Technische Universitat Munchen

Fakultat fur Chemie

Investigation of Materials Degradation and Hysteresis
Phenomena in High-Energy Cathodes used for

Lithium-Ilon Batteries

Franziska Friedrich

Vollstiandiger Abdruck der von der Fakultit fiir Chemie der Technischen

Universitat Miinchen zur Erlangung des akademischen Grades einer
Doktorin der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitz: Prof. Dr. Barbara A. J. Lechner

Priifer der Dissertation: 1. Prof. Dr. Hubert A. Gasteiger
2. Prof. Dr.-Ing. Andreas Jossen

3. Prof. Dr. Matteo Bianchini

Diese Dissertation wurde am 05.04.2022 bei der Technischen Universitit
Miinchen eingereicht und durch die Fakultidt fiir Chemie am 02.06.2022

angenommen.






Abstract

Abstract

The focus of current lithium-ion battery research is mainly on decreasing the cost
and increasing the energy density of the battery by investigating and improving
electrode active materials. One way to achieve this is increasing the nickel content
in layered transition metal oxides (LiNixMnyCo:02 with x+y+z =1, NCM) used as
cathode active material (CAM). Another promising class of cathodes are the Li- and

Mn-rich NCMs (LMR-NCMs).

The first part of this thesis addresses the aging mechanisms occurring in a Ni-rich
NCM (NCM-811) over long-term cycling. While the bulk structure remains relatively
stable, a reconstruction of the near-surface region of the CAM particles leads to the
growth of a resistive surface layer, which ultimately results in two capacity loss
terms: (i) an irreversible capacity loss due to the fraction of CAM lost for the
formation of the surface layer; (ii) a reversible capacity loss due to an increasing
charge-transfer resistance at the surface, which can be overcome at low currents.
Comparing the results at ambient and elevated temperatures indicates that the

reconstruction of the surface is accelerated at higher temperatures.

The second part of this thesis deals with the investigation of LMR-NCM with regards
to its pronounced OCV hysteresis. Since the associated loss of electrical energy is
expected to be converted into waste heat during cycling, the heat generation was
investigated using isothermal micro-calorimetry (IMC). In addition, entropy
measurements were conducted with the aim of determining the reversible heat.
The OCV hysteresis mostly leads to heat evolution during discharge and is
quantified as a function of state-of-charge. The heat generation during the first
activation cycle was also investigated with the result that a considerable amount of
heat is evolved during the first charge, leading to a unique heat evolution profile.
The analysis of the heat flow curves thereby gives valuable insights into the

processes correlated with the OCV hysteresis.



Kurzfassung

Kurzfassung

Die aktuelle Lithium-lonen Batterieforschung beschaftigt sich hauptsachlich mit
der Reduzierung der Kosten und der Erhohung der Energiedichte der Batterie,
unter anderem mittels Untersuchung und Implementierung neuer
Elektrodenmaterialien. Eine Moglichkeit dies zu erreichen, ist die Erhohung des
Nickelgehalts in Schichtoxiden, sogenannten NCMs (LiNixMnyCoz02 mit x+y+z = 1),
die als Kathoden verwendet werden. Eine andere vielversprechende Materialklasse

sind Li- und Mn-reiche Schichtoxide (LMR-NCMs).

Der erste Teil dieser Doktorarbeit beschaftigt sich mit Alterungsmechanismen, die
bei der Langzeit-Zyklisierung von Ni-reichen NCMs (NCM-811) auftreten. Wahrend
die Kristallstruktur des NCMs weitgehend stabil ist, bildet sich an der Oberflache
der Partikel eine sauerstoffarme Schicht mit erhéhtem Widerstand aus. Der Verlust
von Aktivmaterial fir die Bildung dieser Schicht fiihrt zu einem irreversiblen
Kapazitatsverlust. Der erhohte Widerstand an der Partikeloberfliche fiihrt
auferdem zu einem reversiblen Kapazititsverlust, der aber bei niedrigen
Stromraten Uberwunden werden kann. Ein Vergleich der Ergebnisse bei
Raumtemperatur und 45°C zeigt, dass die Rekonstruktion der Oberfliche bei

erhohter Temperatur schneller ablauft.

Im zweiten Teil dieser Arbeit geht es um die Analyse von LMR-NCM mit Hinblick
auf dessen ausgepragte OCV (open-circuit voltage) Hysterese. Der damit
einhergehende Verlust an elektrischer Energie wird erwartungsgemafd als
Abwarme freigesetzt, die mittels kalorimetrischer Messungen untersucht wurde.
Erganzend dazu wurden Entropie-Messungen durchgefiihrt, um den Beitrag der
reversiblen Warme zu bestimmen. Die OCV Hysterese fiihrt vorwiegend zu einer
Warmefreisetzung beim Entladen der Zelle und wurde als Funktion des
Ladezustands quantifiziert. Zudem wurde die Warmegeneration wahrend des
ersten Aktivierungszyklus analysiert, mit dem Ergebnis, dass insbesondere beim
ersten Laden der Zelle viel Warme freigesetzt wird. Die Analyse der
Warmeflussprofile gibt wertvolle Einblicke in die Prozesse, die mit der OCV

Hysterese zusammenhdangen.
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1 Introduction

Climate change is one of the biggest challenges humankind has to face in the near
and far future. Limiting global warming to 1.5°C would help to significantly reduce
the risks and impacts of climate change in comparison to even higher temperature
rises. For this reason, the Paris Agreement was signed by more than 180 countries
in 2016, committing to reducing the greenhouse gas emissions in order to limit the
global average temperature rise to well below 2°C. In Germany, *23% of the CO2
equivalents (including CO2, CH4, and N20) are caused by the traffic sector! and
roughly two thirds of this is due to private transport.2 In a study by the Wuppertal
Institut, key points for the German contribution to the compliance of the 1.5°C
target are identified.3 For the private traffic sector, the authors conclude that most
internal combustion engine powered vehicles (ICEVs) have to be replaced by
battery electric vehicles (BEVs) by 2035.3 To achieve this goal, more than 2 million
BEVs would need to be sold per year.3 In comparison, in 2019 a total number of
3.6 million cars were newly registered in Germany, from which only 63.000 were
BEVs.4 Global carmakers hence need to speed up the pace for the development of
affordable BEVs that are compatible to ICEVs. Among the available battery
technologies, including lead-acid batteries (energy density x40-60 Wh/kg)>, nickel-
metal hydride batteries (energy density x40-110 Wh/kg)5, and lithium-ion
batteries (LIB, energy density >150 Wh/kg)5¢, LIBs are the most suitable
technology to fulfill the requirements of electric vehicles owing to their energy and

power density, lower cost, and flexibility in terms of material and cell design.

The development of LIBs, as we know them today, started in 1976 with a
rechargeable TiSz2/Li cell presented by M. Stanley Whittingham.” In order to
increase the energy density of the cathode, John B. Goodenough introduced the
material class of so-called layered oxides LiMO2 (M = Ni, Co, Mn), from which in

particular LiCoOz2 offered a good cycling stability and energy density.8 By replacing
1
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the lithium metal anode with a carbon based material, Akira Yoshino achieved a safe
battery using only intercalation compounds in 1985.? Soon after, Sony introduced
the first commercial LIB with graphite as anode and LiCoO:2 as cathode for consumer
electronics in 1991.10 For the development of lithium-ion batteries, Whittingham,
Goodenough, and Yoshino were honored with the Nobel Prize in Chemistry in
2019.11 Over the past 30 years, extensive research effort was directed at the
development of electrode materials and electrolytes to enhance the performance of
LIBs. Compared to the original Sony cell, the energy density has increased from
80 Wh/kg® to 260 Wh/kg12 (Tesla Model 3) at cell level. With such a high energy
density, driving ranges of 500 km are possible. So far, however, this is only
commercialized for some premium vehicle models, while the driving range
performance of affordable BEVs (e.g., <25.000€) is still far from that of conventional
ICEVs.13 To enable both a comparable driving range and price for BEVs, the US
Department of Energy estimated that the energy density of LIBs needs to be above
350 Wh/kg at a price of *62€/kg at cell level (corresponding to 235 Wh/kg at
~80€/kg at pack level).14

Since it is mostly the cathode that limits the available specific capacity and
determines the average operating voltage, it is still the main bottleneck when it
comes to increasing the energy density of the cell. The manufacturing costs of LIBs
are dominated by the costs for the raw materials (75%)°, whereby the cathode is
the largest compound (*50% of material costs)!>. This is why the main research
focus is on the development of cathode active materials. Currently, layered oxides
LiMO2 (M = Ni, Co, Mn), as introduced by Goodenough 40 years ago, dominate the
battery market.1316 By increasing the nickel content, the energy density of the
cathode is increased and the amount of cobalt is decreased. Cobalt is considered as
the most critical raw material with respect to cost, material reserves, and supply
reliability.1? Using nickel-rich variants of LiMO2 with 280% nickel, the intermediate
milestone of 300 Wh/kg on cell-level can already be reached today (CATL with
NCM-811, Panasonic with NCA, explanation of cell chemistry in the following
sections).13 The disadvantage of the high nickel content is its relatively high raw
material cost (7.40€/kg Ni2SOs4 compared to 1.50€/kg Mn2S04)1718 leading to
overall cell prices on the order of 80-140€/kgcen for cells with Ni-rich layered

oxides.13 In order to decrease the cathode material cost and further increase the

2
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energy density, another focus in battery research is the development of Li- and Mn-
rich layered oxides, which can even be synthesized without the use of cobalt.19.20
There are, however, still some serious drawbacks hindering the commercial

application of this type of cathode materials.2!

In the light of the current importance of cathode active material development in
battery research, this thesis covers two main subjects. One is the investigation of
fading mechanisms of Ni-rich layered oxides on a material level. The second focus
is on the understanding of Li- and Mn-rich layered oxides with respect to the unique
hysteresis of the open-circuit voltage (OCV) that is an intrinsic material property
displayed by this type of cathode active material, and which still impedes its

commercial application.
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1.1 Theoretical background on lithium-ion batteries
Working principle

Figure 1.1 shows a schematic illustration of a Li-ion battery (LIB). It consists of two
intercalation electrodes coated on metal current collectors and an electrolyte-filled
porous separator. Today’s LIBs work according to the “rocking chair” concept. This
means that Li-ions are shuttled back and forth between the electrodes. The
electrode with the higher lithiation potential is hereby the positive electrode (right
side in Figure 1.1). By convention, it is referred to as “cathode”, independent of
whether the discharge or charge direction is considered. In today’s LIBs, lithium
transition metal oxides (LiMOz, M = Ni, Co, Mn, ...) or phosphates are frequently
used as cathode materials. These lithium intercalation compounds provide the
active lithium that can be shuttled between the electrodes. The typical anode
consists of graphite (Cs¢) that can accommodate lithium between its graphene
layers. The electrodes are electronically separated by a porous polymer membrane
soaked with a Li* ion conducting electrolyte, the so-called separator. During charge,
Li-ions de-intercalate from the LiMO2 cathode (see equation (1.1)), move through
the electrolyte and insert into the graphite anode (equation (1.2)) while the
electrons are transferred via an external electrical circuit. During discharge, the

reaction is reversed, releasing the stored electrical energy via the external circuit.
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Figure 1.1: Schematic illustration of the main components and the operating principle of a Li-ion battery taken
from Hausbrand et al.22. Reprinted under a Creative Commons BY-NC-ND 3.0 license.

LiMO2 - Li1xMO2 + x Li* + x e~ (1.1)
X C6 + x Li* + x e~ — LixCe (1.2)
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Battery testing

In the following, some important terms central to the LIB research are defined. The
specific capacity of an active material (Cp.) is directly linked to the amount of
lithium ions (n), which can be (de-)intercalated per formula unit. It is calculated
with equation (1.3):

n-F
Cspec :7

(1.3)

Here, F is the Faraday constant (96485 As/mol) and M is the molar mass of the
active material (in g/mol). Note that, in case of the cathode active material, the
molar mass of the lithiated compound is considered while for the anode active
material, the molar mass of the delithiated material is taken. Cs), is usually given
in units of mAh/g referring to the mass of the active material. However,
equation (1.3) only describes the theoretical capacity of a material where all lithium
ions are extracted from the host structure. For typical cathode materials, this would
lead to an instability of the structure and a poor cycling performance. The reversible
capacity corresponding to the amount of Li that can reversibly be (de-)intercalated
is hence smaller than the theoretical value. The capacity of a cell is usually limited
by the specific capacity of the cathode, which represents the available Li reservoir.
The ratio of the discharge to charge capacity of a cell is the coulombic efficiency. It

is a quality criterion describing how reversible the cell reaction is and should be

close to 100%.

The cell voltage (V) corresponds to the potential difference between the two
electrodes. It can be calculated from the respective half-cell voltages: V. thode —
Vanode- It is important to differentiate the cell voltage under load from that under
open-circuit voltage (OCV) conditions. The difference between them arises from
various overpotentials (1) caused by a combination of resistive effects within the
cell (e.g., the ionic resistance of the separator, the contact and charge-transfer

resistances of the electrodes, etc.).

The specific charge or discharge energy (Ecnq/qis) is calculated by integrating the
cell voltage curve, V., versus the specific capacity, Cgpe., for a complete charge or

discharge process (i.e., from a nominal capacity C, to C'):
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Ccr

Echa/dis :f Vcell(Cspec) dCspec (1'4‘)

Co
The specific energy is thus given in units of mWh/g. Analogously to Cspe,, it is
referenced to the mass of the active material of interest (in case of all studies
presented here, this is the cathode active material). Since a high energy is desired
for batteries, researchers try to increase both the cell capacity and voltage. The ratio
of the discharge to charge energy of a full cycle is the energy round-trip efficiency.

[t is a measure of the electrical energy lost during the cycle, i.e., as waste heat.

An important term for battery testing is the so-called C-rate. According to
equation (1.5), it defines the ratio of the applied current, I (in A), and the cell
capacity, C..;; (in Ah).

C-rate = (1.5)

cell

The C-rate is thus given in units of 1/h, and a C-rate of one corresponds to a charging

or discharging process, during which the cell capacity is exchanged in one hour.

The state-of-charge (SOC) of a battery is usually given in percentage, where 100%
means a charged state and 0% a discharged state. Since this definition of the SOC is
relative and depends on the chosen upper and lower cell voltage cutoffs, the
respective reference capacity needs to be known for an unambiguous
interpretation (see above for the difference between the theoretical and the
reversible capacity). In the present work, the term SOC is instead used synonymous
to the nominal full specific capacity of the cathode (in mAh/g). This means that a
direct link between the amount of Li in the cathode and the so-called SOC is

established.

Anode materials

To achieve a high energy density for LIBs, the anode should have a low reaction
potential and a high specific capacity (see equation (1.4)). The anode of most
present LIBs consists of graphite with a reversible capacity of %360 mAh/g
(theoretical capacity = 372 mAh/g). For graphite electrode coatings, low weight
percentages (<5%) of binder (e.g., polyvinylene difluoride, PVDF) are used to
enable adhesion of the coating to the current collector and cohesion within the
coating ensuring mechanical stability. Copper foil is used as current collector for

6
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graphite anodes because it does not alloy with lithium even at the low potential

~0.1V vs. Li*/Li) and has a high electronic conductivity. The intercalation of
lithium into graphite leading to LixCs occurs via two main stages, which give rise to
characteristic plateaus in the voltage profile of graphite vs. exchanged capacity.
During the first plateau at 125 mV vs. Li*/Li (0.2<x<0.5), LiC12 is formed, where
every second graphene layer is occupied by lithium. This is followed by the
intercalation of lithium into every layer, leading to the formation of LiCe at 70 mV
vs. Li*/Li (0.5<x<1).23 However, no organic electrolyte is stable at the operating
potential of lithiated graphite.?# While this would lead to a continuous
decomposition of electrolyte at the anode and a consequent consumption of lithium,
itis prevented by the formation of a so-called solid-electrolyte interface (SEI) at the
surface of the graphite particles.25 The SEI has a thickness of several nanometers
and consists of reduction products of the electrolyte such as lithium carbonate and
lithium fluoride.2627 It allows ionic conduction of Li* but inhibits electron transport,
so that further electrolyte decomposition is prevented. For the formation of the SEI,
some lithium is irreversibly lost during the first cycle, leading to a low coulombic
efficiency in the range of 80 - 95%.28 After its initial formation, graphite cycles
reversibly and coulombic efficiencies close to 100% can be achieved. Another
contribution to lithium loss at the anode is the dissolution of transition metals from
the cathode and their reduction and deposition on the anode. This can lead to a
continuous loss of active lithium because of the catalytic activity of the transition
metals at the anode.?%30 As a result of the proximity of the graphite lithiation
potential to the Li*/Li potential, graphite is at risk for Li plating at high degrees of
lithiation during charging. Li plating causes a loss of active lithium and can lead to
the formation of Li dendrites, which can ultimately lead to a short circuiting of the
cell. To prevent this, anodes are capacitively and geometrically oversized.
Furthermore, graphite has a limited fast-charging capability since high kinetic
overpotentials can push the anode potential below 0V vs. Li*/Li and lead to Li

plating.

Another anode material is lithium-titanate (LTO) with a specific capacity of
~175 mAh/g.31 Owing to its high operating voltage plateau of 1.5 V vs. Li*/Li,31 no

SEI is formed and fast kinetics enable high charging rates.32 However, the absence



Introduction

of the SEI leads to the formation of significant Hz gassing when LTO gets in contact
with carbonate electrolytes.33 Another drawback of the high potential is the low

energy density of the resulting cell due to the low cell voltage.

With respect to maximizing the energy density of future LIBs, silicon is one of the
most promising anode materials owing to its high specific capacity of 3579 mAh/g
and low average potential of 0.2 V vs. Li*/Li.3435 Silicon forms alloys with lithium
and can thereby be lithiated up to Li15Si4.3¢ A drawback of this alloying reaction is
the large volume expansion of 2270% accompanied with it.3537 This leads to a
destabilization of the SEI and to breakage and electronic isolation of Si particles,
causing the loss of cyclable lithium and of Si active material.3¢ As a result, rapid
capacity fading is observed. These undesired phenomena must be mitigated to

enable the commercial application of silicon as anode material.

Initially, lithium metal was used as anode in LIBs. With regards to energy density, it
is one of the most desirable materials, with a high specific capacity of 3862 mAh/g
and a low potential.38 In the 1980s, LIBs with lithium anodes and MoS2 cathodes
were commercialized by Moli Energy but failed due to dendrite formation that
would lead to short circuits and fire incidents during operation.?439 Today, lithium

metal anodes are possible candidates for use in all-solid-state-batteries.

Electrolytes

The electrodes of a LIB are ionically connected via a liquid electrolyte consisting of
a lithium salt dissolved in an aprotic solvent. LiPFe is typically used as lithium salt.
It ensures the ionic conductivity and is able to passivate the aluminum current
collector against anodic dissolution.#® Major drawbacks of LiPFs are its
disproportionation into insoluble LiF and gaseous PFs at temperatures above
60°C,%1 and its high reactivity with trace water leading to the formation of HF, which
is known to decrease the cycle life of LIBs.4243 To minimize these undesired side
reactions, electrolytes are kept under inert atmosphere and electrodes as well as all
cell parts are vigorously dried before the cells are assembled in a dry-room (or
under inert atmosphere). LiPFs is typically dissolved in a mixture of the cyclic
carbonate ethylene carbonate (EC) and linear carbonates such as ethyl methyl

carbonate (EMC) or diethyl carbonate (DEC). Owing to its high dielectric constant,
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EC ensures the dissolution of the salt and the formation of a stable SEI, which is
formed upon EC reduction below 0.8 V vs. Li*/Li.#44> The linear carbonates keep the
viscosity of the mixture low to ensure good ionic conductivity and furthermore
decrease the freezing point.#2 The electrochemical stability window of the resulting
electrolyte is between 0.8 V and 4.8 V vs. Li*/Li, whereby lower potentials lead to
a reduction on the anode (SEI formation) and higher potentials to an oxidation at
the cathode.*¢ Another component, which is often contained in electrolyte mixtures,
are additives such as vinylene carbonate (VC). Additives improve the properties of
the SEI and thus the long-term cyclability of LIBs.#* To achieve a high energy density
of the battery on cell level, the electrolyte to active material is kept low in

commercial cells.

Cathode active materials

The cathode active material (CAM) provides the lithium that is shuttled between
the electrodes and thus directly governs the capacity of the full cell. To maximize
the energy density of LIBs, a high operating potential and a high specific capacity of
the cathode are desired. All currently used CAMs rely on 3d transition metals (i.e.,
Mn, Fe, Co, Ni), which are oxidized during the charge of the battery to compensate
for the deintercalation of Li*. Besides the energy density, also the cost of the metals

used is an important factor for the development of cathode materials.

Figure 1.2 shows the mostrelevant CAMs classified by their practical energy density
and the cathode cost. The energy density of the CAM is calculated by multiplying the
specific capacity with the average voltage according to equation (1.4). The
underlying values for the calculation are presented in Table 1.1. The cathode cost
was estimated by calculating the price of 1 kg of CAM based on the respective raw
material prices of the metal precursors but neglecting any production costs. The
raw materials include Li2CO3, NiSOs, MnSO4, CoSO4 and FePOa4. For all transition
metal sources, the calculation is based on the raw material prices from March 11,
2022 (with an exchange rate of 1USD = 0.91 €).17.184748 The respective costs are
shown in the description of the table. For Li2COs3, however, the average price of the

year 2021 (15.50 €/kg)*° was considered for the calculation because the lithium
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raw material price was subject to strong fluctuations>? and reached an all-time high

in March 2022 with %72 €/kg>1, which would distort the results.

Table 1.1: Overview of various CAMs with their respective cathode cost (in €/kg referenced to the CAM mass),
specific capacity (in mAh/g), average voltage (V vs. Li*/Li), specific energy density (Wh/kg referenced to the
CAM mass) and the resulting cathode cost in €/kWh referenced to the CAM energy density.?21.52-55 The cathode
cost in €/kg was calculated according to Nelson et al.56 but neglecting any costs for processing or profit margin.
The cost only includes contributions from the raw material precursors (15.50 €/kg for Li2C03,51 7.40 €/kg for
NiS04,17 1.50 €/kg for MnS04,18 17.20€/kg for CoS04*7 and 3.50 €/kg for FeP0448).

CAM Cathode cost Specific Average Energy Cathode cost
in € kgt capacity  voltageinV density in € kWh-
in mAh g1 in Wh kg1
NCM111 16.98 160 3.9 624 27.21
NCM622 16.06 180 3.85 693 23.18
NCM811 15.36 210 3.8 798 19.25
LCO 30.20 190 3.9 741 40.76
LNO 14.66 240 3.7 888 16.51
NCA 16.75 200 3.8 760 22.04
LFP 5.35 160 3.4 550 9.73
LMO 4.21 130 4.0 520 8.10
LNMO 6.67 135 4.7 635 10.50
LMR-NCM 11.38 250 3.6 900 12.64
LMR-NCM 8.35 250 3.6 900 9.28
(Co free)
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Figure 1.2: Classification of the most relevant cathode active materials (CAMs) according to their practical
energy density®2152-55 (in Wh/kg referenced to the CAM mass) and the cathode cost17.1847-49 (in €/kWh
referenced to the CAM energy density). The calculation is based on the values shown in Table 1.1. For the
cathode cost, only the raw material prices were considered as described in the text.
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Based on their structure, all currently used cathode materials can be classified into
three groups: (i) spinel oxides with the general formula LiM204, (ii) phospho-
olivines with the formula LiMPOs4, and (iii) layered oxides with the structure LiMO2

(with the overlithiated version Li1+xM1-x02).

The spinel oxide LiMn204 (LMO) is a cobalt-free, thus cost attractive material
(»4.20€/kg, see Table 1.1) with a high thermal stability.3>57 However, its reversible
capacity is limited to 130 mAh/g at an average voltage of *4.0 V vs. Li*/Li leading
to an energy density of only 520 Wh/kg.3552 The LiMn204 structure moreover
suffers from severe material degradation during extended cycling.3%58 The energy
density is improved by substituting parts of the manganese with nickel. The
resulting so-called high-voltage spinel LiNiosMn1504 (LNMO) offers a capacity of
~135 mAh/g at an average voltage of *4.7 V vs. Li*/Li (resulting in 635 Wh/kg).52
It, however, also suffers from capacity fading due to electrolyte oxidation and

manganese dissolution at high potentials.>9:60

The commercially most successful representative of the group of phospho-olivines
is lithium iron phosphate (LFP) with the chemical composition LiFePO4. LFP is a
two-phase material with a voltage plateau at 3.45 V vs. Li*/Li over the whole SOC
range and a specific capacity of 160 mAh/g.° The advantages of LFP are its low
cost due to the use of inexpensive iron (3.50 €/kg for FeP04)*3, and its high
structural and thermal stability.35 However, because of the low energy density
(550 Wh/kg) it is preferably used in applications requiring long lifetimes rather

than high energies, such as stationary energy storage systems or electrical busses.61

Layered oxides with the structure LiMO2 (M = Ni, Co, Mn) are currently the most
prevalent cathode active materials in Li-ion batteries.1® Their application has its
beginnings in 1991, when the first commercial LIB was introduced using LiCoO2
(LCO) as cathode active material. LCO offers a high energy density of 740 Wh/kg
(capacity = 190 mAh/g, average voltage 3.9V vs. Li*/Li)?! but is also a very
expensive material due to the high cobalt content (17.20€/kg for CoSO4)%’. This is
why it is mostly used for portable electronics that require only small amounts of
active material.? By partially replacing cobalt by manganese and nickel, the so-

called NCM materials with the chemical formula LiNixMnyCoz02 (x+y+z =1) are
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obtained (highlighted in blue in Figure 1.2). Current research efforts focus on
increasing the nickel content in order to decrease the material cost and increase the
specific capacity at a reasonable cutoff potential (*4.1 - 4.3 V vs. Li*/Li). Figure 1.2
shows this trend by comparing NCM-111  (LiNio.33Mno.33C00.3302,
capacity = 160 mAh/g, average voltagex=39V wvs. Lit/Li) to NCM-622
(LiNio.60Mno.20C00.2002, capacity = 180 mAh/g, average voltage #3.85V vs. Li*/Li)
and NCM-811 (LiNio.soMno.10C00.1002, capacity = 210 mAh/g, average voltage 3.8 V
vs. Li*/Li). By substituting manganese with aluminum, the so-called NCA-material
is obtained (e.g., LiNio.soCoo.15Al0.0502). NCA offers a comparable energy density
(760 Wh/kg) at similar CAM costs as NCMs with similar nickel contents (see

Figure 1.2). The NCM and NCA materials are discussed in more detail in section 1.2.

In order to increase the energy density of NCM materials even further, Li-ions are
incorporated into the transition metal layer, leading to the so-called Li- and Mn-rich
NCMs (LMR-NCM, highlighted in gray in Figure 1.2). As a result of the higher amount
of accessible lithium (capacity =250 mAh/g) and the high operating potential
(3.6 V vs. Li*/Li), a high energy density of x900 Wh/kg?! is achieved at relatively
low cathode material costs (*8-11€/kg, see Table 1.1). This class of cathode
materials will be discussed in detail in section 1.3. Current research in the field of
cathode active material hence focuses on Ni-rich NCMs and Li- and Mn-rich NCMs
in order to increase energy density and reduce material cost by using less cobalt.
The aim of this thesis is to contribute to the understanding of these two layered

oxides on a material level.
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1.2 Challenges of Ni-rich layered oxides

Layered oxides (LiMO2) crystallize in the trigonal space group R3m. Lithium and the
transition metals occupy octahedral sites in alternating layers separated by a cubic
closed package of oxide ions, leading to a stacking sequence of Li-O-M-O0. In case of
NCMs, the transition metal layer is filled with a solid solution of nickel, cobalt, and
manganese (LiNixMnyCo;02 with x+y+z=1). By using aluminum instead of
manganese, NCA is obtained (e.g., LiNio.s0C00.15Al0.0s02). In general, both advantages
and disadvantages of this class of compounds scale with the Ni content: a higher Ni
content thereby implies a higher capacity and an improved rate capability, but also
a lower cycling and thermal stability.¢ Cobalt improves the rate capability and
capacity but increases the cost of the material.12 Manganese stabilizes the layered
structure and reduces the cathode costs, but also decreases the specific capacity due

to its redox inactivity.6263

The NCM material with the lowest nickel content commercially used is NCM-111
(LiNi0.33Mno.33C00.3302). For example, it found application in the first generation of
the BMW i3.61264 To meet future demands for automotive applications, BMW
proposed a target value of *800 Wh/kg on the cathode active material level for
2025.6 This cannot be reached with NCM-111 (620 Wh/kg, see Figure 1.2). To
further increase the energy density of NCM cathodes, a widely adapted strategy is
to maximize the nickel content (highlighted in blue in Figure 1.2). Although all NCM
materials have a very similar theoretical capacity of 275 mAh/g due to the similar
molar masses of Ni, Mn, and Co, Ni-rich NCMs (Ni content >60%) deliver a larger
share of their capacity at lower voltage and thus effectively increase the practical
capacity for a given upper cut-off potential. This goes along with a decrease in the
cobalt content, which lowers the CAM costs (see Figure 1.2).12 Accordingly, the next
generation of the BMW i3 employed NCM-622 as cathode active material
(690 Wh/kg).6* To meet the target value of 800 Wh/kg,® even higher amounts of
nickel are required. NCM-811 delivers 800 Wh/kg (see Figure 1.2) and will thus
be used as cathode in the upcoming BMW iX3.565 NCA with a high Ni content (80%)
also delivers up to 760 Wh/kg and is used by Tesla for its electric vehicles.12 NCA
and NCM-811 provide similar practical capacities (2200 mAh/g for NCA,
~210 mAh/g for NCM-811). NCA thereby shows advantages regarding capacity
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retention and power, while NCM-811 offers a higher thermal stability.12 The
maximum  possible nickel content is reached for LiNiO2z (LNO,
capacity = 240 mAh/g, average voltage 3.7 V vs. Li*/Li). Figure 1.2 shows that it
offers the highest energy density for layered oxides and the lowest material costs.
With this high Ni content, however, the layered structure becomes more unstable,
particularly at high states of charge. LNO thus shows a decreased cycle life, strong

gassing during cycling and severe safety issues.>4.66

The strive for a higher energy density by increasing the nickel content in layered
oxides comes at the price of a lower thermal stability®?, a higher sensitivity when
exposed to ambient air or moisture®’.6%, and a reduced cycling stability.13 The
investigation of the capacity fading of Ni-rich NCMs is one focus of this PhD thesis
and is presented in the Results section 3.1. Figure 1.3 illustrates the most important
aging mechanisms of LIBs with NCM cathodes and graphite anodes. The cathode
thereby causes - directly or indirectly - most of the observable capacity fading

processes, which are explained in the following.

Anode Cathode CAM degradation
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Figure 1.3: Schematic illustration of the most important aging mechanisms in a Li-ion battery with a graphite
anode and an NCM cathode. Text in colored boxes describes the respective process. The yellow arrows indicate
the effect on the cell performance. The right hand side shows the three major degradation phenomena of the
cathode active material in more detail. For further explanations, see text.
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When layered NCMs are charged beyond an SOC of *80% (xLi< 0.2), oxygen is
released from surface-near regions and a spinel and/or rock-salt surface layer is
formed.>369 The reconstruction of the surface is accompanied with an increased
charge-transfer resistance, leading to a significant capacity fading.’%71 On the other
hand, the released oxygen can react with the electrolyte, thereby forming CO and
COg, since the evolved 02 is - at least partially - highly reactive singlet oxygen.”273
This chemical electrolyte decomposition entails the formation of HF, which can etch
transition metals from the cathode active material, causing another aging
mechanism.”4-76 Subsequent deposition of transition metals on the graphite anode
leads to a loss of active lithium because of ongoing SEI formation.2930 Electrolyte
decomposition can also happen via an electrochemical pathway, as shown in Figure
1.3. The occurrence of this oxidation reaction increases with the potential’7 and is
thus a more significant problem for cells with Ni-rich cathodes, which are typically
cycled to higher upper cut-off potentials. Since this decomposition reaction is
driven by the potential, it also occurs for other CAMs like LNMO and LMR-NCM,
which are also cycled to high upper cut-off voltages. The decomposition products of
the electrolyte oxidation can diffuse to the anode and cause gas evolution or a
decomposition of the SEIL.>378 Both the chemical and electrochemical electrolyte
decomposition lead to a consumption of the available electrolyte and might even

lead to cell failure by electrolyte dry-out.

When layered oxides are delithiated, they experience a considerable anisotropic
volume contraction, which is more severe for a higher nickel content (e.g., *1% for
NCM-111 and 5% for NCM-811 charged until 4.3 V vs. Li*/Li).7° These repeated
volume changes during cycling can lead to cracking of the secondary particle but
also to micro-cracks within the primary particles as illustrated in Figure 1.3.80-82
Particle cracking might deteriorate the electrical contact between primary NCM
crystallites and even lead to electronically isolated particles (loss of active
material).8384 Furthermore, the increased surface area at the interior of the
secondary agglomerate means that the electrolyte can penetrate further into the
particle. This increase in the interfacial surface area between the electrolyte and the
CAM might enhance side reactions such as the electrolyte decomposition discussed

above.538285
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At high SOC, the amount of lithium remaining in the NCM structure is low and
transition metals can irreversibly migrate from the transition metal layer to the
empty lithium sites. This so-called cation mixing is a bulk process. It can lead to
capacity fading due to an increased cathode impedance as a result of a deteriorated
solid-state lithium diffusion.8687 Moreover, the amount of available Li sites is

reduced by the presence of transition metals in the Li layer.

One focus of this PhD thesis is the investigation of the capacity fading mechanisms
in cells with Ni-rich NCM-811 cathodes. In order to exclusively analyze the effects
caused by the cathode active material, the studies presented in section 3.1 were set
up in a way that other degradation phenomena were minimized or excluded as good
as possible by the design of the experiments. The arrows colored in yellow in Figure
1.3 indicate possible reasons for capacity fading, which are not directly occurring at
the cathode. The loss of active lithium resulting from an ongoing growth of the SEI
on the anode was counter-balanced by using a pre-lithiated graphite that offers a
large lithium reservoir. The prelithiation also mitigates lithium plating by ensuring
that the anode potential is well above 0 V vs. Li*/Li. The dissolution of transition
metals from the NCM by HF formed during the electrolyte oxidation is reduced by
employing a glass fiber separator that acts as an HF scavenger.888° Moreover, this
porous separator offers a high void volume to contain a large electrolyte excess.
This ensures that capacity fading due to electrolyte depletion is mitigated. The focus
of the studies presented in section 3.1 is therefore the analysis of capacity fading
due to intrinsic CAM degradation phenomena, which are sketched on the right hand

side of Figure 1.3: surface reconstruction, particle cracking and cation mixing.
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1.3 Challenges of Li- and Mn-rich layered oxides

Taking layered NCMs as a starting point, the energy density can be further increased
by incorporating lithium into the transition metal layer, yielding the overlithiated
Li- and Mn-rich layered oxides (LMR-NCM). There are generally two ways of
describing the LMR-NCM formula. When regarding it as a two-phase material of
nano-domains of NCM and LizMnOs existing next to each other, the composition can
be expressed as x Li2MnOs - (1-x) LiMO2 (M=Ni, Co, Mn).?0 On the other hand,
LMR-NCM can also be described as a one-phase material by writing Li1+xM1x02
(M=Ni, Co, Mn; x typically >0.1). The first cycle of LMR-NCM is characterized by a
unique charge voltage profile, featuring a plateau at 4.5V vs. Li*/Li and a high
irreversible capacity (difference between charge and discharge capacity is
~40 mAh/g). The electrical energy efficiency of the first cycle is hence very low
(*73%). This will be discussed in more detail in section 3.2.3. After the unique
voltage profile in the first charge/discharge cycle, the so-called activation cycle,
LMR-NCM offers a reversible capacity of 250 mAh/g at an average operating
voltage of 3.6V vs. Li*/Li. As briefly mentioned in section 1.1., this class of
materials has the advantage of a low material cost because of the high fraction of
manganese used. Since it can also be synthesized without cobalt, the cathode cost

can be further decreased (see Figure 1.2).19.20

However, the commercial application of LMR-NCM is still impeded by several
serious issues limiting the lifetime and performance of these materials. During
cycling, a considerable voltage fading is observed. This means that the average
voltage during charge and discharge decreases and hence leads to a decreasing
(dis-)charge energy.’1.92 Furthermore, pronounced oxygen release from the LMR-
NCM adversely affects the cycling performance in several ways. On the one hand,
the surface reconstruction from a layered to an oxygen-deficient spinel/rock-salt
structure, which is linked to the oxygen evolution, leads to an impedance build-up
on the cathode.?3-95 On the other hand, the evolved oxygen triggers electrolyte
decomposition.?3-95 Thereby, a considerable amount of gas is formed, in particular
during initial cycling, which needs to be removed in a degassing step for
large-format cells to allow further stable and safe cycling.?¢ The relatively high

operating potential of cells with LMR-NCM cathodes (up to 4.8V vs. Li*/Li)
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furthermore enhances electrochemical electrolyte oxidation, in particular at
elevated temperatures. Another factor are the relatively slow charge-transfer
kinetics of LMR-NCM, leading to poor rate capabilities in comparison to classical

layered oxides.19.97.98

Another disadvantage when using LMR-NCM cathodes is the pronounced voltage
difference between the charge and discharge voltage curve. This voltage hysteresis
is still present under open-circuit conditions (OCV hysteresis, Figure 1.4a) and thus
represents an intrinsic bulk material property of LMR-NCM. The voltage hysteresis
significantly decreases the energy efficiency of a charge-discharge cycle. The energy
round-trip efficiency describes to what fraction the charge energy can be extracted
during discharge for a complete cycle. For example, in comparison to an
NCA/graphite cell with an energy efficiency of 98% (at C/10, 25°C), an LMR-
NCM/graphite cell only reaches a value of 89% at the same cycling conditions.?® The
energy loss, which is caused by this round-trip inefficiency, generates waste heat.
This will be discussed in more detail in section 3.2.2. Interestingly, the hysteresis as
a function of state-of-charge is not only observed for the voltage. Figure 1.4 shows
two other examples of parameters that show a path dependence between charge
and discharge direction: (i) the unit cell volume (Figure 1.4b), which resembles the
behavior of the lattice parameters; and (ii) the charge-transfer resistance of the
cathode (Figure 1.4c). The data shown in Figure 1.4 were collected within the
course of this thesis and are in agreement with published data on the LMR-NCM
lattice parameters100 and the cathode resistancel?l. Also, the Li site occupation9?,
atomic distances!%3 and the oxidation states of the transition metals104105 and
oxygenl05106 are reported to show a path dependence between charge and

discharge direction.

Several reasons for the OCV hysteresis in LMR-NCM are discussed in the literature,
mainly focusing on reversible transition metal migration®7.107.108 and changes of
oxygen redox105106 or a combination of both1%¢, causing the re-entrant Li
environment during discharge to be energetically different from that during
chargel02109, The migration of transition metals hereby means that transition
metals (ir-)reversibly move from their original layer into the lithium layer.97.107.108

Anionic redox refers to the (reversible) redox activity of lattice oxygen 02/0Om
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(n<2).105106 A clear consensus on the exact mechanism explaining all the observed

hysteresis phenomena is however lacking.

Open circuit voltage Unit cell volume Charge-transfer resistance

L L L L L L . L L L
=45 - = N (b) 400 - ()
= 1 =102 - .
- )
- E | = -
g54.0 = > - 1
< 1 Qo1 - \o -
35 — % R L -
> ] © L \\‘@rge -
O +100 [~ (o}
Oso - S I 1 charge oo~

PR T T T B N | PR T I ST I N | Us P P PR MR R P B

0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Capacity / mAh g* Capacity / mAh g* Capacity / mAh g

Figure 1.4: Examples of 0.33 LMR-NCM (0.33 LizMnOs - 0.67 LiMO2; M = Ni, Co, Mn) material properties that
show a path dependent behavior between charge and discharge direction as a function of state-of-charge
(=capacity, given in mAh/gcam). Charge direction indicated by black triangles, discharge direction by white
circles. The resulting hysteresis is highlighted in blue. All data shown here originate from LMR-NCM/Li cells
after complete activation, cycled at a C-rate of C/10 at 25°C between 2.0 - 4.7 V vs. Li*/Li: (a) open-circuit
voltage (OCV, 4t cycle); (b) unit cell volume obtained from in-situ X-ray diffraction in accordance with data
reported by Strehle et al.100 (2nd cycle); (c) charge-transfer resistance as published!1? and presented in the
Results section 3.2.2 (4th cycle). For experimental details, see section 2.

The second part of this thesis focuses on LMR-NCM cathode active materials and in
particular on the hysteresis phenomena observed with this type of material. In the
Results section 3.2.1, the hysteresis in LMR-NCM is discussed on a fundamental
level and the partial molar entropy of LMR-NCM/Li cells is presented. The results
suggest that the entropy also exhibits a path dependence as a function of SOC, which
vanishes when plotted as a function of OCV. The practical implications of the OCV
hysteresis and the corresponding waste heat are discussed in the Results
section 3.2.2. All hysteresis phenomena are only observable after a full activation of
the LMR-NCM. During this activation, irreversible processes occur, causing the
material at the end of the cycle to differ significantly from the pristine one. The
corresponding loss of electrical energy and the generation of waste heat during this

activation process are discussed in the Results section 3.2.3.

19



2 Experimental Methods

2.1 X-ray powder diffraction

In an X-ray powder diffraction experiment, a crystalline powder sample is analyzed
with respect to its structural parameters, crystallinity, and morphological
properties such as strain and crystal size. The incoming X-rays are scattered at the
lattice planes of the sample and are measured by the detector. The resulting
diffractogram shows the observed X-ray intensity as a function of scattering angle
6. Thereby, only constructively interfering scattered waves contribute to the
diffractogram. Constructive interference is only possible when the scattered waves
are in phase, i.e.,, when the difference between their path lengths is equal to an
integer multiple (m) of the wavelength (1). Bragg’s law correlates this condition
(mA) with the inter-planar spacing of the lattice planes within the sample (d) and

the angle between the incoming beam and the respective parallel lattice planes (6):

mA = 2d sinf (2.1)
The number of reflections, their intensity and position are hence governed by the
crystal structure of the sample (determining d) and the wavelength of the X-ray
beam (A). The inter-planar spacing d is determined by the lattice parameters of the
unit cell a, b, and c. Since layered oxides such as NCM-811 belong to the hexagonal
R3m space group, the following constraints apply for their unit cell: a=b,
a=[=90° and y = 120°. The fact that the lattice parameters a and c are linked to
the amount of lithium in the structure (x.i)7%111112, js used to establish a correlation
between the state-of-charge of the cathode and its structural parameters in form of
a calibration curve (see the c¢/a = f(xLi) relationship given in the Results section 3.1).
In the diffractogram, the apparent peak shape is determined by instrumental

contributions and by sample properties such as strain and crystallite size. By
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measuring highly crystalline standard reference materials, the instrumental
contribution to the peak broadening is determined. Any additional peak broadening

originating from the sample can then be modeled.

For the analysis of X-ray powder diffractograms (XPDs), the Rietveld method is
applied. It uses a least-squares approach to refine a theoretical pattern in order to
approximate it to the observed XPD. The theoretical pattern is generated based on
various input parameters describing the crystal symmetry, further sample
contributions, and the instrument function. The quality of the refinement can be
assessed by comparing the calculated pattern to the observed one and by looking
at the generated difference plot. Statistical agreement factors such as Rwp, Rragg, and
x? furthermore help to quantitatively follow the refinement process. They are,
however, not suitable for a comparison of different samples or measurement
setups. All refined parameters are reported with their estimated standard
deviation. The Rietveld refinements conducted for this thesis were performed using
the software package TOPAS (Coelho, Version 6, 2016)113 in combination with the
text editor jEdit. The refinement approach including applied constraints and
simplifications is described in detail in the respective experimental section of the

manuscripts presented in the Results section 3.1.

The cells used for the XPD studies were pouch cells with NCM-811 as cathode active
material, a pre-lithiated graphite as anode, and two glass-fiber separators in
between. The potential of the cathode was controlled versus a lithium reference
electrode as shown in Figure 2.1. Further experimental details can be found in the

manuscripts in section 3.1.
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Figure 2.1: Schematic drawing of the NCM-811/graphite pouch cell used for XPD experiments with NCM-811
working electrode (WE, 30x30 mm?, contacted by an aluminum tab), a pre-lithiated graphite as counter
electrode (CE, 33x33 mm?, contacted by a nickel tab), and two glass-fiber separators in between (GF,
36x36 mm?2). The potential of the cathode was controlled versus a lithium reference electrode (RE).

In our XPD studies, we investigated structural changes of the NCM-811 CAM over
the course of cycling in order to correlate them with the observable capacity fading
of the cell. The focus of these studies were therefore aging mechanisms solely
originating from the cathode, as shown in the right part of Figure 1.3 (surface
reconstruction, particle cracking, and cation mixing). Any other degradation
phenomena were excluded or minimized by the design of the experiment. By using
a pre-lithiated graphite anode, electrolyte excess, and glass-fiber separators,
capacity fading due to Li loss, electrolyte depletion, and electrolyte side reactions

was minimized, as described in section 1.2.

The first XPD study, presented in section 3.1.1, was performed at the Diamond Light
Source synchrotron (I11 beamline, UK). The advantages of using a synchrotron
source rather than a lab instrument include a high X-ray intensity leading to a
superior signal-to-noise ratio and faster acquisition times, but also a better angular
resolution and a tunable wavelength. We aimed at monitoring structural changes
such as the lattice parameters, but also the Li-Ni mixing over the course of cycling
by collecting XPDs in regular intervals in charged and discharged state. As shown in
section 3.1.1, the cells were cycled over 1000 cycles at room temperature. The XPDs
were measured in-situ during rest phases in charged and discharged state, with an
acquisition time of x5 minutes and a wavelength of ~0.494 A. Since the X-ray beam
penetrates the whole cell stack, not only the NCM-811 phase contributes to the
resulting diffractogram, but also the graphite anode, the aluminum and copper

current collectors, and the aluminum of the pouch cell envelope. The electrolyte
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moreover gives rise to a complex background. The advantages of the synchrotron
source are hence somewhat compromised by the disadvantages of the in-situ
measurement configuration. Additionally, the I11 beamline operates with a 2D
Pixium area detector to achieve fast acquisition times for dynamic experiments. For
our experiments however, the measurement time was not crucial, since the
measurements were conducted during OCV rest phases. By using an area detector,
however, the resolution offered by the synchrotron source cannot be exploited. In
the course of this synchrotron XPD study, we were thus not able to refine the
sensitive Li-Ni mixing parameter from the in-situ data sets and could only monitor

the evolution of the lattice parameters.

After 1000 cycles, the cells were stopped and ex-situ XPDs were collected with the
harvested CAM at our in-house diffractometer (STOE, Germany). Using Mo-Ku1
radiation (0.7093 A), the wavelength is sufficiently short to ensure a good
resolution (one data point every 0.015°/286), and by measuring XPDs over night
(14 h), a reasonably good signal-to-noise ratio was achieved. The CAM was
harvested under inert conditions and filled into 0.3 mm borosilicate capillaries.
This means that no reflections from the anode or the current collectors contribute
to the diffractograms, which improves the refinement quality of the data. From
these measurements, the Li-Ni mixing could be determined. In addition, we
conducted in-situ and operando experiments with NCM-811/Li half-cells at our in-
house diffractometer to measure the lattice parameters as a function of SOC. For the
in-situ experiments, the cells were (dis-)charged in defined SOC steps and the XPD
data were collected during intermittent OCV phases. For the operando experiments,
the cells were continuously (dis-)charged and only selected reflections were
analyzed (i.e., the 003 and 110 reflections). By limiting the measurement to a small
part of the 20 range, a sufficient time resolution could be ensured
(8 minutes/diffractogram). Further experimental details are described in the
supporting information in section 3.1.1. With the resulting c/a=f(xLi) calibration
curve, the lattice parameter changes obtained from the synchrotron data could be
interpreted in terms of an effective SOC window shrinkage, as explained in

section 3.1.1.
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Based on the experiences with the different X-ray sources, our follow-up XPD study
was performed using solely the in-house instrument (Mo-Ka1). For this purpose,
various NCM-811/pre-lithiated graphite pouch cells were cycled at 45°C, and one
cell was stopped every 150 cycles in discharged state (i.e., one cell cycled to
150 cycles, one cell for 300 cycles, etc.). The CAM harvested from a given cathode
electrode was filled into a capillary and an ex-situ XPD was collected. Furthermore,
from the pouch cell cathode, a smaller electrode was punched out and used as
cathode in a coin cell. In the coin cell, the NCM-811 was charged and subsequently
another XPD was measured from the CAM harvested in the charged state. In this
way, XPD data from the discharged and charged state could be collected ex-situ at
our in-house instrument every 150 cycles. As discussed in section 3.1.2, with this
ex-situ approach it was also possible to conduct other complementary
measurements to monitor different NCM properties every 150 cycles, such as the

CAM surface by BET or the cathode impedance by impedance spectroscopy.

After conducting X-ray diffraction studies on a synchrotron and a lab instrument,
we have gained valuable experience with both approaches. The advantages and
disadvantages of both methods will be summarized in the following. The
advantages of the synchrotron include the high X-ray intensity and the high angular
resolution allowing for a good signal-to-noise ratio, which is especially beneficial
for our in-situ experiments with pouch-cells with all the side phases and
background signals from the pouch foil material, electrolyte, graphite anode, binder
etc. Moreover, using a synchrotron with an area detector allows for fast data
collection (=5 minutes), which minimizes the beam damage of the sample and is
useful for monitoring dynamic processes. In contrast, the use of the lab instrument
required long acquisition times (245 minutes) in order to reach a sufficient signal-
to-noise ratio. The monitoring of dynamic processes was only possible by collecting
diffraction data of selected reflections instead of the full pattern. Moreover, the use
of synchrotron radiation during in-situ experiments means that the sample is not
prone to unintended manipulation by any sort of harvesting or sample preparation,
as is the case for the capillary measurements at our in-house instrument. The design
of the experiment at the synchrotron also allows for a continuous monitoring of the
same cell while for the lab experiments, a number of identical cells is required since

the CAM needs to be harvested from the cells to be analyzed in capillaries. On the
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other hand, the experiments at the synchrotron source require severely more effort
(proposal for beamtime, transportation of cells to the beamline, design of
experiment depends on schedule of the beamline, etc.). Long-term experiments at
a synchrotron source are also less flexible meaning that the researcher can hardly
interfere if something unexpected happens during the long-term cycling. In our
case, one cell showed a connection problem during the long-term study at the
synchrotron and it was not possible for us to make a remote diagnosis of the source
of the problem. Another disadvantage of conducting a study at a synchrotron source
is that only a limited number of cells can be analyzed while at the in-house
instrument numerous cells can be investigated. Thereby, the experimental plan of
the study is also more flexible in-house regarding new questions, which might arise
during such a long-term study, that can be addressed readily using the in-house
instrument without the need to apply for a new beamtime at a synchrotron. Another
advantage of the use of numerous cells with the in-house instrument is that
complementary experiments can be conducted in regular intervals with the same
CAM, which was used for the diffraction. In contrast, for a synchrotron study such
complementary methods are only possible at beginning of test and end of test but

not during the course of the long-term cycling.

In summary, we learnt a lot from the in-situ study at the synchrotron, which enabled
us to design the follow-up study at 45°C, using the ex-situ approach. Key learnings
from the synchrotron study include: (i) a lot can be gained from the lattice
parameters of NCM in combination with electrochemical data and for this purpose,
a synchrotron is not necessarily required; (ii) complementary experiments (e.g.,
impedance, BET) in regular intervals add valuable information to the diffraction
data but are not possible at a synchrotron source; (iii) an area detector is not
suitable for answering research questions, such as the cation mixing in NCM, due to
its low resolution compared to slower angle dispersive or angle scanning
detectors,11* commonly used at synchrotron beamlines. Based on these learnings,
we conclude that diffraction experiments in the OCV rest phase can be conducted at
our lab instrument while dynamic experiments (e.g., under current flow or when
initial relaxation processes are of interest) should be conducted at a synchrotron

source with an area detector. Furthermore, if experiments are conducted at a
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synchrotron, one could complement the results with other experiments (e.g.,
impedance, BET, etc.) using identical cells cycled in-house, where the CAM can be

harvested in regular intervals.

26



Experimental Methods

2.2 Electrochemical impedance spectroscopy

Throughout this thesis, potentiometric electrochemical impedance spectroscopy
(PEIS) was applied to analyze the various resistances within lithium ion battery
cells. For the long-term study with NCM-811 presented in section 3.1.1, a gold-wire
micro-reference electrode!l> was used in a T-cell setup to investigate the
impedance of the NCM-811 cathode individually. For this purpose, a circular
electrode was punched out of the cathode harvested after 1000 cycles and
transferred to a T-cell. The impedance analysis was hence limited to the harvested
CAM at the end of life and to a new electrode sample prepared for the beginning of
test. This was improved for the follow-up study at 45°C, where several identical
cells were cycled with the same protocol and one cell was stopped every 150 cycles
(see Results section 3.1.2). Based on the PEIS experiments in these regular
intervals, the impedance of the cathode could be monitored over the course of
cycling. In this case, we used a coin cell setup with a Li counter-electrode covered
by a free-standing graphite (FSG), as described by Morasch et al.116 The use of such
a Li/FSG composite electrode results in a comparably small impedance contribution
for the counter-electrode (imaginary and real part <5  cm?). This means that the
measured cell impedance is reasonably well approximated to correspond to that of

the NCM-811 cathode.

In both studies, we used the following equivalent circuit to describe the impedance
spectra: Rur + TLM[Rion, Rer/Qct] + Reontact/Qcontact. This equivalent circuit contains
the following elements: (i) Rur, which is the high-frequency resistance of the cell;
(ii) TLM, which is the transmission line model including the ionic resistance Rion and
an Rcr/Qcr parallel circuit element with the charge transfer resistance Rcr and a
constant phase element Qcr; (iii) the Reontact/Qcontact parallel circuit element with the
contact resistance between the cathode electrode and the aluminum current
collector, and the respective constant phase element. Fitting was performed with a
MATLAB-based application (“EIS Breaker”, © ]. Landesfeind) based on the
fminsearch MATLAB function using a Nelder-Mead simplex algorithm and modulus
weighing. The assignment of the fitting parameters to the semicircles was verified

by a rough order-of-magnitude estimation of the double layer capacitances (C_4;c)
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related to the charge transfer and to the contact resistance (R), using the frequency
at the maximum of the semicircle (f;;,q,):101117

1
Coate = =———
calc R 21 fmax

When the calculated capacitances are normalized to the proper interface, they

(2.2)

should be on the order of 10 pF/cm?2.117 Further experimental details are explained
in the supporting information in section 3.1.1 and in both experimental parts in

section 3.1.

For the investigation of the Li- and Mn-rich NCMs (LMR-NCMs), coin cells with a Li
counter-electrode were used. The resulting impedance spectra hence contain the
contribution of the Li electrode as well as of the LMR-NCM cathode. The aim of these
PEIS experiments was the quantification of heat sources in LMR-NCM/Li cells. This
is why the impedance was conducted in the same half-cell setup as used for the
calorimetric measurements. The resulting spectra were fitted with the simplified
equivalent circuit R+ + TLM[Rion, Rcr/Qcr]. Hereby, R+ includes the high frequency
resistance of the cell but also the impedance of the Li anode and the contact
resistance of the cathode. This simplified equivalent circuit is applicable because
the aim of these studies is the quantification of different heat sources, i.e., the
contribution of the cathode electrode as a function of SOC. The impedance data were
used to explain the results from overpotential analysis, where the difference
between the voltage on load and that under open-circuit conditions was measured.
For a more detailed discussion of these measurements, the reader is referred to

section 3.2.2 and 3.3.3.
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2.3 Isothermal micro-calorimetry

The focus of the studies presented in section 3.2 is on the LMR-NCM material. It
shows a unique hysteresis in the open-circuit voltage (OCV), resulting in a reduced
electrical energy round-trip efficiency. Since the corresponding energy loss is
expected as waste heat, we aimed at quantifying the heat generated during cycling
of cells with LMR-NCM cathodes using isothermal micro-calorimetry (IMC).
Equation (2.3) describes the different sources of heat in a battery with an LMR-NCM
cathode:

oT + Qpar

Q = 1" (Ewpaa —Eoc) +1-(Eoc —Eeq) +T" 1" (2.3)

= Qirrev + ths + Qrev + Qpar

The irreversible heat (Q;,.,) oOriginates from polarization processes causing the
measured cell potential under load (E;,,q) to deviate from the open-circuit
potential (Eyc). Qrrep is determined by impedance spectroscopy and intermittent
cycling, as explained in section 3.2.2. The reversible heat (Q,.,) is typically
calculated from entropy measurements, as discussed in section 2.4. The parasitic
heat (Qpar) refers to all sources of heat caused by any side or parasitic reactions,
such as electrolyte decomposition. There is no direct method to measure Q'par
during cycling, but its contribution is estimated to be negligible for the studies
presented in section 3.2.2 and 3.2.3. Using IMC, the sum of all sources of heat is
measured as a function of SOC (Q). For materials with a pronounced OCV hysteresis
such as LMR-NCM, another heat term needs to be added, namely the heat due to the
OCV hysteresis (ths). For its description, a similar situation to that of the
irreversible heat can be created by establishing a potential difference between the
open-circuit potential (Eyc) and the (hypothetical) equilibrium potential (E,,),
which, however, is not measurable. For an electrode material with no OCV
hysteresis, Eoc = E., and hence ths = (0. Note that the potential difference
building the basis of Qe is a function of the applied current (AE(I) =
Ejoaa(D) — Eoc), because E, 4 depends on the current. Q;,,., thus becomes very
small when the current is decreased. In contrast, for ths, the potential difference

AE = Ey¢ — Eq isindependent of the current, since the OCV hysteresis is a material
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specific property. It hence gives a significant contribution even at low currents. ths

is the sought quantity for LMR-NCM.

Using IMC, the sum of all sources of heat is measured as a function of SOC. For this
purpose, the calorimeter setup has to meet certain requirements. They are
described in the following and are listed in Table 2.1, where different instruments
are compared. An important criterion is how much of the expected heat can be
detected by the IMC. This is a measure of the sensitivity of the instrument. Ideally,
the ratio between measured and expected heat should be 100%. Values below that
can be explained by a non-ideal setup causing a loss of heat, e.g., through the cables
connecting the battery cell, so that the generated heat cannot be quantified
accurately by the detector. A ratio above 100% indicates that there are additional
sources of heat (e.g., the resistance of the cables or the contacting of the cell) which
are not reflected in the electrochemical data. This is possible if a 4-probe
measurement setup is used, where there are two power cables and two sensing
cables. The resistance of the power cables does not lead to an overpotential
observable in the potential profile of the cell, since the latter is measured by the
sensing cables. On the other hand, the sensitivity and precision of the detector also
determine how accurately the expected heat can be measured, and values both
above and below 100% can be caused by the detector. Another aspect is the stability
of the baseline. A pronounced drift of the baseline signal over the course of the
experiment affects the accuracy of the measurement and complicates the
integration of the signal. A fluctuating baseline signal moreover indicates that
temperature changes in the surrounding of the calorimeter affect the experiment
and hence means that the measurement is not isothermal. Yet another factor is the
signal-to-noise ratio, which determines the resolution of features in the heat flow
curves. It should at least be high enough to enable a clear differentiation between

measured heat flow and the baseline.

For the work in this thesis (see Results sections 3.2.2 and 3.2.3), a suitable
calorimeter had to be selected and purchased. Table 2.1 gives an overview of the
various calorimeter instruments tested with regards to the above described
requirements. For the implementation of calorimetric measurements, we also

needed to evaluate which cell type is required and whether we can build it in our

30



Experimental Methods

labs and how the contacting of the cell is ensured inside the calorimeter. Figure 2.2
shows three exemplary heat flow curves normalized to the active material mass

recorded for coin cells with LMR-NCM cathodes at a C-rate of C/10 and 25°C.

Table 2.1: Comparison of different calorimeter setups with regards to the required cell type, the ratio of
measured to expected heat, the drift of the baseline, the signal-to-noise ratio, and the contacting of the cell. The
rating of the various parameters is illustrated by the black circles, where five filled circles is equal to the best
rating. Calorimeter A: EV-ARC (THT); B: C80 (Setaram); C: MMC 274 Nexus® (Netzsch); D: uBC (THT); E: TAM
IV Micro-calorimeter (TA Instruments).

Cell type measured heat RBaseline drift Signal/noise Contacting of the cell
expected heat pW/(gh) ratio

A | pouch- 0000 00000 0000 00000

cell 55-82% =7 no compression
B | CR1020 e@@0O 0000 00000 @0000

coin cell 65-95% ~140 cables stuck to the cell
C | CR2032 ee@@0O0O 0000 ®@0000 ®@0000

coin cell 93-120% <30 current flows through

Peltier elements

D | CR2032 @0O0O0O 0000 ®@0000 not known

coin cell 41-78% =45 -3000 (severe only 1C

fluctuation) possible

E | CR2032 eoo00@0@@® 00000 00000 00000

coin cell 97-104% <2 custom-made holder

Instrument A (EV-ARC from THT) is designed to measure the heat evolution of
large-format cells during use and abuse tests.118 For this purpose, we built multi-
layer pouch cells with a capacity of 400 mAh. The cells were connected via
crocodile clamps. The generated heat was measured using thermocouples and heat
flow sensors attached to the pouch cell surface. The cell was placed inside a steel
container (the so-called bomb) with a large void volume. The calorimeter was
operated in a quasi-isothermal mode by keeping the temperature of the bomb
constant. The advantage of using large-format cells is that the amplitude of the
generated heat is comparably large, since it scales with the amount of active
material. This was however outweighed by the use of such an inaccurate
measurement setup with a large void volume and an insufficient temperature
control. The detection of heat with a couple of temperature sensors attached to the
cell surface moreover deteriorates the signal quality and significance. As shown in

Table 2.1 (first row), the ratio between measured and observed heat is
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consequently insufficient, with values between 55% and 82% (depending on the
applied C-rate). Moreover, a compression of the pouch-cells was not possible in this
setup, which affects the cycling performance of the cells, especially at high C-rates.
The signal-to-noise ratio is also rather poor even though the baseline was relatively
stable. This was achieved by placing the calorimeter in an isolated room, which was
not entered until the end of the experiment to avoid a fluctuation of the temperature
around the calorimeter. Figure 2.2 contains no data from these experiments
because, in contrast to the other calorimeters, the measured quantity here was the
temperature and not directly the heat flow.

Instrument B Instrument C Instrument E
T T T T T T T T T T T T T T T

(b)

w
o
I
—
)
=

CC oOcCv

N
o

heat flow / mW gy
1

o

0 5 10 0 5 10 0 5 10
relative time / h relative time / h relative time / h

Figure 2.2: Comparison of measurement results from the calorimeters B, C, and E. The mass-normalized heat
flow is shown as a function of time for coin cells with LMR-NCM cathodes discharged at C/10 and 25°C. The
constant-current phases (CC) with heat generation from the cell are highlighted in yellow, the subsequent open-
circuit phases (OCV) in gray. The baseline determined prior to the CC-phase is indicated by the dashed orange
line.

For the experiments with instrument B (C80 from Setaram), small coin cells with a
diameter of 10 mm were required because the measurement chamber is very
narrow. Because of the special cell size, we could not build the coin cells in-house
but had to make them in the lab of the cooperation partner. Since the calorimeter
was commercialized for use with powder or liquid samples filled into ampoules,
there was no cell holder available for contacting of the cells. Instead, cables were
attached to the cell using conductive varnish. Depending on the C-rate, up to x95%
of the expected heat were detected by the calorimeter. For small currents, however,
only x65% were observed. The signal-to-noise ratio was acceptable, as can be seen
in Figure 2.2a. The biggest disadvantage of this instrument is that it can only ensure
isothermal conditions if the measurement temperature is chosen to be well above

room temperature. Otherwise, a climate chamber would be required in which the
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calorimeter is placed. Still, even with the climate chamber the baseline drift of this
setup is inacceptable (see Table 2.1). Figure 2.2a shows that the heat signal after a
constant-current (CC) discharge does not approach the baseline, but instead

stabilizes at a new value.

Instrument C (MMC 274 Nexus® from Netzsch) is sold with a coin cell holder
offering space for two CR2032 cells (sample and reference cell). The cells are
contacted with metal clips pressing them onto Peltier elements measuring the
generated heat flow. This means that the current passing through the cell, however,
also flows through the sensitive Peltier elements, which potentially affects the
signal detection. The measured heat was mostly above the expected value,
indicating that either the Peltier elements were influenced by the current from the
cell or other sources of heat (e.g., resistance of the cables) contributed to the heat
signal but were not observed in the electrochemical data, because a 4-probe
measurement setup was used. In addition to the poor measurement accuracy, also

the signal-to-noise ratio was very low, as shown in Figure 2.2b.

For the tests with instrument D (uBC from THT), CR2032 cells built in-house were
shipped to a laboratory of the producer in England. This is why we could not
examine the calorimeter setup ourselves. Based on our previous measurement
results, the researchers on-site decided to only measure the heat evolution at the
highest C-rate of 1C, since they expected the heat flow at lower C-rates to be too
small to be accurately quantified. Table 2.1 shows that even at the high C-rate, the
sensitivity of the instrument is not sufficient to measure the expected heat flow. In
addition, there was a severe fluctuation of the baseline and the signal-to-noise ratio
was comparably poor considering the high signal amplitudes at 1C. The
measurement results are not shown in Figure 2.2, because the absolute heat flow

signal at 1C is not comparable to the other data sets recorded at C/10.

Instrument E (TAM IV Micro-calorimeter from TA Instruments) was already used
by other research groups investigating the heat generation of batteries.119-121 There
is a micro-calorimeter available that allows for the passing of cables from the
outside into the measurement position. With a custom-made coin cell holder,
CR2032 coin cells can be contacted and positioned inside the micro-calorimeter. At

the reference side, a dummy cell with a similar heat capacity and heat conductance
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but no electrochemically active materials is placed. Table 2.1 shows that this
calorimeter offers the highest sensitivity in comparison to all other instruments
tested. The exemplary data set in Figure 2.2c moreover illustrates the superior
signal-to-noise ratio. To ensure a stable baseline signal, the background signal is
measured prior to the insertion of the cell and subtracted from the data. After
insertion of the cell, waiting times of several hours are typically necessary until the
signal approaches the previously calibrated zero value. This procedure leads to the

very low baseline drift shown in Table 2.1.

The measurements at instrument E presented in section 3.2.2 were conducted in
cooperation with Dr. Alexander Hoefling from the Helmholtz Institute Ulm, using
his optimized measurement setup. Subsequently, an identical calorimeter was
installed at TUM in a cooperation project with Prof. Jossen’s Chair for Electrical
Energy Storage. We continuously strive to improve the cell holder for our in-house
instrument, which will be subject to a future publication.122 Figure 2.3 shows the
main components of the micro-calorimeter measuring assembly. The
measurements discussed in section 3.2.3 were conducted at this in-house
instrument using an in-house designed coin cell holder made of aluminum. The cell
was connected to a Biologic potentiostat (SP200, BioLogic, France) by special Cu-P
bronze cables (Duo-Twist wire WDT-36-25, 36 AWG, Lakeshore, USA) in a 4-point
probe measurement setup. The cables are very thin and offer the advantage of a low
thermal conductivity, which is important to minimize the loss of heat generated at
the cell through the connected cables. At the same time, the material of the cables
still provides a sufficient electrical conductivity. Further details of the setup will
soon be described in a publication by Kunz and Berg et al.122 The experimental
approach is furthermore explained in section 3.2.3. The heat balance considering
the various sources of heat during cycling of LMR-NCM/Li half-cells is explained in
detail in the theoretical part of the publications in section 3.2.2 and 3.2.3.
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(a) micro-calorimeter assembly (b) Cell holder
e

connecting

cable to the
potentiostat
fixation of the cell holder

cell holder

1"\_cu-P bronze
wires

pin
thermopad

plasticine
top part

Figure 2.3: Pictures of the micro-calorimeter assembly used for measurements in section 3.2.3, with the whole
assembly in (a), the custom-made cell holder in (b), and the opened cell holder in (c). A detailed discussion of
the setup will be published by Kunz and Berg et al.122

The following section summarizes the mathematical derivation and physical
description of the heat flow measurement by a TAMIV instrument according to the
PhD thesis of L. E. Downie!23 and the material provided by TA instruments!24. For
the isothermal calorimeter used for the studies presented in section 3.2.2 and
section 3.2.3, the heat flow produced by the sample (Q;) is given by:
Qs =@+ Cs (%) (2.4)

Here, @ is the rate of heat exchange between the cell and its surrounding, and the
second term on the right hand side is the rate of heat accumulation with the heat
capacity of the sample (Cs) and the sample temperature (7). The rate of heat

exchange is given by

d = kg AT (2.5)
ATy is the difference between the sample and the environment temperature (i.e.,
the temperature of the oil bath of the calorimeter), and kg is the sample heat
conductance. It can be expressed by equation (2.6), where 7, is the time constant of

the sample system and C; is the heat capacity of the sample.
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Cs

ks =& (26)
The calorimeter measures the heat flow using a number of thermopiles arranged
around the sample. The temperature gradient ATy between the sample and the
environment (i.e., the isothermal oil bath) creates a voltage difference (V;) at the
thermopiles. This correlation is described by the Seebeck coefficient (S,) of the
thermopiles:

Vs

Sp = —
b7 AT,

2.7)

Consequently, the heat flow can be expressed by combining the equations above,

leading to the Tian-Calvet equation:

) dV,
0s = (it ) (28)
Here, €, is the calibration constant, which is given by
-G 2.9
ES - Sb . TS ( . )

The time constant, T, is determined by a so-called General Performance Test where
a known heat flow signal is applied on the sample side by external heaters and the
time delay is measured until 1 — 1/e (263.2%) of the final value is reached. For the

IMC used here, the time constant is 67 s on average.

The here used IMC is a twin system with a sample and a reference side, which
decreases the signal noise.125 For the reference system, the heat flow Q, can be
derived as shown above, leading to equation (2.10), where ¢,, V;,, and t, are the
calibration constant, voltage difference and time constant for the reference side,

respectively.

. dv,
Qr =& (Vr + 7 d_;> (2.10)
Since there is no heat generation in the reference cell, Q, is equal to zero. The

subtraction of equation (2.10) from equation (2.8) hence gives the heat flow of the

sample measured in the twin system:

. dv,

dV,
Q = & (VS+TSd_tS)_£T' (V1'+Trﬁ) (211)
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For the evaluation of the data, it is assumed that the heat conductance and the heat
capacity of the sample and the reference system are the same, so that the calibration
constant is given by €, = €, = £ and the time constant by T4 = 1, = 1. Since the cell
holders at both sides are identical, it is important that the heat conductance and
capacity of the reference cell used are as close to that of the sample cell as possible.
For this purpose, we used a coin cell with a lithium electrode, the same amount of
spacers, separators, and a spring, but without electrolyte and cathode at the
reference side. Equation (2.11) thus simplifies to

. d(v, — ;)
0=l -1+ (2.12)

The second term on the right hand side of equation (2.12) is the so-called Tian
correction, which can be applied to consider the effect of the time delay of the
calorimeter on the measured heat flow. This is only necessary for rapid, dynamic
processes and requires a special form of internal calibration prior to the actual
measurement, the so-called dynamic calibration. For the measurements conducted
throughout this thesis, this correction was not applied and hence the measured heat

flow is given by:

Q=¢e-V;— V) (2.13)

The output signal of the instrument is given in units of Watt and measured as a
function of time, with a resolution of one data point every second. In order to
convert the time into an SOC axis, a constant current is applied to the cell. In that
manner, a certain charge/discharge capacity can be directly converted into units of
time. The time delay of the heat measurement, however, introduces an uncertainty
when trying to relate the heat flow to a given SOC. For this purpose, the effective
time constant of the calorimeter was determined. A detailed description will be
published soon.'?2 Generally, the time delay can be determined by applying a
defined current to a dummy cell with a precisely known resistor. The current is
applied in form of a square wave signal, which should give rise to a heat flow
following the same signal shape. The observed signal can be described by a

dynamical 2nd order system (PT2 system) with two time constants (T1 =57 s and
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T2 = 131 s). The time difference until the measured heat flow reaches 99% of the

expected value is 682 s for the study presented in section 3.2.3.

The calorimeter was calibrated in regular intervals (every ~10-14 days) to ensure
comparability of the measurement results. For this purpose, the built-in so-called
“gain calibration” function was used, where a pulse of 200 pyW is applied to the
sample side for 1 h. The calibration was started after reaching the internally defined
“high signal stability”. For the gain calibration, two dummy cells consisting of
identical cell parts (housing, spring, 1 mm spacer), 2 glass-fiber separators, and a
piece of Li with the same dimensions as in a real cell were placed in the reference
and the sample side, respectively. With the dummy cells, the heat capacity and heat
conductance of a real cell are mimicked while ensuring that no (electro-)chemical

reactions take place, which might generate heat.
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2.4 Entropy measurements
As mentioned in the previous chapter and shown in equation (2.14), the partial

molar entropy of the cell (3—2 (£)) needs to be known as a function of SOC in order to

calculate the reversible heat (Q,ey ). We define here the reaction turnover parameter
¢ to describe the progress of the charging/discharging reaction. It is zero for no
reaction (fully lithiated CAM) and 1+x for a complete delithiation of the LMR-NCM
material according to the nomenclature Lii+xM1xO2 explained in section 1.3.
Theoretical considerations and derivations of the equations regarding the partial

molar entropy are discussed in detail in the article presented in section 3.2.1.

_ (7. ds -d (2.14)
Qrev _f d_E(E) E

The partial molar entropy of a battery cell is typically determined by measuring the

OCV (Eypc) as a function of temperature (T). With the resulting temperature-
dependent OCV (TD-0CV), Z—z (§) is calculated according to equation (2.15), where

n is the molar amount of charge transported when & changes by one unit and F is

the Faraday constant.

ds
d§

& =-n-F 'dd_TEoc(E) (215)

The TD-OCV needs to be measured at different SOCs during charge and discharge in
order to obtain the partial molar entropy curve for both directions. A common
method to determine the TD-OCV is the temperature step procedure. During OCV
conditions, the temperature of the cell is changed and after giving the cell some time
to equilibrate, the OCV is measured as a function of the applied temperature. By
repeating this for a number of different temperatures, the TD-OCV is determined
from the slope of the linear regression of the OCV vs. temperature data. In the article
presented in section 3.2.1, it is discussed in detail, why this temperature step
method is prone to errors that are mainly caused by the hereby encountered

difficulty when trying to determine an accurate OCV value for each temperature.

