Technische Universitat Miinchen

TUM School of Natural Sciences

Li-lon Battery Theory vs. Experiment: Parametrization of
Porous Electrodes and Kinetic Fundamentals via

Electrochemical Impedance Spectroscopy

Robert Morasch

Vollstandiger Abdruck der von der TUM School of Natural Sciences der

Technischen Universitat Miinchen zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitz: Prof. Dr. Tom Nilges

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

3. Prof. Dr. Miran Gaberscéek

Diese Dissertation wurde am 28.11.2022 bei der Technischen Universitat Minchen

eingereicht und durch die TUM School of Natural Sciences am 04.01.2023

angenommen.






Abstract

Abstract

The porous nature of battery electrodes imposes an additional complexity to the
understanding of performance limitations in high-energy Li-ion batteries. This
thesis gives insight into the topics of porous electrode theory and active material
kinetics parametrization using electrochemical impedance spectroscopy (EIS).
First, to simplify the EIS measurements, a method to enable half-cell measurements
via p-reference electrodes was developed. To further understand the porous nature
of electrodes, the effect of inhomogeneous ionic resistances in porous electrodes on
their EIS-based tortuosity analysis is shown, which allows the detection of binder
gradients. EIS measurements of graphite electrodes with various loadings serve as
example to elucidate the effect of competing kinetic and ionic resistances in porous
electrodes on the EIS analysis. An example for such kinetically and transport limited
electrodes is given via a comparison of the temperature dependent performance of
silicon and graphite electrodes. High transport resistances give rise to Li*
concentration gradients within the porous electrode, which in turn affects the
active material kinetics. Thus lastly the Li*-concentration,- temperature,- and state-
of-charge-dependent kinetics of LiNi1/3sMn1,3C01/302 (NMC 111) and graphite were
measured via EIS and compared to theoretical approaches used in battery

modelling.



Kurzfassung

Kurzfassung

Die pordse Eigenart von Batterieelektroden fligt dem Verstindnis der
Leistungslimitierung in Hochenergieelektroden von Li-lonen Batterien eine
zusatzliche Komplexitat hinzu. Diese Arbeit gibt Einblicke in die Themengebiete der
Theorie pordser Elektroden und der Aktivmaterialparametrisierung durch
Elektrochemische Impedanzspektroskopie (EIS). Um EIS Messungen zu
vereinfachen wurde zu Anfang eine Methode entwickelt, welche Halbzell-
Messungen mittels einer p-Referenzelektrode ermoglicht. Um das Verstdndnis fiir
porose Elektroden auszubauen wurde der Einfluss von inhomogenen ionischen
Widerstanden in pordsen Elektroden auf die EIS-basierte Tortuositatsanalyse
aufgezeigt, welche das Detektieren von Bindergradienten ermdglicht. EIS
Messungen an Graphitelektroden mit unterschiedlichen Beladungen dienen als
Beispiel um den Effekt von Kkonkurrierenden Kkinetischen und ionischen
Widerstianden in pordsen Elektroden auf die EIS Analyse aufzuzeigen. Als Beispiel
fiir solch kinetisch- und transportlimitierte Elektroden wird ein Vergleich der
temperaturabhingigen Leistung von Silizium- und Graphitelektroden aufgezeigt.
Hohe Transportwiderstinde resultieren in Li*-Konzentrationsgradienten
innerhalb der porosen Elektrode, welche im Gegenzug die Kinetik der
Aktivmaterialien beeinflusst. Daher wurden letztlich die Li*-Konzentration-
Temperatur- und Ladungszustandsabhingige Kinetik von LiNii1/3sMni/3C01/302
(NMC 111) und Graphit mittels EIS vermessen und mit den Ansatzen aus der

Batteriemodellierung verglichen.

il



Contents

Contents

JAY o1 o =T SOOI PR PO PRTSOP i
ST 74 = 3T VRS ii
(0o g1 0= 0 3PP iii
NOMENCIATUIE ...ttt sttt e et e st e b e s st e et e e sab e e bt e sab e s b e esae e eabeessbesabeennnesabeenssesaneenanes v
1 INTRODUCTION ....cuuuiiiiiiiiiiisinnteetiisissssnesssssssssssssssesssssssssssssessssssssssssssssssssssssssssssssassne 1
1.1 PRINCIPLE WORKING MECHANISMS OF LI-ION BATTERIES ..uveeuveeueeteenteeneesseesseesseesessesseesseessessesneesaes 2
1.2 RELEVANT MATHEMATICAL DESCRIPTION OF A LI-ION BATTERY ..c..eeteerierereresieenreeresneseeesmeenneenesmeennee 5
1.3 DISSERTATION OVERVIEW ..cuuvieeiiuriieiirnieiirteesiretesssssessnaeessnasesssanssesnasessanseesssnssesonsnesssssasesas 10
2 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY .....cccitiiiiiiiunenriiinissssnnnnesssissssssssesssnns 11
2.1 GENERAL PRINCIPLES .. tuutttesuirteesiureeesareeesenseeessaneeessneeessanneeesananesenreeesnreeesnnneesanreeesannneesannneas 11
2.2 EQUIVALENT CIRCUIT ELEMENTS AND THEIR USE IN LI-ION BATTERY ANALYSIS...cccovviirimuieriirieeninneeninnnes 13
D R O OO O - =1 01 T=J 1} KOOSR 13
B A (O =] =3 =3 | SO 15
2.2.3  Electrolyte Warburg diffuSiON..............coeeeueeeeeeeeeesiiee et eeeteeestea e sttt aeestaaeseaeaessvaeaannes 15
2.2.4  Active material solid Warburg diffuSion .................ccueeeeueieeeieieeiiieeeeceeeeeieeeescieeeesvaa e 18
2.2.5  Transmission liN€ MO .............cccooomueeiueiiiiiiiiiiieee ettt 20
23 A PRACTICAL APPROACH TO TRANSMISSIVE EIS....ccuiiiiiiiniiiniietieiieeeeeeree e 23
2.4 3D-STRUCTURED ELECTRODE CHARACTERIZATION ..vuvviiiiiiieiiiirirenineeesnneessinesesnnnessnneesssnnesesnnnes 29
2.5 LINKING INHOMOGENEITIES IN AN ELECTRODE TO EIS SPECTRA ....coiiiiieiiiiiiiiieic sttt 34
3 2] U I 37
31 POROUS ELECTRODE IMPEDANCE ANALYSIS «..cuviutireereereninesieenseenresnesseesmeessessnesmeesseenseeneesseensesnns 38
3.1.1 Simple Way of Making Free-Standing Battery Electrodes and their Use in Enabling Half-
Cell Impedance Measurements via u-Reference Electrode................ccovoeevcvenvevenevenueanen. 38
3.1.2 Detection of Binder Gradients Using Impedance Spectroscopy and Their Influence on the
Tortuosity of Li-lon Battery Graphite EIeCtrodes................cccoueeccueeeeciveeeeiieeeiiiieeeesiveaeennns 47
3.1.3 Methods—Understanding Porous Electrode Impedance and the Implications for the
Impedance Analysis of Li-lon Battery EIeCtrOdes .............ocueecueevvueenevenieesiiesieeecieesieeeeens 59
3.2 LI-loN BATTERY ELECTRODE PERFORMANCE AND MATERIAL KINETICS....uuvviiiiinieiiriieiiiiecininee e 77
3.2.1 Comparison of Silicon and Graphite Anodes on their Temperature-Dependent Impedance
ONA RALE PEI OIMNANCE ...ttt ettt et e niae s 75
3.2.2 Li-lon Battery Material Impedance Analysis I: NMC 111 Kinetic Theory and Experiment 113

il



Contents

3.2.3 Li-lon Battery Material Impedance Analysis Il: Graphite and Solid Electrolyte Interphase

L L= 1 [ox S 155

4 CONCLUSIONS .....ciiiiiieireiienctniiaisestacssstoisssstasssssssssssssassasssssssssssssassssssasssnssasssnssasssnss 185
REFEIENCES ...ttt et e e e ettt e e e e bt e e tteeeetae e e tbeeeeabaeeebaaeeaataeeeaateeeantaeeeatbeeeebaeeeatraaeanns 191
ACKNOWIBAGEMENTS ....eeiiiiiie ettt et et e e et e e e st e e sbbeeesataeaetbeeesabeeeenbesaeasbeeesnsbeeenntaeasnsnes 202
SCIENtific CONTIIDULIONS ....oiiiiieeie ettt e et e e et e e e e eaa e e e eabe e e e teeeeenteeeeeaseeeenseeaenseens 208

iv



Nomenclature

Nomenclature

Abbreviations

Abbreviation
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Battery management system
Carboxymethyl cellulose
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Galvano electrochemical impedance spectroscopy
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Open circuit voltage

Potentio electrochemical impedance spectroscopy
Polyvinylidene fluoride

Solid electrolyte interphase
State-of-charge

State-of-health

Single particle model

Transmission line model

Vinylene carbonate
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R Resistance [(1]

r Particle radius [m]

t, Transference number of the positive species [—]
T Temperature [K]

t Time [s]

TDF Thermodynamic factor [—]

U Open circuit voltage [V]
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1 Introduction

From early achievements in the development of rechargeable Li-ion batteries
(LIBs) by Whittingham and Goodenough in the 70s and 80s and the transition to
mass market by Sony in the 90s, Li-ion batteries have quickly penetrated consumer
markets with their use in cell phones and laptop computers.12 Further driven by
the electrification of transport, most notably by Tesla, the production of Li-ion

batteries has turned into a billion dollar industry.

The use in electric vehicles also comes with a shift in requirements. Energy density
and cost are still at the forefront of the LIBs development, reaching 300 Wh/kg ata
cost down to USD 200/kWh.3 However, requirements for lifetime and fast-charging
have challenged the cell development and driven the industry to make larger
improvements in those areas, as the lifetime requirements for handheld devices are
significantly shorter than the requirements for electric vehicle (EV) applications.*
Tracking the cycling history of cells is important for the lifetime prediction of a cell
via the battery management system (BMS).5 Intelligent BMSs can be paired with a
digital twin, i.e,, some form of a model-based representation of a battery, e.g,,
through an equivalent circuit model (ECM) or a more complex version of a model

based on the Newman model.5-7

The model developed for intercalation batteries by Doyle, Fuller and Newman?8? is
almost as old as the Li-ion battery itself, but the mathematical backbone of the
model has been unchanged since then. Necessary prerequisites for advancements
in battery modelling are i) more accurate models which represent the physical
phenomena in a cell more closely and ii) proper parametrization of the required

physico-chemical kinetic and transport parameters.
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Electrochemical Impedance Spectroscopy (EIS) can be a quite useful tool for such
parametrization, as it is non-invasive and allows the user to discern between
different forms of resistances like electrical or charge transfer resistance.1%11 Thus
it can be used to track the symptoms of degradation mechanisms, namely increases
in cell resistance, to estimate a cell’s state-of-health (SOH), state-of-charge (SOC) or

temperature.12-14

1.1 Principle working mechanisms of Li-ion
batteries

A Li-ion battery is broadly described as an insertion battery, where the anode and
cathode active materials are host structures which allow the lithium to move in and
out reversibly. It consists of two porous electrodes with a separator in between,
filled with an ion conducting organic electrolyte.l> During charging, the cathode
material releases Li* into the electrolyte, where the ion moves through the

separator to the anode and is inserted back into a host structure.

The most used anode material for a Li-ion battery is graphite, which achieves a high
reversible capacity of ~350 mAh/g at a density of 2.1 g/cm3, thus achieving a
volumetric capacity of 735 mAh/cm3. Graphite shows two main plateaus in its
potential profile which are at 0.12 and 0.075 V vs Li*/Li, and thus lie close to the
lithium redox potential (-3.04 V vs a standard hydrogen electrode), which is among
the lowest known redox potentials. Using Li-metal as anode material would
significantly increase the cells energy density, but drawbacks like dendrite
formation pose a significant safety risk.16-18 Recently, silicon has been in the focus
as active material as it is abundant and shows an extremely high theoretical specific
capacitiy of 4200 mAh/g.19-22 So far, silicon is only viable when not making up the
majority of capacity of LiB anodes, as electrodes consisting of mainly silicon suffer
from rapid capacity fading during cycling due to the extreme volume expansion of

the material.22-24

The low operating potentials of the aforementioned anode materials are outside of
the stability window of the electrolyte, which is partly being decomposed in the first

charging cycle of the LiB.2526 Luckily, certain electrolytes form a stable, insulating



solid electrolyte interphase (SEI) layer which is also Li* conductive and allows the
stable operation of the LiB.27-29 Thus the Li-ion battery is kinetically stable and can

be used for several years without significant capacity loss.

Commonly used cathode active materials are LiFePO4 (LFP) or Li(NixMnyCoz)O2
(NMC) with x+y+z=1.30 Materials from the NMC family give lower reversible
capacities compared to graphite, viz., 150 to 220 mAh/g (with a theoretical limit of
~280 mAh/g if it could be fully delithiated), and can be reversibly cycled to
potentials around 4.4 V vs Li*/Li.31-33 With a significantly higher density around 4.4
g/cm3, the volumetric capacity of NMCs lies around 700-970 mAh/cm3, comparable
to graphite and thus results in both electrodes having similar thickness. Current
collectors for the active materials are copper on the anode side and aluminium on
the cathode side. While aluminium is much lighter and thus would be preffered, it
forms an alloy with lithium and is not suitable to be used at the relevant anode
potentials.34 The surface of the aluminium current collector, usually made of Al203,
is only stable up to 3.8 V vs Li*/Li and should therefore not be usable for most
cathode active materials. However, the Al surface forms AlFs from hydrogen
fluoride (HF), which is found in LiPFs containing electrolytes due to water

contamination, and renders the current collector stable up to 6 V vs Li*/Li.35-37

To avoid a short circuit, a separator is placed between anode and cathode, usually
made of one or more porous layers of polypropylene or polyethylene, with the
pores filled with electrolyte.38-40 The separator is a focal point in battery safety, as
it prevents short circuits and thermal runaways. The safety aspects are in direct
contrast to the cell performance, as thicker tri-layer separators improve safety but

hinder the Li* transport across the separator.40

The electrolyte usually consists of a mix of ethylene carbonate (EC), ethyl-methyl-
carbonate (EMC), and/or dimethyl-carbonate (DMC) solvents and LiPFe¢ salt.4! For
this thesis mostly a mix of 1M LiPFs in EC:EMC 3:7 (wt.) was used. Newly emerging
alternatives are all-solid-state electrolytes which can achieve conductivities close
to that of liquid electrolyte.*243 Their thermal stability was recently shown to be
similarly problematic as that of liquid electrolytes,** and they additionally can

exhibit poor electrochemical stability.*>
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To achieve high energy densities in the cells, Li-ion battery electrodes are produced
as porous electrodes, i.e., the active material is packed as thick as possible on the
current collector and its pores are filled with electrolyte to allow Li* transport
within the electrode. Having a porous electrode requires knowledge of the
electrode’s microstructure and an understanding of the behavior of a porous

electrode. This topic is a focal point of this thesis.



1.2 Relevant mathematical description of a Li-ion
battery

The following mathematical equations are part of a homogenized pseudo-2D Li-ion
battery model. This model was mainly developed by Doyle, Fuller and Newman 82
(generally referred to as “Newman model”) in the early 1990s and is still regularly
used today. The Newman model homogenizes the electrode, i.e., it superimposes
aspects of the solid and liquid part of the electrode such that at any point in the
electrode the insertion reaction, electrolyte- and electrical current are present.
Once the reaction occurred, the model then, figuratively speaking, transports the
lithium into an active material particle where the diffusion into the particle takes
place. The two dimensions do not directly affect each other, i.e., the electrolyte or
electric current can flow unobstructed and are not affected by any geometric
obstacles but are instead described by the use of effective parameters, hence the
description pseudo-2D. The following mathematical descriptions of the cell are
derived for a binary electrolyte and with the assumptions of constant (i.e,

concentration independent) electrolyte parameters.

The battery can be divided geometrically into 3 main parts, namely anode,
separator and cathode. The separator only holds electrolyte and is otherwise inert.

The change in electrolyte concentration in the separator can be described by

dc 0 [ ac] (1.1)

Esep 7T = T —
sep 5t Ox eff,sep Ox

with ¢ as the concentration of Li* in the electrolyte, &, as the separator porosity
and Desrsep as the effective diffusion coefficient of the electrolyte in the separator,

which includes the effects of the separator tortuosity and porosity. The current I

across the separator is described by

il 2K RT dlnc
¢2 + eff,sep 1

I = Keffsep ox F 1- t+)g (1.2)
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with Kefrsep as the effective electrolyte conductivity in the separator, @, as the
electrolyte potential representing the potential which would be measured at this
point by a Li-metal reference electrode, R the universal gas constant, F as Faradays

constant and t, as the transference number of the positively charged ions (Li*).

Equation (1.2) is also used to describe the current in the electrolyte within the pores
of the porous cathode and anode electrodes, by replacing the effective conductivity
and diffusion coefficient of the separator with the adjusted values for the respective
electrodes. As the electrodes act as a sink/source of Li* into/from the electrolyte,

the material balance [eqn. (1.1)] is adjusted by a sink/source term:

dac d dc
Eigr = 5r [Deff,i &] +a;(1—t})]; (1.3)

with i indicating either the positive or negative electrode, a as the specific interfacial
area (in units m%,,/ mgeom where “AM” denotes the active material surface area and
“geom” the geometric volume of the electrode) and J as the local current density.
The interfacial current is governed by the kinetic reaction according to Butler-

Volmer and is described as

RT

i= i [exp <aaF(¢1 — ¢, — U)) —exp (_ o F(py I;T(Ibz — U))]

(1.4)

with i, as the exchange current density, @, and a. as the anodic and cathodic
transfer coefficients (assumed as a, + @, = 1), ¢; as the solid potential and U as
the open circuit voltage of the interface. Thus (¢, — ¢p, — U) effectively describes
the overpotential of the reaction on the particle surface. Since Li-ion battery
materials change their potential with SOC, U is described by an SOC-dependent

function rather than a specific potential.



The intercalation reaction into a host structure not only requires Li* and an electron
for recombination but also a free site in the host structure (), resulting in the

equation for the Li-ion intercalation reaction:
Li—0,=Li"+0,+e" (1.5)

The free site now also plays a part in the kinetic reaction of the electrode, as a full
or empty host structure limits the reaction. The resulting equation for the exchange

current is given as

C
io — Fk(T)( s,max

e ()" (1.6)

s,max Cref

where k(T) represents the temperature dependent reaction rate constant, cs the
concentration of lithium in the solid active material, ¢y the maximum
concentration of lithium in the solid, ¢; the concentration of Li* in the liquid phase
and c¢f the liquid reference concentration. Comparing equation (1.5) with equation
(1.6), the term (csmax — Cs) represents the unoccupied sites in the active material
(©5), cs represents the available lithium in the solid and ¢, represents the Li* in the
electrolyte solution. The equation predicts an increase in resistance if the material
is either approaching a full or empty state or if the electrolyte concentration is being

depleted.

In the solid part of the porous electrode, the electrical current can be described by

¢
I = —0ef, 6_951 (1.7)
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and simply represents ohms law. Within a particle, generally diffusion models
based on Fick’s law are used. For spherical particles, the governing equation for the

mass transport in the solid is given as

dcg 1 0 [ o 0Cs
— = r
ot r2or

bs == (1.8)

The equations described above are of general interest, especially for the later
described impedance measurements, as they describe phenomena which are
prominently measured, such as kinetic or electrolyte resistances. Other parts of the
model need adaptation to describe the different ways in which some materials or
systems function. For example, certain battery materials are more closely described
by a conversion reaction where the educt and product are two distinct materials
with no intermediates, such as for LFP or parts of graphite. These materials exhibit
a flat potential and the lithiated and delithiated phase coexist with little
equilibration.#647 For such multiphase systems, Baker and Verbrugge*® developed

a model to adapt diffusion inside the material.

Other battery models are simplified versions of this model, such as the single
particle model (SPM). In the SPM, the electrolyte phase in the electrode is neglected
and it is assumed that all particles in the electrode behave the same, effectively
having one particle to represent the entire electrode.*?>° The model is mostly valid
for low current applications, where the current across the electrode is more
homogeneous. Further simplifications for models are to void the model of its
geometric aspects and convert it into an equivalent circuit model (ECM).51-53 Such
an equivalent circuit can be parametrized and validated using electrochemical

impedance spectroscopy.

To understand the importance of the liquid phase transport, and thus the necessity
to describe the Li-ion electrode as a porous electrode, the following calculation of
the number of moles contained in the liquid phase compared to the solid phase can
be useful. Assuming the use of a graphite anode with 735 mAh/cm3 and an arbitrary
NMC cathode with 800 mAh/cm? (see section 1.1), a solid fraction of 70% (porosity
30%) on both sides and an areal capacity of 3mAh/cm? for the cathode and 3.3
8



mAh/cm? for the anode results in electrode thicknesses of 53 pm for the cathode
and 64 um for the anode. Further assuming a commercial separator of 20pm and
40% porosity (e.g. Celgard 2320)54, results in a total void volume of ~3.5 pl/cm? in
the electrodes combined and only ~0.8 pl/cm? in the separator. Using an electrolyte
of a 1M salt concentration (e.g., LiPFs, assuming total salt dissociation) results in
total 4.3 uM/cm? of Li-ions in the electrolyte phase. Converting the cathode capacity
of 3mAh/cm? into moles (using Faradays constant) yields about 112 uM/cm?, i.e.,, a
factor 26 difference to the total amount of Li-ions in the electrolyte and more than
a factor 100 compared to only the separator. The physical constraint of
electroneutrality prevents an increase in average Li* concentration in the
electrolyte (local increases/decreases are possible), thus limiting the total amount
of Li* which can be present in the electrolyte to about 4% of the total cell capacity.
This highlights the importance of the liquid phase and the impact of the

microstructure of an electrode on the cells performance.
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1.3 Dissertation overview

Experiment

Li
Li
Li*

EIS-ECM

Theory

Doyle-Fuller-Newman
_ cs)ﬂ!‘:(cs)aa (i)ﬂa

(Cs max
i(] = Fk(T) -

€5 max Cref
dc 0 dc
iy = ax|Defti gy T M-t
_ au r
part = 3¢ FD,

Figure 1.1 Overview over topics covered in this dissertation with chapter numbers: 2 gives an overview over
existing battery fundamentals and EIS theory; 3.1.1 shows the origin of EIS artefacts when using a p-reference
electrode in half-cell measurements and a practical solution. 3.1.2 illustrates how binder migration causes
inhomogeneities in tortuosity and the effect on the blocking EIS spectrum. 3.1.3 gives a detailed analysis of the
impact of kinetic and ionic resistance on EIS spectra and how to properly analyze them. 3.2.1 compares graphite
and silicon-based electrodes for their temperature dependent kinetic and ionic resistance with a detailed
analysis on the resulting potential profile and charge rate performance. 3.2.2 explores NMC 111 fundamentals
with measurements of the SOC-dependent and Li*-concentration-dependent reaction kinetics as well as NMC
111 diffusion resistance measurements. 3.2.3 analogously explores the graphite fundamentals, including the
effects of the SEI on the graphite EIS spectrum and Li*-concentration-dependent kinetics.

10



2 Electrochemical Impedance

Spectroscopy

2.1 General principles

In impedance spectroscopy, a sinusoidal current or potential at varying frequencies
is applied to a system, generating an impedance spectrum which allows the user to
identify a variety of impedances within a system. This analysis makes it possible to
discern phenomena which happen on different time scales and since EIS is a non-
invasive tool, it is very useful for tracking the evolution of impedances over the
course of a LiB’s lifetime. This chapter describes the mathematical background for
the EIS technique and the useful ECMs for LiBs, which can be found in the pertinent

literature.>556

For a sinusoidally applied voltage of amplitude V, and angular frequency w = 2nf

V(t) =V, sin (wt) (2.1)

the current response can be defined as

I(t) = I sin (wt + ¢) (2.2)

with [, as the current amplitude and ¢ the phase shift, resulting in the complex

impedance

Vo .
Z(w) = 0 pid(w) (2.3)

11



Electrochemical Impedance Spectroscopy

Two main requirements for successfully measuring EIS are i) linearity/reversibility
and ii) steady state operations. The linearity and reversibility requirement
practically means that within the excitation window, all measured circuit elements
must not change their parameters, during or after the measurement. As shown
later, NMC 111 shows a large SOC-dependent change in the charge transfer kinetics,
which means that the excitation window must be chosen such that the change in
SOC during the measurement is negligible. Also, the above-described Butler-Volmer
kinetics become non-linear at higher overpotentials, but are comfortably linear for
excitations around 10 mV, which was used throughout this thesis. The reversibility
requirement (no memory effect) also prohibits measurements on non-reversible
processes, which speaks against measurements conducted, e.g., during the SEI

formation.

The steady state operations requirement practically means that the potential of the
measured electrode must not change during the measurement (except due to the
excitation), e.g., due to relaxation phenomena, electrode drift or temperature
changes in the system. This requirement is easily satisfied by a sufficiently long
open circuit period at constant temperature before each measurement or by

holding the electrode at the desired potential before the measurement.

The potential of the electrode also dictates which excitation method should be used,
Potentio Electrochemical Impedance Spectroscopy (PEIS), where the excitation
comes from an applied potential, or Galvano Electrochemical Impedance
Spectroscopy (GEIS), where the excitation is through an applied current. To avoid
major changes in SOC, electrodes exhibiting perfectly flat potentials should be
measured using GEIS, while in regions of non-flat potentials PEIS should be used. If
the measurement is only conducted to frequencies down to around 0.1 Hz, PEIS
measurements can be practically conducted for all electrodes, as the change in SOC
is minimal due to the short measurement time. To discern the individual cathode
and anode resistance, a gold wire p-reference electrode (GWRE) developed by

Solchenbach et al.>” was used in large parts of this thesis.

12



2.2 Equivalent circuit elements and their use in Li-
ion battery analysis

The analysis of basic equivalent circuit elements may seem trivial, but the
information which is provided by a careful analysis of those can still be invaluable.
While inductive elements are certainly important for commercial cell applications,

their influence is not visible in the cell setups used in this work.5859

2.2.1 R, C, Qelements

The simplest equivalent circuit element is a resistor, which is frequency

independent and described by

Z(w) =R (2.4)

It is used to represent a variety of resistances in a battery, e.g. electrical or kinetic
resistances. There are also multiple sources of capacitive effects in Li-ion batteries,

described by the capacitive element

1
Z(w) =-—= (2.5)

with j as the imaginary unit and C as the capacitance. Usually the capacitive
behavior is not ideal and the capacitance is replaced by a constant phase element

Q = C* with the complex resistance described as

1
Z(w) = ()"0 (2.6)

There are multiple sources which give rise to capacitive behavior in a Li-ion battery.
Most prominently, there are the double layer capacitance at the interface between
the active material and the current collector®%6! and the electrochemical double

layer at the electrode/electrolyte interface.®? The latter gives information about the
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electrode surface area, however comparing measurements at different potentials is

not advised, as the double layer capacitance also depends on the applied potential.
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Figure 2.1 Double layer capacitance (Q) extracted from electrodes made of conductive carbon (Super Ces) on
aluminium foil, measured at different potentials from 3 to 4.2 V vs Li*/Li. The capacitance was normalized to
the value initially obtained at 3 V to show the potential dependent change in capacitance. Average of two
individually normalized measurements, T-cell setup with GWRE, LP57 electrolyte.

Figure 2.1 shows the capacitance of an electrode made only of conductive carbon
(Super Ces), extracted via EIS measurements (T-cell setup with GWRE and free-
standing graphite on Li-metal counter electrode, PEIS measurement with 15min
potential hold at each step), measured at different potentials between 3 and 4.2 V
vs Li*/Li. As the electrode allows no charge transfer, it is constantly under blocking
conditions and thus allows extracting the capacitance in the low-frequency part of
the blocking EIS spectrum in the whole measured potential range. When
normalizing the capacitance to the value obtained at 3 V, the electrode shows a 50%
increase in capacitance with a reversible potential dependence of the capacitance.
For electrodes which include active material, any potential dependent capacitance
analysis is more complicated. The extracted information would include the
potential dependent behavior of both passive and active materials. If the active
material is suspected of “breathing”, i.e., expanding and contracting with SOC, these
SOC dependent changes cannot be distinguished from the potential dependent
changes. However, an analysis of capacitance over the course of cycling should be

possible and simply needs to be performed at the same potential (vs. Li*/Li),

14



regardless of SOC, as was done, e.g., for tracking of particle cracking in cathode

active materials.63-65

Another source of capacitance is the extracted faradaic charge of a Li-ion battery,
which is the main source of charge if the measurement is performed to frequencies
below the apex frequency of the charge transfer reaction element (usually in the
range of 10 Hz). To limit the extracted charge and avoid large SOC changes, small
potential perturbations in the range of 5-10 mV are chosen for a PEIS measurement.
The extracted charge is determined by the open circuit voltage (OCV) slope of the
measured material at the point of measurement and the duration of the

measurement, i.e., the lowest frequency point.

2.2.2 R/Q element

The most common element used to represent electrochemical systems is an R/C
element, or practically more relevant an R/Q element, which is the parallel
connection of a resistance and a capacitance. It is prominently used to describe the
charge transfer interface with the resistance representing the kinetic resistance and
the capacitance describing the double layer capacitance, but is, e.g., also used to
describe the electrical contact resistance between battery electrodes and the

current collector.69 It can be described as follows:

R

Z(a)) = W (2.7)

2.2.3 Electrolyte Warburg diffusion

Diffusion resistances play a major role in the performance of Li-ion battery
electrodes. Diffusion in the liquid phase (e.g. within the separator) can usually be
described as transmissive, i.e., the current source and sink allow drawing a constant
current, and thus the behavior at steady state (low frequencies when the system

does not change anymore) is that of a resistance. The diffusion impedance in the
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liquid electrolyte within the pores of the separator can be described by the

following equation:

d2
tanh ’
anh |jw Der

Z(w) = Raifr) — (2.8)
J9 Dege
with
R _ d
diftl = ( C1DegeF? ) A (2.9)
2RT(TDF)(1 — t,)?

where d is the diffusion distance and A the geometric electrode area. The following
calculation estimates the diffusion resistance across a pathway filled with
electrolyte (no electrode involved) and can be found in more detail in section 3.2.2

(Manuscript Appendix):

Using Landesfeind et al.?¢ for LP57 electrolyte parameters TDF = 1.5, electrolyte
conductivity k = 8.9 mS/cm,D = 3 x 10710 mTzand t, = 0.25 at 298 K, a volume of
1 cm? area and 89um thickness purely filled with electrolyte (no separator, simply
electrolyte) would result in a 1 Q high frequency resistance (resulting from the
electrolyte conductivity and using the geometric relationship R = ALXK). The
diffusion resistance for such an electrolyte filled segment can be calculated using
equation (2.9) with the above-mentioned parameters, resulting in 1.33 (. The
resistance from the electrolyte conductivity (1 ) and the Warburg diffusion
resistance (1.33 Q) can now both be scaled by the porosity and tortuosity of the
medium which is containing the electrolyte, e.g., a separator. Since both values scale

equally with the geometric parameters, it can be stated that every 1 () in separator

high frequency resistance results in an additional 1.33 Q1 in diffusion resistance, i.e.,

16



measuring a 2 ) separator high frequency resistance in an EIS measurement would

then yield a 2.66 () separator diffusion resistance.

More practically measured are resistances on the order of 4 Qcm? for a T-cell glass
fiber separator resistance, resulting in 5.32 Qcm? diffusion resistance. Using
equation (2.8) and the values Rgyie) = 5.32 (), separator thickness d = 200um,
Dess = D% =24 x10710 mTZWith tortuosity T = 1 and porosity € = 0.8, Figure 2.2
shows the Nyquist plot of the resulting diffusion resistance expected from a T-cell
setup. Usually, impedance spectra are obtained to a frequency of 0.1 Hz since i)
below such a frequency the measurement time would significantly increase, ii) the
mostly sought phenomena such as the electrodes kinetics are already present and
iii) the spectra become increasingly dominated by solid diffusion phenomena (see
Moskon et al.l011 for such measurements). The overlap with solid diffusion
phenomena is also why the spectrum shown in Figure 2.2 is practically never
measured and requires custom-made 4-electrode setups for electrolyte

characterization to become visible. ¢7

In measurements down to 0.1 Hz the electrolyte resistance can therefore mostly be
neglected as the contribution of the electrolyte diffusion resistance in the separator
to that point only contributes ~0.5 (.cm?2. The Diffusion spectrum first follows a 45°
line and transitions into a semi-circle below 0.01 Hz. The liquid diffusion resistance
can thus be represented by a Q-element with an a coefficient of 0.5 for any
measurement in such a frequency range. The spectrum will not change its shape if
the geometry of the electrode stays planar, i.e., there is no deviation from the 45°
angle under any circumstances and observing non-45° angles is usually the result
of other phenomena overlapping, most prominently the aforementioned diffusion

in the electrode solid material.
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Figure 2.2 Calculated Warburg diffusion resistance for a T-cell glass fiber separator using electrolyte
parameters of LP57 (Deff of 3x10-6 cm2/s) and a separator thickness of 200 um (see section 3.2.2 for detailed
parameter choices). The contribution of the liquid Warburg resistance to the EIS spectra could not be observed
in this fashion in all cell setups of this thesis due to the overlapping with other phenomena and could thus only
be described theoretically.

2.2.4 Active material solid Warburg diffusion

While the diffusion in the liquid can be described by transmissive boundary
conditions, the diffusion in the active material is described by a reflective boundary
condition. This means that the current source/sink are finite and ultimately result

in a capacitive behavior. The reflective planar diffusion is described by

a2
coth |jw DR
S
Z(w) = Rplanar — a2 (2.10)
Jw D,
With the planar diffusion resistance Rpjanar derived by Ho et al.®8 as
ou 1
Rplanar = 6_(:SFDS (2.11)

with | as the diffusion length.

18



However, usually active material particles are spherical, or close to spherical. The

reflective diffusion for spherical particles can be described according to Meyers et

al.62 by

2
tanh [jw g—

Z(@) = Rophere == Sl = (2.12)
/]wD—S—tanh /]wD—S

with r as the particle radius and Rgppere as the diffusion resistance in the spherical

particle given as

ou r
Rsphere = a_CSFDS (2.13)

with r as the particle radius. Figure 2.3 shows the difference in spectrum shape for

the two resistances.

—_
.N, Spherical
E Planar
T
RSPhET"e Rplanar
5 3

Re(2)

Figure 2.3 Qualitative comparison of the spectral shape of reflective planar and spherical diffusion resistances.
While the planar diffusion (red) initially follows a 45° angle before reaching the 90° capacitive behavior, the
spherical diffusion (blue) resistance is trending continuously upwards. The low-frequency intercept gives 1/5
of the spherical diffusion resistance and 1/3 of the planar diffusion resistance for the individual measurements.
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The planar and spherical diffusion resistance differ in that the planar diffusion
resistance at higher frequencies (bottom left graph for both spectra) starts in a 45°
angle before reaching the capacitive upward trend at lower frequencies, while the
spherical diffusion shows a more continuous upward trend. The low-frequency
intercept (grey lines) gives 1/5 of the spherical diffusion resistance for the blue
spectrum and 1/3 of the planar diffusion resistance for the red spectrum. The units
of Rpjanar and Rgppere as described above are in Qm?, where the area is defined as
the projected diffusion area of the particles, i.e., the surface area of the geometric
particle if its surface roughness was 1 (perfectly smooth), since the particles surface

roughness has no influence on the diffusion process.

Fundamentally, the diffusion resistance in the solid active material differs from
diffusion in the liquid not only in the boundary condition, but also in its dependence

on the OCV slope. From their mathematical description it can be followed that if the

L : . : . . . QU
potential is not changing with a change in concentration of the solid species (; =
N

0, i.e., a flat OCV profile) its diffusion resistance is zero and it will only reach its
capacitive behavior at frequencies low enough to reach the boundaries of the
measured plateau, which in the case of, e.g., LFP or Li4TisO12 (LTO) is when the
electrode is empty or full. Some battery materials are effectively flat in only parts of
their potential profile, e.g., graphite, which was prominently used in this thesis. Low
frequency measurements (below 0.1 Hz) were only carried out for NMC, which does

not show a plateau in its OCV profile (see section 3.2.2).

2.2.5 Transmission line model

A transmission line model (TLM) can be used to represent a variety of phenomena,
including the above-described diffusion resistances, evident in the same equations
describing both.11.69-71 In this thesis the term is used to describe the equivalent
circuit of a porous electrode, where depending on the measurement conditions
certain simplifications can be made. Figure 2.4 shows the equivalent circuit of a

simplified transmission line model.
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Tion Tion Tion Tion Tion
Figure 2.4 Simplified electrode transmission line model with zs representing the individual electrode surface
elements and rion representing the individual pore resistance elements. This simplification does not include
electrical resistances (otherwise found in the upper backbone opposite to rion), separator resistance (otherwise

found in the bottom right outward-bound connection) or the electrical contact resistance (otherwise found in
the top left outward-bound connection)

This model is a geometric representation of the pores with two backbones for the
electrical resistance through the solid (assumed negligible) and the ionic resistance
through the liquid, connected via the material surface. zs describes the individual
surface elements, e.g., an R/Q element for the charge transfer reaction, while rion
describes the ionic resistance from the electrolyte filled pores. In both cases any
diffusion resistances in solid or liquid are neglected, as these only play minor roles
for the majority of measurements conducted to a frequency down to 0.1 Hz. If the
charge transfer resistance is infinitely large, the electrode is under so called
“blocking conditions”, and thus forms the simplest TLM with only capacitive
elements on the surface. The blocking impedance spectra of the porous electrode
gives the same spectrum as the reflective planar diffusion resistance as shown in

Figure 2.3 and can be described by adjusting equation (2.10) to:

coth / jw)*Qg1Rion
V G0)*QqiRion (2.14)

Z(w) = Rion

with the electrolyte pore resistance R;,, and the electrochemical double layer
2

capacitance Qq4;. Instead of the diffusion time constanti— from equation (2.10), here
S

the equation includes the time constant of the circuit, Q4 Rjon. The blocking
impedance can be used to measure the ionic resistance since it is free of other

influences and has been extensively studied.>#6972-79 Extending the model to
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incorporate the electrochemical reaction, i.e., replacing the blocking Q-element on
the particle surface with an R/Q-element, i.e., R.; /Qq;, Wwhere R, represents the
electrochemical reaction, yields the following equation for the non-blocking

transmission line model:

Rion

Z(w) =
? ((iw)“le +Rict)

coth{ |Rion ((iw)“le + i)

R, (2.15)

This equation does not incorporate any effects of the capacity limit in Li-ion
batteries (solid diffusion elements) and can thus universally be used for any porous
electrode which operates in the same geometric configuration (e.g., fuel cells). Its
use is practically limited to the frequency range where additional capacitive or

otherwise relevant diffusion effects are negligible.

All equations given above were derived under the assumption of homogeneity
within the transmission line model, i.e., identical individual elements. Once an
electrode becomes inhomogeneous in its resistance across the length of the
electrode, the above solutions cannot be used anymore. This raises the question of
the weighing of resistances. In a blocking impedance spectrum, the current flow is
through the porous network and the current sinks are distributed across the
electrode. Therefore, a locally increased resistance towards the separator interface
is weighed more than an increase towards the current collector interface, as more
current crosses the separator interface, and thus affects the measurement more.

The effect of this is shown in section 3.1.2.
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2.3 A practical approach to Transmissive EIS

If the porous network is measured in a transmissive setup, i.e., in a configuration
where the electrode is not connected electrically but ionically on both sides (e.g.,
between two separators), with the current source/sink on the outside, there is no
directional dependence of the measured resistance, since the current passes
through the entire electrode. The impedance of a blocking electrode in a

transmissive configuration can be described by

tanh |/ (jw)*QqiRion
V (@)*QaiRion (2.16)

Z(w) = Rion

which in essence is the same equation (and thus the same spectral shape) as the
transmissive diffusion in equation (2.8) (when using a = 1 for perfect capacitive
behaviour). This is another example of how a Warburg diffusion resistance can be
modeled via a transmission line model approach.”’? Practically, measuring an
electrode’s pore resistance under transmissive conditions requires significantly
more effort. The measurement requires a current source/sink independent of the
measured electrode (e.g., Li-metal electrodes on both sides) and reliable knowledge
of their resistances. Alternatively, two reference electrodes can be employed to
exclude the influence of the source/sink electrodes from the spectrum.
Furthermore, an electrode without current collector (free-standing electrode)
needs to be fabricated; an approach on how to easily do this is described in section
3.1.1. While in theory measuring a free-standing electrode sandwiched between
two Li-metal electrodes (with separators in between) is possible, Li-metal
electrodes can exhibit huge resistances (in the range of 50-200 Qcm?2) and are
generally not stable enough in their impedance over time to be used for such an
analysis.8% Since the use of Li-metal also requires the use of typical commercial
electrolyte with a high conductivity, the pore resistance of one electrode is expected
to be small (in the range of 10 0cm?). Using two reference electrodes would simplify

the analysis but complicate the cell construction significantly.
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A more practical approach would be to find another porous electrode under
blocking conditions as source/sink electrodes, since their resistance is usually easy
to measure. The outside (reflective) electrodes should have a low resistance and
high surface area compared to the inner (transmissive) electrode to minimize their
influence on the measurement. The theory for such a measurement is shown in
Figure 2.5, which compares the reflective blocking impedance equivalent circuit
(top) and the blocking transmissive setup (bottom). The equivalent circuit for the
reflective setup comes from a standard symmetric cell with two transmission line
models (red) and a separator in between. The transmissive setup includes three
electrodes, two electrodes acting as current sink/source on the outside (purple)
with a free-standing electrode (green) in between, insulated via separators. Even
though this inner electrode is not electrically connected to any of the working- or
counter electrode connections, it is ionically connected to the cell via the
electrochemical double layer. Thus, the high frequency resistance Rur in both cases
represents the separator resistance (one separator for the reflective setup, two for
the transmissive). The low frequency resistance Rir for a reflective electrode
additionally contains 1/3 Rjone for each electrode. In the transmissive
configuration the ionic current goes through the entire transmissive electrode,
similar to a separator, and therefore measures the full R;,, ¢ of said electrode. In

this practical case, the symmetric reflective cell contains two electrodes, thus Rir-

Rur for the reflective setup equals 2 X %Rion,el. For the transmissive setup, RLr-Rur

gives Rjgpel + 2 X gRion, source, 1.€, @ combination of transmissive and reflective

measurements.
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Figure 2.5 Configurations for blocking transmission line model measurements. Top: Reflective setup with the
extrapolated resistance between high-and low frequencies of two electrodes corresponding to 2/3 Rion. Bottom:
Transmissive setup where the probed electrode is sandwiched between the separators and two thin, high-
surface area electrodes on the outside, acting as current source/sink. The extrapolated resistance is the total
Rionel and additionally the resistance of the outside source electrodes in reflective configuration, i.e, 2/3

Rion,source.

Figure 2.6a shows a simulated Nyquist plot of the reflective setup which points out
the high- and low frequency resistance. In Figure 2.6b the calculated transmissive
spectrum is plotted (green), which shows how a spectrum would look like if it was
individually measured through the use of reference electrodes. As stated before, its
shape is that of the Warburg liquid diffusion resistance (when a = 1). The blue
spectrum showcases the spectral shape of a measurement which incorporates outer
blocking electrodes (as current sink/source) which have a 10 times higher
capacitance and a 10 times lower resistance compared to the transmissive
electrode. The transmissive shape is still visible, but due to the ultimately blocking
nature of the outer electrodes the spectrum shows a capacitive rise in resistance

towards lower frequencies.
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Figure 2.6 a) and b) Nyquist plot of calculated EIS spectra for the reflective and transmissive setups shown in
Figure 2.5. In b) the transmissive shape is shown individually in black and the spectrum, including outer
blocking electrodes, is shown in blue. Calculation parameters: a) Rionei=100 Q, Ca=1mF, ae=0.9; b) Transm.:
Rion,e1=1009), Ce=1mF, aei=1, Refl. Rion,source=10 Q, Csource=10mF, atsource=0.9; c) experimentally obtained spectra
regular symmetric cell for graphite (red curve) and carbon black electrodes (purple) and in a combined
transmissive configuration (blue curve). Graphite electrodes ~9.9 mg/cm?, ~108um thickness, por. ~55%,
Carbon black electrodes: ~0.6 mg/cm2, ~6pum thickness, por. ~50%. T-cell setup, 0.94 cm?

Figure 2.6c shows the experimentally obtained spectra. For the experiment, free-
standing graphite electrodes (~9.9mg/cm?, N-Methyl-2-pyrrolidon (NMP) based,
T311 (SGL Carbon): polyvinylidene fluoride (PVDF, Kynar) 95:5) of ~110 um
thickness (uncompressed, porosity ~55 %) were measured using a low conductive
electrolyte (0.35 mS/cm, ~20 mM TBACIO4 in EC:EMC 3:7) in a symmetric cell setup
with 2 glass fiber separators (red curve). The graphite electrodes were dried at
room temperature (shown here) and 75°C for a later comparison of the tortuosity

of the graphite electrodes with a homogeneous and an inhomogeneous ionic
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resistance distribution within the electrode due to binder migration.”! Additionally,
electrodes with high surface area carbon (carbon black, 1500 m2/g) were coated
onto copper foil (Carbon black: PVDF, 1:1, dry thickness ~6 pm, 0.6 mg/cm?2) and
measured symmetrically (purple curve). The graphite electrodes exhibit an R;,,, of
around 180 Q per electrode and the carbon black electrodes around 45 ). From the
1 Hz datapoint of the red curve and the 0.1 Hz datapoint of the purple curve it is
evident that the capacitance of the carbon black electrode is about 10 times larger
than the capacitance of the graphite electrode. The carbon black electrode also
shows a semi-circle at higher frequencies which can be explained by a contact
resistance between the electrode and the copper foil. The free-standing electrodes
were then measured according to the transmissive setup in Figure 2.5 and are
shown in the blue curve in Figure 2.6c. The transmissive measurement uses carbon
black electrodes as outer current sink/source electrode, 4 glass fiber separators (2
on each side) and one graphite electrode in transmissive configuration. The contact
resistance semi-circle of the carbon black electrode is seen at the highest
frequencies in the blue spectrum, followed by the expected diffusion shape which
ends in the capacitive blocking branch. Comparing the 0.1 Hz datapoints of the
purple and blue curve shows that this capacitive behavior comes from the outer

carbon black electrodes, as expected.
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Figure 2.7 Tortuosity analysis of free-standing graphite electrodes in reflective and transmissive configuration
as a function of their drying temperature.
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Figure 2.7 shows the tortuosity analysis of the electrodes. The tortuosity was

Rion'A'€K

calculated as T = with A as the electrode area. For the room temperature

dried electrodes, the transmissive measurement gives a bit higher tortuosity of
around 3.8 compared to 3.3 for the reflective measurement. For electrodes dried at
higher temperatures, both tortuosities increase to a value of around 4.0-4.2.
Assuming no other source of influence, the difference between them can be traced
back to the differences in measurement configuration. The transmissive
measurement gives the cumulative sum of resistances and is directionally
independent, while the reflective measurement is directionally dependent.
Therefore, if the electrode is inhomogeneous, the transmissive measurement still
gives the actual average tortuosity of the electrode and the reflective measurement
gives a directionally weighted value where resistances at the separator side of the
electrode are more significant than resistances at the current collector side of the
electrode, as explained in more detail in section 3.1.2.71 If the reflective
measurement gives a smaller value, it can be assumed that the resistance at the
separator side is below average, in this case, e.g., due to binder sedimentation
during the long drying phase of NMP at room temperature. Vice versa it is not
surprising that the reflective tortuosity increases for a higher drying temperature,
as the binder migration blocks the electrode pores around the separator
interface.81-83 The increase in transmissive tortuosity with drying temperature can
only be explained by an increase in average tortuosity. A likely origin of this effect
is that the binder migration disproportionately increased the tortuosity of the
separator interface more than it decreased the tortuosity towards the current
collector interface. Ultimately both techniques give sufficiently similar information,
and unless the user specifically requires knowledge of the average tortuosity, a
reflective measurement would still be the preferred choice, as it is easier to execute

and gives information about homogeneity.”!
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2.4 3D-structured electrode characterization

With increased electrode loading, the electrolyte transport within the electrode
becomes increasingly important. To improve the electrode transport, 3D-
structured electrodes can be manufactured, which shorten the diffusion pathway

and thus improve the electrode performance.84-93

Figure 2.8a shows a cross-sectional sketch of a 3D-structured electrode, where the
diffusion in the electrolyte-filled large pore (green center) is faster than the
transportinside the (gray) electrode. Such a 3D structure introduces a new relevant
parameter, the in-plane tortuosity, and can be measured using the method
developed by Suthar etal.?* In b) and c) scanning electron microscopy (SEM) images
of laser-structured electrodes are shown with line and hexagonal hole structures,
respectively. The laser-structuring was performed using the setup described by

Habedank et al. 84

a)
Shortening Li-ion diffusion
pathways via laser-structuring

.'lLi"

Li*

Figure 2.8 a) Sketch of the working principle of a 3D-structured electrode. The electrolyte-filled free space
allows for a faster Li* transport compared to the active material, where porosity and tortuosity increase the
diffusion resistance. b) and c) show scanning electron microscopy top view images of laser-structured graphite
electrodes in line pattern (b) and hexagonal hole pattern (c).

