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Abstract

Lithium-alloy electrodes are among the most promising battery anodes foe fgemerations of
lithium-ion batteries. Due to electrochemically induced stresses, which asisettie volume change
upon loading and unloading, these electrodes suffer from poor cysfaiglity. Additionally, these
stresses couple with the electrochemical potential, which can lead to an inapeoag lithium dis-
tribution with the potential consequence of a reduced mechanical stabilityrdbr to increase the
cycling stability, the structure size of alloy electrodes is being reducedhvami¢he one hand reduces
the stress due to alloy formation and on the other hand increases the implagtsoirface stress be-
cause of the significantly increased surface to volume ratio. This inchefhisences the mechanical
stability as well.

Measurements of the coupling of the electromotive force to mechanicasat/sgains, as well
as distinction of surface and bulk contributions to this coupling turn out touite ghallenging. In
the course of this work the dynamic electro-chemo-mechanical analysGNIAE, which is an estab-
lished method in aqueous electrolytes, is tested in lithium-ion battery electrolytesvidgpa direct
way of measuring the potential-strain coupling parameter. For distinguisbifere and bulk contri-
butions, the results are compared to tilting angle dependent changes dfiteedarameter. In order
to do so the following steps were required:

 Calculating the effective dynamic electro-chemo-mechanical coupliraypeter from two sep-
arate contributions.

 Calculation of the interrelation of the electro-chemo-mechanical couplirgnpeter with the
change in lattice parameter, i.e. creation of an appropriate model descfiotitve electrode.

» Design of a dynamic electro-chemo-mechanical analysis stage for reesesuts in lithium-salt
containing electrolytes.

» Design of an in-situ electrochemical cell suitable for measuring the latticnper during
electrochemical cycling, parallel and perpendicular to the surface.

DECMA and in-situ x-ray diffraction experiments were successfullyiedrout for a gold model-
electrode. Using the measured effective electro-chemo-mechanigalirgyparameter and cyclic
voltammetry data, it was possible to evaluate an interval for the local eleotmamechanical cou-
pling parameter of underpotential deposition of lithium on the gold surfa¢e.®V < {upp<1.07 V).
A corresponding electro-chemo-mechanical coupling parameter, whistcalculated from literature
density functional theory resultgpp =0.84 V) is well within this interval.

A comparison of the lattice parameter changes to results from cantilevembesxperiments
shows good qualitative correlation under the assumption that both are lioakeulk mechanisms.
Qualitative differences are found most prominent where underpoteepaisition and stripping occurs.
This finding lead to the conclusion, that bulk effects are responsiblénforges of the lattice parameter.

Finally the results of the dynamic electro-chemo-mechanical analysis andttibe farameter
shift were compared according to the electrode model. Again this compatisers good qualitative
correlation in a wide potential range. Significant differences appeaxpeacted for underpotential
deposition and stripping, and in a potential range where electrolyte desitiopas expected. This
is because these processes appear at the surface and not in thé thellelectrode. These results
lead to the conclusion that in the potential range of 250 to 2000 mV vA.iLia major part of the
stress results from bulk contributions. Consequently, a major part ofithmye transported while
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cycling in the corresponding potential range results from lithium enteringroheme. The lattice
parameter changes together with the behaviour of the electro-chemomeatttaupling parameter
give a strong indication that, in the potential range under investigation, lithiumaisly deposited
within grain boundaries of the gold model electrode.



Kurzfassung

Lithium-Legierungselektroden gehdren zu den vielversprechendsaéieri@anoden fir zukinftige
Lithium-lonen Batteriesysteme. Auf Grund von elektrochemisch induziertexmaméschen Spannun-
gen, verursacht durch Volumenanderungen wéhrend des Ladi&niladevorgangs, leiden diese Elek-
trodenmaterialien unter einer geringen Zyklenstabilitat. Zusatzlich dazu mndethanischen Span-
nungen mit dem elektrochemischen Potential gekoppelt, was zu einer inbogroyerteilung von
Lithium und in Folge dessen zu einer Reduktion der mechanischen Stabilit&nfkann. Um die
Zyklenstabilitdt zu erhdhen, geht der Trend zu immer kleineren Struki@egr der Elektrodenmate-
rialien. Dadurch wird zum einen die mechanische Spannung durch diengakinderung reduziert,
zum anderen wird durch die folglich deutlich erhéhte Oberflache aucltiddluss der elastischen
Grenzflachenspannung erhéht, was wiederum die mechanische Sthb#ité@fiussen kann.

Sowohl die Messung der Kopplungsstarke des chemischen Potentials mitesdbanischen
Spannung/Dehnung, als auch die Unterscheidung von Beitragen @efld@he und des Volumens
zu dieser Kopplung, erweist sich bisher als sehr herausfordam@ulge der vorliegenden Arbeit
wird eine in wassrigen Elektrolyten etablierte Methode (die dynamische elefk&mo-mechanische
Analyse, DECMA) in Lithium-lonen Batterieelektrolyten fir die direkte Masgdes elektro-chemo-
mechanischen Kopplungsparameters verwendet. Zur Unterscheidar@berflachen- und Volumen-
effekten werden die Ergebnisse mit kippwinkelabhangigen AnderudeeGitterparameters wahrend
elektrochemischer Zyklen verglichen. Um das zu erméglichen waren necBeéiritte notwendig:

» Berechnung eines effektiven elektro-chemo-mechanischen-Koggbarameters aus zwei un-
terschiedlichen Beitrégen.

» Berechnung des Zusammenhangs zwischen elektro-chemo-mechea#isppiing und Gitter-
parameteranderung fur Oberflachen und Volumeneffekte anharglEligldrodenmodells.

» Design eines Aufbaus zur dynamischen elektro-chemo-mechanisghalyse in Lithium Elek-
trolyten.

» Design einer elektrochemischen Zelle zur in-situ Messung des Gitterprameéihrend elek-
trochemischer Zyklen parallel und normal zur Oberflache.

Beide experimentellen Aufbauten wurden erfolgreich zur Untersuckurey Gold-Modellelektrode
verwendet. Mithilfe der Ergebnisse war es mdglich ein Intervall fur dealkElektro-Chemo-Mecha-
nischen-Kopplungs- Parameter der Unterpotentialabscheidung vonrhithitiGold anzugeben (0.7 V
< Gupp<1.07 V). Ein entsprechender Kopplungs- Parameter welcher aus ficktienal-Theorie ba-
sierten Literaturwerten berechnet wurdgdp =0.84 V) liegt genau in diesem Intervall.

Ein Vergleich der Gitterparameter Anderung mit Ergebnissen von Biegatd&kperimenten
zeigt unter der Annahme, dass die Messergebnisse von Volumeneffekteorgerufen werden, eine
Uiber weite Bereiche gute qualitative Ubereinstimmung. Abweichungen tretefegend in Potential-
bereichen auf, bei denen Unterpotentialabscheidung oder -abgratattfindet.

Zuguterletzt wurden die Ergebnisse aus beiden Messungen anhsutdettérodenmodells mit-
einander verglichen. Dieser Vergleich zeigt ebenfalls Gber weite Pdtmriche gute qualitative
Ubereinstimmung. GroRere Abweichungen treten nur in Potentialbereictighea denen Lithium
abgeschieden oder abgetragen wird, oder Elektrolytzersetzungvanem ist, was darauf zuriickzu-
fuhren ist, dass diese Prozesse an der Oberflache auftreten unhdmmigblumen. Die Ergebnisse
lassen somit den Schluss zu, dass ein grof3er Teil der mechanischemuigen, im Bereich von 2V
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bis 250 mV bezuglich LiLi*, auf Volumeneffekten beruht. Des Weiteren lasst sich abschatzen, das
ein groRRer Teil der Ladung die flie3t, wahrend das Potential gednderidwrch Lithium, welches

in das Volumen der Probe eindringt, verursacht wird. Das Verhlateeldkso-chemo-mechanischen
Kopplungsparameters zusammen mit der Anderung des Gitterparameteesnsitarkes Indiz dafir,
dass im untersuchten Potentialbereich die Einlagerung von Lithium in Goldegend in den Korn-
grenzen stattfindet.
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1 Introduction and motivation

Before starting the introduction a short overview on the terminology is reduirhe positive and nega-
tive electrodes of secondary (rechargeable) batteries are oftenwathede and anode, corresponding
to the electrochemical function during unloading of the battery. For ctearsing electrodes there are
some common measures: The electrode potential, the amount of lithium they i@awithiorespect to
volume or mass, as well as the cycling stability (a value which measures the nafribad-unload
cycles until the capacity drops below a certain fraction of the initial capackjgctrode potentials
are typically measured against a reference potential. The usualnefestectrodes used in aqueous
electrolytes are not suitable for lithium ion-battery cells, hence anothenerefe electrode is required.
A common reference is the Nernst potential of lithium/(Lii*). For comparing the amount of lithium
the electrode can store, the volumetric capacity (amount of lithium, which caiotel reversibly per
volume of the electrode) and the specific capacity (amount of lithium, whiclbeaored reversibly
per weight of the electrode) are used. Both of those values depeneé statk of charge. This some-
times leads to confusions like the indication that the lithium silicon alloy has a higkeifie capacity
than metallic lithium (see e.g. [1]). To omit this confusion, the specific and thenadric capacity
will be given in the charged state, when the active lithium is at the negativtalie.

A measure for the interaction of electrochemistry and mechanics is the so el@tecapillary
coupling parameter, which is related to surface effects as suggested t®rmi“electrocapillary”. In
the thesis at hand, bulk effects are of major concern, hence it seemsdinigléa the author to use
“electrocapillary”. This is even more pressing, since another couplirgnpeter for electrochemistry
and mechanics is introduced, which represents the measurable valueimaoees than one effects
contributes to the measurement. To omit this misleading terminology, the electragapdlgpling
parameter will be called the potential-strain coupling parameter (PSCP) afrfaee ). In a similar
manner the apparent electrocapillary coupling parameter will be called (e B&he bulk ¢P).

Since the early 1990’'s when commercial lithium-ion batteries were introddbede batteries
have turned into one of the most important energy storage devices. Hgsvettey can be found in
almost every portable electronic device. The big success of lithium-ion ieatisra result of the high
energy density compared to other commercially available secondary battteymns. This has become
possible, because of several differences to other secondaryyb@iténologies. First of all, using
lithium has the big advantage that it has the lowest weight per atom and thst leleetrochemical
potential of all metals. Furthermore the electrolyte is not involved in the rélerslectrode reactions
(in contrast to e.g. lead acid or nickel-cadmium batteries), nor are the cemisodissolved in the
electrolyte (at leastideally). This allows to use a very small amount of elgigtrand to build batteries,
that provide a high voltage (e.g. average of 3.7V for cells with a carbodeaand a Lj,CoG,
cathode) at a high specific charge (charge per weight). Thesedsahake the Lithium-ion battery
the rechargeable battery with the highest specific energy (storedygrergreight) as well as highest
energy density (stored energy per volume) operating at room tempem@uthe market [2]. The
huge success of lithium-ion batteries and the fact that commercial battegiesilafar away from
the theoretical capacities [3], has triggered lots of research activitesid&s the volumetric and the
specific capacity of the battery many other aspects, like the cycling stabilitpativer density, the
energy storage efficiency, the operation temperature and safety isauedo be considered. The
overall performance of the battery naturally depends on all the compooktite battery including
the electrodes, the electrolyte, the current collectors as well as theasmpakiready the number of
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Figure 1.1: Schematic representation of commercial lithium-ion batteries inatiffeshape: a) cylin-
drical b) coin cell ¢) prismatic cell and d) thin and flexible plastic cell. Exdbptplastic
cell all cells use a separator. The plastic cell does not require a s&psirece it has no
free electrolyte. Graphic from [2]

impact factors and performance measures indicates the complexity of thlerfRrddne consequence
of this complexity is, that by increasing the specific capacity of currend@moaterials has only a
moderate impact on the specific capacity of the whole battery, while for pdtirttiee battery systems
increasing the specific capacity of the anode might be mandatory in ordat tutperform state of
the art lithium-ion batteries. In the following a short overview on state of thithium-ion batteries
will be given, followed by some prominent examples for potential future lithiambattery systems.

As every electrochemical cell, lithium-ion battery cells consist of two elecs@uel an elec-
trolyte. Additionally to this, current collectors, which provide an electricalreection of the electrodes
to the battery connectors, are required because lithium-ion batteriesnaigveeto air and moisture.
Furthermore lithium-ion batteries typically use a separator, which ensupecabseparation of the
anode and the cathode. A schematic representation of typical lithium ionibsittan be seen in fig-
ure 1.1. Both electrodes typically consist of host material particles mixed aitioa black and some
polymer binder. Nowadays several different host material particeessed in the cathodes. The most
common ones are transition metal oxides e.g. Ljp LiCoO,, LiNiO,, which can reversibly store a
lithium equivalent of roughly 150 mAh/g and are operated at a potentigerah3 to 4.5V vs. LiLi™.
Recently LiFePQ has become more popular in lithium-ion batteries, because it offers a sigtlifica
higher power density and higher energy storage efficiency at onlytililglwer capacities. For the
anodes, almost all currently available lithium-ion batteries use graphite, whitheversibly store 1
lithium atom per 6 carbon atoms corresponding to a specific capacity of 3#dg{fk the charged
state). Lithium uptake and release appears in the range of 0 to 0.3 VAST LiThe electrolytes used
in commercial lithium-ion batteries are very diverse. Typically they consishigfures of organic
solvents, e.g. ethylene carbonate, diethyl carbonate, dimethyl caebetta that contains a lithium
salt e.g. LiPF, LiAsFg. In some cases also Lithium ion conductive polymers are used. For tletur
collector at the anode side of the electrode it is very common to use coppereas at the cathode
side aluminium is typically used. Finally there is the separator, a porous amstuctive foil, which is
typically made from polyethylene or polypropylene.

One of the most difficult challenges for future lithium-ion batteries is to fuiitierease the energy
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density. In principle there are two possibilities to create batteries with a higkegedensity. The first
one is to increase the operating voltage and the second one is to increaspdbiy of the battery.
Increasing the operating voltage is currently limited by the electrolyte whichotl@ffer a higher
potential window, whereas the energy density is at the moment mainly limited bpékédis capacity
of the electrode materials especially of the cathode material. Replacingttyreed graphite anodes
by the theoretically superior metallic lithium (specific capacity of roughly 380GifghA while sticking
to currently used cathode materials, would increase the specific capatity béattery by less than
40%. If on the other hand sulphur, which is one of the most prominent attees for the cathode,
is used as the cathode material the theoretical energy density can beséttlamore than 500%
when swiching from carbon to metallic lithium anodes. In the recent pastalestudies showed well
performing lithium sulphur cathodes. Hence the demand for anode mateiialbigher capacities
than graphite is increasing as well.

Even though it is theoretically superior to all alternatives, the usage of mditdliom for hun-
dreds of cycles in secondary (rechargeable) lithium batteries hawleaasle safety issues and lacks
cycling stability [4]. Therefore focus has been put to materials that deg@lstore higher amounts of
lithium than carbon. There are numerous possible materials (see [5, G}athstore lithium at interca-
lation sites or form alloys with it. Especially some of the alloy electrodes shoypremising results.
One very prominent example is silicon, which is able to store up to 4.4 lithium atonsslipen atom
[5] corresponding to a specific charge of about 2000 mAh/g. Thelthakvof alloy anodes is the huge
volume change that appears during lithiation (lithium uptake) which can aahral 100% (in case
of silicon 323% [5]). Such a huge change in volume induces considguadidems with regard to the
stability of the electrode like crack formation, delamination or pulverisation lfgs expected, that
these mechanical failure mechanisms are the limiting factor for the cycling stabiétiogfelectrodes
[6]. To overcome these problems, the introduction of nanostructurett@decmaterials seems to be
a promising attempt, because the diffusion length is reduced and the defarisdtailitated, which
reduces the stress and stress gradients during lithiation and delithiation [7].

Additionally to reducing bulk stresses, the introduction of nanostructiresgly increases the
impact of the surface. This includes surface stress, surface teasia|l as the electrocapillary effect.
The impact can be in such a way that it increases the stability of electrotielgsby counteracting
the diffusion induced stress [8] or by reducing the maximum tensile strgsm[¢he other hand it can
increase the radial tensile stress in hollow particles and therefore proailote fat the inner surface
[9] and in this way reduce the cycling performance of electrodes, making driaumt to understand
and measure these effects. Investigating the coupling of electrochenmigtmechanics can be done
either by measuring the change in electrode potential upon elastic deformatipmeasuring electro-
chemically induced stresses. Both effects are correlated to each st lze discussed in chapter 3.
In literature some studies can be found that investigate electrochemicallyemhdtresses in lithium
alloy electrodes. Among them there are studies measuring the stress evohdioelectrochemical
cycling of silicon [10], tin [11] and gold [12] electrodes by using a sudistbending method. Unfor-
tunately substrate bending experiments are sensitive to surface andfeatk & a similar manner,
hence the aforementioned studies are not able to directly separateesamfhbulk effects. Another
study by Nadimpallet al. estimates the electrocapillary effect by investigating the stress evolution in
copper thin films. The authors associate instantaneous changes of titeseacurvature to the elec-
trocapillary effect and all other changes the formation of the solid elettratyerface (SEI). Their
result indicates a surface stress of -2 N/m upon charging and -24 Ngmthpe formation of the SEI.
It has to be mentioned, that lithium and copper do form a substitutional sdliiceofor lithium con-
centration of up tox 15%, hence the values are not fully trustworthy. In fact, results of theighe
show the existence of a bulk effect in gold thin films which is able to promote similatantaneous”
changes of the substrate bending and there are indications, that thefaonis ective in copper thin
film electrodes.
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Regardless of the high amount of research spent on lithium-ion batteedsténactions of elec-
trochemistry and mechanics is not fully understood for lithium alloy electrod@ég importance of
this coupling was shown e.g. by Gao and Zhou [13], who evaluated the irapte electro-chemo-
mechanical coupling on the formation of cracks or by Bieeeal. who showed the impact of the
electrocapillary effect on the macroscopic dimensions of nanoporddfldp Hence it is an impor-
tant aspect, worth looking into. The fact that surface and bulk streggesar at the same time and
that both interact with the chemical potential, were the motivation for devel@ingthod to separate
both contributions. This is important, because both contributions are poteuwtiéithal for the cycling
stability, but depend differently on the sample geometry. The impact of thacsustress increases
with decreasing particle size, whereas the bulk stress tends to declidtadeaveasing particle size.

For investigating the coupling of electrochemistry and mechanics, dynamimetdemo-mecha-
nical analysis (DECMA), which directly measured the potential strain cogplarameter, was chosen.
This method offers the possibility to measure the potential strain coupling peEma®SCP) at an
almost arbitrary frequency, independent from the characteristic timeyébing. Especially in lithium
electrolytes, which are electrochemically unstable with respect to lithium amchtypphium anodes,
the choice of characteristic time can have the advantage of reducing thet iofpdecomposition
processes.

DECMA alone is not sufficient for separating surface and bulk cortiohs, because by design it
does not distinguish surface and bulk effects. Hence a method faas@gaeal and apparent surface
stresses changes was required, and a strategy was developedrakbgs/ds based on the interplay of
the PSCP with the tilting angle dependent lattice parameter. With this strategy hégessible to
separate surface and bulk contributions to the PSCP as well as estimatiagltaed apparent surface
stress changes upon electrochemical cycling.

For being able to apply the measurement strategy, a DECMA stage suitablgei@tion inside
a glovebox with lithium electrolyte and an in-situ electrochemical cell wereireduDesign and test
results of both devices is shown in section 5.2. The interrelation of the re$udtsth measurements
is calculated according to a model of the electrode. With this model it was poss##parate surface
and bulk contributions to the PSCP of a gold model electrode, showing, thalketreloped strategy
actually works. Further analysis, of the results allowed to draw conclsisidth regard to the bulk
mechanism responsible for the stress generation.

