milling, the effect of compression as well as the
effect of charge/discharge cycling on the electrode surface area is
assumed to be negligible for PC-bm electrodes; therefore, the results
of the PC-bm material are only depicted for compressed electrodes
in their pristine and conditioned state, representing the value of the
capacitance expected for the fully exposed primary crystallite
surface area of the PC material.

The measured specific electrode capacitance of the three NCM
morphologies is displayed in Fig. A-3b as a function of cycle
number. In the pristine uncompressed state (electrodes having a
thickness of 46 + 3 pm and a porosity of 59 %), the capacitance
amounts to 0.127 + 0.001 F/gejectrode and 0.131 £ 0.001 F/gqjectrode
for the PC and SC electrodes, respectively (shown in Fig. A-3b as
green and blue horizontal dashed lines); in the pristine compressed
state (electrodes having a thickness of 37 + 3 pm and a porosity of
49 %), the capacitance is increased to 0.207 + 0.010 F/g¢jectroqe fOr
PC but remained unchanged with a value of 0.130 £ 0.001 F/gjectrode
for the SC material (shown in Fig. A-3b as green and blue symbols at
0 %SOC, respectively), while the one of the PC-bm material is
0.596 + 0.004 F/geecuode (yellow horizontal dashed line and yellow
symbol at 0 %SOC).

For a quantitative analysis of the capacitance of the NCM active
material only, the contribution of C65 and PVDF is subtracted: for
the C65 electrode (with a composition of C65:PVDF of 1:1 w/w), a
specific capacitance of 1.729 = 0.028 F/gciecirode Was previously
obtained.'” As the NCM electrode comprises 4 wt% of the carbon-
binder mixture at the same C65:PVDF ratio, a capacitance value of
0.069 £ 0.001 F/gejectrode (corresponding to 4 % of the measured
value of the C65 electrode, and displayed as the gray area in
Fig. A-3b) is subtracted from the capacitance value of the electrode,
resulting in the value of the NCM only, which is subsequently
normalized to the NCM mass in the electrode, as done in a similar
manner above for the Kr-BET measurements. Through this ap-
proach, capacitance values of the NCM only in the pristine
uncompressed electrode of 0.060 = 0.001 Fyem/gnem and
0.065 + 0.001 Fxem/gnem are obtained for the PC and SC material,
respectively (shown in Fig. 3b as green and blue horizontal dashed
lines). In the pristine compressed state, the NCM capacitance
amounts to 0.143 = 0.010 Fyem/gnem for the PC material,
0.549 +0.003 Fnem/gnem  for  the PC-bm  material, and
0.064 = 0.001 Fyem/gnem for the SC material. When comparing
the NCM capacitance values of the pristine electrodes (uncom-
pressed for the PC and SC materials, and compressed for the PC-bm
material), a ratio of 1:0.93:8.5 is observed for PC:PC-bm:SC, which
agrees reasonably well (within an error of <20 %) with the ratio of
the specific surface areas of the pristine powders of 1:0.82:7.0
obtained by Kr-BET (see Fig. 1). This illustrates nicely that the
in situ determined capacitance is a reasonably good measure of the
CAM specific surface area determined by ex situ Kr-BET and
demonstrates the convenience and relevance of the capacitance-
based in situ determination of any changes in the CAM specific
surface area.

Upon electrode compression (at 100 MPa for 30s), the NCM
capacitance of the PC material changes by a factor of 2.4x from a
value of 0.060 = 0.001 FNCM/gNCM to 0.143 = 0.010 FNCM/gNCM‘
The same increase was observed already for the same polycrystalline
NCM622 material in a previous publication (also 2.4-fold when

compressed to 100 MPa), where this capacitance change was verified
through Kr-BET measurements and further explained by FIB-SEM
images, which clearly identified the appearance of partially cracked
secondary particles.” For the SC material, however, the capacitance
remains unchanged at 0.064 + 0.001 Fycm/gnem upon compression.
As the capacitance and, therefore, the specific surface area of the
single-crystalline materials is unaffected, particle cracking by
mechanical compression (at least for pressures up to 100 MPa) can
be excluded, highlighting the mechanical stability of the primary
crystallites in contrast to that of the secondary particle agglomerates
in the polycrystalline material, as it was already shown qualitatively
in a previous study.*

During the conditioning cycle to 10 %SOC (see cycle #1 in
Fig. 3b), the NCM capacitance of the PC-bm material remains
unchanged as compared to its compressed and pristine state (yellow
symbols and dashed yellow line). For the compressed PC and SC
materials, however, a slight increase of the capacitance is observed
during conditioning, which then continues for both materials during
the subsequent cycles (blue and green symbols, respectively): For
the SC material, the evolution of the NCM capacitance does not
exceed a value of 0.098 + 0.006 Fxcnm/gnems corresponding to an
increase of not more than 1.5x over the entire SOC range, which is
already reached when cycled to 67 %SOC (#13 or 4.2 V). The PC
material, however, shows an enhanced and steady NCM capacitance
increase during the cycling up to 80 %SOC (cycle #22 or 4.5 Vi),
yielding a capacitance of 0.242 + 0.010 Fyem/gnewms 1-€., 4.0x larger
than in its pristine and uncompressed state. This steady increase is
interrupted by a sudden rise of the capacitance when cycled beyond
80 %SOC (marked by the vertical gray dashed line), which reaches
0.381 + 0.011 Fnem/gnem When cycled up to 95 %SOC (#37 or
5.0 V). The possible causes for this increase are the change of the
unit cell volume of the oxygen-depleted surface layer and/or the
decomposition of residual lithium salts*® in the pores, as already
discussed in detail in our previous publication.'*

Most importantly, it must be noted that the NCM capacitance
(and thus its specific surface area) of the PC material does not only
rise by a factor of 6.5x when cycled to high SOCs as compared to its
pristine and uncompressed state, but that it reaches 69 % of the NCM
capacitance value of the PC-bm material for which the secondary
agglomerates were almost fully separated into their primary crystal-
lites. This implies that two thirds of the primary crystallite surface
area of the polycrystalline NCM622 material are exposed to
the electrolyte already after a few cycles to high SOC. In contrast,
the single-crystalline material shows a resilience toward particle
cracking—not only to cracking upon mechanical compression as
discussed above, but additionally to cracking both upon repeated
volume change during (de)lithiation as well as upon oxygen release
at high SOCs. Here it should be noted, however, that the cracking of
the primary crystallites of single-crystalline CAMs has been
observed under more harsh conditions, namely over the course of
long-term cycling at higher rates and elevated temperatures.*®

Structural stability and gas evolution at high state of charge.—
To illuminate the effect of particle morphology on the gassing
behavior, the three NCM materials are cycled consecutively to two
different upper cutoff potentials, one below the onset of the release
of lattice oxygen and one above, while the amounts of evolved
oxygen (O,, determined at the mass-over-charge ratio of m/z = 32)
and carbon dioxide (CO,, m/z = 44) were tracked, as depicted in
Fig. 4. To avoid any effect on the integrity of the NCM particles
upon mechanical compression, uncompressed PC and SC electrodes
were investigated, while the PC-bm electrode had to be compressed
at 100 MPa (this should not alter the PC-bm specific surface area, as
already discussed above).

During the first two cycles to 4.08 V; (corresponding to a degree
of delithiation of 60 %SOC when converted using the charge curve
in Fig. A-4), the potential curves shown in Fig. 4a as a function of
time coincide for all three NCMs; only during the first hour of the
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initial charge (i.e., up to ~20 %SOC), the overpotential of the PC
electrode (blue curve in Fig. 4a) is higher as compared to that of the
PC-bm electrode (yellow), while that of the SC electrode (green) is
even more pronounced, appearing in the form of an initial potential
spike. A similar behavior was also observed in half-cells during the
first charge at C/20 (i.e., a quarter of the here used C-rate), where the
SC electrode requires the highest overpotential and the PC-bm
electrode the lowest, as seen in Fig. A-4, albeit to a smaller extent
due to the lower applied specific current. This difference in the initial
charge overpotential is believed to originate from the effect of the
different particle morphologies of the three CAMs, which will be
discussed in detail for the discharge rate test in Fig. 5. In addition, as
the charge-transfer resistance of NCMs becomes very large at both
ends of the SOC window,> the observed morphology-dependent
overpotential is particularly pronounced in the pristine and, there-
fore, fully lithiated state at the beginning of the first charge; it
decreases to negligible values at intermediate SOC values, as
reflected in the data of Figs. 4a and A-4. In conclusion, the observed
initial charge overpotential is more pronounced for smaller specific
CAM surface areas, for very low/high SOCs, and for faster C-rates.
Additionally, no relaxation of the potential is observed during the
10 min OCV phases (following the 1 h CV hold) at the upper cutoff
potential of the first two cycles, which implies a negligible over-
potential in the intermediate SOC range for the applied current if
cycled below the onset of oxygen release.

For the subsequent three cycles to 4.73 V; (or 90 %SOC), the
potential curves in Fig. 4a start to differ depending on the particle
morphology: the required time per cycle is smallest for the SC
material, followed by the PC-bm material, and longest for the PC
material, which is also reflected in the discharge capacities discussed
below in Fig. 4b. Additionally, a significant potential drop appears
after the CV hold once the potential was cycled into the oxygen
release region: for the fifth and last cycle, the NCM potential drop
during the OCV phase of 10 min amounts to 38 and 42 mV for the
PC-bm and the PC material, respectively, while the OCV drop
amounts to 119 mV for the SC material. This finding coincides with
the previous observation of a pronounced capacity loss of single-
crystalline materials due to the impedance build-up at high SOCs
(see green data points in Fig. 3a for the NCM622 SC material as well
as a previous publication for an NCM851005 SC material'*) on
account of the formation of an oxygen-depleted surface layer, in
combination with the relatively low and constant specific surface
area of the single-crystalline material (see Figs. 2 and 3b).

When considering the discharge capacities that are depicted in
Fig. 4b, a similar picture emerges: during the first two cycles to
4.08 Vi, the PC-bm material delivers with 146 mAh/gycy the
highest capacity, followed by the PC material with 143 mAh/gncMm,
while the SC material provides only 138 mAh/gncm. These values
coincide well with the determined discharge capacities at the
identical C-rate of C/S, shown in Fig. 5 for the discharge rate test
in half-cells to an upper cutoff potential of 4.1 V;. As the upper
cutoff potential is increased to 4.73 Vy;, the discharge capacities
increase to 217 mAh/gnem, 210 mAh/gnem, and 204 mAh/gnem for
the PC, the PC-bm, and the SC material, respectively (see Fig. 4b).
During these three cycles to 4.73 Vi, all materials suffer from a
fading of the discharge capacity in the range of 6—12 mAh/gncMm-
When comparing the first two and the last three cycles in Fig. 4b, an
increased difference in the discharge capacity of the PC and the SC
material becomes apparent, which we assign to the pronounced
impedance build-up of the SC material, supporting the arguments of
the above discussion. For the PC-bm material, the lower discharge
capacity obtained at high upper cutoff potential as compared to the
one of the PC material is believed to result from the relatively high
surface area (of 2.25 mzNCM/gNCM) of the pristine powder in
combination with the relatively low conductive carbon content (of
2 wt%) in the electrode: When the electrical conductivity of lithium
layered oxides of roughly 10~!—10° S/cm for LiNiO, (LNO, being a
semiconductor)**! is compared to the one of the respective
rock-salt structure of NiO with 107’107 S/cm (being an
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Figure 4. Cycling and gas evolution data as a function of time for OEMS
cells assembled with PC (blue), PC-bm (yellow), and SC (green) as working
electrodes (uncompressed for PC and SC; compressed at 100 MPa for PC-
bm), using delithiated, capacitively oversized LFP as counter electrode, two
Celgard H2013 separators, and 100 ul LP57 electrolyte. The cells were
cycled at 25 °C at C/5 (corresponding to 55.3 mA/gnem When referenced to
the theoretical NCM622 capacity of 276.5 mAh/gncm), with a 1 h CV hold at
the upper potential cutoff followed by a 10 min OCV phase, recording the
gas evolution by mass spectrometry: (i) two cycles to an NCM potential of
4.08 Vi; (corresponding to 0.68 Vypgp cell voltage or to a degree of
delithiation of 60 %SOC (determined from the potential curve in
Fig. A-4)); (i) three cycles to 4.73 Vy; (corresponding to 1.33 Vi gp cell
voltage or to 90 %SOC). a) NCM cathode potential vs. Li*/Li. b) Specific
discharge capacity for each of the five cycles. ¢) & d) Total amount of
evolved oxygen (determined at m/z = 32) and carbon dioxide (at m/z = 44)
in the OEMS cell, both normalized to the NCM mass (in units of
pmolg,/gnem). The vertical light gray areas accentuate each NCM dis-
charge/lithiation period (marked for the PC material). The vertical gray
dashed line marks the onset of the O, evolution of PC at a potential of
4.49 Vy;, corresponding to a degree of delithiation of ~80 %SOC. The
numbers represent the gas amounts obtained at the end of the experiment.

insulator),sz’53 the latter has an at least four orders of magnitude

lower conductivity. If the electrical conductivity of the NCM622
material were to be in the same range as the one of LNO, and if the
electrical conductivity of the corresponding oxygen-depleted (rock-
salt-type) near-surface layer formed upon lattice oxygen release
were also to be lower by several orders of magnitude, the electron
transport across the NCM electrode thickness would have to rely on
the conductive carbon, which seems, however, not sufficient for the
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PC-bm particle morphology. This is supported by the fact that rate
capability of the PC-bm based electrodes is actually superior to that
of the PC and SC electrodes when the amount of conductive carbon
in the electrode is increased to 5 wt% (demonstrated below in Figs. 5
and A-6). The lower carbon content of 2 wt% is apparently sufficient
for the PC and SC electrodes, explained by the fact that their pristine
specific surface areas are ~8-fold lower compared to the PC-bm
material, so that 2 wt% of carbon seem to suffice for good electrical
conduction across the electrode thickness.

During the cycling experiment, the specific amounts of evolved
oxygen are monitored for each NCM material and depicted in
Fig. 4c. Apart from the apparent release of lattice oxygen initially
observed for the first cycle to 4.73 V; (i.e., for the third of the five
cycles) for the PC (blue line) and the PC-bm (yellow) material, a
periodic increase and decrease of the oxygen signal is observed,
which is visible best for the SC (green) material: it decreases to
around —0.5 pmolp,/gycy during charge, and then increases to
around +0.5 pmolg,/gycy during discharge (corresponding to a
fluctuation of the apparent O, concentration of 20 ppm), which is
not only visible for all of the five cycles, but also similar in its extent,
independent of the upper cutoff potential. At first sight, one
explanation could be the potential-dependent consumption and
production of oxygen by the reversible reaction of lithium oxide
to/from lithium peroxide, as it is known from lithium-air battery
research,>*>® e.g., happening for residual lithium oxide on the
surface of the NCMs, as previously suggested by Yabuuchi et al.>’
This, however, would result in a release of molecular oxygen at
potentials >4.0 Vi, (i.e., during charge),”*>® whereas the opposite is
observed in this experiment (i.e., a decrease of the oxygen signal at
high potential). Furthermore, NCM622 should not evolve any oxygen
when cycled to only 4.08 Vi; (i.e., to 60 %SOC), putting in question
whether the signals at m/z = 32 really derive from oxygen.

In principle, it could be possible that a fluctuating concentration
of the electrolyte solvents in the gas phase (i.e., ethylene carbonate
(EC) or ethyl methyl carbonate (EMC)) could affect the signals at
m/z = 32. Due to the four orders of magnitude higher vapor pressure
of the linear carbonate,’® this affect would be dominant for EMC,
which has its main MS signal at m/z = 77 and, due to the
fragmentation pattern in the MS, minor signals at, e.g., m/z = 32
(~20 % of the one at m/z = 77) and at m/z = 44 (~20 %), as shown
by Strehle et al.>® Looking at the signal of m/z = 77 multiplied by
20 % (corresponding to the expected signal contribution at m/z = 32)
as well as the signal of m/z = 44, both signals show a similarly
fluctuating behavior, changing simultaneously as the one at m/z = 32
(note that all ion currents were normalized to the signal at m/z = 36
of the *°Ar isotope, see Fig. A-5). Since EMC is expected to be the
only substance which can be detected in this experiment on the
signal at m/z = 77, we assign the apparent O, signal fluctuation of
0.5 pmolp,/gycp to a fluctuation of the EMC background signal

(note that the fluctuation of the m/z = 44 signal cannot be observed
in the representation of Fig. 4d due to the relatively high CO,
evolution during this experiment, which is at least two orders of
magnitude higher than the fluctuation of the signal).

The possible origin of a fluctuating EMC signal can be found by a
closer examination of the time dependence of the fluctuation of the
apparent oxygen signal for all three NCM materials: the increase of
the apparent oxygen signal subsequent to the charge phase does not
initiate at lower potentials but initiates with the beginning of the CV
hold at high potential. During this potential hold of 1h, the charge
current drops quickly to below 10mA/gncm (corresponding to
~C/20; data not shown). From this observation one can conclude
that the repeated change of the apparent oxygen signal at m/z = 32 at
least correlates with the extent and the direction of the applied current,
even in the low potential region where no evolution of oxygen should
yet have occurred. One possible explanation might be a small
fluctuation of the local salt concentration in the NCM working
electrode that faces the OEMS inlet (note that the cathode current

collector is a porous stainless steel mesh to allow for fast access of the
evolved gases to the mass spectrometer inlet), due to the salt
concentration gradient generated in electrochemical cells when a
current is drawn.®®®! This effect predicts an increase of the lithium
salt concentration in the NCM working electrode during charge, due
to the delithiation of the NCM active material, particularly at the
interface between electrolyte and the gas phase of the OEMS cell
(i.e., furthest away from the cathode/separator interface); during
discharge (or NCM lithiation), however, the lithium salt concentration
is predicted to be decreased at that interface. As a higher (or lower)
salt concentration should result in a decreased (or increased) vapor
pressure of the EMC solvent, the OEMS mass signals at m/z = 77 and
mlz = 32 should also fluctuate, decreasing during charge and
increasing during discharge, exactly as observed for the m/z = 32
signal in Fig. 4c. From this, we conclude that the apparent fluctuation
of the OEMS signal at m/z = 32, with an amplitude corresponding to
approximately +0.5 pmolg,/gycy, 1S due to an alternating partial
pressure of the EMC solvent in the OEMS cell. Nevertheless, the
proper quantification and interpretation of the evolved oxygen is not
affected, as the change of the background with +0.5 pmolo,/gycy 1S
periodic and at least an order of magnitude lower than the oxygen
evolved at ~80 %SOC from the PC and PC-bm materials.

Considering that the fluctuations of the signal at m/z = 32 of
roughly 0.5 pmolg,/gycy are not related to changes in the oxygen
concentration, the data in Fig. 4c would suggest that no oxygen is
evolved for the SC material even at >80 %SOC. For the PC and
PC-bm materials, however, a significant amount of oxygen (i.e., far
above the background fluctuation) is evolved in the first cycle to
4.73 Vi, initiating as the potential increases above ~4.5 Vi;
(corresponding to a degree of delithiation of ~80 %SOC); in
subsequent cycles, smaller but still visible amounts of oxygen are
evolved whenever the potential increases above ~4.5 Vy;. This is
attributed to the release of lattice oxygen from the layered oxide due
to the reported structural instabilities of NCMs at high degrees of
delithation.'® At the end of the fifth and final charge/discharge cycle,
~8 and ~6 pmolg,/gycy Of oxygen are detected for the PC and
PC-bm material, respectively, while none (<0.5 pmolg,/gycy) 1S
observed for the SC material.

However, as the major fraction of the released (singlet) oxygen
reacts with the solvents in the electrolyte and is mainly detected as
carbon dioxide,'"'*! the absence of oxygen evolution in case of the
SC material does not at all imply that there is no lattice oxygen
release. Further insights into the lattice oxygen release can therefore
be gained by examining the CO, signal. During the first two cycles
to 4.08 Vy;, carbon dioxide is detected at potentials greater than
~3.8 Vi;, as shown in Fig. 4d, and at the end of the first two
cycles amounts to ~9 pmolco,/gyey for the PC  material,
~8 pmolco,/gycy for the PC-bm material, and ~5 pmolco,/gyem
for the SC material. As we do not expect any lattice oxygen release
from the NCM at this potential or SOC, these relatively low amounts
of CO, must mainly stem from the electrochemical oxidation of
trace impurities in the carbonate-based electrolyte (e.g., alcohols
such as ethanol or ethylene glycol)'>®? as well as from the
subsequent chemical decomposition of residual lithium salts (e.g.,
Li,CO;), which remain on the NCM particles due to the slight
lithium excess that is typically used in the synthesis of (nickel-rich)
active materials’ and that are decomposed by the protic species
originating from the oxidation of the electrolyte.*®

Simultaneously with the release of oxygen from the PC and
PC-bm materials, a significant rise of the carbon dioxide amount is
observed for all three materials during the first cycle to 4.73 Vi; (or
90 %SOC, respectively), as shown in Fig. 4d. The onset of the strong
CO, evolution at high potentials, however, appears to occur slightly
before the onset of the oxygen evolution, which in part can be
explained by a rapid reaction of released lattice oxygen with the
electrolyte to yield CO,, so that at low oxygen evolution rates no
molecular oxygen (or only in the form of CO,) escapes from the
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electrolyte into the gas phase (a more detailed analysis will be
subject to future studies). For the subsequent two cycles to 4.73 Vi,
the carbon dioxide amount rises stepwise for all three materials when
the NCM is charged above ~80 %SOC. At the end of the fifth and
final cycle, 112 pmolco,/gyey Of carbon dioxide are detected for the
PC material, 167 pmolco,/gycy for the PC-bm material, and
56 pmolco,/gycym for the SC material. Even though the identical
CO, evolution profiles for all three materials suggest that the CO,
evolution of the SC material at high potentials originates from the
release of lattice oxygen it is, at first sight, surprising that no
molecular oxygen is detected for this material (see green curve in
Fig. 4c). This could be rationalized by considering that the SC
material shows only a minor increase in specific surface area upon
cycling (see green data points in Fig. 3b) and thus insignificant
cracking, so that its entire surface area from which the lattice oxygen
is released is in contact with the electrolyte, which might facilitate a
rapid reaction of released oxygen (e.g., in form of singlet oxygen)
with the electrolyte so that no oxygen can escape into the gas phase
where it would be detected by OEMS. In case of the PC material,
however, lattice oxygen can also be released into tiny pores or cracks
in the secondary agglomerates that are not filled with electrolyte,
where then the unreactive triplet oxygen can be formed and escape
into the gas phase. This is further supported by the lower overall
amount of evolved oxygen for the PC-bm material (for which most
of its surface area is already exposed) as compared to the PC
material, even though it yields the highest total amount of evolved
gas, consistent with the expectation that higher specific surface areas
lead to more electrolyte decomposition.

At the end of the five cycles of the OEMS experiment, a total
gas amount (i.e., the sum of oxygen and carbon dioxide) of
120 pmolp,1co,/gyem 18 observed for the PC  material,
173 pmolgp,+co,/gyem for the PC-bm  material, and
56 pmolp,+co,/gcm for the SC material, resulting in a ratio of
the total gas amounts of 1:1.44:0.47 for PC:PC-bm:SC. This
proportion is also reasonably closely reflected in the ratio of the
NCM surface areas of 1:1.75:0.31 for PC:PC-bm:SC, which is
deduced from the capacitance measurements at 4.7 Vi; (see
Fig. 3b). The minor differences in these ratios could stem from
the fact that the capacitance measurements are performed in the
discharged state, while the gas release occurs at high SOC, where
additional surface area is exposed (see Fig. 2). Furthermore, the
capacitance measurements were performed for compressed PC and
SC electrodes, while uncompressed electrodes were used for the
OEMS experiments to exclude mechanically induced cracking, as
the resulting surface area increase of the NCMs would lead to
additional gassing. Despite these minor differences, the here made
observation clearly suggest that - apart from the oxidation of
electrolyte impurities and the chemical decomposition of residual
lithium salts®® - the gas evolution from the NCMs is not governed
by the surface area of the pristine NCM powders but mainly by the
surface area of the primary crystallites and, therefore, by their
particle size. The here observed reduced gassing of single-crystal-
line CAMs would be advantageous for the use in commercial cells,
as indeed reported previously by Li et al. for single-crystalline
NCM523.%

Rate capability.—The performance of the three NCM materials
is investigated regarding their discharge rate capability. To exclude
the effect of electrical resistances through the electrode and/or from
the electrode to the current collector, the conductive carbon content
was increased to 5 wt% for this rate test (as compared to typical
values of ~2wt%); for the same purpose, the electrodes were
additionally compressed at 200 MPa. By this, we expect to better
elucidate the morphology-specific performance of the NCMs only.

The specific discharge capacity as a function of cycle number is
depicted in Fig. A-6: during the first 33 cycles of the procedure, a
discharge rate test is performed, cycling the NCM cathode potential
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Figure 5. Discharge rate capability of PC (blue), PC-bm (yellow), and SC
(green) materials. Cells were assembled with PC, PC-bm, or SC working
electrodes in T-cells with 90 ul LP57 electrolyte, a lithium metal reference
electrode, and a lithium metal counter electrode (with three glass fiber
separators, two placed between working and counter electrode as well as one
towards the reference electrode). Controlled by the reference electrode
potential, the NCM electrodes were cycled between 3.0 Vy; and 4.1 Vi; at
25 °C, applying discharge rates of C/100, C/50, C/20, C/10, ..., 2C (all
referenced to the theoretical capacity of 276.5 mAh/gnem). The C-rate
applied during the respective charge (in CCCV mode, with a CV step at the
upper cutoff potential for 1 h, or until the current dropped below C/20) was
either identical to the discharge rate (for C/2 or slower) or set to C/2 (for C/2
or faster). a) Specific discharge capacity as a function C-rate, while latter is
plotted on a logarithmic scale. The data are extracted from the cycling data
shown in Fig. A-6, depicting the third data point of each set of three cycles at
the respective C-rate. b) Deviation of the discharge capacity of the respective
NCM material to the one of the PC-bm material. The error bars correspond to
the minimum/maximum value of two measurements.

between 3.0 and 4.1 Vy; and increasing the discharge rate every third
cycle from C/100 to 20C. Up to 2C, the PC-bm (yellow) material
shows the best performance, followed by the PC (blue) material, and
then by the SC (green) material. The fact that the discharge capacity
of the three NCMs becomes quasi-identical for C-rates of 5C and
higher suggests that at such high rates cell-related resistances
become dominant (e.g., the ohmic resistance of the separator and
concentration overpotentials), so that we limit our analysis of the
rate capability in Fig. 5 to rates up to only 2C. During each set of
three cycles, the discharge capacity remains constant (see Fig. A-6),
indicating stable cycling of the three materials. This is further
supported by the subsequent 14 cycles at 1C, during which the
discharge capacity does not decrease (see Fig. A-6), which is
expected since the upper cutoff potential of 4.1 V; (or 61 %SOC)
is still below the onset potential for the release of lattice oxygen.
To better compare the rate capabilities of the different NCM
materials, the specific discharge capacities (taken from the third cycle
of each set of three cycles with the same discharge rate) are evaluated
in Fig. 5a as a function of the applied C-rate, which is plotted on a
logarithmic scale. At C/100, the PC-bm and PC material deliver a
similar capacity of 161 mAh/gnem and 160 mAh/gnem, respectively,
while the SC material provides only 154 mAh/gncwm, even at this very
low rate (note that the error values of the specific capacities
correspond to the minimum/maximum values determined from the
measurement of two cells and are always below +2.3 mAh/gncn, and
even below +0.9 mAh/gnev when excluding the cycles at C-rates of
5C or higher. If an error value is below +0.5 mAh/gncny, it is omitted).
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At C/10, the discharge capacity provided by the PC-bm material is
diminished to 151 mAh/gncwm, While that of the PC material amounts
to 148 £ 1 mAh/gycm, followed by that of the SC material with
141 mAh/gnem- When the applied rate is increased to 1C, the PC-bm
delivers 135 mAh/gnem, the PC material delivers 128 mAh/gnenm, and
the SC material delivers 123 mAh/gnenm. The data in Fig. 5b thus
show that the difference of the discharge capacity of the PC and the
PC-bm materials grows with increasing C-rate, while the discharge
capacity between the PC and SC materials shrinks continuously, until
a difference of only 3 mAh/gnem remains at 2C. The here observed
dependence of the rate capability on the particle morphology can be
explained as follows:

® Small and deagglomerated primary crystallites: The highest
rate performance is determined for PC-bm, which consists of small
and separated primary crystallites, having a high specific surface
area (at any SOC) already in its pristine state (see Fig. 2). As each
primary crystallite is in contact with electrolyte as well as with the
conductive carbon (assured by the higher carbon content of 5 wt%),
the particle and electrode morphology ensure optimal ionic and
electrical connectivity, so that the area specific current density
(referenced to the total NCM surface area) is lowest at any given
C-rate for the PC-bm material, leading to the lowest charge-transfer
overpotential. Furthermore, due to the relatively small NCM particle
size, overpotentials due to solid-state diffusion of lithium through
the NCM must also be the lowest of the three materials.

¢ Polycrystalline secondary agglomerates: In contrast, the
smaller specific surface area of the secondary agglomerates of PC
material (in its pristine state) should give rise to significant kinetic
limitations. However, due to the volume change upon
(de)lithiation!” and the resulting crack formation between the
primary crystallites during the first charge (see Fig. 2)," the fast
lithium-ion diffusion through the liquid electrolyte penetrating the
formed cracks allows for discharge capacities similar to the ones of
the PC-bm material, analogous to the effect previously reported by
Trevisanello et al. on the basis of galvanostatic polarization and
relaxation experiments.”’ Note that this effect is only advantageous
with liquid electrolytes, as solid electrolytes do not penetrate into the
formed cracks and as the cracks additionally hinder the solid-state
diffusion of lithium through the NCM particle.®* In contrast, as
the conductive carbon is only located on the exterior surface of the
secondary agglomerates and not in its interior, as all the pores are
still closed during ink preparation, the PC material suffers at high
C-rates from a reduced electrical connection of the primary crystal-
lites in the center of the secondary agglomerates - in particular in the
charged state, where some primary particles are expected to be
(partially) electrically isolated. This is expected to result in an
heterogeneity of SOC over the radius of the secondary particles, as
previously observed by Kim et al. by atomic force microscopy,
leading to a loss in rate capability, as suggested by Friedrich et al.?
As the formation of cracks grows continuously during extended
cycling," these opposing effects with regards to rate capability are
expected to become more pronounced after long-term charge/
discharge cycling: (i) the favorable increase of the interfacial area
between electrolyte and CAM (lowering the area specific current
density and thus the charge-transfer resistance) and of the faster
lithium ion diffusion through the electrolyte phase within the
secondary particle agglomerate (effectively lowering the solid-state
lithium diffusion overpotential); (ii) the unfavorable increase of the
electrical connectivity across the secondary particle agglomerate,
leading to an apparent decrease in rate capability.

¢ Single-crystals with pm-scale dimensions: In case of the SC
material, the individual SC particles are expected to be well
connected both ionically and electrically, similar to the PC-bm
material. As the SC particles do not form cracks (see Fig. 2) into
which electrolyte can penetrate and thereby increase the apparent
lithium diffusion coefficient,?® the kinetics of (de)lithiation rely on
the solid-state diffusion of the lithium through the NCM. Since the
lithium has to diffuse over comparatively long distances for the

larger primary crﬁystallites of the SC material, the (de)lithiation rates
are diminished.®> Additionally, the ~4.5-fold lower specific surface
area of the SC compared to the PC-bm materials (see right y-axis in
Fig. 2a) increases the area specific current density and, consequently,
the charge-transport overpotentials by the same factor. This is in
reasonably good agreement with the difference in rate capability at
low C-rates: the discharge capacity of the SC material at C/100
(154 mAh/gnem; see Fig. 5a) is already reached by the PC-bm
material at a ~6-fold higher C-rate (i.e., at ~0.06C). Furthermore,
the kinetic limitation is also reflected in the higher first-cycle
irreversible capacity of the SC compared to the PC-bm material,
ie., for the material with the larger primary crystallites (see
Fig. A-6), as it was observed similarly by Riewald et al. for
LNO.%® Therefore, the discharge capacity of the SC material is
diminished as compared to the one of the PC-bm material at all C-rates.

Thermal stability in the charged state—In a final experiment, the
thermal stability of the NCM materials in the charged state is evaluated
by thermogravimetric analysis (TGA), which is often used as an indicator
for the safety of electrode active materials in large cells. Delithiated
NCMs are prone to the thermally induced decomposition of the layered
transition metal oxide to a spinel- or rock-salt-type structure®” at much
lower temperatures (around 200-350 °C, depending on transition metal
ratio and degree of delithiation)”*”® as compared to the fully lithiated
materials (with decomposition temperatures >>500 °C), which is
accompanied by heat evolution and the release of lattice oxygen,”*”%
initiating the combustion of the organic electrolyte and eventually a
thermal runaway in larger battery packs.”

In the following, the onset and the extent of the thermal decomposi-
tion of delithiated NCM electrodes were evaluated by their relative mass
loss upon heating under argon flow, as depicted in Fig. 6. For this, the
electrodes were charged once to 4.1 Vp;, what resulted in a degree of
delithiation of ~62 %SOC for the three NCM622 materials. To exclude
any influence of the decomposition of the conductive carbon and/or the
binder in the electrode, an electrode solely consisting of C65 and PVDF
(see black curve in Fig. 6) was investigated using the same procedure:
up to 325 °C, however, the C65/PVDF electrode exhibits a mass loss of
only ~0.70 wt%, what would correspond to a negligible mass loss of not
more than ~0.03 wt% in the NCM electrodes, when taking into account
the relative contribution of C65 and PVDF of 4 wt%. The observed
thermal stability of the C65/PVDF electrode is consistent with the
previously observed onset temperatures of the thermal oxidation reaction
of C65*® as well as of PVDE’! since neither of the two decomposes at
temperatures below 350 °C (even in oxygen-containing atmosphere).

Up to 140 °C, the mass changes observed for the three NCM
electrodes are within +0.07 wt%, corresponding to +15pg for
the used electrodes with a mass of ~20 mg; therefore, we assign
the observed variations of the sample mass (under argon flow) to the
fluctuation of the background signal between the different measure-
ments. Starting at temperatures of 140-160 °C, however, a sig-
nificant mass loss of all three NCM electrodes initiates, with the rate
of the mass loss increasing with increasing temperatures. This
temperature range for the onset of a significant mass loss from the
NCM electrodes coincides well with the reported onset temperatures
of the thermal runaway in heating experiments for commercial
graphite/NCM full-cells.”®”* At the final temperature of 325 °C, the
total mass loss of the PC-bm and the PC electrodes amounts to
2.38 wt% and 1.59 wt%, respectively, while the total mass loss of the
SC electrode is only 1.11 wt%.

