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The study of the structure-activity relationship of electrode surfaces is
fundamentally important in electrocatalysis research. Yet, the methods and techniques
used for the examination of structure-activity relationship so far are limited by their
capabilities, and the exploration of electrochemistry at complex surfaces is very
challenging. In this study, the correlation between the electrode surface structure and its
corresponding activity in two electrochemical reactions were investigated: an
electrochemical etching reaction and an electrocatalysis reaction.

A polycrystalline Pt electrode was galvanically etched to expose the underlying
well-defined crystallites serving as pseudo-single-crystal electrodes. Atomic force
microscopy (AFM) complemented with electron backscatter diffraction (EBSD) was
employed for the elucidation of the effects of electrode surface structure on its etching
rate. Electrochemical measurements of the electrocatalytic activity of the hydrogen
oxidation reaction on individual grain surfaces were performed with high spatial
resolution scanning electrochemical microscopy (SECM) coupled with electron

backscatter diffraction (EBSD).



The etching experiment and surface characterization results show the more deeply
etched regions on polycrystalline Pt surface correspond to Pt(100). The etching rate of the
Pt catalyst is Pt(111), Pt(100), and Pt(110) in increasing order.

The structure-reactivity relationship showed that the catalytic activity for hydrogen
oxidation reaction (HOR) increases in the order Pt(100) < Pt(110) < Pt(111), where the
Miller index plane represents the terrace orientation of the high-index facets. A clear
correlation is observed between the increase in HOR activity and step sites density on a
given base orientation. Quantitative kinetic measurements at crystal domains were made

from current-potential plots and SECM approach curves.
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CHAPTER I

INTRODUCTION

1.1  Structure-Activity Relationship of Solid Metallic Materials

Metals, as a very developed engineering material, are widely used in transportation,
bridges, construction, tools, heavy manufacturing, and recently biomedical, electronics,
etc. Many properties of metals, such as yield strength, elongation, ultimate tensile
strength, thermal conductivity, corrosion resistance, and electric resistance are directly
and sensitively related to the material’s microstructure.! The microstructure covers a wide
range of structural features at microscopic dimensions, such as grain size, dislocation
densities, particle volume fractions, microcracking, and microporosity.> For example, the
mechanical strength of many metals and alloys depends strongly on the grain size.®> The
chemical and functional characteristics of metal electrodes are highly based on the
electrode material composition and the physical nature of its surface.*> The grains, grain
boundaries, and grain orientations are part of the microstructural features of the
crystalline material. The understanding of the relationship between microstructure and
properties of materials plays an important role in the control and development of metallic

materials.!



1.2 Platinum Catalysts

Platinum as one of the noble metallic materials has been overwhelmingly involved
in the field of jewelry, energy, medicine, aerospace, electronics, etc. owing to its
distinctive chemical and physical properties such as enhanced strength and toughness,
excellent thermal and electrical conductivity, and high melting point. It is also of great
technological importance in modern chemical industry, automobile exhaust purification,
and fuel cells as electrocatalysts.®” However, as fuel cells catalysts, its high price and
non-ideal catalytic performance have detained the wide commercialization of low-
temperature fuel cells. There is much interest in replacing Pt with less expensive metal
materials while maintaining catalytic activity at least equal to that of Pt, such as non-

12-14 and metal oxides'>. However, platinum

platinum catalysts,®!! transition metal alloys,
is still considered to be among the most efficient and widely used electrocatalyst for a
variety of reactions.'®!” In addition, it is well known that the electrochemical behavior of
metal catalysts strongly depends on the structure of the electrode material.> '® Therefore,
it is of fundamental importance to understand the structure-activity relationship of
platinum electrodes in order to find optimum forms of Pt catalysts with enhanced
catalytic activity and stability. Accordingly, the development of new types of Pt-based

electrocatalysts and the industrial manufacture processing route in relevant fields can be

rationally tuned.

1.2.1 Surface Structure of Pt

Metal single-crystal planes can provide a variety of surface structures with well-
defined atomic arrangements, and they have been used as model catalysts for the

structure-activity relationship study during the past decades.
2



The surfaces of crystals are typically denoted by Miller indices, a universal notation
to designate planes and lattice vectors in bulk lattice. There are two kinds of Miller
indices: the Miller indices for a plane in a lattice, and the Miller indices for a given
direction in a crystal lattice. An arbitrary surface plane on a cubic crystal can be denoted
by the Miller indices as (hkl) which is orthogonal to a [uvw] direction, where 4, k, [ are
three integers based on the reciprocal of the intersects of the plane with the axes of a
coordination system that is defined by the unit cell.! In cubic crystals, the Miller indices
are the same for a crystal plane and its normal direction.

A model of a face-centered cubic (fcc) unit cell with highlighted low-index planes
(100), (110), and (111) is shown in Figure 1.1. The schematic of the packing arrangement
of atoms in the low Miller index surface planes of an fcc crystal is illustrated in Figure
1.2. It can be seen that Pt(100) and Pt(111) planes are flat on the atomic scale with a

close-packed structure, but Pt (110) place has a rough surface with step atoms.

(110) -
_—— (100) - | _

Figure 1.1 A schematic of the (111), (110), (100) planes in a cubic lattice.?



(100) (110) (111)

Figure 1.2 The (100), (110), and (111) faces of an FCC crystal.?!

The high-index surfaces are planes where at least one Miller index is bigger than
unit. They usually consist of regularly spaced terraces and steps. Most of the high-index
surfaces have close-packed terraces separated by steps one atom in height, which is
denoted as a stepped surface and the general notation is Pt (s)-[n(hikilr) % (hsksls)]. If the
steps themselves are high-index faces, this kind of stepped surface is termed a kinked
surface.!” The unit stereographic triangle of fcc structure is shown in Figure 1.3. In this
graph, three vertices represent three typical low-index facets (100), (110), and (111)
while the three connecting lines are called zone axes. For example, the line extending
between the (100) and (110) planes is called [001] zone axis. The single crystal plane
with a terrace-step surface lies on these three lines. Other planes within the center of the
stereographic triangle are also high-index planes but have a mixture of terraces, steps,

and kinks. These surfaces are often difficult to describe and are rarely studied.'’



(110)

ZONE [001]

(310)
(510)

ZONE [110] .

(321) (721)e
LB1D)

(111) ZONE [011]  (711)

(100)

Figure 1.3 Unit stereographic triangle for the fcc structure.’

1.2.2  Previous Studies of Structure-Activity Relationship on Pt Catalysts

A lot of work involving Pt single-crystal electrodes with well-defined surface
structure has been conducted to investigate the relationship between the surface structure
of the Pt catalysts and the electrochemical characteristics including activity, selectivity,
and stability.”-10:17:22-26

It has been reported that high-index single crystal surfaces with an open structure
exhibit superior catalytic performances to the low-index planes. In the case of
electrooxidation of methanol, the catalytic activity is found to have an order of Pt(110) >
Pt(100) > Pt(111) on low-index planes.?’” However, the catalytic activity is greatly
promoted after introducing step atoms on the surface. Koper et al. reported the order of
the activity is Pt(111) <Pt (110) < Pt(554) < Pt(553) of the Pt single crystal planes lying
in the [110] zone for methanol oxidation.?®? Stepped surfaces belonging to the [110]
zone were also studied for electrooxidation of methanol, and Pt(755) was found to

possess the highest catalytic activity. The activity decreases with an increase in step atom
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density as the order shows Pt(755) [=6(111) x (100)] > Pt(211) [=3(111) x (100)] >
Pt(311) [=2(111) x (100)].%! The oxidation of CO was also studied on high-index and
low-index Pt surfaces in acidic and alkaline solutions, respectively. Lebedeva et al.
demonstrated that the active sites for CO oxidation consist of step atoms and the rate
constant is proportional to the step fraction on the Pt surface in 0.5 M H2S04.>*** Garcia
et al reported the activity order of CO oxidation in alkaline solution is kinks > steps >
terraces based on their observations from voltammetry.>* The kinetics of oxygen
reduction reaction (ORR) have been extensively studied using the rotating ring-disk
electrode with Pt single crystal surfaces. It is demonstrated that the electrocatalytic
activity vary with the crystal faces in a different manner depending on the electrolyte
composition. It was reported that the catalytic activity on Pt low-index single crystals
follows the order Pt(111) < Pt(100) < Pt(110) in H2SO4. However, the order of activity
increases in the sequence Pt(100) < Pt(110) < Pt(111) in KOH solution.?* Feiliu et al.
studied the structure-activity relationship of Pt high-index surfaces lying in the [110] and
[011] zones for the oxygen reduction reaction. Their results show that stepped surfaces
exhibit higher catalytic activity than low-index surfaces, irrespective of step site
symmetry. Moreover, they reported that the Pt(211) plane holds the highest catalytic
activity for ORR among the studied planes lying in the [011] zone, and the exchange
current density (i.e. the reaction rate) for ORR of Pt(211) is over 10 times higher than that
of Pt(111) and 4 times higher than that of Pt(110) in 0.5 M H2SOs4. Furthermore, the
differences in catalytic activity of these surfaces become less significant when the
experiments were conducted in 0.1 M HCIO4 solution.*>® The catalytic selectivity and

stability were also investigated on Pt high-index surfaces. Tarnowski et al. reported an
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increase in the yield of CO: in electrooxidation for ethanol of Pt stepped surface
compared to Pt basal planes for a surface catalytic selectivity study.*” In addition, the
stability of high-index surface was demonstrated by Sun and co-workers.** Pt(331)
exhibits the highest activity and stability among Pt(331), Pt(332), Pt(111), and Pt(110)

electrodes.*’

1.3 Hydrogen Oxidation Reaction

The hydrogen oxidation reaction (HOR) has attracted a great deal of attention over
the last century due to its great importance as a fundamental electrocatalytic reaction in
electrochemistry and its application in energy conversion and storage, especially its
practical utility as an anode reaction in the area of fuel cells. Intense research has been
conducted to develop an understanding of its kinetics and mechanism on a variety of
metallic catalysts and in different aqueous solutions in the search for better catalysts for
use in fuel cells and other electrochemical applications. *'** The mechanism of the
hydrogen oxidation reaction on polycrystalline metal surfaces is generally accepted to
involve two steps: the initial adsorption of hydrogen molecules and a charge-transfer step.

The reactions are as follows:'?

Tafel: H, » 2H.q (1.1)
Heyrovsky: H, » Hyg+ HT +e” (1.2)
Volmer: Hyq - HY + e (1.3)

The first step takes place either by the dissociation of hydrogen molecules into

atoms (Equation 1.1) or the dissociation into ion and atom (Equation 1.2). The rate



determining step is generally believed to be the Tafel and Heyrovsky reactions for both

the proposed Tafel-Volmer and Heyrovsky-Volmer mechanisms.**#°

1.3.1  Previous Study of the Electrocatalysis of HOR on Pt Catalysts

Up to now, hydrogen oxidation has been examined extensively on Pt single crystal
electrodes,*® Pt polycrystalline electrodes,*”*® Pt-based multi-component catalyst,*->* and
Pt nanocatalysts>!~? to investigate the influence of catalyst surface structure, metal crystal
orientation, catalyst composition, and catalyst loading on the electrocatalytic activity. For
example, Markovi¢’s group studied the relationships between the atomic-scale structure
and electroanalytic activity in electroanalysis of HOR using Pt (111), Pt (100), Pt (110)
single crystal electrodes.>*"* Nicholson et al. reported the effect of Pt nanoparticle
loading on the heterogeneity of catalytic reactivity towards the hydrogen oxidation
reaction.>®

The structure-sensitivity of HOR was first demonstrated by Markovi¢ et al. and then
by Conway and co-workers on low-index Pt single crystals. The activity is in the order
(111) <(100) < (110) for HOR in both alkaline and acid solution as reported by
Markovié et al.**> The findings in Conways’s work showed the activity order is (100) <
(111) < (110) for Pt single crystals which is different from Markovi¢’s results.’*>” Both
Markovi¢ and Conway et al. have proposed the reactive intermediate on Pt surfaces is the
overpotentially deposited hydrogen (Hopd) state which is a relatively weakly adsorbed
hydrogen state compared with the underpotentially deposited hydrogen (Hupa). 26 The
effects of anion adsorption on Pt low-index surfaces have been reviewed, and the strength
of interaction increases in the sequence ClO4 < HSO4 < CI" < Br < I".?* It has been

reported that the adsorption of these anions on metal electrodes generally have adverse
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effects on the kinetics for fuel cell reactions.'® 244 Markovi¢ et al. reported that the ORR
is strongly inhibited on Pt(100) surface modified with adsorbed Cl™ (Clag), and the
inhibition effect is small on Pt(111)-Clad. The results also show there is no inhibition
effect of Clad on the kinetics of HOR on Pt(111), but large inhibition of HOR on Pt(100)
was observed.?® The adsorption of hydrogen sulfate ion (HSO4") showed a blocking effect

on Pt(111) and Pt(110), but no effect on Pt(110) in the study of the HOR. ®

1.4  Scanning Electrochemical Microscopy (SECM)

SECM, as one type of scanning probe microscopy (SPM) has been employed in the
study of a wide range of electrochemical processes.’*%° It was introduced in the late
1980s and has developed into a powerful technique that can be applied to the study of
biophysical systems, biological processes, dissolution processes, heterogeneous and
homogeneous reactions, surface reactivity, local corrosion, charge transfer mechanism,
liquid/liquid interface, and adsorption and desorption.®*-¢!

The SECM instrument uses an ultramicroelectrode (UME) as the probe to scan over
the surface of interest using a high-precision position controller. A bipotentiostat is
employed to adjust the potential of the UME and the substrate electrode to induce an
electrochemical reaction, and record the corresponding current due to the reaction.

The schematic diagram of feedback mode of SECM operation is illustrated in
Figure 1.4. In SECM imaging experiments, the UME is positioned over the substrate
electrode in an electrolyte solution at a close tip-substrate separation. When the tip is
rastered across the substrate surface, an electrochemical activity map of the scanned area

on the substrate is produced based on the perturbation of the tip signal by the substrate

surface. The electrochemical response of the probe is recorded as a function of the lateral
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position of the probe for sample imaging. The mechanism is mainly due to the nature and
the local properties of the substrate electrode material such as its composition, surface
topography, and structure.>

In the SECM approach-curve experiment, a tip approaching a conducting surface
causes a tip current to increase as the tip-substrate distance decreases due to the extra flux
of redox active species between the tip and the substrate. This phenomenon is termed
positive feedback. On the other hand, the tip current decreases if it is brought close to an
insulating surface because the electron transfer between the solution mediator and the
substrate is blocked by the nonconducting surface. This decrease in tip current is called

negative feedback. This operation mode where only the tip current is monitored is called

feedback mode.’!

Tip Tip

Insulating surface

Figure 1.4  Schematic diagram of SECM feedback mode.!

Notes: (a) Positive feedback at a conductive substrate. (b) Negative feedback at insulator
substrate. R is an oxidizable species and O is the oxidized form of R.
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There is also generation/collection (G/C) mode in SECM where both tip and
substrate can be used as working electrodes. One working electrode generates
electroactive species that are collected at the other electrode. There are two different G/C
modes: tip generation/substrate collection (TG/SC) mode and substrate generation/tip
collection (SG/TC) mode. A TG/SC experiment measures both tip and substrate current
simultaneously, and it has been applied in homogeneous and heterogeneous electron
transfer studies. The SG/TC mode is most useful for concentration profile measurement
experiments. It was reported that the collection efficiency in SG/TC mode is much lower
than that in TG/SC mode, and the tip/substrate separation distance is difficult to control
in SG/TC mode.**¢!

In addition, there are other operation mode derived from basic feedback mode and
G/C mode, such as ion-transfer feedback mode,** penetration mode,* equilibrium
perturbation mode,*” and further instrumentation development for various
electrochemical processes investigation and electrochemical response measurements such
as alternating current impedance feedback (AC-SECM)® and scanning electrochemical
cell microscopy (SECCM).6!:65

Furthermore, the combination of SECM with other analytical methods with
simultaneous measurements has been proposed and has become a powerful approach to

the studies of surface structures and dynamics. These hybrid techniques include AFM-

SECM, SPR-SECM, FS-SECM, NSOM-SECM, etc 6767

1.4.2  Study of the Electrocatalysis of HOR on Pt catalysts by SECM

Many methods have been used to study the hydrogen oxidation reaction on

platinum catalysts including cyclic voltammetry,%-" rotating disk electrode (RDE) and
11



rotating ring disk electrode (RRDE) techniques,**-1-74

and recently, scanning
electrochemical microscopy (SECM).*7>-"7 However, the capability and sensitivity of
these voltammetry techniques are restricted in carrying out HOR studies due to ohmic
drop, double-layer charging, and mechanical limitations. In addition, the preparation of
single crystal Pt electrodes with only a single surface orientation each time is very
challenging as well as expensive and time-consuming—requiring extreme care and
caution.?> "8

As one of the local electrochemical measurement techniques, SECM is a powerful
tool to characterize the redox activity of the HOR reaction at the metal catalyst
electrode/electrolyte interface owing to its high spatial resolution and electrochemical
sensitivity. It employs an ultramicroelectrode (UME) as the probe which increases the
mass transfer rate constant to a great extent compared to an RDE method. For example,
in order to reach the same mass transfer rate constants as in SECM, it would require at
least 10° rotations per minute (rpm) rotation rate in the RDE measurement.’”” Thus,
kinetic rate constants obtained with SECM are two to three orders of magnitude higher
than allowed by RDE voltammetry. Moreover, the steady-state kinetic measurement
employed in SECM has liberated it from the difficulties (ohmic drop, double-layer
charging problems, and mechanical issues) of conventional hydrodynamic-based
voltammetry techniques.®® 7

Electrocatalysis of HOR and ORR are the two most studied electrocatalytic
reactions by SECM owing to their importance in fuel cells and other applications. The

rates of these two reactions strongly depend on the catalytic activity of the substrate

surface.® Both SECM electrochemical activity imaging and the approach curve methods
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have been used to explore the mechanism and kinetics of HOR on Pt metal catalysts.
Zhou et al. have studied the electrocatalysis of hydrogen oxidation in HC1O4 and HNO3
solution at platinum substrates using SECM feedback mode, and examined the inhibitory
effect of adsorbed Br, Cl" and NOs™ on the kinetics of HOR.”” Kucernak et al.
investigated the hydrogen evolution reaction on platinum catalyst dispersed onto a highly
orientated pyrolytic graphite (HOPG) electrode.®® Linkov et al. studied the hydrogen
oxidation and evolution reaction on a HOPG, and a Pt-polyaniline-HOPG substrate
surface with SECM feedback, substrate generation/tip collection (SG/TC), and
chronoamperometric modes.' The authors quantitatively determined the heterogeneous
electron transfer rates for the HOR reaction by SECM approach curves. Zoski examined
the mechanism and kinetics of HOR at polycrystalline noble metal electrodes (Pt, Ir, and
Ru), and reported the rate constants for HOR on Pt (0.22 cm/s), Ir (0.25 cm/s), and Ru
(0.001 cm/s) obtained by fitting SECM experimental approach curves to theory.*’

The combinatorial screening methods developed by Xiang et al.®!

have been widely
applied in the field of heterogeneous catalysis in searching for novel metallic
electrocatalysts. Jayaraman and Hillier have used this screening method to quantitatively
detect protons at a surface covered nonuniformly with a platinum layer using SECM
feedback mode. The variation in reactivity of the platinum catalysts for HOR was
measured directly as a function of spatial position. It was found that the local rate
constant value was proportional to the local platinum surface coverage.”® The same group

used SECM to study the kinetics of HOR on platinum and the poisoning effect of CO.*

In addition, they reported the HOR activity on PtxRuy and PtxRuyMo; in the absence and
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presence of a monolayer of CO. Their results demonstrated that CO tolerance was

significantly increased by introducing small amounts of Ru and Mo to Pt.??