Major parts of this thesis, including the main results were published in [15].



2 State of the art

2.1 The evolution of stress in thin films

Stress in thin films is a widely investigated subject. A detailed summary of the mosttanparech-
anisms, which this part is based on, can be found in [16]. Typically thesstrethin films evolves
during film growth. In the following several possible mechanisms for stegefution in polycrys-
talline thin films as discussed by Koch [16] will be outlined. Additionally shoroments will be
given on whether a similar mechanism could appear due to accretion of lithiarfiteinpolycrystalline
gold film.

» Small-angle grain boundaries: During the formation of thin films, especiatlyilfas grown
by columnar grains, many small angle grain boundaries can be foundinfEnatomic forces
at the grain boundaries tend to close any existing gap and thereby straurtbending grains
in tension. The magnitude of the effect depends inversely on the avgraigesize. No new
small angle grain boundaries should form due to uptake of lithium, hencemesponding
mechanism is expected to appear during electrochemical cycling.

» Domain walls: Domain walls are a special kind of grain boundaries, whigeape.g. for
epitaxial Volmer-Weber systems. Volmer-Weber systems are systems whidre lieginning
of deposition small islands form that upon film growth grow together to foffitma Since the
position of the islands is fixed by the substrate, coalescing islands may bepieniyrepaces.
Atoms closing the gap between the coalescing islands may obtain a higher nofrmesrest
neighbour bonds by immersing in the respective deepest layer. A porrgisig effect in average
leads to a compressive stress. The gold films used in the thesis at hanat grewn in an
epitaxial way, hence domains walls should not be present, hence responding effect is
expected.

» Recrystallisation process: Since recrystallisation typically leads to atiedunf defects it is
accompanied by shrinkage of the stress free dimensions which is typicallpersated by a
tensile strain. During the investigation done in the thesis at hand no recrydtalliss observed
hence a corresponding effect is not expected.

» The lattice expansion mechanism: The lattice expansion mechanism desgceilvasishing of
the surface stress upon growing together of islands. As long as islemdsgarated, the surface
stress acts on them and typically induces a compressive stress. Whaels igtaw together
the surface vanishes, but some portion of the strain stays, because ttheeadhesion to the
substrate, relaxation is hindered. This effect is linked to the growing tegeftislands, hence
no corresponding effect should appear during the measuremenesit@en this thesis.

 Impurities: During deposition it is possible, that impurities are incorporateithenfilm and
induce strains. The investigations presented here are not linked to ththgfilms, hence no
corresponding effect is expected to contribute to the results.

» Misfit stress: Misfit stress appears for epitaxial growth of thin films. &ite lattice of the
substrate and the lattice of the film are usually not identical, epitaxial growitetiyprequires
the film to be strained at the interface. During the investigation done for tisestaehand, no
interface between two different crystals is formed, hance no comelipg effect is expected to
influence the measurement.
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+ Solid statereactionsand/or interdiffusion: Due to the contact of the thin film and the substrate,
interdiffusion and solid state reactions are possible. Commonly interdiffusidnsolid state
reactions are accompanied by significant stress generation. The stcass evolution due to
both effects can be rather complex. For the system at hand, interdiffosioveen substrate
and sample are of no concern, but diffusion of lithium into the gold film hastodmsidered,
whereas diffusion of gold out of the film is of no concern. Solid statetieas between gold
and lithium are known to appear below a certain electrode potential buldshoappear in the
potential range under investigation.

» Adatom Insertion into grain boundaries: Another mechanism, which can induce stress in thin
films during growth is adatom insertion. The increase of the surface chigpoiEmntial during
deposition induces atoms to flow into grain boundaries and thereby induse@essive stress
in the film [17]. This stress relaxes when the deposition is interrupted. A siclilamical
potential difference might exist for lithium gold films. At electrode potentialsere no solid
state reaction is thermodynamically possible, the chemical potential within thebgraiaaries
might already allow lithium insertion. A corresponding effect would inducerapressive stress
as well, but might not relax upon interrupting the deposition, because @mical potential
difference could persists.

2.2 The origin of stress in lithium alloy electrodes

The following part is based on a review on stress in lithium-ion battery elezdrbg Mukhopadhyay
and Sheldon [6]. An overview is shown in figure 2.1.

The source of stress can be either an internal stress or an exteesal $tn example for external
sources is the packing. Since external sources are not of corardhrefthesis at hand, they will not
be discussed any further.

Internal sources on the other hand can be quite diverse. Many ihsouges are correlated
to volume changes upon lithiation and delithiation. An important source arecahygsnstraints e.g.
form current collectors, other host as well as inactive particles an8BheAdditionally there is the
diffusion induced stress due to changes of the lattice parameter with lithiucectation for lithiation
in a single phase regime. In a two phase regime there is always a phastabowmich induces a
mismatch stress, which is not related to the volume change. Besides lithiatioméhslinesses, also
surface stresses do occur. Such surface stresses can for ekarpteelated to the SEI, the electrolyte
or the deposition of e.g. lithium on the surface

Depending on the mechanism different aspects define the magnitudessfisttbe volume. For
physical constraints the architecture of the electrode is very importantrdupelectrode for example
has much weaker physical constraints than a massive thin film on a subdD#fiesion induced
stresses typically depend on the rate of lithiation/delithiation, and the particlefdize host material.
The phase boundary induced stress is mainly correlated to the mismatch dfatbess@nd therefore
the chemical composition. For surface stresses naturally the surfackitoesmtio and the chemical
composition of the surface as well as the SEl/electrolyte are the main impémtstatn general the
stress resulting from either one of those sources is inhomogeneoughbrduhe electrode material
and changes during cycling.

Surface stress changes in lithium-ion battery anodes are usually assdadiht¢he formation of
the solid electrolyte interface [18, 12]. In case of gold electrodes potiamtial deposition of lithium
changes the surface stress as well [12]. Measurements by Taeasdolndicate a positive surface
stress due to the SEI formation and a negative surface stress due tpatedéal deposition of lithium
on the gold surface [12].

Isurface stresses are not considered in the review [6]
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Figure 2.1: lllustration of sources of stress in lithium-ion battery electrogg$]b a) physical con-
straints in a typical electrode alignment with host material powder held togeytearbon
black and binder on a current collector. b) physical constraints in a thindiiectrode
on a current collector, ¢) inter-particle contact due to volume expandjostress due to
mismatch strains evolving during lithium induced phase transformations.

2.3 The interaction of electrochemistry and mechanics in
lithium-ion electrodes

The interaction of electrochemistry and mechanics works in two ways. Onriaeéhand, electro-
chemical cycling can induce stresses, on the other hand the elastic epatgiutes to the chemical
potential, visible by changes of the electrode potential upon changes sftréss. Both effects have
been measured in literature.

Electrochemically induced changes of the surface stress (the eledlisrgagifect) are typically
measured by substrate bending experiments. When done properly,nteaserements give quite
precise values for changes of the surface stress as long as bultsaffe not contribute. Battery
electrodes in general do not satisfy this requirement. Hence it is little simgptisat for lithium-
ion battery electrodes the electrocapillary effect has rarely been evadiih experimental studies.
A noteworthy exceptions is the work by Nadimpadli al. [19] who estimated an upper bound for
the electrocapillary effect for copper electrodes by measuring insemiarchanges of the substrate
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bending upon applying potential steps.

For measuring bulk stresses due to the uptake of lithium most studies usstcatribending
experiments as well. Such measurements provide values for a tangensia) sthéch, in contrast to
measurements in most other electrochemical systems, are assigned to etk effonsequently an
electrocapillary effect would be a measurement error for such an ietaton.

In contrast to electrochemically induced stresses, only few studies irsestite elastic energy
contribution to the electrode potential in lithium ion battery electrodes. One wftes done be Ichit-
subo, who investigated lithium-tin electrodes. One of their findings was thatvio ghase regime
during lithiation of tin electrodes the elastic energy contribution to the electrotmiial can be as
high as 20 mV [20]. Another study by Sethuraman investigated the elastigyec@ntribution to the
electrode potential of a lithium silicon alloy electrode by measuring the changkedtrode poten-
tial upon mechanical relaxation. Their results indicate that the electrodetigbighanges for 100 to
125 mV/GPa of planar stress, depending on the state of charge. Theeaibstress levels are in the
range of one GPa. Hence their study points towards an elastic enengypation to the electrode po-
tential of up to -125 mV [21]. The study by Ichitsubo [20] as well as theSetturaman [21] measure
the electrode potential and, in case of Sethuraman, the planar stress mh@chanical relaxation at
a certain state of charge and draw there conclusions from relaxatiooeiddinanges of the electrode
potential.

2.4 Literature results on the system under investigation

2.4.1 The gold-lithium system

In this work, thin gold films are used as model lithium alloy electrodes. In thevollp properties of

the gold-lithium system are presented. Equilibrium crystallographic informatiaghe gold-lithium
system is summarised in the binary alloy phase diagram shown in figure Zifdry alloy phase
diagram contains several solid solutions as well as several intermetalBeqhaAt equilibrium gold

and lithium form a substitutional solid solution for low lithium concentrations, niehe for lithium
concentrations higher than 40% intermetallic phases form. The crystallographic parameters of the
different phases at room temperature are summarised in Table 2.1

Electrochemical reactions of gold electrodes in lithium-salt containing eletgron be diverse.
The most common surface reactions were summarised by Ausddagh [24] and are displayed in
figure 2.3. Electrochemical alloy formation of gold and lithium at room tempegatias measured
for example by Kulovaet al. [25]. Some of their results are displayed in figure 2.4 and prove alloy
formation at room temperature for films with a thickness of 200 nm.

Another investigation by Rennet al. [26] showed the formation of gold lithium alloys upon
electrochemical alloying by high energy X-ray diffraction. Besides isdveot well specified phases
also thea-Au-Li Phase was observed during alloy formation. Furhtermore it Baerved, that upon
alloy formation the crystal broke up to nano-crystals with a characterisgéa$iapproximately 15 nm.

2.4.2 The electrolyte

In this work a 1 molar solution of LiPfin a 1:1 mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) is used. This electrolyte is commercially available underatime iP30 and used

in lithium-ion batteries. Both organic components are known for being redbgdithium. The
decomposition starts at a potential of 1.36 V for EC and 1.32V for DMC vALiLion gold surfaces
[27]. Furthermore LiPFis thermodynamically unstable, which can trigger several reactions. A list
of possible reactions within this electrolyte can be found in [28]. Typicabdgosition products are
Li,CO;, ROCO.LI, (CH,0OCO,Li),, LiF and several others [28]. Most of these reaction products are
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Figure 2.2: The Gold-lithium binary alloy phase diagram as measured byg&liand Verma [22] and
summarised by Pelton [23]. For lithium concentrations ug #0% gold and lithium form
a substitutional solid solution, where two ordered phases may occur. igtwerhithium
concentrations several intermetallic phases can be found. The singke\plta the highest
lithium concentrations is AiLis. A list of all room temperature phases can be found in

table 2.1. Graphic after [23]

solid under ambient conditions and to some extent soluble in EC and DMC Rgjardless of the
complexity of the decompaosition reaction, the electrode surface is passafite a certain time by
the reaction products, which form a sufficiently stable and lithium ion camgusolid electrolyte

interface.

2.5 Grain boundary reactions

Grain boundaries are of significant interest for several aspeatsiatsd with lithiation and delithia-
tion. In the following some properties of grain boundaries, which are impbfoa the thesis at hand,
are introduced.

It is well established that the diffusion in grain boundaries can be dewatars of magnitude
higher than diffusion within the ordered lattice, where less oriented graindayies, i.e. non-specific
high angle grain boundaries, typically allow higher diffusion rates [30hs2quently grain boundaries
will increase the kinetics of lithiation especially in the single phase regime, wiogobase boundaries

are present.
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Table 2.1: Gold-lithium phases and crystallographic properties as measure
Kienats and Verma [22].

Phase % Li Pearson Prototype a(A) b(A) c(A)
Symbol
Au 0—17 cF4 Cu
Au 0 cF4 Cu 4.0784
Au 15.8 cF4 Cu 4.043
Au 39.2 cF4 Cu 3.968
a1 17 — 252 cP4 AuCy
a; 33.8¢ cP4 AuCy 3.973
ay P 39— 402  Complex
Ausliy, 44.4 Hexagonal 8.1 7.0
5 47 — 532 oP2
B; 51.8 oP2 3.3 3.21 2.80
/53552 tP2
1 54 tP2 3.23 2.83
g’ 55— 56 cP2 CsCl
B’ 55 cP2 CsClI 3.098
5% 625655  hP9 723 .. 2.7(7)
AuLi, 75 CF16 CyAl  6.302
AugLiye 79 cl76 CycSi, 10.833

auncertain composition range
b uncertain existence
®measured in a potential two phase region

A study by Baulieuet al. could show that the capacity of a material with a low affinity for
lithium can be increased significantly by reducing the grain size. Theilgsina was that the specific
capacity of grain boundaries can be much higher than the specific capé¢itg bulk phase [31].
This difference is especially important, in case the grain boundaries asotinee of the stress. A
corresponding indication is the finding that during physical vapour sipo grain boundaries can
be a source of stress due to deposition of material into the grain boun{&]esThe sum of these
findings suggests to treat grain boundaries separately when disctisstwupling of electrochemistry
and mechanics.

2.6 Devices used in literature

2.6.1 Measurement of the potential-strain coupling parameter

A common way for investigating the interaction of electrochemistry and mechar@sibstrate bend-
ing experiments. In these experiments the bending of a stiff substrate (as3)  measured. The
results obtained in such a way can be used to calculate a tangential stnedsjsathen either asso-
ciated with a surface or a bulk stress. In case of pure surface remctienderivative of the surface
stress with respect to the excess charge density gives a PSCP offde= gatso called electrocapil-
lary coupling parameter) [33]. The typical time scale of this measurement is natlge of minutes to

hours (the time for one cyclic voltammetry (CV) cycle).

A direct method for measuring the PSCP of the surface was introduceakiysGtein [34]; the
so called “estance method”. In this method the electrode potential is variedsrzance frequency of
a massive electrode and the magnitude of vibration is recorded with a piemergleThis resonance
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Figure 2.3: Potential features visible during electrochemical cycling of glelctrodes in lithium salt
containing aprotic electrolytes. UPD stands for underpotential depositidriJ®S for
underpotential deposition stripping. Graphic from [24]

can be observed during electrochemical cycling and the results careteaigvaluate a potential
dependent variation of the PSCP of the surface. By comparing the réswtseference signal, it
should be possible to obtain absolute values for the PSCP of the surfatrawBack of this study is
that it is not clear how the reference signal is obtained and that massoteeles are required.

In the recent past a new setup was introduced by colleagues (somelfonvaking in the group
Institute of Materials Physics and Technology at the Hamburg Universitgdfnology. This method
uses the Maxwell relation presented in equation (3.8), which relates thgeliaelectrode potential
with strain to the change in surface stress with surface charge densdydéeMte used by Smetanin
et al. [35] as well as Dengt al. [36] is able to apply strain variations at a frequency of up to 100 Hz.
The strain is evaluated from the measured elongation of the piezo actudtiireesample dimensions.

2.6.2 In-situ electrochemical cells used in literature

In-situ electrochemical cells for lithium-ion battery electrodes are widely asedare even commer-
cially available. Commercial cells are typically designed for investigating eldesroonsisting of host
material powder mixed with carbon black and binder. Due to their desigh,cits are not suitable
for the measurements performed in this work, because they typically ddfeoap arbitrary incidence
angle or do not offer a sufficient fixation of the position of a thin film eledtro

A very interesting cell was designed by Renee¢ral. [26], which was used for investigations
of thin films under gracing incidence in-plane diffraction conditions usindp leigergy synchrotron
radiation. With this cell they were able to observe the evolution of seveladligoium phases during
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Figure 2.4: Electrochemical lithiation and delithiation curves of a 200 nm thitk fyo;n measured at
a constant current density of 38\,cn? in 1 molar LiCIOQ, in a 7:3 mixture of propylene
carbonate and dimethoxyethane measured by [25]. During lithiation aksshvow a fast
drop of the potential at the beginning, corresponding either to a singkeptegime or
purely capacitive charging. This drop is followed by two regions with alncosistant
potential, corresponding to phase transition regimes. The two regimespaatse by a
short drop of potential corresponding to another single phase regimménddelithiation
the behaviour is quite similar, but the potentials are shifted to higher valuaphi@rcopied
from [25]

electrochemical lithiation. This cell was not copied, because it is not eldether their cell supports
out-of-plane diffraction, whether diffraction with lower energy syration radiation is possible and
because the design is rather complex.



3 Theory

3.1 Electrochemistry

This section follows the book “Electrochemical methods Fundamentals atidajgms 2nd edition”
by Allen J. Bard and Larry R. Faulkner [30].

Electrochemistry deals with the interrelation of electricity and chemistry. Mamgyretshemical
studies investigate chemical changes due to the passage of curreenucaly produced electrical
energy. Major concerns in electrochemical systems are factors thaibco® to the charge transfer
across the electrode-electrolyte interface. This interface is where @rietirrent (in the electrode)
is transferred into an ionic current (in the electrolyte).

3.1.1 The electrochemical cell and electrochemical reactions

Passage of currents requires an electric circuit. In terms of electrodhgritiss corresponds to an
electrochemical cell, which consists of at least two electrodes and orieobfe These components
are required in order to induce or measure an electric current or vaitageelectrochemical environ-
ment (see figure 3.1 left). Another consequence of the requiremenibéetric circuit is that it is only
possible to measure a potential difference (voltage) between two elextrdtle absolute electrode
potential, the work required to bring a unit positive charge from infinitetyaf@ay into the interior of
the electrode, can only be estimated. Therefore it is very common to measyretémtial of the elec-
trode of interest, the working electrode, with respect to an electrode wiilegiatential, the reference
electrode. The usage of a reference electrode is typically done in adlagteode electrochemical
cell as illustrated in figure 3.1 right. In case the current in the electrochepattds not vanishing,
the electrochemical cell is called either galvanic cell (the reaction occorgapeously; e.g. battery
during discharging), or electrolytic cell (the reaction is forced by anreateower supply; e.g. battery
during recharging).

Electrodes consist of materials that provide electronic conductivity vigretezor holes, like met-
als, carbon or semiconductors. Electrolytes on the other hand prowdieictivity via ions, without
electronic conductivity. The most common electrolytes are liquids containirsg(@g. salts dissolved
in solvents). Less common electrolytes include molten salts (e.g. ionic liquidis) esectrolytes and
ionically conductive polymers.

At equilibrium the free charge carriers of the electrode and the electnoliftprevent gradients
of the electric potential in the bulk of the phase. As a consequence, thatipbtgadients are limited
to the vicinity of the interfaces, which typically leads to high electric fields at ttexferce. It can be
expected that these high electric fields affect the behaviour of chargers at the interface, making
the interface one of the most interesting aspects of the electrochemial cebe@ently most elec-
trochemical experiments focus the reactions happening at one of theasednd their dynamics. In
order to omit influences from the second interface on the measurementtémtigl is measured again
with respect to a reference electrode. In order to provide a consitaritial of the reference electrode,
it is built in such a way that the composition of the electrode and the surragietiiotrolyte is stable.
With this configuration it is provided that the absolute potential of the reteretectrode does not
change as well. There are different conventions for the sign of thrertisrmeasured during electro-
chemical experiments. In this work cathodic currents are taken negativaredic ones positive (see

13
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Figure 3.1: Left: Two electrode electrochemical cell, where the counteredarence electrode are the
same electrode. Right: Three electrode electrochemical cell, with separateec and
reference electrodes. The working electrode (WE) is typically the eiewbinterest. Its
electrode potential is measured against the reference electrode @REjeEtrochemical
cycling a voltage is applied/current measured between the counter e¢@BY and the
working electrode.

figure 3.2).