To overcome these difficulties, we used a so-called temperature ramp method,

which was only used by a few other research groups before.126-128 The methodical
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approach and a comparison to the temperature step method are shown in
section 3.2.1. For our entropy study, we used T-cells with LMR-NCM cathodes, Li
anodes and a Li-RE. The potential of the LMR-NCM was monitored versus the Li-RE
to ensure that Li plating/stripping do not contribute to the result. We used several
identical cells, each charged or discharged to a certain SOC and allowed to rest in
open-circuit conditions until the change of OCV with time was less than 0.2 mV /h.
This typically took 100-200 h. The cells were then transferred to a temperature
chamber (Espec LU114), which allows applying a linear temperature ramp. Starting
at the initial cell temperature of 25°C, the temperature ramping commenced to 35°C
and then to 5°C at a rate of 0.5 K/min. Three cycles of cooling to 5°C and heating to
35°C were conducted, followed by a final cooling step to 25°C. Based on the known
temperature variation with time (0.5 K/min), the OCV variation measured as a
function of time is translated into the TD-OCV. The advantages of the ramping

method are described in section 3.2.1.

Since both anode and cathode contribute to the overall TD-OCV, we wanted to
determine the contribution of Li in order to understand the contribution of LMR-
NCM better. For this purpose, we built special pouch-cells with a U-shaped
geometry, as shown in the Supporting Information in section 3.2.1. In the spatially
non-isothermal cell setup, one side of the U-cell is exposed to temperature changes
induced by a surrounding water bath, while the other side is kept at a constant
temperature. With this approach, we determined the contribution of Li to the TD-
OCV of the cell. It needs to be stressed (and it is also discussed in section 3.2.1) that
in the spatially non-isothermal setup, the Soret effect and the Seebeck effect
possibly influence the measurement result. The Seebeck effect describes the
potential build-up due to a metal-metal thermocouple.129-131 [t is negligibly small
for the materials used here (nickel tab). The Soret effect is caused by thermal
diffusion and cannot be excluded. It is discussed in the article presented in
section 3.2.1 why we estimate that it only gives a minor contribution to the spatially

non-isothermal TD-OCV.

The initial motivation for determining the entropy of LMR-NCM was the calculation

of the reversible heat. It will be explained in section 3.2.1, why this was not

achievable for a whole cycle. For a CAM like LMR-NCM, the integration of Z—; (¢) over
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¢ according equation (2.14) is not possible for a whole charge/discharge cycle,
because € is no unique descriptor of the (de-)lithiation processes in LMR-NCM. The
fact that the charge follows a different pathway than the discharge as a function of
SOC is well known for several LMR-NCM material properties, as mentioned in
section 1.3. These hysteresis phenomena are observed for the OCV, the
resistancel0l, the lattice parameters100104 and also the partial molar entropy?3?,

which indicate that the (de-)lithiation follows metastable pathways away from

thermodynamic equilibrium. The integration of Z—;(E) over § - although

mathematically possible — would not lead to physically meaningful values when a

complete cycle is considered. A detailed discussion can be found in section 3.2.1.
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2.5 Material Characterization

42

In addition to the methods described before, further experimental techniques
were used in this PhD thesis. BET physisorption measurements were deployed
for the determination of the surface area of the active materials examined in
section 3.1. We used nitrogen and krypton as gas adsorbates, whereby krypton
has the advantage of a lower saturation pressure and thus enables the analysis
of lower surface area samples compared to nitrogen. For the samples harvested
from cycled electrodes in section 3.1.2., we therefore exclusively used krypton
physisorption. Prior to the measurement, the samples were washed to remove

residuals from the electrolyte.8>

In order to determine the exact composition of the NCM-811 material studied in
section 3.1, the active material was sent to the Mikroanalytisches Labor Pascher
(Remagen, Germany) for elemental analysis. After dissolving the powder by
pressurized acid digestion in aqua regia, the mass fractions of Li, Ni, Co and Mn
were quantified by inductively coupled plasma atomic emission spectroscopy

(ICP-AES).

The morphology of the NCM-811 particles in section 3.1 was evaluated by cross-
sectional scanning electron microscopy (SEM). The SEM measurements were
conducted in cooperation with Katia Rodewald from the Wacker-Chair of
Macromolecular Chemistry at TUM, using a JEOL scanning electron microscope
(JSM-7500F, JEOL, Japan) in backscattering mode at an accelerating voltage of
5kV. To further analyze the structure of the NCM-811 particles, high angle
annular dark field scanning transmission electron microscopy (HAADF-STEM)
images were collected at the Competence Center Material Physics of BASF SE.
For this purpose, the samples were prepared by focused ion beam (FIB) milling
using a Helios G4 CX dualbeam machine (Thermo Fischer Scientific, USA).
Subsequently, the samples were imaged at 300 keV by HAADF-STEM using a

Thermo Fisher Themis Z 3.1 microscope.

To analyze the surface of the NCM-811 particles before and after cycling, X-ray
photo-electron spectroscopy (XPS) measurements were conducted with a
monochromatic Al K« source (1486.6 eV) using an Axis Supra system (Kratos,

UK) with an operating pressure of 2:10-8 Torr. XPS spectra were collected with
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focus on the O 1s region. Fitting was done with a mixture of Lorentzian and
Gaussian shape function and a Shirley background. The results are shown in

section 3.1.1.
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3 Results

This chapter contains the published work. The manuscript which is to be submitted
soon is shown in the Appendix. Section 3.1. presents the results of long-term cycling
studies with cells using Ni-rich NCM-811 as cathodes. The aim of these studies was
the investigation of capacity fading mechanisms in Ni-rich NCMs at ambient
(section 3.1.1) and elevated temperatures (section 3.1.2). For this purpose, a
variety of different analysis methods was combined with X-ray diffraction as the
key method in both studies. While we used a rather complicated in-situ
measurement approach relying on synchrotron radiation during the first study at
ambient temperatures (section 3.1.1), we designed the cycling stability study at
elevated temperatures in a way that allowed ex-situ analysis at our in-house

diffractometer (section 3.1.2).

In section 3.2, the focus is on Li- and Mn-rich NCM (LMR-NCM) and particularly on
the investigation of the hysteresis phenomena exhibited by this type of CAM. The
main goal was the quantification of the waste heat associated with the hysteresis of
the open-circuit voltage. This analysis was conducted using isothermal micro-
calorimetry (section 3.2.2). In order to analyze the heat flow generated by cells with
LMR-NCM cathodes, a quantification of the different sources of heat was required.
Measurements of the entropy in LMR-NCM/Li half-cells were initially conducted
with the aim of determining the reversible heat. However, the entropy in LMR-NCM
turned out to be more complex, and a translation of the entropy measurement data
into a physically meaningful value for the reversible heat was not possible
(section 3.2.1). Since LMR-NCM shows a unique voltage curve during the first
charge that is associated with irreversible structural rearrangements, another
isothermal micro-calorimetry study was conducted to investigate the waste heat

generated during the first activation cycle (section 3.2.3).
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Results

3.1 Capacity fading mechanisms of Ni-rich layered
oxides during long-term cycling

3.1.1 In-situ X-ray study at ambient temperature

The article “Capacity Fading Mechanisms of NCM-811 Cathodes in Lithium-Ion
Batteries Studied by X-ray Diffraction and Other Diagnostics” was submitted in
September 2019 and published in November 2019 as an Editor’s choice publication
in the peer-reviewed Journal of the Electrochemical Society. It is available as an
“open access” article under the terms of the Creative Commons Attribution Non-
Commercial No Derivates 4.0 License. The permanent web link can be found under:

https://iopscience.iop.org/article/10.1149/2.0821915jes. = Benjamin  Strehle

presented the article at the 235t Meeting of the Electrochemical Society in Dallas,
USA in May 2019 (Paper 559). To support the main article, additional information
is provided in the Supporting information, including details about the diffraction

and impedance experiments, and microscopy images of cathodes.

Ni-rich layered oxides such as NCM-811 are promising cathode active material
candidates for use in LIBs in order to meet the requirements for a high energy
density, e.g., for application in BEVs. By increasing the Ni content, the specific
capacity at a given voltage is increased. This, however, comes at the price of a
reduced structural, cycling and thermal stability.133-135 As outlined in section 1.2,
several degradation phenomena are reported to occur when cycling Ni-rich NCMs,
especially when charging to high SOCs (>80%). Figure 1.3 summarizes the three
main contributions from the cathode: (i) oxygen release from surface-near
regions>369, associated with the reconstruction of the surface and an increased
charge-transfer resistance;>3.69-71 (ii) particle cracking due to an anisotropic volume
contraction at high SOCs, leading to a deterioration of electrical contact80-8284 and
to an increased surface area;8285 (iii) irreversible migration of TMs from the TM-
layer to the Li-layer (cation mixing), causing an increased cathode impedance®86.87
and a reduced number of available Li sites. In addition to the degradation of the
CAM, other reasons for capacity fading are possible, which are not directly
occurring at the cathode. Those are highlighted by yellow arrows in Figure 1.3. By
the design of the experiment, they were minimized or excluded as good as possible.

A prelithiated graphite was used as anode to prevent loss of active material by the
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ongoing SEI growth and to prevent Li plating by ensuring an anode potential well
above 0V vs. Li*/Li. By using a glass fiber separator, HF, which might be formed
during electrolyte oxidation, is scavenged. A large electrolyte excess moreover
mitigates electrolyte depletion. Thus, we focused quasi exclusively on the three
main degradation phenomena occurring in the CAM: surface reconstruction,

particle cracking, and cation mixing.

We investigated the capacity fading of NCM-811/graphite pouch cells cycled at C/2
(3.0-4.5V vs. Li*/Li) at =22°C for 1000 cycles by a combination of in-situ
synchrotron X-ray powder diffraction (XPD), impedance spectroscopy (EIS) and X-
ray photoelectron spectroscopy (XPS). Of the three main aging phenomena in CAMs,
presented above, we found no evidence for particle cracking (no crystallographic
side phase due to isolated particles) and observed a stable bulk structure with a
constant cation mixing. We observed that a growing resistive surface layer is
responsible for the capacity fading. On the one hand, this leads to an irreversible
capacity loss due to the fraction of CAM lost for its formation. On the other hand, it
causes an increasing charge-transfer resistance accompanied by a reversible
capacity loss, since the associated overpotentials can be overcome at low C-rates.
By establishing a quantitative correlation between the NCM-811 lattice parameters
and the capacity fading, those two fading mechanisms were monitored over the
course of cycling. At the end of test, harvested cathodes were used for EIS and XPS
measurements, verifying the increasing resistance and the oxygen-depleted nature

of the surface layer.
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Introduced by Sony in 1991, lithium-ion batteries (LIB) now dom-
inate the battery market. However, a large-scale commercialization of
battery electric vehicles (BEVs) and storage systems for renewable
energy sources requires higher energy density, lower price, and longer
cycle life, all of which critically depend on the cathode active ma-
terial (CAM). Layered transition-metal oxides (LiTMO,, where TM
refers to one or a combination of the transition-metals (TMs) Ni, Co,
and/or Mn, so-called NCMs) have been successfully used as CAMs
in LIBs owing to their high specific capacity and high thermal stabil-
ity. For example, the currently sold BMW i3 BEV uses NCM-111,
which is expected to be replaced by NCM-622 in the near future in
order to increase energy density and to reduce the cobalt content,' as
the latter is problematic from a sustainability and geopolitical point
of view.>™ For these reasons, the more Ni-rich NCM variants (e.g.,
NCM-811) are the most promising candidates for future BEV ap-
plications, particularly as a higher Ni content leads to an increase in
specific capacity at a given cut-off voltage compared to the less Ni-rich
NCMs. However, large amounts of Ni in the CAM result in reduced
structural, cycling and thermal stability.>~ Especially at high poten-
tials (>4 V vs. LiT/Li), structural instabilities such as bulk structural
transformations®®'” and cation disorder (anti-site disorder between
lithium and a transition-metal)'! are reported to deteriorate the elec-
trochemical performance of layered oxides. Some authors identified
micro-strain and intergranular cracking as major causes for capacity
fading in Ni-rich NCMs, %14

Other research activities focus on the structural evolution of the
CAM surface, because it happens simultaneously with electrochemical
cycling and determines the interaction between active material and the
other components of the battery. Recent on-line electrochemical mass
spectrometry (OEMS) and transmission electron microscopy (TEM)
studies on NCMs and their over-lithiated variants (referred to as HE-
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**Electrochemical Society Member.
*¥*Electrochemical Society Fellow.
“E-mail: franziska.friedrich@tum.de

NCMs) report oxygen release at the particle surface!>™'® accompanied

by the formation of rock-salt and spinel-type surface layers.'”-?* The
low conductivity of these reconstructed phases is believed to cause an
increased impedance on the cathode side and therefore contribute con-
siderably to the capacity loss.'®? Furthermore, the literature reports
that transition-metal dissolution from the CAM deteriorates cycling
performance in NCM/graphite full-cells. While on the cathode side
active material is lost and the particle surface is reconstructed, the
deposition of dissolved transition-metals on the anode side leads to
enhanced electrolyte decomposition and an impedance rise.?!~>?

In view of the required lifetime of 15 years and a cycle life over
1000 cycles for large-scale commercialization of LIBs for applica-
tions such as electric vehicles,>*? it is essential to gain a fundamental
understanding of the underlying mechanisms and their interrelations
contributing to battery failure. As ex situ techniques may lead to de-
viations from the original state of the CAMs during electrode har-
vesting (e.g., changes in the state-of-charge (SOC) of the CAMs),
much more authoritative information can be achieved by in situ and
operando techniques, which allow for the characterization of elec-
trode materials under real operating conditions. In situ X-ray powder
diffraction (XPD) is a powerful analytical tool, which provides insights
about bulk structural changes in cathode and anode over the course of
cycling.

In the present study, detailed information on the fading mechanisms
of NCM-811/graphite full-cells is obtained from the combination of
X-ray powder diffraction, electrochemical impedance spectroscopy
(EIS), rate tests, X-ray photoelectron spectroscopy (XPS) and scan-
ning electron microscopy (SEM). To get unambiguous insights about
the cathode active material fading mechanisms, the graphite counter-
electrode was pre-lithiated to eliminate capacity fading from active
lithium loss at the anode, while allowing for long-term cycling which
is more problematic with a metallic lithium anode. In situ synchrotron
X-ray powder diffraction experiments were conducted with pouch
cells cycled over 1000 times at the long duration experiment (LDE)
facility of beamline I11 at the Diamond Light Source, UK. The results
from the LDE synchrotron XPD study were combined with operando
XPD measurements using a lab diffractometer with a molybdenum
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source to allow for a quantitative correlation between lattice parame-
ter changes in the CAM and capacity losses, seeking to clarify whether
bulk or surface related phenomena are responsible for capacity fading
in NCM-811 CAMs.

Experimental

Battery assembly and cycling—NCM-811 cathode electrode
sheets (94 wt% BASF SE NCM-811, 2 wt% Timcal SFG6L graphite,
1 wt% Timcal C65 conductive carbon, 3 wt% Kynar PVDF binder
HSV900) with a loading of ~*7.4 mgcam/cm? (corresponding to
~21.5 mAh/cm? based on 200 mAh/g) and with a precise composition
of Lij 01 Nip79C0.1Mng; 0, (Mikroanalytisches Labor Pascher, Ger-
many; see below) were provided by BASF SE (Germany). The pristine
NCM-811 has a BET surface of ~0.27 m?/g (determined by N, and Kr
physisorption; see below). Cathodes with a geometric area of 9 cm?
(30 x 30 mm?) were assembled in single layer pouch cells (with a
40 pm-thick Al layer) versus graphite counter-electrodes (CE, ge-
ometrically oversized, 33 x 33 mm?) in an argon-filled glove box
(<0.1 ppm O, and H,O, MBraun, Germany). These capacitively over-
sized graphite sheets (96 wt% active material, ~7.1 mgGraphitc/cmz,
reversible capacity of ~2.3 mAh/cm?) were also provided by BASF
SE. To avoid capacity fading due to the loss of cyclable lithium caused
by the formation of the solid electrolyte interphase (SEI) as well as
during cycling, the graphite anodes were pre-lithiated to ~Lij;3;C¢
(corresponding to ~0.7 mAh/cm?) versus a lithium counter-electrode
(450 wm, 99.9%, Rockwood Lithium) in LP57-2 electrolyte (1M LiPFg
in EC:EMC = 3:7 by weight with 2% VC, BASF SE). In full-cells, two
glass-fiber (GF) separators (36 x 36 mm?, glass microfiber filter 691,
VWR, Germany) with a projecting tab (10 x 10 mm?) were used with
700 pL LP57-2 electrolyte. A piece of lithium (10 x 5 mm?) posi-
tioned at the tab, was used as reference-electrode (RE). For a homoge-
neous compression of the cells at ~2 bar, a homemade spring-loaded
pouch cell holder with a 1.5 mm diameter hole as X-ray window was
used, similar to that reported in our previous work.2®

The first two formation cycles were performed at constant current
(CC) at a C-rate of C/10 (based on 200 mAh/g, which corresponds to
a current density of ~1.5 mA/cm? at a rate of 1C). Subsequent CC
cycling was carried out at C/2 (without any constant voltage hold step).
The cathode voltage window was 3.0-4.5 V vs. Li*/Li as controlled
versus the Li-RE. All voltages in this work are reported vs. Li*/Li if not
stated otherwise. Initial cycling (2 cycles at C/10 and 6 cycles at C/2)
was performed at the Technical University of Munich (Maccor cycler,
series 4000, USA) in a thermostatic chamber at 25°C. At the long
duration experiments (LDE) facility of beamline I11 at the Diamond
Light Source, two nominally identical pouch cells were cycled at C/2
and ~22°C. The following nomenclature will be used: (i) “pristine”
refers to the as-received NCM-811 powder or to pristine electrode
sheets (i.e., never assembled into a battery); (ii) “fresh” corresponds to
data collected within the first 10 cycles (including formation cycles);
(iii) “begin-of-test” (BOT) refers to a NCM-811 cathode electrode,
which has gone through formation (initial 2 cycles at C/10) and 16
cycles at C/2, corresponding to our first LDE XPD data point; and,
(iv) “end-of-test” (EOT) refers to a cathode at the end of the LDE test,
more specifically, it refers to the LDE XPD data collected in cycle
968 for cell 1 and in cycle 975 for cell 2, although the electrochemical
cycling continued until cycle 995 for cell 1 and cycle 1003 for cell 2.
Subsequently, further tests were conducted (e.g., C-rate test, relaxation
test), which are also denominated as EOT.

For elemental analysis, inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) was performed at the Mikroanalytisches
Labor Pascher (Remagen, Germany), for which the CAM powder was
dissolved by pressurized acid digestion in aqua regia. Considering
surface impurities such as Li, SOy, Li,CO3, and transition-metal car-
bonates, which amount in total to 22.2 wt% of the sample, the com-
position of NCM-811 was determined as Li; g;Nip79Cog10Mng 1902,
giving a theoretical capacity of 280 mAh/gncm or 274 mAh/gcam (in-
cluding the surface impurities) for complete Li extraction. Note that
capacity values are given for the total CAM powder and that we used
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the latter notation throughout the entire work. The layered oxide is
doped with ~0.3 mol% Al (relative to the transition-metal amount),
which is however not taken into further consideration.

X-ray powder diffraction measurements.—The in situ long-
duration study of two nominally identical NCM-811/graphite pouch
cells was performed using synchrotron X-ray powder diffraction on
the LDE facility of beamline 111, Diamond Light Source; this will
further on be referred to as “in situ S-XPD”. Patterns were collected
with an exposure time of 5 minutes with an X-ray beam of ~25 keV
energy (~0.494 A) and a 2D Pixium area detector at a distance of
~(0.25 m. NIST Standard Reference Material CeO, (NIST SRM 674b)
was measured before every sample data collection in order to refine
the wavelength and detector distance and to evaluate the instrumental
broadening. Detailed information on the LDE instrument is given by
Murray et al.?” The diffraction data were reduced with the software
package DAWN?%? and refined with the software package Topas (ver-
sion 6).>° XPD data collection was performed once a week at open
circuit voltage (OCV) after 3-5 h of relaxation, both in the discharged
state of the cathode at the lower cathode cut-off potential of 3.0 V vs.
Li*/Li and, after subsequent charging, in the charged state of the cath-
ode at the upper cathode cut-off potential of 4.5 V vs. Li*/Li. In this
way, data collection was intended to be performed every ~50 cycles at
both SOCs. However, due to a beam shut-down no XPD data could be
collected for several months. The cycling protocol was nevertheless
continued including OCV holds every week (i.e., every ~50 cycles).

In addition, XPD experiments were conducted at our in-house
STOE STADI P diffractometer (STOE, Germany) in transmission
mode using Mo-K,,; radiation (0.7093 A,50kV,40mA)and a Mythen
1K detector with one data point every 0.015°/26. For the determination
of instrumental broadening, a silicon standard material (NIST SRM
640c) was used. In-house measurements comprise three different types
of experiments for the pristine, fresh, and harvested EOT NCM-811
materials: (i) structural information from ex situ capillary data; (ii)
determination of lattice parameters and of a calibration curve corre-
lating the lithium content x;; with the c/a lattice parameter ratio (xi;
= f(c/a)), which was performed both in operando (i.e., data collection
during charge-discharge cycling) and in in situ mode (i.e., data col-
lection during intermediate OCV holds), and, (iii) relaxation tests of
the (003) reflection upon the transition from CC charge to OCV. XPD
experiments conducted with the Mo-K,; laboratory XPD will further
on be referred to as “L-XPD” experiments.

Ex situ L-XPD measurements were conducted over night (14 h)
in 0.3 mm borosilicate capillaries in a 26 range of 3—60° (with detector
step size/step time of 0.15°/5 s). Cycled samples were scratched off
the electrode and filled into the capillary in an argon-filled glove box.

In situ and operando L-XPD experiments were performed in pouch
cells with a lithium counter-electrode and a relatively thin pouch foil
(12 pm-thick Al layer). During the measurement, the cell was con-
nected to a SP200 potentiostat (SP200, Biologic, France). For the de-
termination of lattice parameters from the fresh NCM-811 electrode,
all cycles were conducted at a C-rate of C/7.5. The first charge was lim-
ited to a maximum capacity of 180 mAh/g (corresponding to a cathode
potential of ~4.1 V vs. Li*/Li) to avoid any side reactions of the elec-
trolyte. By limiting the SOC window and using a Li counter-electrode,
the observed irreversible capacity loss could be solely related to the
NCM-811 CAM. Afterwards, the cell was cycled for several cycles at
C/7.5 between cathode potentials of 3.0 and 4.6 V vs. Li*/Li; the accu-
mulated irreversible capacity loss caused by side reactions amounted
to ~9 mAh/g during the operando measurement, and the SOC scale in
the respective figures was corrected for this value. The c/a ratio was
measured operando at C/7.5 with a time resolution of 8 minutes (see
below), translating to one diffractogram every ~4 mAh/g; for in situ
measurements (i.e., during a 50 min OCV hold), diffractograms were
taken every 10 mAh/g. The EOT sample was cycled in situ using the
cycling protocol for the LDE experiment (i.e., at C/2 between 3.0 and
4.5 V vs. Li*/Li) with data points every 15 mAh/g. In situ L-XPD
data collection was performed during intermittent OCV periods in the
cycling procedure in a 26 range of 6—48° (detector step size/step time
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of 0.15°/5 s), leading to L-XPD acquisition times of 40 minutes. For
operando L-XPD data collection, only small 26 sections with non-
overlapping NCM reflections were measured in repetition mode. To
determine the c/a calibration curve from operando L-XPD, the (003)
reflection was monitored in the 26 range of 8.000-9.215° (0.405°/3 s),
and the (110) reflection in the 20 range of 28.500-29.715° (0.405°/3 s),
with an overall acquisition time of about 8 minutes. Lattice parameter
values determined by the operando L-XPD method perfectly overlap
with those from in situ L-XPD data (see Figure S5 in paragraph S3 of
the Supporting Information), whereby the operando method has the
advantage that more data points are collected.

Finally, additional operando L-XPD lattice parameter relaxation
experiments were conducted with fresh and EOT samples. After C/2
charging to a comparable state of delithiation (i.e., cathode potential
cut-offs of 4.3 V vs. Li*/Li for the fresh and of 4.5 V vs. Li*/Li for the
EOT sample), the cell was allowed to relax at OCV while monitoring
only the relaxation of the (003) reflections in the 26 range of 8.000-
9.215° (0.405°/3 s), resulting in a time resolution of about 4 minutes
per L-XPD pattern.

Rietveld refinement.—As the X-ray beam penetrates through the
entire pouch cell, the synchrotron diffractogram contains reflections
of (i) Al from the pouch foil and the cathode current collector, (ii) Cu
from the anode current collector, (iii) graphite phases (graphite as con-
ductive agent in the cathode, Li,Cs in the anode), and, (iv) the actual
NCM reflections of interest. The scattering from the electrolyte-soaked
separator and from polymers of the binder and pouch cell give rise
to a complex background, which was fitted by different approaches.
Initially, the background signal was defined by fitting a linear inter-
polation between selected data points in non-overlapping regions, as
was done by Dolotko et al.>! However, a more elegant way — because
its inclusion in the refinement process is possible — is a user-defined
background modeled by eight pseudo-Voigt peaks, similar to what was
used by Bo et al.,*> and which was used throughout our analysis. From
the refinement of one pattern, the positions and relative intensities of
the pseudo-Voigt peaks were determined and fixed across all scans
with a single scale factor allowing for a free variation of the overall
background intensity. Due to preferred orientation effects in the metal
foils, a structure-independent Pawley fit was used for the respective
phases. The peak profile was described as isotropic broadening with
the Thompson-Cox-Hastings pseudo- Voigt function (TCHZ, as imple-
mented into Topas). The instrumental contribution to the broadening
was determined with the CeO, standard (NIST SRM 674b), giving a
value of 20.006 for the 6-independent parameter W in the TCHZ func-
tion. Additional isotropic reflection broadening caused by the sample
was taken into account as phase-specific micro-strain (tan 6-dependent
parameter X) or crystallite size effects (1/cos 6-dependent parameter
Y) in the TCHZ function of each individual phase. For a more detailed
discussion see paragraph S1 in the SL.

NCM-811 is a layered transition-metal oxide known to exhibit an
a-NaFeO,-type structure with R3m symmetry.** The unit cell of NCM-
811 contains Li atoms on the 3a site (fractional coordinates: 0, 0, 0)
and the transition-metals randomly distributed on the 3b site (0, 0,
1/2). The oxygen atoms are on the 6c¢ site (0, 0, zsc,0), With ze. o rang-
ing between 0.23 and 0.24. According to literature reports** and our
own experience, a more stable refinement is achieved if the number of
refined parameters is minimized. Therefore, the following constraints
were applied: (i) the site occupancy factors of Co and Mn were both
fixed to 0.10 on the 3b site (as determined from the ICP-AES analysis);
(ii) the overall Ni content was fixed to 0.79 per formula unit; and, (iii)
for the refinement of cation disorder, the Ni distribution between 3a
and 3b sites was constrained by assuming the same amount of Li on the
transition-metal 3b site as the amount of Ni on the Li 3a site (= Li-Ni
mixing, cation disorder). The chosen kind of constraints have already
been applied in the literature and were found to give chemically reli-
able results and a stable refinement.'%"35-3% Furthermore, the atomic
displacement parameter was constrained for all sites to be the same,
because otherwise physically meaningless (sometimes negative) val-
ues were obtained. However, when refining data obtained from ex situ
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L-XPD capillary measurements, site-specific atomic displacement pa-
rameters could be implemented, which were in good agreement with
literature values.’** We used ionic scattering factors for all atoms in
the structure. Generally, there is no commonly accepted rule whether
to use ionic or neutral atomic form factors.* However, recently the
advantages of the use of composite structure factors were reported.

At this point, it is important to note that structure factors are a (theo-
retical) model of the electron density of an atom which scatters X-rays.
Usually, a scattering factor of a free neutral atom deviates substantially
from that of an atom in a crystal lattice. However, full charge-transfer
between atoms rarely occurs, so that the actual charge density of an
ion in a crystal lattice is not equal to its formal charge.>**>** Accurate
scattering factors therefore need to be determined for the respective
structural model. As such data are not available for NCM-811, the
scattering factors were chosen so that the resulting oxidation states
(Li*, Ni**, Co?*, Mn**, and O*") give a chemically meaningful, neu-
tral sum formula for the pristine material. The effects of the scattering
factors might be mitigated by excluding the low 26 region from the
Rietveld refinement.>* In our case, however, this is not possible be-
cause strong reflections are in this range and discarding them would
mean a detrimental loss of information.

Any anisotropic strain introduced by changes in the lattice due to Li
de-/intercalation (especially pronounced at high state-of-charge, SOC)
was taken into account by the hexagonal Stephens model (see para-
graph S1 in the SI for equations and Figure S3 for the Williamson-Hall
plot).** The simultaneous refinement of the four micro-strain parame-
ters (Soo4, Soos> S202, S301) during the sequential Rietveld analysis of the
LDE pouch cell data did not yield stable results. Therefore, only Sps
and S5, were used, because these parameters had the largest effect on
the fit quality. This procedure is in agreement with the literature.*> For
the refinement of the capillary data measured at the in-house diffrac-
tometer, all four strain parameters were used successfully, underlining
the fact that the Stephens model is phenomenological and only helps
to describe the peak shape but does not directly correspond to a physi-
cal meaning. In case of the refinement of capillary data obtained at the
in-house diffractometer, absorption correction was applied. For fur-
ther details on the structural parameters, constraints, and refinement
results see paragraphs S1 and S2 in the SL

In addition to the NCM phase, graphite phases of the anode were
observed in the XPD patterns from NCM-811/graphite full-cells. It
is known in the literature®'*¢ that the lithiation of graphite is a step-
wise process leading to three phases which are distinguishable by
X-ray diffraction analysis: graphite (space group P6s;/mmc), LiC,
(P6/mmm), and LiCg (P6/mmc). The pre-lithiation of the anode results
in a lithium reservoir which ensures that even in the fully discharged
cell, graphite is not formed. The nevertheless observed (002) graphite
reflection therefore stems from the conductive graphite additive in the
NCM-811 cathode coating. Structural parameters for the refinement
of the Li,C¢ phases (0 < x < 1) were taken from a neutron study con-
ducted by Dolotko et al.*” As just the small (002) reflection of graphite
appears, only the lattice parameters were refined for this phase. For
the LiCy, phase, lattice parameters and peak broadening due to size
effects could be refined. Athigh SOC, also LiCg is present, from which
the lattice parameters and crystallite size broadening could be refined.
Results from the structural refinement of the LDE data with respect to
the different graphite phases are shown in Tables S7-S9 in the SI.

Impedance measurements and rate tests.—Electrochemical
impedance spectroscopy (EIS) experiments were conducted in spring-
compressed Swagelok-type T-cells (=1 bar), in which both cathode
and anode had a diameter of 11 mm. Pre-lithiated graphite was used
as counter-electrode. A gold wire micro-reference (GWRE) with a Au
wire diameter of 50 wm insulated with a 7 wm polyimide shrouding
(Goodfellow Ltd., UK) was used as reference-electrode,*® placed be-
tween two GF separators with 60 pL LP57-2 electrolyte. The GWRE
was lithiated with a constant current of 150 nA for 1 h and yielded
a constant potential of 0.31 V vs. Li*/Li. Potential-controlled elec-
trochemical impedance measurements (PEIS) were conducted with
a potentiostat (VMP300, BioLogic, France) in a frequency range of
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100 kHz to 100 mHz with an AC voltage perturbation of 10 mV (tak-
ing 20 data points per decade and 3 period repetitions). PEIS mea-
surements were performed during the first formation cycle, the 18™®
cycle, and at end-of-test during charge and discharge at intervals of
20 mAh/g. Prior to measurements, the cells were allowed to rest at
OCYV for 1 h. Harvested cathode material from the pouch cells of the
LDE study was used for the PEIS experiments and for rate tests at
EOT. For the other two cycles of interest, new cells were assembled.
To fit the impedance spectra, the transmission line model (TLM) was
used as described in paragraph S4 of the Supporting Information.*
Rate tests were done in 2325-type coin cells with cathode elec-
trodes of 11 mm (EOT) and 14 mm (BOT) in diameter, a lithium
counter-electrode (15 mm), two GF separators (16 mm), and 80 pL
LP57 electrolyte (1M LiPFg in EC:EMC = 3:7 by weight, BASF SE).

X-ray photoelectron spectroscopy measurements.—X-ray photo-
electron spectroscopy (XPS) measurements were conducted on pris-
tine, BOT, and EOT electrode samples with focus on the O1s region.
The electrodes were used as-received (pristine) or harvested without
washing in the completely discharged state (i.e., after a constant volt-
age hold step at 3.0 V vs. Li*/Li until a C/100 current cut-off). 4 mm
diameter samples were cut out of the electrode sheets inside an argon-
filled glove box (<0.1 ppm O, and H,O, MBraun, Germany), mounted
floating onto a stainless steel stub, and transferred into the loadlock of
the XPS system without air exposure using the transfer device from
Kratos (UK). XPS spectra were recorded with a monochromatic Al K,
source (1486.6 eV), using an Axis Supra system (Kratos, UK) with an
operating pressure of 2-1073 Torr. A pass energy of 20 eV, step size of
0.1 eV and dwell time of 200 ms were chosen for a spot size of 800 x
300 wm?. Binding energies were corrected based on the adventitious
carbon signal at 284.8 eV in the C 1s spectrum. Fitting of the spectra
was done with a mixture of Lorentzian (30%) and Gaussian (70%)
shape function on top of a Shirley background.

Surface area determination.—Surface area measurements were
performed on a gas sorption analyzer (Autosorb-iQ, Quantachrome,
USA) at 77 K using either nitrogen or krypton as adsorbent. Before-
hand, the pristine NCM-811 powder was degassed at 350°C for 3 h,
whereas treated powders were degassed at 80°C for 24 h. The CAM
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was either treated with (i) H,O for 30 min or (ii) LP57 + 1000 ppm
H,O for 7 days, whereby in the latter case, previous work showed
that the 1000 ppm H,O will be converted to ~2000 ppm HF within
the course of roughly 2-3 days.*® The CAM-to-solvent ratio was 1:10
g:ml in both cases. Afterwards, the CAM was filtrated and addition-
ally washed with dimethyl carbonate for the HF-treated sample. The
specific surface area was determined from adsorption isotherms in
the relative pressure range of 0.05 < p/py < 0.30 according to the
Brunauer-Emmet-Teller (BET) theory. As N, and Kr sorption pro-
vide similar surface areas for the pristine material (N,: 0.26 m2/g, Kr:
0.28 m?/g), the following experiments were only done with krypton,
since it should be more accurate with a low sample amount (&1 g).

Overview.—Figure 1 summarizes the main techniques which we
have used in this study and which will be discussed in detail in the
Results and Discussion section. It might be helpful for the reader to
go back to this overview from time to time, especially with respect to
the different XPD techniques, as it shows the targeted parameter(s) of
each experiment and the different aging states of the NCM-811 CAM.

Results and Discussion

LDE electrochemical data.—Figure 2a shows the specific dis-
charge capacity of two NCM-811/graphite full-cells cycled at the long
duration experiment (LDE) facility of beamline 111 at the Diamond
Light Source, UK. Initially, there is a first cycle irreversible capacity
loss (ICL) of 25 mAh/g (not shown), which compares well with the
ICL reported for NCM-111 of ~24 mAh/g>' and which results in a
CAM stoichiometry of Li9,Ni79Cog 10Mng 19O, after the first cycle.
This irreversible capacity loss of NCMs was also reported by other
groups,’'~ and Buchberger et al.’! discussed various reasons for the
ICL and were able to prove the mechanism first proposed by Kang
et al.,>*> who suggested that the Li diffusion at the end of discharge
is very sluggish because of the lack of Li-ion vacancies. These au-
thors were able to recover the full capacity by giving the diffusion
process enough time at voltages lower than 3.0 V. The capacity drops
after the second cycle by ~16 mAh/g when increasing the C-rate from
C/10 to C/2 (see inset of Figure 2a), a typical rate-induced capacity
loss observed for NCMs.”® In addition, between cycle 8 and 9 there

Pristine Fresh BOT LDE EOT
CAM powder <10 cycles Cycle 18 Cycling ~1000 cycles
Technique Target Figure l—T | f
In situ S-XPD 25”3‘“31 8? Fig. 5 v v v
Overpotential

Operando L-XPD  c/a = f(xy;) Fig. 5a v

In situ L-XPD cla=f(OCV) Fig. 6a v v
Ex situ L-XPD Li-Nimixing  Fig. 3 v v
Operando L-XPD  Relaxation Fig. 9 v v
In situ EIS Rer Fig. 6b v v N4
Rate test AChtaterial Fig. 7 N4 N4
XPS Nature of Fig. 8 v v v

surface layer

Figure 1. Overview of the main techniques used in this work, highlighting the targeted parameter(s), the figure where the respective results are shown in the
Results and Discussion section, and the different aging states of the NCM-811 CAM which have been investigated with the respective technique.
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Figure 2. (a) Specific discharge capacity, (b) charge-averaged mean charge
and discharge voltage of the cathode vs. Li*/Li (Vean ), and (c) voltage profile
of anode and cathode of NCM-81 1/graphite full-cells cycled at ~22°C with C/2
between 3.0-4.5 V vs. Li*/Li at beamline I11 (Diamond Light Source, UK).
The inset in panel (a) highlights the first 20 cycles, where (i) the C-rate was
increased from C/10 (cycles 1 and 2) to C/2, and (ii) the cells were moved to the
Diamond Light Source (between cycle 8 and 9), where the cycling temperature
was ~22°C compared to 25°C during cycles 1-8. Slight deviations from the
characteristic mean voltage curves in panel (b) originate from the OCV phases
for XPD data collection (every ~50 cycles). The half-cell voltage profiles of
cycle 973 in panel (c) were shifted arbitrarily along the x-axis relative to cycle
19 in order to illustrate the overpotential leading to capacity fading.

is another capacity drop of ~3-5 mAh/g at the same C-rate, which
unfortunately is due to a temperature difference between the cycling
experiments conducted in our laboratory at the Technical University
Munich (25°C, until cycle 8) and in the beamline hutch at the Dia-
mond Light Source (*22°C, from cycle 9 onwards). This difference
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in discharge capacity is consistent with the temperature dependence of
the discharge capacity of ~0.8 (mAh/g)/K, determined in a separate
experiment (not shown) with fresh NCM-811/graphite cells cycled at
C/2 at varying temperatures (19-33°C). The mean capacity drop in the
subsequent cycles is 20.04 mAh/g per cycle (see Figure 2a), resulting
in a capacity retention (at 22°C and C/2) of 77-80% after 1000 cy-
cles, referenced to 185 mAh/g in cycle 9. The instantaneous regain of
capacity for cell 2 (blue line) in cycle 893 must have been caused by
a sudden improvement of the cell contact (i.e., the electrical contact
between the current collector tab of the cell and the crocodile clamp
of the current cable). This becomes apparent from the voltage profiles
of cell 2 in cycles 8§92-894, which show a ~100 mV lower charge
and discharge voltage after the event in cycle 893 (corresponding to a
~15 Q lower resistance; see paragraph S5 and Figure S8 in the SI).
However, the capacity fading rate after this event remains unchanged
for the subsequent cycles.

Figure 2b shows the charge-averaged mean charge and discharge
voltage of the cathode electrodes vs. Li*/Li of cells 1 and 2 (for a
given charge or discharge cycle, Veun = [ Vean xdg / [ dg).> After
the initial rapid increase of V., due to the increase in C-rate (from
C/10 to C/2 in the 3" cycle) and change in temperature (from 25°C to
~22°C in cycle 9), the V., curves for charge and discharge show a
relatively linear behavior, with the mean discharge voltage decreasing
by ~0.12 mV per cycle and the mean charge voltage increasing by
~0.08 mV per cycle. The increase of the overpotential during both
charge and discharge suggests an increase in cathode impedance over
extended cycling. The small spikes in the V., curves every 250 cycles
are caused by the OCV holds for XPD data collection, where the cell
potential relaxes. The V.., jump of cell 2 at cycle 893 is due to the
above discussed change in the cell contact resistance.

Figure 2c shows a comparison of the half-cell voltage profiles of
graphite and NCM-811 vs. Li*/Li of cell 2 for the 19" cycle (black
curves, after the first LDE XPD data point, BOT) and for the 973"
cycle (blue curves, close to the last LDE XPD data point in the 975
cycle, EOT). It can be seen that the overpotential of the cathode (solid
lines) increases drastically with cycling, as already indicated by its
mean voltage evolution. Because cycling was carried out between fixed
cathode voltage limits (3.0 and 4.5 V vs. Li*/Li), this increase of
overpotential contributes significantly to the observed capacity fading,
as the accessible capacity window gets narrowed from both sides.'*®
On the other hand, the voltage profile of the graphite anode (dashed
lines) shows no significant change with cycling.

In the literature, various factors are discussed which might cause the
capacity fading for Ni-rich NCMs in the absence of a loss of cyclable
lithium (i.e., in half-cells with lithium anodes or, as in this study, in full-
cells with pre-lithiated graphite anodes), as seen in Figure 2. Amongst
others, bulk structural changes such as cation disorder are identified
as possible reason.’? A notably increased fraction of Ni in the Li layer
would not only reduce the number of active Li sites, but also gives
rise to an increased polarization.”® Contact loss in the CAM due to
pronounced particle cracking!® and surface instabilities,” however,
are also reported to lead to a capacity loss due to impedance build-up.
At the same time, both cracking and surface instabilities might cause
a capacity loss due to material loss in the form of isolated particles
or reconstructed phases, which are electrochemically inactive. In the
following, the reasons for the continuous capacity fading observed in
Figure 2 are analyzed by a combination of various techniques, with
emphasis on the long-duration experiment XPD data.

XPD analysis with respect to bulk stability and cation mixing.—
Starting our XPD analysis, we first examined whether any reversible
phase transformations could be observed. For instance, for LiNiO,,
there are literature reports on the reversible phase transformation from
a hexagonal to a monoclinic structure (H1-M transformation) and fur-
ther on to new hexagonal versions (M-H2 and H2-H3 transformations)
upon delithiation.” The H1-M transformation is accompanied by the
splitting of the original (101), (012), and (104) reflections in the hexag-
onal symmetry, whereas the H2-H3 transformation involves an abrupt
contraction of the lattice parameter c. In our study, no peak splitting
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Figure 3. Refinement of ex situ L-XPD data based on capillary measure-
ments of (a) pristine and (b) harvested EOT NCM-811 powder (from cell 1)
in the common R3m space group. The data were collected at the in-house Mo-
diffractometer (A = 0.7093 A). The observed (black points), calculated (blue
lines), and difference diffraction profiles (black lines) are shown together with
the position of the Bragg peaks of NCM-811 (black ticks) and graphite (green
ticks). The insets show a magnification of the high-angular range. Note that the
EOT NCM-811 electrode sample contains 2 wt% conductive graphite, which
was included into the refinement (strongest reflection at ~12°). The refinement
results are summarized in Table 1.

and only a gradual contraction of the ¢ parameter were observed. In
the study of Ryu et al.,® these LiNiO,-like transformations were only
seen for NCM materials with a Ni content of 90% or higher. Other
authors report on an irreversible thermal reconstruction of the rhom-
bohedral to a spinel structure of Lig sNiO,, indicated by a coalescence
of the (018) and (110) reflections,®" which we could not observe here
by electrochemical cycling.

Next, we examined the XPD patterns for any sign of cation disorder
between the Li and transition-metal layer, i.e., for Li-Ni mixing. The
refinement of this sensitive parameter has proved to be difficult, espe-
cially in the case of in situ XPD data due to the overlapping reflections
from other cell components (Al and Cu) and the complex background
patterns (see paragraphs S1 and S2 in the SI). Furthermore, we ob-
served a significant correlation between the Li occupancy and cation
disorder, as it is also known from the literature.>* The refinement of
the cation disorder was therefore conducted with ex situ L-XPD data
from capillary measurements with pristine NCM-811 powder and dis-
charged NCM-811 cathodes harvested at EOT. These data are shown
in Figure 3, and the refinement results are summarized in Table I,
whereby the remaining Li content, x;;, of the EOT samples was de-
termined from the c/a calibration curves discussed in the following
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Table I. Refinement results of pristine NCM-811 and NCM-811
electrodes harvested at EOT, based on ex situ L-XPD capillary
measurements at a Mo-diffractometer and refined in the common
R3m space group. The diffractograms for pristine NCM-811 and
the electrode harvested at EOT from cell 1 are shown in Figure 3.
The table summarizes quality factors (R-values), lattice parameters
and the thereof determined Li content and atomic site-specific
information (including Li-Ni mixing, fractional z-coordinate of
O, and thermal displacement parameters). The b values were
constrained to be the same for all elements on one site. Errors given
in parenthesis.

Pristine EOT, cell 1 EOT, cell 2
Ryp [%] 452 4.48 4.84
Rorage [%] 1.14 1.04 1.49
¥ 1.99 2.63 2.04
alA] 2.87212(2) 2.85945(2) 2.85931(3)
c[A] 14.2058(2) 14.2902(2) 14.2820(3)
cla[-] 4.94609(7) 4.99756(7) 4.9949(1)
xui -1 1.01% 0.79° 0.80°
Li-Ni mixing [%]° 3.1(1) 2.0(1) 3.1(1)
Z6¢,0 [-] 0.24156(7) 0.23908(8) 0.2396(1)
baLi [A%] 1.22(9) 0.7(1) 1.1(2)
b3v ™ [A?] 0.171(8) 0.298(9) 0.08(1)
beeo0 [A%] 0.62(2) 0.82(3) 0.47(3)

2The Li content of the pristine material was fixed to the elemental
analysis results (Lij o1 Nig.79Cop.10Mng.1002).

YThe Li content of the EOT materials was calculated from the low-SOC
c/a calibration curve, as shown in Figure 5a and in paragraph S1 in the
SI.

Li-Ni mixing gives the percentage of Ni on the 3a site of the Li layer
relative to the total available occupancy of the 3a site.

section (see Figure 5a). These refinements give a Li-Ni mixing of
3.1(1)% for the pristine and EOT sample of cell 2. The EOT sample
of cell 1 gives a reproducible cation disorder of 2.0(1)%.

For the refinement of the in situ S-XPD data, the cation disorder was
therefore fixed to the value obtained from the ex situ L-XPD capillary
data, because there the parameter could be determined reliably and
without any overlapping reflections. In the Rietveld refinement, the
very sensitive cation disorder parameter correlates strongest to the
thermal displacement parameter bs,1; (75%) and the scale factor
(~65%). However, all b values are in a reasonable range.’** Fixing
the EOT b values to the pristine b values increases the Li-Ni disorder
only by ~0.2%. Thus, we can conclude with confidence that the Li-Ni
mixing is barely affected by 1000 charge/discharge cycles and does
not contribute to the observed capacity loss. Since the peak broadening
of the samples is also very similar (see Table S2 in the SI for the in situ
S-XPD data), all these results prove that there are no remarkable bulk
structural changes observed in the NCM-811 CAM upon long-term
cycling with an upper cut-off voltage of 4.5 V vs. Li*/Li. This is in
agreement with a study over 300 cycles for NCM-811/graphite full-
cells including XPD data performed by Kim et al.,> even though it
should be noted that the upper cut-off voltage in their study was only
4.2 V. Furthermore, there are literature reports (without specifically
refining Li-Ni mixing) on the bulk stability of Ni-rich CAMs like
LiNig76Co0.14Alp.100,, which was cycled over 1000 cycles also to
4.2 V.5 and NCM-523 cycled 50 times to a cut-off potential as high as
4.8 V vs. Li*/Li.’® This is in contrast to a study of Li et al.,'" claiming
the structural instability of Ni-rich CAMs, LiNijgyCog.15Alp 050, and
LiNij70Cog 15sMng 150,, which showed an increase of Li-Ni disorder
from 2-3% to 9—13% after cycling over 1500 charge/discharge cycles
between 3.0 V and a relatively high upper cut-off voltage of 4.4 V.
In our case, it can be concluded that the NCM-811 bulk structure is
stable over 1000 cycles, even if a cut-off potential as high as 4.5 V vs.
Li*/Li is chosen.
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Figure 4. Evolution of the ¢/a ratio (filled symbols, left y-axes) and the OCV
(line and empty symbols, right y-axes) in the (a) discharged and (b) charged
state of NCM-811, determined from the in situ S-XPD data obtained from the
two cells cycled at the Diamond Light Source. Missing c¢/a data points are due
to a long beam shut-down.

Lattice parameter evolution monitored via XPD analysis.—From
the refinement of the in situ S-XPD patterns, the lattice parameters
of NCM-811 were obtained in charged and discharged state over the
course of almost 1000 cycles for the two cells (more refinement results
shown in paragraph S2 in the SI). The lattice parameter ratio c/a is
shown in Figure 4 (filled symbols, left y-axes) together with the OCV
at which the respective data were measured (empty symbols, right y-
axes). According to literature data, the c/a ratio is the most reliable
measure of lattice expansion (in c-direction) and compression (in a, b
direction) induced by Li extraction and insertion in NCM materials.®
It can be seen that in both charged and discharged state the c/a ra-
tio increases during the experiment (see filled symbols). Furthermore,
the OCV was found to change over the course of extended cycling,
increasing in the discharged state (empty symbols in Figure 4a) and
decreasing in the charged state (empty symbols in Figure 4b). For
a stable bulk material — which we can assume based on the ex situ
L-XPD data discussed above — it is known that the OCV scales with
the SOC of the material, i.e., the higher the SOC, the higher the re-
spective OCV value. Thus, from the OCV evolution shown in Fig-
ure 4, we can conclude that the effective SOC window becomes
smaller over the course of cycling. This is in agreement with the
observed capacity loss and overpotential increase of the NCM-811
electrode (see Figure 2). Here, we should note that the jump in the
OCV (&30 mV) observed for cell 2 after 900 cycles is related to
the change in cell contacting resistance at this point and also re-
flected in an increase in cell capacity (see Figure 2a), as discussed
above.

To understand whether this is consistent with the observed increase
of the c/a ratio over cycling in both the charged and discharged state
(filled symbols in Figures 4a, 4b), one has to consider the relationship
between the c/a ratio and the lithium content, x; ;, or the SOC of NCM
materials: the ¢/a ratio initially increases upon charging until it reaches
a maximum at ~60% SOC (i.e., x;; & 0.4) and then decreases upon
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further increasing the SOC.>16%6465 Thus, the observed increase in
the c/a parameter in the discharged state (SOC << 60%) and in the
charged state (SOC always >60%), clearly indicates a shrinkage in
the capacity window, which at least qualitatively is consistent with the
OCV evolution.

To convert the qualitative OCV and c/a analysis into a quantifi-
cation of capacity losses in the charged and discharged state, the c/a
curve for the first two/three cycles was measured to serve as a calibra-
tion curve of the c/a ratio vs. capacity (more precisely xp;) or OCV,
as will be described in the following. The detailed approach and the
respective data sets from in situ XPD (i.e., complete XPD pattern col-
lected at OCV conditions at different SOC steps over 2 cycles) and
operando XPD (i.e., continuous data collection of (003) and (110) re-
flection during 3 cycles) are described in the Experimental section and
are discussed in detail in paragraph S3 in the SI. The thus obtained
relationship between the c/a ratio and the lithium content x;; of NCM-
811 is shown exemplarily for the 2" discharge cycle in Figure 5a
(measured in operando mode), which is in agreement with literature
reports, 06366

Next, the lattice parameters obtained from the in situ S-XPD data
during long-term cycling were used to compute the changes of the c/a
ratio, from which the Li content xi; in the cycled NCM-811 (i.e., in
LixNig79Cog.10Mng 100;) could be determined, as was done by Buch-
berger et al.>' The relationship between the c/a ratio and xy; is given in
Figure 5a and in paragraph S1 in the SI. Here, the advantages of using
the c/a ratio instead of only the lattice parameters becomes evident: (i)
the c/a ratio is close to linearity in the x; ranges of interest; and, (ii)
small misalignments of the cells in the geometry of the diffractometer
would not falsify the result, because the error gets cancelled out by
taking the ratio of both lattice parameters. From the S-XPD analysis
shown in Figure 4, we know that the c/a ratio in both the discharged
state (low SOC) and the charged state (high SOC) increases with cy-
cling. The grey bars in Figure 5a mark the c/a ratio changes over 1000
cycles in both the discharged state (left bar) and the charged state (right
bar), based on the data in Figure 4 (filled symbols). With the obtained
operando L-XPD calibration curve (black symbols and interpolating
line in Figure 5a), a mathematical relationship between xi; and c/a
can now be established. At low SOC (0.62 < x;; < 0.91), i.e., in the
discharged state, this is best described by a quadratic equation of c/a
as function of x; (highlighted in blue in Figure 5a, with the equation
given in the figure, and also as xi; as a function of ¢/a in equation
(S1) in the SI). At high SOC (0.12 < xi; < 0.23), i.e., in the charged
state, there is a linear dependence between c/a and x;; (highlighted in
green, with the equation given in the figure and as equation (S2) in
the SI).

With the values for c/a in the discharged and charged state over
1000 cycles (from Figure 4), the capacity losses at low and high SOC
in the i cycle (AC ggz;‘“;e and ACES;;‘) relative to the first in situ
S-XPD data point in the 18" cycle (BOT) can now be quantified and
then compared to the electrochemical capacity loss (ACES'~"). The
applied calculations are explained in the following, whereby a “A”
represents a difference between two specific states. Firstly, the elec-
trochemical capacity loss between the i cycle and at BOT (18" cycle),
ACEO™1 s defined by the difference of the discharge capacity in the
i" cycle, i, and that at BOT, CES™:

ACKT™i = €O i, [

This can be compared to the capacity loss inferred from the in situ
S-XPD data, namely to the sum of the calculated capacity losses ref-
erenced to BOT in the discharged state, ACE2T~1 and in the charged

Discharge®
state, ACgpr':

ACBOTHi _ ACBOTHi 4 ACBOTﬁi [2]

Overpotential — Discharge Charge

Both of these XPD-deduced capacity loss values can be calculated for
the i cycle relative to BOT by taking the difference between the re-
spective xi; values between the i cycle and BOT (Axy;) in either the
discharged state (x}; g, — xPoq,) or the charged state (xPO4, — Xi; pa)»

which are obtained by the measured c/a ratios using the mathematical
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Figure 5. (a) Dependence of the c/a ratio on the Li content xp ; for the pristine
NCM-811 CAM determined by operando L-XPD (black symbols and inter-
polating line, shown exemplarily for the 2" discharge cycle). The quadratic
and linear fits at low and high SOC are shown in blue and green, respectively
(average from the first three discharge cycles, equations given in the plot and
in paragraph S1 of the SI). Furthermore, the evolution of the c¢/a ratio from
BOT to EOT during the long-term cycling study is indicated by the grey bars
and arrows (based on the filled symbols in Figure 4). (b) Capacity loss rela-
tive to BOT calculated from electrochemical data ( ACEST_", Eq. 1) and from

changes of x ; obtained by in situ S-XPD in the discharged (ACBOT—1 Eq. 3)

Discharge®
and charged state (Acg,?gg*;', Eq. 4) as well as the sum of both (Acg(v)gr;n‘emial,

Eq. 2), (c) Capacity loss attributed to a material loss depicted in absolute values
(ACBOT—>i 'Eq. 6, individual data points for cell 1 and 2) and relative to the

Material® .
pristine CAM (AC) Eq. 7, percentages given for each cycle as mean

Material, rel ®
value from cell 1 and 2).

relationships between the c/a ratio and xi; (see equations (S1) and
(S2) in paragraph S1 of the SI). To convert this Ax;; difference into
a specific capacity, the second term on the right-hand side of Equa-
tions 3 and 4 serves as a conversion factor relating 1.01 mol Li to the
theoretical capacity of 274 mAh/g for complete Li extraction in the
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here used NCM-811 material (Li; ¢; Nig79Cog 10Mng 100,, theoretical
capacity includes surface impurities, see Experimental section).

. i 274 mAh/g

Acggzharge = (xLi,diS - xllio‘}:g) ' T [3]
" ; 274 mAh/g

ACEhO:rgC = (in(,)cTha - xLi,cha) 101 4]

In this case, ACoor > i (Equation 2) accounts for the accumulated
capacity loss between BOT and the i cycle due to an increasing
overpotential, as deduced from the in situ S-XPD data. If the ca-
pacity loss over cycling were only due to an increasing NCM-811

overpotential, ACo0! > . would have to be identical with the elec-
BOT—i

trochemically determined capacity loss ACg: (see Equation 1).
On the other hand, if part of the NCM-811 would either become elec-
trochemically inactive by a loss of material (e.g., by dissolution) or
by the formation of an inactive phase, ACEST_" would be larger than
ACBOT —1i

Overpotential* . . . .

The application of these calculations is shown for cell 1 in Fig-
ure 5b, where we compare the electrochemically measured capacity

losses, ACEQT™" (black symbols), with those calculated based on the

lattice parameter changes, namely the sum of Acgﬁzl;ée (blue sym-
bols) and ACEYL" (green symbols), equating to ACHOL >l i (red

symbols). The capacity loss ACS "L, i caused by the increased
overpotential of the NCM-811 CAM (see Figure 2c), which results
in a smaller effective SOC window because the upper and lower cut-
off potentials are reached earlier, corresponding to a smaller cyclable
Axp;. In the lithiated state, the capacity loss calculated via A(c/a) is
~0.01 (mAh/g)/cycle (ACBIT>1 blue curve in Figure 5b), while it

Discharge®
is roughly doubled in the delithiated state (ACE}?;;, green curve in
Figure 5b). This corresponds to a shrinkage of the SOC window from
initially 0.16 < xp; < 0.84 (Axy; = 0.68) for cell 1 in cycle 18 to 0.21
< xp; <0.79 (Axy; = 0.58) after 1000 cycles. This shrinkage of the
exchanged amount of lithium per cycle determined by in situ S-XPD
translates into a capacity loss between BOT and EOT of AC g?gr;)fig?al
= 26.8 mAh/g (= value of the red curve at EOT in Figure 5b), which
is substantially smaller than the electrochemically measured capac-
ity loss from BOT to EOT of ACEZ™FT = 38.4 mAh/g (= value
of the black curve at EOT in Figure 5b). The discrepancy between
ACE ot and ACECT T must be caused by aloss of active NCM-
811, meaning that a portion of the material has either disappeared or is
no longer participating in the electrochemical processes. As described
in the literature, the capacity loss could be caused by the formation
of an oxygen-deficient and electrochemically inactive phase formed
at the surface of the NCM-811 particles, which transforms gradually
into an insulating spinel/rock-salt-type layer and thereby also causes
an impedance growth of the CAM.!31967:68 Another possible scenario
is the formation of electronically isolated particles caused by cracking
phenomena, which would then become electrochemically inactive.'
As we observe no second NCM-811 phase with shifted reflections
(i.e., constant lattice parameters) in the patterns in neither discharged
nor charged state, the formation of electronically isolated particles
can be ruled out. Moreover, post mortem elemental analysis revealed
only a minor amount of TMs deposited on the graphite anode at EOT
(corresponding to ~0.22 mol%ty when referenced to the original
NCM-811 material, which would amount to a maximum capacity loss
of 2.4 mAh/g as described in paragraph S3 of the SI), indicating
that CAM dissolution is a rather negligible contribution to the overall
capacity loss after 21000 cycles of the NCM-811 CAM between 3.0
and 4.5 V vs. Li*/Li. This further supports the hypothesis that the loss
of active material may be due to the formation of an electrochemically
inactive surface layer.

To more precisely quantify the loss of electrochemically active
material over cycling, one can compare the absolute electrochemically
observed capacity in the i cycle, Ci., to the effective capacity window
in the i cycle expected from the Axj; range (i.e., X{; a — XL ais)s
as determined from the in situ S-XPD analysis and converted into a

Downloaded on 2019-12-23 to IP 93.210.183.49 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

A3768

capacity, Cipp:
274 mAh/g 274 mAh/g (5]
1.01 1.01

If 100% of the original NCM-811 material were active, the electro-
chemical capacity in the i cycle, CL., and the capacity predicted by
the Axg; range, Cypp,, Would have to be equal. If, however, a part of the
CAM becomes electrochemically inactive, the capacity expected from
the XPD data, Ckpp,, would be larger than what can be observed, Ci,
because the Axp; range determined from XPD is applied for the whole
CAM (i.e., the CAM fraction from XPD analysis appears always as
100%). Therefore, a loss of electrochemically active material by the
i cycle, AC} 1y era» Would correspond to the difference between Cipp,
(capacity if no cyclable material would have been lost) and the actual
electrochemical capacity in the i cycle:

i (i ; o
Cxpp = (xLi,cha - xLi.dis) : = Axj;

BOT
Axp;

BOT—i __ i i
ACMaterial - (CXPD - CEC) : Axi
Li

[6]
The correction factor of AxEOT/Axi, takes into account that the ma-
terial loss goes typically hand in hand with an increased overpotential
(i.e., AxEOT > Axi.). Consequently, the material loss relative to BOT
has to be referred to the broader AxECT range and BOT should ideally
be a state where no material loss has yet occurred (i.e., one of the very
first cycles). More intuitively, the material loss can also be expressed
in percentage terms as the electrochemically inactive phase fraction
relative to the pristine CAM:
AC Cxep - Cec

Material, rel =

7
Cioo .
Here, no correction is necessary since the equation only involves data
from the i cycle, with Cl, being the maximum capacity, which can
be achieved with the actually present overpotential of the aged CAM
in the i cycle.

The thus calculated capacity loss due to the loss of electrochem-
ically active material, ACEOL 1, for both cell 1 and cell 2 as well
as the average share of lost material relative to the pristine CAM,
AC\yerialre1» are shown in Figure 5c. The curve of the material loss
shows a steep increase during the first 300 cycles and levels out after-
wards, suggesting that most material losses happen in the first 300 cy-
cles. It is known for regular NCMs'>!18 as well as for Li-rich NCMs! "%
that a surface reconstruction is triggered by the loss of oxygen, which
happens mainly in the very first cycles, especially if the cathode is
charged over 80% SOC. Here, an SOC of ~85% is reached during the
first two C/10 formation cycles. On the other hand, HR-TEM images
have shown that the actual reconstruction happens within 20-50 cycles
for Li-rich NCMs at 25°C.'7 As vacancies in the transition-metal layer
probably facilitate the reconstruction in Li-rich NCMs, it is reason-
able to assume that this process takes longer for regular NCMs (here
200-300 cycles). At the end-of-test, the material loss for both cells
adds up to ~15.8 mAh/g or 8.5% (average of the data for both cells at
~1000 cycles in Figure 5c). As we propose that this materials loss is
due to the formation of a thin surface layer in the nm range with a pos-
sibly amorphous character, it is not unexpected that it is not visible as
additional phase in the diffractograms, similar to the finding for aged
NCMs in the literature.'®>! For this reason, we also tried to quantify
the electrochemically active NCM-811 fraction over the course of the
cycling study by normalizing its scale factor (measure of the intensity
of this phase) to the intensity of stable “internal standards” in the cell
(see Figure S4 in the SI). For this analysis, we used the polymer peaks
from the pouch foil as well as the intensity of the (111) reflection of Al
and Cu, which were both refined with a structure-independent Pawley
fit. As can be seen in Figure S4, the results have a relatively large scat-
ter, but a loss of a fraction of the active NCM-811 phase from BOT to
EOT can be concluded as general trend.

The above analysis has shown that we can differentiate two
main contributions to the capacity loss of NCM-811, namely the
overpotential-induced loss and the actual loss of cyclable material.
As only the electrochemically active material can undergo a capacity

Journal of The Electrochemical Society, 166 (15) A3760-A3774 (2019)

: : : BOT—i
loss due to an increasing overpotential, ACq crpoeniar has to be cor-

rected by the NMC-811 phase fraction which has been lost up to the
respective cycle:

ACBOT—)i

Overpotential,corr

= ACBOT_)" (1 - AC;\/laterial.rel) (8]

Overpotential ~

The same correction applies to the individual contributions in the
discharged (ACPQN ) and charged state (ACZDL.', see Equa-
tion 2). Since the material loss amounts to 8.5% at the end-of-
test, ACgor b = 26.8 mAh/g for cell 1 in Figure 5b reduces to
24.5 mAh/g after correction. Thus, the sum of both loss terms
from BOT to EOT, ACEUI-E00 o and ACYpir”" (15.8 mAh/g),
amounts to 40.3 mAh/g for cell 1. This calculated value is slightly
higher than the actual capacity loss of ACEYT~FOT = 38.4 mAh/g due
to the material loss which was already acquired until the begin-of-test

(1.9 mAh/g in the 18" cycle, see Figure 5¢).

Bulk stability vs. surface instability.—In the following, XPD data
from which we have inferred the stability of the bulk of NCM-811
(Figure 6a) are contrasted with impedance data from which we will
get insights into the long-term stability of the NCM-811 surface (Fig-
ure 6b). Let us first focus on Figure 6a, where the c/a ratio is shown as a
function of the open circuit voltage for the in situ L-XPD data (i) from
the first two cycles of the NCM-811 cathode (black symbols/lines)
and (ii) from the harvested EOT cathode of cell 1 (blue symbols/lines)
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Figure 6. (a) Comparison of the in situ L-XPD c/a curves of a fresh NCM-
811 cathode in cycle 1 and 2 (black symbols/lines) and for the EOT cathode
(harvested from cell 1, blue symbols/lines) cycled vs. a lithium anode with
the ¢/a data points collected during the long-term S-XPD study from cells 1
and 2 (green and red symbols, labeled as LDE, same data as in Figure 4). (b)
Comparison of the charge-transfer resistance of NCM-811 cathodes in the first
cycle, at BOT, and at EOT for both long-term cycled cells, measured with a
GWRE in a NCM-81 1/pre-lithiated graphite setup at 25°C. The electrodes in
cycle 1 and BOT are a different set than that at EOT. Both the ¢/a data in panel
(a) and the Rcr data in panel (b) are shown as a function of the OCV value, at
which the data points were measured.

Downloaded on 2019-12-23 to IP 93.210.183.49 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 166 (15) A3760-A3774 (2019)

as well as for the in situ S-XPD data from both cells over the course
of cycling (green and red symbols, labeled as LDE cells). Note that
the OCV values versus the Li-CE (for the L-XPD data) or the Li-RE
(for the S-XPD data cycled vs. a pre-lithiated graphite CE) are exactly
known from each in situ measurement, i.e., the datasets can be directly
compared with each other without any correction. The Rietveld refine-
ment of the capillary data (Figure 3) already indicated the bulk stability
over the course of the 1000 cycles. The LDE S-XPD c/a data (green
and red points in Figure 6a, which are the same data as in Figure 4)
agree fairly well with the in situ L-XPD calibration curves of the first
two cycles (black points/lines) and the EOT sample (blue points/lines).
This proves that the c/a calibration curve taken for NCM-811 in the
first few cycles and used to quantify the lithium content x; at low or
high SOC, is also valid for NCM-811 aged over the course of 1000
cycles, so that the XPD analysis conducted in Figure 5 is feasible. The
small deviation of the first c¢/a points in the first charge from the first
discharge and the subsequent cycle is discussed in paragraph S3 in the
SI and shown in more detail in Figure S6. Furthermore, the discrep-
ancy of the EOT curve in the mid-voltage region is probably caused
by a minor amount of dissolved transition-metals (*0.22 mol% TMs
detected by ICP-OES on the graphite anode at EOT). The observed
discrepancy is also discussed in context with Figure S6 in paragraph
S3 of the SI.

As described above, a growing overpotential on the cathode was
identified to be a major reason for the observed capacity loss in
NCM-811/graphite full-cells based on the XPD analysis, as shown
by ACE omienia in Figure 5b. It has been reported in the literature
that the formation of a spinel or rock-salt-like structure at the surface
of NCM cathode materials leads to a drastic increase in the charge-
transfer resistance.'>'®!° To further analyze the overpotential build-up
deduced from our XPD analysis (Figure 5) and the charge/discharge
curve profiles (Figure 2a and Figure S9), we determined the cathode
impedance of NCM-811 cathodes after a different number of cycles,
using a three-electrode setup with a micro-reference electrode. Fig-
ure S7 in the SI shows exemplary cathode impedance spectra taken at
~4.0 V during charge of NCM-811 cathodes in the first cycle, in the
18" cycle (corresponding to BOT), and after 1000 cycles (EOT) from
a harvested NCM-811 cathode. The spectra exhibit a semicircle at
low frequencies, which could be assigned to the charge-transfer resis-
tance, Rcr, as described in paragraph S4 in the SI. As the value of Rcr
is SOC-dependent, these impedance measurements were conducted
during OCV at different points during charge and discharge, namely
at steps of 20 mAh/g, in a similar fashion as the in situ XPD measure-
ments in Figure 6a. The resulting Rcr values are plotted versus OCV in
Figure 6b. As was already mentioned above, there is no need to correct
for any shift in capacity (x-axis) when plotting vs. OCV, because this
is already a measure of the bulk state-of-charge or the lithium content.
All Rcr curves depicted in Figure 6b have a characteristic minimum
around ~4.0 V and increasing values toward the SOC limits, analo-
gous to what has been reported for HE-NCM.”® A comparison of the
curves during charge at ~4.0 V is consistent with the observed increase
of the NCM-811 cathode overpotential, with the charge-transfer resis-
tance found to increase from &2 € cm? to ~10  cm? over the first
18 cycles (black vs. blue curve) and further up to ~100-150  cm?
after 1000 cycles (green and red curve for EOT cell 1 and 2). This
means that the impedance growth for cell 2 amounts to ~90 © cm?
from BOT to EOT, which at a rate of C/2 (= 0.75 mA/cm?) would
equate to an additional overpotential of ~70 mV (a slightly higher
impedance growth of 140 © cm? and a higher projected overpoten-
tial of ~105 mV is obtained for cell 1). The overpotential growth
calculated from the Rcr increase for cell 2 is reasonably consistent
with what we observed from the cathode half-cell voltage profiles of
cell 2 shown in Figure 2c. There, the difference between charge and
discharge voltage at mid-SOC (near 4 V) increases by ~240 mV be-
tween cycle 19 and cycle 973, compared to the Rcr-based prediction of
~140 mV. A more detailed description of this overpotential build-up
plotted over the whole SOC window is depicted in Figure S9 of the SI.
In addition, there is also a difference plot between the cathode half-cell
voltage profiles at EOT and cycle 250 versus BOT, indicating that the
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overpotential increase can be seen over the whole SOC window and
that it is more pronounced during the discharge than during charge, an
observation which for yet unknown reasons is at variance with the Rcr
data in Figure 6b. Overall, however, the cathode potential vs. capacity
curves can be used as an indicator for the impedance build-up, as they
correlate reasonably well with cathode impedance based Rcr values.
This fact is further utilized to analyze the evolution of the overpotential
build-up over cycling.

While the impedance growth over the 1000 cycles shown in Fig-
ure 6b can account for a significant part of the NCM-811 capacity
loss, our XPD analysis shown in Figure 5 also indicates that there
must be an additional loss of cyclable material, which was found to
be most pronounced during the first 300 cycles (see Figure 5c). In
this context, it has been suggested that oxygen release takes place in
surface-near regions of NCMs or HE-NCMs, leading to a highly disor-
dered oxygen-deficient surface layer which during subsequent cycling
transforms into a resistive spinel/rock-salt-like layer, accompanied by
an impedance build-up.'>~'%7! If material at the NCM-811 particle sur-
face were to transform directly into a resistive layer, the impedance
build-up should follow the same trend over cycling as the material loss
derived from the AC},,. .., data, namely increasing rapidly until cycle
300, followed by a more gradual increase afterwards (see Figure 5c).
However, the evolution of the overpotential on the cathode half-cell
voltage profile does not follow the trend of the material loss (see com-
parison of cycle 250 with BOT in Figure S9 in the SI). Indeed, the
voltage profile in cycle 250 does not exhibit a significant overpotential
(40 mV for cell 2 near 4.0 V during charge, highlighted by a grey bar
in Figure S9 in the SI), although at the same cycle number, AC}, i
shown in Figure 5c already indicates a substantial loss of cyclable
material. Thus, we could further confirm the observations made in the
literature'®!? on the early transformation of the surface-near region of
NCM, then followed by a subsequent, more gradual transformation
into a resistive surface layer. Summarizing our findings so far: Rcr is
the origin of the growing cathode overpotential developing gradually
over the course of cycling. This, in turn, causes the cell to run earlier
into its voltage limits, thereby shrinking the effective capacity window
(Axr;). We showed that this capacity loss due to an increased overpo-
tential can be monitored by XPD, as shown in Figure 5 and Figure 6a.
Thus, the surface instability of the NCM-811 cathode active material
is the dominant factor contributing to capacity fading.

Reversible vs. irreversible capacity losses.—To analyze the ob-
served overpotential, which is a kinetic hindrance of the (de)lithiation
process, a rate test with BOT and EOT samples was conducted to
evaluate how much of the lost capacity can be recovered at very low
C-rates. For a C-rate approaching zero in combination with a lithium
anode, the increased NCM-811 impedance over cycling and the asso-
ciated overpotential should become negligible and lead to a regain of
the original capacity, except for the capacity loss which is caused by
an irreversible loss of electrochemically active material. The capacity
share due to the loss of active CAM would then be equal to (Cgor-
Cror)/Cpor (= AC/Cgor) at a given C-rate, as the C-rate approaches
zero. The scheme in Figure 7a shows why the relative values (i.e., the
comparison of BOT and EOT) should be used in this analysis. It is
based on the fact that the cycling conditions, including C-rate, poten-
tial cut-offs, and temperature, determine the actual capacity that can
be extracted from the CAM and which for NCMs is always below the
theoretical capacity of ~280 mAh/gncm. Let us compare two scenar-
ios where either 100% (case A, e.g., with a very high cut-off voltage)
or only 50% (case B, e.g., with an intermediate cut-off voltage) of the
NCM capacity is accessed at BOT (i.e., in the absence of any loss of
active material). The absolute capacity loss caused by an inactive sur-
face layer (of the same thickness) at EOT will definitely be different
for the two cases, meaning that the absolute loss for case B would
only be half compared to that for case A (i.e., ACg = 0.5-AC,).
In contrast, the BOT-normalized relative capacity loss is the same in
both cases (i.e., AC/Cgor would be identical) and is thus the correct
measure for the loss of active material. However, as stated above, to
quantify the irreversible capacity loss due to cyclable material loss
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Figure 7. Rate test of BOT (i.e., test started after 18 regular cycles of the LDE
protocol) and EOT NCM-811 cathodes harvested from cell 1 and 2, measured
in a NCM-811/lithium coin-cell setup at 25°C. (a) Scheme illustrating the
difference between absolute and relative capacity loss caused by an inactive
phase. (b) Discharge capacities at BOT and EOT as well as their difference;
the percentages marked on the latter are the difference between BOT and EOT
capacity normalized to the BOT discharge capacity at the respective C-rate. (c)
Mean charge and discharge cell voltages (Vcep) of the NCM-811/Li cells. For
EOT samples, the average capacity and V. values for the NCM-811 cathodes
harvested from cell 1 and cell 2 of the long-duration experiment are shown
(error bars are min/max values); for the BOT samples, two nominally identical
cells were measured.

by these means, the C-rate must be small enough so that overpoten-
tials play no role anymore. This condition should be satisfied once the
charge-averaged mean charge and discharge voltages (Vo) for NCM-
811 cathodes harvested at EOT start to become sufficiently close to
that of the BOT cells. In Figure 7c, this recovery of V.. during charge
and discharge for the EOT cells (blue curve) is compared to the BOT
cell (black curve) as the C-rate is decreased from 1C to C/50, reaching
essentially identical V.o values for BOT and EOT cells at C/50 (less
than 10 mV difference).
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The effect of a decreasing overpotential with decreasing C-rate on
the discharge capacity is shown in Figure 7b. Comparing the perfor-
mance of the BOT (black curve) and EOT NCM-811 cathodes (blue
curve) indicates that a large fraction of the discharge capacity is re-
gained for the EOT cells by applying a slow cycling rate of C/50.
In the light of our previous analysis, the remaining (irreversible) ca-
pacity loss should arise from the NCM-811 fraction that is lost to a
reconstructed and electrochemically inactive surface layer. Thus, the
irreversible capacity loss of ~18 mAh/g at C/50 (green symbols in Fig-
ure 7b) that translates into a loss of cyclable material of 8.7% (from
AC/Cgor) has to be compared to the relative material loss of 8.5%,
which we calculated from the XPD analysis in Figure 5c. Considering
the errors, which might occur in the XPD analysis (e.g., accuracy of
the calibration curves) and the rate test (e.g., weighing error of the
EOT electrodes, mean voltages even at C/50 not perfectly identical),
the estimates for the loss of cyclable material are reasonably close and
consistent. Summarizing the presented findings: The share of the elec-
trochemically inactive material at EOT can be calculated from both
our XPD analysis and the rate test, whereby the respective reference
state has to feature the same overpotential and thus the same Axp;
range as at end-of-test. At a rate of C/50 at which the overpotential is
minor, this reference state is the begin-of-test, whereas the overpoten-
tial build-up at C/2 during long-term cycling is significant and only
the theoretical XPD capacity of the same cycle (EOT in this case) can
be used as reference state (see Equations 5 and 7).

