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Abstract

This thesis aims to describe experimentally the link betwibe mechanical deformation and
the electrochemical processes on the surfaces of metaiazles.

The experimental methods are firstly designed in this thegisecisely measure the electro-
capillary coupling coefficients between the electrochatmariables €.g. electrode potential
or reaction current) and elastic strain. These methodsabyn Electro-Chemo-Mechanical
Analysis (DECMA), are validated as the measurement stiegeqg investigate the potential- and
current- modulation in response to the cyclic elastic stdairing a traditional cyclic voltamme-
try by three independent experimental methagisurrent-strain response at constant potential
condition;ii) potential-strain response at constant charge densitgittom; andiii) potential-
strain response at constant current condition. As one-&EEMA is applied to study the
coupling parameter of electrode potential and strginunder the different conditions of metals
surfaces and electrolytes.

Since the electrochemical variables for a strained eldetsurface near equilibrium condi-
tion have been identified, theoretical and experimentahods can be taken one step further
into the realm of non-equilibrium processes such as anrelsatalytic reaction.

The main target of this thesis is to experimentally inveggghe mechanically modulated
catalysis by monitoring the modulation of reaction curréumting the strain cycles on the elec-
trode. As a model process, the experimental work is focusgddehydrogen evolution reaction
(HER) on 111-textured, polycrystalline gold and platinurmtfilm electrodes. This is the first
investigation of introducing the strain term into the réackinetic equations. The variation of
the coupling coefficients, between reactivity of electrade surface strain, with the electrode
state in experiments agrees well with the model expectatibne results reveal the strain-
dependence of the hydrogen adsorption enthalpy as welkeagé#ttion activation enthalpy in
the hydrogen evolution reaction.

This thesis describes that the reaction rate in heterogsneatalysis varies considerably
with the mechanical deformation when the surface is elalfistrained in the tangent plane.
This opens the perspective of tuning the elastic deformatia other words, tuning the lattice
parameter of surface atoms - of catalysts, so as to enhaecedhctivities. The present ap-
proach in this thesis towards monitoring mechanically niaigal reaction rates in electrocataly-
sis can be applied quite generally to the electrocatalgtictions of interest. It thus evolves into
a new tool for studying strain-dependent electrocatabusisfor linking the relevant phenomena
to models of the underlying microscopic processes for thestigation of reaction mechanism.
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Chapter 1

Introduction

1.1 Background and motivation

Due to the several commercial applications, progress alyss can have a positive economic
as well as environmental impact. More specifically, the enttive and power generation in-
dustries €.9. fuel cells and hydrogen energy economy) benefit most dydcim the field of
new-style catalysis.

Catalysisis an action by a catalyst in chemical reactions. Thwlystcan alter the rate
of chemical reactions by changing the activation energy thed return to its original form
without being consumed or destroyed at the end of the reectid he types of catalysts are
classified based on the ways catalysts workiagiomogeneous catalys that both catalyst
and all reactants/products are in the same phaseij pheterogeneous catalysteans that the
reaction system involves multi-phaseg.H, (gas) + Q (gas)— H,O (liquid).

Heterogeneous catalysis has received an enormous amouaterefst, both from an indus-
trial and a scientific perspective. This is demonstratechiey2007 Nobel Prize in Chemistry
awarded to Professor Gerhard Ertl, who introduced surfa@mee techniques to the field of
heterogeneous catalysis leading to a deeper understaofdiogy chemical reactions take place
at the surfaceslf5], thereby bridging the gap between surface science andinducataly-
sis. There are many aspects currently under investigafibow surface science significantly
affects the activity of catalyst®,.g. particle size effect, surface strain effect, shape effadt a
composition effectg-12].

Take gold metal as an example. Although bulk gold is praltyicguite inert, the strain
effect has been studied by self-consistent density funaticalculation, as one of the detailed
three effectswhich might make gold surface more chemically reacth@.[ Such surface strain
can be achieved in experiment by the monolayer of foreigmatepitaxy to different support
substrates crystals, like the experimental studies in.R&f$4, 15).

More recently, advanced materials for heterogeneousysaalre often in form of bimetal-
lic bulk or alloys [L6-20]. In bimetallic or alloy catalysts, an active componentmsiehed in
the surface layer of atoms. Core-shell nanoparticles geogn example for such graded sys-
tems P1-23]. An inherent feature of these catalysts is that the atontkefctive component
at the surface do not, in generally, see the same interatgpaicing as in their elemental crys-

The other two effects are the quantum-size effect and tipeestect.
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1 Introduction

talline state. It implies that the enhanced catalytic dgtioriginates from the enriched active
component which is under tensile or compressive strain.

However, the electronic structure in the active layer ahswgface is also affected by elec-
tron exchange with the underlying substrdigand effec}, and this ‘ligand effect’ affects the
reactivity simultaneously with the lattice parameter deftrain effecl. Since these two
effects are not readily separated, the impact of strain eratalytic reactivity of materials sur-
faces is not usually observed in isolation. In fact, quaatiie measures for the reactivity-strain
coupling strength have not been reported so far, nor areitilefis for the coupling parameters
established.

This dissertation directly addresses the question ofesteabout quantifiable measurement
for the reactivity-strain coupling strength, which bridgeéne surface mechanics and electro-
catalysis in material science.

The subsequent sections display the state-of-the-areireflevant fields in detalil.

1.1.1 State-of-the-art

As one of the most significant aspects on the enhancementtaf'sr@atalytic activity, surface
strain or surface mechanics has prompted a renewed intardgnvestigation in the field of
catalysis.

Firstly, density function theory (DFT) calculation24-29] suggested that reaction rates in
heterogeneous catalysis can vary significantly when cenisigl an elastically strained surface
in the tangential plane. The notion of a tangential eladtigirs is here synonymous with a
change in the in-plane lattice parameter at the surface. sliggestion of a strain-dependent
reactivity rested on computed values for the adsorptiohaptes of the reactants and for the
energies of the transition states, which were found to baifssggntly modified on strained sur-
faces. The surface strain could induce a shift of the d-bantkc, which is an important part of
the interaction energy. The d-band model of Hammer and Nwnsitionalized the finding, by
numerical studies, that expansive lateral strain typydalil to an enhanced binding4, 26,29].

That finding of strain-dependent enthalpies has been expatally recently confirmed
[15,30-32]. Enhanced reaction rates on strained catalyst layersihdeed been demonstrated
in experiments33-36. More specifically, Gselet al. [30] have investigated experimentally
the effect of local substrate strain on adsorption energsclayning tunneling microscopy tech-
nique. The strain, introduced in the surface region, styoimjluenced the strength of adsorp-
tion. They showed that the oxygen atoms preferred adsorb#gtiregions with lateral expan-
sion of Ru (0001) surfaces in comparison with unstrainethsas, whereas it was weaker in the
regions of lateral lattice dilatation. The authors sugeg$in the literature3Q]) that increased
theoretical and experimental efforts were required to wstdad these strain effects in more
details since the experimental evidence was not yet clgar-c

Schlapkaet al. [31] showed that the strain effect as well as the ligand effecthenCO
adsorption energy, by a combination of experimental andréteal methods. The lattice com-
pression of the Pt monolayer by deposition on a Ru (0001)tsaths as well as the strong
Pt-Ru interlayer coupling, led to a significant reductionref CO adsorption energy, which was
understood in terms of the d-band center downshift causdxbtiyeffects B1].

More recently, Kibleet al.[15] have experimentally tuned the reaction rates by laterairst
on a pseudomorphic palladium monolayer. They found thashifeof the hydrogen desorption
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potential depended on the shift of the d-band center, dueetmisfit lattice parameters (a static
strain) by depositing Pd adlayer on top of different metdisttates. The current density of
hydrogen desorption was also changed by such mismatch stréie meantime.

However, in their novel experiments mentioned above, ttaéstd monolayers were achieved
by epitaxy to different support substrate crystals due ¢ortisfit of metal lattice parameters.
Thus it was still difficult to separate the strain effect aigeihd effect on the shift of the d-band
center or the change of properties in those experiments.

1.1.2 Electrocapillary coupling coefficient

This thesis aims to monitor the mechanical modulation o&teetrosorption enthalpy as well as
of the reaction current in an electrochemical reaction otmaared surface. Since the potential
of electrosorption represents the adsorption enthalpy,afrthe key coupling coefficients in
this study between electrode processes and the mechatiesrnssponseg, of the electrode
potential to elastic strain, defined wa = dE/de|,. Here E' denotes the electrode potential,
the superficial charge density, and tangential strain variable.

Further, the electrode potential in electrolyte environtregt the potential of zero charge
conditiort is closely related to the electron work functfaf the surface in vacuum. Therefore,
e agrees as well with yet another fundamental parameterggponse of the work function to
the strain Ab initio computation datad7—40] summarized the atomic and electronic relaxations
in charged gold surfaces in vacuum and investigated theteffdangential strain on the work
function for a set of noble and transition metals. The atlevaluated the response valydor
Au (111) as -1.86 V and found moreover that such parameted/atrongly with the surface
orientation and the surface material.

The experimental measurementgfwas first reported in an early work by Gokhshtedd][
(summarized by Valincius in Ref4p]), who defined the response parameter. Gokhshtein
pointed out a Maxwell relation and proposed the ‘Estancethoe as a technique for mea-
suringse(E). Yet, Gokhshtein’s estance experiments did not see a détaild comprehensive
documentation in the literature, and key results remaiitbereobscure - such as the numerical
magnitude okg and the procedure by which numbers were derived - or puzzlgugh as the
several sign changes of( F) in the potential range near the zero charge.

At equilibrium condition, the Maxwell relation explored Bokhshtein equates to another
thermodynamic parameter, the derivative of the surfa@ssif, of the electrode with respect
to its superficial charge density In other wordsge = ¢, whereg = df/dg|.. This Maxwell
relation has been experimentally confirmed recertB/44].

Until recently, the confirmed quantitative experimentdbimation on¢z came from the
measurements @f. Experiments using cantilever bending or porous metalesipa yielded;
near the potential of zero charge between -1 V and -2.5 V fooua metal surfaces in weakly
adsorbing electrolyteglp-50].

In fact, despite the fundamental relevance of the strapeaese of the electrode potential,
the phenomenon has remained poorly explored to this day. O€tsrfor the related quantity
dE/do (whereo is a measure for tangential stress in the bulk, which scalds straine),

Potential of zero charge is defined as an electrode potenttiate there is no excess charge at the electrode
surface, the electrode is at neutral conditicihhsection 2.1.2.
2Work function is the energy needed to move an electron fraFgrmi level into vacuum.
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reported based on partly more recent experiments, diffesdweral orders of magnitude and
even by sign43,51,52]. Therefore, a direct measurementpgis desirable, especially in view
of the nontrivial issue of equilibrium during real electeoprocesses.

Smetaniret al.[43,53] developed a novel experimental approach of introduciregctfclic
strain on the surface of a metal electrode under the openitcaenditiort. The parameter of
interest in their measurement wasxactly and the strain was changed dynamically in opposite
to the epitaxy approach used in Ref8, 14, 15,31]. Thus one can clearly address the exact
impact of surface strain on the electrode potential sejpagy#ite ligand effect. However, such
novel experimental approach of measuriags only available under the open circuit condition.
If there is no open circuit condition, the electric curremedtly compensates the variation of
potential, which is induced by the strain, under the funtbbpotentiostat instrument.

The presence of this limitation is inconvenient to detea goantify the value ofg for
different electrode processes, for instance during acyditammetry. The approach designed
by Smetaniret al. therefore needs to be improved further to remove this litoita

1.2 Scope and structure of this thesis

This dissertation gives a direct answer of howrt®itu monitor the mechanical modulation of
catalytic reactivity for achieving a deeper understandifthe chemical reaction on a strained
surface. It thus affords a new tool for studying the stragpehdent catalysis on material sur-
faces. With regard to the mechanical modulation of reagtithe interdisciplinary investigation
in this thesis focuses on the strain-induced variation etebde potential and of reaction cur-
rent. Based on these issues, new measurement strategescaessfully established o situ
detect and quantify the relevant coupling coefficients wihenelectrode is cyclically strained.
These novel strategies remove the restriction of openiticondition and introduce the poten-
tial control so as to access the domain of electrocatalgtction.

Prior to the quantifiable measurement for the reactivitgiststrength in an electrocatalytic
reaction, the experimental methods — dynamic electro-cherachanical analysis (DECMA) —
are validated near the potential of zero charge at equihbbigondition. The strain-dependence
of adsorption enthalpy thus can be quantified by acquiriegtiupling coefficient of potential-
strain response in an electrosorption process. Since tlieooe near equilibrium condition
are identified, it can be taken one step further into the reslmon-equilibrium processes for
studying the reactivity-strain strength in electrocatalyeaction as a focus of this thesis. The
structure of this thesis is arranged in following chapters:

Since electrochemical technologies are used as basicridlois study, Chapter 2 gives an
introduction to the fundamental principles of electrocistng. Chapter 3 shows the experimen-
tal procedure in detailed description of sample fabricgtimols of sample characterization,
electrochemical setup as well as measurement strategies.

DECMA is described and validated in Chapter 4 for precisebasuring the coupling of
electrode potential to straigs( ), and the response of electrode current to strain of eladitric
conductive solids in aqueous electrolytes during a comveat cyclic voltammetry. By means
of an example, the results for gold electrodes are reporitghvdominantly capacitive regions.

1Open circuit condition means no potential or current is ge@ipplied to the electrochemical experiment. Thus
no external electric current flows between the electrodesection 2.1.2.



1.2 Scope and structure of this thesis

Three independent experiments are explored for separdiéngyclic strain-induced variation
of potential or current from the background signal. The figdis that the results of all three
experiments are in quantitative agreement aid’) varies significantly with the electrode po-
tential. Moreover, the impact of ions of the working solatian the behavior of potential-strain
responses is investigated as well in different electrocbainsystems; for instance, different
electrolytes and different concentrations of electrolytethe end of Chapter 4, the method of
measuringe( F) is taken one step further to the electrosorption processedifferent metal
electrodesd.g. Au, Pd and Pt) in weakly adsorbing electrolytes. Main pantesults obtained
in this chapter have been published in the journals of Ré#;5H, 55] and submitted to journal
Langmuirfor publication p6].

There are two major merits in the coming Chapter 5. It firsbidtices the strain-dependence
into the kinetic rate equations for strained surfaces, agvivels results for the variation of
coupling-strength with the electrode state. Chapter Sagscribes a novel experimental scheme
through a modified DECMA that allowis situ monitoring the strain-induced reactivity modu-
lation in heterogeneous electrocatalysis due to the clsaingbe lattice parameter of electrode
surface. A simple but typical reaction, hydrogen evolutieaction (HER), is focused on 111-
textured polycrystalline Au and Pt thin film electrodes igS®, solution as the most studied
system in literature. Experimental results agree with tloeleh which imposes generally the
strain term into the reaction kinetics equations, consetiyé& brings us towards deeper un-
derstanding of electrocatalytic phenomena at metal+elgte interfaces, in which the impact
of elastic strain on catalysis is governed by the straireddpnce of the hydrogen adsorption
enthalpy as well as the reaction activation enthalpy intedebemical reactions. The results in
this chapter have been publishedlournal of Catalysi$57].

Finally, this thesis is summarized in Chapter 6.
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Chapter 2

Theoretical background

2.1 Fundamental description of electrochemistry

Since electrochemical techniques were used as basic toolsgh this thesis, general descrip-
tion of fundamental electrochemistmy,g. structure of the electrified interface, is presented in
the next paragraphs and mainly following the textbo&@&-61].

2.1.1 Electrochemical cell

Electrochemical cells consist of at least two electron cmtars, usually metals calleglec-
trodes in contact with ionic conductors, calledectrolytes Electrochemical cells with current
flow can operate either gmlvanic cells in which chemical reactions occur spontaneously and
chemical energy is converted into electrical energy, celastrolytic cells in which electrical
energy is converted into chemical energy. The electrobgits are used in this thesis.

Three electrodes system

Theworking electroddWE) of interest, which makes contact with the electrolyteist apply
the desired potential under control and facilitate the gharansfer to and from the electrolyte.
A second electrode acts as the other half of the electrocdatroell. This second electrode
must have a known potential to gauge the potential on theingeectrode, furthermore it also
must balance the charge added or removed by the working@dectHowever, it is extremely
difficult for an actual electrode to maintain a constant poé while passing current to counter
redox events at the working electrode.

To solve this problem, the role of supplying electrons arfdremcing potential has been
divided into two separate electrodes. In this arrangemtéstreference electrod¢RE) is a
half cell with a known electrode reduction potentiallts role is to only act as reference in
measuring and controlling the potential on the working etete and there is no current flow on

IA half-cell is half of an electrolytic or galvanic cell, whereither oxidation or reduction occurs,g.
AgCl(solid) + e~ = Ag(solid) + C1~. The half-cell reaction at the anode is oxidation, while irésluction at
the cathode .

2The value of reduction potential is relative to the standardrogen electrode&H;, + 2e” = Ha, which is
declared to be zero for forming a basis in comparison witlthlér electrode reduction reactions.

7



2 Theoretical background

it. The counteror auxiliary electrodg(CE) passes all the current needed to balance the current
observed at the working electrode. The counter electrod®eany convenient one with larger
surface area than the working electrode, since its eldotroaal properties do not affect the
behavior of the WE of interest. It is usually chosen to be @&ttebde that does not produce
substance by electrolysis that will reach the surface oWfieand cause interfering reactions
there.

potentiostat

N
v

¥ £ I
WE RE| CE
LY

N

oxidation

reduction

Figure 2.1: Schematic representation of a three electretdetrochemical cell and circuit,
showing the working electrode (WE), reference electrodg)(Bnd counter electrode (CE).
The potentialZ’ at the WE relative to the RE is controlled by the potentioatat the electrical

current/ flows from the WE to the CE in electrolyte.

These electrodes — the working, reference, and counter € ngakhe modern three elec-
trodes system, as shown in FJ1 Such a three electrodes cell is usually required in the work
with a potentiostat instrument, which is used to measurethtential difference between the
working electrode and the reference electrode. The pogatihas a high input impedance con-
nected with the reference electrode, so that a negligibleentis drawn through the reference
electrode. This thesis adopts the three electrodes systathalectrochemical measurements.

Polarisable and nonpolarisable electrodes

A metal electrode at which no charge transfer can occur adfres metal-solution interface,
regardless of the potential imposed by an outside sourcaliafge, is called aideal polarizable
electrodeg(IPE). While no real electrode can behave as an IPE over tiodewange of potential
windows available in a solution, some electrode-soluti@mtiesms can approach ideal polarisable
condition over limited potential ranges. The only reactiomrent, generated by the reduction
or oxidation, that flows in this region is due to charge-tfanszactions of trace impurities.q,
metal ions, oxygen, and organic species), and this curseqite small in clean systems. In
contrast to IPE, an electrode whose potential does not eéhapgn passage of the current is
called anideal nonpolarisable electrodéNPE). Typical such electrodes with fixed potential
are the reference electrodes. Fig@r2illustrates a schematic representation of IPE and INPE.
The relevant electrocapillary coupling coefficients areufed on a polarisable electrode in
this thesis. In Chapter 4 below an extreme case of nonpaldeslectrode is comparatively
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investigated for the deeper understanding of the diffebehtwvior of potential-strain response;
for instance, a metal in contact with an electrolyte contajrthe same metal ion in solution.

1 1 Re
]
Y
- 2
Re E E
-
a) ideal polarizable electrode b) ideal nonpolarizable electrode

Figure 2.2: The steady-state current-potential curvesdeal a) polarisable and) nonpo-
larisable electrodes. Dashed lines show behavior of aefeatrodes that approach the ideal
behavior over limited ranges of current or potential. Aegjgrom Ref. £8].

Residual potential drop between electrodes

WE RE CE
(I)WE —

[~ (I)CE
a)
Oye & > O
—\\WWWWWWWWWWWWWWWMAN\—e
b) R U T(I)RE

Figure 2.3: a) Schematic representation of residual potential drop batvetectrodes in solu-
tion and/ Ry measured at the reference electrdo)erepresentation of the three-electrodes cell
as a potentiometer. The symbols have following meaning:potential on the considered elec-
trodes (WE, RE and CEY, - electrode currentRs - solution resistance between the WE and
the CE,Ry - uncompensated resistance between the WE and the RE. Adapte Ref. B8]

Considering the potential profile in solution between thekiwa and counter electrodes,
shown schematically in Fig2.3a), the solution between these two electrodes can be rebarde
as a potentiometer. If the reference electrode is placedtaene but exactly at the electrode
surface residual potentiawith definition as/ i;;, where Ry, is theuncompensated resistance
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2 Theoretical background

and I denotes the electrode current flowing from the working etels to the counter elec-
trode, will be included in the measured potential, see R@ b). Even when the tip of the
reference electrode is designed for very close placemehetaorking electrodeg(g. use of a
fine tip called aLuggin-Haber capillary, such design can decrease the effect Bf;, but not
totally eliminate it. Apart from that, some uncompensatsistance usually remains since the
distance still remains between the working electrode aaddference electrode. This uncom-
pensated potential drop can be removed later, for exanpl®, $teady-state measurements by
measurement ak;; and point-by-point correction of each measured potential.

All electrode potentials are corrected for the potentiapdn solution by subtracting( £) R/
from the nominal electrode potential value when studyimgttechanically modulated catalysis
due to the rather large current in the reaction zone.

2.1.2 Structure of the electrified interface

A common example of an electrochemical system is that of @ermeable interface between a
metal and a solution containing ions, where the speciesdelarriers) ensures the current flow
at each side of the interface but cannot traverse it. In &ettrochemistry concerns with the
interrelation of electrical and chemical effects and reas that involve reactant and electron.
Chemical changes can be caused by the passage of curremle€trechemical reactions occur
at the electrified interface of metal-electrolyte. Thistpdiprinciple and description about the
structure of an electrified interface is adapted from Ref]. [

Electrical double layer

Since charge cannot cross the ideal polarized electroddact when the potential is changed,
the behavior of the electrode-solution interface is analisgo that of a capacitor. The charge is
governed by the equatio®), = C E, where() is the total charge stored on the capacitors the
electrode potential and' is the capacitance. At a given potential, there will exisharge on
the metal electrode)™, and a charge in the solutio@®. The charge on the metal is negative
or positive depending on the potential across the interdackthe composition of the solution.
At all times, howeverQ™ = - Q%.