[t is not surprising that opening the electrode structure improves the electrolyte
transport and thus the electrode performance, especially in thick, higher-loading
electrodes. The aim of this project was to i) understand if the electrode can be
sensibly characterized by traditional tortuosity measurements and ii) understand

the benefit of the type of structure and where their optimal improvements lie.

For tortuosity measurements, a set of graphite electrodes of around 3.4 mAh/cm?
(~9.9mg/cm2T311 (SGL):PVDF (Kynar), 95:5, ~110 um thickness, porosity ~55%)
were prepared. Some electrodes were measured in their pristine state via

symmetric cells and evaluated for their tortuosity, while other electrodes were

29



Electrochemical Impedance Spectroscopy

laser structured with a hexagonal hole structure as shown in Figure 2.8c and
examined via SEM for their geometry. Care was taken that the bottom of the holes
showed the current collector, to allow a reconstruction of the electrode geometry
in a COMSOL Multiphysics® (Comsol) model (otherwise the hole depth would not
be defined, as the SEM images gives no depth information). The model was built in
essence as described in section 3.1.2 but with the below specified geometries. The
pristine through-plane electrode tortuosity was found to be 3.4, while the in-plane
tortuosity was found to be 1.3. For the structured electrodes, three different
geometries were prepared. All structures have the same hole size, as this was
determined by the laser intensity parameters which were more practical to be kept
constant. The average hole diameter was found to be 82 um, with center-to-center
hole distances of 140 pm, 170 pm and 200 pm, leading to a mass loss of around 30%,

20%, and 15%, respectively.

140 um distance 170 pm distance 200 um distance
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Figure 2.9 3D structured electrodes with mean hole diameter of 82pm. Top row: SEM images of the three
different geometries with hole distances (center to center) of 140 um, 170 pm, and 200 um. Middle row: Nyquist
plot of simulated and experimental symmetric cells showing a good agreement between the model and
experiment for tortuosity determination. Bottom row: Average obtained tortuosity from both model and
experiment, being in good agreement.
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The 3D structures were then recreated in a 2D (lines) and 3D (hex. holes) Comsol
model of the respectively identified unit cells of the geometries and evaluated for
their tortuosities via simulated EIS analysis. The experimentally structured
electrodes were similarly evaluated via EIS in symmetric cells. The middle row in
Figure 2.9 shows the Nyquist plot of the model and experiment, which are in good
agreement. The bottom row shows the obtained tortuosities which naturally are
also in agreement. Since unstructured electrodes can be modeled in 1D, the
tortuosity obtained of unstructured electrodes is also a 1D parameter. For the 2D
and 3D geometries, the measured tortuosity becomes a form of apparent tortuosity,

which combines effects of in-plane and through-plane transport.

After this validation, the model was used to identify the benefit of different
geometries of 3D structures, most notably the before shown line structures and
hexagonal hole structures. The hole structure was chosen as it appears to be the
best structure geometrically, where a minimum of lost material might yield a
maximum of performance increase. Unfortunately, the number of holes needed
results in a long manufacturing time. The line structure is significantly faster, as the
laser simply needs to cut through the coating in one motion and only needs to be
turned off when the line ends, thus being the structure of choice for any practical
applications. Also, for practical applications it is assumed that the 3D structured
electrodes need to be of a specific areal capacity, which is why for the simulation

the material loss was kept constant for varying 3D structure sizes.

Figure 2.10 shows the simulated mean tortuosity values for a (in a pristine state)
7.5 mAh/cm? graphite electrode. The high (simulated) loading was chosen since the
3D structuring works best at higher loadings, and thus differences between

structures are visible more clearly.
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Figure 2.10 Simulated mean tortuosity values of 3D structured electrodes as a function of trench width for line
structures or hole diameter for the hexagonal hole structure. For each subset, the mass loss was kept constant
at either 2.5% (dashed lines) or 15% (solid lines). It is evident that to achieve similar improvements, the line
structures must be finer compared to the hole structures, but both show a trend toward the same value for the
finest structures which is only determined by the total mass loss. To improve the ion conduction even more,
more active material must be removed from the structure.

The average through-plane tortuosity was set to 5 for the active material and the
in-plane tortuosity to 1.3. The x-axis shows the channel width for line structured
electrodes or the hole diameter for hole structured electrodes. Since the material
loss was kept constant for each simulation subset, this practically results in a
change in structure coarseness, i.e., the hole structure starts out with a few large
holes and changes to many smaller holes with decreasing hole diameter. The results
show that for hexagonally arranged holes the hole diameter can be significantly
larger than the channel width of the lines to achieve the same improvement in
average tortuosity. Since the channel width or hole diameter that can be achieved
is a metric which heavily depends on the laser-quality, this is an important
parameter when it comes to the practicalities of this process. The gray area
indicates the range of structure size found in the literature. Assuming structure
sizes of 20-50um can be reproducibly produced, both structures could show an

improvement, depending on the material lost. For practical applications, if both
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electrodes are 3D structured the effect of alignment of the structures would need to
be studied. Assuming only one side of the electrodes is structured, the effect of such
an asymmetry in geometry on the electrochemical performance and unwanted

reactions such as Li-plating needs to be studied carefully.

Figure 2.11 SEM images of laser structured electrodes. In a) a hexagonal shape was supposed to be visible, yet
amovement of the sample due to heating from the laser caused a disorder in hole structures. b) and c) compares
electrodes at ~55% and 30% porosity which were structured with the same settings. The difference in hole
diameter shows the practical limit of the laser structuring process for electrodes of lower porosity.

Several practical limitations arose during the structuring process. Figure 2.11
shows SEM images of electrodes after laser structuring. In a) the electrode structure
should exhibit a hexagonal structure, but the laser structuring heated the sample
such that electrodes moved slightly (the copper current collector showed visible
ripples on the backside, which appeared to happen due to the sample heating up)
and thus ruined the pattern. Figure 2.11b and c compares two electrodes, where b)
is an uncompressed electrode (~55% por.) and c) is the same type of electrode at
~30% porosity. Both electrodes were structured with the same laser settings, yet
the difference in hole diameter and depth is enormous (no current collector visible
in the second image). These two aspects, hole diameter and hole depth, appeared to
be generally inseparable, i.e., the deeper the hole the larger the hole diameter, which
makes it practically impossible to structure electrodes with varying diameter but
same hole depth. The electrode loading/thickness and porosity both hugely
influenced the resulting hole structure and any prolonged mild ablation led to a
heating of the sample and to the effect seen in a). Thus an analysis, as it was done in
Figure 2.10, was not possible to execute, as no two samples of equal capacity and

differing electrode structure coarseness could be reliably manufactured.
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2.5 Linking inhomogeneities in an electrode to EIS
spectra

In section 3.1.271 the phenomenon of binder migration, causing inhomogeneous
ionic resistances and the resulting effect on the EIS spectra has been studied.
Following this, an effort has been made to understand if it was possible to get
information on the underlying binder gradient by the appropriate fitting of the
spectra of inhomogeneous electrodes. This works is based on analytical equations
derived by Prof. Bharatkumar Suthar (currently at IITB, Mumbay) and are not yet
published. The equations were incorporated into the MATLAB-based application
(“EIS Breaker,” © ]. Landesfeind.). Figure 2.12 shows the different solutions.

M
i Regular fit
M
M N top Two-stage fit
N, bot Top fraction
Current collector Sep. X

Figure 2.12 Available fit solutions for gradient electrodes to describe: a homogenous electrode (Regular fit)
with only one parameter for the ionic resistance (Mn); the two-stage fit with three parameters, the separator
and current collector sided resistance (Mn, top, MN, bot, respectively) and the Top fraction which gives the fraction
of the thickness of the top (separator) layer compared to the total electrode thickness.

The top of the figure gives the regular fit which only has one parameter for the
MacMullin number. The two-stage fit, describes the EIS response of an electrode
with two different ionic resistance regions. The solution introduces three
parameters that replace the parameter of the ionic resistance, namely the top and
bottom resistance as well as the top thickness fraction, i.e., the fraction of the top
resistive layer thickness compared to the total electrode thickness. For example, if

the top fraction is 0.25, the top 25% of the electrode exhibit the top resistance.

To test if the equations yields useful results in a practical setting, freestanding

graphite electrodes with 3% PVDF binder and 12% PVDF binder with thicknesses

around 270 and 55 pm and porosities of 53 and 43%, respectively, were fabricated.

Since the porosities were unequal after coating, the MacMullin number, defined as
T

My = - was used as metric for the ionic resistance within the electrode. Mn was
€
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determined as 6.2 + 0.1 for the 3% PVDF containing electrode, which was measured
for individual electrodes, and confirmed for an electrode stack of two electrodes on
both sides to understand if the stacking of electrodes introduces any additional
resistances. For the 12% PVDF electrodes, Mn was found to be 12.9 + 0.5 for the
single and 14.4 * 0.1 for the double stacked electrode, showing a slight increase in
resistance for electrode stacking, but not large enough to be of initial concern. The
electrodes were then cross-stacked, with the 3% PVDF electrode at the bottom and
the 12% PVDF electrode at the top (sep. side). This way the EIS fitting could be done

on well-defined experimental data.

da | Exp. dat? b) | Simulated spectrum
Regular fit —@— with linear resistance
800 - Two-stage fit —th— 400 [gradient
S ' I
~ 600 ~ 300
9 < |
£ 400 | € 200 |
! Electrode stack: - L
Sep.
200 55 ym M, ~13 100
270 ”ml My 6.2 i Two-stage fit——
0 . S R-w R obb— v
200 400 600 800 1000 200 300 400 500
Re(Z)/ Q Re(Z2)/ Q

Figure 2.13 Nyquist plot of experimental and fitted symmetric cell data for a gradient electrode stack. The
electrode stack is shown in the bottom right corner, with the high resistive, thinner electrode (~55 pm) at the
separator interface (black box) and the lower resistive, thicker electrode (~270 um) at the current-collector
interface (grey box). The black data is the experimentally measured impedance, the blue data is a fit with a
regular homogeneous TLM and the red data is the fitted spectrum with the two-stage TLM.

Figure 2.13a shows the experimental data of the electrode stack (black) with the
~270 pm thick bottom, low resistive electrode, and the ~55um thick high resistive
electrode at the top (sep. side). The blue data (circles) shows a fit made with a
conventional transmission line model and gave a Mn of 9.8. The red data shows the

fit with the two-stage solution, with the extracted parameters shown in Table 2.1.

35



Electrochemical Impedance Spectroscopy

Table 2.1 Electrode stack data giving the experimentally obtained values for the individual stack parts and the
values obtained from the EIS data fit for the resistance at the electrode separator interface (Mn top) and the
electrode current collector interface (Mn bottom) as well as the fraction of the top layer thickness compared to
the total electrode thickness (Top fraction)

Variable Exp. Measured Two-stage fit Error
MNn top 12.9-14.4 13 <10%
Mn bottom 6.2 6.7 8%
Top fraction 0.17 0.24 41%
MN,top/MN,bot 2.1-2.3 1.96

The fitted resistance values are in good agreement with the experimentally
obtained individual resistances, yet the top fraction data gives a large error and
showed to be not sensitive enough to give reliable results, as the chosen frequency
range had a significant influence on the extracted data. While the two-step gradient
equation better represents the EIS data for inhomogeneous cells, it was ultimately
not sensitive enough to yield reliable information on the underlying resistance
gradient. This is evident in Figure 2.13b which shows a simulated linear resistance
gradient (simulation performed as shown in 3.1.271) and the corresponding two-
stage fit which overlaps with the spectrum nicely. Thus, it is evident that the Nyquist
spectra of gradient electrodes are not necessarily (practically) unique, and that the
two-stage fit yields reasonably confident fit results for other types of

inhogmogeneous data.
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3 Results

This chapter contains the published work and manuscripts which are to be
submitted, and is sectioned into two parts. Section 3.1 contains work designed to
understand the practical and theoretical issues pertaining to the analysis of battery
electrodes via EIS. Thus, 3.1.1 describes the artefacts that can arise when trying to
determine the impedance of a Li-ion battery electrode in a half-cell configuration,
and gives a practical solution to circumvent such artefacts. Another complexity in
EIS analysis is presented when the assumption of homogeneity is not fulfilled, a
topic which is discussed for the blocking-impedance analysis of porous electrodes
in section 3.1.2. When the electrode is measured under faradaic (non-blocking)
conditions, the relative size of the kinetic to the transport resistance plays a major
role in the interpretation of the EIS data and the behavior of the current distribution

within the electrode, which is described in detail in section 3.1.3.

Section 3.2 gives examples for a more practical use of EIS. In 3.2.1, silicon and
graphite electrodes of practical areal capacities are compared for their impedances
and their charge rate capability at different temperatures. To gain further
understanding of the influence of Li* concentration gradients on the kinetics of
active materials, section 3.2.2 and 3.2.3 examine the kinetics of a typical cathode
active material NMC 111 and of the commonly used anode active material graphite,
respectively. The NMC 111 kinetic analysis more closely follows a comparison to
theoretical battery kinetics, while the graphite analysis is focused on a more

fundamental phenomenological understanding of the kinetic behavior of the SEI.
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3.1 Porous electrode impedance analysis

3.1.1 Simple Way of Making Free-Standing Battery Electrodes
and their Use in Enabling Half-Cell Impedance
Measurements via u-Reference Electrode
The article entitled “Simple Way of Making Free-Standing Battery Electrodes and
their Use in Enabling Half-Cell Impedance Measurements via p-Reference
Electrode” was submitted to the peer-reviewed Journal of the Electrochemical
Society in March 2020 and published in June 2020 as an open-access article under
the terms of the Creative Commons Attribution Non-Commercial No Derivates 4.0
License. = The  permanent web link can be  found  under:

https://iopscience.iop.org/article/10.1149/1945-7111/ab9b93 /meta.

The objective of the study was to enable the acquisition of impedance spectra of
individual working electrodes in a half-cell configuration (i.e., with a lithium metal
counter electrode) via p-reference electrode, which had been observed to show
artefacts. By measuring an equivalent circuit made of capacitors and resistors,
which represents the general build-up of a three-electrode electrochemical cell, it
was found that the artefacts arise due to the high impedance of the p-reference
electrode. It was assumed that this is a problem of the interplay between the cell
and the potentiostat, as it was shown by Raijmaker et al.?> that for high reference
electrode impedances the working electrode impedance can be influenced by the
counter electrode impedance. In the case of the p-reference electrode based on a
gold wire (GWRE), the artefacts only occur when the counter electrode impedance
is significantly larger than the working electrode impedance, which is typically the
case for half-cell designs compared to full-cells. To allow half-cell impedance

measurements, the counter electrode impedance needs to be decreased.

This was achieved by developing and using free-standing graphite (FSG) electrodes
which are attached to the Li-metal counter electrode. Free-standing electrodes can
be made by coating a layer of carboxymethyl cellulose (CMC)-binder on top of a
copper foil and then coating a PVDF-based electrode on top of the CMC film. Once
dry, the coating is immersed in water or ethanol, the former dissolves the CMC film
and the latter appears to help sever the electrode from the sheet, which can then

simply be peeled off the electrode. In the half-cell, the FSG electrode attached to the
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Li-metal is lithiated once in contact with electrolyte. The electrode then shows a
low, stable impedance at 0 V vs. Li*/Li, allowing for an artefact free impedance
analysis of typical anode or cathode electrodes. For prolonged cycling, the Li/FSG
counter electrode develops a contact resistance and thus can unfortunately not be

used over prolonged periods of time.

Author contributions

R.M. conducted the measurements and evaluated the data. B.S. and R.M. developed
the procedure to produce free-standing electrodes. R.M. wrote the manuscript. R.M.,

B.S. and H.A.G. discussed the results and revised the manuscript.
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The choice of battery cell configuration is important when
evaluating the electrochemical properties of anode or cathode active
materials with conventional electrolytes or with novel electrolytes/
additives for lithium-ion batteries. A convenient initial evaluation
can be done using a so-called half-cell configuration with a metallic
lithium (Li-metal) counter electrode (CE), providing direct informa-
tion on the electrochemical properties of the working electrode (WE)
active material while, at least ideally, minimizing the influence of the
counter electrode on the active material under investigation. A
drawback of this approach is that it complicates the analysis of
electrochemical impedance spectroscopy (EIS) data, since the Li-
metal CE surface morphology/area and, consequently, its impedance
varies substantially over the course of cycling (particularly over the
first few cycles) as well as over time when no current is applied.'
Therefore, the cell impedance evolution obtained from half-cell
measurements with a Li-metal CE does not allow for a rigorous
determination of the working electrode impedance, as the impedance
of the Li-metal CE cannot be reliably subtracted from the cell
impedance. This can only be done by either assembling so-called
symmetric cells*™ (i.e., cells built with nominally identical elec-
trodes obtained after having subjected them to different charge/
discharge procedures) or by making use of a micro-reference
electrode (1-RE). While the former approach requires the experi-
mentally cumbersome harvesting of cycled electrodes and their
reassembly in symmetric cells, EIS measurements with p-REs are
non-invasive and more convenient.

In our recent work, Solchenbach et al. had demonstrated the use
of a gold wire u-RE (GWRE)® with which one can monitor the
impedance evolution of each individual electrode in a full-cell;*1°
however, so far we could not obtain artefact-free WE impedance
spectra with the GWRE technique in a half-cell configuration with a
Li-metal CE. As we will show here, this is related to the high
impedance of ;-REs (on account of their small cross sectional area),
which can result in measurement artefacts. Gémez-Camer et al.''
already demonstrated that artefacts can arise when using reference

*Electrochemical Society Member.
**Electrochemical Society Fellow.
“Present address: Department of Chemical Engineering, Indian Institute of
Technology Bombay, Mumbai 400076, India.
“E-mail: robert.morasch@tum.de
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electrodes with high impedance and suggested that activation over-
potentials play a role in successfully using a reference electrode for
EIS measurements. In the case of battery full-cells consisting of
NCM (LiNi,Co,Mn.O,, with a+b+c = 1) and graphite,
Raijmakers et al.,'? also showed that due to the interplay of the j-
RE impedance and internal impedances of the potentiostat, artefacts
can occur at high frequencies (in the kHz regime). Studies done by
other groups suggest additional artefacts caused by improper
reference electrode positioning, which can produce inhomogeneities
in current or potential response.'>”'> A review for Li-ion battery
reference electrodes can be found in Ref. 16.

Table 1 summarizes the above-mentioned advantages and dis-
advantages of using symmetric cells and -p-RE for EIS.

In this publication we investigated the source of error for
artefacts in EIS measurements via a ;-RE when using a Li-metal
counter electrode and developed a method that allows artefact-free
EIS measurements of the WE via a p-RE in a half-cell configuration
(i.e., with a working electrode and a Li-metal counter electrode).

We will show that impedance spectra obtained with a p-reference
electrode in a half-cell configuration can show artefacts over a broad
frequency range (kHz to mHz). In order to investigate their origin,
we conducted comparative EIS measurements on model equivalent
circuits composed of a set of actual resistors and capacitors that
mimic the half-cell resistor and capacitor elements, but in the
absence of any electrochemical reactions. EIS analysis of these
model equivalent circuits shows that similar artefacts in the low-
frequency region of the impedance spectra occur as observed for
actual half-cell impedance spectra, indicating that these artefacts
arise from an interplay of potentiostat impedances and cell im-
pedances, whereby the former are generally unknown to the user.
Based on the model equivalent circuit measurements, these low-
frequency artefacts in half-cells with a Li-metal CE could be
eliminated if one were able to substantially decrease the Li-metal
impedance. We will show that this can be accomplished experimen-
tally by inserting a free-standing graphite electrode (FSG) between
the Li-metal CE and the separator, which establishes a low-
impedance counter electrode at a stable Li-metal potential (referred
to as Li/FSG). This allows for the acquisition of working electrode
impedance spectra that are free of low-frequency artefacts in a cell
configuration that essentially represents that of a half-cell with a Li-
metal counter electrode.
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Experimental

Preparation of free-standing electrodes.—The following de-
scribes an easy approach to produce free-standing PVDF-bonded
electrodes. Other methods to produce free-standing electrodes can be
found elsewhere.'”'® The two here proposed methods (acc. to
procedures A or B, see Fig. 1) are suitable to produce free-standing
PVDF-bonded electrodes of both graphite and NCM (or other
cathode active materials), whereby for the latter only procedure A
can be used, as electrodes with cathode active materials generally
should not be immersed in water. The first step in preparing free-
standing electrodes is coating a thin layer of sodium carboxymethyl
cellulose (CMC, Sigma Aldrich) binder onto a current collector foil.
The CMC binder was mixed at a CMC to H,O ratio of 1:25 (wt:wt)
and coated at a wet film thickness of 30 ;sm onto a copper current
collector foil (MTI, 12 pm) attached to a glass plate using a gap bar
coater (RK PrintCoat Instruments, UK). To prepare a free-standing
graphite electrode, graphite (T311 type from SGL, with 19 pm D50
and 3 m? g~ ") and polymer binder (polyvinylidene fluoride (PVDF),
Arkema) at a ratio of 95:5 (wt:wt) were mixed with N-Methyl-2-
pyrrolidone (NMP, Sigma Aldrich, anhydrous, 99.5%) at a solid to
liquid ratio of 5:4 (wt:wt) in a planetary mixer (Thinky ARV-310) at
2000 rpm for five minutes. The prepared graphite slurries were
coated onto the CMC-coated copper current collector at a wet film
thickness of 200 pm. Free-standing cathode electrodes can be
prepared analogously.

Since the CMC layer is not soluble in NMP, it serves to block the
PVDF binder of the electrode coated on top of it from adhering to
the current collector foil. The dried electrode is then put into a bath
of ethanol (see panel Al in Fig. 1, left-hand-side) or water (see panel
B1 in Fig. 1, right-hand-side), whereby the latter is only recom-
mended for materials stable in H>O. Since CMC is not soluble in
ethanol, the CMC film is not dissolved, but its surface becomes non-
adherent and the electrode can be peeled or swiped off the surface
with little effort (see panels A1-3 in Fig. 1). For graphite electrodes,
the electrode sheet can also be immersed in a water bath in which the
CMC layer dissolves, leaving the electrode detached from the
surface, which can also easily be done with already punched
electrodes (see panels B1-3 in Fig. 1). As CMC is commonly used
in battery electrodes, residual CMC in the electrode is of little
concern in battery tests; however, if necessary, it could be removed
in an additional washing step. Additionally heating the water bath is
possible to speed up the dissolution process of the CMC but no heat
treatment was performed for this work. For the free-standing
graphite (FSG) electrodes used in this study, only procedure A
was used.

The thickness of the here prepared dried and uncompressed free-
standing graphite electrodes and of conventional graphite working
electrodes (prepared as above, but without the CMC interlayer) was
~105 pm (+2%), corresponding to graphite loadings of ~9.8
mgcem 2 (+2%) with an areal capacity of ~3.4 mAhcm 2 (calcu-
lated for a theoretical graphite capacity of 350 mAh g~'). The
electrodes were not further compressed/calendered, and their por-
osity was ~55% (based on thickness and areal weight measure-
ments). The dried electrodes were punched out to a diameter of
10.95 mm (equating to an area of ~0.94 cm?) using an electrode
punch (Hohsen Corp. OSAKA, Japan). Alternatively, a carbon paper
(5% hydrophobized ~360 pm thick Toray carbon fiber paper T120,
Toray) was used as free-standing electrode and applied as received.
The Carbon paper has a roughness factor of ~18 cm’ggr cm ™2,
based on ~7 mg.abon cm™2 areal weight and ~0.25 m’ gfl BET
area while the FSG electrode has a roughness factor of ~300 cm’gET
cm ™2, based on ~9.8 Mggpnire cm ™~ areal weight and ~3 m* g~
BET area.

Egquivalent circuit.—The equivalent circuit for the impedance
measurements shown in Fig. 2b was soldered according to the circuit
description of Fig. 2a, using carbon film resistors (Conrad Electronic

42

_me‘ PVDF based electrode
CMC thin film |

—+—— Metal foil

Al]] U M - [R1

W72

B3

Figure 1. Depiction of the free-standing electrode preparation process based
on a current collector foil (here copper foil) coated with a CMC layer onto
which subsequently a PVDF-bonded electrode is coated (here graphite).
Process A (left-hand-side): Immersion of the copper/CMC/graphite assembly
into ethanol (A1), which causes a loss of adhesion between the graphite
electrode and the CMC film, without dissolving the CMC film (A2). The
electrode can then be swiped off the current collector with little effort, shown
in panel A3 for a graphite electrode. Process B (right-hand-side):
Alternatively, the electrode can be immersed in water (B1) to dissolve the
CMC film, leading to the detachment of the electrode (B2), as seen in panel
B3 for graphite electrodes punched at 10.95 mm diameter (red arrows
indicate detached electrodes).

GmbH, Germany) and electrolyte (=1 pF) or film (1 nF) capacitors
(Conrad Electronic GmbH, Germany).

Cell assembly, charge/discharge cycling, and impedance mea-
surement.—For electrochemical impedance analysis, a three-elec-
trode cell setup (Swagelok” T-cell) with a gold-wire reference
electrode (GWRE, described in more detail in Fig. 1b in Ref. 8)
was used. The cells were built inside an argon filled glove box
(MBraun, 25 °C = 1 °C, oxygen and water content <0.1 ppm, Ar
5.0, Westfalen). All cell parts were dried at 120 °C in a vacuum oven
(Biichi, Switzerland) for 8 h before being transferred into an Ar-
filled glovebox.

The cells were assembled with a graphite working electrode
(areal capacity ~3.4 mAhcm™?), two porous glass fiber separators
with a diameter of 11 mm (VWR, 250 pm uncompressed thickness,
90% porosity), and a counter electrode consisting of either a metallic
lithium foil (0.45 mm thickness and 11 mm diameter, Rockwood
Lithium) or a free-standing graphite electrode firmly attached to the
metallic lithium foil (referred to as Li/FSG). For cycling stability
tests and impedance analysis of the Li-metal or the Li/FSG
electrodes, symmetric cells in a three-electrode cell setup as
described above were assembled. 80 ul of LP57 electrolyte (1 M
LiPFg in EC:EMC 3:7 (wt:wt), battery grade, BASF) were added to
the cells. Using a potentiostat (Bio-Logic Science Instruments,
France), the gold-wire reference electrode was lithiated at 150 nA
for 1 h via the Li-metal or Li/FSG counter electrode in a
temperature-controlled chamber (25 °C, Binder).

The cycling protocol started with a 3 h open circuit voltage phase
to allow for complete wetting of the electrodes and stabilization of
the Li/FSG counter electrode. Lithiation of the graphite working
electrode was performed galvanostatically (constant current lithia-
tion) at C/10 to 40 mV vs Li*/Li without prior formation.
Potentiostatic electrochemical impedance measurements over the
course of cycling were performed at open circuit voltage (OCV) at
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Figure 2. Comparison of the working electrode impedance (30 kHz to 0.1 Hz) of model equivalent circuits and of the graphite working electrode (at 100% SOC)
in half-cells with a GWRE and with different counter electrodes. (a) Model equivalent circuit mimicking a lithium-ion battery half-cell with a gold-wire ;-RE
with the indicated resistance and capacitance values (for choice of values see text), using a CE resistance (Rcg) of either 220 2 or 10 €. (b) Impedance response
of the WE of the model equivalent circuit with Rcg = 220 Q (red) or Rcg = 10 Q2 (dotted blue line), and comparison of the impedance responses to that of the
individually measured WE (dashed black line; perfectly overlapping with the dotted blue line), where the RE and CE cables of the potentiostat are not connected
to contacts CE and REF, respectively but are instead both connected to the contact marked as REF 2 in Fig. 2a). (c) Half-cell configuration with a graphite
electrode (gray), a GWRE (yellow line) sandwiched between two separators (green), and either a Li-metal CE (blue; left sketch) or a Li-metal CE with an
attached FSG electrode (yellow; right sketch). (d) Impedance response of the graphite WE obtained by either one of the two configurations shown in (c), i.e.,
either with a Li-metal CE (Li-CE, red line) or with an Li/FSG CE (blue line). For comparison, the black line shows the impedance response of the graphite WE in

a symmetric cell (overall cell impedance divided by two).

100% state-of-charge (SOC) from 30 kHz to 0.1 Hz and with an
excitation of 10 mV. For symmetric cell measurements, graphite
electrodes prepared as mentioned above were charged to 40 mV,
harvested, rinsed three times with 0.1 ml of diethylene carbonate
(BASF SE, Germany), and re-assembled into symmetric cells using
the above described assembly protocol but without a GWRE.

Results and Discussion

Impedance artefacts observed with model equivalent circuits.—
There are multiple sources of error for impedance measurements,
ranging from the potentiostat to artefacts that may arise from an
individual cell design or cell chemistry.''™'* To exclude any source
of artefacts that may be caused by the three-electrode T-cell setup or
from electrochemical phenomena in the half-cell, the cell setup was
mimicked as a model equivalent circuit using actual resistors and
capacitors, allowing us to probe whether the potentiostat controls
circuitry might lead to impedance artefacts.

Figure 2a shows the simplified equivalent circuit that represents a
lithium-ion battery half-cell with a gold wire p-reference electrode.
Each of the three electrodes is represented by a parallel resistor/
capacitor element (further on referred to as R/C element) with
approximate resistance and capacitance values that represent those
of a lithium-ion battery half-cell composed of a u-RE, a Li-metal
CE, a conventional graphite WE, and a separator:

(1) The resistance and capacitance of the here used u-RE (the
GWRE) were measured to be on the order of 10° € and 1 nF,
respectively, values which were used in the REF-branch of the
model equivalent circuit (see top branch in Fig. 2a) and which

@

3

“

can be rationalized by the very small GWRE cross sectional
area of ~20 x 107% cm? (this equates to a reasonable GWRE
charge transfer resistance of 20 Q-cm?).

The Li-metal CE resistance was measured to be on the order of
10> Q (based on Li/Li symmetric cell measurements, see
Fig. 3a, red and green lines) and its capacitance was measured
to be on the order of 1 yF (calculated from the semicircle apex
at 1077 Hz of the Li-metal impedance response, red line
Fig. 3a); both values are consistent with previous
measurements.® Thus, the capacitance for the Li-metal CE
part of the model equivalent circuit (left branch in Fig. 2a)
was set to 1 uF, while its resistance was set to Rcg = 220 (.
However, in order to investigate the effect of a lower CE
resistance on the impedance response of the model equivalent
circuit, we also conducted experiments with a resistor of Rcg =
10 Q.

The graphite working electrode resistance was approximated to
be on the order of 5 Q) (see right branch in Fig. 2a), based on
previous measurements with the same graphite material which
showed overall graphite anode low-frequency resistances of ~2-
4 Q319 for ~1.5-fold lower loadings. The capacitance was set to
1 mF, representing the large surface area of a standard battery
electrode (the frequency of the data point closest to the apex in
Fig. 2b [dashed black and dotted blue line] is 35 Hz).

Finally, the commonly observed overall resistance for the
separator of ~2 Q' was divided into two 1 Q resistances (see
center part of the circuit in Fig. 2a).
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Figure 3. Nyquist plots at different levels of magnification, showing the WE
impedance response obtained by means of a u-RE in symmetric Li/Li, Li/
FSG//Li/FSG, or Li/C-paper//Li/C-paper cells. (a) Impedance response of a
pristine Li-metal WE, measured ~3 h after assembly, with a low-frequency
resistance (LFR) of ~200 €2 (red lines). After Li-stripping at 0.32 mA cm?,
the Li-metal LFR is significantly reduced to ~40 € (green lines). (b) Zoom
of( a), illustrating the lowering of the LFR to ~25 2 (corrected by the HFR)
when a carbon fiber paper is attached to the Li-metal (Li/C-paper; black
lines), measured ~3 h after assembly. (c) Zoom of (b), depicting the
impedance response of the Li/FSG WE measured ~3 h after assembly
(magenta lines) and showing an LFR of ~3—4 Q (corrected for the HFR and
Reontacy); the LFR of the Li/FSG WE increases gradually after 10 cycles with
10 h of Li-stripping and Li-plating at £0.21 mA cm™2 (blue lines), and after
5 additional cycles at £0.42 mA cm 2 (orange lines).

The model equivalent circuit (Fig. 2a) was measured with two
different resistance values for the counter electrode, namely with
Rce = 220 € to represent the typical value of a Li-metal CE (see
above), and with a substantially lower value of Rcg = 10 Q.
Figure 2b shows the resulting Nyquist plots for the WE impedance
measured via the reference electrode terminal (i.e., the RE cable of
the potentiostat is connected to the contact marked REF in Fig. 2a;
WE and CE cables are connected to the contacts marked WE and
CE, respectively). For Rcg = 220 ) (red line), the WE impedance
response (red line in Fig. 2b) shows an “overshoot” for frequencies
below 110 Hz if compared to the expected semi-circle shape
obtained when directly measuring the R/C circuit representing the
working electrode (dashed black line; here, the RE and CE cables of
the potentiostat are connected both to the contact marked REF 2 in
Fig. 2a). Furthermore, a non-physical “back-looping” of the low-
frequency branch is observed towards the lowest measured frequen-
cies (i.e., near 0.1 Hz; see red line). Surprisingly, lowering the CE
resistance to Rcg = 10 2 gives the correct response of the
impedance measurement (compare dotted blue and dashed black
line). This is unexpected, as the magnitude of the counter electrode
impedance should not influence the impedance response of the WE
measured via a reference electrode. The exact reason for this artefact
is not known, but we presume this to be an effect caused by the large
impedance of the reference electrode in combination with the
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unknown internal impedances of the potentiostat, similarly to the
descriptions in Ref. 12 Other explanations for the existence of
impedance artefacts relating to the cell geometry and the reference
electrode location'>'® can be excluded, as the measurement on the
model equivalent circuit is not affected by such influences. Hence,
the correct impedance response with a high impedance ;-RE can be
obtained by decreasing the value of the CE resistance, so that it is of
a similar order of magnitude as that of the WE.

Graphite working electrode impedances in half-cells using a p-
RE.—The following section describes an approach to minimize and
stabilize the impedance response of the Li-metal CE in order to
allow for artefact-free EIS measurements of the WE using a u-RE in
a half-cell setup.

The impedance artefacts observed with the model equivalent
circuit explain why artefact-free impedances can be obtained in full-
cells with a ﬂ—RE,S’IO as there the WE and the CE have comparable
impedances. On the other hand, it also explains why we so far had
not been able to acquire artefact-free WE impedances in half-cells
with a Li-metal CE, as there the impedance of the WE is typically
10'—10? times larger than that of the CE (see estimates above). The
latter is illustrated by the graphite WE impedance response obtained
for a half-cell with a GWRE and with a Li-metal CE (red line in
Fig. 2d; cell configuration shown in the left panel of Fig. 2¢c), where
a back-looping of the Nyquist plot near the low-frequency region
occurs, rather similar to what was observed for the model equivalent
circuit when Rcg > Rwg (red line in Fig. 2b).

As mentioned in the introduction, half-cell measurements with a
Li-metal CE provide valuable insights when evaluating new/mod-
ified anode or cathode active materials as working electrode, since
the effect of a loss of cyclable lithium can be avoided by the large
lithium excess and since the CE potential is well-defined (at least at
low current densities, i.e., at low charge/discharge rates). However,
in order to also enable an evaluation of the WE impedance with a p-
RE (i.e., in-situ, without the need to reassemble symmetric cells), the
impedance of the Li-metal CE would need to be substantially
reduced. This can be achieved by attaching a free-standing graphite
electrode to the Li-metal surface, according to the cell configuration
shown in the right-hand panel of Fig. 2c. Once the cell is filled with
electrolyte, the free-standing graphite in contact with the metallic
lithium (Li/FSG) is immediately lithiated and reaches a stable
potential of 0 V vs Li*/Li within ~3 h. At the same time, the
largely increased interfacial surface area of the Li/FSG vs. the Li-
metal CE leads to a drastic reduction of the CE impedance (as will
be shown below), which should enable the acquisition of artefact-
free WE impedances in a half-cell with a ;-RE and an Li/FSG CE.
That this is indeed the case is shown by the graphite WE impedance
response when using a GWRE and a low-impedance Li/FSG CE,
and by comparing it to the symmetric cell measurement (blue and
black line in Fig. 2d), where the back-looping of the Nyquist plot
near the low-frequency region does not anymore appear, as expected
on the basis of the model equivalent circuit experiments (blue line in
Fig. 2b). This demonstrates that artefact-free in-situ WE impedance
data can be obtained in a half-cell configuration, when a FSG is
attached to a conventional Li-metal CE to lower its impedance. The
apex frequency values of the measured graphite impedances for all
three measurements in Fig. 2d (around 1 kHz) are more than one
order of magnitude higher than the apex of the equivalent circuit
measurements in Fig. 2b (around 35 Hz). This is the result of the
more complex impedance of the graphite electrode which does not
only include the charge transfer resistance, but also the pore
resistances from the electrolyte within the pores of the graphite
electrode as well as the solid electrolyte interphase. A detailed
analysis of the graphite impedance will be shown in a later
publication. In a recent work, we had also shown that the free-
standing electrode concept can equally well be applied to determine
the working electrode impedance in sodium-ion battery half-cells,
using carbon paper attached to metallic sodium as the counter
electrode.
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Impedances of Li-metal, Li/FSG, and Li/C-paper electrodes.—
As the resistance of the CE is an important factor in enabling
artefact-free EIS measurements of the WE via a ;-RE, we compared
three different CE designs in order to give an overview over the
range of resistance for different electrode designs: (i) lithium metal
(referred to as Li-metal), (ii) carbon paper attached to Li-metal
(referred to as Li/C-paper), and (iii) a FSG electrode attached to Li-
metal (referred to as Li/FSG).

In order to obtain estimates for the impedance of a Li-metal
electrode, a Li/FSG electrode, and a Li/C-paper, symmetric cells (
ie, Li/Li, Li/FSG//Li/FSG, and Li/C-paper//Li/C-paper cells)
equipped with a GWRE were assembled. The impedance response
(potentiostatic at OCV) of the working electrode (i.e., one of the two
electrodes in the cell) was recorded using the GWRE. As shown in
Fig. 3a, the low-frequency resistance (LFR, corrected by the high-
frequency resistance (HFR)) of the pristine Li-metal electrode is
~200 2 (red lines) and gets reduced substantially to ~40 €2 (green
lines) after 5 h of Li-stripping at 0.32 mA cm > (for the graphite
WE used in this study, this would correspond to a C-rate of ~0.1
h™'). We attribute the drastic change in the lithium metal impedance
to the change in lithium surface area after stripping, highlighting
why cell impedance measurements of half-cells with a Li-metal CE
and without a reference electrode do not allow to quantify the
impedance of the WE. Figure 3b shows the impedance response of a
Li/C-paper electrode (black line), which is a quick and easy
alternative to a free-standing graphite electrode, as it is commer-
cially available and can be applied as-received. While its LFR is
lower than that of Li-metal (~25 ), it is still ~7 times larger
compared to that of the pristine Li/FSG electrode (~3-4 2; see
magenta lines in Fig. 3c), in part due to the roughly one order of
magnitude smaller surface area of the C-paper (see experimental
section).

Owing to the very low impedance of the Li/FSG electrode, the
presence of a contact resistance (Reontact) can be discerned at high
frequencies, which must be due to an imperfect lamination between
the FSG and the Li-metal, so that the LFR for the Li/FSG electrode
contains contributions from this contact resistance. Nevertheless, the
overall LFR of the Li/FSG electrode is roughly an order of
magnitude lower than that of Li-metal and rather similar to the
LFR of a conventional graphite electrode (~8 €2, see black line in
Fig. 2d).

In order to evaluate the variation of the Li/FSG electrode
impedance with cycling, the Li/FSG//Li/FSG cell was additionally
cycled 10 times at £0.21 mA cm ™2 for 10 h (10 h stripping and 10 h
plating per cycle). The blue line in Fig. 3c shows the impedance
response after 10 cycles. The electrode impedance is slightly larger,
with an additional shift to higher values attributed to an increase in
electrical contact resistance between the FSG and the Li-metal (this
could likely be suppressed by a higher cell compression, which in
the current experiments is ~2 bar, set by a spring).® After 5
additional cycles at £0.42 mA cm ™2 for 5 h (i.e., 5 h stripping and
5 h plating per cycle), the impedance again shifts to the right,
attributed to an additional increase in contact resistance. Overall, the
Li/FSG electrode shows a slow increase in impedance for low
current cycling; its impedance is independent of the state-of-charge
of the working electrode, since on account of the quasi unlimited Li-
suEply from the Li-metal, the Li/FSG potential remains at 0 V vs
Li /Li at OCV, where the impedance data are acquired. In this
configuration, the WE impedance can in principle be estimated even
from cell impedances acquired for half-cells with an Li/FSG CE and
without a u-RE over the course of a few cycles, if the impedance
response of the Li/FSG electrode was measured independently
beforehand, e.g., in symmetric cells. In this case, any reversibly
measured changes in cell impedance can be attributed to changes of
the working electrode impedance, allowing the user to extract useful
information from a half-cell impedance measurement even without
reference electrode. Such a setup was not used in this publication
and it is of the discretion of the individual reader to determine its
validity for individual setups.

Choosing the proper type of free-standing electrode.—As
shown in this publication, the choice of CE affects the ability to
perform artefact-free impedance analysis of the WE via a p-RE.
Two options of free-standing electrode to minimize the CE
impedance and to enable the measurement of the WE impedance
were presented here. First, the free-standing graphite electrode
(FSG) attached to a Li-metal electrode (Li/FSG) shows the lowest
impedance and is therefore best suited to allow the use of a u-RE for
any commercial Li-ion battery active materials known to the authors.
This is true for a free-standing electrode of a reasonable loading of
1-3 mAh cm ™2 comprised of commercially available graphite for Li-
ion batteries. Its drawback, however, are the additional steps needed
to produce the electrode and during cell assembly.

Using a carbon paper in contact with Li-metal (Li/C-paper) is
more convenient, as carbon papers are commercially available and
can be used as received. The drawback of the Li/C-paper config-
uration is its generally higher impedance (depending on the type of
carbon paper), which is why it may not be suited for measurements
of all types of working electrodes.

In all cases, however, the individual user needs to know the
resistance range of the working electrode to be examined and should,
for best practice, ensure that the counter electrode resistance is
always equal or lower in resistance compared to the WE as the
impedance ratio of WE and CE that marks the onset of artefacts is
not know and may depend heavily on the cell setup and potentiostat.

Regarding the choice of Li-metal, any commercially available Li-
metal films with thickness of 75 pm and above are sufficiently
overbalanced to serve as Li-source for this setup.

Conclusions

This publication shows a simple approach to produce free-
standing PVDF-bonded graphite electrodes, which in principle can
also be extended to water-sensitive PVDF-bonded cathode active
material electrodes.

We show how the use of free-standing graphite (FSG) electrodes
attached to a metallic lithium electrode (referred to as Li/FSG)
allows to determine the electrochemical impedance response of a
battery-type working electrode (WE) in Li-ion battery half-cells
equipped with a micro-reference electrode (¢-RE). This approach
overcomes the impedance artefacts that are encountered over a wide
frequency range when using a half-cell configuration with a
conventionally used Li-metal counter electrode (CE), which we
show to result from the large impedance difference between a typical
Li-ion battery electrode as WE and a Li-metal CE in conjunction
with a high-impedance p-RE. That these artefacts are caused by the
potentiostat controls circuitry is demonstrated by impedance mea-
surements on a set of resistors and capacitors the mimick a Li-Ion
battery half-cell.

Thus, the use of a Li/FSG counter electrode that is characterized
by a very low impedance compared to a Li-metal CE allows for
artefact-free measurements of the WE impedance in a half-cell
configuration via a p-reference electrode. The impedance response
of the Li/FSG electrodes was found to be reasonably stable for low
cycle numbers.
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3.1.2 Detection of Binder Gradients Using Impedance
Spectroscopy and Their Influence on the Tortuosity of Li-lon
Battery Graphite Electrodes

The article entitled “Detection of Binder Gradients Using Impedance Spectroscopy

and Their Influence on the Tortuosity of Li-lon Battery Graphite Electrodes” was

submitted to the peer-reviewed Journal of the Electrochemical Society in August

2018 and published in November 2018 as an open-access article under the terms

of the Creative Commons Attribution Non-Commercial No Derivates 4.0 License.

Robert Morasch presented the results of this work in a talk at the AIMES Meeting in

October 2018 (Abstract No. MA2018-02 240). The permanent web link can be found

under: https://iopscience.iop.org/article/10.1149/2.1021814jes/meta

In the production of Li-ion batteries, the active and passive solid materials are
mixed with a solvent and coated on top of a metal current collector film. The coated
film is then dried, which in the case of commercial production lines should happen
quickly. The evaporation of the solvent from the top of the electrode (i.e., the
coating/air interface) can drag binder dissolved in the liquid state to the top of the
electrode, creating a gradient in binder distribution in the finished electrode.81-83.96
As it was shown that an increase in binder leads to an increase in ionic resistance
within the electrode,’” the binder gradient leads to a gradient in ionic resistance in
the electrode. From simulations it was shown that the gradient in resistance leads
to a change in impedance spectra, most notably a deviation from the 45° line in a
Nyquist plot usually observed in blocking impedance spectra, and can best be

detected via a Bode phase plot which shows the phase angle of the EIS spectrum.