Based on the results of previous studies,”®” we assume that the
mass loss of the delithiated NCM electrodes is mainly driven by its
thermal decomposition which is accompanied by the release of lattice
oxygen. For the full transformation from the layered and partially
delithiated MO, to the rock-salt-type MO phase which is expected to
occur for the complete decomposition of NCM622 at temperatures of
~550 °C (measured for 75 %SOC),%” a mass loss of the NCM
material of 17.8 wt% would be expected; this value corresponds to a
maximum mass loss of the electrode of 17.1 wt% when considering
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Figure 6. Relative electrode mass change during thermogravimetric analysis
of a C65/PVDF electrode (1:1 w/w, black line) as well as of charged PC
(blue), PC-bm (yellow), and SC (green) electrodes (96:2:2 w/w) as a function
of experiment time (lower x-axis) and temperature (upper x-axis), performed
under argon flow of 60 ml/min while ramping the temperature at 5 K/min
from 25 °C to 325 °C. Beforehand, the electrodes were charged in coin half-
cells at 25 °C to 4.1 Vi; (corresponding to ~62 %SOC, as determined from
Fig. A-4) in CCCV mode (see Fig. A-2), then harvested from the cells,
washed in three steps using carbonate-based solvents, and finally dried at
120 °C under dynamic vacuum. The signal of the C65/PVDF electrode is
scaled according to the mass contribution (of 4 wt%) in the charged and
heated NCM electrodes.

the NCM content of 96 wt% in the electrode. The measured mass loss
of 2.38 wt% for the PC-bm electrode thus suggests that only ~14 wt%
of the layered phase of the PC-bm material are decomposed up to
325 °C in the performed TGA experiment (and even less for PC and
SC). Due to this minor part, we suggest that, from the onset
temperature of the transformation of the layered oxide structure up
to 325 °C, mainly oxygen from the surface region of the primary
crystallites is evolved, while the bulk of the delithiated NCM requires
higher temperatures to decompose, possibly due to the limited solid-
state diffusion of oxygen through the NCM lattice. This is further
expressed in the ratio of the respective mass loss of 1:1.5:0.7 up to
325 °C for the PC:PC-bm:SC electrodes, which shows a similar trend
as the ratio of the surface areas of 1:1.94:0.39 for the electrodes
charged to 3.9 Vy; (see Fig. 2). The investigation of the proposed
mechanism, however, needs to be subject of future studies using
temperature-resolved diffraction and/or spectroscopic techniques. In
summary, larger NCM primary crystallites (with a smaller specific
surface area) exhibit a diminished mass loss upon heating and,
therefore, are expected to release less oxygen improving their thermal
stability as well as the safety of large-format battery cells and packs.

Conclusions

We investigated the effect of three different NCM622 particle
morphologies on the electrochemically active surface area, the
discharge capacity as a function of the upper cutoff potential, the
gassing during the initial cycles, the rate capability, and the thermal
stability. These properties were evaluated for: (i) a polycrystalline
NCM622 composed of secondary agglomerates with a size of
~5-10 pm (“PC”), (ii) the same material almost completely sepa-
rated by ball milling into its primary crystallites with a final particle
size of ~0.2-1.0 pm (“PC-bm”), and (iii) a single-crystalline NCM622
material composed of monolithic particles with a size of ~2-8 pm. For
the pristine powders, the specific surface area determined by krypton
physisorption (Kr-BET) was ~0.3 mzNCM/gNCM for the PC and SC
materials, while it was ~8-fold larger for the PC-bm material. This
allowed to independently examine the effect of specific surface area
for the same morphology (SC vs. PC-bm materials) and the effect of
poly- vs. single-crystalline morphologies for a similar specific surface
area (PC vs. SC materials).

Even though the specific surface area of the PC and SC materials
was similar for the pristine CAM powders, Kr-BET measurements
revealed a ~3-fold higher specific surface area of the PC material in the
charged state of the first cycle, while that of the SC material remained
essentially unaffected. Similar observations were made by in situ
monitoring the NCM electrode capacitance via impedance spectroscopy,
showing that the capacitance of SC electrodes remained essentially
constant, both upon compression and even after full delithiation,
highlighting the (chemo)mechanical stability of single-crystalline
CAMs, while the capacitance of the PC electrodes changed by 240 %
upon mechanical compression and by 650 % when cycled to 5.0 Vi;.
Here, the specific surface area and the capacitance of the PC material
reached ~70 % of the values obtained for the PC-bm material (for
which most primary crystallites of the PC material had been separated
into individual particles). This finding demonstrates that most of the
surface area of the primary crystallites which compose the secondary
agglomerates of the polycrystalline NCM is accessible to the electrolyte
after the material has been delithiated to a high state of charge (SOC),
elucidating the fragile integrity for the polycrystalline morphology. This
observation also explains the more than 2-fold higher gassing of the PC
material when charged to 4.7 Vp; (~90 %SOC) as compared to the SC
material; as the gassing is found to be roughly proportional to the
electrochemically active surface area, the highest amount of gas was
evolved by the PC-bm material.

Discharge rate tests in half-cells revealed the impact of the NCM
particle morphology and the electrochemically active surface area on
the rate capability: (i) the highest rate capability was found for the
PC-bm material, owing both to its very high specific surface area
that lowers the charge-transfer overpotentials and to its small particle
size that allows for efficient solid-state lithium diffusion; (ii) the SC
material showed the lowest rate capability, as it maintained a low
specific surface area, leading to large charge-transport resistances;
(iii) the rate capability of the PC material was inferior to that of the
PC-bm material, presumably due to the poor electrical connection of
primary crystallites within the secondary agglomerates upon particle
cracking. This illustrates the dependence of the delivered capacity on
the lithium diffusion in the solid and the liquid phase (poor for the
large SC primary crystallites) as well as on electrical resistances
inside the NCM particles (affecting the PC particles negatively).

Additionally, it was found that the morphology does not affect
the decomposition temperature of the NCM materials for the same
degree of delithiation, investigated up to 325 °C by TGA; however,
the relative mass loss (expected to be induced by the decomposition
of the delithiated layered structure and the release of surface-near
lattice oxygen) as a function of temperature is more pronounced for
an NCM with a higher surface area.

In addition to this safety aspect, the observed stable surface area
of single-crystalline CAMs is expected to have a positive impact on
the gas evolution and on surface-area-dependent side reactions with
the electrolyte, on the cathode impedance, and, therefore, on the
capacity retention in full-cells. However, as a larger particle size is
also accompanied by disadvantages such as a decreased rate
capability as well as an increased sensitivity to the formation of a
resistive rock-salt-type surface layer, the optimal particle size of
single-crystalline NCMs needs to be determined in future studies.
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Figure A-1. Magnified representation of the SEM image shown in Fig. 1b
illuminating the particle morphology of the pristine PC-bm powder by top-
view SEM in secondary electron mode at 15 kV.
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Figure A-2. Potential curves (black lines) of the PC electrodes stored or
(dis)charged for Kr-BET (dark blue triangles) and TGA measurements (light
blue triangles). Coin-half cells were assembled using uncompressed PC
electrodes, lithium metal as counter electrode, 100 pl LP57 electrolyte, and
two glass fiber separators as well as one Celgard separator facing the NCM
electrode. At 25 °C, they were either stored for 24 h or cycled galvanosta-
tically at a C-rate of C/20 for the Kr-BET measurements and C/15 for the
TGA experiments (when referenced to the theoretical capacity of
276.5 mAh/gnem of NCM622), all including a CV step of 1h at the
respective approached potential (CCCV mode) and an OCV period of 1 h,
prior to being harvested.

Appendix

Magnified SEM image of PC-bm.—For a better visual investi-
gation, the magnified SEM image of the pristine PC-bm (obtained by
ball milling of the polycrystalline NCM622) is shown in Fig. A-1. It
is observed that most of the secondary agglomerates of the
polycrystalline NCM622 have been completely separated into their
primary particles, showing individual crystallites with a size of
0.2-1.0 pm, while only a few agglomerates with a size of ~2 um
remain.

Cycling procedures for Kr-BET and TGA measurements.—
Prior to the SOC-dependent surface area determination via Kr-BET
and the evaluation of the thermal stability in TGA experiments, the
NCM electrodes were either stored for 24 h or cycled galvanosta-
tically to the respective potentials of 3.9, 4.1, or 4.4 Vy, or to fully
discharged state at 2.55 Vy; after one charge/discharge cycle to an
upper cutoff potential of 4.4 Vi;. The potential profiles of the
respective cycling procedures are depicted in Fig. A-2.
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Figure A-3. Electrochemical cycling data as a function of cycle number for
PC (blue), PC-bm (yellow), and SC (green) electrodes, as described in detail
in Fig. 3. a) Specific discharge capacity. The gray labels indicate the applied
upper cutoff potential vs. Li*/Li. b) Specific electrode capacitance. The gray
area marks the specific capacitance of the C65 electrode multiplied by its
relative mass contribution (of 4 wt%, or 0.04x) in the NCM electrodes. The
horizontal dashed lines correspond to the respective specific electrode
capacitance in pristine state (uncompressed for PC and SC, compressed at
100 MPa for PC-bm). The error bars correspond to the minimum/maximum
value of two measurements.

Capacitance measurements as a function of cycle number.—
The data of specific discharge capacity and specific capacitance obtained
in the electrochemical cycling experiments in pseudo-full cells are
depicted here as a function of cycle number, for which the upper cutoff
potential is increased every three cycles by 0.1 V. Here, the discharge
capacity (in Fig. A-3a) increases with increasing upper cutoff potential
but stays constant within each set of three cycles up to an upper cutoff
potential of 4.3 V;. Up to cycle #16 (or 4.3 Vy;), the specific discharge
capacity of SC is lower by ~10 mAh/gncnm as compared to PC, what is
in accordance with the observed discharge capacities in the rate
capability test C/10, as depicted in Figs. 5 and A-6. Starting at cycle
#17 (or 4.4 V), the discharge capacities stagnate even though the upper
cutoff potential is increased, what is more pronounced for SC than for
PC. The specific electrode capacitance (in Fig. A-3b) increases for the
compressed PC electrodes as compared to the uncompressed ones, while
the one of SC remains unchanged upon compression. The capacitance
upon cycling remains almost constant for SC, however, increases
significantly for PC, especially above 4.3 Vy;. This data is discussed
in detail as a function of SOC in Fig. 3.

Potential curves of the first charge—To allow for a better
interpretation of the cycling data in Fig. A-3, showing the specific
discharge capacity and the specific capacitance as a function of cycle
number with increasing upper cutoff potentials of the NCM electrode,
the latter were converted into the respective degree of delithiation (x in
Li;..MO,, with M = Ni, Co, and Mn) or SOC, with the resulting plot
being depicted in Fig. 3. For this conversion, the required relation
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Figure A-4. Potential curves of the first charge of the three NCMs as a
function of the specific capacity (top x-axis, in units of mAh/gncm) or SOC
(bottom x-axis, in %SOC), respectively. PC (blue), PC-bm (yellow), or SC
(green) as working electrodes in T-cells with 90 pl of LP57 electrolyte and
lithium metal as counter electrode and reference electrode (with three glass
fiber separators, two placed between working and counter electrode as well
as one facing the reference electrode). Controlled by the reference electrode
potential, the NCM electrodes were charged at 25 °C to 5.0 Vy; at C/20
(corresponding to a current of 13.8 mA/gnem When referenced to the
theoretical capacity of 276.5 mAh/gnem)-
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Figure A-5. Gas evolution data as a function of time from the OEMS
experiment with the PC material, as presented in Fig. 4. a) Ion currents /,/I3¢
of the mass traces at m/z = 32, 44, and 77, all normalized to the signal at
miz = 36 of the *°Ar isotope. The signal at m/z = 77 is multiplied by 0.2 since
the contribution of EMC to the other two signals is only ~20 % (see main text).
The vertical light gray areas accentuate each NCM discharge/lithiation period.
The vertical gray dashed line marks the onset of the O, evolution at a potential
of 449 Vy; corresponding to a degree of delithiation of ~80 %SOC.
b) Magnification of the areas marked by the dotted orange frame in Fig. A-5a.
The gray dashed lines are extrapolated from the ion current data of the NCM
discharge/lithiation period and serve as a guide to the eye.

between upper cutoff potential (i.e., 3.9, 4.0, ..., 5.0 Vy;) and the SOC
was extracted from the potential curves of the first charge for each of the
three NCMs under the essentially identical charging current, which are
shown in Fig. A-4. The morphology-dependent overpotentials observed
<20 %SOC and >80 %SOC are particularly pronounced in these SOC
regions due to the well-known increase in charge-transfer resistance at
low/high degree of delithiation® as well as due to the formation of a
resistive oxygfren-depleted surface layer caused by the oxygen release at
>80 %SOC."
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Figure A-6. Specific capacity of the discharge rate test as a function of cycle
number for PC (blue), PC-bm (yellow), and SC (green) in half-cells, applying
an upper cutoff potential of 4.1 Vy;, as described in detail in Fig. 5. The empty
circles mark the charge capacity of the first cycle while the filled circles
represent the discharge capacity of each cycle. The gray labels indicate the
applied discharge C-rate. After the rate test, another 14 cycles with a charge
rate of C/2 and a discharge rate of 1C as well as three cycles at C/10 for both
charge and discharge were appended. The error bars correspond to the
minimum/maximum value of two measurements.

Effect of EMC fragmentation on MS signals.—In the OEMS
experiment depicted in Fig. 4, an apparent fluctuation of the oxygen
signal at m/z = 32 is observed, changing repeatedly with the direction
and the extent of the applied electrical current. To prove that this
fluctuation originates from the contribution of EMC on the mass trace of
oxygen due to its fragmentation, the signals of m/z = 32, 44, and 77 are
depicted in Fig. A-5. Here, the signal at m/z = 77 is multiplied by 0.2
since the contribution of EMC to the other two signals is only ~20 %
(see main text). From the data, it can be observed that all three signals
repeatedly show a small, but visible decrease and increase (see
Fig. A-5a). In particular, the drop of the ion current appearing after
the switch from discharge to charge, or from NCM lithiation to
delithiation, respectively, occurs simultaneously for all three mass traces
in the magnified representation (see Fig. A-5b). Since EMC is expected
to be the only contribution from the electrochemical system to the signal
at m/z = 77, the apparent fluctuation of the O, and the CO, signals is
owed to a change in the concentration of EMC vapor in the OEMS cell.

Discharge capacities from rate test as a function of cycle
number.—To evaluate the rate capability of the three NCMs, a
discharge rate test with C-rates between C/100 and 20C was
performed in half-cells to an upper cutoff potential of 4.1 Vi;. For
all three NCMs, stable cycling is observed within each set of three
cycles at the respective C-rate as well as during the 14 cycles at 1C,
as depicted in Fig. A-6. This data is discussed in detail as a function
of C-rate in Fig. 5.
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4.2 Effect of Electrode Properties on the Capacitance Determination

4.2 Effect of Electrode Properties on the
Capacitance Determination

As described in the previous Chapter 4.1, the capacitance of the small SC NCM622
material (labeled PC-bm in the article [265]) could not be determined as a function of
the cycle number, or the upper cutoff potential, respectively, since it was prevented by
a large unidentified feature in the impedance spectrum in blocking conditions (i.e., in
the fully discharged state at 2.55 Vi;). This semicircle-like contribution was present in
uncompressed state but appeared also for the compressed electrodes with increasing
cycle number. In this chapter, first, the origin of this feature is elucidated before the
implications of the findings on the capacitance determination and the electrode design

in general are discussed.

Effect of NCM Particle Size and Conductive Carbon Content

The data for the specific discharge capacity and the specific electrode capacitance,
depicted in Figure 4.1 as a function of cycle number, are adapted from Figure A-3
from the article presented in Chapter 4.1 [265] and completed by the ones of PC-bm
and PC-bm-90/5/5, while the latter comprises 5wt% of both C65 and PVDF, as
compared to only 2wt% each for the other three electrodes used in the article. For
the discussion of the data for the PC and the SC electrodes, the reader is referred
to the original publication [265]. In Figure 4.1a, the discharge capacities of both
PC-bm and PC-bm-90/5/5 electrodes, which were compressed at 100 MPa and cycled
by the same protocol as the PC and SC electrodes [265], exhibit similar values as for
the PC electrodes, until the upper cutoff potential exceeds ~4.5Vy;, at which point
the discharge capacity of both decreases as compared to the PC electrode (note that
the discharge capacities were recorded in pseudo-full cells with a lithium reservoir
in the LTO counter electrode; therefore, the capacity loss does not stem from loss
of lithium inventory but solely from the degradation of the NCM). Even though the
PC-bm CAM has a relatively large specific surface area of 2.25m?/gncn, it shows a

reasonable cycling performance in this experiment for both electrode compositions.

The specific capacitance, which was extracted from the 180-mHz point, is presented
in Figure 4.1b, exposing a larger initial capacitance of the PC-bm-90/5/5 electrode
as compared to the PC-bm electrode due to the increased content in surface area

contributed by the increased amount of high-surface-area carbon (as depicted by the
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Figure 4.1 a) Specific discharge capacity (in units of mAh/gnom) and b) specific electrode ca-
pacitance (in F/gelectrode) 0f four NCM622 materials (PC (blue), SC (green), PC-bm (yellow) and
PC-bm-90/5/5 (brown), all compressed at 100 MPa for 30s) as a function of cycle number. The
experimental setup, the cycling procedure, and the data for the PC and the SC electrodes were
extracted from Figure 3 in Chapter 4.1 [265] and completed by the data for the PC-bm and the
PC-bm-90/5/5 electrodes. Similar to the PC and the SC electrodes, the PC-bm electrode comprises
2wt% of both C65 and PVDF, while the PC-bm-90/5/5 electrode contained 5 wt% of each of the two
components. The gray dashed horizontal lines at 0.069 and 0.17 F/gcjectrode mark the contribution of
the C65 electrode to the total capacitance of the electrode for a composition of 96/2/2 (0.04x of the
value of 1.7F/gelectrode for the C65 electrode, see Chapter 3.1 [224]) and 90/5/5 (0.1x), respectively.

two horizontal gray dashed lines in Figure 4.1); furthermore, Figure 4.1b shows a
decreasing capacitance for both the PC-bm and the PC-bm-90/5/5 electrodes with
increasing cycle number. Reasons for a decrease in capacitance may include: i) the
decrease in electrode surface area (e.g., due to the loss of active material, however,
appearing unlikely due to the reasonable discharge capacity observed in Figure 4.1);
ii) the change of the surface-area-normalized capacitance (e.g., due to the formation of
an interphase on the electrode, however, being unlikely as shown previously [252]); or
iii) the convolution of the capacitive branch with another feature, which might increase

the imaginary impedance at 180 mHz significantly.

To illuminate the origin of this capacitance decrease, the impedance spectra of the
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Figure 4.2 Impedance spectra (in units of € - gelectrode) Of the four NCM622 electrodes of a) PC,
b) SC, ¢) PC-bm-90/5/5, and d) PC-bm. The impedance spectra are extracted from the cycling data
presented in Figure 4.1 for the selected cycle numbers #1, #4, #13, #22, and #31, corresponding
to the conditioning step to 10 %SOC and the cycles to an upper cutoff potential of 3.9, 4.2, 4.5, and
4.8 Vy; (presented from light to dark colors). The impedance of the NCM electrodes is recorded in
the fully lithiated state at 2.55 Vp; and the respective frequency points at 180 mHz are indicated by
open symbols.

four electrode configurations are depicted in Figure 4.2 as a function of the cycle
number and, therefore, also of the upper cutoff potential. The impedance spectra of
the PC electrode (see Figure 4.2a) exhibit a capacitive branch in the form of a tilted
straight line, as it would be expected for a CPE of an electrode in blocking conditions,
which decreases in length with increasing upper cutoff potential; simultaneously, the
impedance point at 180 mHz is shifted to lower imaginary impedance values, resulting
in the capacitance increase seen in Figure 4.1. A similar shape is observed for the
impedance data of the SC electrode (see Figure 4.2b), which, however, show higher
imaginary values and remain essentially constant starting at cycle #4 (both originat-
ing from the (chemo)mechanical stability of SC). For the PC-bm-90/5/5 electrode (see
Figure 4.2¢), the impedance spectra exhibit the capacitive branch of the CPE, similar
as for the PC and the SC electrode. At first sight, the only noticeable difference is the

decrease to lower imaginary values (due to the 8-fold surface area of the CAM and the
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Figure 4.3 Impedance spectra of a) the PC-bm electrode and b) the PC-bm-90/5/5 electrode as a
function of SOC extracted from the cycling data presented in Figure 4.1 for the selected cycle number
#31 to an upper cutoff potential 4.8 Vy;. The spectra were recorded at three different chemical
SOCs (corresponding to Li;MOs for 0 %SOC and to LigMO; for 100 %SOC) of: i) ~100 %SOC after
charging to 4.8 Vi; (dark dotted line, after resting in OCV for 1h); ii) ~50 %SOC after discharging
to 3.9 Vy; (dashed line, after OCV); and iii) ~0 %SOC after discharging to 2.55 Vy; (light solid line,
held in CV mode). The respective frequency points at 180 mHz are indicated by open symbols, while
the apex frequency of the semicircles is given for selected impedance spectra.

increased C65 content), however, a slight curvature of the originally straight line after
conditioning can be observed, which could originate from a semicircle-like feature being
convoluted with the CPE and which grows with increasing cycle number. This shape
change could stem from the growth of an additional contribution in the impedance
spectrum, which simultaneously shifts the imaginary impedance at 180 mHz to higher
values. When examining the impedance data of the PC-bm electrode (see Figure 4.2d),
only the first spectrum after conditioning appears to be similar to the ones observed
for the other electrodes. However, starting already at cycle #4 (to 3.9 Vy;), an addi-
tional semicircle-like feature with an extent of ~1.5€2 - goectrode OCCurs, which grows
continuously with cycle number to ~7Q - gelectrode at cycle #31 (to 4.8 V). This fea-
ture could contribute to the observed increase in imaginary impedance of the 180-mHz
point of the PC-bm and the PC-bm-90/5/5 electrode. Even though the PC-bm elec-
trode exhibits this unexpectedly large impedance contribution in blocking conditions,
it shows typical discharge capacities similar to the ones of the other materials; if this
large impedance would be present over the entire SOC window, significant overpoten-
tials (which were not observed when comparing the potential curves of the PC-bm and
the PC-bm-90/5/5 electrodes, data not shown) would diminish the available capacity.

Therefore, the unassigned feature is likely only present in the fully discharged state.

To prove this hypothesis, PEIS is recorded at three different SOCs during cycle #31
(to 4.8 Vy,): 1) at ~100 %SOC after charging to 4.8 Vi; (after resting in OCV for 1h),
ii) at ~50 %SOC after discharging to 3.9 Vy; (after OCV), and iii) at ~0 %SOC after
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4.2 Effect of Electrode Properties on the Capacitance Determination

discharging to 2.55 V; (held in CV mode). The resulting data, depicted in Figure 4.3a,
show blocking conditions at low frequencies for both the fully lithiated as well as the
fully delithiated state (i.e., ~0%SOC (light solid line) and ~100 %SOC (dark dotted
line), respectively); at ~50 %SOC (dashed line), a semicircle is observed at medium to
low frequencies, resulting from the impedance of the electrode in non-blocking state,
corresponding to the convolution of charge-transfer resistance, ionic pore resistance,
and electronic resistance through the electrode (see Figure 2.4). Furthermore, the data
expose that the observed unassigned feature is much larger in the discharged state;
for the two other impedance spectra, a relatively small semicircle of <12 - gelectrode
remains. When taking into account the extent of the semicircle in fully discharged
state of ~T7€) - glectrode, OF ~600 €2, respectively, and its apex frequency of 64 Hz, a
capacitance of ~4pF can be calculated using Equation 2.8. For a typical surface-
glectrode’

area-normalized capacitance of an electrochemical double layer of 4 uF - cm,

which corresponds the geometrical

: 2
the obtained surface area equates to ~1 cmZ i;odes

surface area of the investigated electrodes. Therefore, the observed feature is assigned
to be the contact resistance of the electrode [267], which shows a strong dependence
on the SOC of the CAM. Furthermore, it grows continuously, either with time or
cycle number (see Figure 4.2d). In contrast, the contact resistance of PC-bm-90/5/5
remains at smaller values (see Figure 4.2¢) and does not depend as strongly on the
SOC as for PC-bm (see Figure 4.3b).

Implications of the electronic conductivity of an electrode

The observed dependence likely stems from the electronic conductivity of the CAM
which changes with degree of delithiation: Amin et al. showed that the electronic con-
ductivity of NCMs varies by five orders of magnitude between ~10~2 and ~10~7S/cm
for the charged and discharged state, respectively, being lowest in the fully lithiated
state [225]. If the electronic current from the electrode to the current collector (or
vice versa) has to pass mainly through the CAM (which is expected to be the case
for high-surface-area CAMs with relatively low amounts of conductive carbon, as it is
the case for the PC-bm electrode), the corresponding resistance depends on the elec-
tronic conductivity of the CAM. The feature dominating the impedance spectrum of
the PC-bm electrode is not pronounced for the PC-bm-90/5/5 electrode since latter
comprises a 2.5-fold amount of conductive carbon in the electrode, providing a suf-

ficient amount of conductive carbon to guide the current rather through the carbon
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4 Implications of the Particle Morphology of Nickel-Rich NCMs

than through the NCM.

This decrease in electronic conductivity of the CAM is not only induced by its full
lithiation but can also stem from a decomposition of the layered structure to a rock-
salt-type phase on the surface of the particles, e.g., by the release of lattice oxy-
gen at high SOC. LNO, for example, exhibits an electronic conductivity of 107! to
10°S/cm [268, 269], while the electronic conductivity of its rock-salt phase NiO is
only 1077 to 107°S/cm [270, 271]. If this increasing resistance shows also as a contact
resistance of an electrode, it is expected to be independent of the SOC of the layered-
oxide core since the rock-salt-type phase would remain independent of the degree of

(de)lithiation and insulate the particle.

The electronic conductivity of the NCM does not only affect the contact resistance but
also the conductivity through the entire electrode if the ratio of conductive carbon to
CAM surface area is not sufficiently large, what would lead to overpotentials, capacity
loss, and an inhomogeneous (de)lithiation of the electrode. Furthermore, the same
can be expected for the electronic conductivity within a PC agglomerate since no
conductive carbon is present in the pores which form upon (de)lithiation. Here, the
electronic rail of the transmission line model (see Figure 2.4) cannot be neglected
anymore, what is often done for typical battery electrodes (see Chapter 2.4). This
resistance, e.g., due to an insufficient amount of conductive carbon or due to particle
cracking, could lead to a (partial) disconnection of active material. Consequently, if the
resistance is too large to be overcome by an applied voltage difference of typically only
~10mV switching between ”charge” and ”discharge” on the order of a few seconds,
it could result in a decrease of the capacitance determined by EIS (at 180 mHz) in
the fully discharged state, what could be misinterpreted as a surface area decrease
or material loss. Since the high resistance caused by the SOC-dependent electronic
conductivity of the NCM is not observed over the entire SOC window but only in the
fully discharged state, the available capacity during charge/discharge cycling is barely
affected.

In some cases, it might be interesting to monitor the capacitance (e.g., as a function of
the cycle number) as a measure for the loss of active material by the disconnection of
CAM particles (if it is not convoluted with a simultaneous capacitance increase, e.g.,
due to particle cracking). In the case of the impedance measurement, the time scales
as well as the applied potentials are 100x smaller as compared to the charge/discharge
capacity measurement. Therefore, it is expected that the impedance measurement is

much more sensitive to introduced resistances in the electrode and could, therefore,
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4.2 Effect of Electrode Properties on the Capacitance Determination

show a significant capacitance decrease, even for small resistances and even before any
significant capacity decrease (due to material loss) is observed, what could also explain
the decrease in capacitance in Figure 4.1b. In conclusion, for an observed decrease
in capacitance, it remains challenging to discriminate between the effect of (relatively
small) resistances within the electrode limiting the exchanged currents during EIS and
an actual loss of active material, which affects the available capacity. The proper
determination of the electrode capacitance can be improved either by a suitable elec-
trode composition diminishing electronic resistances within the electrode (e.g., by a
sufficient amount of conductive carbon, ideally long carbon fibers such as VGCF or
carbon nanotubes (CNTs)) or by determining the capacitance at even lower frequen-
cies (e.g., between 1 and 10 mHz, however, requiring an R-Q) fit of the impedance data)

for which the electronic resistances can be overcome.

In summary, to enable the proper determination of the capacitance of an electrode,
a suitable type and sufficient amount of conductive carbon is required to ensure the

electronic conductivity into and through the electrode.
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4.3 Performance of Poly- and Single-Crystalline
NCMs in Full-Cells

The manuscript with the title ”The Implications of Particle Morphology on the Ca-
pacity Retention, Side Reactions, and Impedance Build-Up of Nickel-Rich NCMs in
Full-Cells: Poly- vs. Single-Crystalline NCM851005” is currently in preparation and
will be submitted in Summer 2023. The main findings of this paper were presented
by Stefan Oswald as Paper #A03-0368 at the 240" Meeting of the FElectrochemical

Society in a virtual format in October 2021.

After having elucidated the effect of different NCM particle morphologies on its fun-
damental properties in Chapter 4.1, this article generates important insights into the
impact of the NCM particle morphology on the long-term cycling performance: there-
for, PC and SC NCM851005 are cycled for more than 200 charge/discharge cycles in
coin full-cells with LP57 against graphite, both at 25 and 45°C, applying two differ-
ent upper cutoff voltages of 4.1 and 4.4V. While both an increased voltage as well
as an increased temperature lead to an accelerated capacity fading for both CAMs,
differences between the two materials are only observed at 4.4V, where the discharge
capacity at high C-rates and the resistance build-up are pronounced for the PC NCM.
By using EIS and a p-RE, the impedance contributions of both anode and cathode are
quantified at 4.4V and 45°C: while the anode impedance is determined to be rela-
tively small and constant, the cathode impedance grows with cycle number. Since the
CAM surface area of the PC NCM increased significantly upon calendering, charging,
and cycling as compared to the SC NCM, what is determined by Kr-BET and would
result in a smaller charge-transfer resistance, the pronounced electrode resistance of
the PC NCM can only originate from the diminished electronic conductivity within the
electrode due to particle cracking. For other typical degradation phenomena, such as
the increased gas evolution or the increased transition metal dissolution of PC NCMs,
no significant impact on the performance was observed in this experiment. Hence,
the superior performance of SC CAMs, in particular at higher C-rates, stems from
the maintained integrity due to their particle morphology, suppressing the impedance

build-up upon particle cracking.

This study highlights the importance of identifying the origin of the capacity loss of
a battery upon operation: The contributions of lithium inventory loss, material loss,
and resistance build-up can be deconvoluted, e.g., through a procedure applying vari-

ous C-rates, via the use of a reference electrode to track the half-cell potentials, by in
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situ electrochemical impedance spectroscopy to monitor the individual contributions
of each half-cell to the total impedance, or by the post mortem analysis of the elec-
trodes against lithium metal. Through this set of methods, the findings of this study
do not only suggest that SC NCMs eliminate particle cracking even upon extended
cycling under harsh conditions but that most primary particles remain connected both
ionically and electronically in contrast to their PC analog, what reduces the impedance
of the cathode for SC by a factor of 3x. In addition to the enhanced rate capability
enabling cells for high-power applications, SC NCMs are also expected to provide a
higher energy density in commercial cells since higher electrode densities are obtained
upon calendering for the solid spheres, enabling electrode densities of up to 3.9 g/cm?,
exceeding the one of PC NCMs [184, 272]. Even though the synthesis of SC NCMs is
more complex due to the calcination at higher temperatures of up to 1000 °C as well as
the additional washing and deagglomeration steps [161], the spent effort is rewarded
by LIBs with a lifetime of more than 10,000 cycles or 25 years, if the upper cutoff
voltage and the electrolyte additives are chosen properly [43, 273].

Overall, SC NCMs enable significant improvements in power, energy, and cycle life of
LIBs; nevertheless, the open question regarding their optimal particle size, naturally
depending on the requirements of the respective application, needs to be answered in

future studies.
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Abstract

The rising interest in single-crystalline NCMs (LiMO2, M = Ni, Co, Mn) has generated numerous
publications which feature promising results in terms of cycle life improvement when compared to the
conventional polycrystalline analog. To elucidate the effect of the two morphologies on the capacity
retention and the internal resistance, this study aims to discriminate the effect of different degradation
phenomena of polycrystalline (PC) and single-crystalline (SC) NCM851005 (LiNio.g5C00.10Mno.0502) in
coin full-cells cycled against graphite anodes. The impact of the particle morphology is analyzed over the
course of more than 200 charge/discharge cycles for two temperatures of 25 and 45 °C, applying two upper
cutoff voltages of 4.1 or 4.4 V. The morphology-dependent surface area changes, resulting mainly from the
well-known tendency of PC NCMs towards particle cracking upon calendering, charging, and extended
cycling, are quantified via krypton-gas physisorption and their consequences regarding the amount of gas
evolution, transition metal dissolution, loss of lithium inventory, and resistance build-up are analyzed. In
particular, the pronounced cathode impedance of PC, investigated by electrochemical impedance
spectroscopy using a micro-reference electrode in full-cells, exposes the impact of particle cracking and the

induced electronic resistances within a secondary agglomerate on the rate capability.
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Introduction

Over the past 25 years, the production capacity of lithium-ion batteries (L1Bs) has been rising exponentially,
reaching almost 1,000 GWh in 2021, while their price (in US$/kWh) has dropped by an order of
magnitude.! Until 2010, this trend was mainly driven by the growing market of portable electronics, while
it is now dominated by the rise of electric vehicles (EVs).2 Exemplarily, the share of yearly registered EVs
in Germany doubled within one year to reach 26 % of all passenger cars in 2021.% In the next years, their
advance is expected to continue since a carbon-neutral mobility sector, which is desired to be accomplished
in most countries until 2035 or 2050, relies purely on electric propulsion. In this context, future LIBs need
to fulfill requirements regarding social and environmental aspects as well as availability, scalability, and

cost.