The charge§)™ and@® are often divided by the electrode arela,and expressed as charge
densities,¢™ = QM/A, given in unit of xCcm=2. The whole array of charged species and
oriented dipoles existing at the metal-solution interfecealled theelectrical double layer

As illustrated in Fig. 2.4, the electrical double layer has a complex structure of re¢ve
distinct parts according to the Gouy-Chapman the62+$4]. The solution side of the inter-
face consists of a compact layer (inner and outer Helmhalterk) plus a diffuse layer. The
inner Helmholtz layeor inner Helmholtz plan€lHP), close to the electrode, contains solvent
molecules and specifically adsorbed ions which are not saally. Such inner layer is de-
fined by the location of the specifically adsorbed ions, wisckt a distance;. The total charge
density from specifically adsorbed ions in this inner laygay'i(uCcm=2). The next layer, the
outer Helmholtz laye(OHP), reflects the imaginary plane passing through theecafitsol-
vated ions at their closest approach to the surface; thisisnet solvated ions can approach
the metal only to a distance. The solvated ions are nonspecifically adsorbed and asett
to the surface by long-range coulombic forces, so that th&raction is essentially indepen-
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2.1 Fundamental description of electrochemistry

dent on the chemical properties of the ions. Both Helmhalgeis represent treompact layer
also called thedelmholtz layeyor Stern layer

Because of thermal agitation in the solution, the nonsmediji adsorbed ions are dis-
tributed in a three-dimensional region called th#use layer The diffuse layer, beyond the
compact layer, extends from OHP to bulk solution. The excéssge density in the diffuse
layer is¢¢, hence the total excess charge density on solution sideeodidlible layerg®, is
given byq® = g'+q* = - ¢,

Diffuse layer

+ Bulk
Bulk electrolyte
metal +
Specifically
adsorbed
+ anion
-+ Solvent
@) molecules
xl x2
I A
q 4 q

Figure 2.4: Simplified scheme of the electrified double laggion under conditions where
anions are specifically adsorbed: compact and diffusedayith solvated cations and anions in
the electrolyte. M = metal surface; IHP = inner Helmholtzdagat a distance; from the metal
surface); OHP = outer Helmholtz layers (at a distancéom the metal surface). Symbaj4/,

¢* and¢? denote the total charge density at the metal surface, ther lager and the diffuse
layer, respectively. Adapted from Rek§].

Potential of zero charge

Thepotential of zero charggzg, a fundamental property of the metal-electrolyte integfds
defined as an electrode potential where there is no exceggedhiethe electrode surface, usually
with the symbolF... If the electrode potential is positive in relationgag then negative ions
(anions) are attracted to the metal surface from the elgtexaf it is negative in relation tpzg
then positive ions (cations) are attracted.

Since at thgozcthe surface tension reaches a maximum value, and the e @aipacitance
at the boundary shows a minimum peak, one method to detertingygzcis measuring the
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minimum peak of differential capacitance during potergigéep. This thesis would provide an
alternative and useful probe of tpecof gold.

Open circuit potential

The open circuit potentialocp) is the potential of the working electrode relative to thé re
erence electrode when no potential or current is being egpb the cell. Thus no external
electric current flows between the electrodes. It is givetheysymbolF,.. The metal-solution
interface determines the value of thep eg. the metal materials, the concentration of elec-
trolytes. Theocp can be measured using high-input impedance voltmetersgtenfloometers,
as in potentiometry.

One major merit in this thesis is to remove the limitationto# bpen circuit condition and
to impose the potential control for measuring the paranadtpotential-strain response.

2.1.3 Faradaic and non-faradaic processes

With a phenomenological thermodynamics description, tbemial-strain response in this
study is a key parameter connecting electrode process tmélcbanics. There are two types
of processes occurring at electrodes. One type partigpatelectrochemical reactions where
charges€.g, electrons) are transferred across the metal-electroitgeface. Electron transfer
causes electrochemical reactions (oxidation or reductomccur. Since such reactions are
governed by Faraday’s lawé., the amount of the chemical reaction caused by the flow of cur-
rent is proportional to the amount of electricity passdu}ytare calledaradaic processeslhe
faradaic currentis the current that corresponds to the electrolytic oxatatr reduction of one
or more chemical species at an electrode.

Under some conditions, at a given electrode-solutionfaterthere is a range of potentials
where no charge-transfer reactions occur because sudioreaare thermodynamically or ki-
netically unfavorable. However, processes such as adgorahd desorption can occur, and
the structure of the electrode-solution interface can ghamth changing potential or solution
composition. These processes are catledfaradaic processes

The current in nonfaradaic processes flowing through artrelgdzemical cell is charging
or discharging the electrical double-layer capacitandas €urrent does not involve any elec-
trochemical reactions (charge transfer). It only causesimalation or removal of electrical
charges on the electrode and in the solution near the eflctrbhere is always some capaci-
tive current flowing when the potential of an electrode isnghiag, and the capacitive current
is generally zero when the potential is constant. It is alted nonfaradaicor double-layer
current in contrast to the faradaic current. Although charge dag€ross the interface, exter-
nal currents can flow when the potential, electrode areaglatisn composition changes. Both
faradaic and nonfaradaic processes occur when electradeams take place.

Electrode Reaction and Electron transfer

Figure 2.5 describes the processes occurring in a simple electrodéiora It contains four
processes:
i) Mass transfer of the reactant (or product) to and away fiweretectrode interface;
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2.1 Fundamental description of electrochemistry

i) Proceeding or follow-up chemical reactions;

iii ) Surface adsorption or desorption processes;

iv) Electron transfer at the electrode-solution interface.

In the case of reduction, a species (O), capable of rece@melectron diffuses to the
surface, receives an electron from the electrode and dsfasvay from the surface. Current at
the surface is generated by the transfer of electrons frenelctrode to the redox species. In
solution the current is carried by migration of ions.

. 0 € — 0,, €<— 0"
° chemical diffusion
§ b%o& ;00‘\ reaction i
5 9 %0&
n g :
O’ads Bulk
i electrolyte
ne electron —
4:? thransfer O +ne R
> <
R’ads %,
% .
%@x:o Fenction | diffusion
%’}' R’ <_—) Rsurf 4-_-—> R*

%

Figure 2.5: Pathway of a general electrode reaction. Adifpten Bard B8].
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Figure 2.6: Schematic representation of an electrodeiogach) reduction and) oxidation
process of a species, A, from solution. The molecular dbislO) of species A shown in
figures are the highest occupied MO and the lowest vacant Mfap#ed from Ref.38].
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The magnitude of the potential controls the direction and od charge transfer. As illus-
trated in Fig.2.6, by driving the potential of the electrode more negativelg(by connecting
a battery or a power supply to the electrochemical cell wgmegative side connected to the
working electrode), the energy of the electrons in the edelet increases, thereby the electrons
are given sufficient energy to occupy vacant states on theespim the electrolyte. In that case,
a flow of electrons occurs from an electrode to solution dateluction current Similarly, by
driving the potential more positively, the electrons in #hectrode loose energy, thereby making
it possible for electrons from species in the electrolytéower their energy by transferring to
the electrode. Their flow, from solution to electrode, isoardation current

2.1.4 Mass transport

The rate of charge transfer can be increased drasticallydrgasing the electrode potential, but
charge can be transferred over a very short distance (ofrtlez of 0.5 nm in inner Helmholtz
layer) in the form of an electron only. Another process isuregfl to bring the reacting species
close enough to the surface, and to remove the species fatrtbé surface into the bulk of
solution. This process is calledass transporf61]. The mass transport phenomena can be
macroscopically described with three types of driving &scroughly portrayed as migration,
convection and diffusion accompanying an electrode readt8,59]. In electrochemistry, the
region in which diffusion cannot be neglected, comparedhemomass transport mechanisms,
is known as the diffusion layer.

2.2 Fundamental equations

The ability to predict how a system will behave under certainditions is essential in an elec-
trochemical experiment. In this regard, the fundamentab&qns described in this section can
be quite useful and mainly adapted from the handbooks of. RE8%51, 65-67).

2.2.1 Faraday’s law

Faraday’s law of electrolysis that governs the electroébaimeactions can be stated as follows.
The number of moles of a substaneg,consumed or produced at one of the electrodes in an
electrolytic cell is directly proportional to the electcbarge passed through the electro@e,
Assuming that there are no parallel processes,

Q =nzF, (2.1)

wherez and F" are the number of electrons appearing in the electrodeioeaauation and the
Faraday constant (96 485 C mb), respectively. The constaiit has a simple relation to two
other physical constants:

F = quAa (22)

where N, is the Avogadro constant with value of 6.022%3 mol-' andq, is the elementary
charge of 1.60210% C.
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2.2 Fundamental equations

2.2.2 Nernst equation

For an electrode reaction, the equilibrium condition isralbterized by the Nernst equation,
which links the euilibrium potential of a reversible reactito the concentration of electroactive
species (participants). For simplicity, we only considsirayle electron transfer reaction (here
z = 1) between oxidized species (O) and reduced species (R):

O+e =R. (2.3)
In an electrochemical cell, the cell potential relates ®@bbs free energy change:
AG =-FFE. (2.4)

Here E' is the cell potential (electromotive force) relative toerfnce electrode, also known as
open circuit potential{,.) or equilibrium potential £.,), which is present when no current is
flowing through the cell, and’ is the Faraday’s constant. If the reactant and product hake u
activity® (i.e. at standard states) aritlis for the reaction in the reduction direction (from left to
right in Eq. 2.3), then we have

AG® = -FE°. (2.5)

In this case, the potential is known as #tandard electrode potenti@E? [V]) or the standard
potentialand it relates to thetandard Gibbs free energy chang®G® [J mol1]). It should be
noted here that due to the minus sign, all spontaneousoeadtie. with AG? < 0) will have a
positive standard electrode potentiaP(> 0).

At given timet, the concentrations of oxidized species is expressedA$,t) and of
reduced species @%;(0,t) at the electrode surface. The relationship between thaceidon-
centrations and free energy change is giverb&%p]?:

Cr(0,1)

AG=AG + RTIn 28 = AG® + RTIn 223277 (2.6)
aop Co(o,t)

whereR is the gas constant (8.3145 J mioK-1), a; is the chemical activity for the relevant
species andT [K] is the absolute temperature. The critical aspect of gggation is that the
ratio of reduced to oxidized species can be related to the3Ilee energy change.

The mathematical expression describing the correlatitwwdsn equilibrium potential and
concentration for a cell reaction is a central tenet of ebattemistry and is known as tiNernst

equation
RT . Co(0,t)
Feop=E°+ —1In—"-22<. 2.7
‘ F O CR(0,0) 2.7)
The Nernst equation solves the potential of an electrootedmell containing a reversible sys-
tem with fast kinetics, and it is valid only at equilibriummait can be applied at the surface of

The activity of a species denoted;, is defined asgg]: a; = exp “R}LO wherey; is the chemical potential
of the species under the conditions of interg$tjs the chemical potential of that species in the chosen atand
state,R is the gas constant ardis the absolute temperature.

2The symbols herer andao are the chemical activity for reductant and the oxidanpeesvely.a; = Y;C;,
whereY; is the activity coefficient of species Since activity coefficients tend to unity at low conceritias C;,

activities are frequently replaced by simple concentregi69].
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the electrode. The equatioR.{) can be written in a more general case

., RT. C* ) RT O
E.,=F"+—In=22=F"+2303—1 O 2.8
q + F n C;% + F Og C;-%’ ( )

where £V is the formal potential, and™* is the bulk concentration for the considered species.
At room temperature (25C), the term 2.303 RT/F may be treated like a constant andcegl!

by 59.2 mV for cells. The equilibrium potential of a revetsibeaction is thus shifted with the
logarithm of the concentration of electrolyte in use ascatid by that value of 59.2 mV.

2.2.3 Current-overpotential equation

The content above section predicts the equilibrium poaéofia reversible reaction. Moreover,
the potential of an electrode strongly affects the kinedicseactions occurring on the surface.
This part of fundamental concepts is adapted from Rsf] {o represent the relationship be-
tween the kinetic rate and electrode potential in a genégatrede reaction, considering only
one electron transfecf, Eq. 2.3).

In electrochemistry, the physical variable overpotentjglor AF), is used rather than the
electrode potentialfy. Theoverpotentiais defined as

n= E - Eeqa (29)

where E, is the equilibrium potential of one reversible reaction. isTts the extra voltage
which drives a Faradaic current. The constant of propaatipnlinking the cathodic reaction
(reduction) rate t@’' (0, t) is the rate constarit.. The reaction rate for the cathodic process is

Ve = keCo(0,1). (2.10)
Since the cathodic reaction is a reduction, theredataodic(reduction)current, /,.:
I, = —FAv, = —-F Ak.Cp(0,1). (2.11)
Likewise, we have a reaction rate of anodic reaction:
Va = kaCr(0,1), (2.12)
and the anodic component to the total currens:
I, = FAvy, = FAk,Cr(0,1). (2.13)
Thus, the net overall reaction current is

I=1,+1I.=FA[k,Cr(0,t) - k.Co(0,t)], (2.14)

1Standard conditions foE° areT = 298 K, pH = 0 and unit activity. Non-standard conditions onditions
where the activities of oxidized species and reduced speceaffected by the medium, then formal potential is
used,E°’, which presents both the oxidized and the reduced specigsiticoncentration instead of unit activity
and depends on the nature of electrolytes in the solution.
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2.2 Fundamental equations

whereA is the electrode area in above equations.
The reaction rate constants can be written as a functioneo$ttindard heterogeneous rate
constanti? [cm sec'], with a charge transfer coefficient;

k, = K0e-od (B-E"), (2.15)

iy = KOe(-e)f(B-ET). (2.16)

where the coefficient = F//(RT), formal potentiaE"’ is the same as in EQ.8and the transfer
coefficient or symmetry factory, is a dimensionless parameter with values between 0 and 1,
and is often estimated to be 1&8]. The transfer coefficient is a measure of the symmetry of the
energy barrier. This transfer coefficient has significandée kinetic rate of an electrochemical
reaction.

By combining the equation2(14), (2.15 and .16 above, the current of the reaction may
be described by the complete current-potential charatieri

I = FAKO[CR(0,)e0-0IBE-E") _ (0, )eod (B-E)], (2.17)

This equation is the basis for all accounts of heterogenetaeirode kinetics. In view of the
equations2.8), (2.9 and .17, we can obtain

I = ]O[Meu—a)wm - MG—QFU/RT]’ (2.18)
Ch Co
with
Iy = FAKY(C5)(CR)",
where I, is the exchange currenin a dilute solution. This equatior2(18 is known as the
current-overpotential equatignwith the first term describing the anodic component curegnt
any overpotential, and the second showing the cathodicibation.

The behavior predicted by EG.18is depicted in Fig2.7. The solid curve shows the actual
total current, which is the sum of the componénand /. shown as dashed traces. For a large
negative overpotential, the anodic component is negkgitebnce the total current curve merges
with that for I.. At a large positive overpotential, the cathodic compomenegligible, and the
total current is essentially the samelasIn going either direction front,,, the magnitude of
the current rises rapidly, since the exponential factorsidate the behavior.

However at extrems, the current levels off. In these level overpotential regidhe current
is limited by mass transfer rather than heterogeneousiémethe exponential factors in Eq.
2.18are then moderated by the factarg(0,¢)/C}, andCp(0,t)/C¢, which manifest the re-
actant supply. The feature biniting current I, is independent of the overpotential. Since the
experiments in this thesis do not approach the region of +inassfer limit, the mass-transfer
effect is neglectable. The next few paragraphs with sebstiow approximate forms of the
current-overpotential equation in different cases, wiaichrelevant for the experiments below.

Exchange current

When an electrochemical cell is at equilibrium there is nbawerent {( = 0). From Eq.2.17
we then have, at zero current,

FAK[CR(0,)e-01 (Bea=E")] = P ARO[ Cp (0, £) e~ Bea=E)], (2.19)
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<0

Figure 2.7: Current-overpotential curves for reactivne~ = R with overpotentiah = £ - E.,.
The dashed lines show the anodic and cathodic curreht asd /., respectively, wher€'y =
Cr(0,t)/C}, andCq = Co(0,t)/Cy, in the figure. The limiting current; is due to the effect of
mass transfer.

Since equilibrium applies, the bulk concentration of O andr® found also the same at the
surface, mean§y(0,t) = Cf, andCr(0,t) = C},; hence

&

cy’

which is simply an exponential form of the Nernst relatioeg£9.2.7).
Since the net current is zero at equilibrium, the systematosta cathodic current balanced

by an equal and opposite anodic current. The balanced faradaent can be expressed in
terms of the exchange curreii,in magnitude to either the component currdptor .. That is

ef(EeqiEO/) — (220)

Io=1, = 1. = FAKCS e-of (e, (2.21)
Thus, the exchange current is:
Iy = FAK(CH)(C3)°. (2.22)

Often the exchange current is normalized to unit area toigeotheexchange current densijty
usually with the symbolj, or j*, jo = I, /A. The exchange current density is the rate of
reaction at the reversible potential (when the overpadérstizero by definition, it is also called
equilibrium potential). At the reversible potential, treaction is in equilibrium meaning that
the forward and reverse reactions progress are at the sda®e rahis rate is the exchange
current density.

No mass-transfer effects

If the solution is well stirred, or currents are kept so lowattthe surface concentrations(Q,t))
do not differ appreciably from bulk valueg’t), then the current-overpotential equation (Eq.
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2.18 reduces to th8utler-Volmer equation
I = Io[e(t=) /BT _ gmabn/RTY, (2.23)

The Butler-Volmer equation can be used to predict the ctitreat results from an overpo-
tential when mass-transfer limitations are eliminatedlelscribes how the electrical current on
an electrode depends on the electrode potential (precmadypotential), considering that both
a cathodic and an anodic reaction (or a reversible reaabioc)r on the same electrode.

Linear Response

For small values of, the exponentiad* can be approximated as+ z; hence for a sufficiently
small overpotentiah, Eq. 2.23can be reexpressed as

I = 1yFn/RT, (2.24)

which shows that the net current is linearly related to therpstential in a narrow potential
range nearr,,. The ration/I has units of resistance and is often called ¢tharge-transfer
resistancelRR;:

_RT

Ru = —.
T FI

(2.25)

Tafel equation

For large values of,, one of the bracketed terms in Egj23becomes negligible. For example,
at large negative potentials, the Ej23can be simplified as

I = —Iye otn/RT (2.26)
or RT RT
77:ﬁlnlo—ﬁln|[|:a+bxlog|[|, (2.27)

whereb = 2.303RT/(aF) is the so calledafel slope A graphic representation of Idd| vs. n
is known as dafel plot The value of Tafel slope is used in this thesis to deterntieee¢action
mechanism of hydrogen evolution reaction when studyingtren-dependent catalysis.

2.2.4 Impact of strain on electrocapillarity

This subsection mainly follows the content of Réf0[to present the idea of how surface strain
takes a significant contribution into Gibbs free energy. e special case here is inspected
so as to highlight the essential physics. In R&0,[71] the detailed analysis of the mechanics
of electrodes starts from first principles and allows forey@ahgeometries and processes.

As illustrated in Fig.2.8, a patch of electrode surface is formed where a droplet afdiq
electrolyte wets a planar metal surface. The net free erwdtipe system (electrolyte plus metal)
may be decomposed into contributions from the bulk solid kopeid and from the various
interfaces. The excess free energy (or calldbs free energy G5! = 7514, is associated with
the (solid-liquid-) electrode surface of Lagrangian afeand surface tensions!.
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__ Specifically, the variationjG*!, of that quantity is inspected when the physical surfaca,are
A, of the electrode is increased by the relative amauwhile the electrode potentialy, is
held constant. The process under consideration achiegestlation ofA in the way of elastic
strain.
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e=0 elastic strain e=¢
N=N, number of surface atoms N=N,
A=A, Lagrangian area A=A,
A= 4, physical area A= (1+¢) 4,
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Figure 2.8: Increase of the physical surface aréapf an electrode by the elastic strain,
with relative amount, while keeping the electrode potential constant. The eldet surface
is formed where a liquid droplet wets a solid metal. Circlegresent atoms, red solid circles
denoting electrode surface atoms in contact with the ligkldstic strain of the metal (right side
of graphics) enhanced by increasing the in-plane interatomic spacing fre# to »)™N(1 +
/2), while leavingA and the number of surface atoms constant. The variationdessxGibs
free energy here scales wifithe surface stressé(= = f Apc. Adapted from Ref.70].

The process under consideration (right-hand side of Ei§). is an elastic strairg, of the
electrode in the tangent plane, with the strain magnituee. This might be brought about by
mechanical force applied to the metal in study. The contaetis taken to remain stationary
in the Lagrangian frame, in other words, the line is displaakng with the surface atoms.
Here, the physical area is varied by the relative ameunhile the number of surface atoms
as well as the Lagrangian area of the electrode remain aaansthe variation irG*! is then
entirely due to a change in the surface tensi@' = Ay97°.. The variation iy will not
generally vanish, since the strain changes the interatepdacing between the metal atoms at
the electrode surface, thereby modifying the state of tilase. In fact, experiment as well as
ab initio computer simulation put the derivative= 07°!/0e, of the surface tension of solids
with respect to the elastic stram at a similar numerical magnitude as the surface tension
itself [72-75]. The quantityf is termed the surface stress. In termg pive have here

sl

5GS = Ao = Ao%e = Agfe. (2.28)
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The relevant capillary parameter is here not the surfacgderbut rather its strain-derivative,
the surface stress. Specifically, the mechanical equilibiof compliant electrodes is governed
by the surface stress and the excess free energy can dep#msirain variable.

2.2.5 Thermodynamic Maxwell relation for electrocapillar ity

Consider a polarisable metal electrode in contact withtedte and impose a tangential strain
on the surface, so that the contribution on surface freeggraensity,,y, of the electrode can
come from the strain and electrolyte: can depend on the composition parameters through
the superficial excess, of the species in the elctrolyt&]]. TheI characterizes the adsorbate
population and thereby links the charge dengityjadg = X -z FdI" [32]. The Faraday constant

is denoted by, andz labels the valency of ion. To summarize above, the surfasednergy
density,,), depends, at the most, on tangential straamd superficial charge densifynamely

v =1v(e,q).

In continuum mechanics, one assumes that the body stamisafnoundeformed configura-
tion that is mapped into its deformed configuration in Lageacoordinates. Surface free energy
density,), as well as the superficial charge densityare defined as densities per area of the
surface in its undeformed state. A suitable strain varialléor use with isotropic surfaces is
the relative change in physical aref,during the deformation:

e=0A/A. (2.29)

The state function) is related to the surface tension, by a Legendre transformy(e, E') =
Y(e,q) - qF, see details of the derivation in Re&1} 71]. In view of Eq. .28, the energy-
conjugate variables te andq defined in this way are the scalar surface str¢sand the elec-
trode potential Z. Thus, the total differential af, at constant pressure condition, is then

dy = fde + Edg. (2.30)
The parameter of interest, the potential-strain coefficigns a second derivative af, namely
e =dE/de], . (2.31)

At equilibrium, the Maxwell relation equates to another coefficient, the derivative of the
surface stress with respect to the charge density. In otbetsie = ¢ [41-43,48,71], where

G =df/dg|e. (2.32)

In other words, the response of the electrode potentiabistielstrain at constant charge density
(se) is numerically equal to the response of the surface stoadsanges in the superficial charge
density at constant strain conditiogn)(

The electrode potential in electrolyte @c condition is closely related to electron work
function of metal surface in vacuum. Therefotgalso agrees with yet another fundamental
parameter, the work function-strain responsebrinitio computation 87, 38,40].