Temperature dependent drying experiments showed binder gradients for higher
drying temperatures, measured by tracking the fluorine in the PVDF binder via
energy dispersive X-ray spectroscopy on electrode cross sections. The electrodes
with different degrees of binder gradients showed the same trend in impedance
spectra as the simulated impedances with resistance gradients. An important
aspect of the findings is the directional dependence of the impedance measurement,
which is in a reflective setup, so that any increase in resistance towards the
separator interface of the electrode is weighed significantly more than higher

resistances towards the current collector interface. This was experimentally shown
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by delaminating the electrodes dried at the highest drying temperature and flipping
them in the EIS measurement, thus practically measuring an inverse resistance
gradient. Comparing the normal and flipped electrodes showed significantly lower
pore resistances for the flipped electrode due to the directional dependence of the

measurement.
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Understanding the influence of process parameters during Li-ion
battery production on the electrode properties plays a pivotal role in the
upscaling process from lab-scale electrodes to commercial-scale cells.
The electrode film drying rate plays a vital role in electrode production,
as it not only influences the cost of production but also the mechanical,
electrical, and electrochemical properties of the electrode.'~ Jaiser et
al.! investigated the adhesion and the rate capability of slow and fast
dried graphite electrodes, showing that a faster drying process is detri-
mental for both adhesion and rate capability. Using energy dispersive
X-ray spectroscopy (EDS), they show that when they apply higher
drying rates, the polyvinylidene fluoride (PVDF) binder migrates to-
ward the top of the electrode (i.e., toward the surface which constitutes
the electrode/separator interface in an assembled cell). Their drying
process was conducted at constant drying temperature (76.5°C) but at
different ventilation speeds, highlighting that the observed binder mi-
gration is not an effect of temperature but rather of the overall drying
rate. A more detailed study on the extent of binder gradients across
the electrode thickness vs. drying rate was presented by Miiller et al.,
based on EDS cross-sections of graphite anodes dried at different
rates.

To understand the binder migration process, experimental as well
as modelling approaches are discussed in the literature.>® Hagiwara
et al.® and Jaiser et al.” froze samples at different stages of the drying
process and analyzed the composition of the electrode cross section.
Hagiwara et al.° used Raman spectroscopy to determine the styrene-
butadiene rubber (SBR)-distribution in water based graphite anodes.
Their results showed that the binder gradient formation (i.e., strong
enrichment of the binder at the free electrode surface) occurred at late
stages of the drying process, i.e., when most of the water (>80%) had
already evaporated. On the other hand, while Jaiser et al.” found a
similar surface segregation of the binder upon drying of NMP based
slurries of graphite and PVDF binder, they observed the formation of a
binder gradient already at early stages of the drying process, initiating
once only 14% of the solvent were evaporated.

*Electrochemical Society Student Member.
**Electrochemical Society Member.
*#*Electrochemical Society Fellow.
“E-mail: robert.morasch@tum.de

As a result of the binder migrating away from the region of the
electrode near the current collector (CC), the adhesion of the elec-
trode was found to be reduced.'> The loss in the rate performance of
graphite anodes due to binder segregation to the free electrode sur-
face was speculated to be due to the more extensive coverage of the
graphite particles near the free electrode surface by the segregated
binder, thereby increasing the resistance to Li-ion intercalation; as an
alternative hypothesis, the authors also suggested that the simultane-
ous segregation of the conductive carbon to the free surface would
lead to a high electrical resistance near the current collector, even
though this seems unlikely in the case of graphite electrodes.! Ulti-
mately, however, neither one of these hypotheses could be proven. A
yet different hypothesis for the effect of binder gradients is that they
influence the tortuosity of the electrode, i.e., that a binder-rich surface
region might result in a high ionic resistance in the electrolyte phase
near the electrode/separator interface. This is suggested by the re-
cently observed strong effect of the type of binder on the tortuosity of
graphite electrodes (quantified by AC impedance), even at low binder
contents (< 5% by weight), whereby electrodes with a high tortuosity
exhibited poor rate capability.'?

To investigate the latter hypothesis, this work examines the in-
fluence of ionic resistivity gradients in the electrolyte phase normal
to the electrode surface on the modeled electrochemical impedance
spectroscopy (EIS) response, and compares it to the experimentally
obtained EIS response of electrodes which exhibit binder gradients
normal to the electrode surface. While inhomogeneities of the ionic
resistance across the thickness of a porous electrode have been an-
alyzed analytically in the past using a transmission line model, this
phenomenon was not correlated at that time to binder migration in-
duced by the drying of electrode ink coatings.''!* We therefore fo-
cus in our study on the effect of various ionic resistance distribution
patterns across the thickness of a porous electrode on the modeled
EIS response, and compare them with the experimental EIS response
of graphite electrodes dried at different temperatures. The resulting
PVDF binder gradients will be determined experimentally by EDS
analysis of resin embedded and polished electrode cross-sections.
Lastly, we will show the impact of binder gradients on the rate per-
formance of graphite anodes in half-cells with a lithium reference
electrode.
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Experimental

Impedance modelling.— An impedance model was built in COM-
SOL Multiphysics, using the included battery and fuel cell module
which is based on the Newman model.'*!> A 2D representation of two
identical porous electrodes is used to mimic the experimental setup
for symmetric cell EIS measurements (see below), even though a 1D
representation would also be sufficient for the here pursued modelling
approach. If not stated otherwise, the parameters described below are
chosen arbitrarily, as the qualitative model results are independent of
the chosen double layer capacity, electrode surface area, and geome-
try. The electrode dimensions were chosen to be 50 pm x 260 pm
(width x thickness). The electrolyte bulk conductivity was set to 0.258
mS/cm, corresponding to the experimentally chosen electrolyte (see
below), and the electrical conductivity of the solid phase was set to
10 S/cm, which is in the range of typically found values for graphite
electrodes.'® With this low ratio of electronic to ionic resistance in
the electrolyte phase of the porous electrode (the latter being lower
than the bulk conductivity due to electrode porosity and tortuosity),
the resistance of the electronic path in the transmission line model
becomes negligible, so that the changes in the EIS response depend
solely on changes in the ionic resistance.!” The electrode porosity &
was set to 55% and was considered uniform throughout the electrode,
as the volume fraction of the binder for application relevant electrodes
is generally negligible. This entails that the specific surface area of the
graphite active material is also uniform throughout the thickness of the
electrode. The separator thickness was set to 50 wm, and its porosity
and tortuosity was set to one, as their value will only affect the high
frequency resistance and not the shape of the observed transmission
line model EIS response. For our reference case without binder gradi-
ent, the tortuosity was set at 5, which is a commonly observed value
for graphite active materials.'®

In the COMSOL modelling framework, faradaic reactions were
disabled, leaving only the double layer capacity at the surface of the
spherical particles (set to the default settings of cqy = 0.2 F/mpgr? and
a graphite particle radius of 10 pm; approximated specific surface area
(particle surface area per electrode volume) aq = 3 x (1— g)/r, =
1.35 x 10° m?*/m?) as current sink/source. This represents the behavior
of a graphite electrode in a so-called “blocking electrolyte”, which is
composed of ions which do not intercalate into graphite.'® The ionic
resistance within the porous electrodes (i.e., the tortuosity, since the
porosity was set constant) was then varied linearly or stepwise as
described later on. A harmonic perturbation of 20 mV was used in a
frequency range from 0.01 Hz to 10 kHz. All of the shown EIS data
have been corrected for the high frequency resistance, stemming from
the ohmic contribution of the electrolyte in the separator. Changing any
of the other parameters above will not change the qualitative outcome
of the model. Again, the only prerequisite for this model to represent
a porous graphite electrode in a non-intercalating electrolyte is that
the electrical resistance be at least two orders of magnitude smaller
than the ionic resistance of the electrolyte phase within the porous
electrode.!”

Slurry preparation and drying.—Graphite (T311, Timcal, 19 pm
D50, 3 m*/g) and polymer binder (polyvinylidene fluoride (PVDF),
Arkema) at a ratio of 95:5 (wt:wt) were mixed with N-Methyl-2-
pyrrolidone (NMP, Sigma Aldrich, anhydrous, 99.5%) at a solid:liquid
ratio of 5:4 (wt:wt) in a planetary mixer (Thinky ARV-310) at
2000 rpm for five minutes. The prepared graphite slurries were coated
onto a copper current collector foil (MTI, 12 wm) attached to a glass
plate using a gap bar coater (RK PrintCoat Instruments, UK). The wet
film thickness was either 150 pm for electrodes used for rate perfor-
mance tests or 500 um for EIS and EDS analysis; the resulting thicker
electrodes for the latter was used to allow a better quantification of
the binder gradients by EDS.

Electrode drying was performed using an infrared (IR) lamp
(IH20001IR, ELV electronics, Germany, 1300 W) mounted in a fume
hood. An aluminum plate was placed below the IR-lamp, and the tem-
perature was controlled by the distance between the lamp and plate.
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The temperature was measured by a thermocouple placed on top of
the aluminum plate after temperature equilibration, and the glass plate
with the freshly coated electrode was then placed onto the aluminum
plate until the coating was dry. The time until the coating was visu-
ally observed to be dry was ~2 min for the aluminum plate heated to
125°C (28 cm distance to lamp), ~7 min when heated to 100°C (41 cm
distance to lamp), ~18 min when heated to 75°C (63 cm distance to
lamp), ~90 min when heated to 50°C (91 cm distance to lamp), and
several hours for the room temperature (RT) dried sample (lamp turned
off). For electrodes used for EDS measurements and EIS analysis, the
thickness of the dried electrodes was ~245 pwm (+£6%), corresponding
to graphite loadings of ~25.5 mg/cm? (£6%); for the rate capability
tests, the thickness of the dried electrodes was ~74 um (£2%), corre-
sponding to graphite loadings of ~7.4 mg/cm? (+2%) with a capacity
of ~2.4 mAh/cm? (calculated for a theoretical graphite capacity of
350 mAh/g). The electrodes were not further compressed/calendered,
and their porosity was ~55% (based on thickness and areal weight
measurements). The dried electrodes were punched out to a diameter
of 10.95 mm (equating to an area of ~0.94 cm?) using an electrode
punch (Hohsen Corp. OSAKA, Japan).

Tortuosity determination.—The impedance measurements for the
determination of the electrodes’ tortuosity were performed at 25°C in
a symmetric cell setup (T-cells; two electrode configuration; measured
at open circuit voltage) using 100 L of a non-intercalating electrolyte
as described previously,18 viz., a 3:7 (wt:wt) mixture of ethylene car-
bonate (EC, BASF, anhydrous, 99.99%) and ethyl methyl carbonate
(EMC, BASEF, anhydrous, 99.99%) containing ~10 mM tetrabuty-
lammonium perchlorate (TBACIO,, Sigma Aldrich, >99.0%). The
conductivity was measured using a conductivity sensor (SI-Analytics,
LF 1100 T+) to be 0.258 mS/cm at 25°C.

SEM/EDS.—Cross-sectional EDS mapping was conducted with
the above described thick electrodes. The current collector was manu-
ally peeled off the electrodes, taking care not to damage the electrode
(easily possible for such thick electrodes), followed by placing each
of them between two aluminum plates (1 x 1 x 0.1 cm) and fully
immersing the stacked up electrode into a liquid resin (EpoThin 2,
BUEHLER, USA). With the resin still liquid, the sample stack was
placed into a desiccator, which was then evacuated to ensure com-
plete filling of the pores by the resin. After the resin had hardened,
the sample stack was polished with SiC paper (CarbiMet S, P320,
Buehler Ltd.) until the electrode cross section was fully exposed. Af-
terwards the electrode was polished using a finer SiC paper (CarbiMet
S, P1200, Buehler Ltd.) and lastly with a diamond solution (MetaDi
Supreme, Polycristalline Diamond Suspension, 9 wm, Buehler Ltd.)
applied onto a micro cloth (TexMet C, Buehler Ltd.). Elemental analy-
sis was performed using a JCM-6000 (JEOL, Japan) scanning electron
microscope (SEM), imaging an area of ~600 x 300 wm. Fig. 1 shows
an optical microscope image of polished electrode cross sections, em-
bedded in resin and mounted between aluminum sheets. For a better
quantification of the EDS data, the signal from each electrode sample
was split into five segments of equal length (i.e., five horizontally
aligned segments in Fig. 1, representing the top, the bottom, and
three middle sections across the electrode thickness), determining the
average fluorine concentration in each segment. The background cor-
rection was done by taking the spectrum signal for the entire measured
electrode area (separately for each electrode) and subtracting one fifth
of the total background signal from the five individual segments, as
the software did not allow to reliably correct the background for the
five individual segments separately.

Rate capability test.—For electrochemical analysis, rate tests were
performed using a three-electrode cell setup (Swagelok T-cell) with
a Li-metal reference electrode (described in more detail in Fig. 1a in
Ref. 19). The cells were built inside an argon filled glove box (MBraun,
25°C £ 1°C, oxygen and water content < 0.1 ppm, Ar 5.0, Westfalen).
The cells were assembled with a graphite working-electrode (areal
capacity ~2.4 mAh/cm?), a Li-metal counter-electrode (0.45 mm
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Figure 1. Optical microscope image of graphite electrodes stacked between
aluminum sheets, vacuum filled with resin, and polished after hardening of
the resin. Shown are the cross sectional areas for several embedded electrodes
which are used for EDS measurements.

thickness and 11 mm diameter, Rockwood Lithium), and two porous
glass fiber separators with a diameter of 11 mm (VWR, 250 pm
uncompressed thickness, 90% porosity).

All cell parts were dried at 120°C in a vacuum oven (Biichi,
Switzerland) for 8 h before being transferred into an Ar-filled glove
box. 80 pL of LP57 electrolyte (1 M LiPFg in EC:EMC 3:7 (wt:wt),
battery grade, BASF) were added to the main compartment and 50 L
were added to the reference electrode compartment. Using a potentio-
stat (Maccor, Cambridge (UK)) the cells were cycled in a temperature-
controlled chamber (25°C, Binder) between 0.01-1.5 V vs. Lit/Li,
controlled and measured against the Li-metal reference electrode. The
cycling protocol started with a 3 h open circuit voltage phase to al-
low for complete wetting of the electrodes. Lithiation of the graphite
working-electrode was performed galvanostatically (CC lithiation)
without any preceding formation cycles at various C-rates: first 4 cy-
cles at C/10, followed by five cycles each at C/5, C/2, 1 C, 1.5 C,
2C,25C,3C,5C, and 10 C; on the other hand, delithiation cycles
were performed using a constant current phase followed by a constant
voltage phase (CCCV) at the same C-rates as the corresponding lithi-
ation, but not faster than 0.5 C. For every electrode type, three cells
were measured and the plotted values represent the average and the
standard deviation of the measured capacities (note that this procedure
is very similar but not identical to that described previously by our
group).'’

Results and Discussion

Modeled EIS response of porous electrodes with different R,,,
profiles.—To examine numerically how the EIS response of a porous
electrode is affected by gradients in the ionic resistance in the elec-
trolyte phase (Rj,,), which we hypothesize to be caused by binder
segregation during the drying process, we will be considering the five
different R, distributions across the thickness of a porous electrode
shown in Fig. 3 (note that the total ionic resistance across the entire
electrode thickness is equal in all cases). Their EIS response in a block-
ing electrolyte is then calculated based on a simplified transmission
line model (TLM) using RC elements, R representing infinitesimal
elements of R;,, and C the double-layer capacitance of the graphite
electrode, shown exemplary in Fig. 2a without resistance gradient
and Fig. 2b with gradient. As stated above, the electronic resistance
contribution in this RC-TLM can be neglected (discussed in detail in
Ref. 17).

In modelling the EIS response, the selected ionic resistance value
(on the order of Ri,, = 1 kQ cm?) is representative of what we

A3461

a) b)
Homogeneous
RC-TLM

Gradient
RC-TLM

|

~ @

Figure 2. RC- Transmission line models (TLMs) where the resistances rep-
resent the ionic resistance of infinitesimal element and the capacitors the
electrochemical double layer capacity in the electrode; a) Homogeneous RC-
Transmission line model with resistive elements of equal value throughout
the electrode; b) Gradient RC-Transmission line model showing a gradient in
resistance with a higher resistance toward the top (separator interface) of the
electrode. Capacitive elements throughout both equivalent circuits are of equal
capacitance.

/L
7

obtained for our thick electrodes in the blocking electrolyte. However,
the imaginary and real resistances in the shown Nyquist plots were
normalized by (Rjon/1.5), so that they are more generally applicable,
i.e., so that the Nyquist plots would look identical for electrodes with
different average R;o, values. The frequency range needed to probe
across the entire electrode thickness will be different for different
electrodes, since it depends on the double-layer capacity and the ionic
resistance of the electrode, so that the modeled Bode plots are specific
to a given modeled electrode. The qualitative features of the Bode
plots, however, are independent of these values, as long as the above-
mentioned condition of low electronic resistance compared to ionic
resistance is fulfilled.

Figs. 4a and 4b show the Nyquist and the phase angle plots for the
EIS response of electrodes with different R;,, profiles. The modeled
RC-TLM impedance response for a homogeneous R;,, profile (see
black curve labeled ng (“no gradient”) in Fig. 3,), subsequently re-
ferred to as reference case, is shown by the black lines in Fig. 4. This
reference case first exhibits an initial 45° line in the high frequency
region of the Nyquist plot (Fig. 4a), which is represented by a plateau
at 45° extending from high toward low frequencies in the phase angle
plot (Fig. 4b). There, it is followed by a small dip to a lower phase an-
gle (~43.4°) before increasing to higher phase angle values, due to the
predominantly capacitive behavior of the RC-TLM at lower frequen-
cies. The difference between the high frequency x-axis intercept (here
set to zero) and the linear extrapolation from low frequencies toward
the x-axis (dashed black line in Fig. 4a for case ng) when normalizing
the impedances by (Rion/1.5) corresponds to the ionic resistance in
the electrolyte phase of one porous electrode in the symmetric cell,
namely to 2/3 x Re(Z) in the symmetric cell. While this represents
the ideal case for a macro-homogeneous resistance distribution across
the thickness of a porous electrode, which one would expect for a
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Figure 3. Chosen ionic resistance distributions in the electrolyte phase across
the thickness of a porous electrode used for modeling its EIS response with
a blocking electrolyte. Here, and furtheron, “bottom” refers to the interface
between the current collector and the electrode, and “top” refers to the elec-
trode/separator interface. The various shown profiles are described as follows.
ng (“no gradient”): represents a uniform resistance profile, i.e., without gradi-
ent, and is given for reference (black curve),. [b (“linear bottom”) represents a
linear Rjon profile with higher resistance (1.5 X Rjon) at the bottom (CC-side,
blue curve); It (“linear top”) represents a linear Rj,, profile with higher resis-
tance (1.5 x Rion) at the top (separator-side, red curve). sb (“step bottom™)
represents a step function profile with a higher resistance in the bottom quarter
of the electrode (2.5 x Rjon, dashed green curve); st (“step top”) represents a
step function profile with a higher resistance in the top quarter of the electrode
(2.5 X Rjon, dotted magenta curve). Note that the total ionic resistance summed
up over the entire electrode thickness is the same in all cases.

homogeneous binder distribution, we will now explore the effect of
an inhomogeneous resistance profile on the EIS response of a porous
electrode.

The EIS response for a linear R;,, gradient across the thickness
of the electrode, with a maximum value at the bottom (CC-side) of
the electrode (profile /b (“linear bottom”), see blue line in Fig. 3) is
shown by the blue lines labeled /b in Fig. 4. Here, we chose a 1.5-fold
higher resistance at the current collector side of the electrode and a
0.5-fold lower resistance at the separator side of the electrode, both
referenced to the average R, value across the electrode thickness (the
latter being the same as that for the homogeneous R;,, distribution,
case ng). Such a distribution decreases the apparent ionic resistance
by ~25% compared to the reference value (see Fig. 4a). In this case,
however, the phase angle plot (blue line in Fig. 4b) shows a constantly
increasing phase angle from the 45° value at high frequencies to an
intermediate maximum of ~48.6° at ~0.3 Hz, before increasing again
as the frequency goes below ~0.3 Hz. Reversing the linear resistance
distribution so that the maximum Rj,, value is at the top of the elec-
trode (i.e., at the separator-side; see red line in Fig. 3), the modeled
impedance response (profile /t (“linear top”), red curves) shows the
opposite trend: a ~25% higher apparent R;,, value compared to the
reference case (see red vs. black lines in Fig. 4a) and a comparably
more pronounced phase angle minimum of ~40.3° at a frequency of
~0.1 Hz (see red line in Fig. 4b). Thus, linear R;,, gradients across
the thickness of a porous electrode affect the apparent R;,, values,
and their presence and direction is indicated by characteristic max-
ima/minima in modeled phase angle plots.

To further explore these impedance characteristics, we also mod-
eled a second set of resistance distribution profiles, namely modeled
stepped profiles with either the bottom quarter of the electrode (CC-
side) or the top quarter of the electrode (separator-side) exhibiting a
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Figure 4. Modeled EIS response (high frequency corrected) for a porous
electrode with a blocking electrolyte (RC-TLM model) for a constant ionic
resistance in the electrolyte phase (Rjon) across the electrode thickness (ng,
black lines) as well as various resistance distributions as shown in Fig. 3.
The latter are linear resistance gradients with a maximum resistance either at
the top of the electrode (It, red) or at the bottom of the electrode (/b, blue)
as well as step functions with a maximum resistance either at the top (s,
magenta, dotted line) or at the bottom of the electrode (sb, green, dashed line);
here, “top” refers to the separator side of the electrode and “bottom” to the
current collector side of the electrode. a) Nyquist plot of the scaled negative
imaginary part of the impedance vs. the scaled real part of the impedance;.
b) corresponding phase angle plot (Bode plot). The chosen model parameters
resemble those of the experiments conducted with the thick electrodes shown
in Fig. 6: electrode thickness 260 pm; electrolyte conductivity 0.258 mS/cm;
porosity 55%; tortuosity 5; the double-layer capacity is based on the area of
spherical particles (r, = 10 pwm, approximated by the specific surface area
(particle surface area per electrode volume) ag; = 3 x (1-0.55)/r, = 1.35 x
10° m?/m?) and a double layer capacitance of 0.2 F/m?2.
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high ionic resistance (2.5-times of the average Ri,, value), whereby
the average Rj,, value across the electrode thickness was again chosen
to be the same as that of the homogeneous case. These distributions
are shown in Fig. 3, labelled as sb (“step bottom”, green dashed curve)
or as st (“step top”, magenta dotted curve), respectively. The modeled
EIS response for these R;,, profiles is shown in Fig. 4. For the profile
with a higher resistance at the CC-side (sb, green dashed lines), the
apparent R;,, value is ~46% lower than that of the reference case with
a homogenous R;,, profile (see Fig. 4a). In the phase angle plot, the sb
profile starts with a 45° value at high frequencies and passes through
a very shallow minimum of ~44.5° at low frequencies. In analogy
with the above discussed linear R, profiles, a stepped profile with
the maximum R;,, value at the top (separator-side) shows a reversed
trend (st profile, magenta dotted lines in Fig. 4): the apparent R;,,
value increases by ~66% compared to the reference case and shows
a significantly more pronounced phase angle minimum of ~39.1° at
low frequencies.

The change in the apparent resistance for inhomogeneous resis-
tance profiles stems from the directionally dependent weighing of
the ionic resistance profile of the electrolyte phase. For such a case,
assuming the current sink (capacitive elements) is homogeneously
distributed throughout the electrode, higher current flows through the
resistances near the separator region than the current collector region
(reflective boundary condition case).?’ This is analogous to the trans-
port phenomena involved in a Li-ion battery, where the ionic current,
all of which passes through the electrode/separator interface, must be
consumed (intercalated) along the thickness of the electrode. No ionic
current passes through the current collector. Hence a resistance at the
top (electrode/separator interface) is weighed higher than a resistance
at the bottom. This is in contrast to a setup with transmissive boundary
condition, where the measured apparent resistance is directionally in-
dependent, as the resistances through the electrode are weighed solely
by their thickness fraction of the electrode.?’? In such systems, all of
the resistance profiles shown in Fig. 3 would yield the same apparent
resistance (hence the same apparent tortuosity). The above mentioned
description of the system using the RC-TLM is valid for a two-phase
system, here the binder and graphite active material. In a system incor-
porating conductive carbon or other additives, as would be necessary
for most cathode active materials, the above mentioned prerequisites
(e.g. low electrical resistance) might not hold true anymore and could
lead to data misinterpretation.'’

Preparation and EIS analysis of graphite electrodes with binder
gradients.—While the above numerical analysis reveals that R;,, gra-
dients across the thickness of a porous electrode can be detected by
the electrode’s EIS response, no direct proof has yet been provided
that R;,, gradients may be caused by binder gradients. This would
not necessarily be obvious for the here examined electrodes, since the
PVDF binder only accounts for ~6% of the solids volume (graphite
and PVDF), corresponding to only ~2.7% of the electrode volume
(calculated from the 95/5 graphite/PVDF mass ratio, the graphite and
PVDF densities of ~2.2 and ~1.8 g/cm?, respectively, and the elec-
trode porosity of ~55%). Thus, for the following analysis, we first
prepared electrodes with different binder gradients, then quantified
the binder gradients by EDS cross sectional mapping, and finally ex-
amined their EIS response. The binder distribution was affected by
drying electrodes at different temperatures, which was shown to re-
sult in different extents of binder migration.® The graphite electrodes
examined in the following were dried between 50—125°C using an IR-
lamp as well as at room temperature (RT, ~23°C), as described in the
experimental section. It is emphasized that the intrinsic driving force
to generate different binder gradients is not the drying temperature,
but rather, as mentioned above, the drying rate, for which reason we
have provided the visually observed drying time in the experimental
section and in Fig. 6c.

To quantify the extent of binder migration and to directly correlate
it to the impedance obtained from the dried graphite electrodes, we
analyzed the electrode cross section of electrodes dried at temperatures
from RT up to 125°C using EDS. An exemplary line scan of the
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Figure 5. EDS cross section line scans for electrodes dried at different tem-
peratures with a final thickness of ~245 pm (£6%), coated at a wet film
thickness of 500 pm. a) Example of the EDS raw signals for carbon (gray, sig-
nal divided by 45), fluorine (blue), and aluminum (red, signal divided by 165)
of an electrode dried at 100°C. Carbon and Aluminium signals indicate the
beginning and end of the electrode (marked by vertical orange dashed lines).
b) Background corrected fluorine signal stemming from the PVDF binder for
electrodes dried between RT and 125°C; the fluorine signals were averaged
over five evenly spaced segments across the electrode thickness, with the x-
axis values of 0 and 1.0 corresponding to the bottom (CC-side) and the top
(separator-side) of the electrodes, respectively (for details see Experimental
section). The left axis was normalized to show the expected average fluorine
signal of 1.0, corresponding to 5% binder (right axis).

measured aluminum, carbon, and fluorine signal is shown in Fig. 5a
for the sample dried at 100°C. The aluminum signal stems from the
two aluminum spacers at the top (separator-side of the electrode, right
side in Fig. 5) and bottom (CC-side, left side in Fig. 5) of the electrode
(also compare Fig. 1). The decrease in the aluminum signal and the
intermediate carbon signal plateau marks the top and bottom of the
electrode, seen on the right and left side of Fig. 5a (marked by the
vertical dashed orange lines), respectively. The fluorine signals (blue
line) between the vertical dashed orange lines stem from the PVDF
binder, whereas the EDS signals at the fluorine energy before/after
the dashed orange lines are caused by an interference with the EDS
signals from aluminum.

The fluorine signals across the thickness of electrodes dried at dif-
ferent temperatures are shown in Fig. 5b. The signal was split into five
parts of equal length (from bottom to top of the electrode), corrected
for the background signal, and averaged (see experimental section);
the average fluorine signal for each segment is marked at the mid-
point of each segment by the symbols in Fig. 5b, connected with
dashed lines serving as a guide-to-the-eye. The black symbols de-
pict the fluorine signals for the RT dried electrode across the electrode
thickness. While it is reasonably constant, indicating a rather homoge-
neous binder profile across the electrode thickness, there is a slightly
stronger fluorine signal toward the bottom of the electrode, which
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Figure 6. Experimental EIS response of graphite electrodes dried between 25 and 125°C and with a final thickness of ~245 pm (£6%), coated at a wet film
thickness of 500 pwm; the electrode labeled “125°C reversed” was dried at 125°C, removed from the current collector, and re-assembled such that the original
CC-side of the electrode becomes the separator-side in the re-assembled cell. EIS measurements (20 mV amplitude, between 10 mHz and 200 kHz) were conducted
in a symmetric cell setup (T-cells, ¢ = 10.95 mm) using a non-intercalating electrolyte (10 mM TBACIO4 in EC:EMC 3:7, with k = 0.258 mS/cm). a) High
frequency resistance (HFR) corrected Nyquist plots with frequencies marked for the 75°C sample. b) HFR-corrected phase angle plots. ¢) Phase angle plot of
the 75°C dried electrode corrected for the experimentally determined HFR of 226 €2, but adding small deviations of & 2 Q (i.e., ca. £ 1%) and £ 4 Q (i.e., ca.
=+ 2%) to the HFR correction, which are considered to be within the error of HFR quantification. d) Apparent tortuosities for the electrodes vs. the observed drying
time (left axis, cubes) as well as minimum phase angles (right axis, circles; the value for the “125°C reversed” sample was taken at the last visible plateau at low
frequencies (~1 Hz) in the phase plot). Error bars indicate the standard deviation of four separate measurements; drying times were observed by eye, whereby
the room temperature drying time was taken as 8 h (overnight). The two gray dashed lines were added as guide-to-the-eye for the changes in tortuosity and phase

angle minima for the differently dried electrodes (excluding the data for the reversed electrode).

could possibly be caused by a small degree of binder sedimentation
due to the extremely slow drying process at room temperature (sev-
eral hours). The 50°C dried sample however already shows first signs
of binder migration to the top of the electrode (separator-side) and a
concomitant slight depletion of binder at the bottom of the electrode
(current collector-side), as reported in the literature for higher drying
temperatures and the associated faster drying rates.!>%® The extent of
binder migration to the top surface of the electrode clearly increases
with drying temperature (i.e., with increasing drying rate), so that
the electrode dried at 75°C (light green line) already shows a binder
gradient which resembles a linearly increasing binder distribution to-
ward the separator-side. For higher drying temperatures, this gradient
buildup continues, showing the strongest gradient formation for the
sample dried at the highest temperature (125°C, dark green line). The
fact that the fluorine signal at the bottom of the electrode goes slightly
below 0 is caused by background correction errors related to the ex-
tremely small fluorine signal at this position; the low binder content
at the CC-side for the electrode dried at 125°C is also reflected by
the very poor adhesion of the electrode coating to the current collec-
tor, which allowed us to also prepare freestanding electrodes in this
case.

Having characterized the PVDF binder distribution across the
thickness of electrodes dried at different temperatures, we will now ex-
amine their EIS response in symmetrical cells with non-intercalating
electrolyte, and then compare them to the modeled EIS response for
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electrodes with different R;,, profiles. It should be noted that the direct
comparison of ionic resistances of individual measurements is only
of qualitative nature, as the measurement is dependent on (among
others) the electrode thickness (standard deviation + 6%). Averaged
values for the tortuosities of four separate measurements per sample
set are depicted in Fig. 6d. Figs. 6a and 6b show exemplary data of
the experimentally determined Nyquist and phase angle plots, respec-
tively, corrected for the high frequency resistance (HFR), as was done
for the modeled EIS responses shown in Fig. 4. The lowest appar-
ent Rj,, value for the as-prepared electrodes is obtained for the RT
dried sample (black line in Fig. 6a), i.e., for the electrode with the
most homogeneous binder distribution across the electrode thickness
(black symbols in Fig. 5a). The apparent Ri,, value increases ~1.4-
fold for electrodes dried at 50°C (red line) and 75°C (light green line)
and by ~1.7-fold for electrodes dried at 100°C (blue line) and 125°C
(dark green line). Quite clearly, the apparent R;,, value increases with
an increasing extent of binder migration to the electrode top surface
(separator-side; see Fig. 5b). Comparing this trend with the modeled
Nyquist plots (Fig. 4a) for electrodes with increasing R;,, values from
the electrode bottom (CC-side) to the electrode top (separator-side)
suggests that the experimentally observed binder gradients indeed
cause an analogous Rj,, gradient, despite the rather small volume
fraction of binder (~6% of the solids volume or ~2.7% of the elec-
trode volume). Thus, even small amounts of binder can substantially
influence the apparent ionic resistance through a porous electrode,
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either by differences in binder distribution affected by the drying pro-
cess as shown, or by the chemical nature of the binder as we had
observed previously.'

Additional insight can be gained when examining the experimental
HFR-corrected phase angle plots shown in Fig. 6b. Following the
above indication that the observed binder gradients reflect analogous
gradients in the electrode’s Rj,, values, the EIS models shown in
Fig. 4 would predict (i) 45° phase angles at high frequency, and, (ii)
increasingly pronounced phase angle minima with increasing binder
gradients, i.e., with increasing drying temperatures. The latter can be
clearly observed in the experimental data shown in Fig. 6b: the phase
angle minimum is rather small for the RT dried electrode (black line)
with its nearly homogeneous binder distribution (see Fig. 5b), while
it becomes increasingly more pronounced as the drying temperature
and thus the binder gradient increases. At the same time, however, the
high frequency phase angles do not seem to approach the expected 45°
phase angle. Apart from phase changes due to inhomogeneity within
the electrode, this may also have to do with the fact that even minute
errors in the HFR correction lead to large errors in the high frequency
phase angle, as is demonstrated exemplarily in Fig. 6¢ for the EIS
data obtained for the electrode dried at 75°C. Here, the impedance
data were corrected for the experimentally determined HFR of 226 €2,
but adding small deviations of + 2 Q (i.e., ca. £ 1%) and + 4 Q (i.e.,
ca. £ 2%) to the HFR correction, which we consider rather small errors
in the quantification of the HFR. Quite clearly, this results in dramatic
variations of the phase angle plot in the high frequency region beyond
the phase angle minima (i.e., at frequencies higher than ~1-2 Hz), so
that from an experimental point of view no reliable information can
be obtained from the high frequency region. The sensitivity is evident
when examining the Nyquist plot (Fig. 6a), where the first marked
frequency of 37 Hz is close to the origin of the Nyquist plot, but
spans almost 50% of the phase angle plot. On the other hand, at lower
frequencies the curves start to overlap, illustrating that the extent of
the phase angle minima is not affected by small errors in the HFR and
can thus be used to deduce the presence/absence of binder gradients.

The above observed correlations can be further confirmed by ex-
amining an electrode configuration, for which the binder gradient goes
into the opposite direction, i.e., for which the binder concentration is
highest at the bottom of the electrode (i.e., at the CC-side) and the
lowest at the top of the electrode (i.e., at the separator-side). Such
a reversed binder gradient can be mimicked by using a freestanding
electrode dried at 125°C, as it easily detached from the current col-
lector foil (see above), so that these freestanding electrodes could be
re-assembled into symmetric T-cells now with the separator-sides of
the original electrodes facing the current collectors. Symmetric cells
assembled in this reversed configuration now have a binder profile
which is a mirror image of that shown for the 125°C dried electrode
(i.e., mirroring the dark green line in Fig. 5b around the x = 0.5 value).
Its experimental impedance response is given by the magenta line in
Fig. 6, with the Nyquist plot (Fig. 6a) showing a reduced apparent
R;on value compared to the reference case with homogeneous binder
distribution (black line), and with the phase angle plot (Fig. 6b) now
revealing a characteristic local minimum at a phase angle of ~47°,
i.e., well above that of the reference case. The lower apparent Rjq,
value and the shift of the phase angle minimum to above the reference
case value is perfectly consistent with the EIS model for electrodes
with a linear R;,, gradient, where the same behavior is observed upon
reversing the liniear R, profile with a maximum resistance at the top
of the electrode (red line labelled /f in Fig. 6) so that the profile is
reversed (blue line labelled /b in Fig. 6).

As described above, the apparent R;,, value for the different elec-
trodes was obtained from the HFR-corrected Nyquist plots in Fig. 6a
by interpolating the low frequency data to the Re(Z)-axis. From this,
electrode resistance tortuosities (t) were determined using the elec-
trolyte bulk conductivity (k = 0.258 mS/cm), the electrode porosity (e
= 0.55), and the measured electrode thickness (ranging from 245 to
260 pm), as described in Ref. 18. Fig. 6d shows the thus determined
apparent tortuosities together with the characteristic phase angle min-
ima (obtained from Fig. 6b) of the various electrodes vs. the ap-
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proximate drying time. The trend to higher apparent tortuosities with
decreasing drying time, i.e., with increasing drying rates, is evident:
as the drying time is reduced at higher drying temperature, leading to
more pronounced binder migration toward the top (separator-side) of
the electrode, the apparent tortuosity increases. On the other hand, the
electrodes dried at the highest temperature of 125°C but re-assembled
in reverse configuration (i.e., the separator-side during drying now
facing the current collector for the measurement) show a very low
apparent tortuosity of ~2.7, even lower than that of the RT dried sam-
ple, consistent with what one would expect based on Fig. 4a for an
electrode with very little binder content at the separator. As discussed
above, the best qualitative indicator for the extent and the direction
of binder gradients are the phase angle minima observed in the phase
angle plots (Fig. 6b), which are therefore plotted also in Fig. 6d (right
axis). The angle shown for the “125°C reversed” (magenta) sample
was obtained by taking the phase angle values of the last plateau at low
frequencies (~1 Hz), before the phase angle increased continuously
due to the capacitive behavior at low frequencies. Clearly, the de-
creasing values for the characteristic phase angle minima with shorter
drying times (i.e., for higher drying temperatures) is consistent with
what one would expect based on the experimentally observed binder
profiles (Fig. 5b); furthermore, while the 100°C and the 125°C dried
electrodes show similar tortuosities, the phase angle minimum of the
latter is still lower, suggesting a stronger binder gradient, as indeed
can be seen from the EDX based binder profiles (see dark green vs.
blue lines in Fig. 5b).

Charge rate capability of differently dried graphite electrodes.—
Previous studies on the rate capability of graphite/NMC full-cells
have shown that cells with graphite anodes dried at a high drying rate
are inferior to those with graphite anodes dried at low drying rate,
which the authors related to binder gradients formed at high drying
rate. Similarly, the effect of various binder types on the charge rate
capability of graphite anodes was observed recently by Landesfeind
et al.,'® monitoring the onset of lithium plating upon the lithiation of
graphite electrodes in half-cells by means of a reference electrode.
In the following, we will therefore examine whether there is a corre-
lation between the charge rate capability of graphite anodes dried at
different temperatures (i.e., at different drying rates) and the extent
of binder gradients indicated by their EIS response. For this charge
rate capability tests, we examine graphite electrodes with industrially
relevant areal capacities of ~2.4 mAh/cm? (corresponding to graphite
loadings of ~7.4 mg/cm? (-2%) and thicknesses of ~74 wm (+2%))
and dried at 75°C or 125°C.

The results from the EIS characterization of these electrodes in
symmetric cells with non-intercalating electrolyte of these electrodes
can be seen in Fig. 7a. Both electrodes have similar apparent tortu-
osities (4.4-4.6), but the electrodes dried at 125°C show a signifi-
cantly more pronounced minimum in the phase angle plot, suggesting
that the binder is significantly more inhomogeneously distributed,
namely with significant binder enrichment at the top of the electrode
(separator-side), as one would expect based on the above discussed
data with thicker electrodes. The charge (i.e., lithiation) rate capability
is depicted in Fig. 7b, showing the inferior performance of electrodes
dried at 125°C, analogous to what was shown by Jaiser et al. for slow-
vs. fast-dried graphite anodes.! These authors had suggested that the
most likely reasons for the poor rate capability of fast-dried anodes
would be either the suppression of the charge transfer resistance by
thick binder films covering the graphite particles near the separator-
side of the electrode or poor conductivity near the CC-side of the
electrode due to the migration of carbon black. The latter clearly
can be ruled out in the present case. On the other hand, since our
impedance model based on Rj,, gradients across the thickness of the
electrode (Fig. 4) very well describes the experimental EIS response
for electrodes with binder gradients (see Fig. 5b and Figs. 6a, 6b),
our study suggests that the underlying reason for the inferior rate ca-
pability of electrodes with strong binder migration to the top of the
electrode may be caused by a high ionic resistance in the electrolyte
phase near the anode/separator interface. Under this hypothesis, the
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Figure 7. Impedance characteristics and charge rate capability of graphite
electrodes with areal capacities of ~2.4 mAh/cm? (corresponding to ~7.4
mggmphiw/cm2 (£2%) and electrode thicknesses of ~74 wm (+2%)) dried
at either 75°C (blue lines/symbols) or 125°C (red dashed lines/symbols). a)
HFR-corrected phase angle plots and tortuosity values obtained from symmet-
ric cell measurements with non-intercalating electrolyte (~10 mM TBACIO4
in EC:EMC 3:7). b) Charge (i.e., lithiation) capacity vs. C-rate for cycling the
graphite electrodes between 1.5 V and 0.01 V vs. a Li-metal reference elec-
trode. The error bars show the standard deviation of independent measurements
with three nominally identical electrodes.

explanation for the inferior charge rate capability of the graphite an-
ode dried at 125°C would be an inferior access of lithium ions into the
bulk of the anode due to a partially pore-blocking binder layer at/near
the anode/separator interface.

Summarizing the above analysis, we would like to point out that
it is not yet possible to quantitatively correlate binder gradients with
Rion gradients, even though it is quite clear from the above compari-
son that the EIS response calculated for different R, profiles behaves
analogous to the EIS response measured for electrodes with experi-
mentally determined binder gradients. Entirely unclear at this point is
the distribution of the migrated binder within the plane of the elec-
trode (parallel to the current collector), as it could either deposit as
a homogeneous binder layer over the graphite particles or deposit in
a web-like form which could span across the (sub-)pm-sized pores
between the graphite particles, thereby preventing a homogeneous
influx of lithium ions into the interior of the graphite electrode. The
latter phenomenon was observed for fuel cell electrodes, where de-
pending on the catalyst ink’s solvent type large ionomer patches were
observed, covering large cross-sectional areas of the electrode paral-
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lel to the electrode surface.?* Quite clearly, an electrode performance
model would have to consider the in-plane distribution on the binder
near the anode/separator interface. Similar effects may also be the
origin of the so-called “rollover” failure reported by Burns et al., who
suggested that during extended battery cycling, the pores at the top
of the electrode (separator-side) are becoming clogged and thereby
cause the “rollover” failure, i.e., the point when batteries quickly lose
their capacity over a short amount of cycles.”* Such a mechanism
resembles the modeled behavior above (Fig. 3, profile s7). As it is
possible to measure impedance in blocking condition in-situ using a
three electrode setup,?>?® this failure mechanism could be detected by
analyzing the phase angle plot of the impedance spectrum.

The effect of binder migration may be one of the reasons for the
discrepancies between EIS and X-Ray tomography measurements
when it comes to tortuosity determination. Recently Landesfeind
et al.'” showed that an at least partially unresolved binder distribution
in 3D reconstructed electrodes causes an underestimation of tortu-
osity values compared to impedance measurements, an effect which
exacerbates the dilemma faced by groups using 3D reconstruction
techniques to model transport in porous battery electrodes. However,
additional care also has to be taken when determining tortuosities
from impedance data, as this approach usually uses homogeneous
transmission line models and would thus misinterpret the extracted
Ri,n and tortuosity values, which only have a well-defined meaning
in a macro-homogeneous battery model in the absence of strong
binder gradients. Conversely, in the presence of strong binder
gradients (i.e., for fast-dried electrodes or electrodes dried at high
temperature), the tortuosities extracted from impedance analysis are
apparent tortuosties which obviously cannot be directly applied to a
macro-homogeneous battery model.

The here provided EIS analysis approach is most useful when
comparing electrodes of the same composition and loading, but with
different drying/aging history. A quick impedance measurement in
blocking condition (in situ® or in a symmetric cell with a blocking
electrolyte)'® is sufficient to collect the necessary data. Comparing the
phase angle plots, one can quickly draw qualitative conclusions about
the presence of any binder gradients and on the expected performance
of the electrodes (see Fig. 7) and whether the obtained tortuosity value
is suitable for use in a macro-homogeneous electrode model. Hence
the phase angle minimum in the phase angle plot is an extremely im-
portant criterion to determine the presence of significant binder gra-
dients and should not be neglected in the analysis of impedance data.

Conclusions

Up to now, visualizing binder migration required extensive and
time consuming experimental effort, such as EDS. The analysis
method in this publications gives the reader an additional tool to
quickly screen electrodes for their homogeneity. Impedance model
results show how high resistances toward the separator side of the
electrode increase the overall resistance of the electrode significantly.
This was verified by experimentally inducing binder migration by
drying electrodes at low and high drying rates. EDS and impedance
measurements combined confirmed that changes in the impedance
spectrum give qualitative information on the extent of the binder
gradient. Simple phase angle minimum analysis together with ionic
resistances gathered from the same measurement give information
about the presence of binder gradients and therefore the expected
electrochemical performance. The ionic resistances gathered have to
be considered with caution when applying them to an electrochemical
model. Any calculated tortuosity is a mere apparent tortuosity and is,
in the case of strong binder gradients, not representative for the entire
electrode. Electrodes of similar apparent tortuosity but different de-
grees of binder gradients show significant differences in performance.
While the exact mechanism of the poor performance of fast dried
electrodes is still not clear, this analysis gives additional insight into
the resistances within an electrode and help explain this phenomenon.
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3.1.3 Methods—Understanding Porous Electrode Impedance and
the Implications for the Impedance Analysis of Li-lon
Battery Electrodes

The article entitled “Methods—Understanding Porous Electrode Impedance and

the Implications for the Impedance Analysis of Li-lon Battery Electrodes” was

submitted to the peer-reviewed Journal of the Electrochemical Society in May 2021

and published in July 2021 as an open-access article under the terms of the Creative

Commons Attribution Non-Commercial No Derivates 4.0 License. The permanent

web link can be found under: https://iopscience.iop.org/article/10.1149/1945-

7111/ac1892 /meta

The analysis of porous electrodes posts its own challenges, as there are several
resistances which influence the impedance spectrum of electrodes, most notably
the charge transfer resistance, R, and the resistance of the electrolyte in the pores,
Rjon. Other resistances such as, e.g., the electrical resistance of the electrode can
usually be neglected. The impedance response of a porous electrode changes in
spectral shape and in the required simplified analysis equation, depending on the
ratio of R and Rjyy,. For Rey > Rjon, the impedance is dominated by the R, semi-
circle with a 45° line at higher frequencies representing the pore resistance. The
electrode’s low-frequency resistance can then be described by R;r = Rion/3 + Ret-
Extracting both resistances from such a spectrum is possible as both show unique
features within the spectrum (the 45° straight line and the semi-circle). For R <
R;on, the spectrum and the necessary analysis method changes. While the spectrum
still shows a 45° line at higher frequencies and ends in a semi-circle at lower
frequencies, the low-frequency resistance must be defined by a new simplified
equation, namely Ry = m From the equation it becomes clear that changes
in electrode loading do not change the low-frequency resistance as R scales
inversely with loading and R;,, scales linearly with the electrode loading. Thus, any
number of combinations of R to R;,, can give the same spectrum. The analysis
practically becomes impossible without a separate measurement of R;,, or R,
demonstrated in an analysis of simulated and experimentally fitted impedance

spectra, which showed that the fitting residuals between different simulated

59


https://iopscience.iop.org/article/10.1149/1945-7111/ac1892/meta
https://iopscience.iop.org/article/10.1149/1945-7111/ac1892/meta

Results

spectra are smaller than the residuals of practically fitted spectra, effectively

preventing the user to differentiate between them.