With regard to cost, the raw materials and the processing of cathode active materials (CAMSs) are still the
largest contributor, accounting for ~50 % of the cell’s cost.>* The layered oxide cobalt-based LiCoO:
(LCO), employed in the first commercial LIB by Sony in 1991, continues to dominate the market of portable
electronics but does not fulfill the given requirements for the growing demands of the EV market.>® To
reduce (or even eliminate) cobalt, the partial (or complete) replacement by nickel and manganese since the
early 2000s opened the field of so-called NCMs (LiMO2, M = Ni, Co, and Mn),”® while nickel-rich NCMs

(of more than 90 mol% nickel) have emerged as promising candidate for high-energy EV applications.?1°

Nickel-rich NCMs do not only fulfill the market’s requirements but also provide a higher reversible capacity
of more than 200 mAh/g, which is delivered at a lower potential.*>*2 On the downside, nickel-rich NCMs
require a more complex synthesis due to their tendency towards lithium/nickel mixing,®*** form unwanted
contaminants when exposed to humid atmosphere,'>* and are structurally and thermally less stable. For
the latter, the instability manifests in the release of lattice oxygen and the formation of a rock-salt-type
surface layer, either upon heating of delithiated NCMs (above ~140 °C)!%2! or at high degrees of
delithiation (above ~80 %SOC).1?2022-26 Additionally, the change of the lattice parameters a and ¢ results
in an anisotropic volume change of the NCM unit cell, which increases with the degree of delithiation and
is, therefore, more pronounced for nickel-rich NCMs.'?728 For the conventional polycrystalline (PC)
NCMs, consisting of spherical secondary agglomerates with thousands of randomly oriented primary
crystallites, this volume-change-induced strain induces the formation of cracks within the agglomerates and
deteriorates the integrity of the NCM particles.?>28-32 Particle cracking does not only result in the electronic
disconnection of fragments, but also exposes fresh surface area: already within the first charge, the NCM
surface area can increase by a factor of 10.2%343% This surface area increase gives rise to parasitic side

3741

reactions, such as pronounced oxygen release?®% and transition metal (TM) dissolution, compromising

the performance and the safety of LIBs.



In contrast, single-crystalline (SC) NCMs comprising monolithic crystallites without secondary
structure*>*® have been found to not only maintain the pristine surface area upon operation, even when
charged to high degrees of delithiation,?>253444 put also allow for higher electrode densities due to the
absence of the intraparticular pore volume and, therefore, for higher energy densities.***>*" Depending on
the application’s requirements, the NCM surface area can be conveniently adjusted by the particle size
through different synthesis parameters, mainly controlled by the calcination time and/or temperature, 304348
While smaller SC particles provide kinetic advantages due to the higher electrochemically active surface
area, an improved cycle life is expected for larger SC particles due to diminished side reactions on their
smaller specific surface area and, therefore, a reduced loss of lithium inventory. This development of SC
NCM cathodes has peaked in LIBs with a cycle life of more than 25 years or 1,000,000 km, as presented
for NCM523 by Harlow et al. in 2019.%°

Even though tremendous progress has been achieved in terms of lifetime, the mechanisms behind the
differences in battery performance are often convoluted and complex, and a deeper understanding of the
impact of particle morphology is still lacking. So far, a variety of studies has compared the cycle life of PC
and SC, which have often attested an improved capacity retention for SC NCM, 3314750 while also the

opposite, i.e., the superiority of PC NCM, has been observed.>¢:4451

To elucidate the effect of the two morphologies on the capacity retention and the internal resistance, this
study aims to discriminate the effect of different degradation phenomena of polycrystalline (PC) and single-
crystalline (SC) NCM851005 (LiNio.g5C00.10Mno.0s02) in coin full-cells cycled against graphite anodes.
Since the unwanted side reactions such as loss of lithium inventory, gas evolution, formation of a resistive
surface layer, particle cracking, and electrolyte oxidation are accelerated at elevated temperature and/or
higher upper cutoff potential, the impact of the particle morphology is analyzed over the course of more
than 200 charge/discharge cycles for two temperatures of 25 and 45 °C, applying two upper cutoff voltages
of 4.1 or 4.4 V. The morphology-dependent surface area changes, resulting mainly from the well-known
tendency of PC NCMs towards particle cracking upon calendering, charging, and extended cycling, are
quantified via krypton-gas physisorption and new insights regarding the amount of gas evolution, TM

dissolution, loss of lithium inventory, and resistance build-up are generated.

Experimental

NCM active material powders — Two different NCM851005 active materials were used in this study: a
polycrystalline NCM851005 material (referred to as “PC”, LiNio.ssC00.10Mno.0s02, BASF SE, Germany) as



well as a single-crystalline NCM851005 (“SC”, from BASF SE, Shanghai, China) were used as received.

Both NCMs were not doped, coated, nor washed during their synthesis.

Scanning electron microscopy — The morphology of the two NCM powders as well as of the respective
electrodes (prepared as described below) was investigated via top-view scanning electron microscopy
(SEM, JSM-IT200, JEOL, Japan) in secondary electron mode, applying an acceleration voltage of 5 kV.

Titration — To quantify the amount of carbonate species on the surface of the two NCMs, 1 g of NCM was
mixed in a high-density-polyethylene (HDPE) bottle with 5 ml of deionized water (H20, 18 MQ/cm, Merck
MilliPore Milli-Q, USA) in a water-to-CAM ratio of 5:1 (H.O:CAM w/w) and stirred at 500 rpm using a
magnetic stirring bar for 60 min. After the washing, the water was separated by vacuum filtration using a
membrane filter (cellulose acetate, 0.2 um pore size, Whatman, United Kingdom) and the washing solution
was collected in an HDPE bottle. For the titration, 0.5 ml of the collected washing solution were pipetted
into a PE beaker, diluted with 10 ml of H20, and stirred with a magnetic stirring bar. To obtain the titration
curve, an acidic titrant solution of 10 mM hydrochloric acid (HCI, Sigma-Aldrich) in H,O was added
stepwise with a resolution dVHc) of the added titrant volume of 0.1 ml using an automated titrator (TitroLine
7000, SI Analytics, Xylem Inc., USA) until a pH of 3.5 was reached, while recording the pH as a function

of time and added acid volume.

Electrode preparation — Graphite electrodes were prepared from graphite powder (T311, 3.2 M?Gra/Qcra,
SGL Carbon GmbH, Germany) using a mass ratio of 97:1.5:1.5 of active material, sodium carboxymethyl
cellulose (Na-CMC, My = ~90,000, Sigma-Aldrich, USA), and styrene-butadiene rubber (SBR, 40 wt%
emulsion in water, Zeon, Japan) as well as ultra-pure water (H-O, 10 MQ-cm, Milli-Q 1Q 7005, Millipore,
Merck, Germany) with a final solid content of 55 wt%. The ink was mixed in a planetary centrifugal mixer
(ARV-310, Thinky Corp., USA) for 22 min, using a three-step sequential mixing procedure, while the SBR
binder was added before the last mixing step of 2 min at low rotation speed. The graphite ink was coated
onto the rough side of a copper foil (12 um, MTI, USA) with a box-type coating bar (Erichsen, Germany),
using an automated coater (RK PrintCoat Instruments, United Kingdom). The electrode sheets were then
dried at room temperature for 5 h. Uncompressed graphite electrodes with a diameter of 10.95 mm and
15 mm were punched out from the prepared sheets, having a mass loading in the range of

5.9 £ 0.7 mgera/cm?, which were then used in uncompressed state.

NCM electrodes were prepared from the two above described NCM851005 powders that exhibit very
different morphology (described later in Figure 1) and specific surface area: a polycrystalline NCM851005
(PC, 0.27 m®xcm/gnem (measured by  Kr-BET)) and a  single-crystalline  NCM851005 (SC,
0.51 m?nem/gnem). Targeting different experimental investigations (see below), two different electrode inks

were prepared with each of the two NCM851005 powders, using a mass ratio of 96:2:2 of active material,



carbon black (C65, carbon black SuperC65, 64 m2ces/gess, TIMCAL, Switzerland), and polyvinylidene
difluoride binder (PVDF, Solef 5130, Solvay, Germany) with N-methyl-2-pyrrolidone (NMP, anhydrous,
Sigma-Aldrich, Germany) as dispersing agent. For the OEMS measurements, a solid content of the ink of
80 wt% was chosen, while for all other measurements a solid content of 63 wt% was used. The inks based
on PC were mixed in the planetary mixer for 17 min, using a sequential mixing procedure. To
deagglomerate the primary particles, the inks based on SC were prepared using a planetary ball mill
(Pulverisette 7, Fritsch, Germany) with a ZrO> beaker (20 ml) and ZrO> balls (10 mm in diameter) by

mixing 4x5 min at 400 rpm, including rest periods of 2 min between each step.

On-line electrochemical mass spectrometry (OEMS) measurements): The NCM inks with a solid content

of 80 wt% were coated onto a stainless steel mesh (316 grade, 26 um aperture, 25 pm wire diameter, The
Mesh Company, United Kingdom) with a doctor blade, using the automated coater. The electrode sheets
were then dried in a convection oven at 50 °C for 5 h before electrodes with a diameter of 14 mm were
punched out, having a mass loading in the range of 10.8 + 0.2 mgncwm/cm?2. For the counter electrodes,
lithium iron phosphate (LFP) electrodes with a diameter of 15 mm were punched out from commercially
available LFP electrode sheets (LFP on aluminum, 3.5 mAh/cm?, Customcells, Germany). The electrodes

for OEMS were used uncompressed.

Cycling experiments in coin cells and T-cells: The NCM inks with a solid content of 63 wt% were coated

onto the rough side of an aluminum foil (16 um, MTI, USA) with a box-type coating bar (Erichsen,
Germany), using the automated coater. The electrode sheets were then dried in a convection oven at 50 °C
for 5 h before they were calendered at 100 °C to a porosity of 39 % (corresponding to ~30 um in thickness)
using a lab calender (GK 300 L, Saueressig, Germany). Electrodes with a diameter of 10.95 mm as well as
14 mm were punched out from uncompressed as well as from calendered sheets, having a mass loading in

the range of 8.2 £ 0.5 mgncm/cm2.

All electrodes were dried in a Bilichi oven at 120 °C under dynamic vacuum for at least 6 h and then
transferred without exposure to air to an argon-filled glove box (<1 ppm Oz and H20, MBraun, Germany)

where all cells were assembled.

On-line electrochemical mass spectrometry — In preparation of the on-line electrochemical mass
spectrometry (OEMS) experiments (reprinted here from previous publications?®?® for the sake of
completeness), capacitively oversized LFP electrodes (@ 15 mm, 3.5 mAh/cm?) were pre-delithiated in
coin cells (Hohsen, Japan) using two glass fiber separators (@ 16 mm, glass microfiber filter, 691, VWR,
Germany, dried for 6 h at 300 °C under dynamic vacuum), one polyolefin separator (& 17 mm, H2013,
Celgard, USA) facing the LFP electrode (preventing that glass fibers adhere to the LFP electrodes and get
transferred to the OEMS cell), and 100 ul of LP57 electrolyte (1 M LiPFs in EC:EMC 3:7 w/w, <20 ppm



H20, BASF, Germany). For this, they were delithiated in coin half-cells against metallic lithium (& 15 mm,
450 pm thick, Rockwood Lithium, USA) to ~90 %SOC at a specific current of 30 mA/gLre for 4.5 h, after
having performed one full formation cycle at 30 mA/gnem between 3.0 and 4.0 Vi (note that throughout
this article potentials referenced to the Li*/Li redox potential are denoted as Vi; similarly, Vera is used for
the cell potential of the full-cells with graphite as counter electrode). After pre-delithiation, the LFP
electrodes were harvested from the cells and used without washing as the counter electrode in the OEMS
cells for the gas evolution experiments. As described previously,?%2® the pre-delithiated, capacitively
oversized LFP electrodes are used because they: i) provide a stable potential of ~3.45 V; over a wide SOC
window, ii) provide a sufficiently large capacity to take up the lithium from the investigated NCM working
electrodes, and iii) exhibit no gas evolution due to the absence of electrolyte decomposition reactions at
their operating potential (as compared to typical anodes such as lithium metal or graphite forming an solid-
electrolyte interphase (SEI), accompanied by gas evolution?3°2%%), To later calculate the end of charge
potential of the NCM electrodes in the OEMS experiments, the LFP potential at ~10 %SOC is used: during
the relithiation in here-mentioned half-cells, a potential of 3.40 Vi was observed.

For the OEMS experiments, a pre-delithiated LFP counter electrode was placed on the bottom of the
custom-made OEMS cell hardware, then covered by two polyolefin separators (& 24 mm, H2013, Celgard,
USA) that were wetted with 100 pl of LP57 electrolyte, and finally an NCM mesh electrode (@ 14 mm)
was placed on top of the stack in the spring-compressed OEMS cells. The assembled cells were positioned
in a climate chamber (T-40/25, CTS, Germany) at 25 °C and connected to a potentiostat (SP-300, BioLogic,
France) and the mass spectrometer system (HiQuad QMH 400-1, Pfeiffer Vacuum, Germany), which has
been described in detail elsewhere.>

The cells were held at OCV for 4 h before they were charged in constant-current mode (CC) to 4.14 Vi
(corresponding to 0.74 Vrp against the pre-delithiated, capacitively oversized LFP counter electrode) at a
C-rate of C/5 (corresponding to 55 mA/gncwm, referenced to the theoretical capacity of 275 mAh/gnem of
NCMB851005), where they were held for one hour in constant-voltage mode (CV), before they were
discharged to ~3.0 Vi (corresponding to -0.4 Vi rp). After two full cycles to 4.14 Vy;, three cycles were
executed with a higher upper cutoff potential of 4.62 Vi (corresponding to 1.22 V_rp). Each of the five CV
steps was followed by an OCV period of 10 min.

The traced mass signals were normalized to the ion current of the *®Ar isotope in order to correct for
fluctuations of pressure and temperature, and the signals for O, and CO. were then converted to
concentrations using a calibration gas (Ar with 2000 ppm of Hz, Oz, C2H4, and CO2 each, Westfalen,
Germany) and considering a cell volume of ~11 cm?, as introduced by Strehle et al. and Jung et al. for the

gassing of (LMR-)NCM.?*% For details on the calibration procedure, see Tsiouvaras et al.>



Coin cell assembly and testing — All electrochemical cycling tests (of both coin and Swagelok T-cells)
were performed in a climate chamber (KB 115 or KB 720, Binder, Germany), using a battery cycler (Series
4000, Maccor, USA) for cell cycling. Two cells were built for each combination of NCM material,
temperature, and upper cutoff voltage; the error bars in the figures represent the standard deviation of the

two.

For the comparison of the long-term cycling behavior of the two NCM materials, full-cells with each PC
and SC were assembled in coin cells (CR2032, Hohsen, Japan), using uncompressed graphite electrodes on
copper foil as anode (& 15 mm) and calendered NCM electrodes on aluminum foil as cathode (14 mm in
diameter), with two glass fiber separators (@ 16 mm) and 100 ul of LP57 electrolyte in between. Aiming
to achieve a constant balancing factor between anode and cathode capacity, the mass of the graphite
electrodes was adapted according to the mass of the NCM electrodes, taking into account their respective
specific capacity at the two applied upper cutoff voltages of 4.1 Vgra and 4.4 Vgra, or NCM potentials of
~4.2 Vi and ~4.5 V, respectively. Therefor, the specific capacities of the first charge to each of the two
potentials of 215 mAh/gnem and 245 mAh/gnewm, respectively, were extracted from the potential curve
depicted in Figure A.2. The areal capacity of the anode (in mAh/cm?) was 1.1-fold oversized compared to
the cathode when referenced to a capacity of 355 mAh/gcra Of the graphite anode (corresponding to the
approximate reversible discharge capacity of graphite during the first cycle in a half-cell (see Figure A.1),

as compared to its theoretical capacity of 372 mAh/gcra).

The cycling performance of the full-cells was investigated both at 25 °C and 45 °C, applying an upper
cutoff voltage of either 4.1 Vgra 0r 4.4 Vera, While the lower cutoff voltage was held constant at 3.0 Vera.
After an initial OCV phase of 2 h, the full-cells were cycled for five sets of 36 intermediate cycles (with a
C-rate of C/3 for both charge and discharge, always referenced to the theoretical capacity of NCM851005
of 275 mAh/gnewm), while each set was framed by a sequence of two slow cycles (C/15 for both charge and
discharge) and two fast cycles at 2C (C/3 for the charge and 2C for the discharge), including a direct current
internal resistance (DCIR) measurement after the two slow cycles, resulting in a total of 204 full cycles.
Each charge (except for the ones for the DCIR measurements) was performed in CCCV mode (including a
CV step at the respective upper cutoff voltage for 1 h or until the current dropped below C/20) while each
discharge was performed in CC mode (without CV step). For the DCIR measurements that followed the
two slow cycles and were not considered for the cycle count, the cells were charged in CC mode to 3.8 Vgra
(or ~3.9 V1) and then held at OCV for 1 h, before two discharge pulses of C/3 were applied for 1 s as well
for 10 s (note that only the latter was analyzed in this study), including a OCV phase of 1 min in between
them, before the cells were again discharged to 3.0 Vara in CC mode. For the final 204" full cycle, the cells
were discharged in CCCV mode (including a CV step at 3.0 Vgra for 1 h).



For the post mortem analysis of the cycled NCM electrodes (& 14 mm, cycled to 4.4V at 45 °C) in a
discharge rate test as well as by Kr-BET measurements, the NCM electrodes were harvested from the cycled
coin full-cells (as described below) and reassembled without washing in coin half-cells with lithium counter
and NCM working electrode, using two glass fiber separators (& 16 mm), one polyolefin separator
(@ 17 mm, H2013, Celgard, USA) facing the NCM electrode, and 100 pl of LP57 electrolyte. Additionally,
identical cells with pristine PC or SC working electrode were assembled (both for the comparison to the
cycled cells as well as for Kr-BET measurements of charged electrodes).

To determine the rate capability of the pristine and cycled electrodes, the cells with both PC or SC were
cycled at 25 °C for five charge/discharge cycles between 3.0 Vi and 4.5 Vi (corresponding to ~4.4 Vgra
as it was used for the full-cells). The first four cycles consisted of a discharge rate test, in which each rate
was applied for one cycle. The applied C-rates were C/15, C/3, C/3, and C/50 for the charge in CCCV mode
(including a CV step at 4.5 V; for 1 h or until the current dropped below C/20), and C/15, C/3, 2C, and
C/50 for the discharge in CC mode (all referenced to the theoretical capacity of 275 mAh/gnem of
NCM851005). The rate test was followed by a final charge to 4.1 Vi at C/15 in CCCV mode (including a
CV step at 4.1 Vi for 1). Additionally, cells with pristine NCM electrodes were charged to 4.1 V; in the
same way as in cycle five of the rate test. Subsequently, all cells charged to 4.1 Vi were disassembled,
before the harvested NCM electrodes were washed, dried, and analyzed by Kr-BET, as described below.

Cell disassembly — NCM electrodes were harvested from charged coin half-cells as well as from cycled
coin full-cells under inert atmosphere to investigate their rate capability in post mortem cycling experiments
as well as to determine their specific surface area by Kr-BET. To determine the surface area of the NCM
electrode only, any residue of the conductive salt was removed in a three-step sequential washing procedure:
first, they were washed for 5 min in 5 ml EC:EMC 3:7 w/w (Gelon Lib, China), followed by a soaking step
of 24 h in 1 ml DMC (anhydrous, >99 %, Sigma Aldrich, USA) and, finally, a washing step of 5 min in
5 ml DMC. Additionally, graphite electrodes from cycled coin full-cells were harvested without washing.

Surface area analysis — The surface area of the active material powders and of the (uncompressed or
calendered) pristine as well as of the (calendered) harvested and washed electrodes was determined by
krypton-gas physisorption measurements (also referred to as Kr-BET)%® at 77 K (adapted and reprinted here
from previous publications?%:2526:323 for the sake of completeness), measuring at 13 points between 0.01 <
p/po < 0.30, using an autosorb iQ (Quantachrome Instruments, USA). The advantage of the measurement
with krypton is a superior sensitivity of this method, since only ca. 1/100™ of the total surface area is
required for krypton compared to nitrogen physisorption measurements, so that Kr-BET areas can be
obtained for electrodes with 14 mm in diameter, whereas an approximately 100-fold larger electrode area

would be required for meaningful N>-BET measurements. Prior to Kr-BET measurements, both powder
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samples as well as samples of pristine or harvested and washed electrodes were dried at 120 °C under

vacuum for 6 h.

Elemental analysis — The graphite electrodes harvested from the cycled coin full-cells without washing
were scratched off from the copper current collector using the blade of a scalpel, before their elemental
composition was analyzed by an external lab (Mikroanalytisches Labor Pascher, Germany). To determine
the carbon content of the cycled graphite electrodes, the electrode powder was burned in an oxygen flow
of 1200 °C while the resulting CO, was absorbed in sodium hydroxide solution, from which the carbon
content was determined by the change of conductivity of the solution. For the quantification of lithium,
nickel, cobalt, and manganese, the electrode powder was solubilized at 180 °C in a mixture of nitric acid
and hydrochloric acid, from which the content of the four metals was determined via inductively coupled
plasma atomic emission spectrometry (ICP-AES). The amounts were given in units of wt%, while the
absolute errors of the measurements were 0.5 wt% for carbon, 0.002 wt% for nickel, and 0.0002 wt% for

cobalt and manganese.

T-cell assembly and testing — To monitor the impedance spectra of anode and cathode in the full-cells
during the long-term cycling procedure, full-cells with each PC and SC (similar to the ones assembled in
coin cells, as described above) were assembled in T-cells (Swagelok, USA). Due to the change of the cell
setup, the parameters were adapted as following: Graphite anodes and NCM cathodes (@ 10.95 mm for
both) were assembled with two glass fiber separators (@ 11 mm) and 60 pl of LP57 electrolyte. The
balancing factor of 1.1:1 between anode and cathode was maintained for the areal capacities (in mAh/cm?)
of the two electrodes. To monitor the impedance spectra of both the graphite anode as well as of the NCM
cathode individually, a micro-reference electrode (u-RE, i.e., a gold-wire reference electrode (GWRE)®')

was placed between the two glass fiber separators of the T-cells.

The T-cells were cycled at 45 °C to an upper cutoff voltage of 4.4 Vgra, using the identical procedure as
described above for the coin full-cells; additionally, an electrochemical impedance spectrum was recorded
directly after each DCIR measurement at 3.8 Vgra. The spectra were recorded by a multi-channel
potentiostat (VMP3, BioLogic, France) in a climate chamber (Binder, Germany) after an equilibration time
of 2 hat 45 °C in potentio mode (PEIS), with an amplitude of 15 mV for 8 points per decade from 100 kHz
to 10 mHz, including a data point at a frequency of 18 mHz. This results in an acquisition time of ~1 h per
PEIS. Each EIS spectrum consists of a full-cell spectrum (between working and counter electrode) and, by
using the u-RE, also of the two half-cell spectra (i.e., between the working electrode and the p-RE, as well
as between the counter electrode and the pu-RE). It must be noted that for measurements with the GWRE,

the impedance spectra are only shown up to 31 kHz due to artefacts at higher frequencies.>®
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To record the potential curves of the first two cycles of graphite (shown in Figure A.1 in the appendix),
spring-compressed T-cells with a lithium-metal reference electrode (@ 6 mm) and a lithium-metal counter
electrode (@ 11 mm) and with uncompressed graphite working electrodes (& 10.95 mm) were assembled
using three glass fiber separators (@ 11 mm, two between working and counter electrode and one on the
lithium-metal reference electrode) and 90 pl of LP57 electrolyte. Controlled by the reference electrode
potential, the graphite electrode was cycled at 25 °C three times at C/15 (corresponding to a specific current
of 24.8 mA/gera When referenced to the theoretical capacity of graphite of 372 mAh/gcra), charging (or
lithiating) the graphite to 0.01 Vi in CCCV mode (including a CV step at 0.01 Vy; for 1 h or until the
current dropped below C/20), and discharging (or delithiating) it in CC mode.

To record the potential curves of the first charge of the three NCMs (shown in Figure A.2 in the appendix),
similar T-cells as described above for graphite were assembled, however, using calendered NCM-based
working electrodes (& 10.95 mm). To allow for the assignment of the applied potential to a state of charge
(i.e., to a defined degree of delithiation) for each of the three NCMs, the T-cells were charged at 25 °C in
constant-current mode (CC) to 5.0 Vi at a C-rate of C/15 (corresponding to a specific current of
18.3 mA/gnem When referenced to the theoretical capacity of NCM851005 of 275 mAh/gcra).

Results and Discussion

Visual investigation of the pristine NCM powders and electrodes — In advance to the electrochemical
investigations, the morphology of the two NCM851005 cathode active material (CAM) powders as well as
of the respective (uncompressed or calendered) electrodes is evaluated through representative images
obtained by scanning electron microscopy (SEM) as well as through BET surface area measurements with
krypton-gas physisorption (Kr-BET). The pristine polycrystalline NCM851005 powder (PC, marked in
blue color) displayed in Figure 1a consists of spherical secondary particles with a diameter of 5 to 10 um,
each comprising thousands of primary crystallites with a size of 0.2 to 1.0 um. The Kr-BET measurement
of the PC NCM powder yields a specific surface area of 0.27 m?ncm/gnem, Which (based on a spherical
approximation of solid spheres with a single diameter d = 6/(Aset-p)) would correspond to an average
diameter of d =~ 5 pm, using the crystallographic density of NCM851005 of p = 4.80 g/cm®?” suggesting
that mostly the external surface area of the secondary particle agglomerates of the pristine PC material is
accessible to the electrolyte. The uncompressed PC electrode, shown in Figure 1b, exhibits intact
secondary agglomerates, similar to the ones of the powder. This also reflects in the similar values of the
specific NCM surface area of the pristine PC powder of 0.27 m?ncm/gnem and the one of the PC electrode

of 0.31 m?ncm/gnem, latter determined from the specific surface area of the electrode (note that the
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determination of the Kr-BET values of the NCM from the ones of the electrodes is explained and discussed
in detail below in Figure 4). Further, the network of conductive carbon and binder, visible in the image of
the electrode, provides electric connection between the polycrystalline agglomerates; however, it must be
noted that not all primary crystallites are connected equally, as the carbon/binder network is not expected
to penetrate the agglomerates, only reaching (some of) the outmost primary crystallites, as carbon and
binder cover the agglomerates’ surface only partially (these observations will gain relevance when
discussing the impedance data in Figure 7). During calendering, some of the secondary agglomerates form
noticeable cracks due to the mechanical forces of the compression, which are shown in Figure 1c. This
disintegration of the primary crystallites induces an increase of the NCM surface area by 83 % to
0.56 m?nem/gnem  (see  Figure 4). These findings have already been correlated previously by
(FIB-)SEM, 32561 Kr-BET,*? and capacitance-based measurements.?%:32°9
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Figure 1: Visual investigation of the particle morphology of the pristine NCM851005 powders (Figures 1a and 1d) of PC (blue,
Figures 1ato 1c) and SC (green, Figures 1d to 1f) as well as of the respective uncompressed (darker colors, Figures 1b and 1e)
or calendered (darkest colors, Figures 1c and 1f) electrodes. Representative images collected by top-view scanning electron
microscopy in secondary electron mode using an acceleration voltage of 5 kV. The specific surface area of the two pristine NCM
powders obtained by Kr-BET is displayed for each material in the respective panel.

In contrast to the polycrystalline NCM, the pristine single-crystalline NCM851005 (SC, green), displayed
in Figure 1d, consists of randomly agglomerated, sintered primary particles without regular secondary
ordering, having a primary particle size ranging from 0.2 to 3.0 um and exhibiting a specific surface area
of 0.51 m?nem/gnem. During the ink preparation of the SC powder, the ink mixing in a ball mill resulted in

the complete separation of the agglomerated particles into individual monolithic primary particles without
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significant agglomeration, as presented in Figure 1e. If compared to the pristine SC powder, this separation
is accompanied by an increase of the NCM specific surface area of 180 % to 1.42 m?ncm/Onem (See
Figure 4), corresponding to an average particle size of 0.9 um (for the spherical approximation), which
coincides well with the primary crystallite size of the SC material. Additionally, it is observed for the SC
electrode that the carbon/binder network is homogeneously distributed between all primary crystallites. The
subsequent calendering of the SC electrode results in the occasional cracking of the primary particles, as
seen in Figure 1f; overall, however, the mechanical compression does not affect the integrity of most SC
particles, which was already shown by previous publications?®%! and is also expressed in the relatively

small increase of the NCM surface area by 11 % to 1.57 m?ncm/gnem (see Figure 4).

Based on the visual investigation of the two materials, the two very different morphologies of the
NCM851005 materials used in this study allow for the discrimination of the effect of the (polycrystalline

vs. single-crystalline) particle morphology on the cycling performance in full-cells.

Full-cell aging upon charge/discharge cycling — To investigate the influence of the two different NCM
morphologies on the cell aging, coin full-cells with graphite anode and PC or SC NCM cathodes were
cycled at a C-rate of C/3 (corresponding to 91.7 mA/gncm based on the theoretical capacity of
275 mAh/gnem) to an upper cutoff voltage of 4.1 Vera or 4.4 Vera (corresponding to an NCM potential of
~4.2 Vi and ~4.5 Vi, respectively), both at 25 °C or 45 °C. To distinguish between the overpotential-
induced capacity loss due to resistance build-up and the loss of lithium inventory (LLI) due to side reactions
as well as the LAM, the cycling procedure included check-up sequences consisting of two cycles with a
C-rate of C/15 for charge and discharge followed by a DCIR measurement at 3.8 Vgra (0r ~3.9 Vi,
corresponding to ~50 %SOC, see Figure A.2) and two cycles with a C-rate of C/3 for the charge and 2C
for the discharge. The cells are evaluated in terms of capacity retention and cell resistance build-up, as
depicted in Figure 2, before post-mortem experiments illuminated the extent of LLI, the surface area

increase induced by particle cracking, and the amount of TM dissolution and redeposition.
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Figure 2: Cycling data of PC (blue) and SC (green) cycled in coin full-cells over 204 cycles a) — d) at 25 °C and ) — h) at 45 °C
presenting the specific discharge capacity for the applied C-rates of C/15, C/3 and 2C (based on the theoretical capacity of
275 mAh/gnem) as well as the cell resistance, both as a function of cycle number. The resistance is extracted from a DCIR pulse
of C/3 for 10 s at 3.8 Vara. The coin cells were assembled using NCM cathodes with a mass loading of 8.2 mgncm/cm2, graphite
anodes (with an areal balancing factor of 1.1:1, based on 372 mAh/gera and 215 mAh/gnem or 245 mAh/gnem for 4.1 Vgra and
4.4 Vg, respectively), two glass fiber separators, and 100 pl LP57 electrolyte. The error bars correspond to the
minimum/maximum value of two cells.

Cycling at 25 °C: In Figures 2a to 2d, the discharge capacities and resistances are depicted for PC (blue

symbols) and SC (green) cycled at 25 °C, both to 4.1 Vera (Open symbols and dashed line) and 4.4 Vgra

(closed symbols and solid line). At begin of test (BOT, corresponding to the first cycle with a C-rate of

C/15), PC NCM vyields a discharge capacity of 181 mAh/gnem When cycled to 4.1 Vgraat a C-rate of C/15.

For the higher C-rates of C/3 and 2C, the available capacity is reduced to 171 mAh/gnem and 157 mAh/gnem,

respectively. The discharge capacities of SC NCM at BOT are similar to the ones of PC within a range of
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+2 mAh/gnem for all C-rates. However, upon cycling, SC NCM exhibits a lower capacity retention of
89 %SOH (state of health, based on the discharge capacity of the second cycle with a C-rate of C/15) as
compared to PC NCM with 94 %SOH for the check-up cycles at the end of test (EOT, corresponding to
cycle 202 with a C-rate of C/15). This difference is particularly visible at C/15, whereas for the cycles
applying the highest discharge C-rate of 2C, negligible differences are discernible within the error range.
At slow C-rates, the effect of resistance-induced overpotentials should play a minor role as their
contribution scales with the applied current. The loss of active material (LAM) or LLI likely dominates the
capacity at slow rates. In contrast, the discharge capacity at high C-rates is expected to correlate with the
cell resistance, determined by Ohm’s law for a current-pulse-induced voltage drop. In Figure 2d, the
DCIRs of PC and SC NCM are depicted for the discharge pulses of 10 s at 3.8 Vera. After the formation,
the cell resistance normalized to the geometric surface area of the electrode of 1.54 cmZiectrode is similar for
both PC and SC NCM with 23 Q-cm?ectrode and 24 Q-cm?electrode, respectively. Throughout the 204 cycles,
the cell resistances rise t0 31 Q - cM%iectrode aNd 29 Q - CMZeiecirode for PC and SC NCM, respectively,
resulting in a relative increase of ~40 % and ~20 % upon cycling. However, the absolute values of the cell
resistances remain similar, which is in agreement with the negligible differences of accessible discharge
capacity in the cycles with the highest C-rate of 2C.

By charging to the higher cell voltage of 4.4 Vgra and, therefore, to a higher degree of delithiation of the
NCM, it becomes obvious from the potential curve of the first charge in a NCM half-cell depicted in
Figure A.2 that the charge capacity is increased from 215 mAh/gnem to 240 mAh/gnem for both materials.
The resulting discharge capacity of the discharge in the coin full-cells with graphite anode and NCM
cathode cycled to 4.4 Vgra is increased as well to 217 mAh/gnem for both NCM materials. However, by
extracting more lithium from the NCM structure, the capacity fades more severely as compared to the cells
cycled to 4.1 Vara; this accelerated degradation was previously observed by Kondrakov et al. for NCM811%2
as well as by Jung et al. for NCM111, NCM622 and NCM811, attributing the capacity loss to a degradation
of the cathode active material decomposition of the layered structure upon release of lattice oxygen.?® For
the higher upper cutoff potential, the capacity retention at EOT is 90 %SOH and 86 %SOH for PC and SC,
respectively. In the first cycle with a C-rate of C/3, both PC and SC NCM exhibit a discharge capacity of
204 mAh/gnem. Upon cycling, a similar fading as in the C/15 checkup cycles is observed, with a slightly
lower accessible discharge capacity at C/3 of 177 mAh/gnem for SC NCM compared to PC NCM with
181 mAh/gnem. The largest differences between PC and SC NCM cycled to 4.4 Vgra are observed in the
cycles with a fast discharge C-rate of 2C. Beside the same initial discharge capacity of 189 mAh/gncwm for
both materials, PC NCM shows a severe capacity loss of 99 mAh/gncm upon cycling, resulting in a

remaining capacity of 48 % of the initial discharge capacity at 2C. In contrast, SC NCM still exhibits
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137 mAh/gnem after 204 cycles, which is 72 % of the initial discharge capacity at 2C. This observation is
accompanied by a drastic increase of cell resistance of +382 % for PC referenced to the initial value
compared to an increase of +113 % for SC. Through Ohm’s law, the cell resistance of 66 Q-cm?Zelectrode and
132 Q-cmPelectrode for SC and PC NCM electrodes during the final cycles with a C-rate of 2C (corresponding
to 4.4 mA/cm?ycw) translates to an overpotential of 290 mV and 580 mV, respectively, which then results

in the lower discharge capacity of PC.