Sze = % |q:0: qal% |q:07 (233)
whereq is the elementary charge aiid is the work function.
The electrocapillary coupling coefficient,can be precisely determined by experiment and
by numerical simulation. The experiemntal resultsgbbtained in this thesis could be sup-

ported in comparison with the pubished data;adnds.. by other techniques.
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2 Theoretical background

2.3 Hydrogen evolution reaction

2.3.1 Reaction steps

Electrocatalytic hydrogen evolution reaction (HER) orfafiént electrode materials such as
Pt [76-81] and Au [35,82-85] has been studied extensively, since it is one of the mosteun
mental electrochemical reactions. Based on the previqeste[/ 7-79,83,86-88], the possible
reaction steps in HER could be summarized in acid solutimmunistances as following.

1) Underpotential deposition of hydrogen:

H;rq +e + MS = MHad,upd7 (234)

whereMH,q ,,,pq iS the adsorbed hydrogen ion through underpotential depgUPD) andV,
is the metal atom on the surface. The surface is modified bypsilicomplete monolayer of
strongly bound UPD species.
2) Overpotential deposition of hydrogen. It is also calNédmeror discharge reactionn
Eqg.2.35
H;, +e + Mg = MHaq opa. (2.35)

The electro-adsorption of |J4 and H,,q occurs in two different potential ranges. It has
been found that monoatomic hydrogen reacti®i34) can be generated on platinum electrode
at positive potentials to the thermodynamic equilibriurtgmial of HER, whearas overpotential
deposition (OPD) of hydrogen operates near the equilibpotential of HER.

It is thermodynamically not possible for UPD H to formy KHince the M-H bond energy is
higher than the 1/2 Hbond B7,89,90]. The more weakly bonded, overpotential deposition
(OPD) of hydrogen can contribute as an adsorbed interneetbate H evolution [77,87, 90,
91].

The adsorption of kj,q is characteristic of Pt group metals only, while the adsorpof
H.pa takes place at all electrode materials at whichddn be electrolytically generate@?).
Thus, the step2.34) is negligible for gold electrode.

3) Indirect absorption of hydrogene. diffusion of adsorbed hydrogen into electrode bulk:

MHad + Mb = MHab + MS. (236)

MH,,;, represents absorbed hydrogen aifdis the subsurface or bulk metal atoms.
4) Direct absorption of hydrogen:

H;rq +e” + My, = MH,,. (237)

Since gold and platinum in study are the metals being not @abédsorb hydrogen, reactions
(2.36 and @.37) are neglectable here.
5) Tafelor combination reactiomn Eq. 2.38

MHad,opd + MHad,opd - H2 + 2MS (238)
6) Heyrowskyor ion+atom reactionn Eg. 2.39

Hy + MHaqopa + € = Hy + M. (2.39)
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2.3 Hydrogen evolution reaction

2.3.2 Reaction kinetics

As evident from the reactions, Volmer step occurs in seridsother two steps, Heyrowsky step
or Tafel step, since MH{ is the product in only Volmer step for gold and platinum eledes.
Heyrowsky and Tafel steps are parallel to each other sincis Bne of the product in both of
the steps. Therefore, the HER path may be Volmer - Heyrows&ywalmer - Tafel [/8,93-95].

In serial steps, the step with the slowest rate controls ithetiks of the system. In parallel
steps, the fastest step controls the kinetics. Since theafodtep of HER is taken to be fast, the
rate limiting step may be taken as the Heyrowsky reactiorafel Teaction 76,82, 96, 97].

Classically, the trends for the mechanism are tested byyangl current transients into
the HER. For platinum, the Tafel and Heyrowsky steps seeralggunportant and Tafel step
dominates at the low overpotential. Since hydrogen adsworps not very strong for gold,
typically a Volmer-Heyrowsky mechanism is relevant.

Since theis thesis will introduce the strain-dependent iaeto the reaction rate equations of
HER, three reaction rates of Eq2.35), (2.38 and .39 are stated here. The expressions for
the reaction rates of each elementary step can be develgpauoblying the absolute reaction
rate theory §3-95]. Assuming Langmuir adsorption isother®g 59, 61], the reaction rate of
the Volmer reaction is given b9, 94]

1-6 —an Fny 0 (1-a1)Fn
ey exp T 2.40
10, PTRT 0 VT RT (2.40)

Uy = Ky

the reaction rate of the Heyrowsky reaction is given $3; 94

0 —asF'n 1-46 (1-ag)Fn
=k — —k_ : 2.41
Un = R » exXp RT hy Or exXp RT ; ( )
and the reaction rate of the Tafel reaction98,P4]
0? (1-0)?
v =ki— -k, (2.42)
ez T (1-0.,)”

whered is the fractional surface coverage of adsorbed hydroggns the hydrogen coverage
at equilibrium potential F' is the Faraday constangk is the gas constanf, is the absolute
temperature ang is the net applied overpotential; anda, are symmetry factors for Volmer
and Heyrowsky reactions, respectively. is the rate constant of forward chemical reactions
(where subscript = v, h, t stand for Volmer, Heyrowsky and Tafel steps) dndis the rate
constant for backward reactions.
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Chapter 3

Experimental procedure

The experimental setup of the dynamic electro-chemo-mechbanalysis is described in this
chapter to detect and quantify the electrocapillary caupparameters of interest. The setup
imposes a cyclic strain on the electrode surface, remoeebrttitation of open circuit condi-
tion and then includes the potential control to investighte potential-strain responsg,, as

a function of the electrode potential. The experimentalgédr measuring the current-strain
response, is established for the first time to directly stindymechanical modulation catalysis
as well. This chapter illustrates the process of samplegpation first.

3.1 Sample preparation

Two types of physical vapor deposition, evaporation andtegng, were used to prepare the
samples in this study The choice of polyimide film (Upilex-S) as the substratearhples was
due to its outstanding mechanical and chemical resistarogegied over a wide temperature
range up to 400C [9§].

Since the gold, platinum and palladium metals have beenestwddely in the experiments
of measuring the electrocapillary parametdi4 15,43,48,100-103, the gold thin films were
prepared by evaporation deposition to validate the measnestrategies for measuring the
parameter of potential-strain responsg(£), in Chapter 4. Taking one step further to the
mechanical modulation of electrocatalysis, the gold aadiquim metals prepared by the sput-
tering deposition were then chosen to investigate the itrgfagtrain on the hydrogen evolution
reaction in Chapter 5.

Here it lists some advantages and disadvantages of eachitieponethod:

i.) Evaporation deposition

1The evaporation method was available at the Institute ofdisahnology (INT), of the Karlsruher Institut
fur Technologie (KIT). The sputtering method was preféne use during studying at the Technische Universitat
Hamburg-Harburg for its good performance. That is why twpasition methods were used in this thesis.

2The high tensile strength of Upilex-S allows to apply therh@astic strain on the samples. Upilex-S is in-
soluble in all organic solvents, and is sufficiently resist® inorganic acid solutions. The advantages of these
chemical-resistance properties are ihjit is easier to clean the substrate with organic solutidorgo metal film
deposition, and.) the substrate film is quite stable in acid solution envirentduring the DECMA experiments.
Upilex-S features low water absorption and hygroscopi@agon. This property of higher hydrophobicity, com-
paring with the traditional Kapton polyimid®8, 99|, makes the deposition metal film stronger adhesion to the
substrate in the present experiments.
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3 Experimental procedure

Advantages: higher purity due to the lower pressure, lesdual stress after deposition.

Disadvantages: poor step coverage, difficult to form allower throughput due to low
vacuum.

ii.) Sputtering deposition

Advantages: better step coverage, higher packing denesy, radiation damage than e-
beam evaporation, easier to deposit alloys.

Disadvantages: some plasma damages, sample includingntedlargon.

3.1.1 Evaporation deposition

Thermal evaporatiors the vaporization of a material by electron beam heatiragteonperature
such that the vapor pressure becomes appreciable and atamalecules are lost from the
surface in a vacuum. The schematic diagram is shown inJia). The high vacuum allows
vapor particles traveling directly to the substrate, whbeegparticles condense back to the solid
state.

magnet [PeRElr
729" | Lsupply

LA s | L
; cathodie \
> ‘ A ‘\ ¥ vsputtering

{evaporation — material

evaporation ! !  metal Ar gas _ ionized /=
flows . ;'4 film _’. Ar gas

plasma

electron
beam

! /evaporation sputtered
", material Q particle

vacuum pump vacuum pump
—

— -
polyimide substrate
e-beam —
—_

a) evaporation b) sputtering

Figure 3.1: The schematic diagram of two types of physicabvaeposition for samples prepa-
ration: a) evaporation an@) sputtering. The polyimide films (upilex-S) were used assttatbe.

In Chapter 4, 20 nm thin gold films were thermally evaporabtedugh a shadow mask onto
125 ;um thick Upilex-S polyimide substrates. Prior to the metgdalgtion, the substrates were
rinsed with ethanol and ultrapure water, dried in nitrog@masphere, subjected to argon plasma
etching for 5 minutes and then kept in-I@nmbar vacuum for 12 hours. TherZ nm titanium
was deposited as an adhesion promoter, followed by vapasitem of the Au electrode proper
at a deposition rate of 0.02 nm's The deposited thickness of metal film was controlled by a
guartz microbalance. Thickness standard deviation waist&86.

Before the electrochemical experiments, the electroddsdaposited metal film were an-
nealed at 25€C for one hour in a vacuum of t®mbar and then cold down slowly to the room
temperature.

These electrodes were fabricated using facilities aviglatthe Institute of Nanotechnology
(INT) of the Karlsruher Institut fur Technologie (KIT) iftné group of Prof. Dr. Schimmel.
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3.1 Sample preparation

3.1.2 Sputtering deposition

Sputtering depositiors a process where atoms are ejected from a solid targetialatae to
bombardment of the target by energetic particles and theodis onto a substrate. A schematic
diagram is shown in Fig3.1b). Magnets are employed in sputtering sources to utiliegt
electric and magnetic fields to confine charged plasma pestitose to the surface of the sputter
target. Two types of sputtering are classified based on tlys wigpower supply asl4:

i.) DC sputtering Sputtering can be achieved by applying large direct cti(i2@) voltages
to the target (cathode). A plasma discharge is establisheédh& Ar ions (Ar) are attracted to
the target. And then the Ar ions impact the target sputtesiifigarget atoms. In the DC sput-
tering method the target must be electrically conductitlesiwise the target surface charges up
with the collection of Ar ions and repel other Ar ions, hatfithe process.

ii.) RF sputtering Radio Frequency (RF) sputtering allows the sputterin@uajfets that are
electrical insulatorsq.g.Si0,). The target attracts Ar ions during one half of the cycle elled-
trons during the other half cycle. The electrons are moreil@abd build up a negative charge,
calledself bias that aids in attracting the Ar ions which does the sputteriRF Sputtering can
operate at lower Ar pressures, is easier to keep plasma gaohfewer gas collisions.

The working electrodes (WE) were 50 nm thin gold films and 5Qotatinum films in Chap-
ter 5, by the sputtering deposition onto the polyimide swtes. Prior to the metal deposition,
the substrates were cleaned with the same processes aswagi@ration deposition, like rins-
ing with ethanol and ultrapure water, drying in argon atnin@sp, subjecting to argon plasma
etching. Then 3 5 nm thick titanium was deposited at 280 W sputtering powe8 feeconds as
an adhesion promoter by DC sputtering, followed by RF sputjeof the Au (or Pt) electrode
proper at 100 W power for 120 seconds in ¥.80-3 mbar vacuum and 99.995% Ar gas flowing
with the rate of 43 sccm (Standard Cubic Centimeters per tdjnn the chamber. Thickness
standard deviation was about 10%.

The samples utilized in this thesis by the sputtering methek prepared using the facili-
ties (Sputtering machine Z550) at the Institute of Micrast®yn Technology of the Technische
Universitat Hamburg-Harburg in the group of Prof. Dr. -IAgieu.

3.1.3 Sample geometry

Upilex-S
a) 7 Upilexss L @&
i Au

£

}-7 25mm ——| f——————25mm 4-%

Figure 3.2: The schematic diagrams of samples geometry, étalrthin films deposition on
Upilex-S substratesa) disc shape layer with a homemade makk;full layer covering on
the top of the substrate. Yellow shadow shows the depositietal layer. The dashed line
represents the contact area between the metal and theogjetr

In the experiments of potential-strain response, constaatge density in referential coor-
dinates was implemented by patterning the electrode s thatupied only a part of the wetted
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3 Experimental procedure

area of the polyimide film, see Figd.2a). This geometry warranted that the entire electrode
surface was wetted at all times. In this way, the charge eesah the same referential area
(same atoms) irrespective of the strain.

During the experiments of hydrogen evolution reaction img@tkr 5, the product of Hby
the high reaction current, invading the side face of cohelsigers, may lead to the decohesion
of the deposition metal layer from the polyimide substrateull deposition metal layer was
thus adopted to avoid this delamination, as shown in Bigb). Since the amplitude of cyclic
strain in this study is sufficiently small on the order of4,0the constant wetted referential
area is a good approximation. Moreover, the coupling caefftdor reactivity-strain strength
is independent on the area by measuring the relative vamiafithe Faraday current in Chapter
5.

Overall, the geometrical area of the working electrodesv@er8+ 0.15 cn?. Knowledge
of the area is useful in the interest of comparing the capacé magnitude and the current
density in a cyclic voltammogram to that of published daté& €émphasized, however, that the
area is never a parameter in the experimental determinatipatential-strain response, and
reactivity-strain strengthy.

3.2 Sample characterization

3.2.1 X-ray diffraction

The X-ray diffraction (XRD) was performed on the electrogec@mens using reflection mode.
Therefore, a Panalytical X'Pefit- ¢ diffractometer was used in Bragg-Brentano geometry with
Ni-filtered Cu-K, radiation and a position-sensitive solid-state detedtois technique is based
on observing the scattered intensity of an X-ray beam lgittisample as a function of incident
and scattered angle.

3.2.2 Scanning electron microscopy

The scanning electron microscopes (SEM; LEO 1530) wereatg@erat 15 kV for the surface
topography of samples. The value of working distance (WDg @anm between the surface of
a specimen and the low portion of the lens.

3.2.3 Atomic force microscopy

Atomic Force Microscopy (AFM) technique, Multimode Nanope Il (Veeco, Digital Instru-
ments) in a tapping mode, was used to characterize the sudaography of electrodes with
the lateral resolution in nanometer scale. The advantdgapming mode are the elimination of
a large part of permanent shearing forces and the causieg®tlamage to the sample surface,
even with stiffer probes. The images were taken at a scarf@&em s over scanned areas
of 1 um x 1 umin 512x 512 pixels.
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3.3 Dynamic electro-chemo-mechanical analysis stage

3.3 Dynamic electro-chemo-mechanical analysis stage

3.3.1 Mechanical setup

Figure3.3illustrates the mechanical setup of the dynamic electemairmechanical analysis,
for the dimensions see more detail in R&3|[ The working electrode was clamped between
a fixed and a mobile grip, the latter being cyclically disglddy a piezo-actuator. Buckling of
the electrode was prevented by a slight pretensidi?b static tensile strain, which was deter-
mined by acquiring the imposed load on substrate througtopaetuator. The thin metal film
was strongly adhered to the substrate without crack evearuhds slight pretension. Typical
displacement amplitudes were 4@0 ;m, yielding the amplitude of cyclic strain in the order of
10-*. The entire mechanical and electrochemical equipments &rerlosed in an O-ring sealed,
high vacuum type stainless steel, which was repeatedlyuetad and purged with high purity
(99.9999%) Ar gas and then sealed under Ar at atmosphessye during an experiment.

Figure 3.3: Photographs of the experimental setup. WE - iwgrklectrode, RE - reference
electrode, CE - counter electrode. Cyclic strain was ge¢eeray the piezo-system and corre-
sponding signal was recorded by means of an external loakaplifier.

3.3.2 Electrochemical system

The sample was mounted in a miniaturized mechanical testagg, with metal side of the WE
facing down and contacting from below by a standing menis€he glass electrochemical cell
consisted of the main body and a counter electrode (CE) campat, which was separated by
a channel. A schematic view is show in Fig.4. A gold (or platinum) wire was used as CE
while the Au (or Pt) electrode played the role of WE in measwe®ets. The reference electrode
(RE), Ag/AgClin 3.5 M KCI (World Precision Instruments), waeparated from the main body
of the electrochemical cell by a Luggin capillary ending atb® mm from the sample surface.
All potentials in this thesis were quotegrsusthe standard hydrogen electrode (SHE), which
is positive by 197 mV compared to potentials measwerdusAg/AgCl in 3.5 M KCI [58].

The electrolytes used in all experiments were prepared #g80, or HCIO, (Suprapur,
Merck) and ultrapure water (18.2®cm, Sartorius), and then deaerated with 99.9999% Ar for
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1 hour. Prior to starting an experiment, all glassware waarad in pirani solution (5 volume
parts of concentrated 430, + 1 part of 30% HO,) for 24 hours and then rinsed thoroughly
with ultrapure water.
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_ . WE CE .
piezo tangential
actuator ' ‘ strain
- PSRy polyimide substrate T S
gloe:(?oller RE
system
[X) . metal
‘,_lg—_'_’J_o meniscus
\J electrode cell electrolyte
i surface
0SC. OuU bOd
ref. in O I g
potentiostat

Figure 3.4: Schematic views of the experimental setup sgprtegeneral setup (left-hand side)
and blow-up of the electrode geometry (right-hand side)e &lectrochemical cell was made
from glass and had separate compartments for the WE and thEneERE was placed close to
the WE. The excitation signal from a lock-in amplifier was lgxbto piezo-controller system.
Then the grip displacement,sin(wt), was given from the sensor in piezo-actuator and used
as the reference signal in the amplifier. The amplifier outpas the potential- or current-
modulation by the electrode deformation. A potentiostaitmled the potential on the WE.

3.3.3 Measurement electronics

A schematic view of the connection in the experimental sétlgdso shown in Fig3.4. The
separate functions of measurement electronics are ligtegdfor the DECMA setup in detail.

Potentiostat

A potentiostat (PGSTAT 302N, Metrohm AUTOLAB) was used ¢xqpimg with linear scan
generator, staircase module for controlling the electpmtential and an impedance module for
measuring the electrochemical impedance. In a traditioyaic voltammetry experiment, the
potential of the WE was scanned by the potentiostat in a fixeerpial range with the two limit
values,F; and FE,, at a constant rate, as an example shown in Fi§.5. The scanning starts
from any potential betweef; and F; to positive direction, and when it reachEgs the scan is
reversed taf; till returning to the initial potential. The current resgganto this modulation of
electrode potential is recorded and then plotted as a fumoti varied potential, giving rise to a
so-calledcyclic voltammogram

This thesis used two types of potential scan, linear scasi@rtase sweep, as shown in Fig.
3.5 The linear scan is quite good to record the capacitive otirfBhus, the experiments used
the linear scan in Chapter 4 for measuring the coupling @efficg in the capacitive region.
The staircase way is a particular format of cyclic voltamrmyetin the staircase mode (Fig.
3.5Db), a potential step profile is applied to the electrochehued, and the current response
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3.3 Dynamic electro-chemo-mechanical analysis stage

is measured at the end of each step. This allows to measwdhmFaraday current, since
the capacitive current, which appears at the beginningegf, dtas a much higher decay rate.
Chapter 5 adopted this staircase mode to explore the steggandence of catalysis.
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Figure 3.5: The electrode potentid, changingversustime, ¢, in a typical cyclic voltammo-
gram with different modesa) linear scan; antb) staircase sweepZ; and F; denote the two
limit values. Scan rate =50 mV s''.

Piezo-actuator system

In the DECMA setup, a cyclic elastic strain on the sample t#nest was imposed by a piezo-
actuator (PI-840 Physical Instruments), which incorpextat displacement sensor. A sinusoidal
excitation signal of frequency from the function generator in a lock-in amplifier was apglie
to the piezo-controller system. This sinusoidal signaVdrie grip displacement in the closed-
loop control mode. The grip displacemeftsin(wt), at any time was given from the sensor in
the piezo-actuator (with the capacitive strain gauge) aaslwged as the reference signal in the
lock-in amplifier.
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Figure 3.6: The actual amplitudes of axial strain are ptb#te a function of frequency. Individ-
ual symbols refer to the different measurements of sample.
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The inertia of the grip system, along with heating-up of tlezp-actuator during fast strain
cycles, limits the accessible frequency range 100 Hz:. The amplitude of the elastic strain
applied to the sample is shown in Fi§6as a function of frequency. The axial strain is defined
here asji/l, with [, the initial sample length. The actual axial strain decreadérighero due
to the heat generation in dynamic operation, which is aioin of the piezo-system.

This thesis utilized the strain frequencies of 20 Hz and 70rHmneasurements, below 100
Hz, due to the precise and stable performance of the pigz@ac.

Lock-in amplifier

The cyclic variation of potential or current in responsetie strain cycles was detected by
means of a lock-in amplifier (SR 7270 Signal Recovery). Thénmanction of the lock-in
amplifier was to separate the DC potential (or current) aed/éniation of potential (or current)
that induced by the cyclic strain.

The lock-in amplifier requires a signal with frequengy,or with period,T’, as its reference
signal. The present DECMA setup puts the dynamic signal ipf displacement], sin(wt),
from the displacement sensor of the piezo-actuator as teeeree signal. For a strain-induced
signal,S(t), the lock-in amplifier output for the in-phase (‘real pa#id out-of-phase (‘imag-
inary part’) amplitudes relative to the strain signal is

5(t) = g [:T sin(wr + ¢)S(7)dr (3.1)

with ¢ = 0 and=/2 for the real and imaginary part, respectively. Since thairsis modulated
using sine function, the lock-in outputs need to be mukiplby+/2, as shown in Eq. 3.1),

in order to obtain the amplitudes of potential- and currenbdulation,Z, I. Both real and
imaginary parts of output signals were recorded then cat@ip the electrode potential during
in situcyclic voltammetry.

3.3.4 The sign of lock-in amplifier

The signal input of the amplifier was set for differential tagle mode operation (A-B). This
mode measured the difference in voltage between the portddpart B, shown in Fig.3.7.
The followed subsections describe the meaning of the sigaasfin amplifier output which
represents the amplitude of strain modulated potentialioeat.

Potential-strain response

In the potential-strain response measurements, port Aeofatk-in amplifier was connected
to the working electrode while port B was connected to thersgfce electrode, as shown in
Fig. 3.7a). The in-phase (‘real part’) amplitude of the amplifierpatttwas the strain-induced
potential,E = Vi — VB, WhereV, and Vg denote the voltage on the port A and on port B of
amplifier, respectively.

1The heat generation, or power loss, in piezo actuator in mymaperation is a function of operating power
and frequencycf. Ref. [105.
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OE/de ol/de

Figure 3.7: The placement and connection of a lock-in anapliior measurin@) potential-
strain response an) current-strain response, respectively. Symh®lsand R, denote the
resistances. Note that ‘A’ and ‘B’ are the two ports of theklae amplifier.