The reason for the apparently invariant electrode resistance with loading is the
limitation in probing depth into the electrode. Once the pore resistance is high
enough, the EIS measurement effectively only probes the top of the electrode. This
also means that, if the electrode resistances are not homogeneously distributed, the
measurement is only representative for the top part of the electrode, i.e., the part

near the separator interface.

The publication additionally contains instructions on the analysis of porous
electrode impedances and gives practical boundaries, showing which ratio of R; to

R, constitutes a kinetically or transport limited electrode.
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(Rion). Seeking to increase the energy density of LIBs, ever higher active material loadings are applied, resulting in thicker
electrodes for which Rj,, becomes dominant. As electrochemical impedance spectroscopy is commonly used to quantify R of
electrodes, understanding the impact of Rj,, on the impedance response of thick electrodes is crucial. By use of a simplified
transmission line model (TLM), we simulate the impedance response of electrodes as a function of electrode loading. This will be
compared to the impedance of graphite anodes (obtained using a micro-reference electrode), demonstrating that their impedance
response varies from purely kinetically limited at 0.6 mAh cm ™ to purely transport limited at 7.5 mAh cm 2. We then introduce a
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Analyzing the electrochemical impedance spectroscopy (EIS)
spectra of electrochemical cells and electrodes requires an in-depth
knowledge of the underlying kinetic and transport processes and
their appropriate representation via an equivalent circuit model. The
perhaps most commonly used circuit element to describe the
response of electrochemical systems is the so-called R/C element,
i.e., the parallel arrangement of a resistor and a capacitor. This
element can be used to describe a multitude of interfaces, most
prominently the electrochemical interface between an electrode and
an ionically conductive electrolyte, e.g., the interface between a
battery active material and the electrolyte. When describing the
electrochemically active surface area of the active material with an
R/C element, the resistor represents the kinetic resistance for the
faradaic charge transfer reaction and the capacitor models the
capacitive effect arising from the electrochemical double layer
forming at the interface of the electrochemically responsive elec-
trode material surfaces (i.e., the active material and the conductive
carbon) and the ion conducting electrolyte.! The resulting spectrum
for such an R/C circuit element in a Nyquist plot is a semicircle,
with a diameter that corresponds to the resistance R and that spans
over a frequency range that is in part also defined by the capacitive
element C. As actual electrochemical systems generally do not show
a perfect capacitive behavior and are generally better described by a
so-called constant phase element Q, the R/C element (resulting in a
semicircle in a Nyquist plot) is typically replaced by an R/Q element
that results in a slightly depressed semicircle.

In addition to the charge transfer resistance (R.) and the electrode
capacitance (Qq), the electrode impedance of porous Li-ion battery
electrodes also depends on the ionic resistance within the electrolyte
phase contained in the pores of the electrode (R;,,). For this reason,
the quantification of the charge transfer resistance of a LIB electrode
and its change over the course of cycling from impedance measure-
ments is not straightforward and requires a more refined equivalent
circuit model. A commonly used representation of the impedance of a

“E-mail: robert.morasch@tum.de

porous electrode is given by the so-called transmission line model
(TLM), which in its simplified form is here composed of a resistive
path (with R;,, as the sum of the resistance elements r;,,, stemming
from the electrolyte in the pores of the electrode) as well as of
Tt /gy elements that act as local current source or sink to the resistive
path (see top part of Fig. 1). The /g, elements cumulatively give
rise to the overall charge transfer resistance (R.) and the overall
double layer capacitance (Qq;), as described in the caption of Fig. 1.
Other possible contributions to the electrode impedance are not being
considered for the following reasons: (i) electrical resistances across
the electrode are typically negligible compared to ionic resistances,
particularly for graphite anodes that are in the focus of this study?;
(i1) solid and electrolyte Warburg diffusion elements (in the electrodes
and in separator) are not expected to influence the impedance spectra
within the here examined frequency region®”; (iii) the separator
resistance, since it only results in a constant high-frequency offset
of the spectra. A review of EIS applications including different circuit
elements can be found in Ref. 5.

Driven by the demand to increase the energy density of LIBs,
increasingly higher active material (AM) loadings (in units of mgam
cm ™), corresponding to higher areal capacities (Cyea, in units of
mAh cm 2, not to be confused with the previously defined
capacitance C), are being employed, since this leads to a lower
mass fraction of inactive materials (current collectors, separators,
current tabs) and therefore also lower cost.®’ Conceptually, a
doubling of the areal capacity, assuming the same electrode
composition and morphology (i.e., porosity and tortuosity), has the
following consequences: (i) a doubling of the material surface area
that is in contact with the electrolyte, thus a doubling of the electrode
capacitance (i.e., Qq & Carear); (i1) a doubling of the active material
surface area, resulting in a halving of the charge transfer resistance
(i.e., Rt & 1/Cyeq); and, (iii) a doubling of the electrode thickness,
resulting in a doubling of the ionic resistance (i.e., Rjon & Cyreal)-
Figure 1 shows a schematic of how the increase in active material
loading (i.e., of areal electrode capacity Cye, Which in turn scales
with electrode thickness) affects the two resistances. Starting at an
arbitrary active material loading (referred to as “Loading 1”) with a
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ratio of the charge transfer resistance over the ionic resistance of
R.(/Rion = A/B, doubling the loading effectively doubles the ionic
resistance and halves the charge transfer resistance, resulting in
R./Rion = (1/2)/2 x A/B for the electrode with a two-fold higher
active material loading (“Loading 2”). Further increasing the active
material loading by a factor of 3 and 4 results in R /Rjpn =
(1/3)/3 x A/B and R /Ri,n = (1/4)/4 X A/B, respectively. In other
words, a 4-fold increase in areal capacity is expected to lead to a
16-fold decreased R./R;,, value.

As Li-ion batteries make use of an intercalation reaction, i.e., the
lithium is stored in the active material, lithium ions eventually have
to reach the interface of the electrode with the current collector (CC)
(right-hand side of Fig. 1) during the lithiation of the active material
particles, or have to be transported through the electrode and the
separator to the opposing separator/electrode interface (left-hand
side) during delithiation. For very thin electrodes (i.e., for very low
active material loadings and areal capacities), Rjo, is negligible and
the electrode impedance is dominated by R (furtheron referred to as
kinetically limited). On the other hand, for high loaded rthick
electrodes (i.e., for high areal capacities), R;,, will dominate the
electrode impedance due to the increased ion conduction path length
through the electrode and the simultaneously decreased R
(furtheron referred to as transport limited). Which of the two
limiting cases become dominant for a given active material loading
(or areal capacity) is a question addressed in this work. The impact
of the ion conduction resistance through the porous electrodes on
EIS spectra has previously been studied, but these earlier studies
neglected the influence of low R /R;,, values on the mathematical
response of the transmission line model,>™'? so that these findings
are only relevant for low active material loadings. Therefore, we
have extended this analysis to the low R /Rj,, regime that, as we
will show, is relevant for LIB graphite anodes with currently used
areal capacities of ~3 mAh cm 2 and beyond.

To understand the transition of the impedance response of a LIB
electrode from the kinetically limited regime at low active material
loadings (i.e., at high R./R;,, values) to the transport limited regime
at high active material loadings (i.e., at low R./R;,, values), we first
simulate the EIS spectra using the transmission line model shown in
Fig. 1 for different R./R;,, values. We will show how the
impedance spectrum changes from exhibiting an R -dominated
semicircle at high R /Rj,, values to a non-semicircle shaped
spectrum at low R /R;,, from which the determination of the charge
transfer resistance requires additional considerations. We then
compare these simulated spectra to experimentally obtained im-
pedance spectra of LIB graphite anodes with widely varying graphite
loadings, corresponding to areal capacities of Cyeq = 0.6-7.5 mAh
cm 2, showing that their impedance response indeed varies from
purely kinetically limited (for 0.6 mAh cm™2) to purely transport
limited (for 7.5 mAh cmfz). An additional current distribution
analysis gives insight into the change in current homogeneity
throughout the electrode. Lastly we demonstrate how to analyze
these impedance spectra without the need for a fitting software to
give the user the ability to analyze and deconvolute R from the
electrode impedance spectrum.

Experimental

Slurry preparation and drying.—Graphite (T311, Timcal, 19 um
D50, 3 m®> g ') and polymer binder (polyvinylidene fluoride
(PVDF), Kynar, Arkema) at a ratio of 95:5 (wt:wt) were mixed
with N-Methyl-2-pyrrolidone (NMP, Sigma Aldrich, anhydrous,
99.5%) at a solid:liquid ratio of 5:4 (wt:wt) in a planetary mixer
(Thinky ARV-310) at 2000 rpm for five minutes. The prepared
graphite slurries were coated onto a copper current collector foil
(MTI, 12 pm) attached to a glass plate using a gap bar coater (RK
PrintCoat Instruments, UK) at wet film thicknesses of 30 pum,
100 pm, 200 pm, and 450 pm to achieve areal capacities of 0.6, 1.5,
29, and 7.5 mAh cm_z, respectively (referenced to a nominal
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graphite capacity of 350 mAh gg "), and dried in an oven at 50 °C.
The dried electrodes were punched out to a diameter of 10.95 mm
(equating to an area of ~0.94 cm?®) using an electrode punch
(Hohsen Corp. OSAKA, Japan), and compressed in a press using
a pressure of ~100 MPa. The specifications of the graphite
electrodes with regards to graphite loading (in mgg cm™~?), electrode
thickness, and electrode porosity are summarized in Table I.
Densities used for the porosity calculations were 2.26 g cm > for
graphite and 1.77 g cm ° for PVDF.

Cell assembly, formation and impedance measurement.—For
electrochemical impedance analysis, a three-electrode cell setup
(Swagelok® T-cell) with a gold-wire reference electrode (GWRE;
described in more detail in Fig. 1b in Ref. 13) was used. The cells
were built inside an argon filled glove box (MBraun, 25 °C = 1 °C,
oxygen and water content <0.1 ppm, Ar 5.0, Westfalen). All cell
parts were dried at 120 °C in a vacuum oven (Biichi, Switzerland)
for 8 h before being transferred into the glovebox.

The cells were assembled with a graphite working electrode, two
porous glass fiber separators with a diameter of 11 mm (VWR, 250 pm
uncompressed thickness, 90% porosity), and a counter electrode
consisting of a free-standing graphite electrode that was firmly attached
to the metallic lithium foil (0.45 mm thickness and 11 mm diameter,
Rockwood Lithium), as described in Ref. 14 80 pl of LP57-2
electrolyte (1 M LiPFg in EC:EMC 3:7 (wt:wt) + 2 wt% VC, battery
grade, BASF) were added to the cells.

Using a potentiostat (Bio-Logic Science Instruments, France), the
gold-wire reference electrode was lithiated at 150 nA for 1 h via the
counter electrode in a temperature-controlled chamber (25 °C,
Binder). The cycling protocol started with a 3 h open circuit voltage
phase to allow for complete wetting of the electrode. Two formation
cycles for the graphite working electrode were performed galvanos-
tatically at C/10 (referenced to a nominal specific capacity of 350
mAh ggfl) between 2V and 40 mV vs Li'/Li. The electrode was
then brought to 50% state of charge (SOC) at C/10. Potentiostatic
electrochemical impedance measurements were performed at open
circuit voltage (OCV) from 30 kHz to 0.1 Hz and with an excitation
of 10 mV; the use of the micro-reference electrode (i.e., the GWRE)
allowed for a rigorous determination of the impedance response of
the graphite electrode.

Current distribution analysis.—The theoretical background for
the current distribution analysis can be found in the Appendix.

Data simulation and fitting.—Impedance simulation and fitting
was performed with a MATLAB-based application (“EIS Breaker,”
© J. Landesfeind) based on the fminsearch MATLAB function using
a Nelder-Mead simplex algorithm and modulus weighing. For all
data fitting, only the value of R;,, was fixed, while the remaining
parameters (R, Qg and a) were fitted.

Results and Discussion

Aspects of this work in the context of literature.—Previous
studies have shown impedance analyses conducted with changing
ratios of R /Rjo,, most prominently done by Ogihara et al.,.> " who
built a baseline theory for porous electrode impedance analysis.
Their analysis is based on a simplification for the low-frequency
impedance that, as we will show here, is only valid for larger values
of R /Rion, a fact that is not specified in any of their publications.
While these publications study a large range of R /Rion, the
experimental and simulated spectra analysis stops short of reaching
transport limited impedances and are thus in a range where the error
made from their simplifications are still lowsmall. This is due to the
fact that their studies are concerned exclusively with the impedance
response of cathode electrodes, which for practical areal capacities
still have high R /R;,, values. On the other hand, as will be shown
in the following, this is not true for graphite electrodes, which at
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Figure 1. Middle panel: schematic representation of a porous LIB electrode, extending between the separator/electrode interface (left) and the electrode/current
collector interface (right). Top panel: simplified transmission line model (TLM) equivalent circuit with pore resistance element rj,,, charge transfer resistance
element 7, and capacitive elements gy, whereby Tion = Rion» Z 1/ry = 1/R, and Z qq = Qa- Bottom panel: Influence of loading changes on the ionic
resistance Ri,, and the charge transfer resistance R. Starting at an arbitrary active material loading where R, takes the value A and Rj,, takes the value B, so that
Rt /Rion = A/B (“Loading 1), a 2-fold increase of the loading (i.e., of the areal capacity) increases the pore resistance by a factor of 2 due to the increase in
electrode thickness (assuming constant porosity and tortuosity) and decreases the charge transfer resistance by a factor of 2 due to the increased electrochemically
active surface area, resulting in a 4-fold lower R./Rio, value (“Loading 2”). Increasing the loading by 3- or 4-fold, changes the resistances and Rci/Rion

accordingly.

practical areal capacities have R /R;,, values of <<1. To the best of
our knowledge, we therefore show for the first time how to analyze
and understand porous electrode impedance spectra over the full
range of R /Ri,,. (from >>1 to <<1).

Simulated and experimental impedances of porous elec-
trodes.—This subsection discusses the mathematical background
of the transmission line model shown in Fig. 1 and examines the
simulated electrode impedance spectra for different fictitious areal
capacities. The simulated spectra are then compared to experimen-
tally obtained impedance spectra of graphite anodes (acquired using
a micro-reference electrode) of various areal capacities (see Table I).
A subsequent analysis of the simulated current distribution vs
fictitious areal capacity in the following subsection will give insights
into the possible ramifications of increasing areal capacities for the
charging/discharging behavior of LIB electrodes.

The equivalent circuit model shown in Fig. 1 is represented
mathematically by the following equation (see Refs. 15, 16 for the
general derivation)):

7 = Rion

ct

1) coth \/Rion((jw)anl + RL) (1]
((jw)qul + R_) «

where Z [Q2] is the complex impedance of the electrode, @ [rad/s] is
the radial frequency, R, [Q] and R;,, [Q] are the charge transfer
resistance of the entire electrode, and j is the imaginary unit.
Furthermore, the ideal double layer capacitor element (Cy) is
replaced in Eq. 1 by a constant phase element, defined as (jw)*Qq
with (0 < @ < 1). The impedance given by Eq. 1 neglects the
electronic resistance of the solid phase (usually negligible for
practical electrodes),>'” the diffusion phenomena of electroactive
species in both electrolyte and electrode (usually appearing at very
low frequencies), and the ionic resistance of the electrolyte in the
separator. As Eq. 1 represents the porous electrode only (as the
separator resistance is not included), its limiting case for infinitely
high frequencies is Z = 0 (also clear from Eq. 1 that as @ — oo,

Table 1. Properties of the various here used graphite electrodes with different areal capacities by varying the graphite mass loading. The accuracy
of the thickness measurement is +3 pm (Lifematic VL-50, Mitutoyo, Japan), and the here listed electrode coating thicknesses were obtained by

subtracting the thickness of the current collector. Porosities were determined by dividing the theoretical bulk volume of the graphite and PVDF
components (using bulk densities of 2.26 g cm™ and 1.77 g cm™>, respectively) by the total electrode volume determined by the measured electrode

thickness.

Areal Capacity [mAh cm ]

Graphite Mass Loading [mgg cm ]

Thickness [pm] Porosity [%]

7.5 21.5
2.9 8.2
1.5 43
0.6 1.7

165 42
65 43
36 46
14 46
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Z — 0). For the low-frequency resistance, i.e., as  — 0, Eq. 1
simplifies to:

L= Za)—»O = \/Rion'Rcr COth(JRion/Rct) [2]

This equation represents the low-frequency resistance (L [Q])
that would be obtained from an impedance measurement for a
porous electrode, not taking into account the separator or the solid or
liquid diffusion Warburg resistance. Next, we define 9 = R (/Rjq, in
order to simplify Eq. 2 as follows:

L

= /9 coth (1//9) [2a]

ion

In the following, we will describe the limiting cases, when either
the charge transfer resistance (R.) dominates the impedance
response, further on referred to as kinetically limited, or when the
ionic resistance (Rjo,) in the electrolyte phase within the electrode
pores dominates the impedance response, further on referred to as
transport limited. The former occurs for R;,, < R, in which case
the term /Rjon/R¢; in the coth function in Eq. 2 becomes very small,
so that the coth function can be approximated by:

limy_,( coth (y) = l + % + higher order terms [3]
y

Simplifying Eq. 2 by this approximation of the coth function
(neglecting the higher order terms), the kinetically limited value of
the low-frequency electrode impedance (L |, «r.)) becomes:

R ion
3

L|®ign<Re) = Ret + [4]

Similar to Eqs. 2a, 4 can also be expressed in terms of
8 = R./R;o, as follows:

L
R ion

=9+ [4a]

1
(Rion <Rc() 3

On the other hand, in the transport limited regime, where
Rion > R, the term /Rjon /R in the coth function in Eq. 2 becomes
very large, so that the coth function approaches 1 (i.e.,
lim coth(y) = 1) and Eq. 2 simplifies to the expression for the

y—> o0
transport limited low-frequency impedance (L|g, >k,  also see
Refs. 3, 15 for derivation):

LlRip>Re) = VRionRct [5]

Expressing Eq. 5 via the 9 variable leads to the following
equation:

L =9 [5a]

Rion |, ke

In summary, in the kinetically limited regime (R;,, < R), Eq. 4
shows that R constitutes the major fraction of the low-frequency
resistance, so that the low-frequency resistance is a reasonably close
measure of R.. On the other hand, in the transport limited regime
(Rion > R.), Eq. 5 shows that R, cannot be evaluated directly from
the low-frequency resistance.

Figures 2a and 2b show the simulated impedance spectra of
electrodes for which the effect of varying active material loadings
was simulated by varying R;,, and R.. As outlined in the discussion
of Fig. 1 and as shown in the bottom panel of Fig. 1, it was assumed
that a doubling of the active material loading and thus of the areal
capacity would result in a halving of the charge transfer resistance
(i.e., Ry x 1/Cyeq) and in a doubling of the ionic resistance (i.e.,
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Rion ¢ Cyrear)- Thus, the simulated R values that are decreasing
from 16 to 0.5 € (in steps of factors of 2) represent an increase in the
simulated active material loading (or areal capacity) by an overall
factor of 32; this is accompanied by a 32-fold increase of R;,, from 1
to 32 Q (also in steps of factors of 2). Since the double layer
capacitance is expected to increase with the active material loading
(or areal capacity), the Qg value was scaled from an initial value of
0.25 mF for the lowest loading (represented by R, = 16 {2 and
Rion = 1 ©) by 0.25 mF x % for higher loadings (assuming that
Q4 ¢ Careq and that a = 1). As will be shown later, the here chosen
values for R, Rion, and Qg fall within the range of those obtained
for graphite anodes with areal capactities of 0.6-7.5 mAh cm ™2 (see
Table I1I).

As an idealized reference case, we start our discussion of the
simulated impedance spectra for a hypothetical electrode with a low
active material loading that does not have any pore resistance (i.e.,
Ry = 16 Q and Ri,, = 0 2, with Qg = 0.25 mF). In this case, the
simulated impedance spectrum only consists of a semicircle,
represented by the dashed red line in Fig. 2a. Adding a 1 () ionic
resistance (i.e., Ry = 16 Q and Rj,, = 1 Q) barely changes the
spectrum (orange line), except for the appearance of a short 45°-line
region at high frequencies that represents the ionic resistance in the
electrode pores (clearly visible in Fig. 2b). The 45°-line extends
from Re(Z) =0Q until ~0.33 Q, corresponding to 1/3 Rjgp,
followed at lower frequencies by a semicircle with a diameter of
16 Q, summing up to an overall low-frequency resistance of
L =16.33 Q, as predicted by Eq. 4. A spectrum exhibiting such
clear features allows the user to directly extract the numerical
values of both R and R;,, from the spectrum, as both components
are represented by unique features (viz., by the diameter of
the semicircle and by the real axis extension of the 45°-line,
respectively).

In order to simulate the increase of the active material loading by
a factor of 2, the ionic resistance is being doubled (from 1 to 2 Q)
and the charge transfer resistance is being halved (from 16 to 8 Q).
The simulated impedance spectrum then shows a low-frequency
resistance of 8.66 (), but still exhibits a clear 45°-line feature with an
extension along the real axis of R, /3 (=2/3 Q) as well as a
pronounced semicircle with a diameter corresponding to R (8
see yellow lines in Figs. 2a and 2b). A further simulated doubling of
the active material loading by further increasing Rj,, to 4 Q and
decreasing R to 4 (), yields a low-frequency resistance of 5.33 Q
(green line) that is still well described by Eq. 4, even though R /R,
is now 1/1. Deviations from Eq. 4 are observed upon a further two-
fold increase of the simulated active material loading (represented by
R = 2 Q and R;,, = 8 §2; blue line), for which the simulated low-
frequency resistance of 4.15 {2 (based on Eq. 1) differs from the
4.66 Q predicted by Eq. 4 (kinetically limited regime) as well as
from the 4.0 2 predicted by Eq. 5 (transport limited regime). Hence, the
electrode impedance response lies in the transition zone between the
two limiting cases, and retrieving the values of R and R;,, requires a
more complex analysis, as described later in this publication.

Further increasing the simulated loading yields a, on the first
glance, surprising result. The impedance spectra for higher simulated
loadings (here R./R;,, with 1/16 and 0.5/32, see dark purple line
and light purple square symbols) not only have the same low-
frequency resistance and fully overlap, but are also very similar to
that obtained for R./R;,, = 2/8 (blue line). This can be understood
when looking at Eq. 5 that describes the transport limited regime,
where a doubling of R;,, and a halving of R simulates a doubling of
the active material loading and results in the identical low-frequency
resistance. Thus, in the transport limited regime, the impedance
spectrum does not anymore provide any information on the
individual values of R;,, and R, as any combination of these two
resistances will yield the same low-frequency resistance and, as a
matter of fact, exhibit the practically identical impedance spectrum
in a Nyquist plot. To determine R;,, and R, from an impedance
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Figure 2. Electrode impedance spectra simulated acc. to Eq. 1 and measured for graphite anodes with different areal capacities. (a) Simulated electrode
impedance spectra (Eq. 1). Parameters Qg = 0.25 mF with « for the constant phase element set to 1; Spectra are simulated for the frequency range of 100 kHz to
0.1 Hz. (b) Zoom into the high-frequency region of panel a. For decreasing R/Rjo, ratios (higher active material loadings), the distinct features of the 45°-line
and the semicircle disappear and the spectrum merges into a single feature. (c) Experimentally obtained impedance spectra of graphite electrodes (measured via
micro-reference electrode) with different areal capacities, recorded at 2 V vs Li™/Li before formation (i.e., under blocking conditions). (d) Impedance spectra of
the graphite electrodes at 50% SOC after two formation cycles, showing first a decrease in the low-frequency resistance (from 0.6 to 2.9 mAh cm™2) and then a
constant low-frequency resistance for 2.9 and 7.5 mAh cm ™2 The graphite anode impedance data between 30 kHz and 0.1 Hz were obtained by using a micro-
reference electrode. The semicircle apex frequency for the experimental data is between 110 Hz (0.6 and 1.5 mAh cm ™) and 139 Hz (2.9 and 7.5 mAh cm ™).

spectrum in this regime, either one of these two resistances needs to
be known or to be determined independently. For example, Rj,,
could be simply acquired via measurements in blocking conditions
(i.e., conditions where no faradaic reaction is possible).g’lg’21 A
more detailed description of how to analyze impedance spectra in the
transport limited regime will be shown later on.

To understand whether the impedance spectra of practical Li-ion
battery electrodes fall into the kinetically or transport limited regime,
we measured impedance spectra of graphite anodes with different
active material loadings, i.e., with areal capacities ranging from
0.6-7.5 mAh cm 2 (see Table I). Impedance spectra were acquired
both before formation at 2 V vs Li*/Li, corresponding to 0% SOC
(representing blocking conditions, due to the very high R, of a
pristine graphite electrode at this potential), as well as after two
formation cycles and a partial charge to 50% SOC, as shown in
Figs. 2c and 2d, respectively. The spectra of the pristine graphite
electrodes acquired at 2 V vs Lit/Li (= 0% SOC) exhibit the 45°-
line feature (see Fig. 2c), as expected for blocking conditions,®'®!°
in which case the extension of the 45°-line along the real axis
corresponds to Rj,,/3 (this will be further discussed in the context
of Fig. 4a). Thus, a preliminary inspection of Fig. 2c shows
that R;,, clearly increases with increasing areal capacity (i.e., with
active material loading and electrode thickness), which was the
basis for our interpretation of the simulated impedance spectra

(Figs. 2a and 2b). A quantitative analysis of our assumed relation-
ship of Rjop o Cyrear Will follow towards the end of this work.

The spectra in Fig. 2d show the graphite electrode impedances at
50% SOC after formation. The graphite electrode with the lowest
areal capacity of 0.6 mAh cm™ 2 (red line/squares) exhibits a
negligible ionic resistance, as indicated by the very short 45°-line
at high frequencies, but shows a large kinetic resistance, as indicated
by the large diameter of the semicircle that follows at lower
frequencies. This impedance spectrum is qualitatively very similar
to the simulated impedance spectra for R./R;,, ratios of 16/1 and
8/2 (orange and yellow lines in Figs. 2a and 2b), except that
the semicircle of the experimental spectrum is somewhat
suppressed, indicating a lower « value (note that « = 1 was used
for the simulated spectra). Upon increasing the areal capacity of the
graphite electrode to 1.5 mAh cm ™2 (blue line/diamonds in Fig. 2d),
the electrode resistance is reduced substantially and the impedance
spectrum exhibits a now continuous transition from a high-frequency
~45°-line feature to a suppressed semicircle feature. The experi-
mental spectrum thus resembles the simulated spectra with R./Rjo,
ratios somewhere in between 4/4 and 2/8 (green and blue lines in
Figs. 2a and 2b). Finally, increasing the areal capacity of the graphite
electrodes to 2.9 and 7.5 mAh cm~? (green line/inverted-triangles
and purple line/triangles in Fig. 2d), essentially identical impedance
spectra are obtained, with an electrode resistance that is only
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2 electrode.

marginally smaller than that for the 1.5 mAh cm™ s

Furthermore, the impedance spectra of the 2.9 and 7.5 mAh cm™
graphite electrodes resemble the spectra simulated for R /R, ratios
somewhere in between 2/8 and 1/16 (blue and purple lines in
Figs. 2a and 2b), indicating that their impedance response represents
the transport limited regime. The 0.6 mAh cm™~ electrode also
shows that the assumption of the simplified TLM with one kinetic
R/C element is valid, as the sample shows only one semi-circle
feature associated with the kinetics. It cannot be determined from
these measurements whether this spectral feature also contains
contributions from the solid electrolyte interphase (SEI) formed
during the first charge of the anodes, as the SEI is generally also
associated with a semi-circle feature.?? This, however, should not
influence the impedance analysis outlined in this publication.

In summary, upon increasing the areal capacity (i.e., the active
material loading) of graphite electrodes, their low frequency
electrode resistance does not significantly decrease for areal capa-
cities above 1.5 mAh cm?, suggesting a compensation of the
decreasing R, by the increasing R;,, as the areal capacity being
increased, consistent with Eq. 5 that describes the transport limited
regime of the electrode impedance. Prior to presenting a metho-
dology by which R, can be obtained even under these conditions,
we will first examine the current distribution at frequencies close to
where the low-frequency resistance is being determined and will
show the changing sampling depth into a porous electrode at that
frequency.

Current distribution across an electrode in the R, and R;,,
dominated domain.—The ratio of R /R;,, strongly affects the way
the current distributes over the electrode. Figure 3a shows the
current density distribution for a given applied current, normalized
to its maximum local value at the separator/electrode interface for
electrodes with different R /R;,, ratios. The expression for the
normalized complex current density along with its associated
equivalent circuit is shown in the Appendix (see Fig. A-1 and
Eq. A-9) and it is valid only under the condition that R, and R;,, are
dominating the current response, i.e., only within the frequency
range where the double layer capacitance effect has become
negligible (in this case below ~10' Hz) and where the diffusion in
the solid and electrolyte phase is not yet significant (here above
~10° Hz). Practically, Eq. 9 and Fig. 3a describe the scaled complex
current density distribution in the vicinity of the imaginary im-
pedance minimum after the (suppressed) semicircle of the spectrum

Q0
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P -

e
o

0.4F

Scaled Current Density / -

o
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=

Scaled Current Density / -

of an electrode, i.e., near the point that marks the low-frequency
resistance; based on the impedance data of the graphite electrodes
shown in Fig. 2d, this occurs in the vicinity of ~1 Hz. This current
distribution can thus be understood as the char§ing/discharging
current toward the end of a short (on the order of 10 s) current pulse
applied to the electrode and it is independent of the absolute current
magnitude (provided that we are in the linear range of Butler-Volmer
kinetics). Thus, this scaled current distribution across the electrode
only depends on theR/Rj,, ratio and would be essentially identical
for a C/10 or a 1C current pulse, so that it should closely reflect the
current distribution after a short DCIR (direct current internal
resistance) pulse, which is a commonly used diagnostic tool in Li-
ion battery research.”>

For a dominating R, the current density distribution is mostly
homogeneous throughout the electrode (lines in the red/orange
shaded region, Fig. 3a). In such an electrode, the charge transfer
reaction takes place (mostly) homogeneously throughout the elec-
trode, and the active material particles would be charged or
discharged uniformly across the electrode. Increasing R, i.e.,
decreasing 9, leads to significantly lower currents towards the
electrode/separator interface (i.e., near x = 1) and results in a less
homogeneous current density distribution (green/blue shaded re-
gions). In this case, active material particles at/near the separator/
electrode interface (left side in Figs. 3a and 3b) are charged/
discharged more extensively than particles at/near the electrode/
CC interface. Ultimately, upon further decreasing 9 (purple shaded
region), the current distribution becomes so skewed that parts of the
electrode are practically not participating in the reaction anymore
during the impedance measurement (in the frequency range on the
order of ~10" Hz). In such a case, the impedance response of the
electrode is in the transport limited regime, and active material
particles at/near the electrode/CC interface are not charged/dis-
charged during the measurement.

The latter aspect is further illustrated in Fig. 3b, where the current
distribution across electrodes with three different active material
loadings (viz., 8, 6, = 2-6;, and 63 = 3-61) and thicknesses is being
examined, whereby the x-axis represents the electrode thickness
at which a given loading is reached. For the lowest loaded electrode
(01), an R /R;,, ratio of 1/16 was assumed, that according to
Figs. 2a/2b and Fig. 3a falls within the transport limited regime.
Consequently, the current density at the electrode/CC interface
(at &y) is essentially zero (red circles in Fig. 3b). Increasing the
loading by a factor of 2 to §, and reducing R /R;,, to 0.5/32 (blue

I
_e_'R-x‘I/Ri\m = ]-/16
b Ry Rion = 0.5/32
- 6= Ret/Rion = 0.33/48 |
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Figure 3. Ionic current density distribution across an electrode (scaled to the maximum current density at the separator/electrode interface) based on Eq. A-9 in
the Appendix. (a) Scaled current density for different ratios of 9 = R./Rjon Vs the normalized electrode thickness x, with x = 0 being the separator/electrode
interface and x = 1 being the electrode/CC interface. (b) Scaled current density distribution for conceptual electrodes with three different active material loadings
(and thicknesses). For the lowest loading electrode (8,), an R./Rion value of 1/16 was chosen, representing a transport limited electrode, and the scaled current
distribution between the separator/electrode and the electrode/CC interface is shown by the red circles. For a 2-fold and 3-fold higher electrode loading and a
concomitant reduction of R¢/Rjon, the essentially identical current profile is obtained (blue squares).
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squares), or by factor of 3 to §3 and reducing R /Rj,, to 0.33/48
(green diamonds), does not significantly change the current distribu-
tion anymore, as the current has already dropped to a negligible
value at the electrode/CC interface even for the lowest loading (point
marked d;), and since the current distributions for all three loadings
are therefore overlapping. Hence, the additionally added active
material mass for the loadings 6, and &3 is not visible to the
impedance measurement. For a real battery (as opposed to the
simplified representation shown in Fig. 1), the additional loading
will be visible at very low frequencies (on the order of mHz), where
the electrode will again exhibit a capacitor-like behavior due to the
limited Li storage capacity in the particles.

These insights are important to consider when analyzing aged
electrodes via impedance spectroscopy, since aged electrodes may
have high ionic resistances due to pore blocking by SEI (solid
electrolyte interphase) products and may exhibit an increased ionic
resistance near the separator/electrode interface (produced, e.g., by
lithium plating at the separator/electrode interface caused by
fast-charging).” In these cases, only the part of the electrode near
the separator/electrode interface may be probed by impedance
measurements. This could lead to an incorrect interpretation of the
impedance spectra, as the measured resistance would only be
representative for the region of the electrode near the separator/
electrode interface. It is also noteworthy that the R /R;,, ratio of 1:1
(9 = 4/4 in Fig. 3a) is still described as kinetically limited rather
than being in the transition zone between the kinetically and the
transport limited regimes. This is because the kinetic resistances are
connected in parallel (see Figs. 1 and A-1), i.e., all current must
eventually pass through a kinetic resistive element so that the
contribution of R is larger compared to that of Ry, as not all
current passes through the entire ionic resistance of the electrode.
This is most clearly seen in Eq. 4 where the ionic contribution is 1/3
of the total ionic resistance and the kinetic resistance is represented
in full.

While the terminology of kinetically or transport limited behavior
of an electrode is directly applicable for reactions that are at steady-
state (as, e.g., applies to the half-cell reactions in fuel cells or
electrolyzers), in which case the electrode utilization attains a
steady-state value (i.e., a constant overpotential for an applied current),
this terminology is more complicated in the case of battery electrodes.
Intercalation reactions in finite sized particles are transient processes
(no steady-state), where not all particles may participate in the reaction
at the same time and where the liquid electrolyte may continuously
change its concentration profile (leading to changing overpotentials)
throughout the charging/discharging process. While the measured R;,,
value is only a function of the electrolyte conductivity and the
electrode pore structure, the total electrolyte overpotential during an
applied current is also a function of the additional Warburg element®®
that incorporates diffusion coefficient, thermodynamic factor, and
transference number, all of which may vary _%reatly between different
electrolyte compositions and temperatures.>’ In addition, the charge
transfer resistance is also a function of the lithium concentration in the
electrolyte as well as in the solid phase of the active material, further
complicating the analysis. Nevertheless, some fundamental statements
can be made.

An important factor (other than the ratio of R /Rj,,) in
determining the homogeneity in lithiation/delithiation of the active
material particles in an electrode for Li-ion batteries is the open
circuit voltage (OCV) profile of the active material. Very steep OCV
profiles, i.e., spanning over a wide potential range (e.g., NMC
materials that span an OCV range of ~1.1 V within their operating
window, viz., from ~3.3-4.4 V vs Li*/Li) generally charge more
homogeneously compared to active materials that charge/discharge
over a narrow OCV range, especially if the overpotential is small
compared to the OCV window. For the former materials, the
thermodynamic potential (i.e., the OCV) becomes the deciding
factor in determining the particle SOC. On the other hand, for
active materials with a narrow OCV range (e.g., graphite with its two

main lithiation stages, Li;TisO;, (LTO), or LiFePO, (LFP)), the
degree of lithiation of the electrode is only weakly dependent on the
electrode OCV. In such cases of narrow OCV ranges, the R./Rjon
ratio can be a deciding factor determining the current distribution,
even for longer current applications, resulting in a current “front”
moving from the separator interface to the current collector interface
for severely transport limited electrodes. Other factors like the active
material particle size distribution also need to be considered. As
small particles would generally lithiate faster, the current distribu-
tion of a transport limited electrode would not only move from the
separator to the current collector interface but also from small to
large particles.

Impedance analysis guidelines for porous electrodes.—The
following subsection gives a guideline on how to determine R
and R;,, from the low-frequency resistance (L) obtained from
individual electrode impedance data using the TLM represented by
Eq. 1 and its low-frequency solution given by Eq. 2. For this, it is
important to understand whether the impedance response of a given
electrode falls within the kinetically or the transport limited regime,
which depends on the R /R;,, ratio that in turn depends on the actual
active material and electrolyte as well as on the active material
loading. Since the impedance response in the transport limited
regime becomes independent of the active material loading or areal
capacity (see Fig. 2), a deconvolution of R and R;,, in this regime
requires an independent measurement of one of the two resistances
(i.e., even a fit of Eq. 1 to the impedance data will practically not
yield a unique solution anymore, as indicated also by Eq. 5 and
discussed in a later section). The practical implications of analyzing
transport limited electrode impedance spectra are detailed later on.

Table II shows the regions that we define as the kinetically or
transport limited regimes. At one extreme, when R, < R;,, (i.e.,
§ — 0), the impedance response becomes transport limited and the
low-frequency resistance (L) can be described by Eqs. 5 or 5a. At
the other extreme, when R > Rj,, (i.e., for § — o), the impedance
spectrum can be visually separated into its transport resistance
contribution and R; here, the low-frequency resistance is described
by Eqgs. 4 or 4a. Even though Eqs. 4/4a and 5/5a are only strictly
correct under the limiting conditions of R /Rj,, = & — oo and
R.¢/Rion = 9 — 0, respectively, they still provide a good approx-
imation for the low-frequency resistance L over a rather wide
R /R;o, range. For a given low-frequency resistance L that can be
determined from the impedance response of an electrode, we define
the error (€9 = |(Que — Fapprox) [/9irue) in the prediction of 9, using
the full solution (Eqgs. 2 or 2a) vs the simplified solutions for the
kinetically limited regime (Eqs. 4 or 4a) or the transport limited
regime (Egs. 5 or 5a). Tolerating 5% error in the determined 9 value,
the range of validity of the simplified solutions is given in Table II. It
shows that use of Eqs. 4/4a will only give rise to <5% error
(overprediction) in the value of 9 compared to the full solution given
by Eqs. 2/2a for L/Rj,, < 0.46 (corresponding to I < 0.21);
similarly Eqs. 5/5a will produce <5% error (underprediction) in
the value of 9 for L/R;,, = 0.92 (corresponding tod > 0.62). These
values give the practical boundaries which henceforth are considered
to be Kkinetically limited (L/Rjo, = 0.92), transport limited
(L/R;on < 0.46), or being in the transition zone.

In the following, we will describe how the value for R, can be
determined from electrode impedance measurements, even if it is not
known a priori whether R, or Rj,, is dominant. The outlined
procedure is expected to yield accurate results for electrodes that
have not yet undergone extensive cycling; for aged electrodes, the
above discussed restrictions apply. Figure 4 depicts the analysis
process to determine the charge transfer resistance for porous
electrodes which have an either kinetically or transport limited
impedance response, or whose impedance response falls within the
transition region. For each step described below, please refer to the
respective step described in Fig. 4.
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Step #1: determine R;,,.—In the most general case, the pore
resistance stemming from the electrolyte filled pores needs to be
measured under blocking conditions that can be achieved by
recording the impedance spectrum either at a potential where no
faradaic reaction can take place (as shown in Fig. 2c; ideally
conducted prior to electrode formation) or by using an electrolyte
that does not contain any reacting species (a so-called “blocking
electrolyte).'”>! Such measurements can either be done using a
symmetric cell setup (as shown by Landesfeind et al.'®) or in a full-
cell when using a micro-reference electrode to determine the
impedance of each individual electrode (as done in Fig. 2¢). From
the thus obtained impedance spectra, R;o, can be extracted by taking
the difference between the low- and high-frequency intercepts which
equals Rj,,/3, as illustrated in Fig. 4a (in case of symmetric cell
measurements, R;,, of an individual electrode would then be a half
of the R;,,/3 value obtained from the cell).

Step #2: determine L.—The low-frequency electrode resistance L
is the resistance difference between the low- and high-frequency
region of the spectrum (see Fig. 4b). The value of L excludes the
high-frequency contributions by the separator resistance and by
electrical contact resistances (both of them are accounted for in the
high-frequency intercept value). Moreover, we also assume that the
diffusion processes (both in the electrolyte and in the solid phase)
are slow enough that their contribution to the value of L can be
neglected. An example of how to assign different phenomena to
different parts of the spectra can be found in Refs. 20, 21
Additionally, the apex frequency (fipex) and the imaginary resistance
Impex (taken as the modulus, since In,e is a negative number) can
be evaluated by taking the frequency and imaginary resistance of the
highest point of the impedance spectrum (the apex of the (sup-
pressed) semicircle feature of the spectrum). Both values are later
needed to determine the a coefficient of the constant phase element
that represents the double layer capacitance (see Fig. 1), as described
in the subsequent sections.

Step #3: use LIR;, to classify the electrode impedance re-
sponse.—The ratio between the electrode low-frequency resistance L
and the pore resistance R;,, marks whether the electrode impedance
response is kinetically or transport limited, or whether it is in the
transition region. As outlined in Table II, if L/R;,, > 0.92, the
system can be treated as kinetically limited (region marked in the
upper right-hand corner of Fig. 4c), and Eq. 4 can be used (see step
#4a below). If the ratio L/R;,, < 0.46, the system can be considered
as transport limited (region marked in the lower left-hand corner of
Fig. 4c), and Eq. 5 can be used (see step #4b below). In between
these two values ranges, the impedance response of the electrode
falls within the transition region (gray shaded field in Fig. 4c) and
the spectrum can be analysed according to step #4c below and the
description of Fig. 5.

Step #4a: R., and Ry, quantification in the kinetically limited
regime.—The Kkinetically limited regime allows for the simplest
and certainly most commonly known way to analyze the impedance
data of an electrode, as the features of the individual resistances
are clearly discernible (see yellow, orange, and green lines in
Figs. 2a/2b). In this regime, one can simply use the semicircle in
the spectrum to determine the charge transfer resistance and then use
the low-frequency resistance L to determine R;,, via Eq. 4 (the blue
dashed line in Fig. 4c corresponds to Eq. 4a). Alternatively, if R;,,
was determined from an impedance measurement under blocking
conditions (see step #1), R, can be determined via Eq. 4. Note that
blocking conditions constitutes a state of the electrode where R, is
significantly larger than R;,,, and is therefore a limiting case of the
kinetically limited regime.

The double layer capacitance can be determined from the apex
frequency of the semicircle (fypex) using the equation provided in the
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lower blue shaded field in Fig. 4c (labeled Step 4a) after determina-
tion of the a coefficient of the constant phase element. To determine
the latter, we refer the user to Fig. 5. Alternatively, as the spectrum
in the kinetically limited regime shows a pronounced semicircle, the
semicircle features can also be fitted using an R/Q element to
directly get a and Qq, which can be done with most impedance
fitting software. Figure 4c shows the comparison between the
simplified expression for the low-frequency resistance scaled by R;o,
(Eq. 4a, blue dashed line) and the full solution (Eq. 2a, red line).
Finally, it should be noted that in the kinetically limited regime, a fit
of the electrode impedance data to Eq. 1 would also allow for an
unambiguous quantification of R, Rjy,, and le.9’20

Step #4b: R., and R,,, quantification in the transport limited
regime.—Electrode impedance spectra representing the transport
limited regime can be just as easily evaluated as those in the
kinetically limited regime, just using a different set of equations. In
this regime, however, R;,, must be determined a priori (acc. to step
#1), since the low-frequency resistance L contains the product of R;,,
and R (Eq. 5), and since the features representing each of the two
resistances cannot anymore be discerned in the spectrum (see blue
and purple lines in Figs. 2a/2b). Also, the apex frequency of the
spectrum can be used to determine the double layer capacitance
using the same equation as for the kinetically limited regime except
for an additional a—dependent correction factor P,, as shown in in
the lower green shaded field in Fig. 4c (labeled Step 4b) and in
Fig. 5b. To determine the a coefficient, we refer the user to Fig. 5a.
Figure 4c shows the comparison between the simplified expression
for the low-frequency resistance in the transport limited regime
(Eq. 5a, green dashed curve) and the full solution (Eq. 2a, red curve).

Finally, it should be noted that in the transport limited regime a fit
of the impedance spectrum to the TLM described by Eq. 1
practically cannot yield a unique solution for R, and R;,, anymore
(see section below), so that an independent determination of Ry, is
required (acc. to step #1).

Step #4c: R, and R;,, quantification in the transition region.—If
the electrode’s impedance response is neither kinetically limited nor
transport limited, the impedance analysis cannot be conducted using
the simplified expressions (Eqs. 4 and 5), and the full solution
(Eq. 2) must be used. One approach will be to use the full complex
impedance solution (Eq. 1) to fit the experimental data to obtain R,
Rion, and Qy;, but in general a unique fit requires an independent
quantification of R;,, under blocking condition, either as described in
step #1 or by driving the electrode into blocking condition during a
cell cycling protocol, as shown by Landesfeind et al.?%*!

Here, we aim to simplify that procedure and present a graphically
based method to determine R, with in the transition region. It is in
principle identical to the above described approach for the transport
limited regime, except that Eq. 2a (i.e., the red line in Fig. 4c¢) is used
to determine R /R;on: (i) Rjon 1S Obtained acc. to step #1; (i) Re; /Rion
is obtained from the measured value of L/R;,, using the red solid
curve in Fig. 4c (corresponding to the full solution as expressed in
Eq. 2).