The potential difference between the different phases (electrodeddyee) is a measure for the
different electron energies. This difference in energy defines tketidin and magnitude of the charge
transfer across the interface. By controlling the electrode potential véifent to a reference electrode
one controls the energy of electrons within the working electrode. Applyimgre negative potential
increases the energy of the electrons in the electrode. If the energy elettrons in the electrode is
lifted above the energy level of a vacant molecular orbital of a molecule ield#wrolyte, electrons
can pass the interface and reduce the molecule by occupying its vabéat. oFhe resulting flow of
electrons from the electrode to the electrolyte is called a reduction or cathwdént. In the opposite
case, when the energy of the electrons in the electrode is reduced tiygsthie electrode potential
to more positive values, it can be dropped below the energy of an occomdecular orbital of a
molecule in the electrolyte. In this case the electron can "jump" from the moleaddaalao the
electrode and oxidise the molecule by doing so. Such a flow of electromstfre solution to the
electrode is called an oxidation or anodic current (see figure 3.3).

The number of electrons passing the interface is directly correlated to thbamwf atoms/-
molecules that is reduced or oxidised. Since every electron carrieggecbiz= 1.60- 10°C, the
amount of consumed/generated reaction product (in moles) is correlatteel tansferred charge by
Faraday’s law: 96485 C of electrons passing the interface leads to Ifmedation product in a 1-
electron process.

Besides processes that require electrons to pass the interfaceajEaraatesses), nonfaradaic
processes occur at the interface as well. They appear when ele@nsfetr across the interface is
unfavourable. Causes for nonfaradaic processes include e.grptids and desorption reactions as
well as changes of the electrode-electrolyte interface. In a potentigéravhere electrode reactions
occur, faradaic and nonfaradaic reactions appear at the same time.
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Figure 3.2: Schematic representation of steady-state cathodic and amwditts according to the sign
convention used in this work. (Inverse to the one used in [30])

3.1.2 Reaction rates

Electrode processes happen at the electrode-electrolyte interfacee the reaction rate typically
depends on the surface area of the electrode [30]:

i
Rate= o (3.1)
wherei is the current density and is the stoichiometric number of electrons involved in the reaction.
This reaction rate is governed by several contributions:

» Mass transfer to/from the interface

« Electron transfer to the surface of the electrode
Electron transfer across the interface
Chemical reactions following the oxidation/reduction reaction
» Other surface reactions (e.g. adsorption, desorption)

Any current in an electrochemical cell is correlated to an electric field gordtion which differs
from the current free case. A common simplified representation of an @decteaction is done by
an equivalent circuit, where every reaction step has its own impedamggnkral these impedances
depend on the electric field as well as the current density. A further singpiditc can be made by
taking the impedance constant for small deviations of the electric field.

3.1.3 The electrical double layer

A common model for the solution side of the electrode-electrolyte interface iitlejactrolytes (ex-
cluding molten salts) is that it consists of several “layers”. The layer stdsethe electrode surface
is called the inner Helmholtz plane (IHP). Only specifically adsorbed ionsalvént molecules are
able to approach the electrode as close as the IHP. Solvated ions, onéhé&anthk are surrounded
by solvent molecules, which prevents these ions from approaching ttteoele further than a certain
distance. The plane formed by this distance from the electrode surfaakeid the outer Helmholtz
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Figure 3.3: a) electronic representation of a reduction process dgéspem solution; cathodic current.
The electron energy is lifted above the energy level of the lowest vacaletcular orbital
of a molecule in the solution, which leads to an electron transfer from the @fiecto the
vacant molecular orbital. b) oxidation reaction of species A in solution; ianagdrent.
The electron energy in the electrode is reduced below the energy of theshigccupied
molecular orbital of a molecule in the solution, which leads to a passage ofogiedtom
the solution to the electrode. Graphic adapted from [30]

plane (OHP). Finally, the layer reaching from the OHP to the bulk of the saligioalled the diffuse
layer. An important magnitude of the layers is the charge they carry peeoétee interface, the excess
charge density. This electrolyte excess charge density sums up the deasity of the IHRf and the
diffuse layerg®, which includes the OHP. At equilibrium the excess charge density on tbhieaijge
sideq® is compensated by an excess charge density on the electrode side ofrflaeaaf®:

F=qd+q°=-q" (3.2)

3.1.4 Reversibility

"Reversible™ has several meanings in electrochemistry. In the thesiarat the definitions of Bard
and Faulkner [30] are used, who distinguish Chemical reversibility, theymeamic reversibility and
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Figure 3.4: Model of the interface for specifically absorbed anionseaiiier Helmholtz plane (IHP)
and solvated cations in the outer Helmholtz plane (OHP) as well as in the difysed
represents the surface charge density of the IHPcritle surface charge density of the
diffuse layer. Figure adapted from [30]

practical reversibility.

Chemical reversibility: Chemical reversibility denotes that upon reversing the cell current the
cell reaction reverses and no new reactions occur. (Reversiblgoresatypically means chemically
reversible reactions)

Thermodynamic reversibility: Thermodynamic reversibility denotes a process that upon in-
finitesimal reversal of a driving force causes a reversal of thdicgaSuch reversibility would require
an infinite amount of time. Hence thermodynamic reversibility is only used for¢tieal assumptions.

Practical reversibility: Practical reversibility denotes a process that is carried out close knoug
to thermodynamic equilibrium so that thermodynamic equations apply with a desicecacy. (It can
be regarded as the experimental equivalent of thermodynamic reversibility

3.2 Thermodynamics of electrodes

The thermodynamic description of an electrochemical cell presented in thisrsis based on "Elec-
trocapillarity of Solids and its Impact on Heterogeneous Catalysis™ of t¢Ebeatalysis; Theoretical
Foundations and Model Experiments, Volume 14" [33], the study “Badasfd-orce at Curved Solid
Metal-Liquid Electrolyte Interfaces” by Weissmiiller and Kramer [37] andttie®ry on the thermo-
chemical equilibrium of linear elastic solids under stress which was intradingé_arché and Cahn
[38].

In order to investigate electrochemical reactions it is meaningful to destibelectrochemical

1Author's comment
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half cell consisting of the electrode of interest and the surrounding elgtetrup to a distance far
enough from the electrode surface to provide that the diffuse layelflysificluded in the half cell,

independent on the state of the electrode. The controllable variables systeam are the external
pressure and the temperature, both of which are held constant, the gttam electrode and the
charge transfer to the electrode.

Since the temperature is held constant, the thermodynamic potential of choiediedlenergy
Z . In order to investigate surface reactions, it is meaningful to treat the@liecsurface separately.
Consequently the surface is neither part of the electrode bulk nor oféb&ayte. Hence the free
energy.# of the half cell can be written as:

F=FL+F+Fp (3.3)

where.% is the free energy of the electrolyté, is the free energy of the interface ai is the free
energy of the electrode bulk. Since the only controllable non constaiables of the system are the
charge and the strain of the electrode, the free energy of the systeamrabttynamic equilibrium can
only depend on those two varable®: = .7 (Q, &;j).

In order to account for inhomogeneities within the phases, free energitoks are used, so that
the free energy of the half cell can be written as[39]:

7= / W v, + / WadVs + / WA (3.4)
L JB S

whereW, is the free energy density of the electrolytis is the free energy density of the electrode
bulk, ¢ is the surface free energy density (per area) of the electrode sulMacV, andAs are the
volume of the bulk, the volume of the liquid and the surface area of the electempectively. In
this theory elastic deformation is explicitly allowed. When measured in laboratanginates, elastic
deformation changes densities without rearranging the lattice. In orderitatos change in densities
it is meaningful to measure all values of the solid phases in a reference Staéecorresponding
coordinates are called Lagrangian coordinates.

For further evaluations it is assumed, that the electrolyte is a liquid electroGt@sequently
the solid-electrolyte interface (SEI), which typically forms on the surfddb® anode in the system
under investigation is only accounted for as a potential source of susfeess. A further description
of the SEI is beyond the scope of this thesis. Additionally it will be assumetlilteaemperature is
constant while the external pressure is assumed zero, Béfce 0 and dependencies on the external
pressure as described in [37] are not included in this evaluation. Wmekse assumptioi,. = W (o1),
wherep; are the densities of the componenis the electrolyte. The free energy of the bulk electrode
Wg = Wg(pie, &j) and the surface free energy density can be writtegy asy(T'i, E), whereE is the
tangential elastic strain tensor at the surface of the electrod€;asdhe superficial excess per area
measured in Lagrange coordinates of spegiegich includes adsorbed atoms/ions as well as extra
ions in the diffuse layer.

In order to evaluate the interaction of electrochemistry and mechanics in retaig @ is mean-
ingful to treat surface and bulk mechanisms independently and to evaleatel¢épendency on each
other in a later stage. Since this last step, evaluating the interaction of elestristry and mechanics
due to surface and bulk effects, was done by the author of this thesiprétsiented discussed in a later
part of this thesis (see section 4.2).

3.2.1 The electrocapillary coupling

The electrocapillary coupling describes the interaction of electrochemistiyn@chanics for surface
mechanisms. For this evaluation it will be assumed, that the bulk electrode t&énand that no
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exchange of matter with the bulk is possible. Furthermore it is assumed, thatghgcal potentials
U are constant for any given state of strain, which provides,thand the surface charge density
are montonous functions of the electrode potertitaUnder these assumptions the free energy of the
surface)([;,E) can be written ag)(;, E) = @(q,E). Hence the fundamental equation of the surface
free energy can be written as:

dy = Edg+ SdE (3.5)

wheresS is the surface stress tensor.

A further simplification can be made for surfaces with a sufficiently high étaold or higher)
symmetry, for which the surface stress is isotropic [40]. This requirensesutisfied e.g by (111)
oriented surfaces. In this caSdE = fdewherede= 6,&/,& equals the change in physical surface area
Aandf = TrS/2 is the scalar surface stress. In this case the fundamental equation sanpl[B6]:

dy(g,e) = Edg+ fde (3.6)

This fundamental equation can be used to derive a Maxwell relation, virftietrelates the change in
electrode potential with elastic strain to the change in surface stress witHisigbeharge density
[39]:

oy _ oY 3.7)
dedq dgoe '
which corresponds to [39]
df dE| . &
?qe_@q'_c (3.8)

where¢® is the PSCP of the surface (also referred to as the electrocapillary cgpyaliameter). For
a process of electrosorption of one species the change in superkicedseof the species and the
superficial charge density are correlated by=d—zFdr". For this cas&® can be written as [39]:

. —1df

= ZE dr (3.9)

e

3.2.2 The dynamic electro-chemo-mechanical analysis

The dynamic electro-chemo-mechanical analysis (DECMA) is a method tdl;dimeasure‘é—'z |q. For
this purpose an electrode is strained cyclically with tinse that:

e= ésin(wt) (3.10)

where€’is the amplitude of strain an@ is the circular frequency. For an ideally polarisable electrode
at open circuit conditions this leads to a variation of the electrode potentiatding to [39]:

E = Esin(wt) = ¢%ésin(wt) (3.11)

whereE is the amplitude of potential variation. This correlation can now be used toategfu

3.2.3 The electro-chemo-mechanical coupling of the bulk

In this part, the interaction of electrochemistry and mechanics is discussiegl @bsence of surface
mechanisms. As mentioned earlier, the electrode bulk is charge free, gtade of ions from the
electrolyte requires the uptake of charge in order to preserve chaupelity:

0=dQg +zFdN; (3.12)
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whereN; is the number of ions of speciégntering the bulk an@ is the net electronic charge trans-
ferred to the bulk. The sum convention (summing up over indices occuwrieg) is used throughout
this thesis. At equilibrium the mean driving force for the migration of ions in thele/electrolyte has
to vanish. Consequently the change in electrode potential due to elastiastiaked to a change of
the chemical potential [39] according to:

Moot _ g, & (3.13)
de;i dei; B
] g4

whereLiac is the chemical potential of the active material (Active material refers to tredatoms that
can pass the electrode/electrolyte interface.).

The impact of stress on the chemical potential in liner elastic solids was distbysLarché
and Cahn who distinguished two different cases: Substitutional andtitiérisinary alloys. The
difference between substitutional and interstitial binary alloys as disdusséarché and Cahn are
twofold. The first difference is the solubility. For the interstitial solid solutioa theory requires
that only one component is soluble, while for the substitutional solid solutiongtédsumed, that
both components are soluble. The second difference is the way the sat@inissmeasured. For the
interstitial solid solution, the strain is a measure for the deviation of the lattice ofsbkible material
from the reference state, while for the substitutional solid solution the sirath€ following called
lattice strain) measures the deformation of the mathematical lattice, where elteny fdace can
be occupied by either component (neither replacing atoms nor addition o€ lpttices corresponds
to strain for this definition). A consequence of those two definitions is, tleatlépendency of the
chemical potential on the stress differs for both cases. For the interstiidlsolution at constant
temperature it is [38]:

dg;! 1 (0Cijk| )

= Gij — 5 o] 3.14
aPACt ij 2 ki ( )

Hint(PAct, Gij) = Moint(PAct) —

where Lo int(Pact) is the chemical potential of the active material in the reference stateis the
density of the active material aiigfq is the usual compliance tensor.

For the substitutional solid solution, where both components are soluble ettsétyd of each
component depends on the chemical potentials of both components. Thisuisbevery lattice place
can be occupied by any of the two species. Hence it is meaningful to defitexchange potential”
Uex, Which is defined by [38]:

Hex = <M> - <0LIJB> (3.15)
9P1 ) p,e P2 / py 1s,

where thep; are the concentrations of componéntThis exchange potential depends on the stress
according to [38]:

dess!

Hex(P1, Gij) = Hoex(P1) — Tp'ljffij - % (‘?p‘l"'oi,) Ok (3.16)
wheree*isjf is the lattice strain. This equation states, that the exchange chemical potep&sdd
on the stress in a similar way than the chemical potential of the active materialnieastitial solid
solution.

It has to be emphasised, that the case for a binary substitutional solid sdkifledependent
on the number of lattice sites and therefore the overall volume. Hence thgydpe changing the
number of lattice sites is not included in this evaluation. Consequently equatis) {s not suitable
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for describing the chemical potential of a substitutional alloy, when theardretion is linked to the
number of lattice places and the energy for creating a new lattice place iamishing.

3.2.4 The potential-strain coupling parameter of the bulk

A theory on the change in electrode potential with elastic strain for interstitiakef active material
has been developed by Viswanath and Weildmdiller [41]. They used thdipailaydrogen system as
a model system. For this system two cases have to be distinguished. Tloadiristadsorption in a
thin superficial layer, and the second one is homogeneous bulk absofptioboth cases a PSCP was
calculated, where the one for adsorption is called electrocapillary coupdiregneter and the one for
absorption is the apparent electrocapillary coupling parameter.

For evaluating the PSCP of the bulk, first the stress free strain, anddoadstep a surface stress,
which promotes an equivalent strain was calculated. From the depgnofetiis equivalent surface
stress on the amount of hydrogen, which is correlated to a chargeearatisf PSCP for superficial
adsorption and bulk absorption was obtained. The main difference beadserption and absorption
are the different physical constraints. For the superficial adsortteostrain parallel to the surfacg |
and the stress normal to the surface Y are taken as constant, whereas for bulk absorption, all strains
are taken constant. Under these constraints, the corresponding P&CHRs calculated by [41]:

9KAQ
ab __

= o (3.17)
ad_ 3KAQ1-2v (3.18)

zp 1-v
where the PSCP of superficial adsorptiorg38 and the one for bulk absorptiafi®. K andv are the
bulk modulus and the Poisson’s ratio of the sampiis, the valency of the active materiaty is the
elementary charge anlis the strain-concentration coefficient definedaby ag(1 -+ N Nactive/Nhost),
where Nggiive IS the amount of active material (Hydrogen) aNgls: is the amount of host material
(Palladium).

In the Appendix it is shown, that for an isotropic material in the stress tage,she right hand
side of equation (3.18) equals:

KAQ1-2v 1 dgw | 1
Zzp 1-v Fz d(&11+ £2) 0;=0 Fzd(e11+ &22)

(3.19)

The approximation is exact in case the compliance values are indepenuéhé @oncentration
0Ciji /0pact = 0 On the other hand, when the material is not in the stress free state, anraalditio
term appears, which is proportional to the stress and the change in cooeplialues with active
material concentration. This dependency will be discussed in more detall.th 4

3.3 Lithium alloy electrodes

This part is based on the chapter "Lithium Alloy Anodes" of "HandbooBattery Materials: Second
Edition" [4] The parts on diffusion are based on chapter 5 of the bobigsieal metallurgy, 5th edition”
by Balogh and Schmitz [42].

Lithium alloy electrodes are treated as one of the most promising anode materifdgure
generations of lithium batteries. Their main advantage is that they offer amsatiik, which prevents

1The original version of the formula does not contaibecause it was set to the valency of hydrogen, which is 1.
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shape changes of the anode (an important drawback of lithium metalgreoakstill offer a very high
specific as well as volumetric capacity at a low potential vgLLi.

At thermodynamic equilibrium the electrode potential follows the Gibbs phdse Tihis phase
rule states that the electrochemical potential changes with composition in agivage region and is
constant in a two-phase region, as long as temperature and pressoonstant.

3.3.1 Crystallographic aspects

The incorporation of active material into a crystalline electrode at thermaydimequilibrium can
happen in two ways. Either by changing the composition in the pre-existingedhasolid solution
or by the formation of a new phase, with a different structure. In mangsys(e.g. the gold-lithium
system under investigation in this thesis) single-phase as well as binagg pigions can be found.
The formation of a new phase can be described as a reconstructitiomeécthis case the addition of
active material goes along with the nucleation and growth of a new phase higher share of active
material. If the two phases are locally at equilibrium, the composition of their mintteaface does
not change during the reaction, hence the electrode potential is constant.

The second way how the active species can incorporate the host maseirigdsstitial insertion.
In this case the active species is rather mobile and a single phase solid sislftioned. Furthermore
it has been observed that in some systems substitutional solid solutionsroamgon the uptake
of active material [43]. This case mainly differs from the interstitial insertase by the different
diffusion mechanism with the consequence of significantly smaller diffusiostants?

3.3.2 Kinetic aspects

Additionally to high capacities, the kinetics of electrode reactions needutaiaisiderations as well.
In lithium alloy anodes, the kinetics is typically governed by the diffusion of lithiinto the host

material. In crystalline structures, diffusion is based on point defecis 4@ cases have to be dis
tinguished: Diffusion of interstitial and diffusion of substitutional atoms. asecthe solute atom (in
electrochemical terminology: active material atom) is located at an interstitialrgitéha concentra-
tion of solute atoms is sufficiently low, the neighbouring interstitial site will be empt/the solute

atom can easily “jump” to the next interstitial site. Due to elastic distortions fromsititial atoms usu-
ally only small atoms like hydrogen, oxygen or carbon occupy interstitial attégermal equilibrium.

In metals and especially alloys it is more common that for low concentrationsltite atom occupies
a lattice place to form a substitutional solid solution. In this case the typicakdifiunechanism is a
vacancy mechanism.

A third, but very rare case is self-interstitial diffusion. It can only beerved in heavily deformed
materials or after irradiation. In this case some host atoms occupy (therarodally unfavourable)
interstitial sites and “push” atoms from a lattice place to a self-interstitial site.