Cycling at 45 °C: Cycling of full-cells at elevated temperatures promotes their aging due to the accelerated

side reactions.®>#%6384 To investigate the influence of the NCM morphology under enhanced aging
conditions, the two used NCM materials are cycled at 45 °C, both to 4.1 and 4.4 Vgra. The discharge
capacities and resistances of the coin full-cells with graphite anode and NCM cathode cycled at 45 °C are
shown in Figures 2e to 2h. Due to the elevated temperature, the initial discharge capacities of PC and SC
are increased to 186 mAh/gnem and 183 mAh/gnewm, respectively. However, the accelerated aging manifests
in a decreased capacity retention in the C/15 check-up cycles of 77 %SOH for PC and 79 %SOH for SC
after 202 cycles. The observed capacities at a C-rate of C/3 is quite similar for both materials with a slightly
steeper fading in the first 80 cycles for SC, but both materials still reach 143 mAh/gnem after 200 cycles.
During the cycles at a C-rate of 2C, a discrepancy of ~15 mAh/gncwm is observed with a lower rate capability
for SC when cycled to 4.1 Vra. In addition, the DCIR of the cells with SC NCM is 5 Q-cmPelectrode larger
than for PC NCM after 202 cycles. When cycled to the higher upper cutoff potential of 4.4 Vgra, the initial
capacities at an elevated temperature of 45 °C are increased as compared to the cells cycled at 25 °C, while
the state of health is diminished to ~73 %SOH within 202 cycles, independent of the morphology of the
here used CAMs. The capacity fading in the C/3 cycles follows a similar trend for both materials. In contrast,
the discharge capacities during the 2C cycles are identical only at BOT; within the 202 cycles, however,
the rate capability of PC drastically decreases as compared to SC, what also shows in the approximately
fourfold resistance of 182 Q-cmPelectrode Of PC as compared to 50 Q-cm?electrode 0F SC. For the cells cycled
to 4.4 Vgra at 45 °C, the individual contributions to the cell resistance are deconvoluted using a p-RE and

discussed in Figure 7.

The cycling data obtained for PC and SC NCM in full-cells cycled to two upper cutoff potentials at two

temperatures are summarized by the following three conclusions:

e Atelevated temperatures of 45 °C, the capacity fading is more pronounced for both NCM materials
as compared to 25 °C, diminishing the capacity retention even at slow C-rates.
e For the cutoff potential of 4.1 Vgra, both NCM materials exhibit a similar cycling performance,

independent of temperature.

15



e When the cutoff potential is increased to 4.4 Ve, the cell resistance grows more rapidly,

compromising the rate capability, what is most pronounced for PC, in particular, at 45 °C.

Contributions to the capacity loss: To analyze the capacity losses of the cells cycled under the harshest

conditions, the charge and discharge capacities of the full-cells cycled to 4.4 Vgra at 45 °C (already
discussed in the previous section in Figure 2) are summarized on the left side of Figure 3. For both PC
(blue) and SC (green), the discharge capacity at BOT (cycle 1) of 217 mAh/gncw is significantly lower than
the respective charge capacity of 247 mAh/gnem, resulting in a first-cycle coulombic efficiency (CE) of
88 %. This low CE cannot be caused by the LLI upon formation of the solid-electrolyte interphase (SEI),
as the CE of the graphite anode is above 95 % in the first cycle (see Figure A.1), but is due to the
irreversible capacity (IRC) of the NCM (see discussion below). Furthermore, the charge and discharge
capacities are depicted for the final cycle at C/15 (cycle 202): here, the difference between the first
discharge capacity at BOT and the last discharge capacity at EOT originates from the aging over the course
of 202 cycles in the full-cells. However, from the full-cell data, it’s not trivial to determine the different
contributions to the capacity fade, ranging from LLI over LAM to resistance build-up. Therefore, the full-
cells were disassembled after 204 cycles at 45 °C to 4.4 Vera in fully discharged state (after a CV hold of
1 h at 3.0 Vgra) before the NCM cathodes were reassembled using fresh electrolyte and a lithium-metal

counter electrode.

250 F

=)

[=

[=]
T

full-cell

73
=
T

100

specific capacity at C/15 [mAh/gycp]

U
<
T

B rC 77/ charge
I s¢ [ discharge

BOT EOT pristine aged
(4.4 Vg, /45 °C)

full-cell (4.4 Vy,, / 45 °C) half-cell (4.5 V,, /25 °C)

Figure 3: Overview of charge (patterned) and discharge (plain) capacities of the PC (blue) and SC (green) coin full-cells cycled
to 4.4 Vgra at 45 °C for BOT (cycle 1) and EOT (cycle 202) (left, extracted from the cycling data in Figure 2) as well as of coin
half-cells with fresh and aged NCM electrodes at 25 °C (right, extracted from Figure A.3), all recorded at a C-rate of C/15. The
first-cycle irreversible capacity (IRC (1%)) as well as the CAM degradation (including both the loss of active material as well as
the resistance build-up) and the loss of lithium inventory (LLI) are marked by the black arrows. The error bars correspond to the
minimum/maximum value of two cells.
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The cells with aged NCM electrodes as well as the ones with pristine PC and SC NCM electrodes are
analyzed in four charge/discharge cycles at a C-rate of C/15, C/3, 2C, and C/50, as displayed in Figure A.3.
It has to be noted that the applied upper cutoff potential in the half-cell of 4.5 Vi is chosen to represent the
potential of 4.4 Vgra in the full-cell, what might induce slight discrepancies in the observed capacity
between full- and half-cells, as the graphite potential is below 0.08 V. at the end of charge (see Figure
A.1); furthermore, the full-cells were cycled at 45 °C while the half-cell experiments were performed at
25 °C, what might lead to small differences in the obtained capacities. For the pristine NCMs, however, the
initial charge capacities of 246 mAh/gnem for PC and 244 mAh/gnewm for SC agree well with the observed
values for the full-cells. The capacities of the pristine NCM of 223 mAh/gnem for PC and 220 mAh/gnem
for SC obtained during the first discharge correspond to the respective available NCM capacities, also for
the full-cells. The first-cycle CE of both pristine NCMs at C/15 in the half-cell is only 90 % (see Figure 3),
caused by the poor solid-state diffusion and a subsequent kinetically impeded intercalation of lithium at
high degree of lithiation (i.e., low SOC).%>% Since the CE of the half- and the full-cells are similar, and
since the CE of the graphite is much higher, the first-cycle CE in the full-cells must be governed by the
first-cycle IRC of the NCM.

As the aged full-cells are disassembled in fully discharged state at EOT, the available capacities in the half-
cell upon charging at C/15 of 148 and 158 mAh/gncwm for PC and SC, respectively, are either limited by the
LAM of the NCM or by the LLI in the full-cells. Since the subsequent discharge capacity of PC and SC
yields 171 and 194 mAh/gncwm, respectively, more lithium is inserted into the NCM structure during
discharge than extracted during charge (enabled by the large lithium reservoir of the lithium metal in the
reassembled half-cell). Hence, the LAM of the cathode can be excluded as dominating source of capacity
loss in the full-cell and, therefore, the difference of the first charge capacity of the full-cell (or the essentially
identical first-charge capacity of the pristine NCM in the half-cells, respectively) and the one in the half-
cell with the aged NCMs is assigned to the LLI (as labeled by the black arrow in Figure 3). Furthermore,
the difference between the first-cycle discharge capacity in the half-cell of the pristine and the aged NCM
is attributed to the CAM degradation, which includes both the LAM of the NCM as well as the resistance
build-up. The capacity loss due to CAM degradation of PC NCM accounts to 52 mAh/gncm, Which is
twofold as compared to the one of SC NCM with 26 mAh/gnem. At C/50, however, the discharge capacity
of both PC and SC even reaches 189 and 204 mAh/gncwm, respectively, being significantly increased by an
additional 18 and 10 mAh/gncwm, respectively, as compared to the one at C/15 (see Figure A.3). This
difference observed even at these slow rates is caused by the large resistance build-up of the NCMs,
especially pronounced for PC (as already discussed for Figure 2 and deconvoluted below in Figure 7),

what caused the decreased rate capability as compared to SC.
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In summary, the analysis of the aged NCM electrodes in half-cells reveals that the observed capacity loss
of the full-cells cycled to 4.4 Vera at 45 °C is owed at fast rates to the degradation of the NCM by the growth
in resistance, which is further discussed in Figure 7; at slow rates, however, the capacity decrease is
dominated by the LLI. The apparent LLI is attributed to a continuous SEI decomposition and reformation
on the anode side, what is accelerated at elevated temperatures. The authors are aware that the here used
standard LP57 electrolyte does not contain SEI-stabilizing additives such as vinylene carbonate (VC) or
fluoroethylene carbonate (FEC), which are expected to diminish LLI to provide an improved full-cell
performance. To compare the effect of the NCM morphology on the electrochemical properties, however,

the performed analyses of the CAMs are valid and meaningful.

Evolution of the NCM surface area — After significant differences in the rate capability and the cell
resistance of PC and SC were observed in full-cells when cycled to 4.4 Vs, the performance of the NCM
(at high C-rates) seems to be governed by its particle morphology. Depending on its morphology, it has
been reported that the changes of the NCM surface area upon delithiation deviate strongly,2%263* what is
expected to affect the extent of typical side reactions at the interface, such as electrolyte oxidation,®*% gas
evolution,?®2?® and TM dissolution.>~*° To quantify the extent of the surface area change of the two active
materials during processing, delithiation, and extended cycling, Kr-BET measurements of pristine,
calendered, charged, and aged electrodes are performed.

The uncompressed pristine PC (grey and blue column in Figure 4, left y-axis) and SC (grey and green)
electrodes exhibit a specific surface area of 1.01 and 2.08 M?/Qelectroge, respectively. To allow for a
guantitative analysis of the surface area change of the NCM active material only (reprinted here from
previous publications?®?® for the sake of completeness), the contribution of C65 and PVDF, which is
assumed to remain constant, is subtracted by considering the specific surface area of a C65 electrode
(C65:PVDF 1:1 w/w) of 17.9 + 0.4 m?/Qelectrode: as the NCM electrodes comprise 2 wt% of C65 and 2 wt%
of PVDF, the conductive carbon and binder are assumed to contribute 0.72 + 0.01 M?/Qelectrode t0 the NCM
electrode (corresponding to 4 % of the measured value of the C65 electrode, as marked by the gray area in
Figure 4). The subtraction of this value provides a good estimate of the contribution of the NCM active
material to the specific surface area of the electrode and, when normalized by the mass of the NCM in the
electrode (mncm = 0.96-Melectrode), OF the specific surface area of the NCM material. The latter is displayed
on the right y-axis of Figure 4 in units of mvcm/gnem. For the further discussion, the contribution of the
NCM only will be considered.
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Figure 4: Specific surface area of PC (blue and gray) and SC (green and gray) electrodes obtained by Kr-BET measurements.
Electrodes were measured either in the pristine (uncompressed or calendered) state or harvested from cells charged to 4.1 V.
Coin half-cells were assembled using lithium metal as counter electrode, 100 ul of LP57 electrolyte, two glass fiber separators,
and one polyolefin separator facing the NCM electrode. The working electrodes in these cells were either pristine NCM
electrodes or the ones harvested after being aged over 204 cycles in full-cells to 4.4 Vg, at 45 °C (after having performed the
subsequent post mortem rate test in half-cells additionally). All cells were charged to 4.1 V; at C/15 in CCCV mode (including
aCVstepat4.1Vyfor1). The electrodes were harvested, washed in carbonate-based solvents, and subsequently dried. Specific
electrode surface area (in units of Mm%/ Jelectrode, left y-axis) and specific NCM surface area (in units of m?ncm/gnem, right y-axis),
whereby the latter was obtained by the subtraction of the contribution of the C65 electrode (gray area, multiplied by 0.04). The
horizontal dashed lines indicate the expected surface area obtained from Kr-BET measurements of the NCM powders (plotted
on the right y-axis). The error bars correspond to the minimum/maximum value of two measurements.

The NCM surface area of the uncompressed pristine PC electrode of 0.31 m?nem/gnem (blue column in
Figure 4) is in good agreement with the surface area of 0.27 m?ycm/gnem of the PC powder. Therefore, it
is expected that the integrity of its secondary agglomerates is not (significantly) altered by the mixing
procedure (in the planetary centrifugal mixer), as already observed visually by SEM in Figure 1b. Upon
compression by calendering, however, the NCM surface area is increased by 1.8x (here consistently
referenced to the NCM surface area in the pristine electrode) to 0.56 m?ncm/gnem, What is attributed to the
crack formation due to the applied mechanical force, as seen in Figure 1c as well as reported
previously.?%3281 During the first charge/delithiation of the NCM to 4.1 Vi (corresponding to 67 %SOC,
see Figure A.2), an increase of the surface area to 2.00 m2ncm/gnem is observed. This increase arises from
the anisotropic volume change of -1.9 % for NCM851005, determined by de Biasi et al. through X-ray
diffraction (XRD),?” which leads to crack formation between the primary crystallites of the secondary
agglomerates of PC, in particular at elevated temperatures,®® as it was already observed visually®? and
quantified®® for NCM622. For the PC electrodes harvested from the full-cells (cycled for 204 cycles to
4.4 Vyat45 °C, depicted in Figure 2), the NCM surface area (determined at 4.1 V) increases even further
to 3.33 m?nem/gnem due to the repeated volume change upon (de)lithiation; consequently, this surface area
equates to a particles size of ~0.4 um as compared to ~5 pm for the pristine powder (based on the spherical

approximation, as discussed for Figure 1) due to compression, delithiation, and extended cycling. Based
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on the visual investigation by SEM (see Figure 1a), showing a primary crystallite size of 0.2 to 1.0 um,
most of the surface area of the primary crystallites is exposed after cycling. Similar values of 1.8 to
3.6 m2nem/gnem Were determined previously by Strehle et al. for polycrystalline NCM811 (in the
discharged state) after being cycled to 4.5 Vi at 45 °C for 250 to 700 cycles.®* As the surface area
determination by krypton-gas physisorption was performed ex situ, a possible closing/clogging of pores
due to the washing and drying of the harvested electrodes, as it was discussed in a previous article,?’ may
even lead to an underestimation of the determined surface area of the charged PC NCM.

In contrast to PC, the NCM surface area of the uncompressed pristine SC electrode (green column in
Figure 4) of 1.42 m?ycm/gnew is threefold higher as compared to the pristine SC powder, what originates
from the deagglomeration of the primary crystallites during the ball-mill-based slurry preparation, as
already observed visually in Figure 1e. This value corresponds to a particle size of ~0.9 um, what is in
good agreement with the particle size of 0.2 to 3.0 um determined visually in Figure 1e, implying the
exposure of most of the surface area of the SC primary crystallites during ink preparation. Upon calendering
of the electrode, the surface area increases only marginally to 1.56 m?ncm/gnem, highlighting the
mechanical stability of the primary crystallites, what has also been reported previously by impedance-based
capacitance measurements,?® suppressing the crack formation within primary particles (see Figure 1f).
During the first charge to 4.1 Vi, the NCM surface area of SC rises slightly to 1.90 m?ncm/gnem, What
might stem from the volume-change-induced separation of few primary crystallites which had not been
deagglomerated during ink mixing. After 204 cycles in full-cells, the NCM surface area of SC rises only
marginally to 2.11 m?nem/gnem (corresponding to a particle size of 0.6 um), indicating the suppression of
significant crack formation of the primary crystallites despite the repeated volume change of -7.1 % during
delithiation to 4.4 Vars, Or ~4.5 Vi, respectively.?’” Overall, the surface area of SC does not exceed an
increase of 1.5x as compared to the pristine electrode, even during extended charge/discharge cycling to a

high cutoff potential at elevated temperature.

Resulting from its primary crystallite size, SC shows a relatively high initial specific surface area in the
pristine electrode, which, however, remains relatively unaffected during processing and cycling. Even
though PC exhibits a relatively low surface area before compression and cycling due to its agglomerated
nature, it reveals a poor (chemo)mechanical integrity of the secondary agglomerates, resulting in a >50 %
higher surface area of PC as compared to SC which gets exposed to the electrolyte in the full-cells. The
impact of the increased surface area of PC on gas evolution and TM dissolution is illuminated in the

following.

Structural stability and gas evolution at high state of charge — The release of lattice oxygen degrades the
NCM materials at high SOCZ, while its onset SOC depends on the NCM composition.!? Due to the
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subsequent chemical oxidation of the electrolyte, however, the released oxygen is not only detected mainly
in the form of carbon dioxide but the products of this process contain protic species which may be
detrimental for the battery.®”®%7 In an earlier work, the dependence of the particle morphology on the
detected gas amounts and the resulting rock-salt layer thickness was shown for: i) NCMs with various
nickel content and particle morphology which were charged once to 5.0 V.i;?® and for ii) three different
NCM622 materials with a fundamentally different particle morphology which were cycled in a similar
procedure as applied in this work.2’ Hence, the absolute amount of evolved gas is determined mainly by
the accessible surface area of the cathode active material.?%?547 Since the two materials investigated in this
work have different particle morphology and specific surface area after the powders are processed during
ink mixing into an electrode (0.31 m?nem/gnem and 1.42 m2nem/gnem for PC and SC, respectively, as
discussed for Figure 4), the gas evolution during electrochemical cycling is quantified via on-line
electrochemical mass spectrometry (OEMS). Therefor, uncompressed PC and SC electrodes are cycled for
two consecutive cycles to an upper cutoff potential of 4.22 Vi (corresponding to a degree of delithiation
of ~70 %SOC when converted using the charge curve in Figure A.2), where no oxygen release is expected,
followed by three cycles to 4.62 Vi (~90 %SOC) above the onset of oxygen release. As the evolved gases
consist for the most part of molecular oxygen (Oz) and carbon dioxide (CO>), the mass traces of m/z = 32

and m/z = 44 are evaluated and converted to pmol/gncm.

The potential curves of PC (blue curve) and SC (green) as a function of time depicted in Figure 5a show
negligible differences during the first two cycles to 4.14 Vi, except for an additional initial overpotential
of PC of ~50 mV which diminishes after ~1.5 hours (corresponding to ~30 %SOC) and is only present in
the first cycle. This observation can be attributed: i) to the lower surface area of the pristine PC particles
resulting in a higher surface-area-normalized current density as compared to the SC particles, or ii) to a
higher amount of surface impurities on the PC material such as lithium or TM hydroxides or carbonates,
which can induce an initial resistance in the first cycle.*”'® During the subsequent three cycles to 90 %SOC,
additional overpotentials arise which manifest in increasing OCV drops after the CV step at the end of
charge of 56 mV for PC and 75 mV for SC in the fifth cycle and the suppressed H2-H3 phase transition at
~4.2 V\i. Both effects are pronounced for the SC material what is attributed to the larger primary crystallite
size for this particle morphology??® since a rock-salt-type surface reconstruction leads to kinetic limitations

mainly occurring at high SOC, as previously described by Xu et al.”*
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Figure 5: Cycling and gas evolution data as a function of time for OEMS cells assembled with PC (blue) and SC (green) as
working electrodes (both uncompressed), using delithiated, capacitively oversized LFP as counter electrode, two Celgard H2013
separators, and 100 pl of LP57 electrolyte. The cells were cycled at 25 °C at C/5 (corresponding to 55 mA/gnem When referenced
to the theoretical capacity of NCM851005 of 275 mAh/gnewm), with a 1 h CV hold at the upper potential cutoff followed by a
10 min OCV phase, recording the gas evolution by mass spectrometry: i) two cycles to an NCM potential of 4.14 V;
(corresponding to 0.74 V. er cell voltage or to a degree of delithiation of 70 %SOC (determined from the potential curve in
Figure A.2)); ii) three cycles to 4.62 Vy; (corresponding to 1.22 Vrp cell voltage or to 90 %SOC). a) NCM cathode potential
vs. Li*/Li. b) Specific discharge capacity for each of the five cycles. ¢) & d) Total amount of evolved oxygen (determined at
m/z = 32) and carbon dioxide (at m/z = 44) in the OEMS cell, both normalized to the NCM mass (in units of pmolgas/gnem). The
vertical light gray areas accentuate each NCM discharge/lithiation period (marked for the SC material). The vertical gray dashed
line marks the onset of the O, evolution of SC at a potential of 4.22 V;, corresponding to a degree of delithiation of ~80 %SOC.
The numbers represent the gas amounts obtained at the end of the experiment.

The respective discharge capacities of PC, depicted in Figure 5b, yield values of 167 mAh/gncwm for the
first two cycles to 70 %SOC, which is 6 mAh/gnem lower than for SC. When charged to 90 %SOC (above
the onset of oxygen release), the discharge capacity of PC is increased to 222 mAh/gnem, What sightly
decreases to 220 mAh/gnem within three cycles. The mentioned overpotentials result in relatively lower
capacity for SC of 217 mAh/gncwm in the third cycle which then decreases to 204 mAh/gnem causing a

capacity fading of 6 % within three cycles.
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Since the surface reconstruction above ~80 %SOC from layered to rock-salt-type phase is induced by the
release of lattice oxygen, which reacts partially with the electrolyte to CO>, the gas signals of m/z = 32 and
m/z = 44 are depicted in Figure 5¢c and 5d, respectively. During the first two cycles to 4.22 Vi
(corresponding to 70 %SOC), no oxygen evolution is observed; however, a fluctuation of the oxygen signal
results in a repeated change of +0.5 pmolg, /gncmfor both materials. This fluctuation is attributed to a
change in the background signal of volatile electrolyte components, namely EMC, dependent on the extent
and the direction of the applied current, as discussed in detail in a previous work.?’ In contrast, CO; is
detected in the first two cycles for both materials, as shown in Figure 5d. For PC, the total amount of CO>
after two cycles is determined to be 24 umolco,/gnem Which is fourfold as compared to SC with
6 umolco,/gncm- This difference likely stems from the (electro)chemical decomposition of an increased
amount of surface impurities on PC,”? as no oxygen release of the NCM is expected up to 70 %SOC.232°

This observation matches with the previously discussed overpotential within the first two hours.

When charged above 80 %SOC (dotted vertical grey line for SC), a sharp increase in the O2 and CO3 signals
is detected for both materials. During the third cycle, more gas is released for PC, namely 10 umolg, /gncm
and 109 pmolco,/gncm, as compared to SC, showing 3 umolg, /gnem and 84 pmolce, /gnem- For PC,
O> is detected even during the discharge of the third cycle (see blue data after 21 h in Figure 5c). In the
subsequent cycles, there is a stepwise increase in the gas amounts when the NCMs are charged above
80 %SOC, which is more pronounced for PC, while the increase becomes smaller with each cycle. After
five cycles, the sum of evolved oxygen and carbon dioxide is two times higher for PC with a total of
249 umolg,+co,/8ncm iMplying more side reactions under harsh cycling conditions compared to

125 um0102+coz/gNCM fOI‘ SC

It has to be considered, however, that CO> may also originate from the (chemical) decomposition of
carbonate species (e.g., lithium carbonate and transition metal carbonates) from the surface of the NCMs,
which get oxidized either electrochemically at high potential”® or chemically in the presence of protons.’
Assuming that all carbonate species are present in the form of lithium carbonate (Li.CO3), the titration of
the washing solution by HCI"*"® reveals a carbonate content of 1.0 and 0.3 wt% of Li>COs for PC and SC
NCM, respectively, which correspond to 136 and 40 umoly;,co,/gncm- In general, the reduced carbonate
content of SC as compared to PC may stem: i) from a less effective washing after synthesis since the
carbonate species within the pores of the secondary agglomerate remain for short washing times, or ii) from
the longer times and higher temperatures applied during the synthesis of SC*3, promoting the sublimation
and thus removal of residual lithium species (i.e., lithium oxide) from the surface.”® Upon oxidation, each
Li>COs is converted to one COg; thus, to estimate the gas amount which stems exclusively from the release

of lattice oxygen, the gas amounts need to be corrected by the carbonate content. Assuming that all
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carbonate species are decomposed at high state of charge, 113 umolg,.co,/gncum are expected to be

evolved from the lattice of PC after three cycles, while only 85 umolg, o, /gnem remain for SC.

Overall, the OEMS experiments reveal a strong dependence of the gas evolution on the NCM particle
morphology since, after two cycles to the lower SOC and three cycles to the higher SOC, a 1.3-fold gas
evolution (i.e., the sum of O, and CO») is observed for PC as compared to SC. Assuming a similar thickness
of the oxygen-depleted surface layer,*” which was reported for the two here used materials,® a higher gas
evolution of the SC material would have been expected considering the fivefold specific surface area of the
uncompressed SC electrodes (see Figure 7). However, for PC NCM, the cracking of the secondary
agglomerates increases the accessible surface area (see Figure 4), either when charged to high SOCs or
over the course of extensive charge/discharge cycling.?%3? Therefore, the pronounced gas release of PC
during the fourth and fifth cycle can be attributed to the repeated exposure of fresh surface area to the
electrolyte due to particle cracking. As the gas evolution from SC is reduced as compared to the one from
PC, and as the amount of products formed upon the chemical electrolyte oxidation such as HF are expected
to scale with the amount of released gas, the dissolution of TMs which are etched by HF from the NCM
might depend on the particle morphology. Consequently, the amount of TMs redeposited on the graphite
anode is quantified.

Extent of transition metal dissolution and redeposition — The dissolution of TM ions from NCMs and
their subsequent diffusion through the electrolyte and redeposition at the negative electrode has been
identified to accelerate LLI due to the pronounced formation of SEL3%%'7 In particular, deposited
manganese ions seem to drive the consumption of lithium ions as well as the gas evolution.383%53 Delacourt
et al. proposed an insufficient passivating SEI layer due to a higher electronic conductivity of manganese-
containing SEIs’” whereas Solchenbach et al. observed a catalytic conversion of the SEI decreasing lithium
inventory.>® As the TM dissolution does not only increase with the upper cutoff potential of the NCM but
also with the operating temperature,® %4178 in this study, the extent of TM dissolution and redeposition is
quantified for the full-cells with PC or SC cycled for 204 cycles to 4.4 Vra at 45 °C, elucidating the effect
of the NCM particle morphology.

Since the TM ions deposit at low potential,*® and since only minor amounts of TM ions are expected to
remain dissolved in the electrolyte,** the extent of TM dissolution is determined by the elemental analysis
of the graphite anode. For the cells assembled with PC (blue, see Figure 6), 530, 23, and 50 pgrm/gnem of
nickel, cobalt, and manganese were detected on the negative electrode, respectively, while, for SC (green),
only 226, 9, and 21 pugrm/gnem Were found (all normalized to the amount of NCM in the cell). By taking

into account the molar mass of 58.69, 58.93, and 54.94 mol/gtm of nickel, cobalt, and manganese,
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respectively, as well as the one of 97.47 mol/gncm of the NCM, the obtained values translate to 880, 38,
and 89 ppm for PC and to 375, 15, 38 ppm for SC, respectively (note that ppm is defined as the ratio
between the detected TM amount on the graphite electrode and the total amount of NCM in the cell in units
of umoltm/molncm). It becomes obvious that, even though both NCM materials are composed of a molar
ratio of 85:10:05 for Ni:Co:Mn, the detected amounts expose a ratio of 85:04:09 for both SC and PC. This
reduced cobalt content as compared to the one of manganese possibly originates from an inhomogeneous
distribution of the TMs within the active material particles from their synthesis; however, a preferential
dissolution of nickel and manganese from the NCM as compared to cobalt could also induce this
discrepancy, as previously reported,41:7°80 resulting in a remaining cobalt-rich NCM surface; furthermore,
a possibly selective (electro)chemical reactivity of the TM ions with the (SEI of the) negative electrode
cannot be excluded. Even though minor amounts of TM ions might remain in a dissolved from in the
electrolyte,*! in sum, however, at least 1008 and 428 ppm of TMs must have been dissolved from the PC
and SC NCM, respectively.

800

amount [ppm]

nickel cobalt (10x) manganese (10x)

Figure 6: Amount of nickel, cobalt, and manganese in units of ppm (defined as pmoltm/molncm) detected in graphite anodes
and normalized to the amount of NCM in the cell. Graphite electrodes were harvested from full-cells with PC or SC after
204 cycles to 4.4 Vgra at 45 °C (as depicted in Figure 2) and scraped off from the current collector before the transition metal
content was analyzed by ICP-AES. The amounts of cobalt and manganese are magnified by 10x. The error bars correspond to
the minimum/maximum value of two measurements while the absolute errors for each element are considered by the laws of
error propagation.

Most importantly, however, the detected amount of each TM is significantly reduced by 0.4x for SC as
compared PC, as it was previously observed by Klein et al. semi-quantitatively through EDX.*® This
discrepancy is explained by the difference in surface area of the NCMs of 0.6x after cell cycling, as observed
by Kr-BET in Figure 4. To estimate the number of monolayers of dissolved NCM, the fraction of dissolved
active material of y = 0.1 mol% for PC (with a particle diameter of d, = 0.4 um after cycling as discussed
for Figure 4) is converted to the thickness d; of the dissolved surface layer. Using a spherical approximation
and the ratio y of surface layer volume V, to particle volume V,, Equation 1 (adapted from a previous

study?®)
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yields a layer thickness of 1.3 A for PC. Since the dissolution is assumed to occur on various crystal facets,
for simplicity, a cubic NCM unit cell with an edge length of 3.2 A is assumed on average (corresponding
to the actual cell volume of 33.7 A% per LiMO> unit®"). For PC, this equates to the dissolution of 0.4x of
one monolayer of the NCM materials, while for SC (with a calculated particle size of 0.6 um after cycling
and a detected TM amount of 0.04 mol%) a similar sub-monolayer value of 0.8 A or 0.3x of a monolayer
is obtained. Thompson et al. showed that, for NCM523/graphite full-cells which were cycled under even
harsher conditions to 4.4 Vera at 55 °C for 750 cycles, less than 0.1 % of the TMs were dissolved and
redeposited on the negative electrode.®! Therefore, it appears that, even though the cycling was performed
in this study at a relatively high upper cutoff potential and at elevated temperatures amplifying the
dissolution reaction, the TM dissolution is limited to less than one monolayer for both NCM materials and
that, therefore, the extent of TM dissolution is determined by the exposed NCM surface area. Even though
Thompson et al. attributed the low detected amounts to effective electrolyte additives,®! this upper limit
could also stem (since no electrolyte additives were used in this study) from a fluorinated passivation layer
on the NCM surface, which is formed upon attack of HF, assumed to cause the TM dissolution, and which

suppresses an ongoing dissolution reaction.

To evaluate the impact of the TM dissolution on the capacity loss in full-cells to previous studies, the
detected TM amounts are converted to a TM concentration in the electrolyte. Based on the molar mass of
NCM of 97.47 g/molncwm, the NCM mass loading of 8.2 mgnem/cm?, the electrode diameter of 14 mm, and
the total electrolyte amount of 100 ul, the detected TM amount of 1008 ppm for PC translates to a
concentration of 1.3 mmolrwm/l. As previously reported by Jung et al., a TM concentration of 60 mmolrw/I
inserted into the cell through the electrolyte itself (being 50x higher as compared to the value in this study)
lead to a capacity loss of less than 100 mAh/gnem over the course of 202 cycles for all three TM ions, at
least at 25 °C.%® Even though the influence of the temperature on the SEI formation and lithium
consumption by the TMs remains unclear, it appears as the TM dissolution cannot be responsible for the
entire capacity decrease through LLI of almost 100 mAh/gncwm, observed in Figure 2 and 3. Furthermore,
even though the calculated TM concentration of 0.6 mmolrw/l for SC (based on the value of 428 ppm) is
less than half of the one of PC, and since the capacity loss in the full-cell at C/15 is very similar for both
materials when cycled to 4.4 Vgra at 45 °C, the role of the TM dissolution on the capacity loss seems to be
minor. The expectedly small effect of the TM ions on the capacity loss is further illustrated by the relatively
small coverage of TM ions on the graphite active material: by taking into account the specific capacities of
245 mAh/gnem of the two NCMs and 355 mAh/gera Of graphite, the balancing factor of 1.1:1, the specific
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surface area after cycling of 3.33 m2/gnem for PC and 2.11 m2/gnem for SC, as well as the one of graphite
of 3.2 m%ra/gera, the amount of dissolved TMs is converted into a TM coverage of 0.5x and 0.2x of a
monolayer on the graphite active material for the cells with PC and SC, respectively; this sub-monolayer

amount seems to be easily covered by a typical SEI of ~10 nm or ~25x monolayers.

In contrast, the integrity of the SEI could be compromised by the volume change of the graphite by more
than 10 % during (de)lithiation;>82 however, since the capacity loss of the full-cells cycled at 25 °C (see
Figure 2a) and 45 °C (see Figure 2e) is significantly different by a factor of ~2x, even though the graphite
experiences the same volume change in both cases, the regeneration of the mechanically ruptured SEI is
excluded as dominant process for the lithium consumption. Therefore, we believe that the operation at
elevated temperatures harms the intrinsic (chemical) stability of the SEI what induces the lithium loss, as it

was observed for calendar aging during storage experiments 8384

Overall, the TM deposition on the graphite (as well as the gas evolution of the NCM) is determined by the
surface area of the NCM and, therefore, by its particle morphology, while the impact of the lithium
consumption by TMs in the SEI seems to be minor, likely due to the relatively small quantities of less than
one monolayer of NCM. To understand the effect of the deposited TMs on the impedance of the graphite
electrode and, therefore, on the one of the full-cell, the evolution of the individual impedance contributions

of both graphite and NCM is monitored in the following.