From the thus obtained R /R;,, ratio, one can refer to Fig. 5a to
determine the constant phase exponent a from the measured values
of the low-frequency resistance L and the modulus of the imaginary
impedance at the apex frequency Inmgpe. With & and @ known, the
value of the scaled peak frequency ( ﬁpex) can be obtained from
Fig. 5b, from which together with the above determined values of R,
and @ and the measured value of the apex frequency fypx, the value
of the double layer capacitance Qg can be determined from Eq. 6. It
should be noted that Fig. 5 is generated using Eq. 1 in order to
facilitate a graphical extraction of the a exponent (for values of
1-0.7) and the double layer capacitance. The following definition

( fapcx) can be used to calculate the double layer capacitance (Qq).
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Figure 4. Step-by-step guidelines for the deconvolution of the charge transfer resistance (R.) from the impedance response of a battery electrode. (a) Recording
of the electrode impedance spectrum under blocking conditions, which allows the extraction of the electrode pore resistance (Rion) (b) Recording of the electrode
impedance spectrum at a given SOC (# 0% SOC), from which the low-frequency electrode resistance (L) can be determined as well as the apex frequency
( }gpex [Hz]) and the imaginary impedance at the apex frequency (Imgpex [L2]). (¢) Plot of the low-frequency resistance L normalized to the pore resistance Rion Vs
R./Rion = 9, showing the precise relationship given by Eq. 2a (red line) that can be approximated in the kinetically limited regime (i.,e, for
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Eq. 5a (green dashed line and green shaded panel).
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The values for a are given between 1 and 0.7. Values above 1 are
considered not physically viable, whereas values below 0.7 should
be treated with caution, since such low @ values may be a result of
diffusion phenomena that are not considered in Eq. 1 (a 45°-line
resulting from diffusion phenomena can be described by a Q element
with an exponent of a = 0.5).

Example impedance analysis.—The following subsection gives
an example on the use of the above described method to determine
R, Rion, and Qg from the experimentally obtained impedance data
for the graphite electrode with an areal capacity of a 2.9 mAh cm 2,
whose impedance response under blocking and non-blocking con-
ditions is shown in Figs. 2c and 2d, respectively. Subsequently, the
analysis results are shown for all four graphite electrodes and the
results are compared to the simulated impedance responses shown in
Figs. 2a/2b.

Figure 6a re-plots the impedance data for a graphite electrode
with an areal capacity of 2.9 mAh cm™ 2 under blocking conditions
from Fig. 2c, acquired at 2 V vs Li*/Li before formation. The
procedure outlined above as Step #1 describes how to retrieve Ry,
from the measurement by determining the difference between the
projected high-frequency intercept (HFR) and the projected low-
frequency intercept, as indicated by the green dashed lines. For this
single dataset, this difference amounts to 9 Q2 — 4.45 Q = 4.55 2 and
corresponds to Rj,,/3, yielding a value of R;,, = 13.7 §2. Following
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Step #2, we next determine the low-frequency electrode resistance L
from the impedance spectrum recorded at 50% SOC (green line in
Fig. 2d, replotted in Fig. 6b), which corresponds to the difference
between the projected HFR intercept and the projected low-
frequency intercept, as shown in Fig. 6b. This results in L = 12.2
Q —3.25 Q = 8.95 Q. Here, one must be careful to exclude
Warburg-like diffusion phenomena arising at the low-frequency end
of the spectrum. Additionally, the apex frequency value (fipex) and
the modulus of the imaginary impedance at the apex frequency
(Imypex) can be determined, which for this example amount to
Japex = 139 Hz and Imgpex = 2.29 Q.

As described in Step #3, the L/R;,, ratio determines whether the
impedance response of the electrode is in the kinetically limited,
transport limited, or the in the transition regime. In case of the here
examined 2.9 mAh cm ™2 graphite electrode, L/R;,, = 0.66, i.e., acc.
to Table II, the impedance response of the electrode is in the
transition regime, as can also be seen from Fig. 4c.

Therefore, the analysis should proceed acc. to Step #4c,
determining the x-axis value of the red line in Fig. 4c that
corresponds to the y-axis value of L/R;,, = 0.66, resulting in
R /R;on ~ 0.37. Thus, based on the above value of R;,, = 13.7 Q
determined under blocking conditions, the resulting R value is
5.05 €. To accurately determine the capacitance of the interface, the
value of the @ coefficient needs to be known. Usually this can be
done by analyzing the blocking low-frequency spectrum via an R/Q
element. Alternatively, Fig. S5a allows to determine the a coefficient
from the spectrum. In this case, the blocking spectrum was measured
before SEI formation with an @ = 0.95 whereas the analysis of the
data at 50% SOC (assuming Rj,, = 13.7 Q) gave a value of
a = 0.78, meaning that the change in surface by the SEI changed the
a coefficient. Therefore Fig. 5 allows for the determination ofa from
the non-blocking spectrum.



Journal of The Electrochemical Society, 2021 168 080519

Table II. Overview of the applicability of the simplified Eqs. 4/4a for the kinetically limited regime and Eqs. 5/5a for the transport limited regime to
predict the value of 9 = R /R;,, from the low-frequency resistance (L) obtained from the impedance response of an electrode. The range of L/R;,,
giving <5% error in the prediction of 9 shows that the expressions are valid for a much broader range of 9 and not just in the extremes (9 < 1 and

9> 1).
U = Ret/Rion  kinetically limited
L = Re + Son 4]
applicable eqn. ¢ ' 3
for L L= 9+ [4a]
Rion 3
5% error in 9 L/Rjon = 0.92
(e9 < 5%) 9 = 0.62

For 8 = 0.37 and Imgye, /L = 0.26, Fig. 5a givesa = 0.8. Thus

Fig. 5b gives fapex = 1.35 Hz. Next, Eq. 6 will be used to get the
value of Qg as shown below.

1
1.35 = 136 Hz X 27(5.05 X Q4)078

This yields a constant phase element capacitance value of
Qg =129 mFs*~ 1.

Table III shows the analysis of the individual experimental data
points from Figs. 2¢/2d and gives a comparison to the values from a
fit to Eq. 1. To fit the impedance spectra, the pore resistance is
measured separately under blocking conditions prior to cycling the
electrode (see Fig. 2¢) and kept constant for the fitting process. This
is necessary, as Eq. 5 shows that different combinations of R, and
Rion can give the same low-frequency impedance intercept. The
fitted data are in good agreement with the manually obtained
datapoints. Table III also shows the main finding of this work: if
the low-frequency electrode resistance (L) were to be interpreted as

12 . . . .
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charge-transfer resistance for the graphite electrode with an areal
capacity of 7.5 Ah cm ™2, i.e., if one were to assume incorrectly that
the experimental impedance spectrum were to represent a suppressed
semicircle (contrary to our above presented analysis), one woud
estimate a charge transfer resistance of 9.28 () (entire value of L) as
opposed to the true R, value of ~2.37 Q).

To evaluate whether our initial assumptions outlined in Fig. 1 are
correct, namely that R, scales inversely and that R;,, scales
proportionally with the areal capacity, Table IV shows the experi-
mentally determined areal capacity-scaled values for R;,, and R.
For all of the here examined graphite electrodes (0.6-7.5 mAh
em ™ ?), Rion/Caueal is practically constant (see 3rd column of
Table 1V), as expected for electrodes of constant porosity (see
Table 1) if the tortuosity is independent of the areal capacity, i.e., of
the graphite loading. The latter point can be checked by calculating

the tortuosity of the electrodes via 7z = Rowexd - \ith € being the
electrode porosity, A the geometric electrode area (0.94 cm?),  the

electrolyte conductivity (8.9 mS cm™"), and d the electrode thickness
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Figure 6. Exemplary analysis of the experimentally obtained impedance data of the graphite electrode with an areal capacity of 2.9 mAh cm™? (spectra re-
plotted from Figs. 2c and 2d). (a) Impedance spectrum under blocking condition, acquired at 2 V vs Li*/Li prior to formation (data from Fig. 2c). The difference
between the projected low- and high frequency intercepts (see dashed green lines) corresponds to Rion /3. (b) Impedance spectrum acquired at 50% SOC after two
formation cycles (data from Fig. 2d). The low-frequency electrode impedance L corresponds to the difference between the projected high- and low-frequency
intercepts of the spectrum (see dashed green lines). Also f,., and Imgpex are determined from the point of the spectrum with the highest imaginary value.
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Table III. Parameter values determined using the method described in this publication (R, @, and Qg) and parameters from a spectra fit
(Reyfits @rie, and Qg ric) for the experimental impedance data shown in Figs. 2¢/2d. The data were fitted to the complex impedance solution
represented by Eq. 1, keeping the R;,, value determined under blocking conditions prior to cycling (see Fig. 2¢) constant, and then fitting the

remaining variables in the impedance spectrum.

Careal Rion L Ree (Retfit)  [peak  Imapex a (o) Qa1 (Qarfit)
[mAh/em?]  [Q] [Q] [€2] [Hz] [Q] [ [mFs*']

7.5 363 928  237(227) 139 229  0.76(0.74) 3.84(5.03)

2.9 137 895 5.05(501) 139 229 0.80(0.78) 1.14(1.35)

15 670 107 850(870) 110  3.00 0.80(0.74) 0.75(0.97)

0.6 280 168 158(162) 110 541  0.76(0.74) 0.44(0.51)

(see Table I). The thus calculated tortuosity values are indeed
essentially identical (7 = 7.4 £ 0.3, see 4th column in Table 1V),
whereby the absolute tortuosity values are are slightly higher than
those reported previously for similar graphite electrodes (7 ~
5.0-5.5, see Refs. 17, 19). Overall, however, the initially assumed
scaling relationship of Riy,/Caea; = constant is confirmed by the
experimental data.

The capacity-scaled R (i.e., ReXCyeal), expected to also be
constant, shows an increase by a factor of ~1.8 as the areal capacity
increases by a factor of 12.5, i.e., as the graphite loading of the
electrodes increases by a factor 12.5. This implies that, the
experimentally determined charge transfer resistance is ~1.8 times
higher than expected based on the initially assumed scaling law of
Rt X Cyrear = constant for the highest loading. One reason for the
deviation could be possible differences in the formation of a thin
kinetically limited electrode and a thick transport limited electrode:
A Kkinetically limited thin electrode is charged homogeneously
during the formation cycle, and the individual active material
particles all see the C/10 homogeneous current throughout the
formation. On the other hand, the thick electrodes are likely charged
more inhomogeneously (as explained via Fig. 3), with higher local
currents as the active material particles are being charged succes-
sively starting at the separator/electrode interface towards the
electrode/current collector interface. This may influence the SEI
formation and thus the electrode kinetics, as the active material
particles are effectively undergoing formation at a higher C-rate.
An alternative explanation might be related to the effect of
binder migration during the drying of electrode inks, resulting in
an inhomogenous distribution of pore resistances across the elec-
trode thickness that can cause a locally higher calculated R (see
Refs. 28, 29). A locally higher R;,, compared to the average R;,, of
the electrode would lead to a greater measured electrode impedance
(L), hence leading to increased calculated (i.e., overestimated) values
for the charge transfer resistance. Analyzing the phase angle of the
experimental impedance spectra shown in Fig. 2 (acc. to Ref. 29,
phase angle analysis not shown) suggests that this might indeed be

the case here for the 7.5 mAh cm~? electrode. This ties in with the
aforementioned caution of evaluating data of aged and potentially
inhomogeneous electrodes, as R is calculated based on the
assumption of a homoegenous electrode via a measurement which
can be distorted by inhomogeneities in the electrode.

Lastly, Table IV also shows the experimentally determined
ratio of R./R;,, for the different graphite electrodes, from which
the impedance regime for a given electrode can be determined
based on Table III or Fig. 4c. Here, only the highest loaded
electrode (7.5 mAh cm™2) is fully transport limited, whereas
the 2.9 mAh cm? electrode is in the transition regime. The two
lowest loaded electrodes with areal capacities of 1.5 mAh cm ™ and
0.6 mAh cm 2 are both kinetically limited. This shows that Li-ion
battery electrodes of relevant loadings above 1.5 mAh cm ™2 can show
significant transport resistances, visible in the invariable impedance
response with increasing areal capacity shown in Fig. 2. Thus, an
interpretation of the impedance spectra of graphite electrodes with
practically relevant areal capacities requires a careful analysis of their
transport resistance contribution to the impedance spectrum.

Accuracy of impedance fits in the transition or transport limited
regime.—The following subsection gives an overview over the
accuracy when fitting porous electrode impedance spectra (utilizing
Eq. 1) using both simulated and experimental data. We compare a
simulated spectrum for a given set of Rion, Rei, Qqi» and a that are
chosen to represent the transport limited regime (i.e., R./Rjon <
0.21, see Fig. 4c) with various impedance fits conducted with
different fixed values for R;,, (with R, Qg, and a as fitting
parameters), examining the fitting errors when fitting the simulated
spectrum with incorrect Ry, values. This illustrates that fixed Rjy,
values that are different by factors of 2 from the actual R;,, value
that was used to generate the simulated spectrum still yield rather
small errors in the impedance fit. We then show a chosen experi-
mental impedance spectrum from an electrode in the transition
regime (i.e., the 2.9 mAh cm ™2 electrode, see Table IV) and give the
fitting residuals calculated by fitting the experimental spectrum with

Table IV. Experimentally obtained electrode resistances R;,, and R for graphite electrodes with different areal capacities (data from Table III),
which are then used to calculate the values for Ry, /Cyeal, the tortuosity (t), Rion X Cyrear, and R /Rio,. The latter ratio then allows to classify the

impedance response regime, based on Table II.

Carea [m—A?] Rion [ Riow/Carea [sz/‘“—AI‘ ] Tl Ral®] RexCa [sz“’—Al‘ ] RofRion [—]  Impedance regime
cm cm cm

7.5 36.3 4.8 7.7 227 17.3 0.06 transport limited

2.9 13.7 4.7 7.5 5.01 14.5 0.37 transition regime

1.5 6.70 4.5 7.1 8.70 13.1 1.30 kinetically limited

0.6 2.80 4.7 7.7 16.2 9.7 5.79 kinetically limited
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Figure 7. Comparison of impedance fits of simulated and of experimental impedance spectra. (a) Simulated impedance data calculated from Eq. 1 with Rio, =
16 Q, Ry =10, Qg = 2 mF, and @ = 0.9 (corresponding to the transport limited spectrum, black line). The green dashed spectrum was fitted using Eq. 1 while
keeping Rio, fixed to 3 (, resulting in a fitted value of Ry = 3 Q (i.e., Rc/Rion indicates the kinetically limited regime) (b) Residuals of fits of the simulated
spectrum (black curve in a) when fixing Rio, to the different values marked in the figure. (c) Experimental data of the 2.9 mAh cm ™2 electrode (black squares;
data taken from Fig. 2d), fitted with a fixed value of Ri;, = 7 Q) (green dashed line) that is 2-fold lower than the value determined under blocking conditions
(13.7 Rion). (d) Residuals of the fit in ¢ (green line) as well as the residuals for various fixed values of Ri,, that differ by factors of 2 from the value determined
under blocking conditions. That the residuals are within the same range for all fits (indicating the same quality of fit) highlights the difficulty when fitting

experimental spectra without the prior determination of Rjop.

different fixed Rj,, values that are centered around the R;,, value
obtained under blocking conditions, illustrating that the fit quality is
essentially independent of the chosen R;,, value, while resulting in
different values of R, Qq, and a. This demonstrates that R;,, must
be known when trying to extract R, values from impedance spectra
in the transition or the transport limited regime.

Figure 7a shows a simulated porous electrode impedance
spectrum in the transport limited regime (black line), calculated from
Eq. 1 with Rjp,= 16 Q, R, = 1 Q, a = 0.9, and Qg4 = 2 mF (note that
the main difference to the simulated spectrum for R;,,= 16 Q and
R, =1 O in Figs. 2a/2b (orange lines) is that here a more realistic
value of @ = 0.9 was chosen). The green dashed line shows a
spectrum fitted to the black spectrum where R;y, is fixed falsley to a
much lower value of 3 (), giving the remaining parameters best fitted
to be Ry =~ 3.0 Q, a =~ 0.90, and Qg ~ 0.35 mF, which would
correspond to a spectrum in the kinetically limited regime (i.e.,
R.(/R;xn<0.62, see Fig. 4c). The Nyquist plot representing this fit
(green dashed line) overlaps closely for higher (>10* Hz, left side of
the spectrum) and lower frequencies (<10' Hz, right side), but
deviates visibly at intermediate frequencies.

To better quantify the differences between the simulated spec-
trum (black line) and the spectra fitted with different fixed Rj,,
values, Fig. 7b shows the magnitude of the residuals vs frequency,
i.e., the scaled difference between the simulated data and fit vectors
(| ZU) 1 -1 Zslh) |

| Zeie(f) |
determined residuals for the fit with a fixed R;,, = 3 () (green line in
Fig. 7b) are a quantitative measure of the difference between the

) at the same frequency f; (in %). The thus

simulated spectrum (black line in Fig. 7a) and the thus fitted
spectrum (dashed green line in Fig. 7a), with maximum values of
the residuals of ~5%. A sudden dip in residuals followed by a semi-
circle shaped features (e.g., between 10* to 10? Hz for the green line
in Fig. 7b) are points where the fitted spectrum deviates from the
simulated/experimental data over wider frequency ranges. Ideally, a
perfectly fitted spectrum gives low residuals which can be described
as noise around the fitted datapoints, whereas constant deviations
over a wider frequency range can be the result of more systematic
errors in the analysis (as seen, e.g., in the green residuals).

As expected, fitting the data using the correct R;,, value (i.e.,
fixing Rj,, = 16 Q while fitting) gives the lowest residuals (~1073%;
see black line in Fig. 7b) and yields the correct values for R, @, and
Qa (i.e., the values that were used to generate the simulated
spectrum). Since the simulated spectrum can be described as
transport limited (R.,/R;,,<<0.21, see Fig. 4c), fixing R;,, to 32 Q)
(purple line in Fig. 7b) and fitting the simulated spectrum still gives
very low residuals (~ 1072%). In this case, the fit gives values for Ry
of 0.5 Q, @ 0.9, and Qg ~ 1mF (i.e., a 2-fold lower R value, as
expected from the discussion of the spectra in Fig. 2), showing that
while these two transport limited spectra (i.e., for R;;,= 16 Q and for
Rion= 32 Q) are theoretically not identical, they very closely match
each other. Fitting the simulated spectrum with a lower fixed R;o,
value of 8 () still gives reasonably small residuals on the order of 1%
(with Ry = 1.9 Q, Qg =~ 0.95 mF, and a =~ 0.9), suggesting that the
spectrum is in the transition region (R./R;,, = 0.48, see Fig. 4c). In
summary, while the fit of simulated, perfectly noise-free impedance
data in the transport controlled regime would still yield the correct

73



Journal of The Electrochemical Society, 2021 168 080519

values of Rjon, R, Qai» and a, the residuals that are obtained when
fixing an R;,, value that is different by a factor of 2 are still very
small (below 1%). Therefore, owing to the noise in experimental
impedance data, a unique fitting result cannot any more obtained, as
will be illustrated in the following.

Figure 7c shows the experimentally obtained impedance spec-
trum for the electrode with an areal capacity of 2.9 mAh cm ™2 (black
squares; same data as in Fig. 2c) to 3 Hz, since datapoints below
3 Hz are dominated by diffusion phenomena. Based on the R;,,
value of 13.7 Q that was determined for the pristine electrode under
blocking conditions (see Fig. 2d), the fit of the impedance spectrum
using Eq. 1 (with an additional resistance element in series for the
high frequency separator resistance) and fixing R;,, at 13.7 Q yields
R, = 5.0 Q (also Qq = 1.35 mF and a = 0.78, see Table III). Thus,
based on R /R;,, ~ 0.36, this impedance spectrum fit suggests that
the impedance response of this electrode falls within the transition
regime (see Fig. 4c). As shown in Fig. 7d (black squares), the
residuals for this fit are at <1% over the entire frequency range. On
the other hand, if R, is treated as a fitting parameter (i.e., the
software was allowed to alter all four parameters to find the best fit,
an approach that would be used if R;,, was unknown), the fitted
values are R;,, = 11.0Qand R, =5.7Q (also Qg = 1.1 mFand a =
0.78). Based on R /Rj,, =~ 0.52, the impedance spectrum still falls
within the transition regime. The maximum residuals (red circles)
are also <1% and thus essentially identical with those obtained when
using the Ry, value determined for the pristine electrode under
blocking conditions.

Fitting the experimental spectrum using an Rj,, value that is
arbitrarily fixed to 7.0 ) results in a spectrum that is represented by
the green dashed line in Fig. 7c. The corresponding fitted value of
R isnow 7.0 Q (also Qg = 1 mF and a = 0.71), i.e., the spectrum
can now be described as kinetically limited, since R /R;o, ~ 1. The
residuals for this fit (green crosses in Fig. 7d) are also <1% over the
entire frequency range and only marginally higher than for the fits
where R;,, is either fixed at the value obtained for the pristine
electrode under blocking conditions or where R;o, is treated as a
fitting parameter (see above). Fixing R;,, at 28 Q, i.e., at a 2-fold
higher value than suggested by the blocking condition measure-
ments, also yields residuals of <1% (purple diamonds); with the
fitted R, value of 2.9 Q (also Qg = 3.3 mF and a = 0.76),
the impedance response of the electrode would now fall into the
transport limited regime (R./R;on =~ 0.11, see Fig. 4c).

The above analysis illustrates that a fit of the impedance spectrum
of a graphite electrode with a pore resistance that is similar in value to
the charge transfer resistance, as is the case for large areal capacitances
(i.e., for areal capacitances of near/above 3 mAh cm_z), does not allow
for a reliable determination of R, since the difference in the residuals
is rather negligible. For example, for the 2.9 mAh cm 2 graphite
electrode examined here, assuming R;,, values between 7-28 () yields
essentially identical residuals, while the fitted R values differ by a
factor of ~2.5 (2.9-7 Q). The low a-value of real electrodes also plays
a role in this, since the transition between the straight line at high
frequencies (having slope of 45° x @) to the depressed semi-circle
feature is a less pronounced feature for lower a-values. This is seen in
the impedance fit for a fixed R;,, of 7 Q (green dashed line in Fig. 7c),
where the fit gives an a-value of 0.71 compared to 0.78 when using the
Rio, value of 13.7 Q that is obtained under blocking conditions.
Lowering the a-value makes for a more seamless transition between
the initial straight line feature to the depressed semi-circle, making it
difficult to distinguish it from a spectrum with a higher R;,,. Therefore,
in view of the inevitable noise in experimental impedance spectra, the
quantification of R from the impedance spectra of high areal capacity
graphite electrodes requires an independent measurement of R;,,,
which, as shown here, can be obtained under blocking conditions for a
pristine electrode. While the thus determined R;,, may increase over
extended charge/discharge cycling, it is expected to remain constant
over the first few cycles.”!
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Conclusions

This work shows how the ratio of the charge transfer resistance to
the resistance stemming from the electrolyte filled porous path inside
a porous electrode (R /R;,,) influences the electrode impedance
spectra of Li-ion battery electrodes. We use a simplified transmis-
sion line model (TLM) with the ionic resistance R;,, in the
electrolyte and the faradaic reaction charge transfer resistance R
as the only contributions to the spectrum, neglecting the electronic
resistance of the solid phase or diffusion resistances in both the
electrolyte and in the solid phase that only appear at very low
frequencies, to model the influence of areal capacity (or mass
loading) on the spectrum shape and the low-frequency resistance L.

Simulating changes in electrode loading by considering that

R x % and Rjy, & Cyeal, the porous electrode impedance spectra

areal

show a change in shape when changing the ratio 9 = R /R;o,. For
9> 1, the electrode is described as kinetically limited and the
impedance spectrum is dominated by a semicircle that represents Ry;.
For 8 <« 1, the electrode is described as transport limited, where any
change in active material loading barely affects the shape of the
impedance spectra and where the low-frequency intercept becomes
practically independent of the active material loading. Hence the
transport limited regime requires prior knowledge of R;,, to quantify
R from an impedance fit.

We then provide practical boundaries to describe the kinetically
and transport limited regime. For 4 > 0.62, the electrode impedance

Ri;", whereas for 9 < 0.21, the

can be calculated as L = R, +

electrode is transport limited and the low-frequency electrode
resistance is described by the L = {/Rjon R . For in-between values
of 9, no simplified solution can be determined. The loading
independent impedance spectra for transport limited electrodes is
explained by the limited measurement penetration depth (smaller
than the thickness of the electrode). As Rj,, becomes dominating,
only the electrode side close to the separator contributes to the
measurement, and thus parts of the electrode (near the current
collector) are invisible to the measurement. The findings of the
simulation were confirmed by experimentally obtained impedance
spectra of graphite electrodes of different areal capacities. Graphite
electrodes between 0.6-7.5 mAh cm ™2 were measured and found to
be ranging from kinetically limited to transport limited.

To analyze the impedance spectra without prior knowledge of its
limitation (i.e., transport vs kinetically limited electrodes), we provide a
tool and a step by step description of a porous electrode impedance
analysis without the need for a fitting software. This analysis requires
measurement of the pore resistance under blocking conditions to
accurately determine the charge transfer resistance from impedance
measurements. While analyzing transport limited electrodes (in non-
blocking conditions), care should be taken in interpreting the values of
charge transfer resistance values obtained from this analysis, since the
measurement of R, is obtained only by partial probing of the electrode
(due to the limited signal penetration depth). The impedance of an
electrode having an inhomogeneous distribution of charge-transfer
resistance (i.e., in the transport limited regime) will only provide
information of the charge transfer resistance that lies within the
penetration depth. An analysis of graphite electrodes with widely
varying areal capacities showed that our assumption of a direct
proportionality of Rj,, with electrode loading holds true. On the other
hand, experimentally observed relationship between R and areal
capacity deviated somewhat from the assumed inverse proportionality
of R with areal capacity. Possibilities for such a deviation could be the
local probing of the electrode when its response becomes transport
limited or might arise from the more inhomogeneous formation of a
transport limited electrode.

Lastly, we show that fitting simulated spectra (devoid of any
noise) of transport limited electrodes without prior knowledge of
their pore resistance is theoretically possible and results in the
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extraction of the correct parameters. However, the differences
between simulated transport limited impedance spectra (simulating
changes in loading/areal capacity) are minute. The fits of experi-
mentally obtained spectra of transport limited electrodes or those in
the transition region are practically indistinguishable from other
transport limited spectra, highlighting the need for the separate
measurement of R;,,.
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Appendix

The section below describes the mathematical background for the
current distribution analysis shown in Fig. 3.

Figure A-1 shows the equivalent circuit for which we write the
charge conservation equation for the electrolyte phase:

(E) = =V:(~Ket VE) [A1]
Fet .
. (A m2]
3 .
(A el [A m3)

The right-hand side represents the change in the flux of ionic
current, whereas the left-hand side represents the current due to the
charge transfer reaction. Here E [V] is the potential in the time
domain, 7#[Qm? is the charge transfer resistance of the small
volume element, and k. is the effective conductivity of the
electrolyte. Since we are dealing with a 1-dimensional system,
Eq. A-1 can be simplified. We take the Laplace transform and the
resulting Eqn. is shown in Eq. A-2:

E d’E
E = Keffﬁ [A-2]

where X [m] is the axial direction going from O to the thickness of
the electrode d [m]. Introducing x = X/d, we get the following
equation:

2
o (A3]
Tet d- dx

Rearranging Eq. A-3 to introduce the total charge transfer
resistance (R) and the ionic resistance (R;,,) as follows:

_ ﬂé Keff d2E

T dA d dx? [A-4]

Notice that & = R, [Q] and A Keff _
Ad d

, whereby A is the

ion

geometric area. We get Eq. A-5 as a second-order differential equation:
_ Ry @°E 9 d’E

T Rin dx? | dx2

[A5]

To solve Eq. A-5, the two boundary conditions in the Laplace

domain are: E(x = 0) = 1 and % = 0 (no electrolyte current
x=1

R

leaves the current collector). We then introduce 9 = , to make

ion

¥y=14
. y/i , .

) Rion .

Figure Al. Simplification of the transmission line model presented in Fig. 1
for the case when the frequency is sufficiently low so that the current
contributed by the double layer capacitance becomes negligible. Note that
this TLM also excludes the effect of diffusion of lithium in electrolyte and
solid phase that becomes significant at very low frequencies. Only the charge
transfer reaction acts as a source or a sink for the current, the double-layer
capacitance is inactive at such a low frequency.

the expression more compact. The solution to Eq. A-5 with the above
specified boundary conditions can be expressed as follows (a
modified version of Eq. A-6 can be found in Lasia, chapter 9):

g < osh( - 0/1V/9) [A6]

cosh (1/4/9)

From Eq. A-6, we get the following equation for the current in the
pore of the porous electrode (using Ohm’s law for electrolyte):

1 dE 1 sinh((1 —x)/1/9)

Rion dx  Ripn V9  cosh(1/4/9)
Here I is the complex current in the pore, x is the axial coordinate
in the direction of the electrode thickness going from the separator/
electrode interface (x = 0) to the electrode/current collector inter-
face(x = 1). We then define the complex current density
i(x) = —dI/dx, which represents the change in current at any point
(due to charge transfer reaction only, as we have specified that the
frequency is zero). A uniform i(x) will mean a uniform reaction and
a full utilization of the electrode.

[AT]

dI Lcosh((l—x)/\/t())

H = Tdr Re cosh (1/4/9)

[A-8]
Finally, we define the scaled complex current density as the
current density scaled with the current density at x = 0:

L cosh((1 — x)/y/9) A9)

ile=0 cosh (1/4/9)

The scaled current density at the current collector can be
calculate by substituting x = 1, in Eq. A-9.

1

_ [A-10]
cosh (1/\/19)

ix=1)=

During charging, all electrodes attained their full capacity at the
cutoff of 40 mV vs Li*/Li with the exception of the 7.5 mAh cm >
electrode which reached ~5.6 mAh cm™? due to the exceptionally
high loading. During discharge, all electrodes reach the previously
charged capacity as the measurement is conducted as a half-cell with
a Li-FSG counter electrode.
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List of Symbols

Description [unit]

Geometric area [m?]

Constant phase exponent [~]
Arbitrary capacitance value
Double layer capacitance [F]
Loading unit (6, =2 X 6
d3=3x06)[7]

Thickness of the electrode [m]
Potential (time domain) [V]
Complex potential (Laplace domain) [V]
Ratio of charge-transfer to ionic resis-
tance (Rct/Rion) [_]

Approximated 9 using simplified expres-
sions [~]

True 9 using full solution [~]

Porosity of the electrode [~]

Error in approximating & [~]

Frequency [Hz]

Peak frequency, where the imaginary
resistance attains its peak value [Hz]
Scaled peak frequency [~]

Complex current in Laplace domain [A]
Complex current density (=—dl/dx) in
Laplace domain [A]

Scaled  complex  current  density
(i(x)/i|,=0) in Laplace domain [~]

Peak value of the imaginary resistance
(€]

Imaginary unit

Conductivity of the bulk electrolyte
[S/m]

Effective conductivity of electrolyte in
porous media (k.¢r = ke/t) [S/m]
Difference between low and high fre-
quency intercept [Q]

Double layer constant phase element
capacitance of entire electrode [Fs!~¢]
Double layer constant phase element
capacitance of electrode segment [Fs!~%]
Arbitrary resistance value

Ionic resistance (=d/(Axesr)) [2]

Ionic resistance of a small element in the
TLM [Q]

Charge-transfer resistance of an entire
electrode [Q2]

Charge-transfer resistance of a small
element in the TLM [Q]

Charge-transfer resistance of a small
volume element (=R, Ad) [Qm?]
Tortuosity of the electrode [~]

Angular frequency (=2zf) [Rad s~ ']
Scaled axial length [~]

Axial coordinate [m]

Complex impedance [Q]

and

Active Material
Relating to the geometric area

Fit Parameter obtained by a spectrum fit

true Parameter 9 obtained using the full im-
pedance solution (Eq. 2)

approx Parameter & obtained using the simplified
solution (Egs. 4 and 5)

peak Relating to the peak of the “semicircle”

eff Relating to the effective parameter

dl Relating to the double layer capacitance

G Relating to the graphite active material

ion Relating to the ionic resistance

ct Relating to the charge transfer resistance

S Scaled parameter
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3.2 Li-lon Battery Electrode performance and
Material Kinetics

3.2.1 Comparison of Silicon and Graphite Anodes on their
Temperature-Dependent Impedance and Rate Performance

The article entitled “Comparison of Silicon and Graphite Anodes on their
Temperature-Dependent Impedance and Rate Performance” was submitted to the

peer-reviewed Journal of the Electrochemical Society in November 2022.

Silicon is an emerging anode material for Li-ion batteries due to its ten times higher
specific capacity (3579 mAh/g) compared to graphite (372 mAh/g). Additionally,
the OCV potential of silicon is higher compared to graphite, which allows for higher
overpotentials before the onset of Li-plating, but in turn also decreases the specific
energy of the cell. The higher specific capacity means less active material is required
in practical electrodes to achieve the same capacity, which results in significantly
thinner electrodes and decreases the electrode’s mass transport resistance. On the
other hand, the electrode also has a reduced surface area, which increases the
interface resistance. Thus, when comparing the performance of electrodes of
practical loadings, the graphite electrode is expected to show higher transport
resistances but lower interfacial resistances, while the silicon electrode shows the

opposite features.

In this study silicon and graphite electrodes with areal capacities of 2.7 mAh/cm?
are analyzed for their electrode properties, specifically the pore resistance and the
charge transfer resistance, and compared with respect to their temperature
dependent behavior. The ~2-fold thicker graphite electrodes show a greater pore
resistance than the silicon electrodes but lower charge transfer resistance. Since the
charge transfer resistance shows a significantly higher activation energy than the
pore resistance, the former becomes negligible at high temperatures and the pore
resistance dominates the electrode’s resistance. At lower temperatures, this trend
inverses and the kinetic resistance becomes dominating. As the two materials
exhibit significantly different OCV profiles, simply comparing the capacities reached
by the electrodes does not yield an accurate description of the electrode’s resistive
properties, as the silicon electrode would reach higher capacities even if both

electrodes were otherwise equal simply due to its different OCV profile. Thus, the
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Results

shape of the electrode potential is analyzed for charge rate capability on both silicon
and graphite electrodes. These show that the graphite electrodes are strongly
limited by the mass transport in the pores across all temperatures, while the silicon
electrodes are mostly kinetically limited, due to their higher specific capacity that

results in thinner electrodes and thus lower mass transport overpotential.
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Abstract

A meaningful benchmarking of battery active materials with inherently different properties
requires knowledge of both their intrinsic electrochemical properties as well as of the
differences in the resulting porous electrode structures for equal, practically relevant areal
capacities. Here we compare graphite and silicon anodes with practical areal capacities of
2.8 mAh/cm? for lithium-ion batteries with regard to their temperature-dependent kinetic
charge-transfer resistances (R.) and their ion transport resistances through the electrolyte
phase within the pores of the electrodes (R;,,, ), measured via impedance spectroscopy. We
deconvolute the kinetic resistance from the impedance spectra by individually measuring
the temperature-dependent pore resistance between —5 and +45°C, showing that the
charge-transfer resistance dominates at low temperatures, while at high temperatures the
pore resistance dominates for both electrode types due to the significantly higher activation
energy of R.;. An analysis of the potential profile of the electrodes at different lithiation
rates shows how the thinner silicon electrode is significantly less affected by R;,,-induced
transport losses compared to a thicker graphite electrode, resulting in lower overpotentials
when fast-charging at high temperatures, despite similar kinetic resistances. Overall the
silicon electrodes could be charged up to two times faster than graphite before reaching

0 V vs Li"/Li.
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Introduction

Silicon is a promising anode active material for next-generation high energy density
lithium-ion batteries.!> By electrochemically alloying silicon with lithium, the LiisSis
phase can be obtained, which equates to a theoretical capacity of 3579 mAh/gsi
(2194 Ah/L).3° Compared to the state-of-the-art graphite anode material which
intercalates lithium to a composition of LiCe (372 mAh/g, 719 Ah/L), the use of silicon-
rich anodes can significantly improve the gravimetric and volumetric capacity of a lithium-
ion battery (LIB). However, a major drawback of silicon is its large volumetric change of
up to 280% during a full charge/discharge cycle,” which leads to a pulverization of
pum-sized silicon particles when they are cycled to high degrees of lithiation due to the
mechanical strain upon extensive volume expansion.>” As shown by Jantke et al.}
pulverization of um-scale crystalline silicon can be avoided by only partially lithiating the
silicon particles, whereby a partial lithiation to ~30% (corresponding to ~1200 mAh/gsi)
enables the reversible cycling of silicon-rich anodes (70%wt) in full-cells for up to 250
cycles without particle pulverisation and with little initial irreversible capacity losses.®’
For this limited degree of lithiation, the microscale silicon particles retain their crystalline
core over cycling,”'? and the electrode-level specific capacity of such silicon electrodes
(~840 mAh/gelectrode) 1s still ~2.5-fold higher than that of typical graphite electrodes
(~340 mAh/gelectrode). Therefore, the silicon electrodes used in the present study were made

with microscale silicon (70%wt) and were partially lithiated to 1200 mAh/gsi.

Fast-charging of lithium-ion batteries is predominantly limited by lithium plating on the
anode, which is possible once the anode potential drops below 0 V vs Li*/Li. If the total
overpotentials of graphite and silicon electrodes were to be identical, silicon anodes would
allow for higher lithiation rates, as the average lithiation potential of amorphous silicon is
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substantially higher than that of graphite, particularly in case of the partial lithiation
concept, where the lithiation potential of silicon electrodes is at least 100 mV higher
compared to that of graphite over the entire state-of-charge (SOC) range (Fig. 1a). In
addition, when comparing anodes with the same areal capacity, the higher specific capacity
of silicon results in anode electrodes that are substantially thinner than graphite based
electrodes, so that the reduced path length of the ions in the electrolyte phase within the
pores of the anode electrodes should result in lower mass-transport overpotentials
(assuming comparable electrode porosities and tortuosities). Finally, the alloying of silicon
can occur in three dimensions, whereas the intercalation into the graphite planes is two-

dimensional.

Fig. 1b shows the cross-section scanning electron microscopy (SEM) image of an electrode
with 70%w: microscale silicon (left) and of a graphite electrode (right) with 95.8%wt
graphite. Both electrodes have a reversible areal capacity of 2.8 mAh/cm?, which in the
case of the silicon electrode is based on a ~30% utilization of the theoretical silicon
capacity (i.e., 1200 mAh/gsi), but the electrodes differ in thickness by more than a factor

of two (~40 pum for the silicon vs. ~95 um for graphite electrode).
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Fig. 1. (a) Potential profiles of microscale silicon (red) and graphite (green) working electrodes vs. capacity
during galvanostatic cycling at C/10 (5™ cycle) of electrodes with an areal capacity of 2.8 mAh/cm?,
calculated by referring to the reversible capacities of 1200 mAh/gs; for silicon (i.e., using ~30% of the
theoretical capacity of Si) and 350 mAh/gg:. for graphite. The potentials are referenced to a lithium metal
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reference electrode and the counter electrode is composed of metallic lithium and a free-standing graphite
(FSG) electrode (see Experimental section). (b) Scanning electron microscopy (SEM) images, showing the
cross-sections of a silicon and a graphite electrodes with 2.8 mAh/cm?, illustrating the reduced thickness of
the silicon electrode (~40 um) compared to that of the graphite electrode (~95 pum) .

Since the pore resistance is a major factor that affects the electrode performance, we will
first compare the resistance contributions of the ionic pore resistance (R;,y,) and the kinetic
charge-transfer resistance (R, here assumed to also contain the SEI resistance) of both
silicon and graphite electrodes of practical areal capacities (2.8 mAh/cm?) via
electrochemical impedance spectroscopy (EIS). The EIS analysis is done using a
transmission line model approach as shown in Refs. ! and 2. As Ry, is influenced by the
structure and morphology of the electrodes (i.e., thickness, porosity, and tortuosity), and
since R is dependent on the type of active material and its specific surface area, we show
how silicon and graphite electrodes exhibit different contributions from each of these two
resistances. This results in different temperature-dependent behavior of the electrodes due
to the significantly higher activation energy of R.; compared to R;,,, (shown, e.g., for NCA
cathode electrodes'® as well as graphite anode electrodes'#!®), rendering R;,, as the

dominating resistance at high temperatures.

In a second part, we will compare the effect of the differences in R, and R;,, on the
lithiation rate capability of silicon and graphite anodes. As the lithiation potential of silicon
(especially when operating it at partial lithiation of only ~30%) is higher than that of
graphite over the entire state-of-charge (SOC) region, directly comparing the lithiation
capacities reached at 0 V vs Li*/Li is not sufficient to deduce the effect of R.; and R;,, on
the lithitaion rate capability. Thus, we analyze the potential profiles of the electrodes at
different lithiation rates (expressed as C-rates) and at different temperatures in order to
disentangle the electrode performance from the potential profile, showing how R causes

a downshift in the potential, while R;,, causes a constant increase in electrode
4



overpotential with SOC, ultimately limiting the graphite electrode performance. Lastly, we
compare the silicon and graphite rate performance at different temperatures and show how

silicon electrodes show a performance improvement by a factor of two.

Experimental

Silicon electrode preparation.— The targeted weight percentages of the electrode were
70%wt silicon, 25%wt conductive graphite additive, and 5%w:t acrylate binder. First, 7.0 g of
silicon (dso=4.5 um, Aser = 2.9 m?/g, Wacker Chemie AG, Germany), 12.5 g of an
aqueous 4%wt LiIPAA solution (prepared by neutralizing a polyacryclic acid (PAA;
My =459k, Sigma Aldrich) solution with LiOH to pH 7), and 5.1 mL of deionized water
(18 MQcm, Merck Millipore) were added to a mixing beaker (125 mL). After mixing the
materials in a dissolver mixer (Dispermat LC30, VMA-Getzmann) at 4500 rpm for 5 min,
2.5 g of graphite (KS6L, 4ser= 23.2 m?/g, Imerys) were added in small portions by gently
stirring the mixture using a spatula, followed by another mixing step at 4500 rpm for 5 min
and finally at 12000 rpm for 30 min. In a last step, the ink was degassed by mixing it in a
planetary orbital mixer (Thinky Corp., USA) for 5 min at 2000 rpm. The slurry was coated
onto copper foil (MTI, 12 um) with a box-type coating bar (Erichsen, Hemer, Germany)
using an automated coater (RK PrintCoat Instruments). Wet-film thicknesses of 110 um
resulted in the desired capacity loading of ~2.8 mAh/cm? based on the reversible capacity
of 1200 mAh/gsi. After drying the coating at room temperature for 12 h, electrodes were
punched out to a diameter of 10.95 mm (equating to an area of ~0.94 cm?) using an

electrode punch (Hohsen Corp. OSAKA, Japan), and then dried overnight under vacuum
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in a glass oven (Biichi, B-585) at 120°C and transferred into the glove box (note that the

electrodes were not calendered or compressed).

The punched-out electrodes were individually characterized by weight (Sartorius Cubis I
MSAZ225S) and thickness (Mitutoyo, Japan), with estimated absolute measurement errors
of £ 0.015 mg and + 1 pm, respectively. The cupper foil areal weight (8.57 + 0.02 mg/cm?)
and thickness (10 £ 1 pm) were determined from cupper foil sampled in close proximity
to the punched-out electrodes and subtracted from the measured electrode weight and
thickness. The capacities of all analyzed electrodes ranged between 2.83 + 0.08 mAh/cm?
(based on 1200 mAh/gsi), and for each of the studied electrodes the areal capacity was
determined with a calculated measurement error of = 0.02 mAh/cm?. From the determined
electrode thickness, the areal weight of all electrode components, and the bulk densities of
the electrode components (psi = 2.34 g/cm?, pxseL ~ 2.26 g/cm?®, and priraa = 1.5 g/cm?),
an average porosity of 62.0% with a maximum deviation of + 0.5 percentage points was
obtained. Here the resulting absolute error from the uncertainties in weight and thickness

measurement was estimated as + 2.2 percentage points.

Graphite electrode preparation.— The targeted weight percentages were 95.8%wt graphite,
1%wt carbon black, 1%wt sodium carboxymethyl cellulose (CMC), and 2.2%wt polystyrene-
co-butadiene rubber (SBR). First, 0.2 g of CMC (MAC200HC, D.o.S = 0.85 — 0.95 mol/Cs,
SUNROSE) were added to 10 mL of DI water and mixed twice for 10 min until the CMC
was well dissolved. 19.16 g of surface-modified graphite (SMG, Aser = 3.1 m%*/g, BASF
SE, Germany) and 0.2 g of carbon black (Super C65, Aper =62 m?/g, TIMCAL,
Switzerland) were mixed in a separate beaker for 10 min at 1500 rpm. The resulting powder

mixture was added to the CMC solution and everything was mixed in three steps in a
6



planetary orbital mixer (Thinky Corp., USA): (1) 10 min at 1000 rpm, (2) 10 min at
1500 rpm, (3) 5 min at 1500 rpm, and (4) 5 min at 2000 rpm. Before the second and third
mixing step, water (2 x 3.75 mL) was added. The cup was weighed before and after each
mixing step and any water vapour losses were compensated for. Finally, 0.88 g of SBR
(Sigma-Aldrich, Germany) were added and all was mixed for 5 min at 500 rpm. Wet-film
thicknesses of 140 pm resulted in a loading of ~2.8 mAh/cm? based on a reversible capacity
of graphite of 350 mAh/gGra. The coating was dried and electrodes were punched to
10.95 mm diameter. Subsequently, they were dried overnight under vacuum in a glass oven
(Biichi, B-585) at 120°C (note that the electrodes were not calendered or compressed) and

transferred into the glove box.

Electrodes with an average capacity of 2.82 mAh/cm? (based on a reversible capacity of
350 mAh/gGra) with a maximum deviation of +0.05 mAh/cm? were obtained. Each
electrode’s capacity was determined with a calculated measurement error of
+0.01 mAh/cm?. From the determined electrode thickness, the areal weight of all electrode
components, and the bulk densities of the electrode materials (oGra = 2.26 g/cm?,
poss = 2.26 g/lem®, pemc ~ 1.6 g/em?®, and pser ~ 1.04 g/cm?), an average porosity of 59.0%
with a maximum deviation of + (.2 percentage points was obtained. Here the resulting
absolute error from errors in weight and thickness measurements was estimated as & 0.9

percentage points for each electrode.

The free-standing graphite (FSG) electrodes used on the counter electrode were prepared
analogously to the method described in our previous publication.!® The ~105 um thick FSG
electrodes were composed of 95%wt graphite (T311 type from SGL) and 5%wt polymer
binder (polyvinylidene fluoride (PVDF), Arkema); they had a graphite loading of

~10.31 mg/cm?.
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Test cell assembly.— For electrochemical impedance analysis (EIS) and rate capability
tests, three-electrode cell setups (Swagelok® T-cell) with reference electrodes were used,
either with a gold-wire reference electrode (GWRE) for EIS measurements'’ or with a
lithium metal reference electrode for rate capability tests. The cells were built inside an
argon-filled glove box (MBraun, 25 + 1°C, oxygen and water content <0.1 ppm, Ar 5.0,
Westfalen). All test cell components were dried at 80°C overnight in an oven (Binder,
Germany), while the glass fiber (GF) separators (11 mm diameter, 250 um thickness,
~90% porosity; VWR) were dried overnight under vacuum in a glass oven (Biichi, B-585)
at 300°C. The here used electrolytes were LP57 (1 M LiPFs in EC:EMC 3:7 (w:w), BASF,
Germany), and 1 M LiPF¢ in a 1:4 mixture (v:v) of fluoroethylene carbonate (FEC, Gotion,

USA) and diethyl carbonate (DEC, Gotion, USA).

