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Abstract

This study investigates the impact of elastic strain on platinum electrode surfaces and its effects
on both the adsorption of reactants and the electrocatalytic oxidation of methanol in alkaline so-
lutions. By exploring the coupling between external mechanical modulation and electrocatalytic
activity, the research aims to uncover how strain influences both the reaction currents (Faraday
currents) and the adsorption enthalpy of methanol and its intermediates.

To explore this coupling effect, two experimental approaches are employed. First, the impact
of surface strain on adsorption enthalpy is assessed through surface stress variations, measured
via cantilever bending experiments. Second, the strain effect on the overall reaction current is
examined using Dynamic Electro-Chemo-Mechanical Analysis (DECMA). Here, a lock-in tech-
nique is utilized to capture strain-modulated reaction currents, quantifying them as functions
of the applied potential. The study also discusses the role of uncompensated resistance in pa-
rameter adjustments, which is crucial for accurately interpreting the intrinsic coupling between
externally applied strain and reaction currents on platinum thin film electrode surfaces.

Methanol oxidation reaction (MOR) is selected as the model system due to its importance in
various industrial applications, including fuel cells and chemical production. To gain a deeper un-
derstanding of the complex electrocatalytic processes involved in MOR, classical electrochemical
characterization techniques are employed, such as cyclic voltammetry (CV) and electrochemi-
cal impedance spectroscopy (EIS). These techniques are applied under different parameters and
methanol concentrations to capture a comprehensive view of the reaction mechanisms.

The findings reveal that external strain significantly influences the methanol oxidation cur-
rent. Tensile strain enhances reactivity at low overpotentials, while compressive strain becomes
more effective at higher overpotentials, a condition more typical in practical applications. How-
ever, the adsorption enthalpy of methanol exhibits negligible dependence on strain, suggesting
that the observed changes in electrocatalytic activity are not primarily driven by alterations in
methanol adsorption strength. These insights underscore the importance of considering strain
effects in the design of high-performance electrocatalysts. Understanding and quantifying how
mechanical strain impacts overall reaction rates provides valuable guidance for developing more
efficient catalytic materials.
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1.1 Schematic illustration of the structure of a Direct Methanol Fuel Cell (DMFC): at
the anode (orange layer), methanol is oxidized, producing protons (H*), electrons
(e7), and carbon dioxide as final product. The protons pass through the proton
exchange membrane (green area), while the electrons flow through an external
circuit, generating electrical energy (E cell). At the cathode (gray layer), oxygen
reacts with the incoming protons and electrons, forming water. The overall process
results in the generation of electricity, with carbon dioxide and water as byproducts.

1.2 Schematic representation of the concept of Dynamic Electro-Chemo-Mechanical
Analysis (DECMA), the diagram illustrates how mechanical properties influence
the adsorption enthalpy of reaction intermediates, which then impacts the over-
all electrocatalytic performance. DECMA provides a direct method to quantify
the coupling effect between mechanical strain and electrocatalytic current. This
approach helps in understanding the interdependence of mechanical and electro-
chemical properties in electrocatalysis, allowing for skipping the intermediate steps
in the electrocatalytic process. . . . . . . . .. L L

2.1 Schematic representation of a three-electrode electrochemical cell and its equiv-
alent circuit diagram. The cell consists of working electrode (WE), reference
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2.2 The model of the electrical double layer, illustrating the structure of Helmholtz
layer. The Helmholtz layer comprises two planes: the inner Helmholtz plane
(IHP), located at a distance y; from the metal-solution interface, and the outer
Helmholtz plane (OHP), positioned x2 units away from the interface. Beyond the
OHP lies the diffusion layer, extending into the bulk solution. . . . ... . ... ..

2.3 Left is the RC equivalent circuit diagram including a capacitor (analogous to
double layer’s capacitive behavior) and a resistance component. Right is measured
capacitive current variation versus time. . . . . .. ... ...

2.4  Demonstration of the cyclic voltammogram with undesirable effect of the uncom-
pensated IR drop effect. Black solid line shows the ideal CV of a redox reaction
without suffer from IR drop; blue solid line is the CV corrupted by IR drop; or-
ange line is the CV obtained from the blue line when the electrode potential is
numerically corrected from IR drop. . . .. .. . ... ... ... L.

2.5 Schematic illustrations of reduction and oxidation processes driven by potential
control at the interface between electrode and electrolyte. a) is the oxidation pro-
cess, where the a positive potential is applied, the electrons in the metal electrode
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Chapter 1

Introduction

1.1 Background of electrocatalysis

Since this century, more and more attention has been paid to develop new, clean, and efficient
energy solutions. Fuel cells have emerged as a promising option due to their potential for clean
and sustainable energy generation. These electrochemical devices convert chemical energy into
electrical energy, offering high efficiency and environmentally friendly operation. Depending on
the type of fuel cell and operating conditions, they can achieve energy conversion efficiencies
ranging from 45% to 60% or even higher [1]. Such high energy efficiency makes it promising to
lead to lower fuel consumption and reduced greenhouse gas emissions.

The concept of a fuel cell dates back over 180 years to the early 19th century, when William
Grove first described the principle of electrochemical reactions capable of generating electricity
using hydrogen and oxygen [2]. The modern development of fuel cells gained momentum in
the mid-20th century, fuel cells were initially used in niche applications such as spacecraft,
submarines, and remote power systems [3]. Recent years, extensive research and development
efforts have been dedicated to improving fuel cell performance, durability, and cost-effectiveness.
Advances in materials science, electrochemistry, and system engineering have led to significant
progress in fuel cell technology, enabling their use in a wider range of applications, including
stationary power generation for homes, businesses, and industries, transportation (e.g., fuel cell
vehicles), portable power devices, and even auxiliary power units for aircraft and marine vessels.
Fuel cells can operate using a variety of fuels, including methanol, ethanol, hydrogen, natural
gas, and other hydrocarbons. This versatility in fuel options provides flexibility in fuel sourcing
and utilization, which can be advantageous in various applications and geographic locations
[4, 5]. There are many types of fuel cells [6-9], including proton exchange membrane fuel cells
(PEMFCs), solid oxide fuel cells (SOFCs) [10, 11], molten carbonate fuel cell (MCFC), direct
methanol fuel cells (DMFCs), and others, each with their unique advantages and limitations.

DMFCs represent a promising type of PEMFCs offering the potential to generate electricity
through the direct oxidation of methanol, a readily available and easily transportable liquid
fuel. In DMFCs, methanol is supplied to the anode compartment, where it undergoes oxidation
through the methanol oxidation reaction (MOR) catalyzed by substances such as platinum. This
reaction yields protons and electrons, which migrate through the proton exchange membrane to
the cathode compartment. Here, protons combine with oxygen from the air to form water,
releasing energy in the form of electricity [9, 12-16]. This process is illustrated schematically in
Figure 1.1. The utilization of methanol as a fuel offers several advantages, including its wide
availability from sources such as coal, coke oven gas, and natural gas. Moreover, the byproducts of
methanol oxidation, primarily carbon dioxide and water, pose minimal environmental pollution,
with the potential for carbon dioxide to be captured and recycled into methanol, thus achieving
resource sustainability |17, 18|. However, a significant challenge in DMFCs lies in the sluggish
kinetics of the methanol oxidation reaction, which impedes the overall efficiency and performance
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Figure 1.1: Schematic illustration of the structure of a Direct Methanol Fuel Cell (DMFC): at the
anode (orange layer), methanol is oxidized, producing protons (H*), electrons (e”), and carbon dioxide
as final product. The protons pass through the proton exchange membrane (green area), while the
electrons flow through an external circuit, generating electrical energy (E cell). At the cathode (gray
layer), oxygen reacts with the incoming protons and electrons, forming water. The overall process results
in the generation of electricity, with carbon dioxide and water as byproducts.

of the fuel cell. Overcoming this obstacle requires the development of effective catalysts capable
of accelerating the methanol decomposition process, thus enhancing the efficiency and viability
of DMFC technology.

Platinum remains the best candidate of catalyst for methanol oxidation in DMFCs due to its
superior catalytic activity |19-21]. The thermodynamic potential of methanol decomposition is
actually quite low (E° = 0.02V), which is comparable to hydrogen oxidation (E° = 0V). However
the reaction rate in reality is much slower than hydrogen oxidation reaction. There are some
facts limit the efficiency of MOR, such as the methanol crossover through the proton exchange
membrane [22] and the poison effect from the reaction intermediates, such as carbon monoxide
(CO). CO is believed to adsorb strongly on the surface thus block the active spots and shows
an ineluctable poisoning effect especially in acid electrolyte [23-29]. These effects lead to a fast
decay in the catalytic stability and performance of Pt for MOR.

A parallel pathway mechanism of methanol oxidation with a series of intermediates has been
extensively investigated and verified over the past few decades [30-32]. This oxidation process
occurs via a six-electron transfer reaction, ultimately yielding CO3 in acidic solutions:

CH30H+H20—>COQ+6H++6€_ (1.1)
and CO32” in alkaline environment:
CH30H + 8OH™ — CO3* + 6Hy0 + 6e~ (1.2)

One pathway is to go through a number of different soluble intermediates from methanol depro-
tonation, such as HCOOH, HCHO, CO3, which can be oxidized by the hydroxide ions adsorbed
on the Pt surface (PtOH) into final product without occupying surface active spots. Another
pathway is to form CO and this strong bonding between Pt and CO is an inhibitor of the further
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oxidation reaction as the less Pt for OH adsorption and further oxidation, which is well-known as
the poisoning effect, and mainly responsible, as the whole reaction rate determining step (RDS),
to slow the kinetic of methanol oxidation.

1.2 Strain engineering in electrocatalysis

The strain effect, characterized by the deformation or distortion of the atomic lattice structure
in catalyst materials, plays a crucial role in enhancing the reactivity of the MOR on Pt catalysts.
In electrocatalysis, the application of mechanical strain can significantly modify the electronic
structure and reactivity of catalytic materials, leading to either enhanced or suppressed catalytic
activity [33-36].

Mechanical strain alters the energy levels of the electronic states within the material [33, 37],
which in turn affects the binding energies of reactant molecules and intermediates on the catalyst
surface. Specifically, by modifying the adsorption properties of these molecules, strain influences
the kinetics of the reaction and the overall catalytic performance.

This phenomenon is particularly relevant in the study of Pt catalysts, especially in contexts
such as Pt nanoparticle or nanoporous Pt synthesis [38, 39|, surface modifications with secondary
metals [40-42|, and deposition on high surface area supports [43, 44|. Understanding and lever-
aging the strain effect is essential for optimizing Pt catalysts for MOR, as it directly impacts
catalytic efficiency, stability, and selectivity. By elucidating the complex relationship between
strain effects and catalytic activity, Pt catalysts with superior MOR reactivity is expected to be
improved, thereby advancing the development of DMFC technology.

1.2.1 Emnhanced electrocatalytic performance from strain modulation

Electronic theoretic density function theory (DFT) computation has been an effective method
to understand the effects of strain on electrocatalytic properties and enable the rational de-
sign of strain-engineered catalysts with desired performance characteristics. The specific adsor-
bate—surface combinations was also rationalized to give a qualitative prediction on the response
of binding energy on surface sites to strain [45].

From experimental observations, many studies have indeed reported enhanced electrocatalytic
performances of strain-modified materials. Han et al. reported a considerably improved stability
and activity of a Pt-enriched anodic material via strain engineering in practical fuel cell operations
[46]. Peter Strasser attempted to isolate the strain effect from ligand and geometric effects using
a core-shell structure of dealloyed Pt-Cu, which contains a few atomic monometallic layers. This
structure is supported on a substrate with different lattice parameters, and shows improved
catalytic reactivity for the oxygen-reduction reaction (ORR) in fuel cell electrodes [47]. To
measure the strain in core-shell materials, a recently developed technique called 4D-scanning
transmission electron microscopy (4D-STEM) nanobeam electron diffraction has been reported,
providing an effective and accurate method to map the quantitative lattice strain. This technique
distinguishes the nanocube core from the shell and quantifies the unit cell size as a function of
distance from the core-shell interface [48].

Understanding and controlling strain effects on catalysts can lead to the design and devel-
opment of more efficient electrocatalysts for various energy conversion and storage applications.
However, during the synthesis process of above experiments, the strain effect always companies
with ligand or geometric effect, which hinders the discussion on correlation between strain effect
and catalytic reactivities. Even though many studies tried to isolate the strain effect by focusing
on catalytic nanostructures for which the surface strain effect has the dominant role, gaining a
better understanding of exclusive strain effect in the enhancement of electrocatalytic reactivity
is still necessary and stays challenging.
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1.2.2 Strain modified Pt and Pt based nanomaterial for methanol oxidation
reaction

Pt and Pt-based catalysts are considered as the most effective catalytic materials for MOR due
to their outstanding catalytic performances. As introduced before, the main two pathways of
MOR are through CO (poisoning catalyst surface activity) and through HCOOH like soluble
intermediates. Pt/C catalyst, as the most common used material for MOR, suffers from the
poising pathway, as it has a relative lower reaction barrier than the second reaction pathway.
In this case, the step of oxidizing surface adsorbed CO into COOH or COs governs the whole
methanol oxidation reaction rate, as it is the most sluggish step or subreaction, namely the
reaction rate determining step (RDS). Strain engineering involves applying mechanical stress or
altering the lattice structure of a material to modify its properties. In the specific context of Pt
and Pt-based catalyst material for MOR, strain modification can enhance catalytic activity by
tuning the adsorption energies of reaction intermediates involved in MOR.

Numerous studies have explored strategies to enhance the catalytic efficiency of Pt for MOR,
with a common goal of synthesizing low Pt-containing catalysts while maintaining high reactivity.
Increasing the surface area of Pt catalysts has emerged as a key approach to improving efficiency.
Methods such as Pt nanoparticle synthesis, nanoporous structures, nanowires, and core-shell
configurations offering high surface area-to-volume ratios, effectively maximizing the catalyst’s
active surface area [49-53|. Strain effect plays important role in all these mismatching situations.
Zhang and et.al observed enhanced electrocatalytic activity on core-shell CoPt nanocomposite
catalysts towards methanol oxidation, as the different thickness of Pt shell exhibit different
strain effect [54]. Synthesized core-shell CoPt nanocomposite catalysts showed enhanced catalytic
activity in the methanol oxidation reaction. The enhancement may result from favorable strain
effects related to the thickness of Pt shell formed on the non-noble metal substrate. Alternatively,
deposition of Pt on high surface area supports is also a popular way to increase the surface area,
such as carbon black or mesoporous silica [55-59]. Tianou He recently reported a study of
a wide control of the electrocatalytic reactivity of Pt shell for MOR, finding that the strain-
activity correlation actually follows an M-shaped tendency [60]. Strain engineering can also be
combined with alloying strategies to further enhance the catalytic activity and selectivity of Pt-
based catalysts for MOR. Alloying Pt with other metals, such as copper (Cu) [52], ruthenium
(Ru) [49, 50|, palladium (Pd) |61, 62], tin (Sn) |63, 64], molybdenum (Mo) [65], rhenium (Re)
[66], bismuth (Bi) [67] and others, which are less noble and more tolerant towards CO poisoning,
can also improve the overall catalytic performance of Pt for MOR.

1.3 Strain-reactivity coupling effect

The consistency of whether tensile or compressive strain is more beneficial to improve MOR
activity on Pt is still under discussion. Also, the most important fact is that when placing
an overlayer on the bulk or adding extra alloying metal elements, the changes in electronic
structure originate not only from a strain effect but also from electrons exchange (ligand effect).
Ligand effect can alter the catalytic activity by modifying the electronic properties of the active
sites, changing how reactant molecules bind to the surface. Both strain and ligand effects are
particularly pronounced at surfaces and interfaces where the local atomic arrangement differs
from that of the bulk material. In order to investigate the strain effect exclusively, researchers face
unique challenges and develop sophisticated experimental techniques and simulation methods.
Smetanin and Weifsmiiller introduced a self-designed setup, which is also the main technique
applied in this thesis work, Dynamic Electro-Chemo-Mechanical Analysis (DECMA), which suc-
cessfully provided an effective way to quantify the potential response directly to externally applied
strain on Au thin film surface [68, 69]. This method is beneficial for skipping the trivial inter-
pretation of the intermediates interaction and adsorption enthalpy, offering a bridge to link the
electrocatalytic current to external elastic strain as shown in Figure 1.2. Deng made a further
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Figure 1.2: Schematic representation of the concept of Dynamic Electro-Chemo-Mechanical Analysis
(DECMA), the diagram illustrates how mechanical properties influence the adsorption enthalpy of re-
action intermediates, which then impacts the overall electrocatalytic performance. DECMA provides a
direct method to quantify the coupling effect between mechanical strain and electrocatalytic current.
This approach helps in understanding the interdependence of mechanical and electrochemical properties
in electrocatalysis, allowing for skipping the intermediate steps in the electrocatalytic process.

development towards this direction and investigated the reaction current response to applied
cyclic strain modulation on Au and Pt in the form of a strain-reactivity coupling coefficient in
the fundamental electrocatalytic reaction - hydrogen evolution reaction (HER) [70]. Yan and
coworkers also reported the elastic strain effect in HER reaction but on Ni, Pt and Cu by a setup
allowing in situ mechanical loading/unloading to the thin film metal on polymethylmethacry-
late substrates support [71]. They found that compressive strain can enhance the activity of Ni
and Pt, but decrease the activity of Cu. By the same method, they also demonstrated a large
elastic strain effect on a tungsten carbide film. It induced larger changes in catalytic activity
towards HER and the compressive strain has a positive effect [72]. Fernando reported a study of
depositing a Pt layer with different thickness (thus tunable strain in the Pt layers) onto Au(111)
substrate for investigating the surface strain effect on the adsorption and oxidation of methanol,
and found that slightly compressive strain increases the reaction activity [73].

1.4 Outline of this thesis

This thesis presents a study on mechanical and electrochemical coupling effect in the form of
coupling coefficients during methanol oxidation reaction on sputtered Pt thin films in alkaline en-
vironment. In this dissertation, the advantages and limitations of strain in altering the electrocat-
alytic properties of heterogeneous catalytic materials are discussed, emphasizing the importance
of bringing the concepts of mechanoelectrochemistry into the traditional field of electrocatalysis.
So far, the most widely investigated electrocatalytic reactions with strain effect are hydrogen
evolution reaction (HER) [71, 74-79] and oxygen evolution reaction (OER) |74, 79-82], as they
are simple reactions with only one or two reaction steps, and showing more straightforward re-
lation with strain effect. In this PhD work, a more complex electrocatalytic reaction, methanol
oxidation reaction (MOR), is investigated aiming to provide a more direct evidence of strain
effect on overall reaction without looking into each single step and bring the concept of mecha-
noelectrochemistry into a broader field of electrocatalysis. A detailed electrochemical study of
cyclic voltammogram performance has been carried out on Pt electrode surface during methanol
oxidation reaction in 0.1 M KOH support electrolyte with different concentration of methanol.
The reaction mechanism and possible reaction path ways were discussed. Simultaneously with
CV measurements, the in sifu stress variation was measured by a cantilever bending experiment
to monitor the surface stress evolution during the methanol molecule and its intermediates ad-
sorption, desorption and oxidation processes. The current-strain coupling coefficient gives a clear
relationship between MOR reaction activity and external strain effect on Pt electrode.
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There are six chapters of this thesis. It starts with a general introduction of the electrochem-
ical background of direct methanol fuel cell which applies methanol oxidation reaction as the
main electrocatalytic reaction to improve the energy convert efficiency, then follows the intro-
duction of strain engineering of nanomaterials and summarizes recent progress and achievements
in strain modified catalytic nanomaterials from both theoretical simulation and practical experi-
ments. The strain-reactivity relation is emphasized as a possibility to understand the motivation
on how to improve electrocatalytic activity from mechanical modulation.

The second chapter gives the theoretical background of this study, including some important
fundamental definitions and concepts in electrochemistry, and introduction of some commonly
used electrochemical measurement methods. It also gives detailed information on the coupling
parameters which are used to quantify the strain modulation on electrode potential (potential-
strain coupling coefficient, ¢) and reaction current (current-strain coupling coefficient, A). At the
end of this chapter, the model reaction in this work — methanol oxidation reaction — is elaborated
in terms of the reaction mechanism and all possible reaction sub steps. All the possible reaction
intermediates are summarized with their names and chemical formations in a list.

Chapter three covers all experimental-related information, including the setup and connection
circuit illustrations, sample fabrication procedures, and facilitated strategies used throughout the
research.

Chapter four presents the experimental results, beginning with the characterization of sput-
tered Pt thin film samples using X-ray diffraction (XRD) and atomic force microscopy (AFM)
to analyze surface orientation and morphology. Then the CVs of Pt electrode in different elec-
trolytes are presented with different cyclic scan strategies to provide a clear picture of MOR
on Pt in alkaline environment, followed by stress variation measurement in a series electrolyte
with different methanol concentration and DECMA results in 0.1 M KOH with 0.1 M methanol
electrolyte.

In chapter five, all important findings in this work are discussed, including different reaction
mechanisms, the potential rate determining steps in various situations, and the dual role of the
Pt surface oxides the its influence on the reaction reactivity. The adsorption of methanol, its
intermediates, and CO at different reaction stages is elaborated upon the surface stress evolution.
Also the tensile and compressive strain effects were discussed in different potential regions during
the reaction process.

The final chapter provides an outlook on future DECMA studies on Pt and Au thin film sur-
faces during another important electrocatalytic reaction: the oxygen reduction reaction (ORR).
Preliminary results are presented, and potential research directions are proposed to further ad-
vance the understanding and optimization of electrocatalytic reactions.



Chapter 2

Theoretical background

2.1 Electrochemistry

2.1.1 Electrochemical cell: three-electrode system

A typical electrochemical cell is a device consisting of electrodes immersed in an electrolyte so-
lution in a vessel. A three-electrode system is a configuration commonly used in electrochemical
experiments, which includes a working electrode (WE), reference electrode (RE), and counter
electrode (CE), as shown in the Figure 2.1. Such setup is widely used in techniques such as
cyclic voltammetry, chronoamperometry, and electrochemical impedance spectroscopy for study-
ing electrode processes, corrosion, and various electrochemical reactions.

Potentiostat

Figure 2.1: Schematic representation of a three-electrode electrochemical cell and its equivalent circuit
diagram. The cell consists of working electrode (WE), reference electrode (RE) and counter electrode

(CE).