Evolution of the impedance of graphite and NCM — The observed differences in the DCIR of 2x to 4x
between PC and SC occurring during cycling in the full-cells cycled to 4.4 Vara (see closed symbols in
Figure 2d and Figure 2h) seem to be induced by the two distinct particle morphologies. To identify the
cause for this difference, similar full-cells were assembled in T-cells cycled using the same procedure. The
T-cells showed a similar cycling performance over 204 cycles (see Figure A.4) as the coin cells presented
in Figure 2. The use of T-cells allowed the use of a lithiated gold wire as pu-RE, as previously introduced
by Solchenbach et al.,*" to deconvolute the impedance of the graphite and the NCM electrode upon cycling
at 45 °C. The impedance is recorded at 3.8 Vgra (0r ~3.9 Vii) what corresponds to ~50 %SOC (see

Figure A.2), where the charge-transfer resistance is at its lowest value.?®

The impedance spectra of the graphite anodes (red) cycled both against PC (blue) and SC (green) are
depicted in Figure 7a and Figure 7d, respectively, both showing a similar behavior: the pristine spectrum
(black dotted line) starts at the high-frequency resistance (HFR, determined at 31 kHz) of 3 Q-cmZelectrode
(note that the resistances are given as the absolute values of the impedance vector |Z| if not stated otherwise),
which is mainly caused by the ohmic resistance of the electrolyte, a 45° line induced by the ionic pore

resistance of the electrode, and a capacitive blocking branch (extending to 30 kQ-cmZelectrode at 10 mHz,
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data not shown), as reported previously for graphite with inhibited charge transfer (e.g., in delithiated
state).8%® After the two formation cycles (solid dark red line), the spectrum consists of a semicircle-like
feature caused both by the charge-transfer (and the SEI) resistance as well as the ionic pore resistance at
low frequencies, which cannot be deconvoluted in a straight forward manner,®” as well as a low-frequency
branch which is attributed to the solid-state diffusion in the graphite active material. Upon cycling (solid
red line, from dark to light red with increasing cycle number), the impedance of the semicircle-like feature
slightly increases, however, the low-frequency impedance R31°9€(LFR, determined at 18 mHz) never
exceeds 7 Q-cmZelectroge. Upon extended cycling, loops appear in the spectra which may occur when the
impedance of two electrodes with a significant impedance mismatch is determined by the GWRE®. Due to
this effect on the impedance of the graphite anode, its impedance data cannot be analyzed reliably but the
relative contribution to the total cell impedance can still be estimated. The large impedance of the NCM

electrode, inducing this mismatch and the loops, is discussed in the following.
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Figure 7: Impedance spectra and resistance contributions of a) — ¢) PC (blue) and d) — f) SC (green) in full-cells depicted as a
function of cycle number. The T-cells were assembled using NCM cathodes with a mass loading of 8.2 mgncm/cm?, graphite
anodes (with an areal balancing factor of 1.1:1, based on 372 mAh/gera and 245 mAh/gnem), two glass fiber separators, a p-RE
(i.e., a GWRE), and 60 ul LP57 electrolyte. The T-cells were cycled over 204 cycles to 4.4 Vg, at 45 °C according to the same
cycling procedure as the coin cells in Figure 2, however, including an additional PEIS after each DCIR in OCV with an
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amplitude of 15 mV from 100 kHz to 100 mHz. The impedance spectra are recorded using a u-RE (i.e., a GWRE) and normalized
by the geometric area of the electrodes of 0.94 cm?j.ciroqe, DOth for a) & d) the graphite anodes (red) as well as b) & €) the NCM
cathodes. The dotted black line represents the impedance spectrum of the pristine cell, while the solid lines show the impedance
spectra at 3.8 Vera (0r ~50 %SOC, respectively), while their color becomes lighter with increasing cycle number (i.e., after
formation and subsequently for cycle 42, 82, 122, 162, and 202). ¢) & f) The resistances of both the coin cells RS@L! (extracted
from Figure 2h) as well as the T-cells R} c5s! are extracted from a DCIR pulse of C/3 for 10 s at 3.8 Vgra (note that the cycling
performance of the two cell types is compared in Figure A.4). The low-frequency resistances of both the anode RZ2°% as well

as of the cathode RFa™ede are extracted from the absolute impedance |Z| at the frequency point of 18 mHz. The contact resistance

Réathode as well as the electrode resistance REA10de  of the NCM electrodes are extracted from an individual fit of each of the

two semicircles by an equivalent circuit consisting of a resistor connected in series with a parallel circuit of a capacitor and a
resistor (see main text). The error bars of the resistance of the coin cells correspond to the minimum/maximum value of two cells,
while only one cell was assembled per NCM material for the T-cells with p-RE.

The impedance of the PC electrode (blue), depicted in Figure 7b, shows a capacitive branch in the fully
lithiated, pristine state (extending to 5 kQ-cmZiectrode at 10 mHz, data not shown).3% After the two
formation cycles (solid dark blue line), one semicircle occurs which originates from the contact resistance
Rgathode of the electrode, which could be assigned by the apex frequency of 3 kHz®*, as well as a short low-
frequency branch, which is attributed to the solid-state diffusion of the NCM active material % At this point,
the LFR of the NCM of 35 Q-cmZiectroge already exceeds the one of the graphite anode by a factor of 5x
(note the different scales of the impedance representation of anode and cathode). After 42 cycles (solid blue
line, from dark to light blue with increasing cycle number), the contact resistance further increases while
also a second semicircle appears in the spectrum, which is attributed to the electrode resistance, which
combines the contributions of charge-transfer resistance of the NCM, the ionic pore resistance of the liquid
phase, and the electronic resistance through the solid part of the electrode.®® During the subsequent cycling,
the extent of both semicircles increases strictly monotonically, until, after 202 cycles, an RFathede of
215 Q-cmPelectrode IS reached. For the SC electrode (green), shown in Figure 7e, the data exhibits similar
features as for PC as well as the evolution thereof, however, at smaller values: even after 202 cycles,

Rgathode does not exceed 75 Q- cmPelectrode for SC.

For a convenient quantitative analysis of the resistances, their individual contributions are depicted for PC
and SC as a function of cycle number in Figure 7c and Figure 71, respectively. First, the DCIR (closed
circles and solid line) obtained from the coin full-cells RE&RC! (blue), extracted from Figure 2h, is
displayed and compared to the one obtained from the T-cells R} c5¢! (dark blue): Even though the T-cells
show slightly higher DCIR values of 42 Q-cmPelectrode after the two formation cycles as compared to
26 Q-cmZeiecirode Tor the coin cells, what possibly originates from the different cell setups, both increase
concurrently to 194 Q-cm?Zetectrode and 182 Q-cmPelectrode OVeEr the course of 202 cycles, respectively, what

highlights the comparability of the results from coin and T-cells. The LFR (open circles and dashed line)
of the graphite anode R2°9¢ (red), extracted from the T-cell data in Figure 7a, remains almost unaffected

by the cycling at values below 7 Q-cmPeiectrode, While the one of the NCM cathode RE2™°9€ (dark blue),
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extracted from the T-cell data in Figure 7b, coincides relatively well with the total resistance of the cell
RIS From this observation, it becomes clear that (the evolution of) the cell resistance is determined

primarily by the NCM, while the contribution of the graphite anode is less than 3 %.

By the individual fit of each of the semicircles in Figure 7b applying an equivalent circuit consisting of a
resistor connected in series with a parallel circuit of a capacitor and a resistor (while latter is then depicted

and discussed), the contributions of the contact resistance REathode (open squares and dashed line) as well

cathode
electrode

as of the electrode resistance R (open triangles and dashed line) are quantified (see Figure 7c).

Rgathode aftar formation of 26 Q-cm?Zelectrode IS doubled to 49 Q-cm?Zelectrode during the next 40 cycles, which

remains relatively constant subsequently until EOT. In contrast, the relatively small RStHhode of

2 Q-cmelectrode after formation increases continuously; it exceeds RE2thode after 160 cycles before it reaches
143 Q-cmPelectrode after 202 cycles, being more than twice as large as compared to R$2thode  The same
analysis performed for SC in Figure 7f reveals similar behavior of the individual resistances as for PC:
RRo%eremains below 7 Q-cmPelectroge OVEr 202 cycles, while R3E°%€ increases from 8 to 75 Q-cm?electrode.

Réthode js limited to 25 Q-cmPeectrode, While REETde increases steadily to 35 Q-cmPeiectioge after

202 cycles.

The initial REathede of PC, which appears only after the formation and is 10x larger than the one of SC,
might stem from the morphology-dependent contact of the cathode active material with the current collector.
This difference can be explained if one assumes that each NCM particle creates one contact point with the
current collector, and that SC with a particle diameter of 0.9 um as compared to PC with 5 um (as discussed
for Figure 4) could bring 30x more (secondary) particles to the same surface area of the current collector,
what would decrease the contact resistance in an inversely proportional manner. Since the PC particles are
deformed when pressed on the current collector due to the mechanical force upon calendering, of course,
more contact points are established which is why the value of 30x overestimates the actual one of 10x.
Additionally, the release of lattice oxygen increased by 2x for PC as compared to SC due to the higher
NCM surface area (see Figure 5) oxidizes a larger amount of electrolyte components and consequently
forms more HF, what could then transform the Al2Os layer of the aluminum current collector to a thicker
AlF3 layer, possibly compromising the electronic conductivity and, therefore, leading to the pronounced

increase of REathode 91,92

The electrode resistance REthode ' (comprising electronic and ionic resistances as well as the NCM charge-

transfer resistance) is barely detectable after the two formation cycles for both PC and SC electrodes, even

though the resistive oxygen-deficient surface layer has already formed as the majority of the released lattice
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oxygen evolves in the first charge to high SOC (see Figure 5); therefore, it seems unlikely that the

cathode

continuous increase in Rgjectrode

over 202 cycles results from the increased resistance of the decomposed

phase. Additionally, R$thede of PC is more than twice as large as the one of SC, even though the NCM
surface area is 50 % larger for PC than for SC after 202 cycles (see Figure 4), what should result in a
decreased charge-transfer resistance, as it is proportionally to the surface area of the active material. Since,

to the best of our knowledge, it has not been reported that the ionic pore resistance of the NCM electrode

is compromised upon extended cycling, we assign the pronounced increase in RSthode ' of PC mainly to a

growing electronic resistivity within the NCM electrode. We believe that the cracking of the NCM
agglomerates upon extended cycling® diminishes the electronic connection of the resulting fragments, as
previously shown by scanning spreading resistance microscopy,® since no conductive carbon is present
within the secondary particle.?° Furthermore, due to the formation of the oxygen-deficient surface layer,
the poor electrical conductivity of this structure, e.g., of NiO with 107 to 10 S/cm (being an insulator),%3%
as compared to lithium layered oxides of roughly 10 to 10° S/cm, e.g., for LiNiO2 (LNO, being a
semiconductor)®>®  is expected to impair the electronic conductivity even further due to the absence of the
conductive carbon. Since most of the SC crystallites are separated during electrode preparation (see

Figure 1), and since they do not crack significantly upon cycling (see Figure 4), the particles remain

connected electrically; the observed increase in RE3thode of SC s attributed to the continuous growth of

the insulating surface film, which hinders both the electronic conductivity as well as the lithium
(de)intercalation and solid-state diffusion. In this case, each NCM secondary agglomerate could be
represented in an equivalent circuit by a transmission line model (TLM) with a poorly conductive electronic
path (due to the absence of conductive carbon within the secondary particles) and a well conductive ionic
path (due to the penetration of the electrolyte and its short diffusion lengths);® in contrast, the entire (well
designed) electrode typically constitutes of a TLM with a well conductive electronic path (due to the
sufficient amount of carbon) and a poorly conductive ionic path (due to the long and tortuous diffusion
lengths); 8% the complete equivalent circuit would then comprise a TLM where each NCM particle is
represented by a TLM itself. Interestingly, after more than 202 cycles under the harshest conditions,
REthode of PC of 143 Q-cmPeiectrode IS 4.1 as compared to the one of 35 Q-cmPeiectroge OF SC, while the
NCM surface area of PC of 0.31 m2nem/gnem of the uncompressed electrode is 4.6x as compared to the one
of 1.42 m?nem/gnem of SC. Due to this similarity, it seems likely that the charge-transfer reaction of the
aged NCM particles may mainly take place on surface which was already exposed in the pristine state and
is, therefore, connected electronically by the conductive carbon, while the crystallites within the
agglomerates are isolated by particle cracking and the formation of the oxygen-depleted, resistive surface

layer, what is represented graphically in Scheme 1 for the two NCM morphologies.
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Scheme 1: Graphical presentation of the combined effect of oxygen release, the formation of an insulating oxygen-deficient
surface layer, and particle cracking on the electronic conductivity of the NCM electrode depending on the particle morphology.
The electrode before (left) and after (right) aging consists of a current collector (light gray), the NCM active materials PC (blue)
or SC (green), and carbon additives (dark gray). The electronic pathways are illustrated by the black lines. The schematic of the

electrode resistance RSode as a function of cycle number is extracted from Figure 7.

Conclusions

By comparing polycrystalline (PC) and single-crystalline (SC) NCM851005 by cycling experiments in
graphite full-cells, this study elucidated the impact of the cathode particle morphology on the capacity
retention. While the capacity loss due to the elevated temperature of 45 °C was similar both for PC and SC
simply due to loss of lithium inventory (LLI) on the anode side, the higher voltage of 4.4 Vgra exposed a
fivefold full-cell resistance for PC after more than 200 charge/discharge cycles as compared to SC.
Consequently, the initial discharge capacity of 200 mAh/gncm of both materials at 2C drops to 41 % for
PC, but remained at 71% for SC. Even though the surface area of PC NCM in the uncompressed electrode
is only a fourth as compared to the one of SC, as determined by Kr-BET, it skyrocketed to the elevenfold
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value due to particle cracking upon calendering, charging, and extended cycling; the one of SC grew only
by 1.6x. Due to this morphological instability of the PC secondary agglomerates and the consequently
exposed surface area, the evolved amounts of Oz and CO: detected by on-line electrochemical mass
spectrometry at high SOC reached a twofold value of 250 pmol/gnem for PC as compared to 125 pmol/gnem
for SC. Consistently, the amounts of TMs deposited on the graphite anodes in the full-cell experiments,
often hypothesized to be the cause for accelerated LLI, were also twice as high for PC, in accordance both
with the gas amounts at high SOC as well as with the NCM surface area after 204 cycles; in this study,
however, the LLI did not scale with the TM amounts detected on the anode. Interestingly, based on the
detected amounts, not more than 0.1 % of the NCM dissolved, what corresponds to less than one monolayer,

even after extended cycling under harsh conditions.

To identify the origin of the resistance build-up at 4.4 Vera, impedance spectroscopy in full-cells with an
additional p-RE revealed a constant and negligible contribution from the graphite anode whereas the
impedance of the NCM cathode dominated the full-cell impedance already after formation. After 202 cycles,
the cathode impedance of PC in the full-cells was threefold as compared to the one of SC. For both NCMs,
the impedance was dominated by the electrode resistance, which is commonly simplified as charge-transfer
resistance, but does also include the ionic pore resistance as well as electronic resistances in the solid phase.
As a pure charge-transfer resistance would be less pronounced for PC due to the lower areal currents of the
smaller primary crystallites, the higher electrode resistance of PC is assigned to the electronic resistance
within a secondary agglomerate, where the conductivity is not improved by conductive additives. The
electronic conductivity within a secondary agglomerate is not only impaired by cracking, but also due to
the poor electronic conductivity of the oxygen-depleted phase which is formed at high SOC.

Due to morphology of PC, only the accessible surface of the secondary particles is connected electronically
by the conductive additives during electrode manufacturing, while primary crystallites within the core of
the agglomerates may get disconnected for high upper cutoff potentials; in contrast, all primary crystallites
are connected electronically within an SC electrode, what is maintained upon cycling due to their
monolithic morphology suppressing particle cracking. The mechanism inducing the significantly increased
resistance of PC is represented graphically in Scheme 1 for the two NCM morphologies.
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Appendix

Graphite potential curves of the first two cycles — The potential curves of graphite of the first three cycles
in Figure A.1 do not only exhibit a reversible capacity of graphite of 346 mAh/gera and the distinct plateaus
apparent during (de)lithiation, but also the difference of charge and discharge capacity of the first cycle
(black) of 16 mAh/gcra, or 4 %SOC (when normalized by the theoretical capacity of 372 mAh/gcra),
respectively, due to the formation of the SEI. For the assumed reversible capacity of 355 mAh/ggra, the
chosen balancing factor of 1.1:1 in the full-cells, as well the ratio of the geometric areas of the electrodes
of 1.76:1.54 (see Figure 2), the graphite is lithiated up to 76 %SOC in the full-cells, what corresponds to
~0.075 VLi. Hence, for the analysis of the aged NCM electrodes in half-cells (see Figures 3 and A.3), the
upper cutoff potential in the half-cell is corrected by 0.1 V as compared to the full-cell.

specific capacity [mAh/g .
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—— 3¢ cycle
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0.0

0o 20 a0 &0 80 10
state of charge [%SOC]
Figure A.1: Potential curves of the first three cycles of graphite as a function of the specific capacity (top x-axis, in units of
mAh/gera) or state of charge (bottom x-axis, in %SOC), respectively. Graphite as working electrodes in T-cells with 90 pl of
LP57 electrolyte and lithium metal as counter electrode and reference electrode (with three glass fiber separators, two placed
between working and counter electrode as well as one facing the reference electrode). Controlled by the reference electrode
potential, the graphite electrode was cycled at 25 °C at a C-rate of C/15 (corresponding to a specific current of 24.8 mA/gcra
when referenced to the theoretical capacity of graphite of 372 mAh/ger), charging (or lithiating) the graphite to 0.01 Vi in
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CCCV mode (including a CV step at 0.01 V; for 1 h or until the current dropped below C/20), and discharging (or delithiating)
itin CC mode.

NCM potential curves of the first charge — To allow for the conversion of the applied NCM potential to
the respective degree of delithiation (x in Li1xMO2, with M = Ni, Co, Mn) or state of charge (SOC), the
required relation between potential and the SOC was extracted from the potential curves of the first charge
for each of the two NCMs, which are shown in Figure A.2. The morphology-dependent differences
observed <20 %SOC are attributed to the diminished kinetics of PC resulting from its larger charge-transfer
resistance what is owed to its lower pristine surface area?® before the secondary particles have cracked (see
Figures 1 and 6). The differences above 90 %SOC are assigned to the increased surface area of PC at high
SOC due to particle cracking?®2® what scales the electrochemical oxidation of electrolyte, being observed
in the potential curve in the form of additional capacity.
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Figure A.2: Potential curves of the first charge of the two NCMs as a function of the specific capacity (top x-axis, in units of
mAh/gnem) or state of charge (bottom x-axis, in %SOC), respectively. PC (blue) or SC (green) as working electrodes in T-cells
with 90 pl of LP57 electrolyte and lithium metal as counter electrode and reference electrode (with three glass fiber separators,
two placed between working and counter electrode as well as one facing the reference electrode). Controlled by the reference
electrode potential, the NCM electrodes were charged at 25 °C to 5.0 Vy; at C/15 (corresponding to a current of 18.3 mA/gncwm
when referenced to the theoretical capacity of 275 mAh/gncm).

Discharge rate test in half-cells — To elucidate the capacity loss in the full-cells as well as the differences
in the rate capability of the two NCM morphologies after aging (see Figure 2), pristine and aged NCM
electrode were analyzed by a discharge rate test in half-cells. As depicted in Figure A.3, the rate capability
of PC (blue) and SC (green) is similar for the pristine NCMs (closed symbols and solid lines), while the
aged NCMs (open symbols and dashed lines) provide significantly less capacity, what is most pronounced
for PC and analyzed in detail in Figure 7. The discharge capacity of the aged SC in the half-cells agrees
well with the one in the full-cells at EOT, both being 122 mAh/gnem. For PC, however, the rate capability
in the half-cells with aged NCM (see Figure A.3) seems to be even worse, as it does not deliver any capacity

at 2C. This effect is explained by the additional overpotential caused by the polyolefin separator used in
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the half-cells® as well as by the overpotential caused by the lithium-metal counter electrode.®® The

capacities of the first cycle of both the pristine and aged NCMs are discussed in detail for Figure 3.
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Figure A.3: Cycling data of PC (blue) and SC (green) cycled in coin half-cells at 25 °C over four cycles to 4.5 Vy, presenting
the specific charge capacity of the first cycle (triangles) and the discharge capacities (circles) of all four cycles for the applied
C-rates of C/15, C/3, 2C, and C/50 (based on the theoretical capacity of 275 mAh/gnewm) as a function of cycle number. The coin
cells were assembled using pristine (closed symbols and solid lines) or aged (open symbols and dashed lines) NCM cathodes
with a mass loading of 8.2 mgnem/cm?, lithium-metal counter electrodes, two glass fiber separators, and 100 ul LP57 electrolyte.
The aged NCM electrodes were harvested from the coin full-cells after 204 cycles to 4.4 Vg, at 45 °C (see Figure 2). The error
bars correspond to the minimum/maximum value of two cells.

Cell performance in coin cells and T-cells — To elucidate the individual contributions to the resistance
in the coin full-cells (see Figure 2), T-cells with u-RE were assembled and cycled under the same
conditions, while additionally the impedance of both electrodes was analyzed (see Figure7). In
Figure A.4a, the essentially coinciding discharge capacities as a function of the cycle number are directly
compared for the cycles with a C-rate of C/3, while Figure A.4b exhibits the similar behavior of the cell
resistance, each for PC (blue) and SC (green). Hence, the results and conclusions obtained from the

impedance data of the T-cells can be utilized to explain the results obtained from the coin cells.
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Figure A.4: Electrochemical cycling data of PC (blue) and SC (green) in coin-cells (medium colors, extracted from Figure 2)
or T-cells with u-RE (dark colors, extracted from Figure 7) cycled over 204 cycles at 45 °C to 4.4 Vera. @) Discharge capacity
of the cycles with an applied C-rate of C/3. b) Cell resistance extracted from a DCIR pulse of C/3 for 10 s at 3.8 V. The error
bars of the coin cells correspond to the minimum/maximum value of two cells, while only one cell was assembled per NCM
material for the T-cells with u-RE.
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5 Structural Stability of NCMs at
High State of Charge

The article ”The Structural Stability Limit of Layered Lithium Transition Metal Ox-
ides Due to Oxygen Release at High State of Charge and Its Dependence on the Nickel
Content” was submitted to the peer-reviewed Journal of the FElectrochemical Society
in December 2022 and published online in April 2023 [274]. It is available as an open-
access article and distributed under the terms of the Creative Commons Attribution
Non-Commercial No Derivatives 4.0 License. A permanent link to this article can be
found under https://doi.org/10.1149/1945-7111/acbf80. The main findings of this pa-
per were presented by Stefan Oswald in an oral presentation at the Gordon Research
Seminar on Batteries as well as in a poster presentation at the Gordon Research Con-
ference on Batteries, both in Ventura, California, USA, in June 2022.

Upon the electrochemical removal of all contained lithium ions, NCMs (also including
LCO and LNO) provide a theoretical capacity of ~275 mAh/gcan, which can in fact
be delivered during the first charge to 5.0 Vy;. It is known, however, that charging
NCMs to high potentials and completely delithiating the layered structure result in
the degradation of the CAM and, therefore, in an irreversible loss of available capac-
ity [135, 275]; furthermore, when NCMs are cycled repeatedly to high potentials/SOCs,
the discharge capacity of NCMs decreases continuously with each charge/discharge cy-
cle [125, 137, 276]. This capacity loss, which is induced by a combination of active
material loss and impedance build-up [122, 148], is attributed to one of the following

mechanisms (or a combination thereof, respectively):

o At high potentials of >4.5Vy;, the solvent molecules of the carbonate-based
electrolyte start to get oxidized electrochemically (at least for LiPFg-containing
electrolytes at 25°C) [31, 32]. The products of this process form protic species
such as HF or gases such as CO,, eventually compromising the cell performance,
e.g., by decomposing the CAM through the dissolution of transition metals, by
degrading the SEI resulting in additional lithium loss, or by causing safety risks
due to the swelling of the cells.
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o At high degrees of delithiation, the layered structure becomes unstable and col-
lapses forming an oxygen-depleted (spinel- or rock-salt-type) surface layer with
a thickness of a few nanometers. This structural instability is accompanied by
the release of lattice oxygen, what has been reported to occur at >80 %SOC
independent of the NCM composition [119]. Due to the chemical reaction of the
reactive released lattice oxygen, this process implicates similar reactions as for

the electrochemical electrolyte oxidation.

Since NCMs cannot be delithiated electrochemically without increasing the potential,
and since the onset potential of the release of lattice oxygen occurs at similar values as
the onset of the electrochemical electrolyte oxidation, it is challenging to investigate
the two mentioned degradation mechanisms individually to determine their respective
onset potential /SOC.

This article aims to elucidate the stability limit and its origin for five commercially used
layered oxide materials with varying transition metal composition (from purely cobalt-
containing to purely nickel-containing, i.e., LCO, NCM111, NCM622, NCM8&51005,
and LNO). First, the stability limit of each material is determined by charge/discharge
cycling experiments in half-cells applying the approach of an increasing upper cutoff
potential, as introduced in Chapter 3.2. Through two independent analyses of the spe-
cific discharge capacity of each CAM as a function of the upper cutoff potential, it is
demonstrated that the onset of the capacity loss occurs at a higher SOC for CAMs hav-
ing a higher nickel content. The enhanced stability window of the nickel-rich CAMs is
substantiated in extended cycling experiments, comparing NCM111 and NCM851005
over the course of 200 cycles, which highlight the capacity loss and resistance increase
of NCM111 at lower SOCs as compared to the nickel-rich CAM. The gas evolution
analysis of the five CAMs by OEMS at high SOC reveals that the evolution of lattice
oxygen from each CAM occurs at the same SOC as the one which induces the ca-
pacity loss. Since the electrochemical electrolyte oxidation occurs at higher potentials
than the onset of the capacity loss, the CAM degradation is assigned purely to the
structural instability of the delithiated CAMs and the concomitant oxygen release.
Most importantly, however, the stability limit of the CAMs depends substantially on
the CAM composition and varies between 65 and 86 %SOC for the here investigated

materials.

Based on the results of this study, the rising use of nickel-rich CAMs in commercial

LIBs and the gained increase in specific capacity, as discussed in Chapter 1.3, does not
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stem from the limited stability of the electrolyte towards electrochemical oxidation but
from the larger structural stability window of the CAM itself. Since the CAM typically
contributes more than ~30 wt% to the mass of a commercial cell [21], the stability win-
dow, which is enlarged by more than ~30 % from 65 to 86 %SOC for nickel-rich NCMs,
results in an expected gain of specific cell capacity of ~9% by choosing a nickel-rich
material. It has to be noted that this conclusion is based on the previously reported
(and here determined) stability limit of the electrolyte of >4.5Vy; [31, 201]; the the-
oretical /thermodynamic stability limit of the electrolyte components may actually be
at lower potentials, depending on the composition of the electrolyte [32]. This effect
may not be detectable in the performed experiments at 25 °C with a duration of a few
hours, but could oxidize significant amounts of electrolyte during cell operation, either
at elevated temperatures increasing the reaction kinetics or during the lifetime of the
cell over many years. Nevertheless, the use of nickel-rich CAMs, shifting the distinct
charge/discharge curve of the CAM to lower potentials to avoid the electrochemical
oxidation of the electrolyte while, at the same time, extending the structural stability

to higher SOCs, benefits the long-term performance in full-cells either way:.

Author contributions

S.0. designed and performed the electrochemical and OEMS experiments and analyzed
the data. S.O. wrote and H.A.G. edited the manuscript. All authors discussed the

results and commented on the manuscript.

171



Journal of The Electrochemical Society, 2023 170 030506

The Structural Stability Limit of Layered Lithium Transition

Metal Oxides Due to Oxygen Release at High State of Charge and

Its Dependence on the Nickel Content
Stefan Oswald™”® and Hubert A. Gasteiger™*

Technical University of Munich, Chair of Technical Electrochemistry, Department of Chemistry and Catalysis Research

Center, School of Natural Sciences, Garching, Germany

The composition of layered transition metal oxides (LiMO,, M = Ni, Co, Mn) as cathode active materials (CAMs) is currently
trending towards higher nickel contents, which can provide more capacity and energy. The origin of this performance improvement
is often ascribed to the lower potential of nickel-rich CAMs, suppressing detrimental electrochemical electrolyte oxidation. In this
study, it is shown that the stability limit of LiMO,-based CAMs is not determined by the stability window of typical electrolytes in
terms of potential but by the CAM composition, governing the structural stability at high degrees of delithiation. The latter is
investigated for five CAMs with distinct composition (LCO, NCM111, NCM622, NCM851005, and LNO) as a function of upper
cutoff potential and thus state of charge (SOC). Short-term cycling experiments with an increasing upper cutoff potential as well as
extended cycling to selected SOCs reveal stability limits between 66 and 86 %SOC depending on the CAM composition. On-line
electrochemical mass spectrometry (OEMS) does not only allow to exclude any impact of electrochemical electrolyte oxidation on
the determined stability window of the CAMs but also illuminates the concurrence of capacity fade and lattice oxygen release, with
the latter being the origin of the CAM degradation.
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Layered lithium transition metal oxides (LiMO,) are commercially
available cathode active materials (CAMSs) for lithium-ion batteries
(LIBs), featuring a theoretical capacity of ~275 mAh/gcam.'™ For the
commercialization of the first LIBs, lithium cobalt oxide (LiCoO,,
LCO) was employed by Sony in 1991, which delivers a reversible
capacity of 145 to 165 mAh/gcay at a relatively high mean discharge
potential of ~4.0 Vi ¥ At the same time, lithium nickel oxide
(LiNiO,, LNO) was investigated as alternative to LCO, providing 160
to 200 mAh/gcanm at a mean discharge potential of ~3.8 Vi A To
overcome the observed drawbacks of both LCO (i.e., the cost and
availability of cobalt as well as the low capacity) and LNO (i.e., the
more complex synthesis as well as its sensitivity towards exposure to
ambient air), isostructural ternary compositions comprising nickel,
cobalt, and manganese (LiNi,Co,Mn.O, with a+b+c=1, NCMs)
were developed. LiNi;3Co,3Mn; 30, (NCM111) gained popularity in
the 2000s, exchanging typically 160 to 180 mAh/gcam at an
intermediate average discharge potential of ~3.9 V;;.'*™"> Aiming
for a higher available capacity, the nickel content of NCMs was then
increased continuously over the last decade,*'®!” now reaching up to
95 mol% of nickel and 200 to 220 mAh/gcam'® 20; at the same time,
however, the thermal stability deteriorates with increasing nickel
content,>'* concomitant with an increasing sensitivity towards
exposure to ambient air.>>¢

The CAM composition (i.e., the type and amount of the transition
metals) directly affects the electronic environment of the lithium ions
in the CAM, defining the redox potentials for lithium (de)intercalation,
what results in a distinct potential profile for the above listed
CAMs.*?” Due to this property, more capacity is extracted from the
CAM for an increased nickel content at the same applied upper cutoff
potential, what is, above a certain capacitg limit, detrimental for the
capacity retention of nickel-rich CAMs.>""**?* Similarly, for a given
nickel content, an increased upper cutoff potential allows for more
capacity but ultimately leads to a degradation of the CAM above a
certain potential and/or state of charge (SOC, defined here as the
degree of delithiation x in Li;,MO,, with 100 %SOC representing

*Electrochemical Society Student Member.
**Electrochemical Society Fellow.
“E-mail: Stefan.Oswald @tum.de

complete delithiation).'*?? In summary, the capacity retention of a
layered lithium transition metal oxide depends both on its composition
as well as on the applied upper cutoff potential, which determines the
extent of delithiation.

The higher reversibly exchanged capacity observed for nickel-rich
CAMs is often attributed to their lower potential profile, believed to
mitigate the electrochemical oxidation of electrolyte components at
high potential. While experiments on the electrochemical oxidation of
typical LIB electrolytes as well as of their carbonate-based solvents on
platinum or glassy-carbon electrode disks provide stability limits of
5.5t0 6.7 V vs. Li "/Li,* > experiments using practical porous battery
electrodes (performed on pure carbon black (C65) or actual cathode
electrodes) reveal a realistic oxidative stability limit of 4.4 to 4.9 vs.
Li*/Li.3¢*! Since these values overlap with the upper cutoff potentials
typically applied to CAMs, the electrochemical electrolyte oxidation
could possibly explain the capacity loss at high potential/SOC (e.g., of
LCO and NCM111) as well as the higher stability of nickel-rich
NCMs.

By an independent mechanism, however, the CAM crystal
structure starts to degrade, too: At high degrees of delithiation, the
surface of the CAM %)articles reconstructs to spinel- and/or rock-salt-
type structures,'***™*7  forming upon the release of lattice
oxygen.”®**-5% This process induces a degradation of the CAM (in
the form of resistance build-up and/or CAM loss)*®4¢47% as well as
a chemical electrolyte oxidation,5 152 which can both be detrimental
to the performance of LIBs. Due to the relatively small fractions of
decomposed layered phase on the order of ~1 mol% during the first
charge,?®° it remains challenging to identify the precise onset of
this lattice reconstruction in the near-surface region of the CAM
particles by bulk-sensitive X-ray diffraction (XRD),'**®*" while
visual transmission electron microscopy (TEM) or surface-sensitive
spectroscopic (XAS/XPS) measurements are tedious and also
sensitive to the preparation of the sample when performed ex
sity, 424553 By monitoring the gas evolution in differential/on-line
electrochemical mass spectrometry experiments (DEMS/OEMS),
the onset of the oxygen release has been reported to occur between
75 and 80 %SOC for LNO and NCMs, independent of their
composition 3495334

However, due to the singular relationship between potential and
SOC (i.e., the degree of delithiation) given by the potential curve for
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each CAM, the effect of potential and SOC on the degradation of
layered lithium transition metal oxides cannot be investigated
independently. To illuminate the mechanistic origin of the higher
stability of nickel-rich NCMs at the same SOC (i.e., at equal
capacity), this study investigates the structural stability of five
CAMs with different composition as a function of either upper
cutoff potential or of SOC. To assess the stability limit in cycling
experiments, a half-cell test procedure with an increasing upper
cutoff potential was applied, which revealed the stability of each
CAM through the onset of capacity fading. Here, a higher stability
limit in terms of SOC is found for nickel-rich CAMs. This is then
substantiated for NCM111 and NCM851005 cathodes assembled in
pseudo half-cells (i.e., cells with a pre-lithiated, capacitively over-
sized lithium-titanate counter electrode), using a cycling procedure
over 200 cycles, in which an increasing upper SOC of 60, 70, 80,
and 90 %SOC is applied consecutively. To exclude any impact of
electrochemical electrolyte oxidation on the determined stability
window of the CAMs, OEMS experiments were first performed
using C65 electrodes. Subsequently, OEMS experiments with LCO,
NCM, and LNO working electrodes were used to quantify the SOC-
dependent release of oxygen from the CAM lattice in dependence of
the CAM composition.