1.5 Electron Backscatter Diffraction (EBSD)

EBSD imaging is a powerful quantitative metallographic technique. It captures
electron diffraction patterns which can be used to determine grain morphology,
crystallographic orientation and texture, grain boundary character, phase identity and
distribution of the sample from small volumes of material in a scanning electron
microscope.®?

The fundamental diffraction on which EBSD is based was first observed by Kikuchi
in 1928.3* The coupling of electronic diffraction with scanning electron microcopy
developed by Verables, Harland, and Dingley enables micrometric scale examination of a
specimen that is prepared by a routine metallographic method.?* Figure 1.5 shows the
schematic diagram of the EBSD experiment.

A crystalline specimen is placed in the SEM chamber at a highly tilted angle,
typically 70 degrees, toward the detector. When an incident beam from the pole piece hits
the sample, the resultant backscattering electrons from the sample are collected by a
phosphor screen and CCD camera, to form an electron backscatter diffraction pattern
(EBSP). Each pattern consists of a set of diffraction bands termed Kikuchi bands which
correspond to each of the lattice diffracting planes and are characteristics of the crystal
structure. The geometrical arrangement of bands is closely related to the orientation of
the diffraction lattice. For example, the angles between the bands and the width and
intensity of the bands are directly related to the angles between the lattice planes and the

spacing of atoms in the crystallographic planes.®
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An overview of EBSD indexing procedure from pattern capture to crystal
orientation determination is illustrated in Figure 1.6. EBSD maps are formed by moving a
focused probe of electrons point by point across a grid of positions on the sample
surface.®” After the Hough transform, band determination and indexing, the phase and
orientation and other microstructual-crystallographic information of the crystal specimen
are achieved.®” The spatial resolution of EBSD is related to the resolution of SEM. For
modern FE-SEMs, 20 nm grains can be measured with reasonable accuracy.

Over the last two decades, EBSD techniques have been extensively used to study various
inorganic crystalline materials including metals, minerals, semiconductors, and ceramics.
Currently, the complementary use of EBSD with other techniques is employed to
enhance material characterization by detailed microstructure characterization and better

understanding of material properties, such as EBSD and AFM,* EBSD and EDS.%

Pole piece

CCD camera [] [

Specimen

Tilt 70 degrees

Figure 1.5  Schematic diagram of the experimental set-up for EBSD observations.®
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Figure 1.6  Overview of EBSD indexing procedure showing pattern capture through to
determination of crystal orientation.}’ (Reprinted with permission from Ref
87. Copyright © 2012 Elsevier.)
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1.6  Atomic Force Microscopy (AFM)

AFM has become one of the most versatile scanning probe microscopy (SPM)
methods after it was invented in 1986 by Binnig et al. * It plays a crucial role in surface
morphological characterization at the nanoscale. A schematic diagram of the atomic force
microscope is shown in Figure 1.7. The probe in AFM consists of a very sharp tip which
is attached to a force-sensing cantilever. When a sample surface is probed by AFM tip,
the interaction forces between tip and sample vary as a function of tip-sample separation.
The tip first feels a long range attractive force due to Van der Waals interactions, but
repulsive forces dominate at closer tip-sample separation distance due to electrostatic
interactions, as illustrated in Figure 1.8.°! In the AFM imaging experiment, the tip scans
across the sample surface, and the force between the tip and the sample leads to a
deflection of the cantilever. The deflection is measured by the photodiode detector based
on the shift in the position of the laser spot reflection on the detector. With the help of a
feedback loop in the AFM system to adjust the tip-sample separation for constant height
or constant force imaging, the tip follows the contour of the surface, and an AFM map is
thus collected.”>**

There are usually three principle operation modes in AFM: contact mode, non-
contact mode, and tapping mode. An illustration of the three modes is shown in Figure
1.9. In the contact mode, also known as repulsive mode, the tip is in close contact with
the sample surface and repulsive interaction forces dominate between the tip and sample.
As the tip scans over the surface, the forces will change abruptly since the slope of the
interaction force curve is very steep in the contact regime, as shown in Figure 1.8.

Accordingly, the deflection of cantilever change can be readily detected and the

17



topographic or morphological change can be cleanly observed. Contact AFM imaging
can be performed at either the constant-height or constant-force mode. In constant-height
imaging, the cantilever deflection due to tip-sample interaction can be directly used to
estimate the surface topography. In constant-force mode, the force between the tip and
the sample is kept constant when the tip is scanned across the sample surface. A feedback
loop is employed to adjust the position of cantilever to maintain the constant force. The
drawbacks of this mode are the effects of friction, adhesion, and shear forces resulting
from continuous contact with the sample, which can damage the sample and distort the

features of the generated image.”% 93> %7

Detector

Cantilever

v

. Scanner

Figure 1.7  Scheme of the atomic force microscope with main components indicated.”?
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Figure 1.8

Figure 1.9
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In non-contact mode, the tip hovers above the sample surface and oscillates above
its resonance frequency during the imaging scan. The change in amplitude, phase, or
frequency due to the Van der Waals attractive interaction with the sample is detected by
the photodetector, and the tip-sample distance is adjusted by a feedback loop to maintain
a constant oscillation amplitude. Hence, the surface topography of the sample is plotted
as a function of the tip’s lateral position. The advantages of this mode mainly lie in
imaging soft or elastic samples with little or no contact between the tip and the sample.”

The tapping mode, also called intermittent contact mode, combines qualities of both
contact mode and non-contact mode in AFM imaging. In this mode, the tip oscillates at
or near its natural resonance frequency and taps the surface for a minimal amount of time
during the imaging scan. The tapping mode overcomes the difficulties the conventional
contact mode has in imaging soft or fragile samples such as proteins and polymers. The
tapping mode yields scan images with high resolution, and greatly minimize the possible
damages to the surface by the AFM tip. For rigid samples and rough surfaces, both
contact and non-contact mode can be employed for AFM imaging. Non-contact mode
doesn’t damage the sample surface, but the image resolution is relatively low and the
imaging process can be hampered by a contaminant layer, which can interfere with
oscillation.”® %°

Based on the type of interaction between the tip and the sample, physical
morphology or topography, charge density, magnetic field, and other surface properties
of the sample can be discerned and measured by AFM.** ?® In comparison to other optical

and electronic microscopes, AFM can not only scan the X and Y direction, but also
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measures the information in the vertical dimension (Z direction) of the sample properties

with comparable or even better magnification than electronic microscopes.””1%!

1.7  Objectives and Outline of the Research

The focus of this research is to investigate the structure-activity relationship of
pseudo-single-crystal electrode of polycrystalline platinum in two types of
electrochemical reactions: an electrolytic etching reaction and an electrocatalysis reaction.
The major chemical and physical methods and techniques involved in this study include
metallurgical electrolytic etching, scanning electrochemical microscopy (SECM), atomic
force microscopy (AFM) and electron backscatter diffraction (EBSD).

In Chapter 1, the concept of structure-activity relationship and the microstructure of
platinum catalysts are introduced. Previous studies of structure-activity relationship on
platinum single crystal electrodes are reviewed. The hydrogen oxidation reaction and
study of electrocatalysis of the HOR on Pt catalysts are presented. The operational
principles for major characterization techniques including SECM, EBSD, and AFM are
described.

In Chapter 2, a metallurgical electrolytic etching method is employed to prepare
pseudo-single-crystal platinum electrodes. The effects caused by the composition and
concentration of etching solutions, etching time, and the nature of the Pt materials on
etching and the quality of the electrode preparation are discussed.

In Chapter 3, physical and chemical properties of pseudo-single-crystal electrodes
of polycrystalline platinum are studied by optical microscopy, optical profilometry, SEM,

AFM, EBSD, and cyclic voltammetry. The etching rate of the surfaces of Pt pseudo-
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single-crystal electrodes with different crystallographic orientation in the electrolytic
reaction is elucidated based on the characterization results.

In Chapter 4, electrocatalysis of the HOR is studied on platinum single crystallites
of a polycrystalline electrode surface. The relationship between the kinetic activity of
high-index single crystal platinum electrode surfaces for the hydrogen oxidation reaction
and corresponding crystallographic orientation is investigated using SECM imaging

techniques coupled with EBSD imaging.
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CHAPTER II
SURFACE TREATMENT OF POLYCRYSTALLINE PLATINUM ELECTRODES BY

ELECTROLYTIC ETCHING

2.1 Introduction
In order to improve the performance of fuel cells catalysts with enhanced
electrocatalysis efficiency, the search for lower-cost and better alternative catalysts for

49-50 non-platinum

fuel cells have been studied on Pt-based multicomponent catalysts,
metallic combinations,®? transition metal complexes,'? and metal oxides' over the last
century. It is reported that the most widely used electrocatalysts for both anodes and
cathodes in fuel cells are still Pt and its alloys due to their optimum electrocatalytic
behavior, !6: 102-103

It is well known that many properties of metallic materials are directly and
sensitively related to the material’s microstructure. For example, the mechanical strength
of many metals and alloys depends strongly on the grain size. The chemical and
functional characteristics of structure-sensitive materials are dominated by the material
composition and surface structure." % One route to developing a better Pt catalyst for
fuel cells is to develop an understanding of the relationship between the electrocatalytic

properties of Pt metal electrodes and its microstructural features, such as grain size and

grain orientation.
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The study of the structure-activity relationship of Pt metal electrode has been
investigated using cyclic voltammetry and rotating disk electrode voltammetry (i.e., RDE
and RRDE).!%-1% These methods require the fabrication of Pt single crystal electrodes
using expensive single crystal materials and requires careful handling and sophisticated
procedures known as Clavilier’s method and flame annealing approach.? In this study, a
simple and distinct approach was developed to produce pseudo-single-crystal surfaces of
Pt by adopting an electrolytic etching method for further structure-activity relationship
study of the Pt catalyst. Numerous and unique single crystal planes are produced from a
polycrystalline platinum electrode in a single step method.

In this chapter, the method used to produce single crystal surfaces from a
polycrystalline platinum electrode is described. Optical micrographs of the surface of a
polycrystalline Pt electrode are compared before and after the etching procedure. The
effects of the etching parameters such as sample pretreatment conditions, etching solution

composition and concentration, and etching time are discussed.

2.2  Experimental
2.2.1 Reagents

Hydrochloric acid (37.4%, Fisher Scientific) and sodium chloride (purity > 99%,
Research Products International Corp.) were used as received. Deionized water

(Nanopure, Barnstead) was used to prepare the etching solution for all experiments.

2.2.2  Electrodes and Apparatus
2.2.2.1 The Pretreatment of Pt Wires

Platinum wire (99.95 %, 500 pm diam) purchased from two different companies
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(Alfa-Aesar and World Precision Instruments) were used in the electrode fabrication.
The Pt wire bought from Alfa-Aesar is hard annealed, and the other type from World
Precision Instruments is not. Two Pt wires supplied by World Precision Instruments were
annealed at 800 °C and 1000 °C, respectively, for further etching experiments. The
annealing time was 40 minutes at both temperatures. After annealing, the wire was

immediately quenched in cold water for 30 min.

2.2.2.2 The Fabrication of Substrate Electrodes

The substrate electrode was prepared with 500 um diam Pt wire embedded in epoxy
resin. The Pt wire was electrically connected to Cu wire with silver epoxy. An insulating
rubber tube was used to cover and secure the joint between Pt wire and the Cu 30 gauge
wire, and then the two connected wires were positioned vertically in a rubber mold with
the platinum electrode facing the bottom of the rubber mold with the Cu wire extending
up and out of the mold cavity. The rubber mold was filled with epoxy resin (Epon™
Resin 828) and 8% (by weight) triethylenetetramine (TETA) hardener mixture, left
overnight, and cured at 120 °C for 4 h and at 140 °C for 2 h. After curing, the bottom was
ground to expose the circular cross section of the platinum substrate wire using
successive grits of 240, 400, 800, and 1200 SiC sandpaper. Then, the electrode was fine
polished with 15, 5, 3, 1, and 0.05 um alumina slurries successively on separate polishing
cloths. After the final polishing step, a mirror like finish was attained. Water was used as
a lubricant to wash away the removed material and keep fresh abrasive surface exposed.
Ultrasonic cleaning was employed to completely clean the electrode before changing the

abrasives.
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The apparatus for the electrolytic etching experiment is shown in Figure 2.1. A Pt
substrate electrode worked as the anode and a graphite electrode serves as a counter
electrode in the etching procedure. The Pt substrate electrode and the graphite electrode
were immersed in the etching solution and 6 V AC voltage was applied between the two
electrodes using a variable transformer. The etching solution was prepared with HCI,
NaCl, and deionized water with different chemical concentration and volume ratios.

The optical micrographs of the surfaces of polycrystalline Pt substrate electrodes

were taken with an optical microscope Olympus BH-2 (Olympus Optical Co.).

Counter
electrode
Copper wire g
Platinum wire ¢
Epoxy sheath
] Etching
solution

Figure 2.1  Scheme of the experimental set-up for electrolytic etching of Pt electrode in
etching solution with graphite electrode as the cathode.
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2.3 Results and Discussion

2.3.1 Effects of the Etching Time and the Etching Solution Composition and
Concentration

In order to reveal the microstructure of the polycrystalline Pt substrate electrode
surface in electrolytic etching experiments, the appropriate etching solution was screened
first. Among all the available etchants for platinum and its alloy, saturated NaCl/HCI
solution was chosen owing to the best etching results it produced and the facile solution
preparation. It is reported that both dilute and concentrated HCI are used in electrolytic

etching for platinum.'?7-1% In Table 2.1, the compositions of the two etchants are shown.

Table 2.1  Electrolytic etching solution composition for use with Pt electrode

Composition
Etching solution HCI (37%) NaCl H20
#1 20 ml 25¢g 65 ml
#2 10 ml lg none

Since time is a very important factor in the etching experiment and it directly
affects the microstructure of the surface, a set of experiments were performed to
determine the appropriate etching time in etching solution #1.'%” Before the etching
procedure, optical micrographs of well polished Pt substrate surfaces were taken. As
shown in Figure 2.2, the surface of 500 um diam polycrystalline Pt substrate electrode

(sub #J) was polished to a mirror finish, and no scratches can be seen on the surface.
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Figure 2.2 Optical micrographs of a polished polycrystalline Pt substrate surface (Sub
#]).

After careful examination under the optical microscope to make sure the surface is
free of scratches, the electrodes were ready for electrolytic etching.

Photographs of the etched Pt electrode surface (Sub #J) were recorded after every
10 s etching time in the solution. Figure 2.3 shows the selected etched surface images of
Pt substrate #J after an etching time of 20 s, 40 s, 60 s, and 80 s in etching solution #1.
The photograph of the etched Pt electrode surface (Sub #J) after 20 s etching in the
solution is shown in Figure 2.3a. The microstructure of the Pt disk is slightly revealed
with a few grain boundaries near the disk edge. Even though some of the grain
boundaries are shown, the shape of the grains is not very clear and the grain contrast is
very low. As illustrated in Figure 2.3b, after another 20 s etching, more grain boundaries
are exposed on the polycrystalline Pt substrate electrode surface than in Figure 2.3a. In
Figure 2.3c, most of the crystallites are distinct and distinguishable, and the grain
boundaries are readily seen. Besides the grains in the center and the top regions of the Pt

disk becoming visible, there is not much change in the overall microstructure of the
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polycrystalline Pt substrate surface after another 20 s etching as shown in Figure 2.3d. It
can be seen that a couple of the grains are relatively large in size and several small grains
are close to each other on the polycrystalline Pt surface.

It should be noticed that the edge of the Pt electrode was eroded away, especially

the left side of the electrode in Figure 2.3. This causes the Pt disk to no longer have a

100 pm

100 pm

(©) (d)

Figure 2.3  Optical micrographs of Pt substrate (#J) surface after an etching time of (a)
20 s, (b) 40 s, (c) 60 s, (d) 80 s in the etching solution #1.
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perfectly round shape. It is elliptical if viewing the image vertically from top to bottom.
A possible reason for the resulting shape of the Pt disk is that the electrical connection
between the Pt wire and the Cu connection wire was made on one side of the Pt wire. It is
possible the current density is not evenly distributed across the Pt wire due to the
assembly as illustrated in Figure 2.1.

The etching experiment was also performed in etching solution #2 which is
comprised of only concentrated HCI and NaCl. The Pt disk surface images before and
after the etching procedure in solution #2 are shown in Figure 2.4. In Figure 2.4a, the
surface of the well polished substrate #E is clean, smooth, and flat. Obtaining an etched
surface with well-defined grains as revealed in Figure 2.4b, takes only about 15 s in
etching solution #2.

To evaluate the etching effects by the two etching solutions, comparisons were
made between the surface images of Pt substrates etched in solution #1 and #2,
respectively. Figure 2.5a shows the surface of the Pt substrate electrode #J etched with
solution #1, and Figure 2.5b is the etched surface of the polycrystalline Pt substrate
electrode #E in etching solution #2. The etching time for achieving well etched surfaces
of the Pt substrate electrodes is 80 s for Figure 2.5a, and 15 s for Figure 2.5b. It indicates
that the etching efficiency can be greatly enhanced (about 70%) by using etching solution
#2. Besides reducing the etching time in solution #2, the Pt disk electrode retained a
rounder shape compared to the elliptical shape in solution #1. Moreover, the grains on the
etched Pt substrate electrode surface shown in Figure 2.5b are clearly more distinct than

the ones in Figure 2.5a. Thus, etching solution #2 is preferred for the etching experiment.
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Figure 2.4  Optical micrographs of the surfaces of polycrystalline Pt substrate electrode
(Sub #E) before (a) and after an etching time of 15 s (b) in etching solution
#2.

100 pm ] LRy, 2 100 pm

(a) (5)

Figure 2.5  Optical micrographs of the etched surfaces of polycrystalline Pt substrate
electrodes. (a) Sub #J, (b) Sub #E.
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To have a complete understanding of the effect of etching time on the surface
etching result, a longer etching time was applied in the etching experiments in both
etchant #1 and #2.

