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I. Kurzfassung
Die Degradationsmechanismen von kommerziellédonen Batterien (hier sind wieder
aufladbareSekundéarzellelbzw. Akkumulatorengemeinj wurden in den letzten Jahrzenten
ausgiebig untersuchtDennoch verbleiben einige offene Fragem Bezug auf den
Zusammenhangzwischen Veranderungemm Verhalten der Batteriezellewelche auf
Systemebender Batteriezelle beobachtet werden, und Materialdegradation, welche innerhalb
der Batteriezelle auftretetdm das Verstandnis tber die Einflisse der Materialdegradationen
auf das Verhalten der Batteriezelle auf Systemebene zu verbessern, wurden \erschied
Analysemethoden angewendet und die Erkenntnisse kombiniert.

Eine fur die Untersuchung von Relaxationsvorgangamgepasste Analysemethode der
elektrochemischen Deformatiangroskopie (Egl. electrochemical strain microscopy, ESM)
wird vorgestellt, wiehe auf der Rasterkraftmikroskopie basiert. Diese Analysemethode wird
auf labortechnisch hergestellte SilizitkompositAnoden und kommerzielle LiFeRO
Kathoden angewendetDie Oberflachenausdehnundyervorgerufen durch die Vegard
Deformation, ist propoidnal zur ionischen Konzentrationsveranderung und der Aktivitat von
Li-ionen im angeregten Materialvolumen unterhalb der Messspitze. Das angeregte
Materialvolumen ist nur wenige Nanometer tief. Die Ergebnisse zeigen eine Abhangigkeit von
der Materialstrukir, wobei eine hohere Mobilitdt und Aktivitdt deli-lonen an
Strukturgrenzen auftreten. Die Analysemethode liefert Zeitkonstanten und damit
Diffusionskoeffizienten auf der Nanometer Skaldie nach dieser Methode ermittelte

elektrochemische Aktivitatimmt mit der Alterung ab.

Die Alterung von kommerziellen Batteriezellen wird auf Systemebendaninkrementellen
Kapazitatsanalyse (Engl. incremental capacity analysis, ICA), der differenziellen
Spannungsanalyse (Engl. differential voltage analysis, DM#&) der Ruhespannungn@.

open circuit voltage, OCWerfolgt. Die Alterung bei 50% Entladetiefe fihrt zu einem héheren
Kapazitatsverlust wahrend der Zyklisierung im Vergleich zur Zyklisierung tber 100% der
verfigbaren Kapazitdtnsgesamt wurden 14 \smhiedee Merkmale des Zellverhaltensit
verschiedenen Analysemethodeéhrend des Alterungsprozesses verfdge Intensitat des
ersten ICA Scheitelpunktes korreliert in hohem Maf3e mit der Kapazitatsabnahme und wird
darauf aufbauend verwendet, um diesRapazitat und Lebensdauer zu prognostizidbem.
Verlust von Lithium und Aktivmaterial, speziell an der Kathodenseite, sind die Hauptursachen

fur den Kapazitatsverlust. Die pasiortem Untersuchungen zeigen, dass es zur Bildung von
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Lithiumfluorid-Kristallen an der Anodenoberflaiche gekommen ist, welche bei 55°C gealtert
wurde. Es wird gezeigt, dass die Eagiiosung nicht nur temperaturabhangig ist, sondern
ebenfalls von der Entladetiefe beeinflusst wird. Neben der Auflésung von Eisemer
Elektrode n den Elektrolytenvird die Auflosung von Vanadiuraus der Elektrode und in den
Elektrolyten beobachtet. Mikrometer gro3e Agglomerate zeigen sich an der
Kathodenoberflache, welche die Oberflachenleitfahigkeit reduzieren. Die Reduktion der
Oberflachenleitfligkeit korreliert allerdings nicht mit der Abnahme der Kapazitat. Die
Alterung bei-20°C flihrt zu einer stabilen Lithium Schicht, welche im Anschluss auch bei der

Charakterisierungei Raumtemperatur beobachtet wird.
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[I.  Abstract

Degradatio mechanisms in commercialion batteries have been extensively studied over the
past decades#iowever, there are still open questions regarding the link between the observed
changes on the system level of the battery with the actual degradation oaténainhevel
happening inside the battefhereforedifferent techniques asppliedand findings combined

to improve the understanding of material degradation influences on the system level behavior.

A tailored electrochemical strain microscof®ESM) technique, which is based on atomic
force microscopy, is presented. The technique is applied to laboratory made silicon composite
anodes and commercial LiFeP€athodes. The surface displacement induced by éward

strainis proportional to the ioniconcentration change and activitylofions withinthe probed
volume under the tip. The probed volumsigans only a few nanometers in deptside the
material The results indicate a structural dependency, with higher mobility and activity at
boundariesThe technique provides time constants and hence diffusion coefficients on the
nanoascale. The electrochemical activity, which is analyzed with-E®N technique, is found

to decrease due to ageing.

The ageing of commercidiattery cells is monitored usg system level methods such as
incremental capacity analysis (ICA), differential voltage analysis (DVA) and tracking of the
opencircuit voltage (OCV). Ageing at 50% depth of discharge (DOD) leads to higher capacity
fading compared to cycling over 100%tbe available capacity. In totdl4 different features

of the cell behaviorare trackedduring the ageing process using various analysis techniques
The intensity of the first discharge peak of the ICA curves is found to correlate well with the
capacityfading and is used to predict the remaining capacity and lifefitmeloss of lithium

and the loss of active material, especially at the cathode, are the main factors leading to the
observed capacity decay. The pogirtem analysis reveals the formatiohlithium fluoride
crystals on the anode surfaces, aged at 55°C. The iron diss¢fubionthe electrode into the
electrolyte)is shown to be temperature dependent and in addition dependent on the depth of
discharge. Next to iron dissolution, vanadiunssgiution (from the electrode into the
electrolyte)from the cathode is observed. Micrometer sized agglomefetesisting out of

nano particles from cathode active materi@lg observed on the cathode surface, which
decrease the surface conductivityt lloes not directly correlate with the capacity fading.
Ageing at-20°C leads to the formation of stable Li plating, which is subsequently observed at

room temperature cycling.

XXII



XX
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) lonic flux of species

Q Reaction constant

Q Reaction constant of oxidation

Q Reaction constant of oxidation for

0 Reaction constant of reduction

o) Reaction constantofredut i on f or Arrheniusd equa

0 Reaction rate using 0.5 for the symmetry factor
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Introduction

1 Introduction

1.1 Relevance of Dpic

Batteries play an important part in the transformation of the energy system from fossil energy
to renewablenergyresourcesTheyare sedon small scaldor mobile energy storage pew

tools and communication dees; on big scalefor mobile energy storage automotisgstems
andstationarysystems like householdsd integration of renewable energi€sirrent battery
technologyis reachng the limit for further considerable improvements of the storage capacity
and power density. Potential next generation cell chemistries like LithBuffur and Lithium

T Air are promising candidates for a new jumgboth storage capacity and power dgnut

both systems possess their own drawbacks that hinder a wide commercial apphctten
near futureNevertheless, improvements in durability and further knowledge of the detrimental
effects occurring inside the electroddisring their utilizatons are still vital for the current
battery technologyNew methods and a closer link between cell leagiationsand material

level degradations ameecessaryo analygesthe aging of battery celBndto providevaluable

information to material sciersti and manufacturers for further development.

1.2 Aim of this Work

This work is separated into two sections. The first section is focused solely at the material level
on nanemeter scale. le aimis the developmenbf a method to visualizethe ionic
concentrationchangeandits distribution in battery materiahnd follow the degradation of the
materials using this methobh addition,relaxation times and henddfusion coefficientsare
mapped next to the ionic concentratidrangeand distribution. Thiserves on one hand as a

tool for material experts, since they can learn about the behaviour of ions moving and
distributing inside the material and on the other hand as a tool for experts in modelling of battery
systems, duto the locally resolved diffusn coefficientsand relaxation timesyhich are useful

for their simulations.

The second sectiocombinesresults ofthe material level with the cell level, to improve the
understanding of the influence of material level changes on cell level beh&o@ocomplish

thisgoal different cell level analysis methods like differential voltage and incremental capacity
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analysis, opetircuit potential tracking and electrochemical impedance spectroscopy are
utilized to track the aging of cells and combinedhwipostmortem material analysiusing
scanning electron and atomic force microscamergydispersive Xray spectroscopy and-X

ray photoelectron spectroscopy to connect the observed changes in the material with the

behaviour on the cell level.
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2 Fundamentals of Electrochemical Cells

2.1 Principle Set-Up of a Battery Cell

The setup ofa commercial battery has its origintime idea of the galvanic cell. In principle,

two electrodes of different material are immersed into an electrahdeions and electrgn
passing through the electrolygad accordinglyhe outer electric circuit drive a redox reaction

The galvanic cell transforms chemical energy, which is stored in the materials of the electrodes,
in electrical energy and for charging process vice vdisa.electrode at which the oxidation
takes place is called the anode, the electrode at whialedlietion occurshe cathode.The
designation anode/cathode depemwishe direction of thlow of electrons and ionsherefore,

in general electrochemigtrreversible reactions at one electrode camabedeor cathode
depending on the directiafi the reactionHowever, the name convention in battery technology

sets the electrode at which the oxidation takes place during dis@sihgeanode.

In the hitory of electrochemistry, there aremerouglifferent examples for galvanic cells. The
two most famous which are usually taught and gige examples are the Voltaic pile and the
Daniell Element. The Voltaic pile consists of zinc and copper plates dtackéop of each
other and separated by a coticloth soaked withn electrolyte, for exampkalt water. Irthe
Daniel Element copperas the cathodis immersed in a coppsulphatesolution and zinc as
the anode is immersed in zisalphatesolution Both compartments are connected with a salt
bridge for the ion exchangReactions in the battery cell are linked he tavailable electrode
surface an@dccompanied by sokdtate mass diffusion inside the electrode matéftak mass
diffusionleads to @hange in the chemical composition of the electeottka volume expansion
or shrinkagé. In theexamples of the galvanic cglhe electrodes are metals, butommercial
systens, the cathodes amather metallic oxids lke FePQ and MnQ. Forthe anodesmetals
areoccasionallyused, but another practical choice are materials which serve as a host for the

intercalation of ions such as carbon and graphite

Another approach for anode materials is the formatioan alloy, for example usinglison.
The disadvantage of the-hiloying is thdithium driven volume expansion of up to 200% and
more 3. Threemechanisms for the storage @hium ions into the materials are available, i)
alloying which was already mentioned, examples are silicon, @mtimony and other
intermetallic alloys, ii)conversionreactions for example Fg0s;, CaxOs and NiP2 and iii)

intercalation reactiongor example carbon, graphene and titanium oxidés
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The principle setip of a battery cell is given ifigure2-1. The cathode consssbut of small
particleswith a size éroughly 50 nma® 1 pmin diametemwhich are embedded in a polymer
binder to ensure the mechanical stabilitg. increase the electric conductivity of the overall
electrode, the cathode particles are either mixed or coated with c@HBoathode mixture is
coated on aleninium foil as a current collector. The anode consists of the particles, which are
either nanoparticles with roughly 50 nm diameter as it is used for silicon or up to a few
micrometres, as it can be seen for graphite flakes. A polymer binder is used fmadtie
material to ensure the structural stabilifhe anode mixture is coated on copper fohe
electrodes are immersed in electrolyte, whighypically a noraqueoudiquid mixture of
carbonates like ethylene carbonate and polyethylene carborthtéhwiaddition of a salt, to
increase the ionic conductivityo avoid any short circuits in the case of a liquid electrolyte, a
separation layer imsertedin-between the anode and cathode. This layer, called the separator,
consist of an electric isolag polymer mesh, which is permeable for the ions in the electrolyte.
However, the use of solid electrolytes is a promising technique to improve the datety

the hindered flammability of most ceramiesid increasef the storage capacity of the kit

cell, since other materials, for example, lithium metahighvoltage cathodes with a potential

of 5 V and more versus the anockn be usedVaterials for solid electrolytes are ceramics,
such aghe perovskitaype lithium lanthanum titanate (LLTQIjthium phosphorus oxynitride
(LIPON) or Li1iaZnGeO16 and related compositions (LISICORY.
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Figure2-1: Principle setup of a battery cell with cathode, anode aeparator andlectrolyte
in between During discharge, ions travel thiglu the electrolyte and separator from -

anode to the cathode. The electrons pass through the external circuit.

2.2 Intercalation Process of Lons into Host Electrodes

During the charging and discharging process in rechargeable battesiess larereversibly
inserted into and removed from a htagtice of theelectrode via an intercalation process. The
intercalation process is characterised by only small amount of structural changes in the host
material by the incorporation of iions, examples ointercalation type electrodes are graphite,
LiMn 204, LiIFePQy and LiCoQ. Another type of incorporation and removal process abhs

into an electrode material arenversion reactions, in which chemical bonds are broken up and
created during a chemicahhsformationOne promising conversion process based candidate

is sulphurfor the cathodevith a gravimetric capacity of 1672 mAR gnd silicon for the anode

with a gravimetric capacity &79 mAh ¢ (assuming 3.75 transferred electrons fag®i).

The intercalation cathode materials have different structures, which affect the dimensionality
of the Lkion diffusion. LiMnG; for example exhibits a layer structure which overs a two
dimensional Liion transport, LiMaO4 on the other hand allows forlarée dimensional Lion
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transport, based on the spinel structure. Th@hitransport within LiFeP@is limited to only

one dimension, based on the olivine structure

a) Layered b) Spinel c) Olivine

L)
| YA

s 8 %

13 )

LiCoO, LiMn,,O, LiFePQ,
Figure2-2: Crystal structures of currently used cathode electr(abipted fron?)

For the intercal@n of Li-ions into the graphite negative electrode, the insertion is separated
into up to five separate phad@scluding the 1d+4 phasealso referred to different stages of
intercalation which are the origin for the appearance of separated voltagaysaduring the
discharging procesS. In an idealistic consideration, the ions are inserted into specific layers

until the entire layer is filled with kionsand only aftenards, a new layer is filled.
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Figure2-3: Staging process during intercalation and deintercalation into the graphite
(adapted front?)
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2.3 Thermodynamic  Principles Describing the Behaviour of

ElectrochemicalCells

The potential of the battery cell depends on the materials in the anode arttecétban either
be calculatedwith the Gibbs free energy'd), using the electropotential series or by
experiment. The relation between the standard potétigs well known as the electromotive
f or c e, anditeroHaigg iniibs free energy O is expressed in the equatithl) with
¢ being he number electrons transferraad "Othe Faraday constatwhich is the product of
the Avogalro constantand the elementary charg8y rearranging equatiof2.1) and withthe
known change in Bbs free energythe standard potentiaan becalculated The Gibbs free
energyy"O represents the maximum amount of work the cell can deliver, but only if the process
is thermodynamicallyeversible*?.
yo ¢ 0 (2.1
The second way to cal@aitk the standanebltageof the cell is to extract the standard electrode
potentials of the materials used and by subtraction of the standard electrode potential of the
anode of thetandard electrode potential of the cathode, showR.2):
(0] (0] 0O (2.2
The standard electrode potentials are measured against a known electrode mMgtieagen
gas flowing by a platinum electrode immersed imaaidic solution is chosen as the standard
electrodeversuswhich all other materials are referred ahe standard potential oftirogen is
set as 0 \Wunder standard conditiong*3
In the battery technology, the standard potential of the cédlemlly also theOpen Circuit
Voltage (OCV if materials properties are idealhe electrode potentials depend on the
chemical potentialg of the electrode materiale/hich is depending on the composition of the
electrode In a general view, the chemical potential reflects the almlitihe potatial of an
element to undergo chemical changes in a systéit. In a system with only ongpeciesthe
chemical potential equatee molar Gibbs energy, so:
‘ O (2.3)
In a system with more than ospeciesthe chemical potential afpeciesA dependson the
Gibbs energy antheamountof thespeciesn the mixture
. 10
T - (2.4)
With © as the chenal potential of thespeciesl, € the amount ofpeciedl, r) the pressure,

“Ythe temperature angl the total amount of apeciesn the mixture.The total amountfo
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Gibbs free energis the sum of the products of the chemical potentials and the amount of the

specis (seg2.5)).
© L e (2.5)

Being intereted in small changes in the reaction and introducing the stoichiometric ndimber
of thespecies, which indicates the ratio afpecies in a reactionandthereactioncoordinate ,

equation(2.5) takes tle form:
Q"0 ‘R “1rQ, Q, “ft (2.6)

The overall change in the reaction Gibbs enef§yis the derivative of equatiof2.6) by the

reactioncoordinate , whichresults int%

30— S (2.7)

In mixtures the chemical potential consist of the standard atedrpotential of a componeft
(* ) and the mixing term depending on the actiyiy) or mole fraction of the componemb |
15, For ideal solutionsthe mole fraction is usedror deviations from ideal behaviour, the
activity needs to be used with | ®, in whichl represents the activity coefficient of
speciedl.

