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Abstract

Abstract

Many processes occurring on the cell chemistry level in lithium-ion batteries are
not fully understood yet and need to be investigated in detail with advanced
characterization tools. The first part of this thesis deals with the development of a
new reference electrode and a novel measurement procedure for electrochemical
impedance spectroscopy (EIS) and its application to analyze the failure mechanism
of graphite/LiNio.sMn1.504 lithium-ion cells. First, a micro-reference electrode
consisting of a polyimide insulated gold wire was developed which fulfills all
requirements for producing valid impedance spectra of anode and cathode versus
the reference electrode. With the reference electrode at hand, the impedance of
graphite/LiNiosMn1504 cells cycling at 40 °C were analyzed over extended
charge/discharge cycling by using a novel impedance procedure. The procedure
records impedance spectra in blocking condition (no charge transfer reaction
possible) and in non-blocking condition (charge transfer possible), by which the
impedance of the LiNio.sMn1.504 electrode could be deconvoluted into its resistance
contributions. The cathode impedance was then further studied in detail, and
electrolyte oxidation and cathode impedance response could be correlated for the
first time. Last, the anode of a graphite/LiNiosMn1504 cell was analyzed with the
same blocking/non-blocking approach and the impedance response could be
deconvoluted in its contributions and related to manganese dissolution from the

LiNiosMn1.504 electrode.

The second part of this thesis deals with the mechanistic understanding of the
washing process of nickel-rich layered oxide based cathode materials
(LiNio.85C00.10Mno.0502) for lithium-ion batteries. It could be shown by OEMS that
upon washing of a nickel-rich cathode material with water, a strongly reduced 02
release at high degrees of delithiation is observed. By analyzing the wash solution,
performing impedance spectroscopy and on-line electrochemical mass
spectrometry on the washed cathodes, a detailed, conclusive mechanism for the

washing of nickel-rich materials could be provided.



Kurzfassung

Kurzfassung

Viele Prozesse die sich auf Zellchemie-Ebene in Lithium-lonen Batterien abspielen
sind bis jetzt nicht gut verstanden und es bedarf einer detaillierten Untersuchung
dieser Prozesse mittels besserer Charakterisierungsmethoden. Der erste Teil dieser
Doktorarbeit befasst sich mit der Entwicklung einer neuen Referenzelektrode und
einer neuartigen Messprozedur fiir Elektrochemische Impedanz Spektroskopie
(EIS), um die Fehler-Mechanismen flir Graphit/LiNio.sMn1.504 Lithium-lonen Zellen
zu untersuchen. Zuerst wurde eine Mikro-Referenz Elektrode entwickelt, die aus
einem Polyimid-beschichten Golddraht besteht und die alle Anforderungen erfiillt,
korrekte Impedanz Spektren von Anode und Kathode bezogen auf die Mikro-
Referenz Elektrode zu generieren. Mit der nun entwickelten Referenzelektrode
wurde die Impedanz von Graphit/LiNiosMn1.504 Zellen bei 40 °C iiber mehrere
Zyklen hinweg mit Hilfe einer neuartigen Impedanz Prozedur analysiert. Mittels der
Prozedur wurden Spektren in blocking Bedingungen (kein Ladungsiibergang
moglich) und in non-blocking Bedingungen (Ladungsiibergang maoglich)
aufgenommen und die Impedanz der LiNiosMni1504 Elektrode in die einzelnen
Widerstandsbeitrage aufgetrennt. Die Impedanz der Kathode wurde tiefergehend
untersucht und Elektrolytoxidation konnte zum ersten Mal mit der Impedanz der
LiNiosMn1.504 Elektrode korreliert werden. Als letztes wurde die Anode in einer
Graphit/LiNiosMn1504 Zelle mit der gleichen Prozedur untersucht, womit die
Impedanz der Anode in die einzelnen Widerstandsbeitrage aufgespalten werden
konnte und mit der Manganauflosung der LiNiosMni1s504 Elektrode korreliert

werden konnte.

Der zweite Teil der Doktorarbeit beschaftig sich mit dem Mechanismus des
Waschungsprozesses von Nickel-reichen Schichtoxid-basierten Kathoden
(LiNio.s5C00.10Mno.0502). Es konnte gezeigt werden, dass nach dem Waschen der
Materialien mit Wasser, ein drastisch reduzierter Sauerstoffaustritt bei hohen
Delithierungsgraden vorliegt. Mittels Untersuchung der Waschlosung, Impedanz
Spektroskopie und Gasanalyse der Kathoden wurde ein detaillierter Mechanismus

zum Waschen von Nickel-reichen Kathodenmaterialien erstellt.
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1 Introduction

Today’s batteries for consumer electronics as well as for electrical vehicles (EV’s)
are based on the lithium-ion battery technology. This technology had its
breakthrough in 19911 when Sony commercialized the first lithium-ion battery,
which was developed for portable electronics. The cell chemistry consisted of a
hard carbon anode and a LiCoO2 (LCO) cathode and the cathode is still in use today.
The layered transition metal oxide cathode material was invented by John B.
Goodenough? and coworkers and was in principle a further development of the
sulfide cathode TiS2 which was developed by M. Stanley Whittingham3 in 1976. The
invention of TiS2 was groundbreaking as it was the first material where lithium ions
could be deintercalted and reintercalated reversibly to yield LiTiS2. The drawback
of the sulfide cathode material was the very low average voltage of 1.9 V vs. metallic
lithium at a reversible capacity of 210 mAh/g which results in low energy density
of 400 Wh/kguitis2.*> In addition, it required the use of a metallic lithium anode as
the TiS2 cathode could not be produced in the lithiated form. The LCO cathode
instead (producible in the lithiated state), could be used with lithium-free anodes
like graphite, providing a specific energy density of x560 Wh/kgLco due to a mean
voltage of 3.8 V vs. metallic lithium and a reversible capacity of 148 mAh/g.# This
cathode shows good cycle life (in graphite/LCO cells) and good energy density, but
has the drawback of the high cobalt content that makes it a very expensive material.
In August 2017, one ton of cobalt was ~60.000 $¢. Another frequently used metal
for cathode materials is nickel where one ton costs only 10.000 $7. A second
drawback is the fact that most of the cobalt is mined in the Democratic Republic of
Congo under questionable ethical conditions such as child labor.8 Thus, both cost
and supply constraints require to minimize or eliminate the use of cobalt in

electrical vehicles, where high amounts of cathode materials are needed.
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Very soon, the cobalt in the LCO cathode was substituted by other transition metals
in order to lower the cobalt amount and increase the energy density. One material
found by the group of Naoki Yabucchi is NMC111 with a chemical formula of
LiNio.33Mno.33C00.3302.° Here the cobalt content is reduced to 33% and due to nickel
in the structure, which is redox active at higher potentials (compared to cobalt), the
energy density of layered oxides could be increased. The value for the NMC111 is
~590 Wh/kgnmci11 calculated with an average voltage of 3.7 V vs. metallic lithium
and a reversible capacity of 160 mAh/g.# Still, the energy density of this material is
not a strong improvement compared to LCO. Due to this, some electrical vehicles
(e.g. Tesla Model S)10 contain a layered oxide cathode with the chemical formula
LiNiosCoo0.15Al0.05s02 (NCA), which provides a specific energy density of
~740 Wh/kgnca (calculated with a mean voltage of 3.7 V vs. Li*/Li and a reversible
capacity of 199 mAh/g)411; it thereby more closely meets the requirements of high
energy density, high rate capability, long cycle life and a reduced amount of cobalt

in the structure.

As the target of the automotive manufacturers in 2025 is an energy density of
~250 Wh/kg at the battery level, the cathode active material must have an energy
density of close to *800 Wh/kg.12 In order to reach the required high energy
density, the industry and academia have been working on Ni-rich NMC materials
with nickel amounts equal to 80% - e.g. NMC811 (LiNio.sMno.1C00.102) - and higher,
heading towards a pure layered nickel oxide LiNiO2 (LNO). The issues with such
high nickel contents are thermal and structural instability at high degrees of
delithiation!314 and a tremendous reactivity of the surface towards ambient air.1>
The stabilization of this material is object of current research on cathode materials.
The development of an LNO cathode appears as a continuous approached target in
world-wide battery R&D, however the material has already been found by Jeff Dahn
and coworkers in 1991.16 The understanding of the surface chemistry of nickel-rich
layered oxide based cathode active materials constitutes one part of this PhD Thesis

and is theoretically highlighted in the next section.

A cathode material which is cobalt free, and therefor cheap, is the so-called
“manganese spinel” with the chemical formula of LiMn:20s4 (LMO) found by
Thackeray, Bruce, David and Goodenough in 1983.17 The energy density of this
4
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cathode material is low (490 Wh/kgLmo) due to the poor reversible capacity of
120 mAh/g at an average voltage of 4.1 V vs. Li*/Li.# In order to increase the energy
density of LMO, part of the manganese was replaced with nickel to yield the so-
called “high-voltage spinel” with the chemical formula LiNiosMn1504
(LNMO)1819 This material has an operating voltage of 4.75 V vs. Li*/Li at a
reversible capacity of 140 mAh/g, resulting in a high energy density of
=670 Wh/kgLnmo.1220 This material has the advantage of a high energy density, good
rate capability, and decent cycling stability at moderate temperatures (e.g. 25 °C).
Unfortunately, when the temperature is increased to over 40 °C, drastic cell fading
occurs.2! The focus of this PhD thesis is the analysis of the graphite/LNMO system
at elevated temperatures (40 °C) concerning stability of the solid electrolyte
interface (SEI) on the anode, and the impedance increase on anode and cathode

side.
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1.1 Theoretical Background on Li-lon Batteries

Working principle

A conventional lithium-ion battery consists of two intercalation electrodes coated
on metal current collectors, a separator, and a lithium ion conducting electrolyte,
composed of a lithium salt, which is dissolved in liquid alkyl carbonate-based
solvents. The typical anode consists of graphite (Cs) into which lithium (Li) can be
intercalated. In battery research, the negative electrode is commonly referred to as
anode, independent of whether the discharge or charge reaction is considered. The

reaction for a graphite anode is summarized in equation 1.
Ce+Lit+e” s LiC, (1)

During the charge of a battery, lithium is intercalated into graphite (Cé) up to a
stoichiometry of LiCs, which corresponds to a specific capacity of 372 mAh/gce.22
During discharge, the reaction is reversed. The lithium source in a today’s lithium
ion batteries is the cathode, where layered transition metal oxides, manganese
spinels, and olivine materials are frequently used.?? These materials are described
later, and the cathode reaction is exemplarily shown for the high-voltage spinel

LNMO (LiNiosMn1.504) cathode in equation 2.
LiNiO_SMn1.5O4 S Nllo_sMn1.504 + Ll+ +e” (2)

During the charge of a battery, the transition metals are oxidized, resulting in a
deintercaltion of Li*. In the case of the LNMO cathode material almost entirely nickel
is the redox active metal.1° In the pristine material, lithium is in the oxidation state
+1 (Li*) and nickel is in +2 (Ni2+). Upon charge, the oxidation state of nickel goes to
+4 (Ni**), resulting in a specific capacity of 146 mAh/gLnmo. Upon discharge, lithium
ions can be reintercalated into the delithiated spinel structure changing the

oxidation state of nickel back to +2 (Ni2+).

The ionic current in the battery is balanced by an electronic current, meaning that
during charge lithium ions are transported from the cathode to the anode and
reduced there by the electrons flowing from the cathode to the anode current

collector. During discharge, lithium ions move from the anode to the cathode and

6
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the electrons are used to reduce the transition metals. lon transport between anode
and cathode is enabled by a liquid electrolyte (a mixture of cyclic and linear
carbonates) which contains a dissolved lithium salt (mostly LiPFs). The electrolyte
fills the pores of anode, cathode and the separator (a polyolefin-based porous
membrane in commercial lithium-ion batteries). The separator divides anode and
cathode electronically to avoid a short-circuit of the cell. In order to visualize the
above-described battery setup, Figure 1.1 shows a single-layer configuration of a

battery test cell used in this work.

Electronic connection (for single layer setup)

Copper Graphite anode Separator LNMO electrode Aluminum
Current Current
collector collector

Figure 1.1: Schematic drawing of a lithium-ion battery with a graphite anode coated on a copper
current collector, a separator, and an LNMO cathode coated on an aluminum current collector.

A typical graphite anode contains low weight percentages (up to 5%) of a binder
which enables adhesion to the current collector and cohesion inside the coating to
ensure mechanical stability. Common binders are polyvinylene difluoride (PVdF)
when anodes are processed with N-methyl pyrrolidone (NMP). However, state-of-
the art anodes are processed in water24 and the choice of binder is a combination of
sodium carboxymethyl cellulose (CMC) and styrene butadiene rubber (SBR).25
Anodes are coated on a copper current collector as it does not form alloys with

lithium and has a high electronic conductivity.2é

Cathodes are composite electrodes which consist of high active material contents
(> 92%)?7 in order to achieve high energy densities, and of a PVdF binder for
adhesion to the current collector and cohesion of the coating and carbon black to

ensure good electronic conductivity. The carbon additive is mandatory, as typical
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cathode materials are poor electronic conductors, with electronic conductivities of
~10-¢ S/cm (exemplarily for a LiMn204 material).28 As current collector, aluminum
foil is used. Intrinsically, no metal is stable at potentials where typical cathodes are
being operated (x4.3 V vs. Li*/Li). However, aluminum has a native oxide (Al203)
on the surface which is transformed to an AlF3 layer in organic electrolytes with a
LiPFe salt, and hence is chemically stable towards oxidation/corrosion at high

potentials.??

Anodes & solid electrolyte interphase (SEI)

The first lithium batteries were based on pure lithium metal as anode material.23
The reason for this is the fact, that the first cathode materials could not be produced
in the lithiated state. Besides that, lithium metal is now very attractive due to the
high specific capacity of 3862 mAh/gLi, and the low potential of -3.04 V (versus the
standard hydrogen electrode).3? The first commercialized cells by Moli Energy had
an oversized lithium metal anode and a MoS:z cathode.3! These cells could be cycled
reversibly, but as many cells caught fire during operation, they had to be recalled
from the market.32 The reason for the fire incident are lithium dendrites which form
during the plating of metallic lithium.3133 Metal dendrites can grow through the
separator and build up an electrical contact between anode and cathode, and

thereby short-circuiting the cell.

At the operating potential of lithium metal and lithiated graphite, no organic solvent
is stable and gets reduced when it comes into contact with the metal surface.31 This
fact would lead to a continuous consumption of lithium during operation, however
the so-called solid electrolyte interphase (SEI)34 prevents the decomposition of the
organic electrolyte. The SEI is a layer of several nanometers and consists of
reduction products of the electrolyte such as lithium carbonate (Li2COs3), lithium
fluoride (LiF), lithium alkyl carbonates, poly-olefins and further reduction products
which are dependent on the used solvents and salt.35>3¢ The SEI allows ion transport
through the layer (Li* - conduction) but inhibits electron transport (e- - conduction)
and does so prevent further electrolyte reduction. However, on a lithium metal
anode the ratio between discharge capacity (Qp) and charge capacity (Qc) - the ratio

of Qp/ Qc is called coulombic efficiency (CE) - ranges around ~99.0%,32 which

8
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suggests that the SEI on lithium metal anodes is not stable during battery operating
conditions and lithium is lost in the SEI continuously. This observation can be
explained by the fact that lithium has an infinite volume change upon its complete
dissolution during charge. This volume change leads to cracks in the SEI which
results in new available surface area for further electrolyte reduction. Up to now,
many efforts are made to suppress dendrite formation and achieve high coulombic

efficiencies with lithium metal anodes. 37

The first safe lithium-ion batteries (commercialized by Sony in 1991) replaced the
lithium metal by a graphitic anode.132 Very soon, graphite was discovered as stable
and safe anode for lithium-ion batteries. Graphite has a specific capacity of
372 mAh/g (based on a LiCe phase) and operates at an equilibrium potential of
0.1V vs. Li*/Li.* This material was first used with an ethylene carbonate (EC)
based electrolyte for lithium-ion battery research by Dahn and coworkers22 and
showed only irreversible reactions during the first charge/discharge cycle which
are associated with SEI formation on the surface of the graphite particles. However,
after the first cycle, the graphite anode can be cycled reversibly almost without
active lithium loss.22 The amount of lost lithium in the SEI was found to be
proportional to the graphite surface area, and the coulombic efficiency of the first
cycle ranges between 80 - 95%. After the first cycle, the graphite anode can be
cycled close to a coulombic efficiencies of 100%.38 Graphite electrodes can be cycled
at high coulombic efficiencies, as the volume expansion is very low with x10%.4 One
important factor which influences the SEI on graphite anodes is the dissolution of
transition metals from the cathode and their deposition on the anode. Transition
metals like manganese or nickel dissolve from the cathode and are reduced on the
graphite anode. The reduction of the transition metals leads to the oxidation of
lithium in the graphite anode and hence to an active lithium loss. Furthermore, the
transition metals are catalytically active, meaning they can continuously consume
active lithium once they are deposited on the graphite anode.3%40 A special charge
characteristic of graphite is the so-called “stage formation”38 what means that first
in every 4t graphene layer (Ce) lithium is intercalated corresponding to an LiC24
phase. Afterwards, every second graphene layer is occupied (LiC12) and last lithium

is intercalated in every graphene layer a lithium atom is inserted. The existence of



Introduction

plateaus during charge/discharge cycling of graphite are caused by the

simultaneous existence of two phases (often called two-phase material).38

A so-called “zero-strain” anode material is LTO (Li4TisO12), which has a volume
expansion during lithiation and delithiation of only 0.20%, leading to excellent
reversible cycling of this anode active material.# The specific capacity of LTO is
175 mAh/gLro at an operating voltage plateau of #1.5 V vs. Li*/Li.41 The advantage
of this high reversible potential is that no SEI is formed at such high potentials, so
that the first cycle coulombic efficiency is ~100%. The drawback of this material is
the low energy density when paired with conventional cathodes due to the high
operating potential of LTO and the resulting low cell voltage. A further unsolved
issue is the formation of gaseous products such as Hz caused by the pristine LTO

surface in contact with the carbonate electrolyte.42

An intensively studied anode material is silicon, with a specific capacity of
3579 mAh/gsilicon (based on the LiisSi4+ phase) at an average potential of
~0.2 Vvs. Li*/Li.#43 Silicon does electrochemically form alloys with lithium. A
drawback of alloy materials such as silicon is the high volume expansion during
each charge/discharge cycle of *270%.444 This compromises the integrity of the SEI
and leads to a continuous consumption of the lithium inventory. Another challenge
is the electronic isolation of lithiated silicon particles under a thick SEI layer.4> Many
efforts have been undertaken by researchers in order to stabilize the SEI on silicon

and to mitigate the isolation of silicon particles.#®
Electrolyte

The liquid electrolyte for lithium-ion batteries consists mainly of three components:
(i) the lithium salt LiPFs which is responsible for the ionic conductivity and is
commonly added at concentrations of roughly one molar (1 mol/L)#7, (ii) a cyclic
carbonate like ethylene carbonate (EC) which leads to the SEI formation*8 as it is
reduced below 0.8 V vs. Li*/Li#° forming lithium ethylene dicarbonate (LEDC), a
major component of an EC derived SEI.>? The high polarity of EC is important in
order to dissolve the lithium salt. The last component (iii) is a linear carbonate like

ethyl methyl carbonate (EMC) or diethyl carbonate (DEC), which keeps the viscosity

10
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of the electrolyte low to ensure good ionic conductivity.>! The LiPFs salt fulfills the
requirements of a good ionic conductivity with #10.7 S/cm in a mixture of EC/DEC
at 25 °C, 51 and the ability to passivate the current collector>2. A drawback of LiPFs
is the fact that the following equilibrium reaction occurs: LiPFg; S PF5 + LiF. The
equilibrium is shifted to the right-hand-side with increasing temperature and since
PFs is a strong Lewis acid, unwanted side reactions are triggered, like the formation

of HF which is known to decrease the cycle life of lithium-ion batteries.5!

Another very important component of the electrolyte are additives which are
commonly added up to amounts of 5% to the electrolyte solution. The most
important function of additives is the modification of the SEI, and thus the
improvement of the long-term cycling stability of lithium-ion cells.#8 The additive
which is widely used in commercial lithium-ion batteries is vinylene carbonate (VC)
which was introduced by Aurbach et al.>3 Vinylene Carbonate is reduced at
potentials higher than 1.0 V vs. Li*/Li and hence leads to the suppression of EC
reduction.>%54 The major component of the VC derived SEI is poly(VC), a polymeric
species which is attributed to create a more temperature stable SEI on graphite
anodes.>> Burns et al.5¢ investigated different amounts of VC in commercial
graphite/LCO cells and found that 2% VC (in commercial scale cells) show the best
performance based on coulombic efficiency and cycle life measurements. A
remaining challenge is still the use in lithium-ion cells that exceed a cathode voltage
of 4.4 V vs. Li/Li*. Under these conditions, VC decreases cell performance
drastically.5” This Thesis examines the use of VC in graphite/LNMO cells which
operate up to cathode potentials of 4.9 Vvs. Li*/Li, using gas- and impedance
analysis and showing the boundaries within VC can still be employed successfully

in graphite/LNMO cells.
Cathode

The currently used cathode materials in lithium-ion batteries can be divided into
three groups: (i) spinel oxides with the general formula unit LiM204, (ii) phospho-
olivines with the structure LiMPO4 and (iii) layered metal oxides with the general

formula unit LiMOz2 (or its overlithiated version Li1+xM1-x02).

11
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The spinel oxide LiMn204 is of special interest as it is a very cheap material, non-
toxic, and with manganese as redox active metal very abundant. A further positive
criterion especially regarding the safety of lithium-ion cells is the high thermal
stability of LiMn204.4#17 These materials are typically cycled to an upper cut-off
voltage of 4.2 V vs. Li/Li* and the resulting capacity is 120 mAh/gLmo.458 However,
lithium-ion cells with LiMn204 as cathode material do generally not possess a long-
term cycling stability. Their capacity fading is associated with two phenomena: (i)
the spinel phase tends to form a tetragonal phase during cycling, especially at high
charge/discharge currents and (ii) transition metal dissolution and hence a
degradation of the graphite anode SEIL.#95° Furthermore, to improve energy density
by increasing capacity and voltage, parts of the manganese were substituted with
nickel. The resulting material is the so-called high-voltage spinel LiNiosMni1504

(LNMO) which will be discussed in more detail in section 1.2.

The use of phospho-olivines as cathode material for lithium-ion batteries was
discovered by the group of John B. Goodenough in 1997.60 The commercially most
successful material is lithium iron phosphate (LFP) with a chemical composition of
LiFePOas. LFP has the advantage - compared to other cathode materials - of being
based on abundant and inexpensive materials with no environmental hazards.* The
olivine type structure offers several advantages, as for example high structural and
thermal stability which makes it a safe battery material.# LFP is a two-phase
material and has a voltage plateau at 3.45 V vs. Li*/Li over the entire SOC range. The
theoretical capacity of this material is 170 mAh/gLrp, however this capacity is not
gained practically. Micrometer-sized LFP particles are known to have a low rate
capability and the reason for this is the low electronic conductivity and low solid
state lithium diffusion. 61 In order to approach the theoretical capacity of LFP, two
strategies were applied: (i) the synthesis of this material as nanoparticles where the
conduction path length of both electrons and lithium-ions in the material (solid
state diffusion) is shortened and so that the associated transport resistance is
increased, 2 or (ii) a carbon coating of the LFP particles in order to overcome the
high electronic contact resistance across the LFP/conductive carbon interface.®3 A

drawback of LFP is the low voltage plateau leading to a low energy density of the
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cathode. Current research focuses therefore on other olivine type materials as for

example LiCoPO4 (LCP) which has a higher operating voltage plateau.*

The materials which have attracted most attention in current lithium-ion battery
research are layered transition metal oxides. The nickel manganese cobalt layered
oxides with the chemical formula LiNixMnyCozO2 (x+y+z = 1) abbreviated as
stoichiometric NMC. In contrast to spinel oxides or phospho-olivines, NMC
materials cannot be completely delithiated during charge of a battery. A general
restriction criteria for stoichiometric NMC materials is the upper cut-off voltage of
4.3 Vvs. Li/Li*. The specific capacity of NMC materials (at the same cut-off voltage)
correlates with the amount of nickel in the structure. In general a NMC111
(LiNi0.33Mno.33C00.3302) material delivers a capacity of 163 mAh/g, a NMC622
(LiNio.6oMno.20C00.2002) has a capacity of 187 mAh/g and NMC811
(LiNio.soMno.10C00.1002) has a capacity of 203 mAh/g (charge until a cut-off potential
of 4.3 Vvs. Li*/Liand values based on a discharge versus metallic lithium at C/10).64
Stoichiometric NMC materials cannot be cycled with full capacity (delithiated
completely) as the impedance of the cathode increases tremendously whereas the
bulk structure is maintained.®> However, Streich et al.’¢ and Jung et al.¢” both could
show that impedance increases due to Oz release from the near-surface region
leading to a high impedance and O2-deficient surface layer. Further they correlated
the onset of oxygen release from stoichiometric NMC materials with the oxidation
of the electrolyte leading to a deterioration of the cycling performance. When
oxygen evolution from the stoichiometric NMC lattice happens, the evolution of CO
and CO2 were observed at the same time. The general opinion in the battery field
was, that the high cut-off potential by itself causes electrolyte oxidation. When Jung
et al.” measured the gas evolution of a high-voltage spinel (which operates at 4.7 V
vs. Li*/Li) no oxygen evolution and also no CO and CO2 evolution were observed.
From this, the authors concluded that the gaseous oxygen leads to the oxidation of
the electrolyte and not the high potential.®8 Wandt et al.®® further showed that the
released oxygen from the surface is singlet oxygen which can react with the
carbonate-based electrolyte. A further failure mechanism from NMC materials is
associated with the cracking of the agglomerated NMC crytallites upon lithiation

and delithiation due to the volume change of the crystal structure.1* As the volume
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contraction correlates with the nickel content - NMC111 shows a volume
contraction of 0.5%, while NMC811 has a volume contraction of 5% when the
materials are both cycled to 4.3 V vs. Li*/Li - the cracking and subsequent isolation
of particles is seen as a challenge for nickel-rich NMC materials.”? A third challenge
is the detrimental effect of moisture on nickel-rich NCM materials, which will be

discussed in section 1.3.

In order to achieve higher energy densities for the NMC materials, the so-called Li-
rich NMC’s were introduced.”? For regular NMC materials (Li* with the
stoichiometry of ~1) the lithium layer and the transition metal layer are occupied
ideally by only lithium and transition metals, respectively. Contrary to that, Li-rich
NMC materials can also incorporate lithium-ions in the transition metal layer
leading to more accessible lithium. The general formula of these materials can be
written as: x LizMnOs3 e (1-x) LiMeO2 when regarding the material as a two-phase
material’? (nano-domains of NMC and LizMnOs existing next to each other) or as a
one-phase material written as Li1+xMe1-xO2. The Li-rich NCM’s (also called HE-NMC)
need an activation charge to 4.7 V vs. Li*/Li (characterized by a charge plateau only
present during the first charge) in order to access the total specific capacity which
is higher than 300 mAh/g in the first charge cycle. Reversibly, 250 mAh/g can be
used from the HE-NMC materials, as these materials can be completely
delithiated.”3 The material is not yet commercialized mostly for two reasons: (i) Due
to the high operating potential (up to 4.7 Vvs. Li*/Li) and the loss of reactive oxygen
from the surface of the lattice’ both electrochemical electrolyte oxidation
(especially at elevated temperatures) and chemical electrolyte oxidation affects the
long-term cycling performance and (ii) voltage fading occurs which means that the

voltage during discharge decreases and hence leads to an energy fade.”>

Battery Testing

In the following, important terms and protocols are defined which are central to
lithium-ion battery research. The specific capacity of a battery material (e.g. a

graphite anode or a LNMO cathode) is calculated with equation 3:
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(3)

0 n-F
spec. i
where Qspec. is the specific capacity (in units of As/g, generally converted to mAh/g),
n is the number of exchanged lithium ions per unit formula, F the Faraday constant
(96485 As/mol) and M is the molar mass (in g/mol). When lithium ion batteries are
assembled, the capacities of anode and cathode are balanced such that the anode
could take up slightly more lithium than the cathode can provide upon its
delithiation to a fixed upper cutoff potential. This is done for safety reasons because
if the cathode capacity exceeds the anode capacity already during the first cycle,
lithium plating occurs which not only compromises the long-term durability but
also may lead to safety hazards. A typical balancing factor of cathode to anode total
capacity is 1: 1.1 (cathode to anode ratio, used in this work), however commercial
cells are balanced more closely to 1 : 1 in order to increase their energy density.
This balancing factor does not cause lithium plating as during the first charge

lithium-ions from the cathode are also used for building up the SEL

A further important term is the so called C-Rate. The C-rate (equation 4) defines the

relationship between the current (I) which is drawn from a battery and the total
capacity (Q):

I[A] (4)

C — Rate = Q[Ah]:1/h

A C-Rate of one is defined as charging or discharging the total capacity of the battery
in one hour. After matching the capacities of anode and cathode and building a
lithium-ion cell, generally two formation cycles at C/10 (i.e., one charge takes 10 h)
are carried out. The slow cycles at the beginning ensure enough time so that the
solid electrolyte interphase (SEI) can form on the graphite anode. In Figure 1.2, a
typical formation protocol is shown for graphite/LNMO cells at 25 °C with a cathode
loading of 1.9 mAh/cm? and a respective anode loading of 2.1 mAh/cm?. The typical
charging protocol consists of a constant current charge (CC) followed by a constant
voltage (CV) phase. The constant current charge is carried out with C/10
(=0.19 mA) followed by a CV phase which has a cut-off criterion for the current of
C/20. After this, a constant current discharge at C/10 is applied. The cell cut-off

15



Introduction

voltages for graphite LNMO cells are 4.8 V as upper cut-off and 3.5 V as lower cut-
off. Figure 1.2 further shows the half-cell voltages vs. Li*/Li determined with a
lithium reference electrode of graphite vs. Li*/Li (in blue) and of LNMO vs. Li*/Li
(in red).
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Figure 1.2: Formation protocol of a graphite/LNMO cell with a loading of 1.9 mAh/cm?, a balancing
factor of 1:1.1 (cathode:anode), two glass fiber separators and 60 uL of an EC/EMC electrolyte with
1M LiPFs with a lithium reference electrode. The full-cell voltage is shown in black, the cathode half-
cell voltage in red and the anode half-cell voltage in blue. The full-cell voltage is plotted on the left y-
axis and the half-cell voltages are plotted on the right y-axis.

The cell voltage Vcen corresponds to the difference between the half-cell voltages:
Vcathode — Vanode. The cell cut-off of 4.8 V ensures that the total capacity of LNMO can
be used, as up to the end of charge the cathode voltage (in red) turns vertically,
meaning that the cathode does no longer contain lithium-ions. The first charge
capacity is 146 mAh/gLnmo which corresponds to the theoretical capacity of LNMO.
The first discharge capacity is 125 mAh/g resulting in a first-cycle coulombic
efficiency (Qpischarge / Qcharge) of *86% due to the SEI formation of the graphite
anode. The second cycle has a coulombic efficiency of *98.3% based on a charge
capacity of 124 mAh/g and a discharge capacity of 122 mAh/g, indicating that the
SEI formation is almost finished. The lower cut-off of 3.5 V is chosen in order to
empty the graphite anode completely (anode voltage is above 1 V and here the
graphite contains no more lithium) and hence ensure the total utilization of the
active lithium. The LNMO voltage stays always on the plateau as the cathode cannot
be lithiated (cell discharge) completely due the lithium loss from SEI formation. A
further important term is the state-of-charge (SOC). The SOC of a standard lithium-
ion battery (full-cell configuration and limiting cathode, equation 5) defines the

position of the active lithium in the cell:
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SOC = 100 - QCell - QCathode % (5)

Qcen

If all active lithium is stored in the cathode (discharged state) then the SOC is
defined as 0%; all active lithium is stored in the anode (charged sate) then the SOC
is 100%.
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1.2 Challenges of LiNigsMn1504 (LNMO) cathodes

LNMO is an interesting cathode material for lithium-ion batteries as it is cobalt-free
and provides a high energy density. However, the high operating potential of
~4.75V vs. Li/Li* causes some severe challenges. One challenge is the capacity
retention of graphite/LNMO cells at elevated temperatures. Lu et al.?! carried out
charge/discharge cycling experiments at 25 °C and at 55 °C. The capacity retention
is stable when cells are cycled at 25 °C however when the temperature is switched
to 55 °C drastic capacity fading occurs. As 55 °C are very harsh conditions for
lithium-ion batteries - as the equilibrium of LiPFe is shifted to the gaseous and
reactive lewis acid PFs which triggers side reactions leading to active lithium loss -
a more reasonable condition is 40 °C. Figure 1.3 shows graphite/LNMO T-cells with
a loading of 1.9 mAh/cm? (cells used in this thesis) cycled at 1C CCCV charge and a
1C CC discharge at 25 °C or at 40 °C. For the cells cycled at 40°C, each 22rd two 1 C
charge and 3 C discharge cycles are carried out in order to probe the resistance/C-

rate dependence of the full-cells.
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Figure 1.3: graphite/LNMO cells with a loading of 1.9 mAh/cm? with two glass fiber separators, a

gold-wire reference electrode (GWRE) and 60 pL of LP57 electrolyte. Before the cells are cycled in
the 1C/1C at 40 °C charge/discharge procedure, two formation cycles at 25 °C are carried out.

The cells cycled at 25 °C (blue curve) show a specific discharge capacity of
=120 mAh/g after formation and a capacity loss of 10 mAh/g over the course of

108 charge/discharge cycles. When nominally identical cells are cycled at 40 °C, the
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specific discharge capacity after formation is 118 mAh/g and the capacity loss
after 108 charge/discharge cycles is almost 30 mAh/g. These data sets already
point out that an increased temperature is a severe problem for this cell chemistry.
The phenomenon of the strong capacity fade at elevated temperatures is seen in the
transition metal dissolution - both nickel and manganese - from the high-voltage
spinel cathode?? followed by a subsequent damage of the SEI on the graphite

anode.’6

Pieczonka et al.”” have analyzed the transition metal dissolution of LNMO half-cells
by harvesting the electrolyte of half-cells stored at a 100% SOC for 60 days at
different temperatures. They could show that already increasing the storage
temperature from 30 °C to 45 °C increases the amount of dissolved nickel by a factor
of 1.5 and the dissolved manganese by a factor of 2.5. The reason of transition metal
dissolution is seen in the formation of protic species, e.g. HF at high voltages, which
was already stated for the LNMO cell chemistry by Aurbach et al.”8 HF corrodes the
high-voltage spinel cathode, leading to a surface composition of MnF, MnO2 and a
loss of transition metals. Indeed, Metzger et al.”® could indirectly proof that protic
species are formed at high potentials (> 4.5 V vs. Li*/Li). This was examined by
operando gas analysis of graphite/NMC cells. When regular cells are charged to high
potential, increased amounts of Hz were found; however when a sealed Ohara-glass
is placed between anode and cathode and the cell is charged to high potential, no H2
formation was observed. This result suggests that protic species, e.g. HF are formed
at high potentials which are than reduced on the graphite anode in order to form

hydrogen gas.

The detrimental effect of protons leading to transition metal dissolution has been
investigated by Leitner et al.80 They performed cycling experiments with a
graphite/LNMO pouch cells utilizing three different separators: (i) a conventional
separator (polyolefin based), (ii) a separator consisting of an LTO coated PET non-
woven sandwiched between two polyolefin separators and (iii) an electroactive
separator consisting of an LTO coated PET non-woven sandwiched between two
polyolefin separators where the LTO has been lithiated prior to cell assembly. Both
cases (i) and (ii) show the expected capacity fading during cycling at 45 °C. However

in case (iii) the separator contains lithiated LTO which has a potential of ~1.55 V vs.
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Li*/Li and can hence reduce protons to hydrogen and also reduce the dissolved
metals, e.g. Mn2* and Ni2* and act as a scavenger. By using an electroactive
separator, 500 cycles at 45 °C can be reached without almost any loss in discharge
capacity. This further underlines that transition metal dissolution is the main ageing

mechanism of graphite/LNMO cells at elevated temperatures.
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1.3 Challenges of Ni-rich NMC cathodes

Ni-rich cathode materials tend to have an increased reactivity of the surface
towards moisture and CO2 with increasing nickel content. These reactions cause a
high basicity of the materials and lead to a gelation of the ink during slurry
preparation, resulting in cathode coatings with very bad mechanical and
electrochemical properties. Zhao et al.8! investigated different cathode materials
like lithium nickel oxide (LNO) and the high-voltage spinel (LNMO) via CO:
adsorption micro calorimetry. With this technique, the adsorption of CO2 on the
cathode material allows for the quantification of the basic sites via measuring the
differential heat and coverage of COz on the surface. They found that LNO reacts
heavily with CO2 and shows the largest coverage of it on the surface, whereas the
LNMO cathode does not react with CO2. This study implies that Ni-rich NCM
surfaces are highly reactive compared to other generally used cathode materials.
Next, it is interesting what species can be found on nickel-rich cathode materials

and how they affect the cycle life.

In this context, Jung et al.l> compared the storage properties of NMC111 and
NMC811 regarding the surface composition and the electrochemical performance.
By storing electrodes for up to 1 year in ambient air, NMC111 cathodes showed no
capacity loss nor an increase in cell polarization after 1 year storage and the Raman
spectra of the pristine NMC111 and 1-year stored NMC111 were almost identical.
This picture changes tremendously when performing the identical experiments
with NMC811. Here a loss in specific capacity and an increased polarization is
observed for the 1 year stored sample. Also, the Raman spectra develop a novel
feature and do not match the pristine NMC811 spectra. By analyzing numerous
different compounds, the authors found that the dominant species on this material
is (NiCO3)2*(Ni(OH)2)3*4H20 in the following referred to as “nickel basic carbonate
hydroxide” (NBCH). The accumulation of this surface species over one year of
ambient storage of NMC811 was paralleled by a strong capacity fading (compared
to the pristine sample) and an increasing cell polarization stemming from the

cathode.
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A further frequently observed surface species on the surface is lithium carbonate,
which was investigated in literature for LNO cathodes. Liu et al.82 stored LiNiO2
powder up to 1 year in air and reported a decrease of specific capacity and an
increase in the polarization of these materials, which increases with storage time.
By using XRD analysis, they found that the sample stored in air for one year shows
an Li2COs content of up to 13.3%. Interestingly, they have also observed a reduction
of Ni3* to Ni2* by measuring XPS in the Ni 2p region. They claim that the reduction
of the nickel occurs spontaneously and can next to the formation of Li2CO3 be the
source for the drop of capacity and increase of the polarization of LNO cathodes.
Similar results have been reported by the same group®3 on the cathode material
LiNio.8C00.202. They found Li2COs3, and LiOH on the surface of the cathode material.
Summing up, nickel-rich cathode materials show a strong reactivity of the surface
towards moisture and COz2, which strongly affects the electrochemical performance

of these materials.

In the literature, some methods to remove surface impurities have already been
proposed. Kim et al.8% removed LiOH and Li2CO3 surface contaminants on NCA
material by washing the cathode material in water. Here, they stirred 20g of NCA in
50 mL of water for 30 minutes. After heating the material, they determined the
moisture and carbon content on the NCA material and could show that both were
reduced by an order of magnitude. Further, they showed that after washing, the
materials are much more resistant towards the uptake of moisture or Li2COs. Lastly,
they could also show an increase in cycling performance of the NCA electrodes
when washing is carried out. They attribute this to the removal of surface impurities

on the cathode material upon washing.

In this PhD thesis, the last section will deal with the washing process of nickel-rich
cathode materials, as this process is not well described in the literature and could
be a path in order to stabilize the surface of nickel-rich materials. The aim of chapter
3.2 is a detailed understanding how nickel-rich materials react with moisture and

how the surface changes after washing the cathode materials.
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2 Experimental Methods

2.1 Electrochemical Impedance Spectroscopy (EIS)

The literature of this part is based on Lvovich®, Lasia% and Gasteiger.8”
Electrochemical Impedance Spectroscopy (EIS) is a non-destructive technique,
which allows for the analysis of interfaces in electrochemical systems. The general
principle of impedance spectroscopy is based on applying an AC voltage U with an
amplitude Ua (V) at a certain frequency f (Hz). The voltage can be written time-

dependent with the following expression:
U(t) = U,sin(2rft) = Uy sin(wt) (6)

The frequency term is expressed as “radial frequency” which is defined as: w = 2nf.
As a sinusoidal voltage is applied to an electrochemical system and the
requirements of an EIS measurement are linearity, also the measured current will
be a sinusoidal signal. This signal however is shifted in phase, which depends on the
resistive, capacitive, and inductive properties of the system. The response current
to the voltage signal can also be written in a time-dependent form I(t) which is

shifted in phase (@) and has an amplitude Ia:

I1(t) =1 sin(wt + @) (7)
By using Euler’s formula, the impedance can be converted in a complex form:

e!® = cos® +isin® (8)

With Ohm’s Law - dividing the voltage U(t) by the current I(t) - the impedance can
be expressed in a complex form by rewriting the time-dependent voltage as

U(t) = Uze't and the time-dependent currentas I(t) = I[,e'@t~i®
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(9)

*

U@ Uge™

=10 = et = Z,e" = Z,(cos® +isin®) = Zpoq + iZi,

Zrealis the real part of the impedance and Zim is the imaginary part of the impedance.
A very common representation of impedance spectra is the so-called Nyquist Plot
where the negative imaginary part of the impedance is plotted on the y-axis and the
real part of the impedance is plotted on the x-axis. The imaginary axis is flipped and
shows negative values in positive y-direction, as most electrochemical systems

show capacitive behavior.

In general, an impedance spectrum allows for the quantification of the resistance
and capacitance contributions of an electrochemical system. In order to understand
the impedance response of an electrochemical system (e.g. a lithium-ion battery)
the impedance of a resistor and a capacitor must be defined. The impedance of a
resistor R is independent of frequency, has no phase-shift, and can be written as
Zp(w) = R.The imaginary part of the impedance is zero for all measured frequencies
and the real part is the resistance R. In Nyquist representation, a resistor is a point

on the real axis.

The impedance of a capacitor is phase-shifted by /2 and shows a dependency on

the measured frequency. The impedance of an ideal capacitor can be written as
Ze(w) = & . The imaginary part of a capacitor goes towards zero with the

frequency going to infinitely high values. The real part of a capacitor is zero for all
measured frequencies. In order to understand an electrochemical interface,
electrical equivalent circuits with a parallel connection of a resistor R and a
capacitor C are commonly used. The first representing charge transfer reactions

and the second represents double-layer charging/discharging.

Figure 2.4 shows a simple equivalent circuit which helps to understand the
impedance spectrum of a lithium-ion battery. However, this equivalent circuit
oversimplifies the impedance of a lithium-ion cell and is only shown in order to
explain the most basic features of the impedance spectrum of an electrochemical
system. The equivalent circuit consists of the high frequency resistance Rurr, which
describes the separator resistance, a parallel Rcr/Ccr element describing the charge
transfer resistance and capacitance of anode and cathode with the electrolyte

phase, and last a Warburg element reflecting diffusion.
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Figure 2.4: Simple equivalent circuit consisting of a high frequency resistance Rurr serially
connected to a parallel connection of a Rcr/Ccr element, and last a Warburg element Zw.

Generally, the impedance is measured from highest frequencies (100 kHz, typical
for a small lithium-ion test cell) to the lowest frequencies (typically 100 mHz or
less) by applying a voltage amplitude (around 10 mV) between working- and
counter electrode. At the highest frequencies (~100 kHz), the current during the
impedance flows mostly through the high frequency resistance Rurr and through
the capacitor Ccrt, as at high frequencies the impedance of the capacitor approaches
zero. Therefore, the impedance consists only of the Rurr element at the highest
frequencies and allows for the assessment of the separator resistance if the
impedance goes towards zero for highest frequencies. Once the frequency is
lowered, the impedance of the capacitor grows and the current now flows both
through Rcr and Ccr. As the impedance of a capacitor goes towards infinity for low
frequencies, the current then flows only through the resistor (Rcr). Due to this, a
semi-circle is observed in impedance spectra for a parallel connection of a resistor
and a capacitor. At very low frequencies, the Warburg element Zw becomes

dominant which results in a 45° line.

Figure 2.5 shows a typical Nyquist plot of a lithium-ion battery (graphite/LNMO full
cell, 100 kHz - 100 mHz) in order to explain the features of an impedance spectrum.
Every point in an impedance spectrum is determined by the length of the vector |Z|
(ratio of the voltage and current amplitude) and the phase shift ® between voltage
and current signal. This is illustrated for the 900 Hz point in Figure 2.5. A very
important frequency in impedance spectroscopy is the apex frequency of a semi-
circle (marked with fapex in Figure 2.5). If this feature is a true Rcr/Qct element semi-

circle, fapex is defined as:

__1 (10)
fapex - 27TRC

By the frequency of the semi-circle maximum and the diameter of the semi-circle
(generally called low frequency resistance (LFR)) the capacitance of the lithium-ion

battery (sum of anode & cathode) can be assessed according to equation 10. The
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capacitance probes the double-layer of an electrochemical system and is therefore

proportional to the surface area of the electrodes.
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Figure 2.5: Full-cell impedance spectrum of a graphite/LNMO cell (7.0 mggraphite/cm? and
13.6 mgunmo/cm?) after formation (2 cycles at C/10) at 50% SOC. The impedance is measured from
100 kHz - 100 mHz with a voltage perturbation of 15 mV at 25 °C.

As the impedance is measured at different frequencies, processes with different
time constants are probed at a different location in the Nyquist plot. The time

constant 7 is defined as:
T= RC (11D

In Figure 2.5, the impedance is measured between cathode and anode and only one
semi-circle appears for both electrodes. This results out of the consequence that
both the capacitance C (~surface area) and the resistance R (charge transfer
reaction) are very similar and have hence a very similar time constant. In order to
understand the complex interactions in a lithium ion battery the anode and cathode
impedance must be separated. The complex interplay of cathode and anode and a
method in order to deconvolute the impedance of both is described in the next

section.
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2.2 Deconvolution of the full-cell impedance into
its contributions of anode & cathode

In order to illustrate the amount of parameters which are measured with one full-
cell impedance, Figure 2.6 shows a schematic overview of a graphite/LNMO cell
with all the resistance, capacitance and diffusion contributions. Note that the before

explained ideal capacitance C is replaced by a constant phase element Q. The

. . ! 1
impedance of a constant phase element is defined as: Zq,) = e The only
difference to the capacitance C is the exponent a accounting for the existence of
depressed semi-circles and not perfect semi-circles in most of the impedance
spectra. This phenomenon is related to the surface roughness/porosity of

electrodes.88

Graphite anode Separator LNMO electrode

RCTy QCT- RSEly QSElv Rpore RHFR, Zw RCTv QCTr RContaclv QComactv RPore

Figure 2.6: Schematic representation of a graphite/LNMO lithium-ion battery with different
contributions from resistances and capacitances which contribute to the full-cell impedance
spectrum.

Figure 2.6 illustrates the different contributions to the full-cell impedance spectrum
shown in Figure 2.5. Starting from the left, the anode shows a contribution from the
charge transfer reaction (Rcr and Qcr) and a contribution from the solid electrolyte
interface (Rser and Qser) which covers the graphite particles. Further, as lithium-ion
batteries consist of porous electrodes, the ionic resistance within the electrolyte
phase (Rrore) of the porous graphite particles has to be taken into account. Ogihara
et al.8? showed that the ionic resistance has a huge contribution to the overall
impedance response of a porous electrode. The separator phase contributes at
highest frequencies with the ionic resistance of the electrolyte soaked separator

(Rurr) and at lowest frequencies to the diffusion of lithium-ions in the electrolyte
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phase (Zw). Lastly, the cathode contributes also with the charge transfer reaction
(Rcr and Qcr) and the pore resistance (Rrore) to the full cell impedance. A further
impedance characteristic stemming from the cathode is the contact resistance
(Rcontact and Qcontact) between aluminum current collector and cathode coating. The
existence and appearance of the contact resistance to the impedance of the cathode
was first shown by Gaberscek et al.?% In this publication they showed that the
impedance of the cathode is dominated by a high-frequency semi-circle stemming
from the electrode/current collector interface by coating an LFP electrode on an
aluminum current collector and an aluminum foil with conductive silver paste. On
the standard aluminum current collector the high-frequency semi-circle was
observable, whereas it was not observed for electrodes coated on the silver paste
coated current collector. This high-frequency semi-circle has been interpreted
incorrectly as the so-called cathode electrolyte interface (CEI) by many publications
in the literature.’8°1 The presence of numerous resistance and capacitance
contributions from anode and cathode in one full-cell impedance spectrum make it
very clear that in order to understand the impedance of a lithium-ion cell one must
use a method to separate the half-cell impedances (of anode and cathode) separate

from the full cell impedance.

One “ex-situ” technique is the symmetrical cell approach. Chen et al.?? introduced
this approach to the battery community by charging an 18650 cell to 50% SOC and
then punching out two anodes and two cathodes from the large cell and assembling
coin cells in symmetrical configuration. Petibon et al.?3 used this approach for the
evaluation of electrolyte additives. They showed that some commonly used
additives - dependent on their concentration and combination - react both on the
anode and cathode. With this approach, a much better understanding of the way

additives work in a lithium-ion cell could be provided.

As the symmetrical cell approach is an ex-situ method, in order to monitor the half-
cell impedances over cycling or at different states-of-charge many cells have to be
assembled and afterwards disassembled. A technique where anode and cathode
impedance can be measured “in-situ” during cycling is based on the use of a
reference electrode. Ender et al.?4 carried out simulations of reference electrode

setups with a centered reference electrode located at the outer perimeter of the
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separators. Here they could show that such a setup is very sensitive towards
geometrical misalignment. A small shift of anode and cathode towards each other
in a real lithium-ion battery setup (high electrolyte conductivity) leads to an
asymmetric field distribution at the edges of the electrodes. This has as a
consequence that the half-cell impedances have a different high frequency
resistance (HFR) and a different magnitude of the impedance, even if identical
electrodes are used as anode and cathode. Another type of misalignment is seen
when electrodes are used which differ largely in their kinetics as for example LFP
(porous intercalation electrode with high surface area) and lithium metal. Here the
time constants of both electrodes are very different and have hence overpotentials
at different frequencies which affects the potential of the reference electrode. This
kind of misalignment leads to the existence of high and low frequency inductive
loops in the impedance spectra of the half-cells. The authors recommend to insert a
reference electrode between anode and cathode in order to minimize artefacts.
Reference electrodes which are inserted between two separators have to be very
small and are hence called “micro-reference electrodes” or “p-reference

electrodes”.

Dees et al.%> showed in their simulations that the alignment of an external reference
electrode significantly impacts the impedance of the half-cells. They further
analyzed the use of an internal reference electrode with a diameter of 25 pm. The
wire itself distorts the potential field of the electrolyte but this has an insignificant
impact on the accuracy of the impedance measurement. In order to record
meaningful impedance data with a micro-reference electrode the authors state that
the diameter of the wire should be on the order or less than the thickness of the

separators used.

Besides the geometry, it is important that the potential of the micro-reference
electrode only shifts little within the time scale of the impedance measurement.
Victoria et al.?¢ show both the effect of the amplitude and of potential drifts on the
quality of impedance spectra. Regarding the amplitude, a small perturbation
(< 2mV) gives a poor signal-to-noise ratio for the impedance spectra whereas a
large amplitude leads to a non-linearity of the impedance response. A frequently

used amplitude for recording impedance spectra is 10 mV. Lastly, also potential
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drifts during the impedance measurement results in unreliable impedance data.
Therefore, a stable potential of the micro-reference is necessary in order to get true
information from the impedance measurement. Most micro-reference electrodes

consist therefore of lithium alloys or lithium metal plated on the tip of the wire.