As can be seen from Figure 2.6b, longer etching in solution #1 eroded away the
fringe material of the Pt wire and revealed some underlying scratches on the surface of
the Pt substrate electrode compared to Figure 2.6a. The optical micrograph in Figure 2.6¢
shows the peripheral Pt substrate material was severely etched away, leaving a large gap
between the remaining Pt disk electrode and the surrounding epoxy. As the etching time
increases, the grain boundaries on the surface become more evident. Since grain
boundaries are defects in the crystal structure, the erosion is prone to take place at these
sites.!” Though the grain boundaries are deepened by longer etching time, the shape of
the grains generally remain the same. Moreover, the appearance of the Pt substrate
electrode has slightly changed after 440 s of etching as shown in Figure 2.6c. Pits
appeared on certain grains but not on the whole substrate surface, suggesting differences
in behavior of various crystalline grains under long etching time conditions.

On the other hand, the results of a poorly polished Pt substrate under a long etching
time in etchant #2 are shown in Figure 2.7. Rather than retain the shape and the
appearance of the crystallite domains, severe damage can be observed on the substrate
surface in Figure 2.7b and c. In Figure 2.7c, the whole surface is almost etched away after
220 s electrolytic etching. The experimental results indicate the etching rate is extremely
fast and more homogeneous over the whole polycrystalline Pt electrode surface with

solution #2.
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(c)
Figure 2.6  Optical micrographs of a poorly polished polycrystalline Pt substrate

surface after an etching time of (a) 80 s, (b) 140 s, and (c) 440 s in etching
solution #1.
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Figure 2.7  Optical micrographs of a poorly polished polycrystalline Pt substrate
surface after an etching time of (a) 30 s, (b) 90 s, and (c¢) 220 s in etching
solution #2.

Based on the results shown above, the optimum etching conditions are determined

to be 15 s etching time in solution #2 and 80 s in solution #1.

2.3.2  Pretreatment of Sample Surfaces

Another type of Pt wire material (unannealed platinum) was used as received in the

etching experiments. A Pt substrate electrode made with unannealed platinum wire was
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polished to a mirror finish in preparation for etching. As illustrated in Figure 2.8, most of
the grain boundaries are missing or quite faint. The reasons for the resulting etching
feature of the microstructure shown here are possibly due to the crystallographic structure
and defects of the polycrystalline Pt materials used.

To prepare different materials for etching experiments and better reveal distinct
grain boundaries, heat treatment of the specimen was used before the polishing step.
Metal annealing has three stages: recovery, recrystallization, grain growth. By heating a
metal above its critical point, maintaining it at a suitable temperature, and cooling or
quenching it in a medium, the properties of metal material can be altered.' %

Since the grain size can be altered by annealing,!'%

and the effect of metallurgic
annealing for platinum is evident at temperature over 900 °C''°, two temperatures

(800 °C and 1000 °C) were chosen for the Pt specimen pretreatment experiments. Figure
2.9a shows a photograph of the surface of the etched platinum substrate of Pt substrate
#W after annealing at 800 °C for 40 min. The size of the grains (in Figure 2.9a) is slightly
increased compared to that of the one shown in Figure 2.8. However, most of the grain
boundaries are still faint. The same electrode was repolished and annealed at 1000 °C for

40 min. Then it only took 30 s to achieve the etched surface illustrated in Figure 2.9b

in etching solution #1.
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Figure 2.8  An optical micrograph of unannealed Pt substrate #W electrode after 75 s
electrolytic etching in etching solution #1.

100 pm
— 100 pm

(b)

Figure 2.9  Optical micrographs of the etched surfaces of polycrystalline Pt substrate
electrodes #W (100%) in etching solution #2 after annealing at (a) 800 °C,
and (b) 1000 °C.
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The grain boundaries of the polycrystalline Pt substrate electrode #W etched in
etching solution #2 after the annealing at 1000 °C (Figure 2.9b) are very distinguishable
and the grain size is apparently the larger than the ones shown in Figure 2.8 and Figure
2.9a, but still smaller than those for Pt substrate #J and #E (Figure 2.5).

It can be clearly seen that the microstructures of the grains of etched polycrystalline
Pt substrate electrode #W are different before and after the heat treatment. Without
annealing, discrimination cannot be made between grains because the grain boundaries
are barely discernable. After Pt substrate electrode #W was annealed at the proper
temperature (1000 °C), grain boundaries are distinct and the shape of the crystallites is
well defined.

Since Pt substrate #B, #E, and #J were made with annealed Pt wire as received from
the manufacturer, no further heat treatment was made to these electrodes. Thus, this heat

pretreatment is only applied to the substrate electrode made with unannealed Pt wire.

2.3.3 Mechanism of the Etching Process

The electrochemical etching process is a process which reveals the microstructure
of the electrode by selective anodic dissolution in the etching solution. The extent of the
reaction is determined by the standard electrode potentials. In addition, the microstructure
of the anode such as electrode compositions, phases or orientations also influences the
dissolution rates of the electrode material by the etch attack.?? 1% Thus, electrochemical
etching may contrast different microstructural features, and the etching time may vary

depending on the conditions of the substrate electrode and etching solutions.
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Despite the complexity of the etching process, a mechanism has been proposed for
the electrochemical etching of Pt in acidic solution.!’” The etching process at the anode
and cathode electrodes is:

e Anodic reaction: The applied potential forces the Pt anode material to undergo
oxidative dissolution at the liquid-solid interface;
Pt - Pt?* + 2e” (2.1)
o Cathodic reaction: The applied potential causes hydrogen evolution in acidic
solution.
2H* + 2e™ - H, (2.2)
The Pt ion discharged from the polycrystalline Pt substrate surface can combine

with CI" in the etching solution to form [PtCls]* or [PtCls]*" complex ions in the

following pathways:?>!11-113
4Cl™ + Pt - [PtCl,]*> + 2e” 23)
6C1~ + Pt - [PtCl]2 + 4e” (2.4)

In the solution, the oxygen absorption and oxide film formation at the electrode
surface will inhibit the electrochemical reaction by blocking the active sites of the
electrode crystal lattice. Therefore, AC current is used to overcome this effect by
applying alternating current between anodic and cathodic electrolytic processes.!!3-114

Moreover, gas bubbles possibly from hydrogen and chloride evolution can be observed at

both the Pt and carbon electrodes.!'*!13
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2.4 Conclusions

In this chapter, an electrochemical method to reveal Pt single crystal surfaces has
been introduced. The Pt single crystal grains on the polycrystalline platinum electrode
could serve as Pt pseudo-single-crystal electrodes for further structure-activity
relationship study which will be demonstrated in the following chapters.

The polycrystalline platinum electrode was prepared by embedding the Pt wire in
an epoxy cylindrical sheath. It has been successfully demonstrated that single-crystal
domains can be produced by electrolytic etching the surface of a polycrystalline platinum
electrode in a very convenient way. Compared with the fabrication process of single-
crystal electrodes which requires expensive single-crystal materials and careful handling,
this preparation method is relatively simple and inexpensive. In addition, the methods
used to prepare single-crystal electrodes are sophisticated, and only a single surface
orientation is prepared each time.?> Using the electrolytic etching method described in
this chapter, multiple single-crystal domains are produced in a single etching experiment
which greatly enhanced the efficiency in electrode preparation.

The work in this chapter shows that the electrolytic etching time closely depends on
the composition and concentration of the etching solution, and the conditions of the
electrode. Etching solution #2, which is comprised of concentrated HCI and NaCl,
exhibits high etching efficiency with short etching time. Moreover, the resulting etched
surface of the Pt electrode in solution #2 was free from edge erosion. Therefore, etching
solution #2 is preferred in etching experiments. The appropriate etching time is
determined in both etching solutions: it only takes 15 s to achieve an etched electrode
surface with well-defined grain structures in solution #2, while 80 s is required in
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solution #1. Slight discrepancies may be noted in deciding the proper etching time for
different Pt electrodes based on the actual electrode conditions. It has also been
demonstrated in this study that etching times longer than optimum will result in the
exposure of underlying mechanical polishing traces/scratches. In the worst case,
excessive etching will erode away the whole flat and smooth surface, causing severe
damage to the microstructure of the Pt electrode surface.

The applicability of the electrolytic etching approach has been tested on a substrate
electrode made with another type of Pt material, which is unannealed Pt wire. A
comparison between the etching results for electrodes made with original unannealed Pt
material and annealed Pt wire after heat treatment was made and shows that the heat
treatment can effectively alter the microstructure of the Pt material. The grain boundaries
become distinct and the grains are distinguishable after annealing the original Pt wire at
1000 °C.

The mechanism of the etching process is proposed as Pt electrode undergoes
dissolution at the anode and hydrogen evolution is driven at the cathode. The Pt ion exists
in the form of [PtCls]* and [PtCls]*complex in the etching solution. Both hydrogen and
chloride evolution are the possible reactions for gas bubble formation.

The resulting microstructural contrast displayed on the etched Pt electrode surface
is most likely due to the different microstructure differences in crystallographic
orientation. Physical and chemical characterization of the single crystal electrodes
produced by the electrolytic etching method demonstrated in this chapter will be the

subject of the next chapter.
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CHAPTER III
SURFACE CHARACTERIZATION OF POLYCRYSTALLINE PLATINUM

ELECTRODES

3.1 Introduction

Chapter 2 introduced a convenient and effective method of revealing single crystal
domains on a polycrystalline Pt electrode by a metallurgical electrolytic etching
approach. The smooth, flat, and scratch-free surface of the polycrystalline Pt substrate
electrode was etched to expose the underlying well-defined single crystal microstructure.
Individual grains can serve as pseudo-single-crystal electrodes in the structure-activity
relationship study for different electrochemical reactions.

In order to develop an understanding of the influence of the surface structure on the
electrochemical properties of the polycrystalline Pt substrate electrode and elucidate the
correlation between the surface structure (in particular, the crystallographic orientation)
and the electrochemical activity of platinum (etching rate in this case) in the electrolytic
etching process, chemical, and physical methods are used to characterize the
microstructural features of the polycrystalline Pt electrode surface. The techniques
employed to perform the surface characterization include cyclic voltammetry, optical
microscopy, optical profilometry, atomic force microscopy (AFM), scanning electron

microscopy (SEM), and electron backscatter diffraction (EBSD).
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Optical microscopy is the basic technique used to examine the polycrystalline
platinum electrode surface and discern the grain boundaries between crystallites. Because
of the limited resolution of optical microscopy, SEM was employed to obtain images
with high magnification and also provide a general overview of the surface topographic
differences. Optical profilometry and AFM were used to measure the surface roughness
and height differences among different single crystal domains to estimate their
corresponding etching rate. The crystallographic orientation of the exposed grains was

investigated by EBSD.

3.2 Experimental
3.2.1 Electrodes

Substrate electrodes were prepared by the procedure described in Chapter 2.
Surface activation was performed by cycling the electrode between —0.8 V and +0.8 V
versus Hg/Hg>SO4 reference electrode (referred as MSE in the following) in 1 M H2SO4
solution at a scan rate of 100 mV/s with a BAS 100 B/W electrochemical workstation

(BAS, West Lafayette, IN).

3.3 Apparatus and Method

Surfaces of polycrystalline Pt substrate were visually examined with an optical
microscope Olympus BH-2 (Olympus Optical Co.) at 100x and 500x magnification.

Atomic force microscopy (AFM) experiments were carried out on a Dimension
Icon AFM instrument (Bruker). ScanAsyst mode was employed for topographic

characterization o the polycrystalline Pt substrate surface. The tip used in AFM scans was
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a commercial NCHV model with a normal spring constant of 42 N/m at a resonance
frequency of about 320 kHz (Bruker).

The step height of the surface was determined by optical profilometer (WYKO
NT1100 optical profiling system) with vertical shift interference (VSI) mode.

For SEM analysis, the Pt substrate electrode was glued onto a flat metal disk, and
covered all over except the Pt disk area with silver paint (SPI supplies, West Chester,
PA). A small amount of graphite conductive paint or carbon tape was used to make the
electrical connection between the substrate electrode and the mounting disk. The FE-
SEM images were collected with a Zeiss Supra 40 field-emission-gun scanning electron
microscope. The operating voltage was 10 kV, and the working distance was 9 mm.

Electron backscattering diffraction (EBSD) scanning was conducted to obtain
crystallographic orientation information on the polycrystalline Pt substrate. EBSD scan
images were taken with an EDAX Hikari EBSD detection system connected to the Zeiss
Supra 40 FE-SEM. Indexing of diffraction patterns and data processing were done using

TSL OIM Analysis software (AMETEK).

3.4 Results and Discussion

3.4.1 Surface Characterization by Optical Microscopy and Scanning Electron
Microscopy (SEM)

Optical microscopy has been demonstrated to be a useful technique to evaluate the
effect of certain parameters, such as etching time and the concentration of the etching
solution, on the microstructure of the polycrystalline electrode in the etching procedure as
illustrated in Chapter 2. A number of optical micrographs of the well-polished and etched

surfaces of the Pt substrate electrode are shown in Chapter 2.
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The photograph of the whole surface of the polycrystalline Pt disk (substrate #J)
electrode after 80 s etching in etching solution #1 is shown in Figure 3.1a. Even though
most of the grains are revealed on the optical micrograph, the grains are not easily
distinguished from one another. Two possible ways to resolve this problem are to etch the
surface for a longer time, or to use a higher optical magnification. Since the edge of the
Pt electrode has already been eroded away after 80 s etching in etchant #1, a longer
etching time would result in more erosion of the edge and deeper exposure of underlying
scratches beneath the top layer of the electrode surface. Moreover, it is better to retain the
well etched surface of the Pt electrode and protect it from surface damage for other
characterization and future use. Thus, longer etching time is not an ideal option for this
purpose. On the other hand, a high magnification would be a very convenient way to
examine the surface microstructure.

The image shown in Figure 3.1b is the square region marked (inside the blue line)
in Figure 3.1a at a 5x higher magnification. Individual Pt grain surfaces in Figure 3.1b
can be easily discerned. However, the whole surface cannot be completely displayed at
500x% magnification due to the capability limitation of the optical microscope used. In
addition, it was noticed that good focus could not be obtained over the imaged region.
This is attributed to the different depths of field in optical microscopy due to a difference
in vertical height resulted from the uneven surface after etching.

Even though discrimination of single crystalline domains was achieved, comparison
of step height among grains across the surface could not be made due to the differences in

depth of field across the surface. Scanning electron microscopy, an imaging technique
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Figure 3.1  Optical micrographs of the etched surfaces of the polycrystalline Pt
substrate electrode (substrate #J) after an etching time of 80 s in etching
solution #1 at (a) 100x, (b) 500% magnification.
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with higher resolution and larger depth of field, is utilized in an attempt to overcome this
limitation and exhibit the whole surface at an appropriate magnification.

Figure 3.2 shows the image of polycrystalline Pt substrate electrode #J taken with
SEM. Different grains can be effortlessly identified and distinguished from one another
based on gray-level color contrast. Compared to the optical micrographs shown in Figure
3.1, the SEM micrograph displays a significantly clearer and less blurred surface owing
to its capability of achieving a large depth of focus. In the high magnification SEM image
(459x), details of the grain structures can be seen clearly. For example, the grains near
the center and top region of the Pt disk electrode surface that cannot be easily discerned
by the optical microscope (as shown in the Figure 3.1), are clearly shown in the SEM
image. Moreover, topographic contrasts are observed in the image, as indicated with blue
and yellow circles, respectively. The grain marked with the yellow circle is apparently
recessed compared to the neighboring grain with the blue circle on the surface. There are
also other contiguous grains with clear topographic differences shown in the image. Even
though certain contiguous grains seem to exhibit no noticeable topographic differences,
such as the grains marked with red square and green squares, respectively, they can be

differentiated from the color contrast in the SEM micrograph.

3.4.2  Surface Characterization by AFM and Optical Profilometry

Figure 3.3 shows video captures from the AFM video system of the surface of the
polycrystalline Pt substrate electrode #J at different focus planes. Even though the images
shown here are clearer than the optical micrographs shown in Figure 3.1, it’s very hard to
tell which image is at the proper focus to reflect the true topographic information, and it’s

very likely that one of the images is incorrectly focused. Note that features appear
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alternately protruding or recessed depending on the focus. This same problem occurs
when taking photographs with the optical microscope. The SEM image does reveal most
of the grain boundaries and topographic information of the crystallites, such as protruding
or recessed features resulted from the electrolytic etching procedure However, there are
still certain regions in the SEM image which do not show noticeable grain boundaries.
An advantage of AFM is that its resolution in Z direction is usually higher than horizontal
X-Y planes and can provide more detailed topographic information of the sample surface.
As mentioned in Chapter 1, there are generally three operation modes in AFM: contact,
non-contact, and tapping mode. The advantages and disadvantages of the three modes

were described earlier.
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Figure 3.2  SEM image of the surface of etched polycrystalline Pt substrate electrode #
J with topographic differences (indicated with blue and yellow circles), and
crystallites’ microstructure differences (indicated with red and green
squares).
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Figure 3.3  Video captures of polycrystalline Pt substrate electrode #J from the AFM
video system with different depths of field.

Bruker has a proprietary image optimization mode (called ScanAsyst) based on

Veeco’s peak-force tapping mode. In this mode, a fast force curve is performed at every
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pixel in the image, and the recorded peak force is used in the feedback loop to adjust the
tip position over the sample surface. The advantages of this mode are that it can operate
the scan at even lower force than required in the tapping mode, the ScanAsyst imaging
mode is employed to characterize the surface topography of polycrystalline Pt substrate
electrodes and obtain information concerning its surface roughness, step height
differences, and three-dimensional topographic information at a nanometer scale.
Figure 3.4 highlights the surface regions that were scanned by AFM with colored
squares on an optical micrograph. The corresponding 2D and 3D AFM height images of
the scanned surface regions of polycrystalline Pt substrate electrode #J are shown in
Figure 3.5. The area scanned in the AFM images shown in Figure 3.5 is 90 pym x 90 um,
which is the maximum scan area allowed with this AFM instrument, except for Figure
3.5¢, which is 50 um % 50 um. The scale bar displays the height information with color
contrast, where the pink color stands for the highest point in the image, and dark brown
for the lowest point. In general, the height differences among the grains on the
polycrystalline Pt substrate surface range from a few tens of nm to a couple of um as
illustrated by the colored scale bar in Figure 3.5. The areas highlighted by orange and
blue squares in Figure 3.4 correspond to regions a and b in Figure 3.5. In Figures 3.5a
and b, the overall height scale is within 100 nm as indicated by the scale. The Rq (root
mean square roughness) of this image is 26.2 nm as calculated by the NanoScope
analysis software. The two 2D AFM images reveal that the height differences between
the grains in these two regions are less than 100 nm, which demonstrates the scanned
regions on the surface are very flat and smooth. It also explains the reason for the

difficulty in discriminating these topographic features by optical microscope: the smooth
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surface will cause the incident light in the optical microscope to be uniformly reflected,
and the small differences in reflectivity cannot be recognized by human eyes. The two 2D
AFM images clearly display the Pt substrate’s surface topographic characteristics and are
superior to optical micrographs and SEM images owing to its high vertical resolution.
The 3D AFM images of regions a and b (in Figure 3.5) seem like noisy, rough surfaces.

This is possibly due to the small differences in height across the two imaged regions.

100 pm

Figure 3.4  Optical micrograph of the surface of etched polycrystalline Pt substrate
electrode #J.