Nature of the surface layer.—XPS measurements were conducted
with pristine NCM-811 electrodes as well as harvested BOT and EOT
NCM-811 cathode samples to further clarify the nature of the resis-
tive surface layer. In order to ensure a comparable SOC between the
pristine and cycled electrodes (as close as possible to 0%), the latter
were regularly discharged to 3.0 V vs. Li*/Li, followed by constant
voltage hold step with a C/100 current cut-off. Figure 8 is a zoom of
the low-binding energy region of the Ols spectrum of pristine and
aged NCM-811 samples (for the complete O1s spectrum and the used
fitting parameters see Figure S10 and Table S11 in paragraph S6 of
the SI). The Ols spectrum of the pristine sample shown in Figure 8a
suggests the presence of a pure layered oxide with an Ols binding
energy of 529.3 eV (indicated by the green line), similar to a different
study conducted at our instrument.””> After 18 charge/discharge cycles,
the spectrum already shows some intensity at energies higher than the
layered oxide binding energy (529.9 eV, indicated by the blue line
in Figure 8b), which can be attributed to an oxygen-deficient surface
layer (blue marked area). The correlation between a shift to higher
binding energies and oxygen depletion in surface-near regions is es-
tablished based on reference spectra of layered MnO,, spinel Mn;0y,
and rock-salt MnO (see paragraph S6 in the SI). It is shown there,
that the O-depleted Mn-samples, i.e., spinel and rocksalt, show a peak
at 0.3-0.4 eV higher energy than the layered MnO,. After 1000 cy-
cles (Figure 8c), the intensity of the low binding energy Ols peak
shifts considerably to higher binding energy, indicating a consider-
able oxygen depletion at the NCM-811 surface. Therefore, at least
qualitatively, the XPS analysis supports our above hypothesis that an
oxygen-depleted layer is formed upon extended cycling of NCM-811
between 3.0-4.5 V vs. Lit/Li.

Effect of the O-depleted surface layer on the SOC distribution.—
Our XPD analysis showed that neither bulk structural changes, nor
significant Ni-Li disorder are observable in NCM-811 over 1000 cy-
cles (see Table I and Figure 3). However, a detailed analysis of the
capacity losses indicates a loss of electrochemically active CAM (Fig-
ure 5), while the XPS analysis suggests that an oxygen-depleted sur-
face film on the NCM-811 particles is formed upon cycling (Figure 8).
Impedance data (Figure 6b) as well as rate tests (Figure 7) suggest an
increased charge-transfer resistance, which is presumably caused by a
resistive surface film. This poses the question whether a resistive sur-
face layer is being formed on the external surface of each secondary
NCM-811 particle with diameters of ~5-10 pm (see Figure S11 in
paragraph S8 of the SI) or whether it is being formed around each of the
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Figure 8. XPS Ols spectra of (a) pristine NCM-811 powder and of NCM-
811 electrodes harvested at (b) BOT and (c) EOT. The binding energies of
the layered oxide (green line) and an O-depleted surface layer (highlighted
in blue) were inferred from MnO;, Mn3O4, and MnO reference samples (see
SI S6). Surface contaminants (hydroxides and carbonates) are fitted with one
peak at higher binding energies (red line). The purple peaks referred to as
miscellaneous (misc.) originate from organic surface impurities. For details on
the XPS analysis and fitting procedure see paragraph S6 in the SI.

primary particles (*0.5—1 wm in size) of which the secondary particle
is composed. These two scenarios are sketched into the SEM cross-
section image of a secondary NCM-811 particle shown in Figure 9a.
As will be explained in the following, we will seek to examine these
two scenarios by an operando XPD relaxation experiment, where the
lattice parameter ¢ is monitored upon the transition from a C/2 charge
to OCV.

With an operando XPD relaxation experiment, the inhomogene-
ity of the lithium distribution (i.e., of x;) over the fresh NCM-811
electrode (after 9 cycles) and harvested EOT NCM-811 samples is
compared. Thereby, the full width at half maximum (FWHM) of the
reflections correlates with the homogeneity of the lattice spacing,
meaning that a broader d-spacing distribution leads to a larger FWHM,
whereas a homogenous d-spacing results in a sharp peak shape. Be-
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cause the lattice parameters are closely linked to the lithium content
x1; in the NCM-811 material, the FWHM is a measure of the inhomo-
geneity of the SOC distribution. In this experiment, relative differences
between the FWHMs of fresh and EOT samples are compared, where-
fore the instrumental contribution to the broadening can be neglected
(since the instrument provides a constant offset). In the relaxation ex-
periment, selected reflections of the NCM-811 phase were monitored
during the OCV period after a C/2 charge to a comparable SOC, as de-
termined by the respective OCV (cut-off voltage of 4.3 V for fresh and
4.5 V for EOT NCM-811). The resulting OCV relaxation is shown in
Figure 9b, whereby the initial potential drop from 4.3 V (fresh sample)
and 4.5 V (EOT sample) to below 4.3 V occurred within the first 10 s
of the OCV period. The final OCV of the fresh sample (=4.25 V vs.
Li*/Li) is reasonably close to that of the EOT sample (~4.23 V vs.
Li*/Li), indicating that indeed a very similar lithium content x; was
established by the preceding charge at C/2. At such high SOCs (corre-
sponding to OCV values higher than 4.2 V), the lattice parameter a is
virtually constant, while the lattice parameter ¢ depends very strongly
on x; in this region (see Figure S6 in the SI). Therefore, in order
to minimize the XPD data acquisition time, only the 003 reflection,
which uniquely describes the lattice parameter c, was recorded for the
data shown in Figure 9. This resulted in an acquisition time for the
relevant 26 region of ~4 minutes (see Experimental section). Analo-
gous relaxation measurements recording both the (110) and the (003)
reflection (*8 minutes acquisition time) were also recorded to verify
that the a parameter indeed remains essentially constant during the
OCV transients (data not shown).

As can be seen in Figure 9c, the lattice parameter ¢ exhibits a
slight increase during the OCV phase. In the case of the EOT sample,
this could be attributed to relaxation processes within the NCM-811
material, meaning the distribution of Li ions across the bulk of the
NCM-811 structure, because the FWHM (Figure 9d) also indicates
such a relaxation process. Assuming a constant a value of ~2.815 A
during relaxation (estimation based on data shown in Figure S6 in the
SI), the SOC change can be calculated from the c/a change and the
high-SOC calibration curve (shown in Figure 5a). Thus, the observed
relaxation of the lattice parameter ¢ for the EOT sample correlates to
Axp; &~ 0.015 and ASOC = 4.1 mAh/g (vs. Ax; = 0.009 and ASOC
~ 2.4 mAh/g for the fresh sample). Both values show that the net
capacity change during the OCV period is minor. For the fresh sample
however, this process cannot be correlated to the equilibration of an
initially inhomogeneous SOC distribution across the bulk of NCM-811
particles, because in this case no relaxation of the FWHM is observed.
Currently, we cannot provide a solid explanation for the apparent re-
lithiation of the material. One hypothesis is that electrolyte oxidation
(possibly also triggered by the permanent X-ray beam) might lead to
a small re-lithiation of the CAM, as suggested by Xia et al.”® It is
important to note here that the XPD data collection during the LDE
study was usually performed after a 3—5 h long OCV phase, meaning
that the LDE XPD data are expected to depict a well-equilibrated state.

From the FWHM of the reflections, conclusions on the heterogene-
ity of the lattice spacing can be drawn. Assuming a virtually constant a
parameter, a broader FWHM of the (003) reflection thereby translates
into a more pronounced inhomogeneity of the Li distribution within the
NCM-811 particles. For a fresh material, no relaxation process can be
seen for the FWHM (black symbols/curve in Figure 9d), and the OCV
relaxation is rather small (=30 mV between &5 s and ~5 h into the
OCYV period, black curve in Figure 9b; initial voltage drop of ~20 mV
within the first 5 s not shown here), which we believe is due to both the
relaxation of concentration gradients within the electrolyte phase and
the above discussed slight extent of re-lithiation. In contrast, the EOT
sample shows a significantly larger decrease in both OCV (=50 mV
between ~10 s and ~5 h into the OCV period, blue curve in Figure 9b;
initial voltage drop of ~220 mV in the first 10 s not shown here) and
FWHM curves (blue symbols/curve in Figure 9d). The initial FWHM
for the EOT NCM-811 is more than double compared to that of the
fresh cathode material, indicating a severe d-spacing heterogeneity in
the ¢ direction. The final FWHM value after relaxation is the same for
both samples, suggesting that an equally homogeneous Li distribution
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Figure 9. (a) SEM image of an NCM-811 particle, with a scheme illustrating
the two discussed models for the formation of the O-deficient surface layer
(sketched in blue): (i) either around the external surface of the secondary ag-
glomerates (model I) or (ii) around each individual primary particle (model II).
(b-d) Operando L-XPD relaxation experiment at the in-house diffractometer
with fresh (measured in the 9 cycle, black curve) and EOT NCM-811 sam-
ples (from cell 1, blue curve) after charging to a comparable SOC with C/2:
Evolution of (b) the NCM-811 cathode OCYV, (c) the lattice parameter ¢ de-
termined from the (003) reflection, and (d) the FWHM of the (003) reflection
during OCV period. The XPD data were acquired with a time resolution of
~4 minutes.
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across the bulk of the NCM-811 particles can be achieved in the EOT
sample after prolonged relaxation times. This is another strong sup-
port for our above conclusion that the bulk structure of the NCM-811
material is not significantly altered by cycling over 1000 cycles.

On the other hand, the observed FWHM relaxation behavior for the
EOT sample could in principle have several causes: (i) an inhomoge-
neous degree of NCM-811 delithiation across the cathode thickness, if
the ionic resistance within the electrolyte phase (R;o,) were sufficiently
large; (ii) an inhomogeneous lithium distribution within the bulk phase
of each of the primary particles due to hindered lithium diffusion in
the solid phase; and/or, (iii) different degrees of delithiation within the
secondary particles.'® Despite the increase of the ionic resistance over
cycling (from initially Rjo, ~ 3  cm? to Rion &~ 9 Q cm? after 1000
cycles; see paragraph S4 in the SI), the absolute potential drop at C/2
due to Rj,, is only &7 mV even after 1000 cycles, which would imply
an essentially homogeneous delithiation across the cathode thickness
upon charge, so that the first possible cause (i) should be negligi-
ble. With regards to the second possible cause (ii), our XPD analysis
clearly indicates that there is no significant change in the Li-Ni disor-
der over 1000 cycles, so that one would not expect any differences in
the lithium diffusion within the NCM-811 bulk phase between fresh
and EOT NCM-811. This leaves the third possible cause (iii) as an
explanation for the slow FWHM relaxation of the EOT NCM-811,
namely an uneven degree of delithiation within the secondary parti-
cles. This must be due to the formation of the O-depleted surface layer
upon cycling. Addressing our initial question, this surface layer can
either be formed around (i) the secondary particles (model I in Fig-
ure 9a, sketched by the blue lines) or (ii) around the primary particles
(model IT) which agglomerate to the former.

For the first scenario (model I), the poor lithium ion conductiv-
ity through the resistive layer (as suggested by the large increase in
Rcr upon cycling, see Figure 6b) around the secondary particle would
be rate determining. After overcoming this barrier, the SOC distri-
bution in the primary particles within each secondary particle would
be homogeneous, in which case no initial broadening of the FWHM
recorded during the OCV period following the C/2 charge would be
expected for the EOT sample, contrary to what is observed in Fig-
ure 9d. For the other scenario (model II) with a resistive surface layer
formed around every primary particle within a secondary particle, a
homogenous degree of delithiation would also be expected within a
given primary particle, but assuming that the transport of lithium ions
and/or electrons is hindered by the surface film and must proceed
through the NCM-811 solid phase, the degree of delithiation would
be lower for primary particles deeper within the secondary particle
compared to those at its outer surface. This would correspond to a
SOC variation between primary particles, which would result in an
initially broad FWHM in the OCV period following the C/2 charge.
Over an extended OCV period, an equilibration of the different SOCs
of the primary particles within a secondary particle would occur, so
that the FWHM should ultimately narrow to the value observed for a
fresh NCM-811 sample. This is exactly what is observed during relax-
ation of the EOT NCM-811 sample (see Figure 9d). Therefore, on the
basis of this analysis of the operando L-XPD relaxation experiment,
strong evidence is provided that the resistive O-depleted surface layer
must be forming around primary particles in the cycled NCM-811
CAM.

Quite clearly, an aging mechanism according to model II is most
consistent with our experimental observation so far. However, the
question remains whether the delithiation of the primary particles to-
ward the center of the secondary particles is limited by the transport
of Li-ions or of electrons. Seeking to examine this question, the par-
ticle morphology of pristine and discharged EOT NCM-811 samples
was analyzed by SEM, hoping that it might answer the extent of par-
ticle cracking (see paragraph S8 in the SI). Interestingly, the particle
morphology at BOT compared to that at EOT shows no significant dif-
ference, indicating that NCM-811 particles are not cracked into clearly
separate pieces over the 1000 cycles. However, it needs to be stressed
out here that the samples were mechanically polished to obtain cross-
sectional SEM images, which renders it impossible to differentiate
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between small cracks and grain boundaries that are present even in the
pristine NCM-811 CAM.

The formation of cracks, however, can also be examined by
Kr-BET surface area measurements, as cracks would have to lead to
an increase in the specific surface area. The pristine NCM-811 powder
has a BET surface area of ~0.28 m?/g, which for non-porous spherical
particles would predict a particle diameter of ~4.5 pum (see equation
(S11) in paragraph S7 of the SI). This is reasonably consistent with
the secondary particle size observed by SEM (see Figure S11 in para-
graph S8 of the SI), suggesting that essentially only the external sur-
face of the pristine NCM-811 would be accessible to the electrolyte.
However, it may be the case that there are simply surface impuri-
ties on the external surfaces of the secondary and/or primary particles
(e.g., Li,COs; or LiOH), which prevent gas (and electrolyte) access to
within the secondary particles. Therefore, as these could be removed
during cycling,*® or by protons/HF formed during (electro)chemical
electrolyte oxidation,”*” we conducted two more Kr-BET measure-
ments to mimic this conditions in a real cell. NCM-811 was treated
either with (i) water for 30 min or (ii) over a period of 7 days with
LP57 electrolyte containing ~2000 ppm HF (see Experimental sec-
tion). After these treatments, the BET surface area has increased by
~4-fold to ~1.2 m?/g in both cases. For the solid sphere approxima-
tion, this would correspond to a particle diameter of ~1 wm, which
is on the order of the dimensions of the primary particles (see Figure
S11), indicating that the pores within the thus treated secondary NCM-
811 particles become accessible for gas adsorption. Considering the
known formation of protons/HF during (electro)chemical oxidation,”
which is expected to be substantial over extensive cycling of NCM-811
to potentials of 4.5 V vs. Li*/Li, one would also expect that the sur-
face of the primary particles within the secondary particles gradually
becomes accessible to the electrolyte over the course of cycling. The
fact that the primary particles shrink by up to 6% when NCM-811 is
charged to 4.5 V vs. Li*/Li (see unit cell volume change in Figure S6)
provides an additional argument for the electrolyte penetration into
pores during cycling.

These pores would enable the release of O, gas from inside the
secondary particles, thereby enabling the formation of an O-depleted
resistive surface layer on the primary particles, ultimately leading to
the morphology termed as model II in Figure 9a. The limiting trans-
port mechanism, which leads to the initial broadening of the FWHM
observed for the EOT NCM-811 sample during the OCV relaxation
experiment (Figure 9d), would thus have to be due to a poor elec-
tronic conduction pathway into the aged secondary NCM-811 particle
(across now loosely connected primary particles covered by a resis-
tive O-depleted film), as a relatively fast lithium ion transport could
proceed through the electrolyte within the pores.

In summary, while many literature reports claim that particle crack-
ing is a major degradation process in NCM cathodes,'>™'* our analysis
suggests that it is rather the interplay of cracks formed due to structural
changes during cycling in conjunction with the dissolution of surface
impurities that gradually increase the specific surface area of NCMs.
As this goes along with an increasing accessibility of the electrolyte
to the primary particles in the interior of the secondary particles, an
O-depleted resistive surface layer can be formed on the primary parti-
cles, which in turns leads to the observed capacity fading. Based on the
here proposed aging mechanism, the cycling stability of single-crystal
NCMs would be predicted to be superior to poly-crystalline materials.

Estimated thickness of the O-depleted surface layer.—Assuming
that the BET surface area of 1.2 m?/g for the washed or HF-treated
NCM-811 is representative for NCM-811 after 1000 cycles, the thick-
ness of the O-depleted surface could be estimated by a similar approach
as described in literature (for the calculation see paragraph S7 in the
SI).!%57 Assuming a solid sphere, a primary particle size of ~1 wm is
obtained, which is in good agreement with what can be seen in the SEM
images (Figure 9a and paragraph S8 in the SI). The material loss of
~8.5% from the XPD analysis in Figure 5c equals to the phase fraction
of the O-depleted surface layer, which translates to a layer thickness
of 215 nm. This is in good agreement with literature values, which
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also include transmission electron microscopy images.%”-’® Watanabe
et al.”® cycled NCA full-cells to 4.2 V for 1000 cycles and found a
~8 nm thick NiO-like surface layer at 25°C (and ~25 nm at 60°C),
supporting our model of a surface reconstruction around primary parti-
cles. Jung et al.%” performed half-cell cycling with NCM-523 cathodes
to upper cut-off voltages of 4.5 V and 4.8 V vs. Li*/Li, respectively,
observing a gradual surface transformation from layered via spinel
to rock-salt structure, with a layer thickness of ~15-20 nm, depend-
ing on the cut-off voltage. Note, that in Figure 9a, the surface layer of
model I is depicted thicker to stress that in this case, based on a smaller
BET surface area of 0.28 m?/g, the layer thickness would be around
~66 nm, which is much thicker than the typical values reported in the
literature, providing further support for model II shown in Figure 9a.
We finally tried to validate the layer thickness from cross-sectional
HAADF-STEM images of pristine, BOT, and EOT samples, which
were prepared by focused ion beam milling (for details and images
see paragraph S9 in the SI). While the pristine CAM exhibits no de-
fects at the surface, proving its purely layered nature, transition-metals
partially occupy the inter-slabs in the surface-near region of the BOT
and EOT samples, as it would be the case for the spinel and/or rock-salt
structure. The disordered surface layer was identified on numerous of
the primary NCM-811 particles, but it was not possible to accurately
quantify the surface layer thicknesses due to several reasons: (i) in
many cases, the primary particles could not be tilted into the desired
low-indexed zone axes, and, (ii) no clear boundary could be observed
between the different phases, as they probably merge gradually into
each other.5’

Conclusions

In this work, we investigated the capacity fading in NCM-
811/graphite full-cells over 1000 cycles, whereby focusing on the
cathode by pre-lithiating the anode, to identify fading mechanisms
with a combination of diagnostics, such as in situ and operando XPD,
EIS, and XPS. From an ex situ XPD refinement of the NCM-811 be-
fore and after 1000 cycles, we concluded the bulk stability of the CAM
with an unaltered Ni-Li disorder of ~3%. Based on data from in situ
XPD analysis, we were able to establish a quantitative correlation be-
tween lattice parameter changes and capacity losses in NCM-811 over
the course of cycling. We concluded that the thereby identified capac-
ity losses are caused by a shrinkage of the effective SOC window at
both low and high SOC due to an increased cathode polarization. This
overpotential build-up was further confirmed by cathode EIS measure-
ments using a gold wire micro-reference electrode showing a 10-fold
increase of the charge-transfer resistance. Furthermore, the difference
between the capacity loss predicted by the in situ XPD analysis and that
obtained from the electrochemical data reveals a CAM loss of ~8.5%.
These observations are consistent with the formation of an O-depleted
resistive surface layer, which was found by XPS measurements and
is assumed to show no Li intercalation. An operando XPD relaxation
experiment leads us to conclude that the impedance build-up across a
secondary particle is caused by the formation of a resistive O-depleted
surface layer around the individual primary particles. This conclusion
is further supported by BET measurements and cross-sectional SEM as
well as HAADF-STEM pictures. The observed surface reconstruction
on the one hand means a loss of CAM, which results in an irreversible
capacity loss. On the other hand, it causes a significant overpotential
thereby shrinking the apparent SOC window. This reversible capacity
loss could be regained at very low C-rates. To avoid a surface recon-
struction, less resistive and protective coatings for Ni-rich CAMs are
essential to improve capacity retention and cycle life in future LIBs.
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S1: Supplementary Information on Refinement Strategy

Background fit.— As mentioned in the Experimental section of the main text, two different approaches
were applied to fit the complex background. In the following, both fits are compared. One option is
fitting a linear interpolation between selected data points, which results in an approximately linear
background for single reflections, even for the (003) reflection which is located in the 26 range with a
clearly apparent nonlinear background. Therefore, the integrated area of the peaks and the structural
information derived from them is assumed to be rather reproducible. On the other hand, this fit gives
rise to an irregular background curve as can be seen in the following figure. The limited amount of data
points, which are manually selected for the background fit, is the reason for this poor fit quality.
Therefore, another method was applied to fit the complex background. A combination of eight pseudo-
Voigt peaks was used to model the broad and high background of the cell components diffracting in the
20 range below 12°. In addition, the standard background functions implemented in Topas (polynomial
and 1/X) are used. The thereby obtained background is smooth in comparison to the linear interpolated
background. Although the fit of the complex background below 12° 26 is not perfect, the reflections of
interest can be refined based on a continuous and smooth background, which improves the quality of

the refinement.
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Figure S1. In situ S-XPD of an NCM-811/graphite full-cell (LDE cell 1 in the charged state in the 968" cycle)
measured at beamline 111 of the Diamond Light Source, showing the measured data points and the fitted
background: (a) a straight-line background fit in comparison to (b) a combination of pseudo-Voigt peaks and
standard Topas background functions (polynomials and 1/X).
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Applied constraints and calculation of Li occupancy in LixNio79C00.1Mne102— Underlying
structural parameters and constraints for the refinement of the NCM phase are summarized in Table S1.
An example of a refinement of an NCM-811/graphite pattern is given in Figure S2.
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Figure S2. In situ S-XPD pattern of an NCM-811/graphite full-cell (LDE cell 1 in the charged state in the 968"
cycle) with the experimental data points (points), the calculated fit (blue line), and the difference plot (black line).
The inset shows the reflections at high angles. The reflection positions of NCM-811, LiCiz, LiCg, Cs, Al, and Cu
phases are shown as ticks below the diffractogram. Highlighted peaks were used as “internal standards” for the
quantification of the material loss discussed in paragraph S2.

The parameter x.; stands for the Li occupancy, calculated based on the fit of the operando L-XPD c/a
calibration curve as discussed in the main text. For the low SOC range (0.62 < x.i< 0.91), the quadratic

fit gives the following equation when solved for x.i:

7380 -V 10*-49222

ML 58.36 (S1)
The linear fit for the high SOC range (0.12 < xvi < 0.23) results in the following equation for x.i:
c/a-4.733
XLi= ~a (S2)

With equations (S1) and (S2), the occupancy of Li on the Li site can be calculated. However, the cation
disorder between Ni and Li has to be taken into account to get the true number of Li atoms on the Li site
and, in turn, also the number of Ni atoms on the Li site. Therefore, the parameter dis in Table S1 stands
for the amount of Li (Ni) which was found to be on the TM (Li) site by refining pristine and EOT
samples from ex situ L- XPD measurements at our in-house diffractometer. A disorder (Li-Ni mixing)

of 3% equals to a dis parameter of 0.03.
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Table S1. Structural parameters from the Rietveld refinement of the NCM-811 phase with Wyckoff positions,
fractional coordinates, and site occupancy factors. The thermal displacement parameter was constrained for all
sites in case of the in situ S-XPD data and refined site-specific for the ex situ L-XPD data collected at the in-house
diffractometer. Refined values for zo are given in paragraph S2.

LixNio.79C00.10Mno.1002: Space group R3m (166) with x.i = Li content and dis = disorder

Atom Wyckoff position x y z S.O.F.
Li(1) 3a, Li 0 0 0 Xi - dis
Li(2) 3b, T™M 0 0 0.5 dis

Ni(1) 3b, T™M 0 0 0.5 0.79 - dis
Ni(2) 3a, Li 0 0 0 dis

Co 3b, T™M 0 0 0.5 0.10

Mn 3b, T™M 0 0 0.5 0.10

O 6¢c, O 0 0 Zsc,0 =~ 0.24 1

Stephens model.— In agreement with the literature,5*52 anisotropic reflection broadening was also
observed in this study for samples at high degrees of delithiation. The anisotropy can be caused by
inhomogeneous Li (de)intercalation, oxygen deficiency and lattice distortions. For perfectly isotropic
samples, the FWHM (T'ota) is supposed to be the sum of the particle size broadening I'size and the micro-

strain broadening I'swain, @S described by the following equations:

1—‘total = 1—‘strain_’_ 1—‘size (83)

KA
Lcos®

where ¢ = strain, K = Scherrer constant (0.89 < K < 1; usually K = 0.9 for spherical particles),s* A =
wavelength of the X-rays in nm, L = diameter of the (spherical) particles in nm, and 26 = Bragg angle
of the respective reflection.

By the following transformation, a linear correlation (the so-called Williamson-Hall plot) between
T'ota - COS B and sin 0 can be established, with the micro-strain broadening as slope and the apparent

particle size as intercept.
Tiotal *COSO=4¢ sinO+ KTX (S5)

For an ideal material with isotropic broadening, like the herein used CeO, standard material, the

Williamson-Hall plot gives a straight line as can be seen in Figure S3 (R? = 0.84). The data points of
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the discharged NCM-811 are also reasonably close to a straight line (R?2=0.07). However, the reflections

of the charged NCM-811 do not follow a Williamson-Hall behavior.
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Figure S3. Williamson-Hall plot of the NCM-811 phase (from in situ S-XPD at BOT in the discharged and charged
state) compared to the CeO; standard material, as determined by single reflection fitting with a pseudo-Voigt
function. For the charged state, the reflections are labeled with the corresponding hkl indices.

This so-called anisotropic line shape broadening is accommodated by a phenomenological model of the
multi-dimensional distribution of lattice metrics within a sample. It was first introduced by Peter
Stephens in 1999 and is therefore called Stephens model.>* The investigated samples belong to the R3m
space group. According to the literature, a trigonal Bravais lattice with hexagonal indexing was
employed, leading to four independent anisotropic strain parameters Sao, S202, Soos, and Szoz,5254%5 of
which only Seos and Szo2 were used for fitting the in situ S-XPD data. The anisotropic broadening

contribution is thereby given by

T (hkl) = [ZHKL Sercr KT ]1/2 & tan 0 (S6)
with
Yuke Suxe A = Syo0(B + K312 + 207k + 2h1°) + (S7)
Sooa I* +

Sa02 3 (KPP + KPP + hid®) +
Sso1 (3H*KL - 3hiP1+ 21°1 - 21°1])

It is important to note that I'a is given in radians. For a conversion to degrees, as used in the Topas
software, the factor 180°/r must be applied. For an easier handling of the strain parameters, another
factor of 10 is implemented in the Topas macros. The Gaussian and Lorentzian contributions of I'a are

implemented into the pseudo-Voigt function (TCHZ) describing the overall reflection shape as follows:

I =[Utan? 0+ Vtan 0 + W+ Z/cos® 0+ (1 - £)2 TA (hkD)]"? (S8)
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I' =Xtan 0 + Y/cos 0 + ET" (hkl) (S9)

where & is a mixing parameter to interpolate between the Gaussian and Lorentzian line shape. In the
following tables, the refinement results of the LDE data for the anisotropic strain parameters Spos and
Sa02 are shown. The mixing parameter & always converges to 1 (i.e., mainly Lorentzian line shape). The
isotropic strain parameter of the TCHZ function (X) was set to zero when the Stephens model was
applied. The evolution of the Ses and Sz strain parameters in the charged state of the LDE cells is
summarized in Table S2, which shows that the line shape broadening of the NCM-811 phase stays
basically constant over the course of almost 1000 cycles.

Table S2. Anisotropic strain parameters used in the Stephens model in the refinement of the LDE data of cell 1
and 2 in the charged state. Errors are given in parenthesis.

Cell1 Cell 2

Cycle So04 So02 Cycle Soos So02

18 95(6) 270(50) 18 99(6) 280(50)
64 82(5) 250(50) 64 83(5) 230(50)
155 69(5) 240(50) 155 68(5) 200(50)
201 64(5) 260(50) 201 62(5) 210(50)
248 64(5) 260(50) 248 58(5) 230(50)
915 63(5) 280(50) 926 64(6) 290(60)
969 57(5) 320(50) 976 56(6) 310(60)
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S2: Rietveld Refinement Results
Refinement results of the NCM-811 phase.— The results from the in situ S-XPD refinement of the

NCM-811 phase during the LDE study are summarized in the following tables sorted by cell number

(cell 1 and 2) and SOC (first in the discharged state and then in the charged state). During the refinement,

the Li-Ni disorder was fixed to the value determined from the ex situ L-XPD data (3.1%) as is described

in the main text.

Table S3. Refined structural parameters for LixNio.70C00.10Mno.1002 in the discharged state (cell 1) with errors
given in parenthesis.

Cycle al[A] c[A] V[AY] c/al-] il-] zeo[]  ban[A?]  Ruragg [%]
18 2.8618(1) 14.2641(7) 101.169(8) 4.9841(3) 0.838 0.2397(3) 1.31(6) 1.24
63  2.8613(1) 14.2675(7) 101.161(8) 4.9863(3) 0.831 0.2396(3) 1.33(6) 1.31
108 2.8613(1) 14.2711(7) 101.185(9) 4.9876(3) 0.826 0.2389(3) 1.33(7) 1.83
154  2.8611(1) 14.2735(7) 101.185(9) 4.9887(3) 0.823 0.2394(3) 1.49(7) 1.41
200  2.8620(1) 14.2775(7) 101.281(8) 4.9886(3) 0.823 0.2386(3) 1.20(6) 2.00
247  2.8620(1) 14.2782(7) 101.284(8) 4.9890(3) 0.822 0.2389(3) 1.30(6) 1.68
806  2.8654(1) 14.3171(7) 101.799(8) 4.9967(3) 0.797 0.2387(3) 1.34(6) 1.60
850  2.8654(1) 14.3174(7) 101.804(8) 4.9967(3) 0.797 0.2384(3) 1.27(6) 1.92
914  2.8653(1) 14.318(7) 101.800(9) 4.9969(3) 0.796 0.2382(3) 1.28(7) 2.14
968  2.8651(1) 14.3183(7) 101.788(9) 4.9975(3) 0.794 0.2385(3) 1.32(7) 1.77
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Table S4. Refined structural parameters for LixNio.79C00.10Mng.100; in the discharged state (cell 2) with errors
given in parenthesis.

Cycle al[A] c[A] VAT c/al-] xil-] zeo[]  ban[A?]  Ruragg [%]
18 2.8682(1) 14.2937(6) 101.831(8) 4.9835(3) 0.840 0.2401(3) 1.37(6) 1.38
63  2.8682(1) 14.2977(7) 101.859(8) 4.9848(3) 0.836 0.2397(3) 1.35(7) 1.27
108 2.8681(1) 14.3011(7) 101.877(9) 4.9863(3) 0.831 0.2392(3) 1.32(7) 1.45
154  2.8676(1) 14.3031(7) 101.855(8) 4.9880(3) 0.825 0.2399(3) 1.53(7) 1.17
200 2.8673(1) 14.3050(8) 101.85(1) 4.9891(3) 0.821 0.2399(3) 1.37(8) 1.51
247  2.8674(1) 14.306(1) 101.86(1) 4.9893(4) 0.821 0.2402(3) 15(1) 1.71
814  2.8658(1) 14.3179(7) 101.834(9) 4.9964(3) 0.798 0.2398(3) 1.42(7) 1.29
860  2.8657(1) 14.3179(7) 101.830(9) 4.9963(3) 0.799 0.2395(3) 1.31(7) 1.30
925  2.8661(1) 14.3166(8) 101.85(1) 4.9952(3) 0.802 0.2395(3) 1.34(7) 1.28
975  2.8658(1) 14.3175(7) 101.835(9) 4.9961(3) 0.799 0.2398(3) 1.35(7) 1.52

Table S5. Refined structural parameters for LixNio.79C00.10Mno.100z in the charged state (cell 1) with errors given
in parenthesis.

Cycle al[A] c[A] V[AY c/al] Xi[-] zeco[]  ban[A?]  Roragg [%]
18 2.81434(8) 13.952(1) 95.701(9) 4.9576(4) 0.159 0.2337(3) 1.66(6) 1.66
63  2.81472(8) 13.960(1) 95.779(9) 4.9595(4) 0.161 0.2335(3) 1.72(6) 1.50
154  2.81532(8) 13.982(1) 95.973(8) 4.9663(4) 0.165 0.2340(3) 1.86(6) 1.29
200 2.81625(8) 13.994(1) 96.118(9) 4.9689(4) 0.167 0.2337(3) 1.68(5) 1.52
247  2.81643(8) 13.997(1) 96.150(9) 4.9695(4) 0.168 0.2338(3) 1.70(6) 1.57
914  2.82367(9) 14.199(1) 98.04(1) 5.0282(4) 0.209 0.2330(3) 1.80(6) 1.45
968  2.82389(8) 14.218(1) 98.189(9) 5.0347(4) 0.214 0.2332(3) 1.75(6) 1.63
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Table S6. Refined structural parameters for LixNio.79C00.10Mno 1002 in the charged state (cell 2) with errors given
in parenthesis.

Cycle a [A] C [A] V [As] c/a ['] XLi ['] Z6c,0 ['] Dan [AZ] Rbragg [%]

18 2.82028(8) 13.985(1) 96.330(9) 4.9584(4) 0.160 0.2339(3) 1.78(6) 1.44

63 2.82074(8) 13.995(1) 96.435(9) 4.9612(4) 0.162 0.2336(3) 1.79(6) 1.42

154  2.82141(8) 14.022(1) 96.668(9) 4.9699(4) 0.168 0.2341(3) 2.08(6) 1.38

200  2.82164(9) 14.035(1) 96.77(1) 4.9739(5) 0.171 0.2337(3) 1.80(7) 1.74

247 2.82187(9) 14.040(1) 96.82(1) 4.9756(4) 0.172 0.2339(3) 1.77(7) 1.76

925  2.8302(1) 14.212(1) 9859(1) 5.0214(5) 0.205 0.2336(3) 1.87(7) 1.46

975  2.82380(9) 14.184(1) 97.95(1) 5.0233(5) 0.206 0.2343(3) 1.89(7) 147

Refinement results of the LixCs phases.— Refinement results from the graphite phases are shown in
Table S7 (C), Table S8 (LiC12), and Table S9 (LiCs). Starting values were taken from Dolotko et al.,®
and the thermal displacement parameters were kept constant at their respective values. For graphite,
only the lattice parameters were refined. For the LiC1, and the LiCg phase, lattice parameters and peak
broadening due to size effects and fractional coordinates of carbon could be refined.

Table S7. Structural data of graphite added as conductive agent to the cathode coating. Exemplary data for cell 1
in cycle 968 in the charged state.

Graphite: Space group P6s/mmc (194), a = 2.49(1) A, ¢ = 6.68(1) A, Rbragg = 2.0%

Atom Wyckoff position X y z ban [A?] 5
c(L) 2b 0 0 1/4 1.62

C(2) 2c 13 213 14 1.62

Table S8. Structural data of LiC1, determined by Rietveld refinement of cell 1 in cycle 968 in the charged state.

LiC12: Space group P6/mmm (191), a = 4.293(3) A, ¢ = 7.038(2) A, Rbragg = 4.8%

Atom Wyckoff position X y z bai [A?] 5
Li la 0 0 0 1.49

C 12n 0.361(6) 0 0.165(2) 1.49
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Table S9. Structural data of LiCs determined by Rietveld refinement of cell 1 in cycle 968 in the charged state.

LiCs: Space group P6/mmc (191), a = 4.315(3) A, ¢ =3.700(2) A, Rbragg = 4.9%

Atom Wyckoff position X y z ban [A?] S
Li la 0 0 0 1.65
C 12n 0 0.34(2) 1/2 1.65

Quantitative phase analysis.— For a quantitative phase analysis using XPD data, an internal standard
is necessary. In order to quantify the CAM phase loss, the NCM-811 scale factor was normalized to the
intensity of different reflections. The respective reflection intensity is assumed to correlate solely with
the beam intensity and to show no change in the phase fraction. This is why no LixCs phases were used.
However, due to preferred orientation, the Al and Cu phases were refined structure-independent as
Pawley fits. Therefore, no classical phase quantification by Rietveld refinement was possible. For this
reason, the small polymer reflections at 4.5° 26 and 5.4° 26 as well as the 111 reflections from Al and
Cu were chosen as “internal standards” (see highlighted reflections in Figure S2). The polymer
reflections arise from the pouch foil. As can be seen in Figure S2, the 111 reflection of Cu is most
suitable for such an analysis because there is no significant overlap with any reflections of the NCM-811
phase. In Figure S4, the results of the performed estimation are shown for cell 1 and 2 in the discharged
and charged state. All three different normalization methods have in common that an NCM-811 material
loss over the course of cycling becomes evident (despite for cell 1 when normalized to the Cu 111
reflection). However, the resulting absolute values scatter substantially. From the analysis in Figure 5c,
a material loss of 8.5% is expected. Small changes in the NCM-811 phase fraction are expected to give
rise to minor intensity changes and they proved to be very hard to quantify with the herein applied
“internal standards”. In conclusion, we can say that a quantitative analysis of the NCM-811 phase
fraction was not possible using a ratio between scale factors and reflection intensities, but the results at

least qualitatively follow the observed trend for the NCM-811 material loss.
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Figure S4. Results of the NCM-811 phase quantification from the insitu S-XPD data for both cells in the
discharged (left panels) and charged state (right panels) over the course of cycling, making use of different
“internal standards”: (a,d) the intensity of the polymer peaks; (b,e) the intensity of the 111 reflection of the Al
current collector; (c,f) the intensity of the 111 reflection of the Cu current collector. The error bars for the polymer-
based normalization are not shown because they are too large for the chosen scale.
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S3: Lattice Parameter and c/a Calibration Curves

To obtain a calibration curve for the c/a ratio, diffraction data over the whole charge/discharge cycle are

necessary. We tried two different approaches to collect this data:

(a)

(b)

In situ L-XPD measurements: The cell is cycled at C/7.5 and at defined capacity steps (e.g.,
every 10 or 15 mAh/g), XPD data are collected during OCV periods. The main advantage is
that data over a large 20 range are collected, thus most NCM reflections contribute to the
refinement. A disadvantage is that just a limited amount of c/a data points are collected during
cycling, especially at high SOC, where the c/a curve is very steep. Thus, the intervals between
the c/a data points in this region are rather large.

Operando L-XPD measurements: The cell is cycled at a rate of C/7.5 while a small part of the
20 range is measured continuously. Thereby, selected non-overlapping reflections of the
NCM-811 phase, namely 003 and 110, are monitored alternatingly during cycling. The main
advantage is that a time resolution of ~8 minutes (corresponding to SOC intervals of ~4 mAh/g)
allows for a sufficient amount of c/a data points for interpolation of the c/a curve. A
disadvantage is that only two reflections contribute to the refinement, so that the accuracy of

the obtained lattice parameter values has to be verified.

Figure S5 compares the two differently obtained data sets, showing that the lattice parameter values

obtained by the operando L-XPD technique (ASOC ~ 4 mAh/g) are in good agreement with those
obtained by in situ L-XPD (ASOC = 10 mAh/g). While no actual structural information can be obtained

from the single reflection fits, the operando L-XPD method can be used to track the evolution of the

lattice parameter with rather short acquisition times, so that we could use it also to monitor the evolution

of the ¢ parameter upon a transition from constant-current charge to OCV (see Figure 8 in the main

text).
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Figure S5. Comparison of lattice parameter values vs. capacity of NCM-811/lithium cells obtained by refining in
situ L-XPD data (i.e., fitting the full XPD pattern measured during intermediate OCV phases) versus those obtained
by refining operando L-XPD data (i.e., continuous measurements of the 003 and 110 reflections, determining a
and c by single reflection fitting). Data were collected at the in-house Mo-diffractometer and show the first cycle
at C/7.5 charged to 180 mAh/g and then discharged to 3.0 V.

Next, we will use in situ L-XPD data to examine the evolution of the lattice parameters over the first
two formation cycles (cycle 1 and 2) at C/7.5 and compare them to the lattice parameter values which
are obtained by in situ L-XPD with an NCM-811 cathode harvested from cell 1 at EOT (both cells are
assembled with metallic lithium anodes). The determined lattice parameters and the unit cell volume
versus OCV are shown in Figure S6, whereby the observed evolution of structural parameters is in
agreement with literature reports.SS7-1° With increasing OCV of the fresh NCM-811 cathode, i.e., with
increasing extent of delithiation, the lattice parameter a drops from ~2.87 A to~2.81 A, and then remains
essentially constant at OCV values exceeding ~4.2 V (see Figure S6a). It is reported that the TM-O
distance closely follows the behavior of the lattice parameter a upon delithiation, because both values
directly depend on the oxidation states and the ionic radii of the transition metals. When Li-ions are
removed from the structure, this charge is compensated for by the oxidation of TMs, resulting in

decreased ionic radii and hence a decrease in the lattice parameter a.
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Figure S6. Dependence of (a) lattice parameter a, (b) lattice parameter ¢, and (c) unit cell volume V on the OCV
of NCM-811 during charge/discharge, as determined by in situ L-XPD. The black lines/symbols are obtained with
fresh NCM-811 (cycle 1+2, C/7.5, ASOC = 10 mAh/g) and the blue lines/symbols are obtained with an EOT
sample harvested from the LDE cell 1 (C/2, ASOC = 15 mAh/g). The counter-electrode is metallic lithium.

The lattice parameter ¢, which correlates to the Li-O distance, exhibits a more complex behavior. After
an initial increase from ~14.2 A to ~14.5 A, a broad maximum is reached at an OCV of ~4.0 V, followed
by a steep decrease to ~13.8 A upon further delithiation (see Figure S6b). The initial rise is interpreted
as a result of the increasing coulombic repulsion between negatively charged oxygen anions remaining
in the layered structure upon removal of the Li-ions between them. The interaction of Li with lattice
oxygen is reported to be accompanied with a partial charge transfer from oxygen to lithium, resulting in
a screening effect that diminishes the inter-slab repulsion. Upon delithiation, this screening effect is
minimized and thereby leads to an increase in c. On the other hand, the observation of a decreasing c at
an OCV exceeding ~4.0 V must imply a decrease in the inter-slab repulsion. It is known in the
literatureS** that TM 3d and O 2p states are highly hybridized in layered Ni-rich compounds. This means
that electrons can be extracted from both TM and O states, which decreases the effective charge of the

oxygen atoms and thereby the inter-slab repulsion, resulting in a decrease in c¢. While the decreasing
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screening effect by Li should induce an elongation in the ¢ direction, the decreasing effective oxygen
charge due to TM-O hybridization would cause a shrinkage. Both effects seem to be present, with the
elongation in the c direction being dominant until an OCV of =4.0 V, and the shrinkage in the c direction
occurring at higher degrees of delithiation. At the beginning of charge, the change in the unit cell volume
is dominated by the changes in a, which contributes to the cell volume by the second power. At high
OCV values, i.e., at low lithium contents, where the lattice parameter a remains essentially constant and
c shows a steep decrease with OCV, the change in the unit cell volume is mostly dominated by the
changes in c.

When we now compare the evolution of the lattice parameters of fresh NCM-811 upon cycling with that
of the harvested EOT sample (black vs. blue lines/symbols in Figure S6), the advantage of the ability
to plot the structural parameters versus the NCM-811 OCV becomes clear: In operando XPD, the degree
of (de)lithiation at a given SOC is not anymore defined, as it changes due to capacity losses upon aging
(e.g., by increased polarization, CAM loss, and/or loss of cyclable lithium if used in a full-cell without
a pre-lithiated anode). In contrast, for in situ XPD data taken at OCV, the degree of (de)lithiation at a
given OCV value is identical for fresh and aged samples. The first data points of the first charge in
Figure S6 indicate that the structural evolution of a material with a full Li site and no cycling history
deviates slightly from that of a cycled CAM. This, however, has no influence on our analysis. Apart
from that, lattice parameter a shows the same trend for the aged NCM-811 harvested at EOT as for the
fresh material, although its absolute value is slightly higher for the EOT material at OCV values >3.8 V
(see Figure S6a). An increased a for the aged NCM-811 would suggest a lower oxidation state of the
transition-metals compared to the fresh NCM-811. Lattice parameter c for the aged NCM-811 is slightly
decreased at OCV values of >3.8 V (see Figure S6b) compared to fresh NCM-811, indicating that the
observed repulsion between the negatively charged oxygen layers is less severe. This might be caused
by a more covalent TM-O bond, with significant charge transfer from O to the transition-metals. The
resulting decreased TM oxidation state is in agreement with the results for the lattice parameter a.
Although there are literature reports on a small lowering of the Co and Mn oxidation states upon
extended cycling,5*? it has to be noted that so far these observations were only made on the near-surface
region of cathodes. Interestingly, the deviations of the lattice parameters between the fresh and the EOT
sample do not affect the net cell volume, as the values for the unit cell volume before and after

1000 cycles agree almost perfectly over the entire OCV range (see Figure S6c).

To get an idea of what might have happened to the transition-metals of the cathode, we conducted ICP-
AES measurements of the graphite anode at EOT and found that over the course of the ~1000 cycles,
an amount of transition-metals corresponding to 0.22 mol%rwm of the NCM-811 material was deposited
on the anode. The relative distribution of Ni, Co, and Mn amongst the metals deposited on the anode is
84%, 2%, and 14%, which at least for Ni and Mn is close to the stoichiometric metal ratio in the fresh

NCM-811, suggesting that there is no strong indication for a preferential metal loss (e.g., of Mn).
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Different mechanisms are reported for the transition metal dissolution from NCM CAMs.° The possible
extent of dissolution of Ni and Mn out of the pouch cell components (pouch foil, current collector and
tabs) is not known. However, Al current collectors generally have a Mn contamination on the order of
100 ppm due to production processes. Assuming that a loss of one transition-metal in NCM-811 will
result in a maximum loss of 4 cyclable lithium due to charge compensation (e.g., for 1 removed Mn**,
4 Li* would have to remain in the structure), the maximum capacity loss based on a transition-metal loss
of 0.22 mol%rm would be ~2.4 mAh/g, similar values as those suggested by Buchberger et al. for
NCM-111.%¢

S16



S4: Impedance Measurements

To fit the cathode impedance spectra obtained with a gold wire micro-reference electrode (GWRE), the
transmission line model (TLM) was used as described in the literature.5* The fitted equivalent circuit is
described by Rur + TLM[Rion, Ret/Qct] + Reontact/ Qeontact + W, With Ry as the high-frequency resistance,
TLM as a transmission line model with ionic resistance Rion and an Ret/Qcr parallel circuit element of
the charge transfer resistance Rcr and a constant phase element (CPE; Zcpe = [Q-(im)“]™) denoted with
Qc, the Reontact/Qcontact parallel circuit element of the contact resistance Reontact and @ Qcontact CPE, and,
finally a Warburg diffusion element W. W and Reontact/ Qcontact Were only used when appropriate. The fitted
value for the ionic resistance was Rion = 3 Q cm? during the first and 18" cycle and Rion = 9 Q cm? at
EOT. Figure S7 shows three representative cathode impedance spectra of NCM-811 measured in
NCM-811/graphite full-cells (with a GWRE) during charge at an OCV of =4.0 V in the first, the 18"
cycle, and after 1000 cycles.
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Figure S7. Exemplary cathode impedance spectra of NCM-811/graphite full-cells with a micro-reference
electrode (GWRE) measured after a C/10 charge to an OCV of ~4.0 V: (a) in the first charging cycle; (b) in the
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18" cycle (BOT); and, (c) for the harvested NCM-811 cathode from the LDE experiment after 1000 cycles (EOT).
The data (black symbols) were fitted (blue lines) to: Rur + TLM[Rion, Rct/Qct] (+ Reontact/Qcontact) (+ W) (See text
for assignments). Spectra were recorded from 100 kHz to 100 mHz with a voltage perturbation of 10 mV at 25°C.

For both the fresh NCM-811 and the NCM-811 at BOT (18™ cycle), no feature indicating a contact
resistance could be observed (see Figure S7a,b) and the fit was conducted without the Rcontact/Qcontact
element. On the other hand, an apparent contact resistance feature was observed at high frequencies for
the EOT sample (see Figure S7c). A rough order-of-magnitude estimation of the capacitances related
to charge transfer and to the contact resistance by neglecting the constant phase exponent o was

conducted to verify the assignment of the fitting parameters to the semicircles:5*-51

1
R2nf

max

Ceale = (810)

This calculation yields values of Ccac,cr = 0.14 mF for the first charge cycle, Ccaccr ~ 1.5 mF for the
BOT sample, and Ceaccr = 2.4 mF and Ceaic,contact = 1.0 UF for the EOT sample. An overview of the all

values is shown in Table S10.

Table S10: Overview of the resistances (R) and the maximum frequencies (fmax) of the R/Q elements determined
from the Nyquist plots in Fig. S7, together with the calculated capacitances (Ccaic) according to eq. S10. Based on
the assigned interfaces, the calculated capacitances were normalized to the total surface area (Atwtal) to calculate an
estimated capacitance (Cest), for which different NCM-811 BET surface areas (Aser,cam) Were used as described
in the text. Note that for the EOT sample (from cell 1), two clearly pronounced semicircles were observed (denoted
below as low-f and high-f).

Sample FQ] [ﬁ;] Fn‘;al';] Assigned interface ?;E}E;]AM '[A‘é‘;::"z] ﬁjslé i
Cycle 1 2.3 480 0.14 Electrode/electrolyte  0.27 95 ~1.5
BOT 11 10 15 Electrode/electrolyte 1.2 160 ~9.4
EOT (low-f) 165 04 2.4 Electrode/electrolyte 1.2 160 ~15
EOT (high-f) 11  14-10®* 1.0-10° Al foil/electrode - 095 =11

The Cea values of the BOT and EOT samples were normalized to the total surface area of the cathode
electrode, including the BET surface area of SFG6L (~20 m?/g), C65 (=62 m?/g), and of either the fresh
NCM-811 (=0.27 m?/g) or of aged NCM-811 after removal of the surface impurities with the HF
treatment (~1.2 m?/g, see discussion in context of Figure 8 in the main text). This results in an estimated
total cathode electrode surface area of either ~95 cm? for fresh or of ~160 cm? for aged NCM-811. When
normalizing the Ccac values by the total electrode surface area and when neglecting the « exponent of
the CPE elements, one would expect to obtain estimated specific capacitances (Cest), which are
comparable to the typical double layer capacitance of =10 puF/cm?.5351 For the BOT and EOT samples,
Cestcr is 9.4 uF/cm? and =15 pF/cm?, respectively, which is consistent with the expected value and
suggests that our assignment is correct. On the other hand, Cestct for the NCM-811 in the first cycle is

only ~1.5 puF/cm?, which must be due to the fact that the “semicircle” seen in the Nyquist plot for the
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first cycle (Figure S7a) must contain at least two different processes, as indicated by the very low
o value of 0.6 (vs. 0.9 for the other semicircles in the BOT and EOT samples), so that the associated
Qestcr value can only be taken as an order-of-magnitude estimate. A reason for this relatively small
capacitance might be the fact that this electrode has never been cycled to voltages above 4.0 V where
this impedance spectrum was recorded. As mentioned in the main text in context with the shift of the
Rer vs. OCV curve of the first charge (Figure 5), it is known from the literatureS!’ that surface species,
such as Li>COs3, are removed upon the first charge, a process which might not be completed at this point
and their continuous slow removal during the first-cycle impedance measurements at 4.0 VV might lead

to artefacts as the surface might be changing while recording the impedance data.

Finally, let us examine the high-frequency semicircle clearly apparent in the EOT sample, which is
likely related to a contact resistance at the interface between the Al current collector and the cathode
electrode. This can be verified by normalizing Ccac to the exposed area of the Al current collector
(=0.95 cm?), yielding an estimated capacitance of Cestcontact ~1.1 HF/cm?, which is on the same order of
magnitude than a double layer capacitance,5*S thus proving that the assignment of this impedance
feature to a contact resistance is correct.
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S5: Selected Cathode Half-Cell VVoltage Profiles
Figure S8 shows cathode voltage profiles of cell 2 at C/2 (= 0.72 mA/cm? or 6.46 mA), for which a

sudden jump in capacity and in the average charge and discharge voltages is observed during cycle 893
(see Figure l1a and b), plotting the voltage profiles before and after this event. Quite clearly, both the
charge and the discharge voltages between cycle 892 (black line) and cycle 894 (green line) differ by
~100 mV along the entire capacity range, which corresponds to a resistance decrease of =15 Q (from
100 mV/6.46 mA, =140 Q cm?). As evident from the voltage profile of cycle 893 (blue symbols), this
decrease in potential, i.e., this drop in resistance, occurred instantaneously, indicating that it cannot be
caused by any structural change within the cathode, but must be related to a sudden improvement of the
electronic contacting of the cell. This was likely caused by obtaining a better electronic contact between
the current collector tabs of the pouch cell and the crocodile clamp by some random movement. While
we cannot prove this hypothesis, due to the fact that both cells showed again rather similar capacities
and average charge/discharge voltages after cycle 893 (see Figure 1a and b), we are very confident that

this contacting issue does not influence the observations and conclusions made in our work.
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Figure S8. Cathode half-cell voltage profiles at C/2 of the LDE cell 2 during cycles 892 (black line), 893 (blue
line/symbols), and 894 (green line), where a sudden jump in capacity and average charge/discharge voltage
occurred.

An additional figure of cathode half-cell voltage profiles serves to support the line of argument that the
impedance build-up happens with a considerable time delay compared to the material loss, because the
surface oxygen-depleted surface layer restructures only gradually into a resistive surface layer. To show
this, the cathode voltage profiles and the respective difference plots of the 250" cycle, at EOT, and at
BOT are shown for cell 1 and 2 in Figure S9. Here, the capacity axis used in Figure 1c in the main text
is converted into the lithium content (x) scale for the NCM-811 bulk material, as determined by the
XPD analysis (see Figure 4). Independent of the degree of material loss, this visualization allows the
best comparison between voltage curves of the retained bulk material over the course of extended
cycling (assuming that the surface layer is electrochemically inactive and does not contribute to the
obtained capacities). The increase of cathode overpotential observable in the 250" cycle is slightly
higher than at BOT (cycle 19), but much lower than at EOT (cycle 970/973), while in the 250" cycle
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the material loss at the surface was found to be already ~65% of that at EOT (5.6% after 250 cycles vs.
8.5% at EOT, see Figure 4c). In Figure S9, the grey bars highlight the x.i region where the OCV is
~4.0V, i.e., the region from which the overpotential estimates are derived in the main text. It can
therefore be concluded that the loss of active material by the formation of the oxygen-depleted surface
layer initially does not substantially increase the cathode impedance (i.e., the surface layer has a
relatively low resistance), but that it gradually transforms into a substantially more resistive structure
which gives rise to the observed impedance build up (see Figure 5b).
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Figure S9. (a,c) Cathode voltage profiles of both LDE cells from the 19" (close to BOT, black line), the 250t
(green ling), and the 9701/973" cycle (close to EOT, blue line) plotted vs. the lithium content (x.;) of the retained
bulk material, which was determined by the c/a ratio from the charged and discharged state of the respective in situ
S-XPD data. (b,d) Voltage difference of the curves from the 250" and 9701/973' cycle relative to the 19™ cycle.
The grey bars highlight the overpotential increase for the x.; region at which the OCV of ~4.0 V vs Li*/Li is
expected.
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S6: XPS Reference Data

To establish a correlation between intensity shifts in the O1s XPS spectrum of our sample and structural
information, reference spectra are necessary. For this purpose, layered MnO; (purity >99%), spinel
MnzO4 (purity >97%) and rock-salt MnO samples (purity >99%, all samples from Sigma-Aldrich) were
analyzed by X-ray photoelectron spectroscopy. The focus thereby lies on the peak at lower binding
energies (green and blue fits in Figure S10) because the one at higher energies derives from surface
impurities like carbonates and hydroxides (red fits in Figure S10). A comparison of the reference spectra
(Figure S10g-i) shows that the low-energy O1s peak shifts to higher binding energy as the oxygen
content of the materials decreases, namely from 529.3 eV for layered MnO; (panel g) to 529.6 eV for
spinel MnsO4 (panel h) and to 529.7 eV for rock-salt MnO (panel i). Based on this observation, a
correlation between the shifts of the low-energy O1s peaks towards higher binding energies upon cycling
of the NCM-811 sample (pristine - BOT — EOT) deduced from the fits in Figure S10d-f is consistent
with an increasing oxygen deficiency in the surface-near regions upon cycling. The detailed fitting
values and applied constraints for peak energy and FWHM are listed in Table S11. The position of the
peak of the O-depleted layer in NCM-811 (=529.9 eV, marked by the dashed blue lines in Figure
S10d-f) likely deviates from the reference samples because of the different local environment around

the oxygen (only Mn in reference samples vs. Ni, Co and Mn in NCM-811).

In addition, the intensity of the peak around ~533.5 eV (and an additional peak for the EOT sample at
~532.8 eV) is evolving with cycling (Figure S10a-c), which we denominated as “miscellaneous”. In the
literature, 518519 a similar feature is reported in the O1s XPS spectra of cycled NCA cathodes and ascribed
to a CEl-type (cathode electrolyte interphase) film forming on the cathode by electrolyte decomposition
(e.g., lithium alkyl carbonates, Li-O-CO-O-R), which is also possible in our case.
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Table S11: XPS fitting parameters for the fits in Figure S10 for pristine, BOT, and harvested EOT NCM-811 as
well as for three reference compounds: peak energy with constrained deviation and FWHM with respective range
constraint. Additionally, parameters for the main surface impurity peak are shown.

ST (el PEETE R e (E:r;er:sgt)r/aﬁ\e/g deviation) (F<:\g/n|—s|tl\r/cl;1i[r?¥i] range)
Layered (green) 529.3 (#0.1) 1.26 (0.8-1.35)
Pristine (a,d)
M-OH/M-CO;s (red) 531.9 (#0.1) 1.62 (0.8-2.35)
Layered (green) 529.3 (x0.1) 1.10(0.8-1.35)
BOT (b,e) O-depleted (blue) 529.9 (fixed) 1.08 (0.8-1.35)
M-OH/M-CO; (red) 531.9 (#0.1) 1.66 (0.8-2.35)
Layered (green) 529.3 (x0.1) 1.10 (0.8-1.35)
EOT (c,f) O-depleted (blue) 529.9 (fixed) 1.24 (0.8-1.35)
M-OH/M-CO; (red) 531.9 (#0.1) 2.26 (0.8-2.35)
MnO- (9) Layered (green) 529.3 (-) 0.88 (0.8-1.35)
Mnz04 (h) Spinel (blue) 529.6 () 1.17 (0.8-1.35)
MnO (i) Rock-salt (blue) 529.7 (-) 0.95 (0.8-1.35)
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Figure S10. XPS O1s spectra of pristine, BOT, and EOT NCM-811 samples with surface hydroxide and carbonate
impurities highlighted by a red dashed line in panels a-c; close-ups of the peak at lower binding energies are shown
in panels d-f. Reference XPS O1s spectra of layered (MnOy2), spinel (Mn3Q.), and rock-salt (MnO) manganese
reference compounds are shown in panels g-i. The peak position of a layered and an oxygen-deficient (spinel and
rock-salt) structure are highlighted by green and blue dashed lines in panels d-i. All spectra are shown with Shirley
background in black line, data points as empty symbols, and the overall fit as black dashed line. The colored lines
corresponding to the respective surface species as indicated in the plots give a deconvolution of the overall fitting.
The fitting parameters and their constrained values for the low-energy O1s peaks (green and blue) and for the main
surface impurity peak (red) are listed in Table S12.
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S7: Calculation of O-depleted Surface Layer Thickness

Based on the discrepancy between the absolute capacity losses observed by electrochemical

measurement (C52T) and calculated from the change in lattice parameters (Chowsiar), We deduced a loss

of cyclable CAM as is discussed in context with Figure 5¢ in the main text. This evaluation provides

the capacity loss due to material loss, ACSoLEOT = 15.8 mAh/g, or in percentage terms relative to the

pristine CAM, Ac&‘g};ﬁal,rd = 8.5%. This ratio gives the estimated molar fraction of NCM-811, which is
no longer taking part in Li intercalation (Xsuface-layer). TO translate the molar fraction into a surface layer
thickness, the approximate particle radius is estimated from the BET surface area (Aser) and the
crystallographic density of the CAM (peyst) as given in equation (S11) and Table S13. For this
calculation, the surface area of the aged NCM-811 is used (1.2 m?/g after HF treatment, as discussed in
context with Figure 8 in the main text), because this is the actual surface area, on which the layer will
form upon extended cycling. The surface layer thickness (tsurface-layer) Can then be estimated from the
particle radius and the molar fraction using equations (S12) and (S13). All calculated values and
measurement data are summarized in Table S13. Detailed information about these calculations are

reported in the literature. 52052

3

" ABET Peryst (Sll)
1

r=r (1 - xsurface-layer) /3 (812)

tsurface-layer =r-r (813)

Table S13. Parameters for calculating the thickness of a presumably inactive surface layer formed upon ~1000
cycles. The BET surface area (Ager) was measured by both Kr and N, physisorption (yielding identical values)
after exposure of the NCM-811 CAM to 1000 ppm HF in LP57 (see main text); the crystallographic density (p)
was obtained from Rietveld refinement. The average radius of the NCM-811 particles was based on a spherical
approximation using (S10), while the molar fraction of material lost in the surface layer (Xsurface-layer) iS based on
the EOT value given in Figure 5c. The approximate surface layer thickness (tsurface-layer) then follows from (S11)
and (S12).

Parameter Value
Ager [m?/g] 1.2
Peryst [g/cm?] 4.75
r [nm] 526
Xsurface-layer [0] 8.5

tsurface-layer [NM] 15
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S8: SEM Cross-Sectional Images of Pristine and EOT NCM-811

The morphology of CAM secondary particles was evaluated from cross-sectional SEM images. For that
purpose, 1 x 1 cm? pieces were punched out of pristine and end-of-test electrodes in their fully lithiated
state. The samples were fixed in a Teflon holder, embedded in epoxy resin (EpoThin 2 resin and
hardener, Buehler, USA), and subjected to reduced pressure in order to remove gas bubbles. After
hardening overnight at 40°C, the resin block was removed from the holder, ground on SiC paper in two
steps (grade P320 and P1200, CarbiMet S, Buehler), and subsequently polished with 9 and 3 um
diamond polishing pastes (MetaDi Supreme Polycrystalline Diamond Suspension, Buehler) on a micro
cloth (MicroCloth, Buehler). The final polishing step was done with a 0.05 pm Al.O3 agent (MasterPrep
Alumina Suspension, Buehler) on a micro cloth (ChemoMet, Buehler). The contact pressure was set to
5N for every step. SEM analysis was performed with a JEOL scanning electron microscope (JSM-
7500F, JEOL, Japan) in the backscattering mode at an accelerating voltage of 5 kV.

In context with Figure 8 in the main text, the SEM images presented in Figure S11 indicate that the
contact area between electrolyte and primary particles is quite large and that most primary particles

indeed are in direct contact with the electrolyte.
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Figure S11: Cross-sectional SEM pictures of pristine (calandered electrode sheets, left) and EOT NCM-811
(discharged state, right) at different magnifications measured in backscattering mode at an accelerating voltage of

5kV.

S27



S9: HAADF-STEM Images of Pristine, BOT and EOT NCM-811

High Angle Annular Dark Field — Scanning Transmission Electron Microscopy (HAADF-STEM)
images were measured from a pristine NCM-811 electrode, a BOT electrode which was cycled
according to the LDE protocol, and a harvested EOT electrode. The BOT and EOT electrodes (in the
discharged state) were first washed thoroughly with dimethyl carbonate (DMC, BASF SE) in an argon-
filled glove box to remove LiPFg salt residuals and then dried overnight at room temperature.
Afterwards, all samples were prepared by focused ion beam (FIB) milling using a Helios G4 CX
dualbeam machine (Thermo Fisher Scientific, USA). The samples were immediately imaged at 300 keV
by HAADF-STEM using a Thermo Fisher Themis Z 3.1 microscope.

The HAADF-STEM images are summarized in Figure S12. The two primary particles of the pristine
NCM-811 in the left picture are imaged in the desired low-indexed zone axes in order to differentiate
any disordered spinel/rock-salt structure from the regular layered structure. The pristine particle on the
left (as well as in the right picture) seems to be imaged along the ab plane, highlighting the hexagonal
arrangement of the transition-metals within their layer (which appear as bright spots due to the high Z
number). In contrast, the pristine particle on the right shows the layered structure along the c direction,
highlighting the alternating stacking of the transition-metal (bright lines) and lithium layers (inter-slab,
dark lines). If transition-metals (partially) occupy the lithium layers, the intensity of these atomic
columns would be increased and the region would therefore appear brighter in the image. This is
however not the case for the pristine NCM-811, i.e., the layered structure ranges from the bulk of the
particles to their surface without any defects. On the other hand, the BOT and EOT primary NCM-811
particles feature inter-slabs in the surface-near region (as indicated either (i) with arrows for the
representation along the c direction in the left pictures or (ii) by dashed lines for the representation along
the ab plane in the right figures), which are partially occupied with transition-metals, as it would be
expected for spinel/rock-salt structures. However, no clear boundary between the layered bulk structure
and the disordered spinel/rock-salt surface structure can be discerned from these images. The phases

seem to merge gradually into each other, which makes it difficult to quantify the surface layer thickness.
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EOT

Figure S12: HAADF-STEM pictures of pristine (top), BOT (18" cycle, middle), and EOT NCM-811 particles
(after 1000 cycles, bottom). The arrows/dashed lines in the BOT and EOT images exemplary indicate surface-near
inter-slabs/regions which are partially populated with transition-metals (and which appear as bright spots/lines in
these images).
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Results

3.1.2 Ex-situ study at elevated temperatures

The article “A Comparative Study on Structural Changes during Long-Term Cycling
of NCM-811 at Ambient and Elevated Temperature” was submitted in February
2021 to the peer-reviewed Journal of The Electrochemical Society and published in
May 2021 as a part of the Focus Issue on Future of Intercalation Chemistry for
Energy Storage and Conversion in Honor of M. Stanley Whittingham. The
permanent web link of this work is available under

https://iopscience.iop.org/article/10.1149/1945-7111/abf780. Franziska

Friedrich presented the article at the PRIME Meeting in October 2020 (digital,
Abstract No. 254).

Based on the long-term cycling study at ambient temperatures (section 3.1.1), we
conducted a follow-up study at 45°C in order to investigate the capacity fading
mechanisms within NCM-811 at elevated temperature and compare them to our
previous study conducted at x22°C. Cycling batteries at high temperatures is useful
for two main reasons. First, battery failure is accelerated at elevated temperatures,
which enables the evaluation of the underlying fading mechanisms on a shorter
time span compared to experiments at room temperature. Another factor is that
LIBs are used for BEVs, which must operate both in colder and hotter regions. The
knowledge of the aging of LIBs at elevated temperatures thus plays an important

role for commercial application.

During the in-situ study at ambient temperatures presented in section 3.1.1, we
gained experience with regards to the necessity of various measurement methods
(e.g., the in-situ XPD at the synchrotron) and how they are best used to answer the
research question. This means that we changed from the in-situ setup at the
synchrotron source to six identical cells, which were cycled with the same protocol,
whereby every 150 cycles one of the cells was stopped in order to conduct ex-situ
analysis on the harvested CAM, while keeping the cell setup and the cycling
procedure largely similar to that of the previous study. Ex-situ methods include rate
tests in NCM-811/Li half-cells, EIS experiments, Kr-BET measurements, and XPD
analysis of harvested CAM filled into capillaries and analyzed at the in-house

diffractometer.
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Results

We observed that the capacity loss at 45°C is more than doubled in comparison to
that at x22°C. In accordance with the results from the previous study, we found that
the capacity fading in NCM-811 is due to the formation of a resistive oxygen-
depleted surface layer. The corresponding increase in the charge-transfer
resistance was quantified by ex-situ EIS measurements of NCM-811 versus a
lithium/free standing graphite electrode, as presented by Morasch et al.116 The
capacity loss due to the increased cathode resistance is reversible, i.e., it can be
regained when cycling at very low C-rates (here C/50) in NCM-811/half-cells. The
results from the rate tests indicate that x40% of the observed capacity fading is due
to the increased charge-transfer resistance. XPD analysis proves that the other
~60% can be ascribed to the loss of CAM caused by the formation of the resistive
surface layer. The XPD experiments furthermore show that the bulk structure is
stable, since the Li-Ni mixing only increased by =1-2%. The contribution of this
increase on the lithium bulk diffusivity, however, remains elusive. Kr-BET
measurements show that virtually all primary CAM particles are exposed to the
electrolyte in charged state due to the severe volume contraction of NCM-811,
which can also lead to particle cracking as discussed in section 1.2. Based on the
surface area measurements from Kr-BET, the CAM loss translates into a surface
layer thickness around the primary particles. For the study at ambient
temperatures, this surface layer is estimated to be 6 nm thick (after 1000 cycles).

After 700 cycles at 45°C, the surface layer thickness is around ~12-14 nm.
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contributed equally to this work as co-shared first authors.

95



Journal of The Electrochemical Society, 2021 168 050512

CrossMark

A Comparative Study of Structural Changes during Long-Term
Cycling of NCM-811 at Ambient and Elevated Temperatures

Z

Benjamin Strehle,™* Franziska Friedrich,™ ® and Hubert A. Gasteiger™*

Chair of Technical Electrochemistry, Department of Chemistry and Catalysis Research Center, Technical University of
Munich, D-85748 Garching, Germany

Lithium-ion batteries operate predominantly at room temperature, but some applications such as electric vehicles also demand
operation at higher temperature. This is especially challenging for cathode active materials (CAMs), which undergo an accelerated
failure at elevated temperature. Here, we systematically compare the capacity fading of the Ni-rich NCM-811 at two different
temperatures. The first dataset over 1000 cycles at 22 °C stems from a former study, while the NCM-811/graphite full-cells are
investigated now under similar conditions at 45 °C for 700 cycles. We focus on the CAM by using pre-lithiated graphite anodes.
The capacity loss due to NCM-811 degradation at 45 °C is more than doubled compared to 22 °C. The underlying mechanisms
related to the bulk and the surface of the CAM are quantified by several ex situ techniques such as X-ray powder diffraction, half-
cell cycling with impedance spectroscopy, and Kr-BET. The aging happens mainly at the surface of the primary particles, forming
aresistive, disordered surface layer, whose thickness is estimated to reach ~6 nm at 22 °C and ~12-14 nm at 45 °C by the end-of-
test. Furthermore, the Li-Ni mixing in the bulk increases by ~1%—-2% at elevated temperature, but its contribution to the capacity
loss remains elusive.

© 2021 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives 4.0 License (CC BY-
NC-ND, http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial reuse, distribution, and reproduction
in any medium, provided the original work is not changed in any way and is properly cited. For permission for commercial reuse

please email: permissions @ioppublishing.org. [DOI: 10.1149/1945-7111/abf780]

Manuscript submitted February 25, 2021; revised manuscript received March 29, 2021. Published May 13, 2021. This was Paper

254 presented during PRIME 2020, October 4-9, 2020.

Layered transition-metal oxides are the most widely applied class
of cathode active materials (CAMs) in lithium-ion batteries (LIBs).
They dominate the fast-growing market of electric vehicles (EVs),
combining high energy and power density with long cycle-life.' On
a structural level, layered oxides can be written as Li;  s[TM]; _50,,
with alternating layers of lithium and transition-metals (TMs) in
octahedral coordination and with a small degree of over-lithiation
(typically 0 < & < 0.05). Depending on the choice of transition-
metals, layered oxides are referred to as NCMs (combining Ni, Co,
and Mn) or NCAs (replacing Mn by Al, which is actually not a TM).
Making efforts to reduce the cobalt content due to sustainability and
geopolitical aspects,> there is an ongoing trend to increase the nickel
content as much as possible. This strategy goes along with a higher
specific capacity at a given cell voltage compared to less Ni-rich
counterparts, but Ni-rich CAMs are also prone to structural and thermal
instabilities.* In this respect, NCM-811 (Li;, s[Nig §Coo.1Mng 1], _¢0,)
is currently one of the most Ni-rich NCM materials with proven cycling
stability.*™

In a recent study from 2019, we investigated the long-term
cycling stability of NCM-811 at ambient temperature (~22 °C).’
Using in situ X-ray powder diffraction (XPD) in combination with
other diagnostics such as electrochemical impedance spectroscopy
(EIS) and X-ray photoelectron spectroscopy (XPS), we elucidated
the capacity fading mechanism of an NCM-811 cathode active
material and quantified its main contributions to cell capacity fading
over the duration of 1000 cycles. We provided evidence that the
high-voltage operation until 4.5 V vs Li*/Li leads to the formation
of a resistive, oxygen-depleted surface layer around the primary
particles. Consequently, the capacity fading intrinsic to the NCM-
811 CAM can be divided into two contributions, one originating
from the irreversible cathode active material loss (due to the surface
reconstruction of the CAM) and one originating from the growing
charge-transfer resistance and the associated overpotential loss (due
to the resistive nature of the surface layer). The latter is particularly
pronounced at high charge/discharge rates.