Test cells for the electrochemical impedance measurements were assembled with a
working electrode (silicon or graphite), four glass fiber separators, and a counter electrode
consisting of a free-standing graphite electrode firmly attached to the metallic lithium foil
(11 mm diameter, 0.45 mm thickness; Rockwood Lithium, 99.9% battery grade). 160 pL

electrolyte were added to the four separators between the working and counter electrode.

Cells for rate capability tests were assembled analogously to the cells used for the
impedance measurements (i.e., with a lithium counter electrode attached to a FSG
electrode). Instead of the GWRE, metallic lithium was used as a reference electrode (6 mm

diameter) and an additional 30 pL were added to the separator at the reference electrode.



Cell formation, impedance measurements, and rate capability tests.— Before
electrochemical testing, all cells were left for 3 h at open circuit voltage (OCV) after
assembly in order to allow for complete wetting of the electrode. Formation cycles and rate
tests at 25 and 45°C were performed in climate chambers (Binder, Germany). Temperature-
dependent impedance measurements and rate tests at —5°C were performed in a
programmable low-temperature cabinet (ESPEC, LU-114, Japan). Electrochemical cycling
and impedance measurements were conducted using a potentiostat (Bio-Logic Science
Instruments, France). For cells with a gold wire reference electrode, the GWRE was

lithiated by applying 150 nA for 1 h at 25°C via the counter electrode.

Figure 2 schematically illustrates the formation of the silicon and graphite electrodes and
the procedure for the impedance analysis. The same formation procedure was carried out
for all cells, i.e., also for those that were used for rate capability tests. Two galvanostatic
(constant current (CC) (de-)lithiation) formation cycles were performed at C/10, with the
first cycle at 25°C and the second cycle at 45°C. For the graphite electrodes, formation
cycling was done between 30 mV and 1.5 V vs. Li"/Li. The working electrode potentials
were measured against the reference electrode whereby the GWRE potential was
determined as 0.311 V vs. Li"/Li."” For simplicity, all potentials are given with respect to
the Li*/Li potential. In case of the silicon electrodes, a partial lithiation of the microscale
silicon was achieved by capacitively limiting the lithiation to 1200 mAh/gsi, while for the

delithiation a potential cutoff of 1 V vs. Li"/Li was chosen.
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Fig. 2. Illustration of the potential curves during the formation procedure done for all cells (1% cycle at 25°C
and 2™ cycle at 45°C) and during setting of the 50% SOC point (in delithiation direction) for the EIS
measurements in T-cells with a GWRE (right-most segments) for: (a) silicon; (b) graphite. Galvanostatic
cycling was performed at C/10, based on specific capacities of 1200 mAh/gs; and 350 mAh/gg. for silicon
and graphite electrodes, respectively (for details see text).

Potentiostatic electrochemical impedance spectra (PEIS) were recorded by applying a
sinusoidal voltage perturbation of 10 mV at frequencies in the range of 30 kHz — 0.1 Hz.
Before formation, PEIS was measured under blocking conditions (2 V vs Li"/Li). After
formation, the working electrodes were lithiated once more (to 1200 mAh/gsi in the case
of silicon and to 350 mAh/gcra in the case of graphite) and then delithitated to 50% SOC
(600 mAh/gsi and 175 mAh/gcra) at a rate of C/10 at 25°C. Then, PEIS was recorded at

OCYV at 50% SOC (see right-most segments in Fig. 2). All PEIS measurements (i.e., before
10



formation and at 50% SOC) were performed in the following sequence: 25°C, —5°C, 5°C,
15°C, 25°C, 35°C, 45°C, 25°C. Before each impedance measurement, the cell was left to
adapt to the respective temperature for 2 h. All impedance spectra were fitted to a
simplified, reflecting, transmission line model (TLM, see e.g. Pritzl et al.'!) using the
software RelaxIS (rhd instruments, Version 3.0.20). The ionic pore resistances (Rion) were
determined from a fit of the spectra recorded in blocking conditions before formation. The
charge-transfer resistances (Rct) at 50% SOC were obtained from a non-blocking TLM fit

with the variable for Rion fixed to the values determined before formation.

For half-cell rate capability tests, the working electrode (silicon or graphite) was lithiated
using a CC procedure, applying the current corresponding to each respective rate until the
total capacity equaled 1200 mAh/gsi or 350 mA/gara. The CC delithiation was performed
to a cut-off voltage of 1 V and 1.5 V versus the Li"/Li reference electrode for silicon and
graphite electrodes, respectively. This was followed by a constant voltage (CV) step until
the measured current dropped below C/40. After formation (Fig. 2), three
lithiation/delithiation cycles were carried out for each lithiation rate: C/10, C/5, C/2, 1 C,
1.33C,1.66C, 2C, 2.5C, 3C, and 4 C. The delithiation was performed at C/10 for the
C/10 cycles and at C/5 for all other cycles. These rate capability tests were performed at

=5, 25, and 45°C using two cells at each temperature.

Electrolyte conductivity measurements.— The ionic conductivities of the electrolytes
were determined in a commercially available Pt microelectrode setup consisting of a Pt
beaker and electrode (rhd Instruments, TSC 1600 closed, Germany). 0.9 mL of electrolyte
were added to the Pt beaker inside the glovebox. The setup was then transferred to a

programmable low-temperature cabinet (ESPEC, LU-114, Japan) and connected to a
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potentiostat (Bio-Logic Science Instruments, France). Cell impedances were measured
after a thermal equilibration for 2 h at the temperatures —5°C, 5°C, 15°C, 25°C, 35°C, and
45°C. The obtained cell resistances were converted to conductivity values using the
calibration constant kc = 1370 = 20 Q mS cm™! which was previously determined for a KCI

calibration solution (Mettler Toledo, conductivity standard, 12.88 mS/cm).

Results and Discussion

Quantification of Ri.n and R. for graphite and silicon electrodes.— This section
describes the impedance analysis and the thereby determined differences in the ionic pore
resistance (R;,,) as well as the charge-transfer resistance (R;) between the graphite and
silicon electrodes. As this analysis is done for electrodes with practically relevant areal
capacities of 2.8 mAh/cm? that have a significant thickness, R;,y, is of the same order as
R, near room temperature (illustrated for graphite anodes in Reference '?) and thus will
have a strong impact on electrode performance. For a better comparison, LP57 was used
as electrolyte for both Si and graphite electrodes. However, since Si electrodes are typically
used with FEC-based electrolyte, the Si electrodes were also examined using FEC:DEC
1:4 (v:v) with 1 M LiPFs; for any analyses pertaining to the silicon electrode measured

with this electrolyte, we denote the electrode as Sirkc.

Fig. 3a and b show exemplary impedance spectra of a graphite electrode in LP57 (green)
and of silicon electrodes in either LP57 (red) or in the FEC-based electrolyte (orange),
acquired at 25°C prior to formation as well as at 50% SOC (after two formation cycles).
Ri,n and R, were determined by an EIS analysis that was performed according to Ref. 12:

1) first, the value of Rj,, was determined under blocking conditions (i.e., prior to

12



formation), using a transmission line model (TLM) with only capacitive and ionic
resistance elements (neglecting electrical resistances) as well as a resistor representing the
separator resistance (including electrical contact resistances); ii) subsequently, the value of
Rt was determined at 50% SOC (see right-most segments of Fig. 2), using the above TLM
but including charge-transfer resistance elements, whereby the TLM was fitted using the
R;on value determined under blocking conditions (a necessary step for low values of R
compared to Rj,, as described in Ref. 12). The shift in the high-frequency resistance
(HFR) for the Si electrode impedance spectra in FEC-based electrolyte (Sirec) in Fig. 3a/b
is a result of the lower ionic conductivity of the FEC-based electrolyte (6.8 + 0.1 mS/cm)

compared to the LP57 electrolyte (9.1 = 0.1 mS/cm) at 25°C.
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Fig. 3. Nyquist plots of the impedances of silicon and graphite working electrodes with areal capacities of
2.8 mAh/cm?, measured by means of a micro-reference electrode (GWRE) in half-cells with a lithium metal
counter electrode attached to a free-standing graphite electrode (Li/FSG): (a) measured at 25°C before
formation at 2 V vs. Li*/Li, i.e., under blocking conditions; (b) measured at 25°C after formation at 50%
SOC (see Fig. 2). The graphite electrode was measured with LP57 electrolyte (green), while the Si electrode
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was measured with both LP57 (red) and with an FEC-based electrolyte (orange; 1M LiPF¢ in FEC:DEC 1:4
(v:v)). (¢) and (d): Same type of EIS data, but acquired at —=5°C.

Fig. 3a shows the 25°C impedance spectra under blocking conditions of the electrodes prior
to electrode formation, allowing the determination of R;,,, as, e.g. described in the
literature.!*!® The R;,, value obtained from Fig. 3a for the graphite electrode is
6.9 QcmZ o ctrodes Whereas Riqy, for the Si electrode measured in the same LP57 electrolyte
is 2.3 Qcm?|, iroqe (Se€ Table 1). These differences can be understood by considering the

most general mathematical description of R;yy,:

[1]

where 7 is the tortuosity, t is the electrode thickness, € is the porosity (here ~60% for all
electrodes, see Table 1), A is the geometric surface area of the electrodes (0.94 cm?), and k
is the electrolyte conductivity. The most apparent factor that would lower R;,, of the Si
electrodes is their nearly 2.5-fold lower thickness (~40 vs. ~95 um, see Table 1 and Fig. 1).
Additionally, particle shape, binder type, and electrode preparation can be an important

1820 \which can be determined from

factor influencing the electrode tortuosity values,
equation 1 using the measured values of R;,,,, the geometric parameters of the electrodes
(e, t, and A), and the electrolyte bulk conductivities. The resulting tortuosity values for
silicon (~3.2) are roughly 20% smaller than those obtained for graphite (~3.9), indicating
that the structure of the silicon electrodes offers slightly better intrinsic ionic transport
properties. Ultimately, the major effect responsible for the ~3-fold lower R;,, of the silicon

compared to the graphite electrodes in the LP57 electrolyte (see green and red highlighted

segments in Table 1) is simply their difference in electrode thickness.

Table 1. Structural characterization of the graphite and silicon electrodes that were analyzed by impedance
spectroscopy for their electrochemical properties in LP57 electrolyte and, in the case of the silicon electrodes,

14



also in FEC-based electrolyte (1 M LiPFs in FEC:DEC 1:4 (v:v); the corresponding data are referred to as
Sirec). The table lists the reversible capacities, electrode thicknesses (£coating), calculated porosities (€), the
ionic pore resistances (Rion) obtained at 25°C from the impedance spectrum in blocking conditions, and the
tortuosity () determined from eq. 1. For each electrode/electrolyte combination, two independent samples
were measured and analyzed (labelled as #1 and #2) and the ionic conductivites (k) at 25°C are
9.1 +£0.1 mS/cm for LP57 and 6.8 + 0.1 mS/cm for the FEC-based electrolyte. The errors correspond to the
measurement errors for each sample, including the error propagation in case of € and .

System Capacity teoating £ Rion T
[mAh/Cmélectrode] [um] [%] [Qcmélectrode] [‘]
Gra #1 2.85+0.01 94 + 1 50+ 1 6.9+0.10 3.9+0.1
LP lectrol
(LPS7 electrolyte) 2.86+0.01 9541 591  6.8=0.05 38+0.1
. #1 2.78 £0.02 39+ 1 62+2 2.9+0.10 3.1+02
Sirec

) 2.92 +0.02 40+ 1 6242 3.0+0.10 32402

Fig. 3b shows the impedance of the graphite and silicon electrodes after formation at 50%
SOC (for conditions, see right-most segments in Fig. 2a/b). Both silicon measurements
show an initial 45°-slope at high frequencies of above 1 kHz (for frequency assignments
see legend given in the lower right-hand corner of Fig. 3), followed by a transition into a

semicircle (between 1 kHz and 1 Hz), and a final diffusive branch (below 1 Hz).

Assuming that the value for R;,, does not change significantly upon formation (e.g., via
volumetric expansion), the data in Fig. 3b yield charge-transfer resistances in LP57

electrolyte at 25°C of 2.7 Qcm? for graphite and 3.4 Qcm? for silicon. On

electrode electrode

the other hand, when using the FEC-based electrolyte, the charge-transfer resistance of the

2

Si electrodes is approximately twice as high, at 7.0 Qcmg)qcirodes

which is presumably due
to the formation of an SEI with different composition and/or more resistive solid electrolyte
interphase (SEI).?!** To move this analysis from the electrode level to the material level,

one would need to consider the intrinsic charge-transfer resistance of the different active

materials, i.e., the charge-transfer resistance normalized to the electrochemically active
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surface area which, a zero-order estimate would be the BET surface area of the active
material. With this assumption, the electrode roughness factor multiplied with the above
given charge-transfer resistance referenced to the geometric surface area yields the intrinsic
charge-transfer resistance. The graphite electrode roughness factor is calculated as
~250 cm?BET/cm’clectrode (based on the graphite BET surface area of 3.1 m*g and the
graphite loading), while that of the silicon electrodes with ~70 cm?ger/cm’clectrode (based on
a BET surface area of 2.9 m?/g and the silicon loading) is more than 3-fold smaller. This
yields intrinsic charge-transfer resistances in LP57 of 675 Qcm3gy for graphite, which is
~3-fold larger than the 238 Qcmggy for silicon. However, since the silicon surface area is
subject to change over cycling?® and since the graphite basal planes are not expected to be
electrochemically active, this comparison of the active materials intrinsic charge-transfer
resistances needs to be studied in more detail to yield further understanding. It should be
noted that, while the silicon electrodes contain graphite as conductive additive, the
potential of the silicon electrode at 50% SOC (450 mV vs. Li"/Li) lies above the threshold
at which intercalation into the graphite is possible and we expect no notable influence of
the graphite on the charge-transfer analysis of the silicon electrodes (i.e., the graphite is

under blocking conditions).

Fig. 3¢ depicts the blocking impedance measurement of the electrodes at —5°C, showing
the roughly twofold increase in R;,,, due to the temperature-induced decrease in electrolyte
conductivity. Comparing the impedance responses at 50% SOC obtained at —5°C (Fig. 3d)
with those obtained at 25°C reveals a drastic increase in the charge-transfer resistance of
the electrodes. The strong temperature dependence of R, (discussed further in the section
below) results in a more rapid increase of R, compared to Rj,, with decreasing
temperatures. As this leads to a better separation of the contributions of R;,, and R in the
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frequency domain (i.e., to a clearly visible 45°-line at high frequencies followed by a well-
pronounced semicircle at lower frequencies), R;,, can be determined in a straightforward
manner even from measurements under non-blocking conditions.'> This allows for
comparison of R;,, obtained under blocking conditions before formation (Fig. 3c) and
obtained under non-blocking conditions after formation at 50% SOC (left plot in Fig. 3d).
For all the here analyzed cells, the R;,, value obtained at —5°C either from blocking
conditions before formation (see Fig. 3¢) or at 50% SOC after two formation cycles (see
Fig. 3d) deviated by less than 15%. This means that our above stated assumption used to
determine R, namely that R;,, does not change significantly over the course of the two
formation cycles, is reasonably accurate, i.e., that fixing the value for R;,, to that obtained
before formation is reasonable. The change of the individual resistances with temperature

is discussed in more detail in the following section.

Temperature-dependent impedance.— This section describes the temperature-dependent
behavior of the two resistances, R.; and R;,, . The resistances were extracted by
individually measuring R;,,, before formation at all temperatures and then analyzing the

spectra at 50% SOC to extract the charge-transfer resistance.

As described above, the main differences in electrode properties between the graphite and
silicon electrodes is their difference in pore resistance, which is lower for the much thinner
silicon electrodes, as well as in charge-transfer resistance, which is slightly higher for the
silicon electrodes in the same electrolyte (i.e., in LP57) and substantially higher when using
an FEC-based electrolyte that is commonly used for silicon electrodes. This difference

plays a key role when it comes to the temperature-dependent behavior of the electrode
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performance. Fig. 4 shows the temperature dependence of the two resistances, Rj,, and R,

which were extracted from the EIS measurements.

First, Fig. 4a shows the temperature-dependence of R;,, of the different electrodes as well
as of the resistivity (pejectrolyte = 1/%) of the pure electrolytes (i.e., of LP57 and the FEC-
based electrolyte), together with the thereof calculated activation energies. For the graphite
electrodes in LP57, the activation energy for Rj,, of 14.1 kJ/mol (Fig.4a, green
text/symbols) is in very good agreement with the activation energy determined for the ionic
resistivity of LP57 of 13.8 kJ/mol (dark blue text/symbols; reasonably close to the
13.2 kJ/mol determined by Solchenbach et al. from Swagelok® T-cell measurements'®), as
one would expect on the basis of equation 1. On the other hand, for the silicon electrode in
LP57, the activation energy for R;,p, (15.6 kJ/mol, red text/symbols) is ~13% higher than
the activation energy of the ionic resistivity of LP57. This deviation is likely due to a non-
negligible error in the analysis of the impedance data R;,,, since the ~3.5-fold lower R;,,
value for the silicon electrodes in LP57 makes it difficult to accurately analyze the spectra
(this is especially the case at higher temperatures, which in turn may lead to an apparently
higher slope). For the silicon electrodes with the FEC-based electrolyte, the same
discrepancy between the activation energy for R;,, (15.4 kJ/mol, orange text/symbols) and
for pejectrolyte (13.6 kJ/mol, blue text/symbols) is observed, presumably for the same
reason. Overall, however, it can be stated that the activation energies for Rion are rather low

and, as expected, very close to the activation energy for pejectrolyte-

Fig. 4b shows the change of the charge-transfer resistance with temperature. The graphite
and the Si electrodes with LP57 electrolyte show activation energies for R of 61.8 and

64.4 kJ/mol, respectively. The Sirec electrodes show a slightly higher activation energy for
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the charge-transfer reaction (68.0 kJ/mol), but reasonably similar to that of the silicon

electrodes with LP57 electrolyte, despite an expected difference in SEI composition.>!-?

—— ] . v . . -
(a) (b)
g 10 14.1 £ 0.6 kJ/mol 3 100 __
G [ 1 ]
~ [ 1 1
~ L - e
2 | 15.4+0.3 kJ/mol ] 8
g | = 15.6+0.3 kJ/mol | g
Q% NE% 68.0 £ 0.3 kJ/mol
L R, . 10 .0 £ 0.3 kJ/mo -
5 ' ¢ Ry, Gra Petccroye FEC-based 3 3 4+1.0 kJ/mol 3
3 [ A Ry, Sipgc » ] 9 ]
g i ® R _Si pelecm)lyle LP57 1 5
3 I ] ~ 61.8 + 0.3 kJ/mol
N O
5 | 13604kimal !
G 1 .
~olf 13.8 + 0.4 kJ/mol 3 3
m’e o 2 1 A 1 A 1 A 1 A 1 A 1 h 1 A 1 A 1 A 1 A 1 A 1
3.1 3.2 33 34 35 3.6 3.7 3.1 3.2 33 34 35 3.6 3.7
1000/T /K™ 1000/T / K™
180 —
(©) B
160 = Rion - Rct -
I Gra |
. 140 M si
E T Siggce
2120

2

—_
(=3
(=]

D
(=}

Resistance / Qcm
fele)
S

N
(=1

[
(=1

(=1

Temperature / °C

Fig. 4. The obtained values for R and Rj,n from the impedance analysis conducted at -5 to +45°C with
graphite and silicon electrodes (2.8 mAh/cm?) in LP57 and with silicon electrodes in 1 M LiPFs in FEC:DEC
1:4 (referred to as Siggc). (a) Arrhenius plots for Rion and the electrolyte resistivities p; (b) Arrhenius plot for
R.; () Bar chart showing the absolute contributions of Ri,, and R for each system and temperature, with R
represented by the lower part of the bar and Rj. represented by the upper hatched part of the bar. The data
shows the change of resistance contribution, with R, dominating at lower temperatures and Rion dominating
at higher temperatures. The average obtained from two measurements in separate cells is plotted. The plotted
error bars span the deviation of each resistance value from the mean plus the error obtained from each
impedance fit.

To better highlight the differences in electrode resistances, Fig. 4c shows the sum of R
(fully colored lower part of the bars) and R;,, (hatched upper part of the bars) at each
temperature. At —5°C, R is the dominating resistance for all electrodes/electrolytes, most

prominently for the Si electrodes, for which the ratio of R.;/R;qy is ~13 (LP57) and ~25
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(FEC), whereas it is only ~2.8 for the graphite electrodes. With increasing temperature, the
charge-transfer resistance change drastically due to their higher activation energy, so that
the ratio of R.¢/R;jop at 45°C decreases to 0.47,0.58, and 0.11 for the Si, Sirec, and graphite
electrodes, respectively. At these elevated temperatures, the dominating resistance is now
R;ion, 1.€., the material is expected to be limited by the lithium ion transport in the electrolyte
phase within the pores of the electrodes rather than by the reaction resistance. While at
—5°C the sum of R and R;,,, was lowest for the graphite electrode, at 35°C and 45°C this
is reversed and the graphite electrode shows the largest total resistance compared to Si in
either one of the electrolytes. This is explained by the difference in activation energies and
the differences in R.; and R;,,, for the graphite and silicon electrodes. At low temperatures,
R 1s increased significantly and the silicon electrodes show larger resistances compared
to graphite. At high temperatures, R is significantly reduced, so that the differences
between the kinetic resistances become negligibly small, leaving R;,, as the dominating

resistance, which is smallest for the thin silicon electrodes.

Electrode potential profile comparison in lithiation rate tests.— This section describes
the observed influence of the two resistances R.; and R;,, on the potential profile and the
performance of the electrodes. While the resistances shown in the previous section were
measured during delithiation and only show the resistance at 50% SOC, they can still be
used as guidelines and reference points to understand the behavior of the potential curves
of the electrodes under load, even though they are not necessarily representative of the
overpotentials of the electrodes at all SOCs. Additionally, the diffusion overpotentials from
Li" concentration gradients in the electrodes and the separator, which are not part of the

measured R;,,,, will contribute to the measured overpotential +?°
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The effects of the resistances R, and R;,, on the potential profile are expected to be
different. The charge-transfer resistance is a resistance connected in series to the reaction
path, i.e., every Li"-ion has to overcome the reaction resistance to be intercalated (in case
of graphite) or alloyed (in case of silicon). The kinetics may change as a function of SOC
(assuming e.g. Doyle-Fuller-Newman (DFN) - type kinetics*®), but between C-rates the
difference in overpotential from faradaic reactions should result in the electrode potential
being shifted downward, as changes in the applied current correspond to changes in Butler-
Volmer (BV) type overpotential. The linear region of the BV kinetics, where the kinetic
overpotential equates to the product of R, and the current density, extends to
overpotentials of up to roughly one third of the Tafel slope. Assuming a kinetic transfer
coefficient of a=0.5, the Tafel slope (7S) at room temperature is ~120 mV (based on
TS =2.303-R-T/(« -F), with R being the ideal gas constant, F the Faraday constant, and T
the temperature in Kelvin), so that the linear region should extend to up to roughly
+40 mV.?” At 25°C, the R of the silicon electrode with LP57 is ~3 Qcm?clectrode, resulting
in a kinetic overpotential of ~8 mV at a rate of 1C (i.e.,, at a current density of
2.8 mA/cmPelectode), 1.€., still being in the linear BV region. At —5°C however, the charge-
transfer resistance of the silicon electrode with LP57 increases toR ~60 Qcm electrode,
resulting in a linearly extrapolated kinetic overpotential at 1C of ~170 mV; as the latter is
outside the linear region, the actual kinetic overpotential would be lower. In either case
(i.e., whether in the linear or non-linear BV region), higher rates will lead to an increased
down-shift of the potential curve (i.e., of E vs. SOC). Furthermore, if R.; does not vary
strongly with the SOC, the potential curve retains its specific shape. The change in R, with

SOC is not shown in this work but has been measured to be below a factor 2 for most parts
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of the SOC window measured in LP57, similarly to the DFN model which predicts a max.

change of factor 2 in kinetics between 10 — 90% SOC.2%%8

In contrast, the electrolyte ionic resistance in the pores of the electrode is connecting the
active material particles through the electrode, and not all ions have to pass through the
entire electrode for the reaction to occur. For example, only 10% of the total Li* exchanged
needs to reach the bottom 10% of the electrode near the electrode/current collector interface.
Thus, one might assume that it is less important compared to the charge-transfer resistance.
However, high currents can lead to concentration gradients across the electrode and thus
to an inhomogeneous use of the electrode, i.e., it is more difficult for Li* to reach the region
of the electrode near the current collector versus the region of the electrode near the
separator, which is reflected in a downward-sloping potential profile.?> Additionally, Rj,y
is only a representation of the electrolyte conductivity, whereas during operation of a
battery cell additional diffusion resistances will contribute to the mass transport
overpotential. These diffusion overpotentials not only play a role in the porous electrodes
but also across the separator. The concentration difference across the separator can be
estimated via

dc 11 —ty)e

- 2
0x DtF 2l

with ¢ being the electrolyte concentration, x being the path length (e.g., the separator
thickness), F being the Faraday constant, / being the applied current (in A/m?), ¢ being
the transference number, and D being the salt diffusion coefficient (in m%/s). Combined

with the equation
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with R being the ideal gas constant, T the electrolyte temperature (in Kelvin), and TDF
being the thermodynamic factor, the potential drop ¢p across the separator can be
estimated.”” The path length of ions through the separator x can be estimated from the
thickness of the separator and its tortuosity. The tortuosity of the separator can be
calculated using equation 1 assuming € = 0.8, separator thickness ~2 x 200 um (two
separators measured from the reference electrode to the working electrode), electrolyte
conductivity 9.1 mS/cm and a resistance of ~6 QcmZclectrode (HFR), giving T =~ 1. From
there, using electrolyte values for 25°C measured by Landesfeind et al.*° for LP57, (D =
3%1071%nm?/s, t* = 0.25, TDF = 1.5), the overpotential at C/5 (= 0.56 mA/cm?eicctrode)
across two glass fiber separators is estimated to be ~2.7 mV, which corresponds to an areal
resistance of ~4.8 Qcm>icetrode. The Warburg diffusion resistance is dependent on the same
geometric and electrolyte properties as the HFR, meaning that an increase in HFR would
directly follow an increase in the Warburg diffusion resistance, with the Warburg resistance
giving 0.8 HFR. This means that under load the separator exhibits a resistance 1.8 times
the measured HFR. Following this, the factor 1.8 can be used with any resistance stemming
from the electrolyte under load, including R;,,. It should be mentioned that changes in Li*
concentration in the electrolyte are also assumed to have an effect on the kinetics, with a
locally decreased Li" concentration increasing the local R, as, e.g., expected during fast-
charging on the anode side. This highlights the importance of the porous aspect of the
electrode, as it has an effect on local current homogeneity,'>? kinetic resistances, as well
as transport resistances. In summary, electrodes which are mostly limited by kinetic

resistances are expected to keep the shape of their potential profile, with the potential
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versus SOC curve only being shifted downward (assuming no drastic changes in SOC-
dependent kinetics). In contrast, electrodes which show strong transport limitations in the
electrolyte phase are subject to inhomogeneous current distributions in the electrode and
show time dependent concentration gradients, which are expected to increase the electrode
overpotential over time, i.e., over SOC when conducting a constant-current charge or

discharge curve.

To show the influence of R and R;,, on the electrode performance, the electrodes were
tested for their rate capability during lithiation (corresponding to the charging of a battery
cell). Fig. 5 shows the potential profiles of the graphite and silicon electrode measured with
LP57 electrolyte at different temperatures and C-rates, whereby the graphite and silicon
electrode potentials are measured versus the reference electrode in the cell. The silicon
electrode (red colored lines) shows the expected behavior of electrodes that are limited by
their charge-transfer kinetics, where the electrode potential versus SOC curve retains its
shape but is shifted downward, visible most clearly for the —5°C data at C/5 (Fig. 5a) and
C/2 (Fig. 5b). Only at a rate of 1C at —5°C, the silicon electrode shows an increase in
overpotential with SOC (i.e., with lithiation time) and the electrode potential ultimately

falls below 0 V vs Li/Li, where lithium plating can occur.
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Fig. 5. Lithiation potentials versus SOC for silicon (red colored line) and graphite electrodes (green colored
lines) in LP57 at 45°C, 25°C and —5°C at various C-rates: (a) C/5, (b) C/2, and (¢) 1C. The silicon and
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graphite electrode potentials are referenced to the reference electrode in Swagelok® T-cells, with graphite or
silicon as working electrodes (2.8 mAh/cm?) and a lithium metal foil with a free-standing graphite electrode
as counter electrode. Note that the silicon in the silicon electrodes is utilized only partially, i.e., only up to
1200 mAh/gs;.

The graphite electrodes only retain the shape of their open circuit potential versus SOC
profile for C/5 and C/2 at 25°C and 45°C, suggesting a constant overpotential over the
entire SOC range under these conditions. However, while the graphite potential profile at
—5°C is downshifted at C/5 in a similar fashion at low SOCs (see Fig. 5a), it starts to
become more sloped at higher SOCs (around 80% SOC), suggesting stronger concentration
overpotentials at high SOCs. This effect is even more pronounced at C/2 and —5°C (see
Fig. 5b), where a substantial sloping and smearing out of the plateaus of the different
lithiation stages can be observed already beyond ~20% SOC. At 1C (see Fig. 5¢), the
graphite electrodes show a constantly increasing overpotential over all temperature ranges
and even at the highest temperature of 45°C, the electrode cannot be fully charged before
reaching 0 V vs Li"/Li. The resistances derived from the impedance data (Fig. 4c) between
25°C and 45°C show that the graphite and silicon charge-transfer resistances (for LP57)
are similar, and that the electrodes differ most prominently in their ionic pore resistance
which are ~3-fold smaller for the silicon electrodes. This results in a poor lithiation
performance at 1C of the graphite electrode, but does not yet limit the performance of the
thinner silicon electrode. Analyzing the electrode potential at 100% SOC, the effect of the
difference in ionic pore resistance becomes apparent: at 45°C, the potential difference
between C/5 and 1C for the silicon electrodes is ~30 mV at 100% SOC, while it is ~100 mV

for the graphite electrode, i.e., ~3-fold larger.

The comparison of the effect of temperature and of the individual resistances (i.e., Rt and
R;on) on the potential versus SOC profile is important when comparing the performance of

different materials, as it allows to deconvolute the influence of their open circuit potentials
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from the influence of their charge-transport and ionic pore resistances on the rate
performane of the electrodes. By virtue of having a potential profile which lies significantly
higher than graphite, silicon electrodes (particularly silicon electrodes where the silicon is
utilized only partially, as is the case here) allow higher overpotentials than graphite before
reaching the lithium plating potential of 0 V vs. Li"/Li. The above analysis shows that it is
not only the potential versus SOC profile, but also the reduced ionic pore resistance that

allows higher rate capabilities of the material.

To give an overview over the lithiation rate capability of the graphite (in LP57) and of the
silicon (in LP57 and the FEC-based electrolyte) electrodes, Fig. 6 shows the SOC values
of the electrodes at which their potential reaches 0 V vs. Li*/Li (determined by the lithium
metal reference electrode), i.e., the SOC beyond which the plating of lithium becomes
possible. This analysis shows the combined effect of the higher potential of the silicon
electrode (based on a ~30% silicon utilization) as well as its lower ionic pore resistance
(i.e., its lower transport overpotential) on its lithiation rate capability. The graphite
electrode (Fig. 6a) shows a performance improvement of a factor ~4 from the lowest
(=5°C) to the highest (+45°C) temperature, with 50% SOC reached for C/2 at —5°C and
for ~1.8C (interpolated C-rate) at 45°C. The silicon electrode measured in LP57 (Fig. 6b)
generally allows for higher C-rates, giving 50% SOC at ~1.2C when measured at —=5°C. At
higher temperatures, the electrode limitation is ultimately expected to be also caused by
ionic transport limitations, as kinetic resistances are very low at high temperatures, and at
45°C the silicon electrode reaches 50% of its capacity at ~3.2C (i.e., a factor of ~2.5
improvement from —5°C to 45°C). The silicon electrode with the FEC-based electrolyte

(Sirec, see Fig. 6¢) shows a very similar behavior.
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Comparing the lithiation rate capabilities of the various electrodes at a given temperature,
one can see that at —5°C it is similar for the silicon electrodes in the two different
electrolytes and ~2-fold higher than that of the graphite electrode (i.e., 50% SOC are
reached for the silicon electrodes at ~1C and for the graphite electrode at ~0.5C; see
Fig. 6d). The overall electrode resistance of the silicon electrode in FEC-based electrolyte
at —5°C is dominated by R and is ~3-fold higher than that of the graphite electrode (see
Fig. 4c), yet it still performs clearly better than the graphite electrode. Thus, the higher
OCV of silicon compensates for the high kinetic overpotentials at low temperatures.
Comparing graphite and silicon at 25°C (Fig. 6e) and 45°C (Fig. 6f), the temperature-
induced reduction in kinetic overpotential strongly improves the rate capability of the
silicon electrodes in both electrolytes, which only show a reduced capacity above 2C at
25°C and 2.5C at 45 °C. In contrast, graphite is limited above ~0.75 C at both 25 and 45°C,
which can be explained by the kinetics becoming negligible at higher temperatures. As the
pore resistance is significantly less affected by changes in temperature, it becomes the

dominant factor in determining the electrodes limitation at higher temperatures.
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Fig. 6. SOC obtained at 0 V vs. Li'/Li for silicon and graphite electrodes at different temperatures and C-rates.
(a)-(c) Lithiation rate versus SOC at which 0 V vs. Li*/Li are reached for graphite in LP57, silicon in LP57,
and silicon in FEC-based electrolyte (Sirec), acquired at —5°C, 25°C, and 45°C. (d)-(f) Lithiation rate test
data for the three sets of electrodes/electrolytes at each of the three temperatures. Error bars indicate the
standard error of the mean of two independent measurements with electrodes of identical composition. A
sigmoidal fit was added as a guide-to-the-eye according to the mathematical description described in Ref.
[1]. Measurements were conducted with Swagelok® T-cells equipped with a GWRE, with graphite or silicon
as working electrodes (2.8 mAh/cm?), and a lithium metal foil with a free-standing graphite electrode as
counter electrode. Note that the silicon in the silicon electrodes is utilized only partially, i.e., only up to
1200 mAh/gSi.

Conclusions

In this publication we analyzed and compared graphite and silicon electrodes of practical
areal capacities (2.8 mAh/cm?) for their kinetic and transport resistances at temperatures
between —5 to 45°C via electrochemical impedance spectroscopy (EIS) with a micro-
reference electrode to quantify the anode (graphite or silicon) impedance. For the here
studied silicon elecrodes (70%wt silicon), only ~30% of the full capacity of silicon was

utilized (i.e., 1200 mAh/gsi). LP57 was used as reference electrolyte for both graphite and
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silicon, the latter also being measured in an FEC-based electrolyte which is generally used

for silicon electrodes.

Using EIS we showed that the graphite anode has a ~2.5 times higher ionic resistance (Rjqy,)
for lithium ion conduction in the electrolyte phase within the pores of the electrode, mostly
due to its ~2.5-fold larger electrode thickness at the same areal capacity as the silicon-based
electrode. Furthermore, the graphite electrode exhibits only slightly lower kinetic
resistances (R.;) compared to silicon when measured in LP57 at 25°C. The temperature-
dependent impedance analysis showed how the ratio of R. to R;,, changes from
predominantly kinetically limited at lower temperatures to transport limited at higher
temperature, due to high activation energies for R, of ~62 — 68 kJ/mol compared to the

ionic resistance R;,, of ~14 — 16 kJ/mol.

We subsequently explored the lithiation rate limiting properties of the graphite and silicon
electrodes by comparing the resulting potential profiles at different C-rates to the findings
from the EIS analysis. We showed how the kinetically dominated silicon electrodes mostly
retain their potential shape, as the kinetic overpotential only generates an offset in
overpotential, while the graphite electrodes, which show a much greater transport
limitation, show a smearing of the potential profile and an increase in overpotential over
SOC when cycled at higher C-rates. Only at —5°C, the graphite electrode exhibited a kinetic
limitation at C/5 but already showed additional transport overpotentials starting at C/2. At
1C the graphite potential showed transport limitations even at 45°C and did not reach the
full capacity before reaching OV vs. Li"/Li. In contrast, the thinner silicon electrodes only
showed transport overpotentials at —5°C for a 1C lithiation. Comparing the end-of-charge
overpotential of the two electrode types at 45°C and 1C, the graphite overpotential of ~100

mV was three times greater than that of the silicon (~30 mV), highlighting how the silicon
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electrodes’ decreased transport resistance is contributing significantly to its greater
lithiation rate capability. This potential profile analysis showed that the better performance
of silicon is not only due to its higher reversible potential, which allows for higher
overpotentials before the onset of Li-plating, but also due to its significantly smaller

thickness.

Additional analysis of the temperature-dependent lithiation rate tests gave insight into the
overall performance of the electrodes. While the graphite electrodes could not reach the
full capacity at 1C and 45°C, the silicon electrodes allowed a lithiation at 2C already at
25°C and still reached the full capacity at 2.5°C and 45°C. Overall the silicon electrodes

showed a roughly 2-fold increase in lithiation rate capability compared to graphite.
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3.2.2 Li-lon Battery Material Impedance Analysis I: NMC 111
Kinetic Theory and Experiment
The manuscript entitled “Li-lon Battery Material Impedance Analysis I: NMC 111

Kinetic Theory and Experiment” will be submitted to a peer-reviewed journal.

To describe Li-ion battery active material kinetics, Newman and co-workers
devised a mathematical model which altered the established fundamental Butler-
Volmer Kinetics equation to adjust for the arising difference for insertion
materials.8? The model takes into account the change in state-of-charge (SOC)
within the active material by adding a term for the filled and empty space which
is/can be occupied by the Li*. To understand if modern battery active materials
follow the kinetic behavior predicted by Newman, we measured the NMC 111
kinetics with respect to SOC and electrolyte concentration, as well as the solid

diffusion resistance of lithium in the NMC 111 material.

First, the impedance of NMC 111 electrodes was measured for different areal
capacities to a frequency of 1 mHz. The measurement showed that areal capacities
around 0.5 mAh/cm? are best suited to analyze the kinetics of the active material,
especially the solid diffusion resistance. The SOC-dependent analysis of the charge
transfer resistance shows how the general U-shape of the curve matches Newmans
model but requires adjustment of the transfer coefficients. Also, as the model is
designed for full lithiation and delithiation, the SOC for this measurement is defined
as the lithium which could reversibly be extracted from the material if it would not
show the structural changes at higher potentials (i.e., ~280 mAh/g). The SOC
shaped trend as the kinetics, and due to the limited cycling window this leads to
asymmetric kinetics in NMC 111. During delithiation both the charge transfer and
diffusion resistance decrease, while on the reverse pathway, i.e., lithiation, they
significantly increase. This is also reflected in the electrodes performance, which
shows improved delithiation capacities compared to lithiation at high C-rates.
Analyzing the change in kinetics with electrolyte concentration only follows the
proposed theory for concentrations between 30 mM and 1.5 M, with the expected
decrease in R with increasing salt concentration. Above 1.5 M, R increases again.
This can be explained by viewing the electrolyte similarly to an active material, in

that, too much or too little Li* has an adversarial effect on the kinetics.
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Results

The manuscript shows how closely the proposed theory for insertion material
matches the experiments, but that careful adjustments need to be made to ensure a

proper representation of the material.
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Abstract

The expression for the exchange current density to describe the intercalation kinetics of Li-
ion batteries proposed by Newman and coworkers is now used extensively for battery
modeling, however their applicability to existing battery materials needs to be thoroughly
validated. Here we show an electrochemical impedance spectroscopy (EIS) analysis of the
kinetic behavior of NMC 111 as a function of electrolyte salt concentration and state-of-
charge (SOC) and compare it to the proposed theory. An areal capacity dependent EIS
analysis first gives insight into the feasibility of measuring kinetic and transport parameters,
including the solid diffusion resistance, showing how lower areal capacities are required to
predominantly probe the material. We then show how the charge transfer kinetics follow a
Butler-Volmer type concentration dependent behavior for lower concentrated electrolytes
(<1.5 M) but deviate from the proposed theory at higher salt concentrations. A further SOC
dependent analysis shows how NMC 111 generally follows the proposed theory of U-
shaped symmetric kinetics, but the limited oxidative stability window leads to practically
asymmetric kinetics for charging and discharging. This asymmetry is visible in lithiation
and delithiation rate tests, where upon lithiation the kinetics generally become slower for

higher degrees of lithiation, limiting the performance.
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Introduction

There are a variety of factors that influence the performance of commercial Li-lon batteries,
e.g., cell design, electrode-, or active material properties. While measurement probing the
electrode’s geometric microstructure, i.e., tortuosity, has become standard practice,'
accurately measuring and modeling kinetic and transport parameters of battery materials is
more difficult and many parameters are either fitted or assumed.* Most notably, Doyle,
Fuller and Newman®® put forth an expression for the exchange current density which
incorporated the state-of-charge (SOC) dependence (i.e., the change in concentration of the
species in the solid active material) into the Butler-Volmer equation for Li-ion batteries
(see equation 5 in the section below). The equation is used to model a variety of battery
materials, even though popular materials can drastically differ in the way the Li-insertion
occurs. The equation is extensively used for commonly available battery materials such as
Graphite or cathodes of the NMC family, without validation of the applicability of such
expressions for these materials, due to lack of experimental data. For instance, a popular
battery material is nanometer sized LiFePO4 (LFP) which exhibits a phase change behavior
rather than a typical intercalation, as the lithiated phase is in the form of LiFePOs and the
delithiated phase is FePOs with unfavorable intermediate stages.”® The analysis of
individual electrode particles has shown that the particles are either present in their lithiated
or delithiated stage and very few particles in an intermediate stage.’ This difference
requires an adaptation of the kinetic theory and model to describe the material.'’
Li(N11sMn13Co1/3)O2 (NMC 111) on the other hand can be seen as an intercalation material
in the classical sense, where the material can attain a continuous range of intermediately
lithiated stages and where the material transport inside the particle can be described by

classical diffusion. Negative aspects of the material are its electrochemical stability, which



does not allow for a full delithiation of the material.'' Due to the widespread use of NMC
materials, we chose to study the NMC 111 material kinetics as a baseline to assess whether
the expression for the exchange current density along with the commonly used parameters
can correctly describe the kinetic aspects of the material or whether they need to be

extended/modified.

To measure kinetic parameters, electrochemical impedance spectroscopy (EIS) can be a
useful tool when it comes to discerning individual resistances. An important factor to
consider in analyzing battery electrode impedances is the porous electrode impedance, i.e.,
the change in spectrum due to the porous nature of an electrode. How to analyze porous
electrode EIS spectra and extract individual parameters has been addressed in multiple
publications.>!>"!7 The porous pathways in battery electrodes of conventional areal
capacities (~ 3 mAh/cm?) leads to mass transport losses at higher currents, changing the
local Li* concentration in the liquid electrolyte. It is therefore important to understand how
the material’s kinetics change for a changing electrolyte salt concentration. To simplify
this analysis, it is first necessary to reduce the influence of the geometric properties of the
electrode (achieved by using a thin electrode) to highlight the inherent material properties.

Tsai et al.'®

performed single-particle impedance measurements of NMC 111, with an
NMC particle attached to a tungsten tip, arguing that the successful extraction of material
properties requires such an extreme approach. While this analysis allowed a binder-free
application, such a setup still raises concerns about the electrical connection between the
tip and particle. Additionally, microstructural changes due to particle cracking may
drastically change the material over the first few cycles, making an analysis of the material

after several initial cycles in a practical setup more relevant.'>? In this publication we

therefore first examine the influence of areal capacity (or areal mass loading) on the

117



118

impedance spectrum of NMC 111 electrodes. This allows us to find a suitable areal
capacity for further studies and enables us to focus on the kinetic aspects of the material.
A rate test study at different areal capacities is used to determine when the electrode
performance is affected by the porous nature of the electrode, i.e., changes in the electrolyte
concentration across the electrode due to mass transport losses in the liquid phase or other
influences such as electrical resistances across the electrode. By measuring the charge
transfer kinetics of NMC 111 at different electrolyte concentrations, we show the influence
such concentration gradients can have on the charge transfer kinetics, which to our
knowledge has not been presented in literature to this extent before. We additionally
provide activation energies for the measured resistances. The material parameters, both
charge transfer resistance and, qualitatively, the solid diffusion resistance, are then
determined as a function of state-of-charge (SOC). The electrolyte salt concentration- and
SOC -dependent kinetic behavior is also compared to expected values from the Newman
model. Finally, we show the importance of the SOC dependent change in kinetics on the
C-rate performance of the material by comparing the performance of low areal capacity

electrodes in charging and discharging direction.
Experimental

Slurry preparation and drying.— Li(Ni13Mn13Co13)O02 (NMC 111, BASF, BET 0.3 m?/g),
conductive graphite (SFG6L, Timcal), Super C65 and polymer binder (polyvinylidene
fluoride (PVDF), Arkema) at a ratio of 90:2:3:5 (wt.) were mixed with N-Methyl-2-
pyrrolidone (NMP, Sigma Aldrich, anhydrous, 99.5 %) at a solid:liquid ratio of 1:1 (wt:wt)
in a planetary mixer (Thinky ARV-310) at 2000 rpm for five minutes. The prepared slurry
was coated onto an aluminium current collector foil (MTI, 11 um) attached to a glass plate

using a gap bar coater (RK PrintCoat Instruments, UK) at a wet film thicknesses of 30 pm,

4



60 pum, 120 pm and 250 um for the capacities of 0.37, 0.7, 1.6 and 2.9 mAh/cm?
respectively (based on a reversible capacity of 145 mAh/g), and dried in an oven at 50 °C.
The dried electrodes were punched out to a diameter of 10.95 mm (equating to an area of

~0.94 cm?) using an electrode punch (Hohsen Corp. OSAKA, Japan).

Cell assembly and cycling.— For electrochemical impedance analysis, a three-electrode
cell setup (Swagelok® T-cell) with a gold-wire reference electrode (GWRE, described in
more detail in Fig. 1b in Ref. 2!) was used. The cells were built inside an argon filled glove
box (MBraun, 25 °C + 1 °C, oxygen and water content <0.1 ppm, Ar 5.0, Westfalen). All
cell parts were dried at 120 °C in a vacuum oven (Biichi, Switzerland) for 8 h before being
transferred into an Ar-filled glovebox, with the exception of the separators which were

dried at 300 °C.