Note: The squares correspond to the regions scanned by AFM as shown in Figure 3.5 are
marked by the following colored squares: (a) orange, (b) blue, (c) green, (d) black, (e)

red, (f) yellow, (g) purple.

51



37 Tnm

Figure 3.5 2D (left) and 3D (right) AFM height images of the surface regions of Pt
Sub #J marked by colored squares in Figure 3.4.
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Figures 3.5¢ and d are AFM images of the regions marked by black and green
squares in Figure 3.4. The topographic features are clearly apparent in the AFM height
images, especially in the 3D images. The protruding grains are emphasized by a yellow
color, and the relatively recessed grains are in brown. The overall surface height variation
in Figures 3.5¢ and d is less than 1 pm, which is larger than in Figures 3.5a and b. The
grains inside the black and green squares exhibit distinct topographic differences
compared with the ones in the orange and blue squares. By comparing AFM height
images (Figures 3.5a, b, ¢, and d), it can be found that the grain size varies. The grains in
Figures 3.5a and b are smaller than the ones in Figures 3.5¢ and d. Figures 3.5¢, f, and g
are AFM height images close to the edge of the polycrystalline Pt disk. Figure 3.5e shows
the scanned region near the top margin of the whole Pt disk (marked by the red square in
Figure 3.4), and Figures 3.5f and g show the ones in the vicinity of the bottom right edge
of the Pt substrate electrode (the area inside the yellow and purple squares in Figure 3.5).
It can be seen in both the optical micrograph (Figure 3.4 red square area) and AFM
height image (Figure 3.5¢) that the region comprises several grains. It is worth noticing
that the AFM height image in Figure 3.5 reveals that certain grains are not completely
flat. For example, the upper right side of the cowbell shaped grain is recessed as shown in
Figure 3.5¢ according to the colored legend. While, the left side of this grain is slightly
protruding since it is color coded in yellow. However, all these details cannot be
discerned in the optical micrograph shown in Figure 3.4. The reason for the slight height
difference within one grain may be because the upper part of the grain is close to the disk
edge where the peripheral grains are deeply etched away. In Figure 3.5f, the image shows

the grains located near the top of the image are the ones higher in height than the ones in
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the surrounding area of the image. The region color coded in red brown at the right
bottom of the image is the lowest area in the image (Figure 3.5f), which is depressed
approximately 2.2 um compared to the other regions. As the scan approaches the surface
edge, the height variation is more obvious as indicated by the color in the 2D AFM
image, and the actual topography is clearly represented by the 3D AFM height image.
The polycrystalline Pt electrode surface inside the purple square in Figure 3.4 shows only
one clear grain in the image with no obviously discernible grains in other parts of the
area. The right bottom area in Figure 3.5g is deeply recessed as depicted in the 3D AFM
image. The depression of this region is about 5.8 pm compared to the surroundings as
indicated by the colored legend. By comparing the purple and yellow regions marked in
the optical micrograph in Figure 3.4, it is clear that the purple region contains more of the
recessed gap between the Pt disk and the resin sheath than the area marked by the yellow
square. This explains the larger depression depth detected in Figure 3.5g than the one
found in Figure 3.5f.

In order to have a clearer idea of the surface topography and examine the degree of
height change between the crystallites, AFM line profile analysis is employed. Line
profile information was collected at three representative places on the polycrystalline Pt
electrode surface, and is shown in Figures 3.6, 3.7, and 3.8. The white line in Figure 3.6a
emphasizes the place where the profile line is drawn. The two blue crosses highlighted in
the AFM height image correspond to the two perpendicular dashed lines in Figure 3.6b.
In Figure 3.6a, the overall height variation is estimated to be about 80 nm based on the
color scale change. Using the AFM line profile, the height difference at the grain
boundary (near the left blue cross) is near 40 nm as shown in Figure 3.6b. At the other
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blue cross, the depth of the surface scratch is about 30 nm. As can be seen in Figure 3.6,
the line profile drawn in Figure 3.6a shows height variation within one grain is very small
(ca. 20 nm), which is consistent with the image Rq (26.2 nm) calculated from the
roughness analysis. In addition, the line profile shows that the surface of a single grain
has a very small height variation. The left grain crossed by the line shows a slight surface
tilt: the surface near the grain boundary is slightly protruding, as shown in Figure 3.6b.
The line profile also indicates the other grain is relatively recessed especially the region
near the grain boundary.

The AFM height line profile shows the step depth between the two grains is
approximate 250 nm at the place marked by the blue cross in the center of the AFM
image in Figure 3.7. The entire large grain on the left of the image is apparently
protruding with a slight tilt. In Figure 3.8, the height variation is very large, and the
whole surface is tilted. Nevertheless, it still can be distinguished that the step depth near
the grain boundary is around 200 nm. The surface tilt shown in Figure 3.8 could be
mainly due to the etching result, which is the Pt disk edge is greatly etched away and
recessed.

Overall, the AFM characterization of the etched polycrystalline surface provides
accurate and detailed surface topographic information at a nanometer scale. Compared
with optical micrograph and SEM images, the height differences are very distinct and
clear in 2D and 3D AFM images. The AFM height line profile is employed to obtain the
absolute step depth near the grain boundaries. All the AFM results will be further used in
conjunction with other surface characterization for application to Pt single crystal etching

rate comparison.
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Figure 3.6  AFM height image (a) of the area marked by an orange square in Figure 3.5

and height line profile (b) across the surface.

Note: The two dashed lines in (b) correspond to the two blue crosses in (a).

g olalolo]

-100

-200

-300

Height

-400

-500

nm

10 20 30 40 50 &0 70 80

um

Distance

Figure 3.7  AFM height image (a) of the area marked by a green square in Figure 3.5

and height line profile (b) across the surface.

Note: The two dashed lines in (b) correspond to the two blue crosses in (a).
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Figure 3.8  AFM height image (a) of the area marked by a yellow square in Figure 3.5
and height line profile (b) across the surface.

Note: The two dashed lines in (b) correspond to the two blue crosses in (a).

Optical profilometry provides three dimensional surface profile measurements
without contact. It can be used to measure a wide range of surface heights on clean and
dry surfaces. Therefore, it may be a useful tool to examine the surface heights of the
entire Pt specimen surface.

The principle of optical profilometry is based on interferometry, in which the light
reflected from a reference mirror combines with the light reflected from the sample
surface, and the difference in the optical path is detected and converted to the height
information. When the best-contrast interference fringes appear, it indicates the optical
profiler is at its best focus.

There are two modes of surface profiler systems: phase shift interferometry (PSI)
mode and vertical step interferometry (VSI) mode. Generally, PSI mode is used to
measure small steps and smooth surfaces, and VSI mode can be used to measure steps up

to one millimeter high and rough surfaces. After comparing the limits of the dynamic
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range (which is the greatest vertical distance the profiler can accurately measure) of the
two modes, the VSI mode was selected for Pt electrode surface profile measurement.

The optical micrograph of Sub #E at a magnification of 500x% is shown in Figure
3.9. The optical profilometry of Sub #E is displayed in Figure 3.10. Figure 3.10 shows a
2D plot with color-coded step height contour information. As seen in the plot, the
resulting surface-height difference of the polycrystalline Pt electrode after the etching
procedure is depicted in color. The blue color region indicates the recessed surface, and
the red color represents a protruding region of the sample surface. The maximum height
of the sample surface in this image as determined by optical profilometer is about 0.70
um, which is larger than the surface step height results from AFM. As seen in the image,
the surface height detected by the optical profilometry is not uniform within one grain. In
addition, it is well known that optical profilometry suffers from artifacts at the step edge
when the step heights of the surfaces are less than the coherence length of the light. The
optical profilometer is useful for step height characterization of the entire sample surface,
but it produces fringe skewing effects due to its design and the light source in use.
Therefore, it was not further employed in the surface characterization of polycrystalline

Pt substrate electrodes.

Figure 3.9  Optical micrograph of Pt Sub #E (500%) from optical profilometer.
61



o a0 100 140 200 250 300 350 400 450 500 550 591

Figure 3.10 Optical profiler image of Pt substrate #E.

3.4.3 Surface Characterization by EBSD

Different single crystal domains were produced in the etching step as described in
Chapter 2. As mentioned in Chapter 1, EBSD is a powerful quantitative imaging
technique that can provide crystal type, crystallographic orientation, grain boundary
character, and phase distribution information from single and polyphase crystalline
materials.®? Therefore, it is employed to obtain the crystallographic orientation of the
platinum single crystallites. Based on the crystallographic orientation information
coupled with the surface step height information from AFM results, the correlation
between the crystallographic orientation and the etching rate of single crystallites can be
determined. Moreover, valuable crystallographic orientation information will be used in
the relationship of structure-activity study for other electrochemical reactions.

For the polycrystalline Pt substrate examined here, the disk surface was scanned at
a step size of 1 um in approximately 4 h. Figure 3.11 displays a SEM image of the Pt

substrate electrode that was mapped with EBSD.
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Figure 3.11 SEM image of Pt Sub #J.

Note: The disk is the Pt wire, and surrounding white areas are epoxy resin. The black
material near the border of the image is silver paint painted around the whole substrate
surface to make it conducive for SEM imaging.

The EBSD inverse pole figure (IPF) map is shown in Figure 3.12a. Because the
sample was tilted at 70 degrees from horizontal towards the phosphorous screen in the
EBSD measurement, the resultant EBSD IPF map of the Pt disk is elliptically distorted.
The IPF map color gives an indication of the crystal direction aligned with the surface
normal. In general, the points colored red have <100> directions aligned with the sample
normal, the points in green are <110> oriented, the points on the sample with a <111>
axis parallel to the surface normal are in blue, and the intermediate orientations have
intermediate colors. In Figure 3.12a, pure red, green, and blue colors are assigned to
<100> || ND, <110> || ND, and <111> || ND grains, respectively. The variety of the colors
in the contoured IPF map implies the grains on the sample surface have a variety of

different orientations. A limitation of EBSD IPF map is that the coloring of pixels is
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based on the projection-parallel axis and is independent of the rotation about the axes.
Therefore, grains with the same color code may have different orientations. In spite of
this drawback, the IPF-based orientation maps are most useful for understanding the
preferred orientation parallel to a sample direction of interest. In this case, the interested
sample direction is the surface normal direction. In addition, the corresponding
orthogonal plane information can be obtained owing to the face-centered cubic (fcc)

crystal structure of platinum.
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Figure 3.12 EBSD IPF and Euler angle map.

Note: (a) EBSD IPF map of the polycrystalline Pt substrate electrode (Sub #J). The
typical color triangle represents the normal direction (ND). (b) EBSD Euler angle map of
Pt Sub #J. The color legend represents the three Euler angles o1, @, ¢2. The grains
marked by circles are used to emphasize different crystallographic orientations in both
IPF and Euler angle maps.
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An EBSD Euler angle map was also produced and is shown in Figure 3.12b. This
map is based on Euler angles, @1, @, ¢2, which are three angles used to describe the
crystallographic orientation of the crystal relative to a reference coordinate system
(usually defined by the primary SEM stage axis). The value of each Euler angle is
individually set to a color scale. As depicted in the legend in Figure 3.15b, red color
represents @1, green for @, and blue for @2. The combined color of the three angles is a
single RGB color standing for a defined orientation. Therefore, similar orientations will
have similar colors, and different colors indicate different crystallographic orientations.

By comparing the two orientation maps, as depicted in Figure 3.12, most of the
grains are coded in different colors in both Figure 3.12a and b. For example, the grains
marked by circles that have different colors in IPF map also have different color contrasts
in Euler angle map, which indicates the trend of variation in orientation in both IPF and
Euler angle maps is the same. Therefore, the general crystallographic orientations of the
platinum single crystallites are readily observed in the IPF map, and the exact
crystallographic orientations with three Euler angles are achieved with the Euler angle
map.

From the EBSD Euler map, a specific orientation of interest can be highlighted by
coloring the pixels on the map relative to the misorientation between the orientation at
that point and the ideal orientation. Figure 3.13 highlights the three low-index planes with
red, green, and blue indicating (100) (Figure 3.13a), (110) (Figure 3.13b), and (111)
(Figure 3.13c) planes, respectively. The intensity of the color bar is associated with the

misorientation angle. The more intense color indicates a smaller misorientation angle.
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The overall range of misorientation is from 0 to 30 °, where 30 ° is the maximum
misorientation angle chosen for the EBSD orientation map analysis.

Comparing each of the highlighted planes of interest map in Figure 3.13 and the IPF
map in Figure 3.12a, the grain orientations are very well matched in two maps. For
example, the <100> grains in IPF map (colored red grains) have a (100) low-index plane
(as depicted in Figure 3.13a). The results confirm that well-defined and orientated single
crystal planes are produced at the polycrystalline Pt substrate electrode surface.

The grain size distribution of the single crystal grains at the polycrystalline Pt
substrate electrode surface is presented in Figure 3.14. The area fraction and its
corresponding diameter are also listed. As can be seen in the chart, most of the surface
area is occupied by medium (~50 pm) and large (~100 um) size grains. Relatively small
grains (< 50 um) are randomly distributed across the surface with very small fractions.

The grain size information obtained in EBSD is consistent with the AFM results.
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Figure 3.13 EBSD highlighted low-index planes (100) in red color (a), (110) in green
color (b), and (111) in blue color (c). The color legend illustrates the degree
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of misorientation angle based on the intensity of the coded color.
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Grain Size (dlameter) Chart: Grain Size (diameter)

Edge grains included in analysis
0.22

Diameter [microns]  Area Fraction
020 1.66331 0.100357
2.08665 0.0152701
018 261774 0.018217
328399 0.0105974
016 411982 0.00674903
5.16838 0.0029161
014 5.48381 0.000427592
- 8.13404 0.000874445
% 012 10.2043 0.00577057
E 128014 0.0108786
T 010 16.0596 0.00868282
E 20147 0.0126005
0.08 252747 0.027493
31.7076 0.0257904
006 397776 0.0475437
49.9017 0.133663
0,04 626025 0.109737
78.5358 0.0381135
98.5244 0.207086
002 1236 0.217252
000 Average
! 10 100 1000 Number 1.98871
Grain Size (Diameter) [mico ] Area 58.9077

Figure 3.14 Grain size distribution of the polycrystalline Pt substrate electrode from the
EBSD scans in Figure 3.12.

Note: The diameter of the grains and the corresponding area fraction are shown on the
right side.

3.4.4 Electrochemical Characterization of Pt substrate Electrode Surface by
Cyclic Voltammetry (CV)

CV is performed to electrochemically clean and activate the surface of Pt substrates
for electrochemical reactions. It also allows one to distinguish the potential regions
corresponding to the double-layer charging and oxide growth.!'®

The cyclic voltammgram of Pt Sub #Z in 1 M H2SOs4 solution is shown in Figure
3.15. The potential region of —0.4 V to 0 V vs. MSE is the double-layer region, where the
current flows to charge the double layer. When the potential goes more positive, the
formation of adsorbed oxygen or platinum oxide occurs. The cathodic current peak at 0 V
is attributed to the reduction of surface platinum oxide. The two symmetric peaks
between —0.45 V and —0.65 V vs. MSE are due to hydrogen atom adsorption and

desorption at platinum surface.”®
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Figure 3.15 Cyclic voltammogram of 500 um diamr Pt Sub #Z in 1 M H2SO4 solution
at 100 mV/s scan rate. The potentials are given with respect to MSE.

Figure 3.16 shows the CV of Pt Sub #J in 1 M H2SO4 solution before and after the
etching procedure. It can be seen in the plots that the magnitude of the platinum oxide
reduction peak and the hydrogen adsorption and desorption peaks are less after etching
compared to that of peaks before etching. It is believed that the current decrease between
the two CVs is due to the decrease in the available sites for hydrogen or oxygen
adsorption on the electrode surface after the etching procedure. In addition, it can be
observed that the bulk oxygen evolution starts at a potential above +1.3 V vs. Ag/AgCl,

and the bulk hydrogen evolution begins at —0.3 V.
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Figure 3.16 Cyclic voltammogram of 500 um diam Pt Sub #J in 1 M H2SO4 solution at
100 mV/s scan rate. The potentials are given with respect to Ag/AgCL.

3.4.5 Structure-Activity Relationship of Pt Single Crystallites in an Electrolytic
Etching Reaction

To examine the structure-activity relationship of the of Pt single crystallites in the
electrolytic etching experiments, the crystallographic orientation and the corresponding
etching rate are correlated with SEM and EBSD results. Figure 3.17 shows a transparent
overlay of an EBSD IPF map on an SEM image.

In Figure 3.17a, the SEM image of polycrystalline Pt substrate electrode (Sub #J)
displays the surface topographic features, clearly distinguishing protruding and recessed
regions. Figure 3.17b shows the overlay of the EBSD IPF map on the SEM image of the
Pt substrate #J, and as seen from the overlay picture, the shape of the grains in SEM
image matches well with that of the grains in the EBSD IPF map. The protruding regions
in the SEM image imply that they are the least etched, and the recessed regions are the

most etched during the etching process. In Figure 3.17b, the planes coded in blue on the
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EBSD IPF map are exactly superimposed on the protruding regions in SEM image.As
discussed previously in Figure 3.12 and Figure 3.13, these grains have a crystal
orientation of (111). These results indicate that the (111) planes (blue color) have the
slowest etching rate of the three low-index planes in the surface electrolytic etching
treatment. In contrast, the recessed grains, which are colored either in red or green on the

EBSD map, are (100) and (110) planes.
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Figure 3.17 SEM image of polycrystalline Pt substrate electrode (Sub #J) (a) and an
overlay of the EBSD IPF map on the SEM image (b).

Note: The images are rotated and adjusted for the overlay.
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AFM results were employed to estimate the etching rate of Pt single crystallites
having different crystallographic orientations during the electrolytic etching process. The
delimited regions on the EBSD IPF map shown in Figure 3.18 illustrate the areas that
were scanned on polycrystalline platinum by AFM. The corresponding AFM scan images
and line profiles are shown in Figure 3.19.

Comparing the EBSD map and AFM results, it can be seen that the step height near
the grain boundary varies with grain orientation. The AFM line profile shows the vertical
distance is approximately 160 nm between (111) and (110) regions, and it is about 150
nm between (111) and (100). It can be inferred that the height difference between (100)
and (110) is about 10 nm. Therefore, the general etching rate is in the order of (111) <
(100) < (110).

To further evaluate the etching rate of different Pt single crystallites in the
electrolytic reaction, the Pt substrate electrode was etched in 15 s increment and
characterized by AFM after each etching experiment. The average step depth between the
boundaries of two grains with different crystallographic orientations is obtained from

multiple AFM line profile analysis (rn > 5), and is shown in Table 3.1.
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Figure 3.18 EBSD IPF map of Pt Sub #J.

Note: The regions marked by black and white squares are scanned by AFM. The lines
drawn on the map across the grain boundaries correspond to the places where AFM line
profiles are obtained.
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Figure 3.19 AFM height images and line profiles correspond to the regions marked by
the black (a) and white square (b) in Figure 3.18.

Note: The two dashed lines correspond to the two blue crosses highlighted in AFM
images.