Zhou et al.?7 developed a micro-reference electrode consisting of a 40 pum thick
insulated copper wire where lithium metal is plated in-situ on the tip of the wire.
Lithium metal plated up to a layer thickness of 4 pm showed a very good long-term
potential stability of more than 1500 h. Abraham et al.?8 used a tin-wire with a
diameter of 25 pm which was in-situ lithiated to form a lithium-tin alloy (Li-Snx).
The potential of this RE was stable for more than one week at 25 °C but was unstable
at 55 °C. The data measured with this micro-reference electrode was self-consistent

and produced reliable impedance data.

In this PhD thesis a micro-reference electrode - the so-called gold wire reference
electrode (GWRE)?? - was developed and used in all further studies and marks also
the first part of the Results chapter (3.1). The GWRE fulfills all the above listed
requirements such as: (i) placement of the wire between two separators, (ii)
insulation of the wire with polyimide so that only the tip of the wire is in contact
with the electrolyte, (iii) a small diameter of the wire (50 um gold wire + 7 pym
polyimide insulation) compared to the thickness of the separators (2 x 200 pm,
glassfiber separator), and (iv) a stable potential versus metallic lithium ensured by
an in-situ lithiation. Figure 2.7 shows the application of the GWRE in a
graphite/LNMO cell chemistry measured at 10% SOC at 40 °C. The plot is used in
order to show that meaningful impedance spectra can be achieved with this
technique. The full-cell impedance spectrum is shown in black, the anode
impedance is shown in red and the cathode impedance in blue. The anode
impedance shows the largest impedance (diameter of the semi-circle) contributing

to the full-cell impedance.
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Figure 2.7: Impedance response of a graphite/LNMO cell equipped with a gold wire reference
electrode (GWRE). The impedance was recorded at 10% SOC and at 40 °C. The full-cell impedance
is shown in black, the anode impedance in red, the cathode impedance in blue.

The cathode impedance is small compared to the anode impedance and shows two
semi-circles. In Figure 2.6 all the listed parameters are hidden beneath one full-cell
impedance. By using a micro-reference electrode, anode and cathode contribution
to the full cell impedance can be separated and so a much better understanding of
the impedance can be generated. Based on this technique, this PhD Thesis tries to
provide a better understanding of the half-cell impedance of anode and cathode in

a full-cell configuration during operation of a lithium-ion battery.
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2.3 Further Experimental Techniques

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy was used in order to characterize the surface of
samples for the last chapter of this thesis (Washing of Ni-rich cathode materials).
The experiments were carried out on an Axis Supra spectrometer from Kratos with
an automated sample handling. For sample preparation, an air-tight sample loading
device from Kratos was used, avoiding any air or moisture contamination of the
samples. All samples were pressed to a pellet (diameter of 3 mm) inside an argon-
filled glovebox. The samples were mounted on a conductive copper foil which was
placed on a sample holder where the metallic surface was covered by an adhesive
paper in order to ensure electronic insulation. After the preparation, the sample
was connected to the flexi-lock of the XPS without any exposure to air. The sample
was kept in the flexi-lock antechamber until a pressure of 108 torr was reached
and was then transferred to the sample analysis chamber (SAC) where the pressure
was always kept below x10-9 torr during the whole measurement period. Sample
irradiation was carried out with monochromatic Al K« radiation (1486.6 eV) with
an emission current of 15 mA. Survey spectra were recorded for all samples with a
stepsize of 0.5 eV and at a pass energy (PE) 160 eV. Elemental spectra were
recorded with a step size of 0.2 eV, and an emission current of 15 mA and a pass
energy of 20 eV. For all measurements a charge neutralizer was used and the
spectra were calibrated to the adventitious carbon peak with a binding energy (BE)
of 284.8 eV. In order to ensure high data quality, several spectra were recorded and

averaged by the Escape software from Kratos.
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On-line Electrochemical Mass Spectrometry (OEMS)

In order to assess the anodic stability of the additive VC (chapter 3.1.2) or analyze
the effect of washing on the gassing of NCM cathodes (chapter 3.2), a custom-made
gas analysis system with a closed battery cell was used according to Tsiouvaras et
al.190 The battery test cell was coupled to a mass spectrometer via a crimped
capillary with a calibrated leak of 1 pl/min what allows measurement times around
30 h. The analyzed cathodes were coated on a stainless steel mesh (SS316,
aperature 26 pm, wire diameter 25 pm, The Mesh Company Ltd., UK) in order to
record the evolved gases. OEMS cells were always assembled in an argon-filled
glove box with a lithium metal counter electrode, one glassfiber separator and a
carbon black or NCM851005 working electrode. As electrolyte, 1.5 M LiPFe
dissolved in ethylene carbonate (EC) was used. The cells were connected to the
mass spectrometer system after assembly and then a 4 h OCV (open circuit voltage)
period was carried out. Afterwards either linear sweep voltammetry (LSV) to 5.5V
vs. Li*/Li or a constant current charge (CC) to 5.0 V vs. Li*/Li was carried out. The
mass spectrometer currents were quantified by a calibration gas containing
2000 ppm of each Hz, CO2, 02 and Cz2Ha4 in argon. In order to account for pressure or
temperature effects on the evolved gases all mass currents were normalized to the

mass current of argon (m/z = 36).
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3 Results

This section contains the published work and the manuscripts which are currently
under review or will be submitted soon. Section 3.1 presents the results of the
studies on electrochemical impedance spectroscopy with a p-reference electrode.
In section 3.1.1 the development of the gold wire reference electrode (GWRE) is
presented. Here the lithiated gold-wire is benchmarked and validated that it
produces correct half-cell impedance spectra. The reference electrode is then
applied in the analysis of the prominent additive Vinylene carbonate in a
graphite/LNMO cell system (section 3.1.2). In this chapter impedance spectra of the
graphite anode and the LNMO cathode were recorded. In order to more precisely
deconvolute the various contributions to anode and cathode impedances, a novel
impedance procedure was developed and demonstrated with graphite/LNMO full
cells (section 3.1.3). It is based on the concept of driving a given electrode into
blocking conditions by holding the cell potential such that the respective electrode
is fully delithiated, in which case its charge transfer resistance becomes very large.
With the novel procedure the LNMO impedance could be deconvoluted in its
resistance contributions. Subsequently, this novel procedure was applied to
analyze the graphite anode (section 3.1.4) and here the resistance contribution
could be deconvoluted as well as manganese dissolution from the LNMO cathode
was correlated with a new feature of the anode impedance. After analyzing the
anode and cathode impedance in a full-cell, the most interesting feature of the
cathode impedance (high-frequency semi-circle) is investigated in detail (section
3.1.5) and electrochemical electrolyte oxidation could be correlated with the

cathode impedance response.

In section 3.2, the washing process of Ni-rich materials is investigated and a detailed

mechanism about the washing process is presented.
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Results

3.1 Electrochemical impedance spectroscopy with
a micro-reference electrode

3.1.1 Development of a micro-reference electrode

This section presents the article “A Gold-Micro Reference Electrode for Impedance
and Potential Measurements in Lithium Ion Batteries”.?° The paper was submitted to
the peer-reviewed Journal of the Electrochemical Society in June 2016 and
published in August 2016. The article is published open access and distributed
under the terms of the Creative Commons Attribution 4.0 License. The permanent

web link is available under: http://jes.ecsdl.org/content/163/10/A2265. The

article was presented by Sophie Solchenbach at the PRiIME meeting 2016 in
Honolulu (USA) in October 2016 (Paper 211).

Most of the impedance measurements in the literature are carried out in a full-cell
configuration,®>101 however as the impedance contribution from anode and
cathode have a similar time constant, they cannot be separated from the full-cell
impedance spectrum. This means that a rigorous quantitative interpretation of
these impedance spectra is almost impossible. Methods to separate the impedance
of anode and cathode are either the assembly of symmetrical cells (pair of anodes
and pair of cathodes)?? or the use of a micro-reference electrode.?>97.102-104 The
symmetric cell approach requires a large number of experiments and to the
disassembly of the original cell that can easily introduce errors. Regarding
reference electrodes, different designs are used in the literature, such as ring
electrodes arranged concentrically around the reference electrodel%? which are
very sensitive towards misalignment. A better choice are reference electrodes
inserted between the separators which minimize the risk of geometric

misalignment.®4

In this study we developed a micro-reference electrode which takes all the
advantageous designs from the literature and combines them together in order to
get an artefact free impedance response. Important criteria are: (i) small diameter
of the reference electrode compared to the thickness of the separators,®> which is

realized by a polyimide coated gold wire with a diameter of 57 um (ii) positioned
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between the separators in order to mitigate any edge effects leading to inductive
loops and cross contamination of the half-cell impedance spectra.? This is ensured
by a new reference stamp design and (iii) a stable potential of the RE.%8 A stable
reference electrode potential is achieved by an in-situ lithiation of the gold wire
reference electrode (GWRE) from the cathode. This leads to the formation of a gold-
lithium alloy with a stable potential of 311 mV versus metallic lithium with a long-
term stability of more than 500 h (even at elevated temperatures). Its very long
potential stability makes the GWRE not only feasible for impedance measurements,
but also for half-cell potential measurements of anode and cathode versus the
GWRE. We validated the half-cell impedance response with a symmetrical cell
approach and showed that impedance spectra obtained from GWRE measurements
are identical to the impedance spectra from symmetric cells. Lastly, we tried to
reproduce impedance data from the literature by investigating the reduction of
vinylene carbonate (VC) on graphite anodes. Here we could show that by using a
similar VC to active material ratio of the additives (and not simply the additive

concentration) we could reproduce the data from Burns et al.105

Author contributions

D.P.and].L. developed the three-electrode design in order to host the gold wire. D.P.
and S.S worked on the alloying process of the gold wire in order to obtain a stable
potential. D.P., S.S., and E.K,, performed the electrochemical measurements. The
data was analyzed by S.S., D.P. and ].L. and the manuscript was written by S.S. and

H.A.G. All authors discussed the data and commented on the results.
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Impedance measurements of lithium-ion batteries are a powerful tool to investigate the electrolyte/electrode interface. To separate the
contributions of anode and cathode to the full-cell impedance, a reference electrode is required. However, if the reference electrode
is placed inappropriately, the impedance response can easily be biased and lead to erroneous conclusions. In this study, we present
a novel micro-reference electrode for Swagelok-type T-cells which is suitable for long-term impedance and reference potential
measurements. The reference electrode consists of a thin insulated gold wire, which is placed centrally between cathode and anode
and is in-situ electrochemically alloyed with lithium. The resulting lithium-gold alloy reference electrode shows remarkable stability
(>500 h) even during cycling or at elevated temperatures (40°C). The accuracy of impedance measurements with this novel reference
electrode is carefully validated. Further, we investigate the effect of different vinylene carbonate (VC) contents in the electrolyte on
the charge transfer resistance of LFP/graphite full cells and demonstrate that the ratio of VC to active material, rather than the VC
concentration, determines the impedance of the anode SEI.
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The lifetime of lithium-ion batteries strongly depends on the prop-
erties of the interfaces between each electrode and the electrolyte.
Electrochemical impedance spectroscopy (EIS) is a simple and non-
destructive method to investigate the kinetics of active materials, the
resistance of electrode/electrolyte interfaces, and the effect of elec-
trolyte additives.'> As impedance measurements of full-cells always
reflect the sum of both electrodes, it is difficult to deconvolute the
individual contributions by the cathode and the anode. To gain in-
sight into the impedance of individual electrodes, measurements on
symmetric cells have been proposed, where two cathodes or two
anodes from nominally identical cells are reassembled to symmet-
ric cells.>* While this method leads to reliable results, it requires
the disassembly and destruction of the original cells. Hence, for the
impedance investigation of cells at different state-of-charge (SOC)
values or at different points in their cycle life, a large number of
nominally identical cells operated or aged at identical conditions is
required.

An alternative approach is the use of a reference electrode, where
the AC potential perturbation is measured between working and ref-
erence electrode, while the current is applied between working and
counter electrode. A number of cell designs for impedance measure-
ments with a reference electrode have been suggested, with the refer-
ence electrode either placed between anode and cathode,’ or placed
in-plane with anode or cathode through a central hole (also referred to
as co-axial arrangement).'*"'> The more commonly used design, how-
ever, is a Swagelok T-cell design with the reference electrode (typi-
cally consisting of a lithium metal disc) being placed perpendicularly
to the anode and cathode, outside the active area.'® Yet, experiments
and numerical simulations by Ender et al.'* showed that the impedance
measurements with the latter reference electrode placement can dis-
play significant distortions caused by small in-plane offsets between
anode and cathode (referred to as geometrical asymmetry) and/or by
large differences in the impedance response of anode and cathode
(referred to as electrical asymmetry), consistent with earlier work by
Dees et al."” This is also the case for coaxially located reference elec-
trodes, for which the measured anode or cathode impedance is shown
to be highly sensitive toward misplacements of the electrodes.'*!>!°

*Electrochemical Society Student Member.
**Electrochemical Society Fellow.
“E-mail: sophie.solchenbach@tum.de

The impedance artefacts in both of these designs stem from the loca-
tion of the reference electrode being at the edge of the working and
the counter electrodes, where the current density is not homogeneous.
If one electrode is now shifted slightly toward the reference electrode,
the potential field around the reference electrode is dominated by this
electrode, which leads to a biased impedance response. In contrast, if
the reference electrode is placed centrally between the electrodes far
away from their edges, small relative shifts of the electrodes do not
affect the impedance response.'® This geometry is typically realized
by using a thin wire with an electronic insulator around its perimeter,
being exposed only at its end, which is placed well inside the active
area.® Yet, this location of the reference electrode can block parts of
the working electrodes and thus alter the potential field between them.
In order to minimize this effect, the reference electrode needs to be
small compared to the size of the electrodes and the distance between
them. Dees et al.'> showed that a 25 pwm thick reference electrode,
between two electrodes separated by 100 wm, delivered sufficiently
accurate potential and impedance measurements.

Unfortunately, the design of a micro-reference electrode, i.e., an
insulated wire with small diameter (25-50 wm) imposes difficult re-
quirements on the choice of material. Lithium metal, which is typically
used as reference electrode in lithium ion cells, is difficult to accurately
produce and handle in micron-sized dimensions. On the other hand,
the potential of the reference electrode should be well-defined and
stable in a lithium-ion electrolyte, as the reference electrode should
(ideally) also be able to record the absolute potential of both elec-
trodes during cycling. Additionally, potential drifts during impedance
measurements can lead to a biased impedance response.'” Zhou et al.”
successfully plated lithium in-situ onto a thin, insulated copper wire
as reference electrode. As the wire insulation was only removed at the
very tip of the wire, the reference electrode active area was small and
located far away from the electrode edges. However, they also showed
that the potential stability of the reference electrode depends strongly
on the plating parameters, as thin films of high surface area lithium
can be completely dissolved or disconnected due to continuous SEI
growth.

A similar approach has been followed by Abraham et al.’ using
an insulated tin-coated copper wire. Yet, instead of plating metal-
lic lithium on a non-alloying copper wire like Zhou et al.,” lithium
was in-situ electrochemically alloyed with the tin coating at the wire
tip, where the insulation had been removed. While the long-term
potential stability of this reference electrode is also limited, it can
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nevertheless be used for impedance measurements of individual elec-
trodes during long-term cycling studies by short re-lithiation prior to
the measurement.®!'® The use of lithium alloys as reference electrode
brings — in theory — a number of advantages: 1) lithium forms alloys
with a large number of metals, which are readily available as thin
wires and at high purity;'>?° and ii) the volume expansion and thus
the specific surface area of lithium alloys is smaller compared to in-
situ plated lithium, which means that the alloy should be less prone
to self-delithiation surface reactions. Yet, only few lithium alloys
have been employed as reference electrodes apart from Li-Sn:%%!3
a lithiated aluminum wire has been used as reference electrode by
Verbrugge et al.;” and Gémez-Cdmer and Novak®' recently demon-
strated the use of a lithium-bismuth alloy as reference electrode in
their specifically designed impedance cell with a coaxial reference
electrode.

So far, the viability of lithium-gold alloys as reference electrodes
has not yet been examined. Studies on the electrochemical lithiation of
gold are limited, as its poor capacity retention, high cost and low spe-
cific capacity compared to other alloys disqualify gold as a potential
anode material. The Liz Au phase is the most lithium-rich composition
which can be obtained electrochemically, corresponding to a specific
capacity of 408 mAh/g,,.'*?>7° The lithiation of gold proceeds in two
main potential plateaus, with the first stage having an OCV potential of
~0.3 V vs. Li/Li*, and the second ~0.2 V vs. Li/Li*.*> Surprisingly,
the intermediate phases detected between a-Au and LizAu during
electrochemical alloying could not be assigned to any of the known
thermodynamic Li-Au phases.”’** Bach et al.* recently identified
the metastable LizAu,, LisAus, Li;Aus and LiAu, phases by in-situ
high energy X-ray diffraction during the electrochemical lithiation
and delithiation of gold thin film electrodes.

Despite its drawbacks as an anode, several properties of the
lithium-gold alloy make it an interesting reference electrode mate-
rial: i) the potentials of both stages are very flat, and already low
degrees of lithiation will result in an OCV of around 0.31 V vs.
Li/Li™; ii) it is difficult to completely delithiate a lithium-gold alloy
by electrochemical or chemical means;>**?° iii) gold is chemically re-
sistant against HF and does not form any substantial surface oxide
films;*' and, iv) the high electrical conductivity of gold means that
the potential drop along the length of the reference electrode wire is
negligible.

In this study, we developed a novel micro-reference electrode based
on a 50 wm thick, insulated gold wire, which we integrated into a con-
ventional T-cell design. This gold wire reference electrode (GWRE) is
placed centrally between both electrodes and two 200 pm thick glass
fiber separators. Analogous to the approach used by Abraham et al.®
for a tin-based reference electrode, we achieve a stable potential of the
gold wire by in-cell electrochemical alloying with lithium. We show
that the potential of the lithiated GWRE is stable for several weeks,
even under elevated temperatures (40°C). With this lithiated GWRE,
we are able to record the potential of both electrodes in LFP/graphite
full-cells for more than 200 cycles. Further, we evaluate the capabil-
ities of the lithiated GWRE to accurately measure the impedance of
individual electrodes in full-cells, which we verify by symmetric cell
measurements. As a proof of concept, we conduct a similar study as
Burns et al.*> on the impedance growth of anode and cathode in the
presence of different concentrations of vinylene carbonate (VC) in
LFP/graphite full-cells, using however our lithiated GWRE instead of
a symmetric cell approach. We can reproduce the findings by Burns
et al.’? and further demonstrate that the total amount of VC per active
material, rather than its concentration, is the key parameter for the
electrolyte/anode interface resistance. This result is important when
electrolyte additives are tested in laboratory cells, as these cells typi-
cally have a higher electrolyte to active material ratio than commercial
lithium-ion cells.

Experimental

Electrode preparation.—Lithium iron phosphate (LiFePO,, LFP)
electrodes were prepared by mixing LFP (BASF SE, Germany), car-
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bon black (Super C65, Timcal), and polyvinylene diflouride (PVDF,
Kynar) in a mass ratio of 93:3:4 with NMP (N-methyl pyrrolidone,
anhydrous, Sigma-Aldrich, Germany) in a planetary mixer (Thinky
Corp.) for 15 min. The resulting ink was coated on carbon-coated alu-
minum foil (MTI) with a doctor blade mounted on an automatic coater
and dried at 50°C in a convection oven for at least 3 h. The final LFP
coating had a loading of 11.7 mggp/cm? (= 2.0 mAh/cm? based on
170 mAh/g; rp). Electrodes with a diameter of 11 mm were punched
out and pressed to 35% porosity (2 x 60 s at 260 MPa) with a KBr
press (Mauthe, PE-011). Graphite electrodes were prepared by mixing
graphite (T311, SGL Carbon GmbH) and PVDF in a mass ratio of
95:5 with NMP, following the same procedure. The graphite ink was
doctor-blade coated on copper foil (MTI) and dried in a convection
oven at 50°C for at least 3 h. The final loading of the graphite coating
was 5.9 Mggphire/cm? (= 2.2 mAh/cm? based on 372 mAh/ggraphite) at
a porosity of 40%. Both types of electrodes were dried under dynamic
vacuum at 120°C overnight and transferred to an Argon-filled glove
box (MBraun, Germany) without exposure to air.

Cell design and assembly.—The reference electrode current col-
lector of a 3-electrode Swagelok T-cell (see Figure 1a) was modified
to be able to host the GWRE. To this purpose, a small hole (1 mm
diameter, 2.5 mm depth) was drilled into the flat front side of the refer-
ence current collector. To fix the GWRE wire, a thread was cut into the
side of the reference current collector at approximately 2 mm distance
from the front edge. For the actual reference electrode, a gold wire
with a core diameter of 50 pm, coated with a 7 pwm thick polyimide
insulation (Goodfellow Cambridge Ltd., United Kingdom), was cut
into pieces of ~1.5 cm. The last 3 mm of one end of the wire was
slightly scratched with a scalpel to allow good electrical contact of the
wire to the reference electrode current collector. The scratched end
of the wire was then inserted into the hole of the reference current
collector and fixed with a small set screw. During cell assembly, the
GWRE was inserted through a hole in the polymer lining of the T-cell
(green lines in Fig. 1) and cushioned between two glassfiber separa-
tors (see Figure 1b); note that the insulation at the wire perimeter was
not removed and that the only segment of the wire accessible to the
electrolyte is the cut cross-section at the tip of the wire (see Figure 1c¢).
The SEM image of the wire tip in Figure 1c shows that the polyimide
insulation is almost completely intact around the edge of the cut cross-
section, and that the exposed gold surface is relatively smooth. As the
sealing and all other cell components are left unchanged compared
to the conventional T-cell design, we could omit any benchmarking
and air permeation tests that are normally required when develop-
ing a new electrochemical cell for the lithium ion chemistry. T-cells
with GWRE were assembled with graphite as anode, LFP as cathode,
and 2 glassfiber sheets (Whatman) as separator soaked with 60 pL
electrolyte.

As standard electrolyte, 1 M lithium hexafluorophosphate (LiPFe)
in a mixture of ethylene carbonate (EC) and ethyl methyl carbonate
(EMC) at a weight ratio of 3:7 was used (LP57, BASF SE, Ger-
many). The water content of this electrolyte was determined via Karl-
Fischer-Titration to be <10 ppm. Vinylene carbonate (VC, BASF
SE, Germany) was added in weight ratios of 0.17% and 0.52% to
the standard electrolyte. These concentrations were chosen as they
yielded gyc/Ahce ratios equal to 2% and 6% VC additive (same
solvent/salt) in 225 mAh full-cells used in a study on the anode
and cathode impedance growth in the presence and absence of VC
by Burns et al.*> For stability measurements of the gold wire elec-
trode, symmetrical lithium/lithium cells with a GWRE were built us-
ing 11 mm lithium discs (450 wm thickness, Rockwood, USA) as both
cathode and anode.

Cell cycling and impedance measurements.—The gold wire ref-
erence was lithiated by applying a current of 150 nA between the
working electrode (LFP or lithium) and the gold wire reference elec-
trode using a potentiostat (VMP300, BioLogic, France). Please note
that the selected current range of 10 WA has an accuracy of 0.1%,
which leads to an error of ~10 nA. LFP/graphite cells were cycled
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Figure 1. a) Conventional Swagelok T-cell design, b) modified T-cell design
with gold wire reference electrode (GWRE), ¢) SEM image of the cut cross-
section of gold wire tip prior to lithiation.

between cell voltages of 2 and 4 V using a BioLogic potentiostat and
a CCCV charge/CC discharge procedure with a C/20 current cutoff
to end the CV phase. During cycling, the cells were placed inside
a climatic chamber with a constant temperature of 25°C or 40°C.
Electrochemical impedance spectroscopy (EIS) measurements were
conducted either potential controlled with a perturbation of 5 mV at
OCV (referred to as PEIS, with the AC voltage perturbation applied
between working and reference electrode) or current controlled with
a perturbation of 0.5 mA (referred to as GEIS), both in a frequency
range of 100 kHz-0.1 Hz. The impedance measurements were con-
ducted at 50% SOC and 25°C or 10°C. Prior to the measurement,
the cells were allowed to rest at OCV and thermally equilibrate for
15 min.
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Figure 2. a) Potential of two GWRESs during lithiation at 25°C (black and
orange lines) and of one GWRE during lithiation at 40°C (green line) with
150 nA for 1 h. b) Potential of GWREs lithiated at 25°C during subsequent
OCV at 25°C (black line) or at 40°C (orange line) as well as of the GWRE
lithiated at 40°C during subsequent OCV at 40°C (green line). ¢) Nyquist plot
of the lithium electrodes in a lithium/lithium cell at OCV at 25°C after lithiation
of the GWRE at 25°C (PEIS, 100 kHz to 0.1 Hz, 5 mV AC perturbation).
All potentials are given vs. Li/LiT and experiments were conducted in LP57
electrolyte.

Results and Discussion

Suitability of the GWRE to quantify individual electrode
impedance in full-cells.—As a first step, the potential stability of
a lithiated GWRE was investigated in symmetric lithium-lithium T-
cells with our modified design (see Fig. 1b). The GWRE was lithiated
by applying a current of 150 nA for 1 h between one of the lithium
electrodes and the GWRE. The black curve in Figure 2a shows the
potential of the GWRE vs. Li/Li™ during galvanostatic lithiation at
25°C. The potential drops briefly below 0 V vs. Li/Li* and then stays
constant at ~0.2 V vs. Li/Li* during the entire lithiation procedure,
which is similar to the first potential plateau observed during the elec-
trochemical lithiation of gold thin films.>> The overpotential at the
first moments of lithiation have been attributed to the reduction of
surface oxides' or the nucleation of the lithium-gold alloy phase.”
During the subsequent OCV at 25°C (see black curve in Figure 2b),
the potential of the GWRE shoots up to 0.318 V and then quickly
relaxes to ~0.311 V vs. Li/Li*, which corresponds to the OCV po-
tential of a Li,Au alloy with 0 < x < ~1.2.% The lithiated GWRE
potential remains stable for more than 500 h, varying by less than
2 mV after the initial 20 h of the OCV period. This means that the
lithiated GWRE might not be suitable for highly accurate potential
measurements during initial cycles, but is sufficient for tracking elec-
trode potentials during prolonged cycling. Further, no morphological
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changes of the wire could be observed visually after disassembly of
the cells.

As many battery cycling tests are performed at higher temperatures
to accelerate aging and to reflect more realistic operating conditions,
it is desirable that the GWRE also functions at higher temperatures.
However, if the GWRE is lithiated at 25°C and the cell temperature
is then increased to 40°C for OCV measurements, the gold wire po-
tential starts to drift to more positive values after less than 10 hours
(see orange curve in Figures 2a and 2b). This is in accordance with
Abraham et al.,° who reported that the potential of a lithiated tin wire
is substantially less stable at elevated temperatures, where the rate
of SEI growth and the concomitant self-delithiation is generally en-
hanced. Once the cell is heated to 40°C, this effect must lead to a rather
rapid depletion of lithium at the wire’s tip, resulting in the observed
potential drift. Interestingly, a re-lithiation of the wire with the same
procedure at 25°C restored a stable GWRE potential of 0.311 V vs.
Li/Lit, as long as the cell was kept at 25°C. We also observed that the
GWRE potential stability over long time was limited in combination
with high voltage cathodes (>4.7 V vs. Li/Li*), and also here the
GWRE could be relithiated.*

After further investigations, we found that if the gold wire lithi-
ation is conducted at 40°C (see green curve in Figures 2a and 2b),
the GWRE shows the same stability during OCV at 40°C as was ob-
served at 25°C, only shifted downwards by 1-2 mV. It is reported
that an SEI formed at higher temperatures contains more inorganic
species,** which we hypothesize might form a more effective surface
film on the lithium-gold alloy. While high temperature SEI formation
was shown to lead to inferior capacity retention on graphite anodes
during cycling,** the more inorganic SEI could be advantageous in
the absence of cycling-induced volume changes, i.e., for reference
electrodes. However, the exact mechanism behind this enhanced sta-
bility by lithiation at higher temperatures is not clear at this point.
We further believe that the stable potential of the GWRE for over
hundreds of hours at up to 40°C is partly due to the fact that, contrary
to previous micro-electrode designs,®’ the reference electrode area
exposed to the electrolyte is limited to the cross-sectional area of the
tip (see Figure 1c), minimizing side reactions with the electrolyte. The
stable potential over 500 h indicates that the lithium diffusion along
the wire (i.e., away from the tip) must be sufficiently slow to prevent
a significant depletion of lithium at the tip.

To evaluate if the GWRE in the modified T-cell design is suit-
able for impedance measurements of individual electrodes, we also
measured the impedance of a symmetrical lithium/lithium cell with a
GWRE (see Figure 2c). Arbitrarily, one of the lithium electrodes was
designated as working electrode (WE), while the other was designated
as counter electrode (CE). Prior to the impedance measurement in the
lithium/lithium cell, the GWRE was lithiated at 25°C as described
above from the lithium electrode designated as WE. The high fre-
quency resistance (see inset) is identical for both lithium electrodes,
which indicates that the GWRE is located centrally between the elec-
trodes. Hence, a first precondition for an artefact-free measurement
is fulfilled." Both lithium electrodes show a large semicircle in the
high-frequency region (100 kHz-20 Hz, with the apex at ~1.3 kHz),
followed by a smaller semicircle at frequencies between 20 and 0.1
Hz (with the apex at ~1 Hz), as reported previously for lithium metal
electrodes.*>*° While the high-frequency semicircle has been ascribed
to the SEI resistance, the semicircle in the low-frequency region is
thought to represent the charge transfer resistance.*® Interestingly,
both semicircles of the electrode used for the lithiation of the GWRE
(designated as WE, see red line in Figure 2c) are about 35% smaller
compared to the other electrode (= CE, s. blue line). We believe that
this originates from the stripping of lithium from the WE electrode
during lithiation of the GWRE, as this would cause a roughening of
the lithium surface, leading to higher surface area and thus smaller
impedance.

As a next step, the use of the GWRE in a LFP/graphite full-cell is
tested and evaluated. Here, we also want to assess whether lithiation
of the reference electrode is necessary for impedance measurements,
i.e., whether the non-lithiated Au wire can be used as pseudo-GWRE.
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Figure 3. Comparison of voltage drift and impedance quality for a lithiated
GWRE and a non-litiated pseudo-GWRE in LFP/graphite full-cells. a) Mea-
sured potential between the LFP working electrode (WE) and either the non-
lithiated pseudo-GWRE (black line) or the lithiated GWRE (green line). b)
Nyquist plot of an LFP/graphite full-cell obtained with a non-lithiated pseudo-
GWRE before lithiation. ¢) Nyquist plot of an LFP/graphite full-cell obtained
with a lithiated GWRE. Conditions: 25°C, LP57 electrolyte, PEIS with 5 mV
amplitude at OCV (100 kHz-0.1 Hz).

To this purpose, we built identical LFP/graphite cells with GWRE:
in one case, we lithiated the GWRE with 150 nA for 1 h at 25°C
from the LFP electrode (note that the 150 nAh needed for lithiation
of the GWRE are negligible compared to the LFP cathode capacity of
1.95 mAh); in the other case, we did not lithiate the GWRE. Subse-
quently, both cells underwent one formation cycle (at a rate of C/10) at
25°C and then were charged to 50% SOC. Figure 3a shows the poten-
tial of the LFP cathodes vs. the non-lithiated pseudo-GWRE and vs.
the lithiated GWRE during 30 seconds of OCV prior to the impedance
measurement. As the potential of the LFP electrode does not change
significantly during the measurement, all potential changes can be
ascribed to changes in the GWRE potential. While the LFP potential
vs. the non-lithiated GWRE drifts about 20 mV during 30 seconds
(black curve in Figure 3a), the LFP potential vs. lithiated GWRE
remains stable within 0.3 mV (green curve in Figure 3a). In the sub-
sequent potential-controlled impedance measurement (PEIS; 5 mV
amplitude, 100 kHz—0.1 Hz) at OCYV, the cell with the non-lithiated
GWRE (see Figure 3b) shows significant distortions at frequencies
near/below 1 Hz: i) the graphite impedance (blue line) displays an
inductive loop; ii) the LFP impedance (red line) bends toward lower
Re(Z) values; and, iii) even the full-cell impedance (black line) shows
an irregular sharp peak. These distortions appear at frequencies near
or below 1 Hz, where the average potential drift of 0.67 mV/s of the
non-lithiated pseudo-GWRE (see black line in Figure 3a) is no longer
significantly lower than the change of the AC voltage amplitude of
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Figure 4. Systematic scheme of impedance measurements modes. a)
Potential-controlled impedance spectroscopy (PEIS): The potential perturba-
tion is controlled between WE and RE (black solid line), while current and
potential between WE - CE are measured (gray dotted lines). A drift of the RE
will lead to bias current between WE and CE. b) Current-controlled impedance
spectroscopy (GEIS): The current perturbation is applied between WE and CE
(black solid line), while potentials between WE - RE and CE - RE are mea-
sured. ¢) Modified potential-controlled impedance spectroscopy (PEIS): The
potential perturbation is controlled between WE and CE (black solid line),
while current between WE - CE and potential between RE - CE are measured
(gray dotted lines).

5 mV. In contrast, the impedance spectra of the cell with the lithiated
GWRE (Figure 3c) do not show these distortions, as the reference
potential drift is almost two orders of magnitude lower in this case
(0.01 mV/s). Our measurements are in agreement with simulations
by Victoria et al.,'”” who showed that linear potential drifts on the
order of 0.1 mV/s during impedance measurements can lead to these
types of artefacts below 1 to 0.1 Hz, depending on the excitation ampli-
tude. The potentiostatic impedance measurement mode used here (see
Figure 4a), where the potential between WE and RE is controlled,
leads to a particularly detrimental effect: As the base potential be-
tween RE and WE is fixed, the WE potential has to drift in the same
way as the RE, which leads to a bias current between WE and CE.
This continuously increasing current renders the full system non-
linear and time-variant, leading to the full cell impedance artefacts
observed at low frequencies. While normally the full cell impedance
should be unaffected by artefacts related to the reference electrode,'*
this comparison shows that it is crucial to use a reference electrode
with a stable and defined potential for WE - RE potential controlled
impedance measurements at low frequencies. To avoid the effects of
a drifting pseudo-reference electrodes on the full cell impedance, one
could either use a current-controlled measurement mode (GEIS, see
Figure 4b), or control the potential between WE and CE during the
impedance measurement (Figure 4c). Yet, artefacts of a non-stable RE
will still be visible in the half cell impedance in these measurement
setups.

Next, we take a closer look at the impedance spectra of the LFP
and graphite electrodes recorded with a lithiated GWRE (Figure 3c).
In contrast to the previous setup with two lithium electrodes, the HFR
of both electrodes is not identical here. Gaberscek et al.*” showed
that the contact resistance between an aluminum current collector and
an LFP electrode composite can be on the order of several Qcm?.
Our own measurements confirm that the through-plane resistance of
the used LFP electrodes is about 1 cm? higher compared to the
graphite electrodes (data not shown). Thus, the ~1 Q difference in
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Figure 5. Impedance measurements on LFP and graphite electrodes after one
C/10 formation cycle at 25°C and subsequent charge to 50% SOC. a) Nyquist
plot of the graphite electrode of an LFP/graphite full-cell with lithiated GWRE
(blue line) and of a symmetrical graphite/graphite cell divided by 2 (dark blue).
b) Nyquist plot of the LFP electrode of an LFP/graphite full-cell with lithiated
GWRE (red line) and of a symmetrical LFP/LFP cell divided by 2 (dark red). c)
Comparison of the impedance response (100 kHz—0.1 Hz) of graphite and LFP
electrodes under potential-controlled (PEIS at 5 mV amplitude, straight lines)
and current-controlled (GEIS at 0.5 mA amplitude, dotted lines) conditions.
All impedance measurements were conducted at 25°C.

HFR originates from the higher contact resistance between the LFP
coating and the current collector (1 cm? corresponds to 21 €2 for our
electrode area of 0.95 cm?). The charge transfer semicircle of the LFP
electrode is small and almost invisible, which suggests the lack of a
resistive cathode film.?*3° At the same time, the graphite anode shows
a clearly distinguishable semicircle. As this semicircle is not visible
in graphite electrodes prior to cycling, we attribute it to a combined
SEl/charge transfer resistance on the graphite surface.

To further validate the impedance data measured in a full-cell
with a lithiated GWRE, we compare its impedance response with
that of symmetric cells, which are commonly used for accurate
impedance measurements.* Figures 5a and 5b show the comparison of
the impedance spectra of a graphite and a LFP electrode measured in a
full-cell with lithiated GWRE and in reassembled symmetric LFP/LFP
and graphite/graphite cells, all after one C/10 formation cycle at 25°C
and subsequent charge to 50% SOC. Note that the impedances of the
symmetric cells have been divided by 2 in order to account for the two
nominally identical electrodes in the symmetric cells. Apart from a
slight shift in HFR, the impedance response of the symmetric cells and
the full-cell with the lithiated GWRE are essentially identical for both
graphite (Figure 5a) and LFP (Figure 5b) electrodes. The HFR shift is
probably introduced by a weaker compression of the glassfiber seper-
ators in the symmetric cells, caused by the slightly different assembly
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procedure for cells with and without GWRE. The additional high
frequency contact resistance feature visible in the impedance spectra
of symmetric cells by Dahn’s group,* which results from the contact
resistance between the cell housing and the electrode coating on the
back side, does not appear in our symmetric cell impedance spectra
(see Figures 5a and 5b), as we use single-side coated electrodes for
both symmetric cells and full cells.

As a final consistency check, we performed a potential-controlled
impedance measurement (PEIS) followed by a current-controlled
impedance measurement (GEIS) on the same LFP/graphite full-cell
with a lithiated GWRE (see Figure 5¢). Mathematically speaking, both
measurements should give identical results in a Nyquist plot; hence
any differences between them would indicate a biased impedance
response.’! However, Figure 5c shows that the two methods deliver
completely identical impedance spectra. These results confirm that the
presented cell setup with the lithiated GWRE is free of measurement
artefacts and is suitable for the impedance investigation of individual
electrodes in full-cells. In summary, our modified T-cell design with
a lithiated GWRE is able to provide accurate impedance measure-
ments of individual electrodes in full-cells in a wide frequency range
(100 kHz-0.1 Hz). A stable potential of the GWRE is especially
crucial for measurements at low frequencies. If lithiated at elevated
temperature, the potential of the GWRE is stable for several weeks at
up to 40°C, which we partially attribute to the small area exposed to
the electrolyte.

Anode & cathode impedances during cycling in full-cells with
GWRE.—1In the following, we want to demonstrate the suitability of
the lithiated GWRE to investigate the evolution of anode and cathode
impedances during extended charge/discharge cycle tests in full-cells.
To this purpose, LFP/graphite full-cells with lithiated GWRE were
cycled at 25°C for 200 cycles at a rate of 1C after two initial forma-
tion cycles at C/10. Impedance measurements were performed at 50%
SOC after 5, 10, and each subsequent 10 cycle at 25°C. Figures 6a
and 6b show the potential of the cathode and anode vs. the lithiated
GWRE potential (left y-axis) during cycles 10, 50, 100 and 200 (for
the sake of clarity, cycles in between were omitted), which can easily
be converted into the Li/Lit scale by adding 0.311 V (right y-axis).
The LFP charge and discharge plateaus are centered around 3.11 V
vs. the lithiated GWRE (see Figure 6a and also Figure 3a), corre-
sponding to a calculated value of 3.42 V vs. Li/Li*, which matches
well with the true LFP equilibrium potential.*® The LFP potential
center vs. lithiated GWRE remains constant during cycling, mean-
ing that the lithiated GWRE maintains its stable potential of 0.311 V
vs. Li/Li*. Throughout cycling, the overpotentials of both electrodes
do not change, yet the maximum potential of the graphite anode at
the discharge end point moves upwards (see dark blue to light blue
lines in Figure 6b). At the same time, the minimum potential of the
cathode also moves upwards (see dark red to light red lines in Fig-
ure 6a), which indicates that the SOC of both electrodes slip against
each other. Figure 6¢ shows the impedance spectra of both cathode
and anode after 10, 50, 100 and 200 cycles. Note that both the cath-
ode and anode impedance decrease slightly from cycle 5 (data not
shown) to cycle 10, which could be related to the dissolution of gasses
evolved during formation and/or improved wetting over the first cy-
cles. Between cycle 10 and 200, the high frequency resistance of both
electrodes increases slightly by about 0.1-0.2 2. This could be due
to an increased electrical resistance between the electrode coatings
and the current collectors, implying a very slow delamination of the
composite electrodes, or a higher ionic resistance within the bulk
electrolyte. While the cathode impedance shows no further changes
during cycling, the anode semicircle increases slightly from ~1.9 Q
after cycle 10 to ~2.2 Q after cycle 200, which indicates a very slow
SEI growth. Overall, the potential changes of both electrodes during
cycling and the small but measureable impedance growth of the anode
can be related to the loss of active lithium due to a slow but steady SEI
growth, which has been identified as the dominant aging mechanism
in LFP/graphite cells.*'
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Figure 6. Charge/discharge of an LFP/graphite full-cell with a lithiated
GWRE at a rate of 1C after two initial formation cycles at C/10 (LP57 elec-
trolyte, 25°C). a) Cathode potential vs. the lithiated GWRE of cycles 10, 50,
100 and 200. b) Anode potential vs. the lithiated GWRE of cycles 10, 50,
100 and 200. The conversion to the Li/Li™ scale (right axis in a and b) was
done by adding 0.311 V to the GWRE potential. ¢) Nyquist plot of the PEIS
(5 mV amplitude, 25°C) at 50% SOC of both the graphite anode (shown in the
range from 100 kHz to 0.1 Hz) and the LFP cathode (shown in the range from
100 kHz to 0.3 Hz) after cycle number 10, 50, 100 and 200.

Application of the GWRE to anode & cathode impedance growth
during full-cell formation.—Vinylene carbonate (VC) is one of the
most commonly used electrolyte additives, as it leads to improved
SEI stability at elevated temperatures and thus enhanced cycle life of
lithium ion cells.***” However, high concentrations of VC have shown
to increase the impedance of both anode and cathode,*” which in turn
leads to higher overpotentials and heat generation during cycling.
Freiberg et al.*® recently indicated that the absolute amount of an
additive per active material, instead of its concentration, is the crucial
parameter when comparing larger cells (e.g. commercial cells) and
small lab-scale cells (e.g. coin cells). Therefore, we want to compare
the effect of different amounts of VC in LP57 electrolyte on both
anode and cathode impedance in LFP/graphite full-cells obtained with
a lithiated GWRE to the study by Burns et al.,*> who used 225 mAh
LCO/graphite pouch cells with the same electrolyte and examined
the effect of VC on the impedance of the individual electrodes via
symmetric cell measurements. In Burns’ study, it was shown that the
charge transfer resistance of a graphite anode decreases slightly from
0% to 0.5% VC in the electrolyte and increases roughly linearly with
VC concentration between 1% and 6% VC (see Figure 9b in Ref. 32).
At the same time, the impedance of the LCO cathode from Burns’
study (see Figure 9a in Ref. 32) decreases about 50% from 0% to 2%
VC and then gradually increases again up to VC concentrations of
6% to a value which is still below the 0% VC case. Unfortunately, the
exact amount of active material in the cells used by Burns et al. was not
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Figure 7. Nyquist plot of the graphite anode impedance after one formation
cycle and recharge to 50% SOC at 40°C of LFP/graphite full-cells with a
lithiated GWRE in LP57 electrolyte containing 0%, 0.17%, and 0.52% VC in
the electrolyte. PEIS was measured at 10°C between 100 kHz—0.1 Hz with an
amplitude of 5 mV.

given. However, the specific capacities of LCO and LFP are similar,
and our anode to cathode capacity ratio of 1.1 is close to a commercial
balancing. Hence, we think it is reasonable to assume that the masses
of both anode and cathode active materials are proportional to the
respective cell capacity. As the ratio of electrolyte to cell capacity (and
thus active material) in our lab-scale T-cell design is 11.6 times higher
compared to Burns et al.*? (38 Selecirolyie/ Ahcerr VS. 3.3 Selecirotyie/ Ahcerr),
we adjusted the amount of VC in the electrolyte accordingly. Thus,
our chosen concentrations of 0.17% and 0.52% VC represent the same
gvc/Ahegy ratio, namely 0.06 gyc/Ahcey and 0.2 gyc/Ahcey, as cells
with 2% and 6% VC in the study by Burns et al.*> After lithiation of
the GWRE and one formation cycle at 40°C, the LFP/graphite cells
were charged to 50% SOC and the impedance measurements were
then conducted at 10°C, i.e., under the same conditions as reported by
Burns et al.*?

Figure 7 shows the Nyquist plot of graphite electrodes after for-
mation with different concentrations of VC. For each concentration,
two cells are shown to assess the cell to cell variation. Quite clearly,
the cells with 0.17% and 0.52% VC show an increased charge transfer
resistance of the graphite anodes. These results already indicate that
electrolytes cannot be compared without considering the amount of
active material, as the anode charge transfer resistance decreases up
to a VC concentration of 0.5% in the study by Burns et al.,*> while
Figure 7 shows that the anode charge transfer resistance increases
substantially within the same VC concentration range.

To quantify the charge transfer resistances, the impedance spec-
tra of cathode and anode of each cell were fitted using a simple
electrochemical equivalent circuit composed of: i) a resistor for the
electrolyte, ii) a resistor and a constant phase element in parallel
to describe the electrolyte/electrode interface resistance, and, iii) a
Warburg-type diffusion element in series representing solid state dif-
fusion. This circuit is a simplified version of a model used by Illig
et al.>> for LFP electrodes; we omitted the electrode contact resis-
tance and the low frequency capacitor, as both are not visible within
our measurement range. Figure 8 shows the average fitted charge
transfer resistances (left y-axis), normalized to the geometrical elec-
trode area, of both electrodes at different gyc/Ahce ratios (lower
x-axis). The anode charge transfer resistance is ~5 Qcm? for cells
without VC and increases to ~16 Qcm? and ~47 Qcm? for cells
with 0.06 gVC/AhCell (EO 17% VC) and 0.2 gVC/AhCell (5052% VC),
respectively. In comparison, Burns et al.*> showed an anode charge
transfer resistance of ~30 Qcm?, ~60 Qcm? and ~150 Qcm? for
cells with identical gyc/Ahgey ratios (0%, 2% and 6% VC in their
study). The linear increase in charge transfer resistance from 0.033 to
0.2 gyc/Ahc,y that has been observed by Burns et al.*> (correspond-
ing to 1%-6% VC in their study) is also found in our results within
the same gyc/Ahcey range, although our absolute VC concentrations
are completely different (0-0.52% VC). This further proves that the
amount of additive per active material (here corresponding to the
gvc/Ahggy ratio) determines the effect of an additive on the surface
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Figure 8. R of the graphite anode and the LFP cathode after formation in
LFP/graphite full-cells with different VC amounts added to LP57 electrolyte.
Impedance data were obtained with a lithiated GWRE (PEIS at 5 mV am-
plitude and 10°C between 100 kHz and 0.1 Hz) and fitted by an equivalent
circuit consisting of a resistor for the electrolyte, an RQ-element for the elec-
trolyte/electrode interface resistance, and a Warburg element for solid-state
diffusion. Note that the upper x-axis and the right y-axis display the VC con-
tent and charge transfer resistance normalized to the graphite BET surface
area.

of an electrode, and not its concentration. The differences in absolute
resistance values between Burns’ study* and ours could be explained
by differences in active material loading and BET surface area of the
used electrodes: As the impedance of an electrode is inversely pro-
portional to the electrochemical active area, a higher roughness factor
(i.e., electrode surface area per geometric area) will result in an overall
lower impedance, even if the surface chemistry is identical. While our
electrodes are loaded with 5.9 mg/cm? graphite having a BET surface
area of ~5 m?/g, we can estimate the anodes investigated by Burns
et al.*? to have a loading of ~10 mg/cm? graphite* with a BET sur-
face area of ~0.7 m?/g.°>! In total, this would give a ~5-fold higher
roughness factor in our study, which would fit with the measured ~4
times lower absolute charge transfer resistance values. However, it is
to note that the assumed values for loading and BET were taken from
other publications by the Dahn group and not directly from Burns et
al.,* and hence this is only an estimate. A different BET surface area
would also affect the amount of additive per unit surface, and thus
result in a different charge transfer resistance. To make our data more
comparable to future studies, we therefore included the amount of VC
per graphite BET surface area (mgVC/mZGmphn@, upper x-axis) and the
charge transfer resistance normalized to the graphite BET surface area
(Q mZGmphne, right y-axis) in Figure 8. An additional difference be-
tween our cells and the study by Burns et al.* is the different cycling
protocol: Our impedance data was recorded after one formation cycle,
whereas the cells by Burns et al.*> were disassembled for impedance
measurements of symmetric cells after 23 cycles. However, further cy-
cling and impedance measurements of our LFP/graphite cells showed
that the impedances of both electrodes does not change significantly
with cycle number once the formation cycle is completed.

The charge transfer resistance of the LFP cathode in our study
does not show any dependency on the VC content (see Figure 8). In
contrast, Burns et al.’> found that the impedance of an LCO cathode
decreases about half by the addition of low concentrations of VC
(0.5-2%) and increases again slightly at higher VC concentrations
(4—6%). This discrepancy can be understood considering the studies
by El Ouatani et al.,’>** which showed that LCO cathodes form a
surface film of poly(VC) in VC-containing electrolytes, while this
film is lacking on LFP cathodes. Thus, the cathode charge transfer
resistance remains constant and independent from the VC content
in LFP/graphite cells. As VC reacts on the LCO surface,’>> one
can imagine that slightly less VC is available for SEI formation in
LCO/graphite than in LFP/graphite cells. This could in turn also par-
tially explain the deviations of the absolute values for the anode charge
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transfer resistance at points of equal gyc/Ahcey in our study compared
to Burns et al.*> Hence, we can conclude that not only the ratio of
additive to active material, but also the cell chemistry of cathode and
anode and their reactivity toward the additive is an important aspect
to consider when comparing additives across different cell types.

Conclusions

In this study, we introduce a novel micro-reference electrode in a
Swagelok T-cell design, which is suitable for impedance and potential
measurements of both working and counter electrode individually.
The reference electrode consists of a thin, insulated gold wire and is
placed centrally between both electrodes and two 200 pwm thick glass
fiber separators. By electrochemical alloying with lithium, we achieve
a defined potential of 0.311 V vs. Li/Li" of the gold wire reference
electrode (GWRE), which is stable for several weeks during cycling
and even under elevated temperatures (40°C). In contrast to previous
micro-reference designs, only the cut cross-section of the wire’s tip is
the electrochemically active area, which supposedly minimizes side
reactions with the electrolyte and contributes to the long-term stable
potential of the GWRE. The cell setup with GWRE was validated
by impedance measurements of the corresponding symmetrical cells.
Further, we demonstrated the suitability of the lithiated GWRE for
impedance and potential measurements in LFP/graphite full-cells for
up to 200 cycles. Based on these measurements, we could identify
lithium inventory loss due to SEI growth as the dominant aging mech-
anism in LFP/graphite cells at room temperature, in agreement with
literature.

