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Abstract

Understanding the structure and kinetics of electrochemical oxidation of platinum
single-crystal surfaces at the atomic level is important to understanding and improv-
ing the electrocatalysis of platinum in fuel cells. This thesis concerns the analysis
of data from combined electrochemical and surface X-ray diffraction (SXRD) ex-
periments on Pt(111) and Pt(100). In the early stages of oxidation, Pt atoms are
extracted from their metal lattice sites and become part of a metal oxide. Their loca-
tions have been measured by collaborators using SXRD. The corresponding charges
measured electrochemically are determined by integration of cyclic voltammetry, po-
tential step and potential sweep-hold experiments, and used to propose reactions
that are occurring in the oxidation.

The measured charge consists of the wanted charge that passes in the electro-
chemical reactions and a capacitive charge associated with charging the electrical
double-layer. Different ways of subtracting the double-layer charge were investi-
gated. Reactions were proposed for optimally corrected charges, and for the worst
case where no correction is made, in order to determine the reliability of the proposed
reactions.

From cyclic voltammetry experiments on Pt(111) surfaces, during oxidation 0.5
ML adsorbed oxygen and a few extracted PtO (less than 0.1 ML) are formed. With-
out baseline correction the data are consistent with 0.5 ML O,4s and a few extracted
PtO,. After fast scans, the Pt(111) surface is restructured as shown by the X-ray
signal, but the oxide peaks in CV are nearly unchanged, which suggests that the
electron transfer and Pt extraction do not need to be tightly coupled.

From CV experiments on Pt(100) surfaces, during oxidation many more extracted

Pt are formed than on Pt(111). These form long chains with PtO units (0.25 to 0.39



v

ML) together with O,4s and a total coverage of 0.5 ML. If CV isn’t baseline corrected,
the data is not consistent with long chains with PtO, units, but short Pt3Og chains
with equal numbers of independent PtOs groups. From potential step experiments
on Pt(100), there is an expectation from the literature that the charge will grow
linearly with log ¢. However, this relationship was only found during the first second
of each step, and then is unchanged after ~1s. The slopes of the logarithmic plots are
linearly related to potential. From sweep hold experiments on Pt(100), both charges
and coverage of extracted Pt atoms are not very linear vs log ¢, and their slopes are
also not linearly related to potential but change sharply during the potential range

of Pt extraction.
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Chapter 1

Introduction

Platinum (Pt) is a hot topic in electrochemistry in the recent years, especially in
electrocatalytic reactions [1-5]. It is widely used in energy conversion and storage,
especially in the polymer electrolyte membrane fuel cell (PEMFC) [2, 3, 6-9]. The
hydrogen fuel cell is a typical PEMFC using platinum as catalyst [10-13]. The
hydrogen fuel cell had a vehicle market of $3.85 billion in 2021 with a growth rate
of 38.8% compared with 2020, including cars [14], trucks [15], buses [16], or even
trains in the future [17]. In a hydrogen fuel cell supplied with enough hydrogen and
oxygen gases, hydrogen gas is oxidized to H" ions on its anode with reaction in Eq.
1.1 at a standard electrode potential of 0 V, and oxygen gas is reduced to water on

its cathode with reaction in Eq. 1.2 at a standard electrode potential of 1.231 V.

Hy — 2H' + 2¢~ (1.1)

Oq + 4H" + 4~ — 2H,0 (1.2)



The open circuit potential of Pt electrode without oxygen is 0.8 V. The experi-
mental open circuit potential of Pt with oxygen in real hydrogen fuel cell is around
1.0 V [18, 19], and the practical operating range is around 0.5 to 0.8 V [18, 20].
Pt oxide exists on the surface for potentials above about 0.8 V. So when fuel cell
is turned off, the potential of Pt electrode increases from <0.8 V to 1.0 V and is
oxidized on the surface, then no matter the cell is turned on again, or left there with
oxygen gas gone, its potential will drop to <0.8 V and Pt oxide will be reduced back
to Pt atoms. This repeated oxidation and reduction of oxide restructures the Pt
surface, which leads to lower platinum’s ability to catalyse the above reactions and
limit the lifetime of the Pt catalyst [4, 21]. In order to understand how to minimize
these negative effects, it is important to understand the mechanism of electrochem-
ical oxidation of Pt at the atomic level. This research is focused on understanding

some of the details of the kinetics of platinum oxidation.