Table 3.1  Step height between grain boundaries of Pt single crystallites with different
crystallographic orientations

Overall Etching Time (s) dain-a10)(mm)  dairy-aooy (Nm)

80 159+ 6 146 + 6
95 199 + 8 176 £ 6
110 239+ 6 205+ 6
125 279+ 9 234 +£8
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It is evident that the vertical distance between both (111) and (110) grains and (111)
and (100) grains increases with etching time. The height difference between (110) and
(100) can be calculated by subtracting d(i11)-100) from d(i11)-(110). The step height among
(111), (110), and (100) regions is plotted as a function of the overall etching time in
Figure 3.20. The slopes of 2.67 nm/s for (110) grain (black line), 1.95 nm/s for (100)
grain (red line) are obtained relative to the etching rate of (111), which is assumed to
have a constant value. The etching rate of (100) plane relative to (110) plane is calculated
by subtracting the slope of (111)-(100) from that of (111)-(110), which is 0.72 nm/s.
Assuming the absolute etching rate of (111) plane is x nm/s, then the etching rate for the
(100) plane is (0.72 + x) nm/s.

Efforts have been made to estimate the etching rate for Pt substrate surface relative
to the surrounding epoxy resin in order to have an insight in the etching rate of (111)
plane. In Figure 3.21, an AFM height image was obtained by scanning across the border
between the Pt disk and the surrounding epoxy resin on Pt Sub #B. As shown in the AFM
line profile, the height difference between the overall Pt disk surface and surrounding

epoxy resin is approximate 1.16 = 0.12 pm.
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Figure 3.20 Average vertical distance + standard deviation between Pt single crystal
grains from AFM line profile analysis with different etching time.
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Figure 3.21 AFM height image and line profile of Pt Sub #B near the Pt disk edge.

Note: The two dashed lines correspond to the two blue crosses highlighted in the AFM
image.
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Given that Pt Sub #B was etched for 80 s before the AFM scan, the etching rate of
the entire Pt surface relative to epoxy resin is calculated to be 14 nm/s—provided the Pt
disk has the same surface height as the epoxy resin before etching. Based on this result,
the etching rate of the (111) grain is estimated to be between the limit of a pure (110)
surface and pure (111), i.e. 11-14 nm/s.

Several etched Pt substrate electrodes have been characterized by optical
microscopy, AFM, SEM, EBSD, and CV. All the topographic information gathered by
these methods essentially agree, except for the extent of the surface height changes due to
various etching conditions.

The etching results demonstrated that the rate of electrolytic reaction on Pt single
crystallites is evidently grain-dependent, which is closely related to the crystallographic
orientation of the single crystallites. The relationship of the etching rate and the grain
orientation is determined by coupling AFM surface step height measurements with EBSD
characterization, and the etching rate was found to increase in the order of (111) < (100)

< (110). The findings in the structure-activity relationship study in the electrolytic etching

reaction are most possibly due to the differences in surface energy (y) of different

crystalline planes of a fcc metal which are known to have an order of y(111) <y(100) <

y(110).116

3.5 Conclusions

The electrolytic etched polycrystalline metal electrode surface was characterized by

optical microscopy, optical profilometry, SEM, AFM, EBSD, and CV, and the impact of
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structure of Pt single crystallites on the rate of electrolytic reaction in acidic etching
solution is investigated.

The Pt electrode surface was examined by optical microscopy, and grain boundaries
and the surface topography differences between Pt single crystal planes were observed.
However, since optical techniques require a precise focus on the surface, the
photographic images may not reflect the actual topography, depending on the focus
condition. For this reason, SEM was employed to obtain images with high magnification
and provide a better insight on the surface topography, particularly by distinguishing the
protruding and recessed grains.

To provide quantitative surface height information, optical profilometry, and AFM
are used. The optical profilometer is a great technology for the step height
characterization of the whole sample surface. However, the artifacts near step edges
impeded its further use in the surface height measurement of the polycrystalline Pt
substrate electrode. More accurate surface height differences among different single
crystal planes across the surface are collected from 2D and 3D AFM maps and AFM line
profiles. The examined step change between two grains varies from tens of nanometers to
several hundreds of nanometers, and it can reach up to a couple of micrometers near the
electrode disk edge. Surface topography, such as grains with protruding and floor
features, are clearly shown in AFM 3D map. In addition, slight surface tilts are discerned
in AFM height line profiles. Despite the differences in grain surface height, the whole Pt
electrode surface is essentially flat.

Crystallographic information for polycrystalline Pt crystal planes exposed after
etching was investigated by EBSD, including the grain size, grain boundaries, crystal
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orientation, and crystal misorientation angle. EBSD IPF map and Euler angle maps are
used to determine the crystallographic orientation of each single crystal plane on the Pt
electrode surface based on the resulting map color contrast. In the EBSD IPF map, the
coded color of the grain is associated with the degree of alignment between the crystal
surface normal direction and the designated orientation. The actual crystal orientations
are illustrated in color in the EBSD Euler angle map. The three low-index single crystal
planes are highlighted in red, green and blue to represent corresponding (100) planes,
(110) planes, and (111) planes of the Pt pseudo-single-crystal electrodes, respectively.

By comparing the EBSD crystallographic orientation results with the surface
topography information from an SEM image, it is found that the protruding regions on
the polycrystalline Pt electrode surface, which are the regions that are least etched in the
surface etching procedure, are determined to be (111) planes. The recessed regions (the
more etched grains) on the surface are (100) and (110) planes.

The basic electrochemical behavior of the Pt substrate electrode as a function of
substrate potential was obtained by CV, and the results also reflect the surface
topographic change due to electrolytic etching.

The structure-activity relation in the electrolytic reaction was further investigated
by EBSD complemented with AFM line profile analysis, and the etching rate was
explored as a function of etching time. The results show that the etching rate of Pt single
crystallites is closed related to grain structure. It is found that the relative surface height
of the (110) plane is slightly lower than that of the (100) plane from the AFM results. The
relative electrolytic reaction rate is obtained from the slope of the plot of the vertical

distance differences between grains verses etching time. The etching rate for the (110)
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grain is 2.67 nm/s faster than that of the (111) grain, and it is 1.95 nm/s faster than that of
(111) grain for (100) grain. The etching rate for the Pt substrate surface relative to
surrounding epoxy resin (no etching reaction occurs at the resin surface) is approximate
14 nm/s. The absolute etching rate for (111) grain is estimated in the range between 11
nm/s and 14 nm/s.

Overall, the electrolytic reaction is demonstrated to be structure-dependent, and the
structure-activity relationship of Pt single crystallites is determined, which is that the
reaction rate is in the order of (111) < (100) < (110).

Note, the three low-index single crystal surfaces (111), (100), and (110) determined
by EBSD on the polycrystalline Pt substrate electrode are with a certain misorientation
angle. Actually, the Pt single crystal domains revealed after etching are not true low-
index planes, but are high-index surfaces with contributions of all three low-index grains.
Detailed information of grain structure of Pt crystallite surfaces and the effect of the
crystallographic orientation of high-index surfaces on the reaction rate is investigated in

the electrocatalysis of HOR in the following chapter.
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CHAPTER IV
STUDY OF THE HYDROGEN OXIDATION REACTION ON PLATINUM BY

SCANNING ELECTROCHEMICAL MICROSCOPY

4.1 Introduction

The great importance of hydrogen oxidation reaction (HOR) lies in its crucial role
as the fundamental electrocatalytic reaction in electrochemistry and its application in
energy conversion devices (a fuel cell anode reaction). The catalytic activity of HOR on
platinum catalyst materials has been studied to understand its kinetics, reactivity, and
mechanism in different electrolyte systems by several techniques, such as CV, RDE,
RRDE, and recently, SECM.?**146 Much effort has been devoted to understanding the
influence of surface structure and crystallographic orientation of Pt-based electrocatalysts
on reactivity in an attempt to search for lower-cost and more efficient electrocatalysts for
HOR with applications in fuel cells and many other electrochemical applications. For
example, the electrochemical behavior of hydrogen adsorption on Pt low- and high-index
planes has been examined by cyclic voltammetry in acid and alkali solutions.” It was
found that the electrochemical features of Pt single crystal electrodes vary systematically
with the surface structure and the pH of the solution.!®® Markovié’s group studied the
relationships between the atomic-scale structure and electrocatalytic activity in HOR
electrocatalysis using (111), (100), and (110) single crystal electrodes in acid and alkali

solutions, and discussed their temperature-dependent surface electroactivity.*¢3-4 The
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effect of chloride ion in HOR catalysis was also investigated on Pt single crystals. It was
found that the HOR has faster kinetics on Pt(111) than Pt(100) in the presence of C1".%

Most of these investigations were performed with CV, RDE, and RRDE using
single-crystal electrodes. The traditional single-crystal electrode preparation is tedious
and repetitive and involves a complicated fabrication for only a single crystal surface
orientation at a time. Moreover, quantitative information concerning reaction pathway,
and interfacial chemistry may be absent in these methods. SECM is a powerful technique
to probe electrocatalytic and electrode processes. It has been used to measure the kinetics
of heterogeneous and homogeneous reactions, and visualize electrochemical activity on
various sample surfaces owing to its high spatial resolution.””* Approach-curve and
imaging methods in SECM have been used to study the kinetics and reaction mechanism
of HOR in acid solutions.®® However, to the author’s best knowledge, no previous work
has visualized the HOR activity on Pt single-crystal electrodes in acid media by SECM
imaging techniques or investigated the relationship between the electrocatalytic activity
and crystallographic orientation of a single crystal platinum catalyst in the
electrocatalysis of HOR. In addition, it is well known that the high-index facets are
extremely difficult to prepare and maintain as macroscopic single crystals due to their
large surface energy. It is also very challenging in probing the electrochemistry and
surface structures at high index surfaces.’

With the electrolytic etching method described in Chapter 2, high-index surfaces
can be readily revealed on a polycrystalline platinum surface. (More details regarding
high-index surfaces will be given in this chapter). In this study, an approach was
developed to study the electrocatalytic activity of platinum toward the HOR on high-
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index single crystal surfaces in acidic media using scanning electrochemical microscopic
imaging techniques. With the help of SECM techniques, the heterogeneity of the
electrocatalytic activity of different Pt pseudo-single-crystal electrodes can be examined
readily in a single scan experiment and displayed in color contrast.

However, a disadvantage of this etching method when using SECM imaging in the
constant height mode is the topographic variability from the etching procedure. A
schematic diagram of imaging with SECM constant height mode is illustrated in Figure
4.1. The uneven surface of the polycrystalline platinum substrate electrode may cause
variation of tip current as the tip scans over the substrate electrode surface at a constant
height.!”

The influence of the topographic discrepancy on the study of the electrocatalytic
activity of Pt single crystal surfaces on polycrystalline platinum substrate is evaluated by
employing a DMAFC*/DMAFC?* redox couple with fast kinetics as a topography probe.
The correlation between the electrochemical activity and crystallographic orientations of
Pt high-index pseudo-single-crystal electrodes is determined by coupling the SECM
imaging scan results with EBSD IPF map. Moreover, kinetic and mechanistic

information for HOR on Pt high-index pseudo-single-crystal electrodes is evaluated.
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4.2 Experimental

4.2.1 Reagents

(Dimethylamino)methylferrocene (96%, Sigma-Aldrich Co.), potassium sulfate

UME

Substrate

Schematic diagram of UME moving over the etched polycrystalline

Figure 4.1
platinum substrate electrode surface in SECM constant height mode.

(ACS reagent, > 99.0%, Sigma-Aldrich Co.), sulfuric acid (TraceMetal™ grade, 93%-
98%, Fisher Scientific), and sodium borate (ACS grade, 99.7%, Fisher Scientific) were
used as received. All solutions were prepared from 18 MQ-cm deionized water
(Nanopure, Barnstead). Two redox mediator solutions were prepared fresh immediately
prior to these experiments: 1.25 mM DMAFc¢" + 10 mM sodium borate solution (buffered

to pH = 8.5 with 0.5 M boric acid), and 10 mM H2SO4 + 0.1 M K2SOs4 solution (pH =

2.8).
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4.2.2 Electrodes

Tip preparation. 5 ym and 10 pm diam Pt wires (Goodfellow Metals, Ltd.,
Cambridge, U.K.) were used to build imaging ultramicroelectrode (UME) tips for SECM
measurements. The procedure was similar to a previously described method.!'®!"° Pt wire
about 1 cm long was placed into one end of a flint glass capillary, o.d./i.d =2.0/1.0 mm
(FHC Corp., Brunswick, ME), which was then sealed at this end using a propane flame.
The wire was then heat-sealed in the glass by applying vacuum to the capillary and
melting the closed end of the capillary with an electrically heated nichrome coil, leaving
approximately 0.3 cm of the wire protruding into the capillary. The sealed end of the
electrode was examined under a microscope to make sure the wire was completely sealed
at the tip and no air bubble trapped near the wire surface. An electrical connection
between the unsealed end of the Pt wire and a 30 ga Cu wire (for external connection)
was made with silver epoxy (EPO-TEK H2OE, Epoxy Technologies, Billerica, MA). A
small amount of fast drying epoxy (DECVON, Riviera Beach, FL) plugged the open end
of the glass capillary. After this, the sealed end with the Pt wire was cut to expose the Pt
wire disk. Wet grinding was done to the cross section of the Pt wire disk with successive
grades of 400, 800, and 1200 grit silicon carbide paper. The Pt electrode surface was
successively polished with 15 pm, 5 pm, 3 um, 1 um, and 0.05 um alumina slurries until
a mirror-like finish was achieved. The glass sheath surrounding the Pt wire was conically
sharpened until the RG value (the ratio of the diameter of disk electrode to the diameter
of the Pt wire) is less than or equal to 10 .!?°
Substrate preparation. The construction of the Pt substrate electrode was described

in Chapter 2.
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Saturated mercury sulfate reference electrode (MSE) (Hg/Hg2SO4, 0.640 V vs.
NHE) was used in sulfuric acid solution, and a silver/silver chloride reference electrode
(Ag/AgCl, 3M KCl, 0.241 V vs. NHE) was used in DMAFC" solution to avoid a
discoloration of the MSE reference junction that occurred in this solution. A Pt wire was

used as the auxiliary electrode.

4.2.3 Instrumentation

SECM experiments were performed with our home-built SECM instrument. The
schematic diagram is shown in Figure 4.2. As described previously'?""!'7, the basic
SECM apparatus consisted of three major components: a positioning and control system,
the data acquisition system, and the electrochemical cell setup. A three dimensional
piezoelectric and motorized positioner controls the tip movement in X, Y, and Z
orthogonal axes via a piezoelectric inchworm controller (Burleigh Instruments, Fishers,
NY). A bipotentiostat (EI 400 Ensman instrumentation, Bloomington, IN) was used to
apply potentials and measure current at the tip and substrate at the same time. The
electrochemical signal data were collected from the potentiostat with custom LabView
software in conjunction with a data acquisition and I/O board (National Instrument). The
electrochemical cell was placed on a tilt-adjustable stage to reduce sample tilt. In the
electrochemical cell, the working electrode, the reference electrode, and the auxiliary
electrode were situated vertically in about 10 mL electrolyte solution as illustrated in
Figure 4.2. The substrate electrode was positioned at the bottom of the cell with the
polished substrate surface facing up the solution. To monitor the tip position when the tip
was approaching the substrate surface and to locate the tip over features of interest on the

substrate, a video microscope monitored the tip or the substrate through an optical
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window. The whole SECM instrument was located on a vibration isolation workstation to
minimize the vibrational noise from the surroundings.
All voltammetry experiments were carried out with a BAS 100 B/W

electrochemical workstation (BAS, West Lafayette, IN).

Tip
o X,Y, Z stages
Aux Piezo
Ref translator

Microscope

m
Video ] v m

Sub
u Piezo-inchworm
Controller
Bipotentiostat
PC
Monitor
Computer

Figure 4.2  Schematic diagram of SECM instrument.
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4.2.4 Method

In routine SECM experiments, it is very important to consider the electrochemical
characterization of the probe and the substrate as the first step before performing further
quality and quantity characterization experiments in the SECM electrochemical cell.
Therefore, cyclic voltammetry tests were used to verify the electrode was working
properly before running SECM experiments. CV experiments were done by scanning
between +0.8 V and 0 V (vs. MSE) in 1 mM DMAFc" + 10 mM sodium borate solution
or between —0.6 V and —1.6 V in 10 mM H2SO4+ 0.1 M K2SO4 solution at a scan rate of
100 mV/s. For surface cleaning and catalytic activation, the Pt tip and substrate were
cycled between +0.8 V and —0.8 V (vs. MSE) at a scan rate of 100 mV/s in 1 M H2SO4
solution until reproducible cyclic voltammograms were obtained.'??

In SECM experiments, the tip movement is controlled by the piezo-translator in X,
Y, and Z axes. The X, Y plane is defined as the plane of the polished flat Pt substrate
electrode surface, and the Z axis is defined as normal to the substrate electrode surface.
Approach curves were conducted to determine the distance between the tip and the
substrate using conventional SECM feedback mode in DMAFc" solution. *° A negative-
feedback-mode approach curve was performed first over the insulating epoxy resin since
it conveniently helped to bring the tip close to the substrate due to its sole blocking effect
at small tip-sample separation distance. The tip was moved toward the substrate surface
with 1 pm increment at a maximum speed of 5 pm/s along the Z axis. The tip current was
recorded at each step when the tip was approaching the substrate. When the tip-substrate
separation reached about 10 pm, the approach was stopped. Then line scans were carried
out in the X and Y directions at a scan rate of 100 um/s to position the tip at a known
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location over the substrate. After this initial positioning, an area of 200 um x 200 pm was
scanned on the substrate at scan rates ranging from 50 to 100 um/s. The tip-substrate
separation distance ranged from 1 to 10 pm in SECM imaging experiments.

After SECM imaging scans in DMAFc" solution, the solution was changed to the
H2SOu4 solution in order to interrogate the catalytic activity of Pt single crystal planes
towards the HOR. The SECM imaging scans were performed over the same area using
the same experimental parameters as the DMAFc" oxidation imaging scans.

All the SECM experiments of HOR were conducted in 10 mM H2SO4+ 0.1 M
K2SOs4 solution using feedback mode. In both approach curve and SECM scan imaging
experiments, the tip potential was held at —1.5 V (vs. MSE) at which hydrogen gas was
generated, and the diffusion-limiting tip current was reached for the H" reduction
reaction. The substrate potential was varied in SECM imaging experiments to investigate
the potential dependence of the HOR on Pt catalysts. The initial scans were performed
with the substrate at open circuit potential (OCP). After the imaging scans, approach
curves were obtained at several interesting spots across the Pt substrate electrode surface
with the substrate potential set at different values. All electrochemical measurements

were carried out at room temperature.