‘ oYY YV O (2.8)
with

: YYD (2.9)

If stresses in the material due to changes in the concentrations are intheledemical

potential is extended with a third term with as the molar volume of ttepeciesl and, as
thehydrostatic stress, which is defined,as P ” , el

: : YYh m, (2.10)
Since the electrodes in batteries are charged, the formula for the chemical potergial
extended with m additional term takingito account thel@arge of the materiah an electrical

potential. This leads to the equation for the electrochemical potenfiat speciesl:

‘ ‘ & "O%o (2.11)
In the equatiorf2.11) the second term regsents the work needed to adcharged ion ito a

region with the electric potenti#b In case of a neutral io (1) the electrochemical potential
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reduces to the chemical potenttal With the concept ofhe electrochemical potentibking

established, the potential at OCV can be computed:

0 —a— (2.12)

With ©  as the electrochemical potential of the cathodehe electrochemical potential of the
anode andthe elementary charge'®!4 Since equatior{2.12) only holds for equilibrium
conditions, it is not valid for changan temperature and compositiofo achieve this, the
dependency of the Gibbs free energy on the temperature and the activity is introduced.
Combining equatiorf2.7) and(2.8) describes the change in reaction Gibbs energy using the
activities of the reactants and products involved.
3'0 T YYD “r oFYYDB
(213

30 Y'Y B
Using the already established relation between the Gibbs free energy alettiuelepotential
in (2.1), substituting equatiof®.1) in (2.13) and rearrange it leads to the Nernst equation, which
describes the behaviour of the cell potential depending on the temperature and amtitotikks

concentration of thexidizedspecies6® andreducedspecie” 21213

0 © LE th © Lé {0— (2.14)

a a 0
with the activity coefficients of the oxidizes and reduced species
0 0 i B (219)
o} W

Unfortunately, there are several losses during normal battery utilization, which redactitiie
measuregbotential. These losses arise from i) itheer resistance of the battery cell itself (e.g.
electric connections and material resistances), called the ohmic overpotential, ii) the energy
needed to activate the reactions, called activation overpotential and iii) the concentration
overpotential, sice the applied load leads to a change in concentration at the electrode surfaces
compared to the bujldue to diffusion Decreasing the current applied to the cell desme as
well the overpotential lossés
A simple relationship between tbgempotential appliedo a cell- and the resulting curreifis

given by the Tafel equatidi2.16):
- 0 0 & oliw (2.16)
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The variablesyandware constants which need te Hetermined experimentally. The Tafel
equation is limited to high overpotentials and does not describe systeetgiibibrium,
therefore, a more precise way for the linkage between overpotential and current is nécessary
Thedifferencesf the Gibbs free energy and the electric potential are the driving forces for the
cell reactions. Still, the rates of the cell reactions cannot be determined with the equations
represented until her&or this, aother variable is introduce@he magnitude of the current
flowing due to an electrochemical reaction is governed by its reaction rate. Therefore, by
determining the reaction rates of the oxidation and reduction, th&ingscurrent can be
described and vice versBhe reaction raté of a reaction of interest is the product of the rate
constanfQand the concentration of the reactdiut: the oxidation of specié€s and reduction
of specie® , this results in
: Qo6 (2.17)
’ T 6 (2.18)
The cathodic anddic current densitiggsult from the regtion rate and the charge transferred
per mol of the species, which is given by the Faraday constant, the number of electrons
transferred during the redox reactioand the area of the electrodesSince the reactions are
taking place at the interfagef electrode and electrolyte, the concentrations of interest are the
ones at the interfaces, and not the bulk concentratimrscomparisonsit is convenient to
relate the currents to the electrode areas
0 ¢ O 6 £"00 (2.19
0 £ ok 6 £ "00 (2.20)
In case the reactions aredquilibrium,the cathodic andnodic current has an equal magnitude
and the net current is zero, if the reactions are not in equilibrium a net (@raertie measured,
as equatiori2.21) indicates.
Q Q Q £ '00Q 6 Q 0 (2.21)

As mentioned before regarding the activation overpotential, the redox reactions need some
activation energy to start the oxidation and redugpiatess. This necessity for the activation
is physically inclided in the rate constg coming from transition st@ttheory and using an
Arrheni uso eup exaressed if2.22) ank(223)$%¢ t
QT A @Bﬁ (2.22)
Y'Y
. Y0

- K 2.23
Q Q AQBW (2.23)

10
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Here,Y'O andY'G are the activation Gibbs energies for the oxidation and reduction reaction
andQ and’Q are constants with the samenénsion as the reaction ragince the electrode
potential has a strong influence on the reaction rate, the relationship between the reaction rate
and the potential needs to be descrilfégure2-4a) shows theeaction free energy at constant
pressure and temperatwka redox process. During equilibrium@t oxidation and reduction

have the same activation barr¥ andY"'O . If the potential is shifted, in this example to

a lower value thai®© , the reduction reaction is favoured since the barrier height changes for
the oxidationand reduction. For the oxidation, the barrier height increas&8Qo (with

YO YO ) while for the reduction, the barrier height decreaséé@ (with Y'O

Y"O ). This change in barrier heights leadstie net flow of a cathodic currelit

b)

j8b)

)

Oxidation  Reduction

A p.T = const.
) 0
R (1-0)F(E-E°)
5 .............................................. \
Q i} h
S 1TTAG o YN
2 F (E-E%)
Ol MY

Reaction coordinate

Figure2-4: a) Influence of potentialhange on Gibbs free energy, b) zooiha)

Figure2-4 b) indicates, tha¥"O has increased by the amountpf | "O00 'O andY'O
has decreased by"™GD 'O leading to equatio(.24) and(2.25):

YO YO | "D O (2.24)
Yo YO p | 00 © (2.25)
The variablg is called the symmetry factor, since it is a measure for the balance between
reduction and oxidation. Often it is set as #'% Combining equatioif2.24) and(2.25) with
(2.22) and(2.23) combines the effect of the potential shift on the reaction with the reaction rate

of the half reactions. This leads to the followingiatipns:

. . YO | "D O
| | .
Q Q AQBW AQD—,Y"Y (2.26)
. YO p | 00 ©

Q0 AQB,Y—,,YA@D (2.27)

NV
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Since at equilibrium, the net current is zero, since the reduction and oxidation have the same
rate constant, equatiq@.26) and(2.27) can be snplified by using the standard rate constant
of the equilibrium potential2®. This is exactly the case for a symmetry factasf 0.5. At
equilibrium the barrier heights for the reduction and oxidation are the same, so they can be
combined to the standard Gibbs free energy of activation Including these simplificains
in equation(2.26) and(2.27) leads to:

. . "a ©°

2 RABD (2.28)
p | OO0 ©O

Ny

~

0 QA B

(2.29)

With
Yo
7 ~8
Q Q%A QD,Y—,,Y (2.30)
Now the final step is to combine equati@i9), (2.20) and(2.21) with (2.28) and(2.29) which

leads to tk ButlerVolmer equation:

- s v p | 00 ©O
Q ¢ 0O 6 Agb VY,
(2.32)
. | '@ ©O
B
6 Ao Ny

Equation(2.31) describes the linbetween the ap@d potentialthe surface concentratioasd
the resulting current at the interfac& '8 The ButlerVolmer equation is used to model the
intercalation and deintercalation of-lans from the electrolgt into the host material. For the
further transport of the ions inside the solids, other equations are necesgseahnyaredescribed
in the following The flux of the ionsu inside the solid is driven by the difference in
electrchemical potentiah* and dependent on the mobility of the idins and the ionic
concentratior. The relationship is expressed in equat@2) 161921
0 O @n (2.32

For the difference in electrochemigadtential,we combine equatio(®.10) and(2.11) which
leads to:

‘ ‘ YYD m, a'0% (2.33
Applying the Nabla operator to equati¢®.33) and noting that 'Y "W Y¥— Y

givest®:
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N

n Y Bﬁ)— mn, & Ok (2.39
Since the system is isolated and enclpsedservation of mass applies:
T (235
T o
Now combining equatiorf2.32), (2.34) and (2.35) and noting that) —— leads tothe

change of ionic concentration due to concentration gradient, the presencelexftdoal field
and stresses inside the solid:

T €0 . . - -
— —— Y a neon on AW 9 2.36
s 'Y"YY Yo mitol, mot, JAad® % (2.36)

2.4 ElectrochemicalReadions Inside theCell

The principle of a battery cell is the transformation from chemical eneigigh is stored in

the materialinto electrical energy and vice ver3dne transformation of energy is achieved by
coupled oxidation and reduction reactipmghich are taking place at the electrodes of the
battery All the reactions are accompanied by a small amount of irreversible loss of energy due

to side reactions and heat generatidime overall reaction can be expressed as follows:

1o 6w t6 £0O F(2-1)
The overall reaction is the combination of the reduction and oxidation and can be separated into
the reaction on the catho#8€2-2) and the anodg(2-3).

10 €Qwv f6 F(2-2)

t6v 0 £Q F(2-3)
Forexamplelooking at the combination of lithium metal ankiten as & electrochemicatell,
the reactions taking place are the following, with formkf2-4) as the overall reaction and
F(2-5) andF(2-6) as the oxidation and reduction:

% E3B  BE F(2-4)
2 B O E oA F(2-5)
F(2-6)

3EQ E A v , BE

Regarding the cathode materials used for current and future applitataumn iron phosphate

(LiFePO4 or LFP) is a highly promisingcandidatefrom the olivinetype family, due to low
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costs, nortoxic materials, safety and offers a specific capacity of 170 mAtDgring the
lithiation and delithiation, the LFP cathode undergoes a single phase trafrsitioLiFePQ
to FePQ:

g E,E &ANOow ., E’QAO F(2-7)
g B O E @A F(2-8)
E &NO @ E @A u , EQAD F(2-9)

Side reactions play a major role in the aging of theepgtcells, since they consumtium

and increase the resistance of theZellwo main products of the side reactions kiF, LiOH,

LixPF, LixPO/F; and LeCOs. There are several reaction mechanisms proposed in the literature
for the production of these species. The most impodsnthe decomposition of thighium

salt in the electrolyt&(2-10) and the decomposition of the electrolyte with the generation of
gasF(2-11). These reactions are only an example for the decomposition of the electrolyte and
the salt, there are several reactib@ppening simultaneouslin total, the side reactions are
irreversible and the consumed products are lost for further electrocheanitathemical
reactions. Nevertheless, in the first cyclése reation products can redissolve into the

electrolyte but this is limited to the beginning of the cycle life of the é&f*

. RO+ , E&D& F(2-10)

#( 1 #1 ¢A ¢, Ev , B #( C F(2-11)

2.5 Degradation Mechanisms in Li-ion Batteries 7 Current State of

Research

Since the commercial introduction of theé-ion battery by Sony in 1991 therhas been
extensive study on the degradatiorLofion batteries and the list of degradation mechanisms

is up to now extremely comprehensive. However, the introduction and combination of new
analysis methods and instruments provides furthsightsinto the material and internal
processesTherefore, even after almost 30 years of commercialization, new insights on the
degradation mechanism are still discovered.

The degradation mechanisms liivions batteries an be divided into five groups, i) the

morphdogy of the electrodesi) the electrolyteiii) the separatoiy) the surface layers at the
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interface between electrodes and electrolyte\gritie current collectors.d€h groupshows
different mechanisms influencing the degradation. However, the ca@isequences of the
degradation are the increase of impedance and the decrease in capacity.

2.5.1 Electrode Morphology

Electrolyte ceintercalation

The changes of the morphology are not only limited to the electrode surface, as well the bulk
material exhibitsnorphological changes leading to the degradation of the battery. Nevertheless,
the electrodeelectrolyte interface is an important element for a stable operation of the battery.
In the electrolytea solvation shell, due to the opposite charges ofthens and electrolyte
speciessurroundghe Li-ions. During intercalation of the ions into the host, the solvation shell
can intercalate as well into the host material leading to expansion of the host layer and finally

resulting in the exfoliation of activ@aterial®22>2%

Generation of cracks

Linked to the centercalation of the electrolytes the generation of cr&s, which can be
inducedby co-intercalation, repeatedly volume changes during cyctiegradation of binder
materal and mechanical instability of the electrodes. These cracksdanecontact loss of
the active materialo the electrode or electrical conductive network, which leadss® of

active material andecrease the electrical conductivitiythe electrod and thereforencrease

theimpedancef the battery" °,

Structural changes

The ekctrode material is highly stressed during the cycling due to chemical and electrochemical
influences. The cycling can generate lattice defects in the crystal structuractivkeaterial,

due to the oxidation and dissolution of oxygen into the ellgtérorhese lattice defects can be
filled with Li-ions or transition metal ions, leading to the loss of active material and the
polarization of the electrode. Likewise, oxidation of the active material leads to the generation
of an isolating oxide layer atihe particles, which increases the impedance. A decrease of the
electrode porosity increases the impedanather. The porosity is decreasing due to the
generation of the solid electrolyte interface on the anode sidinarsolid permeable interface
onthe cathode side and clogging of the pores inside the electrode. The decrease of the porosity
slows downthe ionic diffusionand increases the impedance and polarization of the electrode.

The particle size changes during aging, phase transitions and vchamges lead to cracking
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of particles électrochemical millingy Following the particle crackinggmall particles tend to
combineand generate bigger agglomegatance bigger particles are energetically more stable
than smaller onesThis process decrsas the active area, generates inhomogeneity in
temperature and state of charge inside the elegtrddereases the electric and ionic
conductivity and therefore increases the impedafinether mechanism affecting the structure

of the electrode are phaskanges due to changes in the chemical composition. Depending on
the materials, phase changes can generate volume changes of 200 % and more as it is for the
lithiation of silicon. These volume changes affect the mechanical stability and generate cracks
in the electrode, as it is mentioned above. In addition, incomplete phase transitions can lead to
the trapping of active material. The phase change from LiFeB@®ePQ and back is
sometimesssumed to proceed by a cateell mechanism. An incomplete phasasition traps

lithium inside the core with FeR@urrounding it. Therefore, the trapping of lithium decreases

the capacity due to the loss of active materfaf®°,

Dendrites

Dendrites are needle like structures cadirgjs in case of the battergf lithium. The growth of
dendrites izaused by different mechanisms such as i) a steep iomi@tvation gradient in

the electrolyte leading to the polarization at the electedeletrolyte interface, ii) a neaniform

SEI layer generating current densitgriations andii) differences in the diffusion speathd
electric fielddue to rough surfas*®. Dendrites can grow through the separator and create a
shortcut, which leads to the failure of the cell or even to a thermalwasy. In case the dendrite
does not grow through the separator but bredkstaf active material is lost into the eledyte,

which leads to a capacity decredg@-344148,

2.5.2 Electrolyte

The decomposition of the electrolyte is affecting the impedance of the battery cell. It
decomposes due to instability at certain potentials and due to the presence of dissolved
transition metal ionsSome ofthe reaction products of the electrolyte decomposition are
gaseous and can therefore generate pressure inside the cell and lead to delamination of carbon
layersat the anodeOther decomposition reactions consume the electrolyte solvent and salt

additiveleading to an increase in the electrolyte imped&hée?>42:47:49.50
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2.5.3 Separator

The main task of the separator is to isolate the cathode and anode electrically and, at the same
time, act as a permeable layer for theons totravel back ad forth between the electrodes.
However, the porosity of the separator can decreaseglaycling due to pore clogging with
electrolyte components, oxidation of the separator material and deformation of the separator
pore network due to estnal (e.g. external loading of the cell) or internal (e.g. SEI growth, gas
generation or volume expansion of the electrode) compre§hemmechanical stability of the
separator is affected by the electrolyte, leading to swelling and softening of #natsepll

of these effecticreaseshe battery impedance and loviee permeability for iong?32-°154,