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

“E-mail: benjamin.strehle@tum.de

Even though the majority of applications are designed to operate
at/near room temperature, there is a growing demand for lithium-ion
batteries to operate and survive also under more extreme thermal
conditions.'®'" Electric vehicles, e.g., should run both in colder and
hotter regions. The United States Advanced Battery Consortium
(USABC) aims at a survival temperature ranging from —40 °C to
+66 °C for 24 h.'? This goal for EV applications might be one of the
reasons why the focus of academic research is increasingly placed on
performing cycling studies at elevated temperatures (in the range of
~40 °C—60 °C)."*~'® Furthermore, high-temperature cycling accel-
erates the battery failure and can thus be used as an accelerated stress
test (AST) to evaluate new or optimized CAMs. Alternative AST
strategies that have been reported are potential hold or open circuit
voltage (OCV) rest phases at high voltages as well as cycling with
low salt concentrations.

On the other hand, the evaluation of ASTs requires facile
characterization methods to extract important battery parameters
over the course of (long-term) cycling. With respect to CAM
evaluation, such parameters are the percentage of active material
loss and the increase of the charge-transfer resistance, which were
deduced from in situ XPD and EIS in our former work. In situ and
operando techniques can generate much more authoritative informa-
tion than ex situ (or post-mortem) experiments, because they
characterize the material under real operating conditions. At the
same time, they are often cumbersome and need advanced instru-
mentation (e.g., custom-made cell designs or synchrotron radiation),
which is not readily available in every laboratory. Thus, high-
throughput ASTs should be accompanied by some basic ex situ
techniques.

In the present work, we want to systematically compare the long-
term cycling performance of NCM-811 at ambient and elevated
temperatures. Using the cycle-life analysis over 1000 cycles at 22 °C
from our precedent study as Ref. 9, the same NCM-811 cathode
active material is cycled here at 45 °C for up to 700 cycles. To
ensure comparability, the other cycling conditions are kept constant.
As in our previous study, the graphite counter-electrode (CE) is pre-
lithiated to eliminate cell capacity fading contributions from the
anode and the NCM-811 potential is controlled vs the lithium
reference-electrode (RE). Every ~150 cycles, one of the pouch cells
is stopped and the harvested cathode electrode is subjected to several
ex situ techniques such as XPD, EIS, and surface area determination
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by Kr-BET. Here, the NCM-811 cathode active material loss is
quantified by two independent approaches, either by XPD or purely
by electrochemical means, while the charge-transfer resistance from
EIS is compared to direct current internal resistance (DCIR)
measurements in the pouch cells. Furthermore, we are seeking to
clarify whether the NCM-811 CAM aging at elevated temperature is
mechanistically similar, or different, to its fading at ambient
temperature. This question addresses the relative importance of
bulk vs surface related degradation phenomena, in particular Li-Ni
mixing in the bulk vs surface reconstruction.

Experimental

Battery assembly and cycling.—The materials and battery design
used here are identical to our previous aging study of NCM-811 at
ambient temperature and can be looked up in detail there.” Briefly,
the CAM composition was determined to be Lij 1Nig79Cog 10
Mn 100, by elemental analysis, which gives a theoretical capacity
of 274 mAh g~' (including ~2.2 wt% surface impurities). Cathode
electrode sheets with 94 wt% CAM, 2 wt% Timcal SFG6L graphite,
1 wt% Timcal C65 conductive carbon, and 3 wt% Kynar PVDF
binder (HSV900) were provided by BASF SE (Germany). The
electrode sheets were calendered to a porosity of ~30% and have
a CAM loading of ~7.0 mgcam cem 2 (21%), corresponding to
~1.4 mAh cm ™~ for a practical capacity of 200 mAh g~ '. The CAM
loading is lower than the previously reported value of ~7.4 mgcam
cm™2, probably due to a small variation along the electrode spool.
Single-layer pouch cells with 9 cm? cathode area (30 x 30 mm?)
were manufactured with a geometrically as well as capacitivel;/
over-sized graphite counter-electrode (CE, 33 x 33 mm",
~T.1 MEgraphite Crn_z, corresponding to =~2.3 mAh cm_z, BASF
SE), two glass-fiber (GF) separators (36 x 36 mm>, glass microfiber
filter 691, VWR, Germany), a lithium metal reference-electrode
(RE), and 700 pL LP57 electrolyte (1M LiPFg in EC:EMC = 3:7 by
weight; electrolyte-to-CAM mass ratio of ~13/1). In contrast to our
former study that used LP57-2 with 2% vinylene carbonate (VC), the
VC additive was omitted in the full-cells in this work due to its
oxidative instability at elevated temperatures.'® To ensure a stable
solid electrolyte interface (SEI), the graphite counter-electrode was
however pre-formed and pre-lithiated in a half-cell configuration
at 45 °C in LP57-2 electrolyte. The pre-lithiation to =Lij,4C¢
(corresponding to ~0.55 mAh cm™?) provides a sufficiently large
lithium reservoir for the full-cells (0.55/1.4 ~ 40% of the cathode
capacity). This approach avoids any capacity fading due to the loss
of cyclable lithium and thus, the Li-RE can be used for the potential
control of the cathode. Furthermore, the anode/cathode balancing
after pre-lithiation amounts to (2.3-0.55)/1.4 =~ 1.25/1, i.e., the
remaining storage capability of the anode does not pose a risk for
lithium plating during charge. The pouch cells were compressed in a
spring-loaded holder at a homogeneous pressure of ~2 bar.

The pouch cells were tested at 45 °C in a temperature-controlled
chamber (Binder, Germany) with a battery cycler (Series 4000,
Maccor, USA). The cycling protocol consists of a loop of 50 cycle
segments, which are further divided into three sequential steps:

(i) The first two cycles were done at constant-current (CC) mode
at a C-rate of C/10 and in the cathode potential window of
3.04.5 V vs Li'/Li, as controlled vs the Li-RE. All C-rates
throughout this study are based on a nominal specific capacity
of 200 mAh g~' and the unit “V” refers to ‘V vs Li™/Li’,
unless stated otherwise.

(i) The third cycle is a direct current internal resistance (DCIR)
measurement at a relative state of charge (SOC) of 65%, as
referenced to the discharge capacity of the preceding C/10
cycle. The partial charge to 65% SOC, where the DCIR
measurement was taken, and the subsequent discharge back
to a cathode potential of 3.0 V were also carried out at C/10.
The DCIR measurement itself was done after a 2 h rest period

at open circuit voltage (OCV, ~4.0 V), applying a discharge

pulse of C/5 for 10 s. The area specific resistance (Rpcr in €2

cm?®) was computed by the Maccor MIMS Client according
19

to:

ii+V "
Rpcr = 2— [1]
J

Here, V| is the OCV right before the pulse, V; is the voltage at the end
of the 10 s pulse, V3 is the OCV 10 s after the pulse, and j, is the current
density of the C/5 discharge pulse (=0.28 mA cm™2). Please note that
the induced change of ~0.1 mAh g' (corresponding to an SOC
variation of ~0.05%) is negligible and that Rpcr relates solely to the
resistance of the cathode due to the potential control vs the Li-RE.
(iii) The remaining 47 cycles were done in CC mode at C/2
between cathode potentials of 3.0-4.5 V, which are, for the
sake of comparability, the same cycling conditions than in our
previous study at ~22 °C.’

This iterative protocol of 50 cycle segments was applied to six
cells, which passed through an increasing total number of cycles,
ranging from only six cycles (i.e., two cycles at C/10, one DCIR
test cycle, and three cycles at C/2; referred to as begin-of-test, BOT),
to 100 cycles and then in steps of 150 cycles to a maximum of
700 cycles (end-of-test, EOT). Each cell was stopped in the
discharged state (i.e., after a final C/2 cycle until 3.0 V) and the
cathode OCV was measured for ~5 h at 45 °C and finally for another
~5 h at 25 °C. The final OCV values taken at 45 °C and 25 °C agree
within less than 10 mV for a given cell. After cell disassembly, the
NCM-811 cathode electrodes were stored for further ex situ analyses
in an argon-filled glove box.

X-ray powder diffraction and Rietveld refinement.—XPD mea-
surements aimed at monitoring the evolution of the lithium content
(xLi in LiXNi0'79C00'10Mn0.1002) and the Li-Ni miXing (NILI) in the
NCM-811 CAM upon cycling. The experiments were conducted at
our in-house STOE STADI P diffractometer (STOE, Germany)
in transmission mode, using Mo-K,,; radiation (0.7093 A, 50 kV,
40 mA), a Ge(111) monochromator, and a Mythen 1K detector with
one data point every 0.015°/20. A silicon standard material was used
for the determination of the instrumental broadening. The CAM
powder was measured ex situ in air-tight sealed 0.3 mm borosilicate
capillaries in the 26 range of 5°-90° for ~17 h. For measurements
with the discharged CAM, the material was scratched off with a
scalpel from the harvested electrodes of each of the six pouch cells
and loaded into two capillaries without further washing (for two
independent XPD repeat measurements). On the other hand, for
measurements with the charged CAM, the 30 x 30 mm? cathodes
harvested from the cycled pouch cells were punched out into disk-
shaped electrodes with a diameter of 14 mm. These smaller
electrodes were assembled with a @ 15 mm Li-CE, two @ 16 mm
GF separators, and 80 pl LP57 electrolyte in CR2032-type coin
cells, which were cycled at C/2 and 45 °C for 1.5 cycles between
3.0-4.5 V and then stopped at 4.5 V. Due to electrolyte residuals, the
CAM mass could not properly be determined and we used the
average loading of the pristine electrodes instead, which leads to an
uncertainty of ~1% for the applied current and the extracted
capacity. In order to minimize self-discharge effects, which would
lead to an apparently erroneous increase of the determined xi; value
in the charged state at 4.5 V, the OCV periods at 45 °C and 25 °C
that followed these 1.5 cycles were not longer than 30 min each
(change in the OCV at 25 °C of less than 15 mV over the max.
30 min). Afterwards, the coin cells were immediately opened and the
charged CAM was prepared for the XPD measurement at the same
day.

The Rietveld refinements were performed with the software
package Topas.>® NCM-811 exhibits a layered o-NaFeO-type
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structure with R3m symmetry and we therefore used the following
structural model: [Li,_,Ni,]3,[Li,Nig79.,C0g 10Mng 10]3[O]e.. Here,
the overall lithium content (x;;) was calculated according to the c/a
lattice parameter ratio of the cycled samples. The calibration curves,
x1; = f(c/a), were determined by operando XPD from the initial
cycles of this particular CAM in our previous publication and they
look as follows in the discharged (i.e., at low SOC, 0.62 < xy; gis <
0.91) and charged state (i.e., at high SOC, 0.12 < Xpjcpa < 0.23):?

73.80 — yc / a-10% — 49222

XLi,dis = 5836 ,
for 0.62 < XLi,dis < 091 [2]
niow = LT o 012 << 023 D

The Li-Ni mixing was treated as a paired anti-site defect (vy; =
vni)- This means that the amount of Ni in the Li layer (Niy;) is the
same as the amount of Li in the TM layer (Liry). Please note that in
the special case of the pristine CAM, vi; equals vy; + 0.01 due to
full occupation of all layers (at x;; = 1.01). The Li-Ni mixing is
reported in percentage terms as Nip; = vy; - 100%.

The refinements included the following non-structural para-
meters:

® background: Chebyshev polynomial with 15 parameters

* instrument: zero shift and axial divergence

® absorption: cylindrical absorption correction (WR =~ 0.75,
assuming a packing density of 40%)

The structure-related refinement parameters are the following:

® scale factor

® broadening: isotropic contribution from crystallite size and
anisotropic contribution from microstrain using the hexagonal
Stephens model*'

® lattice parameters: a and ¢

* fractional coordinate: zg. o

® atomic displacement parameters: three site-specific and iso-
tropic parameters (bz, i, b3 v, and bec o)

® site occupancy factors: vy; (and xp;) as outline above, using
io;lic scattering factors for all elements (Li", Ni*™, Co*™, Mn*", and
0)

Furthermore, the 2 wt% of conductive graphite (Timcal SFG6L)
in the cathode electrode sheet were included into the Rietveld fits by
refining its scale factor, crystallite size broadening, and lattice
parameters, while fixing the other structural parameters of the
P63/mmec graphite phase to the values from Dolotko et al.** Due to
the high intensity of the freshly replaced Mo source, we also noticed
tiny reflections of the borosilicate capillary in some of the
diffractograms, which were treated as additional reflections based
on an empty capillary measurement.

Rate test and impedance analysis.—We punched out another @
14 mm electrode from each of the pouch cell cathodes harvested
after cycling, reassembling them into coin cells with a lithium metal
counter-electrode (separator and electrolyte as described above).
These were used to perform a rate test towards slow C-rates in
combination with electrochemical impedance spectroscopy (EIS).
Since a conventional lithium metal foil would have a large
contribution to the EIS response of the NCM-811 half-cells, we
placed a free-standing graphite (FSG) electrode on top of the lithium
metal foil (i.e., between the lithium metal and the separator), as it
was described by Morasch et al.>* Using this Li/FSG composite
as counter-electrode, its impedance contribution (imaginary and
real part of <5 ) cm? over the measured frequency range23) to the
half-cell impedance is comparably small compared to that of the

NCM-811 cathode. Consequently, the measured cell impedance can
be reasonably well approximated to correspond to that of the NCM-
811 cathode. The coin cells were cycled between 3.0-4.5 V at 45 °C
for two cycles each at C/2, C/10, C/50, and finally again at C/2. The
two C/10 cycles over the entire voltage range were completed by a
third DCIR-like cycle to 65% SOC (OCV of =4.0 V, see full-cells),
at which we conducted potential-controlled EIS measurements with
a potentiostat (VMP300, BioLogic, France) in the frequency range
of 100 kHz to 100 mHz with an AC voltage perturbation of 15 mV
(taking eight data points per decade and three repetitions per point).

To fit the impedance spectra acquired at 65% SOC and 45 °C, we
used an equivalent circuit described by Ryr + TLM[R;on, Rer/Ocr]
4+ Reontact!Qcontacts With the elements defined as follows: (i) Ryp
being the high-frequency resistance of the half-cell; (ii) TLM
representing a transmission line model with the ionic resistance in
the electrolyte phase between the pores of the electrode (R;,,), and a
parallel circuit element of the charge-transfer resistance (Rct) and a
constant phase element (CPE, Qcr); and, (iii) another parallel circuit
element of the contact resistance (R.ontact) and a Qcontace CPE that is
generally observed as an interfacial resistance between the cathode
electrode and the aluminum current collector.”** The last discharge
of the half-cells at C/2 was to a cell voltage of 2.55 V, followed by
constant voltage hold for 1-6 h before cell disassembly. The
harvested electrodes were used for surface area measurements that
are described in the following.

Surface area determination.— After the rate test, the discharged
NCM-811 cathodes were subjected to Kr-BET measurements.
Before that, the electrodes were thoroughly washed in three steps
with an EC/EMC mixture and twice with DMC to remove any
residuals from the conductive salt, as described by Oswald et al.,”
and then dried at 120 °C under dynamic vacuum for at least 6 h.
Surface area measurements were performed on a gas sorption
analyzer (Autosorb-iQ, Quantachrome, USA) at 77 K using krypton
as adsorbate and the obtained surface areas are referenced to the
mass of the washed electrodes. Kr has the advantage over N, to be
much more sensitive due to its ~300 times lower saturation pressure
(po), which minimizes the void volume correction and thus enables
the analysis of low surface area samples. The specific surface area of
the NCM-811 CAM (Aggr,cam in m2/gCAM) was determined from
adsorption isotherms in the relative pressure range of ~0.13 < p/p,
< 0.29 with seven data points according to the Brunauer-Emmet-
Teller (BET) theory. The actually measured surface area of the entire
electrode (AggT elec i mz/gelec), consisting of 94 wt% CAM and 6 wt
% inactive electrode additives (viz., 2 wt% SFGO6L conductive
graphite, 1 wt% C65 conductive carbon, and 3 wt% PVDF binder),
was converted into Aggr.cam by subtracting the contribution of the
inactive electrode additives (Aggr ada in mzlgadd):

ABET,elec — 0.06 - ABET add
0.94

ABET.cAM = [4]

Here, Aggr a4q Of the overall 6 wt% inactive electrode additives
was measured separately, using electrodes comprising only the
additives in the same ratio as in the actual NCM-811 electrodes.
The pristine additives-only electrode yielded a specific surface
area of 5.10 = 0.11 mzlgadd (average from two electrodes). To
evaluate a possible change of Aggr .44 during cycling, we tried to
mimic the full-cell conditions by cyclic voltammetry at a scan rate of
0.2mV s~ between 2.55-4.5 V (requiring a time comparable to that
for C/2 cycling). After 10 or 20 cyclic voltammetry cycles at 45 °C
vs a Li/FSG-CE, Aggrada Tises by ~9% to 5.56 = 0.01 m2/gadd
(average from these two cells). Using the specific surface area of the
conductive additive powders (SFG6L: ~20 m*/g, C65: ~62 m?/g),
one would expect Aggr aqa to be ~17 mz/gadd for the additives-only
electrode. This discrepancy is explained by prior observations
that pore blocking by the PVDF binder can substantially lower
the electrode surface area, depending on the type of conductive
additives and the binder content.?>*% In Eq. 4, the first Aggr aaq Value
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(5.10 mz/gadd) was used for the pristine NCM-811 electrode, while
the latter (5.56 mz/gadd) was used for any cycled electrode. The
inactive electrode additives contribute with ~15%-20% to the total
surface area of the cycled electrodes.

Results and Discussion

Electrochemical full-cell data.—To focus solely on the intrinsic
degradation mechanisms of the NCM-811 cathode active material at
elevated temperature, we designed the full-cells in such a way that
common degradation processes originating from the anode and from
the electrolyte are effectively suppressed during battery operation.
Since the graphite anode is pre-lithiated to a cathode capacity of
~40% (see Experimental section), the loss of cyclable lithium on the
anode side does not contribute to the observed capacity fading.?’
This approach allows the NCM-811 cathode to be operated between
fixed cut-off potentials of 3.0 and 4.5 V vs Li*/Li, as controlled vs a
Li-RE. Furthermore, electrolyte changes such as oxidation reactions
at the cathode side and LiPFj salt depletion could deteriorate the cell
performance28 at realistic mass ratios of Meiecrrolyie/Mcam ~ 1/ 1.2
Therefore, we employ highly porous glass-fiber separators in our
full-cells, which enable a large electrolyte excess of Mejecirolyte/Mcam
~ 13/1, so that the bulk electrolyte properties remain unaltered.
Assuming that electrolyte degradation is relevant under the applied
conditions, the thereby released protic species could lead to
transition-metal dissolution from the CAM surface;*’ however, the
Si0,-containing GF separator acts as a proton scavenger.’’”! We
want to stress that all these modifications distinguish this work from
other studies using more realistic cell setups (i.e., graphite anode not
pre-lithiated, less electrolyte volume, and polyolefin separators), but
they are done on purpose to obtain an in-depth and quantitative
understanding of the CAM degradation. To enhance its degradation
processes, the NCM-811 CAM is further subjected to an accelerated
stress test, because the upper cut-off potential of 4.5 V vs Lit/Li is
chosen deliberately higher than in commercial NCM/graphite cells.
Here, the upper full-cell voltage (Vgc) typically amounts to 4.2—4.3
Vi, >'® corresponding only to ~4.3-4.4 V vs Li™/Li.

Figure 1 shows from top to bottom the evolution of the discharge
capacity at C/2 (including checkup cycles at C/10), the charge-
averaged mean charge and discharge voltage, and the DCIR
resistance measured at a relative state of charge (SOC) of 65%
(based on the preceding C/10 cycle). For all six cells, the first charge
at C/10 to 4.5 V yields ~237 mAh g~' (not shown), corresponding
to an absolute SOC of ~86% (referenced to the total amount of
lithium in the NCM-811 CAM). This is well beyond the onset of
oxygen evolution from the layered oxide surface at ~80%.**>* The
following C/10 discharge yields a capacity of ~221 mAh g™, which
decreases to an initial discharge capacity of ~207 mAh g~ ' at the
faster rate of C/2 (see Fig. la). The capacity fading is very
reproducible among the six cells, which were tested for an increasing
number of cycles ranging from 6 to 700 cycles (see differently
colored symbols in Fig. 1a). In the overlapping cycling segments,
the average standard deviation between the cells amounts to
+2 mAh g '

Focusing first on the C/2 cycling, Table I compares the begin-
of-test (BOT) discharge capacity values at 45 °C with those from
our previous study with the same CAM at 22 °C as well as their end-
of-test (EOT) values after 1000 and 750 cycles, respectively. The
BOT capacity increases by ~24 mAh g~' when comparing the BOT
value after 18 cycles at 22 °C and after 6 cycles at 45 °C (for an
explanation why BOT was defined after 18 cycles in our previous
study, see Ref. 9) or by ~17 mAh g~' when comparing cycle 6,
which we ascribe to the enhanced kinetics at elevated temperature.
However, the higher initial capacity at 45 °C goes along with a
faster degradation upon cycling, with the capacity fading of
~0.04 mAh g per cycle at 22 °C being more than doubled at
45 °C (~0.10 mAh g~ " per cycle). Consequently, the EOT capacity
of ~139 mAh g™ after 700 cycles at 45 °C is already ~6 mAh g~
lower than that after 1000 cycles at 22 °C.
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Figure 1. Cycle-life degradation of the NCM-811 CAM evaluated in NCM-
811/graphite full-cells with a partially pre-lithiated graphite CE, which were
cycled at 45 °C and C/2 (with intermittent C/10 checkup cycles) between
cathode potentials of 3.0-4.5 V measured vs a Li-RE. (a) Specific discharge
capacities. (b) Charge-averaged mean charge and discharge cathode voltages
vs Lit/Li (Vg = f Vean dg/ f dg). (c) Cathode resistance measured by a
DCIR pulse at 65% SOC with respect to the preceding C/10 cycle (Rpcr
calculated according to Eq. 1). The discharge capacities and the mean
voltages are shown for both the regular C/2 cycles and the intermittent C/10
checkup cycles, while the DCIR cycles to 65% SOC are excluded from these
panels. Slight deviations from the characteristic mean voltage curves due to
the change of C-rate or OCV periods were further omitted from panel (b).
The numbers in panel (a) give the total number of cycles for each of the six
cells. The increase of Rpcyr in panel (c) was determined to be 267 + 7 mS)
cmz/cyc]e bg a linear fit through all data points, as marked by the dashed
gray line (R° = 0.975).

Even though there is no study which investigates NCM-811
under similar conditions, it is useful to compare our results with
literature data in order to validate that the performance degradation
shown in Fig. 1a is reasonable. Li et al. tested LiNij goCog.15Alp.0502
(NCA) in multi-layer pouch cells at 40 °C and various full-cell (FC)
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Table I. Comparison of the C/2 discharge capacity, as reported in our previous publication at 22 °C° and as measured in this work at 45 °C. The
NCM-811/graphite full-cells were cycled between cathode potentials of 3.0-4.5 V vs Li*/Li and analyzed from the respective begin-of-test (BOT) to

end-of-test (EOT).

C/2 capacity [mAh g~']

Ambient temperature (22 °C)

Elevated temperature (45 °C)

BOT — EOT Cycle 18 — 1000 Cycle 6 — 700
BOT ~183 ~207

EOT ~145 ~139
Capacity loss (ACSgTHEOT) ~38 (~0.04 per cycle) ~68 (~0.10 per cycle)
Capacity retention ~79% ~67%

cut-off conditions, including C/2 cycling between 3.04.2 Vgc and
3.0-4.3 V¢ with a constant voltage (CV) hold at the upper cut-off."
Please note that the full-cell voltage (Vgc) is roughly 0.1 V lower
than the cathode potentials vs Li*/Li given in our study and that we
use a partially pre-lithiated graphite CE. After 700 cycles of these
NCA/graphite full-cells, the capacity retention amounts to ~86% (at
an upper cathode potential of ~4.3 V vs Li"/Li) and ~78% (=4.4 V
vs Li*/Li), which is more than the ~67% obtained for our NCM-
811/graphite full-cells under the slightly harsher conditions of 45 °C
and an upper cathode potential of 4.5 V vs Li*/Li (see Table I).
Schweidler et al. investigated NCM-851005/graphite single-layer
pouch cells at 45 °C and 1C between 2.8 and 4.2 Vgc (also with CV
hold, CE not pre-lithiated).'” They report an initial capacity of ~195
mAh g~' and a fairly linear fading of ~0.07 mAh g~ per cycle.
Since the capacity loss is again smaller than in our present work, it is
reasonable to assume that the CAM aging, which strongly increases
with increasing upper cathode potentials, is the dominant factor in all
cases, and that any lithium inventory loss at the anode does not
contribute much to the reported fading. In realistic full-cells, the
amount of cyclable lithium could be reduced, e.g., due to TM
dissolution from the cathode and the consequent attack of the SEIL**
which potentially limits the lithiation of the CAM during
discharge.®> Here, the pre-lithiation of the graphite anode deliber-
ately eliminates this effect in order to focus on the degradation of the
NCM-811 CAM.

The ex situ diagnostic analyses presented later will try to answer
the question if the aging mechanism of the NCM-811 CAM is
mostly due to its surface reconstruction, as it was the case in our
previous degradation study with the same CAM conducted at 22 °C,’
or if other (bulk) phenomena come into play at an elevated
temperature. The reduced fading of ~0.06 mAh g~' per cycle
during the C/10 checkup cycles compared to =0.10 mAh g~ ' per
cycle at C/2 (both taken from Fig. la) already points towards an
overpotential-induced capacity loss, which might be caused by the
formation of a resistive surface layer and/or by an increase of the
bulk resistance of the CAM (e.g., due to sluggish lithium diffusion
kinetics). Such a resistance build-up is further suggested by the
evolution of the mean charge and discharge cathode voltages shown
in Fig. 1b. Inspecting their average changes over cycling (see
Table II), the decrease of the mean discharge voltage is always
higher than the increase of the mean charge voltage (by a factor of
1.5-2.5). This discrepancy could potentially be ascribed to a path
dependence of the cathode resistance (or one of its components)
between charge and discharge. In this context, Pan et al. reported the
chemical diffusion coefficient of Li (Dy;) to be up to four times
higher during delithiation (i.e., during charge) than during lithiation
(i.e., during discharge) of LiCoO, thin-film electrodes at the H1-H2
phase transition.® This initial phase transition takes place at low
SOCs, where also NCM layered oxides exhibit largely different
resistances: while the voltage vs capacity curve is relatively flat at
the beginning of charge, indicating small overpotentials, it drops
steeply at the end of discharge, i.e., the cathode resistance is much
higher for the same lithium content during discharge.”'® Besides the
lithium diffusion kinetics in the bulk of the CAM, the charge-
transfer resistance at its surface might also contribute to the different

changes of the cathode mean voltage during charge vs discharge (see
Table II). The charge-transfer rises strongly towards the voltage cut-
offs, especially at the low-SOC limit, which makes it however
difficult to clearly resolve differences between charge and discharge
under common measurement conditions (e.g., for EIS measurements
with a capacity spacing of 20 mAh g~").°

Finally, Fig. 1c shows the evolution of the direct current internal
resistance (Rpcir) of the cathode, which was measured in the mid-
SOC range (65% SOC based on the preceding C/10 cycle), so that it
is only marginally affected by slight variations of the lithium content
(xr;) upon cycling: this relative SOC of 65% occurs within the
narrow OCV range of 3.98-4.00 V over all cycles, indicating a small
variation of x;, and furthermore lies in a region where the charge-
transfer resistance varies little with x;; (note that Rt is at/near its
minimum at an OCV of 4.0 V for any given cycle, as shown in
Fig. 6 of our previous study with the same CAM?). Here, Rpcir rises
almost linearly for all six cells (see Fig. 1c), with an average slope of
267 = 7 mQ cm® per cycle. This resistance increase can also be
translated into a voltage change by multiplying the slope with the
current densities applied at C/2 and C/10, respectively. Doing so in
Table II, the calculated voltage changes of ~0.19 and =0.04 mV/
cycle resemble the evolution of the mean charge voltage, amounting
to ~0.14 mV/cycle at C/2 and ~0.05 mV/cycle at C/10, whereas the
evolution of the mean discharge voltages stays higher. This might be
due to the fact that the mean discharge voltage is dominated by the

very high Rcr (and/or very low Dy;) at low SOCs, so that Rpcr
taken near the minimum of the Rcr vs SOC curve is not
representative of the much higher resistance toward the end of
discharge.

Validation of the DCIR measurement by EIS.—Since the DCIR
measurement does not tell us which component(s) of the cathode
resistance increases upon cycling, we performed an ex situ EIS
analysis with the harvested pouch cell electrodes. To enable this
analysis in a coin cell setup, i.e., in the absence of a p-RE, the Li-CE
was extended by a free-standing graphite (FSG) electrode in contact
with metallic lithium, which drastically lowers the impedance of the
counter-electrode.”® The coin cells with such a Li/FSG-CE ran
through a multi-step cycling procedure, which includes an EIS
measurement at a relative SOC of 65% within a DCIR-like cycle,
analogous to that conducted with the full-cells (see Experimental
section for more details). The results of the EIS analysis are
illustrated in Fig. 2.

First, the feasibility of this approach was tested with a symme-
trical cell of two Li/FSG electrodes, which was cycled similarly to
the actual coin cells (by applying the same current densities and
charging times). As shown in Fig. 2a, the imaginary part of the
impedance of such a symmetrical Li/FSG cell is below ~1 € cm?
and the HFR-corrected real part of its impedance is below a5 2 cm?
(sum of both electrodes), consistent with the values reported in
Ref. 23. As will be shown below, these impedances are very small
compared to the HFR-corrected impedances of the coin cells
composed of harvested NCM-811 cathodes and a Li/FSG-CE, so
that the HFR-corrected impedance response of the latter closely
corresponds to the impedance of the harvested NCM-811 electrodes.
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Table II. Comparison of the mean voltage change of the NCM-811 cathode (V) during C/2 and C/10 cycling at either 22 °C over 1000 cycles or at
45 °C over 700 cycles. For charge and discharge, the slope from linear fits of the mean voltages presented in our previous dgublication9 and in Fig. 1b
is given in absolute values. Furthermore, the mean voltage change was calculated from Rpcig in Fig. 1c according to <40 — dRDCIR Aj, with

ABOCR — 967 () cm?/cycle and j = 0.7 mA em™ at C/2 and 0.14 mA em~2 at C/10, respectively.

dcycle

chalh

Ambient temperature (22 °C)

deycle deycle

Elevated temperature (45 °C)

—— [mV/cycle] C/2 cycling C/2 cycling C/10 cycling
deycle

Charge ~0.08 ~0.14 ~0.05
Discharge ~0.12 ~0.35 ~0.11
Discharge/charge ratio ~1.5 ~2.5 ~2.2
From Rpcr n.d. ~0.19 ~0.04

More precisely, the contribution of the Li/FSG-CE to the overall
impedance would even be lower since the symmetric Li/FSG cell
impedance represents the impedance of two rather than one Li/FSG
electrodes.

The spectra in Fig. 2 feature two semicircles: (i) a small
semicircle at high frequencies (with a frequency maximum of
Sfmax = 2.2-5.4 kHz between 6 and 700 cycles), and (ii) another
semicircle at low frequencies (with f,,x ~ 14.8-0.18 Hz between
6 and 700 cycles), whose diameter increases significantly upon
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Figure 2. Ex situ EIS analysis of the harvested pouch cell cathodes, from
which 14 mm diameter electrodes were punched out and re-assembled as
working-electrode (WE) vs a Li/FSG-CE in a coin cell. (a) Impedance
spectra were measured at the same conditions as the DCIR pulse in the full-
cells (45 °C, 65% SOC, OCV =~ 4.0 V). The data points (symbols) were
fitted (lines) to: Ryr + TLM[Rion, Re1/Oct] + Reontact! Qcontact- The spectrum
of a symmetrical Li/FSG cell, which underwent the same cycling procedure
than the other coin cells prior to the EIS measurement, is also shown,
demonstrating the negligible contribution of the Li/FSG-CE to the overall
impedance beyond the high-frequency resistance. (b) Comparison of the
averaged Rpcr from Fig. lIc with the cathode charge-transfer resistance
(Rct) determined from the above fit of the EIS data and the low-frequency
impedance at 0.1 Hz (Zy 1)

cycling. As illustrated in our previous publications,™’ the underlying
processes that are represented by each of the two R/Q elements in
our impedance model (see caption of Fig. 2) can be deduced from
an estimate of the associated double layer capacitance, which normal-
ized to the proper interface should be on the order of 10 pF cm 22
Doing so, the high-frequency semicircle must correspond to the contact
resistance between the cathode electrode coating and the current
collector, since its capacitance when normalized to the geometric

surface area of the current collector results in 24 pF/0m§eom. The

low-frequency semicircle on the other hand is described by a transmis-
sion line model (TLM) that represents a complex convolution of the
ion conduction in the electrolyte phase within the porous electrode
(Rion) and the charge-transfer resistance (Rcr). Its capacitance should
thus reflect the double layer capacitance of the CAM and the conductive
additives, consistent with the fact that the capacitance normalized
by the BET surface area of the cycled cathode electrodes results in
10-25 pF/lemigr. Here, the surface area of the cycled electrodes
amounts t0 Aggreec ~ 1.6-2.8 mz/ge]ec, as determined by Kr-BET
(see Experimental section).

The contact resistance (Reontact) deduced from the high-frequency
semicircle is in the range of ~12-26  cm”. The observed small
variation of this value might be caused by artifacts from the
assembly of the coin cells with harvested cathodes. The o value of
the corresponding constant phase element (Qonacy) i On the order of
~(0.7. The low-frequency semicircle was fitted by a transmission line
model, consistin% of Ry, and Rep/Ocr.* The values for Ry, are
~0.75-1.5 Q cm” for the samples up to 250 cycles. Afterwards, as
the charge-transfer resistance becomes very large, the deconvolution of
Rion and Rer becomes rather error-prone, resulting in fitted Ry, values
of ~10-20 Q cm? which is likely incorrect. For cathode electrodes
with ~30% porosity, as used in this study, we do not expect that
R;on significantly increases over cycling. Thus, for the fitting of the
impedance spectra where a reasonable value for R;,, could not be
determined due to the dominance of Rcr (after 400-700 cycles), we
used a fixed value of 1.5 © cm? for Rio,. The o value of Qcr evolves
gradually from 0.93 to 0.75. For these cycling data at 45 °C, Rcr
increases from ~7 € cm? after 6 cycles to ~246 Q cm? after 700 cycles.
This is considerably higher than at 22 °C, where Rt for the same CAM
amounted to ~100-150  cm? after 1000 cycles,” which indicates the
formation of a thicker resistive surface layer at elevated temperature.

In Fig. 2b, the Rct values obtained from the fit of the EIS data of
the harvested NCM-811 cathodes (see Fig. 2a) are compared to the
averaged Rpcr values of the six full-cells (data taken from Fig. 1c).
Note that the DCIR pulse was conducted every 50 cycles at the
beginning of the full-cell cycling loop, so that the last measurement
was taken after 650 cycles, while the ex situ EIS measurements are
taken up to 700 cycles. The charge-transfer resistance of the NCM-
811 cathode fully describes the observed Rpcir trend, with Rcr
increasing in a similar fashion as Rpcir. The observation that Ret is
consistently lower than Rpcr is due to the fact that the latter
also includes contributions from Ryg, Reontact, and R;on. Therefore, a
more rigorous comparison of the DCIR resistance with the EIS data
would be to compare it with the EIS-derived low-frequency
resistance, which corresponds to the magnitude of the impedance
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Table III. Rietveld refinement results of the NCM-811 CAM (pristine CAM powder, pristine electrode, as well as cycled and discharged electrodes).
For the cycled electrodes, one of the two separately measured capillaries of the same electrode is exemplary given in the table (viz., the measurement
with the lower Niy; value). The table summarizes quality factors (R-values), lattice parameters, and the therefrom determined Li content (according
to Eq. 2 for the cycled electrodes), atomic site-specific information (including Li-Ni mixing, fractional z-coordinate of O, and atomic displacement
parameters), and the fitted weight fraction of conductive graphite (nominally 2 wt%). Errors are given in parenthesis.

Pristine powder Pristine electrode 6 100 250 400 550 700
Ryp [%] 3.68 2.45 4.09 4.01 3.94 4.19 4.11 4.38
Ruyragg [%] 0.906 0.648 0.898 0.989 1.06 1.30 1.12 1.55
e 2.46 1.35 3.79 3.61 3.49 4.16 441 4.48
a [A] 2.87214(1) 2.87246(1) 2.86888(2) 2.86873(2) 2.86738(2) 2.86690(2) 2.86606(2) 2.86693(2)
c [A] 14.2081(1) 14.2080(1) 142409(1)  14.2516(1)  142622(2)  14.2712(2)  14.27352)  14.2756(2)
cla [-] 4.94685(5) 4.94629(5) 4.96391(5) 4.96790(6) 4.97395(6) 4.97792(6) 4.98017(6) 4.97939(7)
xi [-] 1.01 1.01 0.915 0.898 0.875 0.861 0.852 0.855
Nip; [%] 1.98(7) 1.84(7) 1.71(8) 2.13(8) 2.54(8) 3.07(8) 2.75(8) 3.5409)
Z6c.0 (-] 0.24113(5) 0.24092(5) 0.24029(6) 0.24016(6) 0.24011(6) 0.24000(7) 0.23993(6) 0.24006(7)
bsaLi [A%] 0.73(5) 0.68(6) 0.76(8) 0.73(7) 0.80(8) 0.80(8) 0.85(8) 0.81(8)
b3b ™ [A% 0.310(4) 0.473(5) 0.462(6) 0.482(6) 0.479(6) 0.432(7) 0.489(7) 0.445(7)
bec.o [A?%] 0.81(1) 0.97(2) 1.07(2) 1.12(2) 1.18(2) 1.23(2) 1.16(2) 1.25(2)
Graphite [wt%] n.d. 1.9(1) 1.56(8) 1.44(8) 1.29(9) 1.47(9) 1.32(9) 1.30(9)
(Z] = JRe(Z)?> + Im(Z)?) at the nominal equivalent frequency stage of the decomposition cascade. When NCM-622/graphite

than the DCIR pulse duration. For the here used 10 s DCIR pulse,
this translates into 100 mHz, which is the lowest frequency
measured during EIS analysis shown in Fig. 2a. Therefore, the
magnitude of the impedance at 100 mHz (Z 1y,) is compared with
Rpcir in Fig. 2b. Rpcr and Zg g, agree within +10 Q cm?
throughout cycling, which is quite reasonable. For the first data
points after 6 and 100 cycles, Zy 1y, is slightly higher than Rpcyg,
which most likely is due to the fact that the two more cycles at C/2
and C/10 that were applied to the harvested cathode electrodes prior
to the ex situ EIS measurements might add some additional aging to
the relatively fresh NCM-811 CAM.

Even though we believe that the here measured charge-transfer
resistance predominantly originates from a reconstructed, spinel/
rock-salt-type surface layer, which is caused by oxygen release and
which grows from the CAM surface gradually into its interior, there
is also the possibility that electrolyte decomposition products might
form a resistive surface film, which is often referred to as cathode-
electrolyte interphase (CEI).'' This CElI-type surface film would
grow on top of the CAM surface. The high-frequency semicircle
obviously does not allow for discerning the occurrence of two
different types of surface layers; however, we can try to evaluate the
importance of the CEI on the basis of (i) the electrochemical stability
of the electrolyte towards anodic oxidation and (ii) its chemical
stability towards reactive lattice oxygen.*® Regarding the first point,
Metzger et al. have shown that EC-based electrolytes are oxidatively
stable at potentials greater than 4.5 V vs Li*/Li, even at an elevated
temperature of 50 °C.>° This is further supported by an LNMO study
by Pritzl et al.,'® where LNMO/graphite full-cells were cycled at 40
°C and with an LP57 electrolyte containing different concentrations
of VC. LNMO is an ideal model electrode, because the spinel
structure is inherently stable against oxygen release and the
concomitant surface reconstruction.>>*® At the same time, it operates
at a high potential of ~4.7 V vs Li*/Li, which enables to study
exclusively the influence of electrolyte oxidation on the cathode
resistance. For the EC/EMC/LiPFg base electrolyte without VC, the
cathode resistance remained constant over the duration of 100
cycles, i.e., we can exclude the formation of a resistive CEI-type
surface layer. If VC was added in high concentrations, the cathode
resistance however increased because VC gets already oxidized at
~4.3 V vs Li'/Li, so that an organic film of poly(VC) deposits on
the LNMO surface. For this reason, VC was omitted in our NCM-
811/graphite full-cells.

The oxygen release from the CAM surface is accompanied by the
chemical degradation of the electrolyte.*” In case of EC, the attack of
singlet oxygen leads to the in situ formation of VC at an intermediate

full-cells are cycled above the onset potential of oxygen release
(until 4.6 Vgc at 25 °C), Teufl et al. reported a rapid rollover failure
within ~25 cycles using an EC-based electrolyte and a low
Mejectrolyte/Mcam Tatio of ~1.6/ 1.*! The authors suggested that the
cell resistance build-up that leads to this rollover failure is due to an
increase of the cathode resistance, caused by the oxidation of VC at
these high potentials. On the other hand, the capacity fading of very
similar NCM-622/graphite cells with LP57 electrolyte (also cycled
until 4.6 Vgc at 25 °C) is considerably less using a meiecirolyte/Mcam
ratio of ~8/1.'* Here, the cells last for ~300 cycles until they reach
the same capacity drop than after the above rollover failure. In
summary, we cannot entirely exclude the formation of a resistive
CEl-type surface film also in our case, especially at the elevated
temperature of 45 °C, where both the oxygen release and the
electrolyte decomposition are increased compared to 25 °C
operation.'* However, the here used ~0.2 V lower upper cut-off
potential of 4.5 V vs Li*/Li and the higher Melectrolyte!/ Mcam Tatio of
~13/1 probably counteract these effects. Furthermore, we think that
such an organic surface film, if present, does not contribute to the
observed capacity losses, because its share in Rcr is expected to be
independent of the state of charge (and thus not larger than measured
for the medium SOC of 65% in Fig. 2). On the other hand, Rct
significantly increases towards the lower and upper SOC limit at the
cut-off voltages,” which is believed to be caused by the slowed Li
diffus4ign within the reconstructed, spinel/rock-salt-type surface
layer.

Bulk stability and Li-Ni mixing analyzed via XPD.—The bulk
stability of layered oxides typically refers to the level of cation
mixing, where a transition-metal moves irreversibly from the native
TM layer into the Li layer. Due to similar ionic radii of Lit and
Ni**, Ni is mainly believed to be the moving TM,****** but X-ray
diffraction does not allow any distinction among the three TMs and
Ni is just the most favorable representative in the investigated Ni-
rich NCM-811. Refining the Li-Ni mixing as a paired anti-site defect
of Niy; and Liry; in the common R3m space group, we observed no
systematic change in the extent of Li-Ni mixing between the pristine
and EOT samples after 1000 cycles in our prior study with the same
CAM at 22 °C.° We thus concluded that the freely refined Niy ; stays
constant at a level of ~3%, which was recently suf;)orted by Xu
et al. for NCM-811 also cycled at room temperature.™ The Rietveld
refinement results of the present study at 45 °C are summarized in
Fig. 3 and Table III.

Figure 3a shows exemplarily the XPD pattern of the discharged
cathode at EOT after 700 cycles and the corresponding Rietveld
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Figure 3. Determination of the Li-Ni mixing from ex situ XPD data of the
harvested NCM-811 electrodes in the discharged state. (a) Rietveld refine-
ment of the EOT NCM-811 CAM after 700 cycles. The data were collected
at our in-house Mo-diffractometer (A = 0.7093 A) in the 20 range of 5°-90°.
The observed (black points), calculated (blue line), and difference diffraction
profile (black line) are shown together with the position of the Bragg peaks
of NCM-811 (black ticks). The asterisk at ~~12° indicates the strongest (002)
reflection of conductive graphite, which was also included into the refine-
ment. The inset shows the high-angular range from 60° to 90°. To visualize
the increasingly smaller reflections at higher 20, the intensity is displayed on
a square root scale on the y-axis. (b) Evolution of the Li-Ni mixing, labeled
as Niy;, over the course of 700 cycles. The cycled electrodes were measured
twice in two separate capillaries and are further compared with the pristine
CAM powder and the pristine electrode (both heated at 120 °C prior to
loading the material into the capillaries). The dashed black line shows the
average trend of the cycled electrodes.

refinement fit. Apart from 2 wt% conductive graphite in the
electrode formulation, whose most intense peak is highlighted by
an asterisk, there is no crystallographic side phase visible in the
pattern. Regarding the NCM-811 material, its layered structure is
well preserved and the applied model satisfactorily describes the
bulk material, as can be also seen from the fairly constant R-values
in Table III. Other structural parameters such as the atomic
displacement parameters scatter in a sufficiently narrow range,
which gives further confidence about the validity of the refined
Niy; values (see Fig. 3b).

Nip; was determined from two separate capillaries of the same
harvested cathodes, together with the pristine CAM powder and the
pristine electrode. The deviation between the duplicate measure-
ments amounts to less than 0.2%, which is close to the estimated

standard uncertainty from the Rietveld fit of ~0.1%. Only the XPD
data from the cathode harvested after 400 cycles differ in this respect
with a deviation of ~0.6%. Starting with the pristine CAM, its Li-Ni
mixing of ~1.8%-2.0% turns out to be lower than the ~3.1%
reported in our previous study, despite using the identical NCM-811
sample and the same electrode sheets that had been stored under
inert conditions in an argon-filled glove box. In comparison to the
former study, we extended the 26 range from 60° to 90°, but this
does not alter the refinement outcome (within the margin of
uncertainty); it only slightly reduces the extent of correlations for
the sensitive Niy; parameter (=70% to the scale factor and to bz, ;).
Unfortunately, we cannot provide a solid explanation for this
discrepancy. We speculate that the replacement of the Mo-source
and the following re-adjustment of the diffractometer might have
caused this difference in the refinement-based value of Nip;. To
avoid any artefacts which might be caused by instrumental varia-
tions, we consequently tried to measure the samples in this study
under fairly constant conditions within a short period of time. Yin
et al. investigated 17 pristine NCM samples by high-resolution
X-ray and neutron powder diffraction and they established a linear
correlation between the Nip; amount and the Ni content of the NCM
(more specifically, between % Nip; and Ni”).% For NCM-811, this
correlation projects a Nip ; amount of 3.4 + 0.5%, which would match
the value reported in our earlier study.’ However, as discussed by the
authors, the Li-Ni mixing further depends on the calcination
temperature and the activation energy of defect formation (on the
order of 200-300 meV), so the here reported value of ~1.8%—-2.0%
is not unreasonable.

Analyzing the cycled NCM-811 electrodes with regards to Niy;, we
find that for the cathode harvested after only 6 cycles, the extent of Li-
Ni mixing agrees with that of the pristine CAM powder and the pristine
electrode (see Fig. 3b). After increasingly more cycles, the Li-Ni mixing
rises by ~1%-2% until the end-of-test (700 cycles), depending on
how one interprets the scatter of the Nip; values between 400, 550, and
700 cycles. At this point, we want to discuss shortly some aspects of the
structural model: [Liy_,Ni, ]3,[Li,Nig79.,C0g.10Mng 1036 Olec (see also
Experimental section). Here, x;; was deduced from the c/a lattice
parameter ratio according to Eq. 2, whereby x;; of the discharged
cathodes decreases upon cycling (see Table III). If x;; would have been
fixed to the pristine value of 1.01 for all samples (e.g., in default of a
proper method to determine xp; of cycled samples), the fitted value of
Nip;, e.g., at EOT (700 cycles) would be reduced from =~3.6% to
~24% (so that one might mistakenly conclude there is hardly any
change in comparison to ~1.8%—2.0% of the pristine NCM-811). This
is due to the fact that the required electron density of the Li layer would
mainly be compensated by Li itself, so that there would be no need in
the refinement routine to place additional Ni there. Alternatively,
refining the Li-Ni mixing not as a paired anti-site defect of Nij; and
Liry, but purely as Nig; (i.e., v; = 0), has not such a big impact: the
absolute amount of Niy; would shift to lower values by a maximum of
only ~0.3% after 700 cycles (because the remaining Li again partially
provides the required electron density of the Li layer). It is thus very
important to report all relevant aspects of the refinement, including a
clear description what x;; value was used for a given fit), in order to
enable a comparison of the structural data reported in different
publications.

Even though the absolute values of Nij; have to be treated with
caution, we are quite confident that the observed trend of an increasing
Li-Ni mixing by ~1%—-2% while cycling NCM-811 for 700 cycles at
45 °C between cathode potentials of 3.0-4.5 V is correct. The trickier
question, however, addresses the impact of an increasing extent of Li-Ni
mixing on the electrochemical performance of the NCM-811 CAM.
How would it affect the cathode resistance and finally the achievable
capacity? Makimura et al. synthesized a series of [Li;.,Ni][Ni,Co,Al]O,
samples (0 < y < 0.13) and they found a perfectly linear correlation
between the capacity (C) and y for C/10 cycling at 20 °C between
cathode Eotentials of 2.5 and 4.2 V, namely C [mAh g~'] = 1814 —
725.5-y.*' When normalized to the highest capacity for y = 0 (Cy), this
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equates to C/Cy [%] = 100 — 400-y, so that the observed capacity loss is
four times higher than the loss that would be simply expected by the
blocking of free Li sites by inactive Ni. The authors confirmed a strong
polarization effect originating from slowed Li diffusion kinetics. This
generalized C/C,y = f(y) correlation can be used to estimate the impact of
a maximum of 2% increase in Nig; over 700 cycles (see Fig. 3b) on the
capacity, since y equals approximately vy; in the structural model of
NCM-811 (please note that Nij; = vy; - 100%). For a maximum
increase of Nip; by 2% from BOT to EOT, the capacity fading predicted
by the above relationship observed by Makimura et al. would amount to
8% or ~~18 mAh g~ (based on an initial capacity of ~221 mAh g~
at C/10, see Fig. la). This is ~45% of the overall capacity loss of
~40 mAh g~ at C/10 (same C-rate as applied by Makimura et al.*"). It
is difficult to make any statement about the Li diffusion kinetics of
NCM-811. The cathode mean charge voltage could be fully explained by
the increase of Rpcr at ~4.0 V (see Table II), which in turn is a direct
measure of Rer (see Fig. 2), but Dy ; might potentially have an impact on
the more pronounced change of the cathode mean discharge voltage. In
this context, Makimura et al. observed a higher polarization during
discharge than during charge with increasing y, but at the same time the
capacity was more limited in the charge than discharge endpoint (ratio of
~2/1).*" In summary, the cycling-induced increase of the Li-Ni mixing
by =1%-2% over 700 cycles might appear negligible, but its contribu-
tion to the capacity fading due to the slowed Li diffusion kinetics in the
bulk phase could indeed be relevant. Since the correlation reported for
NCA samples by Makimura et al. might not be fully applicable to our
NCM-811 CAM, however, the precise quantification of the capacity loss
caused by increasing Li-Ni mixing remains elusive.

Finally, we want to look at a recent study of Li et al., where
NCM-811 was cycled for 1000 cycles at 25 °C to different upper
cut-off voltages in NCM-811/graphite full-cells.** For cycling until
4.2 and 4.4 Vg, which translates into ~4.3 and ~4.5 V vs Li'/Li,
the authors report the Li-Ni mixing to increase vastly by 6.7% and
11.9%, respectively. Unfortunately, their structural model is barely
described in the publication, which makes it difficult to compare
their results to ours. According to the C/Cy = f(y) correlation by
Makimura et al.,*” the Li-Ni mixing has to account completely (and
beyond) for the observed capacity fading (78% and 52% capacity
retention). This refinement result seems to be quite unlikely, because
Li et al. also identified other important degradation mechanisms such
as TM dissolution and deposition on the anode, surface NiO
formation, and particle cracking.**

Lithium content via XPD analysis.—The above evaluation of
the XPD data from the cathodes harvested in the discharged state
already indicated a steady decrease of the lithium content of the
discharged NCM-811 CAM upon cycling (see xp; in Table III). This
behavior can be easily rationalized by the increasing overpotential
(e.g., reflected by the changes in the mean charge/discharge cathode
voltage, see Fig. 1b), which narrows the accessible SOC window
from both sides in the completely discharged and charged states
when cycling the NCM-811 electrode in the fixed cathode voltage
window of 3.0-4.5 V. In our study conducted at 22 °C,” the x;; data
from in situ XPD were the centerpiece to deconvolute the capacity
loss into its contributions originating from the increase of Rcr
related overpotentials and from a loss of cyclable cathode active
material. This analysis shall also be applied here based on ex situ
XPD data. Since the full-cells were stopped during C/2 cycling after
running into the lower cut-off voltage, XPD data in the discharged
state of the harvested NCM-811 cathodes could be acquired
immediately. For XPD analysis in the charged state, we punched
out smaller electrodes, which were cycled in half-cells at C/2 for 1.5
more cycles and which were then disassembled after running into the
upper cut-off cathode voltage of 4.5 V. The c/a lattice parameter
ratio from the diffractograms and the thereof determined lithium
content are summarized in Fig. 4.
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Figure 4. Determination of the lithium content in the discharged and
charged state of NCM-811 electrodes operated between cathode potentials
of 3.0-4.5 V at C/2 and different cycling temperatures. (a) Evolution of the
underlying c/a lattice parameter ratio vs OCV and comparison to the c/a
curve of a fresh NCM-811 cathode in cycle 1 and 2 (black squares/lines).
The cycle 1 + 2 curve and the in situ XPD data for cycling at 22 °C (green
triangles) were taken from our previous publication (see curves labeled
“Cycle 1 + 2” and “LDE, cell 1” in Fig. 6a of Friedrich et al.,” published by
ECS, licensed as CC BY 4.0). The ex situ XPD data at 45 °C (blue circles)
originate directly from the harvested full-cell electrodes (discharged state) or
from harvested electrodes that were subjected to another 1.5 half-cell cycles
(charged state) and are shown vs the final OCV value at 25 °C (see
Experimental section). The c/a data points are converted into the lithium
content: (b) in the discharged state via Eq. 2, referred to as xy; g;s; (c) in the
charged state via Eq. 3, referred to as xp;ch,. At 45 °C, the BOT value of
Xeigis &~ 0.915 slightly exceeds the margin of the c/a calibration curve, but
additional ex situ points of fresh NCM-811 cathodes showed that Eq. 2 holds
true until ~0.95.
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The x1; = f(c/a) calibration curves were measured within the first
cycles of a fresh NCM-811 cathode,’ where the lithium content (x; ;)
can be deduced fairly accurately from the exchanged capacity
(assuming purely faradaic currents from lithium de-/intercalation
into the CAM). This approximation is not true anymore during
prolonged cycling, due to the charge accumulation caused by tiny
parasitic currents. Consequently, it is difficult to prove if the initially
determined calibration curves and the extracted x;; values are still
valid, because there is no direct measure of the CAM’s state of
charge. On the other side, we continuously tracked the open circuit
voltage (at 45 °C and finally also at 25 °C), and the c/a ratio is shown
as a function of the OCV at 25 °C in Fig. 4a. Here, the c/a data from
45 °C cycling (blue circles in Fig. 4a) are contrasted with the data
from 22 °C cycling (green triangles) and with the full c/a = f(OCV)
curve of a fresh NCM-811 cathode (black squares/lines). Note that
the OCV values are known for every measurement, i.e., all datasets
can be compared with each other without any correction. We see
that, independent of the cycling temperature, the c/a data in the
completely discharged and charged state coincide nicely with the
initial calibration curve. The c/a values increase with cycling in both
the discharged and charged state, indicating a shrinking OCV
window. Since the c/a = f(OCV) correlation is maintained upon
cycling and since the OCV is an indirect measure of the absolute
SOC (i.e., the SOC referenced to xi;), we can continue to convert the
c/a ratio into the lithium content. This is done by applying Eq. 2 for
the discharged state (see xy; 4;s in Fig. 4b) and by applying Eq. 3 for
the charged state (see xp;ch, in Fig. 4c), respectively. For a more
detailed explanation of this procedure see the Experimental section
and Friedrich et al.’

Let us first look at the BOT values, where the 45 °C capacity is
~24 mAh g~ higher than at 22 °C (see Table I). This capacity gain
predominantly occurs in the discharged state, because xy ; 4;s is higher
by ~0.08 in the discharged state (see Fig. 4b), while x; cp, is only
lower by ~0.02 in the charged state (see Fig. 4c), corresponding to a
ratio in Axg; of ~4/1. Based on dQ/dV plots, Li et al. also reported
that the low-SOC capacity (i.e., towards the discharged state) of
NCA depends strongly on temperature (and mildly on C-rate), but
the high-SOC limit (i.e., towards the charged state) is hardly affected
by neither temperature nor C-rate.'® They explain this behavior by
the kinetic hindrance from solid-state lithium diffusion, which
hampers the lithium intercalation back into the layered oxide during
discharge. In the following, xi;gis continuously decreases while
XLicha increases with cycling, as already anticipated from the c¢/a = f
(OCV) raw data (see Fig. 4a). The changes are quite uniform, except
for the xp; cna value after 100 cycles at 45 °C that remains at the value
of ~0.14 obtained after 6 cycles (see Fig. 4c). Furthermore, x; g;s
does not continue to decrease anymore between 550 and 700 cycles
(see Fig. 4b). Comparing the changes in x;; from BOT to EOT
between both temperatures, Axy; gis and Axy;cp, are by a factor of
~1.4-1.5 higher after 700 cycles at 45 °C compared to 1000 cycles
at 22 °C (|Axpigisl: ®0.044 at 22 °C vs 20.060 at 45 °C; Axycha
~0.055 at 22 °C vs =0.081 at 45 °C). This result is in line with the
more strongly increasing overpotential at the higher temperature, as
outlined in the previous paragraphs. However, it is difficult to relate
the Axp; differences quantitatively to the mean cathode voltages
(Fig. 1b) or to the Rpcir/Rcr evolution (Fig. 2b), because only the
resistances in the low- and high-SOC region towards the voltage cut-
offs matter for the overpotential-induced capacity loss (but these
resistances are not directly addressed by the former measures).

In light of the results from Figs. 3 and 4, we want to emphasize
that the aged NCM-811 CAM could be always refined as a single
phase based on the Rietveld refinement of the ex situ XPD data. This
is in contrast to some operando studies about Ni-rich NCMs and
NCAs (with 80%—-85%y;), which detected the emergence of two to
three simultaneously present layered phases over the course of lon§-
term cycling, especially in the charged (delithiated) state.'>*>#%4
Xu et al. observed a so-called “fatigued” phase of NCM-811
(together with an “active” and “intermediate” phase), whose

upper SOC limit was fixed at approximately 75% (corresponding to
XlLicha = 0.25).% They assign this threshold to the increasing
interfacial lattice strain between the reconstructed rock-salt surface
layer (caused by lattice oxygen release at high SOCs) and the bulk
layered structure beyond ~75% SOC. The segregation into several
phases might however disappear in the charged state when the CAM
is held long enough under constant voltage'> or open circuit
voltage.** Despite forming a reconstructed surface layer, we could
operate NCM-811 continuously to xp;ch, values below 0.25 (see
Fig. 4c) without any evidence for an additional “fatigued” layered
phase in the XPD data, contrary to the up to ~70% observed by Xu
et al.** This is perhaps due to the observation that such a fatigued
phase may only occur upon extensive particle cracking, in which
case Schweidler et al. observed the occurrence of a fatigued phase
that nevertheless could be fully accessed at very low currents."

Capacity loss analysis.—With the XPD-derived xi; data, we can
now proceed to perform the capacity loss analysis. Here, the material
loss is probably the most interesting parameter, which quantifies the
fraction of the electrochemically active CAM lost and/or converted
into an electrochemically inactive phase upon cycling. In the former
22 °C study, the material loss could be explained by the formation of
a resistive, oxygen-deficient surface layer around the primary
particles, and this loss of electrochemically active material was
calculated in percentage terms relative to the pristine CAM as
follows:’

; Cxpp — C}
AClt/[aterial,rel = —XPD___EC [5]

i
CXPD

where Ci. (in mAh ¢ ') is the electrochemically measured
discharge capacity in the ith cycle and Cipp (also in mAh g™') is
the theoretically expected capacity inferred from XPD:

274 mAh g™!

1.01 }

i i i
Cxpp = (MLidis — XLi,cha) *

Cipp is applied to the whole CAM and thus assumes no material
to be lost while aging, but it considers the narrowed SOC window
during C/2 cycling due to the actually present overpotential in the ith
cycle. Thus, the difference between Cipp, and Ci represents the loss
of electrochemically active material in the ith cycle (in mAh g™ '); if
this difference is normalized by Cpp, it reflects the relative loss of
electrochemically active material. Please note that 274 mAh g~
correspond to the theoretical capacity for complete lithium extrac-
tion of 1.01 from the pristine CAM (see Experimental section).

Even though providing quantitative insights into CAM degrada-
tion, we admit that the XPD analysis is not really practical to be
applied on a routine basis, since it requires a precise x;; = f(c/a)
calibration curve for every CAM and that the bulk of the CAM stays
fairly unaltered under the testing conditions (e.g., extensive Li-Ni
mixing** or lattice dislocations™ could potentially modify the x; = f
(c/a) relationship). These drawbacks call for alternative methods.
Relying solely on electrochemical data, Dahn’s group developed a
differential voltage analysis software (which also requires that the
bulk of the CAM does not change upon cycling).’' Here, dV/dQ vs Q
curves of the cycled full-cell are compared to reference half-cells
from anode and cathode. They are matched with each other by
adjusting two parameters for each electrode: the electrochemically
active mass of the electrodes and their capacity slippage. Other
diagnostic and prognostic tools use a similar set of parameters to
model battery aging from experimental data.>*>® The loss of
electrochemically active material can then be calculated from the
decrease of the cathode mass.

In our previous publication, we also tried to estimate the material
loss by applying a C-rate test and comparing the electrochemical
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capacity in the ith cycle (Cic) to an adequate reference state (C3c):

0 i
CEC — CEC
0
CEC

(7]

i —
ACMaterianl,rel -

There are two important requirements to be fulfilled by the reference
state: (i) it must not yet have experienced an electrochemically active
material loss, which limits the reference state to the initial cycles;
and, (ii) the overpotential must be negligible, which demands that
Co and Cl. are measured at a very slow C-rate. Under these
conditions, any reversible capacity loss can be compensated for and
only the irreversible loss of electrochemically active material
remains. In our previous work with the same NCM-811 CAM, it
turned out that a C-rate of C/50 was sufficiently slow to minimize
the impact of overpotentials on the attained capacity.” C/50 cycling
at 45 °C between cathode potentials of 3.0-4.5 V delivers a
discharge capacity of CJc = 228 + 1 mAh g~! within the first two
cycles of a pristine NCM-811 cathode (which is quite close to the
221 + 1 mAh g~ obtained a C/10, see Fig. 1a). Electrodes that were
punched out from the cathodes harvested from the cycled pouch cells
were also subjected to two C/50 cycles (following EIS at C/10, see
Experimental section). The cathode mean discharge voltage of the
cycled electrodes agrees within less than 35 mV (lower) with that of
the pristine cathode, even though the mean discharge voltage after
700 cycles has decreased by ~80 mV at C/10 and ~250 mV at C/2
(see Fig. 1b). This implies that the resistance increase over cycling
does not result in any significant overpotential at this very low C-rate
of C/50, i.e., the above requirements for this analysis are satisfied.
Figure 5 compares the relative material loss of the electrodes
cycled at 45 °C and calculated by this EC method (black squares,
acc. to Eq. 7) to that calculated by the XPD analysis (acc. to Eq. 5)
for the electrodes cycled at 45 °C (blue circles) and those cycled at
22 °C in our previous study (green triangles). Focusing first on the
electrodes cycled at 45 °C, Fig. 5 shows that the electrochemically
active material loss obtained by the EC vs the XPD method, both
independent datasets, match extremely well within =1 percentage
points. The only exception is the EOT sample after 700 cycles,
where the XPD-derived material loss (=18.2%) exceeds that
obtained from the EC method (x~15.6%) by 2.6 percentage points.
This difference could potentially be explained by a slightly too high

XLigis value (see Fig. 4b), which in turn would increase C)i(PD and

thus the XPD-based ACﬁAmerm’rel value (see Egs. 5 and 6).

For the electrodes cycled at 22 °C, most of the electrochemically
active material get lost within the first 200-300 cycles, then leveling
off and reaching ~8.5% after 1000 cycles. For the electrodes cycled
at 45 °C, the progress of the material loss shows a similar trend in
the beginning, but contrary to the 22 °C data, it does not diminish
until 700 cycles. Even though the trend is not exactly clear, either
possessing a sharp rise from 550 to 700 cycles (as indicated by the
XPD method) or a more uniform increase (as suggested by the EC
method), the EOT value after 700 cycles at 45 °C amounts to
~15.6%—-18.2% and is thus twice as big than after 1000 cycles at
22 °C. Using the dV/dQ analysis software,”’ Li et al. tracked the
CAM loss of their NCA/graphite full-cells cycled at 40 °C."? For the
upper cut-off voltage of 4.3 Vgc (corresponding to ~4.4 V vs
Li*/Li), the calculated CAM loss amounts to 4.3 + 0.5% and 10.1 +
0.5% after 400 and 800 cycles, respectively. While these losses for
NCA are ~2-fold lower than those in this study for NCM-811, this
may not only be due to the different active materials but also due to
the here used ~0.1 V higher upper cathode potential and the 5 °C
higher temperature. In an earlier publication from the Dahn group,
they reported ~8% of lost NCM-811 after only 83 cycles under very
similar conditions (again 40 °C and 4.3 Vo), >* which seems quite large
compared to our data. All these datasets point towards the influence of
the cycling conditions (e.g., temperature, upper cut-off voltage, and
depth of discharge) and the nature of the CAM (e.g., NCM vs NCA) on
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Figure 5. Determination of the NCM-811 material loss (Awaalerialwm]) upon
extended cycling at 45 °C between cathode potentials of 3.04.5 V, either
determined from slow C/50 cycling of the harvested cathodes (EC method
using Eq. 7; black squares), or from our XPD analysis (using Eqs. 5 and 6;
blue circles). The XPD data at 22 °C (green triangles) were taken from our
previous publication (see data labeled “Cell 1” in Fig. 5¢ of Friedrich et al.,”
published by ECS, licensed as CC BY 4.0). The material loss in percentage
terms is converted into the thickness of a resistive, O-depleted surface layer
on the right. Here, we assumed spherical primary particles, whose average
diameter of ~410 nm was estimated from the BET surface area of a charged
electrode (~3.1 mz/gc AM, see later discussion); for details of this calculation
see the supporting information of Ref. 9.

the extent of material loss, so that a quantitative comparison with other
work in the literature is typically not possible.

But what causes the temperature dependence in this work? The
more pronounced material loss at elevated temperature suggests a
thicker reconstructed, oxygen-depleted surface layer. However, the
upper SOC limit is almost not affected by the temperature rise, as
was already seen for the BOT values of xp; ch, at C/2 (see Fig. 4c) as
well as for the C/10 formation cycles (absolute SOC values of ~85%
vs ~86%). Since the oxygen release that leads to the surface
transformation predominantly depends on the maximum SOC (i.e.,
the extent of delithiation),>*** one would expect a similar driving
force for oxygen release for the cycling conditions at both
temperatures. On the other hand, the kinetics of the surface
reconstruction would be expected to be faster (e.g., for oxygen
transport and TM rearrangement), by which the O-depleted, spinel/
rock-salt-like layer would be able to penetrate deeper into the
primary particles. The temperature dependence of the initial oxygen
release was studied by Jung et al. for an NCM-622 CAM.'* Taking
the sum of evolved O,, CO, and CO, within the first four cycles until
4.8 Vgc, the gassing caused by oxygen release increased by a factor
of ~1.5 and ~1.9 when increasing the temperature from 25 °C to 40
°C or to 50 °C, respectively. In our case, the NCM-811 CAM
operates for most of the time above the SOC threshold for oxygen
release at ~80%, corresponding to an xy; ch, value of ~0.20 at the
upper cut-off potential. As shown in Fig. 4c, xp; ch, remains below
0.20 for the first 750 cycles during 22 °C operation (interpolated
from a linear fit through the existing data) and for ~550 cycles
during 45 °C operation. Consequently, the oxygen release could
proceed almost unlimited; however, Jung et al. further showed that
the oxygen release diminishes from cycle to cycle."* At 40 °C, e.g.,
the gassing of the NCM-622 CAM in cycle 2—4 reduced by a factor
of 2.2, 3.7, and ~4.0 compared to the first cycle. Even though we
cannot finally say for how long oxygen is released from the CAM
surface, we want to emphasize that the here quantified fraction of
lost CAM does not directly correspond to the accumulated amount of
evolved lattice oxygen until the respective cycle number. The
transformation of the electrochemically active, layered structure
into an electrochemically inactive, resistive surface layer is assumed
to be a two-step process.” After the initial oxygen release, the
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Table IV. Deconvolution of the electrochemically measured capacity loss from BOT to EOT (ACEPTECT) into its contributions originating from
the loss of cyclable CAM (ACHoe:"°") and the overpotential-induced loss (ACSoTono). ACSOTSEQT can be further divided into capacity losses in

Overpotential

the discharged (AC&?;;;OT) and charged state (ACCB,f;rTg:EOT), respectively. The underlying equations of the XPD analysis are provided in the

Appendix and the values at ambient temperature stem from our previous publication of the same material.” The sum of AC,

ACBOTHEOT

BOT—EOT

Material and

Overpotential €Xceeds ACEST=EOT due to rounding errors and due to the fact that some material loss was already acquired until BOT.

C/2 capacity loss [mAh g '] Equation

Ambient temperature (22 °C)

Elevated temperature (45 °C)

BOT — EOT
ACEOT—EOT (A1)
ACBOT—EOT (A-2)

Material

ACBOT*?EOT (A3)

Overpotential

- ACHicharge " (A4

B ACCBh(z;Fg:EOT (A-5)
transition-metals in the then O-depleted structure have to rearrange
to form a spinel/rock-salt-type surface layer, which is incapable of
reversibly de-/intercalating a significant amount of lithium-ions.
While both steps run basically in parallel during the thermal
decomposition of charged NCM/NCA CAMs,>> the TM rearrange-
ment is expected to be retarded during electrochemical cycling. For
Li-rich NCMs at 25 °C, HR-TEM images have shown that the actual
reconstruction happens within 20-50 cycles.>® As vacancies in the
TM layer probably facilitate the rearrangement in Li-rich NCMs, it
is reasonable to assume that this process takes longer for regular
NCMs (here >100 cycles).

Using the set of XPD-based equations introduced in our former
study,” which are shortly summarized in the Appendix of this work,
Table IV deconvolutes the BOT-to-EOT capacity losses measured at
22 °C and 45 °C. Here, the electrochemically measured capacity
losses at C/2 (ACEPT~EOT, see Eq. A-1) amount to ~38 mAh g~
for cycling at 22 °C (cycles 18 to 1000) and to ~68 mAh g
for cycling at 45 °C (cycles 6 to 700; see also Table I). As
already anticipated by the relative material losses in Fig. 5, this
difference of ~30 mAh g~ is largely dominated by the extent of
surface reconstruction at ambient vs elevated temperature, which
translates into absolute capacity losses (ACSOTEOT see Eq. A-2)
of ~16 mAh g~ for cycling at 22 °C and ~40 mAh g~' for cycling
at 45 °C, respectively. This is a =~2.5-fold increase caused by
the enhanced loss of cyclable NCM-811 CAM when increasing

the cycling temperature. On the other hand, the overpotential-

induced capacity loss (Acggfp;g?ﬁ{l, see Eq. A-3) increases only

by factor of ~1.2 (from ~25 mAh g~ ' at 22 °C to ~31 mAh g~ " at
45 °C), which is composed of contributions from the discharged
state (AC&?;;;OT, see Eq. A-4) and from the charged state

(ACg}&Tg:EOT, see A-5). At the first glance, this moderate rise of

the overpotential-related losses is less than that projected from the
underlying x;; data: AxSQL EOT (see Fig. 4b) and AxfOL, =0T (see
Fig. 4c) increase by a factor of ~1.4-1.5 when increasing the cycling

temperature from 22 to 45 °C. This discrepancy is due to the fact that

Acggfpgffﬁg (and its individual components in the discharged and

charged state) have to be corrected by the phase fraction of lost
NCM-811 CAM, because only the cyclable CAM can experience a
capacity loss due to an increasing overpotential. Consequently, as
the relative material loss is doubled after 700 cycles at 45 °C
compared to 1000 cycles at 22 °C (see Fig. 5), the overpotential-
induced capacity losses in units of mAh g~' turn out to be smaller
than the shrinkage of the accessible Ax;; window of the retained
NCM-811 CAM.

Cracking and surface layer thickness.—Finally, we want to
estimate the thickness of the reconstructed surface layer formed over
extended cycling. This question requires to determine the surface
area of the CAM, which will change upon cycling due to particle

Cycle 18 — 1000 Cycle 6 — 700
~38 ~68

’.'-' -~ ~-m-

9.
Aggr.cam [M7/8cam]
\

0 100 200 300 400
Cycle no.

500 600 700

Figure 6. Evolution of the NCM-811 surface area (Aggr.cam) during long-
term cycling at 45 °C. The cycled electrodes (black data points) were
measured in the discharged state by Kr-BET (following the rate test and
washing steps with aprotic solvents; see Experimental section), whereby the
surface area contribution of the CAM was calculated according to Eq. 4. In
order to provide some reference points (depicted as horizontal lines), the
Aggr.cam Values of the cycled electrodes are compared to those of the
pristine NCM-811 powder (blue line), of washed NCM-811 powder (either
in water or HF-containing electrolyte; green line), and of a charged electrode
(after a first charge at C/10 to a cathode potential of 4.5 V at 45 °C; red line).

cracking.”?* Figure 6 shows the evolution of the specific NCM-811
surface area of the cycled electrodes harvested in the discharged
state (black data points), as determined by Kr-BET measurements.
Here, the contribution of the NCM-811 CAM was calculated
according to Eq. 4 by subtracting the share of the electrode additives
(2 wt% SFGOL graphite, 1 wt% C65 carbon black, and 3 wt% PVDF
binder) in the composite cathode. Their surface area was determined
from additives-only electrodes, consisting only of the inert compo-
nents with the same weight ratio as in the actual cathodes, yielding
ApETada = 5.10 mzlgadd for fresh and 5.56 mz/gadd for cycled
additives-only electrodes (see Experimental section). This approach
assumes that the binder does not significantly alter the accessible
surface area of the CAM in the cathode electrodes, even though the
binder was found to reduce the surface area of the conductive agents
by a factor of ~3 in the additives-only electrodes (see Experimental
section). To prove this assumption, we can compare the surface area
of the pristine NCM-811 CAM in its form as pure powder of
0.28 mZ/gCAM (blue line in Fig. 6) with that obtained for the CAM in
the fresh cathode electrode of 0.30 + 0.02 m2/gCAM (determined from
the electrode specific surface area of Aggrelec = 0.58 = 0.01 M/ gerec
by subtracting the weight-fraction-normalized value of Aggt 444 acc. to
Eq. 4; average from two measurements). Since the CAM specific
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surface areas of the pristine NCM-811 powder and cathode electrode
agree nicely with each other, we can now continue with the surface
area analysis of the cycled electrodes (black data points in Fig. 6).