4.3  Results and Discussion
4.3.1 Characterization of Pt Tip and Substrate Electrode

The disk surface of the Pt tip and substrate electrodes were visually examined with
an optical microscope to ensure the RG value (the ration of the radius of the disk
electrode to the radius of the metal wire) of the sharpened UME was less than 10. The

electrochemical characterization of the SECM UME tip and Pt substrate electrode was
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carried out by recording the CVs in 1 mM DMAFc® + 10 mM sodium borate solution
(buffered to pH = 8.5 with 0.5 M boric acid). The cyclic voltammogram displays a typical
sigmoidal shape and plateau-limiting current response that are characteristic of diffusion-
controlled behavior of an UME, as shown in Figure 4.3a. It can be seen that DMAFc¢*

oxidation occurred at the Pt tip above +0.4 V, and the diffusion limited current for the
DMAFC" oxidation reaction (DMAFc" - & = DMAFc?") is approximately 1.0 nA in the

potential range between +0.4 V and +0.8 V. In both SECM imaging and approach curve
experiments, the tip is held at +0.7 V at which DMAFC is oxidized to DMAFC?" and the
current is limited by the mass transport rate. Figure 4.3b shows the current response of a
Pt substrate electrode in DMAFc" solution during potential cycling. The cathodic
response for DMAFC" reduction can be seen between potentials +0.3 V and 0 V. The Pt
substrate potential is therefore set at +0.1 V vs. Ag/AgCl.

The CVs of the Pt UME tip and substrate in 10 mM H2SO4+ 0.1 M K2SOs4 solution
are shown in Figure 4.4. The cathodic current attributable to the proton reduction at the Pt

tip is observed in the potential region negative of —0.85 V, and the diffusion limited
current for the proton reduction reaction (2H' + 2e” = H>) is approximately —130 nA

between potentials of —1.2 V and —1.6 V (vs. MSE), as illustrated in Figure 4.4a. Figure
4.4b shows the CV of Pt substrate cycled between 0 V and —1.4 V (vs. MSE). The
cathodic peak around —0.9 V is from proton reduction, and the anodic peak around —0.75
V is due to hydrogen oxidation. Therefore, the substrate potential (Esuwb) is initially set at

—0.75 V vs. MSE in SECM imaging experiments, and the tip potential (Etp) is held at
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—1.5 V in both SECM approach curves and imaging experiments. The substrate potential

were varied in the Pt electrocatalytic activity study for the hydrogen oxidation reaction.
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Figure 4.3  CV of (a) a 10 um diameter Pt tip and (b) a Pt substrate electrode in 1 mM
DMAFC" + 10 mM sodium borate solution at 100 mV/s scan rate.

Note: The potentials are given with respect to Ag/AgCl.
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mM H2SO4 + 0.1 M K2SOs solution at 100 mV/s scan rate.

Note: The potentials are given with respect to MSE.
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The cyclic voltammograms above were used to determine the diffusion-limited
potentials for cathodic and anodic responses of the SECM tip and substrate in different
solutions. Another important requirement for SECM tip characterization are SECM
approach curves, in which the tip current changes as a function of tip-substrate separation
distance towards a surface. Illustrations of the feedback behavior of DMAFc'/ DMAFc¢**
and H'/Hz redox couples at the polycrystalline platinum surface and insulating epoxy
sheath in the SECM cell are given in Figure 4.5.

When the tip is held at a diffusion-limited potential and is positioned far above the
substrate, the tip current can be expressed by Equation 4.1:!%

it = 4nFDca (4.1)

Where 7 is the electron transfer number, F' is the Faraday constant, c is the
concentration of the redox species, and a is the Pt tip radius. When the Pt UME
approaches the substrate surface, the steady-state tip current is perturbed by the presence
close proximity of the substrate. If the substrate is active towards the redox process (such
as the platinum electrode surface), the tip current increases as the tip-substrate distance
decreases as a result of the regeneration of the redox mediator at the substrate/solution
interface (positive feedback). When the tip approaches an electrochemically insulating
region of the surface, a negative feedback behavior is expected. The blocking of diffusion
of the redox species to the tip at the insulating surface with a close tip-substrate
separation distance results in the decrease of the tip current SECM approach curves are
the best way to estimate the tip-substrate distance in SECM. Moreover, the analysis of
approach curves provides useful information about the nature and reactivity of the

substrate.> '23 Figure 4.6 shows the results of approach curves acquired at the
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polycrystalline platinum substrate in DMAFc¢" and H2SO4 solution, respectively. These
curves plot the normalized current (expressed as it,¢/iT,, Where it.d is the tip current at d,
and it is the UME steady-state current at infinite separation) as a function of normalized
distance (expressed as d/a, where d is the tip-substrate separation, and « is the tip radius).
Figure 4.6a shows approach curves obtained in DMAFc" solution towards Pt disk
electrode and surrounding epoxy sheath surfaces with the UME held at +0.7 V and the
substrate at +0.1 V. The two experimental approach curves (blue squares and green
triangles) follow the positive and negative feedback theoretical curves (black line and red
line) quite well as shown in Figure 4.6a. These results confirm the fast electron transfer
kinetics for DMAFc" oxidation, and also validate the use of DMAFc"/DMAFc?* redox

couple as a topographical probe to determine tip-substrate separation.
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Figure 4.5  Illustration of SECM feedback modes of DMAFc'/DMAFc¢?" and H'/H2
redox couples at Pt substrate surface (left) and insulating surface (right) in
SECM cell.
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In H2SO4 solution, with Esub=—0.75 V, hydrogen is formed at the tip by hydrogen
ion reduction. These ions can be regenerated at a closely spaced polycrystalline platinum
substrate due to the catalytic hydrogen oxidation reaction (as illustrated in Figure 4.5),
which occurs at the catalytic Pt surface through coupled dissociation, chemisorption, and

electron transfer steps as follows:

H, + 2Pt — 2Pt(H) (4.2)

2Pt(H) - 2Pt + 2H" + 2e~ (4.3)
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Figure 4.6  Experimental SECM approach curves (solid symbols) obtained in feedback
mode at a Pt substrate surface (a, ¢) and surrounding insulating epoxy
surface (b, d), and corresponding theoretical curves (solid lines).

Note: 10 pm diam Pt UME is used in (a) 1.25 mM DMAFc¢" + 10 mM sodium borate
solution (Etip =+0.7 V, Esub = +0.1 V vs. Ag/AgCl), and (b) 10 mM H2SO4+ 0.1 M
K2S04 solution (Etip =—1.5 V, Esuo = —0.75 V vs. MSE). The approach rate is 0.5 pm/s.
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It has been reported that the HOR requires catalytic surfaces with strong H atom
adsorption capability, and that Pt, Pd, Ru, and Ir are the only metals with significant
adsorption ability.'?* Therefore, the Pt disk electrode exhibits a positive feedback
approach curve response with the HOR as shown in Figure 4.6b (orange diamonds). On
the other hand, negative approach curves are expected on non-catalytic surfaces, just as
the curve shown in Figure 4.6b (purple stars). It’s evident that the degree of positive and
negative feedback from the approach curves obtained in the two solutions are similar,
indicating both the DMAFc" oxidation reaction and HOR are facile at the Pt surface, but
not at the insulating epoxy sheath of the substrate. This easily allows discrimination
between catalytic surfaces and non-catalytic surfaces. The slight differences in the
experimental approach curve (curve c) and the theoretical one (conductor curve) shown
in Figure 4.6b suggest the kinetics of the HOR is not as fast as the DMAFc" oxidation.
The reaction rate for heterogeneous electron transfer of the HOR on a Pt substrate can be
extracted by fitting the experimental approach curves with the theoretical ones, which

will be discussed further in the kinetic study of the HOR

4.3.2 SECM Imaging

Although the differences in electrocatalytic activity between a conducting Pt disk
and insulating epoxy surface can be demonstrated by SECM approach curves, it would be
more enlightening to distinguish these differences if they can be visualized in SECM
images. SECM imaging has been widely used in identifying local variations in
electrochemical activity on an electrode surface and studying kinetics and mechanisms of
reactions associated with electrode processes.”” However, to the author’s best knowledge,

no work has been done in the application of SECM imaging techniques so far to
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characterize the electrocatalytic activity of Pt single crystal electrodes for the hydrogen
oxidation reaction (HOR) in acid media and investigate the relationship between the
kinetic activity of single-crystal platinum catalysts in HOR and its corresponding
crystallographic orientation. Therefore, in this part, SECM imaging is used to study the
structure-activity relationship of Pt pseudo-single-crystal electrodes for the

electrocatalysis of the HOR on a polycrystalline Pt substrate.

4.3.2.1 Effect of Tip-Substrate Distance

Preliminary SECM imaging experiments were performed on an etched
polycrystalline Pt substrate electrode surface (Sub #J) in 5 mM H2SO4 and 0.1 M K2SO4
solution with a 10 um diameter Pt tip. The optical micrographic image of Sub #J is
shown in Figure 4.7. Figure 4.8 displays an SECM scan at constant height over the Pt
substrate surface at a large tip-substrate separation distance. The tip current shown in
Figure 4.8 is very close to steady-state limiting proton reduction current (it = —65 nA).
The slight variation in the tip current is probably due to the surface topography. The
reason for the featureless DC-SECM image is that the tip current is at diffusion-
controlled conditions, and there is no additional amperometric feedback current at the
probe when the separation distance between the tip and the substrate is very large.

Figure 4.9a is an optical micrograph of a 500 um diam Pt substrate (Sub #A) after
electrolytic etching, and Figure 4.9b is a constant height DC-SECM scan image obtained
on Pt Sub #A. The shapes of Pt single-crystal grains can be roughly discerned on the
round disk region in the optical image. The higher tip current (red color) regions in the
DC-SECM image corresponds to the scratched surface shown in Figure 4.9¢c. Even

though part of the substrate surface is damaged by the scratches that were caused by the
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tip movement in the SECM scan, a very nice overlay can be seen between micrometer-
sized features over the intact region in the optical and electrochemical images as shown

in Figure 4.9d.

Figure 4.7  Optical micrograph of an etched polycrystalline Pt substrate (Sub #J).
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Figure 4.8 A SECM image obtained on Pt Sub #J surface with a 10 um diam Pt tip in

5 mM H2SOs and 0.1 M K2SO4 solution.

Note: Etip =—1.5 V, Esub =—0.75 V. The scan rate of 100 pm/s. The tip-substrate
separation is about 50 pm.
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Figure 4.9  Optical micrographs and SECM images of Pt Sub #A.

Note: (a) Optical micrograph of Pt Sub #A before SECM imaging experiment. (b) SECM
scan image of Pt Sub #A in 5 mM H2SO4 and 0.1 M K2S04 solution with a 5 pm diam
Pt tip. Etip =—1.5 V, Esub = —0.75 V. The tip-substrate separation is approximately 2.5
pum. (c) Optical micrograph of Pt Sub #A after SECM imaging experiment. (d)
Composite image showing a transparent overlay of the semitransparent DC-SECM
shaded contour image on the optical micrograph.
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As can be seen in Figure 4.8 and Figure 4.9, SECM imaging scan of the whole
surface would either lose contrast resolution when the tip-to-sample separation distance is
large or accidentally damage the surface due to surface tilt when tip-to-sample separation
distance is small. In order to avoid these problems and enhance the image resolution, a
smaller region of the surface is scanned rather than the whole surface. This allows an
appropriate tip-substrate separation distance for SECM imaging experiments without
serious difficulties from substrate tilt.

Figure 4.10b shows a 250 um x 250 um region of Pt sub #C (the region delimited
by the black rectangle in Figure 4.10a) scanned in 5 mM H2SO4 and 0.1 M K2SO4
solution with a 10 pm diam Pt tip. The resolution and contrast are greatly enhanced in
this SECM image compared to the ones shown in Figure 4.8 and 4.9. A transparent
overlay of the semitransparent SECM shaded contour image on the optical micrograph is
shown in Figure 4.10c. The pattern (i.e., the shape of the crystalline grains) of the
scanned areas produced by SECM is in accordance with that in the optical micrographic
image. The variations in electrocatalytic activity for individual grains are successfully

visualized with SECM.

106



500

450

300

250

X/um
(b)
Figure 4.10 Optical micrographs and SECM images of Pt Sub #C.

Note: (a) Optical micrograph of Pt Sub #C (b) SECM scan image of a 250 um x 250 um
scan area delimited by the black square in panel (a). The SECM image was obtained in 5
mM H2SO4 and 0.1 M K2SO4 solution with a 10 um diam Pt tip at about 5 pm tip-
substrate separation distance. Eip =—1.5 V, Esub = —0.75 V. (¢) An overlay of
semitransparent SECM image on optical image. Both pictures were rotated to the same
orientation.
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In SECM feedback mode, regions with high positive feedback currents should
correspond to more electrocatalytically active Pt crystalline grains. However, since the Pt
surface is electrolytically etched to expose Pt single crystals, the surface is uneven in
height, and the current response under these conditions in DC-SECM could be influenced
by these topographic effects. In other words, both the uneven surface of the Pt single-
crystal electrodes and the difference in electrocatalytic activity may result in the
contribution to the variation of tip current as the tip scans over the substrate electrode
surface at a constant height. In order to improve the measurement of Pt electrode catalytic
activity, the degree of topographic influence on the DC-SECM current map must be

evaluated.

4.3.3 Effect of Substrate Topography

To investigate the topographic effect on the SECM current map, the
DMAFC/DMAFC?" redox couple is used owing to its fast electron-transfer reaction
kinetics.>> 2> A given region of the Pt substrate surface was scanned twice in SECM
imaging experiments. The first scan was in a DMAFC" solution with the DMAFC”
oxidation at the probe and DMAFC?* reduction at the substrate. The second scan was in
sulfuric acid solution with the proton reduction at the tip and hydrogen oxidation at the
substrate. Since the variation of the tip current in DMAFC" solution is based on the
positive feedback effect and the kinetic effects are minimal, the resulting current map
gives a measure of topography alone. An improved measure of catalytic activity of Pt
substrate toward the HOR can be achieved by decoupling the topographic contribution
and the catalytic activity contribution in the SECM map obtained in the second SECM

imaging scan.
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Figure 4.11a and b show SECM current maps of a 250 um x 250 pm region on Pt
Sub #N using DMAFC" oxidation and proton reduction at the Pt tip, respectively. AFM
3D and 2D height images, and AFM line profile are displayed in Figure 4.11c, d, and e.
According to SECM approach curve theory, the higher positive feedback current in
DMAFC solution (red color in Figure 4.11a) is associated with protruding area on
platinum substrate electrode surface. Nonconductive epoxy resin region is represented by
low DC current (blue color). This image suggests the surface is slightly tilted by the
current change occurring in the diagonal direction across the DMAFC'/DMAFC?*
current map over the platinum surface. Figure 4.11b shows the DC-SECM current map
generated in sulfuric acid. The significant heterogeneity of the electrocatalytic activity of
different Pt crystallite domains is displayed by the large variation in tip current as shown
in the SECM contour image. Comparing the DMAFC'/DMAFC?" current map and the
HOR map, it seems that the topography doesn’t exert a dominating influence on the HOR
image because no features correspond to the shape of the grains are observed. In addition,
the AFM results in Figure 4.11c, d and e can be used to confirm this. The maximum
surface height difference between the characterized Pt crystallite domains by AFM is
about 300 nm. However, as indicated by the AFM line profile (red line), the largest
height difference occurs near a single spot, which is most likely an impurity particle
attached to the Pt substrate surface. The blue line in the AFM line profile shows the step
at the grain boundary is approximate 120 nm, suggesting the height differences between
Pt single crystal domains are very small, the substrate surface is very flat, and further

suggests the topographic effects are minimal under the conditions here.
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Figure 4.11 SECM images, AFM heigh images and AFM height line profile of Pt Sub
#N.

Note: (a) SECM image obtained by feedback mode on Pt Sub #N in aqueous 1.25 mM
DMAFc /10 mM sodium borate solution. Etip = +0.7 V, Esuo = +0.1V (vs. Ag/AgCl). (b)
SECM image obtained over the same region as (a) in 10 mM H2S04/0.1 M K2SO4
solution. Etip =—1.5 V, Esub =—0.75 V (vs. MSE). A 10 um diam Pt tip is used for both
images. Tip-substrate separation is about 5 pm. Scan rate is 100 pm/s. (¢) and (d) are 2D
and 3D AFM height images of black square marked area in panel (b), respectively. (¢)
AFM height line profile across the surface. The dashed lines in panel (e) are
corresponding to the crosses highlighted in panel (d).
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Figure 4.11  Continued

Figure 4.12b shows a SECM image scanned over an etched Pt substrate surface
(Sub #W) using the DMAFC/DMAFC?* redox couple at a tip-substrate separation of 1
um. It can be seen in Figure 4.12b that the topography was imaged with
DMAFC/DMAFC?*, and the SECM map correlates well with the crystalline grains of
the photographic image as shown in Figure 4.12c. The featureless regions on the bottom
half in the SECM current map is probably due to the surface tilt. Overall, the topographic
effect can only be visualized with the DMAFC*/DMAFC?* redox couple at a very close
tip-substrate separation (< 1pm). However, the SECM imaging experiments performed
on Pt Sub #N toward the HOR has a tip-substrate separation of 5 pm. At this tip-substrate
separation distance, the topographic effect is not apparent and dominant, as demonstrated
by the featureless image shown in Figure 4.11a. Therefore, it is further confirmed the
influence of surface topography on the electrocatalytic activity map of Pt pseudo-single-

crystal electrodes toward HOR is negligible.

111



500

Y/pum

Y/um

100 200 300 400 500
X/um

(b)
Figure 4.12  Optical micrographs and SECM images of Pt Sub #W.

Note: (a) Optical micrograph of Pt Sub #W. (b) SECM image obtained in 1.25 mM
DMAFc" + 10 mM sodium borate solution with a 10 um diam Pt tip at a tip-substrate
separation of 1 um. Etip =+0.7 V, Esub =+0.1 V vs. Ag/AgCl. The scan rate is 100 pm/s.
(c) An overlay of semitransparent SECM image on optical image. Both pictures were
rotated to the same orientation.

112



4.3.3.2  Correlation between the Structure and Reactivity of Pt Single-Crystal
Catalysts

Figure 4.13a shows an optical micrograph of Pt Sub #N. The area scanned by
SECM on the Pt substrate surface is marked by the black square. The overlay of the
semitransparent SECM image on the optical image in Figure 4.13c¢ indicates that the
electrochemical features in Figure 4.13b are closely correlated with the platinum
crystallite domains.

An EBSD IPF map of Pt Sub #N is shown in Figure 4.14 with red, green, and blue
colors assigned to <100> || ND, <110> || ND, and <111> || ND grains, where the grain
orientation is parallel to the surface normal direction. As described in Chapter 1, all the
grains on the polycrystalline platinum substrate can be ascribed to three types
based on their coded color in the IPF map; with red, green, and blue colors representing
(100), (110), and (111) orientations plus a misorientation tolerance.

The images shown in Figure 4.15 clearly indicate the association between the
surface catalytic activity of the HOR (from SECM current map) and crystallographic
orientations (from EBSD image) of the Pt substrate surface. Figure 4.15a shows the
pattern of electrocatalytic activity of Pt pseudo-single-crystal electrodes at the Pt
substrate surface. Figure 4.15b exhibits the corresponding crystallographic orientation of
each platinum crystallite domain in the same scanned area as the one shown in Figure
4.15a. Comparing Figure 4.15a and b, it is evident that the high catalytic activity regions
towards the HOR are Pt(111) and Pt(110) planes, while Pt(100) planes show relatively
low electrocatalytic activity. These results are not exactly consistent with the order of
activity in HOR obtained by other researchers using low-index single-crystal electrodes.