2.5.4 Surface Layers on theElectrodes

Anode surface layer

The surface layer on the ai® side isthe solid electrolyteinterface (SEI) and consistsf
decomposition producigue to reductiorf the ekctrolyte The first decomposition products

are considered to be organic species. At lower potentials, these organic species are partially
transformed to inorganic precipitanithe SEI is mainly generated during the first few cycles

and ideally stays stéb during the further aging. However, partial damages of the SEI can
induce furthergrowth of the layer, which is accompanied by further decomposition of the
electrolyte and consumption of electrolyte saftd lithium which leads to a@ecrease of the
camcity and an increase of the impedance, due to the reduced ionic conductivity of the
electrolyte. Some side reactions are accompanied by the generation of gaseous reaction
products these products induce cracks in the SEI and generate new SEI droattiition,

the gas increases the pressure inside the cell, which can lead to |€akagfeg47:5556

Cathode surface layer

Similar to the anode, the cathode surface forms a surfacevdétyedecomposition products

due to oxidation of the electrolyte as wélbstrém et al. proposed the nas@id permeable
interface(SPI) for the cathode surface layer. Contrary to the SEI, the SPI does not cover the
entire cathode surface and grows over the entire lifetime of the elecifoglayer consists of
organic and inaganic decomposition products. The inorganic species show a dependency on
the electrode material, while the formed organic species are generally the same. The surface
layer reduces the electronsonductivity, hinders ionic diffusion and therefore increades
impedance of the electrode. In case the conductivity is not only reduced, but the particle is

ertirely isolated, the capacity decreasese to the loss of active materdaf®32:36.41.559,
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Lithium plating

The deposition of a lithium metal layer on the surface of the anode emergdyg atdow
temperatures during the charging process. Due to the reduced diffusion at low temperatures, the
Li-ion intercalation is hindered. This leads to the accumulatidn-odns at the surface and
finally to the deposition. High charging rates andhhmgptentials are amplifying the effect.
Electrode misbalancing can influence the probability of lithium plating. In case the anode
capacity is too smalLi-ion intercalation is blocked at a certain point and the remailtiigns

are depositing on the ade surface. The process is partly reversible and lithium is stripped of
the anode surface during discharge. However, some of the lithium is lost, which leads to the
reduction in capacity. The deposited lithium is reacting with the electrolyte formingay8E

which reduces the ionic conductivity of the electrobmel increases the impedance, due to the
additional surface layeAdditionally, the metallic surface layer reduces the electrode porosity
and therefore reduces the active material surfacehwhcreases the current density on the
remaining material surface and amplifies the lithium plating. In addition, active material can

get isolated, which reduces the capagitif-®

2.5.5 Current Collector

The current collector serves as an electrically conductive substrate for the electrode material.
Since it is also in conta with the electrolyte, side reactions can lead to the corrosion of the
current collector surfaceCorrosion increases the impedance of the cell, since the contact
resistance between electrode material@amdent collector increases. Moreover, the insesaf

the contact resistance increases the ohmic overpotentials. Additionally, corrosion leads to
inhomogeneous current distributions in the electrode, which facilitates lithium plating. Severe
current collector corrosion leads to the contact loss bete@ésctor and active material and
therefore to a decrease of the capacity+6:

2.5.6 Degradation MechanismSummary
The degradation mechanisroan be put into two groups, in the first group are mechanisms
leading to a capacity decrease and in the second group are mechanisms leading to an increase

of the overall cell impedance.

Capacity decrease:
A Co-intercalation of electrolyte with resultinglhmination of electrode material
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>\

> > > >

Agglomeration of particles

Dissolution of active material into the electrolyte with resulting deposition on the anode
surface

Generation of dendrites on the anode surface

Incomplete phase transitions with isolated acthagerial

Consumption of active material, due to surface layer lmpldn the electrodes

Electrically isolation of active material

Impedance increase:

A

> > > > >

Decrease of the electrode and separator porosity

Decomposition of the electrolyte

Build-up of addiional surface layers on the electrodes (SEI, SPI, Li plating)
Corrosion of the current collectors

Decrease of electrical conductive electrode network

Increase of diffusion length inside particles due to agglomeration
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3 Measurementand AnalysisMethods

This chapter describes the methods and analysis tools used for examine battery electrode

degradationPart of this work has already been putuid in the same or similar forim %263

3.1 Atomic Force Microscopy

Atomic force microscopy (AFM) is one technique out of the growd scanning probe
microscopy(SPM) It is based on the general principle of scanning tunnelling microscopy
(STM), which uses a similar sap. STM was primary introduced by Binnirend Rohrern
1979%. The STM technique uses a shampedlelike tip, which is scanned in close contact
over the surface of theample. The lift height of the tip over the sample surface is controlled
by the tunnelling current measured between the tip and the sé@mpie.the feedback loop of
the microscope is depending on the tunnelling current, utilizadio®TM is limited to

conductive materials vacuum

Split photodiode
> Feedback
I-_IF-' electronics

Laser

z-signal

Cantilever

[ Samplc |

Z <

X,y scanner

Figure3-1: Principle setup of an AFM®®

AFM, developed by Binning and his-eerkers®®, is an advanced SPM technique, which uses

a cantilever with a tip at the end to track the sample surface. The tip can be constantly in contact
with the surfacgcontact modeyith a constant deflection of the cantilevesaspoint, oscillate

over the sample artduch the surface frequentlyntermittent modebr lifted over the sample
surfaceand oscillatingwith no contact at alnon-contact mode)To track tke bending of the

AFM tip due to the interaction with the surface, a laser is focused on the end of the cantilever
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and reflected onto a photodiode with four quadrkigure 3-1 illustrates the principle seip

of an AFM. Due to the intensity differences on the photodiode quadrant, the vertical and lateral
displacement is tracked@he signal of the photodiode is fed to the feedback loop of the control
system and used to adjust the actuapsatt to the desired vaduAFM analysis provides high
resolution images comparable to Transmission Electron Microscopy (TEM) down to the
visualization of atom&>. At the same time, more advanced AFM modes deliver not only the
surface topography, but also material properties like elasticity, stiffmes® functon and
conductivity.In addition, the measurement environment is not limited to vacuum, as it is for

TEM analysis, but can ia ambientair or in liquids.

There are different ways to extract material properties from AFM measurergéhts. by
force-distance curves or by analysing the change in amplitude and frequency shifts in the
oscillation of the AFM tig?>%7%°, For the measurements presented heree-distance curves

are usedo extract the material propertiesn example of a foredistance curve is shown in
Figure3-2. The black solid line represents the approach of the tip towards the sample surface.
With decreasing distance between the tip and the surface, a negative force due to attracting
forces between the tip and the surface emewyea. certain distance between the tip and the
surface a snam of the tip towards the surface occurs, now the tip is in contact with the sample
surface. With tk further movement of th@ezotowards the sample surfa¢ke repulsion force
increasesthe catilever of the AFM tip starts bendirmnda deformation occurs. Ideally, the
deformation is reversible and limited to the sample surface. Worst case, the deformation is
irreversible and only limited to the tip, which leads to degradation and destructios .

Which of these two cases occurs is depending on the surfdoesgifspring constant of the

tip, surface roughness, applied force and tip material.
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Figure3-2: Example of a forcelistance cwe

Figure3-3 gives an example for some material properties extracted fromd@@tzace curves.
The sample is ailcon composite anode fabricated at the German Aeros@acgre in
Stuttgart.The marked arease examples for differees in the material properti¢sgure3-3b)
is the adhesioand c)is the DMT(Derjaguin, Muller and ToporgwWodulus, which represents

the stiffness of the materjakithout any clear vible difference in the topograpliy a).
b) C)

700 nm 1.8 GPa

0 GPa

0Onm OnN

Height Sensor 400.0 nm Adhesion 400.0 nm DMTModulus 400.0 nm

Figure3-3: Example of a AFM measurement showing a) the topography, b)atiiteesion
and c) the DMT ModulusThe marked areas are examples for diffel@ehaviours of the

material properties.

The AFM tips arggenerallymade from silicon or dopedison and fabricated by an anisotropic
wet etching technique using for exampl&assium hydroxidek(OH). In several etching and
coating steps, the shapétbe AFM tip is etched out of bulk material. Afterwards, surface
coatings are added to increase the laser beam reflextitime top sid®r to add an electric
conductiveor magnetidayer on the tip side of the AFM cantile\&r Figure3-4 showssome
examples of AFM tipsa) shows the tip with part of the cantilever and b) is a zoom onto the

very end of another AFM tip, which has a tip radius of about 25 nm.
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b)

KV Spot Sze =120 O = 21 mm !

Figure3-4: a) SEM image ban AFM tip, b) zoom onto the tip

The AFM measurements presented were performed using a Bruker Icon installed inside a

MBraun Glovebox.

For the AFM analysisyarious signals are presentédithe height image, which represents the
sample topo@aphy, (ii) the Peak Force Error, which is the feedback signal for theoset

control and serves as a representation of the sample surface, without the influence of height
differences, (iii) the adhesion, which is the force needed to detach the AFF! fpoab the

sample surface and (iv) the Peak Current, which is the measured electrical current during the
time of the highest forcand (v) the DMTmodulus, which represents the stiffness of the
sample For the conductivity measurements, a bias voltagesaflly 3.0 V was applied
between tip and sampleCommercialy available AFM tips from NT-MDT (Etalon
HA_FM/W2C+, 75 kHz, 3.5 N/mwith an electrical conductivé/>C coatingor Bruker (SCM

PIT, 75 kHz, 3.0 N/m) with an electrical conductiveliPtoatingareused.Analysis of AFM

measurements was conducted using NanoScope Analysis 1.9 software.

3.2 Scanning Hectron Microscopy and Energy Dispersive Xray

Spectroscopy

In scanning electron microscopy (SEM) a focused electron beam is scanned over the sample
surfece. Different detectors detect the electrons scattered from the sample surface and the
intensity of the scattered electraagransformed into a grey scale image. phienaryelectrons

(PE) areemitted either by thermionic emission or by field electronssion. In thermionic
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emission, a filament cathode, usually tungsten, is heated up, which leads to the emission of
electrons. In field electron emission, a high negative potential is applied to an electron emitter
creating high extraction fields of morean 18 V m'%, which finally leads to the emission of
primary electrons. The emitted primary electrons are focused by magnetic lenses and used to
scan the focused electron beam over specific locations on the sample sUinacample
chamber is operatedhder vacuum during the measurements to minimize the contamination on
the primary electron source and to reduce attenuation of the energy of the primary electrons by

interactions with particles in the sample chamber.

The primary electrons are geagng various signals after striking the sample surizee
Figure3-5a), such as secondary and backscatter electrenasy ghotonsyisible light photons

and Auger electrons. For imaging of the sample surface the secondéacasdatter electrons

are usedSecondary electron$SE) are generated by collision of the primary electrons with
valence band electrons of the sample, whichadterwardsemitted from the sample. Back
scatteed electrons(BSE) are primary electrons, whicpropagate through the sample by
recurring collisions and are emitted again from the sankglethe evaluation of elements in

the sample, the Xay photons are used. This technique is called energy dispersiag X
spectroscopy (EDX}the signal generatn is shown irfFigure3-5b) ’°. The electrons in the core

shells are ionized by the incident PE beam, leaving behind a hole, which is filled by another
electron from an outer shelthe dropof electrondrom the outer shell leads to the emission of

a characteristiX-ray fluorescence lineln the case shown iRigure 3-5b), the 1s electron is

ionized and leaves behind a hole, which is fillecl®s electrofrom the outer shell. The drop
from the 2s shell t o t he 1 sraywith aspécificlereagg,s t o
which is characteristic for each individual elemddpending on the shell level, from which

the holefilling electronis origina i ng ei t her KU or Kb (drop fro
Lb (drop fr onraydareemitted. shel | ) X
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Figure3-5: a) generatiorof SE, BSE and Xay by the focusedPE electron beam from th

sampé surfaceand b) signal generation for the detection of the element speeifxy Xor

EDX analysis

The SEM and EDX measurements were performed usirepbJSM7200F equipped with a
Bruker Quantax EDX systenCrosssection cuts were conducted using afoaused Ar ion
beam (Jeol IBL9520 CCP, 6kV for 4h) equipped with a sample transfer chamber, to avoid any
contact with the ambient air during the preparation process

3.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to analyse the chemical composition and
chemicalbondingof surface layers with a thickness b to 10 nm Except for helium and
hydrogen, all other elements can be observed.

The Xray photon irradiationon the sample surfaceith the energy’Q leadsto the
photoemission ofore levelelectrons with a specific kinetic energfthe excitation energy is
sufficient for the electron tieave the sampldhe binding energy is then afterwards calculated

by the knownX-ray photon energy, the measured kinetic energy of the emitted electron and the
work functionof the spectrometeEach element has a characteristic binding energy and shifts

in the binding energy provide information about the binding state.
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Figure 3-6: lllustration of the emission of an electron from the 2p level bsaX photo

=Y

irradiation. 1s, 2s and 2p arepresentingore levels, & the vacuum level, Ethe Fermi

level, E the kinetic energy, the work functiorof the sampleand E the binding energy.

In Figure 3-6, the illustration of the emission of an electron from the core level b}(day

photon irradiation is displayed. In case the excitation eri@dsom the Xray photorexceeds

the binding energis and the work functiolof the sample , the electron is ejected from the
sample.

Theresults of theXPS analysigpresented her@as conducted usirgn Al KU source
energy of 1486.6 e¥nd a hemispherical analyg&hermo Scientific ESCALAB 258 ta base

pressure of 2xI& mbar.Spectra were energy calibrated with reference to the #gddnal

of a clean etched silver dace. Spectra are displayed normalised, and numerical peak signal
fitting was carried out using Voigt peak shapes using OriginLab software. Depth profiling was
carried out by Afion bombardment at argon pressure of ~2.8tbar and with an average

sampeé current of 2.0 PA.

3.4 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscqpyS) is a powerful tool for the investigation of
electrochemical reactions and transport processes inside a system. In combination with the
fitting of eledric circuits to the resulting spectra, physical parameters like resistances and
capacitances can be extracted. The basic concept is the measurement of a resulting electrical
response of a system, due to the application of a voltage or current signasfdmse has the

same frequency as the applied signal, but is usually shifted in the phase. The theoretical
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treatment of the system is done in the frequency domain, since the solutions in time domain

contain differential equation. Thus, the impedance eawriten as:

o Owo
"0 00

Here,"O represents the Fourier transformation of the voltage and current signél ‘@nhd

(3.1)

the impedance in imaginary and frequency spabe impedance is the sum of the rgaB)

and imaginary pati{3.4), which are depending on the phase argle

AX(;) 0 Qe (3.2)
2R o0 IsAT-0 (3.3)
YId @ 0 s O E+ (3.4)

Even though electrochemical cells aosiinear systems, small excitations can result in a linear
response of the system. The | inear response
equation(3.1), for nonlinear responses, the theoretical treatingets more complicated and

the given equations do not hold anymore. For potentiostatic EIS, small excitations are voltage
amplitudes below the thermal voltagee 'Y "¥Owhich is about 25 mV at room temperature,

in the literature the voltage amplitude is normally in the range of abio@05mV.

The disadvantage of EIS is the sensitivity of the results to external interferences, system
stability and internlanoise. Therefore, it is necessary to use a faradaic cage if possible, to
minimize the contact resistances at connections and the inductive influence of cables and to
shield the electrochemical cell from interferences coming from the counter and working
electrodes. Additionally, the system needs to be at equilibrium and it needs to be assured, that

the response is solely due to the applied excitabiéh

3.5 Incremental Capacity and Differential Voltage Analysis

Incremental capacity analygi€CA) and its counterpart differential voltage analysis (DVA) are
nontdestructive techniques to investigate phase changes and intercalation of ions during
electrochemical processés’™ It was first applied by Balewski and Brenet in 1967 for half

cells ”°. Thompson used a similar technique to analyse the ordering of lithium ionszin TiS
crystal layers’®, Dahn determined the staging steps of lithium ions in graphitad several

groups are using it to reveal the degradation mechanismsidm lbatteries’®#8.73.7884 |t js

used to monitor the ageing of the cell and can serve as a tool to estimate the tstatéh of

(SOH) of the celf¥%°, We are using ICA and DVA for the evaluation of the degradation
mechanisms, since these techniques are complementary to each other and can be used as a
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verification of observed degradation mechanisms. Hewesertain degradation mechanisms
such as the change of cell impedance is only observed in the ICA curves, while loss of lithium
inventory and loss of active material are more clearly observed in the DVA curves. Therefore,

both methods are employed foetavaluation of the degradation mechanisms.