Experimental

Electrode preparation.—Electrodes were prepared from five
uncoated CAM powders that exhibit very different composition
(i.e., transition metal ratio; for material specifications, see Table I):
LCO, NCM111, NCM622, NCM851005, and LNO (ordered from
high to low cobalt content, or from low to high nickel content,
respectively). NCM851005 and LNO were not doped, coated, nor
washed during their synthesis, while NCM622 received an alu-
minum doping of 0.3 mol% but was also not washed or coated; the
treatments of LCO (442704, Sigma-Aldrich, USA) and NCM111 are
unknown. Due to the relatively high reactivity of LNO with water
(vapor), the preparation of the slurries and electrodes containing
LNO was done under inert conditions in an argon-filled glovebox
(<1 ppm O, and H,O, MBraun, Germany). For the electrochemical
experiments, electrodes were prepared from the five CAM powders,
which were each mixed at a mass ratio of 96:2:2 with carbon black
(C65, carbon black SuperC65, 64 m2/gC65, TIMCAL, Switzerland)
and polyvinylidene difluoride (PVDF, Solef 5130, Solvay, Germany)
with N-methyl-2-pyrrolidone (NMP, anhydrous, Sigma-Aldrich,
Germany) as dispersing agent in a planetary centrifugal mixer
(ARV-310, Thinky Corp., USA) for 17 min, using a sequential mixing
procedure. Furthermore, a slurry without active material, containing
only C65 and PVDF at a mass ratio of 1:1, was mixed with NMP (at a
solid content of 20 wt%) by the same mixing procedure.

For the cycling experiments in Swagelok T-cells with a lithium-
metal reference electrode (Li-RE), the slurries (with a solid content

of 63 wt%) were coated onto the rough side of an aluminum foil
(18 pm in thickness, MTI, USA) with a box-type coating bar
(Erichsen, Germany) using an automated coater (RK PrintCoat
Instruments, United Kingdom). All electrode sheets were then dried
in a convection oven at 50 °C for 5 h before electrodes (@ 10.95 mm)
were punched out and compressed at 200 MPa for 30 s using a manual
hydraulic press (Specac, United Kingdom). The CAM electrodes for
the cycling experiments had a loading of 10.3 % 1.0 mgcap/cm® what
corresponds to a theoretical areal capacity of 2.8 + 0.3 mAh/cm?.
Depending on the experiment, two different types of counter electrodes
(CEs) were used: i) lithium-metal CEs (Li-CEs, @ 11 mm, 450 pm in
thickness, Rockwood Lithium, USA) to assemble half-cells for short-
term cycling experiments with increasing upper cutoff potentials;
and ii) partially pre-lithiated and capacitively oversized lithium-titanate
(LTO, LisTisO;,) CEs (LTO-CEs, @ 10.95 mm, LTO on aluminum,
3.5 mAh/cm?, Customcells, Germany) for extended cycling experiments
in a so-called pseudo full-cell configuration (note that pseudo full-cell
here refers to a cell with a specific WE and a pre-lithiated, capacitively
oversized LTO or pre-delithiated LFP electrode).

For on-line electrochemical mass spectrometry (OEMS) mea-
surements, CAM slurries with a higher solid content of 80 wt%
(prepared as described above) as well as the C65 slurry (with a solid
content of 20 wt%) were coated on a stainless-steel mesh (316 grade,
26 pm aperture, 25 pm wire diameter, The Mesh Company, UK)
with a doctor blade using an automatic coater (see above). The
electrode sheets were then dried in a convection oven at 50 °C for
5h before electrodes (@ 17 mm) were punched out and used
uncompressed. The CAM electrodes for OEMS had a relatively
high loading of 18.3 * 1.8 mgcan/cm® what corresponds to a
theoretical areal capacity of 5.0 + 0.5 mAh/cm? they were
assembled in a half-cell configuration with Li-CEs (@ 17 mm).
The C65 electrodes for OEMS had a loading of 8.8 mgces/cm’; they
were assembled either in a pseudo full-cell configuration with pre-
delithiated lithium iron phosphate (LFP, LiFePO,) CEs (LFP-CEs,
@ 17 mm, LFP on aluminum, 3.5 mAh/cmz, Customcells, Germany)
or in a half-cell configuration with Li-CEs (@ 17 mm).

All electrodes (other than lithium metal) were dried in a Biichi
oven at 120 °C under dynamic vacuum for at least 6 h and then
transferred without exposure to air to an argon-filled glove box,
where all cells were assembled.

T-cell assembly and testing.—All electrochemical cycling tests
were performed in a climate chamber (KB 115 or KB 720, Binder,
Germany) at 25 °C, using a battery cycler (Series 4000, Maccor,
USA). Spring-compressed Swagelok T-cells with a Li-RE (@ 6 mm)
were assembled (for details see Fig. la in ref.>> ), and C-rates are
consistently referenced to the respective theoretical capacity of each
CAM, as depicted in Table 1.

For recording the potential profiles as a function of SOC as well
as for the cycling tests with increasing upper cutoff potential, half-

Table I. Material properties of the investigated CAMs (ordered from low to high nickel content, or from high to low cobalt content, respectively)
including label, composition, theoretical capacity for the complete delithiation, particle morphology (determined by top-view scanning-electron
microscopy, data not shown), specific surface area (obtained by Kr-BET), as well as the CAM supplier.

Active material Composition Theo. capacity

Morphology Specific surface area Supplier

LCO LiCoO, 273.8 mAh/gcam
NCM111 LiNi, 5Co,/sMn, 502 277.9 mAh/gcanm
NCM622 LiNig 6C00.2Mng,0, 276.5 mAh/gcam
NCM851005 LiNi,55C00.10Mng,0502 275.0 mAh/gcam
LNO LiNiO, 274.5 mAh/gcam

single-crystalline Sigma-Aldrich

0.36 szET/gCAM

polycrystalline 0.24 mIZEET/gCAM BASF SE
polycrystalline 0.36 m%sET/gcAM BASF SE
polycrystalline 0.27 m3gr/g CAM BASF SE
polycrystalline 0.31 M3pr/gcan BASF SE
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cells with a Li-CE (@ 11 mm) and CAM-based working electrodes
(CAM-WEs, @ 10.95 mm) were assembled using three glass fiber
separators (@ 11 mm, glass microfiber filter, 691, VWR, Germany,
two between WE and CE and one on the Li-RE) and adding 90 pl of
LP57 electrolyte (1 M LiPFg in EC:EMC 3:7 w/w, <20 ppm H,O,
Gotion, China). To allow for the assignment of the applied potential
to a state of charge (SOC, corresponding to the degree of delithiation
x in Li;_MO,, with 100 %SOC representing complete delithiation)
from the respective potential profiles of the five CAMs, the half-cells
were charged in constant-current mode (CC) to 5.0 Vi ; at a C-rate of
C/15 (corresponding to ~18.3 mA/gcam). It has to be noted that,
throughout this article, potentials referenced to either the Li-RE or to
the Li-CE are denoted as Vy;.

For the half-cell cycling tests with increasing upper cutoff
potential (adapted from a previous publication®®), three charge/
discharge cycles were executed, with a constant-current (CC) charge
to the initial upper cutoff potential of the CAM-WE (NCMs, LCO,
and LNO, see Table I) of 3.9 V; at C/3 including a CV hold for
10 min or until the current dropped to below C/30 (CCCV mode),
and with a CC discharge to the lower cutoff potential of 3.0 Vy; at
C/3 (corresponding to cycle 1, 2, and 3); each (dis)charge step was
followed by an OCV (open-circuit voltage) phase of 10 min. This set
of three cycles was then repeated while increasing the upper cutoff
potential of the CAM electrode by 0.1 V for each set after every third
cycle, finishing with three cycles to 5.0 V; (corresponding to cycle
34, 35, and 36). Since the exchanged capacity of <5 mAh/gcanm is
relatively small for LCO for an upper cutoff potential of 3.9 Vi (see
Fig. A.2), the first three cycles to 3.9 Vp; are omitted in the
procedure for LCO.

In the extended cycling tests with T-cells in pseudo full-cell
configuration, CAM-WESs were cycled using pre-lithiated, capacitively
oversized LTO-CEs. To prepare the CEs (adapted and reprinted here
from a previous publication™ for the sake of completeness), capaci-
tively oversized LTO electrodes (@ 10.95 mm, 3.5 mAh/cm?) were
pre-lithiated in spring-compressed T-cells using two glass fiber
separators (@ 11 mm) and 60 pl of LP57 electrolyte against metallic
lithium (@ 11 mm, 450 pm in thickness, Rockwood Lithium, USA) to
~10 %SOC at a specific current of 30 mA/g; o for 0.5 h, after having
performed one full formation cycle at 30 mA/g; to between 1.2 Vi;
and 2.0 V;. After pre-lithiation, the LTO electrodes were harvested
from the cells without an additional washing step and used as the CEs
in the pseudo full-cells for the electrochemical cycling tests.

For these extended cycling tests applying an increasing upper
SOC (of 60, 70, 80, and 90 %SOC), spring-compressed T-cells with
a Li-RE (@ 6 mm), a pre-lithiated, capacitively oversized LTO-CE
(@ 10.95 mm), and an NCM111- or NCM851005-based CAM-WE
(@ 10.95 mm) were assembled using three glass fiber separators
(@ 11 mm, two between WE and CE and one on the Li-RE) and
90 pl of LP57 electrolyte. The pre-lithiated, capacitively oversized
LTO electrodes are used because they provide: i) a stable half-cell
potential of 1.55 V; at which no solid-electrolyte interphase (SEI) is
formed on LTO for the here used carbonate-based electrolytes,
thereby suppressing any cross-talk of WE and CE caused by

electrolyte reduction products; ii) a sufficiently large capacity to
take up the lithium from the investigated CAM-WEs; and, iii) a
sufficient excess of lithium to compensate for any lithium consumed
by side reactions during cycling, so that the delivered discharge
capacity of the cell translated directly into the available capacity of
the CAM only.

When cycling NCM111 and NCM851005, the lower cutoff
potential, which was controlled against the Li-RE, was held constant
at 3.0 Vy; throughout the procedure, while the chosen upper cutoff
potential (and thus the reached SOC) was increased for each set in a
way that 60, 70, 80, and 90 %SOC were targeted for four sets of
50 cycles, respectively. The applied potential was determined from
an analysis of the potential curves collected in half-cells charged to
5.0 Vi; (see Fig. 1), allowing to assign each one of the targeted
SOCs (i.e., 60, 70, 80, and 90 %SOC) to its respective upper cutoff
potential, as introduced previously.'* For NCM111, the upper cutoff
potentials corresponding to each of the four targeted SOCs were
identified to be 4.25, 4.44, 4.58, and 4.70 Vy;, while the ones for
NCMS851005 were 4.00, 4.14, 4.22, and 4.62 V;, respectively; the
direct current internal resistance (DCIR) measurement was per-
formed at 50 %SOC, corresponding to 4.05 and 3.89 Vi; for
NCMI111 and NCM851005, respectively (see Table II).

The cycling procedure consisted of four sets of 50 cycles: Each set
included 42 intermediate cycles (with a C-rate of C/3 for both charge
and discharge) as well as a sequence of four full cycles before and after
the intermediate cycles, which consisted of two slow cycles (C/15 for
both charge and discharge), a DCIR measurement, and two fast cycles
(C/3 for the charge and 3C for the discharge), resulting in a total of 50
full cycles per SOC and 200 full cycles for the entire experiment. Each
charge (except for the ones for the DCIR measurements) was performed
in CCCV mode (including a CV step at the respective upper cutoff
voltage for 1h or until the current dropped below C/30), while each
discharge was performed in CC mode (without CV step). For the DCIR
measurements, which followed the two C/15 cycles and were not
considered for the total cycle count, the cells were charged at C/15 in
CC mode to 50 %SOC and then held at OCV for 1 h, before a discharge
pulse of C/3 was applied for 10s, before the cells were again
discharged at C/15 in CC mode.

On-line electrochemical mass spectrometry.—The gassing be-
havior of the various CAMs during the first charge was studied using
either a home-mixed EC-only electrolyte or a home-mixed FEC-only
electrolyte, both containing 1.5 M of lithium hexafluorophosphate
salt (LiPFg, dried at 120 °C for 3 days, Sigma-Aldrich, Germany)
either in ethylene carbonate (EC, Gotion, China) or in fluoroethylene
carbonate (FEC, Gotion, China), respectively. Even though pure EC
is solid at room temperature, the EC-only electrolyte is liquid due to
the melting point depression introduced by the addition of the salt.
The OEMS half-cells were assembled with a Li-CE (@ 17 mm,
450 pm in thickness, Rockwood Lithium, USA), which was glaced
on the bottom of the custom-made OEMS cell h.aurdware,5 then
covered by two glass fiber separators (@ 24 mm, glass microfiber
filter, 691, VWR, Germany), which were wetted with 300 pul

Table II. Charge capacity and potential of NCM111 and NCM851005 corresponding to the respective SOCs of 50, 60, 70, 80, and 90 %SOC (defined
as degree of delithiation x in Li;_.MO,, with, e.g., 90 %SOC corresponding to Li,;MO,), extracted from the potential curves of the first charge in
half-cells as depicted in Fig. 1. The potential corresponding to 50 % SOC is applied before the DCIR measurements, while the ones for 60, 70, 80, and
90 %SOC are used as upper cutoff potentials in the extended cycling tests shown in Fig. 4.

NCML111 NCMS851005
State of charge Capacity Potential Capacity Potential
50 %SOC (DCIR) 139.0 mAh/gcam 4.05 Vi 137.5 mAh/gcam 3.89 Vi
60 %SOC 166.7 mAh/gcam 425 Vi 165.0 mAh/gcam 4.00 Vi
70 %SOC 194.5 mAh/gcam 4.44 Vy; 192.5 mAh/gcam 4.14 Vy
80 %SOC 222.3 mAh/gcam 4.58 Vi 220.0 mAh/gcam 422 Vy,
90 %SOC 250.1 mAh/gcam 4.70 Vi, 247.5 mAh/gcam 4.62 Vi
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of EC-only or FEC-only electrolyte (1.5M LiPFs in EC or
in FEC, respectively), and finally a CAM electrode (@ 17 mm,
18.3 + 1.8 mgcap/cm?) was placed on top of the stack in the spring-
compressed OEMS cells. The assembled cells were positioned in a
climate chamber (T-40/25, CTS, Germany) at 25 °C and connected
to a potentiostat (SP-300, BioLogic, France) and the mass spectro-
meter system (HiQuad QMH 400-1, Pfeiffer Vacuum, Germany),
which has been described in detail elsewhere.’® Subsequently, the
cells were held at OCV for 4 h before they were charged in constant-
current (CC) mode to 5.0 V; at a C-rate of C/15 (corresponding to
~18.3 mA/gcam, referenced to the respective theoretical capacity of
~275 mAh/gcam, see Table I).

To study the potential-dependent gas evolution in the absence of
chemical electrolyte oxidation, i.e., in the absence of lattice oxygen
release, OEMS experiments were conducted with carbon-only
electrodes (PVDF-bonded C65, @ 17 mm, 8.8 mgC65/cm2). These
cells were assembled as described above, with 300 pl of either
EC-only or LP57 electrolyte, using either a Li-CE (@ 17 mm)
or a capacitively oversized, pre-delithiated LFP-CE (@ 17 mm,
3.5 mAh/cm?), and placing the C65 electrode on top. The LFP-CE
was pre-delithiated in an OEMS cell with a lithium-metal electrode
(@ 17 mm, 450 pm in thickness, Rockwood Lithium, USA) prior
to the actual OEMS experiment, using two different configurations
depending on the electrolyte: i) two glass fiber separators (@ 24 mm),
one H2013 polyolefin separator (@ 24 mm, Celgard, USA) facing the
LFP electrode (to facilitate the separation of the delithiated LFP
electrode and the separator), and 300 pl of LP57; or ii) two glass fiber
separators only (i.e., no H2013 polyolefin separator), and 300 pl
of EC-only electrolyte. The LFP electrodes were then delithiated to
~50 %SOC at a specific current of 30 mA/gy gp for 2.5 h, after having
performed one full formation cycle at 30 mA/g; gp between 3.0 and
4.0 V1. After pre-delithiation, the LFP electrodes were harvested from
the cells and used without washing as the LFP-CE in the OEMS cells
for the gas evolution experiments. The pre-delithiated, capacitively
oversized LFP electrodes are used because they: i) provide a stable
potential of ~3.45 V; over a wide SOC window, and ii) exhibit no
gas evolution due to the absence of electrolyte decomposition
reactions at their operating potential (as compared to typical anodes
such as lithium metal or graphite forming an SEI including gas
evolution®®? 7’58). It has to be noted that, in the following, the pseudo
full-cell voltage with the LFP-CE was converted to the potential of the
C65 electrode in units of Vy; by adding 3.45 V. After connecting them
to the OEMS (see above), the OEMS cells with the C65 WEs were
held in constant-voltage (CV) mode at 3.0 Vi; for 4 h before the
potential was scanned linearly from 3.0 Vy; to 5.5 Vi;, applying a
voltage ramp of 2.5 mV/min, what resulted in a measurement duration
of ~17h within the voltage window from 3.0 to 5.0 Vp; being
comparable to the duration of ~15 h for the OEMS experiments with
CAM-WE:s (see above).

The simultaneously traced mass signals were normalized by the
ion current of the *®Ar isotope to correct for fluctuations of pressure
and temperature, and the signals for O, and CO, were then
converted to concentrations using a calibration gas (argon with
2000 ppm of O,, CO,, hydrogen (H,), and ethylene (C,H,) each,
Westfalen, Germany) and considering a cell volume of ~11 cm3, as
introduced by Strehle et al. and Jung et al. for the gassing of
(LMR-)NCM.?*° For details on the calibration procedure, see
Tsiouvaras et al.”®

Results and Discussion

Potential curves for varying CAM composition.—To investigate
the effect of the CAM composition on the potential profiles, the
CAM potential (determined via a Li-RE, marked as Vp;) as a
function of the specific capacity of the first slow charge (i.e.,
delithiation) at C/15 is depicted in Fig. 1. After cell assembly, the
OCP (open-circuit potential) of the CAMs was ~3.1 V; (data not
shown). During the charge, the different potential curves show a
clear trend as a function of the composition, as the CAMs with
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Figure 1. Potential curves of the first charge of the five CAMs measured vs.
the Li-RE as a function of the specific capacity (bottom x-axis, in units of
mAh/gcam) or SOC (top x-axis, in %SOC, calculated for a theoretical capacity
of 275 mAh/gcam). LCO (mint green), NCM111 (elf green), NCM622 (blue),
NCMBS851005 (dark blue), and LNO (black) WEs (10.3 = 1.0 mgCAM/cmz) in
T-cells with 90 pul of LP57 electrolyte and lithium metal as CE and RE.
Controlled by the Li-RE potential, the NCM electrodes were charged at 25 °C
to 5.0 Vy; at C/15 (corresponding to a current of ~18.3 mA/gcam When
referenced to the theoretical capacity of ~275 mAh/gcam). The horizontal
orange arrow indicates the increase of the specific capacity with increasing
nickel content for a fixed CAM potential of 4.4 Vy;, while the vertical orange
arrow marks the decrease of the potential with increasing nickel content for a
fixed capacity of 180 mAh/gcam-

higher nickel content (and lower cobalt content, respectively) appear
at lower potentials: From LCO (mint green data in Fig. 1) over
NCM111 (elf green), NCM622 (blue), NCM851005 (dark blue) to
LNO (black), a higher charge capacity is delivered at the same upper
cutoff potential (e.g., at 4.4 Vy;, horizontal orange arrow); in other
words, a lower upper cutoff potential is required to reach the same
charge capacity (e.g., at 180 mAh/gcay, vertical orange arrow).
However, it has to be noted that this statement is not entirely true in all
SOC regimes, but this overall trend is observed for the majority of the
SOC range. At the upper cutoff potential of 5.0 Vy;, all materials
achieved a charge capacity between 260 and 275 mAh/gcam,
corresponding to more than 95 % of the theoretical capacity.

For the two materials containing only one type of transition
metal, i.e., LCO and LNO, the potential profiles exhibit various
distinct potential plateaus, while the ones of the ternary NCMs are
relatively smooth without obvious potential steps. These plateaus of
LCO and LNO originate from phase transitions with distinct redox
potentials during the delithiation of the layered structure, clearly
apparent for both LCO>%%%¢! and LNO,'"*°%%3 which can be
detected by X-ray diffraction (XRD) as well as by computational
modeling. To find the corresponding potentials and SOCs of these
phase transitions, the potential curves of the two materials as well as
the respective specific differential capacity curves (often referred to
as dg/dV plots) are presented in Fig. A.1. As shown in these two
representations of the first charge curve of LCO in Figs. A.la
and A.1b in the appendix, most of the charge capacity of LCO is
delivered between 3.9 and 4.7 Vi ;. The potentials of the five phase
changes of LCO (discussed in more detailed for Fig. A.l1) are
determined from the plateaus in Fig. A.la or from the peaks in
Fig. A.1b, respectively, and occur at 3.92, 4.08, 4.18, 4.52, and
4.62 Vi;. The two phase changes (from the octahedral to the
monoclinic phase (O3—M) and then back to the octahedral phase
(M—03)) at ~4.2 Vy; (see Fig. A.1b) occur at 47 and 52 %SOC
(extracted from the potential curves of the first charge of the LCO
half-cells in Fig. A.1a). As depicted in Figs. A.lc and A.1d, most of
the charge capacity from LNO is extracted between 3.5 and 4.3 Vi,
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accompanied by five phase changes at 3.66, 3.79, 3.94, 4.02,
4.19 Vy;. Since it will become relevant throughout this study, the
three phase changes at 3.79, 4.02, and 4.19 Vy; are assigned to their
respective SOCs of 39, 62, and 80 %SOC, with the latter being the
H2—H3 phase transition, which is often observed to mark the
stability limit of LNOQ.!*:11:62

Charge/discharge cycling with increasing upper cutoff poten-
tial—Even though it is desired to increase the upper cutoff potential
to extract more capacity from a given CAM and thus increase the
provided energy of the entire cell, the capacity retention is typically
diminished when higher cutoff potentials are applied. To assess the
performance of a battery cell in dependence of the used active
materials and the applied cutoff potentials, typically, full- or half-
cells are assembled and investigated in extended charge/discharge
cycling experiments. For the long-term testing of these cells, a
different (but fixed) upper and/or lower cutoff potential is then
chosen for a given CAM, resulting in a set of experiments which are
often time-consuming and possibly limited b¥ the available re-
sources for cycling experiments,'*%2%313264-67 1 congrast, it has
been stated by Kasnatscheew et al.>”®® that a single charge/discharge
cycle in a half-cell is sufficient to evaluate the stability limit of
CAMs by the irreversible capacity of the first cycle, what allows for
much shorter experiments; at the same time, however, the assembly
of at least one cell for each condition of a series of different upper
cutoff potentials is required to determine the stability limit. In the
present study, a different approach is pursued which allows to
identify the stability limit of a given CAM from a single half-cell
measurement (or for two, as done here to check for reproducibility),
what is achieved by implementing a procedure with an increasing
upper cutoff potential (which is increased after each set of three
charge/discharge cycles), similarly as in our previous studies.’*%

For these experiments, the potential of the CAM is controlled
against a Li-RE, which eliminates any overpotential contributions
originating from the Li-CE. After several cycles, here starting at
cycle 7, however, the Li-CE exhibits overpotentials of less than
15 mV (tracked against the Li-RE, data not shown) for the applied
C-rate of C/3, what is expected to be sufficiently low to apply this
method without a RE. Therefore, the applied method could also be
used for large-scale screening of newly synthesized CAMs in coin
half-cells without Li-RE, even though the use of a Li-RE is
recommended.

For the chosen C-rate of C/3, the CAMs typically reached the
current-based cutoff criterion of C/30 during the CV step at the end
of charge within 5 to 10 min, at least, for the initial cycles. Only
when the degradation of the CAM sets in at higher potentials, the
resulting overpotentials and remaining currents would require a
longer CV hold to reach the full charge capacity. Due to the
deliberately chosen time-based end-of-charge criterion, i.e., due to
the CV step which was limited to 10 min, the capacity loss of the
degraded CAMs is magnified, what allows for a more precise
determination of the onset of CAM degradation.

The specific discharge capacities of the five CAMs, cycled to
increasingly higher upper cutoff potentials (after each set of three
charge/discharge cycles), are depicted in Fig. 2a as function of the
cycle number: As expected from the potential curves (see Fig. 1), the
delivered capacity increases with increasing upper cutoff potential
and, therefore, with cycle number for all used CAMs, while the
nickel-rich materials deliver a higher capacity at a lower potential.
At a certain point of the cycling procedure, however, the capacity
starts to decrease, even though the upper cutoff potential is
increased. Exemplarily for NCM851005 (dark blue), a discharge
capacity of 106.4 mAh/gcam is observed for the third cycle to
3.9 Vi;, which then increases stepwise to 129.6, 150.3, 179.3, 195.1,
201.8, and 204.9 mAh/gcam for the respective cutoff potentials of
4.0 to 4.5 Vi;. The maximum discharge capacity of NCM851005 is
then reached at 4.6 Vy; in cycle 22, delivering 207.5 mAh/gcam;
beyond this point, the discharge capacity continuously decreases. At
5.0 Vi, a discharge capacity of 199.8 mAh/gcam remains in
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Figure 2. Cycling data of LCO (mint green), NCM111 (elf green), NCM622
(blue), NCM851005 (dark blue), and LNO (black) WEs (10.3 + 1.0 mgcan/cm?)
to increasingly higher upper cutoff potentials controlled by a Li-RE (in T-cells
with a Li-CE, three glass fiber separators, and 90 pl LP57 electrolyte). The cells
were cycled at 25 °C and a C-rate of C/3 (corresponding to ~91.7 mA/gcams,
based on the theoretical capacities listed in Table I) between the lower cutoff
potential of 3.0 Vi; and an upper cutoff potential that was increased every three
cycles by 0.1V, starting at 3.9 Vi; and ending at 5.0 Vi; (marked by the
alternating white and gray areas). The three cycles to 3.9 V; were omitted for
LCO due to the minor capacity delivered at this potential. The data are presented
as a function of cycle number (top x-axis) or upper cutoff potential (bottom
x-axis). a) Specific discharge capacity normalized by the CAM mass. b) Change
of the specific discharge capacity per cycle within a set of three cycles to the
same upper cutoff potential (taken as half of the difference between the first
and the third cycle of each set); the orange horizontal dashed line indicates a
capacity change of -0.5 mAh/gcam/cycle, which is chosen to determine the
stability of a given CAM (see main text). The closed symbols mark the cycles
and thus the upper cutoff potentials exhibiting stable cycling for each CAM,
while the open ones indicate the cycles after the capacity decay first exceeded
-0.5 mAh/gcanm/cycle. All values are based on two nominally identical cells, and
the error bars represent the minimum/maximum values; the error of the capacity
change was calculated using the laws of error propagation.

cycle 36. A similar behavior is observed for the four other CAMs
as well, whereby the maximum capacity as well as the corresponding
cycle depend on the CAM composition: For LCO (mint green), the
maximum capacity of 214.8 mAh/gcan is delivered at 4.6 Vi; (cycle
22), while the maximum is reached at 4.7 Vp; (cycle 25) for
NCMI111 (elf green) with a value of 187.6 mAh/gcam, at 4.7 Vi
(cycle 25) for NCM622 (blue) with a value of 203.4 mAh/gcawms,
at 4.6 Vi; (cycle 22) for NCM851005 (dark blue) with a value of
207.5 mAh/gcam, and at 4.3 Vi; (cycle 13) for LNO (black) with a
value of 208.1 mAh/gcam.

Even before the maximum of the discharge capacity is reached
for each CAM, a capacity fade within the sets of three cycles to the
same upper cutoff potential can be observed for certain conditions.
To illustrate this loss as a function of upper cutoff potential, the
change of the specific discharge capacity within a set of three cycles
(in units of mAh/gcam/cycle) is depicted in Fig. 2b, which was
calculated by taking half of the difference between the first and the
third cycle of each set. For the first set of three cycles of each CAM
to 3.9 Vi (or to 4.0 Vy; for LCO), where the formation/equilibration
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of the CAMs is performed, a relatively large scatter of the data is
observed. After the first (three) formation cycles, the capacity
change remains around 0 mAh/gcan/cycle. Surprisingly, an increase
of the discharge capacity within a set of three cycles can be observed
at 4.3 V; for NCM851005 and at 4.2 Vi ; for LNO; the origin of this
effect will be discussed for Fig. 3c. Starting at a certain upper cutoff
potential, however, an obvious capacity fade within a set of three
cycles can be observed in Fig. 2b, occurring first for LNO, then for
LCO, followed by the three NCMs. By choosing a threshold of
—0.5 mAh/gcam/cycle, the onset for significant capacity fading is
determined (note that, for a practical specific discharge capacity of
200 mAh/gcam, a state of health of 80 %SOH, i.e., a remaining
capacity of 160 mAh/gcan, would be reached after less than
80 cycles for a linear extrapolation of this threshold): For LCO,
the final cycles before such a significant capacity fade occurs are
thus found for an upper cutoff potential of 4.4 Vy;, while the chosen
threshold results in the observation of stable cycling up to 4.4 Vy; for
NCM111, up to 4.5 Vi ; for NCM622, up to 4.4 V; for NCM851005,
and up to only 4.2 Vy; for LNO (this will be summarized later in
Table III). For a better visibility, the cycles with an upper cutoff
potential below the onset of the observed capacity fade are presented
in Fig. 2 as well as later in Fig. 3 by closed symbols, while the ones
beyond this limit are marked by open symbols. Even though the
applied procedure allows to quantify the onset of capacity fading, it
has to be noted that the values for the specific discharge capacity
which are obtained after the capacity starts to decrease within a set
of three cycles are not comparable between the different CAMs,
since the loss of capacity beyond the onset of the capacity decrease
depends on various parameters, such as the temperature, the applied
C-rate, the criterion which ends the CV phase during charge, the
CAM composition as well as its particle morphology and surface
area.

From Fig. 2, it becomes obvious that the onset potential of this
capacity fade varies depending on the CAM composition. The here
observed degradation of the CAMs is often ascribed to the intrinsic
phase changes of the layered oxides at high degree of delithiation,
which are typically accompanied by the release of lattice oxygen,
the change of the unit cell volume, and the increase of their
electrochemically active surface area due to the cracking of the
secondary agglomerates. Even though these effects occur at
different potentials depending on the CAM composition, they
seem to have a similar onset of ~80 %SOC when evaluated as a
function of SOC (defined as the degree of delithiation or x in
Li,. (MO,).27:28:50.70

To correct for the potential curves differing with the CAM
composition, the recorded cycling data presented in Fig. 2 are
analyzed in Fig. 3 by plotting the obtained discharge capacities as a
function of SOC, i.e., the degree of delithiation. Therefor, each
applied upper cutoff potential is converted to its respective SOC (top
x-axis in Fig. 3 in mAh/gcam, and bottom x-axis in terms of the
degree of delithiation x in Li;  MO,, here based on a theoretical
capacity of 275 mAh/gcanm), Which is extracted from the potential
curves of the first charge depicted for each CAM in Fig. 1. Hereby,
the obtained specific discharge capacities (presented in Fig. 2a)
appear in Fig. 3a as a straight line with a slope of 1 (i.e., that the
discharge capacity increases by 1 mAh/gcan When the degree of
delithiation is increased (due to a higher applied upper cutoff
potential) by 1 mAh/gcanm), at least for the cycles which exhibited
only insignificant capacity loss in Fig. 2b (marked by the closed
symbols in Figs. 2 and 3). Starting with the cycles which showed
capacity fading in Fig. 2b (marked by the open symbols in Figs. 2
and 3), the discharge capacities start to deviate from this straight
line, showing smaller capacities than expected from a linear
extrapolation of the closed symbols.

Furthermore, it becomes obvious that curves with the closed
symbols do not overlap for the different CAMs. To provide a
meaningful baseline for this shift, the gray dashed line (bisecting
line, with a slope of 1 through the origin of the graph) in Fig. 3a
represents the line of full reversibility, i.e., that the discharge
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Figure 3. Electrochemical cycling data of LCO (mint green), NCM111 (elf
green), NCM622 (blue), NCM851005 (dark blue), and LNO (black) as a
function of SOC, extracted from the cycling data shown in Fig. 2a. The
obtained capacity data is presented here for every third cycle as a function of
SOC (top x-axis in mAh/gcanm, and bottom x-axis in terms of the degree
of delithiation x in Li;,MO,, here based on a theoretical capacity of
275 mAh/gcam), which was calculated for each CAM from the applied upper
cutoff potential using the potential curves of the first charge depicted in Fig. 1.
The closed symbols mark the cycles and thus the SOCs exhibiting stable
cycling for each CAM, while the open ones indicate the cycles with an SOC
above the stability limit of the CAM, which is defined by the criterion in the
form of the orange line in Fig. 2b. The orange arrows highlight the change of
the specific capacities with the nickel content of the CAMs. a) Specific
discharge capacity. The gray dashed line (bisecting line, with a slope of 1
through the origin of the graph) represents the line of full reversibility, i.e., that
the discharge capacities for the respective SOC would appear on this line for a
CAM which could (de)intercalate all lithium fully reversibly, i.e., without a
first-cycle irreversible capacity loss. b) Specific irreversible capacity, calcu-
lated from the vertical difference between each data point in Fig. 3a and the
line of full reversibility (gray dashed line in Fig. 3a), as indicated exemplarily
for NCM111 by the elf green arrows. The horizontal dashed lines represent the
first-cycle irreversible capacity of each CAM, i.e., the difference of the first
charge and discharge capacity. ¢) Specific irreversible capacity increase,
calculated from the vertical difference of each data point in Fig. 3b and the
first-cycle irreversible capacity (horizontal dashed lines in Fig. 3b, which is
extracted from Fig. A.2), as indicated exemplarily for NCM622 by the blue
arrows. All values are calculated from the mean of two nominally identical
cells, and the error bars correspond to the minimum/maximum values.
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capacities for the respective SOC would appear on this line for a
CAM which could (de)intercalate all lithium fully reversibly at any
given SOC, i.e., in the absence of a first-cycle irreversible capacity
loss. The (stable/closed) symbols of the cobalt-only LCO CAM
appear relatively close to the line of full reversibility, while the
NCMs are shifted to lower capacities for a higher nickel content at
each SOC (indicated by the orange arrow in Fig. 3a), showing the
largest offset and thus the smallest capacities for the nickel-only
LNO CAM, what is ascribed to the different (lithiation) Kinetics of
the different CAMs (see discussion of Fig. 3b).