As a proof of concept, we investigated LFP/graphite full-cells with
a lithiated GWRE and different VC contents in the electrolyte. Using
symmetrical cells, Burns et al.*> showed that the charge transfer of a
graphite anode depends almost linearly on the concentration of viny-
lene carbonate (VC) in the electrolyte. We can reproduce the findings
by Burns et al.*? using a lithiated GWRE, and further demonstrate
that the ratio of mass VC to active material, rather than the VC con-
centration, is the key parameter for the electrolyte/anode interface
resistance. This result needs to be considered when electrolyte ad-
ditives are tested in laboratory cells, as these cells typically have a
higher electrolyte to active material ratio than commercial lithium-ion
cells.
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Results

3.1.2 Application of a micro-reference electrode in a high-voltage

cell chemistry

This section presents the article “Analysis of Vinylene Carbonate (VC) as Additive in
Graphite/LiNiosMn1.504 Cells”196 The paper was submitted to the peer-reviewed
Journal of the Electrochemical Society in June 2017 and published in August 2017.
The article is published open access and distributed under the terms of the Creative
Commons Attribution Non-Commercial No Derivatives 4.0 License. The permanent

web link is available under: http://jes.ecsdl.org/content/164/12/A2625. The

article was presented by Daniel Pritzl at the PRIME meeting 2016 in Honolulu (USA)
in October 2016 (Paper 567).

Vinylene carbonate (VC) is one of the most efficient anode additives regarding the
stability of the SEI on graphite anodes. The additive was discovered by Aurbach et
al.>3 and is frequently reported to increase coulombic efficiency>> of the graphite
anode (over charge/discharge cycling) and increase the cycle life of lithium-ion
batteries.195 Furthermore, it is reported that VC is reduced on the graphite anode,>°
leading to a linear increase in the anode charge transfer resistance with
concentration.105 The positive electrode’s impedance decreases at low
concentrations (until 1% in a commercial cell) and stays then constant. El Quatani
et al.107 found surface films consisting of poly(VC) both on anode and cathode

explaining the impedance change on both electrodes with different amounts of VC.

However, all these cell chemistries used cathodes which operate up to a voltage of
maximum 4.3 V vs. Li*/Li, and here the dominant interaction of VC proceeds with
the graphite anode. In contrast, when cells are charged to 4.45 V vs. Li*/Li and then
stored at elevated temperatures, the cell voltage decays very rapidly in the presence
of VC.108 This implies that the additive is oxidized on the cathode and the products
can then consume active lithium from the anode, explaining the cell voltage drop.
When VC is used in a graphite/LNMO cell chemistry at elevated temperatures
(45°C), a drastic decrease in the capacity retention and a lower coulombic

efficiency with VC is observed compared to cells without VC.57 The authors also
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write that the origin of performance decrease with VC is yet unknown, hindering

the successful use of the VC additive in this cell chemistry.

In this study we first investigate the oxidative stability of VC via OEMS and find that
oxidation occurs already starting from 4.3 V vs. Li*/Li, by the release of gaseous COa.
Next, different concentrations of the oxidatively instable additive are investigated
in the graphite/LNMO cell chemistry and adjusted such that 1% VC in our lab test
cells correspond to roughly 10% in a commercial scale cell. Via impedance
measurements with the p-reference electrode we can show that VC at
concentrations above 0.17% (in a lab test cell) is both reduced on the anode and
oxidized on the cathode, leading to a strong impedance increase, especially on the
cathode and a decrease in cell performance. If the VC concentration is adjusted to
0.09%, only the impedance of the anode increases while the capacity retention and
the coulombic efficiency of the cells is improved. By keeping the concentration as
low as 0.09%), the additive is only consumed on the graphite anode, leaving no VC
behind which could be oxidized at the cathode, releasing oxidation products which
decrease the cell performance. With the help of the p-reference electrode, a
concentration level of the additive was detected where the additive VC could be
used in graphite/LNMO cells leading to a performance increase at elevated
temperatures. These finding lead to new strategies and guidelines how to

incorporate anode additives in this kind of cell chemistries.
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results.
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Analysis of Vinylene Carbonate (VC) as Additive in
Graphite/LiNiysMn; 504 Cells
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Chair for Technical Electrochemistry, Department of Chemistry and Catalysis Research Center, Technical University of
Munich, Munich, Germany

Vinylene Carbonate (VC) is an effective electrolyte additive to produce a stable solid electrolyte interphase (SEI) on graphite
anodes, increasing the capacity retention of lithium-ion cells. However, in combination with LiNig sMn; 504 (LNMO) cathodes, VC
drastically decreases cell performance. In this study we use on-line electrochemical mass spectrometry (OEMS) and electrochemical
impedance spectroscopy (EIS) with a micro-reference electrode to understand the oxidative (in-)stability of VC and its effect on
the interfacial resistances of both anode and cathode. We herein compare different VC concentrations corresponding to VC to
graphite surface area ratios typically used in commercial-scale cells. At low VC concentrations (0.09 wt%, corresponding to 1 wt%
in commercial-scale cells), an impedance increase exclusively on the anode and an improved capacity retention is observed, whereas
higher VC concentrations (0.17 wt — 2 wt%, corresponding to 2 wt - 23 wt% in commercial-scale cells) show an increase in both
cathode and anode impedance as well as worse cycling performance and overcharge capacity during the first cycle. By considering
the onset potentials for VC reduction and oxidation in graphite/LNMO cells, we demonstrate that low amounts of VC can be reduced
before VC oxidation occurs, which is sufficient to effectively passivate the graphite anode.
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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: oa@electrochem.org. [DOI: 10.1149/2.1441712jes]

All rights reserved. ) BY-NC-ND |
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During the first charge of a lithium ion battery (LiB), the so called
solid electrolyte interphase (SEI)! is formed on the surface of the neg-
ative electrode. The standard electrolyte for LiBs consists of a mixture
of cyclic and linear carbonates, e.g., ethylene carbonate (EC) and ethyl
methyl carbonate (EMC), typically with lithium hexafluorophosphate
(LiPFj) as salt. Starting from a potential of ~0.8 V vs. Li/Li*, EC is
reduced electrochemically into ethylene gas and lithium ethylene di-
carbonate (LEDC), which is a key component of the SEL.>* Vinylene
carbonate (VC) is one of the most effective additives to modify the
SEI on graphite anodes, as it is reduced at potentials more positive
than 1.0 V vs. Li/Li* and hence suppresses the reduction of EC.*?
Aurbach et al. have used VC as electrolyte additive in an EC/DMC
(dimethyl carbonate) based electrolyte and that time reported a re-
duction of the irreversible capacity in the first cycles and an improved
cycling stability at elevated temperatures for graphite anodes. The SEI
resulting from the reduction of VC consists mainly of poly (vinylene
carbonate) (poly(VC)).*¢

Important studies on the impact of different VC concentrations in
graphite/NMC pouch cells have been carried out by the Dahn group.
For example, Burns et al.” investigated the effect of different con-
centrations of VC (0, 1 and 2 wt%) on cycle life and impedance
growth of full-cells with graphite anodes and either LCO (LiCo0O,)
or NMC (Li(Nip4,Mng4,C0016)0,) cathodes, employing galvanos-
tatic cycling experiments coupled with high precision coulombic effi-
ciency and electrochemical impedance spectroscopy (EIS) measure-
ments. For cells with VC additive, they observed higher coulombic
efficiencies and reduced capacity fading, whereby a notable increase
in cell impedance was observed for cells with 2 wt% VC, which they
attributed to a thicker SEI-film at the surface of the anode. However,
since it is known that LCO cathodes can also form a resistive sur-
face film in the presence of VC additive (presumably consisting of
poly(VC)®”), an assignment of the overall cell impedance growth to
the individual contributions from anode and cathode requires more ad-
vanced techniques, like the symmetric cell approach.'® Thus, later on,
Burns et al.!” investigated the effect of VC (0 - 6 wt%) over extended
charge/discharge cycling of graphite/NMC 18650 cells on anode and
cathode impedance growth via symmetric cell measurements. They

*Electrochemical Society Member.
**Electrochemical Society Fellow.
“E-mail: daniel.pritzl @tum.de

showed that indeed the impedance of the negative electrode increases
nearly linearly with VC concentration, whereas the impedance of the
positive electrode first decreases as the VC concentration is increased
to 2 wt% and then only increases gradually at higher VC concentra-
tions. The strong anode impedance growth suggests that VC is mostly
consumed at the graphite anode, leading to SEI growth. This is con-
sistent with a study by Petibon et al.,'' who analyzed the consumption
of vinylene carbonate in graphite/NMC pouch cells and showed that
the additive is mainly consumed at the anode side (both during high
temperature formation (50°C) and during a potential hold at 4.2 V cell
voltage). In addition, they found that nearly 2 wt% VC were consumed
during formation, so that little residual VC remained after formation
for VC concentrations of <2 wt%. In a subsequent study, Petibon
et al.!? also showed that residual VC after formation leads to a fast
decay in the open-circuit voltage during storage in cells charged to
4.4V cell voltage, caused by the poor oxidative stability of VC.

In a recent study from our group,'® we compared the effect of
different VC concentrations on the impedance of graphite anodes in
graphite/LFP (LiFePO,) full-cells, using a Swagelok T-cell configura-
tion with a reference electrode which enables the deconvolution of the
overall cell impedance into the individual contributions from anode
and cathode. There, we showed that the VC to active material ratio
(expressed as the ratio of VC mass to graphite surface area in the cell),
rather than the concentration of the additive in the electrolyte, is a key
parameter when comparing results using different types of battery
cell hardware. Basically, the cell hardware can roughly be categorized
either into lab-scale-cells with a small total capacity (<10 mAbh, i.e.,
<5 cm? electrode area), which due to design constraints require a high
electrolyte/active material mass ratio in order to function properly
(e.g., coin or Swagelok T-cells), or into commercial-scale cells with a
high total capacity (>100 mAh, i.e., >20 cm? electrode area), which
are assembled with much lower electrolyte/active material mass ra-
tios (e.g., multi-layer pouch or 18650 cells with low electrolyte/active
material mass ratio). Consequently, the electrolyte/active material
mass ratio in the latter is ~12-fold lower compared to commonly
used lab-scale cells, so that a concentration of 2 wt% VC in the
study from Burns et al.'” based on 18650 cells would corresponds to
~0.17 wt% VC in a typical lab-scale cell. This scaling factor between
commonly used lab-scale cells and commercial-scale cells needs to
be considered when using lab-scale cells to evaluate the effect of
additives.
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While the above discussed studies show that the cathode
impedance growth with VC additive is generally small for graphite/
LCO and graphite/NMC cells operating at cell voltages up to 4.4V,
this is not the case when higher voltage cathode active materials such
as high-voltage spinel LiNigsMn; 504 (LNMO) are used. Li et al.'*
have shown that the cell performance of graphite/LNMO cells drasti-
cally decreases when 1 or 2 wt% of VC are added to the electrolyte,
consistent with studies by Lee et al.'> and Song et al.,'® which demon-
strated that the oxidative stability of VC is insufficient for operation
with an LNMO cathode. The oxidative instability of VC was exam-
ined in more detail in a recent study from the group of Brett Lucht:'’
By means of ex-situ surface analysis (XPS and FT-IR) they showed
that the oxidation of VC starts at already ~4.5 V vs. Li/Li", leading to
the formation of poly(VC) at the surface of the LNMO cathode. Even
though these studies demonstrate that VC is not a suitable additive
for cells with LNMO cathodes, they were all based on lab-scale cell
setups with a high electrolyte/active material ratio, so that the ratio of
VC mass over graphite surface area for the used VC concentrations of
1-2 wt% was roughly an order of magnitude higher than what would
be present in commercial-scale cells.

The additive VC behaves very differently in high-voltage cells
compared to fluorinated additives. Fluoroethylene Carbonate (FEC)
is often used in this type of cells, leading to an overall increased
battery performance. On the one hand both additives (VC and FEC)
generate CO, during reduction,>'® thus improving the anode SEI. On
the other hand, FEC is more stable towards oxidation'® (compared to
VC) and can thus be used in large concentrations/quantities even at
high voltages (e.g., with LNMO or HE-NCM cathodes).

In the present study, we therefore want to investigate much lower
VC concentrations in the electrolyte in lab-scale cell tests (0.09-0.52
wt% VC), which would correspond to VC concentrations of 1-6 wt%
in commercial-scale cells for the same ratio of VC mass to graphite
surface area. The first part of our investigation aims to understand the
drastic decrease in cell performance when large amounts of VC are
added to graphite/LNMO cells (i.e., at very high ratios of VC mass to
graphite surface area). To this end, we will examine the anodic sta-
bility of VC via on-line electrochemical mass spectrometry (OEMS)
using carbon black model electrodes and a VC-only electrolyte with
1 M LiPFs. As a next step, we conduct impedance measurements in
graphite/LNMO cells using a micro-reference electrode,'® quantify-
ing anode and cathode impedance after formation in electrolytes with
different amounts of VC (0.09, 0.17, 0.52, and 2 wt%). In the sec-
ond part, we examine the impact of different VC concentrations on
the cycling behavior of graphite/LNMO cells and on anode/cathode
impedance during cycling at 40°C. We also show that the additional
capacity during the first charge correlates with the impedance of the
LNMO cathode. Finally, by comparing the impedance growth of the
graphite anode in cells with either an LNMO or an LFP cathode, we
can clearly show that VC is consumed at the LNMO cathode, resulting
in a lower impedance of the of the graphite anode in a graphite/LNMO
vs. a graphite/LFP cell.

Experimental

Electrode preparation.—LiNiysMn, 50, (LNMO) electrodes
were prepared by mixing LNMO (BASF SE, Germany), carbon black
(Super C65, Timcal), and polyvinylene difluoride (PVDF, Kynar) at
a mass ratio of 92/5/3 with NMP (N-methyl pyrrolidone, anhydrous,
Sigma-Aldrich, Germany) in a planetary mixer (Thinky Corp.) for
15 min. The ink was coated onto aluminum foil (MTI, 18 wm) with
a doctor blade coater and dried afterwards at 50°C in a convection
oven for at least 3 h. The final LNMO coating had a loading of ~13.6
mg; nvo/cm?, corresponding to ~1.9 mAh/cm?. Electrodes with a di-
ameter of 11 mm (=0.95 cm?) were punched out and compressed to
~30% porosity with a KBr press. Graphite electrodes were prepared
by mixing graphite (T311, SGL Carbon, Germany) and PVDF at a
mass ratio of 95/5 with NMP by applying the same procedure as for
the positive electrodes. The graphite ink was coated onto copper foil
(MTI, ~12 pm) and dried in a convection oven at 50°C for 3 h. The
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loading of the graphite coating was ~7 mggphie/cm> corresponding
to ~2.6 mAh/cm?. The electrodes were punched out with a diameter
of 11 mm and compressed to a porosity of ~30%. Both types of elec-
trodes were dried under dynamic vacuum at 120°C for at least 12 h
in a vacuum oven (Biichi, Switzerland) and then transferred into an
Argon-filled glove box (MBraun, Germany) without exposure to air.

For OEMS measurements, isotopically labelled '3C-electrodes
were prepared by dispersing '*C-carbon (BET ~140 m?*/g, 99% iso-
topic purity, Sigma-Aldrich, Germany) in NMP with an ultrasonica-
tion horn. PVDF was dissolved in NMP to yield a 10% wt solution. The
PVDF solution was added to the '*C-dispersion to yield a final mass
ratio of 1:2 (PVDF:'3C), and stirred carefully. The ink was then coated
onto a polyester separator (Freudenberg, Germany) with a wedge bar
and dried in a convection oven at 50°C. Afterwards, electrodes with a
diameter of 15 mm were punched out, dried under dynamic vacuum at
120°C over night and transferred into an argon-filled glove box. The
final electrodes had a loading of ~1 mgc/cm?.

On-line electrochemical mass spectrometry.—The on-line elec-
trochemical mass spectrometry (OEMS) setup has been described
in more detail in a previous publication by our group.”’ For the
experiments in this study, we used a recently developed sealed 2-
compartment cell,”! where working and counter electrode are sepa-
rated by a sealed lithium-ion conductive glass ceramics (Ohara Corp.,
Japan). In this way, only gases coming directly from the working elec-
trode are detected, and any gas evolution related to the lithium counter
electrode or electrode crosstalk can be avoided. The cells were assem-
bled with a lithium counter electrode (@ 17 mm, 450 pwm thickness,
Rockwood Lithium, USA), a glassfiber separator soaked with 250
KL electrolyte in the lower compartment and a polyester separator
soaked with 100 L electrolyte in the upper compartment. The inves-
tigated electrolytes consisted only of EC or VC with 1 M LiPF; (all
from BASF SE, Germany). To distinguish between electrolyte oxida-
tion and carbon corrosion, we used isotopically labelled **C-carbon
electrodes coated on a polyester separator as working electrodes (see
above). The oxidative stability of the electrolytes was investigated by
a linear potential sweep from OCV (~3 V vs. Li/Li*) to 5.5 V vs.
Li/Li* at a scan rate of 0.1 mV/s. The quantification of the OEMS
signals in terms of moles of produced gas was described previously,”
and gas evolution rates are reported in terms of pmol gas/m’ggr of
the ¥C-electrode.

Electrochemical characterization.—Swagelok T-cells with a
Gold Wire Reference Electrode (GWRE)'® were assembled in an
argon filled glove box (O, and H,O < 0.1 ppm, MBraun, Germany)
using two glass fiber separators (11 mm diameter, 200 pm thickness,
glass microfiber #691, VWR, Germany) and 60 L of electrolyte. The
electrolyte consisted of standard LP57 (1 M LiPFg in EC: EMC (3:7
wt/wt) < 10 ppm H,O, BASF, Germany) without and with different
amounts of vinylene carbonate (VC, BASF SE, Germany), which was
added at concentrations of 0.09, 0.17 0.52 and 2 wt% to the elec-
trolyte. The cells were assembled using a graphite anode, a LNMO
cathode, and a gold wire reference electrode (GWRE). The detailed
experimental procedure for the assembly can be found in Reference
13. For charge/discharge cycling, identical Swagelok T-cells without
a reference electrode were assembled. Cell cycling was carried out in
a climate chamber (25°C or 40°C, Binder, Germany) with a battery
cycler (Series 400, Maccor, USA). The cycling protocol consisted
of the following steps: i) two formation cycles with C/10 at 25°C,
ii) charge/discharge cycling with 1C (20 cycles) at 40°C, and iii)
charge/discharge cycling with 1C/3C (2 cycles) at 40°C. The steps ii)
and iii) were repeated five times. All cycles were performed between
3.5V -4.8 V cell voltage, using a constant current constant voltage
(CCCV) charge with a current limit of C/20 for the constant voltage
phase and a constant current (CC) discharge. The C-rate is referenced
to the theoretical capacity of the LNMO cathode (140 mAh/g xmo),
i.e., 1C corresponds to 140 mA/g; yvo. or ~1.9 mA/cm?.

Electrochemical impedance spectroscopy (EIS) measurements on
graphite/LNMO cells with GWRE were conducted after the first
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formation cycle at 50% SOC (charged to 50% SOC with C/10) and
after the 22", 66" and 102" (charged to 50% SOC with 1C) using
a potentiostat (VMP300, BioLogic, France). Prior to the impedance
measurement, the cells were charged to 50% SOC, transferred to a
climate chamber set to 10°C, and stored for 1 h in order to ensure
a constant temperature of the cells. Galvanostatic electrochemical
impedance spectroscopy (GEIS) was used in a frequency range from
100 kHz — 100 mHz with an amplitude of 0.6 mA.

In a previous study'? we have demonstrated the stability of the
GWRE reference potential (0.31 V vs. Li/Li") in graphite/LFP cells
to be >500 h. By replacing the LFP electrode (upper cut off potential
~4.1 V vs. Li/Li*) by a LiNigsMn,; 50, electrode (upper cut off
potential ~4.9 V vs. Li/Li"), the long-term stability of the GWRE
reference potential is limited. The potential drift observed in the latter
case might be caused by oxidation products generated at the high-
voltage positive electrode (LNMO) and their subsequent reduction at
the exposed surface of the gold wire, leading to an oxidation of the
lithium-gold alloy (i.e., to its gradual delithiation). To overcome this
issue, relithiation of the GWRE (at 150 nA for 1 h, consuming <0.1%
of the capacity of the LNMO electrode during each charge) is carried
out before each impedance measurement. A similar observation is
reported by Klett et al.,”> who also relithiated their Li,Sn reference
electrode prior to each impedance measurement.

Results

Anodic stability of vinylene carbonate (VC) investigated via on-
line electrochemical mass spectrometry (OEMS).—Until now, the
detrimental oxidation of VC is regarded as a major obstacle for the
successful use of VC in LNMO cells.'*'7 In order to investigate
the onset potential for VC oxidation and its products, we performed
on-line electrochemical mass spectrometry on electrolytes based on
only VC or EC mixed with 1 M LiPFs. For these experiments, we
used carbon black electrodes made from isotopically labelled *C-
carbon, so that we can track the gas evolution from the unlabeled
12C-electrolyte by monitoring the corresponding '>?C-related signals
of CO, and CO.?> As Jung et al.>* recently showed that the onset and
extent of electrolyte oxidation on LNMO and carbon black is identical,
it is safe to transfer the results obtained from the '*C-carbon model
electrodes to real LNMO cathodes later on. To avoid crosstalk between
oxidized species and the lithium counter electrode, we used our sealed
2-compartment cell setup.?! In this way, only the direct oxidation of the
pure electrolyte is observed. Figure 1 shows the current profile (a) and
the gas evolution (b) of '2CO, (m/z = 44, solid lines) and '>CO (m/z
= 28, dotted lines) during an oxidative scan in either EC-only or VC-
only electrolytes with 1 M LiPFg from OCV (~3 Vvs.Li/Li*)t0 5.3 V
vs. Li/Li*. While the current signal includes processes like capacitive
currents related to the electrode surface or PF¢~ intercalation into the
graphitic domains of the conductive carbon, which is reported to start
around 4.6 V vs. Li/Li*,>>% we believe that the evolution of gaseous
electrolyte oxidation products is a more meaningful indicator for the
onset of electrolyte oxidation. As expected, Figure 1b shows that the
oxidative CO,-release of VC starts at significantly lower potentials
(~4.3 V vs. Li/Li*) compared to EC (~4.8 V vs. Li/Li*"). The small
current starting at ~3.7 V vs. Li/Li" for VC is most likely related to
the oxidation of the BHT stabilizer (butylated hydroxytoluene), as its
integration between 3.67 V and 4.0 V yields a charge of 10.2 mAs
compared to the 11.9 mAs theoretically needed for the 1-electron
oxidation of the 200 ppm BHT contained in VC. Interestingly, there
is no CO evolution resulting from the oxidation of VC (See red dotted
line in Figure 1b); on the other hand, the electrooxidation of EC yields
both CO, and small amounts of CO (see black dotted lines in Figure
1, bottom panel), as we had discussed previously.”’

The lower anodic stability of VC compared to EC has al-
ready been demonstrated by previous experimental results'>!7?® and
calculations.”* The CO, evolution from VC at potentials above
~4.3 V vs. Li/Lit (see Figure 1b), corresponding to ~4.2 V cell
voltage in a full-cell with a graphite anode, fits well to the observation
made by the Dahn group''*'=* that commercials cells containing VC
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Figure 1. Anodic current (a) and evolution of 12C0, (b, solid lines) and '2CO
(b, dotted lines) from the electrolyte during a linear scan from OCV t0 5.3 V vs.
Li/Li* (0.1 mV/s) on a 3C carbon electrode in electrolytes containing only EC
(black lines) or VC (red lines) and 1M LiPFg. The experiments were performed
using on-line electrochemical mass spectrometry and a sealed 2-compartment
cell’! to avoid crosstalk with the lithium counter electrode.

evolve more gas when held at high potentials compared to the same
cells without VC electrolyte. According to the EC oxidation mecha-
nism proposed by Xing etal.* and Li et al.,> CO, is readily abstracted
after ring opening of the EC radical cation (Scheme 1, black pathway
la), while the evolution of CO from EC is energetically less favor-
able and only occurs with a simultaneous breaking of the CH,-CH,
bond after the intial ring opening (see blue pathway 1b in Scheme
1); for further discussion see Ref. 21). Although the decomposition
mechanism of EC resulting in CO, can easily be applied to VC (see
black pathway 2a in Scheme 1), the analogous pathway leading to
CO is likely to present a very large barrier in the case of VC, as this
would require breaking the much stronger CH=CH bond. Hence, our
observation that no CO is produced during VC oxidation (Figure 1b)
would be consistent with an analogous ring opening reaction as in
the case of EC, which disagrees however with the early modeling
predictions made by Zhang et al.” As poly(VC) has been found on
electrodes cycled to high potentials in VC-containing electrolytes,!’
we assume that the radical cations formed in (2a) can trigger a radical
polymerization reaction of VC to poly(VC) (see green pathway 2b in
Scheme 1).!7

Extracting the interfacial resistance from the impedance
spectra.—As a next step, cells with different VC concentrations are
assembled and impedance spectra are collected in order to under-
stand the impact of the anodic decomposition of the additive in a
graphite/LNMO full-cell. To extract the interfacial resistance from
the anode Nyquist plots, the equivalent circuit shown in Figure 2a
is used: i) the high frequency resistance (HFR) Ryzz represents the
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Scheme 1. Oxidation mechanism of EC leading to CO, (la, black) and CO
(1b, blue) as proposed by Xing et al.,>* oxidation mechanism of VC leading
to CO; (2a, black) and poly(VC) (2b, green).

contributions from the ionic conduction in the separator (between the
GWRE and the respective electrode) and external electrical contact
resistances; ii) up to three RQ-elements (resistor and constant-phase
element in parallel) are used to determine the overall resistance of the
anode, consisting of contributions from the charge transfer resistance,
the solid-electrolyte interphase resistance, and one as yet unknown
impedance contribution at low frequencies when high VC concen-
trations (0.52 and 2 wt%) are used (see Figure 3a); iii) the Warburg
element (Zy) mostly represents the diffusion of lithium in the liquid
electrolyte phase as described in Reference 36. For the LNMO cath-
ode, the equivalent circuit shown in Figure 2b is used, representing the
analogous processes as in the case of the anode. Since the main focus of
this study was to determine the individual impedance growth of anode
and cathode during formation and extended charge/discharge cycling,
only the overall anode and cathode impedance will be considered in
the following (Ranede = Ri + Ry +R3, see Figure 2a; Reynode = Ry +
R, see Figure 2b). After the 22" cycle, a semi-circle at high frequen-
cies appears in the cathode impedance spectra, which was shown to
be due to the formation of a contact resistance at the interface between
the cathode electrode and the cathode current collector,*® and which
will be omitted from the fitting process in this study. Unfortunately,
a meaningful deconvolution/assignment of the individual impedance
contributions to the overall impedance for each electrode would re-
quire more elaborate experiments, as we have shown in our recent
work for the LNMO cathode impedance.*® However, as explained
above, the main objective of this study was to quantify the individual
evolution of anode (Ranode) Vs. cathode (Reumode) impedance over ex-
tended charge/discharge cycling, for which a deconvolution into the
various process is not necessary.

Figures 2c and 2d show exemplary Nyquist plots of a graphite
anode and a LNMO cathode after one formation cycle in a
graphite/LNMO full-cell with 0.09 wt% VC additive. The red points
represent the experimental spectra (100 kHz - 100 mHz, current per-
turbation of 0.6 mA, 10°C), while the black line represents the fit to
the equivalent circuit shown in Figures 2a and 2b. The values for the
HFR of anode and cathode are ~4.0 and ~3.5 Qcm?, respectively;
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Figure 2. Equivalent circuit models for fitting the anode (a) and the cathode
(b) impedance spectra. The Nyquist plots after one formation cycle and re-
charge to 50% SOC (at 0.1C and 40°C) of graphite/LNMO cells with LP57
electrolyte with 0.09 wt% VC are shown for both the graphite anode (c) and the
LNMO cathode (d), whereby the experimental data (red points) are compared
to the corresponding fit of the measurement (black line). The impedance is
measured from 100 kHz to 100 mHz with an amplitude of 0.6 mA @ 10°C
and 50% SOC.

the cause for the slight difference in these HFR values (which are ex-
pected to be identical for a symmetric placement of the GWRE) was
described elsewhere.!® The overall resistances of the anode (Runoqe)
and the cathode (Rcuoqe) are in both cases ~10 Qcm?.

Impedance analysis after the first formation cycle.—The OEMS
measurement showed an onset for the anodic decomposition of VC at
~4.3V vs. Li/Li*, accompanied by the release of CO,. To understand
the effect of the VC decomposition products formed by VC oxidation
on the cathode (e.g., poly(VC) and radicals, see Scheme 2a and 2b) and
by VC reduction on the anode (discussed in Reference 5) on cathode
and anode impedance growth, we conduct impedance measurements
with the gold-wire reference electrode (GWRE) after one formation
cycle at 25°C and recharge to 50% SOC (state-of-charge) in LP57
with different concentrations of VC (0, 0.09, 0.17, 0.52, and 2 wt%).
The additive concentrations were chosen such that some of the VC
concentrations in our lab-scale cells yield VC mass to graphite surface
area ratios comparable to those tested in the commercial-scale pouch
cell experiments by Burns et al.:'° 0.09,0.17, and 2 wt% VC in our lab-
scale cells approximately corresponds to 1, 2, and 6 wt% VC in their
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Figure 3. Anode and cathode impedances obtained from graphite/LNMO full-
cell with GWRE after one formation cycle and recharge to 50% SOC at 25°C
in LP57 with various VC additive concentrations. a) Impedance spectra of
the graphite anode of cells containing 0 wt% VC (black lines), 0.09 wt% VC
(red lines), 0.17 wt% VC (orange lines), 0.52 wt% VC (blue lines), and 2
wt% VC (green lines); b) analogous impedance spectra of the LNMO cathode.
Impedance spectra were measured from 100 kHz to 100 mHz with a current
amplitude of 0.6 mA at a temperature of 10°C and at 50% SOC.

commercial-scale cells. In addition, to allow for a better comparison
of the resulting anode and cathode impedance, we also conducted our
impedance measurements at 10°C, as done in the latter study. Figures
3a and 3b show the Nyquist plots of the graphite and the LNMO
electrodes recorded from a graphite/LNMO full-cell with GWRE.

Without VC additive (black lines), the fitted values for the overall
resistance of the anode, R4y, are ~7 cm? and ~9 Qcm? for Reamhode-
When a small amount of VC (0.09 wt%, red lines) is added to the cells,
the overall resistance of the anode increases to ~10 Qcm?, whereas
the impedance of the cathode stays constant at ~9 Qcm?. When the
concentration is increased to 0.17 wt% (orange lines), the impedance
of the anode remains at ~10 cm? while now the impedance of the
cathode starts to increase to ~13 Qcm?. While the anode impedance
only increases very little with a further rise in VC concentration,
namely to ~15 Qcm? for 0.52 wt% VC (blue lines) and to ~16
Qcm? for 2 wt% VC (green lines), the cathode impedance increases
substantially to ~22 Qcm? for 0.52 wt% VC and to ~41 Qcm? for
2 wt% VC.

Our interpretation of these observations is as follows: When small
amounts of VC (0.09 wt%) are added to the graphite/LNMO cells,
it will preferentially be reduced at the graphite anode, leaving no or
little VC for oxidation at the LNMO cathode. On the other hand,
when higher concentrations of VC are present in the electrolyte
(0.17-2 wt%), residual VC remains in the electrolyte after anode SEI
formation, allowing for oxidation of VC at the high-voltage LNMO
cathode, ultimately leading to cathode impedance growth. As already
suggested in previous studies'” and shown in Scheme 1 (reactions
2a and 2b), the formation of a poly(VC) film on the LNMO cathode
is the most likely explanation for the observed impedance increase
of the positive electrode shown in Figure 3b. The very high cathode
impedance of our lab-scale cell with 2 wt% VC after only one for-
mation cycle indicates that the rapid oxidation of VC at the LNMO
cathode potential (shown by OEMS data in Figure 1) leads to the
formation of a highly resistive surface film. This would be consistent
with the strong capacity fading reported for graphite/LNMO coin cells
with 2 wt% VC'* and will be further examined in the following. These
results suggest that the ratio of (anode) additive to graphite surface is
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Figure 4. Coulombic efficiency (upper panel) and specific discharge capacity
(mAh/gi nvo) (lower panel) of graphite/LNMO cells (without GWRE) over
extended charge/discharge cycling at 1C/1C (followed by two 1C/3C cycles
after every 20 cycles) and 40°C between 3.5 and 4.8 V in LP57 electrolyte
with different VC concentrations: 0 wt% VC (black points), 0.09 wt% VC (red
points), 0.17 wt% VC (orange points), 0.52 wt% VC (blue points), and 2.0 wt%
VC (green points). The formation of the cells was carried out at 25°C (2 cycles
at C/10), while further cycling is done at 40°C. For clarity, the upper panel
does not contain data of the two formation cycles and the 1C/3C cycles. The
coulombic efficiencies of the two formation cycles (cycle 1 and 2) are given
in Table 1. Two cells were tested for each electrolyte composition; the figure
shows the average of the two cells, with error bars representing the standard
deviation. 3C discharge points are filled white for better visibility.

crucial for high-voltage lithium-ion cells, and that a successful use of
SEI formers like VC will depend on the competition between additive
reduction on the anode and its oxidation on the cathode, as will be
explained in more detail in the Discussion section.

Cell cycling at elevated temperatures (40°C) with different con-
centrations of vinylene carbonate (VC).—As a next step, the influ-
ence of different VC concentrations on the cycling behavior at ele-
vated temperatures (40°C) will be investigated. The two main ques-
tions are: i) can low concentrations of VC have a beneficial effect on
the cycling performance of graphite/LNMO cells, despite the current
understanding that VC has a detrimental effect; and, ii) how do the
VC oxidation products affect the capacity retention of full-cells. To
address these questions, graphite/LNMO cells with different VC con-
centrations are cycled at 40°C at 1C (CCCV charge, CC discharge;
for details see Experimental section) after formation at 25°C (two
C/10 cycles). After every twentieth 1C/1C charge/discharge cycle,
two 1C/3C charge/discharge cycles are employed in order to gain
information about the resistance buildup in the cells, which later on
will be compared with the anode/cathode impedance data acquired
in repeat experiments using T-cells equipped with a gold wire refer-
ence electrode. Figure 4 shows both the specific discharge capacity (in
mAh/g nmo) versus the cycle number (bottom panel) and the coulom-
bic efficiency (top panel) of graphite/LNMO cells with different VC
concentrations. For clarity, each dataset shown in Figure 4 contains
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the average value of two identical cells (error bars represent the stan-
dard deviations between the two cells). Starting from cells which
contain no VC (0% VC, black dots), the first discharge capacity at
C/10 is ~117 (£2) mAh/g; nvo, resulting in a first-cycle coulombic
efficiency of ~82%. After 80 cycles, the coulombic efficiency reaches
a constant value of ~99.5% while the discharge capacity remains at
~88 (£1) mAh/g nmo after 108 cycles. When adding VC at a com-
monly used concentration of 2 wt% VC (Figure 4, green dots), the
first-cycle discharge capacity at C/10 is only ~99 (£6) mAh/gixmo,
with a coulombic efficiency of ~54%, i.e, dramatically lower than in
cells with VC-free electrolyte. The capacity loss for cells with 2 wt%
VC is very high (57 +3 mAh/g; nvo after 20 cycles), and the differ-
ence in capacity between the last 1C/1C (cycle 25) and the previous
3C/1C cycles amounts to ~8 (£5) mAh/g nmo (in contrast to ~1
(£1) mAh/g nmo for VC-free electrolyte at the same point), which
indicates a dramatic increase in cell impedance. Owing to the already
very low capacity after these initial 23 cycles, the test was discontin-
ued here. The poor coulombic efficiency with 2 wt% VC can partly be
explained by the early onset of VC oxidation at a cell voltage of ~4.2
V (i.e., at ~4.3 V vs. Li/Li"), as evidenced by the OEMS data in Fig-
ure 1, since a parasitic oxidation reaction would reduce the coulombic
efficiency.

When the concentration of VC is lowered to 0.52 wt% (Figure 4,
blue points), the first discharge capacity is ~111 (£2) mAh/g; nmo
and a first-cycle coulombic efficiency of ~74% is obtained, which
is much higher compared to cells with 2 wt% VC (see Table I).
After 108 cycles, the discharge capacity is ~49 (£4) mAh/ginmo
and the coulombic efficiency increases up to 97.5% until cycle 30,
where it shows an unexplained drop until cycle 40, and then gradually
approaches 99% by the end of the test procedure. Also here, the low
coulombic efficiency and capacity retention illustrate the negative
impact of VC oxidation products on cell performance. When 0.17
wt% VC are added to the full-cell, a first-cycle discharge capacity
of ~118 (£2) mAh/g nmo With a first-cycle coulombic efficiency of
82% are observed, quite similar to the case without VC additive (see
Table I). Thus, it is not surprising that after 108 cycles, the discharge
capacity of ~88 (£2) mAh/g; nmo is essentially identical to that of
the VC-free electrolyte, even though the coulombic efficiency up to
cycle 30 is slightly lower (upper panel of Figure 4, orange points). The
slightly larger difference between the 1C/1C and the 1C/3C discharge
capacity suggests a somewhat higher cell resistance for the 0.17 wt%
VC compared to the VC-free electrolyte, which we will correlate with
the impedance data in the next section.

So far, the graphite/LNMO cell performance with VC-free elec-
trolyte is clearly superior to VC-containing electrolyte. This obser-
vation, however, changes as the VC concentration is lowered to 0.09
wt% (Figure 4, red points), in which case we observe a higher 1* cycle
coulombic efficiency (83%), an improved capacity retention (95 (42)
mAh/grnmo after 108 cycles) compared to cells without VC additive
(88 (£1) mAh/g nmo after 108 cycles), as well as a better coulombic
efficiency reaching 99.7% (vs. 99.6%) after 108 cycles.

As shown by Reaction 2a in Scheme 1, the oxidation of VC will
release cations into the solution (presumably the cation radicals pro-
posed in Reaction 2a) which will result in one or several of the fol-
lowing processes: i) electroneutrality in the electrolyte requires that
lithium ions from the solution must intercalate into the graphite anode
(under the reasonable assumption that no intercalation of the radical
cations into graphite and/or the PFs~ anions into LNMO can occur;
this is a reasonable assumption, since the amount of C65 is small
and as it is not fully graphitized), which would lead to a depletion of
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Figure 5. Full cell voltage profiles (Ewg-Ecg) for cells with 0 wt% and 0.52
wt% VC in graphite/LNMO cells (cycled at 40°C) after cycle 30 and cycle
100.

lithium ions in the electrolyte; ii) if the released radical cations stabi-
lize by the release of a proton (as evidenced in our previous study?'),
the proton concentration in the electrolyte would increase (simul-
taneously decreasing the lithium ion concentration), unless proton
intercalation into graphite (during charge) and/or LNMO (during dis-
charge) can occur to a significant degree; iii) VC oxidation and the
formation of protons could lead to enhanced dissolution of transition
metal ions (as this process is known to correlate with the electrolyte
oxidation potential),’” which — together with oxidation products like
HF themselves — could damage the SEI and lead to additional irre-
versible lithium loss at the anode; and, iv) VC oxidation could lead to
impedance growth on anode and/or cathode due to reactions involving
VC oxidation products. Regarding the latter, we will see in the follow-
ing that while the observed impedance growth is substantial, it seems
too low to explain the dramatic observed capacity fading. Figure 5
shows the full-cell voltage profiles (Ewg-Ecg) for cells with 0 wt%
and 0.52 wt% VC after the 30" and 100™ cycle. For cells containing
0 wt% VC one can clearly see that the increase in the overpotential
during cycling is minor (black solid line vs. black dotted line) and
therefore the loss of active lithium is the most likely reason for the
capacity fade. Cells with 0.52 wt% VC show an increased polariza-
tion, which increases slightly during cycling (blue line vs. blue dotted
line). However, as 1) the capacity obtained during the constant voltage
(CV) step does not increase significantly between cycle 30 and 100
for cells with 0.52 wt% VC, and ii) the voltage profiles for cells with
0.52 wt% VC at the end of the of the constant-current charge still bend
upwards, indicating that the cathode is close to complete delithiation,
the capacity loss is most likely connected to a loss of active lithium
and cannot be solely explained by an increased polarization.

Thus, we believe that the first two mechanisms are the most likely
explanation for the observed rapid capacity fading of cells with high
concentrations of VC, even though it is currently unclear which one of
these processes might be predominant: according to the first mecha-
nism (i), lithium plating would eventually have to occur at the graphite
anode and the lithium ion concentration in the electrolyte would
get depleted due to a buildup of cationic oxidation products in the
electrolyte; according to the second mechanism (ii), protons formed
and accumulated in the electrolyte would be expected to corrode the
LNMO cathode, resulting in transition metal dissolution and their

Table I. Coulombic efficiency of graphite/LNMO cells of the first two formation cycles at C/10 (25°C) for cells with 0, 0.09, 0.17, 0.52, and 2 wt%

VCin LP57.

Concentration 0wt% VC 0.09 wt% VC 0.17 wt% VC 0.52 wt% VC 2 wt% VC
1% cycle 82% 83% 80% 74% 54%
2" cycle 95% 96% 94% 85% 59%
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Figure 6. Evolution of the interfacial electrode resistances (Ranode and
Rcathode) of graphite/LNMO cells (measured with GWRE) over extended
charge/discharge cycling at 1C/1C and 40°C between 3.5 and 4.8 V in LP57
electrolyte with different VC concentrations. a) Ranode Of the graphite anode
over cycling with 0 wt% VC (black line), 0.09 wt% VC (red line), 0.17 wt%
VC (orange line), and 0.52 wt% VC (blue line); b) Rcathode Of the LNMO
cathode for the same electrolytes. Note that the impedance obtained after the
first formation cycle at 25°C and C/10 at are included in this figure as cycle 1
(see data shown in Figure 3). Impedance spectra were recorded at 50% SOC
and 10°C from 100 kHz to 100 mHz with an amplitude of 0.6 mA. Two cells
were tested for each electrolyte composition; the data points show the average
of the two cells, with error bars representing the standard deviation.

deposition on the graphite anode. Further studies are currently under-
way to prove/disprove these hypotheses.

Analysis of the impedance of anode and cathode during
cycling.—In this section, we want to investigate the effect of dif-
ferent VC concentrations on the impedance of anode and cathode
during cycling. Therefore, the T-cells with GWRE used for the exam-
ination of anode and cathode impedance vs. VC concentration after
the first formation cycle at 25°C (data shown in Figure 3) were trans-
ferred to a 40°C climate chamber where they were was cycled at
1C/1C charge/discharge, The cycling protocol was identical to that
used for the cell cycling shown in Figure 4, except that the two 1C/3C
charge/discharge cycles after every 20" cycle were omitted. This,
however, did not significantly alter the cycle-life: cells equipped with
a GWRE and with VC-free electrolyte had a capacity of 87 (£2)
mAh/g; nmo after 102 cycles, which is comparable to a capacity of
89 (£1) mAh/g for the cells with the same electrolyte but without
reference electrodes (see black symbols in Figure 4). Impedance was
measured after the 22", 62", and 102™ cycle at 50% SOC and 10°C.

Figures 6a and 6b show the overall interfacial resistance of the
graphite anode and the LNMO cathode versus cycle number. Note
that the data from the first formation cycle are included, where cells
were cycled at 25°C.

The anode impedance (Figure 6a) increases roughly linearly with
cycle number for cells without VC (black line) and those with 0.09
wt% (red line) and 0.17 wt% VC additive (orange line). For cells
with 0 wt% VC, the anode impedance increases from ~7 Qcm? (first
cycle) to ~20 Qcm? (102" cycle). Cells containing 0.09 wt% and
0.17 wt% VC show a similarly gradual impedance increase. For cells
with a concentration of 0.17 wt% VC, the impedance increase is
slightly higher compared to cells with 0.09 wt% VC, although the
initial values for the anode impedance are identical (~10 Qcm?). The
anode impedance of cells with 0.52 wt% VC increases substantially
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during cycling, namely up to ~55 Qcm? after the 102™ cycle. An
analogous increase of the graphite anode impedance with increasing
VC concentrations was also observed by Burns et al.'” in commercial-
scale graphite/LCO cells for >1 wt.%VC. As will be discussed later,
the difference in the VC threshold concentration is due to differences
in the electrolyte to graphite surface ratio in commercial-scale vs.
lab-scale cells.

Figure 6b shows the interfacial resistance versus cycle number for
the LNMO cathode. For cells with 0, 0.09, and 0.17 wt% VC, the
impedance decreases after the formation cycle, reaching a constant
value of ~5 Qcm? after 20 cycles. In contrast, the LNMO cathode
interfacial impedance starts out with a significantly higher value after
the first formation cycle (~22 Qcm?) for the cells with 0.52 wt% VC
and increases with cycle number to ~30 Qcm?. We believe that the
most likely explanation for the LNMO cathode impedance decrease
for low VC concentrations is related to the different temperatures
during the first formation cycle (25°C) and the subsequent extended
charge/discharge cycling (40°C). During cycling at elevated tempera-
tures, the electrolyte/LNMO interface initially formed at 25°C might
be restructured at 40°C by the enhanced solubility of some of the
interfacial species (e.g., dissolution of organic interfacial species like
poly(VC) or of manganese fluoride produced by reaction with HF
traces in the original electrolyte), leading to an impedance decrease.
For the cells with 0.52% VC, one could imagine that the relatively
high VC concentration has led to a thicker cathode surface film, which
cannot be dissolved due to a change in temperature. Further, the on-
going cathode impedance growth during cycling could mean that not
all VC has been consumed during the initial cycles.

It should be noted that if the content of conductive carbon in the
LNMO electrodes is decreased from 5 wt% (used here) to 2 wt%, an
increase in LNMO cathode impedance during cycling can be observed
even for low VC concentrations. This effect can clearly be attributed
to a growing contact resistance at the current collector/electrode inter-
face, as we will show in a future study.’® However, when 5% carbon
black are added to the electrodes (see this study), the increase of the
contact resistance is significant.

Discussion

In the following, we will seek to examine why the very low VC
concentration of 0.09 wt% in our lab-scale graphite/LNMO cells leads
to a clearly improved capacity retention (see Figure 5). This could
be understood if these low concentrations of VC are sufficient to
form a protective SEI, and if during the first formation cycle, VC
reduction at the graphite anode can be completed prior to its oxidation
at the LNMO cathode. We will also show that high VC concentrations
result in significantly overcharge capacity in the first charging cycle,
consistent with the oxidation of the majority of remaining VC at the
LNMO cathode. Finally, based on the here observed effect of VC
concentration on graphite/LNMO lab-scale cell performance, we will
project the VC concentration levels in the electrolyte of commercial-
scale cells which would lead to an improved cycling performance of
graphite/LNMO cells compared to VC-free electrolyte.

Estimated coverage of VC derived SEI on graphite surface with
0.09 wt% VC additive.—In the following, we want to estimate how
many monolayers of poly(VC) can be deposited on the graphite sur-
face by the reduction of all VC contained in the electrolyte with
0.09 wt% VC, i.e., for the concentration which showed the best ca-
pacity retention in Figure 4. The purpose of this estimate is to eval-
uate whether the amount of VC-derived SEI (consisting largely of
poly(VC)) at this low VC concentration could yield monolayer thick
films, which would be required for surface passivation.

First, we approximate the surface area that can be occupied by one
repeat unit of poly(VC), corresponding to the reductive decomposition
of one VC molecule.* Analogous to Jung et al.,'® we assume that
one adsorbed decomposition product of VC consists of eight atoms
(total amount of atoms per poly(VC) repeat unit) and that every atom
occupies a square with an average length of a carbon-carbon single
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bond of 0.15 nm. Thus, the corresponding area that would be covered
by one poly(VC) unit equals to 8 x (0.15 nm?)?> = 0.18 nm?. Taking
into account the Avogadro constant (N4 = 6.022 - 10?3 atoms/mol)
and the total surface area of the graphite anodes used in this study
(0.033 m?Gpyphice> based on a BET surface area of ~5 m?/g, a loading
of ~7 mgGraPhne/cmze]emode, and a geometric surface area of 0.95 cm?),
we can now estimate how many moles of VC are required to form one
monolayer nyy. of poly(VC) on the graphite surface:

_0.033m?
" N, x 0.18 nm?

To obtain the effective number of monolayers of poly(VC) pro-
duced on the graphite anode during the first formation cycles, one
would need to estimate the fraction of the added moles of VC which
are reduced at the anode compared to the fraction which might be
oxidized at the cathode. Based on the impedance data in Figure 3b,
the LNMO impedance after formation increases only in the cases
where the VC concentration is >0.17 wt%, so that it is reasonable to
assume that for cells with 0.09 wt% VC, all VC in the electrolyte is
only reduced at the anode, since the oxidation of excess VC on the
cathode obviously leads to a highly resistive film (presumably also
poly(VC)'7) on the LNMO cathode. Hence, it should be a reasonable
estimate that the total amount of VC in the 0.09 wt% VC electrolyte
(nyc = 0.73 pmolyc in 60 L electrolyte) will be reduced at the anode
within the first formation cycle to form an SEI layer. In this case, the
total number of deposited poly(VC) monolayers Ny, in the anode SEI
can be estimated as:

= 0.307 pmol/ML (1]

nmL

nyc _ 0.73 },LmOIVC
nve 0.307 pmol /ML

The resulting value on the order of 2-3 monolayer equivalents
of poly(VC) could in principle be sufficient to build a passivating
VC-derived SEI on the graphite anode. The thickness of this layer,
dsgy, can be estimated by assuming that the average monolayer thick-
ness dy will roughly be the length of a carbon-carbon single bond
(0.15 nm):

dsgr = Ny, X dyr, = 2.4 ML x 0.15 nm/ML =~ 0.4 nm [3]

In view of the superior cycling performance with 0.09 wt% VC
compared to VC-free electrolyte or electrolyte with higher VC con-
centrations (see Figure 4) and considering the above estimates, we can
finally conclude that a VC concentration of 0.09 wt% is on the one
hand sufficiently small to be completely reduced within the first cycle,
thus avoiding any detrimental side reactions during subsequent oxi-
dation at the LNMO cathode, and on the other hand still large enough
to accomplish adequate passivation of the graphite anode with an av-
erage SEI thickness of ~0.4 nm. The overall SEI will be thicker than
~0.4 nm as also EC and the PF¢~ anion can be reduced after the initial
cycles, however a sufficient fraction of the SEI consists of poly(VC)
leading to enhanced stability.

Reduction and oxidation of VC considering the half-cell poten-
tials of graphite and LNMO.—The above analysis tacitly assumed
that the quantity of VC in the 0.09 wt% electrolyte can be reduced at
the graphite anode prior to the onset of VC oxidation at the LNMO
cathode during the first formation cycle. That this is indeed feasible
can be shown by examining the graphite and LNMO half-cell poten-
tials during the first charging of graphite/LNMO cells. To follow the
half-cell potentials during the first charge, a graphite/LNMO cell with
0 wt% VC and a lithium metal reference electrode was used. Figure 7
shows the potential of the graphite anode vs. Li/Li* and of the LNMO
cathode vs. Li/Li" during the first part of the formation (up to a
first charge capacity of 13 mAh/g; nvo, Which correspond to ~1 h of
charge at C/10). The dark blue line represents the graphite half-cell
potential, while the vertical dashed lines indicate the onset for the VC
reduction at ~1.8 V vs. Li/Li (blue line) and the reduction of EC at
~0.8 V vs. Li/Li" (red line) taken from References 4 and 5. After a
charge capacity of only ~0.5 mAh/g;nmo (~2 minutes at C/10), the
onset potential for the reduction of VC is reached, whereas after a
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Figure 7. Half-cell potentials of LNMO (black line) and graphite (blue line)
vs. Li/Li* during the first formation cycle at C/10 and 25°C in an VC-free
LP57 electrolyte. The vertical dashed lines mark the onset potentials for VC
reduction (blue), EC reduction (red), and VC oxidation (black).

total capacity of ~4.5 mAh/g; nmo (~18 minutes at C/10), the onset
potential for EC reduction is reached. At the same time, the half-cell
potential of the LNMO cathode (Figure 7, black line) shows a short
plateau around ~4.0 V vs. Li/Li* for ~6 mAh/g; nvo, corresponding
to the Mn**/Mn** redox couple. Upon further charging, the LNMO
potential gradually increases toward its main voltage plateau at ~4.7 V
vs. Li/Li*, which belongs to the Ni**/Ni** redox couple (due to the
zoomed-in view of the capacity axis, only the onset for the plateau
at 4.7 V vs. Li/Li* is visible).*’ An potential of ~4.3 V vs. Li/Li™,
which corresponds to the onset potential for VC oxidation (black ver-
tical line), is reached by the LNMO cathode after ~8.5 mAh/g;xvo
(i.e., ~34 minutes) in this first charge of the graphite/LNMO cell. This
means that there are ~8 mAh/g; xpo or ~30 minutes during the first
charge where the graphite potential is already low enough to reduce
VC, but where the LNMO potential is still too low to oxidize VC
(illustrated by the difference between the vertical blue and black lines
in Figure 6). The capacity of ~8 mAh/g;nmo can now be compared
to the theoretical capacities required for the reduction of different
amounts of VC in the electrolyte.