The WE is the main part of this whole three-electrode electrochemical cell system, as the
most interesting part-electrochemical reduction-oxidation reactions (REDOX) happen on the in-
terface between working electrode and electrolyte with electrons transferring through. The WE
is typically made of a material relevant to the interests of experiment. A small area of working
electrode is always favorable towards some electrochemical cells without ideally designed config-
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uration to minimize the IR drop (Ry, uncompensated solution resistance), especially when there
is high reaction current passing through. The WE bears the applied potential from a potentio-
stat with reference to an ideal non-polarizable RE, which has a stable equilibrium potential. The
function of this reference electrode is to be used as a reference to give a measurable potential
on WE, and there is no current flow through them. The CE helps to complete a whole circuit
to make current be able to flow. The CE is typically made from inert materials, such as Pt or
graphite, with a big surface area to guarantee that the kinetics of the reaction occurring on it
do not interfere the one happening on the WE.

2.1.2 Structure of electrode-liquid interface

The electric double layer (EDL) forms at the interface between the electrode and the electrolyte,
resulting from charge separation. The electrode surface is often charged by the dissociation of
surface groups or the selective adsorption of certain ions from the solution, as shown in Figure
2.2. Maintaining electrical neutrality necessitates an excess of counter ions in the liquid adjacent
to the charged surface, balancing the solid surface charge but with opposite polarity. It consists
of the Stern layer, containing specifically adsorbed ions near the electrode, and the diffuse layer,
comprising ions attracted to the electrode by electrostatic forces but not specifically adsorbed.
The structure and composition of the EDL are very depending on factors such as the nature of
the electrode material, the electrolyte composition, and the applied potential.

Helmholtz
layer Diffusion layer
A

f‘H N
M IHP OHP

Electrolyte

Metal
electrode

Specifically
adsorbed ion

X1 ).(2

Figure 2.2: The model of the electrical double layer, illustrating the structure of Helmholtz layer. The
Helmbholtz layer comprises two planes: the inner Helmholtz plane (IHP), located at a distance x; from
the metal-solution interface, and the outer Helmholtz plane (OHP), positioned xo units away from the
interface. Beyond the OHP lies the diffusion layer, extending into the bulk solution.

According to Stern’s perspective, a portion of the counter ions closely binds to the surface due
to specific ion adsorption or non-electric attractions, such as van der Waals forces, forming an
inner layer known as the compact, Helmholtz, or Stern layer. The center of specifically adsorbed
ions is x1 distance away from the interface, defining the inner Helmholtz plane (IHP), while
the center of fully solvated ions, xo away from the interface, marks the outer Helmholtz plane
(OHP). The region extending from the OHP to the bulk solution constitutes the diffusion layer,
where nonspecifically adsorbed species are distributed.
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At a given potential, the charge on the metal electrode surface is denoted as ¢, and the

charge in the solution side is ¢°. Consequently, the surface charge density is defined as o™ =

¢M /A, where A represents the electrode surface area. Thus, the overall charge density —o™ =
0% =o'+ 0%, where ¢ denotes the charge density of specifically adsorbed ions and ¢ represents
the charge density in the diffusion layer.

Imagine a typical resistor-capacitor (RC) circuit incorporating an electrical double-layer
capacitor, depicted in Figure 2.3. In this circuit, the overall potential is determined by
E = iR + q/Cy, where R represents the resistance, Cy denotes the double-layer capacitance,
and ¢ is the charge stored in the capacitor. The current flowing through the circuit is

jode__ 4 | E (2.1)
dt RCy R

At the beginning (t=0), differentiate Equation 2.1, the relationship between current and time
shows current decreasing exponentially along time axial:

—t

i= %eTcd (2.2)

T is the time constant, this is the time lag that the charging takes up before the interface can
reach the desired potential. And when ¢ = 7, the current decreases to 37% of its initial value and
when t = 37, the charging current reaches 95%.
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Figure 2.3: Left is the RC equivalent circuit diagram including a capacitor (analogous to double layer’s
capacitive behavior) and a resistance component. Right is measured capacitive current variation versus
time.

In electrochemical systems, the time constant depends on factors such as the diffusion of ions
to and from the electrode surface, the kinetics of electrochemical reactions, and the resistance of
the electrolyte solution.

2.1.3 Resistance in electrochemical system

In an electrochemical system, there are several resistances which can influence the overall be-
havior and performance of an electrode in electrochemical reactions. From the WE to CE, the
overall resistance contains the interface resistance (charge transfer resistance, R, and diffusion
resistance, Rg), uncompenstated resistance, R,, (the resistance between WE and RE) and the
resistance between the CE and the RE (R.). The sum of last two parts is always referenced in
literature as the electrolyte resistance or solution resistance, most of it are the uncompensated
resistance, so in some research, the uncompenstated resistance is also used to represent the solu-
tion resistance. According to the working principal of a potentiostat, it can consider the R, but
can not recognize the R,, as the potentiostat drives the current flow between CE and WE until
the potenial drop between RE and WE reaches the desired potential value. The last but not the
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least is the contact resistance (R.), which is from the thin film sample resistance and the con-
nection resistance in the whole electronic circuit. These resistances, alongside capacitance and
inductance, are integral components incorporated into equivalent circuit models. Such models
are commonly used to analyze electrochemical impedance data obtained from electrochemical
measurements.

IR drop/Uncompensated solution resistance (R,)

When there is current flowing through the whole electrochemical cell system, the driving force
(overpotential) is distributed not only on working electrode but also in electrolyte, this potential
drop through the electrolyte solution is called the solution resistance, Ry, which is the resistance
of the electrolyte.

In practice, a potentiostat controls the potential between the WE and the CE based on
its operating principle. However, to align the user-set potential value as closely as possible to
the real potential difference between the WE and the RE, the potential of the CE is set to a
compliance value by the potentiostat. Despite efforts to minimize the distance between the WE
and RE, inherent resistance inevitably arises due to their separation, causing a potential drop
across the electrode-electrolyte interface. This resistance cannot be fully compensated by the
potentiostat, resulting in an error in the applied voltage value:

E = Eqy—iR, (2.3)

Thus, the actual potential (E) is always lower than the applied value from the potentiostat
and varies depending on the magnitude of the reaction current. Even with a low uncompensated
resistance, the IR drop becomes significant at high reaction currents, and sometimes potentially
causes a distortion of the cyclic voltammogram, an illustration of such distortion is shown as
Figure 2.4.

There are three common experimental methods to measure this uncompensated IR drop
by potentiostat: electrochemical impedance spectroscopy(EIS), current interrupt technique and
positive feedback. In practical, there are various factors that can contribute to potential drop
at the interface between the working electrode and the electrolyte, regardless of the technique
employed during controlled-potential operation. Some common factors are: inadequate electronic
conductivity of the catalyst, insufficient electrolytic conductivity of the solution, the separation
distance between the RE and the WE, resistance in the contacts, and the irregularity of the
electrode surface [83-86].

To mitigate the uncompensated IR drop, three common strategies are employed:

1. Luggin capillary design: introduce a Luggin capillary design to avoid the perturbation
of the potential distribution. The Luggin capillary is typically a narrow tube positioned few
millimeters away to the WE to minimize the physical distance between WE and RE efficiently,
thus reducing the IR drop. This design is often employed in electrochemical setups. A Luggin
capillary is applied to the cell of DECMA setup in this work (see in Figure 3.5).

2. WE area reduction: Decrease the WE area to reduce current and diminish the IR drop
effect.

3. Highly conductive supporting electrolyte: Select a highly conductive supporting
electrolyte to decrease the overall solution resistance, thereby reducing the uncompensated re-
sistance.

2.1.4 Nonfaradaic and faradaic process

Nonfaradaic and faradaic processes are two fundamental phenomena that occur at an electrode
surface. The core difference between these processes lies in whether there is charge transfer
through the electrode-electrolyte interface.
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Figure 2.4: Demonstration of the cyclic voltammogram with undesirable effect of the uncompensated
IR drop effect. Black solid line shows the ideal CV of a redox reaction without suffer from IR drop; blue
solid line is the CV corrupted by IR drop; orange line is the CV obtained from the blue line when the
electrode potential is numerically corrected from IR drop.
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In a nonfaradaic process, there is no charge transfer at the electrode, meaning no redox
reactions occur during this process. Asintroduced in Section 2.1.2, within the double layer region,
the charges remain at or on the electrode surface and do not transfer through the interface. This
characteristic is a defining feature of nonfaradaic processes, also known as capacitive processes.
During a nonfaradaic process, charges can be stored at the electrode surface, leading to changes
in its composition over time.
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Figure 2.5: Schematic illustrations of reduction and oxidation processes driven by potential control at
the interface between electrode and electrolyte. a) is the oxidation process, where the a positive potential
is applied, the electrons in the metal electrode are raised to a higher energy level and are able to transfer
from the electrode to electrolyte. b) shows the opposite scenario, where a negative potential is applied,
causing electrons to move from the electrolyte to electrode.

When there is charge or electron transfer through the electrode-electrolyte interface and caus-
ing oxidation or reduction reactions on the electrode surface, the process is termed a faradaic
process. As shown in Figure 2.5, when increasing the energy of electrons by driving the potential
more negatively, the electrons overcome the energy barrier and transfer through the interface
into electrolyte. The electrode loses electrons and is oxidized in a chemical reaction, and species
in solution thus gain electrons from the electrode, causing a reduction process. Similarly, when
decreasing the electrons energy by increasing the electrode potential causing the opposite phe-
nomenon, namely the oxidation reaction.

This process follows Faraday’s laws of electrolysis®. So in a faradaic reaction, the reactants

®Faraday’s laws of electrolysis, first described by Michael Faraday in 1833, state that (1) the amount of
chemical change produced by current at an electrode-electrolyte interface is proportional to the quantity of
relatively consumed electricity; (2) the amounts of chemical changes produced by the same quantity of electricity
in different substances are proportional to their equivalent weights.
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and products as well as the potential intermediates should be involved as parts of this process.
The key character of faradaic process is that the reactants which come from the bulk solution can
approach the electrode surface by mass transfer and conduct charge exchange with the electrode
then form products which will eventually leave the electrode surface and transfer back to the
bulk solution. In other words, the charges should be taken away by products or intermediates
and do not stay or store around the electrode-electrolyte interface.

Also these two processes exhibit totally different behaviors in cyclic voltammetry (CV). In
capacitor (double layer) region, the current-potential curve shows in a quasi-rectangular shape
and is proportional to the scan rate v. Whereas the faradaic current response to potential can
form distinguished peaks at specific potential and the value of this peak is proportional to the
v or /2. When there is a faradaic reaction occurring at a potential, a corresponding peak
appearing in a CV curve. However, the opposite is theoretically not correct, which is related to
a phenomenon called pseudocapacitance®

2.1.5 Thermodynamics of an electrode
Open circuit potential(OCP)

Open circuit potential is the equilibrium potential measured between reference and working
electrode when the circuit is open, namely without applying any voltage and current.

Fop = Buwe — Ere, (i = 0) (2.4)

When a system is at open circuit potential, the electrode reaches a dynamic equilibrium with
the surrounding electrolyte and there is no current flow in the system. Consequently, the mea-
sured potential at this condition can provide valuable information about the thermodynamics of
the electrochemical reactions occurring at the electrodes. OCP can be measured using a high-
impedance voltmeter or a potentiostat. When measuring OCP, the counter electrode should be
bypassed or with no applied potential to the cell from potentiostat. A constant OCP (normally
less than +5 mV) lasting for few minutes indicates that the system should be thermodynamically
stable for measurement. The value of the OCP can be affected by several factors, such as tem-
perature, concentration and type of ions present in the solution, as well as the electrode surface
conditions.

Potential of zero charge (PZC)

PZC is a fundamental concept in electrochemistry, especially in the study of electrode-electrolyte
interfaces. At this potential, the surface electrostatic charge of an electrode is zero, namely the
surface is neither positively nor negatively charged. Generally, PZC deals with electrode surface
phenomena, while OCP concerns the overall redox behavior in the whole electrochemical system.
In some specific situations, the pzc might coincide with OCP, but it is not the general case.

There are some methods to determine the PZC. Normally near the PZC, the capacitance of
the double layer typically reaches a minimum, where the surface tension reaching a maximum.
So from the impedance measurement, PZC should be found at the point where the imaginary
part of impedance is a minimum. Also, CV can be used to provide as an indirect method to
determine PZC, as during the cyclic sweeping, the potential at which the faradaic current is zero
indicating a minimal charge transfer thus offering an estimation of PZC.

PPseudocapacitance is a conception to describe the phenomenon that the charge storage shows in faradaic
behavior (with charges transfer through the electrode-electrolyte interface) but in the form of capacitive cyclic
voltammetric signature. This is a relative novel notion in the last four decades in electrochemistry discipline
especially in case of metal oxide formation system.
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Equilibrium electrode potential: Nernst equation

The Nernst equation is a fundamental equation in electrochemistry to describe the relationship
between the potential of an electrochemical cell and the concentrations of the reactants and
products. It is often used to calculate the instantaneous potential from the standard potential
(E°) and the reaction quotient (Q)¢, and the number of transferred electrons (n) at a give
temperature (7).

In an electrochemical system, the electrode potential represents the energy per unit charge.
The total energy of the system is related to the potential and the amount of charge transferred.
The Gibbs free energy change AG in a redox reaction is related to the cell potential E:

AG = -nFE (2.5)

where n is the number of electrons transferred in the reaction, F is Faraday’s constant (F =
96485 C/mol). And the standard electrode potential® is related to the standard Gibbs free energy
change for the reaction:

AG® = -nFE° (2.6)

Consider a general simplified redox reaction with only n electrons transfer:
O+ne! =R (2.7)

The free energy of this system represents the work done by the cell, AG = W = ¢F, q is the
charge (¢ =nF) and related to the activity variation of the reactants and products in terms of:

AG=AG® + RTIn 28 (2.8)
ao
R is the universal gas constant (8.314 J-mol™!-K™!)) and T is the temperature in Kelvin. The
activity can be replaced by concentration(mol - L™1) when the concentration of the solution is
e.

low®:
*

AG=AG"+RTIn ij

O

The direction of a reaction that consumes electrons is termed as an oxidation process, while the
reversed process involving the liberation of electrons is referred to as reduction. In the case of a
reversible electrode reaction, when the rate of the forward reaction (O—-R) is equal to the rate
of the reverse reaction (R—0), it signifies that the charge transport rates in both directions are
balanced. This equilibrium point, where the reaction achieves dynamic equilibrium, is known as

the equilibrium electrode potential or reversible electrode potential (E¢,):

(2.9)

RT  Cf}
E=E'-—In_E (2.10)
nk  Cf
This equation can be written in a more practical way for a quick calculation (at 7" = 298 K):
0.0592 V
E=E"- """ "logQ (2.11)
n
“In chemistry, a reaction quotient @ is a function of the activity or concentration of a chemical within a
reaction, and in the redox reaction O +ne™* = R, Q = ar glj, which resembles the equilibrium constant
ao o

expression, k, but considers the current concentrations rather than the equilibrium concentrations.

If @ < k, the reaction will proceed in the forward direction to reach equilibrium, and if @ > k, the reaction will
proceed in the reverse direction to reach equilibrium. When @ = k the system is at equilibrium.

dstandard states usually refers to 1M concentration for solutes, 1 atm pressure for gases, and pure solids or
liquids, and the temperature is 298.15 K (25°C).

¢Activity, a, is a concept in chemistry that quantifies the "effective concentration" of a species in a mixture,
which takes into account non-ideal behavior due to interactions between molecules. a = YTC, T is the activity
coefficient, and when the concentration is low, T tends to unify, namely the activities can be replaced by species
concentration.
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In electrochemistry, Gibbs free energy calculations provide a way to assess the spontaneity of
reactions and predict whether they are thermodynamically favorable or not. The Nernst equation
can help to determine the potential at which a specific redox reaction occur under a given
condition.

2.1.6 Kinetics of electrode reaction

Thermodynamic analysis of electrochemical reactions provides essential insights into their feasi-
bility by determining the Gibbs free energy change (AG) and the equilibrium potential. This
analysis helps ascertain whether a reaction is energetically favorable or not. However, ther-
modynamics alone cannot explain how quickly a reaction will proceed under given conditions.
To understand the reaction rate, kinetic analysis is required, which examines the relationship
between overpotential and the exchange current density.

Overpotential

Overpotential (or overvoltage), denoted as 7, is the extra potential that applied to an elec-
trochemical cell to drive a reaction at a certain rate (faster than the rate under equilibrium
conditions). It is the difference between the actual electrode potential when a current is flowing
and the equilibrium potential of the electrode where no net current flows. The overpotential
accounts for the losses due to kinetic limitations and resistances in the system.

n=FEj.o - Ej-o (2.12)

Here, Ej.q is the electrode potential when there is current flowing, Ej-¢ is the equilibrium
potential, where the current density (j) is zero. Therefore, overpotential can only be measured
when a current is present in the electrolyte. In essence, overpotential reflects the additional energy
required to overcome various resistances (such as charge transfer resistance, mass transport
limitations, and other losses) in order to sustain the electrochemical reaction at a desired rate.

Overpotential-current: Butler-Volmer (BV) equation

In the case of a complex reaction, which can be broken down into a series of elementary reactions,
understanding the kinetics of each step is crucial. These elementary steps often exhibit significant
differences in their reaction rate constants (k), sometimes spanning several orders of magnitude.
Among these steps, the one with the slowest rate, known as the rate-determining step (RDS),
dictates the overall rate of the reaction. The kinetics associated with this rate-determining step
fundamentally govern how quickly or slowly the entire reaction proceeds.

Considering the electrode process as Equation 2.7, the reaction rate is defined as the amount
of product per electrode area in unit time, and is proportional to the concentration of O species,
the kinetics can be further understood in terms of the concentration of O species at different
locations and times.

At a distance x from the bulk electrolyte to the electrode surface, denoted as Co(z,t), and
at the surface the concentration is Cp(0,t), and anodic reaction rate (where reactants convert
into products) v, and the cathodic reaction rate (where products convert back into reactants) v,
can be described as:

1
o = ka ,t) = “ 2.1
v Cr(0,7) o] (2.13)
1
e = kCo(0,1) = —¢ 2.14
v 0(0,t) = —— (2.14)

Due to the reversible nature of electrochemical reactions, reactants continuously convert into
products and products simultaneously convert back into reactants. The individual reaction rate
constants for the forward (k,) and backward (k.) reactions govern this process.
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When there is an exchange of current through the electrode-electrolyte interface, both forward
and backward reactions are occurring simultaneously. The net reaction rate at the interface is
the difference between the rates of the backward (v.) and forward (v,) reactions:

Unet = Ve = Va = keCo(0,1) = kaCr(0,t) = Z;j (2.15)
n

Thus, the overall reaction net current is
inet = NFA[k.Co(0,t) — koCr(0,t)] (2.16)

Here, vnet represents the overall net reaction rate, inet is the net current, n is the number of
electrons transferred in the reaction, F' is Faraday’s constant, and A is the electrode area. This
equation describes how the net current is related to the difference between the rates of the forward
and backward reactions, reflecting the dynamic balance between these opposing processes at the
electrode-electrolyte interface.

When there is a variation of electrode potential (from Ej to Es, as shown in Figure 2.6), the
energy levels for both oxidation and reduction reactions shift accordingly. The energy contribu-
tions from oxidation and reduction under the influence of a change in electrode potential can be

expressed as follows:
AGa = AGOCL - (1 - Oé)F(EQ - El) (217)

AGC = AGOC + OéF(EQ - El) (218)

AG, and AG, are the changes in Gibbs free energy for the anodic oxidation and cathodic
reduction reactions, respectively. F' is Faraday’s constant, and Fs — E; represents the change
in electrode potential. The transfer coefficient, «, also known as the symmetry factor, varies
between (0 and 1 and is related to the shape of the energy barrier for the reaction. It represents
the fraction of the potential energy change that affects the activation energy of the oxidation
and reduction processes. In other words, the transfer coefficient o determines how the potential
change affects the activation energies of the oxidation and reduction processes, influencing the
reaction rates. A higher o value means a greater impact on the reduction energy barrier, while
a lower a value means a greater impact on the oxidation energy barrier. This relationship is
crucial in understanding the kinetics of the electrochemical reaction and how changes in electrode
potential can shift the balance between the forward and backward reactions.
According to Arrhenius Equation | the reaction rate constants can be presented respectively
as
kq = Agexp(— & Goo/RT) (2.19)

k.= Acexp(— & Go/RT) (2.20)

A, and A, are the pre-exponential factors which incorporate the frequency of collisions with the
correct orientation for the reaction to occur. It is specific to each reaction and can be influenced
by factors such as the nature of the reactants and the solvent. This exponential factor part
accounts for the proportion of molecules in the reaction mixture that have kinetic energy equal
to or greater than the activation energy at a give temperature 7.

As introduced in section 2.1.5, when the electrode reaction reaches equilibrium, where the
rates of oxidation and reduction are equal, the reaction rate constant at equilibrium is called the
standard rate constant k° = k, = k..

Combining these equations (from Equation 2.15 to Equation 2.19), the current-potential
relationship is obtained as:

i= FAK? [Co(0,t) exp(~aFAE) - Cr(0,t) exp((1 — o) FAE)] (2.21)

fArrhenius equation gives the dependence of the rate constant of a chemical reaction on the absolute temper-
ature as k = Aexp(—%
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Figure 2.6: The variation of electrode potential changes the energy of oxidation and reduction reactions.
There are potential energy curves, the left one is associated with the cathodic reaction and the right one
is with the anodic reaction. The crossing point of these two curves is the transition state for the electron
transfer process. When there is potential applied, the energy changes negatively from E; to F, and
equals to AG = —nFAE, (n=1 in this representation figure). This energy difference is split into two
parts, «F (Es — F1) and (1 - a)F(FE3 - Ey), where « is a symmetry factor and related to the fraction of
energy barrier that is influenced by the electrode potential variation. Thus, the cathodic energy barrier
(AG,) decreases and the anodic energy variation (AG,) increases, making the reaction more favorable
for reduction.

This is the well-known Bulter-Volmer equation, which provides the fundamental kinetic relation-
ship between current and electrode potential, describing the overall rate of an electrode reaction.