The most simple case for describing diffusion assumes a dillute solution [42]:

7] 7]
FV 0*)((”0+ka|”0) (3.20)

wherek;, is the Boltzmann constant afidis the temperature. This case leads to Fick’s first law [42]:

. fJc
j= _Dﬁ (3.21)

2The formation of a substitutional solid solution has not been considered],itbgsides the fact that some studies on
lithium-magnesium and lithium silver alloy anodes can be found in literaturd, dfowhich form substitutional solid
solutions in a wide potential range [43].
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wherej is the flux density of atomd) is the diffusion coefficientc is the concentration anxlis the
spacial coordinate. Adding driving forces other than entropy leadstdrift-diffusion equation [42]:

. Jc D
j= —Dd—x+mF (3.22)
whereF can be any driving force. For uptake of active material it has to beideres, that the
chemical environment enhances the diffusion. In order to accourthi®renhanced diffusion the
chemical diffusion coefficienD¢hem Can be used, , which is related to the self-diffusion coefficient
(Dser) by [4]:
d Ina;
d Inc;

whereW is an enhancement factam; andc; are the activity and concentration of speciesThis
chemical diffusion coefficient can be quite high (e.g. 1.8 to 5.9 e?&ctnin Li, ,Sn at ambient
temperature [4], in comparison te5e-11 for Pb in Sn as estimated by [44]) and strongly dependent
on the lithium concentration in lithium alloys.

Dchem= W Dself; W = (3.23)

3.3.3 Diffusion and microstructure

Structural defects in crystalline solids (e.g. dislocations and grain boesjlaften show enhanced
diffusion. This enhanced diffusion is especially known in pure metalsadf) the diffusion coefficient
in dislocations and grain boundaries can be several orders of maghityltr than the diffusion co-
efficient in the ordered regime, where the relative difference is becobigugr at lower temperatures
[42]. Due to the high diffusion coefficient, defects in some cases allow shouit transport of atoms.

Additionally the equilibrium of active material concentration at grain bouedand dislocations
typically differs from the equilibrium concentration within the ordered lattiae.cdse the diffusion
coefficient is concentration dependent, this difference contributes tdifffeeence in the chemical
diffusion coefficient as well.

3.4 X-ray diffraction

This section is based on the book “X-ray diffraction” by B.E. Warren].[45ven though x-ray scat-
tering does not follow classical electrodynamics, unmodified scatteringe(ergth is conserved) is
described well by classical theory. The theory presented in this secti@sésl on classical electrody-
namics.

A fundamental equation of x-ray diffraction is Bragg's law, which states tbr a periodic repe-
tition of crystal planes, scattered x-rays show constructive interéergn

mA = 2dsin(©) (3.24)

wheremis a natural numbep is the wave lengthd is the distance between the planes &ni$ the
angle between the planes and the primary x-ray beam. For more compleatevwaduit is convenient
to use the reciprocal lattice, which will be introduced in the following.

3.4.1 Crystal axis and reciprocal lattice

An ideal crystal is built from a periodically repeating alignment of atoms or oudds. Hence it is
possible to describe a crystal by a volume that repeats itself. This repetitionecdescribed by three
vectorsay, &, az. The volume of the parallelepiped formed by these vectors is called the linEaeh
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atom/molecule within the unit cell has a certain positigrwith respect to the origin of the unit cell.
Using the periodicity of the crystal, it is possible to describe all sets of edqaidiplanes by means of
the intercepts of the planes and the crystallographic axis, where onepaases through the origin
and the next plane interceptsath, a,/k,as/l. Due to the periodicity of lattice, the k, | (also called
the Miller indices) have to be integers.

Bragg’s equation (3.24) contains the orientation and the spacing of thesplArsimple descrip-
tion of these two properties can be done by a veldfgr, which is normal to the planes and its length is
proportional to the reciprocal distance of the planes. For the definititimese vectors the reciprocal
vectorsby, by, bz are used where:
§2X§3 — §3X§1 zilxziz

_— bhy=——7—- by=—— 2 3.25
e 3 = (3.25)

b1: - & = = ) 5 5
dp-az X a1 dz-ad; X dz

ThenHpy is:
Hrii = hby + kb + 1bs (3.26)

For this definition’ Hﬁm‘ equals Ydnk. Using Hrki Bragg’s law can be written in vector form:

5-% _,
T — Hhk| (327)
whereg; is the unit vector in the direction of the primary beam &riglthe unit vector in the direction

of the scattered beam. A graphical representation of equation (3.27)piaydd in figure 3.5. In

_—
Hpi

Figure 3.5: Graphic representation of Bragg's law usifg. Graphic adapted form [45]

case the unit cell is not the smallest unit cell possible, some of the reflexest&ppear. For a face-
centred cubic bravais lattice (where all positions are occupied by the gsoes of atoms) it can be
calculated that only combinations d¢fll) where all h,k,| are either even or uneven, but not mixed, lead
to reflexes. (E.g. the (111) reflex is visible, but the (100) and the (t&0¢xes” do not appear.)

3.4.2 Powder diffraction method

Powder in the x-ray sense refers to a sample with many randomly orientgdlsryso that the Bragg
equation for any combination dikl is satisfied. Due to the random distribution of crystallographic
orientations, the reflected beam has one degree of freedom. As @juaense the reflected beams form
cones, where the central axis equals the direction of the primary beanop€héng angle of these so
called Debye cones iX hkl).

There are some systematic errors for diffractometer recordings. Tdblest3 the possible sys-
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tematic errors and their impact on the powder pattern recorded. These ghift the peak position.
Additionally they lead to peak broadening. The total peak width due to thesesas called the
instrumental broadening, which can be corrected by conducting nefereeasurements.

Table 3.1: Systematic errors for a diffractometer recordings
Error | impact

Displacement of the sample surface from the cehté? = A—Ry cog(0)

Imperfect focusing | & = Y cog(0)
Penetration of the Beam \ %d = %’0052(6)
An error in the zero value of@ \ %d =Kcogq0)
Axial divergence ‘ a - 8“—;

whereAy is the distance of the scattering event from the ideal position of the
scattering evenR is sample-detector distance ami the distance along the slit

3.4.3 Peak broadening

Besides the instrumental broadening, properties of the sample like parteleiamogeneous strains
and twin faulting can lead to a peak broadening as well. Hence the peak aidtiecused to analyse
the sample. In order to do so, a correction of the instrumental broadenieguised and the different
contributions to the peak broadening need to be separated. How this claméés described in the
following part.

The measured peak is a convolution of the instrumental function and thdyrezion:
h(x) = 1/A / 9(2) f(x—2)dz (3.28)

wheref (x— z) is the sample broadening functiohjs the area of thé (x— z) curve,h(x) is the mea-
sured peak intensity at positiorandg(z) is the instrumental broadening function. The contribution of
the instrumental peak broadening to the overall peak broadening depetide peak shape. Typically
diffraction peaks are well described by a convolution of a Gaussiaradbauchy shaped peak. For
pure Gaussian or Cauchy shaped peaks the instrumental contributieasiprbe calculated by [45]:

Gaussian shape : B?(h) = B?(g) +B?(f) (3.29)
Cauchy shape: B(h) =B(g) + B(f) (3.30)

whereB(h), B(g) andB(f) are the peak breaths éfy), g(z) andh(x) respectively. Since real peaks
are never pure Gaussian nor pure Cauchy peaks, but alwaysletons of both, a correction is more
difficult. A possibility for correcting instrumental broadening was introduog&tokes (known as the
Stokes correction). For this purpose the complex peak functiof§®fg(z) andh(x) are used:

fy) =3 F(n)exp 2™/ (3.31)
9(z) = Z G(n) exp 272 (3.32)

h(x) = Z H(n")exp 2n"/a (3.33)
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whereF (n), G(n') andH(n") are the Fourier coefficients df(y), g(z) andh(x). The Fourier coef-
ficients of the measured peak function and the instrumental broadenirtgeaased to calculate the
Fourier coefficients of the sample peak functiiy) by:

F(n)= ~— (3.34)

The sum of all Fourier coefficients contains all information of the sampl&.d@ae to the amount of
work, this correction of peak broadening is typically done by a computgrpm.

A method for separating particle size and strain contributions to the peaédiog was intro-
duced by Warren and Averbach [46]. It is based on the analysis a@ioiae Fourier coefficient#\f)
of the peak with increasing indexing. Their calculations show tha#thean be written as a multipli-
cation of size and a distortion coefficiem,(= ASAR), whereA;; depends on the domain size in the
direction of the scattering vector an depends on the distortion in the direction of the scattering
vector and o3 3 according to [45]:

InA,(h3) = InAS — 2r?h3 < 72 > (3.35)

whereZ, is a measure for the distortion along the direction of the scattering vectorediméd via:
< & >= hoZ,/L, where< g_> is the average strain along the lengtk- nhy. This equation can be
used to obtain thé and 2?h3 < Z2 > values by plotting the\,(ho) values of at least two peaks
againsth3. In this Plot the linear extrapolation of th(h3) to h3 = 0 gives theAS values and the
slopes equal-21? < Z2 >.

The valuen in the Fourier coefficients is a measure for the number of unit cells in the column
hencend,y is a measure for the column length. For convenience, the size coefficiergiven asAf,
whereL = ndyy. TheseAE values can now be used to calculate an area and volume average column
length. The volume average volume length is simply twice the area undéf'm L curve and the
area average column length can be obtained by extrapolatirgthe L curve for lowL to theL axis,
where the intercept is the area average column length [47].

<L>vo =22 AS(L)dL (3.36)

— A
< L >area — m (337)

3For cubic latticesI = h? + k2 +12)



4 Thermodynamic calculations and models

4.1 The potential-strain coupling parameter in substitutional solid
solutions

The PSCP of substitutional solid solutions has not been evaluated sosfaliséussed in the earlier,
the PSCP of the bulk equals the change of the chemical potential with elastic Sttee chemical
potential for substitutional solid solutions as discussed by Larché and @df treats replacements
of atoms and not addition of atoms to newly created lattice places. For the sgistemssed in the
thesis at hand, this is not sufficient, because lithium is added to the gold sangptkoes not replace
it. Therefore the lithium concentration is directly linked to the number of latticeeglac

In order to evaluate the impact of stress on the chemical potential for alittiingn to the sample,
a meaningful definition of the strain is required, which links the lithium conediotr to the number
of lattice places. A possible definition which satisfies this requirement is, thatttain is measured
with respect to the insoluble gold atoms. Deposition at the surface is not @ttindhis definition,
satisfying that only bulk mechanisms are discussed at this point. This defioitiba strain equals the
definition used by Larché and Cahn for interstitial solid solutions, hencettimical potential for in-
terstitial solid solutions has to be equal to the chemical potential for uptakerokan a substitutional

alloy piyp:

sf
Hup(Pact, Gij) = Ho,up(Pact) — jglaij ! <aC”k|Uij> Okl 4.1)
PAct P

Using the finding, that the chemical potential for substitutional uptake ethmthemical poten-
tial for interstitial uptake allows to adapt the findings for interstitial uptake teufitstitutional uptake.
Viswanath and Weildmiuller evaluated the PSCP for interstitial uptake of hgdragthe stress free
state [41]. According to their evaluation, the PSCP for interstitial uptaker#pon the change in
lattice parameter with active material concentratign $ee equation (3.17) and (3.18)). This defini-
tion requires a direct correlation of the stress free strain and the lattieenptar, which is satisfied
for interstitial solid solutions, but not for substitutional solid solutions. ldeorto apply the theory
of Viswanath and Wei3mduller to substitutional uptake a more general definitign which is able
to describe the strain upon uptake of lithium but does not change in maghaudeerstitial solid
solutions, is required. This can be done by definings a local, stress free strain due to the addition
of active material. Am which satisfies the requirement can be defined by:

. Nhost desf
2 dNactive Gij

(4.2)

wheree® is the stress free planar strain which equals the sum of the strain comppaeaitsl to the
film &' = & + &5h. Using this definition ofy instead offj allows to use the results evaluated for
interstitial solid solutions for substitutional uptake of active material.

27
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4.1.1 The effect of stress

In the following the effect of stress on the PSCP is discussed. For tleeagaimplicity uni-axial
deformation in 11 direction is presumed for evaluating the effect of stneshaed PSCP. Using the
equality of forces at equilibrium according to equation (3.13) leads to magehim electrode potential
with uni-axial strain according to:

diup  diine Ey dE

deiq - deiq o de1g

(4.3)

Eij#£11

The chemical potential for substitutional uptake of active material deperasimilar way on
the stress as the chemical potential for interstitial uptake of active materiaiceHbe following
evaluations should fit both cases. Both chemical potentials contain a terrh wépends on the
change of the compliance tensor with concentration and the stress stateqUently the change of
electrode potential due to uni-axial strain can be calculated to be (se@digd®.1):

dE 1 (o€ dCiju
dess _ FZ( a0 Ciji+ ap ij110k (4.4)
Simple transformations lead to:
dE NiiGijkQ  9dCiju
- + 110 4.5
dercly, g 20 Zq)dCClJll ki (4.5)

wherec = Naciive/Nhost  FOr @ homogeneous material under biaxial strain variations, which dies n
change its elastic properties, this derivative leads to equation (3.1&)pas $n the Appendix 10.1.
In case of non-constant elastic properties an additional term, whichpsiiirenal to the stress and the
change in elastic properties with active material concentration, has to bd.aHde proportionality to
the stress offers the possibility to estimate the stress free PSCP by interp%ﬁqmg zero stress.

4.2 The combined potential strain coupling parameter

The change in electrode potential with elastic strain depends on all ctrargder dependent mecha-
nisms active at the electrode potential under investigation. It has to beadgbat each mechanism
has its own PSCP, giving rise to the question, how the measured PSCRigl@pethem. In the fol-
lowing this question is discussed assuming two mechanisms. In order to fitdblemrat hand one
mechanisms is a surface mechanism and the second one is a bulk mechargsevalliation itself
does not require any assumption on whether the mechanisms are surfadle mechanisms. Conse-
guently, similar estimations can be made for any two mechanisms. Furthermoretirexjnired that
one mechanism is correlated to a single physical process, but canrbatzst to a family of different
processes as well. As in the example at hand, all surface processesr@lated t@® and all bulk pro-
cesses tgP. Consequently the results can easily be extended to more than two contsbBieiore
evaluating the combined PSCP, the PSCP of the bulk needs to be defined ininghdavay.

4.2.1 The potential-strain coupling parameter of the bulk

For being able to evaluate the interrelation of surface an bulk mechanisms ifilrthielectrodes, it
is meaningful to define an scalar apparent surface stress, whichesatigfirequirements of a planar
stress state and has a similar effect on underlying material as a numeriasdlyreqgl surface stress.
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This requirement is satisfied by an apparent surface stféd3 @iefined by:
farP— O'Hh (46)

whereo| = (011 + 022)/2 is the scalar stress in the plane of the film ans the thickness of the film.
In a similar manner the PSCP of the bul®) can be written as:

b_ th'” _ dE
Tode@ee|, de

€0,

(4.7)

qapp7 oL

where?PP is the apparent surface charge densty; €11+ £ is the tangential elastic strain of the
film.

4.2.2 The combined potential-strain coupling parameter

In case surface and bulk mechanisms are active at the same time, regipandra surface stresses
cannot be distinguished by DECMA. The same is true for the real andammsurface charge density,
hence the reaction of the electrode potential to elastic strain equals:

dE _d(f+ @R d(f+ho) 4.8)
de | qee  d(A+0PPP) [ d(g-+0pPP) | '
The right hand side of this equation can be written as:
d(f+ho) |  d(ho) dg?® d(f) dg (4.9)
d(q+0?P) | d(g?P) d(q+PPP) |, d(q) d(q+ PP [, '
Since the surface and the bulk need to be at the same electrical potentiah weite:
dqapp Cb
= 4.1
d(q+qg¥®p) CP+Cs (4.10)
S
dq c (4.11)

d(q+c@P) — CP+Cs

whereCP is the capacity of the bulk ar@® is the capacity of the surface. In case of non-equilibrium
conditions,C? andCS are the effective capacities of the bulk and the surface. In terms otiti@sa
eguation (4.8) can be written as:

= C:SdiE
g+qaPpP deS

Using the definitions of the surface and bulk PSCP (equation (3.8) andl lghds to:

dE

dE
- b=—
Je +C

q dey

1 C
———— 4.12
qapp> csrcb = °© (412)

dE
de

_ (CSCS—I—Cbe)
g+0@PP

The combined PSCE* is an effective capacity weighted average of the surface and the b@R.PS
Equation (4.13) can in principle be used to separate surface and butibations if the effective
capacity of the surface and the bulk, as well as the combined PSCP an8@fed® one contribution
are known. In such a case the PSCP of the surface can be calculatad to b
s CC(CS+Cb) —Cbcb

= & (4.14)
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In an equivalent way the PSCP of the bulk can be calculated by:

c CS+Cb —CS¢s
b= ¢“( Cb) ¢ (4.15)

4.3 The interrelation of the potential-strain coupling parameter
and the lattice parameter

Real and apparent surface stresses can change the lattice pardraetample. Besides these, other
contributions (e.g. change in composition) can have an impact on the latt@e@r as well. For
distinction of elastic and compositional changes of the lattice parameter théativardependency
can be used. In the following it is assumed that all changes of the latticenptaaare a result of
an elastic deformation. For the sake of simplicity coherent deformation ofleaangd substrate is
presumed.

Equation (4.8) links the real and apparent surface stress changeshaitie density to the PSCP.
By integration it is possible to calculafé f + f2PP):

app

gq+q
A + £3°P) = /O c°d(q+ gt*P) (4.16)

The change in apparent surface stress on its own is linked to a plares strihe sample by equa-
tion (4.6). According to linear elasticity a planar stress is related to a plaaan biy o) = B@:ﬂe where

B =Y/(1-v) is the biaxial modulus, which equals the Young’s modulisdevided by one minus
the Poisson’s ratiol) for materials with cubic symmetry. Hence the apparent surface stresgeisa
parallel to the change in elastic strain and therefore lattice paraifgter %). For a real surface
stress the change in lattice parameter can be calculated by a balancessf forc

Zmax
f +/0 g (2)dz= 0; where 0< z < hsamplet Nsubstrate (4.17)
- —/Bstz (4.18)

wherez is the coordinate along the thickness of the sample. This equation statesjrthae stress
changes are anti-parallel to changes of the in-plane lattice parameteorsejoently have an anti-
parallel impact as a numerically equal change of an apparent sutfass.s
In order to make more qualitative statements, knowledge of the electrode esdiiktrate is

required. In the following, three cases, schematically illustrated in figurewdlilbe discussed in
order to highlight the importance of the substrate and the principle differiestveen the interrelation
of the PSCP and the lattice parameter for surface and bulk mechanismsr@éeabkes are:

1. A free standing thin film

2. A thin film with fixed planar dimensions (infinitely stiff substrate)

3. Athin film supported by a finitely stiff substrate.

All cases are calculated for homogeneous, purely planar strains idinigeé and homogeneous elastic
properties using a model of the sample. This model consists of a polyimidelbsitrate covered with
a titanium adhesion layer and a gold thin film, where only the gold film (the saniplsjbject to a
stress free strain.
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1. Free standing thin film

Surface stress Accretion of atoms
=0

[ —

Elastic strain Excess volume -I I

Mo elastic strain

2. Infinitely stiff substrate

f<0 fEDI:'

Mo elastic strain

<0

[ N |

Elastic strain

Excess volume msp

3. Elastic substrate
f<0 fapp<0
[ — =) ==

Elastic strain Elastic strain

Excess volume s

—

Substrate strain Substrate strain

Figure 4.1: Schematic representation of the interaction of the surface atrdghe apparent surface
stress with elastic deformation of the sample depending on the substrateelst&nding
film: For a free standing film changes of the surface stress can induglastic deforma-
tion. A change in the stress free strain, indicated by the excess volumaptamduce
an elastic strain. 2. Infinitely stiff substrate: For a thin film on an infinitely stifigtrate,
changes of the surface stress cannot induce any elastic strain tlegsafeee strain is coun-
teracted by the substrate, which induces an elastic deformation of the saéniitastic
substrate: A surface stress has to deform the sample as well as thetsub8in stress
free strain of the sample, indicated by an excess volume, is counteractbd bybstrate,
which leads to an elastic deformation of the film and the substrate until a bal&faree
is established.
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Idealised Case: Free Standing Thin Film Electrode

The apparent surface stress is a measure for a stress of the sampée substrate due to a stress
free excess in planar dimensions. Consequently, there cannot bpangat surface stress without a
substrate. On the other hand, a real surface stress can induce etasiios a free standing thin film
sample. In case of pure planar deformations the elastic deformations caftbkted by:

whereBp, is the biaxial modulus of the (gold) sample dmy, is the thickness of the sample.