In the cycled electrodes, the surface area of the NCM-811 CAM
is on a rather constant level of ~1.8 m*/gcanm and only increases to
~2.6 m2/gc amMm at the end-of-test after 700 cycles. To evaluate these
numbers, some important reference points are shown as horizontal
lines in Fig. 6. The afore-mentioned pristine CAM powder (blue
line) has a significantly lower surface area of 0.28 mz/gc AM-
Assuming solid spheres and using the crystallographic density of
475 g cm >, this value translates into an average particle diameter of
davg ~ 4.5 pm (dyyg = 6/(peryst - ABeT,CcAM))> Which is on the order of
the secondary agglomerates (dsy value of 10.2 pm determined by
laser scattering). Consequently, we predominantly see the outer
surface of the secondary agglomerates, while the inner surface of the
primary particles is not accessible for two reasons: (i) the crystallites
are closely packed after calcination with little pore volume in
between and (ii) the pore space between the primary crystallites is
blocked due to the presence of surface impurities such Li,CO3 and
LiOH. As shown in our first publication for the same NCM-811
CAM,’ these impurities can be removed by washing the CAM
powder in water or by storing it in an HF-containing electrolyte,
yielding in both cases 1.2 m%/gcanm (green line). The surface area of
the cycled electrodes is still higher (=1.3-2.6 mZ/gCAM; see black
squares in Fig. 6), because the crystallites experience a continuous
contraction/expansion during charge/discharge cycling. Under the
given conditions (C/2 cycling at 45 °C between cathode potentials of
3.0-4.5 V), the change of the unit cell volume, AV/Vy;, evolves
from —6.1% at BOT to —3.1% at EOT. Since the unit cell volume
shrinks predominantly at high SOCs (x; < 0.35 for NCM
materials),”’ AV/Vy;, gets smaller over the course of cycling due
to the gradual increase of xy;.h, at the upper cut-off voltage (see
Fig. 4c). The reversible “breathing” in every single cycle accumu-
lates a mismatch between the primary particles, so that their packing
in the discharged state is not as dense as it was in the pristine state,
exposing additional inner surface area.

When we develop this argument further, the contracted crystal-
lites in the charged state should exhibit the highest surface area. For
this reason, we also measured Kr-BET of the charged electrodes
after the first charge at C/10 to a cathode potential of 4.5 V at 45 °C,
yielding a specific surface area of the CAM of 3.1 = 0.2 m*/gcam
(average from two electrodes; red line). For solid spheres, this gives
an average diameter of d,,, ~ 0.41 £ 0.03 um, which indeed reflects
the size of the primary particles (see Fig. S11 -in our former study®).
Oswald et al. have visualized these alternating phenomena by cross-
sectional FIB-SEM images of NCM-622, illustrating (i) the separa-
tion of primary particles in the charged state and (ii) their subsequent
compaction in the discharged state.”> After 303 cycles to a cathode
potential of 4.5 V at 25 °C, they reported a surface area of
~3.1 mz/gCAM in the discharged state, which resembles that of our
NCM-811 CAM in the charged state of the first cycle.

Alternatively, Oswald et al. introduced an EIS-based method to
monitor the surface area of electrodes by utilizing its correlation to
the electrochemical double layer capacitance.”” Kr-BET and EIS
have some intrinsic differences. Most importantly, krypton atoms
can access pores as small as ~0.2 nm, while the penetration of
solvated lithium-ions into pores requires pore diameters of greater
than ~1 nm, so that only pores above this value will contribute to the
capacitance determined by EIS. This might explain why the here
reported surface area changes determined by Kr-BET (see Fig. 6)
occur mainly from the pristine state to BOT (6 cycles): after the
initial few cycles, the surface impurities seem to be already removed
and the particle disintegration seems to have already created
permanent pores at least on the sub-nm scale, which can be detected
right away by Kr-BET. In Oswald’s EIS data, there is also a sharp
but less extensive rise in the first cycles and the capacitance
increases notably in the later cycles as well. This is rationalized
by the steady expansion of pores (or cracks) in the discharged
state (due to the accumulating mismatch between the primary

crystallites), so that the further increase of CAM surface area only
becomes detectable by EIS after a certain pore/crack size threshold
has been reached.

The above discussion highlights the coexistence of solid/solid,
solid/liquid, and solid/gas interfaces within the secondary agglom-
erates. As their relative ratio will change during cycling, we have to
select a proper surface area for the calculation of the surface layer
thickness. In this respect, recent publications address the question if
the surface reconstruction requires the exposure of the surface to the
electrolyte.'>%% In the work of Schweidler et al.'” and Zou et al.,>®
STEM imaging of cycled Ni-rich CAMs revealed reconstruction
layers on open surfaces (exposed to the electrolyte), while the
layered structure was maintained on sealed surfaces (not in contact
with the electrolyte). For solid/solid interfaces, Zou et al. further
differentiate between incoherent boundaries (stable against phase
transitions) and twin boundaries (prone to phase transitions). All
these different modes of surface reconstruction can be ascribed to
intergranular cracking. In contrast, Ahmed et al. reported on the
growth of rock-salt-like regions at the boundary of intragranular
nanopores, which are encapsulated in the bulk of the CAM and thus
not exposed to the electrolyte.’® Yan et al. identified intragranular
cracks, which are initiated from the grain interior and can generate
completely new surfaces (in contrast to sealed surfaces, which are
already present, but buried).’® We conclude that the surface
reconstruction depends on the type of grain boundary and its
exposure to the electrolyte. Consequently, the calculated thickness
can just provide an estimate, which averages over the heterogeneous
surfaces. We decided to proceed with the &3.1 m*/gcay of the
charged electrode, because this value represents in good approxima-
tion all available surfaces of the crystallites, which might potentially
be exposed to the electrolyte (due to intergranular cracking,
particularly in the charged state). Furthermore, the layered-to-
spinel/rock-salt transformation is initiated by the release of lattice
oxygen at these high SOCs.

Using the equations described in our former work,” the relative
material loss (left axis in Fig. 5) is converted into the average
thickness, fyrface-layer (right axis in Fig. 5). As already discussed
beforehand, we want to mention that the here calculated thickness
represents the electrochemically inactive surface layer, which yet
might be thinner than the O-depleted surface layer at a given cycle
number. The initial oxygen release has to be completed by the
rearrangement of the transition-metals in order to be become
detectable as lost CAM. Therefore, we assume several reaction
fronts, which gradually grow from the surface of the primary
particles into their interior, but only the fully reconstructed and
non-intercalating layer can be measured by our approach. With the
~3.1 mz/gCAM of the charged electrode, the re-calculation of the
EOT value after 1000 cycles at 22 °C now gives ~6 nm, which
agrees much better to the HAADF-STEM images in our previous
study than the back then estimated ~15 nm on the basis of the
1.2 m2/gCAM of the washed CAM. At 45 °C, the surface layer
thickness amounts to ~12-14 nm after 700 cycles. Even though all
quantification methods, either XPD and Kr-BET (as applied here) or
STEM imaging, should be taken with a grain of salt, the 45 °C trend
line is in good agreement to the STEM data of Schweidler et al.'”
Similar to our NCM-811, they cycled their NCM-851005 at 45 °C
to 4.2 Vgc (corresponding to ~4.3 V vs Li*/Li) and reported a
rock-salt-like phase of ~2 nm after 100 cycles and ~14 nm after
500 cycles, respectively. In light of the above arguments, the
observed surface layer is however not perfectly uniform around
the individual primary particles.'> Consequently, the average thick-
ness of ~14 nm after 500 cycles reported by Schweidler et al.'® is in
a reasonably good agreement with the here estimated ~8 nm for the
NCM-811 electrode cycled for 550 cycles (see Fig. 5). In summary,
the CAM surface area and the thickness of the reconstruction layer
can be accessed by various methods, including microscopy, BET,
and EIS. In order to evaluate how quantitative their agreement can
be in the best case, all these methods have to be applied to the same
material in a complementary manner.
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Our data as well as all the discussed data and findings from other
groups are based on poly-crystalline CAMs, but there is an ongoing
trend to switch to single-crystalline layered oxides.'®®*%* In that
case, the crystallites have a size in the pm range. As long as
intragranular cracking of individual crystallites does not generate
new surfaces, e.g., due to real particle fracture, we would expect the
surface area of single-crystalline CAMs to stay below 1 m2/gCAM
also during cycling. The lower surface-to-bulk ratio would substan-
tially decrease the loss of electrochemically active material
(assuming that it is occurring mostly on CAM surfaces exposed to
the electrolyte) and the associated degradation mechanism. This is
an interesting working hypothesis for single-crystalline CAMs to
look at in the future.

Conclusions

In the present work, we investigated in a comparative manner the
degradation mechanisms of the Ni-rich layered oxide NCM-811 at
ambient (22 °C) and elevated temperatures (45 °C). Apart from the
temperature variation, the NCM-811/graphite full-cells were cycled
in a very similar fashion at a constant-current of C/2 between
cathode potentials of 3.0 and 4.5 V. In order to focus solely on the
CAM degradation and to exclude any effects due to a lithium loss at
the anode, the graphite CE was partially pre-lithiated and the
potential was controlled vs the Li-RE. Furthermore, the large
electrolyte excess prevents any capacity fading caused by the
potential electrolyte breakdown.

The capacity loss during C/2 cycling was more than doubled at
45 °C operation (data generated in this work) compared to 22 °C
operation (data acquired in our first study’). To elucidate the
underlying degradation mechanisms, we switched from time-con-
suming in situ techniques to their simplified ex situ counterparts,
including X-ray powder diffraction, electrochemical impedance
spectroscopy, and Kr-BET. We could ascribe ~60% of the observed
capacity loss after 700 cycles at 45 °C to the loss of electrochemi-
cally active material, which is caused by the formation of a
reconstructed, electrochemically inactive surface. This compares to
only ~40% material loss after 1000 cycles at 22 °C.

The formation of the reconstructed, oxygen-depleted surface
results in a growth of the charge-transfer resistance of the NCM-811
CAM, which is also reflected by an analogous increase of the DCIR
resistance and further leads to overpotential-induced capacity losses.
After 700 cycles at 45 °C, the layer thickness around the primary
particles exposed to the electrolyte is estimated to be ~12-14 nm,
reasonably consistent with the literature, while only =6 nm are
estimated after 1000 cycles at 25 °C. We attribute this difference to
the faster kinetics for oxygen removal and/or transition-metal
rearrangement at the higher temperature.

The overpotential-induced capacity losses occur in a similar ratio
both in the discharged state (i.e., during lithiation of the CAM) and
the charged state (i.e., during delithiation of the CAM). Whether
these losses are predominantly caused by the increased charge-
transfer resistance or by a decreased lithium diffusivity in the bulk
phase cannot be finally answered. However, the extent of Li-Ni
mixing stays constant at 22 °C and increases only by ~1%-2% after
700 cycles after 45 °C. Furthermore, we could not observe the
emergence of a so-called fatigued phase with a layered structure.
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Appendix

Equations used for the capacity loss analysis.—The XPD-
derived variation of the lithium content (x;;) over the course of
cycling (see Fig. 4) enables the deconvolution of the electrochemi-

cally measured capacity loss, ACEPT™! (in mAh g™ '):

ACR T~ Cie (At

which is defined by the difference of the discharge capacity in the ith

cycle (Cle) relative to that at the begin-of-test (CSOT). Please note
that the following equations were established in our former
publication by Friedrich et al., where they are explained in great
detail.”

The first contribution is the absolute loss of electrochemically

active material in the form of a reconstructed, O-depleted surface
layer, which can be quantified as ACSOL (in mAh g~ ', just like

the other loss terms) by the following equation:

BOT
AXU

ACyigeriat = (Cxpp — Cic) - A=
Axp;

[A-2]

Here, the material loss corresponds to the difference between the
theoretically expected capacity inferred from XPD (Cipp, see Eq. 6)
and the actually measured discharge capacity in the ith cycle (Cic).

To reference this difference to BOT, it has to be corrected by the
accessible Axp; ranges between the discharged and charged state

(e.g., Axﬁi = xf‘i,dis - xiiqcha), which typically shrink upon cycling
due to the increasing overpotential (i.e., Ax2OT > Ax)).

The overpotential-induced loss (AC&OJpaémia,) is the second
contribution, which can be further divided into capacity losses in
the discharged (ACDBi?CTh;gie) and in the charged state (AC&S@?):

BOT—i _ BOT—i BOT—i
ACOverpotential - ACDischarge + ACCharge [A3]

where by the two individual contributions are calculated according
to:

i i 274 mAh g”!
ACDBi?cEarée = (XLBi,OdiTs — Xidis) - %
(1 — ACyueriat.et) [A-4]
i 4 274 mAhg™!
ACEMw = (icha — Mheha) - ——————
1.01
. (1 - AClg/lalerial,rel) [AS]

by taking the difference of the respective xi; values between BOT
and the ith cycle in either the discharged (xﬁ%iTs — xﬁi’dis) or charged
state (xﬂi,cha — xﬁ%ﬁa). Note that for this analysis it is irrelevant
whether the difference in x; is due to an increase of the CAM’s Rt
(caused by the formation of a resistive surface layer) or a decrease of
the lithium diffusivity in the bulk of the CAM (caused by transition-
metal migration into the lithium layer). Since only the electroche-
mically active material can undergo a capacity loss due to an
increasing overpotential, Eqs. A-3—A-5 include a correction term that
considers the NCM-811 phase fraction which has already been lost

until the ith cycle (ACfv[meriaLrel, see Eq. 5).
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Results

3.2 Hysteresis and heat generation in Li- and Mn-
Rich Layered Oxides

3.2.1 Entropy measured via linear temperature variation

The article entitled “Entropy Measurements of Li-lon Battery Cells with Li- and Mn-
Rich Layered Transition Metal Oxides via Linear Temperature Variation” was
submitted to the peer-reviewed Journal of the Electrochemical Society in
September 2021 and published in December 2021 as an “open access” article under
the terms of the Creative Commons Attribution Non-Commercial No Derivates 4.0
License. The  permanent  web link can  be found  under:

https://iopscience.iop.org/article/10.1149/1945-7111/ac3938. Franziska

Friedrich presented the results of this work at the PRIME Meeting in October 2020
(digital, Abstract No. 2851).

Figure 1.2 illustrates that LMR-NCMs are promising cathode active material
candidates for future LIBs owing to their high energy density and low CAM cost. As
outlined in section 1.3, they, however, suffer from several drawbacks limiting their
lifespan and performance. An outstanding issue is the pronounced hysteresis of the
OCV. Interestingly, this hysteresis between the charge and discharge direction is not
only observable for the OCV, but also for the LMR-NCM  structural
parameters100102103  the cathode resistancel®l, and the oxidation states of the
transition metals104105 and oxygen105.106, [n order to get a better understanding of
the thermodynamic processes occurring during cycling of LMR-NCM cathodes,
entropy measurements were conducted. Since the entropy is a sensitive parameter
obtained by a non-destructive in-situ method, it is capable of monitoring even
minor energetic differences in the environment of Li ions in the CAM structure. In
addition, the acquisition of entropy data as a function of SOC in principle allows for

the calculation of the reversible heat according to equation (2.14).

As described in section 2.4, the partial molar entropy (2—; (§)) is determined based

on the measurement of the temperature-dependent OCV (TD-OCV). In contrast to
the conventional method of applying a constant temperature to the cell and
measuring the OCV as a function of temperature (step method), we linearly changed

the temperature of the cell with a constant rate (ramp method). By monitoring the
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corresponding OCV response, the TD-OCV can be calculated. Our study contains a
comparison of both approaches, suggesting that the ramp method is advantageous.
In order to evaluate the contribution of the lithium counter electrode to the overall
TD-OCV, spatially non-isothermal entropy measurements in specially designed
pouch-cells were conducted. We found that the contribution of the lithium
electrode (1.2 mV/K) is one order of magnitude higher than the overall value of
the TD-OCV of the cell (*0.1 mV/K). This means that only the difference between
the two large values of both electrodes (both in the order of 1 mV/K) leads to the
small values observed for the LMR-NCM/Li cell.

We found a broad peak in the Z—z (§) curve, similar to a feature of a second order

phase transition, which we correlate to changes in the local ordering or the

. . . . d
energetics of the lattice. Our results reveal a hysteresis of the peak in the d—; (§) curve

between the charge and discharge direction when plotted as a function of SOC,
which, however, vanishes when plotted as a function of OCV. This suggests that the
entropy changes in LMR-NCM are governed by the OCV and not by the amount of Li
in the structure. This trend was also observed for an LMR-NCM material with a
higher degree of overlithiation. The absence of typical fingerprints for

configurational entropy and the observed path dependence led us to the conclusion
that the vibrational entropy is dominating the Z—é (&) vs. SOC curve of LMR-NCM/Li
cells. In contrast, the partial molar entropy during the first activation charge shows
a completely different curve shape, suggesting that the configurational entropy

mainly contributes to the observed profile. Since & is no unique descriptor of the

charge/discharge processes in LMR-NCM, we conclude that (de-)lithiation follows

metastable pathways. Hence, the integration of Z—Z (%) to calculate the reversible heat

would include an additional term caused by the internal entropy production.

Equation (2.14) is hence not applicable in case of LMR-NCM.
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For Li-ion battery development, lithium- and manganese-rich
layered transition metal oxides (LMR-NCM, Li; s[TM];.s0, with
TM = Ni, Co, Mn and typically 0.1 < s < 0.2), are currently under
investigation as potential next generation cathode active materials
(CAM). Their exceptionally high gravimetric capacity is, however,
accompanied by a pronounced voltage hysteresis, of which a
significant part is still present at open circuit conditions. This OCV
hysteresis is a material-specific property. The hysteresis does not only
affect the voltage profile, but also the cathode resistance,'~ the Li site
occupation® as well as the LMR-NCM lattice parameters™® and atomic
distances.” To gain a better understanding of the thermodynamic
processes upon cycling LMR-NCM cathodes, entropy measurements

were conducted in this study. Hereby, the partial molar entropy, Z—Z(é),

is obtained in a sensitive, non-destructive way from the derivative of
the OCV with respect to temperature. Such data complement
information on free energy gained from OCV and allow for a more
comprehensive characterization of thermodynamic processes in bat-
tery cells in situ.® In contrast to other techniques, e.g. based on
diffraction, entropy is capable of monitoring even minor changes in
the environment of the Li ions.

So far, the interpretation of experimental entropy data of battery
active materials in the literature was mainly constricted to a quantifica-
tion of the corresponding heat terms®™'" and to a relative comparison
between materials.'®'> The shape of the entropy curve was either
discussed in context of configurational entropy in studies including
theoretical calculations and computational simulations'>™'> or it was
ignored. Here, we present a study on entropy changes of LMR-NCM/Li
half-cells and will discuss different possible contributions to the shape
of the entropy curve, including configurational and vibrational entropy.
To overcome systematic experimental errors, a linear temperature
variation method was established based on previous literature
reports.'"® With this method, partial molar entropy changes in
LMR-NCM were measured, revealing an unusual resonance-like
signature, which is typical of a second order transition. The center

*Electrochemical Society Student Member.
**Electrochemical Society Fellow.
“E-mail: franziska.friedrich@tum.de

and width of this transition differ when measured during charge and
discharge and plotted as a function of SOC, while its appearance in both
directions coincides when plotted against OCV. The correlation with
OCV apparently reflects a Gibbs free energy driven process, which
seems to be associated with only very subtle structural changes, since it
escapes observation by other techniques so far. Due to the strong
dependence of the entropy on the OCV rather than on the Li content,
any significant contribution of configurational entropy can be discarded
in LMR-NCM. We thus consider vibrational entropy being dominant in
LMR-NCM.

Theoretical Considerations

The focus of this study is on the thermodynamics of the Li (de-)
intercalation processes of LMR-NCM, which for simplicity is
abbreviated as NCM in the following equations. The commonly
used structural formula of LMR-NCM (Li;, s[TM];_s0,, TM = Ni,
Co, Mn) was simplified to Li,[TM],0,, where y describes the
amount of lithium in the cathode active material (CAM) and where
the maximum value of y is equal to 1+0, as explained in the
Experimental section. To simplify the investigated cell chemistry, Li
metal is used as a counter electrode, giving the following reactions
for the positive and negative electrodes during discharge:

Positive electrode:

_ discharge

Liy[TM], 0, + x Li* + xe~ —— Liy44[TM], 0, [1]
Negative electrode:
. discharge .
xLi——x Lit + xe~ [2]

For the whole cell reaction during discharge (AG < 0), it
follows:

. . discharge _ |
Liy[TM], 0, + X Li —— Liy4,[TM], 0, 3]

Thereby, the electrons supplied on discharge at the negative
electrode are transferred to the positive electrode via the external
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circuit. For the charge reaction, the direction is reversed and
AG > 0.

The overall stoichiometric amount of Li can be summarized as
x;; =x+y. For the Li- and Mn-rich NCM used herein, the
maximum value of x;; is 1 + § as explained in the Experimental
section. To describe the progress of the charging/discharging
reaction, we will use the reaction turnover parameter £, which we
define as & = (1 + &) — xz;. It runs parallel to the SOC but is
normalized in stoichiometric units. ¢ is zero for a fully lithiated
(pristine) CAM and 1.14 for a completely delithiated (charged) 0.33
LMR-NCM. Since it increases on charging (deintercalation of the
LMR-NCM) and decreases on discharging, the sign of d& explicitly
reflects the direction of the reaction.

The partial molar entropy ﬁ(af).—dS is the change in the total
. di . . .
entropy of a cell with 1 mol of athode material on charging with a
differential amount of electrons d& and thus releasing the same
amount of Li*. For the half-cell reaction at the cathode side, the
corresponding molar entropy change can be expressed as follows:

dSncm () dSsoty
de d¢ + de d¢ [4]

dSChu,Cathnde (g) =

Here, "S%’g@ describes the entropy change when a differential

amount of Li* (corresponding to d&) is extracted from 1mol of
LMR-NCM, at an SOC at which a molar fraction & (of Li") was

already extracted. We may likewise call “’S%’g’@ the partial molar

intercalation entropy. The molar entropy of Li* solvation, %, is
the second contribution to the entropy change at the cathode
interface since for any amount of Li* (=d&) extracted from the
CAM, a corresponding number of Li* ions will be transferred to the
electrolyte.

On the Li metal anode side, the molar entropy change upon
charge is the sum of the entropy change for depositing Li at the
metal anode and the entropy of desolvation of the Li* ions:

dSp; dS e,
dScharge,anade(E.’) = d_gdi + %d& [5]
In this study, entropy is measured vs a Li reference electrode. Since
the Li reference electrode is practically unaffected in quantity and
thus not altered in quality, its entropy is independent of the SOC.'*°

% is the change in entropy for adding 1 mol of Li to the Li metal

anode.

For the whole cell reaction shown in Eq. 3, the differential
change of the total entropy of the battery for the charging process,
dScharge, Tesults from the combination of Egs. 4 and 5. By assuming a
negligible concentration gradient in the electrolyte, the entropy of
solvation at the cathode is counterbalanced by the desolvation of Li™
at the Li anode and the entropy of solvation/desolvation cancel.

ds dSncm (8) dSyi
ASuharee©) = L2 (e)ae = LNME) 4 DLiy 6
harge (§) de ©de dt € dt € [6]
Note that only the contribution from the cathode, LNZ’? (é), is

expected to change with & (SOC).
In order to clarify sign conventions pertaining to our results, we

will briefly sum up how j—é(&) can be derived from a temperature

dependent OCV (TD-OCV) measurement. First, we correlate
changes of Gibbs free energy, dG, with the electrical work reversibly
stored in the cell while charging:

dG = dWel,rev = EO (g)dq [7]

If n is the net electric charge on the ion (n = +1 for Li%), n mole of
electrons will have to be transported from the external power source
at each turnover & yielding: dg = n-F-d€. Here, F is the Faraday
constant and E| is the OCV. Since we have chosen d¢ to be positive
on charging and since in that case work will be stored in the battery
and should be counted positive, according to thermodynamic
convention, we get:

dG ) = n-F-Ey(8)-dg (8]

Note that a negative sign would appear on the right hand side if one
used dx;; instead of d€, as is often found in the literature.

According to the fundamental thermodynamic relation, the
entropy can be derived from the temperature dependence of the
Gibbs free energy:

G
d—T(T’ D 5) |p,§ = _S(T’ P, 5) |p,T [9]

We obtain the partial molar values of G and S by combining Egs. 8
and 9, and dividing by d&: %(%(é)) = —Z—Z(ﬁ). This finally gives:

ds d

@@ lnr = =P @ Iy [10]
The entropy change due to a differential increase of the turnover
parameter on the left side corresponds to a temperature induced
change of E; measured at a constant & Note that the differential
increase of G (endergonic for charging) due to d& is already
implicitly included in Ej. In our study, an increase in temperature
was found to decrease the OCV, independent of whether the OCV
OE
o
is thus negative and accordingly the partial molar entropy is always
positive. As a consequence, the entropy of the cell increases on

charging dS = %(é)-d& > 0 because d& > 0 and vice versa de-

was measured after charging or discharging and at all values of &.

creases while discharging (d¢ < 0).

ds
de
since for most electrode active materials, such as LMR-NCM, the
structural and energetic properties change upon lithiation. As
mentioned above, for the Li anode, the partial molar entropy can
be assumed to be constant. Hence, for a LMR-NCM/Li cell, any
changes of the partial molar entropy of the cell are exclusively
governed by the properties of the cathode, while the value (and sign)

Depending on the electrode properties, — (&) can change with &

of Z—z(é) includes the constant contribution from the Li anode.

The total molar entropy change AS(E).—When we start at an
SOC value “a” (£,) and charge or discharge to get to state “b” (&),
the total entropy change referred to 1 mol of CAM is obtained by
integrating the partial molar entropy of this process, as long as local
reversibility is given:

9
AS =S() - SE) = /5 j—z(f)df = ASvem, a—b — Sui [11]

Thereby, the total molar entropy change AS is a measure of
additional energetic disorder in the whole battery induced by (dis-)
charging the cell by A&. It contains the contribution from the cathode
(ASncm.a—p) and the Li anode (Sp;). Basically, there are three

possible contributions to AS and hence to its derivative Z—Z(é): The

configurational, vibrational, and electronic entropy, which will be
discussed in the following.

The electronic molar entropy change ASgpec(E).—AS..c(&) is
associated with thermal disorder in electronic states near the Fermi
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level and can be sensitive to the SOC. It can be calculated from the
change of electronic density of states at the Fermi level with
changing degree of lithiation. For LiyCoO,, it was shown that
ASppec(E) is negligible.20 Since for our system, electronic entropy
calculations are not available, for the time being we neglect such
contributions at room temperature.

The Li-configurational molar entropy change ASopsig(x).—The
Li-configurational entropy gives information about the distributional
variability of Li atoms in the host structure. In a very simplified ideal
solid solution model with Li atoms moving freely between a given
number of empty sites, without changing interactions (among each
other and with the host lattice), the molar entropy change is
given by:

ASeoniz () = =R-{xInx + (1 — x)In(1 — x)} [12]

Here, R is the molar gas constant and x the relative amount of
exchangeable sites being occupied. When describing a simplified
CAM, we assume the maximum number of x to be equal to one (as
common for typical layered oxides but not for the LMR-NCM used
in our study). Resulting from Eq. 12, AS,,4,(x) = 0 for an ‘empty’
electrode (x = 1) and a completely filled electrode (x = 0). With
increasing delithiation AS,,,,(x) increases and is categorically
positive yielding a maximum at x =0.5 with a value of
AS;onfig(x = 0.5) = ReIn2 = 0.693R = 5.76J/(mol K). To both sides
of the maximum, it symmetrically decreases to zero. In the ideal
solid solution case, all Li sites are energetically equal and the
interactions between the Li ions among each other and with the
lattice do not change during the charge/discharge process (implying
a constant value for AH). This leads to a practically horizontal
voltage curve for such an electrode material with a maximum
deflection of ~ 17 mV at x = 0.5 (according to the definition of the
Gibbs free energy, AG = AH — TAS and Eq. 8).

Of course there are more sophisticated models, including inter-
actions between Li and the host structure and among the Li ions at
varying distances in the host, leading to more complicated entropy
curves, which can even have several maxima (here, AH also changes
as a function of SOC)."*'* However, these curve features must
become increasingly smaller in amplitude, the more maxima are
detected. All of these entropy curves are categorically positive and
equal to zero at the endpoints.

The partial molar configurational entropy is the slope of the
configurational entropy AS,,4,(x) obtained by differentiating
Eq. 12:

aASmnﬁg
ox

=—R-ln( a ) [13]

1 —x

For the simplified solid solution model (0 < x < 1), it is a
monotonically decreasing function starting at infinity, changing
curvature at the maximum of AS,,,,(x = 0.5) and ending at - at
x = 0." For the above mentioned models with several maxima in
AS,onfig» the corresponding derivatives give inverse sigmoidal curves
with pole signatures at their ends.'*'* In the data presented below,
there is no indication of such features.

The vibrational entropy AS,;,(€).—Here we are interested in that
part of vibrational entropy, also called phonon entropy, which is
associated with changes of vibrational frequencies in the crystal
lattice with the degree of lithiation. Any Li-induced changes of the
vibrational density of states up to the Fermi level will lead to
changes in the heat capacity (C,) and to corresponding changes in
the vibrational entropy (AS,;).

T C(T
AS,;, = f S@ 4y [14]
0 T

As a rule of thumb, at room temperature, the main contribution will
result from low-frequency phonons with rather large effective mass,
hence from the transition metal oxide host lattice rather than from
the intercalated Li atoms. On the other hand, the Griineisen relation
suggests that increased stiffness should reduce C,, yielding lower
lattice entropy. Such lattice strain may be accumulated while (de-)
intercalating Li from/into a host structure during charge or dis-
charge. In particular, phase transitions occurring during charge/
discharge should be mirrored in the entropy profile. Accumulation of
crystallographic defects leading to disruptions of long range vibra-
tions are expected to influence vibrational entropy. Such changes can
be induced by the intercalation of Li ions into the Li layer of LMR-
NCM, but also by a change in the stiffness of the host lattice, e.g. by
the oxidation/reduction of transition metals, by transition metal
migration, and/or by oxygen redox. The formation of Li clusters can
also modulate vibrational modes. With neutron-weighted phonon
density of states (DOS) derived from inelastic neutron scattering
data, the Li-induced vibrational entropies at different SOCs could be
calculated for Li,C00,.2° It was shown that the difference in
vibrational entropy between the relatively stiff Li,CoO, lattice and
the soft metallic Li anode results in a significant negative but
constant contribution to the partial molar entropy of the cell, which

however could not explain obvious changes of Z—g(é) with £.%° For

the further discussion it is noteworthy that, in contrast to the
configurational entropy, which in the simplest case is a direct
function of the SOC, the vibrational entropy is closely linked to
the structure of the host lattice.

Contribution of lithium to the partial molar entropy of the
cell.—The contribution of the Li counter electrode is often neglected in
the literature or even assumed to be zero.”** As explained above for
Eq. 5, the entropy of Li is independent of the SOC'**® but is not
zer0.*2 In order to determine the contribution of Li to the overall
cell-TD-OCV, spatially non-isothermal measurements were conducted,
which are explained in the following. In the potentiometric measure-
ment of the cell-TD-OCV, spatially isothermal conditions are implied,
where the whole cell, i.e. both cathode and anode, are subjected to the
same temperature variation. In contrast, one can take precautions to
change the temperature of only one of the electrodes (the thermally
working electrode) in a spatially non-isothermal arrangement (see Fig.
S1 in the Supporing Information available online at stacks.iop.org/JES/
168/120502/mmedia). Such asymmetric temperature changes can be
applied to cells with electrochemically symmetric (identical) electrodes.
Spatially non-isothermal measurements yield important entropy infor-
mation pertaining to the thermal working electrode material, which is
why resulting values will be denominated as electrode-TD-OCV in the
following. The electrode-TD-OCV differs from the cell-TD-OCV in
such a way that the temperature function of the electrode that is held at
constant temperature does not contribute to the electrode-TD-OCV.
However, even if it might seem that the electrode-TD-OCV value leads
to the entropy of a single electrode, this is not true because the potential
itself is still a cell property and not a single electrode quantity, as is
always the case in electrochemistry.>> As is shown in Eq. 15, the
electrode-TD-OCV depends on three factors: (i) the actual entropy

contribution of the electrode under investigation, ‘;LT‘S, (E, is the OCV
between a working electrode subjected to variable temperature and a

counter electrode held at constant temperature), (i) a potential build-up
due to thermal diffusion of ions in the electrolyte, the so-called Soret

effect {%}s , and (iii) the metal-metal junction thermocouple
oret

OE 25-27

T }Seebeck ’

) ) () ()
or electrode or working electrode or Soret or Seebeck

[15]

Seebeck effect, {
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When using a symmetrical Li/Li cell, the pure entropy contribution
%{3 of the Li electrode can in principle be determined from Eq. 15 if

the effects (ii) and (iii) can be minimized or determined as good as
possible. The thermocouple effect (iii) can be estimated from the
Seebeck coefficients of the materials, which are exposed to a
temperature gradient. For the symmetrical Li/Li cell, this is nickel,
since only at the nickel tab of the Li electrode a changing
temperature gradient will build up. With —18.0 pV K ', ® the
Seebeck effect of nickel is negligibly small in comparison to the

measured electrode-TD-OCV of Li, {%}L,- = L.I12mV KL

Furthermore, the Seebeck effect can be minimized by keeping all
other metal-metal junctions isothermal.”*?’ The Soret effect de-
scribes a mass separation induced by a temperature gradient.?*~° In
the context of this study, the Soret effect plays a role in the spatially
non-isothermal configuration, because a temperature-induced con-
centration gradient will cause a potential difference between the hot
and the cold side, i.e. {g—i}s g Comprehensive data of the Soret
ore

effect are lacking in the literature because experimental measure-
ments of the thermodiffusion coefficient prove to be difficult and
there is no universal technique to measure the Soret effect of binary
mixtures.”” In the Results part, we estimate the influence of the Soret
effect on the value of the electrode-TD-OCV as rather insignificant,
especially in comparison to other sources of error (cell to cell
variation, accuracy of the temperature measurement, etc). This is in
accordance with the “negligible thermal diffusion potential assump-
tion” made by Swiderska-Mocek et al.?

Experimental

Electrode preparation.—Li- and Mn-rich layered oxides (LMR-
NCM) with two different degrees of overlithiation were obtained
from BASF SE (Germany). According to the notation
Li;  s[TM];.50, for the pristine LRM-NCM cathode active mate-
rials, the here examined LRM-NCM materials have § = 0.14 and 6
= 0.20; this corresponds to a composition of 0.33 Li,MnO; - 0.67
LiTMO, (for 6 = 0.14; further on referred to as 0.33 LMR-NCM)
and 0.50 Li,MnOj - 0.50 LiTMO, (for 6 = 0.20; further on referred
to as 0.50 LMR-NCM) in the two-phase notation applied by Teufl et
al.> (with TM = Ni, Co, Mn). The 0.33 LMR-NCM is the same
material as used in previous studies of our group®> and has the
composition Li]']4[Ni0'26C00']4Mn0‘6]0'8602. The 0.50 LMR-NCM is
a follow-up batch with similar composition and properties as the
material used by Teufl et al.’’

For inks of the 0.33 LMR-NCM cathode active material, 92.5 wt
% LMR-NCM (BASF SE, Germany), 3.5 wt% polyvinylidene-
fluoride binder (PVDF, Kynar, HSV 900, France), and 4 wt%
conductive carbon (Super-C65, Timcal, Switzerland) were dispersed
in N-methyl pyrrolidine (NMP, anhydrous, Sigma-Aldrich,
Germany) and mixed in a planetary orbital mixer (solids content
~ 54 wt%; Thinky, USA). The resulting ink was coated onto
aluminum foil ( ~ 15 pym, MTI, USA) and the dried coatings were
calandered (GK 300L, Saueressig, Germany) to a porosity of
~ 42-45%. For electrochemical testing, electrodes with a diameter
of 11 mm (for Swagelok T-cells) or 14 mm (for 2032-type coin-
cells) were punched out and dried at 120 °C under dynamic vacuum
for at least 12 h (Biichi, Switzerland). The loading of the 0.33 LMR-
NCM cathode active material (CAM) was ~ 12 mg cm™2, corre-
sponding to ~ 3 mAh cm™? (based on a nominal reversible capacity
of 250 mAh gCAM’l). For experiments with the 0.50 LMR-NCM
material, an industrially manufactured coating was obtained from
BASF SE with a loading of &~ 7.7 mg cm ™2, corresponding to ~ 1.9
mAh cm 2,

Electrochemical characterization.—Three different cell setups
were used: (i) Swagelok T-cells with a Li reference electrode (Li-
RE) for determination of the cell-TD-OCV in LMR-NCMY/Li half-
cells, (LMR-NCM potential measured vs the Li-RE); (ii) coin-cells

for electrochemical cycling experiments and recording of the OCV
curves; (iii) U-shaped pouch-cells for spatially non-isothermal
measurements of the electrode-TD-OCV (see Fig. S1 in the
Supporting Information). All cells were assembled in an argon filled
glovebox (O,, H;O < 0.1 ppm, MBraun, Germany).

For Swagelok T-cells, anode and cathode were stacked with two
glass fiber separators in between (11 mm diameter, 200 ym thick-
ness, glass microfiber #691, VWR, Germany). The cells were filled
with 60 ul of a FEC:DEC (12:64 v:v) based electrolyte with 1 M
LiPF¢ and 24 vol% of an additional fluorinated co-solvent. The Li-
RE (6 mm diameter, 450 pm thickness, 99.9%, Rockwood Lithium,
USA) was in electrochemical contact with the cell via a separator
onto which another 20 pl of electrolyte was added. The 3-electrode
T-cell setup is identical to what is described by Solchenbach et al. as
the “conventional design”.* Coin-cells were assembled using a Li
counter electrode (16 mm diameter, CE), two glass fiber separators
(17 mm diameter) and an LMR-NCM cathode, adding 80 ul of the
same electrolyte as was used for the T-cells. The U-cell setup is
described in the Experimantal section and in the Supporting
Information.

T-cells and coin-cells were cycled at 25 °C (if not stated
otherwise) in a temperature-controlled oven (Binder, Germany)
using a Biologic potentiostat (VMP300, Biologic, France). At first,
one activation cycle at a C-rate of C/15 (2.0-4.8V, all voltages
reported vs Li*/Li) and two stabilization cycles at C/10 (2.0-4.7 V)
were conducted. All C-rates reported here refer to the nominal
capacity of the LMR-NCM of 250 mAh g~ (i.e. 1C =250 mA g~
or ~ 3mA cm?). Subsequent to the initial cycles, the electro-
chemical characterization (OCV curves, determination of the cell-
TD-OCV) was carried out at C/10 in the 4th cycle. For measure-
ments at a different C-rate, an additional cycle at that C-rate was
done prior to the actual experiment to equilibrate to the new C-rate.

Measurement of the partial molar entropy of the cell—All
measurements were conducted in the 4th cycle subsequent to the
initial activation and stabilization procedure explained above. To
determine the SOC dependent cell-TD-OCV of LMR-NCM/Li cells,
the T-cells were (dis)charged to a certain SOC-point at 25 °C and
allowed to relax until the change of the OCV with time was less than
~ 0.2mV h™'. For each SOC-point, such a relaxation took between
100h and 200 h. The cells were then transferred to an Espec
temperature chamber (LU114, Espec, Japan) to measure the cell-
TD-OCV with a defined temperature ramp of 0.5 K min~'. Starting
at the initial cell temperature of 25 °C, the temperature ramping
commenced with a heating phase to 35 °C. Subsequently, three
cycles of cooling to 5 °C and heating to 35 °C were repeated,
followed by a final cooling step to the initial 25 °C. Figure 2 shows
an exemplary curve of the temperature profile and the respective
OCYV response. After this measurement sequence, the cell was (dis)
charged to the next SOC at 25 °C. This procedure was repeated with
several cells in charge and discharge direction to collect data with an
SOC spacing of =~ 5% (12.5 mAh g~ '). Data treatment was
conducted with a Matlab Script determining the slope of the
measured OCV data vs time by a linear fitting of the individual

ramps. The so derived % values were averaged and transferred to
cell-TD-OCV, %, by allocating them with the predefined tempera-

ture ramp (g). For a detailed discussion on the ramping method, see

the Results section. Moreover, the OCV value of the cell at the
respective SOC was determined by averaging over the last hour of
data points prior to initiating the temperature ramps.

To confirm the accuracy of the data acquired by the Biologic
potentiostat, a high sensitivity Nanovoltmeter (Model 2182 A,
Keithley Instruments, USA) was used with a Labview Script to
record the potential of the cell during temperature variation.

Determination of the Li contribution to the partial molar
entropy of the cell—To accomplish a spatially non-isothermal
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environment for the measurement of the electrode-TD-OCV of Li,
pouch-cells with a U-shaped geometry were used. A schematic
drawing is shown in Fig. S1 in the Supporting Information. For
measurements of the electrode-TD-OCV of Li, symmetrical Li/Li U-
cells with a Li metal (= 1 cm?, contacted via a Ni-tab) at both sides
of the cell were used. Electrochemical contact was ensured with a U-
shaped glass fiber separator soaked with 2 mL LP57 electrolyte (1 M
LiPF¢ in EC:EMC = 3:7 by weight, BASF SE, Germany). Using this
geometry, the temperature of one Li-electrode was kept constant in a
water bath at room temperature while the temperature of the other
one was varied between 0 °C and 40 °C using a double-walled glass
beaker with an in-, and outlet for cooling fluid connected to a
refrigerated-heating circulator (FP50, Julabo, Germany). The tem-
perature at the vicinity of the cell surface of each of the immersed
legs of the U-cell was recorded by two USB data loggers (Easylog-
USB-2-LCD, Lascar Electronics Ltd, UK). The potential was
monitored using the above described Nanovoltmeter. The measure-
mentzprinciple is similar to that described by Swiderska-Mocek
et al.”

Results and Discussion

Development of an accurate method to determine %.—The
partial molar entropy, j—z(ﬁ), can be obtained by potentiometric
methods via determination of the temperature dependence of the

OCV (cell-TD-OCV), %

suring the reversible heat, Q.. For calorimetric measurements,
however, large cell formats are necessary to reach the required
accuracy. In the following, we will focus on the potentiometric
method where the TD-OCYV is determined by collecting OCV data as
a function of temperature. For this purpose, the battery is typically
cycled to a certain SOC and allowed to relax in OCV conditions for
some time before the temperature of the cell is changed in a step-like
procedure.”%**3¢ A typical data set for the step procedure is shown
in Fig. la for a 0.33 LMR-NCM/Li cell at a nominal SOC of
140 mAh g~' in the 4th cycle in charge direction. After 24 h of
relaxation at OCV conditions at 25 °C, the temperature of the cell is
changed to 35 °C and the cell is given 1 h to accommodate to the
new temperature. This is repeated at 25 °C, 15 °C and 5 °C before
the temperature is again set to 25 °C. The OCV is thus measured as a
direct function of the cell temperature. By making a linear regression
of OCV vs temperature (Fig. 1b), the cell-TD-OCV can be
determined from the slope. This is repeated at every SOC of interest.

However, there are some challenges when applying this method
to determine the TD-OCV. Since the OCV is directly measured as a
function of temperature, any relaxation phenomena leading to a
change in OCV with time have to be excluded. For the data shown in
Fig. 1a, the scatter in the OCV data lead to the error bars in Fig. 1b
(standard deviation of calculating the average OCV value during the
last 5 min of the respective 1h temperature step in Fig. la). The
overall error for the calculation of the cell-TD-OCV hence includes
the error from the linear fit and the error of the respective OCV
values. For the exemplary data set in Fig. 1, Table I shows that the
calculated error is in the same order of magnitude as the resulting

, or with calorimetric methods via mea-
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Figure 1. (a) Example of a temperature profile (black line) and the
corresponding OCV response (blue symbols) when applying the temperature
step method. After equilibrating at OCV conditions for 24 h at 25 °C, the
temperature of the battery is varied in steps with a thermal equilibration time
of 1h per step. Here, data from a 0.33 LMR-NCMY/Li T-cell at a nominal
SOC of 140 mAh g’1 during the 4th charge is shown. (b) The cell-TD-OCV
is the slope of a linear fit (black dashed line) of the determined OCV values
(blue symbols) as a function of the respective temperatures. The error bars of
the OCV data are the standard deviation calculated from averaging over the
last 5 min of every 1 h temperature step. The error of the resulting cell-TD-
OCYV includes the error from the linear fitting and the errors of the data
points.

TD-OCYV value after 24 h of relaxation. Voltage relaxation processes
cannot be fully avoided and are re7p0rted to take up to six months
depending on the cell chemistry.”” However, a survey of entropy
studies by Zhang et al.**> showed that typically waiting times of 3 h
and 60 h were provided for voltage relaxation at each SOC point.
Figure la serves to illustrate that a relaxation time of 24 h is not
sufficient (for this cell chemistry, at this SOC) since ongoing voltage
relaxation is observable, which is especially pronounced at higher
temperatures. This leads to the fact that three different OCV values
are determined at 25 °C during the step method. On the other hand,
during prolonged relaxation periods, self-discharging phenomena
within the battery have to be taken into account. Especially at high

Table I. Cell-TD-OCYV of a 0.33 LMR-NCMJ/Li cell determined at an SOC of 140 mAh g™ during the 4th charge after 24 h and 96 h of relaxation in
OCYV conditions at 25 °C. Results from the step method and ramp method are contrasted (by comparing data from two identical cells). The
difference between the absolute results after 96 h from the two different methods is caused by cell to cell variations. For the step method, the error is
calculated from the fit through the OCYV data as a function of temperature including the error from the OCV determination. For the ramp method,
the error results from averaging over six dE/dt values including their respective error from the linear fitting of the ramps.

Cell TD-OCV [mV K™'] with error in parenthesis

Equilibration time [h]

Step method

Ramp method

24 —0.098 (0.016)
96 —0.115 (0.006)

—0.127 (0.002)
—0.123 (0.001)
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Figure 2. Typical OCV profile during the application of the linear
temperature ramp method where the temperature is varied linearly between
5 °C and 35 °C with a rate of 0.5 K min~! (black line) while the OCV is
recorded (blue symbols). Here, data from a 0.33 LMR-NCMY/Li T-cell at a
nominal SOC of 140 mAh g~' during the 4th charge is shown after
equilibrating the cell at OCV conditions for 24 h at 25 °C.

SOCs, it may become difficult to maintain a stable voltage.'>>>38

Figure S2 in the Supporting Information exemplarily shows that a
pronounced voltage relaxation at a high SOC considerably compro-
mises the determination of the TD-OCV with the step method. To
circumvent extended waiting times, Osswald et al.* suggested to
extrapolate the stationary state voltage by fitting the truncated
relaxation curve. By correcting for self-discharge® or by short
charge/discharge phases at low currents,*” attempts have been made
to minimize the effects of self-discharging and parasitic side
reactions. Another issue was identified by Zilberman et al.,>” who
found a temperature path dependent voltage behavior causing
uncertainties in the determination of the true OCV values.
Therefore, they suggested to limit the temperature amplitude and
the thermal equilibration time, and use both cooling and heating
temperature variations to determine accurate TD-OCVs.?” Usually, a
temperature range between 20 °C and 30 °C is applied,?***** though
some researchers use wider ranges (from 0 °C up to 55 °C) for a
better signal-to-noise ratio.”>***> Of course, also appropriate
measurements of the cell temperature are required for valid TD-
OCV data. In summary, the step procedure, although widely used in
the literature, faces some issues, pertaining to the accurate determi-
nation of an OCV value per temperature step.

To overcome these difficulties, we applied a linear temperature
ramp method, which is less common in the field and was only used
by a few other research groups before.'®™'® This is why we want to
discuss it in more detail. The here used temperature profile is similar
to what was applied by Thomas et al.*’ and an exemplary data set of
our ramp method is shown in Fig. 2. The temperature was varied
linearly between 5 °C and 35 °C at a rate of 0.5 K min~'. By doing
so, the OCV is measured on the fly while the temperature is
continuously changed, in contrast to the above discussed classical
temperature step technique. Since the OCV is a linear function of the
temperature (within a reasonable temperature range), the slope of the
OCYV change follows the linearity of the applied temperature profile.

With the knowledge of the rate (e.g. ‘;—f = 0.5 K min™ "), the slope
of the OCV (% in mV h™") is easily converted to the TD-OCV (%

in mV K™ '). Figure 2 shows that the effective temperature range,
which was monitored by a temperature sensor close to the cell
surface, is slightly smaller (=~ 5 °C-33.5 °C) than what is given by
the thermostat (5 °C-35 °C). This might be related to the accuracy of
the temperature chamber and the temperature sensor used. To find an
optimum temperature range, a compromise has to be reached
between two requirements: A large temperature range is desirable
to get as much data as possible. For the cell chemistry, the
temperature range should be restricted to reasonable limits to avoid

side reactions. This is why the range between 5 °C and 35 °C was
chosen.

To validate the results from the temperature ramp method, the
cell-TD-OCV was first determined via the temperature step proce-
dure and then compared to that determined by consecutive tempera-
ture ramp procedures with rates of 0.5 K min~' and 1 K min~". For
this experiment, a cell was charged to a certain SOC, allowed to
relax at OCV for ~ 60—150 h (until the change in OCV was less than
~ 02mV K", and then the temperature was first changed
according to the step profile and then according to the two ramp
profiles. The results are shown in the Supporting Information in Fig.
S4 and confirm that the temperature ramp method gives the same
results as the temperature step method. Minor deviations may arise

from the differences in calculating % between the temperature ramp

and the step method (see discussion of the data accuracy below), but
are negligible with respect to other sources of errors (e.g. accurate
determination of the SOC, cell to cell variations). Furthermore, it is
proved that the results from the ramp method are independent of the
applied rate (as long as a reasonably slow rate is applied). A detailed
analysis of the temperature ramp data sets shows that the potential
change is delayed with respect to the applied temperature change by
about 2 to 5 min (see Fig. 2), which gives an idea about the thermal
conductivity of the cell. Due to this deviation from the ideal
triangular behavior, the OCV data at the boundaries of each ramp
were not included into the linear fit (approx. the first and last 5 min
of each 60 minute ramp, effectively reducing the analyzed tempera-
ture window to ~ 8 °C-30 °C). Since the voltage responses of
interest have rather small absolute values, we validated the accuracy
of the data obtained from the Biologic potentiostat (resolution of ~
100 1 V) with a high precision Nanovoltmeter (resolution of ~ 1 uV
in the mode used here). As a quality criterion, the residual sum of
squares of linear fits of the obtained triangle wave data is used. For
the data measured by the Nanovoltmeter (not shown here), this
parameter is four orders of magnitude below the one for the
Biologic, suggesting a significantly lower noise level. However,

both data sets give very similar results for % (differing by less than

~ 0.01 mV K '). Since the data from the Biologic show only white
noise, which is significantly smaller than the actual signal intensity
(see Figs. 1 and 2), and since the results are practically the same as
those obtained from the Nanovoltmeter, all further measurements
were conducted with the Biologic potentiostat.

In the following, the temperature step and ramp method will be
compared. Figure 2 shows data collected during a temperature ramp
experiment with an identical cell as used for the temperature step
method in Fig. 1 (both at 140 mAh g~ during the 4" charge after
24 h of relaxation at 25 °C). For the temperature ramp method, the
TD-OCV is calculated based on the slope of the triangular OCV
data. The error therefore includes the error of the linear fit of the
respective ramps and the error from taking the average over six
values. Table I shows that for the ramp method, the calculated error
is one order of magnitude smaller compared to the error resulting
from the step method. Both measurements were repeated after 96 h
of relaxation, when the change of the OCV with time was
sufficiently low (<0.1 mV h™') to allow for a reliable determination
of the TD-OCV. In case of the temperature ramp method, the result
obtained after 24 h of relaxation is very close to the TD-OCV value
determined after 96 h of relaxation. For the step method, however,
the deviation between the two TD-OCV values is relatively large.
This illustrates that the temperature ramp method is less sensitive to
ongoing voltage relaxation compared to the step procedure. This is
achieved by applying several heating and cooling ramps, which
result in triangular OCV response curves with positive and negative
slopes, so that any effects resulting from incomplete OCV relaxation
are minimized. This is furthermore illustrated in Fig. S3 in the
Supporting Information, where an ongoing relaxation at a high SOC
leads to a gradual decrease of the OCV over time. The relaxation
effect has an opposing sign, thus a weakening effect on the OCV
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Figure 3. Voltage hysteresis at C/10 (25 °C) in a 0.33 LMR-NCM/Li cell
shown vs specific capacity (lower x-axis) and extent of reaction (upper x-
axis). The black line is the voltage curve at C/10 with intermittent 1 h OCV
phases every ~ 10% SOC (i.e. every 25 mAh g~ '), leading to the black
circles. The total voltage hysteresis amounts to 89 mWh g~ ' (area enclosed
by the black line) and the OCV hysteresis at zero current equals 46 mWh g~
(blue area, enclosed by OCV points, amounting to 51% of the total area).

behavior during cooling and an amplifying effect during heating. By
measuring both temperature pathways multiple times and averaging
over the acquired slopes, any error due to OCV relaxation is
minimized. This also means that even if the OCV is not perfectly
stable, the entropy data obtained with the temperature ramp method
are reliable. If sufficiently long relaxation times are applied, the
advantage of the temperature ramp method is less pronounced.
Table I shows that after 96 h of relaxation, the calculated errors of
the TD-OCV of both methods are similar. We want to stress,
however, that prolonged relaxation times can lead to self-discharge
phenomena (especially at high SOCs), which might again cause a
pronounced change of the OCV with time. For these cases, the
temperature ramp method is more suitable than the step procedure.
The difference between the two final % values might arise from
minor deviations in the determination of the SOC for the two
different cells and from cell to cell variations. The measurement was
repeated after 220 h of relaxation and the respective TD-OCV values
of both cells did not change significantly. The errors from the
calculation are thus relatively small in comparison to experimental
errors.

Although effects from voltage relaxation are minimized by the
temperature ramp method, the cells of this study were allowed to rest
at each SOC until the change in OCV was on the order of ~ 0.2 mV
h™!, leading to relaxation times of 100-200h per SOC step. Of
course, such extended OCV periods, especially at high SOCs, cause
self-discharge and lead to an inaccuracy in the determination of the
SOC. To avoid accumulated self-discharge during repeated, pro-
longed observation intervals using a single cell, a number of
identical cells was used instead to measure the TD-OCV at given
SOC points during charge and discharge, with every cell undergoing
only three to five measurements. All OCV values determined prior to
the temperature ramp method, were in good agreement with the
nominal OCV curve (see Fig. 3). The use of a set of cells for these
measurements not only increased the accuracy of the SOC determi-
nation, but also helped to speed up the collection of a complete
entropy data set for a whole charge/discharge cycle significantly.
Additionally, with the use of multiple cells, the reproducibility of the
results could be verified by measuring at nominally identical SOC
points. Small cell to cell variations were observable, which however
were negligible within the limits of accuracy of the measurements.

Li electrode contribution to the partial molar entropy of LMR-
NCM/Li cells.—As was explained in the Theoretical Considerations
above, we aimed at clarifying the contribution of Li to the cell
entropy by spatially non-isothermal measurements using custom-
made U-shaped pouch cells (Figure S1 in the Supporting
Information). In this setup, one side of the U-cell is exposed to
temperature changes induced by a water bath, while the other side is
held at a constant temperature, similar to the approach reported by
Swiderska-Mocek.”” In symmetrical Li/Li U-cells, the electrode-TD-
OCYV of Li was directly determined. When both electrode compart-
ments are at the same temperature, the OCV is zero. As soon as the
temperature of one side deviates from the other one, the potential
changes. By measuring the OCV as a function of this temperature
difference, the electrode-TD-OCV of Li can be determined. The
average over multiple measurements with a number of different cells

gives {%}u = 1.12(x0.06) mV K~'. We found that the results are

independent of whether a fresh piece of Li metal was used or one
harvested from a cycled LMR-NCM/Li cell. This means that the
contribution of Li to the cell TD-OCYV is independent of the cycling
history and nominal SOC of the Li, which is in agreement with
literature reports.'g’20 An exemplary data set of such a measurement
is shown in Fig. S5 in the Supporting Information. However, as
mentioned above in the theory section, this value includes the Soret
effect, since in the spatially non-isothermal setup, thermodiffusion is
present (see Eq. 15). A comparison to literature reports shows that
Huang et al.*' have done a similar experiment with a cell consisting
of two single-electrode tubes containing identical Li electrodes that
are connected by an electrolyte filled plastic tube. The electrode
tubes were placed in two oil-bath systems at different temperatures.
With the above discussed temperature stepping method, they
obtained a value of 1.17mV K~'*' which is in good agreement
with our result. As in the case of our U-cell experiment, their
approach also includes the Soret effect. However, they have
complemented their experiments with an electrochemical-calori-
metric measurement where one Li electrode is inside the calorimeter
and one outside. By cycling with small currents and subtracting the
discharge from the charge heat, the irreversible heat is removed and
the reversible heat can be determined. From that, they calculate the
so-called “entropy of the Li single electrode reaction” to be 128.3 J
(mol K=1.*! Using Eq. 10, this value converts to an electrode-TD-
OCV of 1.33 mV K™". Since there is no Soret effect present in their
calorimetric measurement, the difference between their potentio-
metric value of 1.17 mV K~' and their calorimetry derived value of
1.33mV K™', equating to —0.16 mV K™', would correspond to

{dE} (based on Eq. 15 and assuming {E to be
Soret

T or }Seebeck
negligible). It should be noted that other measurement errors like
the inaccuracy of the calorimeter might be affecting the result. Also,
charge-neutral exothermic side reactions can contribute to the
calorimetric signal and hence lead to an overestimation of the
electrode-TD-OCV. The observed difference between the two
reported values is therefore only a rough estimate for the contribu-
tion of the Soret effect. We can therefore conclude that the Soret

effect is negligible in comparison to our { % }L. value of 1.12(+0.06)

mV K~! and that our result agrees with the values reported in the

literature.>>*' According to Eq. 10, a {%}L. value of 1.12mV K™!
1

converts to a molar entropy of 108 J (mol K™") for Li. We want to
stress that this value cannot directly be compared to the textbook
value of 29J (mol K™')* since the latter refers the entropy of
formation of Li metal at standard conditions while we measure the
molar entropy change for depositing Li at the metal anode and the
entropy of desolvation of Li™ ions (see Eq. 5).

From similar spatially non-isothermal measurements with LMR-
NCM electrodes, we determined the electrode-TD-OCV of LMR-
NCM at certain SOC points (data not shown here). We found that the
contribution of Li to the cell-TD-OCV of the LMR-NCM/Li cell is
in the same order of magnitude as the one of the LMR-NCM
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Figure 4. (a) dQ/dV vs capacity plot of a 0.33 LMR-NCM/Li cell recorded
at C/10 (25 °C) in the 4th cycle. (b) Partial molar entropy for 0.33 LMR-
NCM/Li cells obtained from cell-TD-OCV measurements using the tem-
perature ramp procedure during charge (black circles) and discharge (orange
triangles) in the 4th cycle as a function of capacity (upper x-axis) or reaction
turn-over £ (lower x-axis). (c) Same partial molar entropy data but plotted as
function of OCV. Trendlines are shown as guide for the eye. The error bars
are calculated mean standard deviations from the calculation of TD-OCV
values. Dashed lines highlight common features in the different plots.

cathode (both on the order of ~ 1 mV K™ '), and only the difference
of both gives the observable small values around ~ —0.1 mV K™
for the cell-TD-OCV. Swiderska-Mocek et al.*> also report such
high electrode-TD-OCV values for the CAMs used in their study.
Conclusively, the entropy contribution of Li as a counter
electrode must not be assumed to be zero but has to be treated as
an SOC-independent offset value. It is important to keep in mind that

any counter electrode will contribute to the measured entropy curve,
even if the contribution is only an offset, as for Li. This is especially

crucial when discussing an apparent change in the sign of the d—S(é)

curve, which, in the 11terature 1s often solely ascribed to processes in
the cathode active material.***° Such a hypothesis is not valid for
the data presented here and any suppositions presented elsewhere
need to be revisited.

Hysteresis phenomena in LMR-NCM cathode active mate-
rials.—The active material of interest in this study is Li-, and Mn-
rich NCM and the main focus is on the material 0.33 LMR-NCM
(Lil,14[NiOA26COOA14Mn0A6]0,8602)~ LMR-NCM exhibits characteristic
hysteresis phenomena, which are extensively discussed in the
literature. In general, a hysteretic behavior occurs if sufficiently
high energy barriers prevent an equilibration between stoichiome-
trically equivalent states located along energetically different char-
ging and discharging pathways. In this case, chan es in state will
occur via thermodynamically metastable regions.*> The resulting
hysteresis loop as a whole is unidirectional but reversibility may
hold within limited path sections. The most striking of these
phenomena in LMR-NCM is the OCV hysteresis, which is shown in
Fig. 3 (blue shaded area). The overall voltage hysteresis can be
separated into two parts, (i) a voltage hysteresis due to charge
transfer and concentration overpotentials, which is common for all
types of active materials, scaling with the applied current and being
zero at open circuit conditions, and (ii) the OCV hysteresis, which is
independent of the applied current (see Fig. S6 in the SI and
discussion below) and is hence a material specific property. At a low
C-rate as C/10, the energy loss caused by the OCV hysteresis loop
(represented by the blue shaded area in Fig. 3) can amount to 51% of
the total voltage hysteresis loop (represented by the area that is
enclosed by the black line).

Several reasons for the OCV hysteresis in LMR-NCM are
discussed in the llterature mainly focusing on revers1ble transition
metal mlgratlon 4 and changes of oxygen redox,* causing the re-
entrant Li environment during discharge to be energetically different
from that during charge.**® The phenomenon of hysteresis in LMR-
NCM is not only observable in the voltage curve, but also in a path
dependent cathode resistance' ™ as well as in the SOC dependent
hysteresis of LMR-NCM lattice parameters>® and atomic distances.’
The OCV hysteresis is of particular interest for this study, because it
directly reflects the chemical potential, constituting a basic thermo-
dynamic property. This is why we investigated the influence of
different factors on the OCV hysteresis of LMR-NCM. For the
analysis of the effect of the C-rate, we applied a special cycling
protocol. Since the width of the SOC window in a voltage-limited
cycling procedure depends on the applied current (and the resulting
overpotential), a comparison of the overall energy associated with
the OCV hysteresis (integration of the OCV hysteresis loop) at
different C-rates is not directly possible. However, by using a
cycling procedure that is controlled by specific capacity cutoffs (i.e.
limiting the overall SOC window), the comparison of the OCV
hysteresis obtained at different C-rates becomes possible. Figure S6
in the SI compares the OCV curves at 1C, C/2, and C/10, revealing a
perfect overlap of the OCV hysteresis loops. Thus, the OCV
hysteresis is independent of the applied current. This observation
indicates that there is a static barrier causing the hysteresis, which is
not subject to the dynamics of charging/discharging. Another
influencing factor that was investigated is the temperature. To
investigate the temperature dependence of the OCV hysteresis,
OCYV data were collected at 0 °C and 45 °C in a capacity limited
cycling procedure. The resulting data are shown in Fig. S7 in the SI.
The OCV hysteresis is larger at higher temperature, which is in
agreement with literature reports on LMR-NCM.*’ Processes, which
are kinetically hindered, are expected to accelerate with increasing
temperature. It seems, however, that the energetic barriers leading to
the OCV hysteresis in LMR-NCM cannot be overcome at the
temperature of 45 °C. It is conceivable that the temperature
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necessary to eliminate the OCV hysteresis is beyond the operating
temperature of a battery and might even be beyond the thermal
stability of the CAM.

Another factor affecting the OCV hysteresis is the degree of
overlithiation of the LMR-NCM material. A higher degree of
overlithiation leads to an increase of the OCV hysteresis loop.
This will be discussed in more detail with regards to Fig. 6. The
following entropy measurements are intended to investigate possible
interrelations between entropy and hysteresis phenomena in LMR-
NCM and to open a new perspective on the current discussion in
literature.

Partial molar entropy of LMR-NCM.— Path dependence of the
partial molar entropy of LMR-NCM.—By applying the temperature
ramp method, cell-TD-OCVs of 0.33 LMR-NCM vs a Li-RE were
acquired during charge and discharge at every ~ 5% SOC. In

Fig. 4b, the resulting partial molar entropy, Z—Z(é), is depicted as a

function of SOC. During charge (black circles), the entropy curve
shows a distinct peak at & ~ 0.20 and a plateau-like behavior above &
~ 0.50. Upon discharge (orange triangles), this plateau only extends
down to ¢ ~ 0.58, where a similar peak begins to evolve. Its
maximum at £ =~ 0.26 is significantly shifted as compared to the
charge direction. As discussed above, any effects of self-discharge
are minimized by the temperature ramp method and the SOC values
are verified by comparing the OCV values collected after 1 h (Fig. 3)
to that after extended waiting times (entropy measurements).
Therefore we are confident that the observed shift of the partial
molar entropy curve along the & axis during charge and discharge is
relevant.

If however, d—s(i) is plotted vs the OCV, this shift of the partial
@& P p

molar entropy peak vanishes, as can be seen in Fig. 4c. In this case,
both peaks exhibit the same shape and coincide with each other. This
important finding shows that the OCV, and not &, is a unique
descriptor of the thermodynamic changes being responsible for the
entropy change occurring at the observed peak. The same observa-
tion is reported for the lattice parameters in LMR-NCM, revealing a
hysteresis when plotted as function of SOC, which, likewise,
vanishes when plotted as a function of OCV.® Since the OCV
essentially mirrors the change of the Gibbs free energy of the LMR-
NCM, these findings demonstrate that OCV, entropy and Gibbs free
energy all experience a pronounced hysteresis while they remain
thermodynamically correlated among each other.

Our entropy curves differ in shape from those of Shi et al.”® who
also investigated the entropy of Li- and Mn-rich cathodes with the
classical temperature stepping method, however, using a rather short
relaxation phase (90 min) and short-time temperature steps (15 min).
It remains unclear, how far the differences to our data result from the
use of a different LMR-NCM material or whether it is due to their
very short OCV equilibration times, which we would consider far
too short to yield reliable TD-OCV data. The magnitude of the
entropy values of LMR-NCM is fairly comparable with the data for
regular layered oxides.?**>%°

L 48

Another interesting finding is that distinct features of the Z—z(é)

curve vs SOC correlate well with peaks in the dQ/dV plot recorded
at the same rate but without intermittent OCV periods (see Fig. 4a),
as marked by the dashed lines in Figs. 4a and 4b. Schlueter at al.,"”
also report a correlation between peaks in the dQ/dV plots of
LiMn,0O, and features in the respective entropy profile. In charge
direction, the position of the maximum of the entropy peak at £ ~
0.20 coincides with the location of a peak in the dQ/dV plot (see left-
most set of black dashed lines). This dQ/dV peak is usually assigned
to the Mn*™"** redox reaction.’® Another peak in the dQ/dV plot
during charge is observed where the entropy curve starts the plateau
(near ¢ =~ 0.50; marked by the second set of vertical black dashed
lines). It is mainly assigned to Ni>™3*** and Co*™** redox
chemistry.”® In the discharge direction, the same correspondence

between the peaks in the dQ/dV vs capacity plot and the partial
molar entropy vs capacity plot is observed (marked by the vertical
orange dashed lines). Since these redox reactions are guided by the
Gibbs free energys, it is not surprising that the dQ/dV plot shows the
same hysteresis as a function of SOC, as the OCV and the entropy
curve.

Discussion of the configurational entropy.—The configurational
entropy can be represented by a statistical distributional model of Li
on available lattice sites. In the literature, two structural models are
typically used to explain common features in entropy curves. One
refers to an ideal solid solution, where all vacancies in the lattice are
filled randomly.'*'> The other model is based on two or more
energetically different sub-lattices, which are filled in energetic
order.’>™'> The entropy curves of LMR-NCM/Li, however, show
none of the typical fingerprints of those configurational entropy
profiles. There are several reasons why configurational entropy is not

expected to be dominating the 3—;(&) curve in case of LMR-NCM/Li,

which will be discussed in the following.

Configurational entropy should in principle always be a function
of the distributional variability of Li in the CAM, hence the SOC of
the cell. Because of the steep voltage curves of LMR-NCM/Li

(% ~ 1.5 eV), the amount of thermally exchangeable Li sites near

the Fermi level is very small (Ax,cchange = FR% = 1.7%). We do
s

therefore not expect any significant contributions from the config-
urational entropy in our system. Another important consideration is

the fact that there is a path dependence of %(&) vs SOC, which

vanishes as a function of OCV. This means that the entropy is a
function of the OCV (= chemical potential of the LMR-NCM) and
not directly of the amount of Li in the structure, which we would
expect in case of a dominating configurational entropy. The broad-

ness of the peak in the %(ﬁ) curve can be explained by a continuous

modification of the LMR-NCM structure during (de-)lithiation,
which is proven by XRD measurements.>® The ongoing change in
the chemical potential of lithium entering the host lattice during
discharge (and leaving the CAM during charge) might lead to a
smearing out of any contributions from configurational entropy in
contrast to the situation of an ideal solid solution where all Li sites
are energetically equal leading to distinct curve features from
configurational entropy. Another reason why the contribution from
the configurational entropy might not be visible is that the over-
lithiation of the LMR-NCM and hence the removal of Li from the
transition metal layer might lead to the formation of domains with
only a limited amount of Li vacancies. This would effectively
suppress the distributional variability of Li ions over the host lattice
and reduce the configurational entropy of the whole structure. In
support of this argument, it was reported in the literature that the
overlithiation of LiCoO,>! and Li,Mn,0,'*!'* reduces the character-
istic features of the configurational entropy by the formation of
pinned Li in the host structure.

Discussion of the vibrational entropy.—The vibrational entropy
was introduced in theory section above and was reported to give a
constant offset.”’ In the case of LMR-NCM, where we observe a
hysteretic behavior and a lack of typical fingerprints of configura-
tional entropy, it is worth to discuss the possible influence of the
vibrational entropy. Heubner et al.,>> who also observed a peak in
the entropy profile of their active material NaFePO, followed by a
flat behavior with increasing SOC, speculated that contributions
from vibrational entropy are possible. For LMR-NCM, owing to the
low mass of Li, any confined movement within the Li layer should
lead to rather high frequency vibrations and is thus not expected to
be active at ambient temperature. Therefore, any change of vibra-
tional entropy in the LMR-NCM must be caused by the host lattice
itself. It is conceivable that low-frequency translational vibronic
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Figure 5. Results from window-opening experiments in discharge direction
for 0.33 LMR-NCM/Li cells after activation/stabilization. (a) The voltage
curve for the 4th cycle with a continuous cycle indicated by the gray dashed
line and the charge/discharge procedure prior to the window-opening marked
by the black line. The window-opening loops from the reference point C, to
the turning points C;-C; are indicated by colored arrows; (b) partial molar
entropy during charge (black circles, same data as in Fig. 4) and discharge
(orange triangles, same data as in Fig. 4) with trendlines as a function of
capacity (upper x-axis) or reaction turnover (lower x-axis); (c) same data as a
function of OCV. Measurement procedure: (i) after activation/stabilization,
cells were charged to 4.7 V and discharged to an absolute capacity of 125
mAh g’l (Cop) at C/10 and 25 °C; (ii) subsequently, cells were discharged to
either C; = 110 mAh g~!, C, = 95 mAh g ' or C; = 85 mAh g~ ' and then
charged again to C, (all at C/10 and 25 °C); (iii) at Co, the cells were allowed
to rest until the change in OCV was less than =~ 0.2 mV h’l, after which the
cell-TD-OCV was determined. The resulting partial molar entropy data
points from the window-opening are labeled according to their maximum
discharge capacity window (Cy=0, C,=0, C,=0, C;=0).

modes of the host lattice will be disturbed or suppressed by the
presence of Li ions. Possible scenarios are disruptions of vibrations
by dislocations of lattice chains, which can be caused by Li (de-)
intercalation and its influence on the interlayer distance, transition
metal migration, and the formation of clusters. Another reason is a
change in the stiffness™ of the host lattice, e.g. by oxidation/
reduction of the transition metals or by oxygen redox. In any case,
the vibrational entropy is expected to be a function of the energetic
state and structure of the host lattice. From XRD studies, it is already
known that the LMR-NCM structure changes as a function of OCV
and shows a hysteresis as a function of SOC>*—similar to what is
observed for the partial molar entropy. This is why it is reasonable to
assume that the entropy profile of LMR-NCM is dominated by
changes in the vibrational entropy of the host lattice (expected to be
a function of OCV) rather than configurational entropy of the Li
atoms in the structure (expected to be a function of SOC).

Typically, a peak in the %(E) profile is correlated to a phase

transition.”*>> For example, McKinnon et al.*® found a broad peak
in the entropy profile of Li;MogSeg around x = 2.8, which they
ascribed to the phase transition between the triclinic and the
rhombohedral state. They also report a peak in the dQ/dV at the
same SOC. Interestingly, they also observe a shift of the peak
between charge and discharge direction, translating to a shift in the
respective phase boundaries. A broad peak as observed for LMR-
NCM is typically ascribed to a second order phase transition. Any
phase transition in the electrode should be driven by the chemical
potential and should therefore correlate with the OCV, as is the case
here. It is therefore conceivable that at an OCV of ~ 3.5 V (Fig. 4¢),
the LMR-NCM is transformed in a way that gives rise to the
observable peak in the entropy profile. However, it needs to be
stressed that what we propose here is no structural phase transition in
terms of two crystallographically different s 6ymmetries, for which
diffraction studies clearly give no evidence.”® We rather assume an
energetic difference between the two phases, similar to what was
proposed by Assat et al.”’ The description of the LMR-NCM
structure in terms of energetically different domains was already
discussed in the context with impedance measurements, where an
asymmetry between the area-specific impedance of LMR-NCM
during charge and discharge and an anomalous rise at low SOCs
during discharge is observed.' This path dependence of the
impedance shows some similarity with the entropy shown in
Fig. 4. Chen et al.” ascribe this phenomenon to bulk rather than
interfacial processes within LMR-NCM. They propose that the
activated LMR-NCM can be viewed by a percolating network of
layered-type, ordered domains with facile Li diffusion, interspersed
with disordered domains, which have significantly higher barriers
for Li diffusion. Once the layered sites are filled upon discharge,
mostly sites in disordered domains remain that represent a consider-
able barrier for Li diffusion and cause the observable rise in the
impedance. Gowda et al.> follow a similar line of argumentation by
describing the LMR-NCM as a nano-composite of Ni- and Co-rich
domains with facile Li diffusion and Li- and Mn-rich domains with
sluggish Li diffusion. At this point, we want to make clear that we
differentiate between the “phase transition” itself and the process
causing its path dependence (and the other hysteresis phenomena) as
a function of SOC.