Peaks in the ICA curves represent staging or intercalation of ions during one phase equilibrium.
In DVA curves, the peaks represent the phase transittoi$?°! Even though the system
should beat or near equilibrium for the calculation of the ICA and DVA, the analysis delivers
reasonable results atr@tes around 1C. Weng et al. show that a C/2 rate for the charge and
discharge process can be used for the identification of the peaks in 1GS¥and Dubarry

et al. use C/5 and C/2 rates to determine the ICA. In their investigaisavbserved, that some

ICA peaks have a rate dependency and that in general lovege£show more distinguishable
peaks3, Li et al. compare C/25 with 1C discharging current. The main peaks are wsiiath
discharging rates, but with C/25, additional, less pronounced peaks are obs&tvahie
presented ICA and DVA results are ded from C/2 measurements, knowing that the system
is not at equilibrium. However, all expected peaks are observed with sufficient intensity (five

peaks for the ICA and four peaks for the DVA) for the peak tracking over ageing.

The ICA is defined as thderivative of charge or discharge capaciywith respect to the
voltageV and is written asiQ/dV. For the numerical calculation of the ICA the derivative
dQ/dVis approximated bg) / aaWhere the step sizeis chosen to minimize the noise without
losing any significance of the ICA peaks. The DVA is defined as the derivative of the voltage
V in respect to the capacity @nd is written aslV/dQ As for the ICA, the derivative is
appo x i mated with &V/ &®Q. Afterwards, smoothing
techniquesDivision by zero can occur in the ICA (due to flat voltage profiles during phase
transitions,dV can be equal to zero), but this does not hinder the sina§ the ICA datd>.

Noise reduction in the ICA and DVA curves is done using standard techniques such as moving
mean averag@®% Gaussian filtef®, support vector regressidft®® and centre least square
method®®. We used the moving mean average filter to reduce noise inttevitla a moving
window of 50 data points for ICA and DVA arrays with a length of about 6400 data points.
Application of the moving mean filter did not have any significant influence on peak intensity
and location. The charge and discharge processes egeneled with the battery cycler (CTS

XL, BaSyTec GmbH) and analysed in MatkafRelease 2018).
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An example for the resulting ICA and DVA curves and the corresponding features of the
discharge potential profile is presentedrigure3-7. It shows a potential profile of a discharge
process of a fresh, commercial LFP cEliglre3-7a) and the resulting ICAF{gure3-7b) and

DVA (Figure 3-7c) curves.The visudization shows the transformation of potential plateaus
into peaks for the ICA and valleys of the DVA. The transitions from one potential plateau to

the next are transformed into peaks in the DVA and valleys in thé1CA
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Figure3-7: Discharge profile of a fresh LFP cell in a) and the resulting ICA (b) and DV,
curves®

3.6 PseudeOCV and nonequilibrium OCV tracking

The OCV was evaluated using C/2 charging and discharginvgstio calculate the pseudo

OCV curve withO p C O O . Additionally, a here sgalled norequilibrium OCV

(nonequiOCYV) for the EOC and EOD was recorded using the cell resting voltage after charging
or discharging with 1C to theutoff voltage and with only five minutes of resting time. The
evolution of the OCV shows, that the system does not reach electrochemical equilibrium after

five minutes, hence the denotation reguilibrium OCV.
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4 Focus onElectrochemicalStrain Microscaoy Technique

4.1 Principle of ElectrochemicalStrain Microscopy (ESM) and theT ailored
ESM Technique

The principle setip and underlying signal formation principle are presentédguare4-1.

30~
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Figure4-1: Basic signal formation principle (a) and application of the voltage step witr

resulting surface displacements, called ESM signal (b).

The tailored time domain ESM-BESM) technique uses a different approach coeghéo the
originally published technique by Balke et & and was proposed as time domain
measurements performed by Jesse etaln the original technique of Balke et al., an ac
voltage is applied between the tip and the sample, which is assumed to induce an oscillation of
the ions in the solid sample. The oscillation of the ions indanesscillating volume change

and is transferred to the sample surface. Its movement is measured as deflection of the AFM
tip. In the time domain measurement, avdttage of several milliseconds is applied to the tip

to induce a concentration change, whig tracked using the surface displacement amplitude at
the aevoltage frequency. To increase the sensitivity of the measurement, the signal can be
amplified using the contact resonance frequency of the AFM tip with the séipplentact
resonance frequey as the driving frequency of the appliedvattage. Since the contact

resonance frequency is linked to the material properties and topography, it changes during the
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surface scan and needs to be tracked using a phase looked loogX®1°[ )dual resonance
frequency tracking (DRFT or DARTF or band excitation (BEY? %2 Hence, errors in the
tracking of the resonance frequency may lead to artefacts in the data. Using just a single
frequency out of the contact resonance range leads éovexr lamplification, but has the

advantage that it is insensitive to material properties and topography crosstalk.

In a first approach, the relationship between the change in ionic concentration and the surface
strain- , is given by Hoole $law in equatior4.1) 20103106

- TRl Ok —p.o . i (4.1)

The first term on the rigkttand sidé 1 @ represents the chemical contribution to the strain,

while the secondetm on the righhand side— ,,  represents the contribution of internal

stress. In this casé,  is the Vegard expansion tensorey, is the change irLi-ion
concentration, i s t he P o iOsdhe madslus betasticity and,  are the stress

components. Other contributions to the surface s@agndiscussed in sectigh2, but are
assumed to play a minor role and are neglected. Following the implications of eddafjion

with the assumption that the chemical component is the only relevant contribution to the surface
strain, it can be concluded that the changki{ion concentratioh ¢y is proportional to the
resulting surface strain. Morozovska et al. presented a general solution for the surface
displacemenb j based on the strain from equati@nl) °’. Their solution demonstrates that
the surface displacemeat;, is proportional to the concentration change of the ionic species
and dependent on the Vegard expansion tensor, which is expressed in ggutfén

079 T Rl Gy (4.2)
Therefore, the resulting surface displacement amplitude is proportional to the chhngmin
concentration (I)ﬁ, which is linked to the mobility of the ions in the material beneath the tip

101,108,109 The change in surface displacement amplitude is therefore correlated to the change in

ionic concentration, and in addition the transient behavior to the diffusion of the ions

The measurement is divided in two time periods. In the first period the electric field is the
driving force for the ionic movement, while at the same time, the concentration gradient is
directed in the opposite direction of the electric field hindetimg migration (migration/
diffusion). This yields an effective migration/ diffusion coefficient D1. In the second period,

the driving force is the concentration gradient, which is induced by the increased/decreased
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local ion concentration built up by theigration in the first range and leads to a diffusion

coefficient D2, which is solely caused by the concentration gradient.

. @

oadd 06 Agb— (4.3)
TOO

S ofdo  OGABPOO  © (4.4)

Local diffusion coefficients were extracted by fitting the dptants retrieved from the
expansion/retraction curves. The analytical solution for the diffusion calculated thereby is given
in equation(4.3) with the diffusion coefficient D and a pexponential componentoAlesse et

al., Luchkn et al. and Guo et al. proposed an exponential behavior as it is seen in ggL@jtion

9108110112 The characteristic time constant with P + . was retrieved using equation

(4.4), the diffusion coefficient was calculated usi@g; — The characteristic lengthis

the tip radius.

Depending on the polarization, the local ionic concentration beneath the tip increases or
decreases, accompanied by a surface expansion or contraction and is recorded by the vertical
deflection of thetip. During the applied voltage pulse, migration and diffusion take place in
opposite directiongfter the applied voltage pulse relaxations takes place due to pure diffusion.
With this setup, the change of local ionic concentration and the dynamicm&wveof ions are
mapped simultaneously. The dependence on time of the characteristic time constants for every

image point delivers local information on the diffusion and migration of the ions in the material
62

4.1.1 Measurement &t-Up

The experimental setp useds shown in Figurd-igure4-1a. A Bruker Icon system installed
inside a glovebox, equipped with PeakForce Mode and a Zurich Instruments (HF2Li) lock
is used. As AFM probesitherBruker SCMPIT with a spring cortant of 2.8 N/mPt/Ir coating

and a resonance frequency of approximately 75 &Harobes from NIMDT with 3.5 N/m,

W>C coating and a resonance frequency of approximately 77Andfe used. Voltage pulse
generation and data recording was performed withaBVIEW (V. 2016) routine on an
additional computer. The voltage pulses were applied directly to the AFM tip using a modified
PFM module with an amplitude of 3 V for the-doltage pulses and 2 #r the superimposed
acexcitation at 25 kHor 40 kHz The d-voltage induces the change in the ionic concentration,

which is tracked using the amplitude of the oscillating surface at thielage frequency and
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further referred to as fisurface displacement
AFM were extracted using a Bruker breakt box (SAM V) and recorded with a National
Instruments PCI card (NI 6111). The surface displacement signal is the fplagsia signal
amplitude (X) of the lockn from the vertical deflection photo diode AFM signalomdzovska

et al. show, that the real part of the surface displacement is mainly determining the absolute
signal, especially at lower frequencies for concentration driven processes, which corresponds

to the devoltage off period of our measuremétt!' The proposed theory of Morozovska et

al. is in agreement with our observation, namely the X signal showing nearly the same signal

intensity compared to the ampiite R Figure4-2).

A

surface displacement

o
o

Figure4-2: Amplitude R signal in a) and iphase signal X in b) showing the same sic

intensity®?

The AFM measurements provide the two standagdads, the topography of the sample and

the deflection error, which is the feedback signal of the control unit. The measurements are
performed in contact mode with an additional interleave scan line. In the first scan line, the
topography and deflectionrer are recorded as trace and retrace scans. This is the standard
contact mode. In the second scan line, the tip scans the same location again. The voltage pulses
are applied to the tip with a positive polarity during trace, and negative polarity duregere

The standard scanning mode is not influenced by the applied potentials at the tip. The data
analysis of the recorded AFM mappings was performed for every data point separately using
MATLAB (Release 2018&Y.

Tip calibration was performed by the thermal duof the AFM with the adaption of the
deflection sensitivityThe measurements have a pixel density of 256 x 100 measurement points
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which means that the pixels have a rectangular shape in the direction of the scan direction (left

to right) and are not sques®.

4.1.2 Measurement of Dynamic EBzhavior

An example of the recorded signal at one data point is givEigure4-1b) for a measurement

on Si/C electrodes. The surface displacement (ESM signal amplitude, which is extracted from
the vertical photo diode signal as the response of theltage) is drawn against the time. The
middle part gives the surface displacementrduthe negative applied voltage step, the lower

part the surface displacement due to a positive applied voltage step. The surface displacement
is indicated as @&H, which is the signal ampl
pulse to the endfdhe voltage pulse. If not otherwise stated a voltage step of £3 V was applied
for 10 ms, and recorded for further 15 ms to include the relaxation process. During the negative
polarization of the tipLi-ions are accumulating in the material and move tdwahe tip. In

case of the positive polarization of the AFM tip;ions are migrating in the opposite direction,

away from the AFM tip. Using this sep, differences in the response of ion movement due to

the polarity at the AFM tip aneecorded at theame location.

4.2 Vegard and Non-Vegard Contributions to the ESM Signal

Different effects are possible to influence the surface expansion of the sample surface. The main
effects are discussed hefech e sur f ace di splacement sbme to V
authors to be the main effect, causing the surface displacement in the ESM experiments
103,107,114 Other groups are proposing different effects as the origin of the ESM signal. Amanieu

et al. consider a Lorerike electric force to induce the ionic vibration in the latfi§ewhile

Lushta et al**>and Schon et at®® are assuming electrostatic forces to play a major role in the

generation of the ESM sign#l

4.2.1 Vegardé Law

Vegard reported in his work from 1921 changes he observed initag diffraction spectraf

mixed crystals with differeribnic salts and concentratisim the crystal'®1'’ Vegard showed,

that at constant temperature, a linear relationshgieketween the concentration of the ionic

salt and the |l attice constants. He proposed

Ve g a law, ibis given in(4.5). Herew is the lattice constant of the mixed crystab, and
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@ the lattice constants of the pure elementsratite molar fraction in percent of the element
@ in the mixture.

nemy N - (4.5)
pTT pTT

The idea behind this expression is the assumption, that the combined crystal cell is a simple

&

combination of the atomic sizes of the individual, isolated eleméhtdhe results using
Vegardodés | aw are often not precisely correct
approximation for first angkis, but not an exact calculatibif 122,
Denton and Ashcroft identified the atomic sizecee major impact on the crystal structofe
the mixed crystalbut the point out, that other effeclike relative volume per valence electron,
Brillouin-zone effects and electrochemical differences oétementsdo have an influence on
the lattice 11",
The contributi on odtrain- hisedepérelenton ttiedcencdnteation ahanget h e
of the involved ionic specig¢so and the Vegard strain tengog, given by:

- TRI® (4.6)
For simplificion, the Vegard strain tensor is assumed to be isotropicantdins only entries
on the main diagonaso that 1 I I ro 108
Morozovska et al. deriveabproximationdor the surface displacement duriag 6 0 and

after the voltage pulse 0 o for the assumption afnionic flux driven proces¥”.

. T o —
0 0 O p 't ! — tVO o 4.7)
Lo . T Yo
0O 0 O p Tt — (4.8)
o ©

Here,0 and w are the duration and amplitude of the voltage pli¥ses the AFM tip radius

andOis the diffusion coefficient.

4.2.2 Piezoelectricity, Flexoelectricity and Electrostriction

The piezoelectric effect can occur either asdinect or as the inverse piezoelectric effect. In

the direct piezoelectric effect, an applied force working on the crystal lattice displaces the
equilibrium arrangement of the atoms. In equilibrium, the net charge is zero, since the opposite
charges canteut. In case of a deformation due to an applied force, the centres of the positive
and negative charge do not align anymore, which induces a polarization of the Enystaé
inverse piezoelectric effect, an electric field induces a change of thezpttan out of the

equilibrium position, which induces stress and leads to a deformation.
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Piezoelectricity is only found in crystals, which show a-oentrosymmetric crystal latticéf
the change in temperature of the materials leads to a changepolfdheation due to volume
change, the material is additionally pyroelectric. If the polarisation of the crystal can be
switched by an electric fieJdhe material is ferroelectrid®
Flexoelectricity is similar to piezoelectricity, a deformation induces polarization and vice versa.
The crucial difference is the strain distribution. For the piemtet effect, polarization is
coupled to a homogeneous strain, whereby for the flexoelectric effect, polarization is coupled
to a strain gradient. In contrary to the piezoelectric effect, which is awdervedin non
centrosymmetric crystals, flexoeldctty can appear in all material structuréd Especially
for electric fields generated by AFM tips, flexoelectricity shoulddesidered in the analysis
of the result®f ESM measurementsince the generated strains due to ionic redistribution are
likely not homogeneously distributed in the materiga calculated the stress due to
flexoelectricity, induced by an AFM tip a faroelectric perovskitan the order of several GPa
with only 1 V applied to the tig?%. Flexoelectricity is more likely influencing the ESM
measurements compared to piezoelectristgn &suminghe stress in the material due to the
difference in ionic concerdtion which is indeed not homogeneoutn addition, for
polycrystalline materials, piezoelectricity should play a minor role, since the net polarization
change is zero due to the polycaihe arrangement of the dipol¥s$.
The strain due to piezoelectricity and flexoaledly is given by:

-5 Q0 m ;—: (4.9
With "3 as the converse piezoelecttensor m)  the flexoelectric strairiensor 0 the
polarizationand®w as the coordinate®
Electrostriction is the generation of mechanical strain based on the electrical polarization. The
electromechanical strain based on electrostrictiorac be simplified for materials with a
centre of symmetrgnd by neglecting higher order polarizatas

- 0 00 (4.10)

In equation(4.10), O represents thelectrostriction tensor coefficient for symmetric
materials (all odd locations of the tensor are zero) @ndind 0 the polarization in the
respective directiof?”.
Piezoelectricity, flexoelectricityand electrostriction are assumed not to be the primary
mechanism for the signal generatitor the ESM measurements presented ,heie to
measurements on fresh silicon, Si/C anode, carbon, HOPG and polyether ether keton (PEEK),

which did not show a signapeneration dependency on the applied voltage profile.
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Nevertheless, since ions are influencing these effects, especially electrostriction, it is difficult
to rule them out completely in the lithiated samples. However, Kalinin and Morozovska are
reportingtheir influence to be at least one order of magnitude smaller, compared to the Vegard

expansion®,

4.2.3 Electron-Phonon Coupling

In electroaphonon coupling, stress and strains in materials can lead to conduction band edge
shifts and redistribution of the concentration adotlons in the conduction and holes in the
valence band. As for the piezoelectric effect, the converse effecs, eristhich strain and

stress in materials is induced by band edge shift and concentration redistribod¢iatrain due

to electroaphononcoupling can be expressed as:

T R T S A N R (4.12)

With i andf as the deformation potential tensors of electinriee condictive and holes

in the valence band¢ 1 andr i the density of electrons and holes in the conductive and
valence band during the presence of strainsandn the density of electrons and holes during
equilibrium and  as thetensor of elastic compliancé?.