1- F —anF
i:ioexp((g#)—ioexp( Ongn) (2.22)

This derivation links the electrochemical kinetics to the thermodynamic properties and energy
barriers of the reactions.

Tafel slope

The Tafel slope is generally considered to be a fundamental characteristic of an electrochemical
reaction, related to the reaction kinetics, particularly the charge transfer coefficient and the
number of electrons involved in the rate-determining step.

The equation of Tafel slope is actually derived from the Bulter-Volmer equation in a simplified
version, considering either the anodic reaction or the cathodic reaction:

. agnkF
j~jo exp( aRTn) (2.23)

Then taking the natural logarithm of both sides and converting to common logarithm by multi-
plying In 10 (In 10 = 2.303) :
agsnkn

et 1 (2.24)
2.303RT

log j =log jo +
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Then the tafel slope equation can be obtained as:

2.303RT . 2.303RT
= logj -
agnkF agnkF

log jo (2.25)

simplified as:
n=>blogj+a (2.26)

Now it is readily to see that tafel slope b describes the relationship between the overpotential n
of an electrode reaction and the logarithm of the current density 7, a is a constant related to the
exchange current density jo.

The Tafel slope is related to the transfer coefficient o and the number of electrons involved
in the rate-determining step. For a one-electron transfer reaction, the Tafel slope is given by:

_ 2.303RT
- oF

To measure the Tafel slope in experiment, normally a linear sweep voltammetry (LSV) or
chronoamperometry experiment is performed to obtain a range of current densities at differ-
ent overpotentials. Then plot the overpotential on the y axis and the logarithm of the current
density on the x axis to identify the linear Tafel region. Then the slope of this linear region is the
Tafel slope b. Finally, verify the measured slope for accuracy and reliability through repetition
and comparison with known standards or theoretical predictions.

b (2.27)

2.1.7 Mass transport

Mass transport phenomenon can happen within the one phase or between different multi-
ple phases due to uneven concentrations. This phenomenon consists of three types of pro-
cesses:diffusion, convection and migration, which exist together at the same time due to the
different distance from mass to the interface. In different systems, the mass transfer process
from the bulk solution to the electrode surface is completed through one or more of the above
forms. The general equation of mass transfer flow is

z F
Jj Z—Dj VC’j+CjV—ﬁDjCj ng) (2.28)

The first term is diffusion, second term is convection and third is electromigration, which can be
ignored,when the supporting electrolyte concentration is large enough.

Diffusion

A component transfers from a region of higher concentration to a region of lower concentration
under a concentration gradient, which is called a diffusion phenomenon. Fick’s law gives the
functional relationship between flow and concentration, for an electrode reaction which the mass
transfer is conducted by only diffusion, that is,

i 0Co(x,t
= Do[—( )
nFA ox
The amount of electrons transfer is proportional to the mass transfer of O by diffusion during
the same time.

-Jo(0,t) =

lz=0 (2.29)

Convection

The forms of mass transfer by convection include natural convection and forced convection.
The so-called natural convection refers to the convection caused by the density difference of the
solution system due to the difference of local concentration and temperature. Forced convection
is usually caused by external stirring, such as common electrochemical methods: rotating disk
electrode (RDS) and rotating ring-disk electrode (RRDE).
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Figure 2.7: a) a typicle cyclic voltammogram scan, recording potential versus time; b) an ideal reversible
redox reaction recording during cyclic voltammogram [87]

2.2 Electrochemical measurement techniques

2.2.1 Cyeclic voltammetry

The cyclic voltammogram (CV) is a fundamental electrochemical technique widely employed
for characterizing electrochemical systems. It offers a comprehensive understanding of both
thermodynamic and kinetic properties.

In a typical CV experiment, as shown in Figure 2.7a, the applied potential is systematically
varied in a back-and-forth manner between two defined limits (E, E2), following a predetermined
slope with respect to scan time, referred to as the scan rate. In result, the measured current is
plotted against the applied potential as shown in Figure 2.7b.

During the forward anodic scan, where the potential increases from a lower to an upper value,
the working electrode undergoes oxidation as it accepts electrons from the electrolyte. This leads
to a progressive increase in oxidation current, culminating in a peak at a specific potential (blue
curve in Figure 2.7 b). Conversely, during the backward scan, as the potential decreases, the
direction of charge transfer reverses. Here, the working electrode releases electrons, undergoing
reduction, thereby resulting in a reduction current (red curve in Figure 2.7 b) with a behavior
mirroring that of oxidation current. The shape of the CV, the separation between oxidation
and reduction peaks, and the peak asymmetry can provide insight and information about the
mechanism of various electrochemical reactions.

Reaction reversibility

The symmetry of the oxidation and reduction peaks shows the reversibility of the overall elec-
trochemical reaction. When the reduction process is electrochemically reversible, the distance
between the anodic and cathodic peaks (peak to peak separation, AE,) can be used to estimate
the reversibility of the redox reactions. The reversible process always refers to a fast electrode
charge transfer kinetic process through the interface, as the Nernst equilibrium is established
immediately when there is a change of the applied potential and the electrons transfer process
follows the Nernst equation.

Conversely, when the rate of electron transfer at the interface lags behind the mass transfer
processes occurring within the electrolyte, the electrode reaction becomes sluggish. Consequently,
a greater overpotential is needed to facilitate the oxidation or reduction reaction, causing the
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corresponding peaks to shift to more positive or negative potentials. This results in an increased
AE,, indicating a reduced reversibility and diminished efficiency in electron transfer kinetics.

2.2.2 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful tool in electrochemical analysis for
characterization of the electrode-electrolyte interface. It can provide a way to distinguish distinct
contributions from various processes occurring simultaneously on the electrode surface. FEIS
enables the investigation of an electrochemical system’s properties through the lens of impedance,
which can be viewed as the AC analog of resistance in a DC circuit.

In EIS, we consider the electrode-electrolyte interface and bulk electrolyte system as a "black
box", observing the response of current flowing through this black box (the entire electrochemical
system) to altering potential or current signals across a range of frequencies. This response is
known as impedance, a term introduced by Oliver Heaviside in the 19th century, which evolved
from resistance in DC circuits to AC situations [88]. By this method, the interface and bulk
properties in the electrochemical system can be investigated through analogies to the circuit
elements separating out the responses of different mechanisms in the whole system by the time
constant of their response to the perturbation. To be more specific, the responses signal is always
considered as the sum of two independent constituents, namely the response of the double layer
(a capacitor component) and the response of the Faradaic reaction (a resistance component).

Applying an AC current or potential of different frequencies allows the separation of processes
based on their different time scales. For example, if we set the frequency in the same time scale
as the double layer capacitance and reaction rate control region, the diffusion effect on electric
performance can not be measured in the current response as the concentration gradient has no
time to develop.

EIS provides a way to link the electrochemical phenomena in the cell to the common behavior
of circuit elements, which have different response to alternating electrical signals in the form of
impedance. Three common electric circuit elements: resistance, inductor and capacitor, have
different current response to an AC input and are often used to construct an equivalent analog
circuit. Impedance can be described as the alternating current analog of resistance to a DC
signal and it represents the output electrical signal to the AC input in a complex resistance.

The input AC signal is in the form sinusoidal function of time:

E(t) = Epsin(wt) (2.30)

where F is the potential at time ¢ and Fy is the potential amplitude of the input signal. The
current response has an amplitude(/y) and with a phase shift(y):

I(t) = Ipsin(wt + @) (2.31)
According to Ohm’s law, the impedance is the result of the E/I:

72 E_ Ef] sin(wt) _ 7, .sin(wt) (2.32)
I Iysin(wt + ) sin(wt + @)

The real part represents the resistance which is in phase with the sinusoidal potential, and

imaginary parts represent inductor or capacitor, which have a 90° phase shift from the potential.

In an electrochemical system, the resistance contribution includes the charge transfer resistance,

solution resistance and polarization resistance. Double layer capacitance can be modeled as a

capacitor. Normally, the real case of the equivalent analogy circuit consists of some of those

electronic components in a hybrid combination of parallel and series connections, and not only
one equivalent circuit model fits.

The results of complex impedance can be plotted in Nyquist plots and Bode plots as shown

in Figure 2.9. In Nyquist plot (Figure 2.9a), the real part (resistance) of the complex impedance
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Figure 2.8: a) A periodic perturbation signal with a certain amplitude is applied between the WE and
RE from high to low frequencies. b) The electrochemical response to this perturbation. The response
to an input perturbation is a linear function of the single-frequency or multi-frequency input (Image:
Nature Reviews Methods Primers [89])

is plotted on the x axis, and the imaginary part (capacitor) is plotted on the y axis. This
plot typically consists of one or more semicircles, each corresponding to different electrochemical
processes. However, the detailed frequency information cannot be read from Nyquist plots, only
high or low frequency region can be estimated. In the high-frequency region, the imaginary part
approaches zero (the left part of the x axis), and the impedance is dominated by the solution
resistance. This point, located at the intersection of the plot with the x-axis, represents the
lowest impedance value and indicates that the capacitive elements in the system are effectively
"short-circuited" due to the rapid oscillations of the AC signal. At lower frequencies, the plot
usually exhibits a larger imaginary component (the right region of the x axis), corresponding to
processes such as charge transfer resistance and diffusion.

In Bode plot (Figure 2.9b), the log of frequency is plotted as x axis, and the amplitude of
impedance and the phase shift between potential perturbation and current response are plotted
as y axis. It is normal used to help an identification of capacitive and inductive characteristics.
For example, a phase shift of 0° indicates purely resistive behavior, while shifts of +90° and -90°
indicate capacitive and inductive behaviors, respectively.

2.2.3 AC voltammetry

AC voltammetry is another sophisticated analytical technique derived from AC electrochemistry.
This technique involves applying a sinusoidally oscillating voltage with a certain amplitude and
frequency to an electrochemical cell and measuring the current response. Normally, the AC
voltage is superimposed on a steady DC signal or a DC voltage sweep, as illustrated in Figure
2.10, which shows a voltammetric signal with steps under an AC perturbation.

By varying the frequency of the applied AC signal, AC voltammetry allows for the inves-
tigation of electrochemical processes across different time scales. For instance, electrochemical
double-layer charging and discharging are rapid processes that can be effectively studied at high
frequencies. In contrast, diffusion-controlled processes, which occur more slowly, are better exam-
ined at low frequencies. This frequency-dependent analysis enables the separation and detailed
study of different electrochemical phenomena, which is not feasible with conventional CV.
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Figure 2.9: a) A Nyquist plot showing the negative imaginary impedance versus the real part of the
impedance. b) Bode plots show how the phase shift and magnitude of impedance changes with applied
frequency. These two classic impedance graphs are switchable. (Image: Journal of Electrochemical
Science and Technology [90])
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Figure 2.10: A schematic representation of AC volatmmetry: a potential step scan with a superimposed
sine wave with a certain small amplitude and frequency.
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2.3 Fundamental understanding of surface strain in a nanomate-
rial

Elastic strain is one of the most important fundamental physical properties in materials science
study. Strain is typically expressed as a dimensionless quantity, represented by the Greek letter
epsilon (g), and is calculated as the change in length or dimension divided by the original length
or dimension. In the elastic regime, strain can be understood as the change in atomic distances
(Ad/dy) or bond lengths within a material when subjected to external forces or stresses. It can
be positive (tensile strain) when the material is stretched or elongated, or negative (compressive
strain) when the material is compressed or shortened, as shown in the top row of Figure 2.11. It is
an important aspect of nanomaterials that significantly influences their properties and behaviors.

Normally nanomaterials have a high surface-to-volume ratio compared to bulk materials.
As a result, the influence of atoms at the surface experiencing different forces and bonding
environments compared to those in the interior cannot be neglected. This leads to surface-
specific phenomena, including surface strain. From strain engineering perspective, there are
two types of strain, namely intrinsic strain and external applied strain. Intrinsic strain is the
change of material lattice constant caused by bending, twisting, wrinkling and other factors. The
most common surface modified materials, such as those obtained by chemical vapor deposition
(CVD), suffer from in-plane strain due to lattice mismatch with the substrate and differences in
thermal expansion coefficients during the growth process. Therefore, two-dimensional materials
with different strain levels can be obtained by changing the type or crystal plane of the growth
substrate. The external applied strain can be roughly divided into mechanical methods and
chemical methods, in terms of alloying, doping, phase engineering etc. When a material with
atomic level thickness is placed on a flexible substrate, the deformation of substrate can be
transferred to the attached thin film material. Relative slip between substrate and thin film
material can be overcome by metal or polymer coating. Such strain can be found in core-shell
structured catalysts, as the lattice parameter is inevitably different from the core and shell
material, and this lattice mismatch is related to many factors, such as the shell thickness, the
epitaxial growth way and the size and shape of the core material, as shown in the second row of
Figure 2.11, the shape of core part can be particle, rod, wire, cube, sheet, etc.

2.4 Coupling between electrode surface mechanics and reactivity

2.4.1 Thermodynamic description of electrode surface

Considering to increase a certain surface area, the contribution of energy from liquid and solid
are different as there is the coherency and the presence of shear stresses in the solid, consequently
the extra surface in liquid comes from only adding more atoms to the surface. This portion of
energy is well known as the concept-surface tension () [92, 93]. However, the contribution of
this energy in a solid is more complex due to the presence of atomic bonds. When there is
new surface formation, in solid, the surface free energy contribution arises from two aspects: i)
Plastic deformation: adding surface atoms within the constant surface atomic distance, which
is the same behavior as in liquid, so the surface changes in a plastic way; ii) Elastic strain:
the number of surface atoms remains constant, but the interatomic distances change with elastic
strain, this part of surface energy is generated by the surface stress. These two fundamental
concepts must be considered carefully when studying the thermodynamics and mechanics of
solid surfaces.

In thermodynamic theories, for solid-liquid interface, the variation in surface free energy is
proportional to the variation in surface area:

AGS = 41N A (2.33)
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The original variation of surface area is from the combination of two area changing methods
giving two surface area definitions: solid liquid interface Lagrangian area A;® and physical area
A. The solid-liquid surface tension ('ySZ) is defined as to describe the reversible work per unit area
to form extra area, while the surface stress is referred to expand interatomic distance (strain)
on the already existing surface area. With respect to the surface free energy contribution from
elastic strain, the derivative of surface tension is introduced as surface stress, f = dy/de. In
terms of surface stress, this part of surface free energy is

AGS = ANy = A?e = ' Ae (2.34)
e

It is important to note that at a solid surface, the surface stress is the derivative of the surface
tension with respect to tangential strain, while for liquid surface, the surface tension is equal to
surface stress as the strain of a liquid surface does not exist. In other words, surface tension is a
scalar quantity and always remains a positive value, while surface stress is a tensor, only when
a solid electrode surface is isotropic, the surface stress can be simplified as a scalar.

2.4.2 Surface stress variation during adsorption

During an adsorption process, the change of the electrode surface charge density (q) or the
absorbates density give rise to a distance change between surface atoms which can be balanced by
the underlying bulk, but altering the electrode surface stress state. In other words, the electrode
surface stress changes during adsorption of ions or electric charging process, as shown in the
middle row of Figure 2.12, depending on the adsorbed ion, which can show either dilatation
or coutraction, giving rise to either compressive or tensile eigenstress accordingly and exhibit
curvature in macroscale (bottom row of Figure 2.12).

This overall change in surface stress can be measured using the cantilever bending method.
When the electrode potential varies, the surface state changes accordingly due to different ad-
sorbates on the surface, causing the cantilever wafer to bend due to the increase (compressive
surface strain) or decrease (tensile surface strain) in the distance between surface atoms. This
curvature change of the wafer sample, according to Stoneys Equation [96], can be translated into
surface stress variation (more details of this cantilever bending experiment introduction can be
found in Chapter 3.4).

An example of experimental data is shown as Figure 2.13. This example demonstrates the
cyclic voltammogram of a sputtered gold thin film in the double layer region, namely the surface
charging and discharging area. During cyclic potential scans, simultaneously the curvature of
the wafer bending was measured in-situ. The surface stress variation A f was derived from this
curvature using Stoneys equation with respect to surface superficial charge density, which is the
integration of the current density. The surface tension variation A~y shown in Figure 2.13b is the
result of computation of surface superficial charge ¢ according to Lippmanns equation [97]:

dvy = —-qdFE (2.35)

AY(E) =v(E) -0 (2.36)

Figure 2.13b shows the surface stress and surface tension variation of the gold electrode versus
superficial charge ¢ during cyclic voltammetric scan. It is readily seen a clear difference between
surface stress and surface tension of a solid surface in perspective of experimental measurements.
The surface tension exhibits a maximum value at the potential of zero charge as we introduced

8The Lagrangian area is used to measure the surface area in a stable state regardless of surface strain during
elastic deformation [94], namely as a reference state. Stretching of the surface in an elastic way does not increase
Ar, but adding more atoms to the surface with a certain interatomic distance does. The relation between Ap,
and physical area A is A= Ap(1+e).
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Figure 2.12: The experimental macroscale behaviors resulting from atomic scale mechanical interactions
[95]. When an atom is adsorbed onto a clean surface, it can act as either a dilatation center or a
contraction center, depending on whether it induces compressive or tensile eigenstress, respectively. On
the macroscale, this results in the bending of a thin film, either compressive or tensile stress. And, under
external tensile strain, the binding interactions between the surface and the adsorbed atoms are altered:
a stronger binding to the dilatation center (where atoms are more closely packed), while a weaker binding
to the contraction center (where atoms are more widely spaced). Under external compressive strain, the
behavior is reversed.
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Figure 2.13: Experiment data of cantilever bending experiment from previous work of M. Smetanin [68].
a) Cyclic voltammogram in the region of double layer on sputtered gold surface of cantilever wafer, the
scan rate was 10 mV /s, the red dots is the wafer bending curvature Ax which was measured simultaneously
during cyclic scans. b) The surface stress variation, Af, was calculated from wafer bending curvature
Ak according to Stoneys equation. The charge Ag as x-axis is integrated from current j(E) with respect
to electrode potential E in a). The surface tension in blue line with 10 times magnification is computed
from j(E) through Lippmanns equation. The blue dashed line indicates the proximate error from the
calculation of Lippenmann equation.
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before, which is a clear distinguishable characteristic from surface stress. Any change of the
surface charges, no matter positively or negatively charged, can only induce a quadratic decrease
of the surface tension with ¢, whereas the surface stress f varies linearly with ¢, and the slope
of the surface stress variation with ¢ is the electrocapillary coupling coefficient ¢,(E) [98].

2.4.3 Strain effect on surface adsorption

Strain effects on adsorption energy are crucial for understanding and controlling surface interac-
tions. During adsorption or desorption processes, as introduced in the last section, the surface
stress state changes accordingly. At the mean time, when the surface strain state changes, the
surface adsorption properties will also change. This coupling effect reveals the interconnected
nature of surface electrochemical and mechanical properties.

Applying strain to a surface alters the distances between surface atoms, which can either
enhance or inhibit the adsorption of molecules by altering the adsorption enthalpies or electrode
potential [43, 45, 99-101], hence, promote or hinder the electrocatalytic reactions occuring on
the electrode surface. To be more specific, when the surface is under tensile strain, as shown in
Figure 2.12 top row, the bonding between the adsorbed ion and the surrounding atoms depends
on not only the existing applied strain state, but also the eigenstress caused by the adsorbed
ion itself, thus showing either a stronger or weaker binding to the surface. The real situation of
the strain effect on adsorption are more complex than d-band model prediction, thus requires
quantitative studies for accurate prediction from experiments.

2.4.4 Maxwell relations and potential-strain coupling coefficient

Considering a solid electrode immersing in a homogeneous electrolyte, the interfacial free energy,
¥, is taken to generate a fundamental function of the interfacial charge density, ¢, and surface
tangential strain, e, together with their energy-conjugate variables, which is electrode potential,
E, and surface stress, f. Here, we assume that during an ideal electrosorption process, the surface
charge transfer happens by the pure capacitively adsorbed ions on the solid-electrolyte interface.
So the contribution of the surface free energy comes from the mechanical work of surface stress
(changing the surface atom distance in terms of surface strain e) and electrical work of electrode
potential (adsorption induced charge density variation q):

dy) = Edg + fde (2.37)

An analogous situation on solid-gas surface with such appropriate constitutive assumption for
the surface energy variation during the adsorption can be expressed and the free energy change
of the solid-gas interface (1)*9) is

dy®? = pudI” + fde (2.38)

1 is the chemical potential of the adsorbing species in the gas phase and I' is the superficial
excess—the difference between the number of ions at the surface compared to in the bulk solution.

Maxwell equation was first reported by Gokhshtein [100, 102] half century ago. Maxwell
relation links mechanics and electrochemistry and enable the electrocapillary coupling coefficient
¢ to be the descriptor to quantify this phenomenon from both practical experiment and numerical
simulation. This concept of Maxwell equation was then confirmed by experiments with more
detailed numerical magnitude from recent work of Weissmueller’s group [69, 103]. They verified
this material parameter can be determined empirically from experiment as a state function of
electrode potential ¢(E).

It specifies the correlation between surface stress to surface charge density and electrode
potential to surface strain of the electrode-electrolyte interface by:

_ 4

_dE
q dq

> (2.39)

e
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The electrocapillary coupling coefficient ¢ is the core parameter in this filed, which is also
called the potential-strain coupling coefficient. From this equation, it is readily to see that the
response of potential variation to external elastic strain at constant charge is numerically equal
to the surface stress variation to interface charge transfer at constant surface strain with opposite

sign.
Also, similarly the relationship on the solid-gas interface:
du df
el 2.40
¢ de | dI'|, ( )

In the double layer region of electrode-electrolyte interface, when no specific adsorption oc-
curs, the behavior of the electrode-electrolyte interface is purely capacitive. That means the
interface stores energy in the electric field of the double layer without any chemical or physical
adsorption interactions complicating the system. Then the charge ¢ is proportional to potential
E, q=C-FE, for the whole interface acts as an ideal capacitor. When there is adsorption on
the surface, the adsorbates contribute to the surface charge and affect the potential distribution
across the interface. The variation of electronic charge on the surface is exclusively related to the
variation of superficial excess, Al'. In other words, with adsorption occurring on the interface
between electrode-electrolyte, the variation in the electronic charge on the electrode surface is
no longer just a function of the potential E, but also related to the change in I', which links the
charge density and the superficial excess of adsorbate via

dq = -zFdl’ (2.41)

where the F is Faraday’s constant and z is the valency of the adsorbates from electrolyte. This
also links the electrode potential ' and the chemical potential y of the molecules in electrolyte

dp=-zFdE (2.42)
From Langmuir isotherm model
p= o+ Ahggs + RTIn[0/(1-6)] (2.43)

The chemical potential depends on the adsorption enthalpy Ah,qs , the chemical potential at
reference state g, and surface overage 6 = I'/T',,42, which is

N_MO_Ahads )—1 (244)

6= (1+exp AT

At a certain coverage, the adsorbate enthalpy stays constant. When we link to the surface
adsorbate enthalpy to strain via the surface coverage, I' sites per area, the function of the
adsorbate enthalpy with strain can be obtained:

_ dAhads d:u

¢ de  de r (245)

Now we take the first derivative of Equation 2.42 by strain, as required by Maxwell relation men-
tioned before, the relation between electrocapillary coupling coefficient and adsorbate enthalpy

is inspected
1 dAhgags

ZF  de

From DFT study, the number of ¢ is evaluated to be -1.86V [104] on gold surface, which is in
agreement with experimental data [68] and varies with the surface orientation.