Based on a previous study,’ the first step in the formation of
poly(VC) is most likely the one-electron reduction of VC to the rad-
ical anions eCH = CH-O-COO~ or ¢CH = CH-O~ (upon release
of CO,), both of which can react with VC to poly(VC). Thus, the for-
mation of poly(VC) would require <0.5 electrons per VC molecule
(depending on the number of repeat units in the poly(VC) product).
This implies that the reduction of 0.73 pmol VC in the 0.09 wt%
VC electrolyte would require a reductive charge of <0.010 mAh or,
if referenced to the mass of LNMO in the cell (12.9 mg, based on a
loading of 13.6 mg; xmo/cm? and an electrode area of 0.95 cm?), a
charge of <0.76 mAh/g; nmo- Thus, for the 0.09 wt% VC electrolyte,
the total amount of VC in the electrolyte can easily be reduced at the
graphite anode before the LNMO cathode potential reaches the onset
potential for VC oxidation (which occurs at ~8 mAh/g; nvo after the
VC reduction onset, as discussed before). The same analysis would
suggest that even for our VC concentration of 0.52 wt%, the required
reductive charge of <4.5 mAh/g; nmo would still be available prior to
reaching an LNMO potential of ~4.3 V, which is required to oxidize
VC; on the other hand, for 2 wt% VC, the reductive charge which can
be passed before the LNMO cathode reaches ~4.3 V would likely not
suffice to reduce all of the VC in the electrolyte (which would require
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<17.3 mAh/g nvo)- While these estimates show that even 0.52 wt%
VC in our electrolyte could in principle be reduced at the graphite
anode before the LNMO cathode potential is high enough to oxidize
VC, the LNMO cathode impedance data after the first formation cy-
cle (see Figure 3b) clearly shows a substantial LNMO impedance
increase with VC concentrations >0.17 wt%, indicating that there
is residual VC left in cells with >0.17 wt% VC after the initial 8.5
mAh/g;nmo charge. These observations fit well to a study by Petibon
et al.,'"" who showed that in commercial-scale NMC/graphite pouch
cells with 1% wt.VC (corresponding to 0.09 wt% VC in our cells in
terms of VC to graphite surface ratio), more than 80% of the initial
VCis already consumed after ~50% of the first charge, whereas at the
same point, about 4.2 wt% VC is left if the cell originally contained 6
wt% VC (i.e., 0.52 wt% VC in our study). Our results suggest that for
the formation of a passivating anode SEI, VC concentrations between
0.09 wt% (no LNMO impedance increase compared to 0 wt% VC,
see Figure 3b) and 0.17 wt% (LNMO impedance increase, see Figure
3b) are sufficient. Assuming that the reduction of VC is substantially
slowed down once this passivation has been reached, any excess VC
would be oxidized at the LNMO cathode once it exceeds a potential
of ~4.3V, as seen in the LNMO impedance for cells with >0.17 wt%
VC.

Overcharge capacities from the anodic decomposition of VC.—
The impedance data in Figure 3b suggest that in the case of higher VC
concentrations (>0.17 wt%), a significant fraction of the VC present
in the electrolyte must be oxidized in the first cycle at the LNMO
cathode. In this case, the additional oxidative current used for the
oxidation of VC should increase the first cycle charge capacity.'®!”
Therefore, we want to analyze the first cycle overcharge capacities in
graphite/LNMO cells with different amounts of VC. The formation
protocol consists of two C/10 charge (CCCV)/discharge (CC) cycles
between 3.5 V — 4.8 V cell voltage with a current limit of C/20 for
the CV step. Figure 8a shows the first charge of cells with different
VC concentrations. For the cells with a concentration of 0 wt% VC
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Figure 8. a) First charge of graphite/LNMO cells with 0 wt% VC (black line),
0.09 wt% VC (red line), 0.17 wt% VC (orange line), 0.52 wt% VC (blue line),
and 2 wt% VC (green line). The charge is carried out in a constant current
constant charge mode (CCCV) with a current limit of C/20 for the CV step.
b) First charge capacities of the graphite/LNMO cell and LNMO cathode
interfacial impedance, Rcamode, after first charge/discharge (data from Figure
3b) vs. VC concentration.
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and 0.09 wt% VC, the first charge capacities are ~140 mAh/g; nmo
and ~141 mAh/g; nmo (black line and red line in Figure 8a). These
values correspond to the theoretical capacity of the LNMO electrode,
consistent with our above assumption that no VC oxidation occurs in
cells with 0.09 wt% VC. When the concentration of VC is increased
to 0.17 wt% VC, the capacity increases to ~144 mAh/gxvo (yellow
line in Figure 8a), indicating that the now occurring electrochemical
oxidation of VC causes an additional charge capacity. This is fur-
ther supported when the concentrations of 0.52 wt% and 2 wt% are
taken into account, for which the first charge capacity increases to
~151 mAh/g nmo and to ~183 mAh/g nmo, respectively (see blue
line and green line in Figure 8a).

In the following, we want to correlate the overcharge capaci-
ties arising from VC oxidation (i.e., the first charge capacity minus
140 mAh/g; nmo, Which is the first charge capacity of a cell with VC-
free electrolyte) to the impedance of the LNMO electrode. In Figure
8b, the first charge capacities (blue symbols, right y-axis) are plot-
ted vs. VC concentration. It is apparent that for VC concentrations
>0.17 wt%, the charge capacity increases proportionally with the VC
concentration (i.e., doubling the VC concentration leads to a doubling
of the overcharge capacity), which is a clear evidence that excess VC
is being oxidized quantitatively during the first charge. The lower than
predicted overcharge for the cells with 0.09 wt% VC is in agreement
with our assumption that in cells with 0.09 wt% VC, nearly all VC
is consumed at the anode before its oxidation can occur. This overall
trend fits very well with the LNMO impedance data obtained after the
first cycle (see Figure 3b), which are re-plotted in Figure 8b (black
symbols, left y-axis), demonstrating that the overcharge capacity and
the impedance of the LNMO cathode are correlated. As mentioned
before, the impedance increase at the positive electrode can be ex-
plained by the formation of poly(VC), which can also be formed
during oxidation (see reactions 2a and 2b in Scheme 1). In contrast to
the first charge capacity, the cathode impedance grows less severely
at high VC concentrations. An explanation for this behavior could be
the structural or morphological changes in the poly(VC) layer once
a certain thickness has been reached, which might affect the cathode
impedance.

The slope of the overcharge capacity vs. VC concentration (see
blue line in Figure 8a) corresponds to ~2.4 electrons per VC molecule.
However, so far only a <1 electron per oxidized VC molecule has been
proposed (see reactions 2a and 2b in Scheme 1).!” We thus propose
that the larger number of electrons per VC could arise from a further
oxidation of the initially produced radical cation (see reaction 2a in
Scheme 2), following its stabilization through the release of a proton
(see reaction 2c¢, Scheme 2). The analogous formation of protons
during the oxidation of EC/EMC electrolyte has been proposed by
Metzger et al.,”! based on the observation that H, is evolved on the
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Scheme 2. Extension of the VC oxidation mechanism from Scheme 1 includ-
ing proton abstraction and a second oxidation step.
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anode during electrolyte oxidation, presumably due to the reduction
of released protons. After the release of a proton, the intermediate
could then be oxidized again, resulting in a mesomerically stabilized
cation. Further, this end product of path 2c¢ could again abstract a
proton, which would lead to the formation of dicarbon monoxide, a
very reactive gas. The so far unexplained 0.4 electrons per molecule
VC could be explained by a crosstalk mechanism: oxidation products
can diffuse to the anode, where they will be reduced and can then again
be oxidized at the cathode, leading to an apparently higher number
of electrons per VC. Besides, it is possible that also poly(VC) can be
oxidized at high potentials, most likely leading to proton abstraction
and additional crosslinking.

Dependence of the graphite anode impedance on the positive
electrode (LNMO vs. LFP).—As a next step, we want to understand
how the positive electrode affects the impedance of the graphite an-
ode. Therefore, the data of this study is compared with our previous
study,'® where we have investigated the effect of different VC con-
centrations (0.17 wt% VC and 0.52 wt% VC) on the impedance in
graphite/LFP cells. As the upper cutoff potential of the LFP cathode
is ~4.1 V vs. Li/Li* (compared to ~4.9 V vs. Li/Li* for LNMO), the
oxidative decomposition of VC does not occur in graphite/LFP cells,
which is in accordance with the LFP cathode impedance being inde-
pendent from VC concentration (see Figure 8 in Reference 13). To
compare the anode impedance data of the graphite/LFP cells from our
previous study'? and the graphite/LNMO cells from the present work,
we recalculate the VC concentrations used for both cell chemistries
in units of mgvclszraphi(e.

Figure 9 shows graphite anode impedances (Ranode) after the first
formation cycle in graphite/LNMO cells (black symbols; data from
Figure 3a) and those in graphite/LFP cells (red symbols) vs. the VC
concentration in mgvc/mz(;mphile. As one would expect, the graphite
anode impedances for cells with 0 wt% VC are very similar, with a
value of ~7 Qcm? for the graphite/LNMO cells and ~5 Qcm? for the
graphite/LFP cells. When VC is added to the graphite/LFP cells, the
graphite anode impedances increases linearly with VC concentration
(to ~16 and ~47 Qcm? for 0.17 and 0.52 wt% VC, respectively), as
described previously.'? Interestingly, the increase of anode impedance
between 0 wt% and 0.09 wt% VC in graphite/LNMO cells matches
precisely to the linear slope of the graphite/LFP cells. However, at
VC concentrations >0.17 wt%, a deviation from the linear trend is
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Figure 9. Interfacial resistance of graphite anodes after formation at 25°C in
graphite/LNMO cells (this study) compared to graphite anodes in graphite/LFP
cells from our earlier study.'> The VC concentration is recalculated in units
of mgVC/mZGmphite to assess for the slightly different areal loadings (namely
~2.6 mAh/cm2geo in the graphite/LNMO cells and ~2.2 mAh/cmzgeo in the
graphite/LFP cells, based on 340 mAh/ggraphite). The error bars represent the
standard deviation between two measurements. All corresponding impedance
spectra were recorded at 10°C from 100 kHz to 100 mHz.
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observed for graphite/LNMO cells (to ~10 and ~14 Qcm? for 0.17
and 0.52 wt% VC, respectively), i.e., the graphite anode impedance at
high VC concentrations is much lower for graphite/LNMO compared
to graphite/LFP cells. This effect can be explained by considering the
competing reactions at the respective cathode: In graphite/LFP cells,
no VCis consumed by the cathode, and the only reaction to occur is the
reductive polymerization of VC on the anode, whereas the oxidation
of VC on the cathode competes with its reduction in graphite/LNMO
cells. Hence, less VC is available for reduction, leading to a lower
anode impedance at similar mgVC/szraphile amounts. At this point,
we would like to mention that the formation of the graphite/LFP cells
was carried out at 40°C, while the graphite/LNMO cells were formed
at 25°C, which might also affect the resulting anode impedance (mea-
sured at 10°C in both cases); however, as the anode impedance for
0 wt% VC is identical for both cell chemistries, and the
graphite/LNMO anode impedance with 0.09 wt% VC fits well to the
linear relationship between VC concentration and anode impedance
in graphite/LFP cells, we believe that the oxidation of VC at the
cathode is the major cause for the observed differences between
graphite/LNMO and graphite/LFP cells.

Projected performance of graphite/LNMO commercial-scale
cells.—The present study clearly proves that VC can enhance the
cycling stability of graphite/LNMO cells, in contrast to previous
reports. Yet, it also demonstrates that the concentration of VC in
graphite/LNMO cells has to be carefully tuned, as the oxidation of
only low amounts of VC can already lead to a deterioration of the
capacity retention. The optimal VC concentration, corresponding to
the amount of VC that can be reduced before the cathode reaches a
potential >4.2 V vs. Li/Li*, depends on the ratio of electrolyte to
graphite surface area as well as the formation procedure (i.e., the time
at potentials where VC reduction, but no oxidation can occur). In
our case, the best performance in lab-scale cells is achieved with a
concentration of 0.09 wt% VC, which corresponds to ~1 wt% VC in
commercial-scale cells as used by Dahn’s group (for details on this
conversion please refer to Ref. 13). While Burns et al.” have shown
that already 1 wt% VC leads to a significantly better capacity reten-
tion in commercial-scale graphite/LCO and graphite/NMC cells, the
cycle life of commercial-scale graphite/NMC cells depends strongly
on the amount of VC available.'® Hence, 1 wt% VC by its own might
not be sufficient to achieve an outstanding cycling performance with
graphite/LNMO cells. Therefore, a combination of 1 wt% VC with
other additives, which are either oxidatively stable or whose oxidation
products are not detrimental to cell performance, and which can act as
“repair additives” for the VC-derived SEI, would be a feasible com-
bination for commercial-scale graphite/LNMO cells. To assure that
diffusion of VC in a lab-scale cell is not the limiting factor when these
type of cells are compared to commercial-scale cells we estimate the
diffusion times for these two cell types: The diffusion time can be
estimated as follows:

. (x- 1)’
D

where ¢ is the characteristic diffusion time, x is the length of the
diffusion path, T is the tortuosity of the separator, and D is the diffusion
coefficient. A typical value for the liquid diffusion is in the order of
107% ¢cm?/s (J. Landesfeind et al.**). In our lab test cells, two glass
fiber separators have been used (x ~ 2-200 wm, t ~1), yielding a
diffusion time on the order of:

L (400 pm)>

1070 em2

[4]

=1600s [51

In a commercial cell the distance between anode and cathode is
~25 wm with an average tortuosity of T ~ 4 (see, e.g., J. Landesfeind
et al.*!), yielding an approximate diffusion time constant of:

_ (25um-4)
1T e

s

=100+ [6]
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As the oxidation of VC would only become possible after ~34
minutes of charge, the rate of VC diffusion to the anode electrode is
not limiting. During that initial time period, we believe that VC will
be reduced preferentially at the anode, since its reduction potential is
substantially higher than that of the EC and EMC solvents in LP57
(1.7 V vs. Li/Li* for VC compared to 220.9 V for LP57).>

Conclusions

In this study, we use a combined on-line electrochemical mass
spectrometry (OEMS) and impedance analysis with a micro-reference
electrode (GWRE), in order to i) understand the oxidative (in-)stability
of the additive vinylene carbonate (VC), and, ii) to investigate the im-
pact of the additive in graphite/LiNiysMn; 50O, cells on the interfacial
resistance of both anode and cathode. We have shown that the oxi-
dation of VC occurs at an onset potential of ~4.3 V vs. Li/Li* (by
OEMS), which leads to a significant impedance buildup on the LNMO
cathode in graphite/LNMO cells. This was shown by monitoring the
graphite anode and the LNMO cathode impedance after formation
and during extended charge discharge cycling using a micro-reference
electrode.

Based on these data, we could conclude that VC oxidation on the
cathode is competing with VC reduction on the anode. During the
initial charge of graphite/LNMO cells, a charge of ~8 mAh/g;nvo
can be passed before the LNMO cathode potential reaches 4.3 V vs.
Li/Li* while the anode potential is already low enough to reduce
VC to form an anode SEI. As a consequence, if the total amount
of VC in the electrolyte is high enough to form a passivating anode
SEI during this initial part of the first charge, but low enough so that
all VC is being consumed during the initial anode SEI formation,
the capacity retention of cells with a VC-containing electrolyte is
superior compared to VC-free electrolyte. In our lab-scale cells, this
corresponds to the lowest tested VC concentration of 0.09 wt%. Based
on our previously discussed metrics for comparing additives in lab-
scale vs. commercial-scale cells, this would translate into a ~1 wt%
VC concentration for commercial-scale cells.

Acknowledgment

Financial support by the BASF SE through its Network on Electro-
chemistry and Batteries is gratefully acknowledged. M. W. acknowl-
edges funding by The German Federal Ministry for Economic Affairs
and Energy (funding number 03ET6045D).

References

1. E.Peled, J. Electrochem. Soc., 126, 2047 (1979).
2. R. Imhof and P. Novak, J. Electrochem. Soc., 145, 3313 (1998).
. M. Nie, D. Chalasani, D. P. Abraham, Y. Chen, A. Bose, and B. L. Lucht, J. Phys.
Chem. C, 117, 1257 (2013).
4. H. Ota, Y. Sakata, A. Inoue, and S. Yamaguchi, J. Electrochem. Soc., 151, A1659
(2004).

W

20.

21.

22.

23.

24.

25.

217.

28.

29.

31.

A2635

. B. Zhang, M. Metzger, S. Solchenbach, M. Payne, S. Meini, H. A. Gasteiger,
A. Garsuch, and B. L. Lucht, J. Phys. Chem. C, 119, 11337 (2015).

. M. Nie, J. Demeaux, B. T. Young, D. R. Heskett, Y. Chen, A. Bose, J. C. Woicik, and
B. L. Lucht, J. Electrochem. Soc., 162, 7008 (2015).

. J.C. Burns, N. N. Sinha, D. J. Coyle, G. Jain, C. M. VanElzen, W. M. Lamanna,
A. Xiao, E. Scott, J. P. Gardner, and J. R. Dahn, J. Electrochem. Soc., 159, A85
(2012).

. A. Wiirsig, H. Buga, M. Holzapfel, E. Krumeich, and P. NovaFk, Electrochem.
Solid-State Lett., 8, A34 (2005).

. L. El Ouatani, R. Dedryvere, C. Siret, P. Biensan, S. Reynaud, P. Iratcabal, and
D. Gonbeau, J. Electrochem. Soc., 156, A103 (2009).

. J. C. Burns, R. Petibon, K.J. Nelson, N. N. Sinha, A. Kassam, B. M. Way, and
J. R. Dahn, J. Electrochem. Soc., 160, A1668 (2013).

. R. Petibon, J. Xia, J. C. Burns, and J. R. Dahn, J. Electrochem. Soc., 161, A1618
(2014).

. R. Petibon, J. Xia, L. Ma, M. K. G. Bauer, K. J. Nelson, and J. R. Dahn, J. Elec-
trochem. Soc., 163, A2571 (2016).

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

. J. Hoffmann, M. Payne, and J. Li, ECS Meet. 224, Abstr, #1106 (2013).

. H. Lee, S. Choi, H. Kim, Y. Choi, S. Yoon, and J.-J. Cho, Electrochem. commun., 9,
801 (2007).

. Y.-M. Song, J.-G. Han, S. Park, K. Lee, and N.-S. Choi, J. Mater. Chem. A, 2, 9506
(2014).

. Y. Dong, J. Demeaux, and B. L. Lucht, J. Electrochem. Soc., 163, A2413 (2016).

. R. Jung, M. Metzger, D. Haering, S. Solchenbach, C. Marino, N. Tsiouvaras,
C. Stinner, and H. A. Gasteiger, J. Electrochem. Soc., 163, A1705 (2016).

. E. Markevich, G. Salitra, K. Fridman, R. Sharabi, G. Gershinsky, A. Garsuch,

G. Semrau, M. Schmidt, and D. Aurbach, Langmuir, 30, 7414 (2014).

N. Tsiouvaras, S. Meini, I. Buchberger, and H. A. Gasteiger, J. Electrochem. Soc.,

160, A471 (2013).

M. Metzger, B. Strehle, S. Solchenbach, and H. A. Gasteiger, J. Electrochem. Soc.,

163, A798 (2016).

M. Metzger, C. Marino, J. Sicklinger, D. Haering, and H. A. Gasteiger, J. Elec-

trochem. Soc., 162, A1123 (2015).

M. Klett, J. A. Gilbert, S. E. Trask, B. J. Polzin, A. N. Jansen, D. W. Dees, and

D. P. Abraham, J. Electrochem. Soc., 163, A875 (2016).

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

Soc., 164, A1361 (2017).

J. A. Seel and J. R. Dahn, J. Electrochem. Soc., 147, 892 (2000).

. W. Mirkle, N. Tran, D. Goers, M. E. Spahr, and P. Novik, Carbon., 47,2727 (2009).

M. Metzger, J. Sicklinger, D. Haering, C. Kavakli, C. Stinner, C. Marino, and

H. A. Gasteiger, J. Electrochem. Soc., 162, A1227 (2015).

M. Itagaki, N. Kobari, S. Yotsuda, K. Watanabe, S. Kinoshita, and M. Ue, J. Power

Sources, 148, 78 (2005).

X. Zhang, J. K. Pugh, and P. N. Ross, J. Electrochem. Soc., 148, E183 (2001).

. O. Borodin, W. Behl, and T. R. Jow, J. Phys. Chem. C, 117, 8661 (2013).

J. Self, C. P. Aiken, R. Petibon, and J. R. Dahn, J. Electrochem. Soc., 162, A796

(2015).

32. C.P. Aiken, J. Self, R. Petibon, X. Xia, J. M. Paulsen, and J. R. Dahn, J. Electrochem.

33.
34.

35.

36.

39.

40.
41.

Soc., 162, A760 (2015).

L. E. Downie, S. Hyatt, and J. R. Dahn, J. Electrochem. Soc., 163, A35 (2016).

L. Xing, W. Li, C. Wang, F. Gu, M. Xu, C. Tan, and J. Yi, J. Phys. Chem. B, 113,
16596 (2009).

T. Li, L. Xing, W. Li, Y. Wang, M. Xu, F. Gu, and S. Hu, J. Power Sources, 244, 668
(2013).

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

. D.H. Jang and S. M. Oh, J. Electrochem. Soc., 144, 3342 (1997).

. D. Pritzl, A. Bumberger, M. Wetjen, S. Solchenbach, J. Landesfeind, and
H. A. Gasteiger, Manuscr. prep..

A. L. Michan, B. S. Parimalam, M. Leskes, R. N. Kerber, T. Yoon, C. P. Grey, and
B. L. Lucht, Chem. Mater., 28, 8149 (2016).

B. Li, L. Xing, M. Xu, H. Lin, and W. Li, Electrochem. commun., 34, 48 (2013).

A. Ehrl, J. Landesfeind, W. A. Wall, and H. A. Gasteiger, J. Electrochem. Soc., 164,
A826 (2017).

Downloaded on 2017-08-31 to IP 62.216.207.183 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).



Results

3.1.3 Development of a novel impedance procedure for lithium-

ion batteries — Application for an LNMO cathode

This section presents the article “An Analysis Protocol for Three-Electrode Li-Ion
Battery Impedance Spectra: Part 1. Analysis of a High-Voltage Positive Electrode”.19°
The paper was submitted to the peer-reviewed Journal of the Electrochemical
Society in March 2017 and published in June 2017. The article is published open
access and distributed under the terms of the Creative Commons Attribution Non-
Commercial No Derivatives 4.0 License. The authors ].L. and D.P. contributed
equally to this work. The permanent web link is available wunder:

http://jes.ecsdl.org/content/164/7/A1773. The article was presented by Daniel

Pritzl at the New Orleans, Louisiana, Meeting of the Electrochemical Society (USA)
in May 2017 (Paper 534).

With the p-reference electrode®® introduced in chapter 3.1.1, anode and cathode
impedance can be deconvoluted. When micro-reference electrodes have been used
in the literature, only the order or shape of a half-cell impedance spectrum had been
described. A quantitative analysis of the cathode impedance is missing in the
literature. In this work the LNMO impedance was examined in detail meaning a
deconvolution of the cathode impedance Zcathode into its contribution from the
charge transfer (Zcr), the contact between current collector and coating (Zcontact) as
reported by Gaberscek et al.?0 and the pore resistance (Zpore) representing the ionic
conduction resistance in the electrolyte phase within the electrode pores. In order
to do so, we apply the concept of blocking electrodes which is used to determine the
tortuosity of porous electrodes.8%110.111 Here, the impedance of the pore (Zpore) can
be determined unambiguously as the charge transfer (Zcr) is shifted towards very
low frequencies. This technique requires the suppression of the charge transfer,
which is achieved either by using an electrolyte without lithium ions!11 or by using

a fully lithiated cathode.8?

If we want to apply this concept in a full-cell (graphite/LNMO) with a gold wire
reference electrode (GWRE), blocking conditions for the cathode have to be
achieved in-situ. We show that blocking conditions (i.e. a very high or infinitively
high charge transfer resistance) can be achieved by delithiating the LNMO cathode
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completely (100% cell SOC). Fortunately, an LNMO electrode can be completely
delithiated (without gassing and structural collapse) when a full-cell is charged.
Hence, an impedance measurement at 4.9 V vs. Li*/Li gives the required blocking
impedance response. We then record an impedance also at 10% SOC, where the
typical cathode impedance response is observed. By simultaneously fitting the
spectra under blocking conditions (100% SOC) and under non-blocking conditions
(10% SOC) with a transmission line equivalent circuit (TLM) we can rather
precisely deconvolute the cathode impedance into its contributions from charge

transfer (Zcr), pore resistance (Zrore) and contact resistance (Zcontact).

With this novel approach we made two new findings: (i) the charge transfer
impedance of an LNMO cathode stays constant over cycling, in contrast to most
literature reports which claimed that the charge transfer resistance for the LNMO
cathode would increase over cycling, especially at elevated temperatures;”8 and (ii),
the high-frequency semi-circle is increasing over cycling and through an analysis of
the capacitance we can show that this impedance contribution belongs to the
interface current collector/electrode coating rather than to the charge transfer
impedance. The origin for the contact resistance increase is shown in detail in

chapter 3.1.5.

Author contributions

D.P, J.L. and H.A.G. developed the novel measurement procedure. All
electrochemical measurements were performed by D.P. The equivalent circuit and
the data was analyzed by ].L. The manuscript was written by J.L., D.P. and H.A.G. All

authors discussed the data and commented on the results.
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A key for the interpretation of porous lithium ion battery electrode impedance spectra is a meaningful and physically motivated
equivalent-circuit model. In this work we present a novel approach, utilizing a general transmission line equivalent-circuit model
to exemplarily analyze the impedance of a porous high-voltage LiNip sMn; 504 (LNMO) cathode. It is based on a LNMO/graphite
full-cell setup equipped with a gold wire micro-reference electrode (GWRE) to obtain impedance spectra in both, non-blocking
conditions at a potential of 4.4 V cell voltage and in blocking configuration achieved at 4.9 V cell voltage. A simultaneous fitting
of both spectra enables the deconvolution of physical effects to quantify over the course of 85 cycles at 40°C: a) the true charge
transfer resistance (RcT), b) the pore resistance (Rpore ), and ¢) the contact resistance (Rcont,). We demonstrate that the charge transfer
resistance would be overestimated significantly, if the spectra are fitted with a conventionally used simplified R/Q equivalent-circuit
compared to our full transmission line analysis.
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Advanced analysis techniques for lithium ion batteries are a key
requirement to deconvolute the complex interplay between the ag-
ing mechanisms occurring at the anode and the cathode. In princi-
ple, this can be accomplished by electrochemical impedance spec-
troscopy (EIS), if the individual contributions of anode and cath-
ode to the overall cell impedance can be determined, and if this
EIS response can be fitted unambiguously to physically motivated
equivalent-circuit models. In general, the measured cell and/or elec-
trode impedances are usually fitted with a serial connection of an
ohmic resistor (R), with a parallel circuit of a resistor and a capacitor
(C), commonly referred to as R/C element and often also modified to
an R/Q element (Q representing a constant-phase element), as well as
with a Warburg element (W).!> Recently, more elaborate equivalent-
circuits using a transmission line model are getting more and more
attention.®®

In order to independently obtain the impedance of anode and cath-
ode, there are two possible options: 1) the assembly of symmetric cells
as shown by Chen et al.” or Petibon et al.,'” where coin cells out of
two anodes (impedance of the negative electrode) or two cathodes
(impedance of the positive electrode) are assembled in a glove box
or dry-room from two (aged) full-cells at a specified state-of-charge
(SOC); i) the use of three-electrode setups consisting of a working
electrode (WE), a counter electrode (CE) and a reference electrode
(RE), which allows to individually determine the impedance of the
anode and the cathode of a lithium ion battery full-cell. The latter is
a more convenient approach, as individual impedance spectra can be
recorded continuously during battery cycling, so that anode and cath-
ode impedance can be monitored during cycle-life studies on a full-
cell instead of obtaining only one set of anode and cathode impedance
spectra after disassembly of a full-cell via the symmetric cell approach.
A main criterion for a micro-reference electrode suitable for high-
quality EIS measurements is a centered position of the reference elec-
trode between working and counter electrode.!'~!* Several approaches
are presented in the literature, as for example, a copper wire, where
lithium is in-situ plated from anode or cathode, 14 a reference electrode
consisting of a lithium-tin alloy,'® or consisting of a lithium-bismuth
alloy.'® Our group has recently developed a micro-reference electrode

=These authors contributed equally to this work.

*Electrochemical Society Student Member.
**¥Electrochemical Society Fellow.

“E-mail: daniel.pritzl @tum.de

consisting of a polyimide-shrouded gold wire with a core diameter
of 50 pm and an additional 7 pm polyimide insulation layer which
enables the deconvolution of full-cell impedances into anode and cath-
ode contributions after lithiation of the gold wire.!” The latter was used
in this study and will be referred to as gold wire reference electrode
(GWRE).

Besides the deconvolution of individual electrode impedances,
EIS measurements with the GWRE at different states-of-charge of
the electrodes allow to get insight into different physical effects. If
conducting EIS analysis at a so-called blocking condition for a spe-
cific electrode, where no charge transfer reactions (i.e., no faradaic
reactions) can take place, the only impedance contribution from
the solid-electrolyte interphase is via capacitive coupling. Block-
ing conditions of electrodes have been used in the literature be-
fore to address individual physical processes like the pore resistance
and thus the effective ionic conductivity across the thickness of an
electrode. '8

In this work, by using a GWRE and by recording impedance spec-
tra at both blocking and non-blocking conditions, we will demon-
strate the ability to deconvolute and quantify the impedance contri-
butions developing during the aging of a high-voltage spinel cathode
(LiNipsMn; sO4 or LNMO) in an LNMO/graphite full-cell cycled
at 40°C. For this, we measure half-cell impedance spectra with our
GWRE and fit the impedance spectra with a general transmission line
model for two distinct points during cycling: i) at 4.4 V cell voltage,
corresponding to ~7-12% SOC, where the charge transfer resistance
has a typical and reasonably low value; ii) at 4.9 V, where the LNMO
is fully delithiated (= 100% SOC) and where, as we will demonstrate,
the LNMO cathode exhibits nearly perfect blocking behavior. The
novelty of our approach lies in the fact that by recording both sets of
impedance spectra, individual impedance contributions by the LNMO
cathode (contact resistance, charge transfer resistance, and pore resis-
tance) can be deconvoluted mathematically and allow for a rather
rigorous quantitative analysis during the course of cycle-life experi-
ments. While this is illustrated for the cycling of an LNMO/graphite
cell, the general approach shown here is applicable to many other cell
chemistries, and the presented analysis of the cathode impedance con-
tributions is also being extended to the anode in our current work. In
the following, we will first review the necessary theoretical impedance
background, then provide the experimental data, and finally discuss
the analysis of the cathode impedance contributions and their variation
during cycling.
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Figure 1. Cathode equivalent circuit model with four parts (from left to right):
I. the high frequency resistances from the ionic resistance of the separator
and the electronic resistance of the cell setup, II. the contact resistance at the
interface between the cathode electrode and its current collector, I1I. the general
transmission line model describing the porous coating, and IV. a Warburg
diffusion element.

Theory

The impedance contributions from a porous cathode electrode can
be described by a combination of four physical mechanism which are
labelled with Roman numerals in the equivalent-circuit depicted in
Figure 1 as well as in the simulated Nyquist impedance plot (Figure 2
with parameters given in Table I), using the following assignments: I)
the high-frequency resistance (Zyrr ), which represents the sum of the
ionic resistance of the separator and the electronic resistance of ex-
ternal, electronic cell contacts; II) the contact resistance between the
porous electrode and the current collector (Zcoy.); 11I) the impedance
contribution from ion and electron conduction across the thickness of
the porous cathode electrode (Zp,.), described by the general trans-
mission line model; and, IV) a Warburg diffusion element (Zy), rep-
resenting the impedance at very low frequencies. Thus, the overall

3 T T T

= Blocking Conditions
== Non-blocking Conditions

b L IL. IIL.

0 >la— >
Rypr  Rcont. %RPore

f (RPore7 RCT)

0 1 2 3 4 5
Re(2) Q]

Figure 2. Simulated impedance response of a porous cathode electrode either
under blocking conditions (red line) or under non-blocking conditions (blue
line), using the parameters listed in Table I for a simulated frequency range
from 10 Mhz-0.1 Hz. Each frequency decade is highlighted by a yellow cross.
The arrows mark the values of the simulation parameters for the high-frequency
resistance (Rygrr), the electronic contact resistance (Rcon, ), and of one third
of the pore resistance (Rpore), Which are obtained by extrapolating the high-
and low-frequency segments of the transmission line response under blocking
conditions (dashed black lines). The dashed lines are the modelled impedance
responses of only the equivalent-circuit elements in the corresponding region
(compare Figure 1), a) the R/Q element due to the contact resistance (region I1.),
b) the blocking condition transmission line model extending to low frequencies
(region III), and, c¢) the transmission line model in non-blocking condition
(region III), and, d) the constant phase behavior of the transmission line model
in blocking condition at low frequencies (region III.). The frequency range
corresponding to the measurement, from 100 kHz to 0.1 Hz is labelled for the
reader’s convenience.

Journal of The Electrochemical Society, 164 (7) A1773-A1783 (2017)

cathode impedances is:

Z cathode = Zurr + ZConL + Zpore + Zw []]

In our following measurements with a GWRE (64 pm total di-
ameter) placed in between two glass fiber separators (each with a
compressed thickness of 2200 pwm) located between anode and cath-
ode, the impedance at the highest frequencies is composed of the ionic
electrolyte resistance in the separator between the cathode/separator
interface and the GWRE (Rs.p.) as well as of the contact resistances
from the cell setup (Rsewp), adding up to the overall high-frequency
resistance, Rypgr (compare region I. in Figures 1 and 2):

Zyrr = Rsep. + Rserwp = Rurr [2]

In terms of an equivalent circuit, the overall cathode impedance
can thus be described with the equivalent circuit model depicted in
Figure 1. The first element starting from the left is Rypg, Which is
connected in series to the impedance due to contact resistance be-
tween the current collector and the positive electrode, described by
the Rcont/Qcont. €lement (compare region II. in Figures 1 and 2). The
contact resistance circuit element between the cathode current collec-
tor and the cathode electrode is a parallel circuit between the inter-
facial resistance (Rcon.) and the generally very small interfacial ca-
pacitance (expressed as constant phase element Qcoy. ), Which, based
on the definition of the impedance of a constant-phase element (Z =
[Q- ((w)*]™"), equates to:

RCom.

ZC()nl. RCom_ K QCom_ K (1 w)aConl. + 1 [3]
with the angular frequency w = 2mf. In this work constant phase
elements rather than capacitors are used to account for the non-ideal
capacitive behavior commonly observed for the double layer capac-
itance of porous electrodes.”’ The contact resistance is followed by
a transmission line equivalent circuit, composed of incremental el-
ements of the charge transfer resistance (rcr), the interfacial double
layer capacitance of the cathode (gcr), the purely electronic resistance
in the electrode (rg;.), and the purely ionic resistance in the electrode
(r1on) in the mid frequency range (compare region III. in Figures 1
and 2). Thus, the overall charge transfer resistance, the overall elec-
tronic and ionic resistances as well as the overall capacitance of the
electrode are described by Rer™! = Z(rer ™), Qcr = Z(gcr), Re,
= X(rg1), and Rpoe = X(rpore)- Please note, that the constant phase
elements in region II. and region III., namely Qcqy. and gcr., both
describe the electrochemical double layer capacitance, Qcon. at the
current collector interface and gcr at the active material and carbon
surface respectively.

In this mid-frequency range, the cathode electrode pores dominate
the impedance response. In this work, the impedance of the pores is
described with a general transmission line model, given by:?!

1+2-p-s[\/1—tanh(\>)2— 1]

tanh (v)

ZPore = ZH +ZzF [4]

with
_ Zp-Zs
T Zp+ Zs

"= \(Zv + Zs) - Zq (6]

T Ze+ Zs
Zs

§ = —
Zp + Zs

V4
V= LZS [9]
V' Zq

Here, Zs, Zp, and Z represent the impedances of the electron con-
ducting solid phase of the electrode, of the ionically conducting

Z [5]

P [71

(8]

Downloaded on 2017-06-17 to IP 93.209.121.159 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).



Journal of The Electrochemical Society, 164 (7) A1773-A1783 (2017)

pore phase of the electrode, and of the solid/electrolyte interface
surfaces within the electrode, respectively. In this work, these ele-
ments are described by the electrical resistance throughout the elec-
trode (Zs = Rg.), by the ionic resistance throughout the electrode
(Zp = Rpore), and by an R/Q element describing the coupling for the
capacitive elements (Qcr) and of the charge transfer resistance (Rct)
at the solid/electrolyte interface surface of the active material in the
electrode:

. Rer
Rer - Qer - ()T +1
For the commonly considered special case, where the electronic re-
sistance of the electrode is negligible compared to the ionic resistance
in the electrode pores (i.e., Rgj <K Rpore), the transmission line model
for the pore impedance (Eqgs. 4-9) in blocking conditions (Rcr — 00)
simplifies to Ref. 19:

R ore
Zpore = V Rpore - ZQ - coth < ZP)
V Q
RPore . o
= o (o <ot (VRrwe - Ccr-GoX ) (1]
CT *

Finally, the last element represents a Warburg impedance, which gen-
erally becomes relevant at very low frequencies (compare region IV.
in Figures 1 and 2) and which is connected serially to the transmission
line model to account for the salt concentration gradients evolving at
low frequencies inside the separator. Please note that this placement
of a Warburg diffusion element is not in contradiction with the litera-
ture, where a diffusion element is generally connected in series to the
charge transfer resistances in order to describe a slow solid-state dif-
fusion process inside the active material particles.”>** In the literature,
the solid-state diffusion is generally assumed to be the slowest step
(i.e., the one with the longest characteristic time constant), however,
as estimated in the Appendix, liquid diffusion through the separator
can have a substantially larger impedance, depending on the experi-
mental setup, e.g., the active area or the diffusion coefficient. Thus,
with our placement of a Warburg diffusion element in series to the
transmission line model we aim at describing the liquid concentration
gradients inside the separator.

Only at the very lowest frequencies, a Warburg (W) behavior may
be observed, which can be modelled with Ref. 20:

w W

NERRNT
with the Warburg coefficient W as defined in the Appendix. Generally,
the boundary conditions for ionic diffusion in the separator domain
will yield a finite, transmissive diffusion behavior for very low fre-
quencies (compare, e.g., Ref. 20, page 102 and following). In this
work, no signs of a finite length diffusion were observed in the in-
vestigated frequency range (100 kHz to 0.1 Hz), i.e., the decline of
the negative imaginary impedance toward the real axis at lowest fre-
quencies in a Nyquist plot, which enables modelling of the separator
diffusion with a semi-infinite Warburg diffusion element.

An exemplary evaluation of Equations 1-10 is shown in form
of a simulated Nyquist plot in Figure 2 (10 MHz to 0.1 Hz), us-
ing the specific parameters for an LNMO cathode listed in Table I,
whereby two cases are considered: a) blocking conditions (red line),
where Rcr becomes very large (ideally going to infinity), here using a
value of Rerplocking Of 1 k€2; and, b) conditions where a typical value
for the charge transfer resistance is observed (blue line), which ap-
plies throughout most of the SOC region and which here is given as
RcTnon-blocking Of 1 €2. In the first case (red line), the semi-circle for the
contact resistance (region II. in Figure 1) can be clearly seen at high
frequencies as well as a roughly 45° line produced by the transmission
line segment of the circuit shown in Figure 1 (region III.). From this,
the value corresponding to one third of the pore resistance (Rpy) can
be determined as the difference between the Re(Z)-axis intercept of
the two black dashed lines, which are the extensions of the high- and

Zq (101

Zw (12]
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Table I. Parameters used in Equations 1-10 for the simulation
of the two impedance responses shown in Figure 2, either under
blocking conditions where the charge transfer resistance is very
large (RcT-blocking) Or under normal conditions, where a typical
value for the charge transfer resistance is used (RCT-non-blocking}
evaluated at 4.4 Vyc). Note that the here chosen values are very
similar to the ones which will be found in our later cathode
impedance analysis during cycling of an LNMO/graphite cell.

Parameter Value

Rurr. 0.8 Q

RCom, 1.0Q

Ocont. 5 uF- s@cont.—1)
dCont. 0.9

RPorc 45Q

Rg1. 1 mQ
RCT—non—blocking 1.0 @
RcT—blocking 1 kQ

Ocr 1 mF . stcr—D
acr 0.9

w 1Q/Js

low-frequency segments of the transmission line part (region III.) of
the equivalent circuit shown in Figure 1. This is derived from the low-
frequency limit of Eq. 4, assuming a negligible electronic resistance
(Rg1. ~ 0), as explained, e.g., in Ref. 20 (p. 207, Eq. 9.11). The dif-
ference between the left dashed line intersecting with the Re(Z)-axis
and the high-frequency resistance intersect is the value of the contact
resistance (Rcont.)-

Under non-blocking conditions (blue lines), two semi-circles ap-
pear across regions Il and III in Figure 2 (plus the onset of the War-
burg diffusion branch at low frequencies in region IV), and the low-
frequency semi-circle now corresponds to a complex convolution (not
simply additive) of the pore ionic conduction and the charge transfer
resistance (marked by the arrow labelled f(Rpoe, Rer)). In the most
general case, also the magnitude of the electronic resistance influ-
ences the shape of the transmission line part (region III. in Figures 1
and 2) but can be neglected when it is much smaller than the ionic
resistance inside the pore. The simulated transmission line segment
under non-blocking conditions (see region III in Figure 1 with fi-
nite Rcr) is shown as the dashed semi-circle at low frequencies in
Figure 2. Quite clearly, if one were to fit two semi-circles and a War-
burg element to the blue EIS response under non-blocking conditions,
the diameter of the semi-circle at low-frequencies, which is commonly
ascribed to the charge transfer resistance,”** would indeed be much
larger than the actual charge transfer resistance (ca. 2.5 €2 as can be
seen from Figure 2 in contrast to the 1 © (see Table I) which was
used in the model). Therefore, as we will illustrate in the Results and
discussion section, a quantification of the charge transfer resistance
requires impedance spectra at both blocking and non-blocking condi-
tions for an unambiguous assignment. For a better comparison with
our experimental data, which were limited to an upper frequency of
100 kHz due to experimental reasons (see Experimental section), each
frequency decade of the blocking and the non-blocking equivalent-
circuit simulations (from 10 MHz to 0.1 Hz) in the simulations shown
in Figure 2 is marked by a yellow cross (the maximum experimental
frequency of 100 kHz is labeled in the figure).

Experimental

Electrode preparation.—Cathodes were prepared from
LiNigsMn; 504 powder (LNMO, BASF SE, Germany), polyvinylene
difluoride (PVdF HSV 900, Kynar), and carbon black (SuperC65,
Timcal). The powders were mixed in a mass ratio of 92:3:5
(LNMO:PVdF:carbon black) and dissolved in NMP (N-methyl
pyrrolidone, anhydrous, Sigma Aldrich, Germany), followed by
three sequential mixing steps with a planetary mixer (Thinky Corp.)
for a total of 15 minutes. The final ink, which had a solid content
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of 60%, was coated on the rough side of an aluminum foil (MTI,
thickness ~18um) at a wet film thickness of ~200 pwm with a doctor
blade coating device (RK PrintCoat Instruments, UK). The resulting
loading of the electrodes was ~13 mgynyo/cMEjecirode COrrespond-
ing to ~1.9 mAh/ cm’gjeeroq. based on a theoretical capacity of
140 mAh/gnvo- The electrodes were punched out with a diameter of
11 mm and afterwards compressed to a porosity of ~32% using a
KBr press (Mauthe, PE-011).

Anodes were prepared from Graphite powder (commercial, SGL
Carbon GmbH) and PVdF with a mass ratio of 95:5. The mixing
procedure was identical to the cathodes. The ink (60% solid con-
tent) was coated on the rough side of a copper foil (MTI, thick-
ness ~12 pwm). The electrodes were punched out with a diameter of
11 mm and compressed to a porosity of ~32%. The final loading was
6.6 mgGraphite/ CrnzElectrodes COI‘I'ESpOl’ldng to ~2.3 mAh/szElectrode
based on a theoretical capacity of ~340 mAh/ggaphite-

Anode and cathode coatings were dried in a convection oven at
50°C for at least 3 h. The as-prepared electrodes (graphite anodes and
LNMO cathodes) were vacuum dried for at least 12 h at 120°C in
a vacuum oven (Blichi, Switzerland) and transferred into an Argon-
filled glove box without exposure to air.

Cell assembly and testing.—Spring-compressed (at ~1 bar)
T-cells (Swageklok, U.S) were assembled in an Argon-filled glove
box (<0.1 ppm O, and H,O, MBraun, Germany). The cell compo-
nents were dried beforehand in a 70°C drying oven for at least 20 h.
A gold wire micro-reference (core diameter of 50 wm and an addi-
tional 7 wm polyimide shrouding, Goodfellow Ltd., United Kingdom)
is used as a reference electrode,'” placed in between two glass fiber
separators (glass microfiber filter, 691, VWR, Germany) with a com-
pressed thickness of ~200 pm each. During cell assembly, 60 1 of
LP57 electrolyte (1 M LiPFg in EC:EMC 3:7 w:w, <20 ppm H,O,
BASEF, Germany) was added. The GWRE was lithiated with a con-
stant current of 150 nA for 1h and initially yielded a constant potential
of 0.31 V vs. metallic lithium, which drifted toward the potential of
an unlithiathed gold wire within ca. 10 cycles (caused, we believe,
by reaction of alloyed lithium with electrolyte oxidation products
from the LNMO cathode at 4.9 Vg cell voltage). However, as shown
in our previous work, artefact-free impedance spectra (indicated by
the absence of inductive loops at low frequency; see Figure 3 in
Reference 17) can be obtained from micro reference electrodes as long
as the potential drift of the RE over the course of the impedance mea-
surement is smaller than the chosen voltage amplitude. In the present
work the potential drift of the RE over the course of the impedance
measurement with a lower limit of 0.1 Hz is ~3-4 mV, which is suffi-
ciently below the perturbation amplitude during the EIS measurement
(in this case 15 mV). This is verified by the absence of inductive
loops at low frequency and was furthermore verified by comparing
the impedance measurement with the micro-reference electrode with
a standard EIS measurement using a symmetrical cell configuration
(for the LNMO cathode; see Figure 6). It is emphasized that while the
potential value of the reference electrode is unstable (i.e., it deviates
from 0.31 V vs. metallic lithium after ~10 cycles), the reference elec-
trode potential drift during the time period needed for an impedance
measurement (~5 minutes) is still small (<4 mV) compared to the po-
tential perturbation. For details about the cell setup and the preparation
of the gold wire, please refer to the original publication.'”

The full-cells were cycled between 3.0 and 4.9 V cell voltage; for
measurements with additional cells, the figure captions give the de-
tailed experimental procedure (e.g., modified amplitudes or frequency
ranges of impedance measurements). In the following, all potentials
refer to the LNMO/graphite full cell voltage (indicated by the sub-
script FC) unless stated otherwise. Two formation cycles were carried
out at 25°C at a C-Rate of C/10, while cycling was done at 40°C at a
C-Rate of C/2. Potential-controlled impedance spectra (15 mV pertur-
bation, from 100 kHz to 0.1 Hz; acquisition time of 10 min./spectrum)
were recorded during discharge at 4.4 Vgc after a 1 h OCV (open-
circuit voltage) phase as well as under blocking condition, which were
achieved by fully delithiating the cathode by holding it at 4.9 Vg until
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a current of <C/40 was obtained and then recording impedance spec-
tra while holding the potential at 4.9 Vgc. Analogously, impedance
spectra of the anode in blocking condition have been recorded by
holding the potential at 3.0 Vgc at the end of discharge (completely
delithiated graphite) until a current of <C/100 is reached. The cy-
cling protocol was carried out on a potentiostat (VMP 300, BioLogic,
France). It should be noted that due to the relatively high impedance
of the reference electrode, individual impedance spectra for anode and
cathode cannot be obtained at frequencies above 100 kHz.

Results and Discussion

LNMO/graphite cycling data.—First we verified that the charge
and discharge potentials are not affected by the OCV holds during
discharge at 4.4 Vgc and at the end of discharge/charge at 3.0 Vgc
/4.9 Vg, which were required for the EIS measurements. Figure 3
exemplarily shows three selected cycles at the beginning, the middle,
and the end of the cycling procedure of the LNMO/graphite cell. The
peak during discharge (red lines) is caused by the OCV phase and the
subsequent impedance measurement, once the cell potential reaches
4.4 Vgc (indicated by the black dashed line in Figure 3). From cycle 1
to 75 (at C/2 and 40°C), the capacity drops from ~125 mAh/g to ~90
mAh/g (compare also Figure 4), which is typical for LNMO/graphite
cells, due to their high operating potential and instability at elevated
temperatures.”>*® At the same time, the cell polarization increases,
which can be seen easily when comparing the potential plateau around
4.65 Vgc during charge (dark lines) and at approximately 4.55 Vg
during discharge (green lines).

The discharge capacities and the coulombic efficiencies over all
85 charge/discharge cycles are shown in Figure 4 (formation cy-
cles not shown). Discharge capacities slightly above 120 mAh/g; xmo
(~16% of the initial capacity are consumed by SEI formation during
the first two cycles at C/10) are reached in the initial cycles, but owing
to a rather poor coulombic efficiency which never reaches more than
~99.3% (see Figure 4), the initial capacity decreases by ~30% to
~87 mAh/g after only 85 cycles. This compares reasonably well with
literature data on LNMO/graphite cells operated at 45°C at a sequence
of C-rates (first ten cycles at C/10, followed by 40 cycles at C/4, and
another 40 cycles by C/2), which lost ~20% of their initial capacity
over the same number of cycles.”’” Our cycling data, capacity loss of
20-30 mAh/g at a cycling rate of C/2 at 40°C, also agrees well with

4.9

4.8

0 20 40 60 80 100 120
Charge [mAh/g]

Figure 3. Exemplary charge (dark lines) and discharge (green lines) potential
profiles forcycles 1,25, 50, and 75 (marked in the figure) of the LNMO/graphite
cell at 40°C, cycled at C/2 followed by a CV phase after charge until / <C/40
and a CV phase after discharge until / <C/100 between 3.0 and 4.9 Vgc. The
peaks in the discharge curves are due to a 1 h OCV phase and a subsequent
impedance measurement once the discharge potential reaches 4.4 Vgc.
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Figure 4. Discharge capacities for the LNMO/graphite cell cycled at 40°C
and C/2 rate followed by a CCCV charge until / <C/40 and a CCCV discharge

until / <C/100 in a potential window from 3.0 V¢ to 4.9 Vgc as well as the
corresponding coulombic efficiencies.

the capacity loss of 30 mAh/g over 50 cycles at C/5 and 45°C, as
reported by the group of Brett Lucht.”® Thus, we conclude that the
cycling data of the LNMO/graphite cells do not seem to be influenced
significantly by the GWRE and the OCV periods required by for the
EIS measurements. In the following we will focus our analysis to the
impedance measurements performed during cycling of the cell.