Positive value off’ means that the tensile strain shifts the potential moretigeshamely
the parametetz > 0. During an electrosorption process, the electrode paterdflects the
adsorption enthalpy, namely = —-Ah/zF with the meaning ot the electrode potential\/
the change of adsorption enthalpyhe electron number andthe Faraday constant. Therefore,
the positive value ofg implies that the tensile strain can decrease the adsorgtitralpy of
the electrodeA > 0), thereby enhancing the reactivity of the electrode.

Current-strain response

In order to get the strain-induced current amplitude, a bvadlle resistanceR,, was in series to
the counter electrode, as shown in F8j7 b). The value of current variatiod, then converted
to the difference in voltage between ports of A and B, nanﬁe-i)(VA - VB)/Rs. Thus, the sign
of strain-induced variation relates to the difference dfages {/» — V). This thesis adopts the
current direction as the same definition in the potentipstathich the positive current (anodic
current) flows from the CE in the electrochemical cell to tbéeptiostat, or from port A to port
B, as shown in Fig3.7Db).

The positive output value of the lock-in amplifigr, means that the tensile strain induces
more anodic current for an electrochemical reaction. Theike strain can thus enhance the
electrode reactivity by producing more reaction currentlevthe DC reaction current is an
anodic current as well.

3.3.5 Amplitude of area strain

The grip displacemend/, was measured by a factory-calibrated displacement sertsgrated
into the piezo-actuator system. The calibration factd@0é. 0.2 xm V-1, was also confirmed
using a mechanical gauge.

Hooke’s law, along with the solids for transverse elastiotaction, implies that the total
relative change in surface area - which is the state varialilee present theoretical framework
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- can be calculated using following expression:

ol

é= (1—1/)%,

(3.2)
wherer denotes the Poisson ratio. In the data analysis, the vai8.35 was used for poly-
imide [98,106]. Finally, the calculated amplitude of the area strain anlilpilex substrate was
~ 2+ 0.2x 104 at the frequency of 20 Hz, and 1:60.2 x 104 at the frequency of 70 Hz, in
the experiments of this thesis.

It is essential that the metal film deforms elastically ankerently with the substrate. This
condition was confirmed i’ (e) during slow cycles43]. Note also that the strain amplitude
in the experiment never exceeded3.0Thein situ magnetization and x-ray diffraction experi-
ments under load have established that the substrate dafomis precisely transferred to the
electrode up to the much larger strain amplitudes of 1%,[108. This is further supported
by the signal reversibility and reproducibility in the pees DECMA studies in Chapter 4 and
by the precise agreement of the electrocapillary couplimgffcients determined there with
independent results from surface stress measuren&ht0f and DFT [38].

34



Chapter 4

Dynamic electro-chemo-mechanical
analysis

This chapter detects and quantifies the electrocapillanploay parameter of potential-strain
responsesi, during a cyclic voltammetry. Firstly, the terminology isdfly established in a
theory section for discussing the present experiments asoréng the coupling parameter. The
measurement strategies, dynamic electro-chemo-mectamalysis (DECMA), are then veri-
fied by three independent experiments based on the thetratialysis. The DECMA method
is applied generally to investigate the behaviorsoft different electrochemical conditions
(e.g, polarisable/nonpolarisable electrodes, different eotration of electrolytes, different no-
bel metals as well as different electrosorption processes)

4.1 Theory section

The present chapter starts out with introducing cycliasirdo a phenomenological description
of an electrode/electrolyte system. The phenomenolodesdription of the coupling between
cyclic strain and electrode potential/current rests onttie®ry below of the electrocapillarity

of an electrode surface at equilibrium. The phenomenosbgipproach identifies the relevant
state variables yielding equilibrium condition.

4.1.1 Potential-strain response at equilibrium condition

Consider an experiment where the area stigirg varied cyclically with timet:
e = ésin(wt) (4.1)

with frequencyw and amplitude. Consider further that the electrode is ideally polarisgbb
Faraday processes) and that open circuit conditions appg/potential will then vary, in phase
with the strain, as

E = Esin(wt) = qgésin(wt) 4.2)

with amplitudeE. Therefore, the coupling parametgrcan be obtained as the ratio of the
amplitudes ofF ande, that is,ce = F/¢é (as the definition ofg in Chapter 2).
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4 Dynamic electro-chemo-mechanical analysis

As will become apparent below for an alternative experiralemethod of measuring, it
is also of interest to introduce a measure for the currgatrstesponse. Let us also consider an
experiment where is cycled at constant potential and assume small strain éinda charge-
strain relation. Thus the charge density will vary accogdim

dq = dq/de|gde. (4.3)

This variation may be related tg@ by means of the identity X /dY|; = -dX /dZ|ydZ/dY|x
[110, for state variables(, Y, Z. In the present charge-strain relation, this implies

dg/de|g = -dq/dE|.dE/de,. (4.4)
Sincedq/d E|. represents the capacity,we have
dg/de|g = —cec. (4.5)
Therefore, the charge density at equilibrium varies as
q = —sgcésin(wt), (4.6)

which implies that the net current densityyvaries, out of phase with the strain, as

j =dg/dt = j cos(wt) 4.7)
with )
J = —Secwe, (4.8)
or equivalently X
I =dQ/dt = I cos(wt) (4.9)
with A
I = -gCuwe, (4.10)

wherel, Q andC represent net current, net charge and net capacitance elettteode, which
are accessible in the experiment even when the electrodeisareot known. Let us define a
notation of current-strain responsg,at constant potential condition as

A =dI/de|p=1I/e. (4.11)

Then a simple relation\ = —-C'wqg, shows that the current-strain responsetakes a opposite
sign of parametete at equilibrium near the potential of zero charged.

4.1.2 Potential-strain response at finite frequency

In order to probe the potential-strain response in an exyt exploiting Eq. 4.2), it is re-
quired that Faradaic currents are sufficiently small so ghatconstant is a good approxima-
tion. This can typically be enforced by performing the expent at a sufficiently large strain
frequency #3,44]. Such high-frequency strain cycles can lead to a limitedildayation, for
instance due to the finite transport rate in the electrolytéu to slow adsorption rates. This
leads to phase shifts in the potential- and /or current-aesg that require discussion.
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4.2 Samples and characterization

Let us again consider a cyclic straégin(wt), as the same in Eq4(1). When the potential-
strain response is linear, the potential variation at @rigtand finite frequency will be

E = ¢gésin(wt - ¢), (4.12)

with ¢g here being an apparent potential-strain response paraamele a phase shift relative to
the cyclic strain. It is important to note the analogy to camvonal electrochemical impedance
spectroscopy (EIS). As in a conventional EIS experimerntemtial variation and current varia-
tion are interrelated by the complex impedare;, Z,. + i Z;,,, wherei is imaginary unit. The
phase anglep, of this complex impedance is

tan ¢ = Zim/ Zre- (4.13)

The cyclic potential variation in a EIS experiment is impd®y the potentiostat, and the
impedanceZ describes the response of the cyclic current. Therefoeestitain-induced vari-
ation of cyclic potential, in the dynamic electro-chemoemmanical analysis, gives rise to a
responding cyclic current. This current variation sigreabgain phase-shifted relative to the
potential variation byy due to the electrochemical impedance. Since the amplit@idieeo
potential variation is here given b = ¢zé, a combination of the standard definition of the
impedance$8] and Eq. 4.10 implies that the current signal is then

I= fcos(wt —p-p) (4.14)

with A
I =—é/|Z|. (4.15)

The current-response is again governedby his implies that the functio@ (w) can be mea-
sured by conventional impedance spectroscopy. Thus, tlaengderg; can be measured alter-
natively by equation: )

g = —1|Z]/]é = -A|Z]. (4.16)

In the part of current-strain response measurements icltlister, the relation of Eq4(16
was exploited for measuring the variation of strain-indlicerrent/ in a DECMA experiment
and combining the signal with th&value as determined by an impedance spectroscopy exper-
iment performed under nominally identical conditions, rder to determineg in the potential
interval accessible to cyclic voltammetry. The experinaéptocesses of interest are limited to
surfaces withe near zero, and therefore ignoring the strain-dependengelwdre.

The subsequent sections display the description and valdaf the measurement strategies
in detail. The characterization of samples is first discdsse

4.2 Samples and characterization

The working electrodes (WE) were 20 nm thin gold films by evapion deposition with the
thermally annealled treatment. The scanning electronagraph of gold electrode surface in
Fig. 4.1a) shows an equilibrated grain structure with polygonastalites several hundred nm
in size. This is also confirmed by the atomic force microsc@pyM) image, shown in Fig.
4.1b), which displays the planar facets of 10@00 nm in size. The AFM images were taken
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4 Dynamic electro-chemo-mechanical analysis

at a scan rate of 2m s! over randomly selected areas of electrode surfaces shdvigidy
reproducible results. The root-mean-square height vanatf the electrode surface was$ + 2
nm. Moreover, the roughness factor, defined as the ratiodsgtwthe real and projected surface
area, was estimated-atl.04+ 0.02 by the software (v700; NanoScope). All observatiorsym
that the surfaces of the gold electrode were quite smootheiptesent study.

Figure 4.1: Electrode surface topology of Au electrodefithermally annealing treatmera)
Scanning electron micrograph) Atomic force microscopy image of Am x 1 um area.

Figure4.2shows the crystallographic orientation of the as-preparetiannealed gold films
by X-ray diffraction (XRD) measurement. The only reflecti@ppearing in th&-0 X-ray
scans, corresponds to the (111) peak, and then indicatesnglst(111)-textured surface. The
intensity of the (111) peak of the annealed sample infthescans is considerably larger. The
full width of the rocking curve, inserted graph in Fig2 at half maximum (FWHM) is 11.47
for the as-prepared electrode, whereas the value is 6083he annealed sample. The XRD
results imply that the gold electrode has better a prefedgni 11-oriented texture after thermal
annealing, probably due to thermal stress/strain relanati
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Figure 4.2: X-ray diffraction characterization of Au elextes. Main graph: intensityersus
scattering angle @ Inserted graph: Rocking curve of intensitgrsusinclination angle for

the (111) reflection. The black curve is for the annealed Axctebde; the red one is for the
as-prepared sample.

38



4.3 Measurement strategies and validation

Overview cyclic voltammograms (CVs) in 10 mMCIO, in Fig. 4.3 are consistent with
clean gold surface43, 111]. Most CVs in this chapter were at an unusually small scae rat
of 1 mV s! with linear potential scans module, so that even small Faradirrents showed
up prominently. It is emphasized that all results are comfetvith clean electrolytes at low
oxygen concentration, in spite of the noticeable Faradareot:
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Figure 4.3: Cyclic voltammograms of current densjtyyersuselectrode potentialf, of the
annealed gold electrode in 10 niM’10, and two different potential windows. Scan rates are
indicated in the figures.

4.3 Measurement strategies and validation

The task here is to separate the cyclic strain-induced pateariation and potential cycle dur-
ing a cyclic voltammetry. Typical CVs used linear potensieéans with a scan rate of 1 mV's
a potential interval of 1V, and a total cycle time of aroundh@@utes or 0.6 mHz. Strain cycles
with frequenciesy, of up to 100 Hz - up to 5 orders of magnitude faster than therg@l cycle
- were applied simultaneously. The amplitude of the stmathuced cyclic potential variation
was in the order of 0.2 1 mV, much smaller than the potential range of the voltammawgrAs
detailed in Chapter 3, a lock-in amplifier was used to sepaath two signals. Implementation
of this scheme imposed two challenges: first, the potengéigations on the two different time
scales and with two quite different amplitudes need to barsged. Second, a distinguishing
feature of cyclic voltammetry in potentiostatic mode istttiee potentiostat controls the elec-
trode potential at each time to the respective setpoint.rellye the potentiostat compensates
and suppresses the effect that is to be measured.

Three different and independent strategies are exploredmtake account of these issues
for measuring the parametgr.

4.3.1 Current-strain response in potentiostatic mode

In this part of measurements, a conventional cyclic voltargram is recorded while the elec-
trode is cyclically strained. Even at= 100 Hz, the strain cycles are sufficiently slow for the
potentiostat to accurately compensate the strain-indpiethtial variation. This entails a cyclic
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4 Dynamic electro-chemo-mechanical analysis

modulation of the current, which can either be directly rded as a part of the voltammogram
or be analyzed in terms of amplitude and phase by the lockaplifier. The second alternative
was preferred in the present experiments, since the firsinrexja high sampling rate for the
current and leads to prohibitively large data sets.

The potential-strain coefficient can be determined fromcilmeent amplitude according to
Eq. @.16), provided that the impedance is also known. Moreover, ighe &f the coefficienty
is opposite to the modulation current. The ac-impedancesureaents have therefore simulta-
neously performed and under identical conditions as theraxgnts with cyclic strain.

Figure4.4a) illustrates the experimental configuration for the coti®rain response strat-
egy. A shunt resistance of known magnitudg,= 46 2, was inserted between the potentiostat
and the counter electrode, and the current amplifudes determined from the amplitude of the
potential drop oveRs. By means of illustration a constant potential has been sag@and then
recording the time-dependence of strain, current, andrelde potential by an oscilloscope,
and Fig.4.4b) shows the results. It is readily seen thais held constant, in spite of the cyclic
strain. Itis also seen that the current variation is exoéijeesolved, in spite of the small strain
amplitude. Phase shift of the current variation is obsereéative to the strain signal due to the
complex impedance, consistently with E4.X4).
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Figure 4.4. Measurement strategy of current-strain respam potentiostatic mode. Pax)is

a schematics of the electronics setup, showing workingniesand reference electrodes (WE,
CE and RE), potentiostat as well as the shunt resistaicePartb) shows oscilloscope traces
of the relevant signals in the timé) (domain. Axis labeled”, I ande refers to variations in
electrode potential, electrode current and elastic stragpectively.

4.3.2 Potential-strain response in potentiostatic mode

Here, the potential-strain response experiment is modsietthatse can be measured directly,
without the need of separate current response and capaeitita. To this end, a delay re-
sistance,Rp, is connected in series with the working electrode (showRigh 4.5 a) as the
function of low pass filter, ensuring that the strain cyclesapproximately at constant charge.
This resistance adds to the uncompensated solution mesgsta;, which determines the po-
tential drop between the RE and WELP|. The result is an increase in the time constant for the
potential control at the WE, preventing the potentiostatrfrcompensating the potential varia-
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4.3 Measurement strategies and validation

tion due to the cyclic straining. As a consequence, therstraluced potential variation can be
measured by a lock-in amplifier connected between the WE &nith Rotentiostatic mode.
Figure4.5b) exemplifies the results fe(t), 7(t), andE(t) at an arbitrary chosen potential
and confirms the suppression of cyclic current. This verifieg conditions of near constant
charge have been achieved, as required by the definitign @&t the same time, the potential
acquires an oscillation caused by cyclic strain of an ebeletr A comparison of Figd.4b) and
Fig. 4.5Db) illustrates the difference between these two measuresttegies of this and the
previous sections, notably the switch between constaetpiat and constant charge conditions.
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Figure 4.5: Measurement strategy of potential-strainagesp in potentiostatic mode. Paitis
the schematics of the electronics setup. Baghows oscilloscope traces of the relevant signals
in the time () domain.

Correction of electrode potential

E — Ey.

Figure 4.6: Simplified electrical circuit for measuriggin potentiostatic modekE,,, and E.
are the potential value at each port of the delay resist&pceespectively. The arrow indicates
the direction of current.

An external resistancBp is connected in series with the WE, the different potentdligs
thereby display at two ports dtp. The simplified circuit is shown in Figd.6. The relation can
be written as113:

Eye = Epor — I Rp, (4.17)

whereE,, is the value of electrode potential from the potentiostat, is the actual potential
on the WE and/ is the net current. As will appear below, the experimentallts show a

comparison of the graphs of as the functions oF,. as well ast,. in capacitive process and
electrosorption region.
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4 Dynamic electro-chemo-mechanical analysis

4.3.3 Potential-strain response in galvanostatic mode

In galvanostatic mode, the current is controlled rathenttiee potential. For small current
values and fast mechanical cycling, each cycle represemtscgss at constant charge. Here,
the potential-strain response can be measured directlyputithe need for the delay resistance,
Rp. The drawback is the lack of control over the potential sed@. rThis method is only briefly
touched, which provides an additional verification of pidoes.

The lock-in amplifier was connected as the same as shown imFB@), but the resistance
Rp was removed (shown in Figd.7 a)). Figure4.7 b) illustrates a galvanostatic cycle. The
current limits were between 43A and 3 A with a current sweep rate of 044A s~! and the
corresponding potential value was observed in the range/of @.9 V.
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Figure 4.7: Measurement strategy of potential-strainaesp in galvanostatic mode. Pajtis
the schematics of the electronics setup. Baghows the galvanostatic cycles by imposing the
current and recording the corresponding potential vanati

4.3.4 Experimental results of three strategies

The section here exhibits the obtained quantitatively isb@st results in study. Unless other-
wise stated, the electrolyte was 10 miM’10,, and the measurements used a strain frequency
of 20 Hz with a strain amplitude @f=2 + 0.2 x 1074,

Current-strain response in potentiostatic mode

As mentioned above, in order to determigethe amplitude of strain-induced currehtwas
first measured in a DECMA experiment, and then combined wi¢hitnpedance valug as
determined by an impedance spectroscopy experiment.

Figure4.8 summarizes the results of the present strategy, starting/itiu the voltammo-
gram and the apparent capacitance values. Both graphs sbapaaitance maximum & ~
650 mV vs SHE. Figure4.8 c) shows the current-strain respondg,which is defined as the
amplitude,/, of the current modulation normalized to the strain ampité. The graph ap-
pears similar to the capacitance curve, but a closer loaaie\that the maximum of is at the
potential 590 mWs SHE, 60 mV lower than the capacitance maximum. The similaiatien
in the potentials of the respective maxima was found in gleexnents.
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Figure 4.8: DECMA-data based on current-strain respondenotentiostatic contro) A in
situ conventional cyclic voltammogran) Apparent differential capacitance, -@{,,). Also
plotted (right ordinate) is the magnitudg|, of the impedance (red dashed line) Magnitude
of current-strain response, = //¢. d) Potential-strain response computed via E4.16.
Electrolyte: 10 mM HCIQ, potential sweep rate: 10 mV's cyclic strain frequency: 20 Hz.
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4 Dynamic electro-chemo-mechanical analysis

By means of Eq. 4.16) along with|Z| (Fig. 4.8b), ¢ can be determined from the current
modulation and the impedance magnitude. Since the curredtifation graph exhibits a slight
hysteresis, the impedance data were measured during titevgp@s well as negative going
potential scans and the respective branches used witEd.(The result, Fig4.8d), shows
¢e hegative valued in the entire potential range. For easerapeoison with the impedance and
current modulation data, the negativesgfis plotted as the ordinate. Similar to the apparent
differential capacitance and current-strain responsegthph of <z also exhibits a maximum
peak. This feature is shifted to negatiweelative to the peaks in capacitance curve and, though
to a much lesser amount in current-strain response.

Potential-strain response in potentiostatic mode

By gradually increasingd?p, it is found that the current oscillation associated witl dyclic
strain became negligiblef Fig. 4.5b) at Rp ~ 50 k2. For a typical electrode capacitance
of C'= 100 uF (compare Fig4.8b) this yields time constants (= RC') of around 5 s, much
longer than the cycle time of the mechanical strain but mixciter than the time to complete a
sufficiently slow voltammogram. Electrochemical impedaspectroscopy suggested a solution
resistanceRy, of 350¢2 in these experiments. Even thou@liy > Ry, cyclic voltammograms
measured with and without the resistaritg (Fig. 4.9 a) exhibit only minor differences at the
small scan rates in question.

j [nA/em’]

02 04 06 08 10 02 04 06 08 1.0
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Figure 4.9: Results of DECMA based on the potential-stragponse under potentiostatic con-
trol in 10 mM HCIO,. Scan rate: 1 mV3. a) Cyclic voltammograms made without (red solid
curve) and with (blue solid line) delay resistarige = 50 k. b) Potential-strain response using
Rp =50 k2: the parameterg, as a function of the experimental potential from the potestéit
(black dot curve with symbah); blue solid line is plotted a function of the corrected pote
tial on the WE via Eq. 4.17); the data of chrono-amperometry are here measured atti@bten
setpoints of 0.3V, 0.53V, 0.75V and 1V (the green dots) withebars (in black color).

Figure4.9b) shows the result o obtained from the present strategy with and without the
potential correction of the WE via Eq4.(L7. A combination of Eq. 4.17) and Fig. 4.9b)
illustrates the value of’,.. is approximate td,. in capacitive regime, since currehts quite
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4.3 Measurement strategies and validation

small in the case of slow scan rate. The agreement with thetsesf Fig. 4.8d) is apparent
in Fig. 4.9b) (the blue solid line). The slightly hysteresis on forwardl backward directions
found here may be understood as the consequence of aniomp&oiso

The chrono-amperometry measuremeat each potential setpoint (0.3 V, 0.53 V, 0.75 V
and 1.0 V) during 600 seconds with an interval time of 5 s, wseduto ensure the accuracy
of ¢ measured in potentiostatic mode. The error bar of measuntestess than 3 % and the
agreement of experimental data proofs the explored apprafameasuringg in potentiostatic
mode.

4.3.4.1 Potential-strain response in galvanostatic mode

This experiment was executed between the current lirditgA and 1A with a current sweep
rate of 10 nA s' and with cyclic strain applied. The corresponding potéimian the range of
0.2 V~ 1 V. The magnitude of potential variation would be obtaingdHhe lock-in amplifier
when imposing the strain excitation signal. Figdt@0showss: measured in the present gal-
vanostatic mode. The result exhibits the direct obsermatio: behaviors to proof those two
experimental approaches above.
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Figure 4.10: Potential-strain responsg, versugpotential,~/, measured in galvanostatic mode.
Electrolyte is 10 mMHCI1Oy.

4.3.5 Discussion

Figure 4.11 summarizes the results fag(£) from the three independent approaches. It is
seen that the graphs agree, within narrow margins, thraugihe entire potential range. It
indicates that these experiments provide valid data fogtramtity of interest, the response of
the electrode potential to strain at constant (Lagrangiapgrficial charge density.

LChrono-amperometryXt > 0.1 s) is an electrochemical technique in which the potkenfighe working
electrode is stepped relative to the reference electrod¢henconsidered signal is recorded as a function of time.
As the same strategy as potentiostatic mode @9, the variation of strain-induced potential is monitoneditu
as a function of time at each controlled potential step vith~ 50 k.
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Figure 4.11: Results of potential-strain resporgepbtained by three methods: current-strain
response combining with impedance (n black color); potentiostatic mode {n olive color);
and galvanostatic mode: {n blue color). Note the excellent agreement.

4.3.5.1 Potential-strain response in galvanostatic mode

Here, current and strain are controlled and the potentight#an is measured. Therefore, this
mode is most directly linked to the derivative in questioppéential variation with strain at con-

stant charge. However, the drawback is the weak conneditretestablished voltammogram
database, which is measured under conditions of contrpleential, not controlled current.

Furthermore, the software of standard potentiostat syst@s not allow itself to easy control
of the vertex potential in galvanostatic mode.