¢= (2.46)
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2.4.5 Current-strain coupling response

During an electrochemical reaction process, the overall net current consists of both capacitive
current (non-Faraday current or adsorption current) and reaction current (Faraday current) as
introduced in chapter 2.1.2. For the non-faradic process, the charge density of both capacitive
and pseudocapacitive processes is considered to store charges on the electrode interface and link
to the excess of ions. We assume that the electrode is ideally polarized at equilibrium, the
capacitance at constant strain is

dgq
c=— 2.47
il (2.47)
. . . . . dx
and from the electrocapillary coupling coefficient Equation 2.39, according to [105](d— =
Y.
dr| dz y . . .. .
i ), the charge variation with respect to strain variation at constant potential [106]
ey
Yy xX
is
dq dq| dE
k) e ) (i) I 2.48
de|,  dBE| de| ~ ¢ (2:48)
q

Either charge or potential is held constant during the cyclic strain experiment on the polarizable
electrodes near equilibrium. As the strain modulation with strain frequency is a sinusoidal
function:

E = ésin(wt) (2.49)

According to Equation 2.49, the current modulation at constant potential
J = —scwé cos(wt) (2.50)

So the whole system contains two current contributions is

j= % +iE(E,e) (2.51)
t
The first term of Eq 2.51 is the pseudo-capacitive current, and the second term responds
the contributions from Faraday current. Now we assume that with strain modulation, the j%
changes much faster than the potential and strain cycles to reach to a new steady transitional
state, then the reaction current, with respect to small external strain, is the sum of basic reaction
current and strain modulated reaction current:

iF(E,e) =5 (E) + e (2.52)

¢ is current-strain coupling coefficient, which is used to describe the Faraday current variation
with strain at constant potential:
_ 4"

== (2.53)

L

E
An alternative current-strain coupling coefficient A is also of interest to be investigated to measure
the relative variation of the Faraday current®:

1 dj"
-9 (2.54)
gt de |4
§ = = cewé cos(wt) + 1ésin(wt). (2.55)

In this equation, the first term on the right-hand side of Equation (2.55) is the faradic reaction
current at e = 0, the second term originates from pseudocapacitive processes, and the third term

bRecall that dlnz = 27! dx.



CHAPTER 2. THEORETICAL BACKGROUND 31

is the modulated reaction current. The lock-in amplifier of the DECMA experiment takes the
second and third term as the imaginary and real parts, respectively, of the current modulation
amplitude. We here refer to these signals, normalized by é, as Jim and Jre, respectively, and note
that Equation 2.55 suggests

—Jim = SCW and Jre =1, (2.56)

It is readily seen that the pseudocapacitive current is out-phase by a shift of 90° to the strain scales
with strain frequency, whereas the reaction current is in-phase with strain and independent from
strain frequency. This provide an important indication for the later data analysis to differentiate
the two current contributions.

2.4.6 Resistance effect on the current-strain coupling response

In an electrochemical cell system, the existence of resistance is a natural fact as introduced in
Section 2.1.3. This resistance affects not only the applied potential but also, in our case, the
current-strain coupling coefficients.

In terms of the quantities defined above, when considering the effect from R in the electro-
chemical system, it is of necessary to stress out the relation between the experimental signature,
namely Aapp, of the current-strain coupling, and the "true" (intrinsic) coupling parameter, A.
The apparent electrode potential, E,pp, at a constant value is applied from the potentiostat in
the DECMA setup. We allow for a substantial resistive potential drop in the electric conduction
path from the reference electrode through the working electrode to the potentiostat. That po-
tential drop accounts for electric resistance of two separate origins — firstly, the resistance in the
solution between the RE and the WE ("uncompensated solution resistance", Rg)), and secondly,
with attention to thin-film working electrodes, the electric resistance within the thin film, Rgy:

R(e) = Rgo1 + Rﬁlm(e) (2.57)

The true value, I, of the electrode potential may then differ significantly from F,,,. Inasmuch
as the electrode current, I, varies with e, we must also admit that the difference, £ — E,,,,, may
vary as a function of e,

E.pp(E,e)=E+J(E,e)R(e) (2.58)

With a constitutive assumption for the electrode current, J:
J=J(E,e) (2.59)

That variation would then feed into the measurement of the current-strain coupling parameter,
A. In other words, the experimental, apparent value, Aspp, would differ from the true, intrinsic
coupling parameter A\. Here, we derive a relation between A and Aspp that allows the effect of
the uncompensated resistance to be estimated and corrected, according to Eq 2.54, with j = J/A
the current density and A the area of the electrode. The apparent value of A, as supplied by the
experiment when the potential drop in the solution is ignored, is:

dlnj
de

)\app = (260)

Eapp

The true value of a current-potential slope parameter, which is analogous to Tafel slope, but
describe the current variation with a potential perturbance is:
dlnj
T =
dE

(2.61)

e
The apparent value of that parameter in an experiment that ignores the solution resistance is:

dlnj
T = ——
PP dEapy

(2.62)

e
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The sensitivity parameter s describes the strain dependence of the resistance of a thin film

according to
.o dln Raim

de
We take the film (the electrode) to be elastically isotropic and attached to a much thicker and
also isotropic planar substrate. Poisson’s ratios for the film and the substrate are vrp and vg,
respectively. The DECMA experiment works with a uniaxial load on the substrate, and the
resulting biaxial strain in the substrate plane is imposed on the film. Furthermore, the film is
stress-free along the direction normal to the substrate plane. The volume-specific resistivity can
be assumed independent of the elastic strain (this assumption underlies the design of resistive
strain gauges, widely applied in engineering technology and research), and the change in resis-
tance then follows simply from the geometry change upon straining of the film. By virtue of
Hooke’s law in its tensor form, it is then readily shown that

(2.63)

1+vs+(1-2vp)

= 2.64
(- vs)(1-vr) 200
Starting with the definition of 7,pp as given in Eq 2.4.6, we can apply the chain rule:
dln j dlnj, dE dFE
Tapp = | == =T (2.65)
dE.pple  dE ledEapple dEapple

Now work out the last term on the right-hand side of the rightmost equation. By Eq 2.58 and

Eq 2.61, we have

dEapp dJ dlnj

=1+R—| =1+ RJ =1+ RJT. 2.66
dE e T aple T T g T T (2.66)
By using this result along with Equation 2.65, it is readily found that
T
= —_— 2.

P T T RIT (2.67)
Thus, the intrinsic value of 7 is

L ) B (2.68)

(1= RJTapp)

Now, we aim to evaluate the variation in current when the electrode is strained while the
potentiostat controls the apparent electrode potential at a constant value. To achieve this, we
consider a small variation, de, in strain and model the consequences in terms of a two-step
process. Step 1, the electrode is strained at a constant value of the true electrode potential E.
That will change both the current j and, thereby, the apparent electrode potential E,,,. The
variations in current, resistance, and potential are as follows:

517 = J)de, (2.69)
01R = sRgimde, (2.70)
81 Eapp = 01(R.J)
=RN»HJ+JNR
= J(AR + sRgim )de. (2.71)

Next, in Step 2, the strain remains constant while E,pp, is adjusted back by 02 Eapp = =01 Eapp.
This leads to the current variation

02 = ~J Tapp01 Bapp = —J* (AR + 5 R ) Tappe- (2.72)
By adding up the current variations, dJ = d1J + doJ, dividing by the strain variation de,
taking the limit of infinitesimal strain, and accounting for Equation 2.72, we find that

dJ

dels = IX = T Tapp(AR + s Rfiim ). (2.73)
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or equivalently
dlnj
de o = /\—TappJ()\R+sRﬁ1m). (2.74)
and then (in view of 2.67)
dlnj 1

= dapp = A . 2.75
de 1By PP "14+7RJ - sTRgimJ(1+7RJ) (2.75)

In other words,
)\=)\app(l+TRJ)+TSRﬁ1mJ. (276)

2.5 Heterogeneous electrocatalysis

2.5.1 Methanol oxidation reaction (MOR)

Mechanism and possible pathways of MOR in alkaline environment

The mechanism of methanol oxidation on Pt surface has been extensively studied over decades.
However, until today, there is no consistent conclusion regarding the exact mechanism of
methanol oxidation on Pt. Methanol oxidation is a complex multi-step reaction, and the specific
mechanism may vary depending on the experimental conditions, such as pH [107], concentration
of methanol [108], temperature [109, 110], as well as the nature of the electrode surface state

[111, 112].

Here, as a brief summary of the reaction mechanism, all the main pathways and possible
intermediates of methanol oxidation are collected from literature [110, 113-117] and shown as

Figure 2.14 and list with their chemical names as Table2.5.1.

CH,OH

l +0OH +0
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Pt — (CH;0H),q == Pt — (CH,0),q
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l—ZOH'
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Figure 2.14: detailed methanol oxidation reaction pathways in alkaline solution. The red arrow rep-
resents the processes with electrons transfer and blue arrows represent the processes without electronics
transfer, such as weak adsorption\desorption or solvation process.



34 CHAPTER 2. THEORETICAL BACKGROUND

Condensed formula, Chemical names
H;COH methanol

H,COH hydroxymethyl
HCOH hydroxymethylene
COH hydroxy

CcO carbon monoxide
CO4 carbon dioxide
CH30 methoxy

CH»O formaldehyde

HCO formyl

HCOOH formic acid

HCOH dihydroxymethylene
C(OH)s dihydroxycarbene
HC(OH)2 hydrated formaldehyde
H,COOH methanediolate

Methanol oxidation reaction occurring on Pt electrode performs more readily in alkaline than
in acid solution with an increasing kinetics [108, 118, 119]. The overall reaction formula of
methanol oxidation in alkaline environment can be written as Formula 2.77, with totally six
electrons transfer during the process.

CH30H +60H — C02 + 5H20 + 6e” (277)

From the total reaction formula it can be seen that the prerequisite of methanol oxidation is the
OH™, either in the electrolyte environment or adsorbed on Pt surface above a certain potential.
That is also the reason why pH of the electrolyte plays an important role [107, 108, 110].

Pt + OH™ —> Pt—OH,q + ¢~ (2.78)

Reaction 2.78 with one electron transfer is the initial stage of Pt surface oxidation and followed
by Pt oxide formation at higher potential region [120-122]. These Pt—OH,q sites are active and
can facilitate methanol oxidation during the entire methanol oxidation process. The coverage of
Pt-OH,q as well as its oxide are governed by the applied potential. With increasing overpo-
tential, Pt~ OH,gq is oxidized further into Pt oxide (PtO) with additional one electronic transfer
as Formula.2.79. When the surface active sites are blocked by a certain coverage of Pt oxide at
high anodic potential, methanol oxidation is inhibited.

Pt-OH,q + OH" — PtO + HoO + e~ (2.79)

The initial stage of methanol adsorption is the process of methanol dehydrogenation on Pt surface
as Reaction 2.80, to form adsorbed methoxyl then dehydrogenate from the methyl. The methanol
molecules adsorption has been proved to take place in the region of hydrogen under potential
deposition (HUPD) region. Since for methanol adsorption, which is less competitive compared
to hydrogen adsorption on the surface, noticeable adsorption of methanol begins when there
are free spots released by hydrogen desorption. The alkaline media is highly reactive towards
facilitating the hydrogen removing process. All possible theoretical dehydrogenation processes
of methanol on Pt surface are listed as following

Pt + CH30H —> Pt—(CH50H)q (2.80)

Pt—(CHgoH)ad +0OH — Pt—(CHgO)ad +Hs0 + ¢ (2.81)
Pt—(CH30)aq + OH™ —> Pi=(CHy0)aq + HoO + ¢~ (2.82)
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Pt—(CH50)aq + OH™ —> Pt—(CHO),q + HoO + e (2.83)

Several intermediates, such as formaldehyde (HCHO), formic acid (HCOOH), formate
(HCOO™), carbon monoxide (CO) and carbon dioxide (COz), are formed during this process and
can be either soluble and diffuse into electrolyte or further oxidized. The formation of several
carbonaceous intermediates adds complexity to the mechanism of this electrocatalytic reaction.
The presence of these intermediate adsorbates were confirmed by different techniques. Such
as differential electrochemical mass spectrometry (DEMS) [110], thermal desorption mass spec-
trometry (TDMS) [123], and the surface sensitive technique, in situ Fourier transform infrared
spectroscopy (in situ FT-IR) [112, 124].

Among these intermediates, CO is considered as the most important one and has been a
subject of debate for many years regarding its strong adsorption effect on the Pt surface. Two
distinct viewpoints have emerged over the years: one considers CO as a poisoning intermedi-
ate that can block the Pt surface and inhibit the further oxidation of methanol or methanol
intermediates. And in an extensive study, a dual pathway mechanism was brought up, which
has been a widely accepted as the mechanism of methanol oxidation process on Pt [125]. With
adequate hydroxyl, the oxidation of Pt—(CHO),q can proceed directly into CO2 or go through
this "dual pathway" to form the poisoned intermediate CO, as Reaction 2.84 and 2.85. In this
"dual pathway" mechanism, CO is considered as poisoning intermediate. But on the other hand,
some argue that CO is actually a promoter that can be oxidized by adsorbed OH on the surface
especially in alkaline environment:

Pt—(CHO)aq + OH™ —> Pt=(CO)aq + HyO + €~ (2.84)

Pt—(CO)aq +2Pt—(OH)aqg — 2Pt + CO2 + HoO + 2¢” (2.85)

Other pathways involving formic acid or formate are also suggested in many studies [126-130].
Further possible parallel step pathways are shown as below:

Pt—(CHO)aq + 30H™ — Pt + CO2 + 2H50 + 3¢~ (2.86)
Pt—(CHO)aq +20H™ — (Pt—-COOH),q + 2H20 +2e~ (2.87)
(Pt—-COOH)q + OH™ — Pt + CO2 + HoO + €~ (2.88)

In alkaline solution, the final product in electrolyte is in form of carbonate (CO3%"):

COz+20H™ — CO3* + Hy,0 (2.89)

Overall, the mechanism of methanol oxidation on Pt in alkaline solutions needs to be discussed
in a more careful way and one has to be aware of that different experimental setups and surface
states of the Pt electrode can lead to varying reaction pathways and outcomes. More in-depth
investigations are needed to elucidate the specific details of the reaction pathway and the influence
of intermediates on the overall electrocatalytic process.
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Chapter 3

Experimental procedure

This work utilizes two experimental setups to investigate the electrocapillary coupling coefficients
at the interface. The first setup is the dynamic electro-chemo-mechanical analysis (DECMA),
which is a method that was established in out team, specifically designed to quantify these
coupling coefficients. DECMA allows for the in-situ measurement of strain-potential and strain-
current coupling parameters during electrochemical reactions. By employing DECMA, valuable
insights into the electrocapillary behavior can be obtained.

The second experimental setup applied in this study is the cantilever bending setup, a well-
established and widely used tool for measuring surface stress evolution. This setup offers ex-
ceptional sensitivity and resolution, enabling the accurate monitoring of mechanical changes
during reaction processes. The cantilever bending setup provides valuable in-situ mechanical
information, complementing the insights gained from DECMA measurements.

Both experimental setups are accompanied by their respective sample and electrochemical cell
configurations, which are detailed extensively in this chapter. Through the combined application
of DECMA and the cantilever bending setup, this work aims to enhance the understanding of
electrocapillary phenomena and provide comprehensive insights into the electrochemical reactions
with strain modulation occurring at the electrode-electrolyte interface.

3.1 Samples fabrication and characterization

In this work, two types of Pt thin film samples were used in the two different experimental setups,
each equipped with their own in sifu electrochemical cells. Both of them were sputtered by
magnetron sputtering deposition onto different substrates according to the distinct configuration
of each cell and individual experiment request. For the DECMA experiment, thin films were
deposited onto a Kapton polyimide foil, whereas for the cantilever bending device, polished
silicon(100) wafer were used as substrate.

3.1.1 Samples preparation
Magnetron sputtering deposition process

The physical vapor deposition (PVD) technique is widely applied for sputtering thin metal films
onto various substrates. As one specific type of PVD, magnetron sputtering deposition uses a
voltage on magnetically enhanced argon (Ar) plasma to achieve deposition and is employed for
sample preparation in this work. The photo of sputtering device is shown in Figure 3.1 (BESTEC
company). In the sample preparation experiment, all substrates were cleaned thoroughly in
ethanol using a ultra sonic bath for at least 15 minutes for removing any grease or organic
substances on the substrates. After cleaning, the substrates were air-dried, followed by the use
of an air blow gun to remove any remaining dusts. Prior to the deposition process, the substrates
were cleaned in an argon plasma etching chamber with an Ar pressure of approximately 3.6x 1074
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Argon plasma
etching chamber

Figure 3.1: Photo of magnetron sputtering device, consists of one main sputter chamber with four
ultra-high vacuum (UHV) compatible magnetron sputter sources and a load-lock with an integrated
argon plasma etching device.

mbar for 10 minutes. Following the cleaning process, the samples were transferred to the sputter
chamber under a high vacuum atmosphere. The base pressure in the sputtering chamber was
maintained below 1 x 107 mbar.

A titanium layer with a thickness of approximately 8-10 nm was first sputtered onto the
substrate as an adhesion promoter, then followed by the deposition of platinum of approximately
80 nm thickness. In this work, the sputtering power applied was 100 W for titanium and 50 W
for the platinum target. The distance between the target and the substrate, referred to as the
target-substrate distance, was approximately 10 ¢cm for titanium and 12 c¢cm for platinum. The
stage rotation rate during deposition was set at 50 rpm. The working pressure in the sputtering
chamber was 5.8 x 1073 mbar. The sputtering rates were approximately 2 nm/min for titanium
and 8 nm/min for platinum.

Pt on polymide substrate for DECMA experiment

In the DECMA experiment, a polyimide foil with a thickness of 75 um was used as the substrate.
A mask was place on top of the substrate sheet to ensure a specific geometric sputtered area. The
sample geometry is shown in Figure 3.2 a. The entire disc area serves as the working electrode
surface, which comes into full contact with the electrolyte meniscus. The diameter of the sample
circle is 8 mm.

In order to measure the strain during following DECMA experiment, a strain gauge (HBM
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1-LD20-10/120) was carefully attached to the back side surface of substrate. The strain gauge
was firmly bonded using a rapid adhesive superglue (HBM Z70), which is specifically designed
for strain gauge installation. Typically, it takes at least 30 minutes for the adhesive glue to be
completely dry.

........

Ti layer / """"" «—— electrolyte
meniscus

Pt layer

electrode surface cell body

Figure 3.2: The illustration of a) and b) are top view and side view of the sample geometry: Pt thin
film on a Kapton polyimide foil with a thin Ti layer on top of the substrate as an adhesive layer. The
diameter of working electrode contact area is 8 mm. This specific shape of the sputtered thin film area was
achieved using a mask over the substrate during the sputtering process. This design enables the working
electrode to connect to the main electrical circuit through a gold wire, which is positioned between the
clips and the side part of the thin film. c) the side view photo of the electrode-electrolyte interface with
an electrolyte meniscus, which fully encompasses the working electrode area.

Pt on (100) silicon wafer for cantilever bending experiment

In the cantilever bending measurement experiment, silicon wafers with (100) orientation and a
thickness of 100 um (CrysTec company, S6406, p-type) were used as the substrate. The silicon
wafers were cut using a diamond cutter into rectangular shapes with a width of 8 mm. The
length of the substrate wafer varied depending on the mounting position and was measured
using a micrometer each time after mounting. Typically, the length is within the range of 38 +
2 mm. The illustration of the sample is shown as in Figure 3.10.

Annealing process

After the sputtering process, both types of samples were subjected to an annealing treatment at
350°C for 1.5 hours in an Ar atmosphere with a purity of 99.99%. A horizontal Miniature Tube
Furnace (MTF 12/38/400, Carbolite) was employed for annealing. It is important to anneal the
Pt thin film in an inert atmosphere and avoid high temperatures (above 400 °C), because in such
condition, the surface of platinum is not expected to form platinum oxide.

The main objective of the annealing treatment was to reduce the stresses within the thin
films and to reduce the surface roughness of the samples. This process aimed to optimize the
film’s structural integrity and improve its overall performance. But it is worthy to note that
annealing the Pt thin film samples can also cause an increase in the film resistance [131, 132].
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3.1.2 Samples characterization
Atomic Force Microscope

For the characterization of surface topography and roughness, Atomic Force Microscopy (AFM)
experiments were conducted using a JPK Instruments NanoWizard in AC mode. AFM is a pow-
erful technique enabling high-resolution imaging and analysis of surface features at the nanoscale.
By utilizing Gwyddion software [133] for AFM image processing, the AFM data can be further
analyzed and quantitatively characterized, providing valuable insights into the surface morphol-
ogy, roughness parameters, and other relevant features of the samples.

X-ray Diffraction

To examine the texture of sputtered Pt thin film electrodes on both substrates, X-ray diffraction
(XRD) analysis was employed. A 6 — @ diffractometer, specifically the Bruker D8 Advance, was
utilized for this purpose. The diffractometer operated in Bragg-Brentano reflection geometry, us-
ing Mo Ko, ,, radiation. A linear position-sensitive detector with high energy resolution (Lynxeye
XE-T) was employed. This detector allowed for precise energy analysis of the diffracted X-ray
signals. By measuring X-ray diffraction patterns and analyzing peak intensities and positions,
valuable information regarding the crystallographic orientation and preferred crystallographic
directions of the platinum films can be obtained.