Blocking conditions for the LNMO cathode in full-cells.—In
the following, we will show that blocking conditions can indeed
be achieved for the LNMO cathode in an LNMO/graphite full-cell
by adding a constant voltage phase at the upper cutoff potential of
4.9 Vgc until the current decays below C/40, which leads to a condition
where the cathode is fully delithiated so that the charge transfer resis-
tance becomes very large (ideally, for perfect blocking conditions, Rct
would become infinitely large). For this purpose, an LNMO/graphite
full-cell was built and charged galvanostatically at a C-Rate of C/10.
Every 3 minutes during charge, the potential was held at its current
value (no OCV phase), and an impedance spectrum with a perturbation
of 50 mV was recorded in the frequency range from 100 kHz to 1 Hz
(to obtain a short measurement time of ~2 min per spectrum). Af-
ter reaching the upper cutoff potential of 4.9 V¢, impedance spectra
were recorded continuously (taking ~2 min each). Figure 5 demon-
strates, how the cathode impedance spectra change upon approaching
100% SOC, showing exemplarily the EIS response at various po-
tentials during the galvanostatic charge at potentials of 4.64 Vi,
4.7 Vi, 4.8 Vi, and 4.9 Vi as well as after increasingly long po-
tential holds at the upper cutoff potential of 4.9 V¢, after which EIS
spectra are obtained potentiostatically while holding the potential.
While the impedance spectra at 4.64 Vic (blue line) resemble those
simulated for non-blocking conditions (see blue line in Figure 2 be-
tween 100 kHz and 0.1 Hz), the impedance spectra after having held
the cell potential at the upper cutoff potential approach those expected
for blocking conditions, as is evident by comparing the red lines in
Figure 5 with the red line in Figure 2.

To verify our above conclusions that the Nyquist plot of the cathode
recorded in blocking conditions of an LNMO/graphite full-cell (i.e.,
after a4.9 Vic hold for 5 minutes) indeed follows the transmission line
model for a blocking electrode, we prepared two additional cells, viz.
one LNMO/graphite full-cell with GWRE and one LNMO/LNMO
symmetric cell. The red data points in Figure 6 shows the impedance
spectrum of the LNMO cathode of the LNMO/graphite full-cell, filled
with the same electrolyte which was used for the cycling experiment
(see Experimental), and subsequently charged at C/2 rate to 4.9 V¢

18 4.90 Vp(, 25 min

4.90 Vpe, 5 min e

14}

12F

4.90 Vpc, 0 min
10

-Im(Z) [€]

2 4 6 8 10 12 14
Re(2) ]

Figure 5. Evolution of the Nyquist plots of an LNMO cathode in an
LNMO/graphite full-cell, obtained from EIS measurements (perturbation of
50 mV, 100 kHz-1 Hz) versus a GWRE. The data are recorded at a tempera-
ture of 25°C after two formation cycles at 25°C at C/10 followed by 5 C/10
cycles between 4.9 Vrc and 3.0 Vic. Impedance spectra were obtained during
galvanostatic charging of the cell at a charging rate of C/10 C and are shown
from 4.64 Vic up to 4.9 V¢, followed by different holding times at 4.9 Vgc.

at 40°C and held at this potential for 5 minutes (after two forma-
tion cycles at 25°C and C/10), whereby the x- and y-axis values are
multiplied by the conductivity of the electrolyte at the measurement
temperature of 40°C (k = 11 mS/cm). As can be seen in Figure 6 (red
dashed line), the data can be fitted very well with a transmission line
model without an Rcon/Qcon. circuit element and with an infinitely
large Rcr which is closely approached by a completely delithiated
LNMO cathode. The resulting fit yields a value of 0.043 cm™~! for the
product of Rpy - k. In order to demonstrate that this approach yields
reliable and meaningful physical-chemical parameters which describe
ionic conductivity in the porous cathode electrode, a symmetric cell
with two identical LNMO cathodes (albeit not cycled) and a non-
intercalating electrolyte (10 mM TBACIO, in EC:EMC 3:7 w:w) was
built. Its impedance response is shown by the black data in Figure 6
whereby it should be noted that the symmetric cell impedance was
divided by two, as it represents the sum of two identical electrodes.
The transmission line model for blocking conditions yields a very
good fit of the data (see dashed black line) and a value of 0.033 cm™!
for Rpoe - K.

While the impedance spectra from both the LNMO cathode
in the LNMO/graphite full-cell (measured with the GWRE) and
from the LNMO/LNMO symmetric cell nicely fit the transmission
line model for a blocking electrode, it remains to be determined
whether the same pore resistance characteristics are observed for both
nominally identical cathodes for these two different measurement
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Figure 6. Comparison of the conductivity-scaled Nyquist spectra (i.e., real
and imaginary impedances multiplied by the ionic conductivity) of an LNMO
cathode in an LNMO/graphite cell (with GWRE) in blocking conditions (red
data points) versus an LNMO/LNMO symmetric cell with non-intercalating
electrolyte (black data points), whereby the latter impedance spectrum was
divided by two in order to obtain the response of one LNMO cathode. The latter
was measured after 12 h wetting by a non-intercalating electrolyte (10 mM
TBACIO4 in EC:EMC 3:7 w:w) at 25°C and using one CG2500 separator; the
conductivity of this electrolyte at 25°C was determined to be k = 0.332 mS/cm.
The LNMO cathode impedance spectrum was obtained at 40°C after C/2
charging to 4.9 Vgc and holding that potential for 5 min (after two formation
cycles); the electrolyte was 1 M LiPFg in EC:EMC (3:7, w:w) and had a
conductivity at 40°C of k = 11 mS/cm. Impedance spectra were recorded in
the frequency range from 100 kHz to 0.1 Hz using an excitation amplitude
of 15 mV and 20 mV for the LNMO/graphite cell and the symmetric cell,
respectively. Both spectra were shifted to the origin for better comparability.
The fit of the data to a simple transmission line model (shown in the figure) is
represented by the dashed line and the resulting values of Rpy. - k are given in

the figure.

approaches. This can be checked by determining the corresponding
MacMullin numbers (Ny), which would have to be the same for the
nominally identical LNMO cathodes (i.e., having the same porosity
(¢) and the same tortuosity (t)) measured in the two different cell

configurations:

A

T
NM:g:RPore'K'*

7 [13]
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where A is the area of the electrodes (A = 0.95cm?) and d is their
thickness (d = 58 wm). The resulting MacMullin numbers obtained
from the analysis of the data in Figure 6 are 7.0 & 0.3 for the LNMO
cathode measured in the LNMO/graphite full-cell with the GWRE
under blocking conditions and 5.4 % 0.3 for the nominally identi-
cal LNMO cathode measured in the LNMO/LNMO symmetric cell
configuration, whereby the error results from the limited accuracy of
the coating thickness measurement (2 pwm). More important than
the measurement error for a given cell is the cell-to-cell variation
(due minor differences in cell assembly and/or LNMO electrode coat-
ing), which was estimated by analyzing three more LNMO/LNMO
symmetric cells and two more LNMO/graphite cells with GWRE (data
not shown), yielding overall mean MacMullin numbers of 6.3 & 0.6
for the LNMO electrodes measured in the LNMO/graphite full-cell
setup (based on 3 repeat experiments) and 5.9 + 0.6 for the LNMO
cathode in the LNMO/LNMO symmetric cell setup (based on 4 re-
peat experiments). Thus, within the experimental error represented
by the above standard deviations, both methods yield identical values
for the MacMullin number. The fact that these values for the here
used LNMO cathode with 5%wt conductive carbon are substantially
lower than those we reported previously for an LNMO cathode with
2%wt conductive carbon (Ny A 17)'? is simply related to the sub-
stantial lowering of the MacMullin number as the conductive carbon
content is being increased (e.g., for lithium iron phosphate cathodes
with comparable porosity, the MacMullin number decreases from 21
to 12 when the carbon content is increased from 5% to 15% wt.'?). In
summary, the above analysis demonstrates that blocking conditions
are reached for an LNMO/graphite full-cell by holding the cell po-
tential at 4.9 Vgc (Figure 5), and that reliable values for the ionic
conduction characteristics of the LNMO cathode (i.e., its MacMullin
number) can be obtained under these conditions via a simple transmis-
sion line model (Figure 6). In the following, we will now analyze the
evolution of the impedance spectra over extended charge/discharge
cycles and will utilize impedance measurements under blocking and
non-blocking conditions in order to quantify the contributions derived

from RPore, RCom., and RCT—non-blocking~

LNMO cathode impedance evolution in LNMO/graphite cells.—
The cycle dependent Nyquist plots for the cathode in non-blocking
condition at 4.4 Vg and in blocking condition (i.e,. after a potential
hold at 4.9 Vgc until / <C/40) are summarized in Figure 7 for every
25" cycle.

At the highest frequencies, a semi-circle can be observed, both,
in non-blocking (Figure 7a) and in blocking conditions (Figure 7b),
which is identical in magnitude and independent of the SOC and is
thus ascribed to the contact resistance (Rcon., region Il in Figure 1 and
Figure 2). Over the course of charge/discharge cycling, this contact
resistance clearly increases, evidenced by a shift of the spectra to
larger real resistance values. It must be noted, however, that it is
difficult to directly assess the value of the contact resistance, since in
the experimentally accessible frequency range (100 kHz to 0.1 Hz; see
Experimental section), only part of the contact resistance semi-circle
can be obtained (this is illustrated by the modelled impedance response
shown in Figure 2, where the 100 kHz data point is marked by the
third yellow cross from the left). Therefore, the diameter of the semi-

circle corresponding to the contact resistance cannot be determined
visually from the acquired spectra without knowing the value of the
high frequency resistance (Rygr, region I in Figures 1 and 2). In non-
blocking conditions (Figure 7a) the contact resistance semi-circle is
followed by another distorted semi-circle, which increases in diameter
frominitially &1.5 Q2to 2 Qincycle 75, while at the lowest frequencies
a Warburg type behavior can be observed (W, region IV in Figures
1 and 2). On the other hand, in blocking conditions (Figure 7b), an
essentially straight line can be observed at medium frequencies (with
an angle of close to 45 degrees in the first cycle), gradually turning into
a nearly vertical line at the lowest frequencies, as one would expect
for blocking conditions (compare the red line in region III marked in
Figure 2). Thus, holding the cell potential at 4.9 Vg does lead to the
very large charge transfer resistance (Rcr) which is required to closely
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Figure 7. Evolution of the impedance spectra of the LNMO cathode (every
25" cycle; cycle numbers 1, 25, 50 and 75 are marked in the figure) during
cycling of an LNMO/graphite cell at a rate of C/2 at 40°C: a) at 4.4 Vgc under
non-blocking conditions (recorded at OCV after a 1 h OCV period); b) after
potential hold at 4.9 Vgc under blocking conditions (recorded at a controlled
potential of 4.9 V after a potential hold at 4.9 V until the current was below
C/40). Potential-controlled EIS spectra were recorded with an amplitude of
15 mV in the frequency range from 100 kHz to 0.1 Hz.

approach blocking conditions. The decrease of the angle in the mid
frequency region (initially close to 45 degrees) with cycling could be
caused by electrolyte degradation products deposited in the cathode
pores (see discussion after Figure 9), which change the pore structure
inside the cathode.

In the following, the measured spectra of the half-cell cathode
impedances are analyzed using Matlab (v. 2016b). Minimization of
the sum of squares using a modulus weighing according to Lasia®
was performed using Matlab’s fininsearch® algorithm, and 95% con-
fidence intervals are calculated via the Jacobian matrix obtained with
the jacobianest*® function. For each charge/discharge cycle, spectra
in non-blocking condition at 4.4 Vgc and in blocking condition are
fitted simultaneously using the equivalent circuit model shown in
Figure 1. For the fitting of the spectrum in non-blocking conditions,
10 fitting parameters are required (viz., Rurr, Rcont.s Ocont.> OCont.s
RPore» RE].7 RCT—non—bIocking’ QCT9 AdcT, and W) In blOCking COnditiOIlS,
the numerically identical parameters are used, except that a different
value for the charge transfer resistance, referred to as Rerplocking (in
contrast t0 Rernon-blocking) 18 fitted and that the Warburg element is
omitted. In summary the spectrum in non-blocking condition requires
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ten and the spectrum in blocking condition nine fitting parameters for
an accurate description of the equivalent circuit model in Figure 1.
However, since it is reasonable to assume that changes in the prop-
erties of the electrode and the active material are negligible within a
single charge/discharge cycle, most of the parameters used to fit the
blocking and non-blocking spectra within a given cycle are identical
(viz., Rurr, Rcont.» Qcont.» Acont.» Rpores ReL» Qct, and acr), so that only
eleven parameters are required to fit both spectra for a given cycle
(see Table I).

Seeking to reduce the number of the free parameters in order to
increase the accuracy of the fitted parameters, the following sim-
plifications can be made. One is based on the assumption that the
electronic resistance within the electrode (R in Figure 1) is small
compared to the ionic resistance in the electrode and that its value
does not change significantly over the course of the cycling experi-
ment (to a good approximation, it would be sufficient that the ratio of
Rpore/Rp). remains at >>1).The maximum value of R, for our pristine
LNMO cathodes was obtained by a 2-point probe measurement, plac-
ing the LNMO electrode between two copper blocks, each equipped
with a current and voltage lead (at a compression of 0.1 MPa using
a static material testing machine zwickiLine from ZwickRoell, Ulm,
Germany) and using a nanovoltmeter (Keithley 2182) in combination
with a DC current source (Keithley 6221). This yielded a value of
Rg. ~ 0.1 2, (=30-fold lower than Rpy., as will be shown later),
so that Ry, = 0.1 © was used as a fixed and constant resistance in
the fitting of all impedance spectra. The other simplification in fit-
ting the impedance spectra is related to the high-frequency resistance
(Ryrr in Figure 1). While theoretically its value could be obtained
from the overall fit of the impedance spectra, it would decrease the
quality of the fit, because only a fraction of the contact resistance
semi-circle can be observed with the experimentally accessible upper
frequency limit of 100 kHz for the GWRE (see Figure 1 and Figure 7).
The pure high-frequency resistance for the LNMO/graphite full-cell
(Rupr full-cenn), however, could be determined by measuring the full-cell
impedance between anode and cathode after the cycling test, as in this
case an upper frequency limit of 7 MHz could be used, so that despite
the LNMO contact resistance the high-frequency real axis intercept
can be obtained. This yielded a value of Rypr fun-cen = 4.8 €2, i.e., of
2.4 Q for each half-cell. In addition, analysis of the graphite impedance
data using the GWRE in the same setup (the detailed analysis of the
anode data will be submitted soon), where the high frequency resis-
tance even at an upper frequency limit of 100 kHz can be determined
unambiguously, yielding a cycle independent value of Rurranode =
2.4 Q. As the GWRE sits in the center of two glass fiber separators,
the high frequency resistance of the anode and the cathode half-cells
are identical.!” From this it can be concluded that the high frequency
resistance (Rypg in Figure 1), i.e., the resistance caused by the ionic
resistance in the separator of the LNMO half-cell, remains essentially
constant at a value of 2.4 Q. Therefore, the value of Rypr in the
following impedance fits was kept constant at 2.4 2, reducing the
number of final fitting parameters to nine (Viz., Rcont., Qcont.» ACont.»
Rpores ReTonon-blockings RcTblockings Octs AcTs and W), which are fitted
simultaneously to each of the two impedance spectra (blocking and
non-blocking conditions) per cycle.

Exemplary fits of the cathode impedance spectra of the
LNMO/graphite full-cell after 30 cycles both in blocking condition
(potential hold at 4.9 Vgc) and in non-blocking condition at 4.4 Vgc
are shown in Figure 8. The fitted impedance spectra (lines in Figure 8)
with the above listed set of 9 fitting parameters provide quite a good
fit to the impedance data (black crosses) under both conditions over
the entire frequency range (100 kHz to 0.1 Hz).

Figure 9 collects the values of the most relevant equivalent circuit
model parameters for the LNMO cathode and depicts their evolution
with cycling as well as their 95% confidence intervals. As discussed
above, the high frequency resistance (Ryrr) and the electronic resis-
tance (R, ) are kept constant to allow for an explicit determination of
the contact resistance. The contact resistance is found to increase from
~1 Q initially to &3 Q after 85 cycles at C/2 at 40°C (yellow symbols
in Figure 9a), which confirms the observation made in the discussion
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Figure 8. Exemplary fits (shown as solid lines) of the cathode impedance at
cycle 30 obtained from the LNMO/graphite full-cell in blocking condition at
4.9 Vgc (left) and non-blocking conditions at 4.4 Vgc (right). Both spectra
are fitted simultaneously, using the equivalent circuit model shown in Figure
1 with the same values for most parameters (Rcont., QCont.> %Cont.» RPore> OCT>»
acr) and individual values for the charge transfer resistance in blocking con-
dition (RcT-blocking)» the charge transfer resistance in non-blocking condition at
4.4 Vic (RCTnon-blocking), and the Warburg diffusion element (W) which is
only used in non-blocking condition. AC impedance data (black crosses) were
recorded at 40°C between 100 kHz and 0.1 Hz (15 mV voltage perturba-
tion) after holding the cell potential at 4.9 Vic (blocking condition, left) or at
4.4 Vg after an 1 h OCV period (non-blocking condition, right).

of Figure 7, namely that the shift of the spectra to higher real resistance
values is due to an increase of the high-frequency semi-circle repre-
senting the contact resistance. This increase of the LNMO cathode’s
contact resistance fits very well to the observation that a delamina-
tion of the LNMO electrode from the current collector occurs during
cycling at elevated temperatures (60°C),?! the underlying mechanism
of which will be a subject of a future work.*> Compared to the contact
resistance, the pore resistance (Rpoe, green symbols) increases from
an initial value of &3.5 Q to ~5 Q after 85 cycles, while the charge
transfer resistance at 4.4 Vic (RcTnon-blockings Purple symbols) starts at
~(.5 2 and increases to only ~0.7 2 after 85 cycles. Thus, the contact
resistance shows the strongest increase over the 85 charge/discharge
cycles of +300%, while the pore and charge transfer resistance at
4.4 V only increase by ~45% and ~30%, respectively (see Figure
9b). The charge transfer resistances in blocking-condition (not shown
in Figure 9) is found to be ~900 €2, a very large value compared to
the other resistances, as would be expected for the observed blocking
electrode behavior, i.e., the nearly vertical line at lowest frequencies
(see Figure 7b or the left panel of Figure 8). The error bars of all resis-
tances shown in Figure 9 are mostly smaller than 25%, which is quite
reasonable considering that two spectra were fitted simultaneously
with a restricted parameter set for any given cycle, thus suggesting
that the equivalent circuit representation of the LNMO cathode in
Figure 1 captures most of the relevant processes. The irregularities
observed for the fitted contact and pore resistance around cycles five
to fifteen can be explained with the drift of the GWRE potential from
its lithiated state to its unlithiated potential (see Experimental).

Over the course of the 85 charge/discharge cycles at 40°C, the over-
all resistance of the LNMO cathode (Rcon.. + f{Rpores ReT-non-blocking))
increases from an initial value of ~5 Q to &9 Q (see Figure 9a). At
the given charge/discharge current of &1 mA (based on a capacity of
~2 mAh and a rate of C/2), this would predict an increase in cathode
polarization of only &4 mV and would thus be rather negligible. As
can be seen from the cell voltage vs. capacity data in Figure 3, the
increase in the polarization of the LNMO/graphite cell seems to be
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Figure 9. a) Evolution of the contact resistance (Rcont.), the charge transfer
resistance at 4.4 VEc (RCTnon-blocking: Obtained under non-blocking condi-
tions), and the pore resistance (Rpore, Obtained under blocking conditions) of
the LNMO cathode, normalized to the electrode area, in the LNMO/graphite
full-cell over extended charge/discharge cycling at 40°C at a rate of C/2 be-
tween 3.0 and 4.9 Vgc (the corresponding capacity vs. time plot and exemplary
voltage vs. capacity plots are shown in Figure 4 and Figure 3, respectively;
the formation cycles are not included). The shown values were determined
by simultaneously fitting two impedance spectra per cycle, one in blocking
condition and one in non-blocking condition as shown in Figure 8. The high
frequency resistance contribution to the cathode (Ryrr in Figure 1) was set to
a constant value of 2.4 Q, and the electronic resistance in the cathode (Rg;. in
Figure 1) was set to 0.1 €2 (see discussion in the text). b) Resistances normal-
ized to their initial value after formation. Error bars indicate the parameters’
95% confidence interval from the fit.

much larger than 4 mV, which is due to the fact that the largest contri-
bution to the cell polarization with cycling is caused by a substantial
gain in the impedance of the anode (this analysis will be subject of a
future publication).

Using the charge transfer resistances at 4.4 V of ~0.5-0.7 2 (see
purple lines in Figure 9a), the linearized Butler-Volmer equation al-
lows to estimate the exchange current density:

RT 1
F  Arxmo © Rer—non—blocking

with R, T, and F being the gas constant (8.831 kJ/mol K),
temperature (303 K), and the Faraday constant (96485 As/mol),

[14]

ip =
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respectively. In addition, Ajnvo represents the active surface area
of the LNMO, which can be estimated using the mass of LNMO
(13.7 mg) in the cell and its BET surface area (0.9 m?/g), equating
to Ainmo = 123 cm? nvo. Based on this, we find an exchange cur-
rent density of 0.43-0.30 mA/cm?| nvo at 4.4 Ve (ie., at &7-12%
SOC, s. Figure 3), which is within the range of exchange current den-
sities for intercalation materials reported in the literature (0.02-0.3
mA/cm?; xvo for LNMO,* 0.17 mA/cm? gp for LiFePO,,** and 2.5
MA/cm Graphice fOr graphite®).

The observed increase in the pore resistance with cycling (see
green lines in Figure 9) can be explained by a decrease of the effective
electrolyte conductivity in the pores, likely caused by a partial block-
age of the cathodes’ pore volume by electrolyte oxidation fragments,
thereby decreasing the cathode’s void volume, which would proba-
bly also be accompanied by an increase in the cathode’s tortuosity.
In the literature, it is reported that the electrode/electrolyte interface
at the LNMO cathode (often referred to as CEI) is not stable, com-
pared to the solid electrolyte interface (SEI) on the graphite anode, so
that electrolyte oxidation would happen at the surface of the LNMO
particles.z’z‘ 26 This is consistent with the observation that both, charge
transfer resistance at 4.4 V and the pore resistance, increase over the
85 charge/discharge cycle by 30% and 45% respectively.

The feasibility of the obtained fitting parameters for the impedance
spectra can also be checked by examining the values the fit yielded
for the capacitive constant phase elements related to both the LNMO
cathode material (Qcr, see Figure 1) and the contact resistance (Qcont. ,
see Figure 1). A rough order of magnitude estimate of the capacitances
can be done by neglecting the constant phase factor, yielding values
of Qcont. 10 wF and Qcr ~1 mF. If normalized to the exposed areas
of the current collector/electrode interface (=1 cm?) and the LNMO
area (A nmo = 123 cm?inmo), the resulting area specific capacitance
amounts to 210 wWF/cm? e in either case, which is a reasonable
value for the double layer capacitance.

The results obtained from this study suggest that the charge trans-
fer resistance of the LNMO cathode is not increasing substantially
during extended charge/discharge cycling, which is in disagreement
with reports in the literature. For example, Aurbach et al. analyzed
the impedance of LNMO/graphite cells by measuring the impedance
of the LNMO electrode versus a lithium wire reference electrode,
showing that the impedance in the high-to-medium frequency range
increases during cycling, which they ascribed to an increase of a com-
bination of a surface film (inferred from an increase in the LiF surface
coverage measured by XPS) and a charge transfer resistance at the
LNMO/electrolyte interface.”® However, examining the semi-circle at
high-to-medium frequencies in their measurements (apex-frequency
= 1.58 kHz, Ryemicircle = 126 €2), one obtains a capacitance value of
~1 wF, which is more consistent with a contact resistance between
the LNMO cathode and the current collector rather than with the
capacitance of the high surface area of the porous LNMO cathode.
This suggests that their reported increase in LNMO surface/charge
transfer resistance is likely incorrect and that the impedance in-
crease in their study is propably due to an increase in Rcoy., anal-
ogous to what is shown in Figure 9. Similarly, Lu et al. analyzed
the impedance of LNMO/graphite cells (full-cell impedance) and
claimed that the observed increase of the high frequency semi-circle
is related to an increase in the thickness of a resistive film on the
LNMO surface.” In summary, these studies claim the formation of
a resistive film and/or an increase in the charge transfer resistance
during extended cycling of an LNMO cathode, contrary to our anal-
ysis shown in Figure 9, which we believe is due to an incorrect as-
signment of the impedance data, caused primarily by the interfer-
ence from contact and/or pore resistances with the charge transfer
resistance. Here it may be noted that similarly incorrect assignments
were discussed previously for LFP/graphite electrodes by Gaberscek
etal.*®

By exemplary analysis of LNMO half-cell data we have demon-
strated that it is possible to analyze the impedance of an LNMO
cathode in an LNMO/graphite full-cell with a GWRE in both block-
ing and in non-blocking conditions over the course of cycling, which
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Cycle

Figure 10. Comparison of the areal charge transfer resistances, normalized
to the LNMO BET surface area (123 cm?), obtained from the transmission
line model including pore resistance (lilac) with the apparent charge transfer
resistance extracted from the conventionally used simplified equivalent circuit
(magenta) with one R/Q element to describe the mid frequency region (region
IIT in Figure 1 and Figure 2), while one R/Q element is used to describe the
high-frequency region semi-circle (region II in Figure 1 and Figure 2).

in turn allows for an unambiguous determination of all parameters in
the general transmission line model with small errors. The obtained
resistances are found to be of reasonable magnitude and in good
agreement with the literature and can be monitored in-situ over the
course of extended cell cycling. This minimizes the required number
of cells compared to the rather cumbersome conventional approach,
in which pairs of cells are cycled to a certain number of cycles and
the impedances of the half-cells are obtained after cell disassembly
and reassembly of anodes and cathodes into symmetric cells—clearly
advantageous from an experimental point of view. Furthermore, in
most impedance studies in the literature, the observed distorted semi-
circle of the impedance spectra in non-blocking condition (compare
Figure 7a) are fitted and interpreted in terms of a single R/Q equiva-
lent circuit element in the mid frequency region, yielding an apparent
charge transfer resistance,'“*?” even though this frequency region
also contains the pore resistance (region III in Figure 1 and Figure
2). To highlight the difference in the charge transfer resistance values
obtained by these two approaches, we compare the charge transfer
resistance obtained from our simultaneous fit in blocking and non-
blocking conditions (see data in Figure 9, fitted to the equivalent
circuit shown in Figure 1) with the apparent charge transfer resis-
tance obtained when the distorted semi-circle (see Figure 7a, second
semi-circle from the left) is simply fitted with an R/Q element (i.e.,
using the conventionally applied simplified equivalent circuit depicted
in Figure 10 (magenta)). The two different equivalent circuit models
are depicted together with the resulting charge transfer resistances
(including 95% confidence intervals) in Figure 10.

Figure 10 (magenta symbols) illustrates the stark overestimation of
the apparent charge transfer resistance using the simplified equivalent
circuit model, which neglects the ionic resistance within the porous
electrode: the obtained apparent charge transfer resistance larger by
a factor of two to three (magenta symbols) compared to the charge
transfer resistance obtained from our transmission line model eval-
uated simultaneously in blocking and non-blocking conditions (lilac
symbols), which is due to the fact that in the former approach the
pore resistance (Rpye) is added erroneously to the charge transfer re-
sistance. Thus, in our opinion, the simplified equivalent circuit model
is a coarse oversimplification for a porous electrode, and the true
charge transfer resistance constitutes only a fraction of the observed
mid-frequency semi-circle width.
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Conclusions

We utilize a gold wire micro-reference electrode to separate anode
and cathode spectra in an LNMO/graphite full-cell over the course of
extended charge/discharge cycling. The LNMO cathode impedance
spectra could be deconvoluted into individual resistance contributions
by measuring in non-blocking conditions at 4.4 Vgc and in block-
ing conditions by holding the LNMO/graphite full-cell potential at
4.9 Vgc. This novel impedance analysis approach, i.e., the simulta-
neous fitting of impedance spectra measured in blocking and non-
blocking condition, enables the in-situ quantification of the cycle de-
pendent charge transfer, contact, and pore resistances, over the course
of extended charge/discharge cycling, which is a powerful analysis
tool for aging studies. We applied our approach exemplarily to an
LNMO cathode, but generally the technique could also be applied to
other active materials which can be brought into a blocking condi-
tion in a full-cell configuration, such as, e.g., lithium iron phosphate,
graphite, or LTO.
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Appendix

Diffusion impedances of solid diffusion and liquid diffusion.—As outlined in the
Theory section, the imaginary part of the impedance of a diffusion process depends on
the diffusion coefficient of the diffusing species as well as the cross sectional area, bulk
concentration of the species in the medium, and the temperature. The diffusion coefficient
of lithium in the liquid electrolyte is on the order of 10~'® m?/s for typical lithium ion
battery electrolytes at room temperature.*® For the solid state diffusion coefficient, the
range of reported diffusion coefficients in various cathode materials range from 1072
m?/s to 107! m?/s.3* Mohamedi et al. report an apparent solid state diffusion coefficient
for LNMO of 10~'* m?/s to 10~'° m?/s.* In the following, we will present our own
conservative estimate of the lower limit for the solid state diffusion coefficient of lithium
in LNMO (for even larger solid state diffusion coefficients, the impact of the solid state
diffusion on the impedance spectrum would be reduced further).

LNMO electrodes with a very small loading of 10 g/cm? were cycled at 25°C versus
metallic lithium in a three electrode configuration with a lithium reference electrode in
the potential range from 3 V to 4.9 V vs. lithium using a standard electrolyte (LiPFg in
EC:EMC 3:7, w:w) and two glass fiber separators. The LNMO was always deintercalated
(charged) at a constant current of C/3 until the cutoff of 4.9 V vs. the lithium RE was
reached. Constant current intercalation (discharge) was done at C-Rates from 1C to 500C
until the lower cutoff potential of 3.0 V vs. lithium was reached. By minimizing the
loading, the total current in the cell is small (at S00C, I = 5 mA) and all overpotentials
from separator resistances, contact resistances, and the concentration gradients in the
liquid electrolyte play an insignificant role. The intercalation direction was chosen on
purpose to allow large overpotentials. In these measurements, ~20% of the full (1C)
capacity could be extracted from the low loaded LNMO cathodes at a C-Rate of 100C.
Assuming, conservatively, that all limitations in this experiment are a result of the solid
state diffusion inside the active material particles (s. above), i.e., neglecting all other
resistances and/or a concentration buildup in the liquid phase, we can now estimate the
lower limit of the solid state diffusion coefficient. 20% of the capacity of the LNMO
particles (15 pwm diameter, based on SEM images) can be extracted from the particle shell
region between r = 7.0 pmto r = 7.5 wm (corresponding to 20% of the particle volume).
During 20% of the time of a 100C intercalation (r = 0.2 - 36s = 7.2 s), the lithium in the
LNMO has to travel at least Ar = 0.5 wm, equating to an estimated diffusion coefficient
of D=Ar?/t =35.107141,

With the above estimates for the solid and the liquid diffusion coefficient,’® the
diffusion impedance can be estimated (strictly valid only for semi-infinite diffusion inside
a film) with Equation 12 and the definition of the Warburg coefficient (compare Reference
40, Eq. 540 for the same kinetic rate constants for forward and backward reaction
ke = ko)

W 4.RT (ALl
T 2R ACV2 D

Journal of The Electrochemical Society, 164 (7) A1773-A1783 (2017)

The Warburg coefficient of the liquid electrolyte phase at a frequency of 0.1 Hz thus
yields a value of

Wiiquia = =792
22 F2 0,95 cm? - 1000 /2. 10710 w2 Vs

while for solid state diffusion the Warburg coefficient at a frequency of 0.1 Hz can be
estimated as

4-RT mQ
— [A2]
S

4-RT Q
—3

Wsolid—state = > f
22 F2- 123 cm? - 10700241 /2-3.5 - 10714 2= s

Here, the lithium concentration in the solid (10700 mole/m?) is calculated for an
LNMO particle at 50% SOC (= 70 mAh/ginmo = 252 As/ginmo), using a bulk density
of 4.4 glem? (252 As/g -4.4 g/cm?/96485 As/mol -10¢ cm?/m® = 10700 mol/m*). With
the above Warburg coefficients, Warburg impedances of Zy (0.1 Hz) = 1 Q and
Zpia=state () 1 Hz) = 39 m2 are obtained. This means that the contribution of the solid
state diffusion impedance at the lowest frequency measured in this work (0.1 Hz) is 1.5
orders of magnitude smaller than the diffusion impedance caused by the liquid electrolyte.
Based on this result, the solid state diffusion inside the active material is negligible, i.e., we
can omit the Warburg element in series to the charge transfer resistance in the equivalent
circuit model in Figure 1, but must place a Warburg element in series to the separator
resistance to capture the effect of liquid diffusion.

[A3]

References

—_

. K. Xu, J. Electrochem. Soc., 154, S9 (2007).
2. S.R. Li, C. H. Chen, X. Xia, and J. R. Dahn, J. Electrochem. Soc., 160, A1524
(2013).
3. T.R.Jow, M. B. Marx, and J. L. Allen, J. Electrochem. Soc., 159, A604 (2012).
4. J. P. Schmidt, T. Chrobak, M. Ender, J. Illig, D. Klotz, and E. Ivers-Tiffée, J. Power
Sources, 196, 5342 (2011).
5. J. Illig, M. Ender, T. Chrobak, J. P. Schmidt, D. Klotz, and E. Ivers-Tiffee, J. Elec-
trochem. Soc., 159, A952 (2012).
6. D. W. Abarbanel, K.J. Nelson, and J. R. Dahn, J. Electrochem. Soc., 163, A522
(2016).
7. N.Ogihara, Y. Itou, T. Sasaki, and Y. Takeuchi, J. Phys. Chem. C, 150209102507001
(2015).
8. J.N.Illig, Dr. Diss., Karlsruhe (2014).
9. C. H. Chen, J. Liu, and K. Amine, J. Power Sources, 96, 321 (2001).
10. R. Petibon, C. P. Aiken, N. N. Sinha, J. C. Burns, H. Ye, C. M. VanElzen, G. Jain,
S. Trussler, and J. R. Dahn, J. Electrochem. Soc., 160, A117 (2012).
11. S. Klink, E. Madej, E. Ventosa, A. Lindner, W. Schuhmann, and F. La Mantia,
Electrochem. commun., 22, 120 (2012).
12. M. Ender, A. Weber, and E. Ivers—TiffeFe, J. Electrochem. Soc., 159, A128 (2012).
13. C. Biinzli, H. Kaiser, P. Novék, C. Bunzli, H. Kaiser, and P. Novak, J. Electrochem.
Soc., 162, A218 (2014).
14. J. Zhou and P. H. L. Notten, J. Electrochem. Soc., 151, A2173 (2004).
15. D. P. Abraham, S. D. Poppen, A. N. Jansen, J. Liu, and D. W. Dees, Electrochim.
Acta, 49, 4763 (2004).
16. J. L. Gémez-Camer and P. Novak, Electrochem. commun., 34, 208 (2013).
17. S. Solchenbach, D. Pritzl, E. J. Y. Kong, J. Landesfeind, and H. A. Gasteiger, J.
Electrochem. Soc., 163, A2265 (2016).
18. N.Ogihara, S. Kawauchi, C. Okuda, Y. Itou, Y. Takeuchi, and Y. Ukyo, J. Electrochem.
Soc., 159, A1034 (2012).
19. J. Landesfeind, J. Hattendorff, A. Ehrl, W. A. Wall, and H. A. Gasteiger, J. Elec-
trochem. Soc., 163, A1373 (2016).
20. Andrzej Lasia, Electrochemical Impedance Spectroscopy and its Applications,
Springer (2014).
21. H. Gohr, in Electrochemical Applications, p. 2, ZAHNER-elektrik GmbH & Co. KG
(1997).
22. M. E. Orazem and B. Tribollet, Electrochemical Impedance Spectroscopy, WILEY
A (2008).
23. J. A. Gilbert, J. Bareno, T. Spila, S. E. Trask, D. J. Miller, B. J. Polzin, A. N. Jansen,
and D. P. Abraham, J. Electrochem. Soc., 164, A6054 (2017).
24. R. Petibon, J. Xia, L. Ma, M. K. G. Bauer, K. J. Nelson, and J. R. Dahn, J. Elec-
trochem. Soc., 163, A2571 (2016).
25. D. Lu, M. Xu, L. Zhou, A. Garsuch, and B. L. Lucht, J. Electrochem. Soc., 160,
A3138 (2013).
26. D. Aurbach, B. Markovsky, Y. Talyossef, G. Salitra, H. J. Kim, and S. Choi, J. Power
Sources, 162, 780 (2006).
27. B. Michalak, B. B. Berkes, H. Sommer, T. Bergfeldt, T. Brezesinski, and J. Janek,
Anal. Chem., 88, 2877 (2016).
28. Y. Dong, J. Demeaux, and B. L. Lucht, J. Electrochem. Soc., 163, A2413 (2016).
29. Matlab Ref., 2016b https://de.mathworks.com/help/matlab/ref/fminsearch.html.
30. Matlab File Exch., 2016b http://de.mathworks.com/matlabcentral/fileexchange/
13490-adaptive-robust-numerical-differentiation/content/ DERIVES Tsuite/
jacobianest.m.
31. T. Yoon, S. Park, J. Mun, J. Heon, W. Choi, Y. Kang, J. Park, and S. M. Oh, J. Power
Sources, 215,312 (2012).
32. D. Pritzl, M. Wetjen, J. Landesfeind, S. Solchenbach, and H. A. Gasteiger, in
preparation.
33. M. Mohamedi, M. Makino, K. Dokko, T. Itoh, and I. Uchida, Electrochim. Acta, 48,
79 (2002).

Downloaded on 2017-06-17 to IP 93.209.121.159 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).



Journal of The Electrochemical Society, 164 (7) A1773-A1783 (2017) A1783

34. C. Heubner, M. Schneider, and A. Michaelis, J. Power Sources, 288, 115 (2015). 38. A.Ehrl,J. Landesfeind, W. A. Wall, H. A. Gasteiger, and W. A. Wall, J. Electrochem.

35. Y.-C. Chang, J.-H. Jong, and G. T.-K. Fey, J. Electrochem. Soc., 147, 2033 (2000). Soc., 164, A826 (2017).

36. M. Gaberscek, J. Moskon, B. Erjavec, R. Dominko, and J. Jamnik, Electrochem. 39. M. Park, X. Zhang, M. Chung, G. B. Less, and A. M. Sastry, J. Power Sources, 195,
Solid-State Lett., 11, A170 (2008). 7904 (2010).

37. J. Xia, L. Ma, K. J. Nelson, M. Nie, Z. Lu, and J. R. Dahn, J. Electrochem. Soc., 163, 40. V. F. Lvovich, Impedance Spectroscopy Applications to Electrochemical and Dielec-
2399 (2016). tric Phenomena, p. 78, John Wiley & Sons, Ltd, New Jersey (2012).

Downloaded on 2017-06-17 to IP 93.209.121.159 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).



Results

3.1.4 Application of the novel impedance procedure for a graphite

anode

This section presents the article “An Analysis Protocol for Three-Electrode Li-Ion
Battery Impedance Spectra: Part I1. Analysis of a Graphite Anode Cycled vs. LNMO”.112
The paper was submitted to the peer-reviewed Journal of the Electrochemical
Society in April 2018 and published in July 2018. The article is published open
access and distributed under the terms of the Creative Commons Attribution Non-
Commercial No Derivatives 4.0 License. The authors D.P. and ].L contributed equally
to this work. The permanent web link is available under:

http://jes.ecsdl.org/content/165/10/A2145. The article was presented by Daniel

Pritzl at the Seattle, Washington Meeting of the Electrochemical Society (USA) in
May 2018 (Paper 402).

With the new reference electrode (GWRE)?? and the novel impedance procedurel0?
at hand, we seek to apply the same concept for the anode that was applied for the
LNMO cathode in chapter 3.1.3. This will give new insights, as in the literature it is
generally reported that the graphite anode is responsible for the cell failure of the
graphite/LNMO cells at elevated temperatures. The effect is attributed to an
instable solid electrolyte interphase (SEI)2! on the graphite anode, due to
manganese and nickel dissolution from the LNMO cathode.2077 Therefore, a detailed
impedance analysis of the graphite anode could be very helpful in order to

determine its failure mechanism.

In the LNMO case (chapter 3.1.3), the cathode showed a blocking impedance
response upon complete delithiation. By transferring this concept to a graphite
anode we show that at 1.9 Vvs. Li*/Li also a blocking behavior of the anode in a
graphite/LFP cell chemistry can also be achieved. When switching from an LFP
cathode to an LNMO cathode, the impedance response is no longer purely blocking
but shows a semi-circle at the highest frequencies which increases drastically over
cycling. It is known that LFP is not affected by transition metal dissolution, whereas
LNMO shows severe transition metal dissolution.”’” By adding a manganese salt to

graphite/LFP cells we can also detect a high-frequency semi-circle in the blocking
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impedance spectrum. With this, we can for the first time correlate the impedance
response of a graphite anode with transition metal dissolution from the cathode.
Thus, this method should be a powerful and efficient tool to study additives and

different electrolytes to minimize or prevent transition metal dissolution.

By temperature-dependent impedance measurements and frequency analysis of
the spectra we could show that the high-frequency semi-circle stems from a novel
interface forming between the graphite anode and the separator. Lastly, we
combine the analysis from the cathode impedance!%® with the analysis of the anode
impedancell?2 and show that there are two dominating impedance features
increasing over cycling. One is the increase of the contact resistance between the
current collector and the cathode coating, and the other is the formation of an
interface graphite adjacent to the separator, caused by an accelerated SEI growth
due to the preferential deposition of dissolved manganese ions in the interfacial

region (graphite/separator).

Author contributions

All electrochemical measurements were conducted by D.P. D.P, S.S. and ].L.
developed the equivalent circuit model. Data analysis was done by ].L. and D.P. The
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Lithium-Ion batteries consisting of LNMO (LiNipsMn; 504) cathodes and graphite anodes show severe capacity fading at elevated
temperatures due to a damage of the solid electrolyte interface (SEI) on the anode. Hence, a detailed investigation of the anode
with electrochemical impedance spectroscopy (EIS) can provide valuable insight into the phenomenon of anode degradation. In
this study, we use a modified version of our novel impedance procedure (Part I of this study), where the anode impedance is
measured at non-blocking conditions (10% SOC) and blocking conditions (0% SOC) in a graphite/LNMO full-cell with a gold wire
micro-reference electrode (GWRE). We show that during cycling an ionic contact resistance (Rcontlon) at the separator/anode
interface evolves, which is most likely caused by manganese dissolution from the high-voltage cathode (LNMO). By simultaneously
fitting EIS spectra in blocking and non-blocking conditions, we can deconvolute the anode impedance evolving over 86 cycles at
40°C into contributions of: a) the separator resistance (Rsep.), b) the true charge transfer resistance (Rct), and, ¢) the ionic contact
resistance (Rcontlon) €volving at the separator/anode electrode interface. We also show that the main contributor to a rising anode
impedance is the ionic contact resistance (Rcont.lon)-
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In view of the growing concerns with regards to cobalt sup-
ply constraints for Lithium-Ion batteries,! LiNiysMn; 504 (LNMO)
as cathode active material with a theoretical energy density of
~690 Wh/kg; nvo? is an interesting alternative for Co-free Lithium-
Ion batteries. However, graphite/LNMO cells do suffer from a drastic
capacity decay when cycled at elevated temperatures (> 40°C),>”
which is related to electrochemical electrolyte oxidation® followed
by transition metal dissolution (both manganese and nickel) from the
spinel cathode,>” ultimately leading to a loss of active lithium on the
graphite anode due to ongoing SEI formation.>> As the degradation
of the graphite anode is a key failure mechanism of graphite/LNMO
cells, a detailed impedance analysis of the anode in graphite/LNMO
full-cells is necessary to better understand this degradation process,
particularly at elevated temperatures.

In the literature, there are several approaches in order to investigate
the anode impedance. One type of studies focuses on the solid elec-
trolyte interface (SEI) formation on graphite anodes and model setups
in order to investigate the formation of the SEL®!' The impedance
is recorded at different potentials during lithiation of a graphite an-
ode and the impedance response is generally fitted with two R/C
(resistor/capacitor) or R/Q (resistor/constant phase element) elements
connected in series, representing the charge transfer resistance and the
SEI resistance. In these studies the graphite impedance is measured
versus the lithium metal counter electrode in a two-electrode config-
uration, despite the fact that the lithium metal anode dominates the
EIS response due to its small surface area'’> and thus obviously pre-
vents a rigorous analysis of the graphite electrode impedance. Another
type of studies uses a symmetric cell approach in order to deconvo-
lute the anode impedance from the full-cell impedance.'*'* However,
as the symmetric cell approach is a destructive method, the deter-
mination of the anode (or cathode) impedance as a function of the
number of charge/discharge cycles or of the state-of-charge (SOC)
requires the testing/cycling of a large number of cells. A third group
of papers uses micro-reference electrodes, where a deconvolution of

=These authors contributed equally to this work.

*Electrochemical Society Student Member.
**Electrochemical Society Fellow.

“E-mail: j.landesfeind @tum.de

the anode impedance from the full-cell impedance is possible during
cycling without disassembly of the cells (contrary to the symmetric
cell approach).'>!>-1° Here the reference electrode has to fulfill certain
criteria, as for example being centered between two separators'’ and
being thin relative to the separator thickness.'® Yet, also the deconvo-
lution into separate impedances for anode and cathode do not suffice
to fully understand the origin of the anode impedance buildup as the
characteristic frequencies overlap. In summary, in order to quantify
the evolution of the impedance of an individual electrode with cy-
cle number and/or SOC in the absence/presence of additives, either a
micro-reference electrode must be incorporated or the more cumber-
some symmetric cell approach must be used.

In a previous study of our group'® we analyzed the impedance of
an LNMO cathode in graphite/LNMO full-cells, where we introduced
a new method based on determining the LNMO impedance in non-
blocking conditions (i.e., at ~4.4 V cell voltage (*10% SOC) under
open-circuit conditions) and in blocking conditions (i.e., holding the
cell voltage at 4.9 V cell at 100% SOC) utilizing a micro-reference
electrode (GWRE'?). We were able to deconvolute the total LNMO
cathode impedance (Rcunode) €volving over 86 charge/discharge cy-
cles into contributions of: (i) a contact resistance between the current
collector and the LNMO electrode (Rcont.), (ii) the true LNMO charge
transfer resistance (Rct), and, (iii) the ionic resistance of the elec-
trolyte within the LNMO cathode pores (Rpo.). This deconvolution
was possible, as from the spectrum in blocking conditions (i.e., in the
absence of faradaic reactions, as the cathode does not contain lithium)
the pore resistance could be obtained unambiguously from the 45°
transmission line feature, clearly separated in frequency space from
the charge transfer resistance feature, which under this condition is
shifted to very low frequencies in the impedance spectrum. By simul-
taneously fitting both the blocking and non-blocking spectra with a
general transmission line model (TLM), a deconvolution of the various
above described resistance contributions with very low uncertainties
was possible.

Here we will apply our impedance analysis concept to study
the impedance evolution of a graphite anode in a full-cell over ex-
tended charge/discharge cycling. Our approach will be to measure
the impedance of the graphite anode either in a graphite/LFP cell or
in a graphite/LNMO cell at low full-cell voltages (1.7 —1.9 V vs.
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Li/Li") where the graphite anode in the cell is in its fully delithiated
state, demonstrating that blocking electrode behavior can be achieved
for the graphite anode. Over the course of 86 charge/discharge cycles
of a graphite/LNMO full-cell at 40°C, we observe the appearance of a
high-frequency semi-circle in the graphite blocking impedance spec-
tra, which we will ascribe to the formation of a resistive region at the
anode/separator interface, likely induced by manganese dissolution
from the cathode. Further insights into the evolving anode impedance
in a graphite/LNMO full-cell will be gained by simultaneously fitting
the impedance spectra for a given cycle to a general transmission line
model under both blocking conditions (at a full-cell voltage of 3.0 Vgc,
i.e., when graphite is fully delithiated) and non-blocking conditions
(at 4.4 Ve, i.e., when graphite is partially lithiated), which enables
us to clearly deconvolute the overall anode impedance. Last, we will
show the overall impedance of a graphite/LNMO full-cell and provide
a detailed analysis of the various impedance contributions from anode
and cathode over the course of extended charge/discharge cycling at
40°C.

Experimental

Electrode preparation.—LiNiysMn,s0, (LNMO) electrodes
were prepared by mixing LNMO (BASF SE, Germany), carbon black
(Super C65, Timcal), and polyvinylene difluoride (PVdF, Kynar) at
a mass ratio of 92/5/3 with NMP (N-methyl pyrrolidone, anhydrous,
Sigma-Aldrich, Germany) in a planetary mixer (Thinky Corp.) for
15 min. The ink was coated onto aluminum foil (MTI, 18 wm) with
a doctor blade coater and dried afterwards at 50°C in a convection
oven for at least 3 h. The final LNMO coating had a loading of
~13.6 mg; nmo/cm?, corresponding to 221.9 mAh/cm?. Electrodes
with a diameter of 11 mm (=0.95 cm?) were punched out and
compressed to ~32% porosity with a KBr press (Mauthe, PE-
011). LiFePO4 (LFP) electrodes with a mass ratio of 93/4/3
(LFP/PVdF/carbon black) were prepared using the same mixing- and
coating procedure as for the LNMO cathodes. The final loading was
~16.5 mg gp/cm?, corresponding 2.0 mAh/cm?, and the cathodes
(11 mm diameter) were compressed to a porosity of 30%.

Graphite electrodes were prepared by mixing graphite (T311, SGL
Carbon, Germany) and PVdF at a mass ratio of 95/5 with NMP by ap-
plying the same procedure as for the positive electrodes. The graphite
ink was coated onto copper foil (MTI, ~12 pwm) and dried in a con-
vection oven at 50°C for 3 h. The loading of the graphite coating was
~06.6 Illgggr‘wlm/cn]2 corresponding to ~2.3 mAh/cm?. The electrodes
were punched out with a diameter of 11 mm and compressed to a
porosity of ~32%. All electrodes were dried under dynamic vacuum
at 120°C for at least 12 h in a vacuum oven (Biichi, Switzerland) and
then transferred into an Argon-filled glove box (MBraun, Germany)
without exposure to air.