4.3.5.2 Current-strain response in potentiostatic mode

Here, the current in response to strain is measured, anceesepneasurement of the interfacial
impedance is required to compute the potential-strainomesp by means of Eq4(16. This
strategy has the advantage of introducing a separate datéarent modulation and capacity
as opposed to potential variation), making the verificatimre meaningful€.g, the method
of current modulation can be applied to study the strainvred Faraday current in a chemical
reaction). The drawbacks are twofold. First, there is a rfeedeparate impedance experi-
ment. Second, and more importantly, the impedance measuataanot always conveniently
done under identical conditions as the current modulatiqpeement. By using software (Fra
4.9, Metrohm), the potential is stepped and the impedanogessured at constant potential,
typically for a succession of frequencies. By contrastyeational cyclic voltammetry as well
as current modulation data involves - at least approximat@ continuously varying poten-
tial. Therefore, whenever there is a hysteresis and/or-sat@ndependence in the electrode
processes, the impedance data will not be measured at treetate of the electrode as the
current modulation data. This difference is at odds withrdggiirements of Eq4(16).

46



4.4 Application of measurement strategy

4.3.5.3 Potential-strain response in potentiostatic mode

This appears as the most practicable method, which willctlresupply ¢ based on a sin-
gle measurement. This measurement can be performed ureggical conditions as a cyclic
voltammogram. The obvious advantage is that featureg icean directly be related to the
known features in the voltammogram. The need for a delagtaste appears as a drawback,
since features in the voltammogram will be shifted on theepo&l axis. However, after the
potential correction, the impact on the voltammogram cambemized when the mechanical
cycling is fast and the potential scan rate is slow. In thegméstudy, the delay resistance led
to insignificant changes in the voltammogram where therapacitive regime.

4.4 Application of measurement strategy

4.4.1 Polarisable and nonpolarisable electrodes

The potential-strain responsg, was investigated in the potentiostatic mode using silles-e
trodes as polarisable electrode (PE) and nonpolarisadttretie (NPE) conditions.

A 100 nm thick vapor-deposited Ag film and a silver wire weredigs the working and
counter electrodes, respectively and the electrolyteistatsof 10 mM NaF as PE condition.
Figure4.12shows that the potential-strain response of Ag and Au neasplen circuit potential,
E,., and under PE conditions vary in similar fashion with thejfrencyw, of the strain cycles.
In particular,c is indeed found negative for Ag, around -0.52.05 V at largev, and it was
also found that,. = 0.42+ 0.02 V (vs SHE).
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Figure 4.12: Potential-strain responsé;/de, at different conditionwversusfrequency,w, of
the strain cycles. Individual symbols refer to the resparisbfferent samples of Au in 10 mM
HCIO, (Au PE, data from Ref.43]), Ag in 10 mM NaF (Ag PE), and Ag in 10 mM AgN©
(Ag NPE).

The experiment with the Ag electrode was also done under NPHIttons, using agueous
10 mM AgNG; + 0.1 M KNGO as the electrolyte. Open circuit conditions were maintdiae
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4 Dynamic electro-chemo-mechanical analysis

all times in order to prevent dissolution. The resultipgvalues for the NPE (Fig4.12 are
positive signed for the frequencies belewl0 Hz and negative above this frequency. The
magnitudes never exceed 25 mV here.

4.4.2 Frequency dependence

Figure4.13shows the dependence @f for Au electrodes in 10 mMICIO,4 on cyclic strain
frequency. In the higher frequency rangeX 3 Hz) the measurement here used the potential-
strain response method with the lock-in amplifier. The poé¢was E, = 547 mV, close to the
potential of maximunig|, shown in Fig.4.11 At lower frequencies the data were recorded by
means of chrono-potentiometry under open circuit conagiafter conditioning af’;. During

the measurement the potential here remained within few m¥,of The magnitude of the
(negative-valuedy; increases slightly with increasing frequency, apparesdlyrating around

a value of -2 V at and beyond the strain frequency of 20 Hz.
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Figure 4.13: Potential-strain responseg,-in 10 mM HCIO, as the function of cyclic strain
frequency,w. Potential value is 547 mV, close to the maximum|gs shown in Fig. 4.11
Measurement ofz uses chrono-potentiometry under open circuit conditieff potential-
strain response using a lock-in amplifies) vith the error bar (black line).

4.4.3 Application to different electrolytes

Further dynamic electromechanical spectroscopy expetsretudied identically prepared Au
electrodes but different electrolytes and different coniaions. Figuret.14 summarizes re-
sults obtained with 1, 10 and 100 mM concentration solutaii$ClO, as well ad,SO,4. The
experiments here show a sample-to-sample reproducibility of ~ 5%. To further enhance
the comparability, all results for each of the two types @icéiolytes were here obtained with
the identical sample, in sequence of increasing concéntrat
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Figure 4.14: Results of dynamic electro-chemo-mechamicalysis of the gold surface mea-
sured inHCIO,4 (left column) andH,SO, (right column). Top row: cyclic voltammograms
recordedn situ. Center row: apparent differential capacitance. Bottom n@sponse param-
eter, e, measured via potential-strain response under poteatiostontrol. Potential sweep
rate: 1 mV st in HCIO4 and 5 mV s! in H,SOy; frequency for impedance and potential-strain
measurements, 20 Hz. Concentratiortéf10, andH,SO, depicted as: 1 mM - solid black
line, 10 mM - dashed red line, 100 mM - dashed blue dots.

Itis seen that the graphs g¢fin HC10, andH;SO, in Fig. 4.14are quite similar. Their most
prominent feature is the maximum ig| . By averaging the potentiak;,,,.., of the maximum
over the electrolytes with different molarities and ovethbecan directions it is found that
Ee =532+ 42 mV IinHCIO4 and E,,,,. = 532+ 40 mV in H,SO4. Thus, the position of the
maximum is independent of the electrolyte within narrow givas. F,,.. is invariably found
negative of the potential of maximum capacitance as read the CV or from the impedance
data (665 20 mV in HC104 and 680+ 20 mV in H,SO,).

It is also seen that all graphs exhibit shoulders at arou@dh®@ and an inversion in slope
at around 1000 mV. These features are also quite repro@uaiid independent of the elec-
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trolyte. The most notable difference between the resul{geothloric and sulfuric acid is the
concentration dependence: as the function of molaritystaas inHC1O,4 exhibit a noticeable
variation in capacitance but practically no variationgin By contrast, scans if,SO, give
lesser capacitance variation yet a noticeable variatigp.in

4.4.4 Application to electrosorption processes

DECMA method of measuring potential-strain resporgejn the potentiostatic mode is ap-
plied into specific adsorption processes on different tteamsnoble metals (Au, Pt and Pd).
The central differences here are the extension of the pateahge in measurement to include
the regimes of hydrogen and oxygen species electrosorptidhe surfaces.

Gold electrode
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Figure 4.15: Results of dynamic electro-chemo-mechamicalysis at the strain frequency of
20 Hz: Au electrode in 0.1 MH,SO, (left column); Pt electrode in 0.5 NH;SO, (middle
column) and Pd electrode in 0.01 M,SO, (right column). Top row: thén situ cyclic voltam-
mograms. Bottom row: potential-strain response paramegteas a function of the corrected
electrode potential. The enlarged time on current scaleenpial sweep rate and direction are
indicated in the figures. Note the curves in a) and b) are distbed as the function of the
potential of £, (green dot lines) and df,. (black solid lines) for a comparison.

Figure4.15(left column) show the DECMA data of the potential-straimpting coefficient
of the 111-textured polycrystal gold electrode in 0.1HYSO,4. Thein situ cyclic voltammo-
gram recorded during DECMA is used to determine the eleetprdcesses.

The parameters of interest, current dengity Fig. 4.15a) and potential-strain responge
in Fig. 4.15b), are plotted as the function of electrode potential, authgreen dot lines) and
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with (black solid lines) the correction of potential by E4.17)!. The potential range becomes
smaller after the potential correction. More specificadlythe negative end of potential scan,
the potentiostat displays a value of -0.8 V on the potentied whereas the accurate potential
on the gold electrode takes the value of -0.25 V. It is also $kat theg; exhibits an apparent
plateau at highly negative electrode potential valueschvig an artifact of the uncompensated
solution resistance and which vanishes once the potesttalrrected. The potential correction
on the working electrode is therefore necessary and hasdmento access the true potential
value in this thesis.

Now turn to the observation @ behavior. It varies significantly with the electrode praces
The negative sign is consistent with the previous sectiorapacitive regime. Figuré.15b)
implies that the amplitude af decreases with the more Gibbs excess of ions on the surface.
The peak £ ~ 1000 mV), appearing on thia situ cyclic voltammogram, corresponds to the
saturation of adsorbed anions 8@n the surfacel14. It is also seen thaie exhibits an
inversion in slope at around 1000 mV.

Extending the scope to a wider potential range, and at thativegend of the potential scan,
¢g shows a positive-sign value of +0.5 V during the hydrogen adsorption. At the positive
end of the potential scary keeps the negative-signed value in whole oxygen electptisor
regime. The negative sign of oxygen species adsorption@Atisurface is in agreement with
computational data in Refl1§].

Platinum electrode

The DECMA results of 111-textured polycrystal platinumottede in 0.5 MH,SO, are shown
in Fig. 4.15(middle column), with typical Pt-H underpotential depa@sit capacitive process
and Pt-oxide regions.

The capacitive process is in a rangefof 300~ 750 mV, in whichee has its maximum am-
plitude value with a negative sign. Figu4el5d) shows parabolic dependence on the electrode
potential as well, like the behavior of Au electrode. Furtpesitive potential sweep arourid
=750 mV in Fig. 4.15d), the local minimum ofg in amplitude may be due to the saturated
excess of anions (SO and HSQ). At the onset of oxidation ~ 900 mV), |¢| has a local
extreme again and then starts to decrease until the signcblanges from negative to positive.

In the backward sweepg is positive valued in the regime of capacitive process orgery
covered surface or oxidized Pt surface. At the onset of baotwweep, the amplitude of
increases within a narrow potential range50 mV). After that,ce decreases linearly until the
electrode potential off = 1000 mV, and keeps a constant value within potential wintfomw
£ =1000 mV to£ =900 mV.

The oxidized surface is reduced agdstarts to change rapidly aftér = 900 mV, and with
a sign change at ~ 800 mV, then its amplitude reaches a maximunat 550 mV. However
the amplitude ofg does not reach the identical state as it was at the onsetaddioom since the
oxidized surface is not reduced completely. It is seen tiaetectrode reverts to clean surface
again around the potential of 300 mV. Wheh 300 mV, in the hydrogen electrosorption pro-
cess, two peaks are exhibited corresponding to the undari@itdeposition peaks, consistent
with thein situ cyclic voltammogram shown in Figt.15c).

The potential on the working electrode is affected by the@nee of the delay resistance between the WE and
potentiostat. For detail about the correction of electroaltential, see section 4.3.2.
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One maximum peek appears at the curvezokith a value of +0.85 V around the negative
end of the potential scan. That is also around the equilibpotential of the hydrogen evolution
reaction ¢, = 0 V vs SHE). The features of Figd.15for Pt metal are well compatible with
observations of the surface stress variation with chargsitieduring porous metal dilatometry
experiments32,101].

Shaded regions mark the potential regime where the tecangjinappropriate since the
requirement of dominantly capacitive process is violafHgere is not constant charge density
condition for measuring: in the potential regime of hydrogen evolution reaction. Tilxdrogen
evolution reaction will be focused to study in the next Cleag for further understanding in
details €.g, the relationship between this mysterious peak and frexyueihcyclic strain).

Similar physical phenomenon is observed for the Pd eleetsbdwn in Fig4.15as Pt.

Palladium electrode

As another example for the application of DECMA, Fgl5e) and f) show thén situ cyclic
voltammogram as well as the dataspt ~) for Pd in dilute sulfuric acid. The potential interval
here includes several electrode processes like Pt metahdfmore, it is seen that the values
of ¢e(E) provide signatures of these processes.

At intermediate potentials, in the nominally capacitivginee of the voltammogramg
exhibits a negative value at clean surface. In forward svdéegtion, anions (SP and HSQ)
adsorption at more positive potentials is accompanied lsceedse irkg| and reach saturation
aroundE ~ 700 mV. AroundE ~ 800 mV,¢e has a local extreme again, which can be considered
as the onset of Pd oxidation. Then it starts to decrease péitache until the sign ofz changes
from negative to positive. These features are also repibltuand similar as for the Pt metal
except the different electrode potentials at the electsbates.

Since oxygen species are rather stable on the Pd surfageegléve-going scan at positive
potentials involves dominantly capacitive processes ooxggen-covered surface. Within this
pseudo-capacitive process, has different features from the oxygen-covered Pt surfaties
backward scan direction, there is firstly a larger poteméiage ¢ 250 mV) for increasing the
magnitude okg than in the Pt situation. Thes, decreases with a slow rate in the potentials
from £ = 1100 mV to £ = 700 mV without the performance of keeping the constantevalu
process like Pt metal.

As the potential is lower than 700 mV (the negative sweem,electrode process on the
oxygen-covered surface converts from the pseudo-capadidithe oxygen desorption. 1t is
distinguished by a sharp decreasing valuggf then the sign ofg returns to negative. The
Pd surface becomes clean at the potential of 450 mV sinceahew of¢; are identical at
forward and backward scans. At larger and negative potehtidrogen adsorbs on the surface
as well as absorbs into the bulk of Pd. This regime is agairacierized by positive-valueg
with a value of +1.2 V at the negative end of the potential sCHme features of Fig4.15f)
are well compatible with the observations of porous metphesion and pseudomorphic layer
experiments15,32].

The notable difference between the DECMA results of Pd anddRals are the capacitive
processes on oxygen-covered surfaces. The graphs in&fgh d) and f) illustrate thaty
exhibits more details for understanding the adsorptioogsses, which are not always apparent
from cyclic voltammograms.
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4.4.5 Discussion
Polarisable and nonpolarisable electrodes

In fact, the phenomenon of the strain-response of the eldetpotential remains to this day
either obscure — such as the numerical magnitudg @) — or puzzling — such as the sign of
se(F) in the potential range near tipzc[43,52,115. More specifically, the experimental re-
sults for gold electrodes as a polarisable electrode (Rioyted by Smetaniat al.[43] yielded

a potential-strain response @f = -1.83 V at the open circuit potential, close to the poténtia
of zero charge for the Au electrode. However, the effect ofmaaical stress on the potential
of the silver electrode has studied earlier by Horvétfal. [52]. They obtained the value of
potential-strain responsék../de = +1.0V, for Ag metal in aqueous AgN{solution.

For the different results in the above two experiments oasae is that two electrode ma-
terials are different, Ag in Ref5p] and Au in Ref. A3]. Since the presence of Agn solution
makes the Ag electrode a nonpolarisable electrode (NPE)nwore reason is that - at least
nominally - the experiment in Ref5p] is under NPE condition whereas the measurement in
Ref. [43] at PE condition. Even for the same matergl, initio investigation so far shows the
surface stress in response to charging, - 2.31 'V, of (111) surfaces for Ag metal(]. Thus,
the controversy, over the numerical magnitude and the sigesponse near thezg comes
from the misunderstanding, which should originate in the afshonpolarisable electrode.

The theory of Ref.43] has admitted separate values for the respective respansmpters,
dE/de|, for the PE and @/de|, for the NPE §: surface charge density; chemical potential
of the metal atom). Here, the comparative experiments wijlel&ectrodes clarified these issues
under PE as well as NPE conditions to investigate the indalideature of potential-strain
response. It thus provides a striking demonstration of ifferdnce between the potential-
strain response of polarisable and nonpolarisable ele$ro When using Ag metal as NPE
in this study, the response value was positive signed forfréggiencies below 10 Hz and
negative above this frequency. The response magnitude aggeeded 25 mV. While the Ag
electrode as PE syster), was indeed found negative, around -045@.05 V at largev. Open
circuit potential F,., was found at a potential of 0.420.02 V vs SHE, which was around 1
V more negative than the potential of zero charfe,. By applying Eq. (11) of Ref.43],

Soc = Sze — (Foe — F..), t0 the processes far frofi, ., it is concluded that,. may be as small as
-1.52 V, which magnitude is close to the resultatif initio computation with an agreement of
negative sign40].

The impact of strain on the potential of zero charge.) of the PE dominatesid/de|,. At
a nonpolarizable electrode, the exchange current densdy equilibrium is large enough to
fix the electrode potential at the value given by the Nernsiaggn. The derivation H/de|,
of the NPE then represents the strain-dependence of thestN@stential. The two parameters
are thereby linked to variations of the chemical potentidghe electron (PE) and of the metal
atom (NPE), respectively. The strain-dependence of thadti@otential is zero when measured
at a NPE. The present experimental results show that theitndgrof d&/de|,, for the NPE is
about two orders less than the magnitude bfdk|, for the PE condition, coinciding with the
prediction of theory in Ref.43].

The present results confirm). the prediction thatg of the NPE is small and) the specu-
lation thats,. of Ag should be negative valued, similar to Au, which has sibeen supported
by recent computational datd(]. In regard to the large and positive value @f reported

53



4 Dynamic electro-chemo-mechanical analysis

in Ref. [52] for Ag material under nominally NPE conditions, it can begsumed as the Ag
surfaces covered by an oxygen monolayer since the large@sitive value ok for oxygen-
covered Pt surfaces has been obsernddd][ The adsorbate might also reduce the exchange
current density, making the electrode effectively poksle even with Ag ions in solution.

Frequency dependence

By inspection of Fig4.13itis seen that the magnitudegfincreases slightly wittv, apparently
saturating at and above 20 Hz. The trend<pf increasing with increasing strain frequency
agrees with earlier reports in Reftd], which is also shown in Fig4.12 There, the frequency
dependence could be modeled as the consequence of Faradayutoents, which violate the
condition of constanj. The present data, however, vary much less withan what was found
in the earlier work of Ref.43]. The more stable behavior in the present experiments sigge
suppression of Faraday currents, which may be understoib@ @®nsequence of higher purity.

Different electrolytes

The experiments indicate that the graphs<¢f~) in HC10, andH,SO, are in close agreement.
These graphs are also at most weakly dependent on the gleztoncentration. The value of
e(F) at the extremum, -1.9 0.2 V in HCIO,, agrees with previously reported findings fer
at the open circuit potentiadB].

The graphs ofg(E) of gold in the present work show identical sign in a wide pttn
interval around thezc. Several authors have reported a dependency of the valge redar
thepzc on an effective strength of adsorption. When this latteapeater was varied, either by
varying the ion 6] or the concentratiorl0(], stronger adsorption was found to entail a smaller
magnitude ofsz. The observation has been linked to charge transfer betieerlectrode
and the adsorbate and to the electrosorption vale#8yB]. The present observations do not
confirm that picture. The finding, that is essentially independent of the ion and of the solution
concentration, appears to link exclusively to the behavior of the metal surface.

The data also offer no apparent link between the potentipéni@dence ofy and simple
concepts of the double-layer behavior near jphe. For instance, the potential of maximum
lsg| is near the potential of maximum capacitance, but the offséveen the two potentials
appears significant, preventing explanations based on-#oenoee correlation betweep and
capacitance.

The most obvious empirical correlation to the known eleddrprocesses is the good agree-
ment between the potential of maximiuw|, F,...., and the potential of zero chargg,.. Within
error bars, the value of,,.,. agrees with thezc of Au(111) inHCIO,4, 560 mV [116, and in
solutions containing SP, ~500 mV [117]. Note that the electrocapillary maximum of the sur-
face tension is a forceful result of thermodynamics. By st thermodynamics will neither
require nor rule out an extremum gf( ) near thepzc. More recently, Lafouresset al. [50]
experimentally studied another parameter at Maxwell i@tatcoefficient of surface stress in
response to charge density)(in a wide potential range within double layer. They ob¢gime-
sults of potential-dependegtof Au metal in agreement with the present results here. Hewev
their experiments showed the value 6f,,, was not exact at... Further experimental and
theoretical analysis are therefore required to understaddtail. Yet, if the finding, linking the
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E,... and E.., was confirmed, and if the controlling role of the metal in seface potential-
strain response was taken at face value, then the extremyp{®) would provide a useful
probe of thepzc of gold, which could be applied in general in electrocheirstiadies.

Irrespective of the above issue, an interpretatiog};6F') as a signature of the metal surface
imposes the question of the origin of the dependency on fatem superficial charge density.
One might speculate about band-filling by the excess chargkin fact the issue would seem
to be open to investigation kab initio density functional theory approaches such as those of
Refs. B7—40,118.

Electrosorption processes

Measurement of the potential variation with straip, was first reported in early work by
Gokhshtein 41] (summarized by Valincious in Ref4p]), who proposed the estance method
as a technique for measuring The results of DECMA-data af; of Pt metal under the present
study are decomposed into two curves of forward and backaeads, respectively, so as to
compare with the earlier results published by Gokhshtéiows in Fig.4.16

b) 0.8
0.6
Hl
[ 0.4 "3
n S
0.2
Il Il Il Il Il 0 0

0.0 : + L] + L] + L] + L] L] - .
1.5 1.2 09 06 03 0015 12 09 06 03 0.0
ESHE [V] ESHE [V]

Pt/ 0.5M H,SO,

( Pt/0.5M H,SO,

54 kHz 54 kHz

Gokhshtein
Russ. Chem. Rev.
44(1975) 921

1.45 Eys [V] 0.02 1.45 Ens [V] 0.02

Figure 4.16: Experimental verification by a comparison ofIMA and estance methods. Top
graphsa,b): present DECMA results of Pt surface in argon-purged 0.31M0,4. Bottom
graphsc,d): curves taken from Ref4fl] by Gokhshtein’s estance method. Arrow indicates scan
direction for forward and reverse curvesef Marks “+” and “-” indicate the sign oft in the
respective regions of the graph. Representation of prels¢athas been adapted to compare the
features of the reference datgc) negative andb,d) positive sweeps.
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A comparison of DECMA and estance methods illustrates thesagent of major features in
both scan directions. Yet, the absolute values;dfy DECMA are here smaller than the results
of estance methodt]l]. These values in different electrode processes by DECM#atewill
now be discussed in relation to the literature.

The parametesi; here is quantified -0.& 0.1 V by DECMA for clean surfaces of Pt elec-
trodes neapzc The value here is consistent with the earlier published,dahich show the
parametek;, surface stresgersuscharge density, of -1.@ 0.1 V [10]]. Moreover, DECMA
observations conclude that for hydrogen adsorption is positive valued with a lower baoh
+1.2+ 0.2 V on Pd and of +0.2 0.2 V on Pt. The findings ofi are consistent with posi-
tive value +1.7+ 0.3 V in experiments for Pd3R, 102 103 and +1.5+ 0.1 V for Pt [32,10]]
for hydrogen electrosorption. In the present DECMA expenis of¢g, the metal electrodes
typically worked under study with the surfaces, which weoe perfectly single crystals. They
contained defects such as step edges and terraces. Them#an magnitude in comparison
with literature may be as a result of the surface roughnesssgdective of the above issue, the
present measurement of DECMA is thus a convenient and premi of quantifyingg (£).