Idealised Case: Infinitely Stiff Substrate

This case significantly differs from the one mentioned before, becaaswénall strain cannot change.
A direct consequence is that the surface stress cannot influencdtite fprameter. Equation (4.6)
still needs to be satisfied. This leads to:

o _ feP

BAu B BAu hAu

e = —¢f = (4.21)

For an infinitely stiff substrate the elastic change of the in-plane lattice panaimeieectly correlated
to the apparent surface stress.

Idealised Case: Elastic Substrate

In this case the impact of the surface stress is very similar to the first casgtdor the increased
stiffness of the film due to the substrate. The strain induced by the s@tf@ss can be calculated by:

f = —(Bauhau + Bsuthsun) €° (4.22)

—f
= 4.23
BAu hAu + Bsukhsub ( )

An apparent surface stress induces a stress on the substrate, witietelsy strained. Again using
balance of forces leads to:

e

= £

Bsuthsubtsup = — F#P = —Bauhau€® (4.24)
The overall elastic strain can then be calculated by:
_f fapp
= +
Bau hAu + Bsulhsub Bau hAu

This equation states that real and apparent surface stress chaaiethe sample in inverse directions.
Using that the overall strain needs to be equal in all layests €5f = &S, allows to calculate the elastic
strain form changes of the stress-free strain:

se _ —f . sz Bsuthsub
BAu hAu + Bsubl"isub Bsubhsub+ BAu hAu

The elastic strain of the sample depends on the surface stress and oeghdrst strain.

ge

(4.25)

(4.26)




5 Experimental

5.1 Experimental methods

5.1.1 Magnetron sputtering

DC magnetron sputtering is a physical vapour deposition method. In this Ww@kused for the
preparation of thin film samples. The principle of magnetron sputtering is thei this work argon
ions) are accelerated towards a target of a certain material. The impaetiohthon the target leads
to the removal of atoms from the surface of the target into a gaseous stedse atoms travel to the
substrate and condense there to form a film.

In more detail, the sputter-gun consists of an anode and a cathode,tivbaesthode is the target.
By applying an electrical voltage (some hundred volts) between both aelestrit is possible to ignite
a plasma of (inert) gas ions and electrons. The only requirement for igmifitime plasma is that
the pressure is low enough and that the electric field high enough. Beohtlse electric field, the
positively charged argon ions are accelerated towards the targetagttbie electrons are accelerated
towards the anode.

In magnetron sputtering, additionally to the electrical field, there is a magndddliit forces
the electrons to follow helix lines. The magnetic field is aligned in such way thapériallel to the
surface in a region slightly above the surface of the target. Due to this tiadeél, the electron
density is strongly increased where the magnetic field is parallel to the suHance more gas atoms
will be ionised and the sputter rate below this area is strongly increased. dhihé big advantage
that it is possible operate at a lower pressure which leads to more honoogdiims.

5.1.2 Evaluation of the deposition rate

Optical ellipsometry was used for evaluating the deposition rate of the spettered Hence only a
very basic overview on the topic will be given here. The device, which used, consists of three
parts, a “Base-160", an "“EC-400" and an "‘M-2000F", alf which are from J.A. Woollam Co.®.
Optical ellipsometry uses the fact that thin films change the polarisation of etnagfe@gnetic
wave depending on the wavelength, the optical parameters of the materthickreess and roughness
of the film. As the optical materials parameters and the wavelength of the lighgmcally known
1. changes of the polarisation can be linked to thickness and eventuallgmess) of the film. This
naturally works only as long as the film is optically transparent, and the tiefieaf the film-substrate
interface is contributing to the measured signal. For metal films this is typically Heeiicdhe path of
light within the metal is significantly smaller than the wavelength.

5.1.3 Sample characterisation

Sample characterisation was done by scanning tunnelling microscopy (8FMjvestigating the

surface profile and by electron backscatter diffraction (EBSD) fagstigating the microstructure.
STM measures the tunnelling current between a sharp tip and the sample whilegnie tip

along the surface. The dependency of the tunnelling current on thecisti@m the tip to the sample

1Al the required materials parameters were contained in the analysis seftWaase32“
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is used to evaluate the distance. The measurement can be done in twontifiases: Either the
tunnelling current is kept constant and the movement of the tip in the heigihtlicate is used to
evaluate the height profile, or the height coordinate of the tip is kept aurestd the tunnelling current
is used to evaluate the height profile.

Electron backscatter diffraction (EBSD) is a method to investigate the corgtatation using the
diffraction patterns from backscattered electrons. Typically this methakid to analyse the backscat-
tered electrons of an electron beam of a scanning electron microscopéoflithe thesis at hand) or
transmission electron microscope. Those backscattered electrons@intirference patterns, which
are typical for the lattice of the sample, similarly to diffraction patterns of xeiffyaction. Conse-
guently it is possible to evaluate the crystal orientations from the patterrstdhe localisation of
the electron beam in both devices, EBSD can be used to locally investigate tfustmicture of the
sample. Nowadays EBSD is a very common method for sample characterisadidypeally fully
automated.

5.1.4 Dynamic-electro-chemo-mechanical analysis

The theoretical description of the measurement principle can be founctiars8.2.1 for single surface
and bulk mechanisms. How two simultaneously active mechanisms contribute t&@eM® signal
is evaluated in section 4.2. A detailed description of the DECMA-stage useis wahk can be found
in section 5.2.1. In the following some technical details are presented, wigicieeessary to calculate
the PSCP from the measured values.

The measurement is performed by varying the uni-axial strain of a thin filnpkeson a substrate
and recording the strain triggered variation of the electrode potential. fikaxial strain is used to
calculate the variation of the surface area, which is done by using the glastierties of the substrate:

e = &uni(1— Vsup) (5.1)

wheree is the elastic variation of the surface areg,; is the uniaxial strain angsyp is the poisson’s
ratio of the substrate. In order to evaluate the P8EBquation (3.11) is used. The variation of the
potential is directly measured by the lock-in amplifier, whereas the area s&@aation is calculated
from the measured uniaxial strain variation according to equation (5.Xordmg to equation (3.11)
the variation of the electrode potential should be in-phase with the variatiihve strain, while phase
shifts of both signals are indications for a damped signal. Hence only thieaisepvariations of the
potential are used for evaluating the PSCP, while out-of-phase variarensnly used to estimate
whether the signal is significantly damped:

Rec® = & (5.2)
é

The measurement needs to be performed at a constant charge denagyri@dan the reference
state). In order to perform the measurement during electrochemical gyitiisimandatory that within
the characteristic time of the strain variation, the charge transfer is negligiikesituation can be ac-
complished by introducing a resistor between the electrical source (patnfiand the sample. If this
resistor is big enough, the measurement error is negligible. In this coatiigrorthe potential variation
is measured at the sample side of the resistor and the electrode potentiapotethiestat side of the
resistor (a detailed wiring diagram is shown in figure 5.3). A side-effetti@resistor for decoupling
the electrode from the potentiostat is that, for non vanishing currentg, iharpotential decay along

the resistor. Hence the potential at the potentiostat differs from the pdtanttze electrode. This
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difference can be corrected by [36]:
Usample= Upotentiostar— R | (5.3)

Additionally the resistor influences the potenital variatiod (dt) at the sample. In general the
current measured during electrochemical cycling depends on the pbgentithe change in potential
(I =1(U,dU/dt)). Itis possible to estimate the maximum deviation of the actual current fromrentu
expected for a constant scan speed during potential scans by asqurehgcapacitive behaviour:

Mpotentiostat (5.4)

lcorr = |
dUsample

This equation allows to evaluate an upper bound for the error due to thegead deviation.

5.1.5 In-situ x-ray diffraction

A short description of the theoretical background of X-ray diffraci®shown in section 3.4.

X-ray diffraction is a powerful tool for investigating periodic structyréke crystalline solids.
The principle of the measurement is based on the interference of xaatysred at periodic structures.
The orientations that show constructive interfearence are correlathd feriodicity of the structure
according to Bragg's law (see equation (3.27)). A very common method festigating materials,
which is used in this work as well, is the powder diffraction method. In case different orientations
of the sample material are investigated at the same time, constructive inteefdras one degree of
freedom, which is rotation along the primary beam. Hence directions of catis# interference of a
certain periodicity results in a cone, the so called Debye cone. By evaluh@rgpening angle of the
debye cones, it is possible to calculate the distance of the scattering papgk (

5.2 Custom made experimental devices

Two custom made devices were used for the main measurements of this thiesifirsTone is an
electro-chemo-mechanical analysis stage for operation inside a glavaabldhe second one is an in-
situ electrochemical cell for microstructural characterisation during elgoémical cycling in lithium-
ion electrolytes.

5.2.1 The dynamic electro-chemo-mechanical analysis stage

The design of the DECMA stage built for this work was inspired by the omel iy Smetaniret
al. [35, 48]. In the following the mechanical, electrical and electrochemidabsef the device are
presented separately.

The mechanical setup was redesigned in order to fit the requirementde@&taeprints of each
part can be found in the Appendix. Significant changes with respect thavice used by Smetargh
al. [35, 48] have been made in order to provide easy access for operaida a glovebox. This was
achieved by keeping the main part as small as possible, which allows fasfetréhrough the air-lock
of the glovebox. For this purpose a stand-alone frame is used, whictectsall parts. For operation
this frame is screwed onto a stainless steel rack.

Additionally two changes were made in order to increase the accessibleff@grange. The
piezo actuator used is significantly smaller than the one used by Smetaiand the massive frame
was designed to be very stiff in the actuation direction of the piezo actuaiersiall piezo actuator
allows operating at much higher frequencies, but with the expense uéeddstiffness and displace-
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Micrometer screw / stainless steel —

\

~—— Li containment

Clamp /Ti — — Sample

Piezo — .

(

Frame / Ti e
Electrochemical cell / stainless steel

Figure 5.1: The disassembled mechanical setup of the DECMA stage. #dlgar made from Tita-
nium (dark gray) or stainless steel (SLS; light gray). The piezo aatisitaside a stainless
steel housing. The electrochemical cell shown here is the miniaturised tetocoele elec-
trochemical cell. For operation, the DECMA stage is attached to a stainlessasieand
the cell is attached to a lab-boy for adjusting the height. Neither the rack etatikboy is
shown in this sketch.

Figure 5.2: Picture of the assembled DECMA stage on the stainless steelitacgkmounted sample.
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Potentiostat ADC 1 L_
CE WE RE ADC 2

I

Resistor
AN

Lock-in Amp. DAC 1 —1‘-
A B Ref Osz DAC?2
[

L[

M-Amp
DMS A-Out
L
Sample _ L | Amp
Piezo Out InH

Li Li

Electrolyte

Figure 5.3: Wiring diagram for the DECMA stage for measuring the potentiairscoupling parame-
ter using the three electrode electrochemical cell. For using the two eleefesdechemi-
cal cell, CE and RE are short-circuited. M-Amp is an abbreviation for nreasent ampli-
fier. The resistor is a decade resistor used for preventing the potetitiosiaounteracting
the potential variations. The ADC 1 and ADC 2 are analogue inputs for ttenfiostat,
CE, WE and RE correspond to the Counter, Working and Referencé&ré&dekconnectors
of the Potentiaostat. A and B are the signal inputs of the Lock-in amplifierisRbé ref-
erence input of the lock-in amplifier and Osz, DAC 1 and DAC 2 are the otmilkautput
and the analogue outputs of the lock-in amplifier. The measurement amplifemscted
to the half bridge configuration via the connectors named DMS and hasogae output
proportional to the strain in A-Out. The amplifier for the Piezo actuator jusoina input
(In) and one output (Out)
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ment amplitude. Potential shortcomings resulting from the reduced stifferesq and frequency
dependent as well as reduced amplitude) were circumvented by redteingeight of the moving
clamp as far as possible and introducing a most direct strain measuremaft,isvtliscussed below.
The reduced native displacement amplitude of the actuator was countielgateducing the sample
size, which allows similar strains besides smaller displacements.

For applying the required pre-strain, a micrometre screw was introd@mdpared to the origi-
nal device this micrometre strew offers a better control over the pre-4sigaith was designed in such
a way that the clamp, which is attached to the micrometre screw, can be sdrethedframe after
pre-straining in order to fix the position of the clamp and reduce potentisdntad vibrations.

Another change compared to the original device is the use of resistiwe gages as substrates
for the sample. In this way the measurement of the amplitude and the phaseechprgrificantly for
high frequencies (>100 Hz). Furthermore the usage of resistive siagi@s allowed to pre-strain the
sample to a desired value, which turned out to be very helpful.

Additionally to the mechanical the electrical setup has been changed as weiting diagram
of this electrical setup is shown in figure 5.3. The central device is the fiugat. All the data
comes together there (except the straining amplitude). The potentiostat setiedtrode potential
and measures the current or vice versa. Additionally it receives twogumasignals from the lock-in
amplifier proportional to the in-phase and out-of-phase amplitudes of teatga variation due to the
applied strain variation.

Figure 5.4: Electrochemical cells for DECMA. Left: three electrode elebemical cell, where the
big container is used for the counter electrode, the tube in the middle forctioigtéhe
sample and the one on the right for the reference electrode. The coritaitiee reference
electrode reaches into the middle tube and has an opening one millimetre beloyw tfie to
the middle tube to behave almost like a Luggin capillary. Right: miniaturised eléemoc
ical cell for operation in two electrode configuration. The steel rod hexall hole in the
middle, which is filled with lithium. Contact to the sample is accomplished by some drops
of electrolyte on top of the rod.
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The lock-in amplifier has two tasks: It provides the sine signal for the ampilifeg operates
the piezo actuator, and it measures the potential variation of the electréelgigbwith respect to
the reference electrode. There are three possible signals that caadasia reference signal for the
lock-in amplifier:

1. The analogue signal from the measurement amplifier that measuresthesthe substrate
2. The measured strain of the piezo actuator
3. The internal reference of the lock-in amplifier

The accuracy is highest for the first and lowest for the last possibilitysfall frequencies (<100 Hz)
all of them are suitable. The amplifier operating the piezo actuator is quite siinplst amplifies
the voltage signal of the lock-in amplifier by a factor of 10 with a very low otsipypedance. The
already mentioned measurement amplifier is only required for measuringdireasid strain variation
of the resistive strain gage substrate. It drastically improved the measutracoeiracy of the straining
amplitude and the phase when operating at high frequencies. For opeth8cstrain gage is wired
according to a half bridge configuration. In order to use the analogieibas a reference signal for
the lock-in amplifier a low-pass Bessel filter is used with a typical bordeguiacy of roughly 100
times the operating frequency.
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Figure 5.5: Displacement amplitude and phase shift with respect to the osdligial of the strain
measured via a resistive strain gage, when operating in (a) the servoleoade (b) nor-
mal mode. When using the servo control mode the electronics tries to keemttieude,
which is measured by a resistive strain gage on the piezo actuator, donstaregulates
the voltage correspondingly, while in the normal mode the input voltage is simpubyi-a
fied. In both cases the phase shift has a roughly linear dependetity fraquency, which
corresponds to a roughly constant time delay of 60 ms. It is important to meh#grthe
amplitude is not constant in the servo control mode, besides the fact treéetionics of
the piezo actuator tries to keep the displacement amplitude constant. Foritied nmosde,
the decay of the amplitude is roughly what would be expected for a firstr dod-pass
filter. Both modes show several resonance peaks indicating the resoinaquency of the
setup.

A very critical aspect of electrochemical measurements especially in lithitterpa&lectrolytes
is the electrochemical cell. Hence two different electrochemical cells wstedteA three electrode
electrochemical cell made from glass, and a miniaturised two electrode etemtnacal cell made
from stainless steel. Both are displayed in figure 5.4. It turned out thatitmaturised two electrode
electrochemical cell significantly reduces Faradaic losses and rettheaesise below the resolution of
the lock-in amplifier. Furthermore, it allowed longer measurement pericelsodieduced evaporation
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of the dimethyl carbonate in the electrolyte without showing any measurablévdistages at typically
used scan speeds of 1 mV/s.

The overall performance and the suitability for lithium alloy electrodes of #wlyndesigned
DECMA stage was tested in detail. The improvement of the accessible fregummge was quite
pronounced. Using the servo control the frequency for which theirgénggamplitude was only half
of the initial amplitude was beyond 2500 Hz. Without using the servo contrelathplitude was
halfed already at 750 Hz. The measured phase-shift is quite signifithistis an indication that the
electrical setup produces some time delay. Hence it is required that the giifiss measured with
respect to the phase shift of the actual strain. Amplitude and phasedigmsmon the frequency are
shown in figure 5.5a and figure 5.5b for servo controlled and normahtpe. For long time high
frequency operation it is not recommended to use the servo control ém wrghrevent damaging the
piezo actuator.
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Figure 5.6: PSCP (black) and electrode potential (blue) measured diécochemical alloying at
a constant current density of p&/cm? up to a composition of Auki The straining
frequency was 20 Hz.

In order to evaluate the suitability of the DECMA setup for lithium alloy anodes,RBCP of
a thin gold film was measured during electrochemical alloying up to a compositidndi,. The
results displayed in figure 5.6 show a very stable signal for the whole tedteange.

According to equation (4.5) a constant stress, and therefore pie;strahe sample can have
an impact on the PSCP, if the elastic properties of the material change witbntoatton. For being
able to estimate the effect of constant stress due to the applied pre-striiea B&CP, two different
measurements have been performed with different values of pre-shafirst measurement was
performed with a pre-strain of 0.5%, the second one with a pre-strain of B&th PSCP curves,
recorded during cyclic voltammetry with a scan speed of 1 mV/s, are displayfgglire 5.7. They
behave quite similar, but the curve for a pre-strain of 1% is shifted to maity@ovalues, except for
the values measured below 0.5V vs/Li* in the negative scan direction and up to 1V vs/Lii* in
the positive scan direction. Consequently, it has to be assumed that tiei®Slghtly influenced by
the pre-strain. Nevertheless, the effect only gives a small and roaghbtant contribution, compared
to other effects.
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Figure 5.7: DECMA for a 55 nm thick gold film measured with different valoégre-strain. The
measurement was performed during cyclic voltammetry with a scan speed ofs]l mV
straining frequency of 20 Hz and a RMS straining amplitude:dfLOpum/m.

5.2.2 The electrochemical cell for in-situ x-ray diffraction

The In-situ electrochemical cell was designed and built in the course ofititks More precisely two
slightly different designs were built and used, but only the device built memently is presented here,
because very little changes were made which did not change the perfmniaetailed blueprints of
all the parts can be found in the appendix.