Cell assembly and battery testing.—T-cells (Swagelok, U.S) were
assembled in an Argon-filled glove box (< 0.1 ppm O, and H,O,
MBraun, Germany) and dried beforehand in a 70°C convection oven.
The graphite anode and the LNMO or LFP cathodes were assem-
bled into a cell with two glass fiber separators (glass microfiber filter,
691, VWR Germany). As electrolyte, 60 pL of LP57 (1 M LiPFs
in EC/EMC 3:7 w:w < 20 ppm H,O, BASF SE, Germany) were
used. Between the separators a gold wire micro-reference electrode
(GWRE) was placed (the detailed assembly procedure can be found
in Reference 12). The GWRE was lithiated in the fully assembled
cell with a constant current of 150 nA for 1 h at 40°C (note that the
amount of lithium provided by the cathode for charging of the GWRE
(0.15 pAh) is negligible compared to the total lithium inventory
(1.9 mAh)). While the pure noble metal gold wire is not a suit-
able reference electrode for the lithium ion containing organic elec-
trolytes, the in-situ lithiation forms a lithium-gold alloy with a very
stable potential of ~0.31 V versus metallic lithium.'? In the present
study, the transition metal dissolution from the cathode leads to a
gradual delithiation of the lithiated GWRE. Although the GWRE can
be lithiated again® to obtain a good reference electrode, in the present
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Figure 1. Charge/discharge potential profiles of the first cycle at C/2 (after
formation) of a LNMO/graphite cell at 40°C equipped with a lithium reference
electrode. The graphite anode potential is shown in green color with the corre-
sponding right y-axis, while the potentials of the cathode is depicted by the left
hand y-axis. Impedance spectra were recorded at the end of charge/discharge in
blocking condition as well as after the full-cell potential of the LNMO/graphite
cell reached 4.4 V after one hour of OCV phase.

study the GWRE is only used as a pseudo reference (i.e., only for
EIS measurements not for referencing potentials). Due to the elec-
trochemical electrolyte oxidation on LNMO cathodes, protic species
and other electrolyte oxidation fragments are produced”! which appar-
ently cause a gradual delithiation of the lithiated GWRE, leading to a
loss of its stable reference potential after several cycles.’” However, as
shown in Part I of this publication,'? the potential drift of the GWRE
is smaller than < 0.4 mV over the course of a full impedance measure-
ment, and hence this drift does not affect the EIS measurements with
an AC perturbation of 15 mV. This means that over cycling the lithi-
ated GWRE acts as a pseudo-reference electrode with an undefined
potential. In order to convert the full-cell potential (graphite/LNMO)
into a half-cell potential (graphite/Li) identical T-cells were assembled
with a lithium metal reference electrode.

The cycling procedure is identical to the cells cycled in Refer-
ence 19. The full-cells (graphite/LNMO) were cycled between 3.0
and 4.9 Vgc (full cell voltage). Two formation cycles were carried
out at 25°C with a C-rate of C/10 (1/h) by applying a CCCV charge
(constant current followed by a constant voltage) with a current limit
of C/20 for the CV phase as well as a CC discharge. The subsequent
extended charge/discharge cycling was carried out with C/2 at 40°C
with a CCCV charge to 4.9 Vgc (current limit for CV = C/40) and
a CCCV discharge to 3.0 Vg (current limit for CV = C/100); the
CV step at the end of discharge is required to bring the graphite an-
ode into blocking conditions. The impedance was recorded at OCV
(open circuit voltage) in non-blocking conditions at 4.4 Vgc after a
1 h OCV period as well as in blocking conditions at 3.0 Vic (Ega &
1.7 Vy;) during a constant voltage hold and after the current had
dropped below C/100. The impedance was recorded from 100 kHz
to 100 mHz with a perturbation of 15 mV (acquisition time of
10 min/spectrum). Figure 1 shows the graphite/LNMO full cell po-
tential (in purple) and the graphite versus metallic lithium potential
(in green) during charge and discharge (C/2 at 40°C).

Graphite/LNMO cells for reaching blocking conditions were con-
ditioned the following (data shown in Figure 2): Formation (2 cycles
at C/10 and 25°C) was carried out and afterwards the cell was charged
to the upper cutoff potential of 4.9 Vi (at C/2 and 40°C) and during
the subsequent discharge (3 min at C/20 and 40°C) the impedance
was recorded under open-circuit potential. Once the lower cell cutoff
potential of 3.0 Vgc (Ega & 1.7 V1) was reached the impedance was
measured around this potential.

Graphite/LFP cells were also equipped with a GWRE and two
formation cycles were carried out at C/10 at 25°C with a CCCV
charge to 4.0 Vgc (current limit of C/20) and a CC discharge to
2.0 Vgc. After formation, five cycles at C/2 and 40°C from 1.5 Vgc
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Figure 2. Graphite anode impedance spectra measured with a micro-reference
electrode (GWRE) in a graphite/LNMO cell. The impedance spectra shown
at 3.9, 3.6, and 3.0 Vgc are recorded under open circuit conditions (labeled
as [OCV]) and those at 3.0 Vrc while holding a constant voltage (CV-hold)
for either 5 or 25 minutes (labeled as [# min CV]). The graphite potentials vs.
Li/Li" (EGr,) are also shown by the graph labels; the values were obtained from
measurements conducted in an identical T-cell equipped with a lithium metal
reference electrode flag. The impedance is recorded at 40°C from 100 kHz to
100 mHz with a perturbation of 15 mV.

and 4.0 Vgc were conducted and the impedance was recorded at
1.5 Vic (Egra =~ 1.87 V1) under constant voltage conditions, after the
current dropped below C/100.

For the cells reaching blocking conditions for a graphite anode
cycled versus LFP (data shown in Figure 3) the following procedure
was used: After two formation cycles at C/10 and 25°C and one
charge to 4.0 V cell voltage (C/2 and 40°C), the graphite/LFP cell was
discharged (C/20, delithiation of the graphite anode) and impedance
spectra were recorded every 2 min in open circuit condition and after
0 and 5 minutes of CV phase when the potential reached 1.5 Vg
(Egra ~ 1.87 V1).

As electrolyte, 60 wL of either LP57 (1M LiPFq in EC/EMC 3:7
w:w < 20 ppm H,O, BASF SE, Germany) or LP57 with 50 or 100 mM
Mn(TFSI), (Solvionic, France) were used.

Results and Discussion

Blocking conditions for a graphite anode cycled vs. LFP or
LNMO at 40°C.—In Part I of this study,'® we successfully decon-
voluted the impedance contributions from contact resistance (Rcont.),
porous electrode resistance (Rpo.), and charge transfer resistance
(Rcr) of an LNMO cathode by simultaneous analysis of recorded
impedance spectra in blocking and non-blocking configuration for the
LNMO cathode. To apply this technique to a graphite anode (or any
electrode for this matter), it is necessary to check if blocking con-
ditions can be obtained. Blocking conditions imply that the charge
transfer reaction resistance is getting very large (ideally infinite), so
that the corresponding impedance feature will be moved to very low
frequencies, which allows for an unambiguous interpretation of the
remaining impedance contributions.
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Figure 3. Graphite anode impedance spectra measured with a micro-reference
electrode (GWRE) in a graphite/LFP cell. The impedance spectra shown at
2.95,2.85, and 2.35 Vpc are recorded under open circuit conditions (labeled as
[OCV]), and those at 1.5 Vgc are recorded while holding a constant potential
(CV-hold) for either 0 or 5 minutes (labeled as [# min CV]). The graphite
potentials vs. Li/Li* (Egy,) is also shown by the graph labels; its values were
obtained from the GWRE (see text). The impedance is recorded at 40°C from
100 kHz to 100 mHz with a perturbation of 15 mV.

To check at which potentials blocking conditions of the graphite
anode can be reached in a full-cell, a graphite/LNMO cell with a gold
wire micro-reference electrode (GWRE) was assembled and two for-
mation cycles were done at C/10 at 25°C. Afterwards the cell was
charged to the upper cutoff potential of 4.9 V¢ cell voltage (at C/2
and 40°C) and during the subsequent discharge steps (each 3 min at
C/20 and 40°C) the impedance was recorded under open-circuit po-
tential. Once the lower cell cutoff potential of 3.0 Vgc was reached
the impedance was measured around this potential. The spectra are
shown in Figure 2. At 3.9 Vg, which corresponds to a graphite poten-
tial of ~0.9 V vs. Li/Li", the impedance spectrum conducted at OCV
consists of a suppressed semi-circle and a 45° Warburg branch (blue
line). During subsequent discharge of the full-cell (nearly complete
delithiation of the anode) to 3.6 V¢ (graphite at ~1.1 V vs. Li/Li™)
and 3.0 Vgc (graphite at ~1.7 V vs. Li/Li"), the impedance spectra
taken at OCV show a significant increase of the imaginary part of
the impedance at low frequencies, which indicates a significantly in-
creased charge transfer resistance. When the cell potential is held at
3.0 Vg (graphite at ~1.7 V vs. Li/Li") for 5 min. (dark red line) or
25 min., lithium reintercalation into the graphite anode is completely
suppressed, as can be seen from the now nearly vertical straight line
at low frequencies, i.e., blocking conditions are achieved. At the same
time, at medium frequencies a 45° transmission line can be observed
in Figure 2, from which the ionic resistance within the porous graphite
(Rpore) anode can be determined.”” The points at the lowest measured
frequencies (100 mHz) shift toward higher values on the (negative)
imaginary axis with increasing length of the constant voltage phase,
which is analogous to what was observed when putting an LNMO
cathode under blocking conditions.'” At high frequencies (left in the
Nyquist plot), a strongly depressed semi-circle is present in the anode
blocking spectra (see inset of Figure 2). This suppressed semi-circle is
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already apparent directly after formation of the LNMO/graphite cells
and will be analyzed in detail below.

To investigate whether the anode impedance depends on the cath-
ode active material via a cross-talk mechanism,”® the above experi-
ments were repeated with a graphite/LFP full-cell. After two formation
cycles at C/10 and 25°C and one charge to 4.0 V cell voltage (C/2 and
40°C), the graphite/LFP cell was discharged (C/20, delithiation of the
graphite anode) and impedance spectra were recorded every 2 min in
open circuit condition and after O and 5 minutes of CV phase when
the potential reached 1.5 Vgc. Figure 3 shows the anode impedance
spectra of a graphite/LFP cell measured at different voltages. The
potential versus metallic lithium (Vy;) was obtained from the known
potential of the lithiated GWRE (= 0.31 V vs. Li/Li"), which for an
LFP cathode remained stable over hundreds of cycles.'” At a graphite
potential of 0.45 Vi; (®70% SOC) and 0.55 Vy; (*=80% SOC), the
impedance spectrum consists of one suppressed semi-circle, which
includes contributions from both the charge transfer resistance and
the SEI resistance (Rcr and Rggp) as well as of a 45° Warburg diffu-
sion branch representing lithium ion concentration gradients within
the separator. By further delithiating the graphite anode (see spectrum
at 1.05 Vy;) the semi-circle turns into a 240° line and the points at
lower frequencies show the typical onset of the transition into block-
ing conditions, as at 1.05 Vy; lithium reintercalation into graphite
becomes thermodynamically unfavorable. By going to a graphite po-
tential of 1.87 Vi, i.e., to a similar high anode potential at which
blocking conditions were observed for the graphite/LNMO cell (see
spectraat 1.7 V vs. Li/Li" in Figure 2), the graphite anode impedance
spectra after 0 and 5 minutes CV phase also show a blocking elec-
trode behavior, as one would expect. However, for the graphite an-
ode in a graphite/LFP cell (see Figure 3) the 45° transmission line
region is clearly pronounced and unperturbed up to the highest mea-
sured frequency (100 kHz), while for the same procedure the graphite
impedance in the graphite/LNMO cells shows a depressed semicir-
cle at high frequencies (see inset in Figure 2). The origin of this
difference will be examined further below. Please note that a cutoff
in the graphite/LNMO cell of 3.0 V¢ gives an anode potential of
~1.7 V vs. Li/Li* and a cutoff in the graphite/LFP cell of 1.5 Vic an
anode potential of ~1.87 V vs. Li/Li*. As the graphite potential is very
steep starting from 1.0 V vs. Li/Li* (see Figure 1) we are sure that both
anode potentials (from the LNMO and LFP cells) are well comparable.

Graphite impedance evolution over charge/discharge cycling of
graphite/LNMO cells at 40°C.—In the following section, we want
to analyze both blocking and non-blocking impedance spectra of
a graphite anode in a graphite/LNMO full-cell over the course of
86 charge/discharge cycles and investigate the evolution of the sup-
pressed semi-circle at higher frequencies with cycling (a feature which
above was shown to be absent when cycling a graphite anode with
an LFP cathode). The cycle dependent Nyquist plots for the an-
ode under non-blocking (at 4.4 Vgc corresponding to ~10% SOC,
Figure 4a) and blocking conditions (the current dropped below C/100
during the CV phase at 3.0 V¢, Figure 4b) are shown for the 1%, 25,
50" and 75" cycle at C/2 (=0.95 mA/cm?) and 40°C. The capacity
retention of this cell is shown in Figure 4 of Part I of this study.'® For
the spectra in non-blocking conditions (Figure 4a)), the impedance
spectrum consists of the separator resistance (high-frequency resis-
tance, HFR) and a semi-circle, which is a convolution of the charge
transfer resistance, the SEI resistance, and the pore resistance. At
lowest frequencies, a 45° line for the Warburg diffusion is observ-
able. The diameter of the semi-cirlce increases from &2 Qcm? (cycle
1 after formation) to ~15 Qcm? (cycle 75 afterformation). The ca-
pacitance obtained from a constant-phase element (Q) fit after 25
cycles is 8.9 mF - st /cmZ - (normalized to the geometric area
of the electrode), with the constant-phase element exponent value of
act~ 0.75. To a first order approximation, this can be approximated
with areal capacitance of 8.9 mF/cmé ; if referenced to the roughness

factor of the graphite anode (30 cngETA/mggmphA X 6.6 MEgraph /€M geo,
~ 200 cmZBET/cngeo_), this yields a BET surface normalized capac-
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Figure 4. Evolution of the impedance spectra of the graphite anode (cycle
numbers 1, 25, 50 and 75 as marked in the figure) during cycling of an
LNMO/graphite cell at a rate of C/2 at 40°C: a) at 4.4 Vgc in non-blocking
conditions at 10% SOC (EIS recorded at OCV after 1 h OCV period); b) after
a potential hold at 3.0 Vgc under blocking conditions at 100% SOC (recorded
at a controlled potential of 3.0 Vgc after a potential hold at 3.0 Vgc until the
current dropped below C/100). Potential controlled EIS spectra were recorded
with an amplitude of 15 mV in the frequency range from 100 kHz to 100 mHz.

itance of ~ 4.5 WF/cm3;, which is reasonably consistent with the
electrochemical double-layer capacitance of graphite. In consequence
the semi-circle observed in non-blocking conditions results from a
resistance occurring everywhere in the graphite anode.

The blocking spectra (Figure 4b) show a slightly distorted trans-
mission line after the first cycle (convolution of a semi-circle at
high frequencies and a 45° line at medium frequencies), followed
by the onset of a very large charge transfer resistance which indicates
blocking behavior. After 25 cycles, the blocking spectra show a dis-
tinct semi-circle with a diameter of 10 Qcm?, which increases to
~15 Qcm? after 75 cycles. A semi-circle under blocking conditions
(no faradaic process during the impedance measurement) has so far
only been observed if there is a contact resistance (Rcoy,) between
an aluminum current collector and a cathode coating.'®**?> However,
for a graphite anode coated on a copper collector — both materials
being excellent electronic conductors — we do not expect a contact
resistance between the current collector and the anode coating. Also,
in graphite/LFP cells cycled at 40°C (data not shown in here), no
semi-circle evolves in the graphite anode blocking spectra. Further in-
sights might be gained by examining the capacitance associated with
this semi-circle. Its constant-phase capacitance after the 25" cycle
is & 73 WF - s@blocking=D) /cmém_ (with Opjocking & 0.74), which is two
orders of magnitude lower compared to the semi-circle capacitance in
the respective non-blocking spectrum discussed above. If this value
was used to estimate the double-layer capacitance of the graphite sur-
face as done above, this would yield a double-layer capacitance of
0.4 wF/cmjy;, which clearly is too low and suggests that this re-
sistance dervives from only a fraction of ~10% of that of the entire
graphite area, e.g., only from a layer of the anode which corresponds
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Figure 5. Impedance spectra of a graphite anode measured versus the GWRE
in a graphite/LNMO cell after formation (two cycles at C/10 and 25°C) and
5 cycles at C/2 (40°C). The impedance is recorded at 10°C, 25°C and 40°C
in blocking conditions (3.0 Vgc potential hold after a CV phase at 3.0 Vgc
with a current limit of C/100). The impedance is measured from 100 kHz to
100 mHz with a perturbation of 15 mV. Before starting the measurement, an
open-circuit period (1 h) at the specific temperature is carried out to ensure
thermal equilibration.

to ~10% of its thickness. It is emphasized that a similar double layer
capacitance as in non-blocking conditions (~ 4.5 WF/cm3g,) would
be expected in blocking conditions if the origin of the resistance would
occur everywhere in the graphite anode. A possible explanation for
the localized effect might be type of high-resistance region at the top-
layer of the anode adjacent to the separator which was suggested by
Burns et al.?® In the next section, we will further examine the origin
for this semi-circle in the graphite anode blocking impedance spectra.

Origin of the high frequency semi-circle in the graphite
impedance spectra under blocking conditions in graphite/LNMO
cells.—In order to elucidate the physical origin of the high frequency
semi-circle in blocking conditions (Figure 4b), temperature-dependent
EIS measurements of a graphite/LNMO cell with a GWRE were
recorded in blocking conditions (3.0 Vgc) after formation (two C/10
cycles at 25°C) and five subsequent C/2 charge/discharge cycles at
40°C. The impedance was measured at 10°C (blue points), at 25°C
(green points), and at 40°C (red points) in order to discriminate its
origin to be of electronic or ionic nature (see Figure 5). The diameter
of the suppressed semi-circle increases from ~9 Qcm? at 40°C to
~14 Qcm? at 25°C and 22 Qcm? at 10°C. From this data, the
apparent activation energy is calculated using the Arrehnius equa-
tion. A similar analysis examining several types of resistances oc-
curing in porous electrodes was done by Ogihara et al.”” We find
an apparent activation energy of ~9 kJ/mol, which is close to the
value for ionic resistances according to Ogihara et al.?’ (=16 kJ/mol)
and differs largely from the expected activation energy of elec-
tronic processes (0.8 kJ/mol from Ogihara et al.?’). In principle,
there are three options where this interface can be allocated: a)
the current collector/coating interface, b) the surface of the active
material, or ¢) the coating/separator interface. The three interfaces
can be distinguished distinctly by their activation energies and ca-
pacitances. For case a), the resistance would be an electron con-
duction resistance and one would expect a small activation energy
(< 1 kJ/mol)*® and an active surface area of ~1 cm? correspond-
ing to the current collector surface area. Thus, a typical double layer
capacitance of non-aqueous electrolytes of ~5 wF/cm?, a capaci-
tance of ~5 pF/cm’., would be expected, which should be con-
sistent with the value obtained from the analysis of the semicircle
peak frequency. However, the capacitance of this newly formed inter-
face is 73 uF/cngeo, so that case a) cannot be true. For case b), the
activation energy should correspond to a charge transfer reaction (on
the order to ~50-60 kJ/mol)*® and the capacitance of the observed
semicircle should be on the order of 10 mF/cngeo_ based on a typical
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double layer capacitance of 5 uF/cngeoA and a roughness factor of
~ 200 cm?gpr/cm? g, (based on a loading of 6.6 Mggphie/cm? and a
graphite BET surface area of 3 m?/g, as shown in the previous section).
Thus, case b) is neither consistent with the obtained capacitance nor
with the observed activation energy (9 kJ/mol). In case c) the activa-
tion energy should correspond to a value typical for ionic conduction
in the electrolyte (& 10-20 kJ/mol)*® which is consistent with the data;
in this case, the observed capacitance would suggest a thickness of
this coating/separator interface layer of ~10% of the anode electrode
thickness. The formation of such a layer has also been hypothesized
previously in order to explain the observed roll-over fading.?

Burns et al.”® explained the rapid capacity drop after extended
cycling (>700 cycles) of 18650-sized graphite/NMC111 cells with a
crosstalk phenomenon: electrolyte oxidation products from the cath-
ode, which diffuse to the anode and are reduced on top of the graphite
anode in the vicinity of the separator (i.e., at the anode/separator
interface region). They suggested that after significant reaction of
crosstalk species at this region, a sufficiently thick and dense layer
would form in the anode electrode in this region, slowing down ion
transport in the electrolyte phase and thus lowering the maximum
C-rate at which the cell can be cycled. These conclusions were drawn
from SEM top-view images of the anode/separator interface before
and after cycling. For LNMO cathodes it is well known that transi-
tion metal dissolution’ (e.g., manganese dissolution) and subsequent
deposition on the anode is a key failure mechanism of these cells,
especially when cycled at elevated temperatures. Hence, a deposition
of manganese at the anode/separator interface region accompanied by
excessive SEI growth?*=! could lead to a region of low porosity in the
graphite electrode layer adjacent to the separator and thus to a locally
increased ionic resistance in the electrolyte phase. If so, this would
be the most likely origin of the semi-circle in the anode blocking
impedance spectra.

In order to prove this hypothesis, graphite/LFP cells (where no
transition metal dissolution occurs under typical cycling conditions)
were prepared without and with a defined amount (50 or 100 mM)
of deliberately added Mn(TFSI), salt to mimic the transition metal
dissolution in LNMO/graphite cells. Formation of the graphite/LFP
cells was done by two cycles at C/10 and 25°C from 2.0 Vgc to
4.0 Vgc. After formation, five cycles at C/2 and 40°C from 1.5 Vg and
4.0 Vgc were recorded and the impedance was measured at 1.5 Vg
(Egra. & 1.87 V1) under constant voltage conditions, after the current
dropped below C/100. Three types of cells were investigated: (i)
graphite/LFP cells cycled in pure LP57 electrolyte; (ii) graphite/LFP
cells which first underwent formation in metal-free LP57 electrolyte,
then were opened in an Ar-filled glove box, and finally reassembled
with fresh separators and LP57 to which 50 mM Mn(TFSI), has been
added; and, (iii) graphite/LFP cells prepared as in (ii) but with LP57
with 100 mM Mn(TFSI), as the final electrolyte. Figure 6 shows
the spectra in blocking configuration (Eg,, =~ 1.87 V|;) after the 5t
cycle. The anode impedance spectrum of the cell with pure LP57
(in light blue) shows almost perfect blocking behavior — i.e., a trans-
mission line followed by a capacitive branch (identical to the data in
Figure 3). When 50 mM Mn(TFSI), were added to a graphite/LFP cell
(in purple) the 45° transmission line turns into a distinct semi-circle,
expanding to a large semi-circle when the Mn(TFSI), concentration
is increased to 100 mM (in pink). From these results we conclude that
manganese deposition and a concomitant enhanced SEI formation are
also the cause for the semi-circle in the blocking anode impedance
spectra of the graphite/LNMO cells (see Figure 4b). This in turn
implies that transition metals are deposited preferentially in a thin
layer within the graphite anode adjacent to the separator, in which
an enhanced SEI formation occurs, blocking the electrolyte pores
in this region of the graphite electrode (evident from the activation
energy typical for ionic conduction). Studies on the analysis of the
SEI distribution across the thickness of graphite anodes are currently
under way to validate this hypothesis.

Anode impedance spectra fitting of graphite/LNMO cells under
blocking and non-blocking conditions.—In the following, graphite
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Figure 6. Impedance spectra of a graphite anode measured versus the GWRE
in graphite/LFP cells with and without added Mn(TFSI), to the electrolyte
after formation in metal-free LP57 (2 cycles at C/10 with a CCCV charge and
a CC discharge at 25°C). Light blue: 5 cycles at C/2 at 40°C between 1.5-4.0
Vrc; purple line: after formation, the cell was reassembled with new separators
and refilled with LP57 4+ 50 mM Mn(TFSI), and then cycled 5 times C/2 at
40°C between 1.5-4.0 Vgc; pink line: same as for the purple line, except
that 100 mM Mn(TFSI), were used. The impedance is recorded at 1.5 Vgc
(Egra. & 1.87 V1) under blocking conditions after the current dropped below
C/100 at 40°C.

anode impedance spectra of a graphite/LNMO cell cycled at C/2 and
40°C (see Figure 4) are fitted simultaneously for a given cycle in
both blocking and non-blocking conditions, using the equivalent cir-
cuit shown in Figure 7. The used equivalent circuit consists of: (i)
a separator resistance (Rscp. ) representing the ionic resistance within
the separator (section I of the equivalent circuit given in Figure 7);
(i1) an R/Q element for the futheron called “ionic contact resistance”
(Rcont1on)> Which represents the increased ionic transport resistance of
a thin layer in the graphite electrode adjacent to the separator and ac-
counts for the semi-circle evolving in the anode blocking impedance
spectra (section Il in Figure 7); (iii) the general transmission line model
composed of differential elements for the charge transfer resistance
(rcr) connected in parallel with the double layer capacitance (gcr),
the pure ionic (rpye) and electrical resistance (rg ; here assumed to be
negligible compared to rpy.>> due to the high electronic conductivity
of graphite) in the porous anode (Rpy ), Which is section III in Figure
7; and, (iv) a Warburg diffusion element (W, section IV in Figure 7),
accounting for concentration gradients within the separator (discussed
in Part I'? of this study). The interested reader is referred to Ref. 19
for details on the simultaneous fitting procedure. As the 45° transmis-
sion line is only observable in the very first cycles (afterwards, the
ionic contact resistance (Rcon1on) dominates in the impedance spec-
tra), the pore resistance is fitted from the spectrum of the first cycle
(Figure 4b) using a transmission line model (see Figure 7) without
the R/Q element for the ionic contact resistance, and fixed for all the

1 1L IIL. Iv.

Figure 7. Anode equivalent circuit model with four sections (from left to
right): L. separator resistance (Rsep) from the ionic resistance of the separator
and the electronic/contact resistances of the cell setup; II. the “ionic contact
resistance”, representing the increased ionic transport resistance of a thin layer
in the graphite electrode adjacent to the separator; III. the general transmission
line model (TLM) describing the porous anode electrode; and, IV. a Warburg
diffusion element describing concentration gradients within the separator.
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Figure 8. Exemplary fits (shown as solid lines) of the graphite anode
impedance in a graphite/LNMO cell after the 30" cycle (at C/2 at 40°C between
3.0-4.9 VEgc) in blocking condition (left) at 3.0 Vgc and non-blocking condi-
tions at 4.4 V¢ corresponding to 2210% SOC (right). Both spectra are fitted
simultaneously using the equivalent circuit shown in Figure 7. AC impedance
spectra (black crosses) were recorded at 40°C between 100 kHz and 100 mHz
with a perturbation of 15 mV.

subsequent cycles to its 1% cycle value. The obtained 1% cycle pore
resistance is ~10.6 Qcm?, with an uncertainy of 17% (confidence
interval based on a 95% standard deviation).

Figure 8 shows one of the exemplary simultaneous fit results of
the graphite anode impedance for the 30" cycle. The black crosses
in Figure 8a show the EIS data under blocking conditions (3.0 Vgc
recorded under CV conditions and after the current dropped below
C/100, black crosses) and the fit is given by the red line. Figure 8b
shows the spectrum under non-blocking conditions (at 4.4 Vgc cor-
responding to 2210% SOC; recorded at OCV) with experimental data
(black crosses) and the corresponding fit (blue line). The following
parameters are fitted from the blocking and non-blocking spectrum:
RSCPJ RConl.lon’ QCom.lon’ OCont.Ion» RCT—non-blocking’ RCT—blocking, QCT, et
and the Warburg element W. The pore resistance (Rpy.) and the elec-
tronic resistance (R, assumed as 1 mS2 for the graphite anode) are
fixed for all cycles. Table I summarizes the fitting results obtained
from simultaneous fitting of the two spectra from cycle 30.

Figure 9 presents the fitting results from simultaneously fitting
the blocking and non-blocking spectra for each cycle over 86 cycles.
Figure 9a shows the absolute values of the fitted resistances nor-
malized to the geometrical area of the graphite electrode, whereas
Figure 9b shows the fitted resistances normalized to their value in
the first cycle (R/R;). The fitted ionic contact resistance (Rcont1on)s
which we ascribe to the increased ionic transport resistance of a thin

Table 1. Fit parameters of the equivalent circuit in Figure 7 for a
simultaneous fit of impedance spectra under blocking conditions
(RcT-blocking) and non-blocking conditions (RCT-non-blocking) taken
in cycle 30 (see Figure 8). The geometrical area of the electrode
is 0.95 cm?. The error describes the confidence interval based on
a 95% standard deviation (obtained using the confint function in
Matlab).

Parameter Value
Rsep. 24Q +16%
RCom. Ton 73R +£6.1%
Ocont. Ton 90 uF - s@con. =D + 219
ACont. Ton 0.74 £4.3%
Rpore 10.6 Q + 17% (fixed to 157 cycle value)
Rg). 1 mS (fixed)
RCT—non—h]ocking 0.8 +19%
RCbelocking 9 .108Q
Oct 6.7 mF -s®ct=D 4+ 3 49
acr 0.74 +0.50%
w 09Q//s £31%
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Figure 9. a) Evolution of the high frequency resistance (Rscp.), the charge
transfer resistance (Rcr) and the ionic contact resistance (Rcontion) Of the
graphite anode (normalized to the electrode area) in the LNMO/graphite full-
cell over extended charge/discharge cycling between 3.0 and 4.9 V¢ at 40°C
and C/2. The values are obtained by simultaneously fitting impedance spec-
tra in blocking (4.4 Vgc, corresponding to ~10% SOC) and non-blocking
(3.0 Vgc) conditions for each cycle. b) Resistances normalized to their initial
value after formation. The error bars represent the 95% confidence intervals of
the fitted resistances.

layer in the graphite electrode adjacent to the separator is small in
the beginning and then increases rapidly to &5 Qcm? until cycle 18.
Afterwards, it increases only gradually, reaching Reonion 210 Qcm?
after 86 charge/discharge cycles at 40°C. The separator resistance
(Rsep.) has a value of ~2.4 Qcm? after formation and stays constant
during cycling. The charge transfer resistsance (Rcr) increases from
~0.2 Qcm? after formation to &2 Qcm? after 86 cycles, which is
likely due to a continuous growth of the graphite SEI. The normalized
values in Figure 9b show that while Rs stays constant during cy-
cling, Rconc1on increases by a factor of 20 and the SEI/charge transfer
resistance (Rcr) increases linearely by a factor of 5. As already stated
above, the ionic contact resistance (Rconc1on) increases very rapidly in
the beginning and then flattens out, which could be explained by the
following scenario: In the beginning, the deposited manganese ions
lead to a strong SEI formation. After several charge/discharge cycles,
the insulating SEI layer on the graphite particle surface may be suf-
ficiently thick to slow down preferential manganese deposition near
the separator interface, leading to a more homogeneous SEI growth
across the anode. Due to the dominating Rconcion @ deconvolution of
the SEI resistance (covered over the whole graphite electrode) from
the charge transfer resistance is not possible. However we are cur-
rently trying this deconvolution in graphite/LFP cells with the same
blocking/non-blocking approach.?

Overview—LNMO/graphite full-cell impedance.—Based on our
previous analysis of the LNMO cathode of LNMO/graphite cells'® and
the above investigation of the graphite anode impedance contributions,
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Figure 10. Full-cell impedance spectra of LNMO/graphite cells at 40°C from
cycle 1 (blue) to cycle 80 (red; cycle numbers are given in the figure), measured
at 4.4 Vic (=10% SOC), in the frequency range from 100 kHz to 0.1 Hz using
an excitation amplitude of 15 mV. Crosses on the x-axis indicate the low
frequency extrapolation (LFE, last 3 frequency points) which are shown as
Rrui-cenn (LFE) in Figure 12.

we are now able to combine all impedance results and compare them
to the full-cell spectra.

Figure 10 shows the increase of the LNMO/graphite full cell
impedance in non-blocking conditions, i.e., at a full cell potential of
4.4 Vic (*10% SOC), over the course of cycling. The idea of showing
Figure 10 is to exemplify the ambiguity in the impedance analysis of
full-cell spectra, which include anode and cathode impedance con-
tributions. The full-cell impedance mainly shows a single smeared
out semi-circle in the Nyquist plot, with a low frequency resistance
(inflection point) of ~10 Qcm? in cycle 1 up to ~25 Qcm? in cycle
80. From the analysis of full-cells measured to higher frequencies (see
text in Part I of this study'”), we could show that the full-cell high
frequency resistance equals ~4.8 Qcm?. Based on this known value of
the high frequency resistance we were able to show that the full-cell
EIS response includes a second R/Q feature at very high frequen-
cies, which could be ascribed to a contact resistance at the interface
between the cathode electrode and the aluminum current collector
(RCont.Cath. ) . 1

Thus, while only two features could be discerned in the full-cell
graphite/LNMO impedance spectra, the combined use of a micro-
reference electrode (GWRE) and of simultaneously fitting blocking
and non-blocking impedance spectra in every cycle, we could success-
fully disentangle not only the origin of the observed ~4 fold increase
of the full-cell low frequency resistance (note that the separator re-
sistance is invariant at ~4.8 Qcm?) but also quantify the individual
resistances.

In order to visualize the disentangled resistance contribution a
schematic overview of a graphite/LNMO cell is depicted in Figure 11.
The individual resistances are: the ionic resistance in the electrolyte

Cathode (LNMO) Sep. Anode (Graphite)

—

. RPoré An’ RCT

Cu Current Collector

Figure 11. Schematic drawing of a graphite/LNMO cell with (from left to
right) the cathode current collector, the porous LNMO electrode, the separator,
the porous graphite electrode and the anode current collector. The disentangled
resistances are marked in the schematic drawing.
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Figure 12. Evolution of the various impedance contributions in a
graphite/LNMO full-cell upon extended cycling at C/2 and 40°C. Individual
contributions were determined using half-cell impedance spectra obtained by
means of a micro-reference electrode (GWRE) in combination with simultane-
ously fitting two impedance spectra for each cycle, namely one under blocking
and one under non-blocking conditions (from bottom to top): (i) the total HFR
resistance due to the separator resistance (Rsep.); (ii) the anode resistance de-
scribed by the transmission line model (TLM), a convolution of Rpye and Rct
of the anode (RtpM.An.); (iii) the cathode TLM resistance, a convolution of
Rpore and Rct of the cathode (Rtpm.cam.); (iv) the contact resistance at the
cathode / current collector interface (Rcont.cath.); and, (v) the pore resistance
in a thin layer of the anode electrode adjacent to the separator (Rcont.on (at the
anode)). The extrapolated low frequency resistance of the full-cell impedance
is also plotted as a reference (Rpyl-cenn (LFE)) and illustrates the good agree-
ment between the half-cell analyses and the full-cell impedance (every fifth
cycle indicated by cross, see Figure 10).

phase within anode and cathode pores (Rpore an. and Rpore.cam.), the an-
ode and cathode charge transfer resistance (Rct—non—blocking> €valuated
at ~10% SOC), the contact resistance at the current collector/cathode
interface (Rconcam.) and the ionic contact resistance (Rconiion.) i the
anode/separator region. The evolution of these resistances over ex-
tended charge/discharge cycling of a graphite/LNMO full-cell is sum-
marized in Figure 12.

Figure 12 shows the total separator resistance (Rscp. ), mainly re-
maining constant over the course of 86 cycles, the cathode contact
resistance at the cathode/current collector interface'® (Reontcan.), the
pore resistance in a thin layer of the anode electrode adjacent to the
separator (Rconcion (at the anode), described in the previous sections),
as well as the resistances obtained from the simplified transmission
line model for both anode and cathode (Rtpm an. and Rrpm.cam.) Which
include the respective charge transfer and the pore resistances. It is
emphasized that the resistance contributions from the ionic resistance
with the anode/cathode pores (Rp;.) and the respective anode/cathode
charge transfer resistance (including the anode SEI resistance) can-
not be added individually in this figure (as was done in Figure 9),
since these two resistance elements are not serially connected in the
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transmission line model and, consequently, not additive with regards
to the total effective resistance. Therefore, rather than showing Rpge
and Rcr individually, Figure 12 shows the low frequency resistance
of the simplified transmission line model (Rrpm(f — 0), neglecting
electronic resistances) instead of individual values for Rp,. and Rcr.
In the low frequency limit, the simplified transmission line model
yields a low frequency resistance of

RPore : RCT

Rpore
tanh( / R ’

which is independent of the surface capacitance (Qct). The reader
is referred to the previous section as well as part I of this work'’
regarding the absolute values for pore resistance and charge transfer
of the LNMO cathode. Figure 12 shows the full-cell low frequency
extrapolation (LFE), here we used the intercept of the linear extrap-
olation of the last three frequency points (compare Figure 10) with
the x-axis. The cumulative sum of all the individual resistance contri-
butions shown in Figure 12 is in very good agreement with Ry cel
(LFE) obtained from the full-cell spectra.

In summary, the impedance spectra of full-cells over the course of
extended charge/discharge cycling can be analyzed for their individ-
ual resistance contributions by means of a micro-reference electrode
and the simultaneous fitting of spectra under both non-blocking and
blocking conditions (the requirements for the latter are different for
different active materials). This approach was shown exemplarily for
LNMO/graphite cells in Part I of this work'® as well as in the current
study. It allows to get a profound understanding of the individual aging
mechanisms in full-cells based on in-situ impedance measurements,
going quite beyond of what would be possible by the symmetric cell
diagnostics, where blocking conditions for a given electrode could
not be attained. The mechanistic insights which can be obtained by
our new approach are illustrated in Figure 9 and Figure 12, revealing
the strong impedance buildup at the graphite anode/separator inter-
face which could not have been discerned in the full-cell impedance
data (Figure 10) nor in the anode impedance data under the con-
ventionally used non-blocking conditions (Figure 4a). Similarly, the
major impedance contribution during the aging of the LNMO cath-
ode in a graphite/LNMO full-cell, viz., the growing contact resistance
at the cathode/current collector interface,' could not have been de-
tected by the conventional impedance analysis approach. Therefore,
we are certain that the application of the presented impedance analysis
methodology will help to get a better understanding of the dominant
aging mechanisms when cycling full-cells based on a variety of cell
chemistries.

RTLM (f — 0) = [1]

Conclusions

Using a gold wire micro-reference electrode (GWRE), the evo-
lution of the graphite anode impedance of a graphite/LNMO is an-
alyzed over the course of 86 charge/discharge cycles at 40°C. First,
we show that a graphite anode in a graphite/LFP full cell can be
brought into blocking conditions, yielding the expected transmis-
sion line mode response which enables a more detailed analysis of
the overall graphite impedance. However, when the cathode in the
graphite/LFP full-cell is replaced by LNMO, the graphite impedance
spectrum under blocking conditions shows an unexpected additional
semi-circle at rather high frequencies. This feature evolves over 86
cycles in a graphite/LNMO cell and becomes the dominating contribu-
tion to the overall anode as well as to the overall full-cell impedance.
By analyzing both temperature-dependent impedance measurements
and the effect of the addition of manganese ions to the electrolyte in
graphite/LFP cells, we are able to show that the observed semi-circle
in the anode impedance spectra can be ascribed to an increased ionic
transport resistance within a thin layer in the graphite electrode adja-
cent to the separator. By fitting simultaneously the impedance spectra
for each given charge/discharge cycle under both blocking and non-
blocking spectra with a general transmission line model (TLM), the
anode impedance can ultimately be deconvoluted into its contributions
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from the ionic transport resistance in the separator (Rs.p, ), from the in-
terfacial charge transfer/SEI resistance, and from this newly measured
ionic resistance at the anode/separator interface.
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Results

3.1.5 Investigation of the increasing contact resistance in LNMO

cathodes

This section presents the article “Identifying Contact Resistances in High-Voltage
Cathodes by Impedance Spectroscopy”. 113 The paper was submitted to the peer-
reviewed Journal of the Electrochemical Society in December 2018 and published
in February 2019. The article is published open access and distributed under the
terms of the Creative Commons Attribution Non-Commercial No Derivatives 4.0
License. The permanent web link is available under:

http://jes.ecsdl.org/content/166/4/A582. The article was presented by Daniel

Pritzl at the National Harbor, Maryland Meeting of the Electrochemical Society
(USA) in October 2017 (Paper 111).

This article is an extension of the cathode impedance study from chapter 3.1.3,,
where we showed that an increasing contact resistance (Rcontact) between the LNMO
coating and the aluminum current collector was the major contribution to the
impedance increase upon cycling of an LNM cathode in a graphite/LNMO cell. In the
literature, different reports contradict each other. On the one hand Gaberscek et
al.?%% showed that the high frequency semi-circle in cathode impedance spectra
indeed stem from a contact resistance. On the other hand, Aurbach et al.”’8 and
Duncan et al.?1 attributed the high-frequency semi-circle is attributed to a surface

film resistance on the LNMO cathode.

In order to fully understand the cathode impedance, a detailed investigation of it is
carried out in this study. First, by a simple estimation of the capacitance of the high
frequency semi-circle it can be shown that the interface (corresponding to this
semi-circle) has a surface areas of roughly 1 cm?, which fits well to the area of the
current collector in the T-cell. Furthermore, by temperature-dependent impedance
measurement the activation energy of this resistance is found to be in the order of
1 kJ/mol which fits very nicely to an electronic activation energy according to
Ogihara et al.8? In order to fully prove that the resistance is indeed a contact
resistance, an LNMO electrode coated on an aluminum foil is compared to one
coated on a glassy carbon electrode. The electrode coated on aluminum foil shows
the increase of the contact resistance over cycling, whereas the LNMO cathode
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coated on the glassy carbon disc shows almost no increase of the resistance at all.
This clearly shows that the origin of the high frequency semi-circle can be ascribed

to the cathode coating/current collector interphase.

This finding can be explained by the electrochemical electrolyte oxidation®® which
is known to release protic species’® (e.g. HF), which then can corrode the native
Al203 layer on the aluminum current collector to form thick layers of ALF3 leading
to an increased contact resistance. This hypothesis is then confirmed by further
experiments with a graphite/LFP cell, where the potential is too low for electrolyte
oxidation to occur and hence also no increase of the contact resistance can be seen.
By adding defined amounts of HF to the graphite/LFP cell, we can directly observe
an increasing high-frequency semi-circle, which fits well to our hypothesis from

above.
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LiNipsMn; 504 (LNMO) cathodes cycled versus a graphite anode at elevated temperatures usually show severe capacity fading
upon extended charge/discharge cycling. In the literature, the impedance increase at the cathode is often related to the formation
of a so-called cathode/electrolyte interphase (CEI) and is presented as one of the possible failure mechanisms. In this study, we
show that the main reason for the increasing cathode impedance is a contact resistance (Rcon.) between the aluminum current
collector and the cathode electrode rather than a surface film resistance (Rcgp). First evidence is presented by temperature-dependent
impedance measurements and external compression of the electrode stack in the cell, which suggest an electronic nature of the
commonly observed high-frequency semi-circle in a Nyquist plot. Further, by coating the LNMO cathode onto a glassy carbon
disk, we demonstrate that the impedance increase arises from the interface between the cathode electrode and the aluminum current
collector. Finally, we examine whether Rcon, correlates with the release of protic species (e.g., HF) formed upon electrolyte oxidation.
This is done by cycling graphite/LFP cells in the absence/presence of deliberately added HF, showing that a contact resistance upon
cycling only develops upon HF addition.
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Commercial Li-Ion batteries based on a graphite/LiCoO, chem-
istry have reached their limits regarding energy density.! In order
to increase the energy density of Li-Ion batteries, either the capac-
ity or the voltage of the cathode active materials (CAMs) has to be
increased. Furthermore, cobalt is considered a supply-limited criti-
cal raw material® and a significant fraction of cobalt is produced by
hazardous artisanal mining in the Democratic Republic of Congo,’
so that a reduction/elimination of the cobalt content in CAMs is re-
quired. A promising cobalt-free cathode material which also fulfills
the criterion of a high energy density* is the so-called high-voltage
spinel LiNipsMn;sOs (LNMO). However, while graphite/LNMO
cells have a reasonable cycle life at room temperature, they usually
show severe capacity fading at elevated temperatures (> 40°C).>¢
The reasons for the poor capacity retention are frequently related
to: 1) manganese dissolution from the LNMO cathode and its subse-
quent reduction on the surface of the graphite anode (often described
as cross-talk phenomenon), which damages the solid-electrolyte-
interphase (SEI) on the graphite anode and catalyzes further elec-
trolyte decomposition,*® thereby resulting in a loss of active lithium;
(ii) electrochemical electrolyte oxidation at the high LNMO cathode
potential,'®!! which leads to the release of protic species (e.g., HF),!?
often seen as a key driver for transition metal dissolution and concomi-
tant SEI damage;®'® and, (iii) an increase of the full-cell impedance
over cycling.® Based on detailed impedance studies, the latter is of-
ten ascribed to an increase of the LNMO cathode impedance.'*!> For
example, Aurbach et al.'* measured the impedance of the LNMO
cathode versus a lithium wire reference electrode after cycling at ele-
vated temperatures (60°C), and observed both a high-frequency semi-
circle (apex frequency ~1 kHz) and a low frequency semi-circle (apex
frequency ~100 mHz). They attributed the former to a surface film
resistance (often referred to as cathode electrolyte interphase (CEI)
resistance) and the latter to a charge-transfer resistance. Similarly,
Duncan et al.'” used a lithium ring as reference electrode in order
to monitor the impedance evolution of the LNMO cathode upon cy-
cling. They observed the same impedance features as Aurbach et al.,'
i.e., two semi-circles at high and low frequency, respectively, which

*Electrochemical Society Member.
**Electrochemical Society Fellow.
“E-mail: daniel.pritzl@tum.de

they attributed to the surface chemistry of the LNMO cathode. As the
semi-circle at high frequency could already be observed prior to ap-
plying current to the cell, the authors attributed it to the spontaneous
formation of a surface layer on the LNMO particles once they get in
contact with the electrolyte, analogous to the prior assignment of the
high-frequency semi-circle to the CEI by Aurbach et al.'* Upon cy-
cling, this feature gradually increased, which Duncan et al. tentatively
ascribed to the growth of the CEL !>

In contrast to the above interpretation reached for graphite/LNMO
cells, Gaberscek et al.'® assigned the high-frequency semi-circle in
cathode impedance spectra observed for graphite/LiFePO,4 (LFP) cells
to a contact resistance between the aluminum current collector and
the LFP cathode electrode interface. This was based on impedance
measurements in symmetric cells, where an LFP cathode was coated
either onto pristine aluminum foil or onto an aluminum foil coated with
asilver paste. When using the pristine aluminum foil, a high-frequency
semi-circle was observed, while this feature was absent when using the
silver paste coated aluminum foil. Further, they reported that the high-
frequency semi-circle is independent of LFP particle size and LFP
mass loading, and that it always has the same characteristic capacitance
of ~10" wF/cm?. Since the typical double-layer capacitance is also on
the order of 10" WF/cm?,'” this indicates that the interface which is
responsible for this feature must have a very small surface area (on the
order of a few cm?), from which the authors concluded that the high-
frequency semi-circle in cathode impedance spectra originates from
the interfacial resistance between the current collector and the cathode
electrode rather than from the cathode active material interface with
the electrolyte. Recently, similar results have been reported by our
group for graphite/LNMO cells,'® where the impedance of an LNMO
cathode was analyzed in-situ, utilizing a gold wire reference electrode
(GWRE)" and a novel impedance procedure. Thereby, it was possible
to deconvolute the contact resistance between the current collector and
the cathode electrode (Rcon:.) from the charge transfer resistance (Rct)
of the LNMO active material and from the pore resistance (Rpor. ) Which
is due to the ionic conduction resistance in the electrolyte phase within
the porous electrode. We found that the main resistance increase over
the course of extended charge/discharge cycling of graphite/LNMO
cells at 40°C indeed comes from an increase of Rconaee rather than
from an increase in the LNMO charge-transfer or surface film (CEI)
resistance that was suggested previously.'*!
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Table I. Specifications of the different cathodes (LNMO and LFP) used in this study, i.e., composition, used current collector, and compression.

electrode type cathode active material (CAM) Composition (CAM/carbon black/PVdF) current collector Compression (MPa)
Type I LNMO 92/5/3 Al 200
Type I LNMO 95/1.5/3.5 Al 200
Type III LNMO 95/1.5/3.5 Al 0
Type IV LNMO 95/1.5/3.5 glassy carbon 0
Type V LFP 94/3/4 Al 200

While in this previous aging study on graphite/LNMO cells we
identified the origin of the high-frequency semi-circle based on a sim-
ple estimate of the interfacial capacitance and the associated surface
area, we here want to expand on our previous results and elucidate more
clearly (i) the origin of the high-frequency semi-circle, (ii) its increase
upon cycling, and, (iii) the parasitic reactions occurring in high-voltage
Li-Ion cells which cause this resistance increase. In the first part, we
investigate the influence of the carbon black content, the temperature,
and the external cell compression on the cathode impedance spectra by
using the GWRE to deconvolute the full-cell impedance spectra. From
these experiments, we can show that the high-frequency semi-circle
resistance is indeed an electronic contact resistance between the cath-
ode electrode and the current collector (R, ), and that is not caused
by an LNMO cathode surface film (CEI). In the second part, we will
examine Rcoy. With regard to the current collector material, compar-
ing a standard aluminum current collector with a glassy carbon disk as
model current collector. As conventional impedance analysis does not
allow a precise quantification of Rcop., we will use the blocking elec-
trode methodology'®?” to quantify the Rcoy, evolution over extended
cycling. Finally, we will investigate whether the Rc,y,. increase at the
cathode is related to the formation of protic species (e.g., HF) upon
electrolyte oxidation. This is done by comparing the impedance ob-
tained with an LP57 electrolyte with our without intentionally added
HF in graphite/LFP cells, where no electrochemical electrolyte oxi-
dation and thus no formation of protic species should occur.

Experimental

Electrode preparation.—LiNiysMn, 0, (LNMO) inks were pre-
pared by mixing LNMO powder (BASF SE, Germany, with a BET
area of ~0.9 mzlg), carbon black (Super C65, Timcal, Switzerland,
with a BET area of ~65 m?/g), and polyvinylene difluoride (PVdF,
Kynar) at mass ratios of 92/5/3 and 95/1.5/3.5 with NMP (N-methyl
pyrrolidone, anhydrous, Sigma-Aldrich, Germany) at a solid content
of 60% in a planetary mixer (Thinky Corp.) for 15 min. These inks
were then used to prepare the four different types of LNMO electrodes
detailed in Table I. As a current collector, aluminum foil (MTI, 18 m)
was used for Type L, 11, and III electrodes, while a glassy carbon disk
(HTW, Germany, 500 pm, 11 mm diameter) was used for type IV
electrodes. For all electrodes, the ink was coated onto the current col-
lector with a doctor blade coater and dried at 50°C in a convection
oven for at least 3 h. To coat the glassy carbon disk with the electrode
ink, the disk was fitted into a copper-plate with a height of 500 pm
and a hole with a diameter of 11 mm. All LNMO coatings had a load-
ing of ~14 mg; ynmo/cm?, corresponding to a theoretical areal capacity
of ~2.0 mAh/cm?. From the coatings on aluminum foil, electrodes
with a diameter of 11 mm (=0.95 cm?) were punched out. A cross-
sectional SEM image of an LNMO coating (dried at 50°C for 3h) on
a glassy carbon disk is shown in Figure 1. The Type I and II elec-
trodes were compressed with a KBr press at ~200 MPa (2 tons/cm?)
for 60 s to ~30% porosity (determined by areal weight and thickness
measurements, using the bulk density values for the electrode com-
ponents), while Types III and IV electrodes were left uncompressed.
Additionally, LiFePO, (LFP) cathodes with a composition of 93/3/4
(LFP/carbon black/PVdF, by mass) and a theoretical areal capacity of
~2.0 mAh/cm? (corresponding to ~11.5 mg; rp/cm?) were prepared
the same way as the LNMO Type I cathodes. Detailed information
about the cathode coatings is summarized in Table I.