The cells were assembled with a NMC 111 working electrode, two porous glass fiber
separators with a diameter of 11 mm (VWR, 250 um uncompressed thickness, 90%
porosity), and a counter electrode consisting of a free-standing graphite electrode firmly
attached to the metallic lithium foil (as described in Ref. ?2). 80 pl of electrolyte were added
to the cells. The self-mixed electrolyte was made using LiPFs (BASF, battery grade) in
EC:EMC 3:7 (wt:wt), battery grade, Gelon, China). Base solutions of 0.1 M, 1 M and 3 M
electrolyte were mixed and diluted to attain additional electrolyte concentrations of 0.03,
0.5, 1.5, 2 and 2.5 M. Additionally, commercial electrolyte (Gotion, USA, battery grade)
of nominally the same composition for concentrations of 0.1, 1 and 2.5 M was used.

Hydrogen Fluoride was measured using the TitroLine 7000 (SI Analytics).

Using a potentiostat (Bio-Logic Science Instruments, France), the gold-wire reference
electrode was lithiated at 150 nA for 1 h via the counter electrode in a temperature-

controlled chamber (25 °C, Binder). The cycling protocol started with a 3 h open circuit
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voltage phase to allow for complete wetting of the electrode. 5 initial cycling steps at C/5
were performed galvanostatically (constant current delithiation) between 2.5 V and 4.2 V,
(additionally to 4.4 V and 4.6 V for SOC dependent measurements) vs Li'/Li with a 1h
constant potential hold at the respective final charge potential depending on the
measurement. The electrodes were then brought to the desired potential/SOC at C/10 and
rested for 1h or kept at the measured potential for 1h prior to the impedance measurement.
Potentiostatic electrochemical impedance spectroscopy measurements were performed at
either a stated potential or SOC from 30 kHz to 0.1 Hz or 0.001 Hz and with an excitation
of 10 mV. For temperature dependent measurement the cells were placed in a temperature-
controlled chamber (Espec, Japan) and the impedance measurement was performed 2h

after the chamber reached the target temperature.

The C/5 cycling to 4.2 V, 4.4 V and 4.6 V reached reversible capacities of 145 mAh/g, 171
mAh/g and 195 mAh/g, respectively. For the rate test the electrodes were (after the initial
C/5 cycles) brought to 100% SOC (4.2 V) or 0% SOC (2.5 V) for the lithiation and
delithiation rate test (from C/10 to 5C rates), respectively, via constant current at the same
C-rate as the rate test, but not faster than 1C, with a subsequent potential hold for 1h. The
rate test was then performed by applying a constant current with a potential cutoff of 4.2

V or 2.5 V vs Li'/Li for delithiation and lithiation rate tests, respectively.
Electrochemistry fundamentals and theory
Butler-Volmer Kinetics for Intercalation Materials:

To capture the intercalation kinetics, following set of equations were proposed by Newman

and coworkers >023:24



i i, [exp (aaF(¢1 ;Td’z - U)) — exp (_ o F(pq ;T(Pz — U))] [1]

with i, as the exchange current density, a, and @, as the anodic and cathodic transfer
coefficients, F as Faraday’s constant, R as the universal gas constant, ¢, as solid potential,
¢, as the solution (electrolyte) potential and U as the open circuit voltage of the interface.

The exchange current density is given by the following expression:?3

e\

] . i

lo = loref | | ( ) [2]
i Ciref

Here, iy rof 1s the exchange current density at reference concentration (¢; ref). For complex

reactions, ¥;, &, and a, may be a complicated function of the symmetry factor and y; can

even be unrelated to the a. and a,. The intercalation reaction is given as follows:

Li—0, =Lit+ 0, +e”

Occupied site Unoccupied site
in solid in solid

Lacking experimental data, Newman and coworkers assumed the intercalation reactions to

be a first order reaction and the following expression for the exchange current density was

proposed (by replacing yyi+ = &g, Ve, = &g and Y(cy o —co) = Xc):

g = Fk(T) (Cs,max - Cs)ac(cs)aa(cl)aa (4]

Where k contains the Arrhenius type temperature dependence, ¢, is the concentration of
lithium in the solid host, ¢s max — €5 is the concentration of unoccupied sites and ¢ is the
concentration of lithium ions in the liquid electrolyte. For polymer electrolytes, the
solubility of lithium in the electrolyte also plays a role since the available space for Li" in

polymer electrolytes is limited. The proposed expression by Newman for the exchange
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current density of polymer electrolyte incorporates this limitation in a similar way as it

incorporates the concentration limitation of unoccupied sites in the solid phase (i.e.,
(Csat — €1)%). "

Eq. 4 (with o, = a, = 0.5) is extensively used in the battery modeling community for
common, liquid electrolyte battery materials and systems, though, the experimental
validity of Eq. 4 is not rigorously established. For small voltage perturbations (< 10 mV)
of the kinetic overpotential n = (¢, — ¢, — U), Eq. 1 can be linearized using exp(x) =
1 + x (also using a, + a. = 1), resulting in

F
i=k (Cl)aa(cmax - Cs)macso{c ﬁn [5]

Which can be transformed into an equation for the charge transfer resistance for small

kinetic overpotentials

. n RT RT 1 1
L= — = — X—X
1501 Fig  Fk % (Cpax — Cs)%acs%e

[6]

The term (cpax — €5)®@ is a measure of the available free sites for intercalation, and
therefore the state-of-charge (SOC) for a cathode active material, resulting in slower
kinetics (larger R.¢) when the material approaches its maximum concentration. On the
other hand, the term c;%c describes the available Li for the cathodic reaction, and therefore
the state-of-discharge (SOD), resulting in slower kinetics when the material approaches an
empty state. This leads to a U-shaped charge transfer resistance curve over SOC (shown in
Fig. 1) with poor kinetics at high and low SOCs. Such a description is plausible when
considering the potential profile of most intercalation materials. When the potential profile

is steep at high and low SOCs, no charge can be extracted, and the electrode is under so



called blocking conditions, where the kinetics of the electrode get too slow for practical
applications.'* This can be seen in the shape of TiS2 shown by West et al.,>*> which served
as the template for the initial Newman model. TiS2 shows a symmetric, steep potential drop
towards lower SOCs when the material is lithiated. Not every material can be reversibly
fully depleted or refilled, as shown later with the SOC dependent NMC 111 analysis, and
therefore one must take care when using equation [4] to describe battery kinetics. Fig. 1a
shows the SOC dependent charge transfer resistance as expressed in equation [6],

normalized to a resistance value of 1 for the minimum resistance, and with R

! —. Assuming a, + a. = 1, a, = 0.5 (black line) gives symmetric U-shaped

(cmax—cs)*axcg%c

kinetics with the minimum resistance at 50% SOC. The change in resistance is less than a
factor 2 between 10 and 90% SOC and only starkly increases at SOCs below or above
those, respectively. Changing a, to 0.3 or 0.7 leads to asymmetric SOC dependent kinetics
and the resistance minimum is shifted to a higher SOC (a, = 0.3, blue line) or a lower
SOC (a, = 0.7, red line). Fig. 1b shows the concentration dependent change in kinetics,

with R normalized to 1 for a concentration of 1 M. The resistance is correlated to the

1 . . . .
electrolyte as Ry e leading to lower resistances for higher salt concentrations.
1

a) 1 b)

a,+a.=1 R

(Cmax — €s)*acs%e
1 st

“ —_—
SO0C% x SOD%

1 1 1 1 1 Il 11111 | 1 Il 111 | 1 Il Il
0 20 40 60 80 100 0.03 01 05 1 2 3
SOC/% Electrolyte salt concentration / mol/L

Figure 1 Kinetic theory for intercalation materials as expressed in Eqn. 6. a) SOC dependent charge transfer
kinetics for different combinations of a, and a.. When both coefficients are the same value, the kinetics are
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symmetric; if the coefficients differ, the resistance minimum shifts from 50%. Resistances normalized to a 1
Q resistance in their respective minimum b) Li* electrolyte concentration dependent kinetics normalized to
a value of 1 Q at a 1M concentration for different values of «,, predicting an increase in resistance with
decreasing salt concentration.

Results and Discussion

Validation of EIS measurements on NMC 111 electrodes at various areal capacities—
This subsection discusses the influence of electrode areal capacity on the impedance
spectra of NMC 111 electrodes (working electrode impedance spectra measured via gold-
wire reference electrode), as well as capacity dependent charging (delithiation) rate tests.
It serves to find the proper areal capacity and validate the later performed EIS analysis of

the material kinetics to ensure influences of, e.g., the electrode geometry are minimal.

Fig. 2a depicts the equivalent circuit model for a porous electrode. The circuit consists of
two backbones, the left side represents electrical resistance elements (7,) with an
additional electrical contact resistance R/Q element at the current-collector/electrode
interface (bottom left). The electrical resistance is considered negligible in this study due
to the addition of sufficient conductive carbon and graphite in the porous electrode, but
small influences on the spectra cannot be excluded. Some EIS spectra shown in Fig. 2 show
the end of a semi-circle at the highest frequencies, which is attributed to an electrical
contact resistance (visible as a semi-circle in the kHz regime!#?°) but cannot be resolved
due to the frequency limitation of the GWRE above 30 kHz. The influence of electrical
resistances on the blocking impedance of porous electrodes is described in Ref.27. The
right backbone consist of the pore resistance in the porous electrode, coupled with
individual Warburg elements in the pores (1,; w;). Since local electrode current densities
are dependent on the ratio of pore resistance to charge transfer resistance,?® different

concentration overpotentials can be expected at different electrode depths. Hence the pore

10



resistance Warburg elements may be individually different. The ionic resistance and
Warburg diffusion resistance in the separator are shown in the top right corner. The two
backbones are connected via a charge transfer reaction element in series with the finite
length solid diffusion Warburg, coupled with the constant phase element from the

electrochemical double layer at the electrode material surface (Ws + [t/ qct])-

Fig. 2b shows the EIS spectra of NMC 111 electrodes of different areal capacities at 4V (=
80% SOC). All cells were cycled to 4.2 V vs Li"/Li. The lowest areal capacity of 0.37
mAh/cm? shows the largest semi-circle, associated with the charge transfer reaction Ry,

with a resistance value of = 7.5 Qcm?. The kinetic resistance decreases with increasing
. . . . .. 1
areal capacity. In Fig. 2c, a small pore resistance R;,, of =2 Qcm? is visible as 3 % 2 Qcm?

between the high- and low frequency intercept in the blocking impedance of the 0.37
mAh/cm? sample, obtained at OCV before any current was applied to the cell, (for blocking
impedance analysis see Ref. 1,2). The R;,,, is also visible in the non-blocking spectrum due
to the low value of R;,, compared to R.. Increasing the areal capacity decreases R due
to the increase in active surface area, but the simultaneously increasing pore resistance
transforms the spectrum and the pore resistance needs to be evaluated additionally to
extract R...2® Fig. 2d shows the impedance of the highest areal capacity electrode with 2.9
mAh/cm?, both under blocking conditions and at 4V vs Li*/Li. The extracted R, is = 8.5
Qcm?. The 1 Hz low-frequency resistance (LFR1x,) and high-frequency resistance (HFR)
intercepts give an electrode resistance (LFRin~-HFR, no semi-circle fit) of = 3 Qcm?.
Analyzing the spectra according to Ref. 28 gives a resulting charge transfer resistance of =
1 Qcm?, i.e., significantly smaller than the 3 Qcm’scom electrode resistance, but in

accordance with the = 8 fold increase in active material from 0.37 to 2.9 mAh/cm?.
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Figure 2 Equivalent circuit model and Impedance spectra of NMC 111 electrodes at different areal capacities.
Impedance data aligned in the x-axis to correct for minor differences in the HFR for better visibility; a)
Porous Equivalent circuit model for porous electrodes with two backbones: one for electrical resistance (left)
with electrical contact resistance (bottom left) and one for electrolyte pore resistance (right, electrolyte pore-
and Warburg diffusion resistance) including the separator elements (top right), connected via an element for
the charge transfer reaction with solid diffusion Warburg element. b) EIS comparison of areal capacities of
0.37, 0.7, 1.6 and 2.9 mAh/cm? measured at 4V vs Li*/Li. The semi-circle representing the charge transfer
resistance decreases drastically with increasing loading but stagnates at higher loading in accordance with
the porous electrode impedance response. ¢) and d) shows the lowest and highest loading EIS spectra in
addition to their blocking impedance (measured at OCV after cell assembly), showing the change in pore
resistance with loading. ) Full impedance spectra with low frequency datapoints to 1 mHz.

Fig. 2 e) shows the full EIS spectra down to 1 mHz. The capacitive behavior at lower
frequencies (between 10 mHz and 1 mHz) is mostly attributed to the solid phase finite

length (reflective) Warburg.!®!” The impedance analysis thus gives two distinct

capacitance values (not counting the capacitance from a contact resistance semi-circle), 1)

12



the electrochemical double layer capacitance from the electrode/electrolyte interface,
which scales with electrode surface area (i.e., active and passive materials) and ii) the
capacitance relating to the charge storage capacity (active material areal capacity) which

also depends on the local slope of the OCV.?’

To validate whether the low frequency (<10 mHz) capacitance can be correlated to the
extracted charge of an electrode, and thus the diffusion resistance, we compared the
measured capacitance to the charge which could be extracted in the region of the NMC 111
OCYV potential profile around 4V from the electrode’s C/5 cycle before the impedance
measurement, i.e., the charge that was extracted between 3.99 V and 4.01 V vs Li*/Li
during slow cycling. The later discussed charge rate test in Figure 4 shows that at C/5 the
cell reached over 99% capacity, suggesting that the overpotential for all cells was low
enough to assume sufficiently low overpotentials and a full extraction of charge at this C-
rate, i.e., it is close to the OCV potential, a necessary prerequisite for the comparison to the

EIS analysis. Assuming perfect capacitive behavior, the low frequency datapoints were

converted to an electrical charge value via Cgig = mAU with w as the angular

frequency and AU = 20 mV. Fig. 3a and b illustrates the analysis method of Cycy, which

was determined by extracting the charge at the potential between 3.99 and 4.01 V (i.e.,

AU = 20 mV) and extracting the experimentally obtained capacity in this potential window.

Fig 3¢ shows Cgjs/Cocy as a function of frequency and areal capacity. The lower areal
capacities approach the charge extracted from the potential up to = 89 %, meaning the
imaginary resistance in the EIS measurement is slightly higher than expected and thus gives
slightly lower calculated capacitance values compared to the extracted OCV capacity
values. However, the convergence towards a value of 1 with varying electrode capacities

from 0.37 to 2.9 mAh/cm? suggests that the assumption of probing the material properties
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(as opposed to the electrode or separator properties) holds true. The reason for the
discrepancy of 11 % is not known and might be either a systematic error in evaluating the
data (e.g., the assumption of perfect capacitive behavior) or not yet fully completed
diffusion, both supported by the impedance data as the capacitive branch has not reached
a perfect 90° upward angle. Yet the lowest capacity seems sufficient to probe the material
at a frequency of 1 mHz and only little further improvement may be obtained by decreasing
the electrode capacity. Probing the electrode to even lower frequency would result in
impractically long measurement times. The substantial discrepancy of the 2.9 mAh/cm?
electrode can be expected, as a higher areal capacity results in a reduced low frequency
imaginary resistance due to the capacitive nature of the 10 mHz to 1 mHz frequency
resistance regime. The spectrum is thus more likely to be disturbed by other diffusion
phenomena (e.g., from the separator liquid diffusion which is a constant contribution in all
measurements), and the assumption of a dominating solid diffusion resistance becomes
invalid at such high capacities. Additionally, a diffusion resistance in the thicker, porous
electrode might arise, which, if not yet fully completed at the lowest frequency of 1 mHz,
still adds to the imaginary part of the impedance spectrum. The electrolyte in the electrode
pores can have significant influence on the low frequency impedance spectra, which we
aim to decrease here, which has been shown in Ref. 17. This shows that a lower areal
capacity is useful when analyzing the kinetics and solid diffusion of electrode materials, as
both resistances become enlarged and dominant in their respective frequency domain. A
more detailed analysis of the diffusion resistance and charge transfer kinetics over SOC is

detailed further below.
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Figure 3 Comparison of the charge calculated from EIS spectra at different frequencies and the charge
extracted from the linearized potential profile of the individual electrodes to validate the assumption of
probing mainly the solid diffusion branch of the electrode; a) Potential profile of NMC 111 with dotted lines
highlighting where the diffusion resistance measurement and capacity analysis of Cocv was obtained; b)
zoom of the potential at which the EIS measurement and capacity analysis was performed; ¢) Cgis/Cocv as
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a function of EIS measurement frequency. The lower areal capacities approach the expected value of 1,
indicating that the lower capacity improves the visibility of the diffusion resistance analysis.

The electrode areal capacity can have great impact on the electrode behavior, e.g., through
the increase in thickness of the electrode, which can lead to changes in local Li"
concentration in the electrolyte, due to mass transport losses during cycling. Such changes
are expected to change the electrode charge transfer resistance and are described by Eqns.
2 and 4. To understand which areal capacity is affected by the liquid electrolyte transport,
the electrodes underwent a delithiation rate test as shown in Fig. 3. The lower areal
capacities of 0.37 and 0.7 mAh/cm? show the same high capacities reached even for C-
rates up to 5C. This is because the mass transport overpotential of the electrode is negligibly
small and the performance is mainly limited by the material properties, e.g., the kinetics or
the solid diffusion resistance. The high capacities achieved up to 5C show that the material
is only weakly limited in these aspects. Increasing the areal capacity decreases the achieved
electrode capacities drastically for higher C-rates. The electrode now becomes limited in
the electrolyte transport (electrical resistances are assumed small due to the high amount
of conductive additive in the electrodes, see experimental section), leading to strong
concentration gradients across the electrode. To study the effect of the Li* concentration in
the electrolyte on the electrode kinetics, we measured the material kinetics at different

electrolyte concentrations.
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Figure 4 Charging (delithiation) rate test of NMC 111 electrodes at different areal capacities. The change in
performance with areal capacity is attributed to mass transport losses in the electrode pores due to electrolyte
concentration gradients. The 0.37 and 0.7 mAh/cm? electrodes are overlapping, suggesting no influence from
mass transport on both measurements and thus a predominant limitation of the material kinetics. The 1.5
mAh/cm? shows initial signs of additional losses at C-rates of 2C, while the 2.9 mAh/cm? electrodes already
show initial limitations at 1C, with the most drastic performance drop off among all samples. Rate test
performed between 2.5 V and 4.2 V vs Li"/Li in a T-cell setup with GWRE.

Kinetics of NMC 111 at varying LiPFs concentrations— This subsection shows the
results of the NMC 111 EIS analysis using LiPFs salt concentrations between 0.03 M and
3 M in EC:EMC 3:7 (wt.:wt.). NMC 111 half-cells with GWREs were assembled using
different electrolyte concentrations and cycled 5 times between 2.5 and 4.2 V at C/5
(including a 1h potential hold at 4.2 V) before measuring impedances at various steps
between 3.7 V and 4.2 V vs Li'/Li. For the concentration dependent impedance analysis in
Fig. 5, a self-mixed electrolyte was used (see experimental section) while for a later
analysis, commercial electrolyte pre-mixed at varying salt concentrations was used to
ensure the results obtained here were not the result of improper material handling. Both

sets of electrolytes gave comparatively similar results, as explained in this section.
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The above described BV and Newman kinetics for liquid electrolytes predict a correlation
of the exchange current density with the Li" electrolyte concentration to be cla 4, assuming
all other parameters are constant. This includes the concentration of the reduced species
intercalated in the solid, which is taken care of when measuring at the same SOC. Since
the reference electrode is also immersed in the same electrolyte as the working electrode,
the analysis and potentials all shift equally with changing electrolyte concentration
according to the Nernst equation and the cycling and measuring protocol does not need to
be adjusted. Fig. 5a shows the concentration-dependent charge transfer resistance,
normalized to the Materials BET surface area (0.3 m?/g), ranging from 3.7 —4.2 V vs Li*/Li.
For concentrations from 0.03 M to 1.5 M, the charge transfer resistance R.; shows a
logarithmically linear change with concentration, following a behavior which can be
described with an a, coefficient of 0.5 (grey dashed line given as guide for the eye). This
behavior follows the expected trend predicted by both the Newman and BV equations. For
higher electrolyte concentrations above 1.5 M, R increases, contradictory to the expected

theoretical behavior for liquid electrolyte.
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Figure 5 a) charge transfer resistance Ry of NMC 111 measured for different electrolyte concentrations
extracted from EIS spectra and normalized to a material BET surface area of 0.3 m?*/g. While at lower
concentrations the behavior is as expected, the resistance increases contrary to the usually applied BV-
theory.; b) The charge transfer resistance measured at 4V at different salt concentrations and different
temperatures. For concentrations between 0.03 M to 2 M the activation energy is ~ 50 kJ/mol and increases
to 60 and 65 kJ/mol for the 2.5 and 3 M measurements, respectively.
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Fig. 5b shows the temperature dependent resistances. The activation energies for the
kinetics at 4 V at concentrations between 0.03 M and 2 M was measured to be around 50
kJ/mol but deviates at high concentrations to 60 kJ/mol and 65 kJ/mol for the 2.5 M and 3
M concentrated electrolyte, respectively. The deviation from the expected BV-type
behavior can be caused by a plethora of reasons, e.g., the effect a high salt concentration
may have on the electrolyte properties. A review of Li-ion battery electrolytes can be found

in Ref, 3.

To first ensure that the observed behavior is not an artefact of the self-mixed electrolyte
and any impurities such as hydrogen fluoride (HF) that might arise from mixing high
concentrated electrolytes, we re-measured the NMC 111 kinetics using commercially
available high and low concentrated electrolytes. The commercial electrolyte was tested
for its HF content via a HF titration (see experimental section) and determined to be 44
ppm for the 2.5 M concentrated electrolyte, compared to 39 ppm for the 1M concentrated
electrolyte. Thus, we assume no additional influence coming from HF which could damage

the NMC surface.

Fig. 6a shows the impedance response of NMC 111 at 4V, measured ina 0.1, 1 and 2.5 M
commercial electrolyte. The resistance increases by a factor ~3 from the 1 M to 0.1 M R,
is as expected for an a-value of 0.5, and thus gives the same result as the self-mixed
electrolyte. The 2.5 M commercial electrolyte measurement also shows an increased
resistance, as observed for the self-mixed electrolyte, suggesting that this is not an artefact
from the electrolyte preparation. The 2.5 M impedance response shows what appears to be
an additional semi-circle feature below 1 Hz, not found in the other spectra with lower

concentrations (but found in both self-mixed and commercial electrolyte). There are at least
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two possible sources for the impedance deviation and additional features: 1) the feature is
part of the electrolyte impedance response alone, i.e., not connected to the kinetics (e.g.
electrolyte diffusion) at such high concentrations and overlaps with the actual kinetics, and
thus could be described by some other polarization phenomena; ii) it arises from the
interface and electrolyte interaction therewith and is therefore connected to the kinetics.
The first hypothesis is easily tested, as any property which solely arises from the electrolyte
would be visible, and reasonably constant, when using other electrodes of, e.g., higher areal
capacity, similar to, e.g., the HFR which is not a function of any electrode state or property.
The 1.5 mAh/cm? electrode measured in the 2.5 M electrolyte shows a similar impedance
spectra deviation in the same frequency range but significantly decreased in magnitude.
Comparing the shape of the 1.6 mAh/cm? impedances from Fig. 2 with the 1.5 mAh/cm?
impedance in Fig. 6 shows that the impedances in Fig. 2 measured in a 1 M electrolyte
show a minimum around 1 Hz, whereas the 2.5 M impedance shows an additional stretched
out feature, which could arise from an underlying semi-circle. It can therefore be concluded
that the feature visible in the 2.5 M measurement is not from the electrolyte itself but is
rather related to the electrode active material interface and the large semi-circle is still

representing the material kinetics.

The influence of high salt concentrations on the material interface have been studied in the

literature as well. Steinriick et al.>!

studied the electrolyte-metal oxide interface and found
that high concentrated electrolyte builds a more ordered electrochemical double layer
around metal oxides. Tatara et al.>> show similarly increased kinetic resistances for high

electrolyte concentrations in NMC 811, but also show that additional delithiation outside

of the materials usual stability window (in their case from 4.3 V and upwards for the NMC
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811) shows lower degradation when using higher salt concentrations. This was explained

by a reduced electrolyte reactivity due to the higher salt concentration.

To see if the effect of the high concentrated electrolyte is permanent, the electrodes cycled
in 2.5 M electrolyte were harvested, washed in diethyl carbonate (DEC) and re-measured
in a 1 M electrolyte (see Fig. 6b). Measuring the 4 V impedance in the first cycle shows a
reduction in resistance and in the subsequent cycles the impedance is reduced to the same
value as the NMC 111 electrode measured solely in a 1M electrolyte. The effects from the
electrolyte therefore do not appear permanent but were also not immediately washed off
during the washing step. This however suggests a non-destructive interplay between the
material and the electrolyte, and thus the kinetics shown in Fig. 5 appear to be valid also
for the high concentrated electrolyte. It can be mentioned that, as shown by Tatara et al.,
the effect a high concentrated electrolyte has on the cathode depends also on the type of
salt, as, e.g., LiBF4 has a lower EC coordination compared to LiPFe and thus a comparison
of two electrolytes using different salts (or the same salt but different concentrations of EC

in the solvent) is expected to yield different outcomes.*
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Figure 6 NMC 111 impedance date measured at 4 V vs Li*/Li. a) Impedance data measured in a 0.1, 1 and
2.5 M commercial electrolyte. The resistance change from the 1M to the 0.1 M electrolyte is as expected
from the BV/Newman theory. The increased resistance for the high-concentrated 2.5 M electrolyte is not
predicted by the theory and the additional measurement at a higher areal capacities shows that the additional
feature around 1 Hz is linked to the electrode surface area, and thus, the kinetics. b) replots the 1M and 2.5
M impedances from a) and shows the impedance of the electrode cycled in 2.5 M after washing, measured
in a 1M concentrated electrolyte. The resistance is reduced and after two cycles decreased to the expected
value of the 1 M concentrated electrolyte, suggesting no permanent surface change has occurred.

An alternative explanation for the increase in kinetics for strongly increased electrolyte salt
concentration is the solubility limit of the electrolyte, i.e., the maximum dissociated salt
concentration achievable for a given electrolyte composition, which could lead to a similar
behavior of the electrolyte dependent kinetics compared to the SOC dependent active
material kinetics. As Li" requires free solvent molecules (EC) to be dissociated in the

electrolyte, a high concentration of Li" at the electrode/electrolyte interface could hinder
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further solvation of Li". Fig. 7 plots the charge transfer resistance linearly over
concentration, with the grey line representing the same equation used for the change in
kinetics of the solid material, but now with cg,, representing the saturation limit of the
electrolyte, here assumed as 3 M as this appeared to be the highest achievable salt
concentration during mixing. A similar theory has been proposed by Newman for polymer
electrolytes, which are limited in the amount of Li* which can be inserted into the polymer
electrolyte.®?* The shape of the experimental data appears asymmetric, with still a
minimum at half the assumed maximum salt concentration, which is not a trend that can
be represented by the equation used for the grey line. Thus, further investigation into high
salt concentration kinetics and a variation in the equation are necessary to find a proper

mathematical representation of the here shown phenomenon.
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Figure 7 Charge transfer kinetics from Fig. 5 replotted with a linear relationship to the electrolyte salt
concentration. The grey line plots the charge transfer resistance if the electrolyte concentration dependent
kinetics behave similarly to the theory for active material (Eqn. 4), with a solubility limit in concentration Cqy
(here assumed as 3 M).
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This analysis shows that the NMC 111 kinetics cannot be described by the simple

. . 1 . . .
relationship of RCt~C_aa but requires an additional term for higher-concentrated
1

electrolytes or an adaptation of the equations, incorporating an electrolyte solubility limit.
An additional method to determine the transfer coefficients a, and a is by applying high
currents and measuring the kinetic overpotential to extract the tafel kinetics. Generously
extrapolating the kinetic resistance of an electrode from the capacity dependent impedance
in Fig. 2 gives a maximum of 40 Qcm? kinetic resistance for a 0.1 mAh/cm? electrode.
Calculating the overpotential at 1 C (0.1 mA/cm?) gives 4 mV overpotential acc. to ohms
law, which is valid as such low overpotentials are in the linear BV-regime. To accurately
measure the kinetic resistances at high overpotentials would require currents far beyond 10
C, which for cell setups such as the T-cell setup used here are impractical as these currents
lead to additional losses across the separator. The loading dependent rate test (Fig. 4) also
shows that the limitation in electrolyte transport does not allow for currents far outside of

the linear BV-regime for practical applications of Li-ion batteries.

SOC dependent EIS analysis of R. and diffusion resistances of NMC 111— This
subsection shows the SOC dependent analysis of the charge transfer kinetics as well as the

low frequency diffusion resistance measured down to 1 mHz.

Fig. 8a shows an impedance spectrum of the NMC 111 at 3.8 V and the equivalent circuit
for a thin electrode at the top of the figure. As a 0.37 mAh/cm? electrode has a mass loading
of less than 3 mg/cm?, it can be considered a flat electrode, and the main contributions to
the resistance are the high-frequency separator resistance offset, the charge transfer
resistance (red semi-circle) as well as diffusion resistances (blue). For such an electrode,
R can directly be extracted from the impedance spectra without the use of a transmission

line model. The measured diffusion resistance however has two contributions, the liquid
24



diffusion in the separator and the solid diffusion in the active material. Measuring the low
frequency impedance at different SOC would thus only change the active material diffusion
resistance and the charge transfer resistance. The separator diffusion resistance can then be

assumed constant as it is not a function of the active material SOC.
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Figure 8 Nyquist plots for NMC electrodes of 0.37 mAh/cm? measured to 1 mHz. a) example plot showing
the contribution of the kinetic and diffusion resistance. The diffusion resistance includes both the resistance
from the reflective solid Warburg diffusion as well as the transmissive Warburg diffusion resistance from the
liquid electrolyte in the separator, the latter can be taken constant over all SOCs. b) example impedance plots
depicting the low frequency impedance of the NMC 111 electrode at 3.7 V (~10% SOC), 3.78 V (~40%
SOC) and 3.94 V (~80 % SOC) showing both a decrease in charge transfer kinetics and diffusion resistance
with increasing SOC.

Fig. 8b shows exemplary NMC impedance spectra at different potentials, from 30 kHz to
1 mHz. At 3.7 V the impedance plot has not yet reached the capacitive behavior (close to
a 90° slope) and thus the diffusion resistance measured is underestimated. The other two
spectra at higher potentials have reached a (mostly) capacitive behavior and can be

evaluated for their diffusion resistance. The analysis was performed using the x-axis
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(Re(Z)) value of the 1 mHz datapoint and subtracting both HFR and R;. The remaining
resistance value constitutes the diffusion in the separator and the impedance response of

the spherical diffusion in the solid active material.

Fig. 9 shows the SOC dependent charge transfer kinetics of the NMC electrodes for
different cut-off potentials. As discussed earlier, the Newman kinetics were designed for a
full insertion/removal of the active species into the material. This is not possible for NMC
111 due to the instability of the material at higher potentials. NMC 111 can usually be
cycled to a potential of 4.2 V or 4.4 V vs Li*/Li, and we additionally cycled the material to
4.6 V to understand the kinetic behavior over a wider SOC range, even though the material
is not stable for long term cycling at this potential.'" All cells were cycled 5 times at C/5 to
the respective cut-off potential before the SOC-dependent impedance measurement was
performed. Fig. 9a shows R normalized to the BET surface area as a function of lithium-
content. All materials have an initial Li-loss due to the slow kinetics for re-insertion, visible
in the increase in charge transfer resistance at higher lithium concentrations (low SOC),
which could be recovered by applying a low potential to the material for several hours

(assuming the material has not undergone substantial irreversible changes).*
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Figure 9 SOC dependent kinetics. a) Charge transfer resistance as a function of Li-content in the material
for different cutoff potentials. The general shape is that of the kinetics predicted by Newman (For both o =
0.5) but the material shows stronger changes with SOC and the minima are shifted to lower degrees of
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lithiation. All materials have previously been cycled to the respective cutoff potential. b) re-plots the date of
a) but redefining SOCineor such that 0% SOCeor corresponds to the practically full material after the

irreversibly lost lithium and 100 % SOCieor correspond to a theoretically complete delithiation of the material.

For reference, the top axis shows the cell SOC for a cutoff of 4.2 V, as it might be defined for practical
applications. The materials now show their minimum resistance at 50 % SOC and the kinetics can be
described by the Newman equation using both & = 2 (grey line labeled Newman 2).

The impedances show a U-shaped trend with a minimum resistance at a lithium content of
~0.44 for a cut-off 0of 4.2 V and 4.4 V and 0.38 for the NMC cycled to 4.6 V. The electrodes
cycled to 4.2 V show an overall lower R.; compared to 4.4 V and 4.6 V. The Newman
predicted kinetics show the U-shaped form but for @ = 0.5 the expected minimum
resistance should be at x = 0.5. More drastically different however is the change in kinetics
with Li-content. The Newman kinetics equation predicts significantly less change in

kinetics over SOC compared to the experimental measurement.

To correct the kinetics for the (practically) irreversible capacity loss, Fig. 9b changes the
x-Axis plot to adjust for these losses, described as SOCiheor. Here, 0% SOCiheor corresponds
to the material in its fullest state when charged at C/10 (practically full), however 100%
SOCiheor still represents the materials full delithiation (theoretically empty). The thus
normalized kinetics now show their kinetic minimum at ~50% of their theoretical SOC,
regardless of cut-off potential or initial irreversible losses, and are closer represented by

the Newman kinetics. The Newman kinetics (Eqn. 6) shown in the two figures were

calculated using the relationship R and then adjusting the remaining

(cmax—cs)*axcse
offset such that the minimum resistances overlap. The curves described as Newman 0.5
show the change in SOC with both a coefficients as 0.5. The Newman 2 curve was
calculated with the coefficients set to 2, changing the curvature of the kinetics, which now
overlap much closer to the experimentally obtained data. The analysis shows that for SOC

dependent kinetics, different transfer coefficients from those used for the electrolyte-
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dependent data need to be used. Adjusting for these differences, the material still shows a
remarkable similarity to the Newman model. Also, the 4.4 V and 4.6 V cycled cells show
almost identical resistances when plotted over a normalized plot in Fig. 9b. Both are
expected to have undergone some form of surface reconstruction, and additional growth of

I are not

structurally different layers into the material due to, in this case, oxygen loss,!
reflected in R as it is measured at the particle surface alone and the thickness of such a

layer should be irrelevant.

Fig. 10 shows the SOC dependent diffusion resistance in blue (as defined in Figure 7a,
including both liquid and solid phase diffusion resistances) over the adjusted theoretical
SOC. This diffusion resistance measured here is only of a qualitative nature, as the analysis
for actual diffusion would require detailed knowledge about the particle shape and size
distribution and requires an appropriate model, as, e.g., shown in Ref 34. Assuming that
the diffusion behavior in solid particles will ultimately lead to a vertical line (pure
capacitive behavior) and not a tilted line (as obtained in CPE) the defined diffusion
resistance can be considered as underestimates, especially at lower SOCs as described
above.” Since individual measurements to low frequencies take around 10h of

measurement time, this analysis was only done for the cut-off potential of 4.2 V.

The diffusion resistance for such a thin electrode (where the electrode can be approximated
as flat) represent the sum of 1) the liquid Warburg resistance of the separator (as estimated
in the appendix A) and ii) 1/5™ of the Warburg resistance of the solid spherical particle

Rpare (equation 7 below). In the separator, 1 Qcm? electrolyte HFR would cause an

additional 1.33 Qcm? diffusion resistance, which can then be subtracted from the
measurement (see Appendix for detailed explanation). In this case the observed 4 QQ HFR

(on a T-cell surface area of 0.94 cm?) resistance would result in 5.32 Q (or 5.7 Qcm?)
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diffusion resistance, can make up a third of the total diffusion resistance measured and is

therefore not negligible. The particle diffusion resistance Ry, with the Warburg

resistance of the solid particles is defined as:?**

U
dcg FDy

Rpart =5 X Rpeas X Apart =

[7]

Where R 045 18 the experimentally measured diffusion resistance of the projected diffusion

surface area Apar, :TU is the slope of the open circuit potential (OCV) over the solid
S

concentration change, g the particle radius and Dy the diffusion resistance in the solid

phase.

To calculate a diffusion coefficient, the projected diffusion area of the spherical particles,
i.e., the area measured if the surface of the particles was perfectly smooth, therefore not the
BET surface area, is needed. With 0.37 mAh/cm? and 145 mAh/g, this gives an areal
loading of ~ 2.6 mg/cm? of NMC. With a density of 4.7 g/cm?, the NMC 111 volume gives

0.55% 1073 cm;,,/cm?. Assuming a uniform particle radius of 10 pm (spheres), gives a

volume of 4.2 X 10~%cm?3 per particle and thus 1.3x 10> particles and a total surface area

A =1.6 cmg,,/cm?. For comparison, the BET surface area would have yielded 7.8 cm®.

Correcting the experimentally measured diffusion resistance at ~40% SOCtheor (around
60% SOCceii; ~16 Qcm?) for the liquid Warburg (5.7 Qcm?) gives Ryeqs & 10.3 Qcm?,

and thus, Ry, = 82 Qcmf,art. Taking the local slope at this SOC (1.9% 107 V/mol/m?part),

the diffusion coefficient for this SOC is calculated to 2.4x 1013 m%/s, similar to a previously
reported value for NMC 111.3* Assuming this diffusion coefficient to be constant over SOC
would result in a theoretically measured diffusion resistance which now only depends on

the OCV slope. The brown line in Fig. 10 shows the diffusion resistance which would
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theoretically be measured if the diffusion coefficient was constant, i.e., the resistance
would only depend on the local OCV slope. It shows a distinct minimum in resistance at
low SOC, in a region where the experimentally measured resistance is highest. The
difference between the theoretically expected diffusion resistance (red line) and the
experimentally measured resistance (grey line) can be interpreted as an effective change in
diffusion coefficient, assuming the particle morphology is constant (i.e., no reversible
particle breathing). Thus, the NMC 111 diffusion coefficient is decreasing by one order of

magnitude between the higher and lower SOC, respectively.

Comparing the diffusion resistance with the charge transfer kinetics, their minima are
somewhat aligned between 40-50% SOCtheor, and their shape over SOC is similarly U-
shaped with an increase in resistance towards higher degrees of lithiation. A proper
diffusion analysis of NMC materials can be difficult, as this material is composed of
secondary particles containing small primary particles. Particle breathing over SOC and
cracking over cycling changes the effective diffusion length and any analysis would only
give an effective diffusion coefficient which might contain additional diffusion from liquid
penetrating the particle.'”?® A thorough analysis of the material diffusion would require
spherical single crystal NMC particles of a narrow particle range to get accurate
information on the diffusion coefficient. Charbonneau et al* have measured
polycrystalline diffusion coefficients via EIS by applying such a model, however only
measured the first cycle and the 50™ cycle and neglected a correction for the liquid diffusion.
This correction is especially necessary if the electrode loading is such that the measured
diffusion resistance is in the same order of magnitude as the cell separator resistance, as
was the case here for parts of the measured spectra, even though the areal capacity is

already considered very low.
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Figure 10 Blue: Diffusion resistance extracted from the low frequency impedance analysis, containing both
the separator and particle diffusion resistance. The estimated separator diffusion is 5.7 Qcm? and is
independent of the electrode SOC. 0% SOCinor is defined as the reversibly available SOC whereas 100%
SOC is the theoretically attainable SOC if the material was stable at these degrees of delithiation. The particle
diffusion resistance (grey) was corrected for the separator diffusion resistance and (for spherical particles)
corresponds to 1/5" of the total particle diffusion resistance. Assuming a constant diffusion resistance of
2.2x10°'3 m?/s the brown line shows the change in diffusion resistance due to the material specific changes
in the potential slope. The first two resistances at low SOC were obtained from spectra which did not show
a capacitive behavior at the lowest frequency and are thus considered underestimates.

The SOC dependent analysis shows the change in kinetics over SOC, which practically
become asymmetric due to the partial usage of the material. To understand the influence
of the asymmetric kinetics on the materials rate capability, we performed charging
(delithiation) and discharging (lithiation) rate test with electrodes of very low areal capacity,
0.37 mAh/cm?. Fig 1la shows the potential profile of the C/10 and 5C charging
(delithiation, green) and discharging (lithiation, red) rate test. As seen previously in Fig. 9
and Fig. 10, towards low SOC the kinetic- and diffusion resistances of NMC 111 increase
starkly, whereas these resistances decrease towards higher SOCs, which becomes visible
in the decrease in overpotential between the C/10 and 5C delithiation curves over the
course of charging (green curves). The opposite effect is visible more severely in the

lithiation curves, where the measured capacity is limited much more significantly and the
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difference between the C/10 and 5C curves (red) increases drastically towards the end of

discharge. Fig 11b shows the overall reached capacities of C-rates up to 5C.
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Figure 11 Rate test of thin NMC electrodes with a capacity of ~0.37 mAh/cm?. a) lithiation and delithiation
potential curves at C/10 and 5C showing the discrepancy in performance. During delithiation the kinetics
generally become faster while during lithiation both the charge transfer and diffusion resistance increase
towards higher degrees of lithiation leading to significantly increased overpotentials. b) capacities reached
between C/10 and 5 C for lithiation and delithiation.

Conclusions

This work shows an EIS based kinetic analysis of NMC 111 electrodes. We first give an
overview over the kinetic theory which was adapted by Newman for intercalation materials,
and served as the basis for comparison throughout the rest of this work. To find a suitable
electrode design for the analysis, we then demonstrated the impact of areal capacity on the
impedance spectra, especially with regards to the 1 mHz low frequency impedance,
showing how lowering areal capacity improves probing the charge transfer kinetics and
solid diffusion resistance, which especially for the latter case is sufficient around 0.37
mAh/cm?. Rate tests showed that at lower areal capacities the electrode performance
becomes independent of the electrode mass loading, once mass transport limitations
become negligible and the material properties dominate.

32



The first step in the kinetics analysis was the electrolyte salt concentration dependent

analysis. Generally, the change in kinetics with concentration are described by R, « @
1

which we show is true for lower electrolyte concentrations between 0.03 M and 1.5 M
LiPFs. At higher salt concentrations, up to 3M, the kinetic resistance increases contrary to
the popularly used expression for liquid electrolytes, but in line with other observations in
literature. To understand if the resistance change is a result of a permanent destruction of
the NMC 111 surface, we harvested electrodes which were cycled in a 2.5 M electrolyte,
washed them, and re-measured them in a 1M electrolyte. The electrodes regained a lower
charge transfer resistance, in line with expected measurements of a 1M electrolyte,
showing that the effect is indeed a kinetic effect and not permanent and therefore needs to
be incorporated into the kinetic model. The observations could also be described by a
model which incorporates a solvation limit into the electrolyte, similar to the proposed
theory for the solid active material. As this effect of increasing resistance may be linked to
the EC coordination of the salt,>* our results are only valid for a LiPFs electrolyte with a
3:7 ratio (wt. : wt.) of EC to EMC. The lower electrolyte concentrations (0.03 M to 2 M)
showed the same activation energy of 50 kJ/mol, while at higher salt concentrations (2.5-

3 M) the activation energy increased up to 65 kJ/mol.

The SOC dependent analysis of the charge transfer kinetics, predicted as R &

1

(Cmax—Cs)%axcgc’

showed U-shaped kinetics over the theoretically achievable SOC similar

to the predicted values from the Newman model, but showed a significantly steeper slope.
Adjusting the definition for SOC due to the practically irreversible capacity loss of the
material, but incorporating the theoretically achievable maximum capacity, showed
kinetics which were more closely in line with the Newman model. They exhibited

symmetric kinetics with a minimum at 50% SOCtneor, but still require adjustment of the
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kinetic transfer coefficients a from 0.5 to the, less physically defined but experimentally
measured, value of 2. The diffusion resistance also follows a U-shaped trend, which, when
considering the limited available SOC window of the NMC 111, leads to asymmetric
kinetics of the material in practical use. The diffusion and charge transfer resistance
increase for higher degrees of lithiation limits the electrode capacity during discharge, as

demonstrated in rate capability lithiation and delithiation rate tests.

The measurements showed that in the case of NMC 111, the kinetic transfer coefficients
for the liquid phase behave independently of the transfer coefficients for the solid phase

and thus must be treated separately, rather than using one set of parameters for both.
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Appendix

Assuming that the Warburg resistance of the separator placed between two thin electrodes
will be similar to the Warburg resistance of the same separator placed between two flat
lithium foils, we can use the Li-separator-Li setup and associated equations to calculate the
potential difference due to diffusion overpotential across the separator. From the diffusion
overpotential, we can calculate the Warburg resistance. The Li-Seperator-Li system has the
following boundary condition on each side corresponding to the faradaic reaction (i.e., at
the interface between liquid electrolyte and Li electrode)

ac; 11 —-ty)

Desr 5 0 ey P [Al]

Where x is the axial coordination going from 0 to the thickness of the separator dgep, ty is
the transference number and 7 is the applied current. In this system, at steady state, the
concentration gradient in the entire separator will be the same everywhere and can be given
by (assuming that applied current is small enough so that the concentration difference
across the separator is tiny hence the transport parameters will not vary substantially)
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The charge balance equation applicable to the system is given below.
2RT
dp, 1 T (IDR(A-t)aq
0X  Keff a ox [A3]

Here, ¢, is electrolyte potential, k.5 = ke/T is the effective electrolyte conductivity
which is given by bulk conductivity, electrode porosity and tortuosity, TDF is the
thermodynamic factor. The second term on the RHS can be modified using the
concentration gradient given by A2 as below.

ap I I
0x N Keff CDefsz [A3]
ZRT(TDF)(1 —t,)?
w

While the first term is thought to give the potential drop due to limited conductivity of the
electrolyte, the second term in Eq. A3 can be used to give the potential drop due to diffusion
overpotential, hence the Warburg resistance can be calculated using the second term of
Eqn. A3 as below.

R = dsep _ dsep
w WA ( ClDefsz ) A [A4]
ZRT(TDF)(1 —t,)Z

Using Landesfeind et al*’ for TDF =1.5 , k = 8.9 mS/cm, D=3E—10m?s and t, = 0.25
at 298 K, a 1 cm? area of 89um thickness filled with electrolyte would result in a 1 Q high
frequency resistance (resulting from the electrolyte conductivity). The resulting diffusion
resistance would be an additional 1.33 Q, i.e., every 1 Q in separator high frequency
resistance results in an additional 1.33 Q in diffusion resistance.
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3.2.3 Li-lon Battery Material Impedance Analysis Il: Graphite and
Solid Electrolyte Interphase Kinetics

The manuscript entitled “Li-lon Battery Material Impedance Analysis II: Graphite
and Solid Electrolyte Interphase Kinetics” will be submitted to a peer-reviewed

journal.