3.2 Electrochemical systems

In this work, two in sttu electrochemical cells were employed, each tailored to a specific ex-
perimental setup based on individual configurations. One reference electrochemical system was
assembled by a commercial polycrystalline Pt tip electrode within a standard electrochemical
cell.

To thoroughly characterize each electrochemical system, several key parameters were mea-
sured as listed in the table 3.1. Here, we denote the sputtered Pt thin film on Si wafer substrate
for cantilever bending setup as Pt., sputtered Pt thin film on polymide foil substrate for DECMA
experiment as Pty, and the Pt tip electrode in standard electrochemical cell as Pt;. Ag is ge-
ometric electrode surface area, dy_; is the distance between working electrode and reference
electrode, V. is the volume of cell, IRq,op is the uncompensated IR drop measured via EIS, and
R. is connection resistance of Pt working electrode, more specifically, it is measured from the
geometric center of the sample to the contact lead.

Table 3.1: Electrical properties of different electrode types

electrode type | Ay (cm?) [ dyw—y (mm) | Ve (ml) | TRawop(2) | Re(Q)
Pty 3.04 156 +£2 115 £5 | 117+ 1.2 | 10.5
Pt, 0.53 10 £1 20 £ 3 61 + 2 30.5
Pty 0.07 10 + 2 35+3 71+3 <1

3.2.1 Electrolytes and electrodes

All experiments in this study were conducted in a base alkaline solution of 0.1 M KOH at room
temperature (20 °C). Methanol was added to the solution at various concentrations, ranging from
0.02 M to 1 M. All electrolytes were prepared with ultra-pure water with a resistivity of 18.2
MQ-cm (Sartorius, Germany). To ensure the absence of oxygen, all electrolytes were purged with
Ar gas (99.99%) for a minimum of 2 hours prior to conducting the measurements. This process
effectively removed any potential solvable oxygen in the electrolyte.
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The sputtered Pt thin film samples mentioned above serve as the working electrode (WE) in
each system. A gold thin plate with a sufficiently large surface area was employed as the counter
electrode (CE). The reference electrode (RE) utilized was a commercial mercury-mercuric oxide
(Hg/HgO) electrode (RE-61AP, from BAS Japan), specifically designed for use in strong alkaline
solutions, with a relative potential to a reversible hydrogen electrode (RHE) of approximately 835
mV. All potentials in this study were converted to RHE to facilitate comparison with experimental
data from other studies.

3.2.2 Electrochemical techniques

All electrochemical measurement in this work were conducted by using a high performance po-
tentiostat (Autolab PGSTAT302N, Metrohm) equipped with a linear scan generator, a staircase
module for precise electrode potential control, and an impedance module for electrochemical
impedance measurements. The software used for procedure programming and data analysis is
NOVA (Metrohm, versions V1.10 and V2.10). The coupling signals were connected to the front
panel of the potentiostat as external signals and presented in the same interface simultaneously
with the current.

Cyclic voltammetry

In this work, two types of voltammetry were applied employed to investigate the electrochemical
interface behaviour during methanol oxidation reaction process. One is the classic staircase DC
cyclic voltammetry (Nova, V1.10), and the other is the AC cyclic voltammetry (Nova, V2.10).
The step potential in DC cyclic voltammogram was set to 2.5 mV for a finer resolution of the
current response, and the potential scan window and the scan rates were varied depending on
different experimental scenarios.

In AC cyclic voltammetry measurements, the DC step potential was set to 12 mV, and the
applied potential waveform was sinusoidal with modulation amplitude of 5 mVgug, the frequency
was chosen to be the same as the external applied strain frequency.

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) tests were conducted in this study to characterize
the electrochemical behavior of the samples. The tests were performed over a frequency range
of 0.1 Hz to 100 kHz with a sinusoidal voltage with an amplitude of 10 mV.

3.2.3 Resistance measurement

To measure the contact resistance of WE in the electric circuit, a four-point technique was
employed. This technique is universally used to provide a precise measurement of the resistance
with minimizing the influence of contact resistance and lead resistance. This four-point technique
involves four probes with equal intervals as shown in Figure 3.3. A DC current flows between
probe 1 and 4, and a sensitive voltmeter is placed in between probe 2 and 3. In practical, this
measurement was done by single instrument (Model 2450 System SourceMeter, Keithley), which
can source and measure both current and voltage and can be configured to display the resistance.

For the two types of thin film samples mentioned, multiple spots on each sample surface
were tested, with the exact contact points illustrated in Figure 3.4. The measured resistance
includes both the intrinsic sample resistance and the circuit connection resistance. Since the
sample resistance is geometry dependent, the average resistance from different contact points
was calculated.
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Current probes

Figure 3.3: A schematic diagram of a four-point probe on sample surface. The four probes have equal
spacing. A current flows through the circuit via probe 1 and probe 4, whilst the voltage is measured
between probes 2 and 3.

probe
b)
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Figure 3.4: The connection positions of probes on the sample surface. a) Pt sample for DECMA with
five positions. b) Pt sample for cantilever bending experiment with 3 positions
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3.3 Dynamic electro-chemo-mechanical analysis (DECMA)

3.3.1 Configuration of DECMA setup
Mechanical framework

Figure 3.5 displays the photograph of all components of DECMA setup. The mechanical frame-
work part is situated inside a sealed chamber. This sealed chamber can be connected to a vacuum
pump and supplied with different gases, such as argon or oxygen, according to the experimental
requirements.

One end of the sample is fixed to a piezo (P-844.30, Physik Instrumente) and securely held
in place, while the other end can be positioned within a short and adjustable distance range.
Buckling of the electrode was avoided by applying slight pretension, typically less than 1%
static tensile strain. This level of strain was determined by monitoring the imposed load on the
substrate through the piezo-actuator. Importantly, the thin metal film adhered strongly to the
substrate during entire measurement under this slight pretension.

Typical displacement amplitudes ranged from 10 to 20 pm, resulting in cyclic strain ampli-
tudes on the order of 107*. To facilitate straightforward pre-strain adjustment, a small screw
micro-manipulator was employed to ensure the entire sample maintained a slight tautness. This
approach ensured a consistent strain state throughout the experiment.

In situ electrochemical cell of DECMA setup

The electrochemical cell is purposefully constructed to partition the working electrode and the
counter electrode into two distinct compartments. This segregation serves to prevent any poten-
tial cross-contamination of reactions between the two electrodes. Furthermore, the application
of a luggin capillary serves to position the reference electrode in close proximity to the work-
ing electrode, thereby enhancing the accuracy of the reference measurement and minimizing
uncompensated solution resistance.

During the assembly of the thin film sample, a thin gold wire is positioned between the
clips to serve as an electrical connector. In the enlarged photograph, it is evident that the
electrochemical cell is positioned beneath the working electrode. For a detailed depiction of the
electrode-electrolyte interface, please refer to Figure 3.2, which provides a side view of the specific
connections. The connection was via an electrolyte formed meniscus, which covers the whole WE
surface area. Such connection was stable enough to survive even long time measurements.

3.3.2 Electronic devices connection circuit

The sketch of whole DECMA setup connection to a potentiostat is described as Figure 3.6, and
is consisted of following electronics components: potentiostat, lock-in amplifier, piezo actuator,
piezo controller, strain measurement amplifier and external resistance. The piezo actuator is
connected to the oscillation output port of the lock-in amplifier, enabling operation within an
effective frequency range of 1 Hz to 180 Hz. A strain measuring amplifier (HBM, QuantumX
MX410B) is connected to the strain gauge as the input, amplifying the strain signal proportion-
ally as the output. This output is then connected to the reference input of the lock-in amplifier
as the reference signal. An external resistance is strategically employed at various points with
predefined values to facilitate the conversion between two coupling parameters. The diagram elu-
cidates the interconnections and arrangement of components tailored to each coupling parameter
experiment.

Potential-strain coupling coefficient measurement

In the strain-potential coupling coefficient measurement experiment, there are two input ports
on front facet of lock-in amplifier, port A was connected to the working electrode and port B
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Figure 3.5: In-situ DECMA setup: a) the mechanical frame part is placed inside of a stainless steel
casing for conducting experiment in a certain atmosphere. b) electrochemical cell with three electrodes:
working electrode (WE): Pt thin film on polymide foil substrate with strain gauge glued on the back
of substrate; counter electrode (CE): gold thin plate; reference electrode (RE): mercury/mercury oxide

(Hg/HgO).
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Figure 3.6: Schematic diagram illustration of the setup circuit connection for DECMA experimental
configuration. Two different connection methods are depicted to facilitate the measurement a) strain-
potential coupling coefficient b) strain-current coupling coefficient.

was connected to the reference electrode. A resistance delay (Rp = 5 k2) is placed between
the potentiostat and working electrode, and it is crucial to maintain a constant charge density
environment during the measurement, ensuring that the current flowing through the electrode
remains negligible within a strain cycle. However, it is important to note that even with neg-
ligible current, a significant potential drop can occur in the circuit due to the large resistance.
Therefore, when plotting cyclic voltammetry and potential-strain coupling coefficient graphs with
the potential of the electrode as the abscissa, a correction of the real working electrode potential
needs to be applied as following:

Ewg = Eapplied — (IRD) (3.1)

Current-strain coupling coefficient measurement

In the strain-current coupling coefficient measurement experiment, in order to measure the strain-
induced current amplitude, a small resistance, Ry, was added in series with the counter electrode,
as depicted in Figure 3.6 b. The current variation caused from strain modulation was recorded as
the potential drop across this shunt resistance, which is 50 €. The direction of the current flow
in this setup followed the convention used in the potentiostat. Specifically, port A was connected
to the counter electrode, and port B was connected to the potentiostat. Therefore, the current
flowed from the counter electrode towards the potentiostat, or from port A to port B.

3.3.3 Lock-in technique

The lock-in amplifier (Ametek, Model 7265) serves as a critical component within the entire
setup. Its primary role entails extracting and amplifying weak AC signals embedded within a
noisy environment. The operation of a lock-in amplifier involves phase-sensitive detection (PSD),
which allows for the selective amplification of signals with a specific frequency [134]. It essentially
"locks in" to the desired signal by synchronizing its reference oscillator with the input signal. The
lock-in amplifier multiplies the input signal with the reference oscillator then passes it through
a low-pass filter to extract the desired frequency component, as shown in Figure 3.7.

The reference signal can originate from either the internal oscillation generator within the
lock-in amplifier or an external signal provided as input to the lock-in amplifier. In this work, the
reference signal is provided externally from the strain gauge via a strain measurement amplifier,
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Figure 3.7: Lock-in amplifier function: filtering the information of a sinusoidal signal relative to a
defined reference signal, even in the presence of noise

which supplies the in situ sinusoidal strain signal with frequency w and amplitude (R). This
configuration ensures that the lock-in amplifier synchronizes its phase with the strain-induced
signal, enabling accurate detection and analysis of the strain-related phenomena.

When dealing with sinusoidal signals, there are two common methods for representation:
magnitude and phase shift, or complex numbers. A phase shift (0) typically exists between the
reference signal (externally provided strain signal) and the input signal (modulated potential or
current signal). When 6 = 0, the output signal is referred to as the in-phase or real part signal
(X = Ecosf). Conversely, when 6 = 7/2, the output signal is considered the out-of-phase or
imaginary part signal (Y = E'sin#).

During cyclic voltammetry, both the real and imaginary output analog signals are simulta-
neously recorded and converted into voltage form. Consequently, the lock-in amplifier enables
the recording of four signals in total. The relationship between these signals can be described
by Equation 3.2.

R=(X2+Y%):-=F
Yy (3.2)
0 = tan™! (—)
X
By recording and analyzing these signals, valuable information regarding the electrochemical
response and its relationship with the applied strain can be obtained.

3.3.4 Strain measurement

Strain gauges are commonly used device to precisely measure the strain of a specimen. To
measure strain in-situ by using a bonded resistance strain gauge, it needs to be connected to an
electrical circuit capable of detecting the small changes in resistance that correspond to strain
[135]. Typically, strain gauge transducers employ four strain gauge elements that are electrically
connected to form a Wheatstone bridge circuit [136, 137].

The strain gauge measured axial strain (%—OL) was then calculated into areal strain according

to Equation 3.3.4:
AL
e=(1-vp)— (3.3)
Lo

where ¢ represents the areal strain, v, is the Poisson ratio of the kapton polyimide film, AL is

the change in length, and Lg is the original length. The Poisson ratio of the kapton polyimide
film is reported to be 0.35 at room temperature [138]. So the estimated value for areal strain in
this work is around 2 + 0.2 x107* at room temperature with a prestrain.
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Figure 3.8: A photograph of multi-beam optical system (MOS) device in cantilever bending experiment.
The laser path is from the He-Ne laser generator through a focusable lens cell, then passing through x
etalon and y etalon. The laser reflected off the sample surface is subsequently collected by a CCD camera
which faces a mirror, the position of which can be adjusted finely by using a servo control system.

3.4 Cantilever bending experiment

3.4.1 Configration of cantilever bending setup
Multi-beam optical system (MOS)

In this work, the cantilever bending setup was employed to investigate the in situ evolution of
surface stress during the potential cycles of cyclic voltammetry. It is a well-established method
for measuring surface stress variation by applying a multi-beam optical system (MOS). The
MOS system consists of an array of parallel laser beams and a charge-coupled device (CCD)
area detector. By monitoring the curvature (k) of the wafer substrate, the surface stress of the
sample can be determined. Figure 3.8 illustrates the optical components included in the MOS
system implemented in this work.

The incident beamns are generated by splitting a laser beam through two intersecting etalons,
which strike the metal-coated face of the thin film sample, as shown in Figure 3.10. The reflected
beams from the sample are subsequently reflected by a small mirror then captured by the CCD
camera, allowing for real-time image analysis. The curvature of the sample is acquired from the
spacing variation of the reflected beams according to Equation 3.4.

dd\ cos o
An = (do> 2L (34)
dp is the origin distance and dd is the distance variation caused by surface stress state changing.
L is the distance between sample surface to camera and « is the angle between sample surface
and the beam array (3 x 3), as shown in Figure 3.9. In our setup setting, the distance L is about
110 + 2cm, and ais 3°. The minimum resolvable curvature is 4 x 107 m™" or a maximum radius
of curvature of 250 km.
The well-known Stoney’s equation provides the surface stress variation calculation equation,
Equation 3.5, from the curvature variation Ak of substrate [96].

1
Af = EAmMshg (3.5)
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Figure 3.9: Schematic of the change in spacing (dd) between initially parallel laser. hs and hy denote
the thickness of the Si wafer substrate and the sputtered thin film. L is the distance between sample
surface to camera and « is the angel between sample surface and laser beam array.

My is the bi-axial modulus of the substrate and hg is the silicon substrate thickness. To
enhance the sensitivity of the signal, we utilized 100 gm thick and (100)-oriented Si wafer as
substrate. A thinner substrate offers a higher resolution for the measured signal. Due to the
significant difference in thickness between the substrate and the thin film, the thin film is com-
pelled to adopt the strain experienced by the substrate, and is simply estimated by the bulk
Young’s modulus of the silicon(100) wafer substrate, represented as Y, Y = 130.2 Gpa [139], thus

the bi-axial modulus is calculated as: v

M:
s 1-vg

(3.6)

and vg = 0.279 is the Poisson ratio of the Si wafer substrate [140]. Combined above calculations,
the surface stress variation is known to be proportional to the measurable distance variation

(Z—d) of the deflected beams, which can be described as:
0

6d) M;h? cos (3.7)

Af=[2Z2
/ (do 121

To enhance the accuracy of the measurement, the lager array was placed at the end of the
cantilever, as the laser beams interact with the cantilever in a region of free biaxial bending [141].
In other words, the free biaxial bending is expected when the distance is longer than the wafer
length.

In situ electrochemical cell of cantilever bending setup

Figure 3.10 presents a schematic representation of the configuration of the electrochemical cell
and three electrodes, including detailed information about the sample. The cantilever was fully
immersed in the electrolyte to eliminate artifacts originating from capillary forces at the solid-
liquid-gas triple junctions. The dimensions of the electrochemical cell are approximately 93 x
57 x 128 mm. The working electrode, which was clamped by a 1-2mm wide short edge with the
sputtered platinum side facing the laser beam, was positioned in the middle of the cell. A thin
gold plate used as the counter electrode, and a Hg/HgO reference electrode was situated on the
opposite side.

When analyzing the curvature in an electrolyte, it is essential to consider the refractivity
of the aqueous electrolyte. The refractive index of a medium affects the propagation of light
through it and can introduce changes in the observed curvature measurements. To accurately
analyze the curvature in the electrolyte, it is necessary to consider the refractive index n of the
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Figure 3.10: Sketch of the experimental electrochemical cell of cantilever-bending setup.The whole cell
body is made from Teflon. A glass was placed and faces the laser.

aqueous electrolyte to account for the refractive effects. When the concentration of alkaline and
methanol containing electrolytes are relatively low, it is common to use the refractive index of
water (n = 1.33) for the refractive index of the electrolyte. And the final formula for surface

stress variation calculation is shown as below:

6d) Mgh? cos a (3.8)

Af ==
f (do 12In
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Chapter 4

Results

4.1 Characterization of platinum thin film electrodes

4.1.1 Atomic force microscope (AFM) and roughness factor

Figure 4.1 shows the surface topology characterization by atomic force microscope on two Pt
thin film electrodes with different substrates. Both of them were subjected to annealing heat
treatment at 300 °C for 1.5 hours. The surface roughness factor, which is calculated according
to

p=AlAcsy (4.1)

A is the actual surface area measured at the atomic scale and A, ¢f is the projected macroscopic
surface area [70], which is usually considered as the ideally flat surface without asperities. The
roughness factor of each as determined from images (lum * lpum) show in Figure 4.1 are 1.032
for sample with silicon(100) wafer substrate and 1.020 for the one with Kapton substrate. The
values of p were obtained by analyzing the AFM data with the Gwyddion software [133].

on Kapton foil substrate

c) d)

1.0] oniSi wafer 24
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Figure 4.1: a) Surface topology photo from AFM of sputtered Pt thin film on a 100 pm thick silicon
wafer as substrate and applied in cantilever bending experiment. b) Surface topology photo from AFM
sputtered Pt thin film on a 75 pum thick kapton film as substrate and applied in DECMA experiment. c)
surface height profile measured in above area of a). d) surface height profile measured in above area of
b). Images of 1um * 1um area with 1024 * 1024 resolution.
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Figure 4.2: X-ray diffraction characterization and rocking curves of Pt thin film on silicon(100) water
substrate. a) the diffraction data featured only the (111) reflection and indicated no obvious trace of
the (200) or (220) ones. b) shows a rocking curve with (222) reflection. The 2nd order reflection was
chosen because it afforded a higher range in the misorientation angle w than (111). The full width at half
maximum (FWHM) is 4.1°. Such quite small angular spread suggests that the exposed electrode surface
is predominantly of (111)-type.

4.1.2 X-ray diffraction characterization

The texture of the Pt electrodes on both substrates was investigated by means of X-ray diffrac-
tion. We used a 0 — 0 diffractometer (Bruker D8 Advance) with Mo K,1/2 radiation in Bragg-
Brentano reflection geometry, along with a linear position-sensitive detector with high energy
resolution (Lynxeye XE-T). The X-ray diffraction characterization of Pt deposited on (100) sil-
icon wafer is shown as Figure 4.2a. The peak appearing at around 18° indicates a strong (111)
orientation of this thin film sample, and Pt(222) appears at around 36.7°. No other potential
Pt orientations were found during this wide scan range (a discontinuous scan range is because
a strong silicon(100) peak appears there). A rocking curve was also measured to detect possi-
ble misorientation, which produced a sharp peak with a full width at half maximum (FWHM)
of 4.1°. Above characterization methods indicate a smooth surface texture with predominately
(111) crystallographic orientation. Very similar surface topology was found on the Pt thin film
sample with kapton foil substrate as shown in Figure 4.3. The surface preferred orientation is
still (111) but a wider peak with a FWHM of 10.23° was observed. These two samples followed
the same sputtering conditions.
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Figure 4.3: X-ray diffraction characterization and rocking curves of Pt thin film on Kapton foil substrate.
a) the diffraction data featured only the (111) reflection and indicated no obvious trace of the (200) or
(220) ones. b) show the analogous rocking curve for the Kapton-supported film, but the FWHM is here
wider, 10.2°. This suggests a somewhat higher incidence of non-dense-packed surface facets or of defects,
yet the predominant surface character is still expected to be (111).

4.1.3 Electrochemical characterization and analysis of electrochemical sys-
tems

To ensure a consistent and comparable electrochemical environment, CVs were measured under
the same electrochemical condition in each #n-situ electrochemical cell. This involved using the
same counter electrode, reference electrode, and electrolyte for each measurement, which helps
eliminate potential sources of variation and ensures that any observed changes in the CV profiles
are due to the specific properties of the sample being investigated, rather than external factors
related to the experimental setup.

Figure 4.4a shows the results of the CVs comparison with normalized current density ampli-
tude in the electrolyte containing 0.1 M methanol within a 0.1 M KOH supporting electrolyte
at room temperature. Notably, all CVs display the typical features of methanol oxidation peaks
in both the anodic and cathodic directions. The tafel slope of the anodic and cathodic methanol
oxdation peaks indicates slight differences in kinetics on different electrodes, this is attributed
to individual nature of the electrode surface states, such as surface roughness, crystalline ori-
entation and electrochemical active surface. The one with strongest (111) orientation surface,
namely sputtered Pt on wafer (blue curve) shows the highest tafel slope among three electrodes.
This observation confirmed that the (111) orientation is less favorable and demonstrates lower
activity in methanol oxidation in alkaline solution [142], which is due to the presence of fewer
defects and domain boundaries compared to polycrystalline Pt.