To obtain the irreversible fraction from the discharge capacities
in Fig. 3a, the vertical difference of each data point and the line of
full reversibility (or, speaking in practical terms, the difference of the
SOC and the discharge capacity), indicated exemplarily for
NCMI111 by the elf green arrows in Figs. 3a and 3b, is plotted in
Fig. 3b as a function of SOC. Through this conversion, the capacities
in the stable regime of the SOC window (closed symbols) show
constant capacities as a function of SOC for each CAM, while the
ones in the unstable regime (open symbols) at higher SOC deviate to
higher irreversible capacities.

In addition, the first-cycle irreversible capacity (IRC) loss, i.e.,
the difference of the first charge and first discharge capacity, is
extracted from Fig. A.2 and depicted for each CAM in Fig. 3b as
horizontal dashed lines, which overlap reasonably well with the
closed symbols. Here, it should be noted that the irreversible
contributions obtained for each CAM either from the first-cycle
IRC (dashed lines) or from the discharge capacities and the
subsequent transformation using the potential curve (solid symbols
in Fig. 3b) are obtained independently; hence, their agreement
supports the validity of the latter approach.

It has been previously shown that the first-cycle IRC of a CAM does
not only depend on its composition>®*7'~" but is also affected, e.g., by
the synthesis conditions'>”>""® (controlling the particle morghology as
well as the crystal structure), the particle morphology15 697678 (i e., the
size of the primary crystallites as well as of the secondary agglomer-
ates), the operating temperature,”>’ the applied C-rate,* the application
of a CV step at the lower cutoff potential,>””® the upper cutoff
potential,lz’(’& 0 and the compression of the electrode.” Nevertheless,
a general trend is obvious for the various CAM compositions: Even
though LCO is typically prepared as a single-crystalline material, what
should lead to higher first-cycle IRCs due to the smaller electrochemi-
cally active surface area resulting from the larger primary crystallites
and the absence of particle cracking,'>**®*"*"® the data in Figs. 3b
and A.2 show relatively small first-cycle IRCs of ~5 mAh/gcan, as it
was also observed by MacNeil et al. 2 Their study also showed that the
substitution of cobalt with only 2.5 mol% nickel and/or manganese
increases the first-cycle IRC significantly to values of more than
25 mAh/gcanm; When the nickel and manganese contents are increased
further, however, the first-cycle IRC depends only little on the
composition.72 Other studies have shown that, when the substitution
of cobalt is pushed to cobalt contents of less than 20 mol%, the first-
cycle IRC increases further with increasing nickel and/or manganese
content.>”"”® For the nickel-only LNO CAM, first-cycle IRCs of 15 to
55 mAh/gcay are ty]i)ically observed, depending on the synthesis
conditions. *0>71737681 1 this study, the cobalt-only LCO CAM (mint
green horizontal dashed line in Fig. 3b) shows the smallest, almost
negligible IRC of 4.1 mAh/gcam in the first charge/discharge cycle
(to 4.0 Vy;), while, for the NCMs, the IRCs (all from the first cycle to
3.9 V. amount to 274, 24.7, and 33.0 mAh/gcan for NCM111
(elf green), NCM622 (blue), and NCM851005 (dark blue), respectively,
followed by LNO (black) with 53.9 mAh/gcawm, all agreeing well with
the results from previous reports.

To correct the data in Fig. 3b for the first-cycle IRC, the
difference between the first-cycle IRC (horizontal dashed lines)
and each data point in Fig. 3b, indicated exemplarily for NCM622
by the blue arrows, is plotted for each CAM in Fig. 3c as a function
of SOC, exhibiting the specific irreversible capacity increase (in
units of mAh/gcan). From this quantity, the onset SOC, i.e., the
SOC at which the irreversible capacity increases beyond the first-

cycle IRC, as well as the extent of additional irreversible contribu-
tions to the discharge capacity can be determined. Since the CAMs
were cycled against a Li-CE (providing sufficient lithium inventory
to fully lithiate the CAMs), while the cutoff conditions were
controlled using a Li-RE (excluding any overpotentials introduced
by the Li-CE), any change in the discharge capacity solely stems
from the CAM-WE. Therefore, the observed decrease of the discharge
capacity arises from an active material loss and/or from an impedance
build-up of the cathode, which may both originate, e.g., from a
resistive (oxygen-depleted) surface layer,”®%? from the development of
cation disorder (i.e., transition metals migrating into the lithium
layer),**®* from the formation of a non-intercalating (rock-salt-type)
structure,*®*” and/or from particle cracking that introduces electronic
resistances or leads to a complete isolation of grimary CAM particles
within a secondary particle agglomerate. ">

The specific irreversible capacity increase in Fig. 3c remains
within +5 mAh/gcam for the lower SOCs (or lower upper
cutoff potentials), however, starts to deviate at higher SOCs
for all CAMs. The onset of this deviation coincides well with the
open symbols (describing the cycles exhibiting capacity loss of
—0.5 mAh/gcam/cycle within a set of three cycles to the same upper
cutoff voltage in Fig. 2); in contrast, the values for the capacity
increase with closed symbols (describing the cycles exhibiting a
negligible/small capacity loss in Fig. 2) remain within approximately
+5 mAh/gcam and reach an SOC of 180.5, 188.1, 221.8, 235.2,
and 233.8 mAh/gcam for LCO, NCM111, NCM622, NCM851005,
and LNO, respectively, which correspond to 66, 68, 80, 86, and
85 %SOC, respectively, when considering the theoretical capacities
of the CAMs of ~275 mAh/gcam. Even though the analysis of the
capacity loss within a set of three cycles (see Fig. 2) and the one of
the irreversible capacity (see Fig. 3) were performed entirely
independently, the obtained stability limits for each CAM are in
good agreement, illuminating the higher stability limit of the nickel-
rich CAMs (highlighted by the orange arrow in Fig. 3c).

For the two most nickel-rich CAMs NCMS851005 and LNO,
in addition to the rise of the specific irreversible capacity increase
values at high SOCs (see Fig. 3c), an intermediate region
with a small decrease of these values is observed: Between 78 and
85 %SOC, these values again decrease by 2.9 mAh/gcanm for
NCM851005, while a decrease of 9.2 mAh/gcam is observed for
LNO at 92 %SOC. Since it was shown by Lee et al. that the nickel-
rich (or cobalt-poor) materials exhibit slower kinetics during the
lithiation,71 and since it was observed by Riewald et al. that
the lithiation kinetics of LNO suffer for a smaller electrochemically
active surface area,76 and since it was observed in previous
studies that the CAM surface area increases suddenly at high SOC
(>80 %SOC) upon the release of lattice oxygen,””% we assign this
decrease in the specific irreversible capacity increase values of
Fig. 3c to effectively increased kinetics of the nickel-rich CAMs
due to an increased surface area. This increase of the surface
area available for charge transfer decreases the surface-area-
normalized currents and thus the overpotentials of the cathode,
providing more (lithiation) capacity. Similarly, an increase of the
discharge capacity within a set of three cycles can be observed
already at 4.3 Vp; (or 83 %SOC) for NCM851005 and at 4.2 Vy;
(or 85 %SOC) for LNO (see Fig. 2b), which is ascribed to the same
mechanism. This effect, however, is then counteracted by the
degradation of the CAMs at high SOC.

Since the specific discharge energy accessible in the stable SOC
region is not only determined by the delivered capacity but also by
the mean discharge potential that depends on the distinct potential
profile of each CAM, the discharge potential and the specific
discharge energy are presented and discussed for each CAM in
Fig. A.3.

Extended charge/discharge cycling with increasing upper state
of charge.—So far, the observed degradation occurring at a higher
SOC (or upper cutoff potential) for the nickel-rich CAMs was solely
determined by three charge/discharge cycles to the chosen upper
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cutoff potentials. Therefore, an extended cycling procedure was
applied to cathodes with NCMI111 and NCMS851005, which,
according to the analysis shown in Fig. 3, exhibited a different
stability limit of 68 and 86 %SOC, respectively. In this experiment,
presented in Fig. 4, the two CAMs were charged for the first set of
50 cycles to an upper cutoff SOC of 60 %SOC, which was successively
increased for the following sets to 70, 80, and 90 %SOC (all controlled
by the upper cutoff potential derived from Fig. 1 and listed in Table II).
Since the CAMs were cycled against a pre-lithiated, capacitively
oversized LTO-CE (avoiding the reduction of the electrolyte compo-
nents to inhibit possible cross-talk phenomenam’88 and providing
sufficient lithium storage and inventory to fully (de)lithiate the
CAMs), while the cutoff conditions were controlled using a Li-RE
(excluding any overpotentials introduced by the LTO-CE), any change
in the discharge capacity solely stems from the CAM-WE.

As depicted in Fig. 4a, NCM851005 (dark blue) exhibits relatively
stable cycling for the upper SOCs of 60, 70, and 80 %SOC: During
the first 50 cycles at C/15 to 60 %SOC (corresponding to an upper
cutoff potential of 4.00 V;, see Table II), the initial discharge
capacity of 143.2 mAh/gcam increases slightly to 144.7 mAh/gcam
(possibly originating from enhanced kinetics due to the volume
change and particle cracking over extended cycling,’*®® similarly as
described above for Fig. 3c), then decreases slightly from 173.0 to
170.9 mAh/gcam over the next 50 cycles to 70 %SOC (or 4.14 Vi) as
well as from 198.1 mAh/gcam to 195.5 mAh/gcam over the
subsequent 50 cycles to 80 %SOC (or 4.22 Vy;). In contrast, over
the course of the final 50 cycles to 90 %SOC (or 4.62 V1;), a strong
capacity fade from 219.7 to 194.9 mAh/gcanm is observed. An
analogous trend is observed for the cycles at C/3 (see Fig. 4b) and
for the cycles at 3C (see Fig. 4c), albeit at the expected slightly lower
capacities due to the increased C-rates. Over the first three sets of
50 cycles to 60, 70, and 80 %SOC, the resistance (DCIR recorded at
the charge-transfer resistance minimum at 50 %SOC*® and normalized
by the geometric surface area of the electrode) increases slightly from
5.3 10 12.6 Q-cmeectoqe for NCM851005 (see Fig. 4d). Only when the
upper SOC is increased to 90 %SOC, the resistance grows significantly
from 104 to 92.1 -cm’eecrode OVer the 50 cycles, indicating the
degradation of the NCM851005 CAM, which is consistent with the
analysis in Fig. 3, where the irreversible degradation of NCM851005
was suggested to occur above 86 %SOC.

For NCM111 (elf green), the cycling experiment exposes a clear
difference in the stability limit: At 60 %SOC (or 4.25 Vy;), the
discharge capacity at C/15, shown in Fig. 4a, already decreases
slightly from 147.4 to 144.6 mAh/gcam, whereby the overall
capacity is slightly higher compared to the NCM851005 CAM,
even though the degree of delithiation of 60 %SOC is the same for
both CAMs. This is assigned to the smaller nickel content (or higher
cobalt content, respectively) of NCM111 and thus the enhanced
lithiation kinetics, as described above for Fig. 3b. At 70 %SOC (or
4.44 Vy;), however, the delivered capacity lays between 170.9 and
167.2 mAh/gcam, thus already below the one of the NCM851005,
which could be the first indication for a degradation of the CAM. For
the following cycles to 80 and 90 %SOC (or 4.58 Vp; and 4.70 Vi,
respectively), a significant fade of the discharge capacity from 182.9
to 170.6 mAh/gcam as well as from 183.4 to 157.1 mAh/gcam is
observed, respectively. The trends observed at C/15 becomes even
more clear for the increased C-rates of C/3 (see Fig. 4b) and 3C (see
Fig. 4c), where relatively stable cycling is observed only for
60 %SOC, while an increased capacity fade manifests itself already
at 70 %SOC. Over the first 50 cycles to 60 %SOC, the resistance of
NCM111 increases slightly from 9.1 to 14.8 Q-cm’iiecirode (s€€
Fig. 4d), while an accelerated resistance build-up is observed for
the subsequent sets of 50 cycles: First, it rises from 14.3 to
29.0 Q-eM’gjectrode for 70 %SOC, then from 27.8 to 60.1 Q-cm’gjectrode
for 80 %SOC, and finally from to 56.7 to 103.8 Q-emujectroge fOr
90 %SOC. These data suggest that the stability limit for NCM111 is near
70 %SOC, consistent with the 68 %SOC deduced from the analysis
shown in Fig. 3.
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Figure 4. Electrochemical cycling data of NCMI111 (elf green) and
NCMS851005 (dark blue) WEs (with a loading of 10.3 + 1.0 mgCAM/crn2
and compressed at 200 MPa) in pseudo full-cells with a pre-lithiated,
capacitively oversized LTO-CE, 90 pl LP57 electrolyte, and a Li-RE to
control the CAM potential. The cells were cycled at 25 °C between the lower
cutoff potential of 3.0 Vy; and a selected upper cutoff potential that was
increased every 50 cycles to delithiate the CAM up to 60, 70, 80, and finally
90 %SOC (marked by the differently shaded gray areas), whereby the upper
cutoff potentials for each SOC of both CAMs are given in Table II. While
charge/discharge cycling was predominantly done at C/3, the procedure
included two slow cycles at C/15, a DCIR measurement, and two fast cycles
at 3C at the end as well as at the beginning of each set of 50 cycles (C-rates
are based on the theoretical capacities presented in Table I). The shown
specific discharge capacities are normalized by the CAM mass and shown as
a function of cycle number at: a) C/15, b) C/3, and ¢) 3C. d) DCIR obtained
from the potential difference during a 10s discharge pulse at C/3 and
50 %SOC, with the latter being controlled for each CAM by the potential
cutoff listed in Table II. All values are calculated from the mean of two
nominally identical cells, and the error bars correspond to the minimum/
maximum values.

In summary, the stability limits of 68 %SOC for NCM111 and
86 %SOC for NCM851005 deduced from Fig. 3 are supported by the
extended cycling experiments in Fig. 4, which expose an upper
limit for the structural stability of 70 %SOC for NCM111 and of
90 %SOC for NCM851005. Here, it must be noted, however, that
the potential at any given SOC is always higher for the NCM111
CAM compared to the NCM851005 CAM (by 0.25 to 0.36 V for
60 to 80 %SOC and by 0.08 V at 90 %SOC), what might give rise to
a more pronounced effect of electrochemical electrolyte oxidation for
the NCM111, resulting in its stronger degradation at a given SOC. At
80 and 90 %SOC for NCM111 and at 90 %SOC for NCM851005, the
selected upper cutoff potentials might exceed the stability limit of
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the electrolyte components near ~4.5 Vi; (as discussed below for
Fig. A.5); therefore, the degradation of the CAM may not be driven
solely by the intrinsic stability limit of the CAM but also by the
electrochemical electrolyte oxidation at high potential. This point will
be addressed in the following section.

Gas evolution at high state of charge.—To identify the impact
of the oxidation of electrolyte components as well as the origin of
the CAM degradation, the gas evolution of the different CAMs (see
Figs. 5 and A.4) as well as of CAM-free C65 electrodes (see Fig. A.5
in the appendix) is investigated at high potential (i.e., at high SOC)
by on-line electrochemical mass spectrometry (OEMS). For the
amplification of the monitored gas signals, an EC-only electrolyte
(1.5 M LiPFg in EC) was used due to its four orders of magnitude
lower vapor pressure at room temperature as compared to the one of
linear carbonates,* not only providing a lower background signal but
also reducing the noise of the measurement (see Fig. A.5). For the same
purpose, a relatively high mass loading of 18.3 + 1.8 mgcan/cm?
was used for the CAM electrodes, what resulted in a total amount of
41.5 + 4.1 mgcanm in the OEMS cells (note that the areal currents of
~0.34 mA/cm” remain at reasonable values due to the relatively low
C-rate of C/15). The respective potential curves recorded in the OEMS
cells are depicted in Fig. 5a, very closely resembling the ones obtained
in T-cells (see Fig. 1).

First, the detected consumption and evolution of carbon dioxide
(CO,) during the first charge of the CAMs is examined in Fig. 5b.
During the charge of (nickel-rich) layered-oxide-based cathodes,
CO, is typically evolved due to: i) the electrochemical oxidation
of (carbonate-based) electrolyte components at high potentials
above ~4.5 Vi ;3% i) the chemical electrolyte oxidation
upon release of (singlet) oxygen from the CAM lattice at high
SOCs; 2839495152 ynd/or iii) the (electro)chemical decomposition of
residual lithium salts.®>°° In contrast to the positive electrode, the
Li-CE is not expected to contribute to the CO, evolution, since EC,
being the only solvent in the EC-only electrolyte, forms ethylene gas
upon reduction but no C0,.°"? The detected amounts of evolved
CO, (mass-over-charge ratio m/z = 44) depicted in Fig. 5b as a
function of time, however, show an initial consumption of CO, for
all five CAMs during the first 5 to 10 h of the OEMS experiments.
This decrease stems from the CO, reduction on the Li-CE due to its
low redox potential, forming compounds such as lithium carbonate,
lithium oxalate, and lithium formate.”** For the NCMs, the
evolution of CO, becomes apparent at potentials above ~3.8 Vi
(corresponding to ~40 %SOC), either originating directly from an
electrochemical oxidation,”>®> or from a chain of cause and effect as
follows: Since alcohols such as ethylene glycol or ethanol**® and
other unwanted trace impurities remain in the electrolyte from the
synthesis of the carbonate-based solvents, the formed protons (HT),
being one product of this oxidation process, then chemically decom-
pose lithium carbonate (Li,COs) that remains on the NCM particles
(from the lithium excess typical for the synthesis of the active
material), resulting in the formation of lithium ions, water, and carbon
dioxide.®® Furthermore, the produced water reacts with the ion-
conducting salt LiPFg in the electrolyte, what again generates
protons,”® forming an autocatalytic cycle decomposing Li,CO; and
evolving CO,.% Therefore, the CO, detected above ~3.8 Vi, is
assigned partially to the electrochemical oxidation of electrolyte
impurities and the chemical decomposition of Li,COj;. In addition,
for LNO, a step-wise increase of the CO, signal is observed at 39 and
62 %SOC; the origin of this effect is discussed below for Fig. 5d.

Beyond the reported limit for the release of lattice oxygen above
80 %SOC,*® the evolution of CO, rises exponentially. For the full
delithiation of the CAMSs, reached at 5.0 Vy;, the detected CO, from
LCO, NCM111, NCM622, NCM851005, and LNO amounts to 0,
23, 33, 139, and 78 pmolco,/gcap- Tespectively (these, however,
only represent a lower limit, as CO, is reduced simultaneously on
the Li-CE). From these numbers, it becomes apparent that the
amount of released CO, increases with the nickel content, which
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Figure 5. Electrochemical data and gas evolution measured in OEMS half-
cells with LCO (mint green), NCM111 (elf green), NCM622 (blue),
NCM851005 (dark blue), and LNO (black) WEs (18.3 * 1.8 mgcawm/cm?,
all uncompressed), using a Li-CE, two glass fiber separators, and 300 ul of
EC-only electrolyte (1.5 M LiPFg in EC). The cells were charged at 25 °C to
5.0 Vy; in constant current mode at C/15 (corresponding to ~18.3 mA/gcam
when referenced to ~275 mAh/gcanm) While the gas evolution was recorded
by mass spectrometry. All data are shown as a function of both time (lower
x-axis) and SOC (in units of mAh/gcanm, upper x-axis). a) CAM potential.
b) and ¢) Total amounts of evolved carbon dioxide (CO,, mass-over-charge
ratio m/z = 44) and oxygen (O,, m/z = 32), respectively, normalized by the
CAM mass. The orange arrow highlights the shift in the onset of the O,
evolution to higher SOCs with the nickel content of the CAM. d) O,
evolution rate obtained from the time derivative of the data in Fig. Sc, with
the orange horizontal dashed line in the inset marking the O, evolution rate
of 0.05 pmoly,/gcap/h. The vertical dashed gray lines mark the SOCs of
39, 62, and 80 %SOC.

may originate from: i) increased amounts of residual lithium salts
from the synthesis of nickel-rich CAM??; ii) the high reactivity of
nickel-rich CAMs with water vapor and carbon dioxide in ambient
atmosphere forming surface contaminants (such as Li2C03)26’97;
and/or, iii) the high reactivity of Ni*™"** at high SOCs, increasing

the amount of released reactive lattice oxygen (since the reactivity of
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nickel has been already assigned multiple times to, e.g., a decreased
thermal stability as well as an increased reactivity towards
moisture' ?%232698) 'For LNO, however, the observed CO, amount
is reduced as compared to the one of NCM851005, what likely
results from the preparation of the LNO-based electrodes in an
argon-filled glovebox, thereby Ereventing the formation of Li,COj;
during electrode preparation”®®’ (note that the electrodes with the
other CAMs were prepared under ambient atmosphere).
Furthermore, due to the absence of manganese and its inhibiting
effect on crystal growth, larger primary crystallites of LNO that have
a lower specific surface area could lead to the reduced gas evolution.
Due to the convolution of the manifold processes resulting in the
release of CO,, a determination of the onset of the electrochemical
electrolyte oxidation as well as of the release of lattice oxygen from
the CAMs is intricate.

Next, the evolution of molecular oxygen (O,) is examined in
Fig. 5c. Even though most of the released (reactive) lattice oxygen is
observed in the form of CO, due to the chemical oxidation of the
electrolyte, minor amounts (on the order of 5 to 10 % of the CO,
signal) are still detected as 0,.”*’ Due to the chosen experimental
conditions (i.e., the high CAM mass and the low background signal
of the EC-only electrolyte), the onset of the oxygen release may be
determined rather accurately from the O, signal of the OEMS data.
The five CAMs do no exhibit significant O, evolution within the first
6 h of the experiments, i.e., up to 40 %SOC. The highest amount of
evolved O, after 6 h is observed for NCM851005, amounting to
~0.04 pmolo,/gcop (dark blue line in the inset of Fig. 5c; equating

to ~4 ppm of O, in the cell) or ~0.15 pmolozlm%AM considering its
specific surface area (see Table I), which is ~100-fold lower than
the molar surface density of layered transition metal oxides
(~15 pmoloz/m% am for an approximate cubic unit cell with
a = 0.34 nm); therefore, this amount of evolved O, could not lead
to a significant surface reconstruction. It might either originate from
the decomposition of minor amounts of surface species or from the
release of occluded O, (remaining in the internal pores from the
synthesis process) upon the onset of CAM particle cracking. Beyond
40 %SOC, LNO (black) shows a stepwise increase of the O, signal
to 0.2 pmolp,/gepp at 62 %SOC and 0.4 pmolg,/g-, at 80 %SOC,
subsequently merging into a significantly larger evolution of O,.
Since the two-step O, release of LNO below 80 %SOC appears
simultaneously with the release of CO, (see Fig. 5b), this O, is
assigned to stem from the release of lattice oxygen as well. For each
of the other four CAMs, one single onset for the observed O,
evolution at high SOC is observed, which accelerates with in-
creasing degree of delithiation. For the full delithiation of the CAMs,
reached at 5.0 Vy;, the detected O, from LCO, NCM111, NCM622,
NCMS851005, and LNO amounts to 0.5, 5.1, 3.7, 8.4, and
7.7 pmolo,/gam» Tespectively.

To identify the onset of the O, release for each CAM more
precisely, the presented total amounts of O, are converted to a
respective O, evolution rate by the derivation of the data in Fig. 5c
with respect to time. Since the resulting O, evolution rate, presented in
Fig. 5d, exhibits a background noise of below +0.02 pmolg,/gqpp/h,
an experimentally reasonable detection criterion for the O, evolution
rate should be 0.05 pmolg,/gq s\ /h (~3 times the experimental noise,
marked by the orange horizontal dashed line in Fig. 5d, corresponding
to ~5 ppm/h). From the O, evolution rate, the two additional stages
of the O, evolution from LNO become apparent, as observed
previously,**>* which closely coincides with the phase transitions
identified by the dg/dV analysis in Fig. A.1d, occurring at 39 %SOC
and 62 %SOC, respectively, but the release of O, ceases after each
phase transition is completed. Even though oxygen is released below
80 %SOC for LNO, it does not induce a capacity loss in this lower
SOC region, as presented in Figs. 2 and 3; therefore, the stability limit
of LNO is correlated to the third (and final) stage of the O, evolution.
By applying the above chosen detection criterion for the O, evolution
rate, the third stage is determined to initiate at 82 %SOC, which

continues to evolve gas with increasing degree of delithiation, similar
to the NCMs. For the three NCMs, the onset SOC increases with the
nickel content, with onsets at 65, 77, and 84 %SOC determined for
NCM111, NCM622, and NCM851005, respectively. In contrast to
previous reports which state that no O, (neither in the form of O, nor
CO,) is evolved from LCO,* the evolution of O, is observed
starting at ~70 %SOC and reaching a rate of 0.05 pmolp,/gca\/h
at 74 %SOC. The maximum O, evolution rate is reached at 88 %SOC
(or 4.61 Vy;) with 0.16 pmolg,/g,\/h, What is essentially identical to
the value of 0.15 pmolop,/gq s\ /h at 4.7 Vi reported by Streich et al. in
a DEMS setup.48 Overall, however, the total amounts of evolved O, and
CO, from LCO are significantly smaller as compared to the other
CAMs, which is attributed to the expectedly small amounts of Li,CO3
on the LCO surface. In addition, due to the absence of crack formation
during delithiation,*®¢ the single-crystalline morphology of the LCO
particles does not only expose less CAM surface area from which lattice
oxygen can evolve, but facilitates the direct reaction of the reactive
(singlet) oxygen with the electrolyte, as there are no pores where
(reactive) singlet oxygen can decay to (relatively unreactive) triplet
oxygen without contact to electrolyte, what results in the favored
evolution of CO,.>2% From these observations, the evolution of O,
from all five CAMs at high SOCs can be confirmed, starting between
~4.2 Vi; for LNO and ~4.5 Vi; for LCO (see Table III).

The gas evolution data reveals a similar onset SOC for each
CAM, when FEC-only electrolyte is used instead of EC-only: As
depicted in Fig. A.4 in the appendix, the onset SOCs are determined
by the same criterion of 0.05 pmolg, /gcp\/h of the O, evolution

rate, resulting in a stability limit of 72, 68, 76, 82, and 81 %SOC for
LCO, NCM111, NCM622, NCM851005, and LNO, respectively.

To exclude the evolution of O, from the electrochemical
oxidation of the electrolyte at these potentials, the gas evolution
from C65 electrodes (without CAM) was monitored up to 5.5 V;
(see Fig. A.5 in the appendix): With both used electrolytes (i.e.,
LP57 and 1.5 M LiPFg in EC), the evolution of CO, initiates above
~4.5 Vp;, what also coincides with the oxidative currents occurring
above this potential (see Figs. A.5a and A.5b). However, in this
experiment, the O, signal does not exceed +0.12 pmolg,/gq¢s (or

0.002 pmolozlm%(,s) up to 5.2 Vy;, as presented in Fig. A.5c. As the
here used CAM electrodes, based on CAMs with a specific surface
area of ~0.3 m2/gCAM and with 2 wt% of C65 (with a specific
surface area of ~64 mZ/gCGS), have a specific surface area of
~1.2 mZ/gelwmde (or ~1.3 m2/gCAM, for 96 wt% CAM in the
electrodes),”” the maximum surface-area-normalized O, evolution
rate determined from the C65 electrode (i.e., 0.002 pmolozlméés)
would translate to ~0.0025 pmolp,/gc4y if it would originate only
from the electrochemical oxidation of the electrolyte on the
electrochemically active surface area. Since this value is negligible
as compared to the O, amounts observed for the CAM electrodes up
to 5.0 Vy; (see Fig. 5¢), the evolved O, amounts must stem solely
from the release of lattice oxygen from the CAMs.

Correlation of capacity loss and oxygen release.—Figure 6
compares the stability limits of the various CAMs obtained by the
two different criteria, one based on the capacity fade (squares, from
the cycling data in Fig. 2 and quantified as a function of SOC in
Fig. 3) and one based on the onset of O, evolution (see Fig. 5 for
EC-only (circles) and Fig. A.4 for FEC-only (triangles); note that,
for LNO, this is defined as the onset of continuously increasing O,
evolution beyond 12 h or 80 %SOC), plotted as a function of the
nickel content. From this, it becomes obvious that, in contrast to a
previous report by Jung et al., stating a stability limit of 80 %SOC
for NCM111, NCM622, and NCM811,”® the stability limit is a
function of the composition of the CAM: It increases with increasing
nickel content from ~66 to ~79, ~85, and ~84 %SOC for
NCMI111, NCM622, NCM851005, and LNO, respectively. For the
NCMs as well as for LNO, the stability limits determined by these
two independent methods coincide within an error of not more than
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+3 %SOC (or £8 mAh/gcanm). For LCO, however, a larger deviation
between the two values is obtained and, in contrast to the other
CAMs, the stability limit obtained from the O, evolution (left-most
open mint green circle for EC-only in Fig. 6, and open triangle for
FEC-only) is 6 to 8 %SOC higher than the one obtained from the
capacity fade (left-most mint green square). This difference is
assigned to the relatively small absolute amounts of O, evolved
from the single-crystalline LCO. Additionally, a smaller contribution
of O, to the total gas amounts is expected for a single-crystalline
CAM since the released oxygen is mainly detected as CO,.’%
Therefore, it is assumed that the limit of the O, evolution would be
found at a lower SOC for a polycrystalline LCO material, which
would experience particle cracking during the first charge and thus
expose a larger surface area, resulting in a larger total amount of
released O,.

Furthermore, the cracking of the polycrystalline CAMs results in
an increase of the discharge capacity for the two most nickel-rich
CAMs, as it was discussed for Figs. 2 and 3. This has an unwanted
effect on the determination of the stability limits by charge/discharge
cycling, as particle cracking is expected to shift the obtained stability
limits of NCM851005 and LNO to higher values. Since this capacity
increase, observed at 4.3 Vi; for NCM851005 and at 4.2 Vy; for
LNO (see Fig. 2b), is expected to originate from oxygen release and
the subsequent particle cracking, the stability limit of NCM851005
and LNO would be expected at lower SOC values. Based on these
values, the stability limit in terms of potential is expected between
4.2 and 4.3 Vi (or between 78 and 83 %SOC, when converted by
the potential profile in Fig. 1) for NCM851005 and between 4.1 and
4.2 Vi; (or 69 and 85 %SOC) for LNO, in contrast to the values
found by the criterion defined in Fig. 2 and listed in Table III.
Therefore, the stability limit, especially of LNO due to its flat
potential profile in the relevant region (see Fig. 1), cannot be
determined unambiguously through the charge/discharge cycling
experiment. In contrast, the stability limits of 82 %SOC for
NCM851005 and 81 %SOC for LNO obtained by the onset of the
O, release (see Fig. 5 and Table III) are expected to be reliable.

In general, the effect of the CAM particle morphology has to be
considered when aiming to determine its stability limit: The
investigation of polycrystalline CAMs or CAMs with a high specific
surface area are beneficial for the determination of the stability limit
by experiments monitoring the gas evolution at high SOC since they
release larger gas amounts’™®’; in contrast, the degradation of the
discharge capacity at high SOCs is more pronounced for single-
crystalline CAMs with a relatively large particle size.’*® For future
experiments which intend to determine the stability limit of CAMs,
it is expected that the most reliable results are obtained for single-
crystalline CAMs with a relatively high specific surface area (i.e., of
~1m?), for which relatively large gas amounts are detected and the
effect of particle cracking can be excluded.’*’

Based on this discussion, the stability limit of the CAMs which
was determined by the O, evolution is likely overestimated,
especially for LCO due to its single-crystalline particle morphology
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Figure 6. Overview of the determined stability limits of the five CAMs in
terms of SOC (i.e., the degree of delithiation x in Li;_,MO,; depicted either
in units of mAh/gcanm on the left-hand y-axis or in %SOC based on a
theoretical capacity of 275 mAh/gcam on the right-hand y-axis) as a function
of the nickel content of the CAM. The squares mark the stability limit
obtained from the cycling data analysis in LP57 shown in Figs. 2 and 3,
applying the criterion of -0.5 mAh/gcam/cycle for the capacity change over a
set of three cycles. The circles and the triangles indicate the stability limit
obtained from the gas evolution data in EC-only electrolyte and in FEC-only
electrolyte, respectively, presented in Figs. 5 and A.4, respectively, applying
the criterion of 0.05 umolp,/gco\/h to determine the onset of O, evolution
(note that the circle and the triangle of LCO, obtained by the O, release in
EC-only and FEC-only, respectively, is open since the onset SOC of the O,
could not be determined reliably due to the relatively small absolute amounts
of released O,). The potentials given next to the symbols are extracted from the
potential curves (see Fig. 1) at the respective SOC for a given CAM. The
orange horizontal dashed line marks the theoretical capacity of 275 mAh/gcam-

with a relatively small surface area; similarly, an overestimation is
also expected for the stability limit obtained by the charge/discharge
cycling experiment, especially for the two most nickel-rich CAMs
due their relatively flat potential profile in the relevant region
between 4.1 and 4.2 V; and the effect of particle cracking. When
considering the lowest stability limit of each CAM, values of 66, 65,
76, 82 and 81 %SOC are found for LCO, NCM111, NCM622,
NCM851005, and LNO, respectively (see Table III). However, it
must be noted that, in general, the stability limits stated in this study
are expected to somewhat overestimate the actual values and to only
provide their upper boundary since their determination relies on the
detection i) of a small capacity loss within only three cycles, and
ii) of relatively small amounts of released O,.

The here determined values for the stability limits of the various
CAMs, however, are in good agreement with the upper cutoff

Table III. Overview of the determined stability limits of the five CAMs in terms of upper cutoff potential as well as of SOC (i.e., the degree of
delithiation x in Li;_,MO,). For the stability limit obtained from the cycling data, the criterion of —0.5 mAh/gc5n/cycle for the capacity change over
a set of three cycles is applied (from the cycling data in Fig. 2, given in terms of SOC in Fig. 3), while the one obtained from the gas evolution data at
high SOC is determined by the criterion of 0.05 pmolg,/gcsy/h for the O, evolution in either EC-only (see Fig. 5) or FEC-only electrolyte (see

Fig. A.4).