Window-opening experiments.—Before we discuss the window-
opening experiments, we will briefly summarize the definitions to
describe hysteretic phenomena, as for instance summarized by
Neumann.** Hysteresis loops indicate process pathways along
thermodynamically metastable states, which are separated by energy
barriers from lower equilibrium states. Referring to the CAM in our
study, these can in the simplest case originate from interactions
between Li ions but may also involve more complicated interactions
with the host lattice, for example via charge compensating redox
mechanisms. In the latter case, cooperative effects, including
domain-like structures, may effectively hinder transitions to the
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equilibrium state. Such high energy barriers can be overcome,
however, by supplying external energy (e.g. by charging/dischar-
ging) whereby the system reaches regions with lower barriers via
metastable pathways. There, a relaxation to the more stable state
finally occurs, which, if it is sufficiently exothermic, is unidirectional
and quasi irreversible. If the process is reversed (e.g. on discharge),
the system will return to the initial state along a different metastable
pathway, which eventually crosses the initial path. Here again,
energy barriers will prevent immediate joining with the initial
pathway before the barrier becomes small enough for the backwards
relaxation. When the associated interaction domains are not uniform,
e.g. because of size or local composition, the energies and barriers
contributing to the overall hysteresis pathways will vary accord-
ingly. Then, transitions between both hysteresis branches will not
occur uniformly but will be spread throughout the hysteresis loop,
which will be a composite of a distribution of individual hysteresis
loops. These can be explored with so-called scanning curves, which
can give insights into the arrangement of the energy barriers. As long
as external perturbations are restricted to regions of metastability,
the behavior of a domain is apparently reversible but as soon as the
external changes proceed beyond the point, at which the energy
barriers can be overcome, a relaxation occurs, which causes the
domain to remain in the new stable state even if the original external
conditions are re-established. It needs to be stressed here, that when
we use the words “equilibration” or “domain” we do not refer to
actual crystallographic phase changes and domains (for which there
is no evidence), but rather use the general concept of hysteresis and
apply it to the situation in LMR-NCM cathode active materials.
Thereby, “equilibration” describes all changes in the LMR-NCM
phase upon (de-)lithiation (e.g. structural, energetic, ordering, etc.)
and ‘domain’ characterizes a structural unit or region in the LMR-
NCM (e.g. primary particles, individual crystallites, etc.), which is
considered homogeneous, meaning that its elemental units change
their state cooperatively.

For 0.33 LMR-NCM/Li cells, the analysis of scanning curves
within the hysteresis loop is done by conducting so-called window-
opening experiments, in which starting from a certain SOC point, the
charge (or discharge) SOC window is sequentially opened. Croy and
co-workers have already found a gradual opening of the OCV
hysteresis loop for LMR-NCM materials when conducting window-
opening experiments.**>® In a similar manner, we investigated the
path dependence of the entropy in the discharge branch of the
hysteresis. As shown in Fig. 5a, this was accomplished by the
following protocol: After the activation and two stabilization cycles
(not shown), another C/10 charge up to 4.7V was conducted,
followed by a C/10 discharge (black line) to an absolute capacity of
Cp = 125 mAh gfl (black symbol). After relaxation in OCV (until
the change in OCV was less than ~ 0.2 mV h™"), the TD-OCV was
measured at this reference point. It is marked with a @ in Figs. 5b
and Sc. Starting from the reference capacity C,, discharge-charge
loops (window-opening loops, indicated by the colored arrows in
Fig. 5a) were conducted with identical cells. After the respective
turning points (marked by colored symbols in Fig. 5a) at absolute
capacity values of C; = 110 mAh g~' (blue), C, = 95 mAh g~
(green), C3 = 80 mAh gfl (orange), the cells were again charged
back to Cy (without any OCV phase in between). There, the cells
were allowed to rest in OCV until the change in OCV was less than
~ 02mV h™', before the TD-OCV was measured after each
window cycle at the same Cy and compared to that measured during
a normal discharge (data point ©, without previous discharge/charge
loops).

Figures 5b and 5c show the entropy data from the window-
opening experiment together with the partial molar entropy curves
from Fig. 4. When the SOC window is only opened up to point Cy,
the entropy measured at the reference point Cy has not changed (data
point marked by ©). However, if the SOC window is opened further
to point C, and Cs, the entropy measured at C, increases and moves
towards the entropy curve for charge (® and @ in Fig. 5b. At the
same time, the respective OCV increases as shown in Fig. 5c. Thus,

the relaxations, which gradually close the hysteresis curve during
discharge start below =~ 110 mAh g~'. The further the cell is
discharged below this point, the more domains can overcome their
individual barriers and remain in the relaxed state with its corre-
sponding entropy and OCV, even if the cell is recharged back to the
reference capacity (Cy). This is in agreement with literature reports
on the OCV hysteresis‘m’5 8 and the hysteresis of lattice parameters.>®
For example, Croy et al.,** found that the voltage hysteresis upon
discharge in the range between 4.6 V ( translates to & ~ 0.96 in our
case) and 3.8V (£ =~ 0.66) is almost non-existent, but gradually
grows when the window is further opened up to 3.3V (§ =~ 0.24).
Also, Teufl et al.,' report on an increasing path dependence of the
resistance with increasing upper cutoff voltage during charge. Figure
S8 in the Supporting Information shows a window-opening experi-
ment during charge, which was conducted in a similar manner as the
one shown in Fig. 5 (procedure explained in the SI). Starting at an
SOC of Cy = 100 mAh g~', charge-discharge loops to increasing
upper cut-offs were conducted. The entropy and OCV measured
after reaching C, again indicate that the relaxation processes during
charge occur when the cell is charged above ~ 150 mAh g~ ".

We can conclude that on the metastable pathways of the
hysteresis loop, the LMR-NCM material can behave quasi-reversible
in some sections, and endure irreversible relaxations in other
sections. The nature of the energy barriers in LMR-NCM cannot
be clarified by the applied entropy measurement. Instead, we observe
the effect that the hysteresis has on the entropy profile, namely a
path-dependence of the entropy curve vs SOC between charge and
discharge. We want to stress once more that the peak in the 0.33
LMR-NCMV/Li entropy curve, which might indicate a second order
phase transition, must be regarded as another phenomenon.

Entropy and reversible heat in LMR-NCM.—The integral of the
charge or discharge voltage curve over the SOC corresponds to the
electrical energy applied during charge and gained during discharge.
The difference of both corresponds to the energy loss in form of heat
over a complete cycle. The irreversible heat (Qiey) due to charge
transfer and mass transport overpotential losses leads to a difference
between the potential E at an applied current / and the equilibrium
potential Ey at OCV conditions. In Fig. 3, Q. corresponds to the
area between the black line (voltage while applying a current) and
the blue line (OCV curve). The irreversible heat scales with the
applied current and is always exothermic. The energy loss corre-
sponding to the OCV hysteresis (blue area in Fig. 3) is independent
of the applied current (see Fig. S6 in the SI). The description of this
heat term is not trivial and will be the focus of a different study.>
Additionally, heat can be released and absorbed reversibly because
of entropic changes in the battery. In contrast to the other sources of
heat, this cannot be derived from the voltage curve. The reversible
heat generation, Q,.,, is a function of the partial molar entropy and
the temperature. For a reversible process, Q. is obtained by:

das
0= | T-(d—é@)-da [16]

In the case of LMR-NCM, however, & does not describe the charge/
discharge processes unambiguously. Particularly, at the same &, the
CAM can have two different structures evidenced by the observed
differences in lattice parameters>® and atomic distances.” The OCV
hysteresis furthermore underlines that the re-entrant Li environment
during discharge is energetically different from that during
charge.**® In fact, it is known that hysteretic processes follow
metastable paths away from the thermodynamic equilibrium.**°
The measurement of the cell-TD-OCV, however, can only trace the
chemical potential along the accessible metastable pathway. In case
of the LMR-NCM, frustrated structural relaxations might induce this
metastability. In the course of the hysteresis loop, some of the
energetic barriers to equilibrium may eventually sink so that
irreversible relaxations can partially or locally restore equilibrium
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and release structural or chemical energy. In a closed cycle, all the
additionally produced entropy eventually has to be transferred to the
surrounding in order to ensure entropy conversion. This entropy
transfer does not necessarily occur immediately, as long as it does
not arrive at motional degrees of freedom leading to a temperature
increase. It can happen later during further progress of charging or
discharging. Under isothermal conditions, the entropy will be
transferred in a reversible act and so structural or chemical energy
is finally carried to the surroundings in form of heat. The total
entropy change of the system, dSj,, for materials with a pronounced
hysteresis can thus be written as:

dSsys = dSeqm' + dsint,prod [17]
dS,4.i is the entropy change of the system, if it were in equilibrium
and could reversibly exchange heat with the surroundings. The
corresponding reversible heat is calculated based on integrating
dS,q.i according to Eq. 16. Since entropy is a state function, it is

conserved for reversible processes, meaning that 55 dSequi = 0. For

LMR-NCM, another term is required, which describes the internal
entropy production, dSi,,,,pmd.“’”’(’O This is the additional entropy
change of the system, which occurs due to redistribution of energy
during structural relaxation. Such relaxations bring any hysteretic
deviations of the state functions closer to equilibrium and internally
“produce” entropy. Experimentally, only the total entropy change of
the system, dS,y,, is accessible and we do not know, how large dS,i
actually is. It should, however, not suffer from hysteresis and should
thus be the same for charging and discharging (with opposite sign)
and be zero when a complete cycle is considered. Due to the

additional term of dS;,; proq in case of LMR-NCM, a cyclic integral
over the measured partial molar entropy will, however, not be zero
but be a measure of the internal entropy production within a
complete cycle. Interpretation of this integral requires a bit of
care. For clarity, we split the integration of the measured partial

molar entropy of LMR-NCM in two parts. The integration of Z—z(é)

over & gives ~+10.0J (mol K1) for the charge and ~—11.2J (mol
K1) for the discharge process (for 0.11 < & < 0.91; d€ > 0 for
charge and d& < O for discharge). The observed difference is a
measure of the internal entropy production. It is surprising that the
cyclic integral over the whole charge/discharge process gives has
negative sign although entropy production is expected to be positive.
The observed difference can hence not solely be explained by
irreversible processes with entropy change being strictly positive.
The formation of products with lower entropy during charge or
higher entropy during discharge could explain this unusual observa-
tion. It is well known that LMR-NCM suffers from ongoing voltage
decay®®? which is proposed to be caused by progressive irreversible
TM migration®"®* possibly coupled to oxygen redox* and even
oxygen vacancies.** Moreover, the formation of an oxygen degleted
surface layer is reported to cause capacity fading over cycling.?' For
such structural transformations, the sign of the entropy change is not
known and they might hence explain the observed negative value. A
contribution of entropy production (with positive sign) can never-
theless not be excluded. The observed difference between the charge
and discharge entropy curve needs to be interpreted with care since

we have to consider, how reliable the determination of j—z(é) is. We

are confident that the observed shift between the charge and the
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removed for clarity. (c) Comparison of the same 3—5(5) data but plotted as a function of OCV. (d) OCV curves comparing the OCV hysteresis of 0.50 LMR-NCM/
Li (blue) and 0.33 LMR-NCM/Li cells (gray; same data as in Fig. 3) at C/10 (25 °C) after activation and two stabilization cycles.
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Figure 7. Comparison of voltage and partial molar entropy vs capacity
curves during activation and after activation/stabilization (4th cycle) of 0.33
LMR-NCM/Li cells with trendlines as guides for the eye (all at 25 °C): (a)
voltage curves with OCV points of the activation cycle at C/15 (charge in
green, discharge in blue) and of the 4th cycle (C/10, charge in black,
discharge in orange); (b) dQ/dV plot of the activation of a LMR-NCMY/Li cell
at C/15; (c) partial molar entropy values during charge (circles) and
discharge (triangles) in the activation cycle (green/blue) and the 4th cycle
(black/orange) as a function of capacity (upper x-axis) and & (lower x-axis).
The dashed vertical lines highlight common features in the different plots.

discharge entropy curves is true. The shift, however, is not the
reason for the observed difference. Instead, the peak of the Z—‘Z(Z;)

curve during discharge is slightly broader than during charge. The
difference between both only amounts to ~ 10% of the absolute
values. Considering the pronounced scatter of the data points in

Fig. 4, the interpretation of this value requires a bit of care. In
summary, we conclude that the calculation of the classical reversible
heat according to Eq. 16 as a function of SOC is not applicable for
materials with a pronounced hysteresis such as LMR-NCM since the
measured entropy includes contributions from internal entropy
production.

Effect of overlithiation on the entropy profile of LMR-NCM.—
Entropy profile of 0.50 LMR-NCM.—To further analyze the entropy
of this type of CAMs, the measurements were repeated on an LMR-
NCM with a higher degree of overlithiation. The standard material
of this study was denoted as 033 LMR-NCM
(Li1.14[Ni0'26C00'14Mn0_6]0'8602), while 0.50 LMR-NCM refers to
the material with the higher Li content, with the overall stoichio-
metry of Lij o[ TM].g0O>. The nomenclature and stoichiometry are
explained in the Experimental section. It was shown in the literature
that the degree of overlithiation in LMR-NCM affects the electro-
chemical performance of this CAM class in terms of surface
degradation and resistance build-up, but also with regards to the
lattice parameters.®*!*® As can be seen in Fig. 6d, the size of the
OCYV hysteresis loop increases with the degree of overlithiation. This
is expressed in terms of a & 1.5-fold increase in the OCV hysteresis
related energy loss over the same ASOC that is represented by the
gray and blue shaded areas in Fig. 6d (45.5 mWh g~' vs 69.2 mWh
g™ 1), caused by a &~ 1.5 -fold increase in the ASOC averaged mean
voltage difference between the charge and discharge OCV curves
(184 mV vs 268 mV; obtained by dividing the OCV hysteresis
energy by the ASOC window of 247 mAh g~ for 0.33 LMR-NCM
and 259 mAh g~' for 0.50 LMR-NCM).

Figure 6a shows the %(&) vs SOC (and &) profile of 0.50 LMR-

NCM/Li cells, obtained from cell-TD-OCV measurements after one
activation and two stabilization cycles. Similar to the curves of the
0.33 LMR-NCM/Li (see Fig. 4b), there is a path dependence of the
partial molar entropy between charge and discharge, with a peak
around & = (.3 during charge and a broader peak at & ~ 0.4 during

discharge. In Fig. 6b, the 3—2(5) profiles of LMR-NCM/Li cells with

either 0.33 LMR-NCM or 0.33 LMR-NCM are contrasted. To
enable a comparison of the two materials on the SOC scale, the
data are shown as a function of capacity rather than extent of
reaction because & was defined relative to the total amount of Li,
which differs for both materials. The most remarkable difference
between the partial molar entropy profiles of the LMR-NCM
materials in Fig. 6b is the shift of the partial molar entropy peaks
in both charge and discharge to higher SOC values for the 0.50
LMR-NCM (gray and red symbols) compared to the 0.33 LMR-
NCM (black and orange symbols); hereby, only the positions of the
peak maxima are shifted, while the partial molar entropy values to
the right of the peaks (i.e., at higher SOCs) become practically
identical for both materials in both the charge and the discharge
direction. Moreover, the peak maxima of the 0.50 LMR-NCM are
lower by an absolute value of = 4 J/(mol K). Both materials have in
common that their discharge peaks are rather broad in comparison to
the respective charge peaks and that the partial molar entropy values
reach the same plateau values at high degrees of delithiation. The
path dependence expressed in terms of peak shifting between charge
and discharge is very similar for both materials with ASOC ~ 23
mAh/g (= 6.1% of the total Li amount in Li; ,o[TM].g0O,) for the
0.50 LMR-NCM and ASOC =~ 22 mAh g~' (~ 6.4% referenced to
Li; 14[TM]g 560-) for the 0.33 LMR-NCM. From the increased OCV
hysteresis loop of the 0.50 LMR-NCM, shown in Fig. 6d, one might
have expected that the partial molar entropy profile of this material
would show a considerably larger peak shift, which is not the case.
Interestingly, when plotted as a function of OCV, as is shown in
Fig. 6¢, the partial molar entropy profiles in charge and discharge for
both materials superimpose aside from the smaller peak heights for
the 0.50 LMR-NCM. This means that not only the material specific
path dependence has vanished vs OCV but also the difference
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between the materials. We conclude that although the OCV
hysteresis curves of these materials are different (see Fig. 6d), the
entropy profiles coincide when considered as a function of OCV.

Indications for vibrational entropy.—As discussed above, the
changes in vibrational entropy are expected to be a function of the
OCV and not of the SOC, whereas the configurational entropy
should be a function of & and hence of the SOC. The fact that the
differences in the partial molar entropy profiles between the two
LMR-NCM materials plotted vs SOC vanish when they are plotted
as a function of OCV suggests that independent of the apparent
SOC, the OCYV is the actual descriptor of the electrochemical state of
the material. In other words, when two LMR-NCM materials are
considered to be at the same OCV, they might have a different
amount of Li, which can be distributed over the available Li sites,

but nevertheless they have the same value for Z—‘Z(é;). This is another

strong indicator that what we observe in the Z—Z(ﬁ) curve cannot be

dominated by the configurational entropy but rather by the vibra-
tional entropy of the host lattice. From a theoretical point of view, a
thorough simulation of the LMR-NCM structure at different SOCs
and the respective derivation of vibrational density of states could
shed more light on this issue.

Partial molar entropy during the first-charge activation of
LMR-NCM.— Partial molar entropy of LMR-NCM before and after
activation.—For LMR-NCM cathode active materials, it is well
known that during the first charge a so-called activation process
occurs, during which oxygen is released from the material®>"*%> and
irreversible structural changes*®° occur, including transition metal
migration, oxygen redox, and the loss of a honeycomb ordering.
These irreversible processes lead to a unique first charge voltage
curve and also cause the cell resistance' and the lattice parameters6
to differ from that of the following cycles. Hence, we also expect a
unique partial molar entropy profile during the activation of LMR-
NCM. In Fig. 7a, the voltage profile of the first activation cycle is
compared to that of the 4th cycle, where all other entropy
measurements were typically conducted. In addition to an initial
voltage plateau around ~4 V, the first charge curve exhibits a
characteristic second plateau at ~4.5 V (green line). Both features
become more obvious from the corresponding peaks in the dQ/dV
plot in Fig. 7b (green line). In contrast, the first discharge (blue line
in Fig. 7a) resembles all following discharge curves after activation,
as represented by the 4th cycle (orange line).

In Fig. 7c, the partial molar entropy changes during activation are
compared to those after activation (measured in the 4th cycle, as
shown in Fig. 4). The entropy curve in the first activation charge
(green circles) is completely different from that obtained during the
charge of a cell after activation/stabilization (black circles). At the
beginning of the first charge (§ = 0), the most positive partial molar
entropy is observed, decreasing in a pole-like feature which levels
off to a value of &~ 12J (mol K1) at ~ 50 mAh gfl. This transition
point coincides with the first maximum in the dQ/dV plot (marked
by the first set of vertical green dashed lines in Fig. 7), i.e., in the
mid-point of the first voltage plateau. At a capacity of ~ 130 mAh
¢!, a double pole feature is observed, first going down and then
switching to a second pole coming from more positive values of

j—z(g). This feature coincides with the transition to the second voltage
plateau that is marked by the minimum in the dQ/dV plot in Fig. 7b

(second set of green dashed lines in Fig. 7). Subsequently, the 3—2(;)

profile remains rather flat in the SOC range around ~ 200 mAh g™,

where another dQ/dV maximum occurs marking the middle of the

second voltage plateau (third set of green dashed lines in Fig. 7).
Starting at ~ 250 mAh g™, j—g(é) gradually decreases to = 8 J (mol
K !) at the end of charge. During the first activation charge, there is
no indication of the prominent broad peak at & =~ 0.2 seen during

charging of LMR-NCM after activation (black circles/lines in
Fig. 7c¢).

In contrast to these striking differences observed during charge,
there is no considerable difference between the entropy curve of the
first and the 4th discharge (blue and orange symbols in Fig. 7b), in
accordance to the associated voltage curves (see Fig. 7a). Window
opening experiments in the activation charge show the same trend as
was found for the LMR-NCM/Li cells after the initial activation/
stabilization cycles. In Fig. S9 in the SI it can be seen that, when the
charge window is gradually opened, the entropy values measured at
a reference capacity point (Co = 75 mAh g™') subsequently change
and shift from the first charge profile to that of the first discharge
profile.

Although the entropy data of Shi et al.™ obtained after the initial
activation/stabilization cycles differ from ours, as already noted,
they likewise observe significant differences between the entropy
profiles during the first charge and the following charge cycles. In
their data, the peak at low SOC during charge is also missing during
activation, whereas during discharge they see a comparable curve
shape as in their following cycles including a peak-like feature at
low SOCs.

1.48

Configurational entropy during the first charge of LMR-
NCM.—In the following we will put our results into context with
literature reports that have investigated the activation process in this

type of materials with other methods. The positive pole in the Z—“Z(é)

curve near & = 0 (green circles in Fig. 7¢) is a typical and strong
indication of emerging configurational freedom of Li in the host
lattice after the first empty Li-sites become available. In such a case,

one expects a typical S-shaped 3—‘;(&) dependence.'*™'° The corre-

sponding negative pole might appear at & ~ 0.4 back to back with a
second positive pole. A closing negative pole expected from the last
exchangeable Li emanating from the host sites appears only in
outlines beyond & > 0.9, if at all. The back to back pole pairs reflect
switching between pools of energetically equivalent sites similar to
what is reported for the two sub-lattice model'>~'> mentioned above.
Such a discontinuity in the entropy curve at & = 0.4 might be
caused by a sufficiently high difference in the interaction energy of
the Li with the two sites,15 which would be consistent with the
observations that the mid-points of the low and high voltage plateau,
as indicated by the maxima in the dQ/dV plot, differ by ~ 0.5V
(first and last set of the green dashed lines in Figs. 7b and 7c). The
discontinuity could, in principle, also be caused by pronounced
repulsive nearest neighbor interactions.'® In contrast to the suc-
ceeding cycles, where no sign of configurational entropy was found,
entropy data of the first charge give strong evidence for free Li
exchange between sites being cleared in two consecutive voltage
steps. A significant amount of Li sites are therefore energetically
equivalent (within thermal energy) between & ~ 0 and & ~ 0.4, at
which point a second pool of energetically equivalent sites starts to
allow for Li exchange. Since there is no clear signature of a final
negative pole at high SOC, it cannot be specified up to which values
of & this exchange persists. Two successive pools of energetically
equivalent sites would also be in agreement with the two character-
istic plateaus in the first charge voltage profile. Both findings suggest
that the delithiation actuates (at least) two different charge compen-
sation mechanisms.’*-6%-

During the initial plateau associated with the first peak in the dQ/
dV plot, cationic oxidation of Ni and Co occurs. This process is the
same as for classical layered transition metal oxide cathodes. When
LMR-NCM cathodes are only cycled within this limited SOC range
(€ < 04), they behave like stoichiometrically lithiated NCMs,
meaning that the hysteresis of the voltage,44 of the lattice
parameters,® and the resistance' is minor. Likewise, the entropy
profile of LMR-NCM in this first region, also resembles those
observed for regular NCMs.”*® Window-opening experiments
during the first charge (Figure S9 in the SI) show that the entropy
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profile is maintained and is not path dependent as long as the
material is not cycled beyond & ~ 0.4.

In contrast to the initial low-voltage plateau of the activation
process, the subsequent high-voltage plateau is reported to include
irreversible changes within the LMR-NCM such as O-redox
occurring together with TM migration and the removal of Li from
the TM layer.’>%*~%® The oxidation of O~ is reported to be mostly
reversible for the bulk oxygen,***®¢’ at the surface, however, O, is
irreversibly lost from the structure.®> On charging across the high-
voltage plateau, the in-plane honeycomb superstructure ordering of
the TMs is irreversibly lost.***® A coupling between TM migration
and bulk anionic redox is discussed in the literature.**® The fact
that the activation charge of LMR-NCM proceeds via two different
charge compensation steps, of which the first is reversible while
during the second step the LMR-NCM structure is permanently
modified, is a strong indication that the interpretation of the
corresponding entropy curve with two pools of energetically
equivalent sites is valid. As mentioned above, we do not propose
two crystallographically different sub-lattices, but rather two en-
ergetically different Li deintercalation processes. The contributions
of the configurational entropy during the first charge seem to be
responsible for the observed entropy curve features (on the order of
+2J (mol K1), but the entropy offset of —12 J (mol K™Y is not
related to configurational contributions.

In contrast to the unique entropy curve upon the first activation
charge, there is no considerable difference between the entropy
curve of the first and the 4th discharge, which also reflects the
behavior of the voltage curves. This means that the (de-)intercalation
processes within the LMR-NCM material during the first charge
differ significantly from those of the first discharge and of all
consecutive cycles. The fact that the features from the configura-
tional entropy are no longer observable in the first discharge
indicates that the model of two pools of energetically equivalent
Li sites is no longer appropriate to describe the Li (de-)intercalation
process. Apparently, the distributional variability of Li among empty
lattice sites is effectively hindered. From the literature it is known
that the LMR-NCM structure is permanently modified during the
activation process. Although the bulk anionic redox is continuously
reversed upon discharge, the reordering of the TM layer is not
possible and the honey-comb superstructure is lost, which changes
the coordination environment around the oxygen.***® Furthermore,
NMR studies show that, in the fully discharged state, the local
environment of Li is different from that of the pristine state,
revealing a much higher degree of disorder in the TMs surrounding
the Li.°® These irreversible structural modifications lead to a
permanently lowered voltage profile upon subsequent cycling, with
an increased slope as compared to the first charge voltage curve*>’
and to a smaller peak amplitude in the respective dQ/dV plots
(compare Figs. 7b and 4b). As a consequence, the Li sites are
energetically wider dispersed, which reduces the configurational
freedom of Li within the lattice and hence blurs any features from
configurational entropy leaving back the more dominant contribution
from the vibrational entropy. Whether the processes which are
responsible for the observed disappearance of the configurational
entropy are also responsible for the hysteretic behavior of the LMR-
NCM remains an open question. Qiu et al.%” recently reported that
after activation, the pristine state of LMR-NCM cannot be recovered
by normal cycling but they demonstrated that the structure of cycled
LMR-NCM can be driven close to the original pristine state by heat
treatment. For this purpose, they harvested CAM after 50 regular
cycles, heat treated the material at up to 300 °C and built new cells
with the heat treated CAM.®® They observe a reappearance of the
plateau region at ~ 4.5 V in the voltage vs capacity plot, which they
ascribe to the lithium ion reinsertion into the TM layer and the
reduction of stacking faults and microstrain.®® It would be very
interesting to investigate if a heat treatment of the LMR-NCM after
activation also leads to a recovery of the partial molar entropy curve

from the first charge including the fingerprints from configurational
entropy.

Conclusions
The partial molar entropy changes j—z(ﬁ) of LMR-NCM/Li cells

during lithium (de-)intercalation were investigated. To obtain j—i(ﬁ),

the OCYV variation of the cell needs to be measured as a function of
temperature. We evaluated the experimental methods applied so far
and found that the widely implemented temperature step method is
prone to measurement artefacts. Instead, we implemented a tem-
perature ramp method, where the response of the OCV during a
triangular wave variation of the cell temperature is measured. Effects
from self-discharge, ongoing voltage relaxation and temperature
history can thereby be minimized.

To distinguish between the contribution of the LMR-NCM and
the Li electrode, the latter was first analyzed by means of spatially
non-isothermal experiments. We have found that the contribution of
Li ( ~ 1.1mV K™Y is in the same order of magnitude as the
contribution of the cathode and only the difference between the two
leads to the small values (=—0.1 mV K~!) observed for the LMR-
NCM/Li cell under spatially isothermal conditions. Since we
measure the OCV of LMR-NCM vs the Li reference electrode in
all following experiments, we can assume that the contribution of Li
is constant as a function of SOC and that all features observed in the

j—z(é) curve of LMR-NCM/Li cells originate from processes in the

cathode.

The cathode active material in the focus of this study is LMR-
NCM, which exhibits a unique hysteresis in the OCV. The resulting
partial molar entropy curves of LMR-NCMJ/Li cells show no typical
fingerprint features of the configurational entropy indicating that
there is hardly any configurational freedom of Li within the LMR-
NCM. In fact, from the steepness of the OCV curve, we do not
expect to find enough exchangeable Li within the Li layers to
contribute to configurational entropy. Instead, the entropy profile is
dominated by the changes in the lattice entropy (vibrational

entropy). We found a broad peak in the j—g(é) curve, similar to a

feature of a second order phase transition. Since diffraction studies
have not reported any evidence for a second phase, we propose that
there is no crystallographic phase transition but rather a change in
the local ordering or the energetics of the lattice (e.g. lattice strain).

We observed a hysteresis of the characteristic peak in the Z—z(ﬁ) curve

as a function of SOC, which vanishes if mapped as a function of
OCYV revealing that the entropy changes in LMR-NCM are governed
by the OCV and thus by the Gibbs free energy and not by the amount
of Li in the structure (§). This trend was also observed for an LMR-
NCM material with a higher degree of overlithiation. Clearly, & is no
unique descriptor of the (de-)lithiation processes within LMR-NCM
because at the same & LMR-NCM has a different structure

evidenced by OCV and j—z(?’;) values. This means that the charge

and discharge processes do not follow reversible pathways when a
full cycle is considered, which was further shown by window-
opening experiments. We conclude that the (de-)lithiation of LMR-
NCM follows metastable paths away from thermodynamic equili-
brium, as is common for hysteretic processes. In order to determine
the reversible heat of a battery, the partial molar entropy curve is
typically integrated. For LMR-NCM, this, however, also includes an
additional term caused by internal entropy production.

In addition to the analysis of a reversible cycle (after activation
and stabilization), the entropy profile of LMR-NCM/Li was also

investigated during the first activation cycle. The resulting Z—z(g)

curve obtained during the first charge differs significantly from that
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of the first discharge and of subsequent cycles. We explain the
observed curve features with changes in the configurational entropy
according to a two sub-lattice model. Apparently, the material
undergoes a permanent transformation during this activation, which
diminishes the distributional variability of Li ions in the structure
and hence blurs the contribution from the configurational entropy for
all subsequent charge/discharge processes.

Our findings on hysteresis, the resonance feature detected in
entropy and the observed dependence on OCV should stimulate and
focus detailed investigations with other experimental methods on
these features, which could lay the basis for extensive quantum
chemical calculations.
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Spatially non-isothermal measurement setup

As was mentioned in the experimental section, U-shaped pouch-cells were built to conduct spatially
non-isothermal measurements. Figure S 1 shows a schematic drawing of such a U-cell. In case of the
symmetric Li/Li U-cells, Li (and a Ni-tab) was used at both sides of the cell.

Ni-tab glass fiber separator

Pouch foil

Li

Water bath at constant Water bath at variable
temperature temperature

Figure S 1: Schematic drawing of the U-shaped pouch-cell used for spatially non-isothermal measurements of TD-OCVs.
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Comparison of different methods to determine the TD-OCV

To illustrate the effect of voltage relaxation, which is especially pronounced at high SOCs, Figure S2
and Figure S3 show OCV data as a function of relaxation time. Both data sets were obtained during
pre-experiments with a different cycling procedure as described in the main text. Here, we used a CCCV
cycling method with a CV hold at 4.7 V for 2h. Thereby, Figure S2 shows the OCV response recorded
when applying the step method. Please note, that the step method for this case differs from the one
presented in Figure 1 in the main text since the temperature steps were applied in a different order.
Figure S3a shows that the voltage relaxation is still ongoing, even after more than 90 h of relaxation.
Figure S3b illustrates that the ongoing voltage decay leads to three different OCV values for the three
measurements at 25°C. Since with the step method, one OCV value is determined for each
temperature, an ongoing voltage relaxation leads to a falsification of the calculation of the TD-OCV.
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Figure S 2: (a) Example of a temperature profile (black line) and the corresponding OCV response (blue symbols) when
applying the temperature step method. After equilibrating at OCV conditions for =94 h at 25°C, the temperature of the battery
is varied in steps with a thermal equilibration time of 1 h per step. Here, data from a 0.33 LMR-NCM/Li T-cell at a nominal
SOC of =310 mAh/g during the 4th charge is shown. (b) The cell-TD-OCV is the slope of a linear fit (black dashed line) of the
determined OCV values (blue symbols) as a function of the respective temperatures. The error bars of the OCV data are the
standard deviation calculated from averaging over the last 5 minutes of every 1 h temperature step. The error of the resulting
cell-TD-OCV includes the error from the linear fitting and the errors of the data points.

Figure S3 shows a comparable data set collected at *300mAh/g during the 4% charge using the ramp
method. Voltage relaxation is also pronounced in this case leading to slightly higher value for the
heating ramps (red lines in Figure S3) than for the cooling ramps (blue in Figure S3). By averaging over
the three heating and three cooling ramps, this effect can be minimized. The resulting TD-OCV
is -0.097+0.003 mV/K. Hence, the error of the ramp method is considerably smaller compared to the
step method, in agreement with what is shown in Table 1 in the manuscript.
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Voltage [V vs. Li*/Li]

76 78 80
relative time [h]

Figure S 3: Typical OCV profile during the application of the temperature ramp method where the temperature is varied
linearly between 5°C and 35°C with a rate of 0.5 K/min (as described in the main text) while the OCV is recorded (black
symbols). The red lines illustrate linear fits through the data collected during heating and the blue lines during cooling of the
cell. The calculated slope of the OCV variation as a function of time is given in the respective colors. Here, data from a
0.33 LMR-NCM/Li T-cell at a nominal SOC of =300 mAh/g during the 4th charge is shown after equilibrating the cell at OCV
conditions for =76 h at 25°C

The discrepancy between the two TD-OCV values determined by the step and the ramp method in
Figure S2 and Figure S3 arises from cell-to-cell variations, which were clearly observable during these
pre-experiments due to the (at this point of the study) not optimized experimental approach. Both
cells underwent several entropy measurements every =10% SOC before the data shown here was
collected. Due to accumulated self-discharge, the nominal SOC of the respective cells is not reliable
anymore. This is also evident by the different OCV values of both cells prior to the entropy
measurements. For this reason, we decided to use a set of identical cells to collect the data for the
manuscript, with every cell being measured only two to three times in order to avoid accumulated self-
discharging and an ambigous SOC determination as was observed during these pre-experiments.
Nevertheless, the data is still helpful to illustrate the effects of high SOCs on the measurement of the
TD-OCV with the step and the ramp method.
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To validate the herein implemented temperature ramp method, the TD-OCV was determined via the
temperature step procedure, a consecutive temperature ramping with a rate of 0.5 K/min and 1 K/min.
The results are shown in Figure S 4 and prove that the TD-OCV of the temperature ramp method agrees
with that obtained by the temperature step procedure. Moreover, the TD-OCV is independent of the
applied rate. Minor deviations arise from the ongoing OCV relaxation during the experiment, which
introduces a higher error in case of the temperature step method.
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Figure S 4: Comparison of the cell-TD-OCV values determined by the temperature step method (black symbols) and the
temperature ramp method with two different rates (0.5 K/min: blue symbols, 1 K/min: green symbols).
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Contribution of the Li counter electrode to the entropy of LMR-NCM/Li cells

Symmetrical Li/Li U-cells were analyzed in the spatially non-isothermal setup. By doing so, the
electrode-TD-OCV of Li, could be determined to be 1.12 mV/K on average. An exemplary data set of
such a measurement is shown in Figure S 5. The electrode-TD-OCV results from the slope of the
potential difference versus the temperature difference between the two Li electrodes.
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Figure S 5: Spatially non-isothermal measurement of a symmetric Li/Li U-cell with one Li-electrode exposed to linear
temperature changes between 0-40°C and one kept at a constant temperature of 25°C. The slope of the potential versus
temperature difference gives the electrode-TD-OCV of the Li electrode 1.16 mV/K.
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OCV hysteresis phenomena in LMR-NCM

As mentioned in the main part of the manuscript, there are several parameters, which were analyzed
with respect to their effect on the OCV hysteresis in LMR-NCM. It needs to be stressed that, for these
experiments, the SOC window had to be controlled by a capacity cutoff procedure to ensure that the
cycling was conducted in a fixed SOC window - independent of current and temperature. For the results
shown in Figure S 4 and Figure S 5, a different initial capacity was chosen.

For the investigation of the effect of the C-rate (Figure S 4), LMR-NCM/Li cells (after one activation and
two stabilization cycles) were charged to an absolute capacity of 90 mAh/g where the first 1 h rest
phase was conducted to collect an OCV data point. Subsequently, seven equidistant charging steps
(ASOC=25 mAh/g) each followed by a 1 h rest phase were done and the same procedure was repeated
for the discharge direction until the cells reached the initial capacity again. The thus recorded OCV
curves plotted in Figure S 6 show that the C-rate has no effect on the OCV hysteresis.
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Figure S 6: Comparison of the OCV curves of 0.33 LMR-NCM/Li cells at different C-rates (1C black, C/2 blue, C/10 green) in a
capacity limited SOC range after regular activation (i.e. after one formation and two stabilization cycles; see experimental
section in the main text). The resulting OCV data at all C-rates superimpose.

In Figure S 7, the OCV curves collected with LMR-NCM/Li cells at 0°C and 45°C are contrasted. After
activation/stabilization at 25°C, the cells were charged to an absolute capacity of 65 mAh/g at either
45°C or 0°C. Subsequently, seven equidistant charging steps (ASOC=25 mAh/g) each followed by a1 h
rest phase were done and the same procedure was repeated for the discharge direction. The data in
Figure S 7 therefore show a different SOC range than those in Figure S 6. Figure S 7 shows that the OCV
values at 45°C are generally lower than at 0°C. Partly, this is caused by the temperature dependence
of the OCV (on the order of -0.15 mV/K, see Figure 4a) that could account for on the order of =7 mV
lower OCV values at the higher temperature, but this cannot explain the whole shift in the OCV curves
that is on the order of =200 mV. There might be further factors, such as faster kinetics and relaxation,
which still need to be clarified. Apart from this, the specific energy loss associated with the OCV
hysteresis shows an interesting behavior, namely that it is clearly larger at higher temperatures.
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Figure S 7: OCV hysteresis curves of 0.33 LMR-NCM/Li at C/10 obtained at 0°C (black line and symbols) and 45°C (blue line
and symbols) in the 4th cycle after regular activation and stabilization at 25°C. The =200 mV lower OCV values at 45°C are not
only caused by the temperature dependence of the OCV. It could be a convolution of entropy coefficient, faster relaxation,
and other kinetic processes. However, this effect needs more investigation.
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Window-opening experiment in charge direction with activated/stabilized cells

Similar to the window-opening experiment in discharge direction that were conducted with
LMR-NCM/Li cells after the initial activation/stabilization cycles (see Figure 7 in the main text), another
window-opening experiment was conducted in charge direction, also using cells after the initial
activation/stabilization cycles As shown in Figure S 8a, the cells were initially charged to Co=
100 mAh/g, where the partial molar entropy was determined (marked by @ in Figure S6b and
Figure S 6¢). When cells were charged to other upper cut-offs (C;=150 mAh/g, C,=225 mAh/g,
C3=275 mAh/g), and again discharged to Co, the TD-OCV measured at Co (after 100-200 h relaxation)
differs from the initial one (@) the further the charge window is opened (®—>®).
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Figure S 8: Results from the window-opening experiments in charge direction with 0.33 LMR-NCM/Li cells after
activation/stabilization: (a) The voltage curve for the 4t cycle with a continuous cycle indicated by the gray dashed line and
the charge procedure prior to the window-opening marked by the black line. The window-opening loops from the reference
point Co to the turning points C;-Cs are indicated by colored arrows; (b) partial molar entropy during charge (black circles;
same data as in Figure 6) and discharge (orange triangles; same data as in Figure 6) with trendlines as a function of capacity
(upper x-axis) or reaction turnover (lower x-axis); (c) same data as a function of OCV. Measurement procedure: (i) after
activation/stabilization, cells were charged to Co=100 mAh/g at C/10 and 25°C; (ii) subsequently, cells were charged to either
C1=150 mAh/, C,=225 mAh/g, or to C3=275 mAh/g and then discharged again to Co=100 mAh/g (all at C/10 and 25°C); (iii) at
this final charge of 100 mAh/g, the cells were rested at OCV for ~100-200 h, after which the cell-TD-OCV was measured. The
partial molar entropy data points from the window-opening and the resulting OCV values are labeled according to the

maximum capacity window (Cos@; C15®; sz®; C35®),
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Window-opening experiment in charge direction for the first activation charge

Similar to the window-opening experiment in charge direction that was conducted after the initial
activation/stabilization cycles (see Figure S 8), another window-opening experiment in charge
direction was done during the first activation charge. For this purpose, the cells were charged to a
capacity of either 100 mAh/g (marked by @ in Figure S 9), 200 mAh/g (marked by @), 250 mAh/g
(marked by @), or 280 mAh/g (marked by @), after which the cell was discharged again to
Co=75 mAh/g, where it was rested at OCV for ~100-200 h, after which the cell-TD-OCV was determined.
For reference, the partial molar entropy data obtained without a window-opening loop are shown for
the first activation charge (green circles; same data as in Figure 9c) and for the first discharge (blue
triangles; same data as in Figure 9c). In agreement with the other experiments, it was found that the
resulting partial molar entropy values at Co=75 mAh/g gradually decrease from the charge curve value
(12 J/(molK)) to the discharge curve value (=22 J/(molK)), as the capacity window increases from
100 to 250 mAh/g (i.e. from @ to @). This means that also during activation the path dependence
between charge and discharge grows with increasing SOC window, together with a gradual
transformation of the LMR-NCM material.
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Figure S 9: Window-opening experiment in charge direction with 0.33 LMR-NCM/Li cells during the first activation charge,
showing the partial molar entropy versus capacity (upper x-axis) and versus reaction turnover (lower x-axis). For reference,
the partial molar entropy data acquired during the first activation charge (green circles; same as in Figure 9c) and the first
discharge (blue triangles; same as in Figure 9c). Window-opening measurement procedure: i) first activation charge of the
cells to Co=75mAh/g at C/15 and 25°C; ii) subsequently, the cells were further charged to either C;=100 mAh/g,
C,=200 mAh/g, C3=250 mAh/g, or to C4=280 mAh/g, and then discharged again to Co=75 mAh/g (all at C/15 and 25°C); iii) at
this final SOC of 75 mAh/g, the cells were rested at OCV for ~100-200 h, after which the cell-TD-OCV was measured. The
partial molar entropy data points from the window-opening are labeled according to the maximum capacity window (C1§®;

=Q); ¢:=03); C.=@)).

S10



Results

3.2.2 Implications of hysteresis on heat generation during cycling

The article “Classification of Heat Evolution Terms in Li-ion Batteries regarding the
OCV Hysteresis in a Li- and Mn-Rich NCM Cathode Material in Comparison to NCA”
was submitted to the peer-reviewed Journal of the Electrochemical Society in
February 2022 and was published in April 2022 as an “open access” article under
the terms of the Creative Commons Attribution Non-Commercial No Derivates 4.0
License. The permanent web link of this work 1is available under:

https://iopscience.iop.org/article/10.1149/1945-7111/ac6541.

As outlined in the previous section and in section 1.3, the commercial application of
LMR-NCM as cathode active material in LIBs is impeded by its pronounced OCV
hysteresis. It is the reason for a significantly reduced electrical energy round-trip
efficiency compared to NCMs and NCA. Since the OCV hysteresis is a material
specific property, its extent does not depend on the applied current. The
corresponding energy loss is expected to be converted into waste heat, posing an
additional challenge for the thermal management of the battery. In order to
investigate the energy loss caused by the OCV hysteresis, we conducted an
isothermal micro-calorimetry (IMC) study with LMR-NCM/Li cells, whereby
NCA/Li cells served as reference system, because NCA shows a relatively high

energy density (see Figure 1.2) but no significant OCV hysteresis.

In the article presented here, we aimed at answering the following questions with
regards to the LMR-NCM material: (i) Is the energy lost due to the OCV hysteresis
fully converted into waste heat? (ii) When is this heat dissipated (during charge or
discharge and at which SOC)? (iii) What conclusions can be drawn from the IMC
results regarding the underlying thermodynamic mechanisms behind the
hysteresis? For this purpose, we cycled both half-cell types in an IMC at the
Helmholtz Institute Ulm after we had conducted a few formation cycles in-house.
We investigated different C-rates (C/10, C/5, C/2, 1C; all at 25°C) and implemented
a 6 h rest phase after each half-cycle of interest in order to separate the heat flow
signal of the charge from that of the discharge. Revisiting equation (2.3) in

section 2.3, the heat generation due to OCV hysteresis (ths) is accessible by

measuring the total heat flow (Q) using IMC and subtracting the other sources of
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Results

heat (irreversible, reversible and parasitic heat). The calculation of the different

sources of heat is discussed in the article.

Considering the questions raised above, we found that (i) the energy loss due to
OCV hysteresis is fully converted into waste heat and that (ii) the majority of it is
dissipated during discharge. During charge, ths is mainly evolved at a high SOC
(>200 mAh/g), while during discharge, it is dissipated over the whole SOC range
and especially at SOC<170 mAh/g. Our results therefore indicate that (iii) the
underlying processes causing the OCV hysteresis evolve waste heat and occur

mainly at high SOC during charge and at low SOC during discharge.

The comparison between LMR-NCM/Li and NCA/Li cells clearly shows that the
generation of waste heat is much higher in case of the LMR-NCM cathode. This also
means that the energy round-trip efficiency is considerably lower. One reason is
that LMR-NCM exhibits a larger irreversible heat generation caused by a higher
cathode resistance. The other important factor is the OCV hysteresis, which
amounts up to 55% of the lost electrical work (at C/10) and hence causes a
significant contribution to the overall energy loss, which is not the case for NCA. Our
results hence underline the importance of an IMC analysis for electrode materials

with a pronounced hysteresis.
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Lithium-ion batteries (LIB) for use in portable electronic devices
and in battery electric vehicles (BEVs) dominate the battery market.
For the latter application, high-energy density batteries are required
(> 350 Wh kgee;"),! so that a significant challenge is to create a
suitable thermal management system, since the reduced surface area
to volume ratio in large batteries can result in insufficient heat
transfer from the cells to the surroundings.? Thus, the design of large
batteries requires an accurate prediction of the heat flow rate from
the LIB for the current loads applied.

Heat is produced and absorbed through various processes during
electrochemical cycling of a battery. These processes generally
include reversible entropic heat, irreversible heat due to the effects
of polarization, heat from side reactions, and heat of mixing caused
by the effects of the relaxation of lithium ion concentration gradients
after interruption of the current. This study does not take into
account the heat generation from side reactions because after several
formation cycles and compared to the other sources of heat, it is
typically negligible for cells that can be reversibly cycled.’* Heat
evolution due to mixing was also neglected, since it is a diffusional
effect after current interruption, which is only significant for
electrodes with large active material particles and at high current
densities.” In the isothermal calorimetric measurements applied here,
the heat absorbed by the cell remains close to zero, since the cell is
maintained at a constant temperature. This means that only entropic
and polarization effects contribute to the total heat generation.
Usually, the heat flow rate of a LIB is dominated by irreversible
heat at high current densities, while at lower currents, reversible heat
can make a significant contribution. A recently published study,
comparing the cycling behavior of 7 Ah pouch full-cells with Li- and
Mn-rich layered oxide (LMR-NCM) cathodes to that of NCA
cathodes, points out an additional significant heat evolution term
for LMR-NCM cathode active materials (CAMs) that is caused by
its large open-circuit voltage hysteresis (OCV hysteresis) and that
largely affects thermal management.®’ Hence, apart from the
applied current, the heat generation is also closely related to the

~These authors contributed equally to this work.
“E-mail: franziska.friedrich@tum.de

cell chemistry and for active materials with a significant voltage
hysteresis like Li- and Mn-rich NCMs and silicon, an additional heat
term due to the OCV hysteresis needs to be considered. The thermal
properties of electrode active materials are therefore critical for the
design of large-scale high-energy density batteries. These thermo-
dynamic data are essential input parameters in the modeling and
development of thermal management systems.

The aim of the present study is therefore to enable a thorough
understanding of the heat generation processes taking place in cells
with an LMR-NCM (Li]']4(Ni0‘26C00‘]4M1’10.6)0'8602) CAM that
exhibits a significant OCV hysteresis in comparison to cells with
NCA (LiNig g,C0g.15Alp,0405). We will compare these two CAMs
cycled in half-cells with a lithium anode, whereby NCA serves as a
reference CAM with a negligible OCV hysteresis that has been
commercialized by Tesla in its electric vehicles and is incorporated
in projections for grid-connected applications.® The scientific focus
of this study is on LMR-NCM, which has a high gravimetric
capacity (=250 mAh gc A D) and a low material cost compared to
other state-of-the-art CAMs, as it has a high manganese content
instead of cobalt and nickel. However, issues such as oxygen
evolution, gradual voltage fade during cycling, and a large OCV
hysteresis still hamper the commercialization of LMR-NCM.>"" As
mentioned by Kraft et al..® its OCV hysteresis, which is largely
independent of the applied current and thus a material-specific
property, negatively affects the round-trip efficiency of LMR-NCM
based cells when compared to NCA based cells. At low C-rates, the
energy round-trip efficiency for LMR-NCMY/Li cells is ~90%, while
it is ~99% for NCA/Li cells. If this energy inefficiency is dissipated
as heat, it not only constitutes an additional source of heat in the
overall energy balance, but it is also a challenge for the development
of a thermal management system of such batteries. Hence, the
following questions need to be addressed for materials like LMR-
NCM that have a pronounced OCV hysteresis: (i) Is the energy loss
due to the OCV hysteresis dissipated as heat? (ii) In what
proportions is this heat dissipated in charge and discharge? (iii) At
what point during charge and discharge is the heat evolved? (iv)
What conclusions can be drawn from the heat evolution profiles with
regard to the underlying thermodynamic mechanisms behind voltage
hysteresis?
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The current independent OCV hysteresis of LMR-NCM has
previously been studied from several perspectives. Literature reports
show correlations between OCV hysteresis, impedance res?onse,12
lattice parameters,'® entropy,'* and oxygen redox behavior.'>'® Shi
et al. showed that the entropy and overpotential behavior of LMR-
NCM is unique compared to that of regular layered oxide
materials.'” Using only electrochemical methods, their study mainly
correlates the gradual voltaége decay (shown to be ~100 mV over
100 cycles by Kraft et al.”) with the entropy change within the
material, whereas we focus on the OCV hysteresis between the
charge and discharge voltage curve of a single cycle (=up to
300 mV), which has a significant impact on the thermal behavior of
the cell. The application of isothermal micro-calorimetry (IMC) in
the precise thermal analysis of batteries was demonstrated long ago
with the measurement of parasitic reactions in LIBs.'® In a similar
approach to ours, Housel et al.'® analyzed the heat evolution of
silicon anodes by combining IMC with the measurement of
polarization induced and entropic heat flows. A recent study by
Assat et al.?® addressed some of our questions for an LMR-NCM
model system (viz., Li;Rug 75519 ,503) and showed how the thermal
characterization of a cathode active material with a pronounced
OCYV hysteresis could be accomplished with the help of isothermal
micro-calorimetry (IMC). Chevrier et al.?! used IMC in a similar
manner to study silicon as an anode material, which also shows a
path dependent behavior and heat generation for zero-current
hysteresis.

The present study uses isothermal micro-calorimetry to analyze
the thermal behavior during cycling of NCA/Li and LMR-NCM/Li
half-cells at different C-rates. The data obtained relating to the
generated heat are complemented by measurements of reversible and
irreversible heat in order to quantify the different heat sources
measured by IMC. Reversible heat is determined by entropy
measurements,'* while irreversible heat is calculated using impe-
dance spectroscopy and overpotential data from an intermittent
cycling protocol (constant-current charge intervals followed by OCV
periods). In the case of LMR-NCM, the combination of all data sets
enables the quantification of the evolved heat due to OCV hysteresis
during charge and discharge, along with the calculation of a
respective heat evolution profile.

Theoretical Considerations

Derivation of total heat generation in a battery.—The heat flow
(Q) generated by an electrochemical cell is described by Eq. 1. The
interpretation of IMC data is based on the thermodynamics of a
battery. A detailed derivation of Eq. 1 is provided by Housel et al.'’
in their Supporting Information.

0 = I-(Eppug — E.p) + T~1~aEe‘1 [1]
- load eq oT

The first term on the right-hand side of Eq. 1 denotes irreversible
heat generation (Qj.e,), Which originates from the polarization
processes that cause the measured cell potential under load (Ej,.q)
to deviate from the thermodynamic equilibrium potential (E,,). The
difference between Ej,s and E,, is generally called overpotential
(n). It is further illustrated in Fig. 3 (whereby Ey is used instead of
E,, as explained below). Note here, that Ej,,, is a function of the
applied current (I). Qj., is always exothermic. The second term is
the reversible heat generation (Qm,) caused by an entropic heat flow
arising from changes in entropy as a result of the electrochemical
reaction. Q,., can be calculated based on the change in E., with
temperature. Entropic heat flow is reversible, hence it has different
signs in the charge and discharge directions and should, by
definition, have a zero contribution if a complete charge/discharge
cycle is considered. In addition to these conventional heat flows,
another term might be added to Eq. 1 to describe the parasitic heat
flow (Qpa,) caused by any side or parasitic reactions, such as

electrolyte decomposition”? or SEI formation.'® Although the

contribution from parasitic heat flow is not equal to zero, it is not
further analyzed in the present study, because it can be assumed to
be small in comparison to the other sources of heat for a reversibly
cycling cell, as will be shown later. As outlined in the Experimental
section, a correction for minor parasitic heat flow is applied similar
to what is reported by Assat et al.”’ Other non-Faradaic heat sources
include the heat of mixing and the heat absorbed by the cell from the
surroundings. As the measurements are conducted in an isothermal
environment, the latter heat term is considered to be close to zero.
The heat of mixing is reported to be only important at high current
densities (>2C) and for electrodes with large particles (d ~ 40 um),5
which is not the case in the present paper (max. 1C and particles
with d ~ 10-15 pm).

However, particularly in the case of LMR-NCM, heat generation
is not adequately described by Eq. 1. This is due to the hysteresis of
the open-circuit voltage between charge and discharge. For a given
state-of-charge (SOC), a cell with an LMR-NCM cathode has
different OCVs upon charge and discharge, meaning that the OCV
is path-dependent. The OCV hysteresis thus translates into a yet
undescribed energy loss term. The whole situation thus becomes
more complicated, and Eq. 1 has to be extended. To adapt the
commonly used energy balance established above to a system with
an OCV hysteresis, the voltage measured under open-circuit condi-
tions will not be considered as a reversible equilibrium potential
(E.q) but as Epc. Consequently, a similar situation to that of the
polarization effect is created by establishing a difference (AE)
between a (hypothetical) equilibrium potential (E,,) without hyster-
esis and the measurable potential under open-circuit conditions
(Eoc). To account for this conceptually, the first term in Eq. 1 can be
expanded into two separate terms, one describing nominally the heat

evolution term due to a current induced polarization (=Q;,, first
term in Eq. 2) and one describing nominally the heat evolution
induced by the OCV hysteresis (EQh},s, first term in Eq. 2), whereby
the true reversible voltage (E,,) is unknown:

. OE,,
Q = I-(Eppaa — Eoc) + I'(Eoc — Eeq) + TI oT
= Qirrev + ths + Qrev [2]

We want to underline that, unlike in classical intercalation materials,
the position of E,, cannot simply be assumed to be halfway between
the charge and discharge E¢ because Eyc is highly path-dependent.
The position of E,, is thus not directly accessible by experimental
methods. Instead of the equilibrium potential, Assat et al.** and
Chevrier et al.?' constructed the so-called enthalpy potential based
on calorimetric data. In the usual case with active materials that
show no OCV hysteresis, i.e., where Egc = E,, (as for NCA/Li
cells), Eq. 2 again simplifies to the form of Eq. 1. Note that there is
an important difference between the calculation of Oirrer and Qh_vs
although in both cases, the heat flow is based on the product of
current and a potential difference. However, Q;., becomes very
small when the current is reduced because E},,,; is a function of the
applied current and approaches Epc for small currents, thus
AE(I) = Ejpaq(I) — Egc = 0 for small I. In contrast, since both
Eoc and E,, are a material specific property, their potential
difference AE = Eoc — E,, is independent of the applied current
and hence leads to a significant contribution even at low currents.
Strictly speaking, the entropic heat for LMR-NCM is also deter-
mined from the change in Epc with temperature, since the
(hypothetical) E,, is not accessible. However, this is more of a
theoretical problem, and since the contributions from entropic heat
flow are minor in the case of LMR-NCM, it will not be discussed
further here. The interested reader is referred to a detailed discussion
of the entropy of LMR-NCM by Friedrich et al.'* The essential
conclusion from Eq. 2 is that the heat flow due to OCV hysteresis
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Figure 1. Exemplary impedance spectrum of an LMR-NCM/Li cell at a
nominal SOC of ~260 mAh/gcanm during a C/10 charge, with data depicted
as black circles and the applied fit as a blue line. Only the low-frequency semi-
circle was fitted by the equivalent circuit R*+ TLM (Ryor + Rer(camy/Q)-
From this spectrum, the pore resistance of this cell was determined as 12.2 €2
cm’. The arrows mark the parameters extracted from the fit: (i) R*, which
includes the high frequency resistance of the cell, contact resistances, and
contributions of the Li anode impedance; (ii) the charge transfer resistance of the
cathode, Rcr(cam), Which was extracted from the transmission line model; and,
(iii) the low frequency resistance Ry rg, as described above. The high frequency
semi-circle was not taken into account for fitting.

(Q'hys.) can be calculated from the difference between the total heat
flow Q measured by IMC and the sum of the reversible (Q,.,) and
irreversible heat flow terms (Qjyrep,)-

We want to make clear that the current (/) in Eq. 1 is defined to
be positive in the discharge direction (voluntary process, lithiation of
the cathode) and negative in the charge direction. By this definition,
a positive Q represents heat absorbed by the cell (endothermic),

while a negative 0 means that heat is generated by the cell
(exothermic). It should be noted, however, that in contrast to this
thermodynamic definition, the sign convention used in this study is
based on the perspective of the calorimeter, as is common in the
literature. Thus, if the IMC measures heat generated by the cell
(exothermic reaction) the heat flow has a positive sign, while it takes
a negative value for heat absorbed by the cell (endothermic process).

Contributions to irreversible heat.—Irreversible heat arises from
the internal battery resistance and is calculated either as the current
multiplied by the polarization induced overpotential (1) or as the
product of the current squared and the total cell resistance (R,;).

Oirer = I'(Eppaa — Eoc) = I'n = IRy, 3]

The full voltage relaxation during the applied intermittent cycling
protocol (constant-current charge intervals followed by OCV per-
iods; Experimental section) gives the polarization induced over-
potential # for each relaxation phase at this specific current (see
Fig. 3), from which the total irreversible heat flow (Qj,) can be
calculated.

The contributions to the total cell resistance can be further
analyzed by impedance spectroscopy. As shown in Fig. 1, the
impedance spectra in this study were fitted with a simplified
transmission line model. The fitted equivalent circuit is described
by R*+TLM (R,or + Rcrcamy/Q). Hereby, R* represents the sum
of several contributions: (i) the high frequency resistance, which
includes the ionic resistance of the separator and the electrical
resistance of the external cell contacts; (ii) the resistance of the Li
anode; and, (iii) the contact resistance between the cathode and the
Al current collector. As can be seen from the example in Fig. 1, R*
is defined as being at the end of the high-frequency semi-circle. The
low-frequency semi-circle corresponds to a complex convolution of
the pore resistance due to the lithium ion conduction across the

porous cathode (R,,.) and the cathode charge transfer resistance
(Rcrcamy)- In case of the LMR-NCM/Li cells, the low-frequency
semi-circle was fitted by a transmission line model.®> The assign-
ment of the fitting parameters to the semi-circles is verified by
experiments with a micro-reference electrode (not shown here) and
by comparison to literature reports.'> In the case of NCA/Li cells,
the pore resistance could not be clearly distinguished. In this case,
the second semi-circle was fitted by a simplified Rcap/Qcap element
where Rcuy includes Rercamy and Ryo.. More details on the
analysis and fitting of the impedance data can be found in the
Experimental section. Since R, is assumed to be constant and
independent of the SOC, we will focus on the analysis of and Rcr.
However, to compare the results of the impedance analysis to those
of intermittent cycling, the low frequency resistance R;pg needs to
be calculated from the fitting parameters:>®

Ripr = R*+1/3R,0e + Rer(cam) [4]

Equation 4 was applied for the impedance spectra of the LMR-
NCM/Li cells within its validity criteria.?* For NCA, Rypr is
calculated from the sum of and Rcsy. Both, R* and Rcay, are
only shown for NCA where they were clearly distinguishable (at
high and low SOC). The difference between R;pz and the total
resistance determined by the intermittent cycling (R,,,) is a result of
diffusion limitations. For a more advanced impedance analysis of
cells with LMR-NCM cathodes, the reader is referred to the work by
Teufl et al.'”> However, the aim of this study is not to conduct a
detailed impedance analysis, but to deconvolute the different sources
of irreversible heat, in particular the contributions of the cathode,
which justifies the applied simplification.

Thermal energy per cycle—So far, only heat flows, i.e., the
evolution of heat over time, have been discussed. However, the total
heat generated during a complete charge/discharge cycle, the thermal
energy per cycle, can be obtained from them. This parameter can be
accessed by various means: (i) as the sum of the integration of all
calculated heat flow terms over time; (ii) as the integration of the
voltage curve over a whole cycle; and, (iii) as the sum of the
integrated heat evolution during a charge/discharge cycle measured
by IMC. Therefore, the contributions of different heat sources can be
quantified by calculating (i) and (ii) and then comparing it to the
thermal energy measured by IMC (iii). An essential requirement for
the validity of this analysis is that the total thermal energy per cycle
calculated by all three methods is equal. This means that the
electrical energy lost according to the voltage curve is fully
converted into heat and that there are no other (non-Faradaic) heat
sources.

For calculation method (i), the heat generated during charge Q .,
(during discharge Q;,) is integrated from time ty, where the charge
(discharge) commenced, to t. (t5), where the charge (discharge) half-
cycle ends. The sum of the heat generated during charge and
discharge gives the total heat generated per cycle, Qcy.. Since
reversible heat has opposite signs on charge and discharge, it cancels
out and thus does not contribute to the thermal energy per cycle.

e . ta .
Qcycle = [ Qchadt + [ Qdisdt = Qirrev,cha + Qirrev,dis
0 0

+Qh_v.y,clw + ths,dis (5]

Thus, only the irreversible heat and the energy loss due to hysteresis
(in the case of LMR-NCM), both separated into their charge and
discharge components, contribute to the thermal energy per cycle.

Using calculation method (ii), the integration over the voltage
curve on load, only one value, which is the sum of all heat sources,
can be obtained:
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1o 17
Qcyglg = / Icha'Elnad,chadl - / Idis'Eload,disdt [6]
1o fo

However, when applying intermittent charging, the voltage under
load can be distinguished from that under open-circuit conditions.
This enables the quantification of individual contributions to the
thermal energy per cycle. The generated irreversible heat can be
calculated for the charge (Qjyev.chq) and discharge (Qjrey.qis). For
example, the energy loss caused by the effects of polarization during
charge is the integrated area between the upper voltage curve under
load and the upper OCV curve (analogously for the discharge):

IC
Q[rrgv’cha = f Iclw'(ElUud,chu - EOC,L‘h(I )dt [7]
1,

0

The energy loss caused by OCV hysteresis is calculated by
integrating the area enclosed by the OCV points upon charge and
discharge. Only the sum of the charge and discharge contributions to
Ohys is accessible from integration of the OCV data.

Iq
Opys = ¢ I-(Eoc,cha — Eoc,ais)dt [8]

fo

It is important to keep in mind that the integration over the whole
charge/discharge voltage curve is not a closed loop due to the
coulombic inefficiency of the cell. When Eq. 6 is thus strictly
applied, Q.. is overestimated as compared to reconstructing Qcycre
according to Eq. 5 from Qjiey.chas Qirrev.dis and Qpys calculated
according to Eqs. 7 and 8. The resulting inaccuracy of the analysis
and how to best minimize it will be discussed later in the Results
section.

For method (iii), the heat flow signal measured by IMC is
integrated over time to give the total generated heat. When a
sufficiently long OCV phase is applied at the end of each charge/
discharge half-cycle, the total heat generated during charge can be
separated from that during discharge. The heat evolution is measured
by IMC both during current flow and the consecutive OCV phase, in
which the heat signal levels off while the cell cools down. When
comparing with calculated heat flows, only the signal during current
flow is considered, while for the calculation of the total heat
generation, the heat evolution at zero current also needs to be taken
into account. However, for this part of the IMC signal, the time delay
of the instrument needs to be taken into consideration, in order to
determine a reasonable time frame during which the IMC signal at
open-circuit conditions is included in the integration. The applied
method is explained in more detail in the Experimental section.

The combination of all three methods enables the differentiation
and identification of the different sources of heat contributing to the
experimental IMC data. In particular, when the irreversible heat
calculated by Eq. 7 is subtracted from the calorimetric data of the
respective half-cycle, Oy, can be determined for the charge and
discharge half-cycles. However, when calculating Qj,, with this
method, the reversible heat, Q,.,, cannot be neglected, although the
fact that Q,,, cancels out in Eq. 5 might give this impression. This is
because, unlike a whole cycle, the reversible heat during a half-
cycle, e.g., Oy, cha during charge, contributes to the heat evolution
measured by IMC. However, when calculating the heat evolution of
a half-cycle by method (ii), the reversible heat is not included
because it cannot be calculated from the voltage data collected
during intermittent cycling. Thus, when comparing both values, the
inconsistency with regard to Q,., constitutes an error source for
determining the share of Q) for individual half-cycles. Therefore,
we use the term Q,esigua instead of Qs (see Fig. 10) to make it more
clear that what is determined by method (ii) is the residual heat for
each charge/discharge half-cycle. In other words, Q,csiguas Only

equals Oy, if O,., were zero. This will be discussed in more detail
in the Results section.

Experimental

Battery assembly and cycling—LMR-NCM of the composition
Li; 14(Nig 26C00.14Mng 6)0.8602, Which corresponds to the nomencla-
ture 0.33 Li;MnOj; - 0.67 LiNig33C0g,;Mng 4,0, as used by Teufl
et al.” and NCA of the composition LiNigg;Cog 15Alg 040, were
obtained from BASF SE (Germany). For electrode preparation, inks
of the cathode active material (CAM) were prepared by mixing
92.5wt% CAM (NCA or LMR-NCM), 3.5 wt% polyvinylidene-
fluoride binder (PVdF, Solef 5130, Solvay, Belgium), and 4 wt%
conductive carbon (Super-C65, Timcal, Switzerland) with N-methyl
pyrrolidine (NMP, anhydrous, Sigma-Aldrich, Germany). The dis-
persion was mixed in a planetary orbital mixer (solid content
~58 wt%; Thinky, USA). The resulting ink was coated onto
aluminum foil (=15 ym, MTI, USA) and the dried coatings were
calendered (GK 300L, Saueressig, Germany) to a porosity of
~42%-45%. For electrochemical testing, the electrodes were dried
for a minimum of 12h at 120 °C under dynamic vacuum (Biichi,
Switzerland). The loading of the LMR-NCM electrodes was ~12 mg
cm 2, which corresponds to ~3 mAh cm 2, (based on a nominal
reversible capacity of 250 mAh gLMR,NCM_]). The NCA electrode
loading was ~13 mg cm ™2, which corresponds to ~2.6 mAh cm ™2,
(based on a nominal reversible capacity of 200 mAh gnc A D).

Coin cells (type CR2032) were assembled in an argon-filled
glovebox (0O,, H,O < 0.1 ppm, MBraun, Germany) with the
manufactured cathodes (14 mm diameter), two glass fiber separators
(17 mm diameter, glass microfiber #691, VWR, Germany), and a Li
counter electrode (15 mm diameter, 450 yum thickness, 99.9%,
Rockwood Lithium, USA). A volume of 100 ul of electrolyte was
added, composed of 1M LiPFg in a FEC:DEC-based (12:64 v:v)
solvent with 24 vol% of an additional fluorinated co-solvent (BASF
SE, Germany). Electrochemical testing was performed at 25 °C in a
temperature-controlled oven (Binder, Germany) using a potentiostat
(VMP300, Biologic, France). First, a formation cycle at a C-rate of
C/15 (voltage cutoffs for LMR-NCM were 2.0-4.8 V and for NCA
3.0-4.4 V; all voltages reported vs Li*/Li) and two stabilization
cycles at C/10 (2.0-4.7 V for LMR-NCM and 3.0-4.4 V for NCA)
were conducted. All C-rates reported here refer to the above stated
nominal capacities of the CAMs. The cells analyzed in this study can
be divided into two groups: (i) those used for the IMC measurements
(red box in Fig. 2); and (ii) those used to determine the irreversible
heat (blue box in Fig. 2).

Isothermal micro-calorimetry measurements.—Following the
initial formation cycles, which were conducted in-house, the
calorimeter cells were transferred to an isothermal micro-calorimeter
at the Helmholtz Institute Ulm to record the heat generation during
cycling. A TAM IV calorimeter equipped with a 20 ml micro-
calorimeter (stability +50 upK, accuracy + 300 nW, precision
+100 nW, TA Instruments, USA) was used for this purpose. All
measurements were performed at 25 °C under isothermal conditions,
following internal gain calibration. During the course of the
experiments, the baseline drift did not exceed 700 nW. The step
response of the heat flow is of second order, and the two
characteristic time constants are T; = T, = 158 + 1 s. This results
in a time delay of ~1050s until 99% of the heat flow signal is
detected. Here, a positive sign in the observed heat flow indicates
that heat is generated by the cell.

The cells were cycled in a custom-made coin cell holder, which
was connected by Cu-P bronze wires (36 AWG, Lakeshore, USA) to
a potentiostat (VSP, BioLogic, France). Galvanostatic cycling was
conducted, as shown in the red box in Fig. 2, at a number of current
levels (C/10, C/5, C/2, 1C). For each C-rate, one first continuous
charge/discharge cycle was performed and ended by a 6 h equilibra-
tion phase in the discharged state under open-circuit conditions. This
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Figure 2. Graphic representation of the cycling procedures used in this study, with the initial formation cycle at C/15 (2.0-4.8 V for LMR-NCM/Li and
3.0-4.4 V for NCA/Li) and two stabilization cycles at C/10 (2.0-4.7 V for LMR-NCM/Li and 3.0-4.4 V for NCA/Li) conducted in-house (black box, left). The
subsequent actual test protocols differ for the two types of experiments: (i) for the IMC measurements (red box), cells were cycled inside the calorimeter with a
loop of one stabilization cycle and one cycle with 6 h rest phases at the beginning and end of each half-cycle, repeated for each applied C-rate (C/10, C/5, C/2,
1C;); (ii) for the determination of the different sources of heat (blue box), an intermittent cycling protocol with 10% SOC steps and 1 h OCV phases was applied.
For each C-rate, two identical cells were cycled with the same protocol as the IMC cells but for the C-rate of interest, where the intermittent cycling was applied
(see example for C/10 and 1C in the blue box). The panel on the right presents a comparison of the data at 1C for a calorimeter cell and the cell with intermittent

cycling.

first cycle was intended for the purpose of adapting to a new C-rate,
and the heat generated during this process was not considered. The
heat flows were determined from the second cycle, commencing
with a constant-current charge to the respective upper cutoff voltage
4.7V for LMR-NCM and 4.4 V for NCA) at the particular C-rate,
followed by a further 6 h equilibration phase to enable separation of
the heat flow during charge and discharge, and finally discharging to
the respective lower cutoff voltage (2.0 V for LMR-NCM and 3.0 V
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Figure 3. Application of intermittent cycling to determine the polarization
induced overpotential # = Ej,.g — Eoc. The current (green) and voltage
(black) during a 1C discharge (ASOC = 10%) and a consecutive 1 h OCV
phase are shown. Eqc is determined by averaging over the final 300 s of the
OCV phase (data marked in blue). After relaxation, a PEIS measurement is
conducted, whose duration is only shown schematically here (orange).

for NCA). The discharge was followed by a 6 h open-circuit phase
before the whole loop of two cycles was repeated for the next C-rate.
Two identical cells were measured for each CAM. A constant
baseline was used for integration of the data, which was determined
as the minimum heat flow at each C-rate section. By subtraction of
this constant background signal, a correction for minor parasitic heat
flows is achieved.”® However, it must be kept in mind this is not the
true value of the parasitic heat of this cell, which depends on
complex relationships among all cell components, the SOC and
voltage of the cell and its cycling history. This simplification is
acceptable for the scope of this study but it does not describe the
nature of the parasitic heat flow. Due to the time delay, the
integration of the heat flow of an individual charge or discharge
half-cycle includes not only the heat signal during current flow, but
also that during the subsequent relaxation phase. Of the applied 6 h
relaxation phase, we only included the first 1.5 h into the calculation,
which is sufficient to obtain most of the actual heat signal,
considering the time delay of ~18 min (until 99% of the signal is
detected), while being short enough to minimize contributions from
parasitic heat flows.

Determination of irreversible heat by intermittent cycling and
impedance analysis—As shown in Eq. 3, the irreversible heat
generation rate (Qj.,) is a function of the voltage difference g
between the voltage on load (Ej,,,) and after relaxation at open-
circuit conditions (Ey¢). During intermittent cycling, 7 is determined
after a certain time ¢ of the intermittent relaxation phase, as shown in
Fig. 3. The applied cycling protocol was similar to a galvanostatic
intermittent titration and included (dis)charging steps of ASOC =
10% followed by a relaxation phase of + = 1 h. This was repeated
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until the upper (lower) voltage cutoff was reached. To determine 5
for the first SOC point during charging, the method shown in Fig. 3
is not applicable, because there is no preceding voltage relaxation in
the charge direction. Therefore, for this data point, it was only
possible to determine the instantaneous voltage jump upon applying
the charging current. The same holds for the first point on discharge.
The underlying resistance to this instantaneous voltage change was
calculated using Ohm’s law, and it was observed that it agrees well
with the low-frequency resistance calculated from the impedance
analysis. Hence, for the first SOC point of each half-cycle, the
intermittent technique complies with the impedance and does not
include any effects of diffusion, as is the case if # can be determined
from full voltage relaxation.

The intermittent cycling, shown in the blue box in Fig. 2, was
conducted with identical cells, as used in the IMC measurement with
two cells for each C-rate. To ensure applicability of the herein
determined irreversible heat to the data obtained from IMC experi-
ments, the intermittent cycling protocol mimics the cycling protocol
for the IMC. This means that to determine # at a specific C-rate, the
cell first underwent the same loop of continuous cycling and
charging/discharging with a 6 h rest phase in between at each C-
rate preceding the C-rate of interest, such that the irreversible heat
data are from the exact same cycle with the same cycling history as
the heat data from the IMC (illustrated in the bottom panel of Fig. 2
for acquiring intermittent cycling data at 1C). Furthermore, the OCV
data shown in this paper were determined by a Matlab script
averaging over the final 300 s of the intermittent relaxation phase
(see data given in blue in Fig. 3).