To provide a more detailed characterization of the two main n situ electrochemical cells,
the EIS measurement was conducted in each electrochemical system. Figure 4.5a and ¢ show
the Nyquist and Bode plots for the Pt thin film on the Si wafer substrate used in the cantilever
bending setup, while Figure 4.5b and d show the Nyquist and Bode plots for the Pt thin film
on the Kapton foil substrate used in the DECMA setup. In practical circumstances, the high-
frequency intercept of the Nyquist plot on the real axis represents the sum of the uncompensated
resistance and any additional contributions from other elements in the system, such as electrode
resistance and contact resistance. From the Figure 4.5a and b, the uncompensated resistance of
two electrodes are 11.7 Q and 61 €2 respectively. It is important to stress that all EIS data shown
in Figure 4.5 were presented without geometrical area normalization. Therefore, during IR drop
compensation calculation, the current without geometrical area normalization was employed to
ensure an accurate IR drop correction. Namely, a high compensated resistance does not neces-
sarily result in a high uncompensated potential, particularly if the electrode surface is sufficiently
small [143]. From the Bode plots in Figure 4.5¢ and d, we observe very similar electrode behavior
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Figure 4.4: Cyclic voltammograms measured in two in situ electrochemical cells employing in cantilever
bending and DECMA setups, alongside a standard electrochemical cell. a) current density,j, versus
potential on three electrodes: jyarer On a Si wafer substrate, j,q1, on a kapton foil substrate, and ji, on a
polycrystalline Pt tip electrode. b) the Tafel slope of the anodic methanol oxidation peak, derived from
panel a). The scan rate was 20mV/s.
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Figure 4.5: Nyquist and Bode polts obtained from EIS measurement on Pt electrodes in two electro-
chemical systems. The left column (a and c) is on a wafer substrate in cantilever bending setup in situ
cell, and the right column (b and d) is on Kapton foil substrate in DECMA setup in situ cell. The
frequency range was from 100 kHz to 0.01 Hz at the potential of 0.635 V.
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profiles, including the positions of the peaks and the overall trends of impedance and phase shift,
suggesting comparable electrode reactivities. In the higher frequency region, the resistance is
mainly represented by the real part, with a phase shift close to zero, which is an alternative way
to determine the uncompensated resistance. More detailed EIS results at different potentials can
be found in the subsequent section 4.2.2.

4.2 Methanol oxidation reaction (MIOR) on Pt electrode

To comprehensively understand the mechanism of methanol oxidation reaction, the behavior
of Pt was initially investigated in a KOH supporting electrode without methanol involvement.
This aims to establish foundational knowledge and insights into the Pt electrochemical behavior
before delving into the complexities of the methanol oxidation reaction.

4.2.1 Pt performance in supporting alkaline solution

Figure 4.6 shows the typical CV profile of surface oxidation on a sputtered Pt thin film electrode in
0.1M KOH solution with five consecutive scans, which was measured in the in situ electrochemical
cell in cantilever bending setup, showing a pretty good consistence with CVs found in literature
[144-146]. It is important to note that the first scan in all cyclic voltammograms shown in this
thesis is excluded, the CV was only recorded after a series of consecutive identical CVs, which
are stable with reproducibility.
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Figure 4.6: Cyclic voltammogram of oxidation and reduction on a sputtered Pt thin film electrode in
0.1M KOH electrolyte with consecutive 5 cycles. From lower to higher potential along the scale, the
hydrogen adsorption/desorption region (light cyan area), double layer region (white area) and surface
oxidation/reduction region (light yellow area). The small black arrows indicate from the second scan to
the last scan (thicker solid line). Scan rate was 20 mV/s.

Hydrogen and oxygen evolution regions can be readily distinguished from CV with a short
double layer region in between, spanning from 0.38 V to 0.55V, as shown in the white area in
Figure 4.6, different regions are divided by different colors. Starting from the cathodic vertex,
namely the hydrogen region where the E is below 0.38 V (light cyan area in Figure 4.6), various
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Figure 4.7: CV of Pt measured in 0.1 M KOH with different anodic potential scan limit. The scan rate
was 20 mV/s.

small hydrogen adsorption and desorption peaks can be observed. These features are often used
to identify specific surface sites on the electrode [147-151]. A systematic downward shift of
the current in this HUPD region suggests a noticeable oxygen reduction reaction current. This
arises from molecular oxygen that is generated near the anodic vertex of the CVs which cannot
be removed completely in this situation, as our in situ cell is not compatible with flowing inert
gas for oxygen removal. With increasing potential, when the potential is over 0.65 V., the surface
starts to adsorb OH and form an oxide layer on the surface during this oxidation process (light
yellow area in Figure 4.6):

Pt + OH,,; —> Pt—OHpqq + €~ (4.2)

and from F =1V, the further oxidation of the surface occurs with increasing anodic potential to
form Pt oxides [152, 153]:

Pt—OHaqs + OH,; — Pt—0,4s + H2O + ¢~ (4.3)

This process is known for surface roughening or irreversible surface reconstruction [146, 148,
149, 154], which is caused by a quite low kinetic of initial reduction of Pt oxides. From the
potential around 1.4V, molecular oxygen starts to be formed on the electrode surface from the
adsorbed surface oxides and dissolved in electrolyte, which is an irreversible process. During the
cathodic scan, the surface under oxidized state begins reduction process at £ = 0.85V. After the
surface oxygen species have been lifted, the clean surface adsorbs hydrogen from electrolyte till
the vertex of negative potential.

More dynamic information of surface state variation can be found from the evolution of CV
by analysis of consecutive scans. Different surface states exhibit distinct CV profiles in the HUPD
region, where the hydrogen adsorption and desorption peaks are strongly related to the electrode
surface crystal orientation [155]. In this region, the two hydrogen adsorption/desorption peaks,
represent the sorption on (111) oriented surfaces and become more prominent during scans,
which agrees well with literature [148]. As learned from the X-ray diffraction data, the surface
of sputtered Pt thin films is (111) dominated but not exclusively, the trace of (100) peak already
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Figure 4.8: CVs of Pt in 0.1 M KOH supporting electrolyte (orange solid line, enlarged in orange dash
line) and with added 0.1 M methanol electrolyte(bule solid line), scan rate of 20 mV /s

appears after the second scan. The first OH adsorption peak, which appears in the potential range
of 0.65 - 0.7V is the OH adsorption on (111) sites and gradually diminishes during subsequent
scans. Following more than five repeated scans, all irreversible changes tend to diminish, reaching
to a pseudo stable state on the surface. The representative CV of this steady state is depicted
by the thicker solid line in Figure 4.6.

Figure 4.7 shows a series of CV measured in a KOH electrolyte, with a varying anodic
potential limit of 1.235V, 1.335V, 1.435V, and 1.535 V. As the anodic potential limit increases,
a larger cathodic peak is observed, indicating oxygen reduction activity is related the surface
oxidation extent. This suggests that oxygen is produced or adsorbed on the electrode surface
during the anodic scan and subsequently reduced upon the cathodic sweep. The dependence
of the cathodic peak intensity on the anodic potential limit further supports the idea that the
oxygen species responsible for ORR are generated electrochemically at the electrode interface.

4.2.2 Methanol oxidation reaction on platinum surface

The mechanism of methanol oxidation reaction on Pt surface in alkaline electrolyte was inves-
tigated by using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).
Some experimental parameters were varied to provide more insights into the reaction mechanism,
including the potential scan window of MOR, the voltage sweep rate and direction, the anodic
and cathodic sweep vertex, and the methanol concentration.

Figure 4.8 shows the CVs measured on a polycrystalline Pt tip electrode with (blue solid
line) and without (orange solid line, enlarged in orange dash line) 0.1 M methanol in 0.1 M KOH
electrolyte. The methanol adsorption on Pt surface starts from a low potential within the double
layer region around E = 0.42V. The current increases dramatically during the initial stage of
OH adsorption process and reaching peak at E = 0.72V during the anodic scan. Following
this peak, reactivity gradually decreases until it is completely vanished upon oxidation of the
Pt surface. During the reverse scan direction, the partial reduction peak of Pt oxides can be
observed at around the same potential, £ = 0.8V, as in supporting KOH electrolyte. Then
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this reduction peak was overlapped with the cathodic methanol oxidation peak. The concurrent
peak was found at around E = 0.6V, then superposed with the anodic methanol oxidation peak.
Those characteristics are well-documented for the methanol oxidation reaction on Pt in alkaline
solutions |20, 156, 157].

Figure 4.9 shows the results of adding an even smaller amount of methanol into 0.1 M KOI
supporting electrolyte. During the positive scan, the reaction starts right after hydrogen des-
orption at around E = 0.3 V. The currents in the hydrogen region (enlarged area in Figure 4.9)
decrease with increasing concentration of methanol. With more methanol in the electrolyte, the
adsorption of methanol interferes with the hydrogen adsorption/desorption, resulting that the
characteristic hydrogen peaks discussed before are inhibited. The methanol oxidation reaction is
found to start earlier than OH adsorption, reaching maximum during the early stage of OH ad-
sorption. When the Pt surface is fully covered by OH, the surface starts to form Pt oxides which
shut down the reaction reactivity completely. During the backward scan, it is hard to determine
the start potential of the cathodic methanol oxidation as it overlaps the reduction peak of Pt
oxides which start from E = 0.8 V. The peaks of cathodic methanol oxidation reaction show up
at the end of the reduction process, around E' = 0.55V, and it is the summation of both positive
methanol oxidation current and negative oxygen reduction current. Thus, with higher methanol
concentration, the cathodic methanol oxidation current is higher, but always smaller than the
anodic methanol oxidation current during forward scan.
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Figure 4.9: Cyclic voltammograms of methanol oxidation in 0.1 M KOH with small amount of methanol
with scan rate of 20 mV/s.

Figure 4.10a presents the CVs of methanol oxidation reaction in the same condition as in
Figure 4.8 but with varying scan rates. As the scan rate increases, both the anodic (OAl)
and cathodic (OC1) oxidation peaks show a rise in the current density amplitude. However,
OA1 and OC1 exhibit different kinetic processes as the ratios between peak current and scan
rate are different, indicating a different surface state for these two methanol oxidation reactions.
The scan rate has negligible effect on the positions of both peaks within this potential window.
Notably, the current in the anodic potential region (OA2), where the surface with OH adsorption
undergoes oxidation into Pt oxides, scales with the scan rate, while the current in the negative
vertex region are independent of the scan rate.

Moreover, the potential difference between the two peaks (Epa1 — Foc1) differs from that
observed in Figure 4.8. To further explore this discrepancy, a similar scan rate dependency
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experiment was conducted across a broader potential range, as shown in Figure 4.10b. Methanol
oxidation is intricately related to the degree of surface oxidation, influenced by both the upper
limit of the anodic scan potential during the positive sweep and the processes of OH desorption
and reduction of surface oxides during the negative sweep. In Figure 4.10b the anodic scan limit
is set at 1.435V, at this potential, according to Figure 4.6, the surface is fully oxidized and
entering the initial stage of oxygen evolution reaction. With increasing scan rate, OA1l and OA2
increase with increasing scan rates. However, in contrast to the observations in Figure 4.10a,
the cathodic peak (OC1) decreases with increasing scan rates. This discrepancy suggests that
the surface states of the cathodic methanol oxidation are different and depend on the surface
oxidation extent. In order to better understand the origin of this cathodic methanol oxidation
peak, the scan limits in the anodic and cathodic scan directions were investigated individually.

It was observed that as the anodic potential limit was increased, more Pt surface was ox-
idized, resulting in a reduction in the current of the methanol oxidation peak (OC1). The
forward methanol oxidation peak (OA1l) remained independent of the varied anodic potential
limit. However, the OC1 peak during the backward scan decreased with higher anodic potential
limits. Additionally, the OC1 peak potential shifted negatively with increasing anodic scan limit.
The upper potential limit determines the surface oxidation state, the higher potential, the surface
is covered with more oxides, as a consequence, more negative potential is needed to provide a
surface with enough active spots after surface oxides reduction.

Different from the anodic scan limits, all the methanol oxidation peaks are independent from
the starting potential, namely the cathodic scan limit, as shown in Figure 4.11b. Different
starting potentials result in the same oxidation current amplitude in both scan directions. This
suggests that the hydrogen desorption process has minimal impact on the both oxidation currents,
while the Pt surface OH adsorption and surface oxides formation processes are more relevant.

Figure 4.12 shows the results of methanol oxidation with different scan direction. Typically,
the scan direction starts from a lower potential to a higher potential, noted as the anodic scan
or forward scan, while the reverse scan direction is from a higher potential to a lower potential,
so called as the cathodic scan or backward scan. From Figure 4.12, the CVs completely overlap
during both forward and backward scans, indicating the methanol oxidation peak during back-
ward sweep is unrelated to the residual intermediate which are formed during forward scan. In
other words, these two methanol oxidation peaks are independent from the possible transition
product of each other.

Electrochemical impedance spectroscopy (EIS) of methanol oxidation on Pt

EIS was carried out at different potentials to identify processes during methanol oxidation reac-
tion by applying sinusoidal signals with a wide range of frequencies (different time constants). EIS
was also employed simultaneously with CV, also known as Dynamic Electrochemical Impedance
Spectroscopy (DEIS) or AC voltammetry. In Figure 4.13a, six different potentials were selected
to conduct impedance measurement at a steady state. Label A is at £ = 0.435V, the beginning
stage of methanol oxidation reaction. From Figure 4.13b, the large semicircle in this region in-
dicates an adsorption process, also a nearly 80 degree phase shift in 4.13¢, which facilitates this
capacitive behavior, ions accumulate at the interface such as the methanol dehydrogenation and
its adsorption according to reaction 4.4

Pt—(CH30H)aq + OH™ —> Pt—(CH50)pq + HoO + ¢ (4.4)

When the potential is increased to the half peak position at point B (E= 0.635V), signif-
icant changes are observed in both the Nyquist plot and the Bode plot. In Figure 4.13 d, a
second semicircle emerges in the low-frequency region, resulting in a pseudoinductive behavior
where two distinct semicircles (a large one in the high-frequency region and a small one in the
low-frequency region) coexist in the Nyquist plot. The semicircle in the high-frequency region
becomes much smaller compared to the one at point A, showing a decrease in impedance with
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Figure 4.10: a) Cyclic voltammogram of methanol oxidation reaction with different scan rates in 0.1 M
KOH with 0.1 M methanol electrolyte, from 2 mV/s to 100 mV/s, in a small potential window (without
the region of surface oxidation processes and HUPD region.) b) CV measured on the same sample and
electrolyte as a), scanned from 10 mV/s to 100 mV/s, but in a wider potential window (including the
region of surface oxidation processes and HUPD region)
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Figure 4.11: a) Cyclic voltammogram of methanol oxidation reaction with the same cathodic vertex
but different anodic potential scan limit in 0.1 M KOH with 0.1M Methanol electrolyte. b) CV measured
in the same condition as a), but with different cathodic potential scan limit and the same anodic limit in
0.1M KOH with 0.1 M ethanol electrolyte.
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Figure 4.12: Cyclic voltammogram of methanol oxidation reaction with different scan direction in 0.1
M KOH with 0.1 M Methanol electrolyte. The black line shows the forward scan direction from 335 mV

to 1135 mV, the green line is the opposite scan direction.
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Figure 4.13: (a) current density versus potential on Pt in 0.1 M KOH with 0.1 M methanol. (b) (c)

are the Nyquist plot and Bode plot measured at the potential of 0.435V and indicated in (a) as A. (d)
(e) are the Nyquist plot and Bode plot measured at the potential of 0.635V and indicated in (a) as B.
Frequency range is from 100k Hz to 0.1 Hz with amplitude of 10 mV.
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Figure 4.14: (a) is the Nyquist plots and (b) is the Bode plots measured at the potential of 0.735 V,
0.835 V, 0.885 V individually and indicated in Figure 4.13(a) as C, D, E.

increasing potential, indicating more efficient charge transfer process. The second smaller semi-
circle in the low frequency region shows a typical inductive behavior, which is known for the
reactions through intermediates [158—-160]. Consequently, an increase in current is observed in
the CV, which is attributed to the oxidation of methanol intermediates at the electrode surface.

This pseudoinductive behavior, characterized by an inductive response in the EIS mea-
surement, is well-known for reactions involving intermediate species. In such cases, the rate-
determining step is the conversion of intermediate species to product. The appearance of small
semicircle in the low-frequency region indicates the involvement of this intermediate species in
the reaction pathway. It also worthy to note that no track of diffusion effects are observed in the
impedance data for the concentration of methanol used. Also in the Bode plot, with increasing
potential, the peak of phase angle decreases down to about 50 degree and shifts to high frequency.
As the potential increases, the surface coverage of adsorbed OH increases, inducing an enhanced
process from intermediate to product and leading the system to transition to a state where charge
transfer resistance becomes more prominent, which reduces the capacitive behavior.

At even higher potentials 0.735V, 0.835V, and 0.885V (point C, D, E respectively), a notable
change occurs in the primary semicircle of the Nyquist plots comparing to lower potentials, as
it flips from the first quadrant to the second quadrant within a narrow potential range, as
shown in Figure 4.14a. This behavior is typical in methanol oxidation at these potentials and
has been reported in several studies [158-162|. The arcs reverse while the reaction current is
going down, moving into the second quadrant, and their diameters increase as the potential
continues to rise. In this region, with increasing potential, at least three step reactions are
processing at the same time. One reaction is the process of OH adsorption leading to an increasing
coverage of PtOH. Then at higher potential, the adsorbed PtOH is oxidized into PtO. The third
one is the oxidation of the intermediates. In Figure 4.14a, the size of the arc increases with
higher potentials, indicating an increase in impedance as the potential is raised, resulting in a
declined current in this region. The high resistance at point E implies that the electrochemical
system is experiencing sluggish kinetics or that there is significant impedance from the adsorbed
intermediates such as adsorbed OH groups or other factors at this higher potential. Additionally,
in Figure 4.14b, the appearance of peaks shifts to the low-frequency region indicates changes in
the characteristic frequencies of the electrochemical processes. A clear transition state can be
found around potential D in small frequency range in the Bode plots of Figure 4.14. With
increasing potentials, the coverage of adsorbed OH continuously increases, and the reaction of
intermediates turning into products is no longer the rate-determining step. Large negative phase
angles at C,D,E at lower frequencies, namely a high delay in current response relative to voltage,
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Figure 4.15: (a) is the Nyquist plot and (b) is the Bode plot measured at the potential of 1.035V and
indicated in Figure 4.13 (a) as F.

suggests complex impedance behavior that could be related to adsorption/desorption processes
at the electrode surface and caused by the buildup and transformation of intermediates on the
electrode. As a result, the process of methanol being oxidized into intermediates becomes the
limiting factor for the MOR.

At a potential of 1.035V, as depicted in Figure 4.15, the methanol oxidation process is
concluded, and no further oxidation current from methanol is observed. At this potential, the
surface is dominated by the Pt oxides species, which is believed the reason to shut down the
whole oxidation reaction. The PtO formation from PtOH at or above 0.96 V has been confirmed
through in situ X-ray absorption structure analysis [163]. A new arc with larger diameter emerges
in the first quadrant of the Nyquist plot, suggesting the initiation of a different electrochemical
reaction process on the electrode surface. A similar pattern is discernible in the Bode diagrams,
where a resistive behavior emerges at high frequencies, peaking at intermediate frequencies.

4.3 Surface stress variation on Pt

4.3.1 1In base electrolyte

The cantilever bending technique was employed to evaluate the surface stress of the Pt electrode
during electrochemical reactions in electrolytes. In-situ measurements of surface stress, denoted
as Af, were conducted on an 80 nm thick Pt film deposited onto a 100 wm thick silicon substrate
in a 0.1 M KOH solution at a scan rate of 20mV /s.

Figure 4.16 illustrates the current density j, and the variation, Af, in surface stress which
was measured simultaneously with the CV of Figure 4.16a in 0.1 M KOH, and the result is
shown in Figure 4.16b. It is important to note that only changes, not absolute values of f can
be measured, and the cathodic vertex was set to zero as a reference starting point. Figure 4.16
presents the records of six continuous scanning loops, revealing that from the second round, the
surface entered a quasi-steady state, both CV and stress variation curves remain reproducible
behaviors during scans. The scan directions are indicated by black arrows in Figure 4.16b.
The systematic downward shift of the CV at E < 0.5V suggests a noticeable oxygen reduction
reaction current. This arises from molecular oxygen that is generated near the anodic vertex
of the CVs and that cannot be removed here since our in situ experiments are not compatible
with bubbling. The CVs exhibit only small drift, suggesting essentially stable behavior of the
thin-film electrodes under repeated potential cycles.

The surface stress evolution shows characteristic behaviors in the three regions: in HUPD
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Figure 4.16: Results of in situ cantilever bending experiment on Pt in 0.1 M KOH. a) Cyclic voltam-
mogram of Pt on Si substrate at a scan rate of 20mV/s. b) Simultaneous measurement of surface stress
variation, Af, with the CV in a). Black arrows indicate the scan directions.
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region (from cathodic vertex to 0.35V), during anodic scan, the surface becoming more tensile
stress; in double layer region (from 0.35 V to 0.5 V), the surface stress exhibits a maximum at
around F =0.36 V, which is in an agreement with literature [164]; in the surface oxidation region
(above E =0.5V), a change of compressive surface stress observed in the oxide formation region
starting at 0.3 V with a much higher total variation of surface stress value (about 2.5+0.1 N/m)
than the total tensile surface stress (around 0.3 +0.1N/m) in HUPD region, which is also in a
good agreement with findings from previous studies [165, 166]. In the cathodic scan, f initially
varies slowly. Upon oxygen desorption, f recovers rapidly to the positive value in approach to
the cathodic vertex, with a final drop upon HUPD. The hysteresis in the surface stress reflects
the oxygen species adsorption/desorption hysteresis of the CV.

Importantly, Figure 4.16b qualifies the drift in the surface stress isotherm as negligible over
repeated cycles. That confirms the reversibility of the electrode processes, and specifically it rules
out the conceivable growth and gradual thickening of an irreversibly deposited surface oxide layer
during the recording scans.

It is important to note that for films that exhibit anisotropic behavior and develop a biaxial
stress state with principal stresses o, and oy oriented along the horizontal and vertical axes re-
spectively, the curvature may differ in these two orthogonal directions. Figure 4.17 illustrates the
signals obtained from the horizontal direction and vertical direction. The close overlap between
these signals suggests minimal interference from the mounting process. Additionally, over the
cyclic scanning, only the first scan is about removing potential contaminates thus exhibiting a
slight higher signal, the residual scans showing consistent and stable behavior without drifting
during the oxidation and reduction processes. This indicates that the there is no irreverible
increase in the oxygen coverage on the electrode surface, in any potential regime.
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Figure 4.17: Cyclic potential scanning of the electrode and the variation of the differential spot spacing,
which is measured simutaneously over time.