The electrorhole and electrophonon coupling arexpectedto be at leasone order of
magnitude smaller compared to Vegard expansforf 12,

4.2.4 Electrostatic Influence

The electrostatic influence on the ESM signal is generayetwo different mechanisms. The
first mechanism contributes to the ESM signal by the electrostatic force generated by the
polarized AFM tipandacting on the tip and the cantilever and therefore influencing the bending
of the cantilevet?® 3L This influence is not related to the movement or presence of ions and
can therefore generate wrong interpretation of the underlying ESM sighal.second
mechanismwhich iscontributingto the ESM signalnd based othe presence of charges in
the materiagl is the force acting on the cantilever due to the attractive or repulsive force
generated by the polarized AFM tip and charges trapped inside the m&fetwever, a
highly polarized AFM tip camject charges into the material surfagdterwards, the injected
chargesnfluence the electrostatic force between the AFM tghtaecharges, which have been
already present befofé®31133.134However, charge injection from the AFM tip is unlikely,
since only small voltage amplitudes are used, but cannot be rulesbropietely Trapped

charges and charge injection would haveuoed at the fresh samples during the control
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experiments, which were not observed. The influence of surface and space charges can be
evaluated using the MaxwelVagner relaxation time. Using typical values for the dielectric
permittivity of LFP (betweens and12 39 and the electrical condtinity of around10® S/m

136 the relaxation timetf( —, with- & up m ! @ | leading to roughii0®s

and lowej is several orders of magnitude smaller than the measured signal relaxation time
(around 16 i 10! s). For silicon,the dielectric permittivity of silicons around 12and the
electrical conductivity around 1.5-2@®/m, using these values leadstte relaxation timef
roughly108s, whichis several orders of magnitude smaller than the measured signal relaxation

time (around 187 10? s) and values foud in the literaturdor the relaxation tim&>110,

4.2.5 Lorentz-like Force

Some authors assume an electronic Lizréke force acting on the ions in the sample as the
primary source of th&SM signal.The Lorentz force acts on chargeshita magnetic or
electric field In case of the electric fielthe force acts omovingand resting charges likewise
These authors assume thiad¢ ions do not hofrom latticesite to another latticesite, which

would lead to the Vegard expansion, bibrate on the latticsite, due to the alternating electric
f|e|d 21,109,115.

O d o 6'00Q® (4.12)

In equation(4.12), & represents the number of chargeslpepns, o0 the concentration of
Li-ions in the volume varying with timé&the Faraday constarthe electrical potential due
to the varying AC voltage anag the volume, which isffected by the concentration change.
The Lorenzlike force is assumed to be proportional to the measured signal inféhsityand

W 0.

4.2.6 Temperature Influence
The ESM measurements are usually performed with the sample in mechaldctical,
chemical and thermal equilibrium conditiokéowever, the application of electric potentials
between the AFM tip and the sample surface can gerfezataelue to energy dissipatj@ince
the tipsample junction acts as a resisiithe dissipatd energy0, as well called Joule heating,
is given in the simplest form:

Y%eo

Y

(]

(4.13)
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With Y%eas the electrical potential difference between the tip and the samph¢ aras the
cortact resistance between tip and sample suffddé® With the energy given and limiting
the energy dissipation to the change of the temperature of the sample slivfand a small
cubicvolumeelemenbf the sample surface under thedipthe change in tempagure is given

by:

3'Y ST (4. 14)
W

With 7 as the density of volume element of the sample surface, which is influenced by the

heating, ando as the heat capagibf the sample surface at constant presstir@he change

in temperature follows strain- or deformationd of the sample surface

- 4% (4.15)
o % (4.16)

Here,| is the thermal expansion coefficient of the sample sugade is the vertical length

of the volume element3®'4C Assuming a contact resance of 10 MOhm between a
conductive tip and the sampla potential diierence of 10 V, a volume of 1-#dm? of the

sample to be influence by the heating, the density of silicon with 2320°ka specific heat
capacity of silicon with 703 J KgK* and a thermal expansion coefficient of silicon with- 2.6

10°% K1, thethermaldeformationis in the range of about00 fm*4%143 Using he density of

LFP with 3600kg n13, a specific heat capiag of LFP of roughly800J kg K % and a thermal
expansiorcoefficient of LFP with 5.3 10° K145 the thermal deformation is in the range of
about 10fm and therefore at leasto ordess of magnitude smaller than the measured signal
intensity.

Comparing thermal deformation with ionic deformatitre ionic cotribution is in the range

from 5100 pm, depending on the mateffai®%1%Hence, in this case, the contribution of the
thermal deformation can be neglectéa.addition, assuming the dissipated energy is only
converted into heating of the sample is surelyartdirely correct but vald for a preliminary
calculaton. The tip environment is heated up as well as the sample, this decreases the thermal
deformation of the sample under more realistic conditibiasvever,the thermal deformation

is highly dependent on the contact resistance andhé¢htedvolume The conbination of a

better electric connection between the tip and the sample can decrease the contact resistance,
while a material with a low thermal conductivity can decrease the heated volume. Therefore,

the thermal deformatiocanincrease byt leastoneorder of magnitudand can influence the
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measuremenHer e we assumed for simplification, th
into the sample. The surrounding media as Wwe
energy, whi dtewitlelmpkeaartauasce change of ®he san

4.2.7 Electrochemical Reactionsl nfluencing the DetectedSignal

Electrochemical surface reactions can occur if the electrical potential of the AFM tip is high
enoughfor the reactiorio overcome theaivation energy barrieRegarding battery electrodes,
surface reactions can ogr with remains of electrolyter by extraction of species out of the
material If the applied potential is high enough, extraction of ions from the sasupiaceis
possible This leads to the irreversible formation of surface featdwgsida et al. studied the
growth of surface particles on a lithium ion conducting gtaamic (LICGC) depending on

the applied potential and the counter electrtfé*’ They demonstrate the growth of large
particles on the surface with more than 1890in heightwith the application of around V at

the tip The particles consist of lithium and their growth rate depends on the availability of
lithium in the sampleThe influenceby the generation of surface features can easily be
evaluated by rescam the measured area after the application of voltage plriga®stingly,

Lu et al. reported a dependency of the ESM signal of NiO on the surroundiagdyamisture

level. The measurements, which were conducted in an argon atmosphere with the absence
any moisture, did not show any ESM signal. However, the same measurements conducted with
moisture free synthetic a@nd at ambient agxhibited a clear ESM signal and the bias induced

growth of surface patrticles.

Another possible reaction influeing the detected signal are processes taking place at the AFM
tip itself. Most AFM tips consist of a doped silicon base, which is coated with a metallic
material. For conductive tips, Pt is often used, which shows only low wear resistance during
scanningespecially during contact mode AFM. Therefore, in the pasehan electrolyte,

such as water, and an electrical field, the exposed silicon base can react with the ions in the
sample. This dinges the tip geometry arehlds to an expansiaue to theeaction itself. An
example for electrochemical reactions at the tip itself is givéigure4-3. In Figure4-3a) and

b) the tip shows a characteristic shape of lithiatkdosi, as it was observed for silicon pillars

148 In comparison to the lithiated silicon tipigure 3-4b) shows a fresh AFM tip with the
typical conical shapelhe influence of a contaminated tip on the measured signal is more
difficult to determine. However, image artefacts and a decrease of the resolution can give some

information abouthe tip condition.
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e ——— 1
1.00kV LED SEM WD 4.9mm 5.0kV__LED SEM WD _4.6mm

JEOL 5/3/2017 -— 100nm JEOL 5/3/2017

Figure4-3: AFM tip with silicon base lithiated due to damaged Pt coating. a) shtom

lithiated silicon tip, b) is a higher magnification of a)
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5 Visualizing the lonic Mobility in Laboratory Silicon

CompositeAnodes

This section is takeand adapteétom %2,

5.1 Electrochemical Gycling of Cross-Section Holder and SwagelokCell

The | ithiation of the sil i esohelpla (figurecsleedss i s
comparable to the one d¥souri bedtihy Obmwovacra

polarization losses in the cressction holder Dur i ng the-phashki attiramc.,t

consisting of an amor phous, l i t hi altietdh i astidd,
silicon phase in the core of the grain is ge
el ectrode, since only t hies oavairl asllrd afcer otf h «
reaction. I n the subsequent cycles, the amor

of the voltage curve characteristics during

The slopeeisofiadsobid solution behavior as i.:
Si . Considering the thickness of the amorph
deter mi neStphteassx acampgosi ti on. Howevpghasgenegr
evident due to the appearance of the voltage
profile duri ng Fglrebls eafiguned-1dl)i.t Hihaet ihomr i(zont al

t he first andFigewesda nakgdreb-ich)i aitsi otnhel i rreversib

which is characteriestciharfacrn egiilsitda@n s&andde .f
first to second cycl e, the | ong voltage pl at
from the first to the foll owing duiptshi athioavn 9 |
the aroapl e el ectrochemical b e hsaevcitoiro no fh otl des r
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5.2 t-ESM Measurements a a Silicon Wafer, Non-Lithiated Si/C Anode,
Lithiated Carbon Black and on HOPG

An intrinsic silicon wafer was examine@ tmeasure the surface change of -fitmated
crystalline siliconand an nosithiated Si/C anodeMeasurements at different positions are
given inFigure5-2a for the nonlithiated silicon wafer and ikigure5-2b for the noHdithiated

Si/C anodeThe curves ifrigure5-2a show neither a trend following the applied voltage pulse

nor a relaxation following the voltage pulse but onlyseolrhe measurements of the Ron
lithiated Si/C anode show only noise in the surface displacement sigred€g(id inFigure

5-2b). Similar results were obtained with polyether ether ketone (PEEK), an industrial high
duty polymer without any mobile ions such as the silicon wafer (results not shown here). During
the recorded time interval, no expansion/contraction of the surface caused by the piezoelectric
or flexoelectric effect was observed for piezoelectric matesiadh as Si that may influence

the ESM measurements. Their magnitude was either too small to be detected or induced volume

changes had already relaxed.
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Figure5-2: In Figure5-2a measurement curves of an intrinsic, Ahiated silicon wafer
surface with an applied voltage pulse-8fV for 10 ms.n Figure5-2b fresh, norlithiated
Si/C anode measured witBV dcvoltage amplitude, a) topogphy, b) deflection error, ¢
friction and d) surface displacemein Figure 5-2c lithiated carbon black shows a sm
signal intensity. Image size 300 nf.V dcvoltage, 2 V aevoltage amplitude with 25 kHz

HOPG and carbo black was examined to study the influence of the conductivibancing
additive. The results of carbon black are simitarthe results from HOP@ndare given in

Figure 5-2c. Lithiated carbon black (CB) with CM(®0:10, CB:CMC) was measured. The
sample was difficult to measure using AFM, due to the poor coating stability. It was cycled
once vs. lithium metal from 1.5t0 0.01 Vin 1 M LiPF6 in EC:DMC at 5 pAZ;iwashed with

DMC and dried at room temperature undacuum at 0.1 bar. It was then measured in lithiated
state. However, it was possible to conduct some measurements which show only a small signal
intensity at some specific locations, similar to HOPG, but no signal at most of the measured
area. An examples given inFigure5-2b. However, the signal intensity is close to the noise

level and therefore it is difficult to evaluate the contribution. Nevertheless, for areas with a high
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signal intensity on the lithiated/ES electrode, the lithiated silicon is the main influence of the
signal.

Figure5-3 shows the deflection error signal caused bylLikn concentration change during

a negative voltage pulse e3 V at the tip Figure 5-3a), the resultingLi-ion concentration
change Figure 5-3b), and the local height change with time at different sample positions
(Figure 5-3c). Areas with a higher surface expansionFigure 5-3b partly correspondo

specific surface features visible figure5-3a, but occurred also at areadlat HOPG layers

(top of the image). Comparing the results from HOP&gure5-3c and the Si wafer iRigure

5-2, the surface displacement of HOPG shows an influenceeddpplied voltage pulse and a
subsequent relaxation. As expected from HOPG, the surface displacement due to the change of
Li-ion concentration is small (expected volume expansion due to lithiation of around 10 %
150,153 and the curves exhibit a small signal to noise ratio. Measurements on other locations of
the HOPG sample gawmilar results as on the ndithiated Si wafer with no measureable
surface displacement. Comparing these resultsRigfire5-2 it can be concluded that for Si/C
anodes, the lithiation of silicon is the main magism leading to the surface displacement. A
contribution of the volume change of carbon black to a displacement to the overall signal is one
order of magnitude smaller (0.06 a.u. for HOPG and 0.3 a.u. for the Si/C anode) and can be
neglected. Furthermordhe carbon black layer thickness is much smaller than the HOPG
sample, which further decreases theion storage capacity and is limiting the possible

concentration change in the carbon black layer.
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Figure 5-3: HOPG surface in lithiated state, a) deflection error, b) mapping of su
displacement due to the negative tip polarization, and c) volume change with time at d

sample positions. Voltage pulse-8fV for 10 ms.

The results of the antrol experiments show, that only lithiated samples show a surface
displacement signal. Nevertheless, the signal intensities of HOPG and carbon black are much
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smaller compared to the lithiated Si/C electrode, which leads us to conclude, that the main

meclanism generating the signal is the ionic concentration change in the silicon.

5.3 Analysis ofLi-ion Mobility in Silicon CompositeElectrode M aterial

Silicon composite anodes are a promising candidate as a next generation anode material but
exhibit so far aly low cycling stability due to their large volume expansion of up to 300 % in
fully lithiated state21°3 Figure5-4 shows an example of th&€SM measuremef the cross

section of an aged Si/C anode. For the grain structure after the cycling we assume a lithiated,
amorphous silicon shell with a ndithiated, crystalline silicon core. Cycling data and a
comparison of the electrochemical behavior of thessestion holder with the cycling in a
Swagelok cell are provided Figure5-1. In Figure5-4a, the deflection error mapping is shown.
Figure5-4b andFigure5-4c give the change in ionic concentration due to the applied positive
and negative potential of £3 V at the AFM tip. The surface contracted during the positive
applied potential Kigure 5-4b), and expanded during the negative applied poteritiglge

5-4c). Since the height changes Kigure 5-4b and Figure 5-4c show similar areas
corresponding to large changes in ionic concentration, one can rule out significant topographic
and tiprelated contributions to the height change that may be caused by a variation in the tip
sample catact area to the measurement signal. Furthermore, artefacts due to the scan direction,
i.e. by a different tip orientation and different-8pmple contact can be ruled out since the trace
(Figure5-4b) and retrac€Figure5-4c) mappings are simil&P.
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Figure 5-4: Aged silicon composite anode, a) deflection error mapping, b) su
displacement, trace with +3 V at the tip, and c) surface displacemeatgeretith-3 V at the
tip.

The step, which runs diagonally across the image, is clearly visible in all three images. For
Figure5-4b andFigure5-4c, the step exhibits a hgr change in ionic concentration compared
to the grain centers, which is in agreement with results from other groups and due to the
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dependency of fast diffusion paths on the crystal orient&Bidh'°®1! |n Figure 5-5a and

Figure5-5b, surface displacements over time at different sample positions markegline

5-4c are plotted with the colors corresponding to the line coloEsgare5-5. The curves in

Figure5-5a represent measurement points at the step, Wiglee5-5b shows measurement

points inside the grains.
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Figure 5-5: Extracted expansion curves at data acquisition points okigafe 5-4c (line
colors are matching to the colors of the circlefigure 5-4c), a) data points with a hig
surface displacement at the step, and b) with lower or no surface displacement movit
from the step. The deoltage of-3 V was applied for 10 ms.