In addition to determining the overpotential by intermittent
cycling, the cell resistance was further analyzed by means of
impedance spectroscopy. As marked in Fig. 3, an impedance
measurement (PEIS) was conducted at the end of each 1h
intermittent relaxation phase of the protocol described above. A
potentiostat (VMP300, Biologic, France) was used in a frequency
range of 200 kHz to 100 mHz with an AC voltage perturbation of
10 mV (taking 20 data points per decade and 3 period repetitions).
As explained in the Theoretical Considerations above, data were
fitted by the equivalent circuit R*+ TLM (R, + Rercamy/Q).
Here, R* includes the high frequency resistance of the cell, the
impedance of the Li anode, and the contact resistance of the cathode.
The data of the high-frequency semi-circle was not taken into
account for the fit, and R* was set to the end of the first semi-circle,
as shown in Fig. 1. The low-frequency semi-circle was fitted by the
transmission line model, including contributions from the pore
resistance, Ry, and the charge transfer resistance of the cathode,
Rcrcamy- The pore resistance of the LMR-NCM/Li cells was
extracted from a fit of an impedance spectrum at high SOC during
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charge, in which the characteristic 45° line*® was clearly observable
and kept constant for all other impedance fits of this cell. In the case
of NCA/Li cells, the pore resistance could not be clearly distin-
guished and is therefore a part of Rcrcamy. Furthermore, we only
show R* and the sum of Rcpcamy and Ry, for NCA where they
were clearly distinguishable (at high and low SOC) and otherwise
report Ry rg. Due to the generally much smaller Repcamy of NCA/Li
cells compared to LMR-NCM/Li cells, the impedance contribution
of the lithium counter electrode in the mid-SOC region is of a similar
order as Rcrcamy, Which results in the two semi-circles merging.
Hence, for the respective spectra, Rcrcamy cannot be assigned
unambiguously.

Figure 1 shows an example of an impedance spectrum for an
LMR-NCM/Li cell. Unfortunately, we did not collect any data under
blocking conditions, as would usually be performed to determine
Rpore.23 The results for Ry, are 12.2 cm? and 10.1 © cm? for the
two nominally identical LMR-NCM/Li cells at C/10. The charge
transfer resistance of the cathode was extracted from the transmis-
sion line model. It was verified by impedance experiments using a
gold wire micro-reference electrode (not shown here), which,
furthermore, correspond with the data in the literature.'> The
difference between the irreversible heat calculated from the polar-
ization induced overpotential n = Ej,,; — Eoc and that calculated
from the low-frequency resistance (R ggr) determined from the PEIS
data is due to the mass-transport limitations within the electrolyte
and the porous electrode, which are not captured by the PEIS
measurements in the applied frequency range.

Determination of reversible heat.—As shown in Eq. 2, rever-
sible heat is calculated as a product of the current, temperature and
OEyq
or
a function of SOC after (dis)charging the cell to a certain SOC point
and allowing it to relax until the change in OCV over time was less
than 0.2 mV/h. After this relaxation, af;"
varying the temperature of the cell between 5 °C and 35 °C in an
Espec temperature chamber (LU114, Espec, Japan), while recording
the respective OCV variation (VMP300, Biologic, France). A
detailed description of the method applied is reported elsewhere.'*

dE;" are shown in the appendix (Figure A-1).

temperature-dependent OCV value, —=. The latter was measured as

was determined by linearly

The obtained values for

Results and Discussion

Lost electrical energy.—Lost electrical energy is the difference
between the charge and the discharge energy of one cycle, and is
expected to dissipate as waste heat. The two cathode active materials
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Figure 4. Voltage vs SOC charge/discharge curves of (a) LMR-NCM/Li and (b) NCA/Li in the 5th cycle at C/10 obtained during intermittent cycling with 1 h
OCYV holds at every 10% SOC interval. The charge curve is shown as a black solid line and the OCV points are shown as black circles connected by a dashed
line. The integral of the whole curve is the total lost electrical energy, which can be separated into three parts: irreversible losses during charge (orange) and
discharge (green) due to polarization induced overpotential, and the lost energy due to OCV hysteresis (blue).
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Figure 5. Comparison of the lost electrical energy calculated from the
voltage vs SOC curve (dark, filled symbols) and the heat measured by IMC
(pale, empty symbols) for two identical LMR-NCM/Li cells (blue) and NCA/
Li cells (green) for different mass-specific current densities (corresponding to
the C-rates indicated in the figure). The dashed lines represent a linear fit
through the average of all data points of one cell chemistry at each C rate.

of interest, LMR-NCM and NCA, exhibit considerably different
energy efficiencies. While an LMR-NCM/Li cell has an energy
efficiency of ~90% in the 5th cycle at C/10, that of an NCA/Li cell
reaches ~99%. Figure 4 shows a voltage vs SOC charge/discharge
curve for both cell types in a C/10 cycle. According to Eq. 6, the
total energy loss corresponds to the integration of the geometrical
area enclosed by the charge and discharge voltage curve (sum of
orange, blue, and green shaded areas in Fig. 4). This total energy loss
can be further separated into three parts: (i) the irreversible energy
loss during charge (Qirrev.cha), 1-€., the difference between the voltage
curve on load and the OCV curve during charge (orange shaded
area), as described by Eq. 7; (ii) the irreversible losses during
discharge (Qjrev.qis; green shaded area); and, (iii) the energy loss due
to OCV hysteresis (Qy,ys; blue shaded area), as described by Eq. 8.
Note here, that the coulombic inefficiency of the cell means that
the end of the discharge curve does not meet the start of the charge
curve. For clarity, the resulting “gap” is not colored in Fig. 4. The
deconvolution of these different energy loss terms as a function of
the C-rate is shown in Table I for LMR-NCM and NCA half-cells.
Thereby, the values for Q;.,., for charge and discharge were
calculated by applying Eq. 7. The calculation of Q) was based on
Eq. 8. However, the last Eoc value upon discharge did not agree
with the first Eg¢ on charge due to the coulombic inefficiency of the
cell. If Eq. 8 were exactly applied, this would lead to an obvious
overestimation of Oy, which is physically not meaningful. In other
words, the blue area in Fig. 4 would extend down to zero volts
because there is no matching discharge voltage curve. Instead, we
applied a small correction, so that the last Eoc 4;; value agrees with
the first Eoc,chq value. Oy, is thus calculated by integrating over a
closed OCV hysteresis curve. This assumption minimizes the error
of the coulombic inefficiency but does not exclude it all together.
The resulting implications will be discussed throughout this work.
For an absolutely accurate calculation the error introduced by the
coulombic inefficiency should be ruled out by the design of the
experiment using capacity limited cycling procedures (instead of
voltage limited), so that the discharge capacity is equal to the charge
capacity. This might be a starting point for future research activities
striving for the exact quantification of individual heat terms.

As outlined in the Theory section, irreversible energy losses due
to overpotential (Q;,,.,) are dependent on the applied current, while
the hysteresis of the OCV is expected to be independent of the C-
rate. As expected, the polarization induced overpotential losses in
Table I increase with increasing current for both cell chemistries. In
the case of LMR-NCM, the irreversible heat during discharge is
larger than during charge and becomes more and more dominant for
increasing current values, until it reaches 50% of total heat
generation at 1C. In Fig. 4a, it can be seen that the potential
difference between the voltage curve on load and the OCV curve
increases drastically at the end of the discharge (to a lesser degree
also at the end of the charge). Hence, the end of the lithiation process
of the cathode active material seems to be accompanied by
significant kinetic limitations, leading to high overpotentials and,
in turn, to high irreversible heat evolution. The asymmetry of the
LMR-NCM cathode resistance between the charge and discharge
direction was previously demonstrated by Teufl et al.'?

Energy loss due to overpotential is significantly smaller for NCA,
as can be clearly seen in Fig. 4b and Table I. Still, the resistance
behavior of NCA at low SOC during discharge is similar to that of
LMR-NCM, with a steep increase at the end of the discharge. This
was attributed to an increase in the charge transfer resistance, as
reported by Weber et al.”> More important is the OCV hysteresis
comparison, since there is no significant contribution from this term
for NCA/Li cells and the determined contribution of the OCV
hysteresis to the overall energy loss of 0.1%—0.3% (see last row in
Table I) are most probably due to the fact that the Eo¢ is not yet
exactly equal to E,, after the 1 h rest phase. In contrast, the cells with
an LMR-NCM cathode suffer a considerable energy loss due to
OCYV hysteresis of up to 55% of the total energy loss at C/10. At first
sight surprising is the observation that the energy loss due to the
OCYV hysteresis of the LMR-NCMY/Li cells decreases with increasing
C-rate. The reason for this is that the applied cycling protocol is
voltage-limited, meaning that a smaller overall SOC range is
accessed when cycling at higher C-rates, and therefore only a
smaller part of the OCV hysteresis is observable. We have shown
elsewhere (see Fig S6 (available online at stacks.iop.org/JES/169/
040547/mmedia) in Ref. 14) that when applying a capacity-limited
cycling procedure, the OCV hysteresis is independent of the C-rate.
The energy loss due to OCV hysteresis results in an undesirable
energy inefficiency, which is presumably dissipated as heat. To
clarify this, IMC measurements were conducted to analyze the
different sources of heat, particularly the heat due to OCV hysteresis
in such materials and to compare it to the thermal behavior of a
classical CAM such as NCA.

Accuracy of the isothermal micro-calorimeter—In order to
establish a quantitative correlation between the lost electrical energy
calculated from the voltage vs SOC curve by method (ii), as
described in the Theory section, and the heat measured by IMC
(method (iii)), the accuracy of the calorimetric measurement first has
to be validated. For this purpose, the heat evolution from the IMC
data (pale, empty symbols) and that calculated from the respective
voltage curves (dark, filled symbols) are contrasted in Fig. 5. Ideally,
both data sets should show perfect agreement, which is indicated by
the dashed lines that represent linear regression lines through all the
data. For the LMR-NCMV/Li cell, the deviation is between —2% and
—6%, with one outlier of —12% for the LMR-NCM/Li cell for one
of the two cells (cell number 1) at C/10. This means that
the measured heat by calorimetry is generally slightly below the
expected value, which may be due to instrument errors such as the
loss of heat through the cables connecting the coin cell holder with
the potentiostat. Also, it should be noted that if the integration of the
calorimeter heat signal in the 6h OCV rest phase at the end of
discharge had been chosen to be longer than 1.5 h, the deviations
would become smaller. However, since the estimated time delay for
detection of 99% of the heat signal is ~18 min, any extension of the


http://stacks.iop.org/JES/169/040547/mmedia
http://stacks.iop.org/JES/169/040547/mmedia

Journal of The Electrochemical Society, 2022 169 040547

W0 ———— 7777 —
= L (a): ; charge— -
“3 75 ' -
O} o —~
% 50 —
3 25| =
g oo ! 5 -
: P g —0g-—-Soseiglpt— =0
= i ‘ﬁa-w 7
_25 .l 1 | 1 1 i | ' 1 ' | 1
0 50 100 150 200 250 300 350
: -1
Capacity / mAh geam
— Qea™— Qirrey —*— Qrev ™ Qrev * Qirev
T T T T T T
45 - (b): : .
j :
~ 4p L full Qpys
g 48 mWh giay
S 5 d
> 35 -
O : .
e} L : Qpys for limited charge .
; - 2mWh glay
S I TP R N TR R T

0 50 100 150 200 250 300
Capacity / mAh glay

Figure 6. (a) Heat flow of an LMR-NCM/Li cell in charge at C/10 as a
function of SOC. The heat flow measured by IMC (black) for cell 2 is
compared to the calculated profiles of Qj..., based on the polarization
induced overpotential (green, error bars from two measurements; the green
line representing a linear interpolation of the OCV data points), and Q,,, as
determined from entropy measurements (gray, error bars from the calcula-
tion). The sum of Qjye, and Oy, is shown in red. (b) OCV curve at C/10 of a
complete cycle (blue) and a cycle limited to a nominal capacity of 100 mAh
gcam  during charge (black). The yellow shaded area highlights the SOC
range in which no significant OCV hysteresis is expected (thus, Q'hw =~ 0).

integration window would increase the risk of including contribu-
tions from non-faradaic heat (e.g., through parasitic side reactions).
In the case of NCA, the deviations are between +4% and +10%, i.e.,
the heat measured by calorimetry is more than that obtained by the
integration of the voltage vs SOC curves. One of the two NCA/Li
cells (cell number 2) showed an outlier of +45% at C/10, but since a
fluctuation in the applied electrical current was detected, we did not
include this data point in our calculations. Due to the much smaller
absolute amount of produced heat in case of the NCA/Li cell, any
contributions from undesired side reactions and parasitic heat terms
result in a much higher relative error, which might be the reason why
the integrated IMC signal is higher than expected. Nevertheless,
since the deviations between the expected and measured heat are
below £10% (with the exception of the two above mentioned cases)
for both cell chemistries, our original assumption that the lost
electrical energy is converted into heat and that parasitic side
reactions play no major role is confirmed within the error of the
measurements. Another conclusion that can be drawn from Fig. 5 is
that the experiments are reproducible, since the energy losses for
both cells correspond fairly well (the deviation between two repeat
cells at the same C-rate is less than 6% in all cases, except for the
two instances mentioned above). For all further calculations, we
considered LMR-NCMY/Li cell 2 and NCA/Li cell 1.

When comparing the total electrical energy loss/heat production
measured by the continuous constant-current (CC) cycling protocol
used in the calorimeter experiments (data in Fig. 5) with the total
electrical energy loss measured in the intermittent cycling protocol
(first row in Table I), it becomes apparent that there is a reasonably
good agreement at the low C-rate of C/10, with the intermittent
cycling yielding slightly lower energy losses, but that at higher C-
rates, this deviation increases substantially, so that at 1C the
intermittent cycling procedure results in a ~25%-35% lower total
energy loss. This is mainly due to three factors. First, the CC-cycling
procedure, particularly at higher C-rates, leads to a higher overall
voltage polarization compared to the intermittent cycling procedure,
for which the intermittent OCV holds allow for a repeated relaxation
of the concentration gradients in the liquid and solid phase. This can
be seen by the comparison of the resulting voltage vs SOC curves
shown in the right-hand panel of Fig. 2. Thus, integrating a voltage
vs SOC curve from an intermittent cycling protocol always resulted
in a smaller value compared to that from a CC-cycling protocol,
meaning that the energy losses from intermittent cycling are slightly
lower (by ~4%—7% for the LMR-NCMY/Li cells and by up to ~25%
for NCA/Li cells). The second reason is that the Coulombic
efficiency of each cycle is slightly less than 100%. This irreversible
capacity leads to a small "gap’ between the charge and the discharge
voltage curves, so that the integration of the voltage vs SOC curve
cannot be performed 100% accurately. The calculation of total
electrical energy loss from the voltage vs SOC curves of the cells
tested in the calorimeter energy loss caused by the integration of the
gap. For the cells from the intermittent cycling, the electrical energy
loss is calculated based on Eq. 6. This mathematical approach,
however, does not include the integration of the “gap” since it can
neither be ascribed to Q. during charge or discharge, nor to Q.
Thus, the calculated electrical energy loss is lower in case of the
cells from intermittent cycling due to the integration of the voltage
vs SOC curve. The third reason is the slightly higher contact
resistance of the custom-made coin cell holder for the experiments
conducted in the calorimeter (=9 (). As these three factors yield
reasonably small differences in the total lost electrical energy
determined from the voltage vs SOC curves obtained by the two
different cycling protocols at C/10, but yield increasingly large
differences at higher C-rates, the analysis in the following sections
for which both cycling protocols are required will be limited to C/10.

Although the limits of the applied IMC method become clear
from Fig. 5, it also provides an answer to the first question in the
introduction to this paper: the energy loss due to the OCV hysteresis
in LMR-NCM is indeed dissipated as heat (note that another, albeit
unlikely possibility would have been that the OCV hysteresis
presents a continuous chemical conversion of the bulk of the
LMR-NCM material). Moreover, there is an important difference
between the two cell chemistries, which is visualized in Fig. 5: the
y-axis intercepts of the linear relationship between lost electrical work
and measured heat vs mass-specific current density (dashed lines in
Fig. 5) is rather small for the NCA/Li cells (=12.1 mWh gc v L and
~12.4 mWh gCAMfl for cell 1), while it is quite large (~93.1 mWh
gCAM71 and ~88.9 mWh gCANf1 for cell 2) for the LMR-NCM/Li
cells, caused by the quasi-static OCV hysteresis, as discussed by Assat
et al.?° for the Li;Rug75Sng 2505 model compound. Chevrier et al.2!
also report a significant heat production at zero current for silicon
anodes, and thereby correlate their observation to the current
independent nature of the voltage hysteresis. We conclude that even
at very low rates, there is significant hysteresis between the OCV
curve on charge and discharge, indicating that the underlying
processes are far from the thermodynamic equilibrium. The fact that
the intercept for the NCA/Li measurement results is not zero,
however, underlines the limits of the applied IMC method especially
at such small observable heat signals. One would have expected the
intercept to be zero because both contributions of reversible and
irreversible heat should ideally vanish to zero at infinitesimally small
currents. Apart from the accuracy of the method at such small heat
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Figure 7. (a) Heat flow of an NCA/Li cell in charge at C/10 as a function of
SOC. The heat flow measured by IMC (black) for cell 1 is compared to the
calculated profiles of Q;,,.ev, based on the polarization induced overpotential
(green, error bars from two measurements), and Q,., as determined from
entropy measurements (gray, error bars from the calculation). The sum of
Qirrev and O, is shown in red. In panel (b) the same analysis is shown for the
discharge process.

signal amplitudes, any assumptions and simplifications made during
the calculation (e.g. correction for Q,,,, integrating the voltage curve
although the coulombic efficiency is less than 100%, etc.) are
possible error sources, which might lead to the observed deviation
from zero.

Conventional contributions to the heat flow profile.—In addi-
tion to the integration of the IMC heat signal to a total heat value, it
is also possible to analyze the heat flow profile as a function of the
SOC. This analysis involves calculating different heat sources, as
outlined in the Theory section of the paper. Figs. 6 and 7 show the
heat flow signal measured by IMC (black) together with various heat
flow profiles calculated as a function of SOC for LMR-NCM/Li and
NCA/Li, respectively. According to Eq. 2, three contributions to the
total heat flow can be identified: irreversible heat (Q;.,), reversible
heat (Q'm,) and heat due to OCV hysteresis (Q'h.,w); while the first two
terms can be observed for any electrode material, the latter is only
observable in materials with a pronounced OCV hysteresis, such as
LMR-NCM. The discussion in this section will focus on the
conventional sources of heat, Oy and Oye,.

To compare the measured heat flow with the calculated values,
two assumptions have to be made: (i) only the heat signal during
current flow is analyzed, which means that heat dissipated after the
current is removed is disregarded; (ii) the time delay of the IMC is

assumed to be virtually negligible, so the heat flow profile measured
as a function of time can be directly translated to the SOC. Since
both the time resolution and the heat dissipation after switching off
the current increase with increasing C-rates, this heat flow analysis is
only reliable for low currents. For example, with a C-rate of 1C, a
time delay of ~18 min already corresponds to a deviation of ~30%
SOC, which substantially falsifies the translation of the time axis
into an SOC axis, whereas for a C-rate of C/10, this time delay only
represents a deviation of 3%. Furthermore, with a C-rate of C/10, the
heat evolved after switching off the current at the end of charge is
~12% of the total heat measured for the charge half-cycle of an
LMR-NCM/Li cell (=4% for NCA). In the discharge direction,
~T7% of the total heat is evolved at zero current for both cells. In
contrast, for the cycle at 1C, these terms increase to ~19% for the
charge and ~27% for the discharge in case of LMR-NCM/Li (~11%
and ~22% for NCA), which would clearly not lead to a meaningful
analysis. However, even with the slowest C-rate, it is important to
bear in mind that measured heat flow profiles are never completely
accurate.

Reversible heat contributions to the overall heat flow.—As
mentioned above, the reversible heat is included in the calorimetric
signal but cannot be calculated from the voltage curve. As shown in
Eq. 2, O, is determined on the basis of the variation of OCV with
temperature. These measurements were conducted with the same
cathode active material but the OCV was measured against a Li
reference electrode, which did not undergo any electrochemical
cycling as the Li counter electrode used in this study. Details of the
experiment and a discussion of the entropy profile of LMR-NCM are
reported elsewhere,'* but the results from the entropy measurements
of the two cathode active materials are plotted in the appendix. For
the present study, the most important aspect of our previous
publication is that the reversible heat of LMR-NCMY/Li cells cannot
be calculated from the measured partial molar entropy data because
of the path dependence of the entropy curve as a function of SOC. Its
integration would include non-reversible pathways, as is generally
the case for material that shows a hysteresis in the partial molar
entropy vs SOC. This means that a theoretical Q,,, curve calculated
from the entropy data would include an unknown contribution of
entropy production in the material. Hence, although mathematically
possible, this would not produce a physically meaningful result for
the reversible heat flow as a function of SOC. However, this means
that we cannot determine what share of the theoretical Q,,, curve
corresponds to the heat term that is reversibly evolved as a function
of SOC.

Yet, with the IMC data we can estimate what effect neglecting
O, has on the total heat evolution within a limited SOC range. For
this purpose, Fig. 6 shows the IMC heat signal (Q.;, black) together
with the irreversible heat calculated from the difference between the
voltage vs SOC curve on load and under OCV conditions (Qjrer,
green) and the theoretical reversible heat, which was calculated from
the entropy data as explained in Eq. 2, although we already know
that this is physically not meaningful (gray). Nevertheless, we will
use these calculated data sets in our approach and focus on the heat
flow in the low SOC region (<100 mAh gCAMfl) during charge.
There are two reasons why this SOC region is of special interest: (i)
the theoretically calculated reversible heat flow profile exhibits a
peak at around ~60 mAh gcay ' meaning that in the low SOC
region, the contribution of Q,, is expected to be most significant; (ii)
from cycling experiments it is known that when LMR-NCM is only
charged to ~100 mAh gcan ' and then discharged again, there is no
significant OCV hysteresis (see black data points in Fig. 6b), which
means that the heat measured by IMC is exclusively attributable to
Qirrev and Q,,,, from which the first one can be easily determined.
Figure 6b shows the OCV curve of a cell charged to 100 mAh
gCAMfl together with an OCV curve that is obtained for a full
charge/discharge. As 1is also known from window-opening
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Figure 8. Heat flow during (a) charge and (b) discharge of the LMR-NCM/
Li cell (number 2) at C/10 as a function of SOC. The heat flow measured by
IMC (black) is compared to calculated heat flow profiles based on data from
identical cells. Calculated heat flows are based on the voltage drop measured
during intermittent cycling (Qje, green triangles), and impedance measure-
ments including the LFR (orange), the Rcr(cam) (blue) and the “ohmic”
resistance R* (light green). Error bars are shown for two measurements. The
line connecting the voltage drop points (green triangles) results from the
subtraction of the OCV curve from the voltage curve on load for the
respective half-cycle.

experiments in the literature,”® the OCV hysteresis of LMR-NCM is
not pronounced if the charge window is not opened up to higher
SOCs. Thus, Eq. 2 simplifies, since ths = (. This means that any
difference between the heat flow measured by IMC and the
irreversible heat generation determined from the polarization in-
duced overpotential has to be caused by Q,.,. However, as shown in
Fig. 6a, the measured heat flow (black line) in the yellow shaded
region, for which Qh),s = 0, corresponds very closely with the
irreversible heat generation (green line and symbols), indicating that
the contribution from Q,, is not significant. The only deviation
between the two heat signals is at the very beginning of charge,
when the calculated irreversible heat exceeds the measured signal.
This might be an artifact which comes from the fact that Q;,,., is
determined by interpolating between the first and the second OCV
points whereby the first OCV point is obtained differently from the
subsequent OCV points, as outlined in the Experimental part. The
interpretation of this apparent overshoot should be considered
carefully. Another reason for the observed mismatch between
Ojrrev and Q. at the beginning of charge might be the above-
mentioned time lag of the IMC signal detection. Another possibility
is that at the beginning of charge, the endothermic reversible heat

indeed makes a contribution and hence partly compensates for the
irreversible heat. However, when the heat flow calculated from the
sum of the exothermic irreversible heat and the endothermic
reversible heat (red curve in Fig. 6a) is compared to the measured
data, no agreement is observed. This further underlines the conclu-
sion drawn by Friedrich et al.'* that the entropy measurements for
LMR-NCM cannot be directly translated into a heat flow curve. The
observation that the entropy does not significantly contribute to the
measured heat flow profile in the low SOC range, where its values
are maximum indicates that also for the rest of the cycle, its
contribution can be neglected. Further IMC studies are required to
quantify the reversible heat in this type of material. For the
investigation conducted here, the reversible heat flow was neglected.
Still, we want to emphasize that this simplification is a possible error
source regarding the quantification of thy What we report here as

Q'hw hence includes an unknown but comparably small contribution
of the reversible heat.

The rather complicated discussion regarding the LMR-NCM
material becomes simpler with a regular cathode active material,
such as NCA, where no hysteresis is present and Q,., can be directly

OE,
calculated from the measurement of a—;q, as explained in the Theory

and Experimental sections. Since there is virtually no heat due to
OCV hysteresis, Eq. 2 simplifies t0 O = Qjrer + Orer- As discussed
above, neglecting the SOC dependence of Q,,a, results in a rough
simplification of the energy balance for NCA. However, as can be
seen in Fig. 7, this simplification is acceptable for a semi-
quantitative analysis of heat flow as a function of SOC. In Fig. 7,
the IMC signal (black) is shown together with the irreversible heat
flow calculated from the intermittent cycling (green), the reversible
heat calculated from entropy measurements (grey), and the sum
Qirrev + Oyev (ted). For the charge half-cycle in Fig. 7a, the
irreversible heat is slightly higher than the measured heat at low
SOC, while it is clearly smaller at a high SOC. By adding the
reversible and irreversible heat, the calculated curve (red) moves
closer to the measured one. However, there is still a gap, especially
at a high SOC, between the measured signal and the calculated heat
flow, which might be attributable to parasitic heat, or simply the
inaccuracy of calculating and scaling such small heat flows. For
the discharge direction, shown in Fig. 7b, the agreement of the
calculated and measured heat flow is similar to that of the charge
direction. However, it should be stressed that the absolute signal
amplitude is nearly seven times higher, especially at the end of
discharge, which makes a direct comparison of the two figure panels
difficult.

Based on the data discussed, we conclude that the effect of
reversible heat on total heat flow is a source of error, in particular for
NCA/Li cells. While it is acceptable to assume a minor contribution
of Qye, for the LMR-NCMY/Li cell due to the comparably very high
contribution from the OCV hysteresis heat, Q,,, has a more
significant effect on the overall heat flow for the NCA/Li cell, in
which the measurement uncertainties are of the same order of
magnitude as Q.. Nevertheless, we want to stress that the exact

contribution of 0y, was not quantified for either one of the two cells
in this study, meaning that it is still contained in the additional heat
term, Q'hyx, which will be discussed in the following. Since the
significance of Q,., was shown to be rather minor for LMR-NCM/Li
cells, its contribution to ths is not considered to be falsifying the
analysis.

Irreversible heat.—So far, only the irreversible heat calculated
from the potential drop during intermittent cycling has been shown.
However, the resistances due to overpotential induced polarization
can be further analyzed, using the impedances obtained by EIS
analysis. Figures 8a and 8b show the heat flow profiles measured by
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Figure 9. Heat flow during (a) charge and (b) discharge of NCA/Li cells at
C/10 as a function of SOC. The heat flow measured by IMC (black) for cell 1
is compared to calculated profiles based on data from identical cells.
Calculated heat flows are based on the voltage drop (Qje,, green), and
data calculated from impedance measurements including the LFR (orange),
the Rer(camy (blue) and the “ohmic” resistance R* (light green). Error bars
are shown for two measurements. The line connecting the voltage drop points
(green triangles) results from the subtraction of the OCV curve from the
voltage curve on load for the respective half-cycle.

IMC for the LMR-NCM/Li cell (black), together with those
calculated from the impedance data based on Eq. 3 but using Ry g
instead of R,,, (orange). Figure 8 also includes the heat flow curves
calculated from the individual components of Ry rg, namely Rer(cam
(blue) and R* (light green) as explained by Eq. 4 and the polarization
induced overpotentials (i.e., E(load) — E(OC)) determined by the

intermittent cycling protocol, using the first part of Eq. 3 (Qirrers
green triangles).

In a first comparison of the calorimetric data (black), a clear
asymmetry between the charge and discharge heat flow profiles can
be observed (see Figs. 8a and 8b). At the beginning of charge cycle,
there is a peak in the heat evolution, with a maximum at ~55 mAh
gc v, which levels off at around 100 mAh gc v, after which a
plateau is observed. At around 225 mAh gCAM”, the heat flow
increases again and reaches a maximum at the end of charge. For the
charge half-cycle, the heat flow values over most of the charge are in
a range of 1.3 mW gCAMfl to 8 mW gCAMfl, while for the
discharge, these values are much larger, varying between 3 mW
gc am | and 36 mW gc v . Besides the absolute values, the profile
shape between charge and discharge also differs. During discharge,
the heat flow is constant in the high SOC region but starts to increase
when discharging below ~170 mAh gcan . Following a steady
increase in heat flow in this lower SOC region, a sharp increase is
observed when discharging below ~65 mAh gcan ™.

Irreversible heat flow can be calculated with Eq. 3 based on the
voltage drop occurring when the current is switched off during an
intermittent cycling, as indicated by the green triangles in Fig. 8. In
addition, the OCV curve of a charge/discharge half-cycle (linear
interpolation between OCV points) can be subtracted from the
respective voltage curve on load (green curve, which is identical
with that shown in Fig. 6a), which in principle should give the same
results as the data based on the potential drop after one hour of OCV.
As a matter of fact, both data sets agree except for the first point
during charge, at which the calculation of the voltage drop is based
on the instantaneous voltage jump upon connecting the current, as
described in the Experimental section. Thus, for the first 10% SOC
range, the subtraction line is a better measure for the irreversible
heat.

Since the generation of irreversible heat is based on the
resistances within a battery cell, impedance spectroscopy is a
complementary tool that can be used to further distinguish the
underlying resistive phenomena that cause irreversible heat flow.
The applied equivalent circuit model includes the charge transfer
resistance of the cathode (Rcr(cam), shown in blue in Fig. 8), the
low-frequency resistance (LFR, orange) and a so-called R* (light
green), which includes contributions from the high frequency
resistance, cathode contact resistance, and anode impedance, as
discussed in the Theory and Experimental sections. An example
impedance spectrum is shown in Fig. 1. These resistances were
translated into a heat flow with Eq. 3. As can be seen in Fig. 8, the
profile of the total irreversible heat flow Q. as determined from
the voltage drop agrees with the shape of that calculated from
impedance data, Q; sx. Both exhibit a U-shape as a function of SOC
during charge, which is typical for this type of material.'?
Furthermore, the impedance measurements prove that the domi-
nating contribution to the irreversible heat flow is the charge-transfer
resistance, QCT(CAM), while all other resistances, summarized as Qgs.,
make only minor contributions. The offset between the irreversible
heat calculated from the voltage drop (Qj.,) and the heat obtained

from the impedance data (Q;rg) is due to diffusion limitations,
which are not captured in the impedance experiment with a lower
frequency limit of 0.1 Hz but are included in the voltage drop. These
limitations include liquid and solid diffusion, which seem to be
rather constant in the middle of the SOC window, with increasing
values at low and high SOCs. The overall diffusion resistance can be
estimated from the difference of the two heat profiles by translating
the respective heat flow into an apparent resistance based on Eq. 3.
In the constant region, it is around ~60 Q cm? while at high SOC
during charge, it increases to 140  ¢cm? and at low SOC during
discharge up to ~215 Q cm?, with an extremely high value at the end
of discharge in the k{2-range.

We performed a similar analysis for the NCA/Li cells, shown in
Figs. 9a and 9b. The heat flow measured by IMC (Oar, black)
displays some interesting differences to that of the LMR-NCM/Li
cells. Most strikingly, the overall measured heat flow (black curve) is
significantly lower. The curve of the IMC signal during charge has
its maximum of ~1.2 mW gcan ' at the beginning of charge, after
which the heat flow levels off until ~75 mAh gcay ' and gradually
increases again until the end of the half-cycle. Overall, the heat flow
curve during charge of the NCA/Li cell is rather flat compared to
that of the LMR-NCMY/Li cell. The IMC signal of the NCA/Li cell
during discharge, shown in Fig. 9b, has a similarly flat shape as
during charge, and its absolute values are of the same order of
magnitude until the cell is discharged below ~50 mAh gcan™ ', at
which point the heat signal displays a steep increase up to ~7 mW
gCAM”. The deviation between the irreversible heat flow (Qirvers
green curve) and the measured signal (black curve), which is
especially prominent at the end of the charge process, was discussed
above and arises from a combination of reversible heat and
measurement inaccuracy. The diffusion limitations causing the

difference between Qj., (green) and O,z (orange) cover ~50%
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Table 1. Lost electrical energy for LMR-NCM and NCA half-cells calculated from the voltage vs SOC charge/discharge curve as a function of
C-rate, using an intermittent cycling protocol. The total energy loss is shown in absolute numbers and relative to the charge energy of the respective
cycle. The different energy terms as defined by Eqgs. 7 and 8 are shown as absolute numbers and relative shares of Q,,.

c/10 c/5 c/2 1C

Electrical energy loss LMR- LMR- LMR- LMR-
NCA NCA NCA NCA

NCM NCM NCM NCM
Qtotar [IMWh/gcam] 84.1 9.3 88.1 14 99.7 23.8 1146  34.8
% of charge energy 8% 1.2% 9% 1.9% 12% 3.4% 15% 5.2%
Qirrev,cha [IMWh/gcam] 15.0 31 19.8 4.9 28.7 10.6 37.7 15.6
% of Qtotal 18% 33% 23% 35% 29% 45% 33% 45%
Qirrev,ais [MWh/gcaw] 23.0 4.8 31.2 7.2 42.6 12.5 57.6 18.4
% of Q¢otal 27% 52% 35% 51% 43% 53% 50% 53%
Qhys [MWh/gcam] 46.1 1.4 37.1 1.9 28.4 0.7 19.4 0.8
% of Qiotal 55% 15% 42% 14% 28% 3% 17% 2%

of the irreversible heat flow. They translate into diffusion resistances
similar to those found for the LMR-NCM/Li cells of around
50 Q cm? in the mid-SOC region with increasing values at the end
of charge (120 2 cm?) and discharge (>200 €2 cm?). The cathode
related resistance (Rcay) dominates the impedance response in the
lower SOC region, with values of up to 250 £ cm?. In contrast to the
impedance spectra of the LMR-NCM/Li cells (see Fig. 1), the two
semi-circles of the NCA spectra, from which R* and Rcay were
determined, are merged together in the middle SOC range (40 mAh
geam - < SOC < 200 mAh gean'). This means that the two
resistances could not be deconvoluted using the transmission line
model. This is why, in this SOC region, only the LFR was
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Figure 10. Allocation of different sources of heat according to the results
from intermittent cycling to the heat measured by IMC for the lowest C-rate
of C/10 for the LMR-NCMY/Li cell (number 2) and for the NCA/Li cell
(number 1). For each cell, the left-hand column contains the stacked IMC
heat data from the charge (red) and discharge (green) half-cycle. The
expected electrical energy loss determined from intermittent cycling is
shown for each cell by the right-hand column. Thereby, the relative shares
for the polarization induced overpotential in charge (orange) and discharge
(light green) are shown (see Table I) together with the residual energy loss
(Oresidual> blue). In case of LMR-NCM/Li, this corresponds to the OCV
hysteresis. The orange line and relative numbers indicate its share in charge
and discharge.

NCA

determined from the impedance spectra of NCA. Another difference
to the impedance response of LMR-NCM is that, at the end of
charge, Rcay of NCA does not increase significantly, due to the
simple fact that the cut-off potential for the NCA cells is lower and a
larger amount of cyclable lithium is still available in the material at
the end of the charge process.

As outlined in Eq. 2, another heat generation term exists for
materials with an OCV hysteresis, such as LMR-NCM, which is
Qh_m i.e., the heat due to OCV hysteresis. This will be discussed in
more detail in the following.

Deconvolution of energy losses.—Valuable information on the
allocation of heat due to OCV hysteresis (Qpy) to a charge and
discharge half-cycle can be gained by comparing the heat measured
by IMC with the electrical energy loss terms. In Fig. 10, this analysis
is conducted for the lowest C-rate of C/10 with the integrated
calorimetric heat signal shown in the left-hand column (charge and
discharge heat stacked) and the electrical energy losses in the right-
hand column for both the LMR-NCM/Li and the NCA/Li cell. The
analysis is based on the combination of electrochemical and
calorimetric data visualized in Fig. 2. Thereby, the IMC signal is
integrated over the charge or discharge half-cycle including the first
1.5 h of the consecutive relaxation phase at zero current as described
above. In contrast to the heat flow data (Q.,; in mW/gcan) shown in
Figs. 6 to 9, the integration over time leads to the amount of evolved
heat Q.,; (in mWh/gcanm). For example, from IMC, the evolved heat
during charge (Q.a1.cha) is accessible, which is a sum of the following
terms:

Qcal,cha = Qirrev,cha + ths,cha + |Qrev,cha| [9]

Solving for Qpys cha» this yields:

ths,cha = Qcal,cha - Qirrev,cha - IQrev,chal [10]

Qirrev.cha 18 calculated from the electrochemical measurements by
integrating over the voltage curve as shown in Fig. 4 and Table 1. To
obtain values for Qpy cnq» On€ has to assume that the contribution of
Orev.cha 1 negligible since the moment Q,,, .1, becomes comparable
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Figure 11. Heat flow during (a) charge and (b) discharge of the LMR-NCMY/Li cell (cell number 2) at C/10 as a function of SOC. The heat flow measured by
IMC (black) is compared to the irreversible heat generation calculated from the difference between the voltage at load and the OCV curve obtained by the
intermittent cycling protocol (green line, error bars from two measurements). The shaded areas correspond to the irreversible heat in charge (orange) and
discharge (green) and the heat due to OCV hysteresis (blue). The heat flow of Q'hyj in (c) charge and (d) discharge is calculated by Ocat — Oirrev (only exothermic

signal is shown).

to any of the other heat terms, independent values for Qjy e cannot
be obtained by this approach anymore. For the analysis shown in
Fig. 10, we therefore deliberately use the term Q,,squu instead of
Ohys to make the difference between both values more clear. The
effect on the accuracy of the results will be discussed below. For the
discharge, an equivalent derivation can be made.

The results from the IMC measurements (Qcas,cha and Qcai gis) are
shown by the left-hand column for both the LMR-NCM/Li and the
NCA/Li cell. The right-hand column for each cell marks the
expected total electrical energy loss. To allocate the different sources
of heat, determined by intermittent cycling, to the heat measured by
IMC, the relative shares, as shown in Table I, were applied to the
calorimeter signal. Note that by this definition, the height of the
right-hand column agrees with that of the left-hand column since it
simply illustrates the relative distribution of heat sources. For
example, it is known from the intermittent cycling at C/10 that
18% of the total energy loss is attributable to Qjyey, che and 27% to
Qirrev, ais- Hence, the remaining heat, which is measured by IMC
(Qresiduar in Fig. 10), can be allocated to the OCV hysteresis and can
furthermore be separated into its shares during the charge and
discharge half-cycles, respectively. This is illustrated by the orange
line in Fig. 10 and the percentage values in the blue section.

The left part of Fig. 10 shows the allocation of the different
sources of heat to the IMC signal for the LMR-NCM/Li cell,
indicating that the heat measured by IMC during charge (red
column) is only about half of that measured during discharge (green
column). As can be seen in the right-hand column for the LMR-
NCM/Li cell in Fig. 10, the polarization induced overpotential losses
during discharge (Qj,rey. 4is, light green) are larger than during charge
(Qirrev, cha» orange), which means that more irreversible heat is
evolved during discharge. The heat caused by these overpotential
losses is directly attributable to the respective charge and discharge
IMC heat signal. The additional heat, which is observed by IMC for
each half-cycle (Qyesiguar), 15 assigned to the OCV hysteresis. It can
be seen that the ratio between discharge and charge is around 70:30,
meaning that most of the heat due to OCV hysteresis is evolved in
the discharge process. Together with the higher irreversible heat

evolved during discharge, this leads to a considerable asymmetric
heat evolution between the two half-cycles.

As mentioned above, this analysis is somewhat compromised by
the reversible heat due to entropic changes, which is assumed to be
negligible for the construction of Qe in Fig. 10. It needs to be
noted, however, that any contribution of the reversible heat is
recorded by the calorimeter but cannot be observed in the voltage vs
SOC curve. Hence, this heat term contributes to the overall heat
observed by IMC (left-hand columns in 10) but is not considered for
the construction of the right-hand ones. As explained in the Theory
section, reversible heat has opposite signs on charge and discharge
and is therefore, by definition, equal to zero for a whole cycle. This
means that both the total heat measured by IMC and the electrical
energy loss have no net contribution from Q,.,. However, Q.
influences the respective half-cycles by adding another exothermic
heat source to one direction (discharge in the case of the
LMR-NCM)'* and an endothermic source to the other one (charge
for the LMR-NCM).'* The reversible heat can be determined from
entropy measurement. However, in the case of LMR-NCM, these
experiments revealed that the entropy is path-dependent between
charge and discharge, which suggests that the integration of Q,.,
would include non-reversible pathways, and hence would not give a
meaningful value for Oy Rather, we assume that the entropy
curve indicates that entropy production is being observed.'* For a
detailed discussion on the entropy and reversible heat in LMR-NCM
and the implications of non-reversible pathways, the interested
reader is referred to our previous work (in particular the discussion
of Eq. 17 in Friedrich et al.'*). However, the effect of the reversible
heat can be analyzed when the heat flow is considered instead of the
total integrated heat. As is shown in Fig. 6, the reversible heat can be
assumed to be negligible in the case of the LMR-NCM/Li cell
investigated here, so that the analysis shown in Fig. 10 should be
reasonably accurate.

Figure 10 also shows the IMC results of the NCA/Li cell,
comparing them with the energy loss data expected from the
intermittent cycling (Table I and Fig. 5) in the same way as for
the LMR-NCM/Li cell. The generated heat of the NCA/Li cell is
clearly less than for the LMR-NCM/Li cell. For the results from
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calorimetry, a symmetrical heat release between charge and dis-
charge is observed. The electrochemical data, however, suggest that
the irreversible heat in charge direction should be slightly smaller
than the heat determined by calorimetry, while for the discharge
direction it should be slightly larger. The mismatch between the heat
measured by IMC and the calculated heat in charge and discharge is
most likely attributable to the simplifications made with the
calculation of the different heat terms. As mentioned above, the
irreversible capacity loss results in a relatively large error when
calculating the total electrical energy loss in the case of NCA,
because of the rather small absolute heat flow signal. When the
relative shares of the energy terms calculated from the intermittent
cycling are then applied to deconvolute the different contributions to
the IMC signal, this additional heat term is evenly distributed
between Qirrev,chas Qirrev,dis and Qrexidual~ However, it seems that by
doing s0, Qjyrey dis 1S overestimated while Qjyyey cnq 1S Underestimated.
For materials with small absolute heat signals, such as NCA, neglect
of this energy loss term is not justified when aiming at a quantitative
analysis. We therefore recommend determining this heat term
separately so as to be able to allocate it to the charge or discharge
direction or analyze the heat flow signal as a function of SOC.

Heat evolution due to OCV hysteresis of LMR-NCM.—Figure 8
shows the various sources of irreversible heat, while Fig. 6
elucidates the rather minor contribution of reversible heat for
LMR-NCM. The lost electrical energy, which can be calculated by
integrating the OCV curve, as shown in Fig. 4a and Table I, is an
additional source of heat for cells with LMR-NCM compared to
normal cathodes like NCA. In Fig. 10, we discussed what share of
this heat is evolved in each charge and discharge half-cycle at C/10
of LMR-NCM/Li cells. Besides absolute numbers, another inter-
esting question, which we posed at the beginning of the paper, is
how ths is evolved as a function of the SOC. To answer it, we will
compare the heat evolution measured by IMC with the total
irreversible heat flow determined from the intermittent cycling
protocol, as shown in Figs. 11a and 11b. The data are the same as in
Fig. 8, but focus only on the two sources of heat that are essential for
determining Q',,ys, i.e., ignoring the minor contribution from rever-
sible heat. The difference between the measured heat flow (Q.u,
black curve) and the expected irreversible heat flow (Qj,, green
curve) is a measure of the evolution of Q'hys (blue shaded area). The

difference curve, Qs — Ojrrevs is sShown in Figs. 11c and 11d for the
charge and discharge half-cycle, respectively.

As can be seen from the difference plot in Fig. 11c for the charge
half-cycle, the heat flow due to the OCV hysteresis is small up to an
SOC of ~200 mAh gc Am L, after which it increases steadily. At the
beginning of charge, however, the irreversible heat flow is greater
than the measured signal. This apparent overshoot in the green curve
is most likely due to the way how Q.. is constructed by linear
interpolation between the OCV points as mentioned above. This is
supported by the observation that the two first data points (green
triangles; direct result of taking the difference between Ej,,; and at
this SOC) agree rather well with the IMC heat flow curve (black
line). Other sources of errors include the time delay of the
measurement setup and the inaccuracy in the determination of
Q',-rm,,cha. Since this deviation is considered to be an artifact from
the calculation, no endothermic th.; signal is shown in Fig. 11c. A
more detailed analysis of this lower SOC range, for instance with a
smaller ASOC spacing in the intermittent cycling, could shed further
light on the thermal effects at the beginning of charge. During
discharge, th.y is evolved over the whole SOC window with a
constant value of ~2 mW gcan ' during the initial discharge and an
increasing heat flow when the cell is discharged below ~170 mAh
gCAMfl; this forms a plateau at ~5 mW gCAMfl towards the end of
discharge, where the irreversible heat strongly dominates the total
heat flow. A comparison with the total heat flow of NCA serves to

classify the magnitude of the evolution of Q'/,yx. While for the NCA/
Li cells the total measured IMC signal is between 0.5 mW gean ™'
and 2 mW gCAM” for most of the SOC range, the heat evolution
only due to the OCV hysteresis for the LMR-NCM/Li cells is
between 0.5-5 mW gc AM L in charge and between 2-5 mW gc AM
in discharge. Hence, for LMR-NCMY/Li cells, the material-specific
ths, is of the same order of magnitude (or even greater) as the total
heat flow of the reference material NCA.

The profile of the total heat evolution of LMR-NCM in charge is
dominated by the shape of the irreversible heat flow (up to ~100
mAh gCAM”), while in the discharge direction, ths makes a
significant contribution to the heat flow profile, especially in the
SOC range between ~250 mAh gCANfl and ~65 mAh gcam~ ! The
SOC ranges at which Qh),s is mainly evolved in charge and discharge
(see Figs. 11c and 11d) suggest that the underlying phenomena for
OCV hysteresis in LMR-NCM occur particularly at high SOC
during charge (>200 mAh gcay ') and at low SOC during
discharge (<170 mAh gCAMfl). From window-opening experi-
ments, it is known that the hysteresis of the OCV curve,®*’ the
lattice parameters,'® and the entropy profile'* grow gradually,
becoming more and more pronounced as the charge or discharge
window are continuously opened. The evolution of Q'hyS reflects the
behavior of these other properties and hence indicates that the
underlying processes leading to the reported hysteresis phenomena
cause waste heat, which is observed at high SOC in charge and at
low SOC during discharge. However, as discussed above, the
accuracy of this analysis method is limited due to the time-delay
of the calorimeter, and we can therefore only report a trend in th.y
evolution as a function of SOC. In an extreme case, a pronounced
time lag would lead to a relative shift on the SOC axis, meaning that
the SOC for the ths evolution in charge is generally overestimated,
while in discharge it is underestimated. For the data shown in
Fig. 11, this potential error is rather small, as outlined above (i.e., the
time lag ~18min until 99% of the heat signal is detected
corresponds to a ASOC of ~3%). However, as mentioned above,
there is still some heat flow present after removing the current, and
there is also an excess of irreversible heat at the beginning of charge.
This means that not all heat is detected at the moment of its
production. The heat evolution towards the end of each half-cycle
might therefore include some share of the heat produced at lower
SOC, leading to an overestimation of the heat flow at high SOC. As
mentioned above for Figs. 6 and 8, the heat signal after discon-
necting the current was also neglected in the analysis shown in
Fig. 11. Moreover, the heat flow observed by IMC might contain
contributions from parasitic heat sources, such as electrolyte
decomposition, leading to an overestimation of Q'hys. Probably the
most significant source of error is the unknown but evidentially
minor contribution of Q,,, to the herein determined Qjy,, which
might lead to an overestimation of ths in case of a exothermic Q,,,

(and an underestimated for an endothermic Q,.,). In conclusion, we
wish to emphasize that what is reported here is a semi-quantitative
trend in the evolution of Q'hys in charge and discharge and that further
measurements are required for a more accurate quantitative analysis.

Conclusions

We conducted a comparative study comprising an investigation
of the heat release of LMR-NCM/Li and NCA/Li coin cells at
different C-rates using isothermal micro-calorimetry. Impedance
spectroscopy and an intermittent cycling protocol were applied as
complementary methods to analyze the various heat sources. The
focus of this study is on the LMR-NCM cathode active material
(CAM), which has a unique OCV hysteresis. The electrochemical
and calorimetric data sets were analyzed employing two different
approaches: (i) integrating the heat flow for an individual half-cycle
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to get the total generated heat for the respective charge or discharge
direction (in mWh gCAM’l), and (ii) converting the heat flow over
time to a heat flow as a function of SOC (in mW gCAM'l). Using the
first approach, we observed that the total heat generation for LMR-
NCM is much higher than for NCA (decreasing from a factor of 9 to
3 for increasing the C-rate from C/10 to 1C), leading to a lower
energy round-trip efficiency. For both CAMs, the overall released
heat shows a linear correlation with the applied C-rate. However,
while the heat release extrapolated to a zero C-rate is rather small for
the NCA/Li cells, it is significantly higher for the LMR-NCM/Li
cells due to the quasi-static OCV hysteresis being a material-specific
property present even under zero current conditions.

The OCV hysteresis was further analyzed by intermittent cycling,
in which a 1 h rest phase was applied after each 10% SOC step to
collect OCV points during charging and discharging at different C-
rates. These electrochemical measurements indicate that the OCV
hysteresis of the LMR-NCM material is responsible for up to 55% of
the total electrical energy loss of LMR-NCMY/Li cells at C/10. The
irreversible heat generated during charge and discharge was also
calculated by this method. The share of the heat generation due to
OCV hysteresis was attributed to either the charge or discharge
direction on the basis of the calculated heat terms and the heat
measured by IMC for the individual half-cycles assuming that the
reversible heat due to entropy is negligible. We found that most of
the heat due to OCV hysteresis in the LMR-NCM/Li cells is
dissipated during discharge (72% for C/10).

Using approach (ii) above, we compared the measured heat flow
signal with the profile calculated from electrochemical data. For the
NCA/Li cells, the sum of the irreversible heat determined by
intermittent cycling and the reversible heat calculated from entropy
measurements corresponded well with the heat flow measured by
IMC. The heat flow is clearly dominated by irreversible heat while
the reversible heat serves more as a small correction for the
calculated curve. However, the very small absolute level of the
heat flow signal for the NCA material means that the limit of
the applied approach’s accuracy is reached, especially with regard to
the combination of the measurement results from different cells and
methods with an irreversible capacity leading to a source of error,
which is in the order of the measured data. In contrast, due to the
higher absolute signal for LMR-NCM/Li cells (=4 times), the
analysis is more accurate in this case. Using impedance spectro-
scopy, the irreversible heat determined from intermittent cycling was
further differentiated into the underlying resistive phenomena, which
lead to the observed potential drop. We found that for both cathode
active materials, the charge transfer resistance of the cathode
dominates the irreversible heat flow curve. For LMR-NCM, the
Rer(camy shows a characteristic U-shape as a function of SOC and
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further contributions from diffusional limitations are rather small.
For the NCA/Li cells, the diffusion resistances are very similar,
while the charge transfer resistance is generally much smaller and
covers only ~50% of the overpotential losses. The contribution of
the Li anode is included in the fitting parameters but makes only a
minor contribution to the low frequency resistance at very low and
high SOC.

With LMR-NCM/Li cells, the analysis of the heat flow profiles
provides detailed information about the OCV hysteresis. The heat
evolution due to OCV hysteresis is determined as a function of SOC
by subtracting the calculated irreversible heat flow from the
measured heat signal. During charge, Q.hys is mainly evolved at a
high SOC (>200 mAh gcan '), while during discharge, it is
released over the whole SOC range at a constant evolution rate
until 170 mAh gc v and an increasing rate below that. The heat
evolved due to OCV hysteresis in LMR-NCM is of the same order of
magnitude as the total heat release of the reference material NCA,
which underlines the importance of the analysis of this heat source.

To revisit the questions raised at the beginning of this paper, we
found that (i) the energy loss due to OCV hysteresis is fully
dissipated as heat and (ii) the majority is evolved during discharge.
The fact that (iii) the heat due to OCV hysteresis is mainly generated
at high SOC during charge and at low SOC during discharge
indicates that (iv) the underlying processes leading to the hysteresis
phenomena in LMR-NCM occur in these SOC ranges, which agrees
with observations from literature reports on parameters, such as the
LMR-NCM lattice parameters.
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Appendix

As shown in Eq. 2, reversible heat is calculated as a product of

OE,
the current, temperature and temperature-dependent OCV value, qu'

The latter was determined for both LMR-NCM/Li and NCA/Li cells
as described in the Experimental section. A detailed discussion of

the method and the results for LMR-NCM/Li cells is reported
OEeq
or

elsewhere.'* The obtained values are shown in Figure A-1.
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The variation of the OCV with temperature was measured as described above and discussed by Friedrich et al.'*
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3.2.3 Heat generation during the first activation cycle

The manuscript with the title “Heat Generation During the First Activation Cycle in
Li-lon Batteries with Li- and Mn-rich Layered Oxides Measured by Isothermal
Micro-calorimetry” will soon be submitted to a peer-reviewed journal. Since the
results are not published yet, the manuscript is shown in the Appendix in its current

version.

In the previous sections, the OCV hysteresis of LMR-NCM and its implications on the
heat generation were discussed in detail. Interestingly, this hysteresis only occurs
for an activated CAM. The activation happens when the LMR-NCM is charged to
4.8V vs. Li*/Li. The corresponding charge voltage curve has a unique shape and
exhibits a characteristic plateau at 4.5V, during which irreversible structural
rearrangements occur, including the loss of the “honey-comb” ordering106.136,
irreversible oxidation of lattice oxygen,?3%4 partly reversible TM migration?®7.106107,
the formation of Li/TM dumbbells®7102 and of dislocations!3’. In the activation
cycle, an anomalously high charge capacity of more than 300 mAh/g is reached. The
afore mentioned processes however lead to a loss of chemically available Li sites,
thereby causing a substantial irreversible capacity loss during the first cycle. The
subsequent discharge occurs at a significantly lower voltage. The loss of average
voltage together with the large irreversible capacity loss lead to a very low electrical

energy efficiency of only *73% for the first cycle (at C/10 and 25°C).

In the article presented here, we investigate how much of the electrical energy lost
during the first cycle is converted into waste heat and what conclusions can be
drawn from the heat evolution profiles on the underlying activation processes. For
this purpose, we used IMC in combination with electrochemical cycling
experiments. In contrast to the study presented in section 3.2.2, we conducted the
IMC measurements in-house at an identical calorimeter as used previously but with
a modified cell holder. The details of the cell holder are subject to an upcoming
publication by Kunz and Berg et al.122 Based on an intermittent cycling protocol, we
determined the irreversible heat generation similar to what was done in the
previous study. The contributions from reversible heat and parasitic heat are also

discussed in the article.
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Results

We found that only *43% of the electrical work lost during the first cycle is
converted into heat. During the first charge, a unique heat flow curve is obtained.
The irreversible heat thereby only accounts for x19% of this heat generation
suggesting that the major part is caused by the afore mentioned activation
processes. The heat generation during the first discharge is similar to that of the
following cycles and the results agree with what is shown in section 3.2.2. The
quantification of the heat generation during the activation of LMR-NCM is presented
here for the first time and indicates the underlying processes cause a unique heat

evolution profile.
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Conclusions

4 Conclusions

This PhD thesis investigated two types of cathode active material for use in LIBs. In
the first part, a Ni-rich layered oxide (NCM-811) was analyzed regarding its
capacity fading over long-term cycling. To gain an understanding of the
mechanisms leading to capacity fading, the electrochemical data were
complemented with X-ray diffraction and other diagnostics such as impedance
spectroscopy. The second part of this thesis deals with Li- and Mn-rich layered
oxides (LMR-NCM) and their intrinsic OCV hysteresis. This hysteresis phenomenon
was investigated by conducting entropy measurements and the corresponding

energy loss was analyzed by means of calorimetry.

In the first research project (section 3.1), we investigated the capacity fading
mechanisms of NCM-811 during long-term cycling and compared the results
obtained at room temperature (section 3.1.1) to those obtained at 45°C
(section 3.1.2). The capacity loss during C/2 cycling (3.0-4.5V) was more than
doubled for the operation at 45°C. As illustrated in Figure 1.3, there are several
possible degradation processes leading to a deterioration of the cell performance.
By design of experiment, we minimized all other contributions (such as Li loss,
electrolyte consumption, etc.) in order to focus solely on the degradation
phenomena originating from the CAM. By collecting XPDs in regular intervals in
both charged and discharged state, we were able to analyze the CAM structural
degradation over the course of cycling. We found that the bulk structure remained
reasonably stable, since the Li-Ni mixing only increased by =1-2% at 45°C
(700 cycles) and was constant at room temperature (1000 cycles). In the
diffractograms we could moreover find no indication for electronically isolated
particles. Particle cracking could therefore not be observed. By combining the XPD
results from the long-term studies with XPDs collected over a complete cycle, we
were able to establish a quantitative correlation between the NCM-811 lattice
parameters and the capacity losses. We conclude that the formation of an oxygen-

deficient, reconstructed surface layer causes the observed capacity losses.

159



Conclusions

Figure 4.1a shows the implications of such a surface layer on the cell performance.
There is an irreversible capacity loss due to the material lost for the formation of
the surface layer. The second effect describes a shrinkage of the effective SOC
window as a result of an increasing overpotential caused by the resistive nature of
the surface layer. Impedance spectroscopy further evidenced that an increasing
charge-transfer resistance is responsible for the growing overpotential over the
course of cycling. Further XPD experiments have shown that the surface layer is
formed around the primary CAM particles, as illustrated in Figure 4.1b (sketched in
blue). The thickness of this layer was estimated based on BET measurements to be
~6 nm after 1000 cycles at 22°C and x12-14 nm after 700 cycles at 45°C. We
conclude that the instability of the surface is the “Achilles heel” of Ni-rich layered
oxides. Potential countermeasures are less resistive, protective coatings or a

lowering of the exposed surface area, e.g., by using single crystalline CAMs138,

(@)  |oxygen release & surface reconstruction| (b)

Irreversible capacity loss
due to material loss

Reversible capacity loss due| [
to overpotential increase

Figure 4.1: (a) Illustration of the CAM degradation mechanism of oxygen release and surface reconstruction
according to Figure 1.3, including the two effects on the cycling performance observed in our studies.139.140 (b)
SEM-Image with an illustration of the reconstructed, O-deficient surface layer (sketched in blue), which is
suggested to form on the surface of the NCM-811 primary particles upon prolonged cycling. Figure adapted
from Friedrich et al.139

The second part of this thesis deals with LMR-NCM (section 3.2). Due to its high
specific capacity and low material cost (see Figure 1.2), it is a promising candidate
to be used as CAM in future LIBs. LMR-NCM, however, suffers from a significant OCV
hysteresis, which complicates the SOC determination in commercial applications
and severely reduces the energy round-trip efficiency. In order to investigate the
OCV hysteresis, entropy measurements were conducted (section 3.2.1). The partial
molar entropy of a battery is determined by measuring the variation of the OCV as
a function of temperature. For this purpose, a temperature ramping method was

implemented and validated in comparison to the typically used temperature step
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procedure. In order to determine the contribution of the lithium counter electrode
to the entropy of the LMR-NCM/Li cell, a spatially non-isothermal cell setup was
developed. Our results prove that the contribution of the lithium electrode is in the
same order of magnitude as the contribution of the cathode (*1 mV/K) and only the
difference between these two values gives the relatively small overall experimental
response (0.1 mV/K). Since the contribution of Li is independent of the SOC of the
cell and only gives a constant offset, any changes in the entropy profile are caused
by the cathode. For the LMR-NCM/Li system, we found a peak in the partial molar
entropy curve, which we ascribe to a second order phase transition. The entropy
curves during charge and discharge show a hysteresis when plotted as a function of
SOC, which vanishes when mapped versus OCV. The lack of typical fingerprints of
the configurational entropy together with the observed path dependence and the
relatively steep voltage curve prove that the vibrational and not the configurational
entropy dominates the partial molar entropy curve. In contrast, during the first
activation cycle, indications for changes in the configurational entropy were found,
which however vanish after the first cycle. Generally, the reversible heat can be
calculated from entropy data as shown in equation (2.14). Since the (de-)lithiation
of LMR-NCM, however, does not follow fully reversible pathways when a whole
cycle is considered, the calculation of the reversible heat is not possible for a
charge/discharge cycle. Our entropy study has generated insights into the
hysteresis phenomena in LMR-NCM, but has also raised new questions to be
addressed by researchers with other experimental methods or theoretical

calculations.

In order to quantify the energy lost due to the OCV hysteresis (ths), calorimetric
measurements were conducted (section 3.2.2). We thereby compared the heat
evolution in LMR-NCM/Li to that of NCA/Li cells. NCA serves as a reference
material, since it does not exhibit a significant OCV hysteresis. We found that the
heat generation during charging/discharging of cells with LMR-NCM cathodes is up
to 9 times higher (at C/10) compared to cells with NCA cathodes. The heat release
of both materials shows a linear correlation with the electrical current applied to
the cells. While for NCA/Li cells the zero current intercept is close to zero, there is

a considerable offset for LMR-NCM/Li due to the OCV hysteresis, which is present
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even at zero current conditions, since it is a material specific property. At low
currents (i.e. C/10), the energy loss due to the OCV hysteresis amounts to *55% of
the total energy loss for LMR-NCM. Our analysis shows that the main part of the
heat due to OCV hysteresis is generated during discharge. The evolution of ths as
a function of SOC was determined by subtracting the expected irreversible heat flow
from the heat signal measured by IMC. The irreversible heat was calculated based
on the overpotential measured every 10% SOC by an intermittent cycling protocol.
We found that ths is generated over the whole SOC range during discharge but
especially at low SOC (<170 mAh/g). During charge, we observed the evolution of
ths at high SOC (>200 mAh/g). These observations are in agreement with
literature reports on the hysteresis of the OCV1997, the lattice parameters100.104, and
our results for the path dependence of the entropy curves (section 3.2.1)132
indicating that the hysteresis phenomena in LMR-NCM arise when it is charged to
high SOC and discharged to low SOC. Our results evidence that the underlying
processes leading to the hysteresis generate waste heat. For LMR-NCM, ths is
thereby of the same order of magnitude as the total heat released from NCA/Li cells.
This underlines the importance of calorimetric measurements for active materials
with a pronounced OCV hysteresis such as LMR-NCM. For the thermal management
of the cell in an application like a BEV, it is essential to know the heat flow as a

function of SOC.

In addition to the OCV hysteresis in regular cycles, LMR-NCM also exhibits a
considerable hysteresis in the voltage curve during the initial activation cycle. The
first charge voltage curve has a unique shape, with a plateau at 4.5V vs. Li*/Li.
When LMR-NCM is charged to this upper plateau, irreversible structural changes
occur.?3.9497,106136 The consecutive discharge voltage curve has a considerably
lower average voltage and not all Li that was extracted during charge can be re-
intercalated during discharge. This means, that the energy round-trip efficiency is
significantly reduced (*73% at C/10). To investigate how much of this energy loss
is converted into waste heat, calorimetric measurements were conducted with
LMR-NCM/Li cells during the first activation cycle (section 3.2.3). We found that
only *43% of the electrical work lost during the first cycle is evolved as waste heat.

Similar to our previous study, we compared the expected irreversible heat flow to
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the measured IMC signal and ascribed the difference to the heat due to activation
processes. During the first charge, more than 80% of the observed heat flow is
caused by these activation processes. The onset of this heat evolution coincides
with the beginning of the upper voltage plateau, which further evidences that it is
directly related to the irreversible structural processes happening during activation
of LMR-NCM. The heat observed is a measure of the enthalpy of the structural
rearrangements during activation. The heat evolution during the first discharge is
comparable to that during subsequent regular cycles. Window-opening
experiments, in which the upper SOC limit is gradually increased, furthermore
prove that the heat evolution due to activation in charge and due to hysteresis in
discharge is only observable when LMR-NCM is charged (i.e., activated) beyond the
beginning of the upper voltage plateau (>100 mAh/g). The results presented in this
PhD thesis therefore give new insights on the OCV hysteresis in LMR-NCM. Our
entropy and IMC results could be the basis for in-depth computational studies
allowing a fundamental understanding of the mechanisms underlying the OCV

hysteresis.

Following up on this work, research questions for future studies arise. For the X-ray
diffraction studies on Ni-rich CAMs presented in the first part of this thesis
(section 3.1), an interesting follow-up question is the aging behavior of single-
crystalline CAMs in contrast to the poly-crystalline CAMs investigated in our work.
Since single-crystalline NCM has primary particles with a size in the pm range, they
have a significantly lower surface-to-bulk ratio, which would substantially decrease
the loss of electrochemically active material. This holds true as long as intragranular
cracking of the single crystallites does not generate new surfaces, and if the active
material loss mostly occurs on CAM surfaces exposed to the electrolyte. To test
these hypothesis and compare the degradation mechanisms between the two types
of CAMs, an identical long-term aging study with single-crystalline NCM811 would

be interesting to look at in the future.

The methods of entropy measurements and IMC, presented in the second part of
this thesis (section 3.2), can be applied in various further ways to gain more
information on LMR-NCM, but also on other active materials of interest. Possible

options are the measurement of the partial molar entropy and the heat flow by IMC
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at different cycling temperatures. Since the extent of the OCV hysteresis loop
depends on the temperature, 132141 jt is an interesting question how the
temperature affects the partial molar entropy as well as the observable heat flow,
in particular the heat flow due to the OCV hysteresis. Another factor influencing the
OCV hysteresis loop is the degree of activation during the initial formation
cycle.?7100 When the activation is not fully completed during the first cycle,
literature reports suggest that the activation processes proceed during the
subsequent cycles when high charge voltages are reached.?¢142 Thus, an interesting
question for future research is the effect of the degree of activation on the heat flow
curves during subsequent cycling. The proposed working hypothesis is that the
accumulated heat over the first five to ten cycles is the same when normalized to
the exchanged charge/discharge capacity, independent of the activation protocol
during the first cycle, but this still needs to be proven, and could be subject to

further research.

Regarding the experimental approach in the IMC study conducted in Ulm
(section 3.2.2),110 our recently established in-house calorimeter offers the
advantage of more possible complementary methods to be combined with the IMC
measurement. For example, there is no need to use two sets of identical cells in
future IMC studies with one set analyzed in the calorimeter and the other set used
for electrochemical tests. With our IMC set-up in house, it is possible to conduct e.g.
impedance measurements in-situ on the cells in the calorimeter. Furthermore, it is
possible to conduct long-term cycling experiments where the cells are cycled in the
temperature chambers in the lab and analyzed by IMC in regular intervals. Thereby,
a similar design of experiment, as for the in-house diffraction study presented
earlier (see section 3.1.2),140 is possible, where cells are cycled for several hundreds
of cycles at a constant temperature and every 50 cycles, a charge/discharge cycle is
conducted inside the calorimeter in order to measure the heat evolution over the
course of cycling. By doing so, the heat flow due to the OCV hysteresis could be
investigated as a function of cycle number and possible effects from aging on the
OCV hysteresis could be revealed. In that context, a combination of XPD and IMC
would also be an interesting approach. The structural information gained from XPD
correlated with the heat flow data from IMC could give a new perspective especially

for active materials where structural processes are strongly correlated with heat
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evolution. For silicon negative electrodes for example, operando XPD was
successfully combined with IMC showing a correlation of a decrease in silicon
crystallinity to a decrease in the measured entropic heat flow.120 The groundwork
for such research activities is laid within this thesis, and many interesting research

questions for the future follow from this work.
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5 Appendix

The manuscript with the title “Heat Generation During the First Activation Cycle in
Li-lon Batteries with Li- and Mn-rich Layered Oxides Measured by Isothermal
Micro-calorimetry” is shown here since the results are not published yet. The

manuscript will soon be submitted to a peer-reviewed journal.
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Heat Generation during the First Activation Cycle in Li-ion Batteries with Li-
and Mn-rich Layered Oxides Measured by Isothermal Micro-calorimetry
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b Institute for Electrical Energy Storage Technology, Technical University of Munich (TUM), Munich,

Germany.

" E-mail: franziska.friedrich@tum.de

Abstract
Using isothermal micro-calorimetry, we investigate the heat generation of lithium- and manganese-

rich layered oxides (LMR-NCMs) during the first cycle in which LMR-NCM exhibits a pronounced voltage
hysteresis leading to a low energy efficiency (273%). In the first charge, LMR-NCM shows a unique
voltage plateau at =4.5 V where irreversible structural rearrangements lead to an activation of the
material as well as the large voltage hysteresis. We found that only a fraction of the lost electrical work
(=43%) is converted into waste heat. Thereby, the heat flow profile of the first charge is unique and
shows considerable heat generation during the voltage plateau. With complementary electrochemical
methods, contributions of conventional sources of heat, i.e., because of polarization and entropy, are
determined. However, they do not cause the considerable generation of heat during the voltage
plateau. Our results therefore suggest that the structural rearrangements during activation lead to a
significant generation of heat. In window-opening experiments, we demonstrate that the activation is
a gradual process and that the heat generated during the first discharge is directly linked to the extent
of activation during the preceding charge. We also investigate the effect of the degree of overlithiation

on the heat generated during activation.
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1 Introduction
Lithium- and manganese-rich layered oxides (LMR-NCMs) such as Li;.14(Nio26C00.13Mnog)ossO2 are

promising candidates for next-generation Li-ion batteries. Compared with conventional layered NCMs,
they provide higher reversible capacities of up to 250 mAh/g. This is because a part of the transition
metals (TMs) in the TM layer is replaced by lithium, thereby leading to an overlithiation of the
structure. By using inexpensive manganese, a low material cost compared with other state-of-the-art

cathode materials, which contain high amounts of nickel and cobalt, is achieved.!

However, the practical applications of LMR-NCM are still limited by several challenges such as voltage
fading?, oxygen evolution®*, high resistances’, and a pronounced voltage hysteresis®’. The hysteresis
of the voltage is still present under open-circuit conditions and is thus an intrinsic bulk property of
LMR-NCM. In addition to the open-circuit voltage (OCV), other parameters show a path-dependence
as a function of state of charge (SOC), i.e.., the cathode resistance®, the lattice parameters?, and the
entropy curve®. Interestingly, all of these hysteresis phenomena occur only for an activated material
i.e., after charging the LMR-NCM to 4.8 V vs. Li/Li*. Thereby, the activation of the LMR-NCM is a gradual
process and the first charge occurs via a two-step voltage profile. During the initial sloping region,
lithium (Li) is removed from the Li-sites, and the charge is compensated by the oxidation of the
transition metals (TMs). In this first region (below =125 mAh/g or =4.4 V vs. Li/Li*), the material cycles
are reversible (i.e., the coulombic efficiency is close to 100%, the peaks in the dQ/dV profile are
symmetrical'?, and the lattice parameters®, resistance®, and entropy® of the charge and discharge
direction coincide). Upon further charging, the voltage curve shows a plateau at =4.5 V, and the charge
compensation includes oxygen redox, which enables the anomalously high first charge capacity of
more than 300 mAh/g and leads to irreversible structural rearrangements. During the upper voltage
plateau, the long-range “honey-comb” ordering disappears!®!!, and chemically available Li sites are
lost, thereby leading to a large irreversible capacity loss during the first cycle. Several structural and

electronic changes are associated with the activation process and discussed in literature. These include

3,12 13,14

irreversible®'* and reversible oxidation of oxygen species, partly reversible TM migration>”1°, the
formation of Li/TM dumbbells**5, and the formation of dislocations®®. All of these processes happen
during the upper voltage plateau and cause a substantial hysteresis between the first charge and
discharge voltage curve. This loss of voltage combined with the large irreversible capacity loss leads to

a very low electrical energy efficiency of =73% for the first cycle (at C/10 and 25°C).

The aim of the present study is to investigate the heat generated during the first cycle and answer the
following questions: (i) How much of the electrical work, which is lost during the first cycle, is converted
into waste heat? (ii) What can we learn from the heat generation profile as a function of SOC on
activation processes? (iii) What effect does the activation have on the generation of heat during the

subsequent discharge? (iv) How does the degree of overlithiation influence the generation of heat
Page 2
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during activation? The lost electrical work, measured by galvanostatic cycling, can usually be directly
converted into the expected waste heat of a battery when a full, reversible charge/discharge cycle is
considered. However, because LMR-NCM undergoes irreversible processes during the first activation
cycle, the material at the end of the cycle clearly differs from the pristine one. The irreversible capacity
loss observed and the substantially lower voltage on discharge are direct consequences. Thus, the
difference between the charge and discharge energy is only a measure of lost electrical work and does
not provide information about the amount of waste heat or its generation during charge and discharge.
The heat generation during the activation of LMR-NCM can be analyzed only by means of calorimetry.
By applying in operando isothermal micro-calorimetry (IMC), we aim to analyze the generation of heat
as a function of state-of-charge (SOC), thereby gaining insight into the activation processes. With the
investigation of parasitic reactions, the Dahn group demonstrated that IMC is a reliable technique for
precisely analyzing the thermal behavior of batteries’~*°. In our previous IMC study?’, we discuss the
heat generation of LMR-NCM s during regular cycling and introduce a new heat source into the general
energy balance model: the heat resulting from OCV hysteresis, ths. This term is required to describe
the thermal behavior of active materials with a pronounced OCV hysteresis such as LMR-NCM. Using
IMC, Assat et al.?! investigated the heat generation of Li,Ruo755n0.2503 , which serves as a model system
for LMR-NCM materials. They report a large heat release during the upper voltage plateau in the first
charge. This is ascribed to a chemical stabilization process correlated to the irreversible structural

rearrangements during activation.

We use IMC to measure the heat generated during activation of LMR-NCM/Li half-cells at C/10 and
25°C. We also determine the irreversible heat using a galvanostatic intermittent cycling protocol. The
reversible heat is calculated based on potentiometric entropy measurements®. However, this is shown
to be negligible for the present study. Thus, from the difference between the observed heat and the
calculated expectation value, the heat resulting from activation and hysteresis is determined as a

function of SOC.
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2 Experimental
2.1 Calculation approach

When a battery is charged or discharged, heat is generated. Under isothermal conditions, the total
heat flow can be expressed according to equation (1). In general, three main contributions to the heat
generation can be identified: (i) the irreversible heat, Q;yey, (i) the reversible heat, Q,.¢,, and (iii) the

parasitic heat flow, Qp.