Markovi¢ et al. discovered that the order of the low-index single-crystal electrode
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increased in the sequence (111) < (100) <(110) for HOR in both alkaline and acid

solution. Conway et al. derived the order of HOR activity to be (100) < (111) <(110).%*-

24,42,56-57,126-128

100 pm

(a) (b)

Figure 4.13  Optical micrograph (a) of Pt Sub #N and the overlay (b) of HOR image
(from Figure 4.11b) on the optical image of the area marked by the black
square in panel (a).

RD
101

Figure 4.14 EBSD inverse pole figure (IPF) map of Pt substrate #N.

Note: The typical color triangle represents the normal direction (ND). EBSD step size is
I pm.
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Figure 4.15 SECM current map (a) of polycrystalline Pt Sub #N for HOR with grain
boundaries drawn (data from Figure 4.13a) and a composite image (b)
showing a transparent overlay of the semitransparent EBSD map on the

SECM current map in panel (a).
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Figure 4.16 SECM current maps and EBSD IPF map of Pt Sub #N.

Note: (a) SECM image with grain boundaries drawn. (b) SECM image of selected area
marked by the white square in panel (a). (c) An overlay of the semitransparent EBSD
map on the SECM current map.
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To explain the difference between our results and the reported findings, the
structure-activity relationship of several selected Pt single-crystal domains was
investigated. Figure 4.16a shows a SECM current map of one area of the polycrystalline
platinum surface scanned at —0.75V vs. MSE. The SECM current map of the delimited
area for further structure-activity relationship investigation is shown in Figure 4.16b, and
the corresponding overlay of the EBSD image and SECM images in Figure 4.16¢. Seven
grains with different activity for the HOR in the SECM current map are labeled in Figure
4.16c. The relative catalytic activity of these platinum crystallites is in the order of grain
#5 > #4 > #2 > #3 > #1 > #7 > #6 based on the magnitude of the corresponding HOR
feedback current.

Comparing the EBSD IPF and SECM maps, it can be seen that planes with (111)
orientation (Grains #4, #5) or (100) orientation (Grains #1, #3, #6, #7) have different
activity. The reason for this is that the platinum single-crystal domains produced by
electrolytic etching on polycrystalline platinum substrate are not true basal low-index
planes, but actually high-index surfaces with (111), (110), and (100) representing the
terrace orientation of all the grains. Table 4.1 lists the exact Miller indices for each grain
calculated from the Euler angles (91, @, ¢2) obtained in EBSD using conversion
software (TexTools).

Since the notation for each single-crystal platinum grain can be simplified due to
symmetry'®, an equivalent notation is used to describe the seven selected grains. Most of
the seven planes have stepped surfaces except grain #2, which has a mixed terrace, step,
and kink structure. Grains #4 and #5 have five-atom-wide terraces with (111) symmetry,
but with a different step symmetry. Grain #4 has a monatomic (100) step while grain #5
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has one-atom high (110)-oriented step sites. With different orientations for step sites, it is
evident that grain #5 with (110) step sites exhibits higher catalytic activity than grain #4,
as indicated by the color contrast of the HOR feedback current in the SECM current map
(high tip current shows an intense red color). Moreover, the same behavior can be
observed in grains with a (100) terrace. The grain without any (110)-orientation step site
(grain #6) has the lowest electrocatalytic activity for the HOR. Notably, a clear
correlation is determined between the increase in HOR activity and step-site density on a
(100) base orientation. The order is as follows: (100) < (510) [= 5(100) x (110)] < (410)
[=4(100) x (110)] <(310) [=3(100) x (110)]. These grains all have the same terrace
orientation, which is (100). As the width of the terrace increases, the step atom density of
the high-index grain becomes relatively low, and the corresponding catalytic activity of
this grain decreases. The grain that does not have a step plane shows the lowest catalytic
activity among the four grains (510), (410), (310), and (100). Therefore, the (110)
orientation is ascribed to the variation of surface electrocatalytic current for the grains

with the same base orientation.
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Table 4.1  Crystallographic orientations of single-crystal platinum grains in Figure

4.16¢
Grain| Euler angles | Exact Miller Index | Equivalent | Coded Descrintion
# (pl, ®, 02) (hkl) [uwv] notation | Color P
1 340.8, 15.4, (0,1,4) [1,0,0] (410) red |(S)-[4(100) x (110)]
18
2 201.4, 38.1, (1,-3,4) [4,0,-1] (431) green Kinked surface
162.4 (110) character
3 78,17.2, (-1,0,3) [3,0,1] (310) red |(S)-[3(100) x (110)]
288.4
4 | 231.7,504, (2,-2,3) [3,0,-2] (322) blue |(S)-[5(111) x (100)]
139.3
5 131.8, 49.8, (-3,2,3) [3,-1,2] (332) blue |(S)-[5(111) x (110)]
235.4
6 314.6, 5.9, (0,0,1) [1,0,0] (100) red Basal plane
47.8
7 102.5,12.2, (-1,0,5) [4,-2,1] (510) red |(S)-[5(100) x (110)]
279.4

The surface catalytic activity for the HOR is in the order of (332) < (100) < (510) <
(410) <(310) <(431) <(322) <(332) for the selected seven grains. Briefly, the surface
catalytic activities of grains are in an order of Pt(100) < Pt(110) <Pt(111) where low
Miller indices represent the terrace orientations for the high-index surfaces. The enhanced
catalytic activity is closely correlated with the preferential adsorption sites for hydrogen

atom at the step atoms.’

4.3.4 Effect of Substrate Potential

4.3.4.1 Influence of Substrate Potential on Electrocatalytic Activity Imaging of Pt
Single-Crystal Electrodes

To investigate further the kinetic and mechanistic information of the HOR on Pt

single crystallites, the area in Figure 4.15 was scanned at different substrate potentials, as
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shown in Figure 4.17. The rate of the HOR at different platinum grains is indicated by the
magnitude of the tip current and the color contrast of the current contour images. For the
correlation between surface catalytic activity and crystal structure information, the EBSD
IPF map with all the grains labeled is shown in Figure 4.18. The crystallographic

orientations of all the platinum single-crystal domains are listed in Table 4.2.
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Figure 4.17 SECM images of the same area of platinum substrate biased toward HOR
at different potentials: (a) —0.75 V, (b) —0.5 V, (¢) —0.3 V, (d) 0.1 V, (e)
+0.1 V, () +0.3 V (g) +0.6 V, (h) +0.8 V (vs. MSE).

Note: The tip-substrate distance was 5 um. The SECM image was obtained in 10 mM
H2SO4 and 0.1 M K2SOs4 solution with a 10 pm diam Pt tip (ibuk = —130 nA). Etip =—1.5

V. Scan rate is 100 pm/s.
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Figure 4.17  Continued.
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Figure 4.18 EBSD IPF map with grain number labeled.

Table 4.2  Crystallographic orientations of single-crystal platinum grains in Figure

4.18
. Exact Miller Index| Equivalent Coded L
Grain # (hkD[uwv] gotation Color Description
1 (0,1,4)[1,0,0] (410) red (S)-[4(100) x (110)]
2 (1,-3,4)[4,0,-1] (431) green (110) character
3 (-1,0,3)[3,0,1] (310) red (S)-[3(100) x (110)]
4 (2,-2,3)[3,0,-2] (322) blue (S)-[5(111) x (100)]
5 (-3,2,3)[3,-1,2] (332) blue (S)-[5(111) x (110)]
6 (0,0,1)[1,0,0] (100) red Basal Plane
7 (-1,0,5)[4,-2,1] (510) red (S)-[5(100) x (110)]
8 (0,0,1)[6,-1,0] (100) red Basal Plane
9 (2,2,3)[2,2,-3] (322) blue (S)-[5(111) x (100)]
10 (0,1,4)[12,3,-2] (410) red (S)-[4(100) x (110)]
11 (1,2,5)[3,1,-1] (521) red (100) character
(5)-[2(100) > (110)]
12 (0,1,2)[6,3,-2] (210) yellow (S)-[2(110) * (100)]
13 (3,-2,3)[3,1,-3] (332) blue (S)-[5(111) x (110)]
14 (0,1,3)[4,2,-1] (310) yellow (S)-[3(100) x (110)]
15 (2,-2,3)[3,-2,1] (322) blue (S)-[5(111) x (100)]
16 (-1,0,4)[4,0,1] (410) red (S)-[4(100) x (110)]
17 (3,-2,4)[4,4,-1] (432) blue (111) character
18 (1,-6,6)[6,0,-1] (661) green (110) character
19 (-3,2,15)[5,0,1] (15,3,2) red (100) character
20 (-2,-8,3)[5,-1,0] (832) red (100) character
21 (0,1,3)[4,1,0] (310) yellow (S)-[3(100) x (110)]

123



Figure 4.20 shows the SECM images obtained in the same area of Pt Sub #N at
different bias potentials from —0.75 V to +0.8 V. The color contrast of tip current at Pt
grain #2 is slightly lower compared to other grains in Figure 4.17b than that shown in
Figure 4.17a. This suggests that the surface activity has decreased at grain #2, which
possesses a (110) character, as the substrate potential increases from —0.75 V to —0.5 V.
When a potential of —0.3 V was applied, the color contrast between planes with (111) and
(100) terrace has significantly decreased as the differences in tip current recorded at these
regions become smaller, as illustrated in Figure 4.17c. For example, the tip current at
both grain #15 and grain #16 has decreased as substrate potential changes from —0.5 V to
—0.3 V, as well as the color contrast between the two grains. As seen in the legend, the
absolute tip current at these two grains is very close. The large variation in
electrocatalytic behavior of Pt pseudo-single-crystal electrodes from Figure 4.17a-c is
most likely due to the weakly bisulfate anion adsorption/desorption at the (110) and (110)
orientation sites, which has an blocking effect for the HOR.?* It was reported that the
potential regions of bisulfate adsorption for Pt(110) and Pt (100) single-crystal electrodes
were between —0.59 V and —0.265 V, and between —0.39 V and —0.24 V vs. MSE,
respectively.?>!12#12% This will explain the decrease in the rate of the HOR at grains with
(110) character (e.g. grain #2) as the biased substrate potential changes from —0.75 V to
—0.5 V, and at grains with (100) step orientations (e.g. grain #15 [Pt(322) = 5(111) x
(100)]). Even though the high-index surfaces coded in red color on IPF map also have
(100) orientation, the influence of the bisulfate adsorption on grains having (100) step
sites apparently is greater than on other surfaces. The effect of anion adsorption on step

sites can be further seen in Figure 4.17d. It is observed that the tip current decreases
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dramatically at grain #13 [Pt(332) = 5(111) x (110)] and grain #15 [Pt(322) = 5(111) x
(100)] at a substrate potential of —0.1 V, while grain #1 [Pt(410) = 4(100) x (110)]
appears to be very active for the HOR. After careful comparison between EBSD and
SECM current maps (Figure 4.17d), it seems that grains with (111) terrace orientations
undergo a large decline in the rate of HOR. These phenomena are likely resulting from
bisulfate anion adsorption at a (111) orientation since the adsorption of bisulfate anion at
a (111) place takes place in a potential range between —0.24 V and —0.04 V (vs. MSE).**
These results show that the blocking effect of the adsorption of bisulfate anion species at
either terrace or step sites at the high-index surfaces, indicating the complicated behavior
of high-index single-crystal electrodes toward the HOR at negative potentials vs. MSE.
When the substrate potential is changed to +0.1 V, surface oxides (termed as Pt/O) begin
to form at (100) grains. These species can fill in the surface lattice sites and inhibit the
catalytic activity of Pt 2>7712-130 causing a large decrease in the electrocatalytic activity
of (100) grains for the HOR compared to that of (111) grains.?*?>7® At +0.3V, the oxide
film formation occurs at the whole polycrystalline Pt substrate electrode surface, causing
the differences in the inhibition effect of Pt/O species to become small among Pt single-
crystal grains. Therefore, a similar current contour image (Figure 4.17f) as the one shown
in Figure 4.17a is obtained. Even though the magnitude of tip current has declined as the
substrate potential increases, grains with (111) base orientation (for example, grain #4
and #5) still possess the highest catalytic activity toward the HOR compared with other
grains, as suggested by SECM current contour images in Figures 4.17a-f.

In Figure 4.17g, negative feedback behavior starts to appear near the surrounding

epoxy region and only a few domains (grain #4 and #17) having (111) base orientation
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remain active for the HOR. This suggests most of the surface is covered by Pt/O species
which shields the Pt sites for hydrogen adsorption and desorption in the HOR."*! Note,
grain #4 [Pt(332)=5(111) x (100)] hold the highest activity while the substrate potential
increases from —0.75 V to +0.6 V. At +0.8 V (Figure 4.27h), the electrochemical features
of the platinum single crystal surface are gone, implying the catalytic activity of the Pt
substrate electrode is completely lost.

One may expect the rate of the HOR to increase with more positive substrate
potentials. However, the experimental results show the oxidation reaction rate decreases
as the substrate potential goes more positive rather than the expected increase. This
further confirms the rate-determining step for the HOR is the initial adsorption of
molecular hydrogen reaction on the Pt surface rather than the charge transfer reaction.**
In addition, the significant variation in tip current between SECM contour images
indicates that the catalytic activity behavior of Pt pseudo-single-crystal electrodes is
evidently potential-dependent.

It should be noticed that the tip current decreases as the biased substrate potential
increases from —0.75 V to +0.8 V as shown in Figures 4.17a to h. This reflects the
decreasing rate of the HOR as substrate potential increases due to the blocking effect of
platinum oxide growth for the HOR at the Pt substrate surface.

To further illustrate the potential dependent behavior of the HOR catalytic activity at
the platinum surface and to show that the decrease in signal was not due to a time-
dependent electrode passivation, an SECM scan was collected in the same area of the
platinum substrate surface as the potential is returned to potentials of +0.1 V and —0.5 V

as shown in Figure 4.19. It can be seen that the two SECM contour images are very close
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to the ones collected at the same potential in Figures 4.17¢ and b. Moreover, the overall
tip current increases as the substrate potential is biased at more negative potential from
+0.1 V to —0.5 V in Figure 4.19. This suggests the reversible reduction of Pt/O species to

reveal active free Pt sites for the HOR.4%77
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Figure 4.19 SECM images of the same area of platinum substrate biased toward HOR
at a potential of (a) +0.1 V, (b) —0.5 V under the same SECM imaging
experiment conditions.

Overall, the observations in SECM imaging experiments at different substrate bias
potentials demonstrate a more direct and effective characterization of the catalytic
activity of Pt crystal catalysts with different crystallographic orientations in acidic media.
A potential-dependent catalytic behavior of Pt single-crystal surfaces is demonstrated.

Grains with (111) terrace orientation remain active over a large potential range. These
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images also verify that the threshold potential of bisulfate anion adsorption at Pt single-

crystal electrode increases in the order of Pt(110) < Pt(100) < Pt(111).2%:124129

4.3.4.2 Influence of Substrate Potential on Tip Current at Various Pt Single-
Crystallite Surfaces

The effect of substrate potential on the tip current was examined at various
locations on Pt single crystallite surfaces. The seven grains marked in Figure 4.16 were
selected for this study. The tip current was extracted from five different spots at each
designated grain surface on the SECM current maps obtained at different substrate
potentials (—0.75 V,—-0.5V,-03V,-0.1 V,+0.1 V,+0.3 V, +0.6 V, and +0.8 V). The
average tip current of the five extracted tip currents for each grain was plotted versus
substrate potential in Figure 4.20. In the current-voltage (/-E) profile, the data for region
R is collected over the surrounding nonactive epoxy near the edge of the Pt disk electrode
to serve as a reference for the seven grains. In the potential region between —0.75 V and
+0.3 V, the tip current decreases in magnitude as the substrate potential becomes more
positive, showing a potential-dependent behavior. At a potential of +0.6 V and +0.8 V,
the slight increase in tip current can be ascribed to the oxygen evolution which causes a
decrease in pH at the local substrate surface.”’ In addition, the local concentration change
at the Pt substrate and the close position near the conductive Pt disk electrode surface
may also contribute in the tip current increase. Since the catalytic activity of the platinum
electrode surface becomes very low at potential more positive than +0.6 V, as shown in
the corresponding SECM current map in Figure 4.17g, the resulting tip current mostly
reflects the surface topography. The current-potential plots in Figure 4.20 exhibit a grain-

dependent behavior of Pt grains with each single crystal domain displaying a different
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current response from each other as the substrate potential varies. The results further
confirm the discussions of the SECM imaging scan results shown in Figure 4.17 in a
quantitative way. The catalytic activity of the seven grains is in the order of (111) >
(110) > (100) where Miller indices represent the terrace orientations of the grain surface.
It is worth noticing that the tip current in the /-E curve for region R in Figure 4.22
decreases with an increasing potential, which is possibly due to a local concentration

change because the tip is positioned near the Pt disk electrode surface.
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Figure 4.20 Current- potential (/-E) profiles of tip current as a function of the bias
substrate potentials for seven grains labeled in Figure 4.16c.

Note: R is the reference point on the surrounding epoxy surface. The error bars indicate
one standard deviation for n > 5 measurements.
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For comparison, the tip current of grain # 5, # 2, #1 (i = is, i2.i1) are plotted against
the tip current of region R (ir) as a function of substrate potential in Figure 4.21a. The
current difference (Ai = i — ir) versus different substrate potentials is illustrated in Figure
4.21b. The correlation between the decrease in current (A7) with an increasing substrate
potential is the same for Ai in I-E plots after subtracting iz as that in Figure 4.21a. Figure
4.21c shows the current differences between the tip current of grain #5, #2, #1. It is
evident that the overall catalytic activity of the three grains is in the order of grain #5 >
#2 > #1 based on the magnitude of Ai. Note that the smallest current difference among
the three grains is at a potential of +0.1 V. The current difference becomes larger at more
positive potentials than +0.1 V until negative feedback begins to dominate at +0.6 V.

This is probably due to the onset of overall oxide formation across the Pt substrate

surface at +0.1 V, and the rate of oxide formation varies upon the orientation of the grains,
causing the small current differences at +0.1 V and larger current difference at more
positive potentials. 2131 132

Overall, the results show that the electrocatalytic activity of grain #5, #2, #1 is in
the order (111) > (110) > (100), where Miller indices represent the grain terrace
orientation. This further confirms the grain-dependent catalytic activity of platinum
single crystal domains on polycrystalline platinum surface as determined by the SECM
imaging experimental results. Four single crystallites with orientation Pt(310), Pt(410),
Pt(510), and Pt(100) were selected to represent grains with the same terrace and step

symmetry but having different step density. The rate of the HOR can be readily examined

by tip current at these high-index surfaces in Figure 4.22.
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Figure 4.21 I-E profiles of grain #5, #2, and #1.