An alternative method to investigate the parametas the strained monolayers by epitaxy
to different substrate crystals as in Rdf5], in which the value oty was calculated in Ref3p]
showing +1.4+ 0.2 V for hydrogen desorption on Pd surface. The agreementroim two ap-
proaches demonstrates cyclic and misfit strain displaynegsame electrochemical processes.
Moreover, the trend observed in the data of R&§] for hydrogen electrosorption on pseudo-
morphic layers is in fact dominated by the response of adisorpotential to strain. In other
words, the present experiment supports the finding, the ebngfachange in interatomic spac-
ing on the reactivity, that has been predicted on theoleticalysis R5-28], For using cyclic
strain method (DECMA), one of the advantages is quite caeverio study the strain effect
for continuous change of electrode potential during cyetitammetry. It can also avoid the
challenging steps of preparing the pseudomorphic layetsra@asuring their precise strain.

By the DECMA technique, the parameter of potential-strasponse of interest for all
active electrosorption processes can be detected andiftechmtithin one measurement. The
present findings ofi exhibit that the different signs @t in different electrode states for Au,
Pd and Pt transition nobel metals. At clean metal surfabessign ofcg stays negative within
capacitive regime. The parametgrchanges its sign during oxygen species adsorption on Pt
and Pd electrodes. However, no sign inversion has been sé¢lea present experiments during
the whole potential range of oxygen adsorption on Au. Theeobation relates to the formation
of an oxide monolayer on Pd and Pt but not on Au. One of the resisdghat the Au metal is not
so active as Pd and Pt materials to oxidize. In other wordspxidized rate of Au is quite slow
than the cyclic strain. As one example to support this viewed al.[119 found that positive
sign of¢; in capacitive processes using nanoporous gold materiaefdrwith a monolayer of
strongly adsorbed oxygen.

Pseudo-capacitive processes during negative-going saimghe oxygen-covered surface
exhibit positivesg, while pseudo-capacitive processes on the nominally daegace have neg-
ative . For all metals in study (Au, Pt and Pd), the values are positive during hydrogen
adsorption at surfaces. In fact, quantifiable measurenfent during hydrogen adsorption on
gold surfaces have not been reported so far, even the sigeseTéxperiments therefore imply
the same trend, enrichment for tensile strain, for adsampif hydrogen as well as oxygen.
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4.5 Conclusion

This chapter has successfully established the strategiegadasuring the coupling parameter
of electrode potential and elastic straif, at constant superficial charge density condition.
The parametety can be detected and quantified during a traditional cyclitawametry by
removing the restriction of open circuit condition and irspm a cyclic strain control. The
strategies successfully separate the cyclic variatiomtdrgial/current from the voltammogram
proper.

The strategies have been validated by three independéetettit experimental methods in
this chapter. When applied to gold electrodes in weakly daisg electrolytes, 10 mNHCIO,,
all three strategies provided consistent resultsorThis prefect agreement of data, from the
strategies with narrow margins throughout the entire g@kerange in study, gave a strong
indication that the experiments provided valid data fore¢hextrocapillary parametef,. The
first finding is thakg is strongly dependent on electrode state, in other wordsptdrameter is
a function of electrode potential, namely = <z (F). The second finding ofs is that its sign
is always negative in the capacitive (or pseudo-capagifivecess at clean gold surfaces. The
third finding is thakg (£) has an extremum value, -:0.2 V in 10 mMHCIO,, in agreement
with previously published data faf, near the potential of zero charge.

The agreement of the various methods validated the analf/ti® underlying science and
showed that the developed method, dynamic electro-cheeahamical analysis (DECMA), can
be used as a tool for characterizing electrode processes DECMA method for measuring
se(F) was thus applied to study different electrochemical system

The polarisable electrodes (PE) and nonpolarisable eldesr(NPE) were investigated as
well to clarify the confusion of different behavior of potel-strain response. At a nonpo-
larizable electrode, the exchange current density nedlilgqum was large enough to fix the
electrode potential at the value given by the Nernst eqoatithe derivation &/de|, of the
NPE then represents the strain-dependence of the Nermsit@bivhile the impact of strain on
the potential of zero charge of the PE dominatédldt|,. The two parameters were thereby
linked to variations of the chemical potential of the elent(PE) and of the metal atom (NPE),
respectively. Experimental results showed that the magdaiof d&/de|,, for the NPE was about
two orders less than the magnitude df/de|, for the PE condition. The E/de|, for the PE
condition showed a really negative-signed value whereagipe-signed @&/de|,, for the NPE
at low strain frequency.

As a case-study the DECMA method has been applied to goldretkss inHCIO, and
H,SO, of different concentrations. The most obvious observatias a peak in the magnitude
of e(E) at a potential which coincided with the:c. Furthermore, the experimental graphs
of ¢e(£) were at best weakly dependent on the nature of the elearadyiggesting that the
experiment probed the signature of electronic processtteimetal surface.

The DECMA measurement was applied further to the electptigor processes on different
surfaces of noble metals (Au, Pt and Pd). The results showed several changes of the sign
during the different electrode processes. It was found ttaty value was positive during
hydrogen adsorption for three metals in study. Contrary tp & changed its sign during
oxygen adsorption for Pd and Pt metals. This observati@teelto the formation of an oxide
monolayer on Pd and Pt but not on Au. Since the electrode pat@emeasured the adsorption
enthalpy in the hydrogen or oxygen adsorption, no zero valymarametetg implied that the
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strain affected significantly the adsorption enthalpy. $hely of strain-dependent enthalpies
will be continued in the subsequent chapter.

Besides the successful database of potential-strain mespanother important coefficient,
the response of electrode current to strain at constanhpaiteondition, has been also deter-
mined, which can be applied directly to study the straineshgfence of Faradaic current in an
electrochemical reaction. The study in Chapter 5 will fooasthe impact of surface strain
on the catalytic activity by the strain-dependent adsorpé@nthalpy and the strain-dependent
activation enthalpy.

58



Chapter 5

Mechanically modulated
electrocatalysis

This chapter explores the focus of research of how the datalgtivity is affected by the surface
strain, focusing on the hydrogen evolution reaction (HERgold and platinum electrodes in
H,SO, solution as a model process. The kinetic rate equations égradvsky and Tafel steps
of the HER are introduced firstly to allow the strain-deperweof the hydrogen adsorption
enthalpy as well as the barrier energy. In the experimehésptodulation of reaction current
can be precisely detectad situ by a modified DECMA while a small cyclic elastic strain is
imposed on the electrode material.

5.1 Theory section

5.1.1 Modulation of reaction current at constant potential

The task here is to analyze the modulation of the reactiorentiin response to the cyclic
strain at constant potential condition. This requires &rtison between capacitive or pseudo-
capacitive processes (where charge is stored in the oubener Helmholtz layers) on the one
hand and Faraday reactions (where charge is transporteértorothe electrode by the products
of a catalytic reaction) on the other.

Considering a cyclic strairy, = ésin(wt) as the same as in Eg4.(), on polarizable elec-
trodes, the experiment of pseudo-capacitive behavior eqatlibrium has been explored in
Chapter 4, with either the charge density or the electrodenpal held at constant value, re-
spectively, in the potential- or current- modulation:

E = c¢ésin(wt) (constant q) , (5.1)
J —gcweé cos(wt) (constant ) . (5.2)

The DECMA experiments in previous chapter have verified thatelectrocapillary coupling
parametergl, can be consistently measured by each of the two experilragypeoaches.

1Since the parameter of surface stress-charge responseifiwolged in this chapter, the notation of potential-
strain responseg shown in Chapter 4, is replaced by simple
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We now turn to non-equilibrium processes and start out byrasy) that the specific charge
densityq remains well-defined there. The net current dengi{gurrent per area), can then be
decomposed into pseudo-capacitiye (= dg/dt) and Faraday;{’) current contributions. The
interest in this thesis is in processes where potentialoarstfain vary, and it is assumed that
the transitions, in which¥ takes on the new steady-state value for the current valugsawfd
e, occur much faster than the potential- or strain cycl@fen,; satisfies

j=dg/dt+jF(E,e). (5.3)

The expression™ = j¥(E,e) is the constitutive assumption for the Faraday current. hWit
attention to small strain, as in a DECMA experiment, the egpion can be expanded to first
order agi”(E,e) = ji (E) + te, with

v =dj" /de|g (5.4)

a current-strain coupling coefficient. As will become agpairbelow, it is also of interest to
introduce an alternative measure for the current-straiplag in the form of the coefficient,

defined as BT 1 diF
J
A= ————|g. 5.5
F ¥ de ¥ (®-5)
This parameter measures the relative variation (variaifdn ;) of the Faraday current.
The notation introduced so far can be written

j = jb —ccwé cos(wt) + 1ésin(wt) (5.6)

for the modulated current during strain cycles at constateérgial condition. The first term
on the right-hand side of Eq5(6) is the Faraday current at= 0, the second term originates
from pseudo-capacitive processes as in Chapter 4, anditdedim is the modulated Faraday
current of interest in this chapter.

With attention to DECMA experiments at small strain (in thegent worke¢ ~ 2 x 10-4) all
materials parameters in Ecp.6) are taken as evaluated«at 0 and this thesis focuses on their
potential-dependence alone. Thus,c(E), ¢ =<(FE), t = (E), and\ = \(E).

Equation 6.6) suggests characteristic signatures of the pseudo-t¢mgaand the Faraday
processes which afford their separation in experimentpieeido-capacitive modulated current
is phase-shifted by 90elative to the strain signal, whereas the modulated Fgragiaent is in
phase of strain. Furthermore, the modulated pseudo-dajgamiirrent scales with the frequency
of strain, whereas the modulated Faraday current is inviadiaring frequency change.

5.1.2 Kinetic rate equation of hydrogen evolution reaction

A rate equation is introduced in this section. With attemtio the hydrogen evolution reac-
tion (HER) on Au, it is assumed that the rate-controllingosteay be taken as the ion+atom

!Potential relaxation experiments on Au in acidic solutiati¢ate that the hydrogen coverage follows potential
jumps in the HER regime with a characteristic transitiongtioonstanty, of ~ 1ms [L20. This is much faster
than the strain cycles of our experiments at frequenci@® Hz, thereby justifying the assumption of quasi-
instantaneous equilibration.
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5.1 Theory section

(Heyrowsky) reactiont;, + H.q + e~ = H; [96,97]. The discharge (Volmer) step of hydrogen
evolution reactionH;, +e” = H,q, is taken to be fast. Consistent with that assumption, the
coveragée with hydrogen at any given value of the electrode potergialsumed to take on the
equilibrium value consistent with the appropriate adsompisotherm. Based on these assump-
tions, Parsons93] has given a rate equation for the reaction kinetics as inp@hma, and the
resulting Faraday current can be written in the form (seenfiance, Ref.J21])

o 1-6 (1-a)FAE 0 -aFAE
F _ ex - [
Jo=7 {1 e, exp ( =T ) e exp ( T )} : (5.7)

The symbols have the following meaningcF - overpotential relative to the equilibrium po-
tential of the HER,F' - Faraday constant - gas constant]" - temperatureq - symmetry
parameterf - coverage, defined as the fraction of occupied adsorpties,$j,, - coverage at
the equilibrium potential of the HER. The exchange curramsdity, j°*, obeys
Ahex
RT ) ’
where the activation enthalpy/°* relates to the energy barrier for the combination of proton
and adsorbed hydrogen, which can be defined as indicated.ib.Bi The two summands in the
curly bracket of Eq.§.7) represent the backward and forward reaction rates, densisith the
notion that the forward HER step consumes adsorbed H (gpaiiih #) whereas the backward
step inserts H into vacancies of the adsorbate phase (gaaiih 1 — #). The denominators,
which depend of., may be viewed as normalization factors that assert theiptaof detailed
balance alAF = 0. The exponentials account for the fact that the overpaikatits to shift the
energies of the initial and final states, relative to eaclenthy the amounf’AE.

(5.8)

7% = const. exp (—
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>

barrier
PiA

Ahg*-F e
HygtHyte/ ;
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1

enthalpy

5

reaction coordinate

Figure 5.1: Schematic representation of enthalpy termisandte-equation for the Heyrowsky
reaction with symmetry factar = /2. The small straire is taken to affect the values of the
adsorption enthalpyA/2d and of the barrier heighhhex through the coupling parameteys!
andqex, respectively.

The implications of Eq..7) for the kinetics can be inspected for the idealized caseavhe
the adsorbate may be described as an ideal solution on @elatiih a fixed number of sites,
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5 Mechanically modulated electrocatalysis

neglecting the adsorbate-adsorbate interaction enetgycdverage then follows the Langmuir
isotherm, which can be represented by the funct8zh122

Agd + FAE\™
oL =1 A — 5.9
( +exp T ) : (5.9)
with
Agd = AR - TAs, (5.10)

the free energy of adsorption. All molar quantities are petenof H. The adsorption enthalpy
Ah2d represents the change in molar enthalpy for the reactigff s> H,4 (see Fig.5.1), and
Asad refers to the corresponding entropy change, accountinthéentropies in the gas and
for a f-independent vibrational entropy of the adsorbed H, butuehicg the configurational
entropy of the adsorbate phase.

Figure5.2is a schematic display of selected quantities of the motelysg the Langmuir
isotherm in part a). The potential of electrosorptiéig, marks the transition between low and
high adsorbate coverage. Figwe b) shows a schematic Tafel plot for the HER as modeled
by Eq. 6.7). It is noteworthy that the “Tafel sloped,E/dIn j¥, changes ak>.

5.1.3 Impact of strain on reaction rate equation

The impact of strain on the reaction kinetics is inspectaed as embodied in Eq.5(7). The
coupling coefficients and A are used as a measure for the strain-dependence and the value
of coefficients are governed by the strain-derivative ofréite equation. The termBAFE in

the kernels of the exponentials in Ec.7) represent the driving force for the reaction. This
driving force is independent of the strain of the electraiece the reactants and products are
in solution. However, the established strain-dependehtigecadsorption and barrier energies
requires that the coverage termsndd., and the exchange current densjty are allowed

to depend on the strain. Denoting the respective straiivateres byo’, 6, and j’, one can
express the strain-derivative of E&.T) by

x| 1-0 ((1 —a)FAE) 0 (—aFAE)
L= ex — — X —
P \1-0, TP\ RT O P\ RT

=00 - (16,00 (1-a)FAE\ 8,468 (-aFAE
o (1-0ug)? eXp( RT )_ 72 eXp( RT ) '
e eq

(5.11)

Besides the strain-dependent exchange current dengtigrtims)’ andd;, in this equation em-
phasize that the coupling of reactivity to strain is formdithked to variations of the coverages
not only at potential{’) but also at equilibrium,,).

The implications of the strain-dependent terms in EQ11) may be inspected in more de-
tail when the strain-dependent energies - as suggesteabgytand experiment - are explicitly
introduced. Specifically, here the impact of strain on tteetien kinetics is taken to be medi-
ated by two factors, namely a strain-dependence of the activation enthalpy for the abom
reaction step, aniil) an independent strain-dependence of the hydrogen adasogstthalpy.
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1=dj'/de

A oc dInj"/de
] e

Figure 5.2: Schematic representation of variation, as timetion of overpotential AF, of
guantities relevant for the discussion of Heyrowsky reackinetics: a.) surface hydrogen
coveragef. b.) Tafel plot of current density;* on logarithmic scale. Note change in Tafel
slope (as indicated by labels, here for symmetry faater!/2) at the potentialE24, of hydrogen
electrosorption.c.) current-strain response, also on logarithmic scaled.) current-strain
coupling coefficient\. A jump in A by the amount?2d concurs with the transition between
dilute (¢ «< 1) and concentrated) (~ 1) hydrogen adsorbate population Atd. ¢2d and ¢ex
measure the strain-dependence of the H adsorption enthatpyhe activation barrier energy,
respectively. The graph of( £) also depends on the strength of adsorption, see main text and
Table5.1 Marks “+” and “-” indicate the sign of parametefs and. in the respective regions

of the graph.
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5 Mechanically modulated electrocatalysis

It is advantageous to define, for the two enthalpies in qoestesponse parameters and
¢®%, so that they correspond to the potential-strain respamseritain limiting cases. This is
achieved by expressing the strain response through &&f.ignoring the impact of strain on
the vibrational entropy:

AR = AR - Fade (5.12)
AR = AhS — Fc™e (5.13)

The strain-dependence Af2d propagates into a strain-dependence of the coverage at equi
librium, and for the Langmuir isotherm specifically= 6%(E, e). With attention to Eq. §.11)
it is important to note that the strain-dependence neede tralried through to the coverage
at the equilibrium potential. Otherwise, the principle etailed balance would be violated for
the strained surface and the reaction current at equitibdeviate from zero. Thus, we have
Ocq = 0% (Eeq, €).

Equation .11 can be drastically simplified by exploiting the assumpsiorniroduced above
concerning the adsorption isotherm and the strain-deperedehalpies. Equation®.0) and
(5.12 for the isotherm imply

d9L| ~ Fgad
de '** T RT

for the strain-derivative of the coverage functi@n Similarly, the strain-dependent activation
enthalpy has the consequence that the exchange curreitydemges with strain as

o~ (1-06") (5.14)

djex - Fgex ox

de  RT’
By inserting the above two results into E&.11), and in view of Eq. %.7), it is readily found
that

(5.15)

¢ 4 (oq — 0) ™) 5T (5.16)

L

it
In view of its definition through Eq.5.5), the response parametetakes on the even simpler
form

A =6+ (0o — 0) ™. (5.17)

The analysis above can readily be applied to the kineticewheeTafel reactioRH,q = Ho,
is the rate-determining step, which has been suggestedddiER on Pt surfaces at low over-
potential [/7,120,123 124]. Here, instead of Eq.5(7), the reaction current is given by (see,
e.g, Ref. [123)

p_ ) (1-0)° ((1 - a)2FAE) 62 (—aQFAE)
= - — 5.18
I {(1 o)z P RT o2, “P\TRT (.18)
Proceeding as before, the coupling coefficient can be cidaas
A= 42(0eq —0) ™. (5.19)

Equations %.17) and 6.19, the central results of analysis here, are forceful comseces
of assuming Heyrowsky or Tafel kinetics, respectively,haat Langmuir isotherm and strain-
dependent adsorption and activation enthalpies. Thetregulesses the current-strain coupling
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5.1 Theory section

coefficient\ as a weighted sum of the two relevant electrocapillary doggarameters;»d and
¢®*. The weighting factor emerges as linearly dependent on tbevdrage. That implies that
may vary significantly near the potential of electrosonpti¢sd, while it takes on approximately
constant values at more negative or more positive potentiethe results for Heyrowsky and
Tafel kinetics are formally similar, and differ only by thect that the adsorption-strain coupling
in the Tafel case is weighted by an extra factor of two.

Figures5.2 c) and d) illustrate the predicted mechanical modulatiothef reactivity by
means of qualitative graphs of &) and A\( F), respectively. The figure refers to Heyrowsky
kinetics with a Langmuir isotherm as an example. It is rerabl& that the coupling parameter
A remains well-behaved near the equilibrium potential ofrdeetion. When the current density
(%) inverts its sign along with the overpotentiahlso changes sign as is apparent from a cusp
in the logarithmic graph of at AE = 0 in Fig. 5.2¢). Yet, A retains the constant valye< at
and aroundA £ = 0. As Tableb.1 puts\ » ¢® near equilibrium, it is seen that this coefficient
here measures the strain-dependence of the exchangetadensity.

Table 5.1: Values of the reaction rate-strain coupling taeht A\ as predicted by Eq.5(17)

for Heyrowsky kinetics with a Langmuir isotherm. Results &or surfaces with different free
energy of adsorption)g2d, for hydrogen. Examples for materials with the respectilsoap-
tion strength are indicated for illustration. The threeiling cases of the overpotentiah F,
refer to concentrated (coverage: 1) and dilute ¢ <« 1) adsorbate and to the equilibrium, at
AFE =0, of the hydrogen evolution reactiofi € .,). Electrocapillary coupling parameters for
the activation barrier of the Heyrowsky reaction and for llydrogen adsorption enthalpy are
denoted by** ands?d, respectively. Note that jumps by-¢2d when the surface undergoes the
transition from dilute to concentrated adsorbate durindrbgen electrosorption.

AE < -Ag™/F | AE=0 | AE>» -Ag*/F
0w~ 1 0 = Ooq 0«1
Agad > () (AU) cex — gad cex cex
Agad ~ (0 (Pt) cex — gad/2 cex coX 4 gad/2
Agad «< 0 (Nl) gex cex CoX 4 gad

With attention to), the most important features in Fi§.2d) are nearly constant values on
either side of the potential of electrosorption or undezptiil depositionf2d. Within a small
potential interval arounds24, the value of\ jumps by the amoung*d. When|¢2d| > |¢¢%|, as
in the example of the figure, this jump is accompanied by a ghanf sign in\ at a potential
negative ofF2d. This also lets change sign, as is manifest in a cusp in the graph of &=R&c)
at the corresponding potential.

As can be seen in the compilation of limiting values, Tablg the values of\ on each
side of £2d depend on the strength of adsorption. For the example of H wrfweak ad-
sorption), A near equilibrium and at small magnitude of the overpotérgigoverned by the
strain-dependence of the activation enthalpy, in othed@or ~ ¢*<. By contrast\ ~ ¢ — ¢ad
for Au at large and negative overpotential. If assuming thattwo coupling coefficients*d
and¢®* are of same sign and of not too dissimilar magnitude, them¢tstrain-dependence of
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5 Mechanically modulated electrocatalysis

the reactivity is predicted strongest for electrodes witlegative adsorption enthalpy (as for Ni
in the example of Tabl&.1) and at positive overpotential and weakest for positiveogutfon
enthalpy (as for Au) and at negative overpotential.

5.1.4 Impact of H-H interaction on strain-dependent rate eq uation

As already pointed out in RefoB], the Langmuir isotherm is unrealistic inasmuch as it igrsor
the consequences of the adsorbate-adsorbate interaclius.is of relevance for the HER,
since the hydrogen-hydrogen interaction eneryy:-2, in the adsorbate layer is known to be
important (seee.g, Ref. [L25126]). The possible consequences for the strain-dependeace ar
twofold. Firstly, the isothermd( £') will adopt a different functional form if\h3- takes on no-
ticeable values. In view of Eq5(7), this will lead to a modified Tafel graph of the conventignal
strain-free surface. Secondly, a strain-dependencehof? will need to be considered. There
is no fundamental obstacle to introduce those generalizatnto the rate equations and expres-
sions for the reactivity-strain coupling such as EB.1(Q). Yet, the task is complicated by the
lack of realistic closed-form expressions #{i%) allowing for adsorbate-adsorbate interaction.
Now this section inspects the issue of that interaction aftention to the Heyrowsky reaction.