(1)

. aEeq .
Qtor = I'(Eload_Eeq)+T'1' aT +Qp

= Qirrev + Qrev + p
Irreversible heat originates from cell polarization, which causes the cell voltage under load, Ej;, 44, to
differ from that under open-circuit conditions, Eeq- This term, which is the first one on the right hand
side of equation (1), is always exothermic. It can be calculated from electrochemical cycling data with
an intermittent protocol explained in Section 2.4. The second term, the reversible heat, is caused by
the changes in the entropy of the cathode and anode as a function of SOC. Depending on the sign of
the applied current, I, this contribution can be either exothermic or endothermic. For reversible
processes, Qrev is equal to zero if a complete charge-discharge cycle is considered (under isothermal
conditions). The reversible heat was determined from entropy measurements described in Section 2.5
and is discussed in more detail elsewhere.® The third term on the right hand side of equation (1)
summarizes all heat flow from sources other than charge/discharge. This can include any side reactions

1713 or SEl formation??. A detailed discussion of the different sources

such as electrolyte decomposition
of heat can be found in our previous IMC study® in which we also elucidated the necessity to add
another term to the general heat equation for materials such as LMR-NCM, which show a significant
hysteresis in their open-circuit voltage (OCV). We introduced the heat resulting from OCV hysteresis,
ths. For this purpose, we assume that the voltage measured under OCV conditions, Ey, is not equal

to the (theoretical) thermodynamic equilibrium potential, E,,, which cannot be measured. A potential

eq’
difference and thus a similar expression as for the irreversible heat generated by polarization is

created. The heat flow of LMR-NCM/Li cells is thus as follows:

(2)

. 0E .
Qtot = I (Ejpaa —Eoc)+T-1- a;q + Qp +1-(Eoc — Eeq)

= Qirrev + Qrev + Qp + Qnys
However, this theoretical heat balance must be adjusted for the present study. For the first cycle of
LMR-NCM/Li cells, the contribution from Qreu was found to be negligible. A detailed discussion of this
simplification can be found in Section 3.5. There, we also explain why the parasitic heat, which was
estimated from measurements of a symmetrical Li/Li cell, is assumed to be insignificant. The heat

balance used for the calorimetry study presented here thus simplifies to:
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Qtot = 1 (Eioaa — Eoc) + 1 (Eoc — Eeq) (3)
= Qirrev + ths
The total heat generation is measured by isothermal micro-calorimetry (IMC) described in Section 2.3.
Thus, the additional heat term resulting from OCV hysteresis and activation, ths, is determined from
the difference between the total measured heat flow, Q;yc = Q;or, and the calculated irreversible
heat. This simplification means that what we identify as ths includes contributions from Qp and Q.
In Section 3.5, we will demonstrate that these contributions are insignificant. Nevertheless, we still
want to make clear that they are not zero, even though this is assumed for the calculation in

equation (3).

2.2 Electrode fabrication and battery assembly

We used three different Li- and Mn-rich layered oxides (LMR-NCM) with varying degrees of
overlithiation. According to the notation Li[LisTMs.1]O,, BASF SE (Germany) provided us with a low-
(6 =0.14), mid- (0.17), and high-lithium material (0.20), which correspond to 0.33 Li;MnQs, 0.42
LizMnOs, and 0.50 Li;MnOs in the notation applied by Teufl et al.? This study focuses on the low-lithium
material, which has been analyzed by means of calorimetry®? and entropy?®. Its exact composition is
Li1.14(Nio.26C00.13MnNo.6)0.8602. For electrode preparation, inks of the cathode active material (CAM) were
prepared by mixing 92.5 wt% LMR-NCM, 3.5 wt% polyvinylidene-fluoride binder (PVdF, Solef 5130,
Solvay, Belgium), and 4 wt% conductive carbon (Super-C65, Timcal, Switzerland) with N-methyl
pyrrolidine (anhydrous, Sigma-Aldrich, Germany). The dispersion was mixed in a planetary orbital
mixer (solid content =58 wt%; Thinky, USA), and the resulting ink was coated onto aluminum foil
(=15 um, MTI, USA). After drying, the coatings were calandered (GK 300L, Saueressig, Germany) to a
porosity of =<42-45%. For electrochemical testing, the electrodes were dried for a minimum of 12 h at
120°C in a dynamic vacuum (Blichi, Switzerland). The loading of the LMR-NCM electrodes was
=11.6 mg/cm?, which corresponds to =2.9 mAh/cm? based on a nominal reversible capacity of

250 mAh/gimr-Nem.

Coin cells (type CR2032) were assembled in an argon-filled glovebox (O,, H.O < 0.1 ppm, MBraun,
Germany) with the manufactured cathodes (14 mm diameter), two glass fiber separators (17 mm
diameter, glass microfiber #691, VWR, Germany), and a Li counter electrode (15 mm diameter,
450 pum thickness, 99.9%, Rockwood Lithium, USA). The electrolyte was composed of 100 uL of a 1m
LiPFsin a FEC:DEC-based (12:64 v:v) solvent with 24 vol% of an additional fluorinated co-solvent (BASF
SE, Germany). All data reported here originate from constant current (CC) cycling at a C-rate of C/10,
whereby the C-rate refers to the reversible capacity of LMR-NCM (250 mAh/g). We use the term “state
of charge” (SOC) to describe the nominal specific capacity (in mAh/gcam), which was extracted from

the cathode. It can hence be directly converted into the amount of Li in the cathode. An SOC of 0 mAh/g
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means that the material is fully lithiated (Liz.14(Nio.26C00.13Mno.6)0.8602) while at an SOC of 345.6 mAh/g,
the LMR-NCM would be fully delithiated. Two sets of identical cells were analyzed in this study: (i) one
set was cycled inside the calorimeter as described in Section 2.3; (ii) the second set of cells was used

to determine the irreversible heat by intermittent cycling described in Section 2.4.

2.3 Isothermal micro-calorimetry

The LMR-NCM/Li coin cells were transferred to the isothermal micro-calorimeter directly after
assembly. A TAM IV calorimeter equipped with a 20 mL micro-calorimeter (stability + 50 pK, accuracy
1 300 nW, precision £100 nW, TA Instruments, USA) was used. All measurements were performed at
25°C under isothermal conditions after internal gain calibration. On the reference site of the
calorimeter, a dummy cell with the same content as the actual sample cell but without the cathode
active material was used in order to ensure high measurement accuracy by a comparable heat capacity
of both cells. Before the experiment was started, we waited for the signal to reach certain stability
criteria (drift < 10 nW/h, standard deviation < 150 nW for 60 minutes). As the system identification
process suggests, the calorimetric setup can be described as dynamical system 2™ order (PT2 system).
Typically, such systems can be empirically characterized by the according unit step-response when a
rectangular heat flow is applied as an input signal. The two time-constants T1, T2 of the systems
transfer-function we derived during the calibration process and are found to be T1 = 57 s and T2 =
131 s. This results in a time delay of 682 s until 99% of the steady-state heat flow value is detected. A

positive sign in the observed heat flow indicates that heat is generated by the cell.

The cells were cycled inside the IMC in a custom-made coin cell holder, which was connected by Cu-P
bronze wires (Duo-Twist wire WDT-36-25, 36 AWG, Lakeshore, USA) to a potentiostat (SP200, BiolLogic,
France). A publication with a detailed description of the coin cell holder is in preparation.?
Galvanostatic cycling was done at C/10. First, a formation cycle was conducted between 2.0-4.8 V (all
voltages reported vs. Li*/Li), followed by a stabilization cycle (2.0-4.7 V), which was not further
analyzed, and another cycle (2.0-4.7 V) representative of the following reversible cycling behavior of
this material. After each half-cycle (i.e., whenever the upper or lower cutoff was reached), the CC phase
was followed by a 6 h open-circuit phase in order to enable separation of the heat flow during charge
and discharge. Two identical cells were measured for each experiment in order to ensure the
reproducibility of the results. The raw heat flow data obtained by IMC were normalized by the cathode
active material mass and corrected for their relative y-offset by subtracting a baseline. For the charge
half-cycles, a constant y-offset was determined prior to the start of the CC phase. For the discharge
half-cycles, an exponential decay function fitted to the subsiding heat flow signal observed during the
preceding OCV phase was used as baseline. Because the heat flow signal in the rest phase after

charging did not converge to a stable value within the 6 h of relaxation, we were unable to use a simple
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y-offset for the discharge half-cycles. Because of the time delay, the integration of the heat flow of an
individual charge or discharge half-cycle includes not only the heat signal obtained during current flow
but also that obtained during the subsequent relaxation phase. Of the 6 h relaxation phase applied,
we included only the first 1.5 h into the calculation. This is sufficient to obtain most of the actual heat
signal, yet not so long that parasitic heat flows might be erroneously included in the calculation. A
waiting time of 1.5 h might seem ineptly long considering the time delay of =11 minutes until 99% of
the signal is observed in the calibration measurement. However, the determined time delay needs to
be classified as a signal response of an ideal system, i.e. an electrical resistor, whose heat generation
strictly follows the applied current profile. The reported value hence solely describes the time delay of
the IMC instrument. When the applied current of a coin cell with a real cell chemistry is switched off
at the beginning of a rest phase, equilibration processes within the electrodes occur and lead to heat
generation with much longer time constants. For a reliable analysis of IMC data, it is hence crucial to
critically assess how much of the rest phase will be included into the integration of the heat signal. This

value should be reported to allow comparison to other reports and instruments.

2.4 Determination of irreversible heat by intermittent cycling

Complementary to the IMC measurements, electrochemical testing was performed with identical cells
at 25°C in a temperature-controlled oven (Binder, Germany) using a Biologic potentiostat (VMP300,
Biologic, France). In order to calculate the irreversible heat according to equation (3), the
overpotential, n = E; 40 — Eoc, Was determined by intermittent cycling. The cycling protocol applied
is similar to a galvanostatic intermittent titration and was used as in our previous study? in which the
approach is described in more detail. The first cycle was conducted between 2.0-4.8 V, followed by a
stabilization cycle (2.0-4.7 V), which was not further analyzed, and another cycle (2.0-4.7 V)
representative of the following reversible cycling behavior of this material. All cycles were conducted
at C/10. Figure 1 shows the voltage curve of a 0.33 LMR-NCM/Li cell obtained by intermittent cycling
during the first charge and discharge (black solid line). The cycling procedure includes (dis)charging
steps of ASOC = 2.5% followed by a relaxation phase of t = 1 h. This was repeated until the upper
(lower) voltage cutoff was reached. Using this approach, 7 is determined as the difference between
the last voltage value at current flow, Ej,,4, and the open-circuit voltage, Eyc, at the end of the
intermittent relaxation phase, as shown in the inset of Figure 1. The average of the final 300 s of the
OCV phase are used as Ey.. The intermittent cycling method is not applicable for determining n for
the first SOC point during charging or discharging because there is no preceding voltage relaxation in
the charge (discharge) direction. By applying small ASOC steps, we aim to minimize the effect of this

missing data point.
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The measurement of Ey. after 1 h of relaxation means that slow relaxation processes that happen on
the order of hours or even weeks (i.e. solid diffusion) are not included into the calculation of the
overpotential and hence the irreversible heat. However, prolonged relaxation phases at every ASOC =
2.5% would lead to severe self-discharge effects and an uncertainty in the determination of the
nominal SOC. From previous experiments, we know that a 1 h OCV phase leads to reliable SOC data
and a tolerable inaccuracy in the determination of E,.. For example, when the last discharging step in
Figure 1 is considered, the overpotential 7 determined after £t = 1 h amounts to =96% of that after t =
6 h. Nevertheless, we want to emphasize that a longer rest phase would generally lead to higher values
for Qirrev- Since Qpy is calculated by subtracting Q;e, from the total heat signal, this means that the
heat because of hysteresis and activation would be slightly smaller when a longer rest phase was

chosen. However, the error is small in comparison to other measurement inaccuracies.

As can be seen in Figure 1, the charge and discharge capacities of a Li/LMR-NCM cell from constant
current cycling (as applied for the IMC cells, purple line) are slightly lower than from the intermittent
cycling (solid black line). These deviations amount to =-2% for the charge capacity and =-4% for the
discharge capacity and can be explained by the different cycling procedures. Because in the
intermittent protocol, a 1 h rest phase is applied every ASOC = 2.5%, any concentration gradients,
which are formed in the cell during cycling (e.g., because of liquid or solid diffusion limitations) are
continuously minimized. This means that the intercalation processes are closer to equilibrium and that
more Li-ions can be (de-)intercalated during intermittent cycling compared with a constant current
cycling. In addition, self-discharge phenomena might occur for the cells of the intermittent cycling,
especially at high SOCs during charge because they spend more time at high voltages. When the upper
voltage plateau is considered (SOC > 125 mAh/g), both cell types spend =6 h in this region during the
constant current phase. However, while for the IMC cells, only another 6 h during the subsequent OCV
phase must be added, the cells from intermittent cycling go through =27 OCV phases of 1 h each in this
region. This may enhance self-discharge phenomena and lead to a higher observable charge capacity.
Because the deviations are rather small, the results from intermittent cycling can still be used to

complement those from the IMC cells.
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Figure 1: Voltage curves of the first cycle of a 0.33 LMR-NCM/Li cell at C/10. During intermittent cycling, the (dis)charging was
interrupted every ASOC = 2.5% for 1 h and when the upper or lower cutoff potential was reached. The OCV values (E, ) at the
end of each rest phase are depicted as blue circles and the measured voltage (Eiptermittent) @S @ solid black line. A voltage
curve from a continuous cycle of an identical cell is shown for comparison (purple line). The inset shows voltage and current
of the cell from intermittent cycling as a function of time at an SOC=180 mAh/g during discharge. This illustrates how the
overpotential, n, is calculated from the difference between the last voltage point on load, Ey,qq, and Eqc.

2.5 Determination of reversible heat

As shown in equation (2), the reversible heat is calculated as a product of the applied current,

Eeq
’ar

temperature, and temperature-dependent OCV value . The latter was measured as a function of

SOC after (dis)charging the cell to a certain SOC point and allowing it to relax until the change in OCV

0Feq

over time was less than =0.2 mV/h. After this relaxation, o

was determined by linearly varying the

temperature of the cell between 5°C and 35°C in an Espec temperature chamber (LU114, Espec, Japan)
while recording the respective OCV variation (VMP300, Biologic, France). A detailed description of the

method applied and the results for the low- and high-lithium material are reported elsewhere.’
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3 Results and discussion
3.1 Heat generation during activation of LMR-NCM

The cyclic voltage curves of the first and the third cycle of an 0.33 LMR-NCM/Li cell at C/10 are shown
in Figure 2a. The second cycle is not shown because it is not representative of the continuous cycling.
The first charge-discharge profile (black curve in Figure 2a) starts with an initial sloping region, which
is associated with the oxidation of transition metals (Niand Co), followed by a voltage plateau at =4.5 V
during which irreversible structural changes such as transition metal migration®”%, oxygen redox'*4,
and the loss of a honeycomb ordering?®!! occur. The first charge of LMR-NCM thus includes unique
activation processes, which cause the cell resistance®, the lattice parameters®, and the entropy curve®
to differ from those of the following cycles. Furthermore, at high SOCs (voltage > 4.6 V), oxygen is
released from the material.>*? The voltage profile of the first charge differs significantly from that of
the following cycles (e.g. the third cycle shown in orange in Figure 2a). In contrast, the first discharge
voltage curve agrees with those of following cycles. Compared with the charge, the discharge occurs
at a much lower average potential, and the discharge capacity that can be achieved is =40 mAh/g lower
because of an irreversible loss of capacity. Both of these factors combined lead to a significantly lower

discharge energy and a considerable loss of electrical energy during the first cycle, which is shown in

Table 1 (E.pq — Eg4is)- In other words, the energy efficiency (gdis - 100%) of the first cycle (=73%) is
cha

significantly lower than that of the third cycle (=90%).

Table 1 furthermore illustrates that for the third cycle, the electrical energy lost is almost completely
observed as waste heat by IMC (Qpmc totar)- With 93%, the accuracy of this measurement is
comparable to our previous study? in which we discuss possible error sources that might had lad to
the deviation observed. These include the cables connecting the coin cell holder, which might remove
heat from the cell and hence the detector. Another issue is the choice of the integration limit for the
calculation of the IMC heat. From the 6 h OCV phase at the end of each half-cycle, only the first 1.5 h
were considered for the calculation as explained in Section 2.3. This should be enough time to include
the diminishing heat generation resulting from the time delay of the calorimeter and the equilibration
processes within the cell yet not too long to erroneously include too much heat from parasitic
processes, such as electrolyte decomposition. However, if the heat signal of the complete rest phase
was taken instead, the resulting total IMC heat would correspond to 97% of the electrical work lost.
Overall, we conclude that the accuracy of the IMC is sufficient to detect the electrical energy lost as
waste heat. In the third cycle, =33% of the waste heat is dissipated during charge and =67% during
discharge. The irreversible heat determined from intermittent cycling thereby covers =43% of the heat
generated during charge and =47% of the heat observed during discharge. The residual part of the heat

is caused by the OCV hysteresis, which is discussed in detail in our previous IMC study.?®
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For the first cycle, the electrical energy lost far exceeds the waste heat observed by IMC. In fact, only
=43% of the energy lost is converted into heat. From the analysis of the third cycle, we know that this
is not caused by instrumental errors. The questions thus arises as to why the electrical work lost cannot
be observed as waste heat. In order to clarify this, we need to revisit the cyclic voltage curve in Figure
2a, which shows that the charge—discharge process is not a closed loop for the first cycle. The large
irreversible loss of capacity (=40 mAh/g) together with the fact that the first charge profile is unique
and includes irreversible processes mean that the first cycle is not a thermodynamically reversible
process. Simply speaking, the LMR-NCM material at the end of the first cycle differs from the pristine
material at the beginning. The difference in the charge and discharge energy therefore includes not
only waste heat but also a considerable amount of electrical energy, which is consumed by irreversible
processes in the active material or which cannot be extracted anymore during discharge because of
the restructuring of the LMR-NCM leading to the loss of chemically available Li sites.?* From the voltage
curve alone, it is therefore not possible to assess how much waste heat will be released during the first
cycle. IMC measurements enable us to quantify the heat generated during the activation cycle of LMR-
NCM as a function of SOC and separate it into its share in charge and discharge direction, which, to our
knowledge, is reported here for the first time. Table 1 shows that only =43% of the electrical energy
loss is observed as waste heat; of this =55% is generated during charge and =45% during discharge.
The irreversible heat determined by intermittent cycling accounts for =19% of the heat during charge
and =41% of the heat during discharge. A comparison of the absolute numbers of Q¢ q4is in Table 1
indicates that the heat generated during discharge is similar for the first and the third cycle and that a
comparable proportion of the heat observed is due to polarization effects. In contrast, with Q¢ chg =
78.8 mWh/g, the total heat released during the first charge is almost three-fold of that released during
the third charge. The relative contribution of the irreversible heat to the heat generation in charge is
much smaller during the activation (19%) as was the case during the third cycle (57%). However,
because of the different absolute Q¢ cnq Values, these relative numbers are misleading. The absolute
values of the irreversible heat during the first (<15 mWh/g) and the third charge (=16 mWh/g) are quite
similar. The fact that only a small share of the heat generated during the first charge is due to
polarization effects means that a considerable amount is caused by another heat source. This will be

discussed in more detail in Section 3.2.
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Figure 2: (a) Voltage curve of the first cycle (blue) and the third cycle (black) of a 0.33 LMR-NCMy/Li cell at C/10. Panels (b) and
(c) show the heat flow profiles during charge and discharge, respectively with the heat flow of the first cycle in blue and the
third cycle in black. The heat measured by IMC is shown as solid line and originates from the same cell from which the voltage
curves are shown in (a). The irreversible heat calculated from intermittent cycling is depicted as filled symbols with error bars
from two different cells. Intermittent cycling was conducted with identical cells as used for the IMC experiments.
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Table 1: Measured and calculated energy losses for a 0.33 LMR-NCMy/Li cell at C/10 and 25°C for the first and third cycle.

Electrical energy loss, total heat generation measured by IMC, and the ratio total heat/electrical loss for the whole cycle are

shown together with the heat measured by IMC during charge and discharge as well as the respective proportion of the
irreversible heat. Energy terms in mWh/g and ratios in %.

Cycle | Echg — Eqis | Qimcotar | 2MEtotal | Quycchg | Qirreveha Qimcais | Yirrevais
(mwh/el | [mwh/el || mwh/g | " mwhg |
[%] [%] [%]
1 333.6 143.0 43 78.8 19 64.2 41
3 94.1 87.7 93 28.7 57 59.0 47

In addition to the overall heat generation, the heat flow profiles provide valuable information resolved
as a function of SOC. The heat flow curves of the first and the third cycle of an LMR-NCM/Li cell
measured by IMC at C/10 are shown in Figure 2b for the charge direction and in Figure 2c for the
discharge direction. In both plots, the heat flow measured by IMC, Q,MC (solid lines), is contrasted with
the irreversible heat generation, Q;yy, (filled symbols), determined from identical cells by intermittent
cycling. As explained in Section 2.3, a 6 h rest phase was applied between charge and discharge of the
IMC cells in order to enable separation of the heat flow of the two respective half-cycles. The heat flow
was measured as a function of time and with the applied constant current this time axis was converted
into an SOC scale. However, we wish to emphasize that with this approach, the time delay of the
calorimeter is neglected. As was already discussed in our previous IMC study?’, the resulting error is
small for slow C-rates. With the C/10 current applied here, it is in the order of =2% when the time delay
of =11 minutes, until 99% of the signal is observed, is compared to the duration of the first charge

(=12 h).

Figure 2c shows that the heat generated during the first discharge agrees well with that during the
third cycle —similar to what is expected from the voltage curve. In the first part of the discharge process
(300 mAh/g > SOC > 175 mAh/g), heat generation is relatively constant (=3 mW/g). When the cell is
discharged below =175 mAh/g, the heat signal increases to =10 mW/g and at the end of discharge,
another sharp increase in the heat generation is observed. The irreversible heat is rather constant
(=1 mW/g) over a wide SOC range and increases exponentially when the cell is discharged below
=125 mAh/g. Irreversible heat is caused by polarization effects in the cell. These include the ionic
resistance of the separator, the electric resistance of the external cell contacts, the resistance of the Li
anode, the charge transfer resistance of the cathode, the contact resistance between the cathode
coating and the current collector, and the ionic resistance of the electron and ion conduction across
the cathode. For reversible cycles such as the third cycle shown in Figure 2, a detailed discussion on
the underlying resistances causing Qe can be found in our previous publication? in which we

conducted impedance measurements and concluded that the charge transfer resistance of the
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cathode dominates the polarization effects. Its increasing values at low and high SOC give rise to the
observed curve shape as a function of SOC, which is in agreement with the results of Teufl et al.> The
data in Figure 2c suggest that the polarization effects in the first discharge agree with those of the third
cycle. The difference observed between Q¢ and Qjre, Will be discussed in more detail in the

Section 3.2.

In contrast to the discharge direction, the heat generation observed by IMC during the first charge
differs significantly from the profile during the third charge as can be seen in Figure 2b. During
activation, Q,MC has a constant region with values between 1 and 2 mW/g at the beginning of charge
until the cell reaches an SOC of =100 mAh/g, where the heat signal starts to increase. At
SOC > 125 mAh/g, the heat flow profile then shows a saturation behavior, where Q3¢ is between
=7 mW/g and =12 mW/g. At the end of charge, another steep increase is observed. In contrast, during
the third charge, the heat flow profile exhibits a U-shape starting at 4.5 mW/g at low SOC. This is
followed by a plateau around =1.5 mW/g in the mid-SOC region and an increase up to =10mW/g at the
end of the charge. The heat flow curves during activation and the following cycles thus differ
significantly in case of the charge direction. With the results from intermittent cycling, we can analyze
whether the observed mismatch is caused by differences in the irreversible heat profile. For the low
SOC region, both heat flow profiles are dominated by the irreversible heat. In the third charge, which
starts at =40 mAh/g because of the irreversible capacity loss in the first cycle (see voltage profile in
Figure 2a), the irreversible heat and IMC signal agree well below =200 mAh/g, which means that the
measured heat is caused mainly by polarization effects. In the first charge, Q;yc is close to Qjyrep in
the SOC region <100 mAh/g. The observed mismatch in the low SOC region is thus caused by the
irreversible heat flow. For the third charge, the results for Q;,., agree with those previously
reported?®, thereby indicating that the charge transfer resistance of the cathode dominates the
underlying polarization effects. Based on the impedance measurements by Teufl et al.’, it is known
that for a cell with an LMR-NCM cathode that has not yet been charged beyond 100 mAh/g, the
polarization effects are significantly lower and have a different profile as a function of SOC compared
to a cell that underwent a full activation cycle. The observed mismatch in the Q¢ curves of the first
and the third charge in the SOC region below =100 mAh/g are thus caused by differences in the
underlying cathode resistance, which dominate the irreversible heat. However, for the SOC range in
which the mismatch between the Q;yc curves of the first and the third charge is most striking
(>100 mAh/g), the results from intermittent cycling prove that this is not caused by the irreversible
heat. When comparing the curves for Q;,e, in the first (black symbols) and the third charge (orange
symbols) in Figure 2b, we observe that in this SOC range, the curves for Qimv agree well for both

cycles. For the first charge, there must therefore be an additional source of heat, which is no longer
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observable in the following cycles. This additional heat generation will be discussed in detail in the

following.

3.2 Heat resulting from activation and hysteresis

Figure 3a and Figure 3b show a detailed analysis of the heat flow, which is observed during the first
activation charge and discharge. There, heat generation measured by IMC (solid lines) is compared
with the irreversible heat flow determined by intermittent cycling (black circles and shaded gray area).
As mentioned in the Experimental Section, the intermittent cycling was conducted with identical cells
as used for the IMC experiments. The apparent charge and discharge capacity of the cells from
intermittent cycling is slightly higher than that of the IMC cells because of the different cycling

procedures (see Section 2.4).

For the charge half-cycle, the IMC signal agrees with the calculated expectation value of Qirrev until
SOC =100 mAh/g. When the cell is charged further than this, Q;y,¢ increases significantly, while Q;yrep
remains constant, indicating that, at SOC values above =125 mAh/g, an additional source of heat is
present for LMR-NCM. When comparing the heat generation profiles in Figure 3a to the voltage curve
in Figure 2a, it becomes clear that the onset of this large heat generation coincides with the beginning
of the upper voltage plateau during which irreversible structural rearrangements lead to the activation
of the LMR-NCM. We thus ascribe this large generation of heat to these activation processes as
suggested by Assat et al* for the first cycle of Li;Ruo755n0250s. The additional heat source is termed
ths and isillustrated by the red shaded area in Figure 3a for the first charge. Above =125 mAh/g, ths
is the main source of heat. For the discharge direction, the IMC signal deviates from the irreversible
heat over the whole SOC range. This means that there is a continuous ths generation corresponding
to the area shaded in blue in Figure 3b. To better analyze the profile of the ths generation, Figure 3c
and Figure 3d show the difference curve, which is obtained by subtracting Qjre, from Q¢ in the
respective upper panels (solid lines for the first cycle). For the charge direction, the generation of
ths,cha starts at =100 mAh/g with a steep increase until =140 mAh/g, where the curvature changes
into an approximately linear slope. In the SOC range between =140 mAh/g and =260 mAh/g, the ths
generation continuously rises from =4.5 mW/g to =10 mW/g. At the end of charge, another steep
increase to =14 mW/g is observed. Figure 3d shows that, during the discharge half-cycle, ths_dis is
generated over the entire SOC range. The heat flow profile of ths,dis can be described with two
plateaus at high and low SOC that are connected by a step-like feature. At the beginning of discharge,
a constant value around =2 mW/g is observed, which increases when the cell is discharged below
=170 mAh/g. The second plateau is reached at SOCs < 100 mAh/g, where ths,ais is around =5 mW/g.

The ths generation thus shows a clear asymmetry between the first charge and discharge.
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When we compare the generation of ths during the first cycle with that during the third cycle (solid
versus dashed lines in Figure 3c and Figure 3d), we see a clear difference for the charge direction. For
the discharge, on the other hand, both ths,dis curves agree. This outcome was to be expected from
the heat flow profiles in Figure 2b and Figure 2c. Because for the discharge direction, the total heat
flow and the irreversible heat generation agree for both cycles, ths,dis is equal. The fact that the heat
evolution during discharge in the first and the consecutive cycles agrees is in accordance with literature
reports on the lattice parameters® and the entropy curve® of LMR-NCM. In contrast, while the
irreversible heat during charge at SOCs above =100 mAh/g is fairly comparable for the first and the
third cycle, the overall heat signal differs significantly. This, in turn, leads to a considerably different
ths,cha generation profile. In the third cycle, ths,cha is observed only at high SOCs (>200 mAh/g),
where it increases steadily and reaches a maximum of =7 mW/g at the end of charge as reported in
our previous study®®. On the other hand, in the first charge, the onset of ths_cha is earlier
(=100 mAh/g), and the overall heat generation observed is substantially higher
(Qnys,3.cha=12.3 MWh/g, Qpys 1.cre=63.8 MWh/g). Thus, what we label here as ths,cha is not the
same for the first and any consecutive cycle because during the first charge, ths,cha includes heat
generation from irreversible activation processes, which occur only during the upper voltage plateau

of the first charge half-cycle.
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Figure 3: Heat flow of a 0.33 LMR-NCM/Li cell during activation at C/10: (a) and (b) show the heat flow measured by IMC,
Oymc, (solid black lines) together with the irreversible heat flow determined by intermittent cycling, Qirep, (black circles)
during charge and discharge (same data as shown in black in Figure 2b and Figure 2c). The colored areas in (a) and (b)
correspond to the irreversible heat (gray) and the heat resulting from OCV hysteresis (red for charge, blue for discharge). The
generation of ths for charge and discharge is plotted in (c) and (d) (calculated from the difference between Q;yc and Qiyrev;
the solid lines correspond to the ths generation during the first cycle, and the dashed lines represent the third cycle. The
error bars for Qe are calculated from the measurement of two identical cells. Intermittent cycling was conducted with
identical cells as used for the IMC experiments.
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Interestingly, for the charge direction, the onset of ths,cha occurs in the same SOC region
(=100 mAh/g) in which the step of the voltage curve is observed. Thus, in the SOC window between
=100 mAh/g and =125 mAh/g, both the voltage curve and the ths,cha curve show a steep increase.
At SOCs above =150 mAh/g, the upper voltage plateau is reached, and the voltage curve flattens out.
In this SOC range, the ths,cha profile increases in an approximately linear manner. The major
proportion of ths,cha is generated in this high SOC region, which coincides with the upper voltage
plateau of the cell. As explained above, irreversible processes'®!® occur during the upper voltage
plateau. Our results clearly indicate that this activation process generates a significant amount of waste

heat.

There are also some similarities between the ths,cha generation during activation and the gas release
measured by on-line electrochemical mass spectrometry (OEMS). For the same LMR-NCM active
material as used in the present study, Strehle et al.?? and Teufl et al.3 report that the CO, generation
during the first charge starts between =100 mAh/g and =125 mAh/g. This coincides with the sloping
region at the beginning of the upper voltage plateau and the onset of the ths,cha generation observed
here. The increase of the CO, concentration as a function of SOC is comparable to the shape of the
ths,cha signal up to =270 mAh/g. When the cell is charged even higher, both the ths,cha and the CO;
generation show a steep increase. In this high SOC range, O, generation is observed by OEMS. The CO,
evolution below 4.6 V (=270 mAh/g) is attributed to the chemical decomposition of Li,COs, which
reacts with protons formed by either the anionic oxidation of the electrolyte or trace impurities.>!%2>
The CO; and O; evolution at high SOC are ascribed to the formation of singlet O, at the surface of the
LMR-NCM particles, which either reacts with the electrolyte to form CO; or is evolved as triplet 0,.* An
O-depleted spinel/rock salt surface layer is thereby formed around the LMR-NCM particles.>*>13 Let us
first discuss the decomposition of Li,COs. According to the enthalpies of formation listed in the NIST
database?®, the enthalpy of reaction for Li,COs3 + 2 HF — 2 LiF + H,0 + CO, is =-155.6 kJ/molLizco3 and
thus exothermic. The decomposition of Li,COs as a surface impurity is reported to be in the order of
=0.6 wt%"?, which means that per gram of LMR-NCM active material, only about 80 umol of Li,COs are
decomposed. The enthalpy of the decomposition thus translates to a heat generation of
~3.5 mWh/gcam. When we calculate absolute numbers for Qpys cnq based on the difference between
the total heat measured by IMC and the irreversible heat determined by intermittent cycling shown in
Table 1 and Table 2, we observe that Qpyscn, amounts to ~63.8 mWh/g (=20 kJ/mol) for the first
charge of LMR-NCM. Compared to this value, the decomposition reaction can explain only a small
fraction of the observed heat generation. We can therefore exclude that it is the source of the ths,cha
generation. However, as mentioned in Section 2.1, other sources of heat, such as reversible and
parasitic heat, contribute to the overall heat signal. The significance of these heat terms for the present
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study will be further discussed in Section 3.5. However, we can already say that they are negligible
compared with the magnitude of the heat generation observed. Nevertheless, the assumptions mean
that the results for @y, constitute a maximum value. The second process, which causes gas evolution
at high SOCs, is the transformation of the LMR-NCM surface from a layered to a spinel/rock salt
structure.>1213 At high degrees of delithiation, this process is reported to be exothermic.?”-?® According
to DFT calculations by Wang et al.?, layered Lio 2sNiO, can be transformed to rock salt NiO and/or spinel
LiNi,O4 with reaction enthalpies of =-10kJ/mol to =-15 kJ/mol. However, in the presence of
electrolyte, which reacts with the evolved O,, the heat is reported to be approximately 10 times higher
with  numbers between =-75kJ/mol for LiopasNio33C0033Mno330, and =-130 kJ/mol for
Lio.asNio.gCo0.15Al0.0s02 in 1.2M LiPFs/EC:EMC (3:7 wt%).?8 It needs to be stressed that these literature
values refer to a complete material decomposition while in the present study, we expect that only a
few mol% of the CAM at the particle surface are restructured.>*? For the first charge, we observe that
Qhys,cha @amounts to =63.8 mWh/g (=20 kJ/mol). However, these calculated numbers refer to the
whole SOC range, whereas O, evolution from the CAM restructuration is observed only at high SOC.
By fitting a baseline through the ths,cha profile between 100 mAh/g and 250 mAh/g, the heat
generation, which is observed on top of this baseline at higher SOCs, can be integrated. We thus
estimate the additional heat generated above 250 mAh/g to be =1.1 mWh/g (=0.36 kJ/mol). Assuming
that =3 mol% of CAM at the surface are transformed to a spinel/rock salt structure®'?, the expected
energy values are between 0.3 kJ/mol and 0.45 kJ/mol assuming no reaction of the evolving O, with
the electrolyte?” and between 2.25 kJ/mol and 3.9 kJ/mol with electrolyte decomposition?®. Because
the OEMS studies indicate that the CO, signal increases once O3 is detected®!?, a combination of both
reactions is observed. We therefore conclude that the increase in the ths,cha profile above
=250 mAh/g might be correlated to the restructuring of the CAM particle surface from a layered to an
O-depleted spinel/rock salt structure. The heat of this reaction together with the heat generated when
the evolved O, reacts with the electrolyte might be the cause of the sharp increase in the IMC signal
towards the end of charge. However, a more thorough analysis is required to prove this hypothesis.
Moreover, it is important to stress that the O, evolution of the CAM can explain only this rather small
part of the overall Qpyscnq heat. Most of the heat generation observed is thus caused by bulk

phenomena and not by the gassing of the surface.

The findings discussed above feed into a scheme for the reaction energy landscape of LMR-NCM shown

2930 3nd a model

in Figure 4. It is similar to previously reported hysteresis loops for molecular hysteresis
Li-rich layered cathode??, Li[Lio.33RuosSno.17]02. The first cycle (Figure 4a) starts from the pristine
material, which is electrochemically oxidized on charge requiring the electrical charge energy F - E;;.

This electrochemical reaction (termed as “EC” and marked in blue in Figure 4) is followed by a chemical
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process (red), in which the LMR-NCM structure is rearranged. In the scheme in Figure 4a, this is
visualized by the transition from the intermediate (gray) to the stable charged state (black). The
structural modification happens during the upper voltage plateau and is most likely caused by a
combination of irreversible processes (e.g., anionic redox, TM migration, or the loss of the honeycomb
ordering), whereby the definite mechanism is still under debate.®*33! With our approach, we cannot
make any statement on the mechanistic processes during activation. However, we are able to measure
the waste heat associated with these activation processes. The stabilizing chemical step thus explains
the considerable heat generation observed during the upper voltage plateau, Qpys 1.chq as indicated
by the red arrow in Figure 4a. In other words, the Qpys 1.chq 8eNneration observed is a measure of the
enthalpy of reaction for the activation process. Because of the irreversible structural rearrangements,
the discharge occurs via a different pathway, which generates the electrical discharge energy, F - Ey;.
The electrochemical process is again followed by a chemical step, which generates the heat Qpy qis-
An important finding is that, after the first cycle, the material has not returned to its initial state
because of the irreversible processes that occurred during the first charge. As a result, the voltage
curve is not a closed loop. Thus, from the electrochemical data alone, it cannot be determined how
much energy is lost as waste heat during the first cycle. In contrast, for conventional active materials,
the waste heat is equal to the electrical energy lost during a reversible cycle with a closed voltage
curve, and the CAM returns to its initial state after a complete cycle. There, it can be calculated from
the integration of the voltage curve. In the case of the first cycle of LMR-NCM, we observe that the
electrical discharge energy is significantly lower than the charge energy due to three main factors: (i)
polarization effects cause the mean charge voltage to increase and the mean discharge voltage to
decrease, thereby creating an irreversible heat source, Qjyrey, (Not shown in Figure 4); (ii) the
stabilizing chemical steps convert electrochemical energy into waste heat, Qpys; (iii) the irreversible
modifications during activation change the CAM in such a way that not all Li extracted during charge
can be re-inserted during discharge (irreversible capacity loss); and (iv) these irreversible
rearrangements lead to a lower discharge potential, even under OCV conditions, thereby lowering the
discharge energy. By quantifying the energy lost as waste heat, using IMC, we determine (i) Q;-y-¢ and
(ii) Qnys and are thus able to assess how much of the electrical energy is lost as a result of the
irreversible rearrangements (iii + iv). Based on Table 1, this energy loss term, E*, amounts to
190.6 mWh/g, which corresponds to 15% of the charge energy and accounts for 57% of the total
energy loss. This energy was put into the system in the form of electrical energy upon charge (F - E;;
in Figure 4a) but was neither lost as waste heat nor extracted as electrical energy during discharge. It
is visualized as orange double arrow in Figure 4. However, it cannot be determined what proportion of
this energy loss E* is simply due to the loss of chemically available Li sites in the CAM (irreversible
capacity loss) and to what extent E* corresponds to electrochemical energy, which was consumed by
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the LMR-NCM in order to enable the structural rearrangements during the activation process. What is
reported here as E* is thus a measure of the lost electrical work not converted into waste heat and a
maximum possible value for the electrochemical energy consumed for structural rearrangements. This
energy term can be determined only by quantifying the other sources of energy loss by IMC. To the

1.32 recently reported that

best of our knowledge, this is reported here for the first time. Qiu et a
although the pristine state of LMR-NCM cannot be recovered through natural processes, the structure
of cycled LMR-NCM can be driven close to the original state by heat treatment at up to 300°C. For the
heat treated CAM, they observed a reappearance of the voltage plateau at =4.5 V suggesting that the
structural rearrangements during activation can to some extent be reversed by a heat treatment. It

would be interesting to investigate if also the IMC signal of such a treated LMR-NCM resembles that of

a pristine electrode.

Figure 4b illustrates the reaction energy landscape for the following reversible cycles as suggested by
Assat et al.?! The charge process occurs via a different pathway than during the first cycle, and the
electrical charge energy F - Ep,, is less than during activation. Again, the redox step is followed by a
stabilizing structural rearrangement. For the charge after activation, this chemical step generates
significantly less heat, Qpys cna, than during the first cycle. The consecutive discharge is analogous to
that observed during the first cycle. The Qp,s ;s value calculated is only slightly lower than during the
first cycle because the SOC window has slightly decreased from the first to the third cycle. Because all
consecutive cycles are reversible, the proposed reaction mechanism is now a closed loop (highlighted
by the yellow area in Figure 4b). Nevertheless, it is a hysteresis loop because of the path-dependence
between the charge and discharge direction, thereby implying that (de-)lithiation occurs via
metastable pathways. A more detailed discussion on the hysteresis phenomena in LMR-NCM during
regular cycles can be found in our previous entropy study® as well as in the IMC study by Assat et al.?*
A quantitative analysis of the corresponding Qs heat terms for LMR-NCM/Li cells is reported in our
previous publication.?’ The comparison of the reversible cycle and the first charge in Figure 4b (dashed
lines) further underlines that the first charge is a unique process, which irreversibly changes the LMR-

NCM and leads to a different energy landscape for the following cycles.
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Figure 4: Scheme of a reaction energy landscape (not true to scale) for (a) the first cycle and (b) all consecutive cycles (region
marked in yellow) of LMR-NCMy/Li cells at C/10 and 25°C. Blue lines indicate electrochemical processes (EC) with the conversion
of the respective electrical energy (F - E), and red lines indicate chemical processes with the respective chemical energy (AG),
which is evolved as heat (Q). The heat terms calculated are based on the Qs results discussed in the text. Black bars indicated
stable energy levels (pristine/charged/discharged), and gray bars indicate intermediate states. Essential findings of the
scheme are: (i) The first charge is an irreversible process, meaning that its energetic pathway in panel (a) is unique and can no
longer be accessed once the material is activated, (ii) the difference between the first charge and discharge energy is explained
by the conversion of electrochemical energy into heat (Qp,s) and by the energy loss (E*) caused by the structural
rearrangements during activation.

3.3 Window-opening experiments

As described above in context with Figure 4, the first charge includes irreversible processes that occur
during the upper voltage plateau and which lead to waste heat, ths,char which can be observed at
SOC>100 mAh/g. In order to further analyze this heat generation during activation, charge window
opening experiments were conducted. In these experiments, identical cells were charged to different

upper SOC limits and discharged to 2.0 V. Figure 5 shows the OCV curves resulting from intermittent
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cycling to the upper limits of 75 mAh/g, 125 mAh/g, 175 mAh/g, and 225 mAh/g and compares them
to a full cycle, which was conducted until the upper voltage cutoff of 4.8 V (=290 mAh/g). For each of
these curves, a new set of cells was used so that all started from the pristine state. For the first two
sets of cells, which were charged only in the initial sloping region of the voltage curve, the charge and
discharge OCV curves agree and no hysteresis is observable, which is in agreement with the
literature®. However, as soon as a cell is charged beyond =125 mAh/g, where the upper voltage
plateau starts, there is a path dependence between the charge and discharge OCV curves. The resulting
hysteresis loop grows continuously with increasing upper charge window. Those intermediate
scanning curves can provide valuable insight into the nature of the structural rearrangement and the
corresponding energy barrier that lead to the hysteresis phenomena.?° As long as the SOC window is
restricted to the region below =125 mAh/g, the LMR-NCM behaves apparently reversible. However, as
soon as the delithiation proceeds beyond this critical point, which is the beginning of the upper voltage
plateau, the energy barriers can be overcome and the irreversible material transformation occurs. This
causes the system to remain in the new stable state even if the LMR-NCM is relithiated. The gradual
growth of the hysteresis loop observed for the OCV is also reported for other material properties, such
as the cell resistance® and the partial molar entropy®. The lattice parameters of LMR-NCM show a
reversible behavior when the material is charged to an upper limit of =100 mAh/g, which is in contrast

to the path dependence that can be observed for a full activation cycle.?
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Figure 5: OCV curves of identical 0.33 LMR-NCM/Li cells during activation at C/10 collected during intermittent cycling to
various upper SOC limits. During this window-opening experiment, the cells were charged to different upper SOC limits and
discharged to 2.0 V with a 1 h rest phase every ASOC = 2.5%. The OCV values determined at the end of each rest phase are
shown as function of the upper SOC limit with a color as indicated (i) 75 mAh/g (pink), (ii) 125 mAh/g (dark blue), (iii)
175 mAh/g (light blue) and (iv) 225 mAh/g (grey). Data from a full cycle, which was conducted until the cutoff voltage of 4.8 V,
is shown in black (=290 mAh/g).
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To analyze whether the heat signal of LMR-NCM/Li cells also shows such intermediate scanning curves,
we conducted IMC measurements with identical cells as used above. They were charged at constant
current to the upper SOC values of 75 mAh/g, 125 mAh/g, 175 mAh/g, or 225 mAh/g followed by a6 h
rest phase and a discharge to 2.0 V. Figure 6a shows the resulting IMC curves together with the
irreversible heat determined from intermittent cycling for the first charge to various upper charge
limits (color gradient as indicated in the figure caption). Reference data for a full first cycle with charge
to the cutoff voltage of 4.8 V (=290 mAh/g) is shown in black. As expected, the heat flow profiles of
Q1Mc,cna and Qirrev,cna in Figure 6a agree with the reference data set of the full charge until they reach
their respective charge limit. The corresponding ths,cha curves in Figure 6¢ indicate that with
increasing charge window, the generation of ths,cha increases but that the onset and profile shape
are independent of the SOC limit. The cells, which were charged only until 75 mAh/g, did not show any
ths_cha generation. Figure 6b shows the heat generation curves for the discharge after charging the
cells to the various SOC limits. The observed Q',Mc,dis signals for the cells charged to 75 mAh/g and
125 mAh/g are close to their respective irreversible heat curves. There is thus no significant ths,dis
generation in Figure 6d. In contrast, the cells that were charged to higher SOC values exhibit a growing
difference between Q',Mcldis and Qmev,dis. This translates into an increasingly more pronounced
ths_dis generation in Figure 6d. Apart from the growing ths,dis signal amplitude with increasing
charge window, the onset of the steep increase in the ths,dis curves also changes. The onset of this
step-like feature is around =175 mAh/g for a cell after full activation and is observed at later points
during discharge (lower SOCs) for cells that were charged only to 225 mAh/g (onset at =120 mAh/g)
and 175 mAh/g (onset at =65 mAh/g). Thus, the more the LMR-NCM becomes “activated” during the
first charge, the more and the earlier ths,dis is generated in the consecutive discharge. This
observation proves that the heat resulting from hysteresis, which is observed in the first and every
other discharge, is a consequence of the activation processes during the first charge. In agreement
with literature reports on the behavior of the cell resistance®, the partial molar entropy® and the lattice
parameters® of LMR-NCM, our IMC measurements suggest that the activation that occurs during the
upper voltage plateau is a gradual process. The irreversible rearrangements become increasingly more
complete the more the cell is delithiated, which results in an increasing ths generation in both the
charge and discharge direction. The critical point for this activation process is the onset of the upper
voltage plateau at an SOC of =125 mAh/g. The presence of intermediate scanning curves for all these
bulk phenomena indicates that the structural rearrangement is not a sequential process that occurs
via individual domains (e.g. first small particles and then large ones) or from the surface to the center

of the CAM particles but rather is a continuous process within the entire bulk LMR-NCM structure.
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Figure 6: Heat flow of 0.33 LMR-NCM/Li cells during activation at C/10. In this window-opening experiment, identical cells
were charged to different upper SOC limits and discharged to 2.0 V. The resulting heat profiles are colored as indicated for the
upper SOC limits of (i) 75 mAh/g (pink), (ii) 125 mAh/g (dark blue), (iii) 175 mAh/g (light blue), and (iv) 225 mAh/g (grey). Data
from a full cycle, which was conducted until the cutoff voltage of 4.8 V, is shown in black (=290 mAh/g). Panels (a) and (b)
show the heat flow measured by IMC, Q;yc, (solid lines) together with the irreversible heat flow determined by intermittent
cycling, Qiprep, (circles) during charge and discharge. The generation of ths for charge and discharge is plotted in (c) and (d).
The error bars for Q;yre, are calculated from the measurement of two identical cells. Intermittent cycling was conducted with
identical cells as the IMC experiments.

3.4 Effect of the degree of overlithiation on the heat generation

The degree of overlithiation (the amount of Li in the TM layer) influences the electrochemical
performance of LMR-NCM but also plays an important role for the hysteresis phenomena. A higher
degree of overlithiation leads to a higher theoretical capacity of the LMR-NCM material.® Figure 7
shows the voltage curves during the first cycle for LMR-NCM/Li half-cells with various degree of
overlithiation, namely 0.33 LMR-NCM (black), 0.42 LMR-NCM (blue), and 0.50 LMR-NCM (green) cells.
The previous discussion focused on the 0.33 LMR-NCM material with the lowest degree of
overlithiation. In agreement with literature'?, the charge capacity increases with increasing degree of
overlithiation and reaches 289 mAh/g for 0.33 LMR-NCM, 322 mAh/g for 0.42 LMR-NCM, and
325 mAh/g for 0.50 LMR-NCM. Moreover, a longer activation plateau is observed for a higher degree
of overlithiation as was reported by Croy et al. and Teufl et al.13. The charge energy thus increases
with the degree of overlithiation. The first charge energy is 1240 mWh/g for 0.33, 1401 mWh/g for
0.42, and 1427 mWh/g for 0.50 LMR-NCM. The irreversible loss of capacity shows no clear trend as a
function of overlithiation. It is 40 mAh/g for the 0.33, 29 mAh/g for the 0.42, and 57 mAh/g for the
0.50 LMR-NCM material. The discharge energy is highest for the 0.42 LMR-NCM material
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(1048 mWh/g), which shows the lowest irreversible loss of capacity. For the 0.33 LMR-NCM, the first
discharge energy is 907 mWh/g, for 0.50 LMR-NCM, it is 949 mWh/g. The electrical energy loss
resulting from the difference between the charge and the discharge energy is summarized in Table 2.
It increases with increasing degree of overlithiation. In agreement with literature®?, the hysteresis loop
of the charge and discharge voltage increases with the degree of overlithiation. Moreover, for the
same types of CAM as used in this study, the variation of the lattice parameters as a function of SOC
depends on the degree of overlithiation.® In a previous entropy study on 0.33 LMR-NCM and 0.50 LMR-
NCM, we found that the partial molar entropy curves of LMR-NCM/Li cells differ when plotted as a
function of SOC but agree when plotted as a function of OCV. We thus aim to analyze the different
LMR-NCM materials by means of IMC in order to determine whether the heat generation is also

influenced by the degree of overlithiation.
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Figure 7: Voltage curves during the first cycle at C/10 for 0.33 LMR-NCMy/Li (black), 0.42 LMR-NCM/Li (blue), and 0.50 LMR-
NCM/Li cells.

Table 2: Measured and calculated energy losses for the first cycle of LMR-NCM/Li cells at C/10 and 25°C with various degrees
of overlithiation (0.33, 0.42, and 0.50 LMR-NCM as explained in Experimental Section 2.2). Electrical energy loss, total heat
generation measured by IMC, and the ratio total heat/electrical loss for the whole cycle are shown together with the
integrated IMC signal and the determined heat resulting from hysteresis in charge and discharge.

LMR- Echa - Edis QIMC,total W QIMC,cha ths,cha QIMC,dis ths,dis
cha™Edis

NCM | [mWh/g] [mWh/g] (%] [mWh/g] | [mWh/g] | [mWh/g] | [mWh/g]
()

0.33 | 333.6 143.0 43 78.8 63.8 64.2 38.0

0.42 | 353.3 183.9 52 106.7 91.5 77.3 56.5

0.50 | 478.4 211.4 44 129.5 111.9 211.4 60.9
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Figure 8a and Figure 8b show the heat flow curves measured by IMC Q¢ (solid lines) and Qe
determined from intermittent cycling (symbols) for LMR-NCM/Li half-cells during activation at C/10
with 0.33 LMR-NCM (black), 0.42 LMR-NCM (blue), and 0.50 LMR-NCM (green) for the charge and
discharge direction. Table 2 summarizes the integrated heat terms, including the consecutive rest
phase, which is not shown in Figure 8. For the first cycle, the heat measured by IMC, Q;¢, increases
with increasing degree of overlithiation for both the charge and discharge direction. This is in
agreement with the increasing electrical energy loss, E g — Egis- For all LMR-NCM materials, the
waste heat observed is not more than half of the electrical energy loss. This means that a comparable
proportion of the charge energy is lost as a result of irreversible rearrangement processes during
activation for all LMR-NCM materials. Figure 8a and Figure 8b show that while the irreversible heat
flow is similar for the different materials, the Q;y,¢ profiles differ. During the first charge, the Qirrev_cha
curves of the different CAMs agree until the cells reach their respective end of charge, where an
increase in the cell polarization is observed. For example, for the 0.33 LMR-NCM/Li cells, the
polarization within the cell increases starting at =275 mAh/g, which is also visible in the voltage curve
in Figure 7. For the cells with 0.42 and 0.50 LMR-NCM, this feature occurs at higher SOCs because of
the higher amount of available Li*. However, for the rest of the charge, the irreversible heat generation
is fairly comparable for all CAMs. A similar trend is found for the discharge direction, where the
Q'me,,’dis curves of the different LMR-NCM/Li cells agree until the respective end of discharge is
reached, where the polarization then begins to increase again. The Q',Mclcha signals shown in Figure 8a
indicate that with increasing degree of overlithiation, the overall heat generation increases, while the
general profile shape is still comparable. In Figure 8c, the generation of ths,cha is shown for the three
different LMR-NCM materials. The solid lines thus correspond to the heat generation during the first
charge, while the dashed lines were determined for the third charge. If we focus on the first cycle, the
ths,cha signals of the 0.33 and the 0.42 LMR-NCM are comparable for most of the first charge. The
only difference is the onset and amplitude of the steep increase at the end of charge, which occurs at
=265 mAh/g for the 0.33 LMR-NCM and at =292 mAh/g for the 0.42 LMR-NCM material. For the
0.50 LMR-NCM, the ths,cha signal is generally higher over the whole SOC range, and its onset around
=60 mAh/g is earlier than for the other two materials investigated, which leads to the significantly
increased Qpys chq Value in Table 2. Furthermore, an additional feature emerges at =250 mAh/g where
the curvature of the ths,cha signal increases slightly. The onset of the steep increase at the end of
charge is around =300 mAh/g and therefore later than for the other two materials. Because we closely
correlate the ths,cha generation during the first charge with the irreversible structural

rearrangements within the LMR-NCM, this calorimetric analysis suggests that for a higher degree of
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overlithiation, a more pronounced activation process is observed. This is in agreement with the higher

amount of Li* in the TM layer of LMR-NCMs with a high degree of overlithiation.

The heat generated during the first discharge is shown in Figure 8b. While the Qirrev_dis curves
generally agree for the various materials, the Q',Mc,dis profiles show clear differences. Because of the
higher charge capacity (Figure 7), the heat flow curves of 0.42 and 0.50 LMR-NCM start at a higher
SOC. For the materials with a higher degree of overlithiation, the onset of the increase in Q,MC,diS is
observed earlier during discharge (at higher SOCs). Moreover, while for the 0.33 LMR-NCM, the
QIMC,dis signal continuously increases after the onset around =175 mAh/g, the ch,dis values of
0.42 LMR-NCM display a saturation behavior. In case of the 0.50 LMR-NCM, the Q,MC,diS signal even
decreases at =75 mAh/g prior to the steep increase at the end of discharge. The resulting ths,dis
profiles are compared in Figure 8d. For all materials, ths,dis is generated over the whole SOC range,
and all curve shapes can be roughly described by two plateaus connected by a step-like feature. The
signal amplitude during the first plateau at high SOC is fairly similar for all materials. However, the
onset of the consecutive step-like feature is shifted to higher SOCs for a higher degree of overlithiation.
For 0.33 LMR-NCM, it is at =170 mAh/g, for 0.42 LMR-NCM, at =225 mAh/g, and for 0.50 LMR-NCM, at
=240 mAh/g. For a higher degree of overlithiation, the signal amplitude during the second plateau is
slightly higher. A remarkable difference between the ths,dis profiles is that the curves of 0.42 and
0.50 LMR-NCM show a decreasing signal towards the end of the respective discharge before the heat
generation increases steeply at the end of the discharge. This dip is observed at =75 mAh/g for
0.50 LMR-NCM and at =40 mAh/g for 0.42 LMR-NCM, whereby it is more pronounced for the
0.50 LMR-NCM. A possible reason for this decreasing heat signal can be the occurrence of an
endothermic processes, which, together with the exothermic processes (which were also present
before), leads to a decrease in the net heat signal. Another possibility is the disappearance of an
exothermic process at the respective SOC values. It cannot be clarified whether the absence of the dip
in the heat flow profile of 0.33 LMR-NCM is a material specific property or due to the smaller effective
SOC window. Further studies are necessary to address these questions. In summary, it can be
concluded that the heat flow resulting from hysteresis and activation, ths, differs when the degree
of overlithiation is varied. In agreement with the earlier beginning of the upper voltage plateau in
Figure 7, the onset and amplitude of ths,cha are shifted so that the total heat generation during the
first charge increases with increasing degree of overlithiation. For the first discharge, the ths_dis
profile is also altered in such a way that the heat generated is higher for a higher degree of

overlithiation.
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Figure 8: Heat during activation of LMR-NCM/Li cells at C/10 as a function of the degree of overlithiation of the LMR-NCM
material: 0.33 LMR-NCM (black, same data as in Figure 3), 0.42 LMR-NCM (blue) and 0.50 LMR-NCM (green). Panels (a) and
(b) show the heat flow measured by IMC, Q,MC, (solid lines) together with the irreversible heat flow determined by intermittent
cycling, Qiprep, (circles) during charge and discharge. The generation of ths for charge and discharge is plotted in (c) and (d);
the solid lines correspond to the ths generation during the first cycle, and the dashed lines represent the third cycle.
Intermittent cycling was conducted with identical cells as used for the IMC experiments.

In Figure 8c and Figure 8d, the ths generation during the first (solid lines) and the third cycle (dashed
lines) are compared. For the third cycle, only ths is depicted in Figure 8. It was obtained by subtracting
the irreversible heat determined by intermittent cycling from Q¢ for the third cycle (raw data not
shown here). Table 3 furthermore summarizes the integrated heat generation and the electrical energy
loss terms for the different LMR-NCM materials in the third cycle at C/10. With increasing degree of
overlithiation, the loss of electrical energy and with it the waste heat increases. Thus, 91-97% of the
expected heat are measured by the applied method. A comparison with Table 2 underlines that the
heat generation during the third cycle is considerably less than during the first cycle for all materials.
For the heat flow profiles during charge (Figure 8c), a mismatch between ths,1.cha and ths,3.cha is
clearly observable for all materials, which is in agreement with the analysis of the 0.33 LMR-NCM
material in Figure 3. Compared with the first cycle (see Table 2), the heat resulting from hysteresis is
considerably less during the third cycle but still shows an increasing trend with increasing degree of
overlithiation. The ths,S.cha profile is thus quite similar for the various CAMs. All curves show no
significant ths generation until an SOC of =200 mAh/g is reached but the maximum amplitude of the
heat generation is higher for a higher degree of overlithiation. The ths,dl-s curves of the third and the
first cycle shown in Figure 8d, agree for each type of LMR-NCM. However, for the 0.42 and 0.50 LMR-

NCM, the signal amplitude of Q.hys,g_dis is slightly lower than that observed during the first discharge.
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In general, the same trend as for the 0.33 LMR-NCM is also observed for the CAMs with a higher degree
of overlithiation: While the heat generation during the first and the third charge are significantly

different in shape and total integral, the first discharge is similar to the consecutive ones.

Table 3: Measured and calculated energy losses for the third cycle of LMR-NCMy/Li cells at C/10 and 25°C with various degrees
of overlithiation (0.33, 0.42, and 0.50 LMR-NCM as explained in Experimental Section 2.2). Electrical energy loss, total heat
generation measured by IMC, and the ratio total heat/electrical loss for the whole cycle are shown together with the
integrated IMC signal and the determined heat resulting from hysteresis in charge and discharge.

LMR- Echa - Edis QIMC,total EM‘_,:;W QIMC,3.cha ths,3.cha QIMC,B.dis ths,3.dis
cha™Edis

NCM | [mWh/g] [mWh/g] (%] [mWh/g] | [mWh/g] | [mWh/g] | [mWh/g]
()

0.33 | 94.1 87.7 93 28.7 12.3 59.0 31.3

0.42 | 119.8 109.3 91 43.4 29.1 65.9 45.0

0.50 | 123.2 119.8 97 55.4 41.7 64.4 445

3.5. Short digression on other sources of heat during activation

As was briefly outlined in the Experimental Section 2.1, the general heat balance shown in equation (2)
was simplified in the present study. Neglecting the reversible and parasitic heat leads to equation (3).
We now discuss why this simplification was possible and first focus on the parasitic heat. Parasitic heat
refers to all heat sources from processes other than regular intercalation, which can include any side
reactions, such as electrolyte decomposition!’™*® or SEI formation?’. These processes can happen
during cycling but also open-circuit conditions, where they might lead to self-discharge. The Dahn
group has published several studies investigating parasitic reactions and the corresponding heat

17719 By combining high precision coulometry and IMC, they are able to analyze the parasitic

generation.
heat flow in pouch full-cells with nominal capacities over 200 mAh. In our present study, we used coin
cells with a nominal capacity of =4 mAh and a custom-made coin cell holder for the IMC experiments.
We therefore do not meet the required accuracy and signal-to-noise ratio necessary to reliably
measure small heat flows such as parasitic heat. Nevertheless, we tried to estimate the contribution
of the Li counter-electrode to the observed heat flow profiles of LMR-NCM/Li cells. For this purpose,
we used symmetrical Li/Li coin cells with the same separator and electrolyte as in the half-cells. The
Li/Li cells were cycled inside the IMC with the same current density as used in the regular cells and
time-limited so that the cycling protocol of the LMR-NCM/Li cells was mimicked with regard to current
density and capacity. The heat flow observed from the Li/Li cells thus enables us to estimate the
thermal effect of Li plating and stripping during cycling. However, because the voltage is much lower

than in the actual cells, these experiments cannot elucidate the effect of electrolyte oxidation at high

potentials (e.g. at the end of the charge). The heat balance of the Li/Li cells is as follows:
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Q(Li/Li) = Qirrevox  Qrevox + Qirrevirea + Qrevrea + Qp i (4)
The indices “ox” and “red” indicate the oxidation and reduction reaction of Li, which occur
simultaneously in the symmetrical cells. If we assume that the entropy of Li plating and stripping is the
same and that only the sign is opposite, the contribution of Qm, is cancelled out in equation (4).
Moreover, the irreversible heat can directly be determined from the potential of the Li/Li cell, which,
under ideal equilibrium conditions, must be equal to zero. Because no reference electrode is used in
this setup, we can monitor only the sum of both Q;e, terms. Qp,u can thus be calculated by
subtracting Qe from the total heat flow. In order to transfer the calculated parasitic heat to the
LMR-NCM/Li half-cell, the value obtained needs to be halved because only one Li electrode is present
in the actual cell. The resulting values for Qp,u are between =5 yW and =10 uW. They are relatively
constant over most of the SOC range and only increase slightly towards the lower and upper limit,
presumably because of enhanced Li plating and stripping at high and low SOCs. In comparison, the
signal amplitude of the LMR-NCM/Li cells is between =100 uW and =300 pW at SOCs > 125 mAh/g and
around 20-50 uW at the beginning of charge. The effect of the parasitic heat from Li on the analysis of
ths, which is generated starting at =100 mAh/g, is thus negligible. If Qp is included in the integration
of ths, arelative error of =5% is observed for the charge direction and =7% for the discharge direction.
Because the heat flow profile of Q'p'u is rather constant, it does not affect the analysis of the ths
generation with regard to onset and curve features. We can conclude that the reported values for ths
to some extent include the parasitic heat resulting from Li plating and stripping and thus tend to
overestimate the heat resulting from OCV hysteresis and activation. We were also unable to quantify
the contribution of other parasitic reactions such as electrolyte oxidation at high potentials. After the
cells were charged to 4.8 V, the heat signal showed a rather slow decay and did not approach zero
even after 6 h of relaxation at open-circuit conditions. This clearly indicates that parasitic processes
are taking place at high potentials. Further studies are required to analyze these processes and quantify

the corresponding heat terms in order to exactly determine the value of ths.

The second term, which was omitted in equation (2) is the reversible heat. This heat is caused by
changes in entropy of the cathode and anode as a result of the (de-)lithiation during cycling. According
to equation (2), the reversible heat is calculated based on the variation of the OCV with temperature,

0Feq
aT

, the temperature, and the applied current. From potentiometric entropy measurements (see

0Eeq
aT

Experimental Section 2.5), was determined for LMR-NCM/Li cells during the first cycle. The values

OE, . . . N . .
of a_Tq are categorically negative for both charge and discharge direction in the first cycle. With the

applied current in equation (2) being positive for the charge and negative for the discharge direction,
the reversible heat has a negative sign upon charge (endothermic) and a positive sign upon discharge
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(exothermic). The following discussion is based on this sign convention but the conclusions drawn in
the following might as well be reached by using the opposite signs. The resulting entropy curves are
discussed in our previous publication®, and the calculated theoretical reversible heat flow, Qrev,theo,
is shown as green triangles in Figure 9 together with the heat observed by IMC, ;¢ (black) and the
irreversible heat flow determined by intermittent cycling, Q;;re, (blue circles). Figure 9a shows that
Qrev,theo is endothermic for the charge direction and is especially pronounced at the beginning of
charge at SOC < 25 mAh/g. For the first discharge (Figure 9b), the sign of Qrev,theo is opposite because
of the changed current direction. Our previous publication on the partial molar entropy in LMR-NCM
investigated the entropy during activation and showed that the entropy curve during the first charge
is unique and deviates significantly from those of following charge half-cycles but also from that of the
consecutive discharge.® The mismatch between the charge and discharge entropy curves observed
provides clear evidence for irreversible processes that happen during the first cycle and lead to a
restructuration of the material. This is in agreement with the aforementioned irreversible structural
rearrangements, which ultimately lead to the generation of ths. Although based on the entropy data,
the theoretical reversible heat can be calculated, it does actually not reflect the true reversible heat
since the activation is an irreversible process. The calculated Q'm,,theo value thus includes an unknown
proportion from the irreversible structural rearrangements in LMR-NCM. This is why we clearly
differentiate between the calculated value, Q'm,,theo, and the true reversible heat, Q,.,, Which is not
accessible to us by electrochemical measurements. To assess the importance of the reversible heat for
the investigation of ths, the following analysis is helpful. The observed total heat flow, Qyc, is first
compared to the sum of the theoretical reversible heat and the irreversible heat, Qrev_theo+Qirrev
(orange line in Figure 9) as suggested by the general energy balance model in equation (2) (but
neglecting the parasitic heat). In a second approach, Q¢ is only compared to Q;ye, as was done in
the present study and equation (3). In the first case, Quys = Qe — (Qrevtheo + Qirrev)- This is
shown as the colored area in Figure 9 (red during charge, blue during discharge). In the second case,
ths is calculated based on equation (3): ths = Qiuc — Qirrer- The heat resulting from OCV
hysteresis and activation is shown as colored area in Figure 3. A comparison of both equations and
Figure 3 and Figure 9 makes it clear that with approach (i) the contribution of the reversible heat is
overestimated because it includes unknown contributions from the material restructuration, which is
not necessarily generated as heat, and thus leads to an overestimation of ths in charge and an
underestimation during discharge. In contrast, the second approach neglects Qrev and thus
underestimates ths during charge and overestimates it during discharge. Here, ths conclusively
includes an unknown proportion of the true reversible heat. In summary, neither of the two analysis

approaches reflects the exact result of ths since the true value of Q. is not known.
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However, by comparing the observed heat Q; to both calculated expectation values, we can assess
how important the effect of the reversible heat is for the analysis of ths. For this, it is helpful to focus
on an SOC region in which the generation of ths is expected to be minimal. Any difference between
Qimc and Qjprep is thus predominantly caused by the reversible heat. From the window-opening
experiments presented in Figure 5, we know that in the low SOC region (<100 mAh/g) during charge
no OCV hysteresis is observed and that the contribution of ths is thus minimal. When applying
calculation approach (i), the expected heat flow is the sum of Qe and Qm,,theo, which is depicted
as orange line in Figure 9a. Because of the relatively large endothermic contribution of Q'rev,theo, the
overall expected heat flow is also endothermic below an SOC of =125 mAh/g. A comparison with the
observed heat (black line) shows a clear mismatch. Thus, based on this analysis, ths would give a
considerable contribution in this low SOC region (red shaded area in Figure 9a) to compensate for the
endothermic heat flow calculated. However, from the OCV curves in Figure 5, no evidence for an OCV
hysteresis can be found because the LMR-NCM/Li cells cycle reversibly in the SOC window below
125 mAh/g. This, however, also suggests that during the low SOC region, no irreversible processes
occur, which would falsify the determination of the reversible heat based on the entropy data. The
calculation of Q're,,,theo should thus be reliable in this SOC region. This would, however, result in the
considerable offset between the measured and the expected heat flow shown in Figure 9a, which
cannot be explained by ths. In contrast, when comparing the observed heat flow in Figure 9a only to
the irreversible heat (blue circles), a reasonably good agreement is found for the low SOC region. This
means that no significant ths generation is expected below 100 mAh/g with this analysis approach
(see Figure 3c), which agrees with the OCV curves from Figure 5. In conclusion, for the low SOC range
(<100 mAh/g), the contribution of the reversible heat seems to be negligible although no irreversible
processes occur. The reason for this, however, needs to be investigated. According to the entropy
measurements, the low SOC region coincides with the largest Q're,,,theo values (=-2.4 mW/g at the
beginning of charge). For the rest of the charge, Qrev,theo is only around =-1 mW/g. Thus, although we
cannot exclude the contribution of the reversible heat completely, we can assume that the relative
error resulting from neglecting the reversible heat is low for two reasons. First, the effect of Qrev_theo
was found to be negligible in the low SOC region eventhough the highest values of Qrev_theo are
observed there. Its effect at higher SOCs is thus assumed to be insignificant. Second, at SOC >
125 mAh/g, the relative effect of Q'rev,theo is small compared with the large ths generation. If only
the ths,l.cha generation above 125 mAh/g is considered, the relative error between the two
calculation methods is =13%. For the first discharge, the relative error for the calculation of the
integrated Qpys,1.qis amounts to =24%. Figure 9b shows that the general trend of the ths,l.dis is not

changed when Q¢ theo IS considered.
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In summary, we want to emphasize that the simplifications used in the present study mean that the
reported ths includes an unknown but small contribution of reversible heat as well as heat from
parasitic side reactions such as Li plating/stripping and electrolyte oxidation. Using the entropy data
and results from a Li/Li IMC measurement, the possible errors for the reversible heat and the parasitic
heat resulting from Li plating and stripping were estimated. We want to underline that the focus of
our study is to semi-quantitatively describe the onset, generation, and integral of ths during the

activation of LMR-NCM. For a more accurate quantitative analysis, further experiments are required.

T T T T T 1
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Figure 9: Heat generation of a 0.33 LMR-NCMy/Li cell during activation at C/10 in the (a) charge and (b) discharge direction.
The heat flow measured by IMC, Q,MC, (solid black lines) is shown together with the irreversible heat flow determined by
intermittent cycling, Qiyrev, (blue circles), the theoretical reversible heat, Qrev,theof calculated from entropy measurements
(green triangles) and the sum of Qirrw and Q're,,'theo (orange line). The colored areas correspond to the difference between
Qe and the sum of Qiprep and Q're,,_thea. The error bars for Qire,, are calculated from the measurement of two identical
cells. The error of Q'rev'theo is based on the calculation of the OCV variation with temperature.®
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4 Conclusion
The first cycle of LMR-NCM is governed by unique, irreversible processes, which occur during the upper

voltage plateau during charging. These irreversible structural rearrangements lead to a pronounced
voltage hysteresis in the first cycle. This involves a substantial loss of voltage and capacity in the first
discharge and leads to a very low energy efficiency of =73%. In this study, the heat generation of LMR-
NCM during the first activation cycle was studied by isothermal micro-calorimetry focusing on the
0.33 LMR-NCM material. We found that only =43% of the electrical work lost during the first cycle is
converted into heat. To further analyze this heat evolution, complementary methods were used to
calculate the reversible and irreversible heat of LMR-NCM/Li cells. The contributions from reversible
heat and parasitic heat from Li plating/stripping are negligible with respect to the relatively large heat
generation during the first cycle. They were therefore neglected in the energy balance model. Using
an intermittent cycling procedure, the irreversible heat generation resulting from polarization effects
was determined. During the first charge, the irreversible heat can explain only 19% of the measured
heat signal. The observed mismatch is caused by heat resulting from activation processes and
hysteresis, which we termed ths. The onset of this heat evolution coincides with the beginning of the
upper voltage plateau (=100 mAh/g) and is therefore directly related to the irreversible structural
rearrangements during activation. Window-opening experiments, in which the upper SOC limit is
gradually increased, indicate that when LMR-NCM is not cycled beyond this SOC, there is no evolution
of ths during charge and discharge. This agrees with the absence of an OCV hysteresis in this limited
SOC region and also with the absence of a path dependence reported for other parameters such as the
cathode resistance®, lattice parameters, and entropy®. In contrast, when LMR-NCM is charged beyond
=100 mAh/g, a path dependence of all these parameters gradually arises. We show that this is also
true for the heat generation. This again underlines the correlation between the reported structural
rearrangements during the upper voltage plateau and the heat generation observed. Moreover, the
window-opening experiments indicate that the generation of ths,l.dis in the first discharge is linked
to the preceding ths,l.cha evolution during charge and is thus a direct consequence of the activation
processes. We then analyzed the effect of the degree of overlithiation on the heat generation of LMR-
NCM. The electrical energy loss during the first cycle and the generation of heat resulting from
activation and hysteresis increase with an increasing amount of Li in the TM layer. This is in agreement
with the prolonged upper voltage plateau observed and indicates that the activation processes are

more pronounced for a higher degree of overlithiation.

In summary, we demonstrate by IMC that the heat generation during the first charge of LMR-NCM
shows a unique profile. This is dominated by heat resulting from activation processes during the upper
voltage plateau. Because of the irreversibility of the first cycle, the electrical energy loss, which is easily

accessible from electrochemical data, does not translate into an expected value for the generation of
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waste heat. IMC is thus an irreplaceable tool for quantifying the heat generation of LMR-NCM. The
heat observed is a measure of the enthalpy of the structural rearrangements during activation. Further
research effort is required to accurately determine parasitic heat flow (e.g. because of electrolyte
decomposition) in order to obtain an exact value for the enthalpy of LMR-NCM activation. A
combination of IMC and theoretical calculations may open new doors in the understanding of the

structural and/or energetic processes that cause the activation of LMR-NCM during the first charge.
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