The higher signal intensity at the step can be explained by a higher mobility of ions compared
to the grain interior. Assuming a homogenebi#$on concentration across the grain and the

step, a higher ionic mobilitglue to a different crystal orientation at the step, will lead to a more
pronounced surface displacement due to the faster change in concentration. This assumption is
valid for the case that the maximum ion concentration was not reached by the appdigd volt
pulse. The interdependency of the ionic mobility and the crystal orientation is reported for

layered LiCoQ, V20s, microcrystalline silicon and single crystal silictyy112.148. 15456

In addition to the ionic mobility, saturation @i-ion concentration can limit the surface
displacement. Hence, the dependency of the surface displacement on the apydikagdc
amplitude was studied. The same area was scanned with differeoitalye pulse amplitudes.
The resulting surface displanent maps are shown kigure 5-6a. The magnitude of surface
displacement at three spots was extracted and plotted over the corresponatiliggls shown

in Figure 5-6b. The dots were averaged over three adjacent data pixel and the error bars give
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the standard deviation. The overall surface displacement of all data points in the image is plotted

as a histogram iRigure 5-6¢.
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Figure 5-6: Resulting surface displacement for different applied voltages, a) mappir
surface expansion, b) surface expansion at data points marked in (a), and c) histc
surface displacements of all esired image points. Point 1 is marked in red, point

marked in black and point 3 is marked in blue.

For all three positions, the displacement is the same3f&f pulse amplitude, a significant
height increase occurred for all positions upon aagatstep from3 to-5 V. At point 1, a
saturation of the height change is achieved vitl; a further increase of the voltage does not
increase the surface displacement any more. At point 2, the surface displacement increased
linearly up to-6 V and sightly drops for a higher applied voltage. At point 3 an increase from

-3 to-5 V and a further decrease for higher voltages is visible. The histograms of all surface
displacement values of the differentwltage pulse amplitude&igure 5-6¢) indicate that the

distribution broadens, leading to an increase of the overall amount of higher surface
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displacement counts with increasing-wdtage amplitude, while the peak height of the
distribution decreased and shitiswards higher values for the surface displacement. The
resulting measured surface displacements reflects a stestdybetween an increase of ion
concentration generated by the electric field and an increasing velocity atliffaskon due

to the higherconcentration gradient. These two opposite effects result in a net surface
displacement, which depends on the relative contribution of each effect. The steady rise of the
net peak height of the surface displacemeriigure 5-6b indicates the increase of migration

over the increase of back diffusion. At the same time, the levelling or decrease of net peak
height (point 1 and 3) of the surface displacement with higher voltage at the same positions in
Figure 5-6b must be caused by higher batikusion compared to migration. The shift of the
peak position of point 2 to higher voltages indicates a higher ion saturation at this position
before bacldiffusion starts to predominat&he migration process cannot maintain the ionic
flow towards the surface and badifusion starts to dominate. Another possible explanation

for the decrease of the surface displacement with increasing voltage amplitude could be
irreversible concentratioor structural changes inside the probed volume. There are no visible
surface changes after the measurements, therefore no surface reactions occurred, which could
influence the kinetic properties. However, changes inside the material cannot be riN@shgut.

et al. reported a similar behavior for LICO2 with decreasing ESM signal over several
measurements of the same location. They assume irreversible concentration changes inside the
material and decreased activitylofions °7,

Nevertheless, for the measurements showfRigure 5-4, which are performed with a €c
voltage of-3 V, the results fronfigure 5-6 validate that a saturation concentration in the
material was not reached. Therefore, tligecent surface displacements are a result of a

difference in ionic mobility and not limet by the ion concentration.

5.4 Calculation of Local Diffusion Coefficients fa a Silicon Composite

Electrode

As described above, the dynamic response of the sulfaplacement delivers information on
the dynamics of the ionic movement inside the material. Diffusion and migration/diffusion
coefficients are extracted by fitting an exponential curve to the data points for each of the two

time periods.
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Data fittingwas limited to data points with at least 15% surface displacement of the maximum
value. This threshold reduced the amount of diffusion coefficients extracted out of the measured
data, but ensured the validity of the fitting proc&dsme examples for théting results are

given inFigure5-7.
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Figure5-7: Examples of the exponential fit with a) and b) for the diffusion and c) and «

the migration process.

Figure 5-8 presents a mapping of the resulting diffusion coefficiehigure 5-8a gives the
diffusion coefficients D2 calculated from the data points after the applied vgtdge and
solely governed by the concentration gradient. The mapping of the effective migration
coefficient D1 that is reduced by back diffusion is showRigure5-8c. Both coefficients are

in the range of arounto**to 10*? m? s, which is within the range, but at the lower bound of
diffusion coefficients reported for silicon in the literature and close to theoretical values given
by Johari et al®>1°8162 The differences of the diffusion coefficient compared to literature
values can be explained by the dependeaiidbe diffusion coefficient on the used diffusion

length, which is assumed to be the tip radius due to the penetration of the electric field inside
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the material %163 A short discussion about the discrepancies of the experimentally

determined diffusion coefficients for silicon wasne by Ozanam and Rus$t

The distribution of the diffusin coefficients shows higher coefficients around 1216° s at

the step and at some positions away from the step. Moving away from the step, the coefficients
decrease towards approximately 6*4? s and slightly increase again, visible in the lefp

of Figure5-8a. Part of the step from the marked red square is shown in the zé&ogoieS-8b

and exhibits a thickness of approximately 12 nm. The white marked dfegune5-8a shows

a second step of approximately 35 nm, which exhibits similar diffusion coefficients as the step
in Figure5-8b. The higher diffusivity at the step pointsvards a preferential material structure

for the diffusion of ions, which is presumably more amorphous, since amorphous silicon is

expected to have a higher diffusivity compared to crystalline silith§*

In contrast, ESM time spectroscopy results of Guo et al. on LCa@ Jesse et al. on
amorphous silicon report lower diffusion coefficient of the grain boundaries compared to the
grains itself®>19 The different results might be explad by the significant difference in
material structure with different properties of the grain boundaries, which leads to differences
in Li-ion concentration and mobility.

le-12

le-13

45 nm

Figure5-8: Mappings of calculad coefficients D1 and D2 at same location as in Figu
a) diffusion coefficien{D2) due to concentration gradient after voltage pulse30¥, b)
zoom into marked area of step in a), and c) effective migration/diffusion coef{ibigndue

to the eletric field during voltage pulse and simultaneous back diffusion.

A comparison of the diffusion coefficients during the voltage puldéigare5-8c (D1) and
after the voltage pulse (D2) Figure5-8a exhibits lower effective diffusion coefficients for the
migration/diffusion process D1 compared to the concentration gradiieen diffusion leading

to D2. The histogram iRigure5-9 visualizes the histograms for D1 and D2 regarding all image
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points above the threshold. The peak for the migration driven process reaches the maximum
counts near 2-18 m? s, while the concentration gradient driven process has a larger
maximum near 4 m? s1. This difference is expected because for the migration driven
process a steaetate of migration and oppositely directed bddkusion arises. The buiitp
concentration gradient due to the electric field hinders the further movement aingye i
therefore decreases the diffusion coefficient during the migrdtisen process and leads to
smaller coefficients D1 compared to D2. These results indicate that thetstéidnigration of

ions has a similar velocity range as the setite diffugon if the electric field is strong enough.
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Figure5-9: Distribution of diffusion coefficients of all image points above the threshol
D1 (red) and D2 (blue).

5.5 Conclusions for the Msualization of the lonic Mobility in Silicon

CompositeAnodes

The chapteb presents tailored ESM technigue to visualize the ionic concentration change in
the sample volume under the AFM tip and recorded the dynamics of ionic diffusicilidesr
composite anodes, the signal emerged fromLiki®n concentration change in the silicon
particles; further contributions such as piezoelectricity or flexoelectricity had no significant
influence. The results indicated a higher ionic mobility atdtep, probably due to a different
material structure. Analysis of the-gloltage amplitude dependence showed a saturation of the
surface displacement at high-daltages due to concentration limitations inside the material or
irreversible concentrationhange in the probed volume. Using the measurement curves,
diffusion coefficients were calculated and the resulting values are consistent with literature

values. The benefit of the technique is the ability to generate mappings of local diffusion
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coefficiens on the nanometer scale. The results present strong variations of the diffusion

coefficient within one grain.

53



Analysis of Aging Mechanisms of Commercial LiFePO4 Cathodes uda®M

6 Analysis of Aging Mechanisms ofCommercial LiFePO4
Cathodesusing tESM

6.1 Cycling of Commercial Cells andSample Preparation

The cells are comercial 26650 LiFePO4 cells from A123 Systems LLC with a nominal
capacity of 2.5 Ah and a voltage window from 2.0 to 3.6 V. A group of cells was cycled at
+55°C using a part from the worldwide harmonized light vehicles test procedure (WLTP)
driving profile and one cell out of it was used for further analysis in comparison with a fresh
cathode. After the cell reached a total discharge capacity of 2000 Ah it had a remaining
discharge capacity at 1C of 2.156 Ah, which represents a capacity loss of 17% véth resp

its original value The cells were disassembled inside a glovebox under Argon (MBraun, O2
and H20 < 2 ppm) and washed with dimethylcarbonate (DMC, Sigma Aldrich).-€xossn

cuts were obtained with an unfocused argon beam-sext®n polisherJeol, 19528CCP).
Transfer of samples was done inside a transfer vessel to avoid any contact with air.

Full cell andthreeelectrode testell measurements are conducted using a battery cycler (CTS
XL, BaSyTec GmbH) with a twelectrode and threelectrale configuration. fireeelectrode

test cell measurements are conducted using electrodes with 18 mm in diameter, which are
punched out of the fresh and aged electrode foils from the commercial cells., A PP/PE
membrane (FSP, EL-CELL GmbH) was useds sepator. For the threeslectrode tests, the
electrolyte was 1 Mol LiP&En EC/DMC (1:1 vol%, Sigma Aldrich). The thredectrode tests

were conducted using a commercial test cell (R¥ore, EI-CELL GmbH) with a lithium

metal ring as reference electrode. Ot ©f the electrode material was removed from the
current collector usingN-Methyl-2-pyrrolidone (NMP, Sigma Aldrich). Thehreeelectrode

test cellsvere assembled using a fresh or aged cathode in combination with a fresh anode from
the uncycled full céto avoid any ageingnfluence from the anode sidelS measurements are
conducted using a Princeton Applied Research Versastat 450 potentiostat with an AC amplitude
of 10 mV in the frequency range from 500 kHz to 0.5 mHz at (E1S.data is analyzed ugjn

the impedance.py python packadff. The voltage over discharge capacity plot of the

commercial full cells are shown Figure6-1.
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Figure6-1: Voltage over capacity of the fresh and aged full cell

It displays the capacity loss of the aged full cell after cycling. Due to the anode contribution to
the capacity loss in the commercial full cell setup, the cathode was additianallysed
separately. iecathodeageing is observedn the Nyquist plot irFigure6-2 from the fresh and
aged cathode vs lithium metal reference electindethreeelectrode test celFollowing the
approachproposedn the liteature, the first sentircle at high frequencies is assigned to the
cathode and the second segincle at mid frequencies to the lithium andd@!®’ The aged
sample exhibits a bigger first seqircle due taageing andhe second senaircle says nearly
constant, since the lithium reference anode is not affected by the cyclifguie 6-3, the

fresh and aged cathodeecycled in athreeelectrode setupombined with a fresh anode for
both cathoded.ooking atthe first charging stepghe aged cathode exhibiissmaller charge
capacity compared to the fresh cathofleis indicatesa smaller amount dfthium stored or
available for the electrochemical processa reduced amount of electrochemically active
cathode marial. The capacity loss from first charge to first discharge is attributed to surface
layer generatiorfanode: solid electrolyte interface, SEI; cathode: solid permeable interface,
SPI)on both electrodes, since they were rinsed before thedlilassernly. After the first
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cycle, the capacity stays constant (not shown here). The discharging capacity is higher for the

fresh cathode compared to the aged.
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Figure6-2: Nyquist plot of the fresh (black) arajed (red) cathode vs. a lithium referer
ring electrode in discharged state
Refesh= 172 Y  Rafesn= 1060 Y
Rcage= 1140 Y Ra aged= 1530Y
Figure6-3 displays the first charge and discharge step from the-dtee&rode test cells with a
fresh and aged cathode, both with a fresh anode. The voltagerepresents the potential
between cathode and anode. We used 0.185 mA as charge and discharge current, since that
represents roughly C/20, and therefore provide the maximum of the accessible capacity. The
cell was first charged up to 3.6 V with a constamitage step until the current dropped below
0.120 mA and afterwards discharged to 2.0 V.
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Figure6-3: Full-cell test of the fresh and aged cathode combined with a fresh anode
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For the cyclic voltammetrfCV) presented ifrigure6-4, the threeelectrode setup with a fresh

or aged cathode in combination with a fresh anode and a lithium metal reference ring was used.
The scan rate was set to 1 mVia the range from 2.0 V to 3.6 kégarding the potential
between cathode and anode.

The area under the CV peaks or the available capacity during the anodic scan for the fresh
cathodei fresh anode combination is 4.6 mAh and for the aged cathoesh anode
combination only 4.0 mAh. e capacity during the cathodic scan for the fresh cath&résh

anode combination is 4.7 mAh and for the aged cathddesh anode combination only 4.0

mAh.

fresh
aged

Current / mA

-6 T T T T T T T T T T T T I
2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6

Voltage / V

Figure 6-4: CV of the fullcell test setupwith the fresh (black) and aged (red) cathe
combined with a fresh anode. The potential is measured between cathode and anod:

The ESM analysis was conducted inside of particles of the-sext®ns of the fresh and aged

cathodes. Two examples of th@sssection structure of the cathodes are givefigure6-5.
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Figure6-5: SEM crosssection view of the fresh (a) and aged (b) cathode

In Figure 6-5a) the fresh and in b) the aged cathode ceesgion is shown. The electrode
consists of particles ranging from 50 nm to a few micrometres in diamébeevident

differences can be discerned on this scale when comparing pristine and aged samples.

6.2 Analysisof the ESM Sgnal of the Fresh Cathode Cross-Section

The ESM measurementhiigure6-6 displays differences of the ESM signal within one patrticle.

In Figure 6-6a) and b), the topography and the deflectiooreof the particle and ifigure

6-6¢) and d) the ESMignaldue to the application of a positive and negative voltage pulse are
shown.Figure 6-6e) displays the applied voltage pulse with the dc andodiage part at the

top and the resulting ESM signal at the bottom, which is generated due to the increase or
decrease of the ionic concentration in the probed volume due to the electric field. During
accumulation of Lions with the devoltage pulsedue b the electric field driven migration,

the ESM signal increases. Afterwards, when thevaltage is tured off, the ESM signal
decreases due to the concentration driven diffusion and the decrease of the ionic concentration
in the probed volume. The diffaree between the signal intems#at the beginning anatthe

end of the de/oltage pulse is extracted (indicated by the arrow in the bottom gaat)
represents one pixéal the 2D presentation of the ESM data.

The ESM signawhich we observe on carbawated LFPis not only limited tostructural
boundaries within one single grain, which are known to exhibit a high mobility for ions due to
structural disordering, high concentration of defects and lower energy B&rHEr®® We also

observe a homogeneous high signal on plertationsinside the particleThevariation of the
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ESM signal inside the particle mostlikely caused by the anisotropic ionic mobility of the
olivine structure of LiFeP® The olivine structure exhibits preferential lithium ion transport
alongthe [010] channedf the lattice'®>1’% which therefore influences the ESM signal intensity,
since the preferential lithium ion transport direction induces a high concentration change during
the devoltage pulse, while for ionic blocking directions, no concerrathange is achieved

and therefore no change in the ESM signal is produtiee olivine crystal structure on the
planar locations is not the only influence on the ionic mobility, but it is an additional factor next
to thestructural disordering, high coaatration of defects and lower energy baraed more

important on planar locations than on structural boundaries.