Graphite electrodes were prepared by mixing graphite (T311, SGL
Carbon, Germany) and PVdF at a mass ratio of 95/5 with NMP by
applying the same coating process as for the cathodes, but coated onto
a copper foil (MTI, ~12 pm) and dried in a convection oven at 50°C
for 3 h. The loading of the graphite coatings was ~6.3 mggmphne/cmz,
corresponding to a theoretical areal capacity of ~2.3 mAh/cm?. The
electrodes were punched out with a diameter of 11 mm and compressed
at ~50 MPa (0.5 tons/cm?) for 60 s to a porosity of ~30%. Finally,
all electrodes were dried under dynamic vacuum at 120°C for at least
12 h in a vacuum oven (Biichi, Switzerland) and then transferred into
an argon-filled glove box (MBraun, Germany) without exposure to
ambient atmosphere.

Battery testing.—Swagelok T-cells with a gold wire reference
electrode (GWRE)'” were assembled in a glove box filled with argon
(O, and H,0 <0.1 ppm) by sandwiching anode (graphite) and cathode
(LNMO or LFP) between two glass fiber separators (11 mm diameter,
200 pm thickness, glass microfiber #691, VWR, Germany) and adding
60 L of standard LP57 electrolyte (1M LiPFq in EC/EMC (3:7 wt/wt),
water content < 10 ppm, BASF SE, Germany). Battery cycling was
carried out in a climate chamber (25°C or 40°C, Binder, Germany)
using a multi-channel battery cycler (Series 400, Maccor, USA). The
cycling protocol consisted of two formation cycles with C/10 (0.2
mA/cm?) at 25°C, followed by 98 cycles with 1C (2.0 mA/cm?) at
40°C. All cycles were conducted between 3.5 and 4.8 V cell voltage
by applying a constant current constant voltage (CCCV) charge with a
current limit of C/20 for the CV phase at 4.8 V and a constant current
(CC) discharge procedure. The C-rate is defined by the theoretical
capacity of LNMO (140 mAh/g) or LFP (170 mAh/g), i.e., 1C
corresponds to 140 mA/g (2.0 mA/cm?) for LNMO or 170 mA/g
(*2.0 mA/cm?) for LFP. After each 25" cycle (up to 100 cycles),
the cells were stopped in their discharged state, transferred to a 25°C
climate chamber, and connected to a Biologic (VMP300) potentiostat
for impedance measurements.

For graphite/LFP cells, formation was carried out 25°C with C/10
(0.2 mA/cm?). Afterwards, 50 cycles were conducted at 40°C with
a 1C rate (2 mA/cm?) between 2.0 and 4.0 V cell voltage, using a

LNMO on
glassy
carbon

Figure 1. Cross sectional SEM image of an LNMO electrode coating with
~14 mgnmo/cm? (gray top layer) on a glassy carbon disk model current
collector (lower black layer), prepared via a slot-coating process.
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CC discharge and a CCCV charge protocol with a current limit of
C/20. Impedance was measured at 50% SOC after formation and
after 50 cycles at 25°C. As electrolyte, a standard LP57 electrolyte
(described above) and an LP57 electrolyte containing 22000 ppm
HF were used. The HF-containing LP57 was prepared by adding
1000 ppm (by weight) of deionized water to the electrolyte and stirring
for 5 days. As expected based on the literature,?' a quantitative conver-
sion of water into HF was confirmed: Karl-Fischer analysis showed
that after stirring only 27 ppm of water remained and '’F-NMR Spec-
troscopy showed that ~2000 ppm of HF were formed.

Electrochemical impedance spectroscopy.—The GWRE was
lithiated with a constant current of 150 nA for 1 h after cell assembly,
using the cathode electrode as lithium source (note that the lithiation
capacity of 0.15 pAh is negligible compared to the cathode capac-
ity of &2 mAh). The detailed procedure for the assembly of T-cells
with the GWRE can be found in Reference 19. Potential-controlled
impedance spectra were recorded from 100 kHz to 100 mHz with a
perturbation of 15 mV at 25°C (acquisition time of 10 min./spectrum).
Spectra were recorded at two distinct state-of-charge (SOC) values:
i) at 4.4 V cell voltage (corresponding to ~10% SOC) during dis-
charge at open-circuit (after a prior 1 h open-circuit hold), and, ii)
while holding at 4.9 V cell voltage (=100% SOC, i.e., for a fully lithi-
ated cathode), after the voltage had been held at that potential until
the current dropped below C/40. The latter procedure brings the cath-
ode electrode into blocking conditions that are characterized by a very
high charge-transfer resistance, so that its impedance response shifts
to very low frequencies, enabling a more straightforward impedance
analysis in the high- and mid-frequency range. The detailed proce-
dure can be found in Reference 18. In a former study of our group, we
showed that the potential stability of the lithiated GWRE is only on
the order of several hours in graphite/LNMO cells operating at 40°C,
due to a chemical delithiation of the reference electrode by electrolyte
oxidation products.”” Therefore, in order to avoid a potential drift of
the reference electrode during the impedance measurements, a relithi-
ation of the GWRE with 150 nA for 1 h was carried out before each
electrochemical impedance spectroscopy (EIS) measurement.

Results and Discussion

Physical origin of the high-frequency semi-circle in LNMO
cathodes.—So far, the literature offers two different interpreta-
tions about the origin of the high-frequency semi-circle in cathode
impedance spectra. On the one hand, this feature has been ascribed
to a surface film resistance associated with the formation/growth of a
CEI on LNMO cathodes;'*!> on the other hand, it has been ascribed
to an electronic contact resistance at the cathode electrode/aluminum
current collector interface for LFP and LNMO cathodes.'®** There-
fore, to clarify this discrepancy in interpretation, we first investigate
the effect of the carbon black content of the LNMO cathodes on the
high-frequency impedance response, using LNMO cathodes with a
carbon black content of either 5% or 1.5% at a constant porosity of
~30% (Type I and Type 2 cathodes, see Table 1), which were cycled
in a three-electrode cell with graphite as anode and equipped with a
gold wire reference electrode (GWRE) to monitor the impedance of
the LNMO cathode.

Figure 2a shows the LNMO cathode impedance spectra taken at
4.4 Vo (=10% SOC) for the LNMO cathode with a carbon black
content of 5% after two formation cycles at 25°C (in black) and after
50 cycles at40°C (inred). The overall cathode impedance Rcyhode (SUM
of high and low frequency resistance, highlighted in Figure 2 by blue
points) after formation is ~5 Qcm? and increases to ~7 Qcm? dur-
ing cycling at 40°C. The low-frequency semi-circle (apex frequency
of 450 Hz after 50 cycles), which represents a convolution of the
charge transfer- and pore resistance,'® stays almost constant in size
over 50 charge/discharge cycles, but is shifted to higher values on the
real axis, owing to the increase of the high-frequency semi-circle (apex
frequency 31000 Hz after 50 cycles). When the carbon black content
within the electrode is decreased to 1.5% (see Figure 2b), Rcahode af-
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Figure 2. LNMO cathode impedance spectra obtained in graphite/LNMO
full-cells after formation at C/10 and 25°C (black line) and after 50 cycles
at (2x C/10 + 48 x 1C cycles) and 40°C (red line): a) for an LNMO cathode
with 5% carbon black (Type I, see Table I); b) for an LNMO cathode with
1.5% carbon black (Type II, see Table I). The impedance was measured from
100 kHz to 100 mHz with a perturbation of 15 mV at 25°C; it was conducted at
4.4 Veen (=10% SOC) under open circuit conditions.

ter formation (in black) is higher (210 Qcm?), as inidicated by the
more pronounced high-frequency semi-circle already after formation.
After 50 cycles, Reanode increases to ~30 Qcm? for the electrodes
with 1.5% carbon black (in contrast to ~7 Qcm? for the electrodes
with 5% carbon black), shown by the substantial increase of the high-
frequency semi-circle (apex frequency of 6300 Hz). Quite clearly, the
magnitude of the high-frequency semi-circle increases by ~4-fold af-
ter 50 cycles when the carbon black content is decreased from 5% to
1.5%. If this impedance feature were related to the CEI resistance of
the LNMO, its characteristic capacitance would have to be related to
the overall exposed LNMO and carbon black surface area. The latter
can be estimated from the BET area (0.9 mZLNMO/gLNMo) and loading
(14 mg; nmo/cm? geciroqe) Of the active material LNMO, equating to
~2126 cm’| npo/CMjecrrode- The surface area of the carbon equates to
447 cm? for the LNMO cathode with 5% carbon black (Type I) calcu-
lated with aloading of 0.76 mg.arbonpiack/cm? and a BET area of 62 m?*/g.
The cathode with 1.5% carbon black (Type II) has a carbon surface
area of 129 cm? calculated with a loading of 0.22 mgcarponblack/cm? and
a BET area of 62 m?/g. By performing an order of magnitude estimate
of the characteristic capacitances of the high-frequency semi-circle
(fitted with a simple R/Q element, and neglecting the constant phase
exponent), the capacitance values after the 50" cycle for the LNMO
cathodes with 5% and 1.5% carbon black are 2.5 wF/cmZeiecirode
and ~1.3 pF/cmeecuode. If this were due to the LNMO surface, i.e.,
due to a CEI resistance, the surface area normalized capacitances
would equate to ~0.004 WF/cm? | xmo-carbon black TOI the cathode with
5% carbon black and to ~0.005 WF/cm?| Nvocarbon black O the cath-
ode with 1.5% carbon black, which unquestionably is far too low
for a typical electrochemical double-layer capacitance that, if ref-
erenced to the actual surface area, should be on the order of ~10!
wF/cm?.'7 On the other hand, if normalized to the aluminum current
collector surface (~1 ¢cm?), a reasonable double-layer capacitance of
~1.3 — 2.5 pF/cm?y; is obtained, which strongly suggests that the
electrochemically active surface which is represented by the high-
frequency semi-circle is the interface between the cathode electrode
and the aluminum current collector.

In order to confirm that the high-frequency semicircle indeed is due
to an electronic resistance at the LNMO cathode/aluminum current
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Figure 3. LNMO cathode impedance spectra obtained after 50 cycles at 1C
and 40°C in graphite/LNMO cells based on LNMO cathodes with 1.5% car-
bon black (Type II cathode, see Table I). a) Cathode impedance measured at
10°C, 25°C, and 40°C; before recording the impedance, two hours of an OCV
period was carried out to assure thermal equilibration. b) Impedance spectrum
(recorded at 10°C) of a cycled LNMO cathode before and after external com-
pression of the T-cell. The impedance was measured from 100 kHz to 100 mHz
with a perturbation of 15 mV at 25°C; it was conducted at 4.4 Vcey (=10%
SOC) under open circuit conditions.

collector interface, the impedance of an LNMO cathode with 1.5%
carbon black after 50 cycles is measured at different temperatures.
Temperature-dependent impedance measurements give information
about the activation energy of processes happening at interfaces in
porous electrodes.’* Figure 3a shows the cathode impedance spectra
measured at three different temperatures, namely 40°C (red), 25°C
(blue), and 10°C (gray). As expected, the cathode impedance over
the whole frequency range increases when reducing the temperature;
however, the extent of the change differs considerably for the differ-
ent impedance features. The high-frequency semi-circle (simply fitted
with an R/Q element, shown by the shaded areas in Figure 3a) increases
from ~17 Qcm? (at 40°C) to ~19 Qcm? (at 25°C) to ~23 Qcm? (at
10°C). The associated activation energy, determined by fitting a linear
regression line to a plot of the logarithm of 1/Rpighfrequency versus 1/T
(in Kelvin) and by multiplying the slope by the universal gas con-
stant R (8.314 J/molK), results in an apparent activation energy of
A3 kJ/mol. This is in reasonably good agreement with the activation
energy of an electronic resistance of &1 kJ/mol as reported by Ogi-
hara et al.,>* and is much lower than what one would expect for the
CEI resistance and what was reported for the charge-transfer resis-
tance (~60 kJ/mol®*). This, however, leaves the question as to where
the LNMO charge-transfer resistance would appear in the impedance
spectra of Figure 3a. For LNMO cathodes with 5% carbon black
(identical to Type I), we determined its value at 40°C to be ~0.5
Qcm?, which explains why it can only be discerned vaguely in the
impedance spectrum at 40°C in Figure 3a.'® However, as the tem-
perature is being decreased, a well pronounced low-frequency semi-
circle appears, which we associate with the LNMO charge-transfer
and pore resistance. At 10°C, the resistance of this low-frequency
semi-circle is ~10 Qcm? (this will be seen more clearly in Figure
3b) and it has an apex frequency of 60 Hz, which corresponds to a
capacitance of 2265 WF/cm? jeeroqe- By including the pore resistance
in the calculation of the double layer capacitance, an error is intro-
duced. However, in order to get information about the order of mag-
nitude we think that taking both charge transfer and pore resistance is

AS585

sufficient. If normalized to the LNMO and carbon black surface area
(% 126 CI112LNMO/Crrla:lectl'ode and ~129 CII12czu'bon black/szeleclrode), avery
reasonable interfacial capacity of ~0.1-10" WF/cm?xyo is again ob-
tained, clearly indicating that the low-frequency feature is related to
the LNMO charge-transfer resistance. This is further supported by the
strong temperature dependence of the low-frequency semi-circle re-
sistance, increasing by approximately one order of magnitude when
lowering the temperature from 40°C to 10°C (unfortunately, the error
in determining the low-frequency semi-circle resistance at 40°C from
Figure 3a is too large for a precise quantification, which would require
an experimental methodology as described in Reference 18).

After performing temperature-dependent impedance measure-
ments, the T-cell was compressed by applying an external force. It
is expected, that a compression of the cathode will improve the qual-
ity of the contact between the current collector and the LNMO coating,
while the charge transfer resistance across a possible surface film (CEI)
should stay relatively constant. Figure 3b shows the impedance spec-
trum of the LNMO cathode measured at 10°C before compression
(gray line, already shown in Figure 3a and discussed above). After
external compression of the T-cell, several changes can be observed
in the impedance spectrum (Figure 3b, in blue): (i) the high-frequency
semi-circle with an apex frequency of 6300 Hz is no longer present,
(ii) the low-frequency semi-circle retains the same apex frequency of
60 Hz but shifts to lower values along the x-axis, and, (iii) the high-
frequency resistance intercept also shifts toward lower values, as the
thickness of the glass fiber separators decreases substantially upon
compression. The external compression clearly leads to an improved
electrical contact at the interface between the cathode electrode and
the aluminum current collector, analogous to what has been observed
before with LFP electrodes.”* Thus, the analysis of its characteris-
tic capacitance, of its temperature-dependence, and of its dependence
upon cell compression clearly demonstrates that the semi-circle at
high-frequencies is due to an electronic contact resistance at the inter-
face between the cathode electrode and the aluminum current collector.
It therefore rules out definitively the interpretation in the literature that
it be due to a surface-film (CEI) resistance.

Aluminum vs. glassy carbon current collector.—In order to find
out if the increase in the contact resistance (Rconcr) 1S due to the cor-
rosion of the conductive carbon at the interface or from the formation
of a resistive surface film on the aluminum current collector, the alu-
minum cathode current collector is replaced by a glassy carbon disk.
The rationale of this approach is that the glassy carbon surface cannot
form a resistive passivation layer at high voltages, contrary to the pos-
sible formation of, for example, a resistive AlF; layer on the aluminum
current collector. As the glassy carbon disks break upon compression,
the following cathodes — LNMO on aluminum and LNMO on glassy
carbon — are both tested without compression (see Type 3 and Type
4 in Table I), even though LNMO electrodes usually are compressed
or calendered. As before, formation of these cells is done at C/10 at
25°C for two cycles, followed by 98 cycles at 1C and 40°C. After each
25t cycle, the cells are transferred to a 25°C chamber, where the EIS
experiments are performed. Figure 4a shows the specific discharge
capacity for graphite/LNMO cells with the cathode coated either on
glassy carbon (red dots) or on aluminum foil (green dots), and Figure
4b shows the voltage profiles of the graphite/LNMO cells after the 2"
and the 25" cycle at 1C.

For both cathode types, the first discharge capacity at 0.1C is
~121 4+ 1 mAh/ginmo, Which is in good agreement with previous
measurements with LNMO cathodes (compressed, with 5% carbon
black) tested under identical conditions.”’ After formation, the full-
cell voltage profiles of the 2™ cycle at 1C are essentially identical
for the cell with an LNMO cathode coated on an aluminum current
collector (Figure 4b, dashed green line) and for that with an LNMO
cathode coated on a glassy carbon disk (Figure 4b, dashed red line),
indicating a similar impedance after formation. After 98 cycles at 1C
(i.e., the 100" cycle in Figure 4a), the remaining discharge capacity is
~91 +1 mAh/ginmo for cells with LNMO coated on glassy carbon
and ~86 £7 mAh/g; nvo for cells with an aluminum current collector.
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Figure 4. a) Specific discharge capacity (in mAh/g; nmo) versus cycle number
of graphite/LNMO cells with uncompressed LNMO cathodes either coated on
aluminum (green circles; Type III electrodes, see Table I) or on glassy carbon
(red circles; Type IV electrodes, see Table I) over extended charge/discharge
cycling at 1C (CCCV charge, CC discharge) between 3.5-4.8 V cell voltage
at 40°C with an LP57 electrolyte. Formation (2 cycles) was carried out at
C/10 and 25°C. The error bars represent the standard deviation of two cells.
b) Corresponding cell voltage profiles of the 2™ cycle at 1C (dotted lines) and
for the 25t cycle at 1C (solid lines).

The cycling performance of these full-cells lies well within the ca-
pacity retention obtained in our previous study (=90 +1 mAh/g; nmo
after the 98" cycle at 1C and 40°C).?> Here it may be noted that while
the capacity fading of both cells is initially very similar, it starts to
differ after ~25 cycles, where the capacity of the LNMO cathodes
coated on aluminum fade slightly faster and where a significant ca-
pacity variation between the two nominally identical cells starts to
develop (green symbols in Figure 4a). This is accompanied by the
development of a substantial cell impedance, particularly in the case
of the LNMO cathodes coated on aluminum, as can be seen from the
voltage profiles after the 25" cycle at 1C (solid lines in Figure 4b).
The much more increased polarization of the cells with the LNMO
coated on aluminum compared to the LNMO coated on glassy carbon
results in a rapid increase of the capacity contribution from the CV
step for the former. The nevertheless similar capacity retention of both
cathode types can thus only be reached because the CV step with a
current limit of C/20 compensates for the much higher overpotential
apparent in the cell using the LNMO cathode coated on aluminum
(note that its energy retention would be inferior due its much lower
average discharge voltage).
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Figure 5. Impedance spectra of uncompressed LNMO cathodes with 1.5%
carbon black after two formation cycles at 0.1C at 25°C, and after the 50" and
100™ cycle (i.e, after 48 and 98 cycles at 1C and 40°C) in a graphite/LNMO
cell. a) Impedance response of an uncompressed LNMO cathode coated on an
aluminum current collector (Type III electrodes, see Table I); b) Impedance
response of an LNMO cathode coated on a glassy carbon disk; the inset is a
magnified view. The impedance was measured from 100 kHz to 100 mHz with
a perturbation of 15 mV at 25°C; it was conducted at 4.4 Vcey (=10% SOC)
under open circuit conditions.

In order to investigate the origin of the increased overpotential of
graphite/LNMO cells with an aluminum current collector, the cathode
impedance responses at 4.4 V cell voltage (i.e., at ~#10% SOC) are
shown for graphite/LNMO cells with an aluminum current collector
(Figure 5a) and graphite/LNMO cells with a glassy carbon current
collector (Figure 5b). Figure 5a shows the large increase of the overall
impedance over cycling, which is consistent with the above observed
increased cell polarization (Figure 4b). The observed impedance re-
sponse in each case is dominated by a high-frequency semi-circle,
whereby the approximate capacitances derived from a simple R/Q
fit are ~0.8 |WF/cm? for the 50" cycle (in green) and ~1.1pF/cm?
after the 100" cycle (in blue), consistent with an electronic con-
tact resistance. The overall cathode resistance Rchode iNCreases from
~22 Qcm? after formation to ~100 Qcm? after 50 cycles and to
~160 Qcm? after 100 cycles, an increase which is clearly governed
by the large increase of the high-frequency semi-circle. Compared to
compressed cathodes from the experiments before (see Figure 2 and
Figure 3), the high-frequency semi-circle impedance is substantially
larger, thus indicating that uncompressed electrodes have an inferior
electrical contact at the interface of the cathode electrode and the cur-
rent collector. A more rigorous deconvolution of the high-frequency
semi-circle from the low-frequency semi-circle will be shown in the
next section.

Interestingly, the cathode impedance of graphite/LNMO cells with
a glassy carbon current collector (see Figure 5b) is much lower com-
pared to cells with an aluminum current collector (compare 5a). The
cathode resistance Reymode after formation is ~12 Qcm? and increases
only slightly to ~16 Qcm? after 50 cycles due to an increase in the
high-frequency semi-circle and then stays constant up to 100 cycles.
The slight increase of the high-frequency semi-circle might arise from
the corrosion of the glassy carbon substrate or the carbon black in the
coating when the temperature is increased from 25°C (during forma-
tion) to 40°C (during cycling). Quite clearly, after 100 cycles, the
overall cathode resistance Rcanode Of cells with an aluminum current
collector is an order of magnitude higher (2160 Qcm?) compared to
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the cells with LNMO coated on glassy carbon (16 Qcm?). In sum-
mary, we can now clearly attribute the high-frequency semi-circle to
a contact resistance (Rcon. ) between the aluminum current collector
and the LNMO coating, whereby the major increase of Rcon, over
extended cycling seems to be caused by the formation of a resistive
surface film on the aluminum current collector. In addition, the strong
dependence of the evolution of Rc,. on the type of current collector
also rules out an inter-particle contact resistance within the LNMO
electrode, as this effect would be independent of the current collector
material.

Quantification of Rcon. by the blocking condition
methodology.—In a recent study'® of our group, we introduced
a novel impedance procedure which enabled a quantitative deconvo-
lution of the LNMO cathode impedance (Rcumode) into contributions
from the charge transfer resistance (Rct), the pore resistance (Rpoe),
and the contact resistance between current collector and cathode
electrode (Rcon. ). At that time, we quantified the various resistances
by recording impedance spectra at two distinct state-of-charge (SOC)
values of an LNMO cathode in a graphite/LNMO cell: (i) at 4.4 V
cell voltage (corresponding to ~10% SOC) during discharge, ac-
quired at open-circuit voltage (after a 1 h open-circuit hold), and,
(i1) while holding at 4.9 V cell voltage, after the potential had been
held at this voltage until the current had dropped to C/40, so that
the LNMO is completely delithated, corresponding to a full-cell
SOC of 100%. At the latter condition, the LNMO charge-transfer
resistance becomes very large due to the suppression of lithium
intercalation (representing blocking conditions), so that its impedance
response shifts to very low frequencies. Therefore, by recording the
impedance at 4.9 V cell voltage, the impedance spectrum shows
features distinctly separated in frequency space: a high-frequency
semi-circle for the contact resistance (Rcontact), @ mid-frequency 45°
transmission-line feature representing 1/3 of the pore resistance
(Rpore), and at very low frequencies a very large charge transfer
resistance (Rct). Meaningful quantitative values for these resistances
can be obtained by simultaneously fitting the spectra at 4.4 V cell
voltage (non-blocking conditions) and at 4.9 V cell voltage (blocking
conditions) to a transmission-line model equivalent circuit that is
connected in series with an R/Q element for the contact resistance
(Rcon.), and with a Warburg element accounting for concentration
gradients within the separator (for further details, see Reference
18). The same principle is applied in this study, and an exemplary
impedance spectrum in blocking- and non-blocking conditions for an
LNMO cathode (1.5% carbon black, compressed) after the 48" cycle
at 1C and 40°C is shown in Figure 6.

Figure 6 shows the non-blocking impedance spectrum (blue sym-
bols) and the blocking impedance spectrum (red circles) after 48 cy-
cles at 1C and 40°C. The high-frequency semi-circle is present in both
spectra, which supports its assignment to a contact resistance (Rcop,)s
as this resistance should not change with SOC. At lower frequencies,
a Warburg 45°-line is observed for the spectrum in non-blocking con-
ditions, whereas in the blocking spectrum a large impedance feature
is observed for the large charge transfer resistance (Rcr). In our pre-
vious study,'® using an LNMO cathode with a carbon black content
of 5%, a pronounced 45° transmission-line feature at mid-frequencies
was observed in the blocking spectrum. However, for the low carbon
black content (1.5%) in the LNMO cathodes used in this study, the
larger values for the contact resistance (Rcoy.) result in a larger high-
frequency semi-circle that masks the 45° transmission-line feature in
the mid-frequency range. As shown in our previous study, the value
for the pore resistance after formation is Rpoe = 3.2 Qcm?, which only
increases slightly upon cycling at 40°C (~1.5-fold over 85 cycles).'®
Hence, we here use this Rpy. value for fitting the spectra in non-
blocking and blocking condition with a transmission-line equivalent
circuit, neglecting the slight increase of Rp,. Over extended cycling.
While it is clear that this simplification will not allow a deconvolution
of all resistances with a high accuracy, the error for quantifying Rcop.
is rather small, as it represent the by far largest contribution to the
overall cathode impedance.
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Figure 6. Impedance spectra of a compressed LNMO cathode with 1.5% car-
bon black (Type II in Table 1) after the 48™ cycle in a graphite/LNMO cell at
1C and 40°C measured in non-blocking conditions (at 4.4 V cell voltage or
~10% SOC, in blue) or in blocking conditions (at 4.9 V cell voltage or 100%
SOC, in red). The impedance was recorded from 100 kHz to 100 mHz with
a perturbation of 15 mV at 25°C. For blocking conditions, the cell voltage
was held at 4.9 V until the current decreased to C/40 and the impedance was
recorded while holding at 4.9 V; for non-blocking conditions, the impedance
was recorded at open-circuit. The inset is a magnified view of the high- to
mid-frequency region.

Figure 7 shows the thus fitted Ry, values for three different
LNMO cathodes with 1.5% carbon black, cycled in graphite/LNMO
cells at 1C and 40°C (including two formation cycles at 0.1 C and
25°C), namely for: (i) LNMO coated on glassy carbon (Type IV in Ta-
ble [; red circles), (ii) LNMO coated on aluminum and uncompressed
(Type HI in Table I green circles), and, (iii) LNMO coated on alu-
minum which is compressed at 200 MPa to 30% porosity (Type II in
Table I; black circles). Cells with an uncompressed cathode on alu-
minum (green circles in Figure 7) show a large linear increase of Rcont.
over 100 cycles to 160 & 12 Qcm?. When the same electrodes were
compressed to a porosity of 30% prior to cycling, Rcon, increases less
dramatically to ~38 & 8 Qcm? after 100 cycles. In contrast, LNMO
electrodes coated on a glassy carbon disk show essentially no increase
in contact resistance over cycling, exhibiting a contact resistance of
~214 6 Qcm? after 100 cycles.

It is well known that the aluminum current collector in lithium-ion
batteries is covered by a thin layer of native oxide Al,O; which pro-
tects the otherwise reactive metal from corrosion up to potentials of
about4 V vs. Li*/Li.?*® It has also been shown that the aluminum sur-
face is further passivated by a layer of AlF; when fluorinated species
such as LiPFs or LiBF, are used as conductive salt in non-aqueous
electrolytes,”! or when HF is added to electrolytes containing more
stable salts like LiCF3SO, or Li(CF3S0,),N.?’ Since graphite/LNMO
full cells are typically cycled up to a cathode potential of 4.9 V vs.
Li*/Li, it is reasonable to assume that the (electro)chemical oxidation
of the electrolyte might result in reaction products which can either ox-
idize or other passivate the aluminum surface, thereby increasing the
contact resistance at the AI/LNMO interface. We recently provided
evidence that the (electro)chemical oxidation of alkyl carbonates in
commonly used electrolytes leads to the formation of protic species,'”
later on, Ma et al.*” argued that these protic species would react with
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Figure 7. Contact resistances for LNMO cathodes (with 1.5% carbon black)
cycled in graphite/LNMO cells (at 1C and 40°C, after 2 formation cycles
at 0.1C and 25°C), as determined from a simultaneous fit of impedance
spectra measured in blocking- and non-blocking conditions (see Figure 6)
with a transmission-line equivalent circuit as described in Reference 18.
Green circles: uncompressed LNMO cathodes on aluminum (Type III, see
Table I); black circles: compressed LNMO cathodes on aluminum (Type II,
see Table I); red circles: LNMO cathodes on glassy carbon (Type 1V, see Ta-
ble I). The error bar represents the standard deviation of two cells and the first
data points represent R, after two formation cycles at C/10.

LiPF¢ to HE, which in turn would convert the (oxidized) aluminum
surface to the AlF; surface layer they had observed by XPS. This is
consistent with the facts that (i) protic species rapidly react with LiPFg
to HF,*? and that (ii) the addition of HF into electrolytes with more
stable salts also leads to AlF; formation, as determined by XPS.?’
We therefore believe that the protic species produced by the elec-
trochemical electrolyte oxidation reaction at the LNMO cathode in
graphite/LNMO full cells gradually converts the native aluminum ox-
ide surface film into a growing layer of AlF;, thereby degrading the
quality of the electronic contact at the AI/LNMO interface. Further-
more, the reported pitting corrosion on aluminum current collectors
cycled in an LiPFg containing electrolyte could also contribute to the
observed increasing contact resistance over cycling.’® In either case,
this explains why a growing contact resistance is only observed for
LNMO cathode coated on aluminum and not on glassy carbon, which
would not form an insulating layer with HF (see Figure 7). Compar-
ing compressed and uncompressed LNMO electrodes coated on alu-
minum (green and black symbols in Figure 7), the linear increase of
Rcont, over cycling is lower for compressed electrodes, underlining that
the A/LNMO interface conductivity upon compression is improved,
even though an insulating surface layer continues to grow over cy-
cling. This result also demonstrates that compression of high-voltage
cathodes is very important, as the increasing resistance lowers the en-
ergy density of the cells. In the following section, we investigate the
evolution of Rcoy. in the absence of electrolyte oxidation, which can
be done by examining Rcey. VS. cycle number in graphite/LFP cells.

Investigation of the cathode/aluminum contact resistance in
graphite/LFP cells.—In order to prove that the presence/formation
of HF really causes the growth of the above discussed interfacial
contact resistance, we introduced a controlled amount of HF into
the electrolyte of a graphite/LFP cell. Since these cells are typically
cycled to an upper cutoff cell voltage of 4.0 V, corresponding to a
maximum cathode potential of only ~4.1 V vs. Li*/Li, the elec-
trolyte should be stable against oxidation, so that the impact of HF
on the cathode impedance response can be observed independent of
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Figure 8. a) Specific discharge capacity (black symbols) and coulombic ef-
ficiency (blue symbols) of graphite/LFP cells cycled with pristine LP57 elec-
trolyte between 2.0-4.0 V at 1C and 40°C (CCCV charge until C/20, and CC
discharge). Two Formation was done at C/10 and 25°C (2 cycles, not shown).
b) Impedance spectra of an LFP cathode measured at 50% SOC after formation
(blue line) and after 50 cycles (black line). The impedance is recorded from
100 kHz to 100 mHz with a perturbation of 15 mV at 25°C under open circuit
conditions.

other effects which might be caused by electrolyte oxidation. For this
purpose, a sample of the standard LP57 electrolyte was mixed with
1000 ppm of deionized water and stirred for 5 days. As previously
reported in the literature, water reacts with LiPFg according to the

following mechanism:**
LiPF; = LiF | + PF;s 0]
PFs + H,0 — POF; + 2HF 2]

Consistent with the literature,?' the completion of these reactions after
5 days was confirmed by Karl-Fischer-Titration and by '°F NMR (ex-
perimental section), yielding ~2000 ppm HF. To investigate the effect
of HF on the cathode impedance, T-cells with the LP57 electrolyte
without and with ~2000 ppm HF were assembled as described in the
experimental section. For each cell, impedance spectra of the cath-
ode were acquired at open circuit-conditions at 50% SOC and 25°C
(non-blocking conditions), both after two formation cycles (C/10 at
25°C) and after 50 charge/discharge cycles (1C at 40°C). The cycling
data and the cathode impedance spectra of the cell containing the
pure LP57 electrolyte (without added HF) are shown in Figure 8. The
specific discharge capacity at 1C decreases from 2133 mAh/g; pp to
~127 mAh/g; g over the course of 50 cycles (capacity retention of
~95%), with coulombic efficiencies increasing from 99.4% to 99.9%.
The impedance spectra at 50% SOC both before and after cycling do
not show a visible high frequency semi-circle, which indicates that the
contact resistance is negligible. We believe that the minor but notice-
able onset for a contact resistance at highest frequencies stems from
the contact between LFP and the aluminum foil, which likely has a
thin oxide or fluoride surface layer that may impose a small electronic
resistance.

The cycling data and impedance spectra of the cells containing the
LP57 electrolyte with ~2000 ppm HF are shown in Figure 9. Here,
the specific discharge capacity at 1C decreases from ~111 mAh/g gp
to ~94 mAh/g; pp (capacity retention of ~85%), with coulombic effi-
ciencies increasing from 99.2% to 99.8%. Thus, the graphite/LFP cell
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Figure 9. a) Specific discharge capacity (black symbols) and coulombic ef-
ficiency (blue symbols) of graphite/LFP cells cycled with LP57 electrolyte +
~2000 ppm HF between 2.0-4.0 V at 1C and 40°C (CCCV charge until C/20,
and CC discharge). Two Formation was done at C/10 and 25°C (2 cycles, not
shown). b) Impedance spectra of an LFP cathode measured at 50% SOC af-
ter formation (blue line) and after 50 cycles (black line). The impedance is
recorded from 100 kHz to 100 mHz with a perturbation of 15 mV at 25°C
under open circuit conditions.

containing HF-contaminated electrolyte shows a significantly lower
initial discharge capacity as well as poorer coulombic efficiencies
and inferior capacity retention than the graphite/LFP cell cycling with
LP57 electrolyte without intentionally added HF. This could be caused
by (i) reaction of parts of the HF with the lithiated graphite anode to
H, and LiF,*! and/or (ii) by HF-facilitated dissolution of iron from the
LFP lattice, which has previously been reported by Amine et al.>> Most
notably, however, the impedance spectra of the cathode in Figure 9b
show a clearly pronounced semi-circle in the high-frequency region,
which is present before and after cycling and remains almost constant
in magnitude. The capacitance of this semi-circle is in the order of
~0.5 WF/cm?, what clearly indicates the interface coating/current col-
lector. In light of the above experiments on graphite/LNMO cells, this
means that the addition of HF to a graphite/LFP cell leads to the for-
mation of a contact resistance at the AI/LFP interface. The fact that this
contact resistance does not change significantly over cycling implies
either that the HF added to the electrolyte is likely being consumed
directly after cell assembly or within the first few cycles (e.g., by re-
action with the cell materials or by its reduction to LiF and H, at the
anode);”! it could also be due to the rather large carbon content of the
compressed LFP cathode, which slows down the growth of Rc,,,. (see
Figure 2). While this question cannot be resolved here, it is clear that
HF present in the electrolyte does lead to a contact resistance at the
Al/cathode interface due to the formation of an insulating surface film
on the aluminum current collector. Since HF is most likely formed
upon electrolyte oxidation in PFs~ based electrolytes (see above dis-
cussion), Figure 9b provides further evidence that the increase of Rcon.
upon cycling graphite/LNMO cells at elevated temperature is a con-
sequence of continuous electrolyte oxidation and HF formation.
These results show that the impedance increase of high-voltage
cathodes is caused by electrochemical electrolyte oxidation and con-
comitant formation of an insulating surface film on the aluminum
current collector. In graphite/LNMO cells, electrolyte oxidation and
the subsequent deposition of transition metals on the anode are the
main ageing phenomena at elevated temperatures.® However, as the
voltage profile is very flat, the increased overpotential (from Rcoy.) is
not very strongly reflected in the capacity retention of graphite/LNMO
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cells (see Figure 4), particularly when charging is conducted in CCCV
mode. However, a growing Rc,,,,;. will more strongly affect the energy
retention and the round-trip efficiency of graphite/LNMO cells, as it
increases/lowers the average charge/discharge voltage. When other
high voltage cathodes are considered, as for example overlithiated
manganese-rich NCMs (also referred to as HE-NCM) which operate
at up to 4.7 V,?® an increase in the cathode impedance caused by con-
tact resistances with the Al/cathode interface is expected to lead to
a more significant capacity fading (and energy fading) to the steeper
voltage profile.

Conclusions

The impedance of a high-voltage LNMO cathode is dominated
by a high-frequency semi-circle which increases upon cycling at el-
evated temperatures (>40°C). It was shown that this impedance fea-
ture is characterized by a low interfacial capacitance, a very weak
temperature-dependence, and a strong cell stack compression depen-
dence, based on which it can be ascribed unambiguously to an elec-
tronic contact resistance at the LNMO cathode/aluminum current col-
lector interface (Rc,,.). By comparing LNMO cathodes coated either
on aluminum or glassy carbon current collectors, it could be shown
that this interfacial contact resistance is mainly caused by the forma-
tion of an insulating surface film on the aluminum current collector
rather than by the corrosion of the conductive carbon in the cathode
electrode. The evolution of R, upon cycling of graphite/LNMO
cells with a micro-reference electrode was quantified by an impedance
methodology where cathode impedance spectra are acquired under
both non-blocking (10% SOC) and blocking conditions (100% SOC),
the simultaneous fitting of which enables a straightforward deconvo-
lution of the various resistances contributing to the overall cathode
impedance.

As the literature suggests that protic species can be formed upon
electrolyte oxidation at high potential, which in turn react with LiPFg
to HF, we examined the effect of HF on the formation of a contact
resistance in graphite/LFP cells. Indeed, adding an HF-contaminated
electrolyte to a graphite/LFP cell, which operates at potentials where
no electrolyte oxidation occurs, we could demonstrate that this results
in the appearance of a high-frequency semi-circle corresponding to
a contact resistance at the AI/LFP interface. This phenomenon will
be also critical for other high-voltage cathode active materials like
overlithiated manganese-rich NCM.
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Results

3.2 Washing of Ni-rich cathode materials

This section presents the article Washing of nickel-rich cathode materials for lithium
ion batteries - Towards a mechanistic understanding which is on the way to be
submitted to a peer-reviewed Journal. The article was presented by Daniel Pritzl at

the Cancun, Mexico Meeting of the Electrochemical Society in October 2018.

Compared to an LNMO cathode, Ni-rich cathode materials show a very high
reactivity towards moisture and CO2 from the air. This leads to the rapid formation
of LiOH and Li2CO3 on the surface of the materials.! The surface impurities
deteriorate the cycling performance and lead to severe gassing and impedance
increase.83 In order to remove these surface impurities, a very simple method can
be used called washing. Here the cathode material is stirred in water for a certain
amount of time and then dried. Xiong et al.114 shows that washing removes LiOH
and Li2COs3 from the surface and that a more stable cycling could be achieved with
a washed material versus a non-washed material. The only drawback is that upon
washing, active lithium is lost and therefore the initial discharge capacity is lower.

Kim et al.84 showed similar results for an NCA cathode.

The purpose of this study is a detailed understanding of the washing process,which
so far is lacking in the literature. The materials were washed in an argon-filled
glovebox twice (20 minutes with a water/CAM ratio of 5/:1) and the wash solutions
were analyzed by titration. We expected to find LiOH in the first wash solution and
the absence of it in the second solution (after washing the once washed material
again). Surprisingly, we can find LiOH also in the second wash solution what
correlates well with pH measurements. OEMS measurement show that a washed
material shows a drastically reduced gassing of Oz and CO2 in the first cycle.
Interestingly, the gas amounts are getting lower with increasing drying
temperature after washing. Impedance measurements show that the washing
process leads to an increased cathode resistance, which scales with drying
temperature. By TGA-MS measurements we could show that the oxygen release
from the cathode is not happening during the washing (via MS) but during the
drying process (TGA-MS). Combining all the results, we propose a mechanism on

how the washing process of NCM cathode materials proceeds: First, the surface is
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transformed into a NiOOH structure through a proton exchange with lithium ions.
Afterwards, the NiOOH phase is thermally decomposed above 80 °C, leading to an
02-defiecient layer on the surface, which is consistent with the OEMS and

impedance measurements.

The very important finding of this study, which has not been shown in any previous
publication (to the best of our knowledge) is that a surface transformation (layer to
spinel/rock salt) is achieved after washing leading to a decreased Oz release from
the surface of the NCM'’s. Jung et al.67 showed that this surface oxygen leads to the
oxidation of the electrolyte and then to a decrease in cycling performance.
Whenever this oxygen release is absent, no chemical electrolyte oxidation can
happen and explain the improved cycling after washing reported by Xiong et al.114

and Kim et al.84
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Abstract

Washing is a commonly used method to remove surface impurities of cathode materials for
lithium-ion batteries. However, a clear mechanistic understanding of the washing process is
missing in the literature. In this study, we will investigate the effect of washing of nickel-rich
NCM cathodes (85% nickel) with respect to gassing and impedance of the washed cathodes.
By on-line electrochemical mass spectrometry (OEMS), we will show a drastic reduction of the
O; release above 80% SOC for a sample washed in water, suggesting a reduction of the NCM
cathode’s surface. The modification of the surface can be confirmed by a strong impedance
increase of the washed cathode measured via a reference electrode in a full-cell. Last, we will
show a conclusive mechanism about the washing process of nickel-rich NCM materials and
identify the drying temperature after washing as the dominant factor influencing the surface

properties.



Introduction

Lithium-ion batteries are considered as a viable option for energy storage in electric
vehicles (EV’s). In order to reach the goal of a widespread application in electrical vehicles,
many obstacles have to be overcome with respect to cost, driving range and charging times.' 2
The most critical factor for an increase in energy density (and hence an increase in driving range)
for future Li-ion batteries is the capacity of the cathode active material (CAM).? One of the
most promising class of cathode materials therefor are the so called NCM and NCA materials,
both having a layered structure with the sum formula LiMeO> (Me = Ni, Co, Mn for NCM and
Me = Ni, Co, Al for NCA). In state of the art vehicles mid nickel NCM-523 (Ni:Co:Mn = 5:2:3)
cathodes are already used,® showing good structural stability during lithium extraction/insertion
and reasonable capacities of <160mAh/g.> However, to increase the specific capacity with
acceptable upper cutoff voltages, recent trends tend to increasing nickel contents, leading to
nickel rich NCMs (Ni:Co:Mn > 8:1:1).* These nickel-rich materials can lead to reversible
capacities of up to =180 mAh/g at reasonable cutoff potentials (4.2 V vs. graphite). For these
high nickel materials not only manganese can be used to stabilize the structure,’ but it can also
be replaced by aluminum leading to nickel-rich NCA, which Tesla had been using for many

years.>

However, the increasing capacity of nickel-rich materials comes at the cost of faster
capacity fading and higher sensitivity towards storage and cycling conditions.® 7 It turned out
that Ni-rich materials are very sensitive toward storage under humidity and CO2 containing
atmospheres,®® leading to the formation of large amounts of hydroxides and carbonates on the
surface of the particles.'®!® These surface impurities do not only lead to a deterioration of the

81720 and lead to

capacity retention,® 3 ° but also cause high gas evolution in commercial cells
a high pH causing gelation of the slurry during electrode preparation.?!:?? As a very simple and
practical solution to remove surface contaminants most cell and material manufacturer included
a washing step in which the active material is washed in an aqueous solution.?>?*> This washing

step can significantly lower the pH value of the slurry®2*

and can thus prevent gelation during
the electrode coating process. Kim et al.?> have also shown that washing of nickel-rich cathodes
can efficiently prevent gas evolution during high temperature storage experiments. It has been
initially suggested that washing of NCA simply removes carbonate and hydroxide impurities
from the cathode material surface and therefore improves the material properties®* whereas

other reports suggest also a reaction with the active material itself.?* 2¢ While washing of NCA

powder significantly improves the cycling stability at room temperature and C-rates as low as
3



C/5,%* there is clear evidence that washing of NCA has a negative effect on the 45 °C cycle
performance at 1C discharge,”? pointing towards a thermal instable surface which in
consequence leads to the formation of a resistive surface layer.?® On the other hand, heat
treatment of the washed samples could show that a recalcination at 700 °C can regain the initial
surface structure and thus recover the electrochemical performance after removal of the surface
impurities.?® While it seems obvious that a NCM surface without any hydroxides or carbonates
should perform best, it turned out that synthesis of an entirely virgin surface shows poor
electrochemistry and a certain exposure to ambient conditions is required for a sufficient surface
termination.!! In this respect, it has been shown that nickel-rich NCMs strongly tend to the
formation of a spinel type structure at SOCs > 80%, induced by oxygen release,?” ?® leading to

® and a high impedance build-up,?’ following a similar

chemical electrolyte oxidation?
mechanism thatw as described for Li- and Mn-rich NCMs.>* At the moment many different
surface stabilizations strategies are under investigation to stabilize the surface of nickel-rich

8,9,32

layered cathode materials, such as surface sulfatation,®' recalcination after storage, as well

as surface coatings with spinel structures® or core-shell particles.>* Considering the results by

Paulsen et al.!!

, we suggest that washing of nickel-rich materials does not only remove the
surface impurities but also induces a significant reaction with the active material surface, e.g.
by lithium proton exchange that has been suggested from literature.® 3> 3¢ While washing of
nickel-rich cathode materials is a well-known industrial process and is already implemented by
most of the battery manufacturers there is still a significant lack of scientific literature providing
a profound understanding about the exact mechanism and the effect of these washing

procedures. Therefore, we think that a detailed understanding of the washing process can open

a new path towards surface modification strategies of nickel-rich cathode materials.

In this study we will examine the reactions that occur during the washing of nickel-rich
cathode materials in deionized water and its effect onto the electrochemistry and the gas
evolution. These studies will be conducted with a Ni-rich material, having the sum formula
LiNio.85C00.10Mno.0502, also referred to as NCM 851005. For this study, we measured the pH
during washing, as well as the LiOH and Li2COs3 contents of the wash solution. By on-line
electrochemical mass spectrometry (OEMS) we could prove that washing has a significant
influence on the oxygen release and the gas evolution of the material which can be rationalized
by the formation of an oxygen deficient surface layer during the drying step. While washing
can prevent oxygen release and can remove hydroxide and carbonate impurities from the
surface, we can clearly show by impedance and OEMS that the drying temperature influences

the properties of the newly formed interface. Thus, we prove that washing of nickel-rich
4



materials not only removes the surface impurities but also strongly reacts with the materials
surface and therefore needs to be analyzed in detail in order to stabilize nickel-rich cathode

materials.



Experimental

Washing process of NCM851005 powder — For the washing process, deionized water
(18 MQcm, Merck KGaA, Germany) was used. 20 g of NCM851005 were given into 100 mL
of purified water and stirred for 20 minutes. The solution was then filtered, and the washed
material dried in a vacuum oven for at least 4h (either at 25 °C or 65 °C, see Table 1). The once
washed material was then washed again (20 g material in 100 g of purified water) and the
suspension was filtered again. In both wash solutions (from the first and second washing), the
concentration of LiOH and LiCO3 were determined by titration with HCl. The pH-
measurements and the titration experiments were carried out in an argon atmosphere. All other
experiments conducted in ambient air. The material after the second washing was dried for 12h
with four different drying conditions: 80 °C, 180 °C and 300 °C in a vacuum oven and one
sample was freeze dried and used for further analysis. The freeze drying was carried out in a
vessel with washed material, which was put into liquid nitrogen and dynamic vacuum was
applied for 12h. The detailed drying conditions of all used materials with water to CAM ratio,
atmosphere, drying temperature between first and second washing and final drying temperature

are listed in Table 1.

Table 1: Summarized information about the washing procedure with information about the experiment, water to

CAM ratio, atmosphere and drying temperatures (under dynamic vacuum).

NCM powder H20/CAM Atmosphere Drying temperature Final drying

ratio (washing) between 1. and 2. temperature
Washing in vacuum
Pristine --- air --- 120 °C (12h)
25 °C sample 51 air 25 °C for 4h Freeze dry,
25 °C (12h)

80 °C sample 5/1 air 65 °C for 4h 80 °C (12h)
180 °C sample 5/1 air 65 °C for 4h 180 °C (12h)
300 °C sample 51 air 65 °C for 4h 300 °C (12h)




Electrode preparation — Electrodes for OEMS measurements were prepared by dispersing
96 wt.% LiNig.85C00.10MnosO2 (NCM851005) (BASF SE, Germany), 2 wt.% conductive
carbon (Super-C65, Timcal, Switzerland), and 2 wt.% polyvinylene difluoride PVDF binder
(Kynar HSV 900, Arkema, France) in N-methyl-2-pyrrolidone NMP (anhydrous, Sigma-
Aldrich, USA). A high solid content of 70% for the slurry was chosen to enable coating onto a
porous stainless-steel mesh (SS316, aperture 26 um, wire diameter 25 um, The Mesh Company
Ltd., UK). The slurry was mixed in a planetry mixer (Thinky Corp.) for 10 min. and coated
onto the stainless-steel mesh, yielding a NCM loading of =12 mg/cm?, corresponding to =3.3
mAh/cm? (based on a theoretical capacity of 275 mAh/g for 100% delithiation). Electrodes for

OEMS experiments were punched out with a diameter of 15 mm.

For impedance measurements, NCMS851005 electrodes were prepared by mixing
LiNio.85C00.10Mno.sO2 (NCM851005) (commercial, BASF SE, Germany), carbon black (Super
C65, Timcal), and polyvinylene difluoride (PVDF, Kynar) at a mass ratio of 96/2/2 with NMP
(N-methyl pyrrolidone, anhydrous, Sigma-Aldrich, Germany) in a planetary mixer (Thinky
Corp.) for 15 min. The ink was coated onto aluminum foil (MTI, 18 um) with a doctor blade
coater and dried afterwards at 50 °C in a convection oven for at least 3h. The final NCM851005
coating had a loading of =9 mgncm/cm?, corresponding to =2 mAh/cm? (based on a first charge
capacity of 215 mAh/g at 4.2 V cell cut-off). In this specific case, the theoretical capacity was
defined by the first charge capacity in order to guarantee sufficient full-cell balancing.
Electrodes with a diameter of 11 mm (=0.95 cm?) were punched out and compressed to =30%

porosity with a KBr press.

Graphite electrodes were prepared by mixing graphite (commercial, T311, SGL Carbon,
Germany) and PVdF at a mass ratio of 95/5 with NMP by applying the same procedure as for
the positive electrodes. The graphite ink was coated onto copper foil (MTI, 12 um) and dried
in a convection oven at 50 °C for 3 h. The loading of the graphite coating was =6 mggraphite/cm?
corresponding to =2.05 mAh/cm? (based on a specific capacity of 340 mAh/g). The electrodes
were punched out with a diameter of 11 mm and compressed to a porosity of =<30%. All anodes
were dried under dynamic vacuum at 120 °C. The cathodes were dried at 25 °C (for the freeze
dried material), at 80 °C (for the CAM which was dried at 80 °C prior to coating, see Table 1)
and all other cathodes at 120 °C for at least 12 h in a vacuum oven (Biichi, Switzerland) and

then transferred into an Argon-filled glovebox (MBraun, Germany) without exposure to air.



On-line electrochemical mass spectrometry (OEMS) — For OEMS experiments, electrodes
coated onto a stainless-steel mesh (see above) were used to have a porous medium as current
collector in order to allow fast diffusion of evolved gases from the electrode to the capillary.’’
For OEMS measurements a custom-made one-compartment cell is used; the cell design as well
as the OEMS setup were reported previously.’® OEMS cells were assembled with a lithium
metal counter electrode, one glassfiber separator (200 um thickness, VWR, Germany), a NCM
working electrode and 120 pl of electrolyte composed of EC-only with 1.5M LiPFs (BASF SE,
Germany). The cells were connected to the mass spectrometer, held for 4 h at OCV (open circuit
voltage), and then charged to 5.0 V vs. Li*/Li at a C/10 rate (C-rates here are calculated based
on a nominal capacity of 275 mAh/g). For quantification of the mass spectrometer currents, a
calibration gas containing Oz and COz2, (each 2000 ppm) in Argon (Linde AG, Germany) was
used. All currents were normalized to the current at m/z = 36 (Ar isotope) in order to correct
for effects of minor pressure and temperature deviations. The currents m/z =32 (O2) and

m/z = 44 (CO,) were converted into gas concentration.