Note: (a) I-E profiles of tip current as a function of the bias substrate potentials for grain
#5, #2, and #1 are shown by solid symbols on solid lines. R is the reference point on the
surrounding epoxy surface. (b) The current difference (Ai =i — ir) between each grain
and the reference region is plotted in the same panel with solid symbols on solid lines. (c)
I-E curves of tip current difference between grain #5, #2, and #1.
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Figure 4.22  I-E profiles of tip current as a function of the bias substrate potentials for
four single crystallites Pt(310), Pt(410), Pt(510), and Pt(100).
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The I-E plots in Figure 4.22 show that the order of catalytic activity for these four
grains are Pt(310) > Pt(410) > Pt(510) > Pt(100) only when the substrate is biased at
—0.75 V. The activities of these grains varies upon the change of substrate potential at
potential more positive than —0.75 V, suggesting the strong substrate potential-dependent
behavior at these grains. The electrocatalytic activity of Pt(310) has dramatically changed
between —0.5 V and +0.3 V compared with the other grains. Since Pt(310) has the largest
step atom density among the four selected grains, the large drop in tip current with
potential change compared with other grains, indicates the blocking effect caused by the
Pt/O species at (110) planes greatly affect the rate of the HOR. The results further prove

the (110) plane is the more active site for the HOR compared with (100) planes.

4.3.4.3 Quantitative Analysis of Localized Surface Reactivity at Different
Substrate Potentials on Various Grains by SECM Approach Curves

SECM approach curve experiments were performed to measure the rate constants
for the HOR at platinum single crystallite surfaces with different crystallographic
orientations. In SECM approach curve experiments, the SECM UME probe is set at a
potential where diffusion-limited tip current can be reached and then the tip electrode is
moved vertically toward the area of interest on the substrate surface. The tip current, iz,
plotted versus tip-sample separation distance d is called an approach curve. By fitting the
experimental approach curves with SECM theoretical expressions, the rate constant for

heterogeneous electron transfer on the substrate can be extracted.”
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The following approximate expressions have been proposed by Lefrou etc. al.!*?

scond ., 1 T — — 1 2 -1
Niz"™" = a(Rg) + B(Ry) ttan 1L + (1 a(Rg) 2ﬁ(Rg)) —tan L (4.1)
2 1 2 1)
a=In2+ ln2(1——cos‘1—>— anll—(—cos‘l—) l 4.2)
A Rg T R.g
0.23
p=1+ (R3- 0.81)0-36 43)
L —Rggis(L_ %:;S)ﬂ.sss
NLT ~ 2.08 InRg 2 TRg (4‘4)
W(Ho.oozmg )+ 157+ —<+ ﬁln(uT)

) .cond 1 Nif'S(L,Rg)- 1
NlT(L' Rg' K) ~ NlT L + ;' Rg + (1+2-4‘7Rg'31LK)(1+L0'006Rg+ 0.113K—0.0236Rg+ 0.91) (4'5)

Where Nir is the normalized tip current, which is defined as the ratio of tip current

by the diffusion-controlled tip current (Ni; = ll—T) Nis°™@ and Nii* are normalized tip
T,

current over conductive and insulating surfaces at a normalized distance L. L = d/a, where
d is the tip-substrate separation distance and « is the radius of the microdisk. Ry (= rglass/a)
is the ratio of the radius of the disk electrode to the radius of the metal wire, where rgiass 1S
the radius of the electrode glass sheath, a is the radius of the electrode. x is a
dimensionless kinetic parameter, defined as k = kd/D, where £ is the apparent
heterogeneous rate constant (in cm/s), and D is the diffusion coefficient.

An advantages of these approximation expressions are the inclusion of both Ry and
L as analytical variables (instead of simply L, previously), a wide valid range of
parameters and variables (any Rg< 20, L > 0.1 and any «), and quantitatively accurate

SECM data treatments of first-order irreversible substrate kinetics compared to previous
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models.'**!37 Thus, these equations were used to measure the rate constant of the HOR in
this study:

In the present study, the approach curves were obtained by setting the Pt tip
potential at —1.5 V while the substrate potential is biased at different values. A series of
approach curves were recorded as the tip approached different platinum single crystal
domains (grain #5, #2, and #1 are selected for this study) at the applied potential from
—0.5Vto+0.2 V.

Figure 4.23 shows the resulting approach curves at different substrate potentials.
The black curve corresponds to the theoretical curve for a diffusion-controlled reaction
(conductor behavior) in Figures 4.23a to d, and for pure negative feedback (insulator
behavior) in 4.23e and h. The approach curves of grain #5, #2, and #1 in Figure 4.23a
almost overlap the theoretical one, indicating a fast heterogeneous reaction rate at —0.5 V.
When the substrate is biased at —0.3 V, the curves of grain #5, #2, and #1 show a large
deviation from the theoretical curve of a conductor. Compared to the corresponding
curves obtained at —0.5 V (Figure 4.23a), the heterogeneous reaction rate for all the three
grains has dramatically decreased at this potential. The reaction rate decreases further for
grains #5, #2, and #1 at a potential of —0.1 V. Although the rate for all three grains
continues to decrease at 0 V, it seems the order of the rate stays as grain #5 > #2 > #1. In
Figure 4.23e and h, the grains exhibit negative feedback behavior with a decreasing rate
as the substrate potential biased from 0.1 V to 0.2 V, but still possess a relatively high
HOR rate compared with pure insulator behavior.

These approach curves results are in accordance with previous discussed SECM

imaging results and current-voltage (/-E) plots, and clearly illustrate the potential-
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dependent behavior of platinum single crystal domains for the HOR. The order for the
heterogeneous reaction rate of the selected grains is grain #5 > #2 > #1 throughout the
studied potential range, as seen in Table 4.3. The rate constant for each crystal domain is
determined by fitting the experimental to theoretical approach curves. The logarithm of
the rate constants for grain #5, #2, and #1 are plotted as a function of the substrate
potential. The measured rate constants for the three investigated grains show a similar
trend as in Figure 4.24. The rate constant decreases with an increase of substrate potential

between —0.5 V and 0.2 V.
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Figure 4.23 SECM approach curves toward grain #5 (green square), grain #2 (red
circles) and grain #1 (blue diamond) on Pt substrate # N at substrate
potentials between —0.5 Vto 0.2 V.

Note: Solid colored lines represent best fits of the theoretical feedback response as a
function of the heterogeneous rate constant at different potentials. The black lines
correspond to theoretical approaching curves for either pure positive (conductor
behavior) or pure negative (insulator behavior) feedback.
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Table 4.3

The HOR rate of Pt pseudo-single-crystal electrodes at different substrate

Apparent reaction rate constant k (cm/s)

E(V) Grain #5 Grain #2 Grain #1
—0.5 6.58 4.61 0.26
—0.3 0.224 0.171 0.118
—0.1 0.132 0.125 0.115

0 0.118 0.103 9.21E-02
+0.1 3.16E-02 2.90E-02 1.05E-02
+0.2 1.45E-02 1.32E-02 9.7E-03

As is evident from Figure 4.24 the highest rate constant for the HOR in the studied

potential range is obtained at —0.5 V, and decreases rapidly at —0.3 V for all three grains.

From —0.1 V to 0.2 V, a plot of logiok vs. substrate potential displays a linear relationship.

When the potential is less than —0.5 V in the experiment, the behavior of Pt pseudo single

crystal catalyst is kinetically controlled owing to the small value of the rate constant.

Throughout the range of potential from —0.5 V to 0.2 V, grain #5 possess the highest rate

constant toward the HOR, and grain #1 has the lowest rate constant. These results

indicate that Pt stepped surfaces with (111) terraces have the highest electrocatalytic

activity toward the HOR, surfaces with (100) terraces show the lowest reactivity, and

grains with (110) character are intermediate.
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Figure 4.24 Logarithm of heterogeneous rate constant k at the surface of grain #5, #2,
#1 with different substrate potentials.

4.4 Conclusions

In this chapter, the electrocatalysis of the anode reaction in PEMFCs, the hydrogen
oxidation reaction (HOR) on Pt catalysts, was investigated in a proton/hydrogen mediator
system. Both the ultramicroelectrode (UME) tip and the etched polycrystalline platinum
substrate were characterized by cyclic voltammetry with DMAFC*/DMAFC?" and H/H>
redox couples, respectively. Appropriate potentials to bias both tip and substrate
electrodes were found using cyclic voltammetry. A study of the effect of tip-sample
distance in the SECM cell by SECM approach curves and SECM imaging experiments
demonstrated the capability of SECM in positioning the tip over the substrate precisely
and generating high resolution 2D and 3D scan images with vivid color contrast.

The topography contribution to the current response in SECM imaging scans

obtained in a solution of 10 mM sulfuric acid and 0.1 M potassium sulfate was evaluated

140



by the DMAFC/DMAFC?** redox couple as a topography probe. Both electrochemical
(SECM) and physical characterization (AFM) results indicate the topographic effects are
minimal and they can be neglected under the experimental conditions.

SECM imaging scan results show a significant heterogeneity of electrocatalytic
activity at platinum pseudo-single crystal electrode surfaces toward the hydrogen
oxidation reaction. The correlation between SECM imaging results and the optical
micrograph of the platinum substrate surface confirm that the pattern of the
electrochemical features and the Pt electrode surface geometry are very well matched.

By comparing SECM current maps to EBSD images, the structure-reactivity
relationship of pseudo-single-crystal electrodes can be obtained. The results show the
structural sensitivity of platinum surfaces toward the HOR. The pseudo-single-crystal
electrodes exhibit heterogeneity in catalytic activity with different potentials. It is found
that the surface catalytic activity for the HOR is in the order of (332) < (100) < (510) <
(410) <(310) <(431) <(322) <(332) for the seven selected grains with different
crystallographic orientations. A Pt stepped surface with (111) terraces has the highest
electrocatalytic activity toward the HOR, surfaces with (100) terraces shows the lowest
reactivity, and grains with (110) character are in between. Moreover, it is observed that
the presence of (110) steps on the high-index platinum surfaces with the same atomic
width of (111) terrace affects the electrocatalytic activity of the surface to a certain
degree, as indicated by the activity order of Pt(332) [=5(111) x (110)] > Pt(322) [=5(111)
% (100)]. A dependence of electrocatalytic activity with step density is evident, with an
activity order of Pt(310) > Pt(410) > Pt(510) > Pt(100) toward the HOR as step density
decreases. The local reactivity of pseudo-single-crystal surfaces was quantitatively
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analyzed by fitting experimental SECM current-distance approach curves to theoretical
analytical approximation expressions. The rate constants extracted from curve fitting for
the HOR at different potentials are consistent with SECM imaging results. The HOR is
under diffusion control at —0.5 V, and under kinetic control when the potential is more
positive than —0.3 V.

Overall, the relationship of crystallographic orientations of pseudo-single-crystal
electrodes and its corresponding electrocatalytic activity for HOR is successfully
investigated by coupling SECM and EBSD, which proves that the proposed approach is
very effective in studying structure-activity relationships of high-index polycrystalline

electrode materials.
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CHAPTER V

CONCLUSIONS

Traditional well-defined single-crystal electrodes have been used extensively for
investigating the influence of surface structure on the electrochemical activity of metal
electrodes. However, preparing low-index and high-index single crystal electrodes is very
demanding. The methods for low-index single-crystal electrode fabrication, such as
Clavilier’s method and flame annealing approach,? requires expensive single-crystal
materials requiring careful handling and orienting, cutting, and mechanical polishing
processes which are very technically challenging and time-consuming.'*® The high-index
single-crystal electrodes are also difficult to make, and they are hard to maintain as
macroscopic single crystals due to high surface energy.''®

Conventional electrochemical measurements, such as cyclic voltammetry or
rotating disk electrode techniques, treat the electrode surface as uniformly active. This is
misleading in the study of electrocatalysis on polycrystalline electrodes. Michaelis et al.
characterized and modified the semiconductor surfaces with polycrystalline Ti/TiO2 as an
example, and reported that the electronic and the optical properties of the semiconducting
TiOz2 films are closely associated with the texture of the substrate. The TiO: film
thickness could be controlled by anodic potential applied during the illumination by
means of focused UV-laser illumination. In addition, the film properties vary with the

grain orientation in a systematic manner.'*® Zhu et al. reported the surface activity of
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freshly polished ASTM grade-7 titanium in an aerated, neutral solution of 0.1 M NaCl
varies from region to region, and they proposed that the grain boundaries on Ti-7 have
enhanced electrochemical activity compared with the oxide-covered TiO2 by scanning
electrochemical microscopy.'*°

Probing local electrochemical measurements at the electrode surfaces has been
performed by different approaches. Yan et al. developed an approach to conduct
electrochemical measurements on single crystal facets of a single-crystalline Au bead by
employing a cone-shaped pipette tip in the electrochemical cell.!*® In addition,
lithographic techniques have been used to prepare individual addressable electrodes, and
the electrochemical measurements were carried out on selected grains on polycrystalline
titanium surface.'*! Yu et al. investigated the facet-dependent electrochemical behavior of
Co0304 nanocrystals toward heavy metal ions adsorption by square wave stripping
voltammetry and density-functional theory (DFT) calculations.'*? It was found that
Co304(111) facets could adsorb more metal ions than Co304(100) facets, and DFT results
suggested Co304(111) has a relative larger adsorption energy, more adsorption sites, and
a relative lower transition-state barrier than Co304(100) toward the adsorption behavior
of Pb ions. Other pipet-based imaging methods such as scanning micropipette contact
method (SMCM)!43-14 and scanning electrochemical cell microscopy (SECCM)!45-146
have also demonstrated a capability for local electrochemical measurements. Recently,
Unwin et al. reported an SECCM study coupled with electron backscatter diffraction in
the investigation of the electrochemical activity of pseudo-single-crystal electrodes on
platinum polycrystalline electrodes for the Fe**/Fe*" redox reaction. The activity of Fe?"

oxidation was found to be grain-dependent in perchlorate medium, and the activity was
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greatly enhanced at grain boundaries in sulfate medium. However, the activity imaging
with SECCM demands static point-by-pint measurements which is time-consuming and
technically difficult.

In this study, we have established an approach to effectively produce Pt single-
crystal surfaces in a comparatively simple and inexpensive procedure by metallurgical
etching. Unlike single-crystal electrode preparation where only a single orientation
surface is produced, several pseudo-single-crystal electrodes can be made in one etching
experiment, which greatly enhanced the efficiency in the electrode fabrication process.
Preparing well-defined crystallite facets requires attention to the electrolytic etching time
and potential and depends on the composition and concentration of the etching solution,
and the conditions of the electrode. The etching solutions, comprised of concentrated HCI
and NaCl, exhibit high etching efficiency with relatively short etch times. Longer etching
times resulted in the exposure of underlying mechanical polishing traces/scratches or
erosion of the whole flat and smooth surface. In addition, it is demonstrated that heat
treatment of polycrystalline platinum electrodes enables the electrolytic etching approach
to be extended to unannealed Pt in addition to annealed electrodes.

The pseudo-single-crystal electrode facets prepared by electrolytic etching of
polycrystalline platinum electrode was characterized by optical microscopy, optical
profilometry, SEM, AFM, and EBSD. The grain boundaries and the surface topography
of Pt crystallites on polycrystalline platinum electrodes were discerned by optical
microscopy and SEM. The surface step depth and surface roughness due to etching was
determined by AFM measurements, including 2D and 3D AFM maps and AFM line
profiles. The examined step depth between two grains varied from tens of nm to several
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hundred nm, with a maximum surface step height of less than 500 nm. The
crystallographic orientation of grains on the polycrystalline electrode surface was
obtained from EBSD mapping. Etching rates of pseudo-single-crystal electrodes were
evaluated with AFM measurement complemented by EBSD. It is evident that a
correlation exists between the electrolytic etching rate and the crystallographic
orientation of the platinum crystallite domains, and it is found that the etching rate is in
the order of (110) <(111) <(100) where the Miller index represent the main contribution
orientation.

In a study of the electrocatalysis of hydrogen oxidation reaction on an etched
polycrystalline platinum electrode in sulfuric acid, the heterogeneity of the
electrocatalytic activity of the polycrystalline platinum electrode surface is successfully
visualized in a single scan experiment and displayed in vivid color contrast with scanning
electrochemical microscopy imaging techniques. It is the first time that the
electrocatalytic activity of high-index single-crystal surfaces is visualized toward HOR
by means of SECM. The pattern of the electrochemical features found in the SECM
image is well matched to the surface geometry (grain shape and size) revealed in optical
and SEM micrographs. By comparing the SECM the current map to EBSD maps, it is
evident that the variations in electrocatalytic activity of the hydrogen oxidation reaction
depends on the crystallographic orientation of crystallite surfaces, which proves the
structure sensitivity of platinum surface toward the HOR. The electrocatalytic activity of
different single-crystal electrodes on a polycrystalline platinum substrate is generally
determined to have an order of (111) > (110) > (100) where the Miller indices represent
the terrace orientation of the higher-index single-crystal surfaces. It was demonstrated
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that a Pt stepped surface with (111) terraces had the highest electrocatalytic activity
towards the HOR, following by a surface with (110) terrace, and a grain with (110)
character. In addition, it is found that the surface catalytic activity for the HOR is in the
order (332) <(100) <(510) <(410) <(310) <(431) <(322) <(332) for the seven pseudo-
single-crystal electrodes with different crystallographic orientations.

Moreover, the impact of the presence of (110) steps on a crystallographic plane on
the activity for the HOR is also observed as follows: high-index platinum surfaces with
the same atomic width of (111) terrace but with a (110) step show higher activity than
ones with (100) steps. In addition, an activity order of Pt(310) > Pt(410) > Pt(510) >
Pt(100) is observed with a decrease in step-atom density. It has also been demonstrated
that the catalytic activity of single-crystal grains have a potential-dependent behavior.
The activity of the grains toward the HOR decreases as the substrate potential increases,
possibly due to the bisulfate anion adsorption and oxide growth at the Pt substrate
electrode surface.

A quantitative analysis of local reactivity of the pseudo-single-crystal surfaces on a
polycrystalline platinum electrode surface for HOR was obtained by fitting the SECM
current-distance experimental approach curves to an approximate analytical expression
for the curve derived by Lefrou. et al.!**!3¢ The results show the HOR activity decreases
logarithmically with decreasing substrate potential. The rate constants extracted from
curve fitting for HOR at different potentials indicate the reaction is controlled by
diffusion at —0.5 V, and it is under kinetic control at the more positive potentials.

Overall, the structure-activity relationship of pseudo-single-crystal electrodes is

successfully established for the electrolytic reaction in HC1/NaCl etching solutions and
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the electrocatalysis of the HOR in sulfuric acid at polycrystalline platinum electrode
surface by AFM, EBSD, and SECM techniques.

This approach overcomes challenges in probing local electrochemistry at complex
surfaces. It suggests a new strategy in preparing electrochemical sensing interfaces at
polycrystalline metal electrodes, facilitates electrochemical measurements—such as
kinetic study on high-index single-crystal surfaces, and provides a platform for structure-
activity relationship studies of surface-sensitive reactions or electrocatalytically active

metal materials.
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