The aim of the design was to build an in-situ electrochemical cell that candzbtasneasure
the lattice parameter by x-ray diffraction and gracing incidence x-rayagiion. As it turned out, the
polyimide foil was too thick for gracing incidence in-plane diffraction. N#heless it was possible
to record diffraction patterns at tilting angles as lowxas: 10° with high peak intensity; which was
sufficient for this work.

Figure 5.8 shows a blueprint of the in-situ electrochemical cell. The celjdés a closed con-
tainer with a polyimide window. This polyimide window is used as the substrate caimple at the
same time. Furthermore, the parts of the cell were designed in such a wayepatlyimide window
is pushed to the highest point of the electrochemical cell. During this ppakegpolyimide is slightly
strained and thereby fixed in height. The stability was nicely demonstrat@thdexperiments (see
figure 5.10b and 5.10a). An important contribution to this stability stems fromuhg bladder that
was attached to the cell to compensate changes in the external pressoitente changes of the elec-
trolyte (e.g. by evaporation, decomposition or thermal expansion). Tte &od the bottom of the
electrochemical cell are made from PEEK (Polyether ether ketone). Pheottsists of two stainless
steel rings to clamp the polyimide x-ray window between them. The electrodections are stain-
less steel screws. The body has an opening for inserting the electwahytd, is closed with a stainless
steel screw as well. The O-ring between the body and the top, as well as¢hgetween the body
and the bottom are made from NBR (Nitrile butadiene rubber). The O-rihghafixes the polyimide
window to the stainless steel rings of the top is made from FFKM (Perflucrtosteer).

The assembly of the in-situ cell works as follows:

2y = 0.2° are needed for gracing incidence in-plane diffraction
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1) 2)

Stainless
steel

PEEK

Li foil
Stainless steel
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Figure 5.8: All the parts of the electrochemical cell and how to assemble ihelbddy of the electro-
chemical cell with all the screws made from stainless steel. 2. The body andttom of
the electrochemical cell and the nitrile butadiene rubber (NBR) O-ringsgfaling, shown
in the sequence of assembly. 3. The top of the electrochemical cell togéthehe poly-
imide foil and the perfluoro-elastomer (FFKM) O-ring in the sequencessrably. 4. The
assembled in-situ electrochemical cell.
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Figure 5.9: Picture of the assembled in-situ electrochemical cell with a mousmeales.

1. The body and the bottom of the cell are attached to each other to formpehnecell.
. The butyl bladder is attached to the Body and closed using the aluminium.clamp
3. The lithium foil electrodes are put into the open cell and clamped betweestdinless steel
screws and the PEEK bottom; there is a suitable front for this in the secosidivand a spacer
in the first version of the cell.
4. The polyimide foil is clamped between the two stainless steel rings to formptaf the cell.
5. The top of the cell is screwed to the body of the cell.
6. The cell is filled with electrolyte through the filling hole.
Typically this assembly, as well as changes of the sample can be done irl&bounutes.

In order to evaluate the stability of the lattice parameter measurement duriitg imeasure-
ments, a copper reference film was sputtered on the polyimide foil, on tlesippgide than the sam-
ple. This allowed simultaneous measurement of the gold and copper (14K9, peithout exposing
the copper to the electrolyte. Since both films share the same substrate eggljtstments as well
as creep deformations of the substrate should influence both films in a similaemdigure 5.10a
and 5.10b show the stability of the copper lattice parameter during electrocdiengasurements for
atilting angle ofy = 90° andx = 10° respectively in contrast to significant, electrochemically induced
changes of the gold lattice parameter.

N

5.3 Experimental details

5.3.1 Sample preparation

The samples were produced by DC magnetron sputtering. As a substrate thtck polyimide foil

in round shape (5 cm diameter; for microstructural characterisatiorglginnide based resistive strain
gages (HBM 1-LY11-10/120; 1& 9.5 x 0.1 mn?; for DECMA) were used. Samples for DECMA
were sputtered on the smooth side of the resistive strain gage. Befdtergfmposition the substrates
were cleaned using argon plasma etching. After this they were trardsfirthe sputter chamber
without contact to air. In the sputter chamber the base pressure:whs 108 mbar. During sputter
deposition a working pressure of75< 103 mbar was established by a constant flow of 7SCCM
(standard cubic centimetre per minute) of argon 5.0. All target materials Ipadityx of 99.99%.
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Figure 5.10: Gold and copper (111)-peak-position vs. scan numbieigdaiCV cycles of recorded at
a tilting angle of (a)y = 90° and (B)x = 10°. The horizontal lines separate the different
CVs and therefore the time gap during which the other tinting angle was mdafiee
tween the first and the last measurement several hours passedhelessrthe position
of the copper peak is very stable in both cases and shows only a small anodomaus
drift, which is in contrast to the gold (111) peaks.

Target sample distance was15cm (Ti, Au) /~ 7cm (Cu). The sputter deposition was performed
using the constant power mode with a power of 50 W (Au, Cu) or 100 W (Hor. controlling the

layer thickness, sputter time was used. The first layer of each sample isantitathesion layer with

a thickness of<20 nm. On top of the adhesion layer the gold sample material was sputtered with a
thickness of 55 or 100 nm, depending on the sample. The copper reddilen was sputtered without
adhesion layer and had a thickness«Gf50 nm. After sputter deposition the samples were stored at a
temperature of 12% in a laboratory-type drying chamber for at least 7 days and inside algenat

90°C on a heating plate for at least several hours in order to remove waiede.

5.3.2 Sample characterisation

Basic sample characterisation was done by STM and EBSD. Both meastsemes performed at the
55 nm thick gold film after x-ray diffraction at a location, which had notrbeeposed to the electrolyte
and hence has not had any contact to lithium.

STM was performed by Qibo Deng using an "STM5500™ from Agilent ®he measurement
was performed on a 500500 nn¥ big area with 512 lines at a scan speed pfrd/s. For the measure-
ment a bias voltage of 0.1V, was used and the tip-surface distance waatedarom the measured
tunnelling current.

The measurement was performed by Julia Hitsch who used a FEI Nafi@lalugl beam SEM,
which is equipped with an EDAX EBSD detector. On an area »f2um? the crystal orientation was
measured with a step-size of 10 nm. For this measurement an acceleratige wilib kV was used,
while the working distance was 10.7 mm.
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5.3.3 Dynamic-electro-chemo-mechanical analysis

Dynamic-electro-chemo-mechanical analysis was performed as potdrdial-seesponse measure-
ments for direct measurement ¢ff. For DECMA the stage shown earlier (see figure 5.2) is used
with the miniaturised two electrode electrochemical cell (see figure 5.4 rightg. €lectrolyte was
LP30 as purchased from BASF (1 mol LiP# a mixture of ethylene carbonate and dimethyl carbon-
ate 1:1. The purities of the components are 99.80%, 99.98% and 99.9586tresly). As reference
signal for the lock-in amplifier the analogue output of the measurement ampld®used. The am-
plitude of the strain variation was evaluated by fitting a sine wave to measutadhda strain-time
diagram as shown in figure 5.11. All electrical connections were acaptdifigure 5.3, except that

a two electrode configuration was chosen (the counter and refereateode connectors were con-
nected to the same electrode). The decade-resistor for decouplingdéméiqstat from the sample was
set to 50 K.

| Strain
300+ ——Fit
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100

Strain (um/m)
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Figure 5.11: Typical strain variations of the resistive strain gage stbstsaevaluated by the measure-
ment amplifier (black) and a typical fit to a Sine wave (red).

DECMA measurements were performed during cyclic voltammetry with an apmiéadspeed of
1 mV/s. In order to highlight the history dependency, the applied potentialomirwas continuously
increased starting from [2V to 1V], by reducing the lower vertex poteititdr every 3 CV cycles
to 0.7, 0.5, 0.4, 0.3, 0.25V successively. The straining frequency &hlz 2nd the RMS amplitude
was~ 110um/m. Test measurements at higher frequencies showed similar resultst thatejor
frequencies above 100 Hz the signal significantly decreased anddke phift increased.

5.3.4 Microstructural characterisation

Microstructural characterisation was done by x-ray diffraction at thi€ok2 bending-magnet beamline
[49], situated at the synchrotron facility BESSY Il in Berlin. KMC-2 usdsuber 6-cycle goniometer
in psi-geometry for sample manipulation. Data acquisition was done using a twaglonal cross
wire detector with a spatial resolution of g (VANTEC 2000). This detector was placed 60.5cm
away from the sample and shielded from external sources of radiatiam lajuminium cone. Mea-
surements were performed in reflection geometry, wherg tbiecle was used for changing the tilting

3SDECMA can be performed in current-strain response mode as welatBemf the SEI, which forms at the surface of the
sample and influences the impedance, current-strain responseremasts, which depend on the impedance, are not
feasible for the system at hand. For more information on the diffesebe®veen potential- and current-strain response,
please be referred to [33]
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angle betweey = 90° andy = 10° as indicated by the left and right sketch in figure 5.12. Before every
measurement all goniometer axes were carefully centred against the ypbesn to omit displace-
ment errors. Raw 2-D data from the detector was used to calculate linkgrafierns by integrating
the 2-D data along Debye-cones. Line profile parameters (peak pogitiak height, full width at half
maximum, and shape factor) were evaluated by fitting the intensity vs. sca@egiegto pseudo-Voigt
functions [50].

Tilting angle

Scattering
vector

X-ray

Sample

Figure 5.12: Schematic representation of x-ray diffraction measuremerfiitsiped at a tilting a angle
of x =90 (left) andx = 10° (right).

Before the measurement all parts (including all the screws) were stot@deC inside a labora-
tory type drying chamber for at least seven days. The assembly of theasedone inside an argon
filled glovebox, with Q@ and H,O concentrations <10 ppm and <5 ppm respectively. In case it seemed
necessary to clean the in-situ cell in open air, it was done without using aadethe cell was dried
afterwards using a hot air fan

Samples used for x-ray diffraction during cyclic voltammetry had a copgference film sput-
tered on the outer side of the polyimide x-ray window. For measurementgydwyatic voltammetry
only the gold and copper (111) peaks were recorded. Similarly to the DE@Masurements the
potential window was increased successively, starting from [2 V to Id]raducing the lower vertex
potential after every 2 CV cyclesto 0.7, 0.5, 0.4, 0.3, 0.25V V$LL+I. Between two CV cycles there
was a break, which was necessary for the goniometer to change the tilgleg Bruring the first cycle
the tilting angle wag = 90° and during the second cycie= 10°. For all measurements the incidence
angle was 2®°, which allowed to record the gold and copper (111) peaks at the same tiunsagD
the measurement, every 50 s one diffraction pattern was recorded witlgaisition time of 20 s.

The sample for measurements at constant potential had no coppencefergor conducting
measurements the potential was slowly reduced to the desired value. Aftiretipistential was kept
for at least 30 minutes until the measurement started, in order to minimize etemmmmal changes
during the measurement. At a tilting anglexo£ 90° three measurements were performed at incidence
angles of 2(&°, 325°, and 395°. The first measurement covered the (111) and (200) peaks, thedseco
one covered the (220) peak and the third one the (311) and the (2&8R3.pét a tilting angle of
X = 10° one diffraction pattern was recorded for every peak in the followingor(222) (311) (220)
(200) (111) with incidence angles of #&° 38.7° 32.15° 22.1° 19.05° respectively. Every diffraction
pattern was recorded with an acquisition time of 100 s.

4there was no drying chamber accessible at the synchrotron facility



6 Results

6.1 Sample characterisation

6.1.1 Surface roughness

STM results for the 55 nm thick gold film used for x-ray diffraction are ligpd in figure 6.1. The
main statistical values of the topology map are shown in table 6.1. Several reieasits at different
positions were performed, all of which lead to very similar results of the statistidues. A height
profile along the diagonal is displayed in figure 6.2. Along this diagonaéthex some valleys with

a maximum depth of 8 nm below the average height, but most of them do netrgtenthe sample
more than 6 nm, which correspondsad.0% of the film thickness, below the average height. This
evaluation shows that the film is quite flat, hence the sample is described wadisbyning a planar
geometry. This assumption is further strengthened the RMS value of 2 s306rof the film thickness.
Another important value is the ratimf the surface areato the projected area. This value was calculated
following the procedure of Dengt al. presented in [51] to be 1.069 and can be used to estimate the
impact of the roughness on the PSCP of the surface using the theorynigyeDal., which states, that

the measured PSGfis correlated to the true local PSGPRf the surface by [51]:

(1—v)r

— 7 = 6.1
1+v+2vr ¢ 6.1)

wherev is the poisson’s ratio. For gold film, which has a poisson'’s ratio of 0.42 aodghness factor
r of 1.069 the measured PSCP of the surface has to be multiplied by a valu® af dbrtler to obtain
the true local PSCP for surface effects.

Table 6.1: Statistical values of the topology profile as calculated by the darydaftware and the
ratio calculated according to [51] corresponding to the topology map displianfigure 6.1
Value Magnitude

Measurement area 500 nm x 365 nm
Average height 0nm
Minimum height -10.4nm
Maximum height 4 nm
RMS 1.9nm
Surface area 195e-15°m
Projected area 183 e-15m
Ratio 1.069

47
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Figure 6.1: Topology map measured by scanning tunnelling microscopy &bthm thick gold film
used for x-ray diffraction. The height is measured relative to the geehgight. This
picture shows an area of 560370nn?. A part of the picture was cut away, because the
measurement smeared out.
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Figure 6.2: Height profile along the diagonal of the topology map shown imefi§ul. Zero on the
position ordinate corresponds to the upper right corner in the topology #&xp on the
height ordinate corresponds to the average height of the topology map.

6.1.2 Microstructural orientation mapping

Similarly to STM, the EBSD measurement has been performed on the same 58ksathple, which
had been used for x-ray diffraction. An orientation map is displayed imdi§B. The first impression
of a rather pronounced (111) orientation is underlined by the invereefigonire of this EBSD map
shown in figure 6.4. Further analysis with respect to grain-size canusel fim figure 6.5a. The area
weighted average grain diameter was determined to be 68 nm.

An analysis of the misorientation angles is displayed in figure 6.5b. It shovednaost random
misorientation distribution except for small angles and B0sorientations (corresponding to small
angle and@3 grain boundaries), which appear two to three times more often than ramikmrienta-
tions.
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Figure 6.3: (a) Orientation map of the 55nm thick gold film as evaluated by etettackscatter
diffraction. Most grains are oriented close to a (111) orientation. (Wp@aode as in-
verse pole figure.
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Figure 6.4: Grain orientations displayed in an inverse pole figure as detsirfiom EBSD. Most of
the grains show an orientation close to a (111) orientation.

6.2 Dynamic electro-chemo-mechanical analysis

The PSCP of a 55 nm thick gold film measured during cyclic voltammetry with diftepotential

windows is displayed in figure 6.6. For the first cycles from 2V to 1V theanirchanges with cycle
number. This is an indication for irreversible processes like electrolytendeasition. During those
cycles the PSCP shows an almost linear dependency on the electrodiéapatsh shifts to slightly
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Figure 6.5: a) Area weighted grain size distribution as measured by EB&®mEan grain size of
68 nm is indicated by the orange line. b) Misorientation of neighbouring gaainseasured
by EBSD. Except for small angle arx® grain boundaries (6), the misorientations show
a random distribution.

higher values with cycling. For the following potential window (2 to 0.7 V) thiétsii the CV curves
as well as the PSCP curves diminish. Consequently it can be expecteddlsifthof both has the
same origin. For the PSCP curve a very small hysteresis appears ahtighdielow 1V vs. Lj/Li*.

When the potential window is increased further (2 to 0.5V and 2 to 0.4 Virezigo as the
intermediate regime in figure 6.6) both curves show significant changtee GV curves there appears
the underpotential deposition stripping (UPDs) peak at a potential ohipdgV in the positive scan
direction, which strongly depends on the potential window. Besides th&\Wheurves hardly change
with cycling. There is one exception to this. The first cycle of each potentredow shows a more
negative current than the following cycles in a potential range exceddaigf the previous cycles.
In the PSCP curve the hysteresis is becoming well visible. In the potentie rahere the hysteresis
is visible the PSCP differs for each cycle in the positive scan directiorid@g¢his the PSCP curves
are quite stable. These changes are indications, that the processsibptor the hysteresis is not
complete.

In the final stage, corresponding to a potential window of 2 to 0.3V and 2®\) the CV curves
as well as the PSCP curves are very stable. For the PSCP curves tilwe$igss again significantly
more pronounced than during the intermediate state and hardly changes evjghtémtial window,
being an indication that the process responsible for the hysteresis is temfl@ potential of about
1V in the positive scan direction the PSCP hardly changes with potential aigskeresis diminishes
significantly. This is exactly where the well visible UPDs peak in the CV cuagits maximum. The
obvious conclusion is, that underpotential deposit of lithium, which is deggbs the potential range
of 0.9 to 0.3V [12] and is removed at a potential of about 1V, is respon&ibbhe hysteresis as well
as the plateau visible at a potential of 1V in the final stage.

It has to be empathised, that regardless of the presence of the SEtpatahtial deposition is
still possible. Furthermore the amount of charge transported during\drog¢le does not vanish even
for the final cycles, which is associated with ongoing electrolyte decomposkiar one CV cycle in
the potential range from 2 to 0.25V the SEI formation is still responsible fé @fthe charge transfer
measured in absolute values. Nevertheless it can be estimated, that theafmpactiecomposition
current on the PSCP is rather small for the final stage, because thede8@B do not drift any more
like during the first cycles. This can be understood since the electrolgterg®sition is passivating
against further decomposition by blocking electron transport to the elgetravhich corresponds to a
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Figure 6.6: PSCP and CV results for a 55 nm thick gold film for cyclic voltammeitty different po-
tential ranges. The measurement was performed at a scan speed of With\&straining
frequency of 20 Hz and a strain variation of 14®/mRMS in LP30. At the beginning the
cyclic voltammograms show a certain drift with cycling. This is associated witlrelgte
decomposition. The UPDs peak is not visible for the scans in the beginnimg PECP
scans show a certain drift, where the PSCP increases slightly with cyclorgth& scan
form 2 to 0.7 V a very small hysteresis appears. During the intermediate 8t@ourrents
hardly changes with cycling and the UPDs peak is small but well visible. FoP8CP
measured in this potential region the drift at high potentials almost vanisteshy$teresis
is much more pronounced and the PSCP at low potentials shows a certairFdrifihe
final scans, the drift of the PSCP has almost disappeared, the histeresy pronounced
and the scans show a plateau of the PSCP in the positive scan directiantetitigbaround
1V vs. Li/Li*. Atthe same time the UPDs peak is visible in the CV curve.
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very high impedance and consequently a low contribution to the PSCP.

6.3 X-ray diffraction

All x-ray diffraction measurements were performed using the customissitlirelectrochemical cell.
Hence all samples are pre-strained. Hence only changes of the lattaoegiar are of importance.
For displaying the results obtained from the lattice parameter an arbitrangneke was chosen, which
typically refers to the first or second measurement value in the plot. Sinemallsis is based on
changes of the lattice parameter, a pre-strain (e.g. due to the assemblyirekitueelectrochemical

cell) has no impact on the results.