We can exclude angignificantinfluences due to changes of the tgample contact or edge
artefacts in the ESM signal, since trace anthogt, or positive and negative-daltage pulse
respectively, show similar signals for the sample locations.-Hdipple artefacts and increase

of the tipsample contact area would influence the signal generation, the collected signals from
trace and reace would show locations with differergsponsefor trace and retrace and a
direction dependence for the tip movemémt-igure6-6f), the ESM signal fronfrigure6-6d)

is overlaid on the topography froRigure 6-6a). It indicates, that the signal is not influenced

by the topography of the sample, since the flat locations in the top and bottom of the image
show a distinct ESM signal. Additionally, due to the slow scan speed éfz2) ®e assume a
stable tipsample contact during the measurement. Considering the measurements are
conducted on crossections of particles, we neglect the carbon coating or binder material to
influence the results. The ESM signals show some precise aedstiiuctures and clear
separations within the particles. Assuming a rather large probed volume of the cubic tip radius
(Rip around 30 nm) or even larger, the ESM signal would exhibit rather diffuse signal
allocation. Therefore, it is more reasonable ¢suane a limited probed volume close to the

surface of the tyggample junction of only a few nanometres in depth.
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Figure6-6: Topography (a), deflection error (b) and ESM amplitude due to the pogitiv
negative voltage pulse (c and d) at the fresh cathode.dn example of themeasured ESM
signal with the applied voltage pulse are shown. In f) is the result from d) overlaid «

topographyin a). Scan size isxiL pmg
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6.3 Dependencyof the ESM Signal Intensity During Stepwise I ncreasing
DC-Voltage Amplitude in Fresh andAgedCathodes

To analyse the dependency of the ESM signal on the apphedltdge amplitude, the same
location was measured repeatedly with a stepwise increasenltdge ampliide after each
measurement. The results for the differenvditage amplitudes are displayedkigure 6-7
with a) |2|V, b) |3|V, c) |5]V, d) |6]V and |7|\\didtage amplitude in eY.he middle row shows

the ESM signal due to thmositive and the bottom row due to the negative voltage pulse.

b) |3] Ve d) [6] Ve
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Figure 6-7: Comparison of different deoltage amplitudes at the same location of a fi
cathode. The top row shows the deflection erroe, hiddle row the ESM signal durir
positive and the bottom row during negativeviitage pulse. In a) with |2|V, b) with |3|'
c) with |5V, d) with |6]V and e) with |7|8can size is 0.33x0.38n2

With increasing dwoltage amplitude, the overalttave area of the sample increases, as can be
seen by the increasing fraction of the sample showing a distinct ESM signal. At lower dc
voltage amplitudes (|2|V and |3|V), there are mainly structural boundaries visible in the ESM
signal. At |3|V, areas witroughly 50 nm diameter are visible. Stepping up thedlage
amplitude further increases the overall active area. Still, some locations in the sample stay
inactive, even at a eloltage of |7|V. Contrary to other publications, irreversible changégor t
generation of surface features at higher voltage amplitudes (|5|V to |7| V) are not c¥iéétied

This is probably due to the smaller excitatiorvidttage amplitudes, the short excitation time

of only 10 ms and the inert gas atmosphere. This prevents the generation of a water droplet
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meniscus at the tipample junction, which can senas an electrolyte for electrochemical

reactions.

The increase of the ESM signal intensity for the fresh cathode is shokigure 6-9a). It

exhibits a linear increase of the ESM signal with increasingottage amplitude, wikh is in
agreement with theoretical work done by Morozovska éfalOnly at location 1, a7V dc

voltage amplitude, the signal intensity decreases as compa+®d amd-6V. This indicates

either an irreversible change in the ionic concentration inptieébed volume due to the
preceding measurements or a degradation of the material structure due to the applied electric
field. Since the ESM signal depends on the change in ionic concentration during the applied dc
voltage pulse, an irreversible accumulatas Li-ions in the probed volume due to the preceding
measurements would decrease the feasible change in concentration and therefore could reduce
the ESM signal intensity. Similar, structural degradation could influence the ESM signal
intensity by the redlction of the ionic conductivity. Yang et al. observed a similar decrease of
the ESM signal intensity, after scanning the same location several times, which they attributed
to either changing ionic concentration or degradation of the electrochemicalyactivirhe

second locationt®ws a linear increase of the ESM signal intensity over the whole range of the
applied devoltage amplitudes, but with a smaller slope compared to location 1 and ESM signal
intensity. The ESM signal, generated with differentwiiitage amplitudes on the edysample

is shown inFigure 6-8 using the same image structureRigure 6-7. The lower ESM signal
intensity increase of the aged cathode compared to the fresh cathode is already observed by

comparingFigure6-7 andFigure6-8 and evaluated ikigure6-9b).
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Figure 6-8: Aged cathode, comparison of different-widtage amplitudes athe same
location. The top row shows the deflection error, the middle row the ESM signal «
positive and the bottom row during negativeviitage pulse. In a) with |2|V, b) with |3|'
c) with |5|V, d) with |6]V and e) with |7|8can size is 0.3@m.

The measurements Figure6-7 show a clear dependency of the ESM signal intensity on the
excitation voltage. The inactive location® be precise: the locations, which do not generate
any ESM signal in the samplstay inactve and cannot be activated by an increasingaltage
amplitude, at least for the doltages applied here. Structural boundaries in the particle exhibit

in general higher ESM signal intensity compared to homogeneous and planar locations, which
points tovards the importance of nanostructuring of battery materials to increase the boundary
density. Moreover, the results fronfrigure 6-7 indicate, that by using a |3|V -doltage
amplitude for further measurements, the limiting factorthe resulting ESM signal intensity

is not the concentration limit in the probed volume, but the mobility and activity of tioa4,i

which is influenced by structural aspects.
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Figure6-9: Evolutionof the ESM signal intensity at the fresh cathode in a) and aged ce
in b) with the stepwise increasing-doltage pulse. The locations for the fresh cathode

marked inFigure6-7a) in the bottom. For the aged cathodefSgare6-8.

6.4 Comparison of theESM Signal I ntensity at Fresh andAgedCathodes

Ageing of battery material is a complex process with different mechanisms happening
simultaneously and influencing each other. Here we analyse theecbiihg ESM signal over
ageing by comparing the fresh cathode with an aged cathode skigpte6-10 compares the

ESM signal of the fresh (ac) and aged (d f) sample with the deflection error (a and d), the
ESM signal due tehe positive (b and e) and negative (c and fyaoltage pulse. In the fresh
sample, structural boundaries and homogeneous planar locations show a distinct ESM signal.
In the aged sample, only structural boundaries possess a distinct ESM signal. ltargktbar
measured area are inactive and exhibit nearly no ESM signal at all. Additionally, the ESM
signal intensity is smaller compared to the fresh sample, at least for voltages higher than |5] V.
The voltages at |2| and |3| V show comparable ESM digeakities at the analysed locations

for the fresh and aged sampldowever, as it is shown ifigure 6-11 and the following
discussion, the overall ESM signal intensity decreases in the aged compared to the fresh sample
already vith a voltage amplitude of |3| V. This indicates, that in the aged sample with the same
magnitude of the electric field, only a smaller degree of concentration change at fewer locations
in the sample is generated. As can be seen in the stepwise incréhsedeVoltage pulse
amplitude inFigure6-8 andFigure6-9b), especially with higher deoltage amplitudes only a
smaller increase of the ESM signal intensity compared to the fresh sample can be (degained
Figure6-9a). Hence, the slope of the ESM signal upon stepwise increasing voltage amplitude

is strongly reduced at the aged compared to the fresh cathode. The stepwise increase of the
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ESM signal intensity for the aged sampanearly the same for both locations, while the slope
differs in the two locations from the fresh sample. This could point towards a homogeneous
redistribution of the remaining {ions within the aged sample and a levelling of the activity

over aging. Addionally, the absolute ESM signal intensity is much smaller compared to the

fresh cathode.
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Figure6-10. ESM measurements of a fresh (top row) and aged cathode (bottom row)
section. a) and d) shatle deflection error, b) and e) ESM signal during positive and ¢

f) during negative voltage pulse. Scan sizexis | Im?.

The decrease of the ESM signal intensity is more evident in the histogrdfitgiie 6-11.
Figure6-11a) shows the ESM signal intensity due to the positiveFagidre6-11b) due to the
negative devoltage pulse.The histograms are a combination of five measurements from
different locations in the cathodesach with a scan size of 1 um. Both histograms show a
decrease of the ESM signal at higher intensity and an increase of the lower ESM signal
intensities from the aged cathode in comparison to the fresh sample. We useatshmple
Kolmogorov+Smirnov test(kstest2in Matlab R2018) with a significance level of p = 0105
evaluate, if the dasetsrepresentifferent distributions!’®. Indeal, both datasets passed the

test, which indicates a different distribution for the fresh and aged dataset and thereby shows a
significant change in the ESM signal due to the ageing. To exclude any tip related influence on
the ESM signal intensity decreasiee AFM tip, which was used to collect the measurements

for the fresh sample, was reused for the aged sample to compare the measurements of the reused

tip with the measurements of a fresh AFM tip. The reused tip from the fresh sample showed the
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same ESMignal intensities in the aged sample than a fresh AFM tip, which verified the tip

independent ESM signal intensity decrease in the aged sample.

¢ m D\ fresh m N fresh
° é aged 25 aged
%

Frequency / %

ESM/ a.u. ESM / a.u.

Figure6-11: Comparison of ESM signal intensity of the fresid aged cathode, a) shows"
ESM signal due to the positive and b) the negativedltage pulse.

Several groups link the ESM signal intensity to the electrochemical activity -afn&i
95.98,102,110,147.157.172.1735|lowing the approach appliddr the analysis of piezoresponse force
microscopy (PFM), for which the signal amplitude represents the electromechanical activity
174176 Similar to the ESM and PFM signal, digital volume correlation (DVC) in combination
with in-situ X-ray tomography microscopy (XTM) was used by Pietsch et @or graphite

and silicon anodes and by Finegan et’&for a LiMnO; cathode to visualize volunexpansion

of the electrodes, which was used to link the local volume expansion of the material to its local
activity. Following this assumption, a decrease of the overall ESM signal with ageing would
imply a decrease of the electrochemical activity oflthéns in the cathode material due to
ageing. A decrease of the electrochemical activity of the cathode could result in a smaller
current peak intensity in @V experiment, though. Performing CV with the fresh and an aged
cathode in combination with aegsh graphite anode as counter electrode for both cathodes under
test, showed a minor decline of the resulting current of the aged cathode and a decrease of the
capacity during the anodic and cathodic sc&mngufe6-4) , which coudl indicate a reduction

of the active phase. However, since not all particles are participating simultaneously in the
lithiation and delithiation process, the current does not represent the actual, local current density
at the particles itself, since onlyfraction of the active area is involvétf:'8 Deactivation of
particles or loss of active material, which is a known degradation mechanism for LiFePO4
cathodes®8:182 could be compensated by an increasing local current density at the remaining

active particles. ice the CV technique evaluates the entire electrode area, information about
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local variations are not obtained. However, the reduction of the current and capacity in the CV
could support the assumed decrease of the electrochemical activity, suggeseetdydtion

of the ESM signal intensity. In former studies of LFP degradation the main effect observed was
iron dissolution and P& migration to the anode and redeposition. Fe particles on the anode
play a decisive role in accelerated SEI formafi$tt®. Iron dissolution from LFP has been
found to increase with water content of the electrolyte and phase impurities in the cathode. The
dissolution of iron leads to Faeficient inactive pases. The aged cathode showed a higher Fe
content on the cathode surface and lower Fe content in these@ssn Fe mass content fresh:

32.1 +0.3% and aged: 27.8 +0.8%6)dicating Iron dissolution from the bulk materfal

Another factor influencing the ESM signal is the structure of the material. Chen et al. observed
a dependency of the crystallinity of LiFelPOn the ESM sigal and concluded, that the
nanocrystalline sample must exhibit a higher diffusivity than the compared microcrystalline
structure®®. We do not expect a change in the overall structure of the sample and therefore
neglect this possibility as an influence. Other pdestariations of the ESM signal intensity
might result from material stiffness or elasticity, because these material properties are
influencing the volume expansion. Harder materials are supposedly showing a smaller surface
displacement respectively vohe expansion than softer materials. Analysis of the elasticity of
the cathode materials was conducted with PeakForce QNM measurements for which the
deformation (penetration depth of the tip) of the measurements was evakigtae §-12).

For the fresh and aged sample, a total area of 32 um2 was analysed, using the same settings and

the same tip.
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Figure6-12. Comparison of the deformation distribution of the fresh and aged eathosk

section

The results are indicating a constant deformation for the fresh sample, while the aged cathode
shows some areas with a higher deformation, indicating a softer material. The change of the
material property itself would not influence thectine of the ESM signal intensity over ageing,
since the softening would promote higher ESM signal intensities. However, if the softer
response represents the-deficient inactive phase as a consequence of iron dissolution the
lower ESM signal is a diréconsequence. It is noted that this is probable, atidselution has

been reported as the prominent degradation mechanism df£Fg3

The dynamics of the relaxation process after theatimge pulse are further analysedrigure
6-13 andFigure6-15. Figure6-13 shows the same sample location akigure6-10 but Figure
6-13b) and e) are now presenting relaxation times after a positiveignek6-13c) and f) after
thenegative devoltage pulse.
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Figure6-13: Fitted time constants frorhigure 6-10 of a fresh (top row) and aged cathc
(bottom row) crossection. a) and d) show the deflection erty) and e) the time constar

during positive and c¢) and f) during negative voltage p@san size isX1 puma.

We excluded data points below a certain threshold, since a minimal ESM signal intensity is
needed to generate a fit. Two examples forgkalting fits are given iRigure6-14. The overall

mean RMSHor all fitsis in the order of 0.013.

a) —lata b) — (jata
===fitted curve 0.3 = fitted curve
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Figure6-14: Fitting examples for the relaxation ESM signal

The time costants are in the range between 1 and 10 ms, the negatreéiatye pulse resulting
in smaller time constants as compared to the positive pulsBEiglre 6-15 the relative
distribution of the time constants of the fresh and gezlaathode are compar&dyure6-15a)
shows the positive arfeigure6-15b) the negative deoltage pulseThe histograms result from
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a combination of five different measurements at different locatiors,séime as for the
histograms inFigure 6-11. Interestingly, the distributions of the positive and negative dc
voltage pulse differ, the negative-doltage pulse showing smaller time constants compared
with the positive pulse. Thisdicates a different behaviour of the diffusivity depending on an
accumulation (negative pulse) and a depletion (positive pulse) of-tbad.iThe distributions

do not show any significant change from the fresh to the aged cathode, indicating astethaffe

diffusivity in the material providing the signal. Usiflig Y cO describing the diffusion in

a thin film 1*2with a time constartt of 2 ms and a depth of the probed volumeof roughly

10 nm leads to diffusion coefficients of about 2.5*412 s*. This value is at the higher bound

of experimental values given in the literature which range between ¥ tdQ - 10°°m2 st

186188 and lower bound of theoretically calculated diffusion coefficients. Theoretical work gives
values ranging from 1 - 9to 1 - 10 m? s, which depends on the direction of the diffusion
channels consideretf>170179189 The experimentally generated diffusion coefficients are
strongly dependent on the measurement method applied and its analysis (e.g. EIS, PITT, GITT,
CV). These techniques asse a simultaneous participation of all LFP particles in the

el ectrodes, -cvahsecra dae ofl dosmipmoe sumed t o more accu
135,179,190 Thjs faulty assumption affects the diffusion coefficients extracted from experimental

data. Additionally, the preparatiaf the material influences the diffusion coefficiéfft*e®

The assumed 10 nm of probed depth are a reasonable assumption considering the sharp
boundaries observed in the ESM signé&maller values for the probed depth are however
possible, which would change the diffusion coefficients by one or two orders of magnitude.
Regarding the comparison of fresh and aged diffusion coefficient distributions, the minor
differences between tlieesh and aged cathodes point towards a stable diffusivity of the cathode
material, which is not influenced by any mechanical, electrical or electrochemical degradation.
Sun et al. compared the diffusion coefficients of aged and fresh LiFeRi@des fro half

cell measurements and found only a minor decrease of the diffusion coefficient due to ageing,
which they however correlate to the surface layer build up on the cathodes and not to any
degradation of the cathode mateitaklf 181, Regarding the discrepancy from experimentally
and theoretically derived diffusion coefficientsMalik et al. 1’® pointed out,that the
experimentdy generated diffusion coefficients with cell level measurements are representing
the cathode as a whole system and not the bulk properties of LilbaR@les. For cell level
measurements, all particles are assumed to lithiate or delithiate simultgnétovgever, this

assumption does not hold for a mydarticle system like the electrodes consisting from nano
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and microsize particled®® The assumption leads to an overestimation of the active particle
areaandtherefer t o an underesti mat ed dciafsfcuasdieodon ntoodeefl
Delmas et altakes into accourhe coexistence of a lithiated and delithiated phase for LikePO

190 Additionally, other mechanisnand factorse.g. the generation of surface layers, porosity

and tortuosity of electrodes, electrolyte salts and concentration gradients in the edesteode
affecting the ion transport and therefore influence the diffusion coefficients measured on the

cell level 119 The formation of an inactive phase by ageing which does not significantly

contribute to the ESM signal is consistent with our observation that diffusion coefficients do
not change.
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Figure6-15. Comparison of time constants of the fresh and aged cathode, a) shows t
constants due to the positive and b) the negatiwetlage pulse.