Understanding the kinetics of graphite requires understanding the kinetics of the
solid electrolyte interphase (SEI), which is formed during the first charge on the
graphite surface. To understand the properties of the SEI, copper films were
measured via EIS before and after formation in LP57 (EC:EMC 3:7 + 1M LiPF¢) and
LP57-2 (+2% Vinylene carbonate, VC) electrolyte and showed that the SEI is
dynamic, decreasing its resistance for a decreasing potential (towards 0V vs.
Li*/Li). Such a behavior is unexpected, as classically described solid electrolytes do
not change their resistance with the applied potential. Studies have shown that
solid electrolytes can form space charge layers, i.e., layers enriched or depleted of
charge carriers, which could explain the behavior observed for the SEI.?899
Additional analysis of thin graphite electrodes showed that the SEI resistance is the
main contribution to the graphite kinetics, with the charge transfer resistance

becoming negligible above ~10% SOC.

To understand the impact of changing electrolyte concentration on the SEI
resistance, electrodes underwent formation in a 1M LiPFs electrolyte, were then
harvested, washed and re-measured in electrolyte of different salt concentrations
between 0.03 M and 3 M. The analysis showed decreasing SEI resistances for
increasing salt concentrations, which hints at an interplay between the SEI and the
electrolyte. Analogously, performing the formation step in electrolytes with
different salt concentrations has a similar effect on the SEI. To understand the
influence of the SEI on the Li-plating kinetics, graphite electrodes which showed
distinctly differing SEI resistances were brought to 10 mV vs. Li*/Li for 1h to ensure
that the material is fully lithiated. A subsequent Li-plating current of 1 mA showed
that the SEI resistance is visible in the Li-plating reaction overpotential as an initial

offset, but the additional nucleation overpotential is the same for both reactions.

The analysis shows that the SEI is dynamic and behaves similarly to a charge

transfer resistance, in that it shows a potential dependence and a dependence on
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the electrolyte concentration. Since the R, is negligibly small, the graphite

electrode can be modeled by one kinetic element alone.
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Abstract

Li-ion battery graphite electrodes form a solid-electrolyte-interphase (SEI) which is vital
in protecting the stability and efficiency of the cell. The SEI properties have been studied
extensively in the context of formation and additives, however studying its kinetic features
after formation have been neglected. In this study we show the dynamic resistive behavior
of the SEI after formation. Via electrochemical impedance spectroscopy measurements on
Cu-foil after SEI formation we show how the SEI shows a potential-dependent resistance
which can be explained by a change in charge carriers (Li") in the SEI. Additional
measurements on graphite exhibit a similar behavior and allow us to separate the charge
transfer kinetics from the SEI resistance, showing that the SEI resistance is the dominating
resistance in the graphite kinetics. Measurements on pre-formed electrodes also show how
the SEI resistance changes when in contact with electrolyte of different LiPFs salt
concentrations, with the resistance decreasing for increasing salt concentrations.
Ultimately, we show that the SEI resistance affects Li-plating by acting as an offset to the

plating reaction but does not affect the nucleation overpotential itself.
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Introduction

The solid-electrolyte-interphase (SEI) in Li-ion batteries is a protective layer formed by
the decomposition of electrolyte on an electrode surface, allowing the transport of ions
while blocking any further exchange of electrons with the electrolyte.!” Studying the
properties and composition of the SEI is a difficult task, as its composition and thickness
depends on the individual components of the electrolyte, the applied potential profile and
temperature during formation and aging history of the layer.>’ It is proposed to consist of
a compact inner layer and a porous outer layer, the latter allowing interactions with the
electrolyte.*'° As Electrochemical impedance spectroscopy (EIS) analysis of e.g. Li-metal
electrodes, which immediately form an SEI when they come in contact with electrolyte,
show at least one semi-circle feature, the proposed equivalent circuit of the SEI consists of
R/C elements, i.e., a resistor and a capacitor in parallel.>!° The capacitor can also be
replaced by a constant phase element (Q) to account for the imperfect capacitive behavior.
Li metal however is not well suited to study all aspects of the SEI via EIS, as no custom
formation procedure can be applied. Additionally, the measured resistance contains both
the Li-plating charge transfer kinetics as well as the SEI resistance. To study the effect of
formation and additives on the SEI resistance, multiple studies have used electrode surfaces
(e.g. copper or nickel) or applied potentials which allow the analysis in the absence of any
faradaic reactions.®!!"'¢ These studies and others show that electrolyte additives can greatly
change the anode resistance, which can thus be attributed to a change in SEI
composition.!” ! This complicates any fundamental analysis of the SEI behavior, as
changes in composition could lead to changes in the layers properties. Additionally, no
thorough studies have been conducted to study the properties of a fully formed SEI on

graphite and its impact on the EIS spectra with respect to understanding and deconvoluting



the effect of the SEI as well as the charge transfer resistance. Similarly, the SEI properties
in the context of the electrode kinetic theory such as the effect of Li* concentration changes
on the fully formed SEI resistance are unknown. While previous publications showed the
EIS response of half cells, the use of a reference electrode in combination with an EIS

analysis of thin graphite electrodes has not been shown.

This study first shows EIS measurements on Copper and Nickel metal foils either before

or after three full formation cycles using LP57 or LP57 + 2% (wt.) vinylene carbonate (VC).

We show the changes in the SEI resistance with respect to potential which occur even after
all electrodes have undergone the same formation procedure, and correlate them to changes
in the capacitance related to the SEI but also to the capacitance at the metal/SEI interface.
This is followed by EIS measurements on thin graphite electrodes at different potentials.
The thin electrode is necessary to highlight the interface resistance (SEI and R;) while
avoiding contributions of the porous pathway which would show in electrodes of higher
mass loadings.?’ Additionally, we show the impact of a changing electrolyte salt
concentration on the SEI resistance of graphite electrodes which all underwent the
formation step in the same electrolyte and compare them to the resistance of electrodes
which underwent formation in electrolytes of different salt concentration. Finally, we

correlate the measured SEI resistance to the Li-plating overpotential on graphite electrodes.

Experimental

Slurry preparation and drying.— Graphite (T311, Timcal, 19 pm D50, 3 m?%g) and
polymer binder (polyvinylidene fluoride (PVDF), Kynar, Arkema) at a ratio of 95:5 (wt:wt)
were mixed with N-Methyl-2-pyrrolidone (NMP, Sigma Aldrich, anhydrous, 99.5%) at a

solid:liquid ratio of 5:4 (wt:wt) or 5:5 (higher amounts of liquid are used to achieve lower
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electrode loadings) in a planetary mixer (Thinky ARV-310) at 2000 rpm for five minutes.
The prepared graphite slurries were coated onto a copper current collector foil (MTI, 10
um) attached to a glass plate using a gap bar coater (RK PrintCoat Instruments, UK) at a
wet film thickness of 30 pm, resulting in electrodes of ~250 to ~350 pAh/cm? (referenced
to a nominal graphite capacity of 350 mAh/gc), and dried in an oven at 50 °C. The dried
electrodes were punched out to a diameter of 10.95 mm (equating to an area of ~0.94 cm?)
using an electrode punch (Hohsen Corp. OSAKA, Japan), and compressed in a press using

a pressure of ~ 100 MPa.

Cell assembly, formation and impedance measurement.— For -electrochemical
impedance analysis, a three-electrode cell setup (Swagelok® T-cell) with a gold-wire
reference electrode (GWRE; described in more detail in Fig. 1b in Ref. ?!) was used. The
cells were built inside an argon filled glove box (MBraun, 25 °C + 1 °C, oxygen and water
content <0.1 ppm, Ar 5.0, Westfalen). All cell parts were dried at 120 °C in a vacuum oven

(Biichi, Switzerland) for 8 h before being transferred into the glovebox.

The cells were assembled with a graphite working electrode, two porous glass fiber
separators with a diameter of 11 mm (VWR, 250 pum uncompressed thickness, 90%
porosity), and a counter electrode consisting of a free-standing graphite electrode that was
firmly attached to the metallic lithium foil (0.45 mm thickness and 11 mm diameter,
Rockwood Lithium), as described in Ref.?2. 80 pl of LP57 electrolyte (1 M LiPFs in
EC:EMC 3:7 (wt:wt) (battery grade, Gotion, USA) or with the addition of 2 wt% vinylene
carbonate (battery grade, Gotion, USA) were added to the cells. Additionally, for
concentration dependent measurements two sets of electrolyte were used: An in house

mixed electrolyte solution with 0.03, 0.1, 0.5, 1, 2, 2.5 and 3 M LiPF¢ in EC:EMC 3.7



(Battery grade, Gelon, China) or commercially available electrolyte of 0.1, 1 and 2.5 M

LiPF6 in EC:EMC 3:7 (Battery grade, Gotion, USA).

Using a potentiostat (Bio-Logic Science Instruments, France), the gold-wire reference
electrode was lithiated at 150 nA for 1 h via the counter electrode in a temperature-
controlled chamber (25 °C, Binder). The cycling protocol started with a 3 h open circuit
voltage phase to allow for complete wetting of the electrode. Three formation cycles for
the graphite working electrode were performed galvanostatically at C/10 (referenced to a
nominal specific capacity of 350 mAh/gc) between 2V and 40 mV vs. Li'/Li. For the metal
foil formation, three cyclic voltammetry formation cycles were performed, with the
reduction half cycle in the following steps: 500 mV/min from 2V to 0.9 V, 18 mV/min
from 0.9 Vto 0.2 V, 0.5 mV/min from 0.2 to 80 mV and 0.15 mV/min from 80 mV to 50

mV. The oxidation step was done in the reverse order.

Potentiostatic electrochemical impedance measurements were performed at open circuit
voltage (OCV) or the specified potential from 30 kHz to 0.1 Hz with an excitation of 10
mV; the use of the micro-reference electrode (i.e., the GWRE) allowed for a rigorous
determination of the impedance response of the graphite electrode. Impedance fitting was

performed using the Bio-Logic instrument software EC-Lab.

Results and Discussion

SEI equivalent circuit description.— SEI equivalent circuit models of the SEI show it as
a series of R/C elements, as e.g. also done for conventional solid electrolytes.> '®2* For
such equivalent circuits, multiple semi-circles are only visible in the spectrum if the
processes they describe are sufficiently different in their frequency distribution of the R/C

elements and it can depend on the SEI composition whether one or many semi-circle
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features are visible. The number of R/C elements is not defined, as every solid electrolyte
grain in the SEI could be modeled by a not quantifiable number of R/C elements in series,
followed by another grain boundary. The SEI measured in this work however only gives
rise to one semi-circle, which does not mean that other setups or SEI compositions may
not show additional features related to individual transport mechanisms (e.g. inter- vs intra-
grain conduction or the Li" transfer from the electrolyte into the SEI). We therefore
describe the SEI with one R/Q element (shown in Fig. 1) for both experimental setups, the
metal foil electrodes (Fig. 1a) as well as the graphite electrodes (Fig. 1b), with the latter
additionally containing charge transfer and diffusion phenomena, since graphite allows a
faradaic reaction. The interpretation of seeing only one semi-circle will be discussed at a

later part of this publication.

a) Flat metal foil electrode

Metal SEI Electrolyte
.Q <
S 7
e
—
QCU
Rser/ Qse Rsee

b) Thin graphite electrode

Graphite SEI Electrolyte
_— 'w <
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—_— = =

[ [
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Rer/Qcr Ree/ Qs SEP

Figure 1 Equivalent circuit models for the SEI analysis. a) metal foil equivalent circuit containing a constant
phase element for the capacitive metal/SEI interface (Q..), one R/Q element describing the SEI and the
separator high frequency offset (Ry,p). b) thin graphite electrode equivalent circuit with an R/Q element for
each the charge transfer kinetics and SEI resistance, as well as the solid and liquid Warburg elements and the
separator solution resistance.



Influence of the solid electrolyte interphase on EIS spectra.— This subsection describes
the EIS analysis of copper/nickel foil which have undergone SEI formation. All data
presented here were recorded either before or after three formation cycles. This analysis
serves to show the impact of the SEI on impedance spectra in the absence of faradaic
reactions. Fig. 2a shows the formation procedure of the metal foil electrodes. After
formation, EIS spectra on the metal foils were recorded every 200 mV from 2 Vto 0.2 V
and back to 2V for 3 cycles with a 15 min potential hold before each measurement
(potential stepping shown in Fig. 3a). Fig. 2b shows exemplary impedance spectra of a
copper foil before formation (grey) and after formation in LP57 (dark green) during the
first potential stepping cycle. Before formation the impedance response is dominated by
the capacitive behavior of the Cu foil and shows no other distinguishable features. After
formation a semi-circle appears, which is a result of the SEI formation and has been
observed and analysed similarly in previous publications.®!!"1* Since no faradaic process
is possible at the metal foil, it can be described by a capacitive element alone (Fig. 1a),
whereas the SEI is represented by an R/Q element, visible as a depressed semi-circle (but

overlapped by the capacitive branch).
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Figure 2 Metal foil impedance analysis. All data was measured either before or after the formation procedure
shown in a) (details in the experimental section). b) Nyquist plots of the Cu foil electrode measured in LP57
at different potentials. All EIS curves measured after three formation cycles except the grey curve ¢) Cu and
Ni foil measurements in LP57 + 2% VC after formation at the highest (2 V) and lowest (0.2 V) potential
measured.

At 2V (vs Li"/Li) after formation, the SEI resistance shown in Fig. 2b is highest with ~250
Qcm? and does not change significantly between 2 and 1 V. Only below 1 V the resistance
starts to significantly change and decreases, shown exemplary in the 0.6 V and 0.2 V
spectra, the latter reaching a minimum of ~115 Qcm?. A similar behavior was observed
when VC was added to the electrolyte (Fig. 2c, red), with the highest resistance on the Cu
foil at ~350 Qcm? and the lowest resistance ~270 Qcm?. Additionally to the Cu foil, Ni foil
was also measured which showed the same qualitative behavior as Cu (Fig. 2c, blue) but

with higher overall resistances, e.g. due to differences in surface roughness.



Fig. 3 shows the full analysis of the Cu foil measurements over the whole potential stepping
range of the impedance spectra which were fitted with the equivalent circuit shown in Fig.
la. Fig. 3b shows the resistance extracted from the spectra fit. The analysis shows a
reversible change in SEI resistance for both LP57 (green squares) and LP57 +2% VC (red
triangles). Starting from 2V the resistance is almost constant between 2V and 0.8 V but
changes more drastically between 0.8 V and 0.2 V. On the reverse pathway, changing the
potential from 0.2 V to 2 V this step behavior is not visible anymore, and the change in
resistance is close to linear, resulting in a hysteresis in SEI resistance with potential. The
LP57 resistance is continuously increasing over time by ~60% when comparing the
resistances at 2V and by 40% for the 0.2 V resistances, 1.e., the gap between 2V and 0.2 V
is widening, making the pathway dependent analysis more difficult. The addition of VC
results in higher overall resistances but the change in resistance over cycling is minimal
and the SEI thus appears significantly more stable. The VC data shows the same path
dependency with a minimal change in resistance from 2V to 0.8 V, a strong change from
0.8 V to 0.2 V and again a linear change on the reverse pathway from 0.2 V to 2 V.
Additional information can be gained when analyzing the two capacitances, Qge; and Qcy,
although such an analysis must be done with caution, as it is not clear where Qg,; arises.
Viewing the SEI as a classical solid electrolyte, it can be seen as a series of R/Q elements
and thus the calculated capacitance can be viewed as an effective capacitance of the entire
layer rather than pinpoint a specific interface. Additionally, the capacitance could arise at
the SEl/electrolyte interface, which would be in parallel to the desolvation resistance, i.c.,
the resistance describing the transfer of solvated Li" from the electrolyte into the SEI, a
process which requires the stripping of the solvation shell. As there is only one semi-circle
visible, the desolvation resistance and SEI resistance are either not discernible in their

frequency (i.e., are present in the same timescale) or one of the two is negligibly small.
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Seeing as the SEI resistance is greatly influenced by the addition of additives, a desolvation
resistance is ruled out as a possible source in our analysis. Analyzing the SEI capacitance
(Fig. 3¢) shows a similar potential dependent trend, as however expected for a double layer
capacitance, but only changes by ~20% between the highest and lowest potential for both
samples. The capacitances also do not exactly track the change in resistance. Before
formation, the copper foil capacitance (at the Cu/electrolyte interface) showed a value of 5
+0.2 uFs*!, a value consistent with the low geometric surface area of the 0.94 cm? copper
film. After formation, the capacitance at the Cu/SEI interface (~ 0.4 mFs*!, see Fig. 3d) is
two orders of magnitude higher than at the before measured Cu/electrolyte interface and
more than an order of magnitude higher than the SEI capacitance, which could be explained
by the lack of a solvation shell for the conducting ions at this interface, possibly allowing
a higher charge carrier (Li") density. When changing the potential, Q. very closely tracks

the simultaneous change in resistance, best visible in the measurement containing VC.

The interpretation of this data should be done cautiously as the conduction mechanisms of
the SEI are not well understood. Assuming that the only mobile charge in the SEIL is Li*,(i.e.,
a transference number (t+) of one, typical for a solid electrolyte) both changes in
capacitance must be connected to an increase in charge carriers (Li" ) in the SEI and at the
Cu/SEI interface, with the only source available being the electrolyte. Similar to the field
effect in semiconductors (see e.g. Ref 2°) or the space charge layer at an electrode/solid
electrolyte interface (see Refs. 272%) where an applied potential changes the conduction
resistance through the material via the accumulation of charges, accumulated Li* from the
electrolyte could cause a change in resistance in the SEI. This also has implications on the
analysis of SEI resistances on metal interfaces for formation studies. When performing

formation trials by holding electrodes at various constant potentials, the impedance

10



analysis on the individual electrodes needs to then be performed at the same potential
(practically a higher potential) to exclude any potential dependencies of the SEI in the

measured resistance.
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Figure 3 Analysis of the impedances on Cu foil using only LP57 (green squares) or additionally 2% VC (red
triangles). Electrodes measured after three formation cycles via reference electrode a) potential steps for the
impedance analysis; b) SEI resistance extracted from the spectrum fit; ¢) capacitance of the SEI (semi-circle
capacitance in the spectrum); d) capacitance at the Cu/SEI interface.

Influence of the solid electrolyte interphase on impedance spectra of graphite anode.—

When analyzing graphite EIS spectra, the analysis of the kinetic resistance of the electrode
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is more complex than a metal foil as the graphite allows the insertion of Li" and thus
includes additional R/Q element to consider. To understand and deconvolute the SEI
resistance (i.e., transport through the SEI) from the actual intercalation resistance
(intercalation into graphite at the graphite/SEI interface), we analyzed the EIS spectra of
thin graphite electrodes measured between 2V and 0.04 V. At 2 V, the available capacity
from graphite electrodes is zero and thus must show a practically infinitely large kinetic

resistance (blocking conditions),?**°

a similar behaviour as the previously discussed metal
foils. At lower potentials though, the kinetic resistance must decrease when the
intercalation into the material becomes viable. The aim of this analysis is to show the

change in EIS spectra with a step-by-step reduction in potential to track the shrinking

kinetic resistance features as well as the SEI features.
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Figure 4 Graphite impedance analysis. a) Graphite potential with the zoom into the first 10% SOC, with
markings at which impedance measurements are shown. b) Graphite impedance spectra before and after
formation between 2 V and 0.7 V vs Li*/Li; ¢) Zoomed in graphite impedance spectra showing both SEI and
charge transfer resistance and their evolution between 2 V and 0.22 V. The bottom right zoom also shows
the impedance at 50 and 100% SOC. Graphite electrode of ~0.3 mAh/cm? measured via GWRE in T-cell
three electrode setup.

Figure 4a shows the graphite potential profile, with the inset showing the first 10% SOC
zoomed in. Fig 4b and ¢ show the Impedance data of a graphite electrode with an areal
capacity of ~0.3 mAh/cm?. The low capacity was chosen to avoid influences from the
electrode pore resistance, which can be considered negligible in this analysis. Before
formation at 2 V (black) the impedance shows a purely capacitive behavior without any

significant pore resistance, as expected for a thin electrode. The capacitance of the
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electrode before formation was found to be ~0.4 mFs*!. After formation the electrode still
shows a capacitive (blocking) behavior but includes the underlying SEI resistance semi-
circle, just like the copper foil experiment. The SEI semi-circle, visible in the region above
100 Hz, is not as pronounced compared to the copper foil measurement, as it is
superimposed with the capacitive branch of the graphite/SEI interface after formation.
With ~0.71 mFs*! (meas. at 2 V) the increase in capacitance from the graphite/electrolyte
to the graphite/SEI interface is less than a factor 2, significantly different compared to the
~100-fold increase seen for the Cu foil. Additionally, the SEI capacitance is around 0.35
mFs*!, only a factor 2 lower than the graphite/SEI interface, thus resulting in a stronger
overlap of the semi-circle and capacitance resulting in a more stretched semi-cirlce and a
lesser distinction between the two spectral features. The SEI resistance at 2 V was found
to be ~11 Qcm?. At this potential the charge transfer resistance is too high to allow the
faradaic reaction to occur but decreasing the potential should reduce the charge transfer
resistance and eventually allow the deconvolution of the two resistances. Between 2V and
1V the impedance analysis only showed minor changes to the spectra since the electrode
is still under blocking conditions at these potentials. At 1 V the SEI semi-circle is better
visible due to the increased low frequency capacitance of the electrode, which should still
reflect the graphite/SEI interface. This potential also marks the onset of the faradaic
reaction, below which the majority of the exchanged charge can be associated to a reaction
rather than capacitive effects, visible in the distinct change in potential slope around this
potential (see Fig. 4a). While at higher potentials the capacitance could be associated with
an electrochemical double-layer capacitance, the graphite now allows a limited reaction
which shifts the low frequency capacitive behavior to the solid diffusion and the exchanged
faradaic charge, and thus the low frequency capacitive behavior becomes a function of the

locally probed potential slope.
14



The impedance at 0.8 V now shows a second semi-circle around 10 Hz (i.e., one order of
magnitude higher in capacitance) which we attribute to the charge transfer reaction. Both
semi-circles are still stretched due to the overlapping solid diffusion resistance. Those
features also don’t allow a proper fitting of the two semi-circles, as the underlying diffusion
resistance stretches the spectrum to an unknown amount, giving rise to a multitude of
possible spectra. Thus the analysis of these features is only of a qualitative nature. At 0.7
V both semi-circles are still visible, with the apparent top frequency point of the R, semi
circle of ~ 10 Hz. Upon further decreasing the potential this semi-circle is not visibly
anymore and is superimposed with the diffusion resistance. When tracking the 100 Hz and
10 Hz datapoints over the course of the measurements, it appears as if the kinetic resistance
becomes negligibly small and from 0.4 V onward, corresponding to ~ 4% SOC, the
majority of the remaining kinetic resistance of the graphite electrode is the SEI resistance.
A possibility for the low value of R could be the local Li'-concentration at the
Graphite/SEI interface. In liquid electrolytes, following Butler-Volmer, an increased salt
(i.e., available Li") concentration decreases the kinetic resistance. Similarly here, without
a solvation shell Li" might accumulate in greater concentration at the graphite/SEI interface,
which in turn drastically decreases the charge transfer resistance and is visible in the
distinctly larger capacitance. This follows the above mentioned theory about accumulating

charge-carriers similarly also decreasing the SEI resistance, albeit to a much lesser degree.

The inset in Fig 4c shows the impedance spectra at 8% (0.22 V), 50% and 100% SOC
which shows no change in resistance. This is in line with the assumption that the resistance
is in fact SEI and not the charge transfer kinetics, which e.g. in cathodes show a strong U-
shaped SOC-dependence.>**! The charge transfer kinetics might show a similar U-shape,

which is just not visible in the spectra as R is vanishingly small for most SOCs. This also
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explains why the graphite electrode cannot be brought to blocking conditions at 100% SOC.
The potential profile does not appear steep enough to warrant an assumption of a blocking
behavior where R increases drastically, and with the SEI resistance practically
representing the total kinetic resistance of the anode, its resistance appears to be SOC
independent. The graphite kinetics can therefore be considered constant over SOC, as they
are fully made up of the SEI resistance in any practical use. The impedance of the graphite
electrode can also, for all practical applications, be described by one semi-circle instead of
two,, which simplifies any analysis on porous graphite electrodes. In this case, from 0.22
V and lower, the SEI resistance is ~7 Qcm? and therefore ~40% lower than the resistance
measured at 2 V. Its capacitance is now ~0.45 mFs*! with an a value of 0.75 and a top
frequency of ~350 Hz. Among others, Gasberscek et al.** have shown that the SEI is
sometimes associated with a semi-circle visible in the kHz frequency region in full cell
measurements, which in fact is rather associated with the electrical contact resistance of
the cathode.?® The SEI resistance measured here also lies in the higher frequency range in
the range of 0.1 kHz, sufficiently different to make a distinction between the two if
measured in a full cell. The capacitance of the graphite/SEI interface cannot be measured
accurately but can be approximated by estimating an R/Q element of 0.5 Qcm? charge
transfer resistance with a top freqeuency of 10 Hz, an a of 0.9, and using Q =
1/((2rf)* X R) (see figure 4c, dark blue spectra corresponding to 0.22 V). Such
calculation would yield a capacitance of 24 mFs®*!, one order of magnitude higher that the
SEI capacitance. In our setup the charge transfer semi-circle is only visible due to the low
resistance of the SEI in LP57. Adding VC to the electrolyte starkly increases the resistance,
as seen in Fig. 5. Here the 2 V impedance before and after formation better shows the SEI

semi-circle, giving ~ 64 Qcm? SEI resistance. The 0.8 V impedance shows no second semi-
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circle, which is not surprising as it can be noted from Fig. 4 that the estimated R at 0.8 V
appears not larger than 20 Qcm? and is additionally strongly distorted by the underlying
capacitive feature. In Fig. 5 it is therefore most probably superimposed with the other
resistances to the point that its features are not visible anymore. Between 0.4 V and 100%
SOC, only the SEI semi-circle is visible, which in the latter case gives a resistance of ~ 45
Qcm?, i.e., decreased by 30% from the resistance measured at 2 V. The significantly
different increase in resistance of the SEI with the addition of VC suggests that its
resistance is mostly due to the conduction of ions into and through the SEI but not a
desolvation/stripping of the EC solvation shell from the Li" directly, as this process should

be independent of the SEI composition.

LP57 + 2% VC

2 V before
formation

2V after
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[] 100Hz A 1Hz
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Figure 5: Graphite impedance analysis similar to Figure 4¢ but using LP57+2% VC. As expected, the addtion
of 2% VC leads to higher SEI resistance to the point where the second semi-circle corresponding the charge-
transfer resistance in not longer distinctly visible (e.g. compare 0.8 V spectra with the impedance spectra
plotted in Figure 4c at the same OCV). Graphite electrode of ~0.3 mAh/cm? measured via GWRE in T-cell
three electrode setup.
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Kinetic behavior of the electrode in the presence of the SEI.— Having a protective layer
made of solid electrolyte around an electrode raises the question of the kinetic behavior of
the electrode, as the actual reaction is still only taking place at the electrode/SEI interface.
For example, in the case of a “classical” solid electrolyte (SE) (i.e., fixed amount of charges
in the SE which don’t allow concentration changes/gradients), which is several um in
thickness, the notion of an adjacent SE/liquid interface influencing the bulk properties of
the SE would be questionable and the reaction kinetics should therefore be independent of
the properties of the liquid electrolyte. The SEI however is only a few nm in thickness with
a possible change in Li" in the solid electrolyte, as shown above. Hence the question of the
effect of the electrolyte on the SEI properties and subsequently on the charge transfer

reaction arises.

To better understand the kinetic behavior of the SEI we performed experiments using
different electrolyte concentrations. For this, graphite electrodes underwent three
formation cycles in a custom mixed LP57 electrolyte (used for the analysis in Fig. 6 and
Fig. 7a; see experimental section for further details) to ensure that the SEI composition was
the same in all cases. The graphite was fully delithiated to 2 V, harvested, rinsed in diethyl
carbonate and reassembled in 0.03, 0.1, 0.5, 1, 2, 2.5 and 3M custom mixed LiPFs in
EC:EMC 3:7 (i.e., the solvent mixture of LP57 with varying salt concentration). The
electrodes were then brought to 100% SOC and their impedance was measured at 5, 20, 30
and 40°C. Fig. 6a shows the extracted SEI resistance at 20°C of the electrodes. The analysis
shows that the electrolyte change has the same effect on the SEI resistance as predicted by
the Butler-Volmer kinetics with a kinetic transfer coefficient @, of 0.5 (1/R) « CIO'SShOWIl
in the dotted line using the 1M resistance as reference point). This shows that there is a link

between the electrolyte and the SEI resistance, as also observed by Lu et al.,” who showed
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that there is an exchange between the electrolyte and the SEI. Temperature dependent
measurements (Fig. 6b) show that for both higher and lower electrolyte concentrations the

activation energy is the same (~ 60 kJ/mol indicated by the grey dashed lines).
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Figure 6 SEI resistance extracted from EIS measurements. All cells underwent formation in a 1M solution
of LiPF6 in EC:EMC 3:7, harvested, washed and reassembled in the respective electrolyte. a) extracted SEI
resistance at 20°C and 100% SOC over concentration. The dotted line represents the change in resistance
assuming 1/R x c?‘s. b) temperature dependent measurements showing an activation energy for selected
concentrations to be ~60 kJ/mol, indicated by the dashed lines.

Fig 7a shows the corresponding impedance spectra of the data shown in Fig. 6a, which was
collected at 20°C and in a frequency range from 30 kHz to 50 mHz. The data is shifted in
the real axis to allow a better comparison of the electrodes. The increase in resistance with
decreasing electrolyte concentration is clearly visible. Fig. 7b shows electrodes which were
also measured in the respective electrolyte, (here at 25 °C) but, unlike the data in Fig. 7a,
also underwent their formation in the respective electrolyte (commercially available
electrolyte of the same nominal composition). The analysis shows a very similar trend,
with an increased resistance for the electrode in the 0.1 M electrolyte of a factor ~3.5 which

is close to the expected value of 3.16 for if the resistance was to follow the relationship

% o« c{>. This relationship would also predict a resistance decrease of 40% for the 2.5 M
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electrolyte, whereas here the resistance appears decreased by ~60 %. Correlating the results
from Fig. 7a to Fig. 7b should be done cautiously as the formation mechanism for both
electrodes may be fundamentally different when the electrolyte salt concentration during
the formation procedure is drastically different. The change in concentration may change
the SEI formation kinetics similarly as a change in temperature. As this cannot be proven

in the context of this work, the mechanism behind the findings in Fig. 7b requires further

analysis.
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Figure 7 a) EIS spectra of the data presented in Fig. 6a; electrodes were preformed in 1M LiPFs in EC:EMC
3:7 (LP57), harvested, washed and re-measured in the respective custom mixed elcetrolytes. Data shown at
20°C and 100% SOC. b) Impedance measurements of electrodes with the formation in the respective
electrolyte (commercially available mixtures of the same composition as Fig. 7a). All spectra were shifted in
the x-axis to allow a better comparison of the data.

All of the SEI impedance analyses only showed one semi-circle for the SEI resistance, yet

there are multiple mechanisms connected to the SEI which are briefly discussed here.
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Possible sources of resistance are the desolvation (stripping of the solvation shell), Li*
transport through an outer SEI and subsequently an inner SEI, and possible inter- and intra
grain conduction mechanisms. Given the large influence that small electrolyte additives
have on the SEI resistance suggests one dominant resistive feature. The resistance of a
porous SEI can also be described as minimal when estimating the following model:
Conservatively assuming e.g. a porosity (¢) of 10% for an outer SEI (which could be
described as barely porous) filled with electrolyte (conductivity ¢ = 8.9 mS/cm) and

thickness (d) of 1um (excessively large for an SEI) on a lcm? smooth electrode surface
area (A) with tortuosity (7) 5, using the relationship R = E% gives a resistance of = 0.5

for such a hypothetical outer SEI. The resistance would be significantly less than any
measured value reported in our work. This does not negate the existence of such a layer,
but the low resistance of a thin layer which can be described as porous in the sense that it
might be partially filled with electrolyte would make it virtually invisible to the

measurement.

Another important aspect to consider is the timeframe in which the above measurements
take place. While in the absence of an SEI a change in Li" concentration should directly
change the charge transfer resistance, the interactions between the SEI and the electrolyte
may take a significant amount of time, as shown by Lu et al.® where the interactions of the
SEI with the electrolyte was on the order of several minutes. In our measurements the cells
were harvested in their delihiated state and measured at the earliest after the 10h charging
step, giving ample time for any interactions between the SEI and the electrolyte. For many
practical applications where changes in the electrolyte salt concentration might actually

occur, e.g., fast charging or discharging of a cell, the SEI resistance might not actually
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behave as described in Fig. 6 if the timeframe of the measurement is shorter than the

required interaction time.

Impact of SEI resistance on Li-plating.— 1f the measured resistance (i.e. the semicircle
reistance as summarized in Fig. 6a) actually corresponds to the SEI resistance, it would
therefore also impact the Li-plating overpotential. Li-plating is not restricted to
homogeneous plating on the graphite surface area, as the plating forms dendrites which
offer additional surface area for the plating reaction, But the initiation of the plating
reaction will require overcoming the SEI resistance. For this Li-plating analysis, two
uncompressed, thin graphite electrodes with a capacity of 0.35 mAh/cm? underwent
formation with LP57 and LP57+2% VC. Fig. 8a shows the EIS spectrum of the two
electrodes at 100% SOC, here not normalized to the surface area so their resistance can be
directly correlated to the overpotential from the later applied 1 mA plating current. As also
shown from the previous analysis, the addition of VC increases the SEI resistance
drastically. After the EIS analysis the electrodes were brought to 0.01 V and kept at this
potential for 1 h to ensure that the graphite is at its maximum SOC without causing Li-
plating. Then the ImA lithiation current was applied, which should cause an overpotential

of 1 mV/Q.
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Figure 8: a) Nyquist plot showing the impedance of graphite electrode of 0.35 mAh/cm? in LP57 and
LP57+2% VC electrolyte at 100% SOC. b) Potential response of the graphite electrodes after a potential hold
at 0.01 V vs Lit+/Li and a subsequent 1mA lithiation current to force Li-plating on the electrode. The
difference in the mesured resistance is clearly visible as a difference in plating current. Both electrodes appear
to have a similar nucleation overpotential. Potential measured via GWRE in a T-cell three electrode setup.

Fig. 8b shows the electrode potential after the current was applied. The capacitive effect of
the R/Q element is visible at time scales below 0.01 s. At the 1 s mark, the 40 mV difference
in overpotential corresponds to the 40 Q difference in SEI resistance for the electrodes.
Considering the starting potential of 0.01 V, the net initial overpotential of the electrode
after 1 s is 16 mV and 55 mV for the LP57 and LP57+2% VC sample, respectively,
correlating with the total cell resistance measured in EIS. Both overpotentials increase up
until ~40s and then decrease, as expected for an increased surface area from the ongoing

Li-plating. The difference in the peak overpotential (occurs at ~40 s in this case) is ~35 mV
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and the difference between the potentials decreases as the plating continues, most probably
caused by an increase in surface area. A higher SEI resistance therefore closely correlates
to the measured Li-plating overpotential at early stages of Li-plating. A similar observation

was made by Liu et al.*

who have shown that higher anode resistances correlate with a
later onset of Li-plating in a full cell setup, but did not employ a reference electrode to
track the overpotential. Comparing the Is overpotential from the maximum peak
overpotential at ~40 s leads to an additional overpotential of ~23 mV and 20 mV for LP57
and the +2% VC samples (i.e., a resistance of 23 Q or 20 Qcm?). The electrolyte diffusion
resistance can be assumed equal for both measurements which suggests the Li-plating

nucleation overpotential (at the electrode/SEI interface) is independent of the SEI

resistance and the SEI only acts as an offset to this reaction.

Conclusions

The influence of the solid-electrolyte-interphase (SEI) on impedance spectra and its kinetic
behavior is described in the context of this work. All analysis was done before or after three
formation cycles, highlighting the dynamic nature of the SEI resistance. We first showed
how the SEI resistance on metal foils changes with the applied potential even after the
formation was done. The resistance decreased for decreasing potential, which was
correlated to changes in the SEI capacitance and the capacitance at the Cu/SEI interface,
showing how the SEI capacitance only changes very little but the capacitance at the Cu
electrode closely tracks the changes in resistance of the SEI with potential. A mechanism
of changing charge carriers which change both the capacitance and the resistance has been

proposed. Further analysis of thin graphite electrodes shows that the SEI resistance is the
24



dominating kinetic resistance for all practical applications, and the actual charge transfer

resistance is vanishingly small.

We further studied the effect of electrolyte concentration on the SEI resistance. Electrodes
which have been pre-formed in a 1M LiPFs concentrated electrolyte still exhibited a

concentration dependent resistance when measured between 0.1 and 3 M concentrated

1

electrolytes following the relationship « ¢>. This was explained by the interaction

sel

of the electrolyte with the SEI which has been described in literature.” Performing the
graphite formation in differently concentrated electrolytes showed a similar trend in
resistance. The SEI resistance was then correlated to the Li-plating overpotential. It was
found that the plating reaction initially requires overcoming the SEI resistance, but the

overpotential for the plating nucleation was the same independent of the SEI resistance.
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4 Conclusions

This thesis explored various topics around the application and interpretation of

electrochemical impedance spectra measured in Li-ion batteries.

A major advantage in the rapid screening of battery electrodes is the use of half-
cells, i.e.,, using Li-metal as counter electrode. However, as shown in 3.1.1, the use of
the gold-wire reference electrode (GWRE) showed artefacts in the EIS spectra when
using half-cells. By building a mock-battery out of circuit elements we showed that
the artefacts were not caused by any electrochemical phenomena, but by the
combination of i) a very high resistance of the GWRE in the range of M() and ii)
significantly differing impedances of the working and counter electrode, which
presumably influenced the circuitry of the potentiostat. This could be mitigated by
attaching a free-standing graphite electrode on top of the Li-metal, yielding a low
resistance counter electrode at OV vs Li*/Li while still supplying a practically
unlimited lithium inventory for the cell. This setup was used for all following EIS

measurements, apart from symmetric cells, in this work.

The simplest analysis of porous battery electrodes is the measurement of tortuosity
under blocking conditions in a symmetric cell, as it involves no faradaic reactions
and allows the user the quantification of the pore resistance. Usually, the blocking
Nyquist plot is used to extrapolate the low- and high-frequency resistance, the
difference of which corresponds to 1/3 of the ionic pore resistance (R;,y). As shown
in 3.1.2, this analysis is only valid for homogeneous distributions of the pore
resistance. Using drying trials and energy-dispersive X-ray spectroscopy
measurements on electrode cross-sections, we showed that rapid drying of
electrodes causes binder migration. The ensuing inhomogeneous distribution of

binder can then be linked to an inhomogeneity in the electrode’s pore resistance.
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As was shown in this thesis, the tortuosity measurement is a measurement with
reflective boundary conditions, and thus it is sensitive to inhomogeneities. Higher
resistances at the separator interface lead to higher measured electrode

resistances, as all the ionic current passes through this interface.

When measuring porous electrodes under faradaic (non-blocking) conditions, the
measurement can also be sensitive to inhomogeneities. For such a measurement, it
is important to know the ratio of kinetic resistance to the transport resistance, as
this ratio determines the electrodes utilization during the EIS measurement. In
3.1.3 it was shown that if the kinetic resistance (R.;) of an electrode is dominating,
the electrode is used mostly homogeneously and the Nyquist plot features a
prominent semi-circle. However, if the transport resistance (R;,,) is dominating,
the electrode is only partially used and the EIS measurement is only representative
of the part of the porous electrode which is close to the separator interface. Under
such conditions, any attempt at correctly fitting the spectra does not yield accurate
information about the electrode unless the pore resistance can be determined by

an independent measurement.

A comparison between graphite and silicon electrodes gave a good example of how
kinetic and transport resistances can limit an electrode’s performance, as shown in
3.2.1. Silicon electrodes are generally significantly thinner than graphite electrodes
as the use of silicon improves the specific capacity of the electrode. On the other
hand, the kinetic resistance of the silicon electrode is higher compared to that of
graphite. Thus, when comparing their resistances at different temperatures, silicon
electrodes show a higher resistance compared to graphite when measured at low
temperatures due to the higher activation energy of the kinetic resistance but show
a significantly lower resistance when measured at higher temperatures. An
overpotential analysis of charge ratecapability tests at different temperatures
highlighted how kinetic resistances create a shift on the OCV curve, while transport

resistances cause downward sloping potential profiles.

While the ionic resistance in an electrode can be assumed mostly constant during
charge or discharge, the kinetics of the active material usually are not. Their
dependency on SOC and electrolyte concentration has been modelled extensively,

most commonly using the Newman model, but a thorough study of the kinetic
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aspects of active materials is missing. Thus, in 3.2.2 NMC 111 cathode active
material was probed for its kinetic resistances, which were then compared to the
prevalent theory. In lithium-ion battery modelling, usually a kinetic transfer
coefficient of 0.5 is assumed, which leads to symmetric SOC dependent kinetics with
a minimum resistance at 50% SOC. The kinetic resistance of NMC 111 was found to
follow this trend if its SOC window in the model was defined such that i) 0% SOC
being defined as however much lithium could be reinserted into the material at a
reasonable current during discharge, to reach a practically fully lithiated material
(e.g., a potential of 3.0 Vat C/10 current, even though the material could be lithiated
more for longer wait times)100 and ii) 100% SOC being defined as whatever charge
could still be extracted from the material’s theoretical maximum capacity after the
irreversible losses. This was shown to be true whether the material was previously
cycled to 4.2, 4.4, or 4.6 V vs Li*/Li. For the liquid electrolyte concentration
dependence, NMC 111 half-cells were cycled in electrolyte made of LiPFs in EC:EMC
3:7 (wt.:wt.) in salt concentrations ¢} between 30 mM and 3 M. The prevalent theory
predicts a change in kinetic resistance following ¢;%°. This was observed between
electrolyte concentrations of 30 mM and ~1.5 M, above which the kinetic resistance
increased, contrary to the theory. The trend appeared to show a similar U-shape as
the SOC-dependent kinetics, which appears reasonable when considering that the
amount of Li* which can be inserted/extracted into/out of the electrolyte should be
similarly limited as the charge in active materials. An additional low-frequency EIS
analysis showed how the NMC diffusion resistance is highest at low SOCs, which in
combination with the high kinetic resistance at low SOCs limits the discharge
capacity of NMC 111 more than its charge capacity, since during fast charging the

kinetics improve with time while during discharging the kinetics slow down.

Attempting a similar analysis on graphite adds the complexity of having the solid
electrolyte interphase (SEI) in between the electrolyte and the charge transfer
reaction. 3.2.3 shows an EIS analysis on Cu-foil, which gave insight into the dynamic
resistance behavior of the SEI, and showed reversible changes in its resistance
between 2.0 V and 0.2 V vs Li*/Li. A decrease in potential came with a decrease in
resistance, and, concurrently, an increase in the capacitance measured at the Cu-SEI
interface as well as within the SEI. Since an increase in capacitance can only be

achieved by an increase in charge density, and assuming Li* is the only mobile
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charge in the SE], this data was interpreted as an increase in Li* within the SEI that
would then result in a decrease in resistance. Following this, a very thin graphite
electrode with ~0.35 mAh/cm? was measured before and after the formation step
to identify the two resistances, R and Ry,;, in the EIS spectrum. At 2.0 V vs Li*/Li,
R, is practically infinitely large and the SEI semi-circle resistance is the only one
remaining. Stepwise decreasing the potential showed a decreasing second semi-
circle, interpreted as a decreasing R value, which then became vanishingly small
for practical SOCs above 10%. Ultimately, for practical applications, the SEI
resistance was the only remaining resistance, especially visible in the significant
change in SEI resistance when using VC as additive. Graphite electrodes with the
same areal capacity which underwent formation in LP57 were harvested and re-
measured via EIS using differently concentrated electrolyte between 0.03 M and 3
M. The analysis showed that the SEI resistance behaves according to ci%>, which is a
somewhat unexpected dependence of the SEI resistance on the electrolyte
concentration. Lastly, graphite electrodes formed in LP57 without and with the
addition of 2% VC (wt) were tested for their Li-plating overpotential. The
overpotential closely tracked the measured SEI resistance, which naturally must be

overcome for the Li-plating reaction to occur.
Figure 4.1 shows a sketch summarizing the key findings of this thesis.

In 3.1.1 a setup which enabled half-cell EIS measurements via p-reference electrode

was successfully developed.

Furthermore, the existing understanding and analysis of porous electrodes was
expanded. 3.1.2 showed how EIS spectra of blocking electrodes change in spectral
shape when becoming inhomogeneous in their binder-, and thus, tortuosity-
distribution across the electrode, an effect arising from the electrode production.
3.1.3 further extended the understanding of non-blocking EIS measurements on
porous electrodes, which were previously performed under the assumption of
dominating kinetic resistances (R.), to the regime of a dominating transport
resistance (Rj,,) and gave new insights into the electrode’s inhomogeneous
utilization during the EIS measurement. A practical analysis of this method was
shown in 3.2.1, where silicon and graphite electrodes were analyzed for their

kinetic and transport resistance, which showed that the difference in geometry (i.e.,
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thickness, and thus transport resistance) was a dominating contributor to the

charge rate capability difference of the electrodes.
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Figure 4.1 Summary of the key findings of this thesis in a variation plot of Figure 1.1: 3.1.1 showed the origin
of EIS artefacts when using a p-reference electrode in half-cell measurements and a practical solution. 3.1.2
illustrated how binder migration causes inhomogeneities in tortuosity and the effect on the blocking EIS
spectrum. 3.1.3 showed how the analysis of porous electrodes needs to be adjusted if the ionic resistance
dominates the resistive behavior; 3.2.1 showed how the difference in electrode thickness is a major contributor
to the performance difference in silicon and graphite electrodes; 3.2.2 gave new insights into how to describe
the electrolyte-salt-concentration- and state-of-charge-dependent kinetics of NMC111; 3.2.3 gave insights into
the dynamic behavior of the solid electrolyte interphase

Further investigation was done on battery active material kinetics. In 3.2.2 it was
shown that NMC 111 kinetics only partly follow the widely used theory. The LiPFe
salt-concentration-dependent Kkinetics required adjustment in the form of a
saturation limit, similarly to the limits for battery active materials, with a
concentration saturation limit. The SOC dependent kinetics required adjustments
in the transfer coefficient, resulting in larger changes in resistance with SOC

compared to the proposed theory. The graphite kinetics analysis shown in 3.2.3
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gave insights into the behavior of the SEI, most prominently its dynamic resistance

which can change as a function of applied potential or electrolyte salt concentration.

Especially the last two projects, the cathode active material kinetics and the SEI
kinetics, should in the future be further studied. For cathode materials, a wider
comparison of cathode active material SOC-dependent kinetics could give insight
into the mechanism for the SOC-dependent behavior. Materials could include, e.g.,
LiFePOs4, TiS2 (which is not in use anymore but was the experimental basis of the
Newman-model)?101 or other materials from the NMC-family. Additionally, further
studies on the electrolyte-salt concentration for, e.g., other electrolyte compositions
might yield insights into the apparent Li*-saturation limit of electrolytes which was
observed in this work. On the anode side, a similar analysis as was done here for
graphite could be conducted for silicon, to understand its resistance dependence on
the electrolyte formulation and on the applied potential. Generally, a proper study
of the silicon kinetics must be completed to understand the behavior of the partially

lithiated material and how to properly model such a system.
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