Modified OEMS setup for water addition to NCM powder — The above described setup was
modified in order to add a defined amount of water to an NCM851005 powder. Consequently,
the OEMS cell was replaced by a Swagelok T-fitting, which was connected to the MS system.
The other two openings of the Swagelok fitting were equipped with a septum in order to
introduce water with a syringe and with a standard closed nut where 0.5 g NCM851005 powder
was added. After a 40 minutes rest phase, a syringe with argon from the glovebox was added
to the system in order to check for the tightness of the septum. After 60 minutes of recording
the mass traces of Oz, H>O and N2, 2.5 mL of purified water were dozed to the NCM powder

and the mass traces were further recorded.

Electrochemical Impedance Spectroscopy (EIS) and charge/discharge cycling — The
impedance of the cathode was measured with a gold wire reference electrode (GWRE) as
reported in an earlier publication.*® Before measuring the impedance, two formation cycles of
the graphite/NCM851005 cells were carried out at 25 °C in the voltage range of 4.2V -3.0V
Cell Voltage. The charging protocol consisted of a constant current constant voltage (CCCV)
charge with a cut-off for the CV phase of C/20. The discharge was carried out in CC mode.
After formation, the cells were charged to 50% SOC by a 5h charge with C/10 based on the

second discharge capacity. After 1h of a rest phase, the impedance was recorded in
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potentiostatic mode from 100 kHz to 100 mHz with a perturbation of 10 mV. Afterwards charge
discharge cycling was carried out with a CCCV charge to 4.2 V with C/2 and a CC discharge
to 3.0 V with 1C at 25 °C for 198 cycles.

X-ray photoelectron spectroscopy (XPS) — Surface analysis of the pristine and 2x washed
sample (dried at 180 °C) was carried out by X-ray photoelectron spectroscopy (Axis, Supra,
Kratos, UK). The powders were pressed to pellets inside an argon-filled glovebox and mounted
on an electrically insulated sample holder, which can be transferred from the glovebox into the
XPS system without any air exposure. The sample was kept in the pre-antechamber until a
pressure of ~10® Torr and was then transferred to the sample analysis chamber (SAC) where
the pressure was always kept below =10 Torr during the whole measurement period. Sample
irradiation was carried out with a monochromated Al Ko radiation (1486.6 eV) with an emission
current of 15 mA. Survey spectra were recorded for all samples with a stepsize of 0.5 eV and
at a pass energy (PE) 160 eV. Elemental spectra were recorded with a stepsize of 0.2 eV and an
emission current of 15 mA. For all measurements, a charge neutralizer was used, and the spectra

were calibrated to the adventitious carbon peak with a binding energy (BE) of 284.8 eV.

Thermogravimetric Analysis with coupled Mass Spectrometry (TGA-MS)

For TGA-MS analysis a TGA system (Mettler Toledo, Switzerland) coupled to a mass
spectrometer (Pfeiffer Vacuum, Germany) was used. All samples analyzed by TGA-MS were
dried in a vacuum oven (Biichi, Switzerland) for at least 3 h at 120 °C under dynamic vacuum.
The as dried samples, washed twice in water and the pristine NCM851005 were analyzed with
the following protocol: First a conditioning at 25 °C for 10 minutes with an argon flow rate of
200 mL/min. Afterwards the flow rate was changed to 20 mL/min and again a rest phase of 10
minutes at 25 °C was carried out. Then the temperature was increased from 25 °C to 120 °C at
10 K/min. Here, the temperature was held for 40 minutes. The last step includes a heat ramp
(10 K/min) to 450 °C with a hold phase of 50 minutes. All mass traces from the MS were

normalized to the nitrogen signal (m/z = 28).



Results

Li;CO3 & LiOH concentration and pH-value of NCM851005 in water — For the washing
process, the cathode material NCM851005 was selected as it is known that the formation of
surface contaminants, such as LiOH and Li»COs3, is most crucial for nickel-rich materials.® 2!
For the determination of LiOH and Li>CO3, the washing process is carried out in an argon-filled
glovebox in order to exclude any effects of CO> from the air. 20 g of NCM851005 are dissolved
in a solution of 100 mL degassed water and stirred for 20 minutes (referred to as “First
Washing”). Afterwards the wash solution is filtered, and the powder is then stored in a drying
oven at 65 °C for at least 4h. After that, the powder is washed again in 100 mL of water for 20

minutes (referred to as “ Second Washing”).

The lithium carbonate content is determined by titration and shown in Figure 1. After the first
washing, the amount of lithium carbonate is found to be =6.4 + 0.2 mg Li2CO3 per gram NCM
(red bar). This would correspond to 6450 ppm of Li2COs on the surface of the active material
which compares well with the high carbonate impurities reported by Noh et al.?! who found
roughly 15000 ppm on their 85% nickel containing NCM material. The differences in ppm
might be found in the specific storage conditions and surface areas of the materials, which are
different for each research group. After the first washing, the material is dried in a vacuum oven
in the glovebox and then washed again in the glovebox. Interestingly, no more lithium carbonate
can be detected in the wash solution after the second washing. The absence of lithium carbonate
in the second wash solution can easily be rationalized by the low values of COz in the glovebox,
the high solubility of Li2COs in the washing water, the long washing time and the high
water/CAM ratio.

The LiOH content is also determined by titration and the amount after washing the material
once is shown in Figure 1. After the first washing 4.6 + 0.35 mg LiOH (0.19 mmolvion) per
gram NCM (1 gnem = 10.26 mmolnem) (red bar) are found in the wash solution. This
corresponds to an amount of LiOH on the cathode active material of =4600 ppm. Noh et al.?!
also determined the amounts of LiOH on an 85% nickel containing NCM and found
~11000 ppm on their material showing that our levels are reasonably high. Generally, one
expects that after washing the material once, no more or only little amounts of LiOH from
surface impurities should be found in the wash solution as also all Li2COs3 has been washed
away under these conditions. However, when we analyze the second wash solution we still find
~2.8 £ 0.15 mg LiOH (0.12 mmoliion) per gram NCM wash solution (black bar). This would

correspond to a LiOH amount on the cathode material of =2800 ppm. We think that this amount
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cannot stem form impurities, which are still left on the surface of the cathode material and the
origin of the large amounts of LiOH in the wash solution must be caused by a different
mechanism. In order to translate the LiOH concentration from Figure 1 into a molar lithium
loss, the molar ratios of lithium loss and lithium in the NCM material have to be taken into
account. After washing the sample twice ~ 0.31 mmol Li* were found in the wash solutions as
LiOH, which stems from 10.26 mmol NCM (data in Figure 1 are normalized to 1g). Therefore,

the mol.% of Li* loss from the structure can be calculated:

npi+ _ 0.31 mmol — 3 mol.% (1)

nNcm ~ 10.26 mmol

This means that during the two washing steps in total 3 mol.% of lithium are dissolved from

the NCM material; this value will be used for further calculations during the discussions section.

62 Li,CO, Determination
=
2
> 4F -
o
E2} 3
0
6} b) LiOH - Determination

First Washing Second Washing

Figure 1: a) Li,CO3 & b) LiOH amounts of 20 g NCM851005 powder washed in 100 mL degassed water for 20
minutes under argon atmosphere. The carbonate and hydroxide amounts are determined by titration with HCL.
The material was washed once and then the titration was carried out of the wash solution and is referred to as “First
Washing”. After that, the powder was dried in a vacuum oven in the glovebox at 65 °C for at least 4h. The as-dried
powder was then washed again and the wash solution is used for titration and the amounts are referred to as
“Second Washing”. The error bars show the deviation of three repeat measurements.
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In order to understand the behavior of LiOH found in both wash solutions we recorded the pH-
value during the first and second washing under argon over the course of 20 minutes, which is
identical to the washing experiment (20 g NCM in 100 g water). The results are shown in Figure
2. By adding NCM851005 to the wash solution for the first time (open round symbols) the pH-
value immediately jumps to a value of =11.3. After ten minutes, the pH is =12.1 and after 20
minutes, the pH saturates with a value of =12.2. When the once washed and afterwards dried
material is washed again (square symbols), the pH again immediately jumps to a very high
value of 11.1. After ten minutes, the pH is 11.5 and after 20 minutes, the pH-value saturates at
a value of 11.6. Interestingly, when the materials are put into water a sudden pH jump occurs
both for the first- and for the second washing. This implies a fast-chemical reaction must happen
which is then controlled via diffusion. Please note that the plateaus observed are caused by the

sensitivity of the pH meter of 0.1 pH.

12,5
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pH-value
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11.0 L~ L L L L L L L L L L

0 2 4 6 8 10 12 14 16 18 20 22
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Figure 2: pH-value over time of 20 g NCM851005 in 100 g water while stirring the solution in an argon-filled
glovebox. The rectangular symbols show the pH-value when the NCM851005 powder is first washed. The open
round symbols show the pH-value of the NCM851005 powder that was washed beforehand and dried afterwards
in a vacuum oven at 65 °C for at least 4h.

Next, we have to rationalize these results from a mechanistic perspective. Regarding the
mechanism of the washing process, we think that the first step is a proton (H") exchange with
a lithium ion (Li") leading to the formation of LiOH (explaining the strong pH increase) and to
a HMO:; surface. For a nickel-rich material the HMO; structure is isostructural with a NiIOOH
like surface. The reaction path is shown in equation 2. Shkrob et al.” have already shown by
XRD that a lithium/proton exchange occurs, when the material is exposed to ambient air and
stored under improper conditions. Jeong et al.*” recently published a study, which is related to
the washing process of an LCO cathode and they have shown that the first step during washing

is a lithium/proton exchange on the surface of the LCO cathode.
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LiMO, + H,0 - LiOH + HMO, 2)

We think that the lithium/proton exchange occurs on the surface of the NCM and penetrates
into the structure, which is limiting at the end and leads to the lower Li*-leaching after the first
washing. As a next step, the material washed twice was heated to 180 °C (to remove residual
water) and analyzed in terms of residual reactive lithium on the surface via XPS, gassing via
on-line electrochemical mass spectrometry (OEMS) and charge transfer resistance changes by

impedance spectroscopy with a gold wire reference electrode (GWRE).
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Surface- and electrochemical analysis of the 2x washed NCM851005 material (dried at
180 °C) — In order to prove that no more residual lithium (LiOH & Li>CO3) is on the surface
as claimed by the literature®*, we performed XPS measurements of the pristine NCM851005
material and the NCM851005 material, which was washed 2x and dried at 180 °C. The samples
were transferred to the vacuum system of the XPS without any exposure to air. The Li 1s region
was recorded from 58 eV to 52 eV BE. In the top panel of Figure 3, the spectrum is shown for
the pristine NCM851005 that was received by the material manufacturer. One can nicely
observe two peaks in the spectrum. One is located around 54.0 eV (in green) and attributed to
the intercalated lithium (Liintercalaed) and one peak is located at 55.3 eV (in blue), which is
attributed to the surface lithium (Lisurface, = LIOH and Li2CO3). The assignment of the peaks is
further validated by storing the as received material in humid air, leading to a severe increase
of the surface lithium peak (data not shown). Interestingly, when the material is washed twice
in argon, no more surface lithium can be detected by XPS whereas the intercalated lithium peak
(in green) is still present. This result fits well with the literature where Kim et al.>* could show
by FT-IR measurements that the amounts of LiOH and Li>COs; drastically decrease after
washing. With that, we can show that washing leads to a decrease in residual LiOH and Li2CO3
on the surface of the cathode material. Next, we want to check if the washing process has an

influence on the gassing and the impedance of the NCM851005 material.

Li1s

v T T ¥ T 5 1 ¥ 1
NMC851005 pristine i i

Llsurface letercalated
\
NMC851005 washed 2x
Iintercalated
1 " 1 i 1 " 1 L 1 1
57 56 55 54 53 52

Binding Energy [eV]

Figure 3: Li 1s region of NCM851005 pristine and washed under argon twice by XPS (data shown in black). The
pristine sample (NCM851005 as received) was dried at 120 °C and the washed sample (NCM851005 washed 2x)
was dried at 180 °C prior to the measurement. The samples are transferred to the vacuum chamber without any air
exposure. For peak fitting, a Shirley background (in black) was subtracted and two peaks with a center energy of
54.0 eV (Liintercatated) and 55.3 eV (Lisurface) and a FWHM of 1.4 were used.
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Recently, it has been shown that oxygen release from nickel-rich layered materials significantly
alters the electrolyte and mainly causes gas evolution during the first cycles, leading to a strong
capacity degradation.'” ?”- % Furthermore, it has been shown that hydroxide species on the
material surface can react with the electrolyte leading to the formation of CO2.% ! In order to
investigate the effect of a washing step onto the gas evolution of a nickel-rich NCM material,
we performed on-line electrochemical mass spectrometry on the pristine and the washed sample.
Therefore, we used an electrolyte based on pure EC mixed with 1.5 M LiPFe. This model
electrolyte is on the one hand sufficient due to its low vapor pressure, leading to a high
sensitivity of the measurement by an increased signal to noise ratio.*! On the other hand, the
only gases that evolve during EC reduction on the lithium counter electrode are CO and

ethylene*>*4

which can be clearly differentiated from the O, and COz evolved from the cathode
material.”® Results of the OEMS measurements on both samples are shown in Figure 4. The
upper panel shows the galvanostatic charge profiles from OCV (=3 V) up to 5.0 V against a Li
counter electrode, and the middle/lower panels depict the concentration of the concomitantly
evolved Oz (m/z = 32, middle panel) and CO> (m/z = 44, lower panel); concentrations are given
in terms of umol/gam (left axis). The gas evolution for the pristine material is shown by the grey
lines in Figure 4, showing a capacity of ~267 mAh/g during the first charge to 5.0 V vs. Li*/Li.
The O evolution can be observed at 84% SOC (=4.32 V vs. Li*/Li) which is in one line with
the results reported by Jung et al.!® 27 and Teufl et al.*°, where the oxygen release is followed
by a sharp increase in the CO; evolution. In contrast to that, the electrode made from the washed

material (red lines, middle and bottom panel in Figure 4) show nearly no gassing up to 5.0 V

vs Li*/Li for both, the O and the CO; evolution.

The oxygen release for the pristine NCM in Figure 4 (middle panel) is in accordance
with literature and can be rationalized by thermodynamic instabilities of layered oxides at
SOC’s > 80%.1% 2" 28 30 However, concerning the CO, evolution during the first charge of
layered oxides there is an ongoing debate about its origin; it has been assumed by Luo et al.¥
that the CO; evolution completely evolves due to electrolyte oxidation with lattice oxygen,

1.18

Renfrew et al."® proposed the opposite, suggesting that CO evolution is exclusively triggered

by the oxidative decomposition of Li>COs3 from surface regions. However, Jung et al.'- %’
showed detailed analysis of the CO; evolution, suggesting that the CO evolved at =<4.2 V vs.
Li*/Li is produced due to surface impurities, while the oxygen released at higher potentials is
suggested to react with the carbonate electrolyte causing a rapid increase in the COz evolution.

Recently Jung et al.'” could prove their concept by temperature dependent measurements with

an 13C labeled electrolyte showing a reaction of surface hydroxides with the electrolyte at low
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potentials and a strong reaction of lattice oxygen with the electrolyte > 4.3 V vs. Li*/Li; for that
reason we will adopt the mechanistic view proposed by Jung et al.>” and Strehle et al.>” As
mentioned above a striking observation is the variation in the gases evolved from the washed
material, compared to the pristine material. By the end of the first charge to 5.0 V vs. Li*/Li, a
total amount of =3.1 umol/g Oz and =171 pmol/g CO: can be detected for the pristine sample,
in contrast only about ~0.025 pmol/g Oz and =12 umol/g CO; are evolved from the washed
material (capacity =244 mAh/g), meaning that the total gas evolution is =25-fold lower after
the washing procedure. While the titration experiments in Figure 1 were carried out without
exposure to air, the electrodes prepared for the OEMS experiments were exposed to air after
washing. Therefore, we cannot exclude a minor contribution of surface carbonates to the CO»
signal after the washing step; However, the 25-fold difference in the gas evolution after washing
is very significant and quite striking. As already shown in previous studies, oxygen release
caused by a chemical layer-to-spinel/rocksalt formation leading to a resistive surface layer and
concomitant oxygen release from near-surface regions can explain the phenomena of oxygen

27.28 a5 well as for overlithiated layered oxides.’® 37 According to this

release for stochiometric
mechanism we expect that a reaction between the surface of the nickel-rich cathode and the
water in the washing solution takes place, leading to strong changes of the surface phases and
probably leading to an resistance increase after washing. This resistance increase can already
be seen in the voltage profiles in Figure 4 (upper panel), showing an increased overpotential in
the initial charge profile after washing and a steep increase of the potential towards the end of

the first charge (> 4.5 V vs. Li*/Li);® therefore, a detailed impedance analysis will be shown

next.
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Figure 4: OEMS measurements for the first charge cycles in a half-cell for the pristine and the 2x washed NCM
(dried at 180 °C) Upper panel: charge voltage vs. time and capacity; middle/lower panel: evolution of the
concentrations of concomitantly evolved O»/CO; given in units of either pmol/gam. Cells were charged at C/10
rate to 5.0 V. Cells were composed of metallic Li counter electrode and a glassfiber separator and experiments
were conducted at 25 °C in EC-only with 1.5M LiPF. The vertical dashed red line indicates the potential of 4.32 V

where the onset of O, evolution occurs (= 84% SOC; onset determined with zoom).
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The OEMS results suggest that surface oxygen is depleted when the material is washed in water;
Jung et al.?” observed such a loss of surface oxygen for NCM materials when they are charged
above ~80% SOC. This oxygen then leads to the chemical oxidation of the electrolyte and a
detoriation of the cell performance.?”-?* During cycling a increase in the overpotential of NCM
cathodes was shown when oxygen is released and found a severe increase of the cathode
overpotential, which they attribute to the formation of a spinel or rock salt layer.?” If oxygen is
depleted after the washing process, an increase in the charge transfer resistance (Rct) of the
cathode material must be observed. For this reason, graphite/NCM851005 cells are assembled
with a gold wire reference electrode (GWRE?’). This reference electrode allows for the
recording of artefact-free half-cell impedance spectra. In this study, cells with a pristine
NCMS851005 and with a twice-washed cathode are assembled and two formation cycles at C/10
and 25 °C are carried out. Afterwards the cells are charged to 50% SOC (based on the second
discharge capacity, roughly 3.7 V - 3.8 V cell voltage) and the impedance is recorded. The
impedance spectra of the different NCM851005 cathodes are shown in Figure 5. The high
frequency semi-circle observed in both spectra is attributed to a contact resistance (Rcontact)
between the cathode coating and the aluminum current collector. More details on this can be
found in the work by Landesfeind et al.*® The pristine NCM851005 shows a small impedance
response with a value for the cathode resistance Rcamode (determined by an R/Q fit) of =5 Qcm?.
When the same material is washed twice in water Rcamode Increases to <20 Qcm? what is an
increase of a factor 4. The increase of the Rcamode fits well to the data of Jung et al.”’ for an

electrochemically initiated oxygen depletion.
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Figure 5: Impedance response of NCM851005 samples (pristine and washed twice and dried at 180 °C) measured
versus a gold-wire reference electrode (GWRE) after two formation cycles with C/10 and after a charge to 50%
SOC. The grey impedance spectrum represents the NCM851005 material without washing. The red impedance
spectrum shows the NCM851005 material washed twice and dried at 180 °C.
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Mechanistic understanding of the washing process — Up to now, we have observed a rather
continuous formation of LiOH when NCM851005 is added into a solution of water. Further,
we have evidence for an oxygen-depleted layer after washing and drying as suggested by OEMS
and impedance measurements. Mechanisms that are already suggested in literature can partially
explain these results and will be shortly discussed. Mosthev et al.*” suggested that the extraction
of Li* from an LiNiO> powder in an aqueous solution is charge compensated by the evolution

1.*8 investigated the deterioration of

of oxygen from the layered lattice. Furthermore, Liu et a
LNO powder under ambient air und suggested that Ni** from the lattice is reduced to Ni** and
the corresponding oxidation reaction again happens by the oxidation of the lattice oxygen to
gaseous O». If either of the suggestions in literature were true, the addition of water to a
NCM851005 powder should show the evolution of O;. In order to study this, we used a
modified version of our current OEMS setup. A Swagelok T-fitting was connected to the
capillary leading to the MS system. To one of the other connections, a septum was installed in

order to add water with a syringe and the remaining inlet was equipped with a nut where

NCM851005 powder was added.
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Figure 6: Mass traces of O, (m/z = 32, in red), H,O (m/z = 18, in blue) and of the N»/O; ratio (m/z = 28/32, in
black) recorded with a modified version of the OEMS setup. The first 40 minutes consisted of a rest phase followed
by the addition of a syringe with pure argon in order to check the stability of the septum. After further 60 minutes,
a syringe with 2.5 mL was added to 0.5 g NCM and the mass traces were recorded for further 60 minutes.
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After assembly of the cell in an argon-filled glovebox, the mas traces of O (m/z = 32) and of
H>0O (m/z = 18) were recorded. The first 40 minutes consisted of a rest period where the residual
water amount decreases and the O2 signal increases. The increase of the oxygen signal can
easily be rationalized by a small leakage of the system, as by dividing the mass signal of N>
(m/z = 28) by the oxygen signal, a straight line is obtained which clearly indicated the intrusion
of air. After the rest period of 40 minutes, a syringe with argon from the glovebox atmosphere
is added in order to check the tightness of the septum. One can nicely see that during the addition
of a syringe, no increase in the oxygen or water masses are observed. After 100 minutes, 2.5 mL
of water are added to 0.5 g of powder (same water/CAM ratio as in the previous experiments)
and we do not observe any oxygen evolution (red line after 100 minutes) when water is added
to the powder. Therefore, we think that the evolution of lattice oxygen from a nickel-rich

material during the contact with water is very unlikely.

Based on our suggested lithium/proton exchange from equation 1, a NiOOH like structure is
created on the surface of the NCM material. It is known in the literature, that NiIOOH is
thermally very instable and starts to decompose already at temperatures as low as 80 °C.* The
total thermal decomposition after heating the material to 550 °C is then a rocksalt structure
(NiO) followed by O2 and H>O release. The drying temperature of the washed sample shown
in the previous results section was 180 °C; heating a delithiated Ni-rich NCM material in this
temperature window we assume the formation of an O»-deficient layer, which has a M504
(M’ = Li+Me) spinel-type structure, as suggested by Bak et al.>® The thermal reduction of the
NiOOH phase 1s shown in equation 5 (Nickel (III)-oxide reduction during drying of the washed

powders):

2 NiOOH - 2"Ni0" + 0.5 0, + H,0 3)

Jeong et al.*’ showed for an LCO cathode material that the washing leads to a CoOOH like
structure, which is then thermally decomposed to a CoO or CO304 structure during the drying
process and leads to an impedance increase of the washed material. Based on this concept, we
have designed further experiments, which should underline this reaction path. First, we have
carried out thermogravimetric analysis (TGA) coupled to a mass spectrometer (MS) of a
washed material (compared to a pristine material which was not washed) in order to mimic the
drying process. All samples were dried beforehand at 120 °C under dynamic vacuum for at least
3h. The TGA protocol consisted of five parts with argon as carrier gas, including a rest phase
(10 minutes) an argon flow rate of 200 mL/min, which is changed to 20 mL/min (and used for

all further steps) and held again 10 minutes, both at 25 °C. This is followed by a heat ramp to
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120 °C with 10 K/min followed by a hold phase there of 40 minutes. As a next step, the material
was heated to 450 °C (10 K/min) and the temperature was held there for 20 minutes. The results
of this experiment are shown in Figure 7. When the flow rate of argon is changed after
10 minutes also the mass signals decrease due to the lower rate now. By ramping the
temperature from 25 °C to 120 °C, no severe change in the mass loss (top panel) and no change
in the mass traces (middle and bottom panel) is observed. However, when ramping the
temperature from 120 °C to 450 °C, first a H,O evolution takes place (bottom panel) until
250 °C followed by a strong O evolution (middle panel). This oxygen evolution goes hand in
hand with a mass loss of 0.4 wt%. In contrast to that, the pristine sample shows only a very
little mass loss and no oxygen or water evolution in this temperature range. The thermal
reduction of NiOOH first releases water starting from temperatures of 120 °C and probably
lower as a mass loss during the 120 °C hold phase can be observed parallel to an increase in the
water signal. This is consistent with the results from Pan et al.*, who showed that NiOOH loses
water from the interlayers already at 100 °C. Around 250 °C a strong oxygen release is observed
which converts the partially reduced NiOOH structure into a rocksalt phase of NiO (see
equation 3). Pan et al.** showed that this process happens for a pure NiOOH at 262 °C. We
think that first a spinel like structure is formed from the NiOOH phase (loss of water) and

followed by the total reduction to a rock salt phase starting from 250 °C (loss of oxygen), which

is in one line with the results shown by Bak et al.>°
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Figure 7: TGA-MS analysis of a 2x washed NCM851005 powder and as reference a NCM851005 material which
was stored in an argon-filled glovebox. All materials were dried beforehand in a Biichi oven at 120 °C under
dynamic vacuum for at least 3 h. The top panel shows the temperature program with heating ramps and hold phases
(left y-axis) and the corresponding mass loss (right y-axis) of the pristine sample (in black) and the sample washed
twice (in red). The panel in the middle shows the O, signal (m/z = 32) normalized by nitrogen (m/z = 28) of both
pristine and washed sample. The bottom panel shows the mass traces of water H>O (m/z = 18) normalized by the
nitrogen signal (m/z = 28).
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If this concept is valid, a higher drying temperature must cause a lower gas evolution (O and
CO») and a higher impedance as the NiOOH phase is more gradually decomposed at higher
temperatures. In order to prove this, we have carried out further OEMS and impedance
measurements where the cathodes were dried at different temperatures. We have chosen the
following conditions for the washed cathodes: One sample was freeze-dried and has seen a
maximum temperature of 25 °C. Next, washed CAMs were dried at 80 °C, 180 °C (already
shown above), and 300 °C; the OEMS results are shown in Figure 8. As already depicted in
Figure 4 the gas evolution of the sample, which was washed and dried at 180 °C, showed nearly
no Oz and COz evolution during the first charge cycle, whereas the pristine sample showed a
high gas evolution of =3.1 umol/g Oz and =171 umol/g CO,. The systematic variation of the
drying temperature is therefore shown in Figure 8 where the data from Figure 4 (pristine sample
and dried at 180 °C) are also included. All samples were washed 2 x 20 minutes as described
in the experimental section. As gentle drying procedure, we freeze dried the washed powder
and afterwards vacuum dried the electrode at 25 °C. The freeze dried sample still shows a
significant Oz and CO> evolution corresponding to ~0.35 uymol/g O> and =90 pmol/g CO>
detected during the first charge. By increasing the drying temperature to 80 °C a tremendous
decrease of the O (=0.1 umol/g) and the CO2 (=26 umol/g) can be observed, pointing towards
thermal NiOOH decomposition starting already at temperatures around 80 °C. This thermal
decomposition at these low temperatures cannot clearly be observed in the TGA experiment.
However, we think when the sample is dried in vacuum for 12 h, a thermal reduction can occur
(indicated by the OEMS measurement). In the TGA experiment, a fast heat ramp is used and
therefore the thermal reduction might not be observed. A further increase of the drying
temperature to 180 °C leads to a further decrease of the gas evolution, with decreased amounts
of O2 (0.025 umol/g) and CO2 (12 pmol/g) evolution for the sample. Next, we investigated the
sample dried at 300 °C in the OEMS, which is also shown in Figure 8. Literally, we cannot
detect any O evolution and only very small amounts of CO; (6 umol/g) for the sample dried at
300 °C. From these results we expect that a drying starting from 80 °C might form an oxygen
deficient meta-stable surface structure that largely preserves its structure during delithiation and
does only release very small amounts of oxygen (e.g. spinel-type phase) but can be thermally
decomposed to a thermodynamic more stable phase as shown in Figure 7 e.g. rocksalt structure
(when dried at 300 °C), which shows no oxygen evolution at all. Such a thermal instability for

delithiated Ni-rich layered oxides was characterized in detail by Bak et al.>°

, showing a spinel
to rocksalt transformation >200 °C accompanied by oxygen release. Thus, we are confident that

the oxygen evolution at drying temperatures >250 °C (Figure 7) stems from surface rocksalt
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formation of the washed NCM particles. However, Figure 8 does not only give information
about the gas evolution during different drying procedures but also about the electrochemistry,
showing an identical charge capacity for the freeze dried sample as observed for the pristine
material (both =267 mAh/g, Figure 4 and Figure 8). This can be rationalized by the fact that the
surface has still a layered structure remaining its electrochemical activity during the first charge
without trapping Li* in an inactive surface layer. The specific charge capacity of the samples
dried at 80 °C, 180 °C and 300 °C is lower with a similar charge capacity of <244 mAh/g. From
the LiOH determination in Figure 2, we expect a total lithium loss of =3% that cannot explain
the observed capacity loss (=23 mAh/g) during the first charge. Therefore, we expect that the
lower capacity stems from a phase transformation into a lithium containing spinel and/or rock
salt phase leading to a material loss, this finding will in the end be underlined by quantification

1.3 who

of the results and the capacity loss. Similar findings have been seen from Teufl et a
could show a large capacity contribution from a spinel phase to the capacity of a Li- and Mn-
rich NCM by a dQ/dV analysis; while for the Li-rich case a Mn spinel can be reversible
charged/discharged at potentials around 3 V vs. Li*/Li,>" >? there is no evidence of such a
electrochemical active spinel-type phase for Ni-rich NCM materials. Rather we expect that
lithium can get trapped within such a surface phase leading to a loss of active lithium by the
formation of an electrochemical inactive (Li+M)304 spinel-type phase or a (Li+M)O rocksalt-

type phase.”® To further investigate these findings, impedance measurements for the different

samples are shown in Figure 9.
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Figure 8: OEMS measurements for the first charge cycles in a half-cell for the 2x washed NCM with different
drying temperatures after the washing procedures. Upper panel: charge voltage vs. time and capacity; middle/lower
panel: evolution of the concentrations of concomitantly evolved O,/CO; given in units of pmol/gam. Cells were
charged at C/10 rate to 5.0 V. Cells were composed of metallic Li counter electrode and a glassfiber separator and

experiments were conducted at 25 °C in EC-only with 1.5M LiPFé.

The impedance of NCM851005 cathodes dried at different temperatures is analyzed with a
GWRE in order to analyze the interfacial resistance of the cathode and the data is shown in
Figure 9. The resistance (Rcamode) Of a pristine cathode is in the order of =5 Qcm?. When the
cathode material is now washed twice in water and then freeze dried and afterwards dried in
dynamic vacuum at 25 °C the cathode impedance is in the same order with a value of =6 Qcm?.
This agrees well with the first part of our mechanism, where only a lithium/proton exchange
occurs on the surface. The freeze drying takes away the water from the cathode powder but
does avoid the thermal decomposition of the NIOOH phase. The intercalated protons are then
charged during the formation cycle and most likely reduced on the graphite anode to H> gas.
As we can see from the cathode impedance, drying at maximum 25 °C does not alter the cathode
interface. When the drying temperature is switched to 80 °C, we can indeed observe an increase
of the cathode resistance with a value of =10 Qcm?. This fits also well to the second part of our
mechanism and to the TGA measurement from Figure 7, where the thermal reduction of a
NiOOH already occurs at 80 °C. When the material is dried at 180 °C, the cathode resistance
increases to =20 Qcm?, which can be explained by a stronger reduction of the NiOOH phase to
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an O»-deficient layer. Interestingly, when the cathode powder is dried at 300 °C the cathode
impedance shoots to a very high value of =130 Qcm?. At this temperature, we saw a strong
oxygen evolution from the cathode material in the TGA-MS measurement (Figure 7) explaining
the high cathode impedance. These results are perfectly in line with the phase transformations
of delithiated NCM materials suggested by Bak et al.*’; they clearly showed that a meta-stable
spinel phase can form at temperatures between 100 °C and 200 °C, while heating >200 °C
clearly ends up with the formation of a rocksalt type phase. This is essentially what can be seen
in the impedance spectra (Figure 9b), showing a slight increase in impedance up to 180 °C due
to surface-spinel formation, while heating to 300 °C ends up with a very high impedance due
to the formation of a resistive rocksalt structure on the surface. In summary, the EIS
measurements underline the strong influence of the drying temperature being the main driver

for the decreased gassing and increased impedance.
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Figure 9: Cathode impedance spectra measured with a gold-wire reference electrode in a graphite//NCM851005
cell configuration. The analyzed cathodes were washed twice in water and then dried with the following conditions
as can be seen in panel a): pristine cathode (not washed, dried at 120 °C, in grey), freeze dried cathode (dried at
25 °C, in yellow), dried at 80 °C (in blue) and dried at 180 °C (in red). Panel b) is a zoom out of panel a) in order
to show the impedance, or a cathode dried at 300 °C. The impedance was recorded from 100 kHz to 100 mHz with
a perturbation of 15 mV at 25 °C.
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Influence of harsh washing conditions on the full-cell cycling performance at 25 °C — In
order to investigate the effect of different drying conditions for the NCM powders on the
cycling performance we have assembled graphite/NCM851005 full cells with a gold wire
reference electrode (GWRE). After formation (2 cycles at C/10) and a subsequent charge to
50% SOC the impedance is recorded and shown in Figure 9. After the impedance measurement,
the cells are further analyzed by a charge/discharge cycling protocol consisting of a C/2 charge

(CCCV) and a 1C (CC) discharge for 198 cycles. The results of this test are shown in Figure 10.
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Figure 10: Charge/discharge cycling test of graphite/NCM851005 cells containing a gold-wire reference electrode
(GWRE) and an LP57 electrolyte. The cycling is carried out with a CCCV charge to 4.2 V with a cut-off for the
CV phase of C/20. The discharge is carried out in CC mode until 3.0 V. a) contains the discharge capacity of the
C/10 cycles (2x formation) and the subsequent cycles with a C/2 charge and 1C discharge of the pristine cathode
(not washed, dried at 120 °C, in grey), of a NCM cathode dried at 80 °C (in blue), dried at 180 °C (in red) and
dried at 300 °C (in black). b) contains the full-cell voltage profiles of the first and 25" cycle during the C/2 charge
and 1C discharge protocol of the pristine cathode (in grey) and of NCM dried at 300 °C.

The pristine cathode (in grey) shows a first discharge capacity of 188 £ 1 mAh/gnem at C/10
which drops to 178 + 2 mAh/gnem when the discharge C-rate is increased to 1C. After 200
cycles (formation plus faster cycling), the specific discharge capacity is 157 + 1 mAh/gnem.
When the cathode material is washed and dried at 80 °C (in blue) the first discharge capacity is
178 £ 2 mAh/gnem (10 mAh/g less compared to the pristine sample). When the discharge C-
rate is increased from C/10 to 1C, the specific discharge capacity is 158 £ 1 mAh/gnem, which

can be explained by the impedance increase after washing and drying at 80 °C. After 200 cycles
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the specific discharge capacity drops to 126 = 2 mAh/gnem By drying the cathode material at
180 °C the first discharge capacity is similar to the sample washed and dried at 80 °C with
175 £2 mAh/gnem and when switching the C-rate to 1C a discharge capacity of
147 + 3 mAh/gnewm is obtained. This is 11mAh/g lower compared to the cells were the cathode
is dried at 80 °C and fits well to a further increased impedance of the cathode (see Figure 9).
After 200 cycles the specific discharge capacity is 109 = 10 mAh/gnewm for electrodes where the
powder was dried at 180 °C. For cells cycled at 300 °C very low discharge capacities at C/10
of 151 £ 3 mAh/gncwm are obtained which fit well to the severely increased cathode impedance
to a value of =130 Qcm? compared to <6 Qcm? for the pristine material. The first discharge
capacity at 1C is 90 = 5 mAh/gnem what further underlines the drastic increase in cathode
impedance. Interestingly, the cells with the cathode active material dried at 300 °C show also a
drastic fading with a final specific discharge capacity of 7 + 6 mAh/gncwm. In order to understand
that, we have to take a closer look into Figure 10 b). Here the voltage profiles of the third cycle
(first cycle with 1C discharge) and the 37" cycle are shown. The voltage profiles of the pristine
sample (in grey) show very little overpotential and short CV phases as expected for a non-
washed material. The voltage profile of the third cycle of the cells with cathodes dried at 300
°C a strong overpotential is observed (compared to the pristine sample). Further, the CV phase
is increased during the charge and during discharge, the high impedance causes a capacity drop
of approximately 50 mAh/gnem. After 28 cycles, the impedance must have increased further
drastically as the cut-off of 4.2 V is reached immediately. Unfortunately, the impedance after
cycling was not recorded, however the voltage profiles clearly indicate a non-stable cathode
surface which has a drastic impedance buil-up leading to very low discharge capacities. From
this we conclude that washing with high water to CAM ratios (5:1) and drying at 300 °C leads
to a very instable structure, which further decomposes when cycled in a real cell configuration.
In order to optimize this process with regards to low impedance and stable surfaces after

washing, further studies are carried out.
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Discussion

Estimated surface layer thickness calculated from LiOH titration — It has been shown in
literature that oxygen release at the surface of nickel rich NCM materials can lead to
electrochemically formed surface layers on NCM cathode materials.?” *® These surface layers
lead to an immediate capacity loss during cycling due to significant impedance build-up.?’ In
order to get an estimate on the spinel/rocksalt layer thickness after the washing and drying
procedure the layer thickness will be estimated from LiOH amounts gained from the titration
experiments; details for the calculations of the layer thicknesses are shown by Jung et al.% ?’
and Strehle et al.>” As a first step we derive the particle size of a spherical particle from the
measured BET surface area, with r being the radius, Aggr the BET surface area of the washed

material and p being the crystallographic density of the NCM material. For the calculation we

used the BET surface area that we got after washing, which was as high as 2.4 m%/g:

6

ABET " P

= % o ~ 260 nm 4)

24m2g-1.-48gcm~3

r =

N |-

A particle radius of 260 nm is therewith calculated. Knowing the particle size, one can calculate
the radius of the bulk particle without the surface layer. Detailed derivation of this calculations
can again be found by Strehle et al.>” and Jung et al.% >’ whereas it shall be noted that complete
cation disorder is allowed. Hereby the mol-fraction of surface phase is required, this fraction is
estimated by the exchange of 3 mol.% lithium by 3 mol.% of protons, as derived from the LiOH
titration before and shown in Figure 1. From this estimation we expect a surface phase fraction

Of Xsurface phase = 3 Mol.%; with these values the radius of the still layered bulk r” can be

calculated:

3 1

3 1A -
Vshenn _ 7°—T

3 »l
— _ o _
=1- (7) = Xsurfacephase <7 =T (1 Xsurface phase)3 (5)

Plugging in the actual numbers this leads to a radius of 257.4 nm of still layered bulk.

’ 1 1
r =1+ (1 = Xsurface phase)* = 260 nm - (1 — 0.03)3 = 257.4 nm (6)
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Out of this value the thickness of the surface phase tsurface phase can be easily calculated, ending

up with roughly 2.6 nm of disordered surface phase.

Lsurface phase = 2.6 nm (7

Estimated surface layer thickness calculated from O:-loss in TGA-MS — In order to verify
this layer thickness, the amount of spinel/rocksalt formed on the surface cannot only be
estimated from the LiOH loss, but can also be derived from the mass loss at 250 °C in the TGA-
MS experiment shown in Figure 7. At 250 °C the only gas that can be detected is oxygen, which
allows the assumption that the 0.4 % mass loss are caused by an oxygen loss during heating
(only a minor fraction from the water). These 0.4% weight loss (4 mgiess/gcam) can therefore
be transformed into a Oz loss of 125 pymol/gnem (4me/32g¢/mo1) Which can be used to calculate the
thickness of the rocksalt surface layer. According to Bak et al.”® the delithiated Ni-rich cathodes
undergo a transformation from a M504 spinel type structure to a MO rocksalt phase (M = Ni,
Co, Mn) at temperatures >200 °C which is accompanied by an oxygen loss and can be ascribed

to the following equations:
0.33 M304 — MO + 0.16 O 8)

This equation gives the theoretical loss of oxygen per mole NCM for a 100% spinel to rocksalt
transformation (O%¢°), from which the moles of oxygen released for a 100% conversion of the
entire particle into the rocksalt (n(0¥®)) can be easily calculated according to formula 9, using
the molar mass of the NCM851005; detailed information for these calculations can be found by

Jung et al.?’, Strehle et al.*” and Teufl et al.*°

heo

theoy _ 05
n (0§¢0) =~ — ©)

The ratio of oxygen release expected for a 100% phase transformation (n(05*¢°)) into a rocksalt
structure (1638 pmol/g) and the actual oxygen evolution derived from the mass loss in the
TGA-MS (Figure 7, 125 pumol/g) can be used to calculate the molar fraction of spinel converted
into a rocksalt layer.
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n (0F°%)
n (OEhBO)

(10)

Xrocksalt layer =

These calculations lead to a fraction of 7.6 mol.% that is transformed into a rocksalt surface
layer, this value is now derived from the mass loss in the TGA-MS experiment (Figure 7) and
can also be translated into a surface layer thickness with equations 5-7. Discussing this surface
transformation to a capacity loss caused by a loss of cathode active material due to the formation
of a chemical inactive surface layer, 7.6 mol.% would result in a capacity loss of 21 mAh/g for
total delithiation (based on a theoretical capacity of 274 mAh/g). The capacity loss after
washing that can be observed for total delithiation in the OEMS experiment (Figure 4) results
in 23 mAh/g, which is in one line with the 21 mAh/g calculated from the mass loss in the TGA.
Therefore, we suggest that the capacity loss fur full delithiation at slow C-rates can be explained
by lithium captures within the inactive spinel/rocksalt surface layer. The calculation of the
surface layer thickness derived from the weight loss in the TGA-MS results in a layer thickness
of 6.8 nm, which is substantially thicker than the thickness derived from the pH values of the
pure Li/H* exchange (2.6 nm as calculated above), this can be explained due to Li*-mobility
during phase transformation. Hereby, one has to note that the first estimation from the pH and
the fraction of Li/H-exchange accounts for a surface spinel/rocksalt that does not contain any
lithium, which is unlikely. The formation of a lithium containing spinel/rocksalt layer would

therefore cause a thicker layer assuming the same proton intercalation.

This concept is schematically shown in Scheme 1. Hereby the blue gradient with the thickness
di depicts the theoretical layer that is estimated from a pure diffusion process without any Li*-
mobility during the wash and drying process; this hypothetical layer was calculated from the
pH values and equals to 2.6 nm. However, in reality the lithium gradient after the washing and
drying might look different, which was proven by the layer estimation form the actual oxygen
loss during the TGA experiment. This model is shown by the green Li-gradient (Scheme 1) and
is expected the more practical one. In addition to the oxygen loss from the TGA-MS the layer
with the thickness d2 can also explain the capacity that is observed during the OEMS

experiments which can be rationalized by the quantifications shown above.
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Scheme 1: Schematic presentation of the surface process during the wash and dry procedure of the Ni-rich CAM.
The inset shows the particle surface and the different surface layers that we calculated from the pH and from the
TGA-MS. The value derived from the pH only takes pure Li*/H* exchange into account, resulting in a thinner,
entirely delithiated surface layer. The model for the layer d» takes lithium mobility and a lithium gradient into
account and the layer thickness was derived from the practical oxygen loss in the TGA-MS experiments.

Conclusions

In this study, we have analyzed the washing process of nickel-rich cathode materials (NCM
851005). We showed that the removal of Li2COs3 follows a simple dissolution mechanism,
whereas the formation of LiOH proceeds continuously during washing. The washed samples
were analyzed in terms of gassing (OEMS) and showed decreased Oz & CO; release above 80%
SOC by one order of magnitude going hand in hand with an increased cathode impedance. With
a detailed TGA-MS analysis we could show the evolution of oxygen and water during the
drying process, which lead us to the conclusion that the first step of the washing must be a
lithium/proton exchange on the surface (NiIOOH like structure), which is then thermally
decomposed in an oxygen-deficient layer. This theory is confirmed by OEMS & Impedance
measurements with samples dried at different temperatures, where we could show that the
cathode impedance increases with increasing drying temperature and the gassing decreases with

increasing drying temperature.
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4 Conclusions

The goal of this PhD thesis was on the one hand to understand the degradation
mechanism of graphite/LNMO cells at elevated temperatures (40 °C) by means of
detailed electrochemical impedance spectroscopy (EIS). Therefore, an appropriate
micro-reference electrode was developed, referred to as gold-wire reference
electrode (GWRE). The GWRE was then used in order to understand the
degradation mechanism of this cell system by introducing a novel analysis
procedure for impedance spectra. On the other hand, the effect of cathode material
washing was investigated with a variety of analytical techniques. Here, the findings
are very novel and could lead to new strategies in order to stabilize nickel-rich NMC

cathode materials. The key findings from this thesis are summarized in Figure 4.1.

GWRE for EIS of anode & cathode
KRA VC reduction & oxidation via EIS

Recontact by elyt. oxidation

7graphite 4 Separator

BABN Rcathode > Reontact + Ret+ Reore

LiOH + Li,CO; removal
lithium/proton exchange
+H,0

0, loss from the NCM surface
during drying

Figure 4.1: Graphical Summary of the key research findings made in this thesis, namely findings
based on a novel EIS analysis on the ageing of graphite/LNMO cells (chapter 3.1) and of the
processes occurring during the washing of NCM cathode active materials.
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In the first study (chapter 3.1.1), a micro-reference electrode was developed in
order to be able to record in-situ half-cell impedance spectra of anode & cathode
versus the reference electrode. The so-called gold wire reference electrode
(GWRE)?? consists of a gold wire (50 pm) with a polyimide insulation (7 um).
Following the constraints from the literature for artefact-free half-cell impedance
spectra, we showed that true half-cell impedance spectra could be obtained, as the
GWRE satisfied the following requirements: (i) a small diameter of the wire (57 um)
versus the separators (2 glass fiber separators with a total thickness of ~ 400 um),
(ii) an insulation that only the tip is active for sensing, (iii) central placement of the
GWRE between the separators (far away from the edges) and (iv) in-situ alloying of
the gold wire with lithium to obtain a stable potential. To validate the GWRE based
on EIS analysis, we reproduced the impedance response of a graphite anode with
different concentrations of the additive VC from the literaturel%> and showed that

our data match with the data of the study.

With the newly developed micro-reference electrode at hand, we switched from a
graphite/LFP cell chemistry (used for the development of the GWRE) to a
graphite/LNMO cell chemistry, which is promising due to its high energy density.
Here (chapter 3.1.2), we investigated the use of VC19, which was shown in the
literature to always decrease the cell performance. We examined different
concentrations of VC and showed that starting from VC concentrations as low as
0.17% (in a lab-scale test cells with high electrolyte/active material ratio), a
deterioration of the cell performance occurs. This is accompanied by an increase of
the cathode impedance, which can be related to VC oxidation on the cathode
(confirmed by on-line electrochemical mass spectrometry (OEMS) measurements).
For alower VC concentration of 0.09 % we showed that VC is only consumed on the
anode (i.e., no VC oxidation occurs on the cathode as the impedance is identical to
the case with 0 % VC), improving the capacity retention of graphite/LNMO cells at
elevated temperatures (40 °C). The main conclusion from this study is that the
concentration of anode additives in a high-voltage cell chemistry hast to be assessed
very carefully and that impedance analysis with a micro-reference electrode is a
powerful tool to optimize additives and the concentrations at which they can be

used.
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By making use of the micro-reference electrode in the study of the high-voltage
cells, we have developed a novel impedance testing approach in order to learn more
about the failure mechanism of graphite/LNMO cells. First, we analyze the cathode
impedance (LNMO) in detail with this novel method (chapter 3.1.3).10° We use the
concept of blocking electrode conditions, which allows for the unambiguous
assessment of the pore resistance (Rpore) due to an absence of a charge transfer
reaction. This method is usually carried out ex-situ. By delithiating the LNMO
electrode completely, we can achieve blocking conditions during operation of the
battery. By fitting spectra in blocking condition (no lithium in the LNMO electrode)
and non-blocking condition (10% of the cell lithium inventory in the LNMO
electrode) to a transmission-line equivalent circuit we can deconvolute the cathode
impedance response. The LNMO impedance is deconvoluted in the contributions
from the charge transfer (Rcr), the pore resistance (Rpore) and the contact resistance
(Rcontact) with very low uncertainties. We further show that it is not the charge
transfer resistance which is increasing over cycling - as stated often in the literature

- but the contactresistance between current collector and cathode coating (Rcontact).

Having now developed the novel impedance procedure, we also adopt it to analyze
the anode impedance (chapter 3.1.4) in the same graphite/LNMO cells.112 First we
show that blocking conditions can also be achieved for a graphite anode by a
complete delithiation, i.e. by completely discharging the graphite/LNMO -cell.
However, the perfect transmission-line response is only achieved in a graphite/LFP
cell chemistry. When going to the graphite/LNMO cell chemistry, the blocking
spectra show a semi-circle at the highest measured frequencies. This feature is
analyzed by a frequency analysis and by temperature-dependent impedance
measurements and we can show that the newly developed interface must be of ionic
origin with a surface area of roughly 10 % of the total graphite surface area. By
investigating the effect of manganese dissolution on the graphite anode impedance
response we show that the high-frequency semi-circle stems from a narrow region
of the graphite anode adjacent to the separator, which is formed during long-term
cycling due to accelerated SEI formation caused by manganese ions. By fitting both
spectra in blocking and non-blocking conditions we deconvolute the anode

impedance into its contributions of: the high frequency resistance (Rurr), the charge
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transfer resistance (Rcr) and the newly developed interphase region in the graphite

anode (Rcontlon).

In the study that deconvoluted the LNMO cathode impedance responsel®®
(chapter 3.1.3), we could show that the resistance, which is increasing most is the
contact resistance between current collector and cathode coating (Rcontact). Here
(chapter 3.1.5), we further investigated this contribution to the cathode impedance,
as there is still a debate in the literature if this impedance feature can truly be
attributed to the current collector or rather to the so-called cathode electrolyte
interphase (CEI). By a frequency analysis and by temperature-dependent
impedance measurements, we showed that the resistance corresponds to a small
interfacial area (matching to the current collector) and has a low activation energy
(~1kJ/mol) typical for electronic resistances. This was further underlined by
coating the LNMO on a glassy carbon disc. In this case, the contact resistance is
almost non-existent and also does not increase with cycling what brings us also to
the origin of this resistance. It is known that in high-voltage cells protic species,
which are formed upon electrolyte oxidation (e.g. HF) can then corrode the
aluminum current collector leading to the increasing contact resistance. This
finding is important as for the first time, electrolyte oxidation could be correlated

to the cathode impedance response.

In chapter 3.2, the washing process of nickel-rich cathode materials is investigated.
Here we analyzed the wash solutions after the first and second washing, revealing
that LiOH is also found in the second wash solution. This is surprising, as it is
generally assumed that LiOH in the wash solution stems from surface contaminants,
which should be removed after the first washing step. By further investigating the
washed powders, we can see that Oz and CO:z evolution above 80% SOC from the
NCM materials are lowered by an order of magnitude when the samples are washed,
compared to a pristine NCM. On-line mass spectrometry during washing and TGA-
MS analysis during drying of washed NCM’s showed that O: is released during the
drying step. In addition, the extent of Oz release during drying increases with drying

temperature, what is in line with an increase in the NCM cathode impedance.
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