Combining the results from theduction of the ESM signal intensity with the unaffected
diffusion coefficient oveageing the reduced lithium concentration in the aged cathode and the
results of the CV from the fresh and aged cathode leads us to the conclusion, that the reduction
of the ESM signal intensity is representing a decrease of #@nléoncentration inside the
probed volume of the aged cathode compared to the fresh catimbddormation of an inactive
phaseA reduced active Li content in the aged cathode reduces the ainfaans, which can

be driven by the electric field, which in turn decreases the ionic concentration coahge
therefore leads to @ecrease of the ESM signal intensity. The reduced actsvityeresult of
deactivation of cathode material, which turmpadtially electrochemical inactive ovageing
However, since the ionic concentration is as well affecting the activity, it is difficult to clearly
state the main source for the reduced ESM signal intelfsityf the ESM signal would only
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represent the mobility of the ions, the reduction dhe ESM signal intensity would be visible

in thedecrease of the diffusion coefficient, which is not observed.

6.5 Conclusion for the Comparison of theFresh andAgedCathodeUsing a
Tailored ESM Technique

The chapteb presents a tailored ESM technique, which is used to sh&lpgeing of LFP
cathodes. First, a fresh cathode cresstion is analysed. The measurements show a higher
ESM signal intensity at structural borders within single grains, but as well active locations at
homogenous and planar areas. The activity andothie concentration in the material are
influencing the ESM signal. Using ESM voltage spectroscopy, a linear increase of the ESM
signal is observed for the fresh cathode with no visible side reactions on thsentss
surface. Comparison with the ES$gnal at the crossection of an aged cathode reveals a
distinct different behaviour. There is a smaller amount of ESM active area on theextss

surface and the overall, absolute signal intensity is smaller compared to the fresh cathode. ESM
voltage spectroscopy indicates, as it was observed for the fresh cathode, a linear dependency of
the ESM signal with the voltage amplitude. However, the slope of the ESM signal is much
smaller for the aged cathode, as compared to the fresh one. Fitting theB$ation after the
applied voltage pulse provides time constants which represent diffusion coefficients in the range
of 2.5 - 10" m2 s!. These values are in the range of theoretical and experimental values found
in the literature. Combining all the dpsis leads to the conclusion, that a reduction in the
electrochemical activity and Li content in the cathode is responsible for the reduction of the
ESM signal intensity most probably by formation on an inactive phase. Both mechanisms are
likewise influerting the remaining cathode capacity, which is reduced due to the ageing.
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7 Influence of cycling profile, depth of discharge and

temperature on commercial LFP/C cell ageing

7.1 Cell Level Analysis with ICA, DVA and OCV Measurements

The results are based &h

7.1.1 Cycling of Cells

Commercially available LiFePO4 cylindrical cells (size 26650, ANR26650M1B) with a
specific capeity according to the data sheet of 2.5 Ah (and based on measurements on 100
cells, which results in a mean capacity of 2.584 Ah + 0.017 Ah) and manufactured by A123
Systems LLC are used for the investigation. SEM analysis shows that the cells comaibtef d

sided coated cathodes and anodes with a thickness of 65 pm and 40 pum, respectively. SEM
EDX analysis of the cathod#how the common elements for the LFP cathpsiesh a<C, Fe,

P, O, F and additionally V, which is presumably used as a dopant tocendl@ctrochemical
performance. This detailed composition analysis is provided in ajmwgendix SEM
measurements of the cathodes indicate, that the cathode consists of particles ranging from 50
nm to roughly 1 um in diameter. The anode consists of geyflhies of up to 10 um length.

The electrolyte salt used {as indicated by the safety data shé#®Fs in a carbonatdase
electrolyte mixturé®®. We assume the N/P ratiolbe in the range of 1.4, as it is found for high

power cell$.

The cell s wer e c worldwade hamnizedgighielacies tesopfo ctehdeu rfie s 0
(WLTP), since the degradation of the cells should reflect the automagjeangand the
degradation mechanism due to automotive us@ige. WLTP was recorded using a Smart

fortwo. The last part of th&VLTP was selected for theageng( cal | ed fextra hig
shows the highest current loads in the test procddarea | | e dTo geAelate an accelerated
ageingpr ocedure, a version with the doubled cur
as a second load profiled | e d .fSinBltarequsly, different depths of discharge (DOD)

and different temperatures were selected for dgeing The matrix of the test plan is
summarised imable 1. The ageing process was conducted dsvi@t the cells were cycled

with the determined WLTP test cycle (AP1 or AP2), until the DOD (50% equivalent to 1.25

Ah, 70% equivalent to 1.75 Ah or 100% equivalent to 2.5 Ah) regarding the discharge capacity
during one cycle was reached (or before, ire¢he lower cubff voltage of 2.0 V was reached).
Afterwards, the cells were charged using 1C until 100% SOC and the WLTP test cycle restarted.

After a specified total discharge capacity was passed through the cells over several cycles
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(between 200 to 508h), the cells were stored for 1 day at room temperature (25°C, RT) for
thermal equilibration. After checking the capacity, OCV and impedance, the cells were brought
back to their ageing temperature, and equilibrated for another day. Finally, the agesgsp
restarted until the next total discharge capacity step was reached.

The cells were cycled with a battery testing potentiostat (BasyteeXCY &nd stored inside a
temperature chamber (Binder MK53). Electrochemical impedance measurements (EIS) were
performed using a Princeton Applied Research Versa&iftafter the test routine in
potentiostatic mode with 4 mV amplitudeantrolled temperature (25°(igure 7-1 shows

the load profiles which were used five ageingof the cells and which are extracted from the
WLTP driving cycle. Since the battery cycler is limited to a current of maximum 5 A-tlageC

is limited to 2 C in the test protocol. A negativede stands for discharging, a positiveaie

for charging. The @ate is referred to the 2.5 Ah capacity of the célts. the threeslectrode

tests, selectedetls were transferred into an argon filled glovebbB¢aun, O, and HO < 1

ppm) and dissembled. Samples of ¢étectrodesvere cut out close tilne first current collector
tap(diameter of 18 mmand rinsed witldimethyl carbonatddMC, Sigma Aldrich, Alfa Aesar)

to wash off the remaining electrolyt€he electrodes were assembled in tieleetrode test

cells (EL-CELL GmbH, Germany) with a lithim ring as reference electrodd; &5P separator

(all from EL-Cell GmbH and LP30 (Sigma Aldrich}or the threeelectrode tests, the aged
cathodes were combined with fresh anode samples. This way, the Li content stored in the
cathode and the cathode capacould be evaluated. The thretectrode tests were performed
with a current density of 48 pA cfawhich represents roughly C/20. In the fresh state, the ratio
of negative to positive electrode capacity for the tialeetrode tests was 1.9.

The evalation of the ageing process for 55°C aB@°C was conducted using the analysis of
one cell aged at 50% DOD and one aged at 100% DOD, both from AP2.

Tablel: test matrix of ageing plan

at +55°C and20°C

AP1 50% DOD 70% DOD 100% DOD
(Cmean =-0.77) | (1007 50 % SOC) (1007 30% SOC)  (100i 0% SOC)
AP2 50% DOD 70% DOD 100% DOD

(Cmean =-1.33) (1007 50 % SOC) (1007 30% SOC) (1007 0% SOC)
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Figure7-1: Load profiles apied extracted from the WLTP driving cycle

7.1.2 Comparison of Grates for the Calculation of the ICA and DVA
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Figure7-2: Influence of the &ate on the resulting ICA (a and b) and DVA (c and d) du
chargirg (a and c) and discharging (b and d)

The comparison of a C/2, 1C and 2C charge and discharge process of a cell shows clearly a

difference in the resulting amount of peaks, intensity and locdfigarg7-2). Comparing the
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0.5Cand 2C processes shows a clear difference in peak quantity of the ICA and DVA curves.
In addition, a shift of the peaks on the voltage axis for the ICA and on the capacity axis for the
DVA is apparent. As expected, the most pronounced peaks appear unvwég asing the C/2
charge and discharge current. The charging and discharging ICA with 0.5C show both five
peaks and the DVA shows four peaks, which are corresponding to the four different
intercalation stages & -ions into graphité>1%” The results fronfrigure7-2 suggest that for a

valid ICA and DVA analysis, the-@ate cannot exceed 1C, since several peaks are missing and
the peak intensity dramatically reduces for 2C. However, to amexéent, 1C measurements
deliver enough peak intensity to produce distinct peaks in the ICA and DVA curves. For a
further increase of the signal to noise ratio and to track the changes over ageing more reliably,
the Grate should be C/2 or lower, though.

7.1.3 Separation of Gathode andAnodelnfluence on ICA and DVA Peaks

As it is seen irFigure7-3, the resulting ICA and DVA are calculated from the full cell voltage
profile O , which is a combination of the cathode an@dm voltages. Due to the phase
transition from LiminFePQ to LixmadePQ, the voltage profile of the LiFeR@athode is rather
constant over the whole lithiation and delithiation process. This is depictédure 7-3g),

which stows the DVA curves for the anode, cathode and full cell using an experimental cell
with Li reference electrode. The cathode poterfials. Li/Li* is extracted from the three
electrode setup and the anode potei@ials. Li/Li* is calculated, sinc® O O.The
separate potentials are plottedrigure7-3d), e) and f). The DVAurve of the full cell has the

same shape as the anode DVA curve. The cathode DVA curve shows a small peak around 0.4
mAh cm?. Hence, there is a small contribution of the cathode to the full cell DVA curve, at
least in the first peak. The other two noéibke peaksire not affected by the cathode potential.

The origin of the contribution from the cathode to the DVA peak is not entirely clear yet. It
could indicate the existence of a vanadium doping of the cathode, since V was detected in the
cathode. Dopig of V is performed to enhance the electrochemical performance of LFP material
198 The calculated ICA curves tife anodegathode and the full cell are plottedrilgure7-3a),

b) and ¢, respectivelyThe ICA curve of the anode and the full cell exhibit the same shape, but
inverted due to the voltage profiles. The drawback of the ICAapbssibility to reach nearly

zero in the denominator of the division and therefore causing the ICA to rise steeply, which is
visible in Figure 7-3b) for the cathode. If the anode would be the only factor influencing the

ICA of the full cell, the ratio of the two main peaks would need to be the same in the anode and
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full cell ICA. The ratio of the’ =

(seeFigure7-3b) i s fa&ar 0t he
contributes as well to the ICA of the full cell and especially to peak 1, otherwise the ratio of the

v

anode

and &

peaks 1 and 2 would be the same for the full cell and anode.
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Figure 7-3. Separation of the ICA and DVA peaks from fresh cathode and fresh

potentials. In the left column the ICA of the fresh anode in a), the aged cathode in b)

threeelectrode full cell in c), the middle columnasirs the potentials of the fresh anode
d), the aged cathode in €) and the theleetrode full cell in f) and finally the DVA separatic

ing).

By using the haltell ICA of the anode, the anode potential profites full cell ICA and the

allocated siging process in the anode potential Sigeire7-4), we can assign the ICA peak 1

to stage 1, peak 2 to stage 2, peak 3 to stage 3, peak 4 to stage 1d+4 and peak 5 to stage 1d of

the anode. As is already explained by the ratiokKCé peak 1 and 2the cathode likewise

influences these peaks, but the anode potential profile is the main factor of origin.
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7.1.4 Ageingat 55°C

7.1.4.1 Influence of the cycling profile on the capacity fading and IC and DV parameters

The cycling profiles in this paper differ by the applied current load and @B.D
Starting with the comparison of the influence of the profiles on the ageing at the same
temperaturef-igure7-5a and b show the capacity degradation of the cells aged at 55°C with the
different loads applied argiouped in the three different DODs (50%, 70% and 100%). Each
point represents two or three cells with an error bar representing the standard deviation. The
results inFigure 7-5 indicate a homogeneous ageing & ttells, since the results within the
groups itself are differing only by a few mAh as indicated by the error bars. After the initial
capacity drop after 300 Ah total discharge capacity, the cells follow a linear trend of the capacity
decay. Spingler et.adid not observe any capacity drop for LFP cells from A123, therefore we

assume the initial capacity drop to be finished early on in the ageing pt&tess
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Figure7-5: Degradation of cell capacity depending on ageing profile, AP1 in a) and A

b), at different ageing steps. The linear fit excludes the initial capacity.

As can be seen, the@D influences the capacity fading during the ageing process.
Cycling at 50% DOD leads to the highest capacity loss, followed by 70% DOD cycling, which
shows nearly the same capacity fading compared to 50% DOD cycling and 100% DOD cycling
with the markedlyjowest capacity fading at EOL. Higher current loads increase the capacity
fading of the cells, visible when comparing the cells cycled with loading profile APityume
7-5a with AP2 Figure 7-5b). However, the ageing profiles with 100% DOD show a rather
similar trend of the capacity degradation and the higher current load does not lead to a
significantly higher capacity loss over ageing. Until roughly 800 Ah total discluauugzcity,
the cell capacity loss is the same for all ageing profiles, after this ageing step, the difference in
cell capacity loss starts to deviate. The capacity loss of the 100% DOD AP2 decreases with
further ageing (visible in the deviation towards tEgleell capacities of the characterisation
points at 1300 Ah and 2000 Ah from the linear fit), while for 50% and 70% DOD it stays
constant throughout the cycle life until the end of ageing is reached.

Figure 7-6a and b shows theClanalysis of the cell at charging and discharging, and
Figure7-6¢c and d the DV analysi¥he IC reveals five peaks labelled 1 to 5 and the DV in total
four peaks labelled 1 to 4. During the ageing process, only peak 1 and Boaiagsany
changes in the ICH{gure 7-6b). In the DV, peak intensities and positions are only changing
during the discharging process, namely peak 1 arkigbie 7-6¢c and d). The peak intensity
of IC pe& 1 decreases during ageing and the peak intensity of peak 5 increases, but only during
the discharging process. The position of the IC peaks shift slightly on the voltage axes during
charging towards smaller and during discharging towards higher voliagé®e DV of the

charging process, the peaks do not change noticeably, the peak positions and intensities stay
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constant throughout the ageing. Only the steep increase after the first peak moves towards
smaller capacities, which is indicating the cell @fydoss. During the discharging, the peaks

are shifted and change their intensities. The intensity of peak 1 increases slightly, while the
peak 5 decreases regarding the absolute value during ageing. Looking at the relative change of
the intensity of pda4 though, the vertical distance from peak top to the valley on its left hand
side (parameter e&MinMax) increases digura ng ag
A4a). For the cell aged with 100% DOD, AP2, the paramegsgisstonstant after 500 ARigure

A4b). Similar to the charging DV, the steep increase after DV peak 4 shifts towards smaller
capacities in the discharge DV, which indicates the end of the discharging pideeshift is
especidly pronounced for the first discharge DV peak 1, which represents the extractable
capacity during stage 1 of the anode{§). The reduction of the extractable capacity during

the stage 1 is shown irigure 7-7e, which shows,hat the capacity of §ge 1decreases by
roughly 75%. The distance between discharge DV peak 1 and 4, which represents the
extractable capacity £qe 2+3+4uring stage 2, 3 and 1d+4, stays rather constant throughout the
ageing and even increases slighdt the EOL (se€igure 7-7e) 8191200 Contrary to tk cell

aged at 50% DOD, AP2, the cell aged with 100% DOD, AP2 shows a smaller decreagg of Q

1 0f only about 40%, but a loss 0&&e 2+3+0f about 7% (seBigure7-7f). Similar observations

were found by Li et al. with cellsycled at 60°C showing a higher loss afa§ 2+3+4at 100%

DOD compared to 30% DOD (100940% SOCY°%
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