4.3.2 In lower concentration of methanol electrolyte

In Figure 4.18 and 4.19, CVs and corresponding surface stress variations are presented for
electrolytes with different concentrations of methanol. Figure 4.18 shows the case with lower
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Figure 4.18: Results of in situ cantilever bending experiment on Pt electrode in the electrolyte with
different concentration of methanol from 0 M to 0.05M, as indicated in legend. a) cyclic voltammograms
of current density, j versus applied electrode potential, E (vs. RHE), b) surface stress, A f versus electrode
potential measured simultaneously with the CVs in a), red dashed lines in both are the ones measured
in 0.1 M KOH solution without methanol as base solution.
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methanol concentration, specifically at 0.02M and 0.05 M, while Figure 4.19 is about higher
methanol concentration, ranging from 0.1 M to 0.5 M. All electrolytes are in a base solution of
0.1M KOH.

Figure 4.18a illustrates that CVs with varying methanol concentrations exhibit typical char-
acteristics. On top of that, it also shows the influence of methanol concentration on HUPD region
currents. Higher methanol concentrations lead to smaller hydrogen adsorption/desorption cur-
rents, as methanol adsorption competes for active sites with hydrogen adsorption. The magnitude
of the reaction current increases with higher methanol concentrations in both the anodic and
cathodic scan oxidation peaks. The cathodic oxidation peak in 0.02 M methanol containing elec-
trolyte is negative, as it partially overlapped with the oxygen reduction current, and showing an
overall negative current due to a small methanol concentration. The potential of the maximum
reaction current remains constant as methanol concentration increases. The currents associ-
ated with oxygen adsorption/desorption in higher potential windows remain consistent across all
electrolytes, regardless of methanol concentration.

In Figure 4.18b, surface stress in methanol-containing electrolytes initially shows a small
increase, showing a similar early stages of the HUPD lifting signature observed in base KOII
electrolyte. However, the most positive values of A f remain below those in KOH. With methanol,
surface stress data shows a short plateau of surface stress until the potential reaches the peak
current at approximately F = 0.68V, indicating that during methanol oxidation, a distinct phase
occurs within a narrow potential range until reaching the potential of the current peak, beyond
which the overall surface behavior aligns with that of the methanol-free electrolyte. There is
no distinct transition point between the dehydrogenation of methanol and the adsorption of
these intermediates. During the cathodic scan, there are no significant changes in surface stress
observed in the methanol-containing electrolyte. Although it was expected that a similar behavior
would occur, with surface stress remaining at zero during the second methanol oxidation peak,
the very small currents in the cathodic scans make it challenging to precisely determine the
starting potential of the cathodic methanol oxidation peak based on the surface stress variation
data.

4.3.3 In higher concentration of methanol electrolyte

Figure 4.19a presents the CVs with higher concentrations of methanol in the electrolyte. The
characteristics of the CVs closely resemble those discussed previously. Additionally, there is a
clear positive shift of the oxidation peaks during the anodic scan, a distinct feature compared to
lower methanol concentrations. For ¢pethanol = 0.1 M, the cutoff potential is less pronounced com-
pared to higher concentrations but aligns with the initiation of oxygen sorption in the supporting
electrolyte.

From Figure 4.19b, near the cathodic vertex of the CVs, the surface stress variation is similar
to that for the lateral concentrations. Again, the onset of the MOR does not exhibit a distinct
signature in the surface stress graph. The trend for the drop in surface stress shifts to more
positive potentials as cpetn increasing and becomes even more pronounced. Significantly, f is
seen to drop precisely onto the graph for the base electrolyte and to then continue in agreement
with that latter graph. Apparently, the reaction continues to efficiently consume all adsorbed
oxygen species up until the reactivity has completely ceased. During methanol oxidation peaks,
the stress variation remains consistent, suggesting either an insignificant coverage of adsorbed
methanol intermediates or a weak bond between the surface Pt atoms and the adsorbed methanol
intermediates.

During the cathodic scan, the f(E) curves for all three electrolytes follow a consistent trend,
overlapping in the oxygen reduction region. This overlap persists until the potential at which
the methanol cathodic oxidation reaction starts. A minor shift in f(E) occurs around E = 0.6V,
corresponding to the cathodic methanol oxidation peaks seen in Figure 4.19a. At this point,
the surface stress reverts to the plateau region before rejoining the curve corresponding to the
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Figure 4.19: Results of in situ cantilever bending experiment on a Pt electrode in the electrolyte with
different concentration of methanol from 0.1 M to 0.5 M, as indicated in legend. a) cyclic voltammograms
of current density, j versus applied electrode potential, E, b) surface stress, Af versus electrode potential
measured simultaneously with the CVs in a).
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supporting electrolyte.

Above, we have suggested that the CVs for the highest methanol concentrations in our study
may contain artifacts from an incomplete uncompensated resistance correction, owing to the
very high currents. It is therefore important to re-emphasize that current and surface stress were
measured simultaneously in all our experiments. Features in the graphs of those two quantities
can therefore be correlated one-to-one, irrespective of a possible distortion of the CV due to the
uncompensated resistance.

4.4 Dynamic Electro-Chemo-Mechanical Analysis (DECMA)
on Pt electrode

Strain effect on Pt surface oxidation and reduction in alkaline electrolyte

DECMA has been proved to be an effective method to investigate strain effect on electrocatalytic
reactivity during electrochemical reactions. Before exploring the strain effect on the methanol
oxidation process, the impact of strain on Pt during surface oxidation and reduction was ex-
amined first to investigate the coupling between strain and adsorbed surface oxygen molecules.
Additionally, the oxygen reduction reaction (ORR) was conducted to gain deeper insights into
the strain modulated oxygen adsorption and desorption processes.

Oxygen reduction reaction(ORR) is the most important cathodic reaction of many fuel cell
devices. In the ORR, molecular oxygen is electrochemically reduced by four protons and electrons
to form water, which is accompanied by generation of an electrical potential. There are, in
general, two pathways to reduct the oxygen in alkaline environment. One is the the direct way,
which contains four electrons transfer:

02 + ZHQO +2e¢ — 40H" (45)
the other one is through the indirect pathway with two electrons transfer at each sub reactions:
02 + HQO +2e —> HgO_ +OH" (46)

HQO_ + HQO +2e¢ — OH™ (47)

Figure 4.20 shows the results of CV and current-strain coupling coefficient of ORR on Pt
electrode. In Ar, during OH adsorption process, J increases and reaches to peak at E = 0.78 V.
When the surface is fully covered with oxides, j still remains positive but decreases till right
before oxygen evolution reaction. External tensile strain induces a positive modulation current
during the whole oxidation process, in other words, enhancing the surface oxygen adsorption in
terms of the PtOH at lower overpotential and PtO at higher overpotential. During the initial
reduction process (from anodic vertex), the oxidized surface stay inert towards external strain
modulation.

A similar behaviour was found in oxygen as well, as the surface oxidation state does not
depend on atmosphere. During the oxygen reduction process, which happens during backwards
scan, from F = 0.8V, the cathodic current increases dramatically and j starts to increase and
stays positive until the end of ORR. Thus, tensile strain is confirmed to exhibit a positive effect
on ORR process on Pt electrode. This is a promising sign to look into more details about the
tensile strain effect on ORR reaction.

Strain effect on electrocatalytic oxidation of methanol on Pt

Figure 4.21 shows the CVs and DECMA results on Pt electrode subjected to an external sinu-
soidal strain signal of 20, 30, 40Hz in 0.1 M KOH and 0.1 M methanol electrolyte. The three
CVs in Figure 4.21a overlap quite precisely, indicating a steady state electrode behavior during
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Figure 4.20: a) Cyclic voltammogram of Pt electrode in 0.1 M KOH electrolyte in different atmosphere.
The green one is in Ar, and blue one is in Os. Scan rate is 20mV /s. b) results of current-strain potential
response which was in situ measured with CV at frequency of 20 Hz. Arrows indicate the scan direction.
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the whole measurement. Figure 4.21b shows the real part, Jre, of the current-strain response. As
the most significant observation, jye is negative-valued in the region of the main anodic methanol
oxidation peak. In other words, tensile strain reduces the catalytic activity of Pt for the methanol
oxidation reaction, with this effect peaking near a potential of 0.78 V during the latter stages of
the oxidation process. In the main methanol oxidation regime, there is no noticeable frequency
dependence, confirming that the signal can be identified with a strain dependence of the reac-
tion current. Moreover, in Figure 4.21c, the magnitude, |j|> = (jre)? + (jim)?, of the complex
current-strain response signal closely exhibits the similar features of the real part, suggesting
that the real part is indeed the dominant signal. Given that the real part reflects the reaction
current-strain response according to ¢ = djt /de, this observation further validates the DECMA
data as indicative of the current-strain coupling for the methanol oxidation reaction.

The current-strain response appears negligible in the extended potential above 0.9V, suggest-
ing that strain modulation in this potential regime does not couple significantly to either Faraday
or pseudo-capacitive processes. This aligns with the dominance of oxygen species adsorption and
the observed strong hysteresis for oxygen adsorption on Pt, indicating that adsorbed oxygen
species, which drive surface stress towards more negative values in this potential range, do not
couple to strain at the frequency of strain modulation. The methanol oxidation current peaks in
the cathodic scan are accompanied by a slight excursion of the current had and strain response
graphs towards negative. This is consistent with the sign of the response that is observed during
the anodic scan. Here again, the maximum of the response is only found when the reactivity
already decays.

Figure 4.22 presents the results from the AC voltammetry measurement, which was studied
for facilitating the analysis of the DECMA data with an effect of resistance variation during
the strain modulation. Here, we mainly study the main MOR peak during the anodic scan
direction, as it demonstrates a notable strain-induced effect on current response. Impedance
measurements were conducted at a frequency of 20 Hz, which is the same as the external applied
strain frequency. It can be seen in the Figure 4.22b that the real part of impedance (resistance
component associated with Faraday processes) becomes dominate from the early stage of the
MOR, around E = 0.5V, and showing the highest resistance around £ = 0.62 V. This increase
in resistance is evidently attributed to the methanol reaction resistance, agrees well with our
EIS data. When the Pt surface starts to adsorb OH at around E = 0.74V, namely the later
stage of the reaction, the resistance stays nearly constant. The imagery part of the impedance
decreases during the methanol oxidation current, and showing a shoulder at £ = 0.63V, then
reaching minimum at the F — 0.78 V. Accordingly, in Figure 4.22c, at the frequency of 20 Hz
during the main MOR process, the real part of AC current is dominate and reaching maximum
at the potential about 0.78 V, which shows a very similar tendency as the DECMA current-strain
response result. Also, the imagery part of AC current stays much less prominent as expected.

Figure 4.23 shows the result of the current-strain coupling parameters with consideration of
the uncompensated resistance effect in the electrochemical system as introduced in Chapter2.4.6.
The 7. and 7, are derived from the currents of AC voltammetry in Figure 4.22c. The peak
value of the 7. at £ = 0.72V was used for the correction calculation of intrinsic value of A in
Figure 4.23b. Despite corrections, the general trend remains consistent, with no alteration in
the positions of sign-changing points. However, the maximum value experiences a slight negative
shift of 0.1V, alongside an approximate 7.9% increase in amplitude.
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Figure 4.21: Results from Dynamic-Eelectro-Chemo-Mechanical Analysis (DECMA) with external
strain frequencies of 20, 30, 40 Hz on Pt electrode in 0.1 M KOH with 0.1 M methanol. a) CVs of MOR at
different strain frequencies, with a scan rate of 20mV/s. b) The real part of the current-strain response,
denoted as jye, obtained from the lock-in amplifier, simultaneously measured with the CV scans in panel
a). ¢) Magnitude of the current-strain response, |j|. Scan directions are indicated by black arrows in all
Figures.
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Figure 4.22: a) base current density, j, versus potential during anodic scan. b) The real and imagery
parts of impedance measured under the perturbation voltage. c¢) The real and imagery parts of the
alternative current caused by the AC voltage. The applied perturbation voltage was with a frequency of
20Hz and a modulation amplitude of 0.005 Vgrys. The scan rate was 5mV/s.
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Figure 4.23: The results of current-strain response parameters and the IR correction of it. a) the
current response to applied perturbation voltage in the form of 7 = dlnj/dE. b) The current strain
response with IR correction from Equation 2.76
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Chapter 5

Discussion

5.1 Mechanism of methanol oxidation reaction on platinum in
alkaline solution

5.1.1 Methanol oxidation process during anodic scan

The electrochemical mechanism for methanol oxidation is complex with six electrons transfers in
total, and containing several step reactions as introduced in the theory chapter (Equation 2.77),
and is also illustrated with CV as shown in Figure 5.1. The theoretic reaction pathway includes
methanol adsorption, dehydrogenation and formation of carbon-containing intermediates, and
the final production of carbon dioxide.

The first step of methanol oxidation is the adsorption of methanol molecule on Pt surface,
which has been proved, also in this study, to happen at a very early stage of the potential window.
In an alkaline electrolyte, where hydrogen concentration is relatively low, methanol adsorption
becomes more prominent in the HUPD region. As a result, the adsorption and desorption peaks
of hydrogen diminish at higher methanol concentrations. This indicates that methanol adsorption
selectively suppresses strongly bound hydrogen species in an alkaline solution while having less
impact on weakly bound hydrogen on the Pt surface.

Following methanol adsorption, the oxidation process is triggered by the adsorption of OH
species, which plays a critical role in the overall reaction mechanism. The adsorption of OH
not only facilitates the dehydrogenation of methanol but also regulates the reaction rate. Im-
portantly, this step can be modulated by external strain on the Pt surface, which influences
OH adsorption and, consequently, the overall methanol oxidation reaction rate. This insight
represents a key conclusion of this thesis and will be further discussed in the final section of this
chapter.

The main anodic oxidation current starts rapidly once OH species adsorbed onto the Pt
surface, then methanol typically dehydrogenates into formaldehyde and formate in alkaline en-
vironment, which can be further dissociated to COy and CO3?” (in solution). Even though
CO is often considered as a poisoning byproduct during this process, in most cases in alkaline
electrolyte, it can also be oxidized by adsorbed OH and continue to be consumed according to
the following equation: COugs + 20H™ — CO49 + 5H30 + 2e™.

MOR activity is highly affected by CO adsorption, and the removal of CO,45 depends on the
OH concentration in electrolyte. Higher concentration of OH can help oxidize CO and accelerate
the reaction rate [167|, however, excessively high concentrations of OH in DMFCs can reduce
efficiency due to the blocking of surface active sites. The whole anodic methanol oxidation
reaction shuts down when there are no longer active sites for OH adsorption on the surface
available, in other words, methanol oxidation on Pt only takes place in the presence of adsorbed
OH with a proper coverage instead of surface oxides. The adsorbed OH is proved to be involved
in more than one step [20, 110, 145, 168], and the reaction rate is also dependent on the OH
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Figure 5.1: Cyclic voltammogram of MOR on Pt with detailed surface step features illustrating the
reaction mechanism. The CV data are adopted from Figure 4.8, showcase the MOR process on Pt,
highlighting the role of surface step features. Each CV is presented with independent current scales for
clarity.

concentration, especially in dilute electrolyte [156, 167]. The MOR process is strongly related to
the surface oxidation state of Pt in both forward and backward scan [158, 169]. Effective MOR
requires a delicate balance where surface oxides are present to assist in intermediate oxidation
but not so extensive as to inhibit the overall reaction by blocking active sites.

5.1.2 Methanol oxidation process during cathodic scan

The cathodic methanol oxidation peak is investigated by the methods of increasing the anodic
and cathodic scan limits and reversed sweep directions. As the cathodic oxidation peak always
seems to be smaller and distorted in most cases than anodic oxidation peaks, there are some
arguments about the origin of this cathodic methanol oxidation peak: whether it is from methanol
readsorption from electrolyte or some methanol intermediates continue to oxidize, such as CO,
which are formed and remain on the surface during the anodic scans.

First, from Figure 4.12, CV scan starts from two vertex potentials then sweep positively
and negatively. These two CV profile are precisely overlapping in both scan direactions, which
reveals that the cathodic methanol oxidation peak is not related to the methanol intermediates
that were formed during the previous forward scan. In other words, the source of this methanol
oxidation current comes from the adsorption of methanol from electrolyte and is independent
from the previous scans. This result is in agreement with the work from other groups [158, 170].

Then, from Figure 4.11, the cathodic oxidation peaks were influenced significantly by increas-
ing the anodic scan limits. Increasing anodic scan potential leads to higher coverage of surface
oxides on Pt surface. Consequently, during the backwards scans, more negative potentials are
required to reduce the surface oxides, thus resulting in a less positive onset reduction potentials
of cathodic oxidation current peaks. As discussed before, the second methanol oxidation peak
primarily depends on the available active surface spots after removal of the surface oxide species.
With decreasing potential, although more free sites become available, there is also less PtOH
available to facilitate methanol oxidation. This results in a decrease in the methanol oxidation
current peak value. Again, the adsorbed hydrogen species act as spectators without interfering
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with the cathodic MOR, as all currents reach zero at the same potential.
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Figure 5.2: Plots of the cathodic peak potential (E.p,) versus the anodic scan limited potential (Eqp)
in 0.1 MKOH and 0.1 MKOH + 0.1 M methanol with the same experimental conditions as described in
Figure 5.2 and Figure 4.11.

The potentials of cathodic peaks in both 0.1 M KOH and 0.1 M KOH + 0.1 M methanol
electrolytes are plotted versus the potentials of anodic scan vertex as shown in Figure 5.2. The
comparison of the plots in Figure 5.2 highlights the difference in behavior between oxygen re-
duction in two electrolytes. The smaller slope for the methanol-containing solution suggests that
the anodic limit potential (E,ip) is not the primary factor governing the shift in cathodic peak
potential (Ecpp) in this case. Instead, poisoning intermediates formed during methanol oxidation
likely adsorb on the electrode surface, blocking active sites and limiting the cathodic peak shift.
This behavior suggests that while the anodic limit potential influences oxygen reduction in the
supporting electrolyte, the presence of methanol introduces additional surface interactions that
dominate the potential shift.

5.1.3 Methanol concentration effect

Investigating methanol oxidation with different methanol concentrations provides valuable in-
sights into the fundamental kinetics of the electrochemical process and the underlying reaction
mechanisms. The rate of methanol oxidation is known to vary with methanol concentration
[156, 167], and this variation can significantly impact the performance of electrochemical sys-
tems. At low methanol concentrations, the MOR is often limited by the availability of methanol
molecules on the catalyst surface, while at high methanol concentrations, the MOR, can be lim-
ited by the rate of methanol oxidation, the accumulation of reaction intermediates and Pt oxides
on the catalyst surface.

Experimental studies have shown that the MOR on Pt catalysts exhibits a volcano-shaped
dependence on the methanol concentration [108, 156], with an optimal methanol concentration
for the maximum reaction rate. At low methanol concentrations, the reaction rate increases with
increasing methanol concentration, as more methanol molecules are available for reaction on the
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Figure 5.3: Plots of log j versus log of methanol concentration for anodic peak currents at different
given potentials.

Pt surface. However, at high methanol concentrations above the optimal range, the reaction rate
starts to decrease due to the accumulation of reaction intermediates on the Pt surface such as
the formation of CO and COy by-products.

Figure 5.3 shows the plots of logarithm of current density at a given potential versus the
logarithm of different methanol concentrations. When the concentration is below 0.1 M, (with
the ratio of methanol to KOH being less than 1, the gray area in Figure 5.3), a linear increase in
current density with methanol concentration is observed. In this region, the reaction is potential-
independent before reaching the potential of the current peak, which also indicates that the
reactivity is free from transportation limitations. However, when the methanol concentration
exceeds 1 M (the light orange area in Figure 5.3), the increase in current density slows and tends
toward saturation. This behavior can be attributed to the partial poisoning of the Pt surface
by adsorbed oxygen species. These adsorbed species decrease the reactivity by blocking active
sites, thereby limiting the further increase in current despite higher methanol concentrations.

As methanol concentration increases, the methanol oxidation peaks exhibit higher magnitudes
while remaining around the same peak potentials. Active methanol intermediates are known to
be more sensitive to concentration than electrode potential. With a higher concentration of
methanol in the electrolyte, increased reaction current at a certain potential is attributed to a
higher coverage of methanol intermediates, suggesting that the rate-determining steps are the
dehydrogenation of methanol and the adsorption of methanol intermediates, particularly at lower
methanol concentrations.

Many research work suggested that when the electrolyte containing higher concentration of
methanol, the reaction mechanism is no longer the same as in the lower concentration (ratio of
methanol to KOH is below 1), moreover, an optimal ratio (around 1:1) of adsorbed methanol
to hydroxyl was proposed, at which the reaction rate reaches maximum [21, 108, 156, 167]|. In
cases with higher methanol concentrations, oxides formation is the only reaction to shut down
MOR. However in lower methanol concentration electrolyte, the reaction turned down before the
onset of considerable amount of oxides formation, suggesting that lack of enough methanol mass
transfer is the RDS.
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With increasing cpeth in the same pH base solution, the ratio between adsorbed methanol and
hydroxyl ion increases, which has an influence on the coverage of both methanol intermediates
and oxides, thus impacting the overall reaction rate [156, 167]. With a surplus of methanol in
the electrolyte, an increased amount of adsorbed hydroxyl is needed for methanol oxidation.
This causes the reaction peaks to shift towards more positive potentials, as shown in Figure
4.19a, facilitating interaction with more adsorbed hydroxyl, as hydroxyl adsorption is a potential-
dependent process. However, at higher potential range, the surface adsorbed hydroxyls turn into
oxides, which block the surface thus decrease the reactivity of methanol oxidation, then the whole
reaction shuts down.

5.2 Dual role of oxygen in MOR on Pt in alkaline electrolyte

Oxygen species on the Pt surface exhibit a dual role as both promoters and inhibitors of electro-
chemical reactions. Pt oxidation is an important process occurring on Pt electrode surface and
has a strong impact on the Pt performance in terms of electrochemical catalytic reactivity. At
lower potentials, the adsorbed hydroxide ions on Pt (PtOH) can increase the MOR activity and
selectivity by promoting the formation of active intermediates, such as methoxyl (CH30) and
formate (HCOO™). However, at higher potentials, it can also act as inhibitors, blocking active
spots and consequently reducing electrode surface area, thereby decreasing catalytic activity.