The energetics of interacting adsorbate molecules on iadaitith fixed number-density,
I'y, of sites may be represented by a regular solution mdd jwith the surface free energy
function

=1 + Ty (Agade n %Ahaw? + RT (00 +(1-0)In(1 - 9))) , (5.20)

wherey is the free energy of the clean surface akf*-> denotes an adsorbate-adsorbate
interaction energy. Equilibrium at the electrode requi(ee e.g, Ref. [71])

1 oy
o o0 w—zFAE (5.21)
with ¢ the chemical potential of the adsorbing ion, of valeacin solution. For hydrogen (H)
with Eq. (6.20), this equation§.21) implies

- FAE = A¢g™ + Ah*20 + RT In % : (5.22)

In the limit Ah22 — 0 the equation§.22 yields the conventional Langmuir isotherm as in
Eg. 6.9. Repulsive adsorbate-adsorbate interactidgxh.(—* > 0) may broaden the potential
range of the transition from dilute to concentrated adderbathe effective electrosorption po-
tential E24, whereas attractive interaction may, at sufficiently lomperature, lead to a surface
miscibility gap and to the coexistence, /&t!, of regions of dilute and concentrated adsorbate
regions.

The general form of Eq.5(22 with Ah2=2 = ( is not readily inverted to obtain an analytical
expression for the adsorption isothefi\ &) applicable to the full range of coverage. How-
ever, the limiting behavior at high dilutiodl < 1, AE - E2d << RT) and near saturatio ¢ 1,
E»d — AE « RT) is readily seen to satisfy

Ag*d + FAE

o (0 < 1) (5.23)

0 =exp—
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and
Ag?d + Aha2 + FAE
p

RT

f=1-ex

(B~1), (5.24)

respectively.
Allowing for strain-dependence of the interaction entlyalia Ah*~2 = Ah3™® - F¢a~2e and
accounting for the definition afd, one readily obtains

dé F

- -~ ad
de'AE RTC 0 (9 < 1) (525)
and 40 »
had - - (ad a-a _ ~ ) )
dem i (¢ +¢* ) (1-6) (0 ~1) (5.26)

With the above equations we may inspect the current-sti@iplong, provided that both,
the acting overpotentiah £ and the equilibrium potentiat., of the reaction are sufficiently
far from the electrosorption potentiald so that in each case one of the limits applies, dilute
or concentrated adsorbate layer. While materials \ith close toE,,, such as Pt, are ex-
cluded from this approximate analysis, useful conclusamesobtained for materials with weak
or strong adsorption, such as the examples of Au and Ni inefalll The procedure is now
exemplified for Au at large negative overpotential. By virtof Eq. 6.15 for j¢/, and ignor-
ing the inverse reaction rate (which is negligible at larggative overpotential), Eq.5(11)
evaluates to

_F g o oy 000 = Ocqt - (—aFAE)
TR Y T P\ R )

Sinced., <« 0 while-by virtue of Eq. $.26—-the derivative)’ becomes arbitrarily small at suffi-
ciently negativeA £, the termd.60’ in the enumerator in the second summand can be dropped.
Since weak adsorption implies that the coverage at theibguih potential is dilutef.,’ is
given by Eq. 5.25. This leads to

F ‘B _ex F -ex _ad 0 (_QFAE)

A7 G 7

(5.27)

(5.28)

By comparing this result to Eq.5(7) for j¥, one then obtainsin the limit of large negative

overpotential as
F

LW ﬁjF(geX—gad) (Ooq < 1,0~1), (5.29)
which implies that\ = ¢** - ¢4, a result which agrees with E§.17in Section 5.1.3 and Table
5.1 Other limiting cases are readily treated in an analogouys arad the results are compiled
in Table5.2

With attention to the above result in TalBe2 for the HER on Au at large forward bias
(AFE « 0), it is remarkable that the results for the coupling strngtindependent of-2,
even though the adsorbate layer is here concentrated. Tdiadican be traced back to the
very fact that the adsorbate layer is nearly saturated ge lEmrward bias. Strain can then not
noticeably affect the coverage, irrespective of its immarcthe adsorbate-adsorbate interaction.
The impact of strain on the reaction rate is therefore he@aexjuence of the variation of the
normalization factors which, in Eq5(7), depend ord,.,. This is a variation in a dilute adsorbate
population, and is thereby independentof.
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5 Mechanically modulated electrocatalysis

Table 5.2: Values of the reaction rate-strain coupling foicient A of the Heyrowsky reaction in
various limiting cases. This table is similar to Tabld, except that an interacting adsorbate is
considered. Symbolgz2d - electrosorption potential\ E - overpotentialf - adsorbate cover-
age. Electrocapillary coupling parameters for the adatvebarrier, for the hydrogen adsorption
enthalpy, and for the hydrogen-hydrogen interaction dépyhare denoted byex, ¢2d and¢2-2,
respectively. Non applicable combinations are denotechbw.”.

| | AF <0 | AE >0
AL « E2d | AE >» Fad | AE « Fad AE > Fad
f~1 0«1 0~1 0 <1
AFE™ <0 (AU) | foq < 1| ¢ —gad Gex n. a. gex
AFE > 0 (Ni) | Oqw~1 gex n. a. Gex ¢eX 4 gad 4 qa-a

It is shown that Eqg.%.11) can be evaluated in limiting cases where the adsorbateagse
at potential is either very dilute or very concentrated, @here one of those limits also applies
at the equilibrium potential. This excludes the interastiase of the HER on Pt, but includes
surfaces on which H adsorbs either very strongly or very Weakd in particular Au surfaces.
Here, the limiting behavior on either side Bfd agrees with that of Tablg.1 As a central con-
sequence of the derivation, the jumpXraround the electrosorption potential is thus expected
even when the H-H interaction is strong. In other words, thi khteraction on Au surfaces
affects the reactivity, but its impact on the relative chaofjreactivity with strain is moderate.
For surfaces with the strong H adsorption strength (as thenple of Ni), a strain-dependent
H-H interaction is predicted to change the reactivity4st@upling at positiveA £ (hydrogen
oxidation reaction), see Tabfe2

Beyond replacing the Langmuir isotherm with a more realistie that accounts for H-H
interaction, generalizations of Parsons’ rate equatign(&7), may allow for the barrier energy
and/or the symmetry facter to depend on the coverage. This introduces additional ceeits
which, themselves, may be strain-dependent. In the irntefenciseness, the present study
aims to compare the simplest meaningful theory to experimarthat spirit, the present study
ignores these additional details.

The following section discusses an experimental approddbhnexplores the mechanical
modulation of electrocatalytic reactivity and comparest fiesults to the theory.

5.2 Samples and characterization

The working electrodes under study were 50 nm thin gold airplan films by sputtering de-
position on polyimide substrates,1 cm x 2 cm in size. The X-ray rocking curves of films
prepared in this manner reveal a strong (111)-texture foaddiPt, as shown in Fid.3

The HER in argon-purged 0.5M,S0, solution was studied on 111-textured thin films of
gold and platinum, providing examples for weak (Au) andrmediate (Pt) hydrogen adsorp-
tion strength. Figur&.4 shows cyclic voltammograms of the Au and Pt electrodes. Hie id
consistent with the clean surfaces of the polycrystallinig, film metal electrodeslp8 129.
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Figure 5.3: X-ray diffraction characterization aJ Au electrode and) Pt electrode. Main

graph: intensityersusscattering angle. Inset graph: rocking curve of intengéssusinclina-
tion angle for the (111) reflection.
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Figure 5.4: Cyclic voltammograms of current densjtyyversuselectrode potentialE, for a)
Au andb) Pt thin film electrodes with a (111)-texture in 0.5M4SO,. Scan rate is 100 mVs.

5.3 Impact of strain on hydrogen evolution reaction

The procedures of mechanical modulation of catalysis gigtudy are largely identical to Chap-
ter 4 of DECMA on polarizable electrodes. The central défeses areé) the extension of the
potential range to include the regime of hydrogen evoluéindii.) the focus on the Faraday

current modulation. In the interest of a convenient desiomp a brief display of the procedures
is presented here.

Using the strain as the reference signal, the in-phase) @eal out-of-phase (imaginary)
components of the amplitude of potential or current modutais detected by means of the
lock-in amplifier. The potential-strain responsejs measured in potentiostatic mode during
cyclic voltammetry as Fig4.5. The current modulation, is measured from the potential drop
over a shunt resistance in series with the counter elecasdeg.4.4. The real and imaginary
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components of the modulation in potential or currdiipr I, are output data from the lock-in
amplifier. With reference to Eqs5.1) and 6.6) the coupling coefficients were computed from
the data as follows:

¢ = FErafé (constant q), (5.30)

P j’real/é = A’lfreal/é (constant F) , (5.31)
RT Iyen

A o= e (constant E) , (5.32)
F Te

wherel denotes the net current as measured by the potentiostat enithe area wetted by the
meniscus.

Electrochemical impedance spectroscopy (EIS) used agelp@rturbation in root mean
square of 10 mV. The uncompensated solution resistdii¢ewas measured immediately after
cyclic strain experiments using EIS in the frequency ran@d ¢z - 1 kHz and identifying
the real part of the impedance in its high-frequency limithwiy. A typical value wasky =
18 Q2. All electrode potentials shown here are corrected for thiemtial drop in solution by
subtracting/ (£') Ry from the nominal electrode potential value.

Tafel plots were recorded at a scan rate 2 mVY, using the cyclic voltammetry staircase
option with 3 mV potential step to eliminate the capacitigaiibution. Decohesion of the
metal films at large and negative potentials limited the lowertex potentials. These were
chosen so as to allow several consecutive experiments mytbr@e sample.

Since the present DECMA setup prevents the use of a rotaishgadode, transport limita-
tions may affect the results. While acidic solutions prevah abundant supply of protons as
the reactants of the HER, accumulation of the product spenecular hydrogen in a layer of
electrolyte near the electrode surface may retard theiogaets may the bubble formation that
has been observed for Pt at large negative overpotef@tipl Therefore, the present HER mea-
surements typically used negative-going scans in orderinamze the accumulation dfl; in
solution. The smalf** on Au implies in particular that the above-mentioned kinéthitations
are benign when working with Au electrodes in acidic solu{ib22].

Figure5.5displays the results for the HER. The DECMA data for Au on HERirst dis-
cussed.

5.3.1 Gold electrode

Figure5.5a) shows a Tafel plot for the gold electrode. Under forwasesifh & < 0), two well-
defined Tafel slopes are apparent9 mV dec! at low overpotential magnitudeXE|) and
-224 mV dec! at higherlAE|. From the intersection of straight lines of best fit, the $iian
is found atA E = —0.31 V. By extrapolating the data at lolA E| to the equilibrium potential,
the exchange current density is estimatefi’at 0.08 uA cm~2. In view of Fig.5.2the break in
the Tafel graph is consistent with the signature of H elecrption in the Heyrowsky kinetics,
suggesting that for H on AbhFE2d ~ —(0.31 V.

As outlined in the theory section at the onset of this chapleranalysis of DECMA data
requires the separation of capacitive and Faraday effeeetss found useful to inspect electro-
chemical impedance data. Figuwe c) shows the impedancg, measured at the frequencies,
20 and 70 Hz, with the same as in the DECMA experiment. The ksgivation is a transition
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Figure 5.5: Electro-chemo-mechanical characterizatiofuo(left column) and Pt (right col-
umn) electrodes in 0.5 M $80,. a,b) Tafel plots of current density¥F, versuselectrode poten-
tial, F, during scans at 2 mV-&. Thin green solid lines are straight-line fits in regionsinéar
response in the log-linear representatiord) Real and imaginary parts of the impedanze,
versusFE at frequencies of 20 and 70 Hz, as indicated by labels. \&@diash-dotted line marks
transition between dominantly capacitive and dominardisaBay currentse,f) Electrocapillary
coupling parameter at strain frequency 20 Hz and at 20 mV scan rateg,h) Current-strain
response parametet dj/de recorded at 20 Hz (lines) and 70 Hz (circles) with 20 mVscan
rate. Shaded regions mark potential regime were the r@gpéethnique is inappropriate since
the requirements of dominantly capacitive (tgror dominantly Faraday (for) processes are
violated.
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at ¥ ~ -0.2 V (dash-dotted vertical line in the left column of Fi§.5: When E is reduced
below that value, the imaginary part éfvanishes and the data of real part loses its frequency
dependence. Both aspects are signatures of the transivionaf regime of dominantly capaci-
tive processes foFE > —0.2V to dominantly Faraday behavior fér $ -0.2 V. This implies that
DECMA data recorded foE below-0.2 V is dominated by the response of the HER rate to
strain, whereas the DECMA data at the more posifivis dominated by capacitive processes.
Shaded regions in the graphs of F&g5 mark the potential regimes where the respective tech-
nique is inappropriate since the requirements of domigardpacitive (for¢) or dominantly
Faraday (for) processes are violated.

Results for the potential-strain response near equilibyias represented by the electrocap-
illary coupling parametey, are plotted in Fig5.5e). The finding of a negative value ¢oht the
more positive potentials agrees with results of Chaptersdudy of< on Au in the vicinity of its
pzc As the hydrogen electrosorption potential is approachetianges to positive. The value
of ¢ reaches a maximum value &60.3 V, right before the entry into the regime of dominantly
Faraday behavior where the discharge of the interface byedetion current prevents further
measurement af by the present approach.
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Figure 5.6: Real and imaginary parts of the current-stragponse parameteif Au and Pt
electrodesrersusthe strain frequency. Potential values are indicated in the legends. Data
for Au is in the Faraday regime, with vanishing imaginarytp&or Pt, data in the capacitive
regime reveals mixed (real/imaginary) behavior at ele/étequencies, consistent with results
of the electrochemical impedance spectroscopy.

Figure5.5Q) displays the results for the current-strain couplingfadent . for frequencies
of 20 and 70 Hz. The frequency dependence of the currenirseaponse of Au has been
recorded atF = -0.40 V in more detail, see Fig5.6 a). In agreement with Eq.5(6), the
real part of the current modulation signal - which measuress independent of the strain
frequency. This supports the identification of that signéhhe response of Faraday current to
the cyclic strain. In particular, the real part of the cutrstmain response in Figh.5g) can be
identified with the Faraday current modulation whérg —0.2 V. The data shows the parameter
¢ as positive-valued at the lowest end of the potential ramgkeustudy. Since the net Faraday
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5.3 Impact of strain on hydrogen evolution reaction

current is negative here, the positive sign amplies that tensile (positive) strain inhibits the
reaction. It is seen thatdecreases with increasing potential, changing sign at-0.38 V and
then leveling off. The decrease in magnitude of the cursératin response at even more positive
potential £ (> —0.2 V) reflects capacitive behavior and so cannot be discussadigsature of
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Figure 5.7: Current-strain response parametetsd;j/de (a,b)) and\ = (RT/F)dIn j¥/de
(c,d)) of Au and Pt as measured during negative-going potentaisat 2 mV s'. Shaded
regions mark potential regime were capacitive processesndte, preventing valid measure-
ments of: and \.

Figuresb.7a) and c) show results of an experiment in the HER regime sioguwon the two
current-strain response parameterand A and using a slower potential scan rate (2 mV/s as
compared to 20 mV/s in Figh.5) and a slightly extended potential range for closer ingpact
of the current-strain coupling. As above, the shaded reginrFig. 5.7 mark potentials in
which capacitive processes mask the Faraday-currenth sgaponse. The agreement of the
experiment with the theory is apparent when the log-lindar @f . versusE in Fig. 5.7is
compared to the schematic graph of the theory predictiongn 5.2 c). The key observation
is that the response parameters change sign fiear-0.38 V, slightly negative ofE/2d. This
manifests itself in the graph d¥g . by the prominently cusp at0.38 V. In other words, at lesser
overpotential magnitude the tensile strain actembancehe reaction current (more negative
current), whereas at higher overpotential magnitude (megativeF) tensile strainnhibitsthe
reaction.

It is also remarkable that the paramepelevels off in the most negative potential range,
approximating a constant value ~ —0.05 V. At higher potential\ increases, reaching the
maximum value\ ~ +0.45 V at the entry into the capacitive regime.
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5 Mechanically modulated electrocatalysis

5.3.2 Platinum electrode

The Tafel plot of Pt electrode, Fi%.5b), is curved in the entire potential range under investiga-
tion. This is consistent with previous observations of Rgf8,91,120. In series of consecutive
scans with the same electrode, this thesis obtains highlpdecible results, as shown in Fig.
5.8 This confirms the curvature as an inherent feature of thetiis and not a signature of
electrode degradation. An estimate of Tafel slog8 mVdec™!, is obtained at low overpoten-
tial from a straight-line fit to the data fe0.05 V < AE < -0.015 V. The value of Tafel slope

is also in agreement with previous resulf9,[120 130.
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Figure 5.8: The reproducible results of Tafel plots of Ptelede in 0.5 M HSO, in series
of consecutive scans at a rate of 2 mV.sThe Tafel slope, -38 mec!, is obtained at low
overpotential.

The EIS data of Fig5.5d) show the imaginary part vanishing fér 5 -0.03V, indicating
that Faraday behavior dominates in that regime, whereaglpseapacitive processes are dom-
inant at the higher potentials. This notion is confirmed by ¢hrrent-strain response data of
Fig. 5.5h). The Faraday current must vanish at equilibrium, irrespe of the strain, implying
t=0atAFE = 0. Yet, the experimental current modulation does not vartighet In fact, the
graph of the current-strain modulation exhibits an extremaiia potential only slightly positive.
This agrees with a capacitive rather than Faraday processdting the response at and above
E=0.

The first and second UPD peaks,fat= 0.174V and 0.083V in the CVs of Fig.5.4b),
coincide with minima in the potential-strain response, Big f). The observed shifts of phase
and sign are in agreement with those of E¢s.1)(and 6.6), confirming that the experiment
here measures the valuessalf the corresponding electrosorption processes as in €ndpt

The graph of current-strain response for Pt in Eighh) is remarkably similar to that for Au
(Fig. 5.59) above), with an extremum at potentials positive of the étebsorption potential
and a sign inversion at potentials negative thereof, here-@t 13 V. Most notably, the sign
inversion — reflected by the prominent cusps in Fag7 a) for Au and Fig.5.7 b) for Pt — is
common to both metals. For Pt, as for Au, tensile strain acatds the reaction € 0) at lesser
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5.4 Discussion

overpotentials, whereas the trend is reversed at the hmlepotentials, where tensile strain
inhibits the reaction.(> 0).

Based on the electrochemical impedance data of3:fy), the signals at potentials positive
of —-0.03 V have been identified as the signatures of capacitive preseseéet, the lack of a
noticeable frequency dependence in the current-straponse data of Fig5.5 h) seems to
disagree with this notion. The frequency dependence of tinet-strain response of Pt has
therefore been inspected on in more detail, see Bi§.b). It can be seen that the real part
of the current-strain response is only frequency-indepehth the regime ofv > 20Hz. At
lesser frequencies, the real part does depend. dfurthermore, the imaginary part is strongly
frequency dependent throughout the entire frequency rander investigation. This behavior
is indeed compatible with capacitive processes and notkathday behavior.

As for Au, the present work have studied the current-stragponse for Pt in more detail
at slower scan rate. The results, Fig.7 b) and d), confirm the above observations. At the
most negative”, the results for in Fig. 5.7 d) show only slow variation with potential, with a
smallest value oA = -0.175 V.

5.4 Discussion

. €X

log j
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Figure 5.9: Schematic representation of the position ofriét Au on the volcano curve of
exchange current densif§* versusH enthalpy of adsorptiom 24, for the hydrogen evolution

reaction. Tensile strain makes the surface more bindinig {terge arrow), which might suggest
that the reactivity of Au increases while that of Pt decredsenall arrows).

The Au and Pt electrodes of the experiment probe the HER astrabs with quite different
adsorption strength. Pt undergoes UPD at slightly postaixarpotentials 424 < 0 ), which
puts it near to (but slightly to the left of) the peak of thecano curve, Fig5.9, of exchange
current densitywersushydrogen enthalpy of adsorption. By contrast, gold met&d the left
hand side of the volcano curve with a very positivg>d [28,122.

In several respects, the HER on Pt is less suited for a discuissterms of idealized models
than the HER on Au. In view of the high reactivity of the Pt swd, accumulation of dissolved
H, in the electrolyte91] likely inhibits the reaction at more negative overpotealsti The impact
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5 Mechanically modulated electrocatalysis

of such kinetic limitations may be mitigated by focusing ba toupling parametey, which is
defined as theelative change of the current in response to strain. Since kinatiitdtions act
on ;¥ as well agi;", their impact is partly canceled when evaluatij§/;*. In this sense) is

an inherently robust parameter even when the current istatfdoy the solution resistance due
to the accumulation of dissolvétd, in the electrolyte.

Irrespective of that issue, the curved Tafel plot for Pt,ahhis found even when transport
limitations are removed by using a rotating disk electrodg 91, 131], is ill consistent with
simple models for the kinetics. In fact, a transition betw&afel kinetics at low overpotential
and Heyrowsky kinetics at high (negative) overpotentiad haen suggested for Pt7, 124].
Furthermore, Pt presents the additional challenge thasttioeg capacitive signals of hydro-
gen UPD nearly coincide with the equilibrium of the HER, cditgting the separation of the
modulated Faraday current.

As a consequence of the more challenging nature of the Ptitesdiscussion of this first
study focuses on the findings for Au, inspecting the Pt regultthe spirit of a qualitative
comparison only.

5.4.1 Electrosorption potential and Tafel slope

The present experiments for gold indicate Tafel slopes7fmV dec' at low overpotential
magnitude [AE|) and -224 mV det at highe A E|, with a break at around = -0.31 V and

an exchange current densijty ~ 0.08 ©A cm~2. These values will now be discussed in relation
to the literature.

For the idealized case of symmetry factor !/2, the Tafel slopes of the Heyrowsky reaction
of Eq. (6.7) with a Langmuir isotherm, which underlies the discussibthe Au data, corre-
spond todIn j/dF = -3F/(2RT) or -40 mV dec! and-F/(2RT) or -119 mV dec! at
low and high overpotential magnitudes, respectively. ibrevexperimental studies of the HER
on polycrystalline gold, using rotating disk electrodeslged find Tafel slopes that support the
model, namely -48 12 mV dec! and -110+ 11 mV dec! at low and high overpotential,
respectively 84,130. The experiment, in this chapter, finds a factor three iffiee between
the slopes in the respective regimes, which also agreeghdtimodel. Yet, the absolute values
of the present experimental Tafel slopes are here contlistegher than the prediction. That
observation is consistent with published data, which shefelTslopes (at low overpotential)
of -73 + 20 mV dec! for Au electrodes in acidic solutior8, 83,120 132 when no rotating
disk electrode is used. This implies that the deviation betwthe model Tafel slopes and the
present experiment is a signature of transport limitatidine findings in this chapter are other-
wise consistent with the intrinsic behavior of the HER oraal@olycrystalline Au surfaces.