In-situ x-ray diffraction was performed at constant potential, as wellaisig cyclic voltammetry.
A typical line profile pattern, calculated from 2D diffraction data is showngaré 6.7a. The very high
peak-to-background ratio of about 14:1 for the (111) gold peak medsu a tilting angle ok = 9¢°
shows the quality of the measurement, which enables precise analysis ataéhd-@jure 6.7b shows
a typical fit of a gold (111) peak using a symmetrical pseudo voigt funciidre difference between
the fit and the peak are very small, showing that the peak has a very highetyy and that the fit
parameters are suitable for describing the peak in a meaningful wayeleimg only peak parameters
(20, FWHM and shape factor) for further analysis only leads to a small.efiar overall accuracy is
demonstrated by the small scatter of the strain values calculated from psitikrpwalues shown in
figure 6.13, with a standard deviation of about 1@h the strain for measurements at a tilting angle of
X = 90° and 3x 10~° for measurements at a tilting angle pf= 10°.
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(a) Typical line profile pattern (b) Symmetrical pseudo Voigt fit

Figure 6.7: a) A typical line profile pattern calculated from a 2D diffractiatadecorded during cyclic
voltammetry of a 55 nm thick gold film at a tilting angle gf= 90° and an electrode
potential of 0.25V with an acquisition time of 20s. b) Symmetrical pseudo Voigf the
gold (111) peak shown in a).

The diffraction pattern shows the Au and Cu reflexes, but there arésimevtitanium reflexes.
The typically most pronounced Ti (10) reflex which should be visible aB2= 40.23" is not visible
for either tilting angle. Hence it can be expected that the Ti (0002) peathwshould be at@ = 38.44°
does not influence the Au (111) peak.

Even upon reaching 0.25V, the gold reflexes themselves neither shasiganyf a peak at 39°3
excluding a coexisting crystalline AsLi;q phase (see figure 6.7b) in contrast to measurements that
reach lower potentials as for example performedRleyiner et al[26], nor are there any visible reflexes
corresponding to a phase other than a face centred cubic phasehdWwsthat the system stays in a
single phase regime for the whole measurement.
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6.3.1 X-ray diffraction at constant potential

The measurement at constant potential was performed for a 100 nm thickFigure 6.8 shows the

change of the lattice parameter with respect to the values measured at Bebpédk positions change
significantly for different applied potentials. At a tilting angle pf= 90°, the (200) and (220) are
very weak (see figure 6.7a), which is the reason for the significattescExcept the just mentioned
two peaks, all reflexes have in common that the sign of the shift only depamdhe tilting angle.

Furthermore the most pronounced peaks ((111),(311),(222)) shtsictly monotonous trend of the
shift with potential.
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Figure 6.8: Shift of the lattice parameter with potential for all visible gold peéakke 2 range of
20 to 90 relative to the lattice parameter measured at a potential of 2.5V yki'LiThe
(200) and (220) peaks are very weak, wheis 90° (see figure 6.7a for a typical Au (200)
peak), which is the reason for the strong scatter.

The strong tilting angle dependent anisotropy indicates that the origin ofhtuege in lattice
parameter is elastic deformation, because composition induced changés cenge the lattice pa-
rameter in an isotropic way. Due to the planar geometry of the sample with a rafagionmetry in
the plane, the most likely state of deformation is a planar deformation, with orlysstomponents
along the film directions: A planar stress state. In case of a planar siagssiis-plane to out-of-plane
strains should be related to each other according tovt-1). With respect to a polycrystalline gold
film, which has a Poisson’s ratio of 0.42 [52], this means-D:58. Figure 6.9 shows the in-plane to
out-of-plane lattice parameter shifts of the most pronounced peaks) (@111),(222)). A linear fit of
the relation of in-plane to out-of-plane lattice parameter shifts has a slofe66f (relation of 1:-0.6),
which is very close to what would be expected for a simple planar stressBta®bvious conclusion
is that the source of the lattice parameter shift is a planar stress state, véthoather significant
contributions.

The peak broadening was analysed according to the theory by Wardefivarbach, presented
in chapter 3. For this purpose the (111) and (222) peaks, measueetllitig angle ofy = 9¢°
at different potentials, as well as the reference peaks were fit by syoatgseudo-\Voigt functions.
Warren Averbach analysis itself was done by a slightly adapted algoritlenpédk shape was changed
from Pearson VII to symmetrical pseudo voigt) written by Jirgen Markmamich had been used
in [53]. This notebook uses only peak positions, maximum intensity, FWHMsliaghe factor to
reconstruct the peaks for the analysis. The results of this analysisspitayed in figure (6.10). For
calculating the mean column length equation (3.36) was used and showeletiretan column length
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Figure 6.9: The change of the in-plane lattice parameter with respect toghgebf the corresponding
out-of-plane lattice parameter evaluated from (111), (311) and (22@kspmeasured at
different electrode potentials. The correlations show a linear behawitluno significant
deviations, regardless of the fact that different crystallographiataimns are compared.
The linear fit of all displayed in-plane to out-of-plane lattice parameter diafisa slope of
-0.60. For the fit all reflexes were weighted equally. This slope is vegedimthe expected
slope for a planar stress state of -0.58 as indicated by the orange sloygdetria

along the thickness of the film is in the range of 80 nm which is quite close to thehigkness of
100 nm and therefore indicates a columnar structure of the gold film.

The Warren-Averbach analysis (see in figure 6.10) shows a strai@ioa in distortion as well
as a seemingly changing column length. The increase in column length withadimgyeelectrode
potential is somehow doubtful since there are no indications for the app=aof new phases. It
can be assumed, that this change in column length is a measurement arisfiagtfeom the time
gap between the measurement of the (111) and the (222) peak, duriciy twd potential was kept
constant, but the current did not vanish. This idea is strengthenedalyaéing the contributions to
the FWHM of the (222) peak from the grain size and the distortion, as shofigure 6.11. The grain
size contribution was estimated using Scherrer’s equation [45]:

0.94A
BcL(20) = ——— 6.2
c(20) Lcog0O) (6.2)
whereB¢, is the column length contribution to the FWHM in radiahss the cube edge dimension of
the coherently scattering domain ahds the wavelength of the x-ray radiation. Obviously the grain
size contribution is quite small and almost constant. Evaluating the distortiorilzditn Bgyis; was
done by [53]:

VBM(< €2 > — < £ >2)cosO
sin®

Obviously, the distortion contribution is mainly responsible for the changéiseopeak broadening.

Hence changes of the FWHM can be used as a measure for changegttition, whereas appar-

ent changes of the domain size, as evaluated by the Warren Averbalysianhave to be assumed

measurement artefacts.

Baist = (6.3)
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Figure 6.10: Results of the Warren-Averbach analysis for differetergials. The lines between the
symbols are guides to the eye and have no physical meaning. The anatygssstnif-
icant changes of the distortion as well as the column length, where the distdeiaays
when the potential is reduced from 2.5V to 1V vs./Lii* and increases for further re-
ductions of the electrode potential. The mean column length of the cohereatigrany
domains increases when the potential is reduced to a potential of 0.4V jisi* land
decreases upon further reduction of the electrode potential.
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Figure 6.11: Change of the FWHM of the (222) peak measured at a tilting ahg = 90° (black)
and the distortion contribution (massive blue; calculated using equatior) &.8)ell as
the domain size contributions (empty blue; calculated using equation (6.2§).lirds
between the symbols are guides to the eye and have no physical meaning.
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6.3.2 X-ray diffraction during cyclic voltammetry
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Figure 6.12: Change of the lattice parameter represented as strain loegated for the shift of
the gold (111) peak position of the 55 nm thick gold film. The second valuecthasen
as the arbitrary reference. The vertical lines separate the resultgiffi@ment CV's and
therefore indicate a time-gap during which the measurement was perfotrtreziather
tilting angle.

Similarly to potential strain coupling parameter measurements, x-ray diffrastigrperformed
for a 55 nm thick gold film sputtered on a polyimide foil with roughly 20 nm of titamiin between,
which acts as an adhesion layer. On the opposite side of the foil a rougBiym thick copper film
was sputtered which was used to test for measurement artefacts likeageilogfiormation and hight
de-adjustment. The results of the copper reference peak are dispiafjguare 5.10. For quantitative
analysis the CV scans in the potential window of 2 to 0.3V are used durindwimecthe copper peak
shifts roughly 5e-2 at a tilting angle ofy = 10°, while peak changes for about0225 leading to
the conclusion, that measurement artefacts due to hight de-adjustmestilzsichte bending are at
most responsible for an underestimation of the peak position shift of 2¥giinis cycle. Regarding
the tilting angle ofy = 90° the shift of the copper peak is even less and the change of the gold peak
position is higher, indicating that the underestimation due to substrate bemdimight de-adjustment
is even less than 2% of the measured peak-shift.

Figure 6.12 shows the change of the strain values relative to the secosdremaant during 6
CV cycles for the 55 nm thick gold film. They were calculated from peak posta the gold (111)-
peak measured at a tilting angle pf= 90° and x = 10°. Both, in-plane as well as out-of-plane
strain changes are mainly reversible with cycling but occur in inversetiinesc This is similar to the
behaviour observed for measurements at constant potential andtieesefigests a planar stress state
as the origin of the lattice parameter shift. This electrochemically induced #aeas state can either
be caused by a changing surface stress or changes of the steepkafrar dimensions of the sample
that are counteracted by the substrate, according to equation (4.26)g&hof the equilibrium lattice
parameter should shift the lattice parameter in a symmetrical way. The fathéhatplane to out of
plane lattice parameter change is -0.61 (see figure 6.13b) and therefgrelese to the theoretical
value of -0.58, shows that a planar stress state explains all the obshiaseges.

The FWHM is used as a measure for peak broadening as suggestedrey Weerbach analysis
shown earlier. Values measured during cyclic voltammetry at a tilting angte-000° are displayed
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Figure 6.132a) Strain values, relative to the second value displayed, calculated fro)-idttice
parameters measured during the CV from 2V to 300 mV vs/Lii for tilting angles
X = 90 (black) andx = 10° (red) of a 55nm Au sample. The orange line indicates
where the current changed it's sign. The applied potential is displayectigiabove b)
The tilting angle dependent lattice parameter strain values plotted againsitbachrhe
in-plane to out of plane lattice parameter changes are proportional toottaeh The
proportionality is very similar to an expected proportionality for a planar Stséste as
indicated by the orange slope triangle.
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Figure 6.14: FWHM measured for a 55 nm gold film during cyclic voltammetry titiag angle of
X = 90 plotted vs. the electrode potential. In the negative scan direction, at ipbten
of roughly 0.6 V Li/Li* the FWHM starts to increase significantly. Upon inversion of the
scan direction, the FWHM slowly returns to the starting value. Only aftehirg®.3 VvV
vs. Li/Li* the FWHM is not recovered for the following cycle.
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in figure 6.14. During cyclic voltammetry the FWHM significantly changes, wimeost of the change
is reversible. In the negative scan direction the FWHM is almost constaihthenpotential reaches
roughly 600 mV, where it starts to increase significantly. In the positive draction a roughly linear
decay of the FWHM is visible. Only when reaching values of less than 0.4 \F#ielM does not
fully recover until the following cycle starts. Such reversible distortion tgihycobserved for an

inhomogeneous elastic deformation.



7 Discussion

7.1 Dynamic electro-chemo-mechanical analysis

7.1.1 The impact of pre-strain

Investigating the impact of pre-strain (see figure 5.7) focused on diajsystematic errors due to pre-
strain, hence only qualitative conclusions will be drawn for the underlgieghanisms. An obvious
tendency is that the PSCP is shifted to more positive values when the preistrereased from 0.5%
to 1%. The magnitude of the shift is in the range of 150 to 200 mV. There is egpégn to this
increase, which is in the negative scan direction below 0.5V and in the @osdan direction up to a
potential of roughly 1.1V vs. LiLi*, where no shift is visible. This range equals the potential range
where an underpotential deposit of lithium is present at the gold surfBltie can be interpreted in
such a way that UPD is dominating the PSCP, while the PSCP of UPD is indepi@fdee pre-strain.
An alternative explanation would be that the PSCP of UPD is shifted to mosgimegotentials, with
the consequence that the resulting shift of the combined PSCP is annihildtedecond possibility
cannot be excluded using the results at hand, but it seams rather unlikelwvo different effects
annihilate each other in the whole potential range, where both are active.

A rather surprising result of the impact of pre-straining is that the PS@GRs$hift to more pos-
itive ¢ values with increases pre-strain. According to equation (4.5) this inditeiethe compliance
values increase with lithium concentration. Later on in this chapter it will bevstibat the main bulk
contribution to the PSCP is a grain boundary alloying induced appardatsistress. One could spec-
ulate that lithium, when it enters gold grain boundaries, occupies “vacaes;, and that this actually
increases the compliance values of the grain boundaries. Based oeseatesults, this assumption
is highly speculative, but might be worth looking into in more detail.

7.1.2 The potential strain coupling parameter of Itihium underpotential
deposition

The CV curves measured during DECMA displayed in figure 6.6 hardipgdavith cycling. This
is a strong indication that electrolyte decomposition gives only a small contnibidgithe measured
currents.

The history dependency of the PSCP, which appears at the same time &#&Dbeehk, as shown
in figure 6.6, indicates that at least two mechanisms are active. Hence tharect®SCP is at least in
some potential ranges a combined PSCP, where one of the contributiond.i§ b¥calculation of the
combined PSCP does not require any restrictions on whether the contnibatie linked to just one
mechanism. Therefore equation (4.14) can be used to separate theutmmtrdd UPD from all other
contributions. For this purpose the effective capacities of both contriimjtas well as the combined
PSCP and the PSCP without underpotential deposit are required. Sasseviflues are not known,
only estimations can be made.

The most pronounced impact of the underpotential deposit on the C\¢ ¢sithe UPDs peak,
which has its maximum at a potential of 1.04V vs./Li*. Hence this is where the mechanism of
UPD should have the highest impact on the PSCP, making it the potentialioedboestimating the
PSCP of UPD. Furthermore, the measured PSCP value at that potentiadllis dependent on the

59
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pre-strain as visible in fugure 5.7. Hence effects of the pre-strain eaedlected.

A first obvious observation is that the PSCP measured during CV curiesuvUPD (e.g. for
a potential window of [2V to 0.7 V]) at an electrode potential of 1.04V vs/LiT in the positive
scan direction is much highe¢ & 1.35V) than for CV curves with UPD like the one in the potential
window of [2V to 0.3V] (¢ = 0.9V). Together with the fact that effective capacities can only be
positive, this observation leads to the conclusion that the PSCP of UPD istloave0.9 V.

When estimating the proportions of the effective capacities by the measuredts, it is possible
to evaluate the PSCP of UPD. A possibility to do this is to compare the currentsiredairing one
CV scan at a potential of 1.04V vs. Mii* for both scan directions. The underlying assumption for
this estimation is that the current which is not related to UPD only depends chéinge in electrode
potential, and that the potential of interest is sufficiently far away from #reex potentials, so that
influences of the change in scan direction are negligible. Choosing thentuensities measured
at a potential of 1.04V during the CV with a potential window of [2V to 0.25\Myhich are -0.5
and 1.23pA /cn? for the negative and positive scan directions respectively, leads poytians of
CUPP: cC =0.73: 123 andCcoter: cC = 0.5 : 1.23. Using these proportions, the combined PSCP of
0.9V as well as a PSCP without UPD of 1.35V in equation (4.14) leads to a RBCHD of 0.59 V.
In a later part of this discussion it will be shown that the second contribigiarbulk effect. Hence
it can be estimated that the dynamics of UPD is higher than the dynamics of thedssantribution,
which makes the evaluation a lower bound.

The evaluated upper and lower bounds calculated up to this point natwetdlyto values of a
rough surface. In order to get bounds for the real local PSCPddnpotential deposition the impact of
the roughness has to be considered. Using the roughness facto68f(R€al surface area/projected
surface area) and a poisson’s ratio of 0.42 in equation (6.1) leads teanation factor of 1.19. Hence
the upper and lower bounds need to be multiplied with 1.19 in order to get béamitte local PSCP
of underpotential deposition leading to an interval of 0<F §(pp < 1.07 V.

In 2013 Tavassokt al. published density functional theory (DFT) results for UPD induced
changes of the surface stress. According to their results UPD of onelayen of lithium on a (111)
oriented gold surface induces a surface stress of -2.8 N/m [12]. fitmege in surface charge den-
sity correlated to the UPD of one monolayer of lithium on a (111) oriented goface QAq) can be
calculated by:

Aq = —qoi = —3.35C/m? (7.1)

361(2111)

wherea(lll):Z.SSA is the (111) lattice parameter of gold apds the elementary charge. Using the
definition of the PSCP (equation 3.8) one can calcuatgpp >= Af /Aq = 0.84V, which is well
within the interval evaluated from the measurement results presented here.

7.2 Microstructural characterisation

Similarly to the results measured at constant potential, tilting angle dependemgeshmeasured dur-
ing cyclic voltammetry indicate a planar stress state as the origin of lattice pararhateyes. In order

to get more information on the origin of the strain it is useful to compare thétsdsuiterature results

measured by cantilever bending. For this comparison the mechanism is inipbaeause changes
of the gold lattice parameter show an anti-parallel change for surfacs sthenges and accretion of
active material which corresponds to a numerically equal change of gageap surface stress. This is
in contrast to the signal recorded by substrate bending experiments$, mbasure the sum of real and

L1t can be expected, that for this potential window contributions of eledgalgcomposition are smallest because it is the
last scan.
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apparent surface stress changes. Hence a comparison givescatiagndon whether surface or bulk
contributions are the major contribution to the strain. Recently Tavagsall published cantilever
bending results of 50 nm thick gold films [12]. Their results will be used feragbmparison. It has
to be emphasised that the comparison is not straight forward becausméastirements use differ-
ent substrates. The importance of the substrate stiffness is highlighte@ leydtuations presented
in section 4.3. Substrate bending experiments use glass substrates, rehiglita stiff, whereas the
polyimide substrate used for x-ray diffraction is rather soft. Additionallystiftness of the polyimide
might be reduced when solvents are present in the polyimide. In suclkeatbassolvents can redis-
tribute to relax stresses. Unfortunately no precise value for the eftesttibstrate stiffness is available.
For being able to do the comparison two different cases will be assumt fiinst case, it is assumed,
that the change in lattice parameter is the result of a changing real ssifasg and in the second case,
it is assumed, that the change in lattice parameter results from the accreitbiuof. For both cases
the real/apparent surface stress is calculated by using minimum assumptotiee real surface stress
minimum assumptions means neglecting the stiffness of the polyimide (). In thitheesarface stress
can be calculated by:

f = —g)(Bauhau + Brihri) (7.2)

with materials parameters for Ti and Au according to table 7.1. For estimating thmunnapparent
surface stress due to accreation of lithium, as measurable by cantilewdindpexperiments, from
changes of the lattice parameter, the stiffness of the polyimide is assumediagao typical materials
parameters, with consequently negligible substrate deformation. In thithessgparent surface stress
can be calculated by:

farp— SHBAuhAu (73)

The comparison using this minimum assumptions is displayed in figure 7.1. It isotpviteus that the
assumption of an apparent surface stress due to the accretion of lithiesp@sible for the change in
lattice parameter shows a good correlation to cantilever bending resultsasgitbe assumption that
a real surface stress is the origin for the change in lattice parameter alo@sam all. Hence it can be
concluded that the change in lattice parameter mainly results from bulk meetzafikis conclusion
is strengthened by the observation, that the only regions, where thgechlattice parameter and the
cantilever results show a different behaviour is the potential of UPD driddJand the obvious drift
in lattice parameter, which might result from SEI formation. In contrast téilesar bending results,
there is no feature corresponding to UPD and UPDs in the measuredeshaintpe lattice parameter,
hence it has to be assumed that surface effects have at most a small impghetobserved lattice
parameter changes.