So far, it is generally believed that the onset potential of OH adsorption on Pt electrode is
above E = 0.5 [171]-0.55 [168] V (vs. reversible hydrogen electrode). On Pt(111) in alkaline
environment, the adsorption of OH happens from a lower potential. From our CV result of
Figure 5.4a, which clearly shows that significant oxidation current already can be recorded before
OH adsorption peak around E = 0.55V. And the oxidation current reaches to peak at around
E =0.65V, where the surface is only partially covered by adsorbed OH. Also, from the surface
stress variation results, which showed a maximum value at around E = 0.4V, from this potential,
the surface stress state changed from H adsorption induced tensile stress into OH adsorption
caused compressive surface stress. All these experimental results show that the OH adsorption
facilitates the oxidation process and resulting in increasing the current at lower potentials in
alkaline electrolyte.

In order to determine if the OH adsorption or desorption is affected by methanol adsorption
or oxidation, another CV profile was obtained by subtracting the CV of 0.1 M KOH supporting
electrolyte from the one of 0.1 M KOH + 0.02 M methanol electrolyte as shown in Figure 5.4b.
The overall shape of CV has all the typical MOR features as in larger methanol concentration
electrolyte (such as the CV of 0.05 M methanol present in Figure 4.9), especially the same onset
potentials of both anodic and cathodic oxidation peaks as well as an intact cathodic MOR current
peak with hysteresis. This demonstrates that the OH adsorption and desorption processes are
not interfered by the existence of methanol molecule or related intermediates in electrolyte.

5.3 Adsorption and surface stress coupling on electrode surface

5.3.1 Pt surface stress variation in KOH

The surface evolution on Pt surface in 0.1 M KOH is firstly discussed to establish a baseline for
understanding surface oxidation and reduction-induced surface stress changes without involving
methanol adsorption and oxidation. Surface stress variations were measured during electrode
potential cycling, with the cathodic vertex serving as the starting point. The positive change
in surface stress variation is usually taken as tensile stress, namely a positive slope of Af, and
negative value of this variation means a compressive surface stress (Af < 0).

The initial electrode process—the adsoprtion and desorption in HUPD region—is reversible
and accompanied by an increase in f, that reflects the well-established positive value of the
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Figure 5.4: Cyclic voltammogram profile of Pt electrode a) in 0.1 M KOH, and 0.1M KOH + 0.02M
methanol. b) subtraction of CV profiles in a). Scan rate: 20mV/s
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electrocapillary coupling parameter for hydrogen electrosorption on Pt [165, 172-175].

In the electrical double layer region, the surface stress reaches maximum [164] and does not
change significantly in the vicinity of the peak potential (between E = 0.3 — 0.4 V), especially in
the anodic scan direction.

In contrast to hydrogen region, the surface oxidation and reduction by OH species cause a
more significant and irreversible compressive stress on electrode surface. The hysteresis of Af
is caused by the surface oxide formation during anodic scan and incomplete reduction during
cathodic scan. Also, the potential of the Af maximum during cathodic scan is a bit shifted to
cathodic direction than that during anodic scan, which is consistent with the finding of other
research work [164, 176], providing one more hint to the fact that oxidation and reduction of OH
is an irreversible process on Pt electrode surface. Also, the desorption of Pt is completed even
though there is hysteresis, as the surface stress value return to the same as initial value, namely
there is no noticeable building up Pt oxides during the cyclic scanning.

5.3.2 Adsorption of methanol and methanol intermediates
The sorption-strain coupling for methanol

Now it is discussed the situation when there is methanol with different concentrations added to
the base electrolyte. Methanol oxidation can be influenced by HUPD due to the competitive
adsorption between hydrogen and methanol. Actually, it has been indicated that the initial
methanol adsorption is rather dependent on hydrogen coverage, which can be influenced by
methanol concentration, than potential. This is also observed in our CV results (Figure 4.9),
where a smaller UPD current is observed due to the presence of methanol in the electrolyte. Even
when there is a saturation coverage of hydrogen on Pt electrode, methanol still can be placed
on top of the hydrogen layer [177]. Methanol adsorbs on the electrode even when the surface
is fully covered with hydrogen at lower potentials, the weaker interaction between methanol
and adsorbed hydrogen keeps the methanol molecules at a distance (approximately 1A) from
the surface, preventing them from participating in initial methanol oxidation. DFT results also
suggest that the methanol adsorption on Pt(111) is rather weak, which is indicated by the
long PtO bonding distance (2.43 A [178] - 2.59 A [179]). As a consequence, the reaction can
only start when the surface coverage of hydrogen is low enough. This also explained the same
stress variation caused by adsorption of H at the beginning, before £ =0.2V in lower methanol
containing electrolyte. As the methanol concentration increases, methanol adsorption begins at
E =0.2V, creating a plateau due to the weak interaction between methanol and the Pt surface.

The stress variation data suggests that the sorption-strain coupling parameter ¢ for methanol
on Pt is small. For a quantification of ¢, we note that Figure 5.5 suggests f to vary by |Af] S
0.1N/m when methanol adsorbs. The specific excess in methanol may be estimated based on
experiments in vacuum, which suggest a saturation coverage of 0.5 methanol per surface platinum
atoms on a dense-packed Pt surface [180], hence I'vieon » 7.5 nm~2. With Equation 2.40 and
2.45, this suggests |¢| $ 0.08 eV. For comparison, the same figure gives Af = =2.6 N/m for oxygen
species adsorption, and with one oxygen per platinum in a dense packed monolayer we have
I'o = 15.0nm™2. Hence, ( = —1.1¢€V for oxygen electrosorption on platinum, which is substantially
larger than for methanol adsorption.

Methanol intermediates adsorption

The intermediates formed during the methanol conversion process can adsorb on the Pt catalyst
surface and affect the reaction rate and selectivity. The discussion of the surface methanol
dehydrogenation intermediates are divided into CO and non-CO adsorbates, such as extensively
studied formaldehyde and product of it, formate, which can adsorb on Pt surfaces through
their carbonyl groups and are believed to occur through a combination of physisorption and
chemisorption mechanisms. The physisorption is due to weak Van der Waals forces between the
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Figure 5.5: Results of in situ cantilever bending experiment on a Pt electrode in the electrolyte with
different concentration of methanol from 0 M to 0.1 M, as indicated in legend.

formaldehyde molecule and the Pt surface, while the chemisorption is a result of the formation
of a covalent bond between the carbonyl group and the Pt surface.

The first step of the oxidation of methanol is the reaction between absorbed methanol and
adsorbed oxygen [20, 110]. It has been shown that an essentially saturated methanol adsorbate
layer on Pt forms immediately once the HUPD layer is lifted [129, 142|. The alkaline solutions of
our experiment contain methoxy (MeO™), which may be expected to contribute to the adsorption
process. Remarkably, these adsorption processes leave no signature in the f(E) graph of our
experiments. Such weak adsorption of methanol intermediates was also indicated from rotating
disk electrode experiment, that with increasing rotating rate, the reaction current is actually
decreasing [156].

CO adsorption in alkaline electrolyte

As previously mentioned, CO is the most important intermediate during methanol oxidation
process and it has been long considered as the primary cause of poisoning the surface activity
[20, 110]. Once CO forms and adsorbs onto the electrode surface, it occupies and blocks active
sites, preventing the adsorption and reaction of other reactants or intermediates that could
otherwise potentially be further oxidized.

The adsorption of CO is a displacive reaction and the kinetics of this adsorption process have
been shown to be relatively slow [181-183]. The CO oxidation reaction can also help to remove
the adsorbed CO species from the Pt surface, restoring the activity of the active sites for methanol
oxidation. And the kinetic process of CO oxidation is much faster than CO adsorption, which
means if the coverage of CO is sufficient to poison the surface, it has to leave trace on the surface
stress. And it is worth to note that the behavior of CO adsorption on Pt surface gives rise to a
compressive (negative) surface stress [175, 181, 182], which is similar to OH adsorption. In other
words, the oxidation of CO (CO desorption process) on Pt induces tensile strain on the surface,
countering the compressive stress from OH adsorption. Thus, the observation of a plateau
in surface stress indicates the absence of significant CO accumulation. This implies that CO
oxidation is continuously occurring, preventing CO build-up and maintaining the stress plateau.
If CO oxidation were not happening, the surface stress would be predominantly compressive due
to the accumulation of both CO and OH.
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Also, either existence of CO or OH adsorption can give rise to a compressive surface stress,
the plateau rules out poisoning effect from both molecules during the main methanol oxidation
potential range. Namely, under such positive potential, the CO is oxidized into CO4 and promptly
leaves the surface. This conclusion is likely specific to methanol oxidation in alkaline solution,
where OH™ adsorption occurs at a relatively low potential, facilitating the oxidation of CO and
preventing its accumulation for causing significant coverage with poisoning effect.

5.3.3 Sorption-strain coupling of oxide species

The surface process of oxide formation and reduction clearly plays an important role in the
methanol oxidation reaction as much research has been investigated on this topic for years. The
surface oxides can affect both the onset of CO oxidation and the hysteresis of second methanol
oxidation peak found during the cathodic scan sweep of cyclic voltammograms. With an increase
of the oxide coverage, the role it plays can change from a reactant into a hindrance. The coverage
of surface oxides is related to the electrode potential, methanol concentration, pH and the reaction
intermediates as well.

During the anodic sweep scan, the sharp decreasing of methanol oxidation current is from
the metal oxide formation poisoning. A higher concentration of methanol can remove more
PtOH to form reaction intermediates, as shown in Figure 4.19a, where the current ceases at
a higher potential with increased methanol concentration. These intermediates may also react
with PtO [169], thereby delaying Pt oxide formation. And in cathodic sweep process, it can
be observed from cyclic voltammograms that the reduction of oxide is overlapped with second
methanol oxidation (cathodic methanol oxidation) peak as discussed previously. And with higher
concentration of methanol, the oxidation occurred more positive accordingly. This is due to the
less extent of surface oxide coverage during anodic oxidation process and thus reduction of oxide
within higher concentration of methanol started early. In other words, once this poisoning
product started to be reduced, the surface can regain active sites to conduct methanol oxidation
again.

Oxygen alone cannot be the poisoning agent. The surface stress data also shed light
on the role of oxygen as a possible poisoning agent for the reaction. That role is suggested
specifically for methanol oxidation in alkaline media [110]. In our data, the discontinuous drop
in the reactivity coincides with a discontinuous variation that brings f down to precisely the value
of the oxygen-species-covered surface of platinum in the supporting electrolyte at the respective
potential. For electrolytes that are dilute in methanol, the surface stress value at that point
implies that the surface is only partly covered with oxygen. As the reactivity is completely shut
off while the oxygen coverage is incomplete, oxygen alone cannot be the poisoning agent. The
above argument is further supported by inspecting the cathodic scan. Here, the surface stress
suggests that a major fraction of the adsorbed oxygen species has already desorbed at the time
when the reactivity comes back on.

The surface stress data further confirms that the surface is fully covered with oxygen at the
anodic vertex of the CV and during the initial millivolts of the cathodic scan. Under these
conditions, the MOR current is negligible, indicating that the fully oxygen-covered surface is
inactive.

The surface stress measures the oxygen coverage. Contrary to methanol adsorption,
the electrosorption of oxygen species has a strong coupling to the strain, with negative-valued ¢
and ¢ [165, 172, 173, 184]. This is clearly born out by f continuously becoming more negative
as oxygen adsorbs from the supporting electrolyte. The overall magnitude of the surface stress
change during oxygen electrosportion and the hysteresis in our data are both consistent with
previous experiments [184-186].

Remarkably, our surface stress values in all electrolytes agree sensibly at the positive vertex.
This suggests that the surface coverage, 0o, wWith oxygen species is identical there. The con-
sistency in the f data implies that the surface stress may be taken as a direct measure for 6.
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Especially upon the reduction process, the surface stress at the cathodic vertex return to the
initial value, indicating that the surface is reduced to the original state even with hysteresis.

The oxygen coverage remains negligible while the reaction is on. The electrolytes
with methanol have a constant f throughout the potential range of high methanol oxidation
rate. This suggests that 6, remains very small throughout the state of high reactivity. This
observation is consistent with the notion that adsorbed oxygen is immediately consumed by the
reaction. In fact, our in situ surface stress data presents a particularly direct and compelling
evidence for that fact. In other words, the extend of coverage of adsorbed OH is the RDS during
main MOR process.

5.4 Elastic strain effect on MOR reactivity

5.4.1 External strain effect on the reactivity at low potentials

From the previous discussion on the adsorption processes of different adsorbates on Pt surface
via cantilever bending experiment, the methanol adsorption does not induce a significant surface
stress variation especially comparing to OH adsorption. Thus, such weak coupling indicates that,
in return, the methanol coverage is also indifferent towards the external strain modulation. Upon
the tensile strain, calculations |71] and experiments |71, 75| have shown that the energy required
to adsorb hydrogen atoms decreases (i.e., binding becomes stronger) on Pt(111) surface. However,
as discussed before in the MOR mechanism section, even though the competitive adsorption effect
between hydrogen and methanol molecules, the available free spots on Pt surface in alkaline
electrolyte for methanol is superfluous. Namely, there are enough methanol species available to
be oxidized and it can be excluded as the RDS at the initial stage.

Now we simplify the step reactions of MOR process for a better discussion of the external
strain effect. Based on previous discussion, the main processes of MOR can be considered
to happen through two groups of intermediates, as CO and non-CO intermediates (noted as
Methanol’ in the following reaction equations), and their further oxidation by adsorbed OH.

CH30H +nOH™ — M’ + ne” (5.1)
CH30H+40H™ — CO +4e", (5.2)

Tensile strain increases the adsorption enthalpy of OH adsorption and oxidation over the whole
potential range [187]. This is compatible with the notion that tensile strain makes the surface
more binding for oxygen, in other words, ¢ < 0 for oxysorption. That notion is supported by
DFT [188] and by the observations on the surface stress along with Equation 2.45. Initially,
an increased OH adsorption can accelerate the reaction by facilitating methanol oxidation into
adsorbed intermediates, particularly CO (Equations 5.1 and 5.2), at lower potentials. Since the
strain effect on the adsorption enthalpy of methanol and M’ is relatively small, the observed rise
in reaction current mainly results from strain-induced higher OH coverage. In contrast, non-CO
intermediates, which exhibit weaker adsorption compared to CO, are more likely to desorb into
the electrolyte as soluble products. This dual effect of tensile strain—enhancing both CO and OH
adsorption—facilitates surface reactions while simultaneously promoting the desorption of less
strongly adsorbed species. However, during the main reaction process, competitive adsorption
between CO and non-CO intermediates limits the actual reaction activity enhancement caused
by tensile strain.

This process is illustrated as Figure 5.6, the step processes, where the removal of different
intermediates are influenced directly by the OH adsorption process, which can be modulated
by the applied tensile strain. Specifically, tensile strain tends to enhance the binding of CO
despite concurrently promoting stronger OH adsorption. The differential adsorption behavior
under strain conditions plays a critical role in determining the surface reactivity and stability.
Furthermore, non-CO intermediates exhibit a relatively indifferent response to tensile strain.
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However, these intermediates tend to undergo oxidation more readily due to the enhanced OH
adsorption facilitated by tensile strain. This leads to a complex interplay where tensile strain
not only strengthens CO binding but also accelerates the oxidation of other intermediates by
augmenting OH adsorption.

5.4.2 External strain effect on the reactivity at high potentials

At higher potentials, the stronger binding forces and increased oxide coverage can inhibit the
reaction. The stronger interaction between the Pt surface and oxygen species (such as OH) com-
petes with the adsorption of methanol and its intermediates. This counter adsorption effect leads
to a blocking phenomenon, where the active sites are less available for the methanol oxidation
reaction, reducing the overall reactivity at higher potentials.

From the stress variation results (Figure 4.18 and Figure 4.19), which are showing a platform
during MOR, indicating that as soon as the OH adsorption starts, they are consumed immedi-
ately, namely the OH adsorption is the RDS in this case. However, an enhanced binding with
OH (from external tensile strain modulation) does not bring a higher reaction activity, as the
value is negative in the higher potential range with partially oxidized surface. Throughout the
regime of high reactivity, the value of Jy is negative, in other words, the reactivity is enhanced by
compressive strain. This observation provides a direct confirmation that the enhanced reactivity
of core-shell nanoparticles with compressed platinum surface layers [189] is indeed consistent
with a strain effect, and may be understood independent of the ligament effects that contribute
simultaneously in those catalysts.

As mentioned above, the MOR is believed to be essentially reaction-limited even when—as in
our DECMA setup—no rotating disk electrode is used [156, 190-192]|. The low sensitivity of all
CVs on scan rate and cell geometry is at least consistent with that notion. That suggests that
the DECMA result for 3re represents an inherent strain dependence of the reaction, essentially
independent of transport limitations. The largest relative change in current is around the peaks
of j and je, where the data of Fig 4.21 suggest dInj/de = jo/j ~ —4. In other words, an elastic
area strain of -10% — corresponding roughly to a lattice parameter decrease by 3%, which may
be taken as a realistic upper limit based on existing core shell catalyst designs — enhances the
reactivity by roughly 40%.

The transition between jre > 0 at the onset of the MOR and ﬁre < 0 at finite overpotential
suggests an distinct change in the dual role of oxygen, where oxygen transitions from acting as a
reaction promoter to an inhibitor. Apparently, the availability of oxygen is no longer rate-limiting
at high overpotential. The current-strain coupling will then be controlled by the strain-sensitivity
of a reaction barrier height and/or the adsorption enthalpy of another species. In view of the
complexity of the reaction mechanism, the nature of this barrier or species cannot be resolved
by this experiment. However, the continuous variation of both the reaction current and the
current-strain coupling during the CV implies that up until the discontinuous drop in reactivity,
a single process may remain rate-limiting, regardless of the overpotential.
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Figure 5.6: Schematic illustration of the MOR mechanism on Pt with and without external tensile
strain effect. With tensile strain, the surface tends to have stronger binding and higher coverage of PtOH
as well as Pt oxides, this can boost the CO oxidation at lower potential, but inhibit the reaction reactivity
at higher potential due to the competitive adsorption effect against methanol intermediates and oxides
formation with blocking effect.



Chapter 6

Summary and outlook

6.1 Summary

This thesis elaborates on and discusses the effect of external strain on Pt electrodes during the
methanol oxidation reaction. Building on prior studies of electrocapillary coupling conducted
by our group, which developed a quantitative method to determine electrocapillary coupling
parameters using a custom-designed setup called Dynamic-Electrochemical-Mechanical Analysis
(DECMA), this work extends the analysis by quantifying the reactivity-strain coupling coefficient
as the current-strain coupling coefficient. The study establishes a direct relationship between
external strain and reaction current during methanol oxidation reaction without looking into
multiple sub steps and various intermediates. Additionally, adsorption-induced surface stress
variations during MOR were measured using a cantilever bending setup. The cyclic voltammetry
(CV) behavior of MOR was revisited in detail to improve understanding of this complex multi-
step mechanism.

The combination of CVs and cantilever bending experiments offers a comprehensive analysis
of methanol oxidation on Pt electrodes. It confirms that OH adsorption facilitates MOR in the
early stages. However, when the surface becomes fully covered by Pt oxides, its activity declines,
inhibiting further methanol oxidation. The second methanol oxidation peak observed during
the cathodic scan correlates with the availability of free Pt surface sites and is irrelevant to the
poisonous intermediate CO which is formed during the first methanol oxidation process in the
anodic scan direction.

Surface stress variation was measured in situ during cyclic voltammetry. In the base elec-
trolyte (0.1 M KOH), the sorption-strain coupling parameter ¢ stays positive during HUPD region
and turned into negative in oxidation region, which stays consistent with established research.
This behavior implies that tensile strain enhances oxygen binding on the Pt surface and increases
surface oxygen coverage at a constant electrode potential.

In methanol-containing electrolytes, surface stress measurements during different reaction
stages suggest that methanol adsorption enthalpy is not strain-dependent, as surface stress re-
mains relatively constant throughout the whole dehydrogenation process of methanol. The sur-
face stress drops dramatically back to original surface state whenever the reaction is off. The
surface stress results also exclude the CO poisoning, as no characteristic trace of CO adsorption
of Pt surface was indicated from the surface stress measurement. In alkaline environment, espe-
cially when the surface is under tensile strain, which has a positive effect on adsorption strength
of PtOH, the CO is unlikely to form a considerable poisoning coverage to occupy and block the
Pt surface.

Current-strain coupling measurements from DECMA reveal a strong peak during methanol
oxidation, independent of strain frequency. The dominance of the real part of the strain-
modulated current indicates a significant effect on the Faradaic current, rather than the ca-
pacitive current, caused by external tensile strain. The decline in reaction current at higher
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overpotentials under tensile strain is attributed to the stronger bonding between Pt and surface
oxides, inhibiting further oxidation activity.

6.2 Outlook

Strain effect on Au during oxygen reduction reaction (ORR)

On Au electrode surface, the situation is different and more complicated from Pt. Figure 6.1
shows the CVs and current-strain coupling coefficient of ORR on Au electrode. During the
oxidation process, both j are positive. This is well known for the tensile strain reinforced OH
adsorption. During the first reduction of the Au oxides in backwards scan, j shows similar
positive value as the oxidation peak, right after that, 7 continues to decrease and changed sign to
negative during the ORR process. This is a clear difference from the oxides reduction peak, and
also opposite tendency from Pt electrode towards tensile strain (Figure 4.20), in other words,
tensile strain increase the gold oxides reduction current, but decrease the oxygen reduction
current.

A hybrid strain effect on overall electrocatalytic reactivity has been observed from DECMA,
which provides a direct evidence of different strain modulation mechanism on Pt and Au surface
and opens new avenues for future research aimed at unlocking deeper mechanistic insights and
advancing the design of more efficient electrocatalysts.
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Figure 6.1: a) Cyclic voltammogram of Au electrode in 0.1 M KOH electrolyte in different atmosphere.
The navy one is in Ar, and yellow one is in Os. Scan rate is 20 mV/s. b) results of current-strain
potential response which was in situ measured with CV. Arrows indicate the scan direction.
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