Capacity fade (LP57)

Oxygen release (EC-only)

Oxygen release (FEC-only)

Active material Potential State of charge Potential State of charge Potential State of charge
LCO 4.4 Vy; 66 %SOC 4.51 Vi 74 %SOC 4.49 Vi 72 %SOC
NCM111 4.4 Vy; 68 %SOC 4.36 Vi 65 %SOC 4.41 Vi 68 %SOC
NCM622 4.5 Vi; 80 %SOC 442 Vi, 77 %SOC 4.40 Vi 76 %SOC
NCM851005 4.4 Vi 86 %SOC 433 Vi 84 %SOC 4.26 Vi; 82 %SOC
LNO 42 Vyi; 85 %SOC 4.19 Vi, 82 %SOC 4.19 Vi, 81 %SOC
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potentials enabling stable cycling in practical cells (note that the
listed potentials obtained in full-cell experiments were translated to
Vi, by the graphite potential of ~0.1 Vy;; furthermore, the values of
the available capacity were not compared, as they are affected by the
first-cycle IRC of the CAM and/or the irreversible losses of the SEI in
full-cells): From long-term cycling experiments, the stability limit is
reported to be ~4.4 V; for LCO,>* ~4.5 Vi; for NCM111,'*+2830
~4.4 Vi for NCM622,** ~43 Vi; for NCM851005,””'® and
~4.1 Vy; for nickel-rich CAMs with nickel contents of 90 to
95 mol%,”" all agreeing well with the stability limits found in this
work (see Fig. 6 and Table III). Here, it must be noted that it is
challenging to determine the exact SOC value for LNO since the onset of
the degradation occurs during the potential plateau of the H2—H3 phase
transition at ~4.2 Vp;, which covers ~55 mAh/gcanm (or ~20 %SOC,
respectively; see Fig. A.1) of the capacity of LNO. Based on our
observations, however, even though there is an uncertainty in the
determination of the exact SOC of the stability limit, the clear
correlation of capacity fade and gas evolution hints towards the
degradation of the CAMs solely induced by the release of lattice
oxygen and the concomitant formation of a resistive oxygen-
depleted layer at the exposed CAM particle surface.

However, even though previous studies have observed a bene-
ficial effect of EC-free electrolytes on the long-term performance,'*!
possibly owed to their reduced reactivity with the nickel-rich CAMs
changing the extent of the release of lattice oxygen,'®? the stability
limit of each CAM obtained by OEMS is essentially identical for
both EC-only and FEC-only electrolyte. Based on these findings, the
release of oxygen is not attributed to the extraction of the oxygen
from the CAM lattice by the solvent molecules; instead, we believe
that the CAM lattice becomes structurally unstable with increasing
degree of delithiation, forms a spinel- or rock-salt-type structure, and
releases the surplus lattice oxygen, independent of the used (cyclic
or linear) carbonate-based electrolyte components. To exclude or
demonstrate the impact of the used electrolyte components on the
onset of the oxygen release, future studies should investigate the
effect of linear carbonates on the stability limit of the CAMs as well
as the role of carbonate-free electrolytes.

In principle, it could be argued that the electrochemical stability
window of the electrolyte components is exceeded at higher SOCs
for nickel-rich CAMs, as their potential curve is shifted to lower
values (see Fig. 1), allowing to extract more capacity in the stability
window of the electrolyte. For the increasing stability limit in terms
of SOC, however, the corresponding upper cutoff potential is not the
same for the five CAMs but decreases with increasing nickel content
(see Fig. 6 and Table III). In addition, based on the current and gas
evolution data presented in Fig. A.5, the stability window of the two
electrolytes (i.e., LP57 and 1.5 M LiPFg in EC) extends to ~4.5 Vy;
(at least, at 25 °C). Since the structural stability limit of the CAMs
(between 4.2 and 4.5 Vi) is up to 300 mV lower than the oxidative
stability limit of the electrolyte, a CAM degradation induced by the
electrochemical oxidation of the electrolyte can be excluded.
Furthermore, the determination of the structural stability limit by the
O, evolution is completely independent from the electrochemical
oxidation of the electrolyte since no O, is evolved from the C65
electrode for both LP57 as well as the EC-only electrolyte, even up
to 5.2 Vi; (see Fig. A.5). These observations prove that the CAM
degradation solely stems from the structural (in)stability of the
CAMs upon delithiation.

For the CAMs containing only one type of transition metal, their
structural instability at high SOC is often assigned to the CAM
degradation induced by the phase transitions at ~50 %SOC for
LCO>*% and at ~75 %SOC for LNO*'**%% (see Fig. A.1). Since
the stability limits determined in this study occur at ~65 %SOC for
LCO (based on the capacity-fade criterion) and at ~84 %SOC for
LNO @i.e., ~10 %SOC higher than the respective phase transforma-
tions for both CAMs), we ascribe the observed release of lattice
oxygen, indicating the structural instability of the CAMs, likely to be
induced by the respective phase transformations of each CAM.
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Scheme 1. Graphical summary of the key findings of this work, based on the
results of the cycling data analysis summarized in Fig. 6 and depicting the
structural stability limit as a function of the nickel content (here, the lowest
SOC value is chosen from Table III for each CAM). The green region
highlights the SOC window for which the CAMs are structurally stable,
while oxygen release and impedance build-up occur in the orange region, all
depending on the nickel content.

In the pristine state (i.e., at a degree of delithiation of 0 %SOC), the
mean average oxidation state of the transition metals in all five CAMs is
M*" (due to the oxidation states of Li'™ and O>), while it is M*" for
the complete delithiation at 100 %SOC (if structure and stoichiometry
are maintained). For LNO at 75 %SOC, nickel is in the state of Ni*”>"
since the oxidation of oxygen starts to occur above 75 %SOC.>* When
oxygen is oxidized in the solid state due to the extraction of the lithium
ions, it forms peroxo-like or molecular oxygen bonds, as it is also
observed for lithium-rich NCMs, e.g., during the potential plateau of the
first charge.l(B’loS For this class of lithium-rich materials, it is known
that oxygen can be reversibly oxidized and reduced in the bulk; in the
surface-near regions, however, ox_/ygen redox is directly correlated to the
release of lattice oxygen.”®'05-1°

For the conventional/stoichiometric NCMs (i.e., LiMO,) inves-
tigated in this study, manganese is expected to be present only in the
form of Mn*", independent of the degree of delithiation.'®®'%°
Therefore, an increasing manganese content would reduce the
oxidation state of the other transition metals in the pristine state;
however, during delithiation, their oxidation state would increase
more rapidly as compared to manganese-poor materials since nickel
(and cobalt) would have to compensate for the exchanged charge. If
one were to assume that oxygen redox and oxygen release initiate at
Ni*7* for these NCMs, an increasing manganese content would
shift the onset of the oxygen release and the concomitant degradation
of the CAMs to lower SOCs, as it was suggested previously by
Streich et al. based on the DEMS measurements.*® Exemplarily for
NCMI111 with a manganese content of 33 mol%, the onset would be
shifted to 50 %SOC as compared to LNO with 75 %SOC, while the
experimental values are ~67 and ~84 %SOC, respectively (see
Figs. 2 and 5). For the mixture of nickel, cobalt, and manganese,
however, a more thorough analysis of the oxidation states of nickel
and cobalt as well as of the density of states of the transition metals
would have to be performed. Nevertheless, the observed increased
stability of nickel-rich (or manganese-poor) CAMs follows the
nickel oxidation state, which is affected by the degree of delithiation
as well as the overall CAM composition, as it is summarized
graphically in Scheme 1.

Conclusions

The structural stability was investigated for five CAMs with
different transition metal composition as a function of upper cutoff
potential or SOC (defined as the degree of delithiation x in
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Li;..MO,), focusing on the impact of an increased nickel content
(from LCO over the three NCMs to LNO). Due to the effect of the
composition on the potential profile of the different CAMs, more
capacity was extracted at the same potential for a higher nickel
content. To assess the stability limit in cycling experiments, a test
procedure using half-cells with a lithium-metal reference electrode
and LP57 electrolyte (1 M LiPFq in EC:EMC) consisting of sets of
three charge/discharge cycles to increasingly higher upper cutoff
potentials was applied. This test revealed the stability of the CAMs
through the onset of capacity fading within a given set of cycles
(based on the criterion of —0.5 mAh/gcam/cycle), providing a
convenient and fast tool to identify the stability limit of newly
developed CAMs. Here, a higher stability limit in terms of SOC was
found for nickel-rich CAMs since it increased from ~66 %SOC for
LCO and ~65 %SOC for NCM111 to ~86 %SOC for NCM851005,
while the stability limit in terms of potential varies between 4.2 and
4.5 Vy;. The independent analysis of the deviation of the observed
discharge capacities from the potential profile of the first charge as a
function of SOC provides further evidence for a significant
difference in stability limit depending on the CAM composition.
The different stability limits were then substantiated using a cycling
procedure over 200 charge/discharge cycles, by which an increasing
upper SOC of 60, 70, 80, and 90 %SOC (controlled by the upper
cutoff potential) was applied to NCM111 and NCM851005, ex-
hibiting capacity fading and resistance build-up at SOCs that were
consistent with those found in the above described analysis, showing
stable cycling up to ~70 %SOC for NCM111 and up to ~80 %SOC
for NCM851005.

To exclude any impact of electrochemical electrolyte oxidation
on the determined stability window of the CAMs, on-line electro-
chemical mass spectrometry (OEMS) experiments were first per-
formed using C65 electrodes, yielding potentials for the onset of
electrolyte oxidation for the LP57 electrolyte and an EC-only
electrolyte (1.5 M LiPF4 in EC) electrolyte of >4.5 Vi; at 25 °C.
Subsequently, OEMS experiments using CAM electrodes and either
EC-only or FEC-only (1.5 M LiPF¢ in FEC) electrolyte revealed that
the oxygen release from the CAM lattice in delithiated state occurs
simultaneously with the onset of the capacity fade determined in the
cycling experiments in LP57, i.e., at the same SOCs/potentials.
Moreover, the results did not depend on the used electrolyte, i.e., the
release of lattice oxygen occurred at the same SOCs/potentials for
both EC-only and FEC-only electrolyte. For LCO and LNO, the
oxygen release was assigned to the phase changes at 50 %SOC and
75 %SOC, respectively. Furthermore, additional (relatively small but
significant) oxygen evolution appeared for LNO in two steps already
at lower SOCs, coinciding with the phase transitions at 39 and
62 %SOC.

Due to these observations, the stability limit of the CAMs is
ascribed to the release of lattice oxygen, inducing the degradation of
the CAMs through the formation of a resistive oxygen-depleted
surface layer. Since this degradation is not only a function of
potential/SOC but also of the composition, nickel-rich NCMs will
provide stable cycling with a higher available specific capacity and
higher specific energy in commercial lithium-ion batteries. The data
obtained in this study for (undoped, uncoated, and not post-treated)
NCMB851005 suggest a maximum available discharge capacity of
202 mAh/gcam and specific energy of 778 Wh/gcay in the stable
regime of the SOC window below 4.4 Vy;.
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Appendix

Specific differential capacity of LCO and LNO.—To allow for
the interpretation of the observed stability limits of LCO and LNO,
the phase transitions of the two CAMs were illuminated by the
dg/dV analysis of the first charge. The plateaus of the potential profiles,
shown in Figs. A.la and A.lc for LCO and LNO, respectively,
transform to peaks when presented in terms of specific differential
capacity in Figs. A.1b and A.1d. These peaks can be ascribed to the
phase transitions for LCO>®%¢1110 and LNOQ,!56%63 regpectively.
For both materials, five phase transitions are observed between the
fully lithiated and fully delithiated state. The ones relevant for this
study, occurring at 47 and 52 %SOC for LCO and at 39, 62, and
80 %SOC for LNO, are highlighted in Fig. A.1 by dashed lines,
which are referred to in the discussion of the OEMS experiments
shown in Figs. 5 and A 4.

Potential curves of the first (dis)charge.—To obtain the IRC of
the first (dis)charge cycle for each of the five CAMs (marked by the
horizontal dashed lines in Fig. 3b), the difference of the charge capacity
and the discharge capacity of the first cycle was extracted from the
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Figure A.1. Comparison of the first charge of LCO and LNO, showing the
CAM potential (referenced to the Li-RE) as a function of the specific
capacity (in units of mAh/gcanm) or of the specific differential capacity (in
units of mAh/V/gcam), all extracted from the data presented in Fig. 1: a) and
b) for LCO (mint green); ¢) and d) for LNO (black). For the respective
specific differential capacity (often referred to as dg/dV plot) as a function of
the NCM potential, derived from the potential curves, the x- and y-axis are
switched as compared to the conventional representation for an easier
comparison with the potential curves. Distinct redox features or phase transitions
appear as peaks, corresponding to plateau-like regions in the potential profiles.
The horizontal dashed lines mark the potentials of selected phase transitions,
which were converted to the respective SOCs by the potential curve and then
indicated in terms of SOC by the vertical dashed lines. The experiments were
conducted with CAM loadings of 103 * 1.0 mgcam/cm® and in LP57
electrolyte.
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Figure A.2. Comparison of the first (dis)charge to 4.0 Vi; for LCO (mint
green) and to 3.9 Vy; for NCM111 (elf green), NCM622 (blue), NCM851005
(dark blue), and LNO (black), showing the CAM potential recorded against
the Li-RE as a function specific capacity (bottom x-axis, in units of
mAh/gcam) or SOC (top x-axis, in %SOC, calculated for a theoretical
capacity of 275 mAh/gcam), extracted from the experiments presented in
Fig. 2, which were conducted with CAM loadings of 10.3 1.0 mgcap/cm?
in LP57 electrolyte.

data presented in Fig. A.2 (shown only for one cell for each CAM).
The calculation of the mean values as well as of the experimental
errors from the two cells of each CAM yields first-cycle IRCs of
41+0.1,274£0.1,24.7 £ 0.7, 33.0 £ 0.4, and 53.9 + 0.2 mAh/gcam
for LCO, NCM111, NCM622, NCM851005, and LNO, respectively;
these are plotted as horizontal dashed lines in Fig. 3b.

Mean discharge voltage and specific discharge energy.—Since the
available specific discharge energy of the CAM is not only defined by
the discharge capacity but also by the discharge potential curve, the
discharge potential as well as the specific discharge energy are calculated
from the charge/discharge curves underlying the data presented in Fig. 2.
The discharge potential is defined as the mean discharge potential
averaged over the exchanged charge, which can be calculated by Eq. 1:

[ V(@) dq
/ dq discharge

From Fig. A.3b, it becomes obvious that the mean discharge
potential increases continuously with increasing SOC (i.e., as the
upper cutoff potential is increased) for the stable regime of the SOC
window (closed symbols), and then decreases upon CAM degradation
(closed symbols) due the induced overpotentials. LCO shows the
highest mean discharge potential over a wide SOC window, while the
one of NCMI111 is lower by ~135mV; the nickel-rich NCMs
NCM622 and NCM851005 as well as LNO exhibit a similar mean
discharge potential, which is ~185 mV lower than the one of LCO.

The specific discharge energy, being the product of mean discharge
potential and specific discharge capacity (shown in Fig. A.3a), is
calculated by Eq. 2:

(1]

Vdischarge =

Edischarge = / V(CI) dq

= Vdischarge'qdischarge (2]
discharge

Even though the relatively high mean discharge potential of LCO
increases its specific discharge energy, the maximum reversibly
available energy (closed symbols in Fig. A.3c) of LCO does not
exceed 688 Wh/kgcam, while the one of NCM111 amounts to
618 Wh/kgcan. With increasing nickel content, the available
specific energy increases to 737, 778, and 686 Wh/kgcanm for
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Figure A.3. Electrochemical cycling data of LCO (mint green), NCM111
(elf green), NCM622 (blue), NCM851005 (dark blue), and LNO (black) as a
function of SOC, extracted from the cycling data shown in Fig. 2. The
obtained specific discharge capacity, average discharge potential, and
specific discharge energy are presented here for every third cycle as a
function of SOC (similar to Fig. 3). a) Specific discharge capacity (same as
in Fig. 3a). The gray dashed line (bisecting line, with a slope of 1 through the
origin of the graph) represents the line of full reversibility, i.e., that the
discharge capacities for the respective SOC would appear on this line for a
CAM which could (de)intercalate all lithium fully reversibly at any given
SOC, i.e., in the absence of any first-cycle IRC. b) Mean discharge voltage
calculated using Eq. 1. ¢) Specific discharge energy calculated using Eq. 2.
All values are calculated from the mean of two nominally identical cells, and
the error bars correspond to the minimum/maximum values.

NCM622, NCM851005, and LNO, respectively. Similarly, de Biasi
et al. showed that, when the upper cutoff is adjusted for various
CAMs in a way that the same gravimetric energy is delivered, only
the nickel-rich NCMs exhibited stable cycling,”’ what further
supports our findings.

Gas evolution at high state of charge in FEC.—To investigate
the effect of the electrolyte solvent on the onset SOC of the oxygen
release from the CAM, similar experiments as presented in Fig. 5 are
performed, however, using FEC-only electrolyte (1.5 M LiPFg in
FEC) instead of EC-only electrolyte. The results for FEC-only,
depicted in Fig. A.4, are essentially identical to the ones obtained in
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Figure A.4. Electrochemical data and gas evolution measured in OEMS
half-cells using the same setup and procedure as for the experiments
presented in Fig. 5. As the only difference, FEC-only electrolyte (1.5M
LiPF in FEC) was used instead of the EC-only electrolyte. The amount of
evolved CO, was not evaluated, since the reduction of FEC on the Li-CE
produced significant amounts of CO,. a) CAM potential. b) Total amounts of
evolved oxygen (O,, m/z = 32), respectively, normalized by the CAM mass.
¢) Oxygen evolution rate obtained from the time derivative of the data in
Fig. A.4b, with the orange horizontal dashed line in the inset marking the
oxygen evolution rate of 0.05 pmol,/gcap/h. The vertical dashed gray lines
mark the SOCs of 39, 62, and 80 %SOC.

Fig. 5 for EC-only: This similarity applies to the shape of the
potential curves (see Fig. A.4a) as well as to the amounts (see
Fig. A.4b), rates (see Fig. A.4c), and onset SOCs (see Fig. A.4c) of
the O, evolution; furthermore, LNO exhibits the three-step oxygen
evolution at ~39, 62, and 80 %SOC, as already observed in Fig. 5.
The onset SOCs of the four investigated CAMs are determined by
the criterion of 0.05 pmoly,/gcay/h of the oxygen evolution rate,

resulting in a stability limit of 68, 76, 82, and 81 %SOC for
NCMI111, NCM622, NCM851005, and LNO, respectively. The
values are summarized in Table III and depicted in Fig. 6. The
amount of evolved CO, was not evaluated as it was convoluted with
the CO, evolution from the constant reduction of FEC upon plating
of lithium on the Li-CE, resulting in more than 1,000 ppm/h of CO,
(corresponding to ~10 pmolco,/g-\/h, data not shown), while this
was absent for the experiments using EC-only electrolyte.

Electrochemical electrolyte oxidation.—To exclude any effects
of the electrochemical oxidation of the electrolyte components and
possible follow-up reactions on the performance and the gas
evolution of the CAMs, the stability window of the two used
electrolytes was investigated by OEMS experiments with C65
electrodes (consisting only of C65 carbon and PVDF binder). Here,
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Figure A.5. Electrochemical data and gas evolution of OEMS cells
assembled with C65/PVDF WE, using either a Li-CE or a pre-delithiated
LFP-CE as well as 300 pl of either LP57 (1.0 M LiPFg in EC:EMC 3:7 w/w)
or EC-only electrolyte (1.5 M LiPF¢ in EC). The potential of the cells was
scanned at 25 °C from 3.0 to 5.5 Vy; at 150 mV/h (corresponding to a
duration of ~13.3 h before a potential of 5.0 Vi; was reached, what is
comparable to the data presented in Figs. 5 and A.4 for a CC charge of the
CAM electrodes) while the gas evolution was recorded by mass spectro-
metry. All data are shown as a function of both time (lower x-axis) and
potential of the C65 electrode (top x-axis). a) Specific current (left-hand y-axis,
normalized by the C65 mass) and surface-area-normalized current density
(right-hand axis, normalized by 64 szET/gC65). b) and ¢) Total amounts of
evolved carbon dioxide (CO,, m/z = 44) and oxygen (O,, m/z = 32) in the
OEMS cell, respectively, either normalized by the mass (left-hand y-axes) or
the surface area (right-hand y-axes) of C65 in the cell. The vertical dashed gray
line marks the potential of 4.5 Vp;.

the potential-dependent electrochemical electrolyte oxidation is tracked
by the oxidative current and the evolving gases. By using C65-PVDF
electrodes with a relatively high absolute surface area of ~(.18 M eectrode
(based on the specific surface area of 17.9 mz/gelecm,de of C65-PVDF
electrodes® as well as the mass loading of ~10 mgcgs of the electrodes),
the oxidation current and the gas evolution rates due to electrolyte
oxidation are magnified compared to the CAM electrodes, which have
a ~3.5-fold lower overall surface area of ~0.05 m>.jecrode. For the cell
containing LP57 electrolyte and a pre-delithiated LFP-CE (yellow data
in Fig. A.5), the current profile (see Fig. A.5a) yields an exchanged
charge of 15.6 mAh/gcgs up to 4.5 Vp;, what we ascribe to the
electrochemical oxidation of impurities (e.g., alcohols such as ethylene
glycol, ethanol, etc.), which typically remain from the synthesis of
the carbonate-based solvents.®” This is a reasonable assumption, as
15.6 mAb/gcgs correspond to ~0.43 mAN/ gejecrotyie (based on the C65
mass of ~10 mgcgs, the electrolyte volume of 300 pl, and an LP57
electrolyte density of ~1.2 g/ml), which, for a two-electron oxidation
reaction of a given impurity (e.g., the oxidation of an alcohol to an
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aldehyde), would require an impurity level of only ~300 ppm
(assuming a molecular weight of ~50 g/mol, as it would be the
case for ethanol or ethylene glycol).

For the EC-only electrolyte with LFP (green), the observed
current is smaller than the one for LP57, yielding an exchanged
charge of only 5.4 mAh/gcgs (or 0.12 mAh/gelectmlyte, based on the
EC-only electrolyte density of ~1.5 g/em?)'' " up to 4.5 Vy;, which is
ascribed to the higher purity of the used EC (following the above
given estimate, this would correspond to an impurity level of only
~100 ppm). When LFP is replaced by a Li-CE (ocher), the observed
currents are higher than for the measurements with an LFP-CE,
likely due to the oxidation of soluble species on the C65 electrode,
which are previously formed by the reduction of the electrolyte
components on the Li-CE (this does not occur with an LFP-CE due
to its high potential). Therefore, a ~2-fold charge of 11.4 mAh/gcgs
is exchanged up to 4.5 Vr;. Above 4.5 Vy;, the current increases
rapidly for all three configurations, what is assigned to the electro-
chemical oxidation of the solvents, i.e., of EC (and EMC).39

The electrochemical oxidation of the components above 4.5 V;
is also reflected by the CO, evolution (mass-over-charge ratio
miz = 44), which is displayed in Fig. A.5b: Up to 4.5 V;, essentially
no CO, is detected, while it evolves rapidly above 4.5 Vp;. Only
when a Li-CE is utilized, the CO, signal decreases over the course of
the first 12 h up to ~4.7 V; due to the reduction of CO, at the
lithium potential, while it is subsequently dominated by the CO,
evolution at high potentials.

By monitoring the O, signal (m/z = 32), as depicted in Fig. A.5c,
it becomes obvious that the presence of linear carbonates (here EMC
in LP57), that have an order of magnitude higher vapor pressure,
negatively affects the signal-to-noise ratio.*® Similar as for CO,, a
slight consumption of O, is observed for the setup comprising a Li-
CE. For all three measurement configurations, a slight evolution of
O, is observed at high potentials (initiating at above ~4.5 Vi),
which is expected to originate from the oxidation of the electrolyte,
since the C65 electrode should not contain oxygen (neither in C65
nor in PVDF). However, up to 5.2 V;, the O, signal does not exceed

+0.12 pmolg /gq45 (or 0.002 pmoloz/m%ﬁ) up to 5.2 Vi;.

From these observations, significant electrochemical electrolyte
oxidation can be excluded at 25 °C for potentials below 4.5 V;. In
addition, its contribution to the O, signal in OEMS cells containing
CAM is negligible up to 5.2 Vy; (see main text).
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6 Conclusion and Outlook

The overall goal of this PhD thesis was the thorough investigation and comprehensive
understanding of degradation phenomena associated with layered lithium transition
metal oxides used as cathode active material for lithium-ion batteries. This work
focused on crucial processes including particle cracking (by FIB-SEM, Kr-BET, and
EIS), the release of lattice oxygen in the near-surface region at high SOC (by OEMS)
or upon heating (via TGA-MS), and the dissolution of transition metals (through
elemental analysis). Furthermore, the impact of the particle morphology as well as
of the NCM composition on these degradation phenomena was evaluated. The key

results of this thesis are summarized by the graphical overview in Figure 6.1.

6.1 Summary of the Key Developments

In the first part (see Chapter 3), three studies introduced the development, validation,
and application of a novel method which allows to track the surface area of an electrode
and thus the particle cracking of an active material. For this approach, the capacitance
of an electrode in blocking conditions, which was proven to be directly proportional to
the electrochemically active surface area of the electrode by krypton-gas physisorption
experiments, was extracted from the imaginary impedance at a frequency of 180 mHz
using in situ electrochemical impedance spectroscopy. This powerful and convenient
characterization tool is able to monitor the evolution of the surface area quantita-
tively without the need to disassemble the cell, in contrast to alternative post-mortem
techniques such as microscopy or gas physisorption. By these means, the cracking of
NCM particles was quantified upon mechanical compression (see Chapter 3.1), upon
extended cycling for three upper cutoff potentials (see Chapter 3.1), or upon the re-
lease of lattice oxygen at high SOC (see Chapter 3.2). To allow for a broad accessibility
of the impedance-based method, the originally introduced configuration (requiring a
pre-lithiated lithium titanate (LTO) counter electrode as well as a micro-reference
electrode (p-RE)) was modified to enable its use with a conventional coin (half-)cell

setup without p-RE. Furthermore, it was shown that the capacitance does not have to
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be extracted from a full impedance spectrum provided by an impedance analyzer but
that it can be obtained solely from a low-frequency single-point impedance measure-
ment, which can be performed using a conventional battery cycler, enabling an easy

implementation in standard cycling procedures (see Chapter 3.3).

In the second part (see Chapter 4), three studies demonstrated the implications of
the polycrystalline and the single-crystalline NCM particle morphology on the surface
area changes upon mechanical compression, during the (de)lithiation within the first
charge/discharge cycle, as well as at high SOC. Due to the observed absence of par-
ticle cracking for the SC NCM, the beneficial effect of the particle morphology was
elucidated regarding the extent of gas evolution, the rate capability, and the thermal
stability (see Chapter 4.1) as well as the transition metal dissolution, the impedance
build-up, and the capacity retention in full-cells (see Chapter 4.3). In particular under
harsh operating conditions, i.e., for a high upper cutoff potential and elevated tem-
peratures, the aged SC NCM was superior after extended cycling regarding the rate
capability due to the threefold internal cell resistance of the aged PC NCM. Further-
more, the effect of the electrode composition, i.e., the content of conductive carbon, on
the contact resistance of an electrode as well as on the impedance-based determination
of the capacitance of an electrode were evaluated and, consequently, the limitations of

the developed impedance-based method were discussed critically (see Chapter 4.2).
In the final part (see Chapter 5), the structural stability was investigated for five CAMs

with different composition as a function of upper cutoff potential or SOC. To assess the
stability limit in cycling experiments, a test procedure with an increasing upper cutoff
potential revealed the stability limit of the CAMs through the onset of capacity fading,
providing a convenient tool to identify the stability limit of newly developed CAMs.
Here, a higher stability limit in terms of SOC was found for nickel-rich CAMs, which
was then substantiated by extended cycling experiments over 200 cycles to various
SOCs as well as by OEMS measurements. OEMS revealed that the oxygen release
from the CAM lattice in delithiated state occurs simultaneously with the onset of the
capacity fade determined in the cycling experiments. Due to these observations, the
structural stability limit of the CAMs was ascribed to the release of lattice oxygen,
inducing the degradation of the CAMs through the formation of a resistive oxygen-

depleted surface layer, resulting in loss of active material and impedance build-up.

In summary, the precise characterization and quantification of the degradation phe-
nomena of different NCM morphologies and NCM compositions enables the optimiza-

tion of the particle properties to improve the available capacity and the performance
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NCMs

Quantification of Particle Cracking In Situ Structural Stability Limit as a

f= 180 mHz CoA Function of Composition
. 000000 A
g _ VoL 000 00 85F NCM851005 | No
39 time @ -
@fe) |
80}
S NCM622
Development of a Simplified Setup -

oxygen release &
resistance build-up

~
o
T

structural stability
NCM111 & stable cycling

|
L L L L >
0 20 40 60 80 100
nickel content [mol%)]

LTO@ NCM Li @ NCM

T-cell at coin (half-)cell at
impedance analyzer battery cycler

Impact of the Electrode Composition

stability limit [%SOC]
\l
(2]

(o2}
(8]

] Polycrystalline 02 o ]Single-CrystaIIine

Effect of Morphology on:
Particle Cracking

Oxygen Release
Performance in Full-Cells

particle cracking no cracking

Figure 6.1 Graphical summary of the key results of this PhD thesis, with the numbers in the blue
boxes referring to the respective chapters in this thesis. To quantify particle cracking (top-left),
a newly developed method enables to quantify the surface area of an electrode by monitoring the
capacitance of the electrochemical double layer (see Chapter 3.1). For this approach, the capacitance
of an electrode in blocking conditions is extracted from the imaginary impedance at a frequency of
180 mHz using electrochemical impedance spectroscopy. The originally introduced cell configuration,
requiring a pre-lithiated LTO counter electrode, a p-RE, and a potentiostat with impedance capability,
was modified to allow the use of a conventional coin (half-)cell setup without p-RE at a battery
cycler (see Chapter 3.3). The impact of the electrode composition on the determination of the
capacitance and the limitations of the method are discussed critically (see Chapter 4.2). Furthermore,
by comparing the polycrystalline and the single-crystalline particle morphology (bottom), the effect
of the morphology on the degradation phenomena of nickel-rich NCMs (LiMO,) was elucidated. For
the PC NCM, both extended cycling as well as a high SOC result in the cracking of the secondary
agglomerates, while the SC particles remained intact (see Chapter 3.2). At high SOC, lattice oxygen
is released from the NCM surface, being more pronounced for the PC NCM due to the exposure
of inner surfaces (see Chapter 4.1). Upon extended cycling to a high upper cutoff potential and at
elevated temperatures, particle cracking and the formation of a resistive oxygen-depleted surface layer
(MO3_,) induce electronic resistances within the secondary agglomerates, resulting in a diminished
rate capability of the PC NCM in contrast to the SC NCM (see Chapter 4.3). Finally, through
the determination of the structural stability limit of LCO, LNO, and NCMs dependent on their
composition (top-right), both by electrochemical cycling experiments as well as through the onset of
oxygen evolution in OEMS, the window for stable operation is found to reach higher SOCs for nickel-
rich NCMs, providing more capacity without oxygen release and resistance build-up (see Chapter 5).
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of nickel-rich NCMs, and thus the energy density and the cycle life of future LIBs.
The findings of this work imply that a combination of two approaches, i.e., the tar-
geted design of a single-crystalline particle morphology in combination with a surface
doping or a radial gradient of the nickel content can overcome the current stability
limit of conventional polycrystalline NCMs with a homogeneous composition. These
customized pm-sized single-crystalline NCM particles may, e.g., feature a core with
a nickel content of >85mol% and an NCM111 surface layer. For an upper cutoff
potential of 4.3 V;, which is still below the onset potential of the electrochemical elec-
trolyte oxidation, the NCM111 surface would be delithiated to a degree of delithiation
of 63 %SOC, which is still below the onset of oxygen release, while the nickel-rich core
would deliver a capacity of 229 mAh /g for NCM851005 or 254 mAh/g for LNO. For an
NCM111 surface layer of 10 wt%, the cathode active material can provide an overall
specific capacity of 223 to 246 mAh/g, surpassing the typical capacity of nickel-rich
NCMs by 2 to 12%. If it was possible to synthesize such a customized NCM, ideally
for a reasonable price, and if it could be repeatedly (de)lithiated without crack forma-
tion, the nickel-core would remain protected and the available capacity and, therefore,

the energy density of LIBs could be enhanced significantly.

6.2 Potential Future Applications

The developed impedance-based method, enabling the determination of the surface
area of an electrode in situ, provides a convenient and powerful analytical tool to
quantify particle cracking. The use of this technique would facilitate quality manage-
ment in CAM production by precisely measuring the surface area of synthesized CAMs.
Furthermore, in electrode production, the extent of particle cracking upon electrode
calendering can be monitored, which may be detrimental, e.g., for NCMs with a sensi-
tive nickel-rich core, either synthesized with a radial gradient of the nickel content or
for coated, surface-doped, or gas-treated CAMs. In symmetric cells, the determination
of the pristine surface area using the single-point low-frequency impedance determi-
nation at 180 mHz takes only minutes, which enables the large-scale application with
a high throughput as compared to the known alternative employing gas physisorption
measurements on the order of hours. Furthermore, the method enables the tracking
of the effect of synthesis conditions and particle morphology on particle cracking upon
operation in situ, using simple half-cells without p-RE, which are already used as a

standard characterization tool.
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Moreover, the results of this thesis indicate that the release of lattice oxygen is the
main contributor to the degradation of layered lithium transition metal oxide CAMs
and their loss of capacity at high SOC. Therefore, future work should focus on the
optimization of the structural stability of the surface-near regions of nickel-rich NCMs
by surface coatings and surface dopings. Even though the determination of the onset
of oxygen release was tracked by intricate gas evolution measurements, the findings
of this work enable to extract the stability of a CAM from simple charge/discharge
cycling experiments with increasing upper cutoff potential. As this technique can be
performed in simple half-cells, requiring only one (or two) cells per CAM, it provides
a powerful screening tool for the research and development of CAMs. In particular,
the benefits of surface dopings and surface coatings of polycrystalline NCMs can be
verified, as they expose (possibly undoped /-coated) surfaces upon operation, while the
single-crystalline NCMs may serve as model materials to evaluate the effectiveness of
the used elements or compounds for surface dopings and/or coatings with regard to
the structural stability of NCM CAMs.
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