The change in lattice parameter shows a certain drift, which is not visible iratiidaver bending
results. There are several possible explanations for this drift. All ofthe&ve in common that they are
either irreversible or that their time constant is higher than the characteristioftitmeelectrochemical
cycles. One possible origin is the formation of the SEI (solid electrolyte imteyfaAccording to
Tavassolet al, the SEI can induce a positive surface stress [12], which would indwbét in the
observed direction. Since Tavassbhl. used a different electrolyte, this is only an estimation, on the
other hand, the different electrolyte might explain why the cantilever bgrréisults do not show any
drift. Another possibility is that the drift results from a slow diffusion medbkan Later on, it will
be shown that grain boundary reactions are a main contribution to theemparface stress, hence
the slow diffusion mechanism could be diffusion of lithium atoms from the graimdaries into the
bulk of the gold grains. The impact of such a mechanism would decay wittr@&emical cycling
and vanish when the mean concentration equals the equilibrium concentftithium in the gold
grains at the mean electrode potential. Unfortunately there was no infornoatitre electrochemical
pretreatment of the sample before the measurement was performed ingh2§ this possibility can
neither be strengthened nor excluded.
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Figure 7.1: Qualitative comparison of estimated cantilever bending resultdatalt from changes of
the lattice parameter, assuming surface effects (red) or bulk effectk)deliterature can-
tilever bending results (blue) as published by Tavastal. [12]. The estimated cantilever
bending results use minimum assumptions by neglecting the polyimide substratesstiff
in case of surface effects and neglecting stress relaxation in caséka#ffects. Due to
the uncertain effective stiffness of the polyimide the comparison only peswigialitative
information.

7.3 Comparison of dynamic electro-chemo-mechanical analysis and
x-ray diffraction results

The interrelation of the PSCP and the change in lattice parameter is evaluatdiam g.3. Under
the assumption that the real surface stress does not change, thidatiterrean be written as:

_d(f 4 f8PP) df /dg=0 de)

B L I G T (7.4)

For comparison it is useful to multiply equation 7.4 with the current density, wleiads to:

d(q-+ oPP) df/dg=0 def  d(g+qP)

(——— '~ Bahay -
pp
L a d(q+0o2PP)  dt

=I/A —def/ct

(7.5)

As discussed earlier, the interrelation of apparent surface streshepthstic strain depends on
the substrate, or more precisely on the effective stiffness of the steosar DECMA, the stiffness
of the substrate defines the relation of the substrate strain and the sampleBtiato the low char-
acteristic time of 50 ms, it can be assumed that creep relaxation does nonplayi@for DECMA.
Consequently the elastic properties provided by the supplier should bblsddaestimating that the
difference in strain variation of the substrate and the sample is negligiblén-Bdu x-ray diffraction,
the situation is different. Due to the high characteristic time of one CV cycle, iratige of one hour,
creep relaxation has to be considered. This is even more important sirsanipée is in contact with
organic solvents. As a consequence it has to be considered thatabtivefktiffness of the polyimide
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Figure 7.2: Comparison of the right (blue) and left hand side (blackpjo&gon (7.5). In a wide po-
tential range both curves show a very similar behaviour. Significant tilmvsaare only
visible, where the UPDs peak is visible and in the potential range, whergajte de-
compostion and UPD should occur. The zero offset results partly frennreversible drift
of the lattice parameter.

differs for both experiments. In order to estimate the resulting influence eadmparison, it was
assumed that for slow measurements (x-ray diffraction) the polyimide bshsft whereas for fast
measurements (DECMA) it behaves stiff. This assumption leads to a diffeiarthe left and right
hand side of equation (7.5) by a factor of 3(1grr.— : o EnimBetel — ~ 1 : 3, whereBpihp; is the
planar stiffness of the polyimide according to the supplier), when using ialatparameters according
to table 7.1. A corresponding comparison of both sides of equation (7 Bywasin figure 7.2, taking
into account the factor 3 by the different scale. Like the comparison ofdgititameter changes to
cantilever bending results, this comparison shows a quite good correlatiowide potential range
as well as deviations where UPD and UPDs appears. Additionally to thisithemather pronounced
difference below 1V in the negative scan direction, which is most probyd to electrolyte decom-
position, which can appear when the SEI is not complete or has partly E=seivéd in the electrolyte.
Dissolution can be expected to occur in the in-situ electrochemical cell, wbitiaios a significant
amount of electrolyte in contrast to the miniaturised cell used for DECMA.

Table 7.1: Materials parameters for the typical components of a sample [54].

Material thickness Elastic Poisson’s ratio Biaxial Planar
(nm) modulus (GPa) ratio modulus (GPa) stiffness (N/rAim)

Polyimide * 75000 2.5 0.34 3.8 0.285

Polyimid€ 75000 0 0.34 0 0

Titanium ~20 110 0.33 164 0.0033

Gold 55 78 0.42 134 0.0074

aThe “Planar stiffness” is a product of the biaxial modulus and the thi&knehich relates an apparent surface stress to a
strain.

b fast

Cslow

* According to supplier
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The comparison in figure 7.2 shows an offset between both curvescddirgbution to this offset
is the drift, which is naturally correlated to a slow mechanism and therefdreamtributing to the
DECMA results. Correcting the drift by assuming that it is constant duriegikeasurement would
shift theBhde /dt values to roughly 4e-4 Nms™ higher values, which equals about 50% of the offset.
A second possible contribution to an offset are Faradaic currents digctmmposition of impurities
like dissolved oxygen or kO. Unfortunately this impact is not quantifiable from the data. It can
be estimated, that a correction of the effect should should shif¢th& curve to higher values and
therefore reduce the offset, because the PSCP is positive in the wheldigbrange and a decompo-
sition current is negative. It has to be empathised that the impact of desdimpoeactions should be
higher at lower potentials, which does not fit nicely to the comparison. élgman be assumed, that
decomposition of impurities has at most a small effect on the offset. Anotissilge contribution to
the offset are the different time-scales of the measurements: While DEClgénistive only to fast
processes, for which the chemical potential equals the chemical poteritie surface, changes of
the lattice parameter are influenced by slow processes, like diffusiorotledtprocesses, as well. A
corresponding effect would change the results in such a way, thauthent measured during cyclic
voltammetry overestimates the capacity contributing to the PSCP at this potentiath@owith the
observation that the PSCP is higher at lower potent@lsA would overestimat8hde /dt, where the
effect would increase with measurement time up to the current vertex. &hations of both contri-
butions seem to become bigger with distance to the vertex potential, hence ilyighikethe different
time constant contributes to the offset. Unfortunately this effect is nottiizdnte neither with the
data at hand.

7.4 Microscopic mechanisms

In the last part it was shown that mechanisms inside the bulk of the thin filrmaregortant contri-
bution to the PSCP of gold films in lithium electrolyte, even at a potential wherdnaseptransitions
appears. A change of the apparent surface stress requiressafsggestrain in the plane of the film.
Such a stress free strain can only result from a creation of new latticesptei@n increase of the grain
boundary thickness. Since gold and lithium form a substitutional solid so|utienlattice can only
be changed at grain boundaries, surfaces or dislocations [38]ceHbre observed change in lattice
parameter can only be a result of lithium entering grain boundaries dislnsatiovacancies (defect
alloying). When lithium enters vacancies, the volume should hardly chaaitied parameter is only
slightly dependent on the lithium concentration) and the changes shouldtbepis and reduce the
lattice parameter, hence a corresponding mechanism can neither explaigrtrend magnitude of
the PSCP nor the observed tilting angle dependency of the lattice paramatgechFurthermore
the results indicate that UPD and apparent surface stresses are theomtailputions to the PSCP,
and that the impact of UPD appears only when potentials of less than 700enached. Conse-
qguently PSCP values measured during cyclic voltammetry in the potential rédu)é 0.7 V are
mainly governed by defect alloying. This can be used to evaluate artiedfetrain concentration
coefficientnUeff = ndg?*P/d(q+ g?"P), by using equation 3.18 and materials parameters of table 7.1.
Corresponding results are shown in figure 7.3. It has to be emphasaeati¢lPSCP values used for
this calculation suffer from the observed shift due to the pre-strain pagled in figure 5.7. Because
the effect of prestrain was not investigated in detail, the impact can onlgtimeaged. Subtracting the
estimated impact would shif)tﬁ’ff to =~ 0.02 lower values.

The calculated7|efr values show a strong dependency on the electrode potential. When lithium
enters dislocations, it has to create a new lattice place, to fit to the surrguodiered structure.
For a mechanism like this it is possible to evaluate the strain-concentratidircegfusing lattice
parameter values of different gold lithium concentrations (table 2.1) to I8 (@/3 for creation of
a new lattice place ang —0.003 due to the reduced lattice parameter). This value is much higher
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Figure 7.3: Effective planar strain-concentration coeffici | of an Au film in LP30 as a function of
the applied potential. The values presented here were not correcteotémtial contribu-
tions of the pre-strain to the PSCP, hence they probably overestimate thévatues. It
can be estimated, that the evaluated values are about 0.02 V too high.

than the ones calculated from the PSCP results. In case of grain bmsnalad especially high angle
grain boundaries, such a highly ordered regime does not exist. Qe it can be expected that
lithium should be able to enter them with significantly less stress-free straitahioesponds to lower
nfff values. Hence the measured results are a strong indication that the PSORlysgmeerned by
Iithium entering grain boundaries. This result is further strengthenethebfinding that samples with
higher thickness and therefore higher grain-size and lower numberaof goundaries per volume
[55] show lower currents during cyclic voltammetry as displayed in figure Additionally grain
boundary alloying fits reversible changes of the distortion as indicatedenetlersible FWHM. The
reason for this reversible change is that for an arbitrary grain sizebditm the increase in grain
boundary thickness deforms small grains more than big ones, which is visialbroadening of the
peak. In case lithium enters dislocations and creates new lattice placesieetieslocations have to
migrate. One would expect that this would irreversibly create new distortidsible as irreversible
peak broadening. Such a behaviour is only observed, when the |@tential reaches values of less
than 0.4V, in which case the following cycle starts at higher FWHM valuesfigare 6.14). Knowing
the processes active in the potential range of 2 to 0.25V véLiLiallows to estimate the capacity.
UPD of one monolayer of lithium corresponds to a capacity ofmen accounting for the roughness
of the surface. Estimating the volume fraction of grain boundaries by takengh#ans grain size of
58 nm (not area weighted) and assuming a grain boundary thicknessnof Hexagonal, columnar
grains and a maximum lithium concentration in the grains of 39% leads to an esticagiatty of the
grain boundaries of 12 C/m Hence the overall capacity should be estimated to be roughly 16 C/m
The reversible charge transfer measured during one CV cycle in thetibt@nge from 2 to 0.25V
vs. Li/Li* was roughly 12 C/rfy which is very close to this estimated capacity.

Summing up, it can be concluded that UPD and grain boundary alloyingeinadn contribution
to the PSCP for the gold lithium system in the potential range of 2V to 0.25V VA.iLi It can be
expected that the observed strong potential dependemﬂi—fj @ important for effects like storage[56],
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Figure 7.4: CV curves measured for two samples with different thicknessean speed of 10 mV/s.
In the whole potential range, the current is higher for the thinner sample UPDs peak
is hardly visible, which results from the fact that the SEI had not beenddrwhen the
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measurement was performed.

trapping[57] and diffusion of lithium in grain boundaries.




8 Summary and outlook

8.1 Summary

The main topic of this thesis it the development of a method to separate sunfhbell contributions
to the coupling of electrochemistry and mechanics. This development cos¢aimsl aspects. First of
all, a principle strategy for separating surface an bulk contributions istinted and thermodynamic
as well as mechanic principles are evaluated. In a second step, expatiderices for obtaining the
required physical measures were designed, built and tested. Lasitdatst the strategy was applied
to a model gold-lithium alloy electrode.

The strategy required theoretical evaluations of a combined PSCP, vitaiok Bom two different
effects, each with its own PSCP. The evaluation showed that the mea&C&i$fan effective capacity
weighted average of the contributing mechanisms. Further evaluatiorsefibthe dependency of the
elastic strain of the sample on changes of the real and apparent ssiriz&® including the substrate
stiffness. It was shown, that a real surface stress has an impace @latic strain of the sample,
which has an inverse sign and typically very different magnitude as the tropacumerically equal
apparent surface stress.

For measuring the PSCP in lithium electrolytes a customised DECMA-stage stiitatyeration
inside a glovebox was designed and tested. The setup was extendeoé$asitzlity to directly measure
the strain of the substrate, which offers the possibility to precisely measumstistant pre-strain and
improves the measurement precision of strain variations. Furthermorialspege has been taken in
order to increase the accessible frequency range and the stiffribesvatiole setup. It turned out that
this improvement in accessible frequency range could not be used feydtem at hand, but might be
useful for investigating other electrochemical systems. The possibility toureetise pre-strain was
further used to estimate its impact on evaluated results.

Measurements of the PSCP at different values of pre-strain showéatides of the measured
PSCP. It could be evaluated, that a corresponding effect can fesultchanges of the compliance
values with active material concentration. This finding could be used to esttheimpact of pre-
strain on the measurement.

To demonstrate the possibility of measuring the PSCP in lithium electrolytes a golfilttin
electrode was used. It could be shown, that the PSCP is strongly dependthe electrode potential
and changes in the range from—0.4V at an electrode potential of 2V vs. Ali* to 2.1V at an
electrode potential of 0.55V vs. Llii*. In a first step, the results were used to calculate an interval
for the local PSCP of underpotential deposition of lithium on the gold serfathis interval was
[0.7;1.07 V] which fits a corresponding value calculated from DFT resuitdighed by Tavassat.al.
of 0.83V [12].

To show that bulk mechanisms are actually active in the system, in-situ x-fegctidn was used.
For this purpose a customised in-situ electrochemical cell was designéth alltows for measure-
ments at arbitrary sample orientations and in a wide range of tilting angles to mehsunges of the
in-plane as well as out-of-plane lattice parameter. The measured chafrihedattice parameter cor-
respond to strains in the range of 0.002% and -0.054% in-plane and % &3 0.089% out-of-plane
with respect to the value measured at 2V vg/Lif during a single CV cycle.

With the knowledge, that in a wide potential range mainly the bulk mechanismpensible for
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the coupling of electrochemitry and mechanics it could be concluded, thaffdwive concentration
strain coefﬁciennﬁff needs to show a strong dependency on the electrode potential. A cordasyp
dependency is a strong indication for lithium entering grain-boundamesiuse other possibilities for
lithium entering the bulk (vacancies and dislocations) cannot explain ties\ausbehaviour.

8.2 Outlook

Both custom made devices showed very promising performance and wifuilypbe used for further
investigations. The design of the in-situ electrochemical cell offers thsilghty to investigate thin
films during electrochemical cycling at a high sampling rate, almost indepefrdenthe orientation
with a high accuracy. The DECMA-stage constructed for this work sffee possibility to perform
measurements at frequencies of up to 2.5 kHz, while directly measuringfdet sfrain as well as
strain variations, offering the possibility to investigate the frequency dbgeay of the PSCP.

8.2.1 Different materials

Some preliminary results of the PSCP measured for different materials eaglyabeen obtained
in the course of this work, and are shown in figure 8.1. All PSCP curkies @an almost linear
dependency of the PSCP on the electrode potential in the vicingy-09 with a slope of roughly -1.5.
This similarity suggests, that the slope is independent on the material. Togatinéne finding, that
the main contribution to the PSCP of the gold electrode is grain boundary alldkiindinding might
indicate that a similar process is active in all the presented materials and tshifieeof the PSCP of
grain boundary alloying is independent on the material. Needless to s&ydbeslusions are highly
speculative, but might be worth looking into.

3 Sn
1 Au
] Cu
2 \ —Al
s
w
o O ~
o
_1_:
S
0 1 2 3

Potential vs. Li/Li" (V)

Figure 8.1: The PSCP measured for different materials during cyclic voltammvéh a scan-speed
of 1 mV/s and a straining frequency of 20 Hz. For every sample threeequbst curves
are displayed, which nicely overlap.
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8.2.2 Impact of pre-strain

A side product of this work is, that it could be shown, that the pre-strasdam impact on the PSCP, and
that this impact depends on the change in compliance values with concengmatiaos proportional
to the stress. Consequently, measurements of the PSCP at differerd glpee-strain should be
suitable for evaluating the change in compliance values with concentration.nWitr adoptions of
the DECMA-stage, it should be possible to perform such measurements ireajoantitative way. In
theory a corresponding investigation could be done by measuring thetipbtemiation at twice the
straining frequency, but a corresponding measurement would bigietesdeviations from sinusoidal
variations of the strain. Hence the author suggests to perform measutsaahdiiferent values of pre-
strain and to introduce an electrically controlled micrometre screw for coni;adjustments of the
pre-strain.
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10 The potential strain coupling parameter of
stressed materials

As discussed in chapter 4 the chemical potential for substitutional uptalkésdfe chemical potential
for interstitial uptake in case the active material concentration is directleleded to a change in
the number of lattice places. Hence all following evaluations can be done igheatical way for
substitutional uptake.

10.1 The effect of stress on the potential strain coupling parameter

The change in electrode potential with elastic strain is correlated to the cirangemical potential
with elastic strain according to equation (3.13):

(10.1)

The chemical potential of a binary interstitial solid solution depends on thesstieording to [38]:

0g.s.f 179G
Hint(Pact, Gij) = Ho,int(PAct) — W:to'ij - <|Jk|0ij> Okl (10.2)
C

The molar densityac; in the reference state can be written as:

Nactive 1
p— l .
PAct = Npost QMO (103)
Using equation (10.3) to replagg.; in the second term of equation (10.2) leads to:
oei , _ 98] NhosQN 10.4
ap Gij = ONocive hos2Na Gij (10.4)

whereN, is the Avogadro constant. The most general definition of the strain ctratien coefficient

N def] 10.5
nij = hostma (10.5)
Gij

can be used to transform equation (10.4) into:
Lsﬁf Qmol 10.6
5’PAct0” nij Oij ( )

a similar treatment for the third term leads to:

1 /9dCiju 1/ dCju

— | ——aii | o = = N molg;i | g 10.7
2 <5PAct 1) 7K 2\ ONactve hosé2 )oK (10.7)
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Hence the chemical potential of an interstitial solid solution can be written as:

oCij
0 Nactive

1

Hint(PAct: Gij) = Ho,int(Pact) — NijQmolaij — > ( NhostQmOIO'ij) Ok (10.8)

With this definition the change in electrode potential upon uni-axial strain imectibn (11) can be
calculated to be:
_ nijQCij11+1( 0Ciju
&j-11 Zp Zp ONactive
Which for the special case of a material with cubic symmetry mpe- n g, simplifies to:

"IQ3K+1< 0Ciju
&j-11 o 4 dNactive

&
deyy

Nhos€QCr1i j) Ok (10.9)

&
de1q

Nhos€2C11i j) Okl (10.10)

10.1.1 Correlation to literature

For a strain corresponding to a planar stress state, in an isotropic materiebacentration indepen-
dent compliance values one ends up with equation (3.18), as will be shdiva fiollowing:

dE :E ddeij :Ed(all-i-azz) (10.11)
d(&11+ €22) £ 11.2233,033=0 zop d(&11+ &22) zop d(€11+ £22) '
using elasticity theory; 1 + 02, can be written as:
3K(1—-2v)
= - 2 = = — 7 (10.12
011+ 022 Trv)a-2v) (€114 &22+2vEz3) = (E11+ &22) v (E11+&22) 1 ( )

by inserting equation (10.12) in equation (10.11) and using, that for arsiiti@ solid solution = n

leads to: N N
dE _EB_BSK(l—Zv)

d(&11+ £22) £j-11,2233,033=0 %P ARy 1-v

This comparison shows that, in case the compliance parameters are copgtanthe derivative of
the chemical potential with respect to a planar strain.

= CGad (10.13)



11 Technical drawings

DECMA-stage;
Technical drawings were made by Henning Lohmann
on the basis of blueprints by the author
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Fixation for Micrometre screw: Part 6
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In-situ electrochemical cell
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