The change in Tafel slope is an inherent feature of the Heskgwinetics, where it demar-
cates the transition between dilute and concentrated fgdrooverage at the electrosorption
potential, F2d = —Ag*d/F. The observation here of the Tafel break-af = —0.31 V suggests
that the free energy of hydrogen adsorption on Aligd = +0.31 eV or +29 kJ mol-!. Ab
initio computations for H on Au(111) putg>d at +0.45 eV [28] and+0.41 eV [133. Further-
more,Ag?d reflects the metal-hydrogen bond strength, which for Au leelveported 0.50 eV
more positive than for Pt metal9]. This latter value would suggest thatd ~ -0.3 to -0.4 V
for Au in view of the H UPD signatures on Pt at +0.1 to +0.2 V, Beg 5.4 Itis seen that the
observed potential 0f0.31 eV puts the Tafel break in our data within the interval of népd
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5.4 Discussion

values for the electrosorption potential of H. Furthermdine exchange current density for the
Au electrode in the present experimejft ~ 0.08 A cm~2, agrees well with the published
values 0.08,A cm~2 in Ref. [97] and 0.12uA cm~2 in Ref. [122.

To summarize these observations, the results here ovasgstihe Tafel slopes, but provide
values for the apparent adsorption potentigl and for the exchange current densitythat are
consistent with previous reports. This thesis attributesdeviation in Tafel slope to transport
limitations, but conclude from the agreementiof! and je* that the impact of the solution
resistance is limited and that the data here for Au give aoregtde qualitative representation of
the inherent kinetics of the reaction.

As motivated above, this chapter refrains from discussied?t data in detail. However, it is
recalled that the qualitative behavior@#') of Pt is found similar to Au. This lends qualitative
support to the present discussion of the impact of straimemeactivity at Au surface.

5.4.2 Potential-strain response

As argued in Result Section, the experimental data for piaiemnd current modulation with
strain for both electrodes are consistent with a transiietween dominantly capacitive or
pseudo-capacitive behavior at the more positive potenéiatl dominantly Faraday behavior
at more negative potential. The respective regimes allgalusively, the measurement of the
potential-strain response at constant charge (pseudteit@e processes) and of the current-
strain response at constant potential (Faraday processes)

Chapter 4 has found that< 0 for capacitive processes with little chemisorption on tran
sition and noble metal surfaces and specifically on Au, wichlso consistent with Refs.
[37,38,48,54,101,134). This is born out by the present results at the most posiotentials.
During negative-going scans, as the potential approathgspseudo-capacitive adsorption of
H will become more important and eventually dominate theptal-charge and potential-strain
response. In view of the definition ¢f!, Eq. 6.12), the experimental potential-strain response
parameter will then gradually change; when chemisorptamidates the response will eventu-
ally take on the value of* [32]. In view of the change of sign inand its continuing increase
upon decreasing the potential (Fig.5e), this chapter therefore concludes ttfdtof H on Au
is positive valued with a lower bound of +0.3 V. The finding fau is consistent with posi-
tive values ofc during hydrogen electrosorption experiments on 82)103 and Pt B2, 101].
The positives®d imply that tensile strain makes the metal surfaces moreitgnidr hydrogen.
This experimental finding is consistent with the predicsia the d-band model, which quite
generally implies an enhanced binding on laterally expdraigfaces4, 26, 29].

5.4.3 Current-strain response

For the current-strain response the experimental resetesindicate that the graphs xf£') for
both, Pt and Au, agree well with the theoretical model in Bach.1, specifically inasmuch as
i.) both surfaces display the change of sign{&’); ii.) A\(E') becomes approximately constant
in the limit of large negative overpotential; anid) the change in sign is at a potential negative
of the break in the Tafel plot that may be linkedAed. This thesis takes these observation as a
confirmation of the concept of a strain-dependent Heyroveskiafel kinetics, as explored by
the model. Details will now be addressed.
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5 Mechanically modulated electrocatalysis

The central finding for current-strain response on Au is thelhanges sign a ~ —-0.38 V
nearE»d. As was pointed out above, the negative value at lessefA E| implies that tensile
strain here enhances the reactivity, whergas) at higher/A E| means that tensile strain here
diminishes the reactivity. The same qualitative behavsdound for Pt, except that the change
in sign of A here occurs much closer to the equilibrium potential of tfd=H

Upon comparing Figss.2and5.7it is seen that the graphs o&nd )\ in theory and experi-
ment agree well if, for Au, the model take® of same sign as and moderately lesser magnitude
thang?d. In view of Table5.1, the constant value of ~ —0.05 V at the lowest negative overpo-
tential implies that** - ¢2d ~ -0.05 V. The current-strain coupling reaches a maximum value
of A = +0.45 V at the transition between capacitive and Faraday behawiplying ¢® > +0.45
V and, thereforesd > +0.50 V. This is also consistent with the finding for the potentiahin
coupling, which tends to increase with decreasing potengiaching a maximum value= +0.3
V before the transition to Faraday behavior prevents furdbhservation with the present tech-
nique.

It is of interest to inspect the observation|gfl| > |¢| in the light of the Bragnsted-Evans-
Polanyi relation, which links the enthalpies of adsorptiorthe enthalpies of the transition
states 27,135-137]. DFT data for adsorption on different substrates reveatalirsy fac-
tor, connectingAhex to Ah?d, near to but slightly less than unitg37. This is compatible
with present observation for surfaces under differenestaf strain. However, the theory also
highlights counter examples: For CO on Ru (0001), the dissioa barrier is more strongly
strain-dependent than the adsorption entha®6}. [Furthermore, a study of the energies of in-
termediates in methanol oxidation over strained coppdases R9 finds no clear trends for
the variation of reaction barriers with strain. The quitiedtent findings for the individual pro-
cesses highlight the need for approaches—such as the poeseraffording a separation of the
two enthalpy-strain coupling coefficients in experiment.

Inasmuch as the results for Pt provide a qualitative desonipf the current-strain coupling,
it is concluded that the reactivity at finite overpotentiatéralso decreases with tensile strain.
The apparent change in sign df quite close to the transition to capacitive behavior, &St
that the exchange current density as defined through =@ ghows the opposite trend, with
enhanced current under strain in tension. Note, howeargtinpirical values foje* are typi-
cally derived by extrapolation from currents at finite oveential toA £ = 0. Thej** measured
in this way depends on strain through the current in the regummere\ may be negative. Since
the strain dependence of the ‘empirical’ HER exchange atiwa Pt is governed by at fi-
nite overpotential, and since the corresponding reactiay be inhibited by tensile strain, the
strain-induced variation of the empirical exchange curneay be of different sign compared to
the variation of thg** of Eq. (6.7).

At first sight, the observations that tensile strain infsittite reactivity of both, Au and Pt
under forward bias are not immediately obvious if one comsidhe volcano curve (Figh.9)
for the reactivity - as represented by the exchange currensity - of metal surface for the
HER. Since tensile strain makes the surface more bindingdfat shifts both Au and Pt to
lesserAh2d on the graph. With Au on the descending branch of the volcambRt near to
its top, a finite tensile strain would make Au more reactivd &t less reactive, contrary to
the observation. The apparent discrepancy is related tditteeent strain-dependence of two
measures for the reactivity, namely the exchange curramityeof je< of Eq. (6.7) on the one
hand and the Faraday current at finite overpotential on therof he present discussion of the
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results for Au indicates that the exchange current densitgdeed enhanced by tensile strain
since, atA F = 0, the theory implies\ ~ ¢°, which is positive. Yet, significant current can only
be obtained at higher overpotential, where the hydrogerrege has changed from dilute to
concentrated. Here, the theory indicates ¢** — ¢2d, which takes on negative values.

5.5 Conclusion

In the study of this chapter, the consequences of elasainstf an electrode have been in-
spected on its electrocatalytic activity for the hydrogeoletion reaction. The present approach
is motivated by the data from theory and experiment thabéstathe enthalpies of adsorbates
and of transition states as significantly strain-dependent

The key findings here ara:) successfully separation of the modulated pseudo-capacit
current and Faraday current in current-strain responssumesaentii.) the feasibility of ann
situ measurement of the mechanical modulation of the electbytst reactivity during poten-
tial scans;jiii.) an inversion in sign — supported by experiment and theory theé reactivity-
strain coupling strength at a potential somewhat negativaextrosorption; andv.) the ex-
perimental verification of assumptions that strain-dependdsorption enthalpy and strain-
dependent activation enthalpy in hydrogen evolution react

Starting out with the kinetic rate equation for the Heyrowsk Tafel reactions with Lang-
muir sorption characteristics, this chapter introducgsesste coupling coefficients:d andcex,
respectively, for the strain dependence of the adsorptidinadpy of H and for the activation
energy.

The relative change of the Faraday current in response dmstan be quantified by the
parameten, which emerges as a weighted sum of the two coupling coeit&id he weighting
factors depend on the overpotentiAlZ. Near equilibrium A E = 0) it is found A = ¢*%, so
that the current modulation is entirely governed by theistl@apendence of the transition state
energy. By contrast, the reactivity at higher overpotécaa also reflect the strain-dependence
of the adsorption enthalpy as measured;dy The coupling far from equilibrium depends on
the sign of AF and on the strength of H adsorption. The present study of tBR EHn Au
electrodes indicates that! andce* are of identical sign, with a larger magnitude {ot.

These experiments under study explore an approach towasdgaring the mechanical
modulation of electrocatalytic reactions by using a smgdllic strain of the electrode and a
lock-in technique to detect the ensuing modulation of tlaetien current. This cyclic strain
can be applied and the current modulation analyzed sinmestasly with the potential scan
which is used to obtain the data for a Tafel plot. While theeslog of forced liquid flow - as in
a rotating disk experiment - impairs the results in the presaplementation, meaningful data
was obtained for the exchange current density and the essgption potential of the HER on
Au.

In the experiment, the variation of the reactivity-stramupling (\) with overpotential A F)
exhibits qualitatively similar behavior for Au and Pt. Theosh prominent observation is a
change of sign ol < 0. The transition is consistent with our theory. With< 0 at large
and negative overpotentiald., forward bias of the HER) and a transition Xa> 0 whenAF
is increased near the H electrosorption potential, for Awelt as Pt, present work finds that
tensile strain reduces the reactivity under sufficientlgéaforward bias, and a transition to
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5 Mechanically modulated electrocatalysis

tensile strain enhancing the reactivity under lesser bias.

By contrast, the two metals may differ in respect to the impdctrain on the exchange
current density: whilg®x of Au increases under tensile strain, the data are at leagpaiible
with an empirical exchange current density of Pt decreasing. The strain-dependencg-of
is in agreement with expectation based on the position dftbeslements on the volcano curve
of j* versusH adsorption enthalpy. Yet, the different behavior of thectevity under finite bias
shows that the strain effect on the reaction kinetics is gwae by additional factors, which are
not appropriately measured by the exchange current alone.
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Chapter 6

Summary and Outlook

The contribution of this dissertation to the material sceeis the successfully experimental
investigation of the link between surface mechanical de&dion and electrode processes. Im-
posing a cyclic strain on the electrode surface is so as wthalattice parameter of surface ma-
terial, and then the response variations of relevant paeamef interest€.g. potential and cur-
rent) were precisely measured by the lock-in technique afdyic electro-chemo-mechanical
analysis (DECMA). This thesis thereby established the diation of measuring the variations
of the electrode potential and the current in response tauhface strain under the condition
of controlled potentials. The data obtained relate to sévaectrochemical processes, full
covering with the regions of the capacitive charging nearbtential of zero chargec), the
electrosorption processes as well as the electrochere@etion. Several original phenomenons
were first observed and discussed for different electroatermystemsé.g. different concen-
tration of electrolytes and different transition nobel aig}.

The most important conclusions of this thesis are sumnthasdollowing:

Coupling coefficient of electrode potential and strain
i) Verification of DECMA at equilibrium condition

The measurement strategies were successfully estabish first achievement of this dis-
sertation. These strategies were validated by three imdigme: different experimental methods.
All results of methods were in perfect agreement with narmeargins throughout the entire
potential range in study. Such agreement gave a strongaitigiicthat the experiments pro-
vided valid data for the quantity of the electrocapillarygraeter of interesty = d£/de|,, the
response of electrode potential to the strain at constagréingian) charge density condition.
The coupling coefficienty was found strongly dependent on the electrode potentiahwhe
studying 111-textured gold electrode as an example. Timeaigoefficient was always negative
in the capacitive process at a clean surface of gold eleetrdde third finding was that, had
an extremum value, -1:9.2 V, in theHC10, dilute solution.

ii) Comparison between polarisable and nonpolarisable elect rodes

The comparative experiments clarified the confusion oedéiice between the potential-strain
response of polarisable (PE) and nonpolarisable (NPE}retkes. The respective response
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6 Summary and Outlook

parameters were under separate condition: at constargechansityy, for the PE (d/de|,)
and at constant chemical potential of the metal atpifor the NPE (d/de|,). These two
parameters were thereby linked to variations of the chdmpmntial of the electron (PE) and
of the metal atom (NPE), respectively. The present experiateesults confirmed thata)
dE/de|, of the NPE was small and the magnitude éf/de|,, was about two orders less than the
magnitude of &/de|,; b) ¢x of Ag near thepzcwas negative valued, similar to Au electrode.

iii) Application of DECMA to different concentration

As a case-study, the method of measuriggvas applied to gold electrodes HCl1O4 and
H,SO, of different concentrations. The finding, thatwas essentially independent of the ion
and of the solution concentration, appeared to {inlexclusively to the behavior of the metal
surface. The most obvious observation was a peak in the magnofc; at a potential, which
was suggested coinciding with tipgc Then the extremum af;( E£) would provide a useful
probe of thgpzcof gold electrodes, which could be applied in general intebetiemical studies.

iv) Application of DECMA to electrosorption processes

The behavior ot was studied in a wider potential range, which included thecsie elec-
trosorption on transition metals (Au, Pt and Pd). The sigg.athanged at different electrode
states,e.g. hydrogen/oxgen electrosorption and clean/oxygen-covsveface . The positive
valuedgi during the hydrogen electrosorption gave a understandthiaiget tensile strain made
the metal surface more binding for H on these metals. In thid,is the first quantifiable mea-
surement and report @f; for hydrogen adsorption on gold. This is indeed difficult teasure
by other techniques, since the large Faraday current ofyieogen evolution reaction hides
the signal in conventional electrochemical measuremehtiques.

At the onset of oxygen specific adsorption region, the negatluedcy for Au, Pd and Pt
metals implies that the tensile strain enhances the adgorpt O or OH species. The present
study found that theg kept negative during whole oxygen adsorption process onldairede.
Contrary to the Au metakr changed its sign to positive during oxygen species adsorboir
Pd and Pt metals. This observation connected to the formafi@n oxide monolayer on Pd
and Pt but not on Au surface. The above findings underlineRE&EMA could provide attrac-
tive insights into electrode processes and could be usedsassitive tool for characterizing
adsorbate coverage.

Faraday current-strain coupling on hydrogen evolution rea ction
i) Theoretical model of strain-dependent reaction rate

The focus of this thesis is on the investigation of the stc@pendence of electrocatalysis. A
theoretical model was accordingly explored to the realmleéteocatalytic reaction. In short
words, the model first introduced the strain-dependent tetanthe kinetic rate equations for
strain surfaces, and derived results for the variation aptiag strength with the electrode state.
The hydrogen evolution reaction (HER) was under study asplsimodel process.

The model started out with the kinetic rate equations of tegrblwsky {1, + H.q + e~ = Hy)
and the Tafel .4 + H.q = H») reactions with Langmuir sorption characteristics. Thedgio

82



then introduced the separate coupling coefficient$,and ¢**, respectively, for the strain-
dependence of the adsorption enthalpy of H and of the aittivahergy.

The relative change of the Faraday curreht,in response to the straia, was quantified by
the parametek o din j¥/de, which emerged as a weighted sum of the two coupling codfisje
¢®d and¢e*. The weighting factors depended on the overpotentidl, Near equilibrium AE
= 0) it was found) = ¢*¢, so that the current modulation was entirely governed bysthan
dependence of the transition state energy (the activatiergg). By contrast, the reactivity at
higher overpotential magnitude also reflected the strapeddence of the adsorption enthalpy
as measured by*d. The coupling\ far from equilibrium depended on the signAff and on
the strength of H adsorption. The gold electrode was focusadalysis as the example of weak
H adsorption strength.

Since the Langmuir isotherm was unrealistic inasmuch gedred the consequences of the
adsorbate-adsorbate (H-H) interaction, a theoreticdyaisanspected the H-H interaction with
attention to the Heyrowsky reaction allowing for strairpdadence of the interaction enthalpy
by a coupling coefficierg-2. The expression of, for the Heyrowsky reaction on Au at large
forward bias A\ F « 0), the result implied thak = ¢=* — ¢2d, which coincided with the model
with a Langmuir isotherm. It was remarkable that the resuittfie coupling strength was
independent of2-2, even though the adsorbate layer was concentrated. Thasesyt the H-

H interaction on Au surfaces affected the reactivity, batimhpact on the relative change of
reactivity with strain was moderate. For surfaces withrggrbl adsorption, a strain-dependent
H-H interaction was predicted to change the reactivitgiatcoupling at positivé\ £ (hydrogen
oxidation reaction).

The study of the HER on Au electrodes indicated thtdtandce* were of identical sign,
with a larger magnitude fored. The modulated Faraday currents dj¥/de, changed its sign
going with large and negative overpotential for the HER on Kore accurately, the value of
was negative at less negative potential of equilibrium piaéof HER, which gave a meaning
that the tensile strain enhanced the Faradaic currenteasutface could be regarded as more
reactive, since the nominal Faraday current exhibited thegsalued in the whole region of
HER. At large and negative potential, the sign of parametarned to positive, which meant
less reactive for the metal surface by a tensile strain.

i) Experimental verification by DECMA measurement

Experimental investigations have been also conduced tty\ke theoretical model. The ex-
perimental systems in study were the 111-textured polyaklyse Au and Pt thin film electrodes
in the 0.5 M concentration dfl,SO, solution as the most studied system in the literature.

The experiments explored an approach towards monitori@grtechanical modulation of
electrocatalytic reactions by the lock-in technique of adiied DECMA to detect the me-
chanical modulation of the reaction current. It primarilycsessfully separated the modulated
pseudo-capacitive current component and Faraday curcenpa@nent in a current-strain re-
sponse experiment.

Based on the observation of Tafel plots, the Au electrodéxeld two different Tafel slopes
at low and high overpotential magnituded £]). The factor three in difference between the
slopes in the respective regimes agreed with the theollgtidaalized case in the model. The
change in Tafel slope was an inherent feature of the Heyrpkisketics, where it demarcated the
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6 Summary and Outlook

transition between dilute and concentrated hydrogen egeeat the electrosorption potential,
AFE?d, Consequently, the data for Au electrode gave a reasonahléajive representation of

the inherent kinetics of the Heyrowsky reaction. The simgaalitative behavior of current-

strain response of Pt lent qualitative support to the dsomsof the impact of strain on the
reactivity at Au surface.

The main finding, that the experimental data agreed with hieeretical model based on
Heyrowsky reaction kinetics for Au electrode, supporteglaesumptions of strain effect on the
reaction ratea) strain affected surface coverage of hydrogen adsorpticadiyain-dependent
adsorption enthalpyp) strain affected exchange current density by a strain-digrgractivation
enthalpy. This was first quantifiable measurement and exjatial report for the reactivity-
strain coupling strength.

More precisely, the variation of the reactivity-strain pting in the experiment — as mea-
sured by\(EF) — with AE was found qualitatively similar for Au and Pt. The most prasnit
observation was a sign change of the coupling at overpadaergar theA £24. This transition
was consistent with the prediction of the model. The paramétr) under observation became
approximately negative constant in the limit of large andat®&e overpotential. With(E) < 0
at large and negative overpotential (i.e., forward biasefHER) and a transition t8( £') > 0
whenAF increased, the tensile strain diminished the reactivigaursufficiently large forward
bias, and a transition to tensile strain enhancing theikégatinder lesser bias.

The parameter of exchange current dengity, is mostly used to describe the reactivity of
the electrode surface for an electrochemical reaction.Aithend Pt electrodes in study probed
the HER on substrates with quite different adsorption sgjiten Pt underwent underpotential
deposition (UPD) at slightly positive overpotential (ags@mn enthalpyAh2d < 0), which put
it near to (but slightly to the left of) the peak of the volcanave of exchange current density
versus hydrogen enthalpy of adsorption. By contrast, Auweag out at very positive\h2d,
Thus, these two metals may differ in respect to the impactrafrson the exchange current
density. Since tensile strain made the surface more binfdingl species, it shifted both Au
and Pt to lessef\h2d on the graph of the volcano curve. A finite tensile strain wiaoubke Au
larger ;< (or more reactive) and Pt leg%< (or less reactive).

The discussion of the results for Au indicated that the terstrain decreased the activation
enthalpy of Au for Heyrowsky reaction by the coupling coeéiit ¢*< > 0. Then the exchange
current density was indeed enhanced by tensile strain sirceg™, which was positive. How-
ever, at first sight the tensile strain here inhibited thectiely of both metals at large and
negative overpotentials by the experimental observatimhthe theory indicated ~ ¢ — ¢ad,
which took on negative values. The apparent discrepancyretated to the different strain
dependence of two measures for the reactivity, namely tbleaage current density on the one
hand and the Faraday current at finite overpotential on therotYet, the different behavior
of the reactivity under finite bias shows that the straineften the reaction kinetics was gov-
erned by additional factors, which were not appropriateBasured by the exchange current
alone. The significant reaction current could be only oladiat higher overpotential, where the
hydrogen coverage had changed from dilute to concentrated.
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Outlook

In principle, the present approach towards monitoring raaaally modulated reaction rates in
electrocatalysis can be applied generally to catalyst maddéeand to other electrocatalytic reac-
tions, e.g. oxygen reduction reaction (ORR) and the oxidation of foragal. It thus provides

a new tool for studying strain-dependent catalysis on rmadsesurfaces and for identifying the
underlying microscopic processes in the interest of d@ietpimproved catalyst materials. The
present investigation of strain-dependent reactivitynietal surfaces therefore opens a helpful
insight into the design of catalyst in a chemical reaction.

Many experiments in the field of electrocapillarity use thectodes with the surface that
is not perfectly flat and contain defeatsy. step edges, terraces. The general results for the
mechanics of such rough surfadgB 139 finds that corrugation has an important effect on the
way in which the surface stress is transferred into the satestThe action of the surface stress
can even invert its sign.

Yet, the relevant corrections of roughness effect are nalieghin the studies of electrocap-
illarity. The accuracy of the experimental data in the fidldtoain-dependence could be further
enhanced if the roughness correction is established anliiedpp the general experimental
studies. The observations in experiments (shown in €it). imply thatcg varies significantly
between as-prepared and annealed states of electrodeicin thile surfaces show the different
roughness.

w
1 1.04

0.8 @ Annealed _

@ A s-prepared h

0.6 H——————————————— :'

0.2 0.4 0.6 0.8 1.0
Egye [V]

Figure 6.1: The DECMA experimental results@fin 10 mM HCIO, of as prepared and an-
nealed gold electrodes within capacitive range with scenafil mV s! and at strain frequency
of 20 Hz. The arrows show the sweep directions.
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