The main topic of this research is the oxidation kinetics of the low index platinum
surfaces, Pt(100) and Pt(111). During oxidation, some of the platinum surface atoms
are oxidized and leave their original sites under a specific potential range, then during
reduction they will go back to their original place or another place on the platinum
surface [22-24]. To research this topic, we use the electrochemical techniques, like
cyclic voltammetry, potential steps, and sweep holds. These methods control the
potential of the platinum surface to make the reaction happen, and the resulting
currents are measured. The current-time information is converted to charge densities
on the platinum surface, and then converted to electrons transferred per platinum
atom [25]. Also surface X-ray diffraction (SXRD) is used to detect the changes to the
platinum surface caused by platinum oxidation [26-30]. The SXRD is measured at

the same time as the electrochemical techniques, so the X-ray data on the number of



oxidized Pt atoms can be directly compared with the charges from electrochemistry.
Therefore we can get the stoichiometry of the reactions and the oxidation states of

the species.

This research is part of a large collaboration involving groups from France, Ger-
many, Spain, and Canada. The experiments were carried out at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France or at the Deutsches
Elektronen-Synchrotron (DESY) in Hamburg, Germany. In some cases the equip-
ment was controlled remotely online through the servers of ESRF or DESY. The
determination of the numbers of the atoms and their locations from the X-ray data
were the primary responsibility of the groups of Dr. Jakub Drnec from ESRF, France
and Dr. Olaf M. Magnussen from Kiel University, Germany. Dr. Serhiy Cherevko’s
group from Friedrich—-Alexander University Erlangen—Niirnberg has carried out par-
allel experiments on dissolution on Pt surfaces using mass spectrometric methods.
For the case of the Pt(111) and Pt(100) surfaces, Dr. Federico Calle-Vallejo from
Spain carried out Density Functional Theory (DFT) calculations to determine the
atom locations, which helped to interpret the X-ray data. Our group from Univer-
sity of Victoria, Canada focuses on electrochemical (EC) aspects of the data collected
during beamtimes IHCH925, IHCH10377, CH4977, CH5523, CH5700, and CH5918.
All the groups from Germany and Canada have contributed to the running the ex-
periments, and the present author joined beamtime CH5700 in November 2020 and
DESY beamtime in April 2021, and was involved in remote operation of the EC
control during beamtime CH5700.

To clearly describe the background and results of this research, this thesis is di-
vided in 5 chapters. This chapter 1 is the introduction to this thesis. Chapter 2

gives background about the electrochemistry theory and techniques, and informa-



tion about platinum. It also describes the methods of electrochemical and X-ray
techniques used in this research. Chapter 3 is presents the results and discusses their
interpretation. Chapter 4 is the conclusions and suggestions for the future direction

of this research.



Chapter 2

Background and Literature Review

In this chapter, some knowledge of electrochemistry will be introduced, such as the
solution resistance, the electrical double layer, the reference electrode, and different
types of electrochemical experiments. Also, platinum related electrochemistry will
be covered, like the different types of platinum surface, the definition of coverage
and monolayer, and the performance and reactions of the peaks of platinum in cyclic

voltammogram. Last the X-ray diffraction will be introduced.

2.1 Introduction to Electrochemistry

2.1.1 Electrochemical Cell

The electrochemical cell is a device to make chemical reactions with electrical energy
gained or imported. It works as left part of Fig. 2.1 shows, there is a potentiostat to
provide electricity between the working electrode (WE), the counter electrode (CE),

and the reference electrode (RE). The current flow goes from the working electrode



(WE) mostly to the counter electrode (CE), very little part to the reference electrode
(RE). The potential between WE and RE can be controlled and measured by poten-
tiostat, and the current between WE and CE is measured during experiments. The
reference electrode (RE) is a kind of electrode with stable and well-known potential.
It measures the potential of a point in the solution between WE and CE. The process

happening on WE surface is what we study in this research.

To study the WE surface with X-ray techniques, the hanging meniscus cell shown
as right part of Fig. 2.1 is used to replace the traditional fully encased electrochemical
cell and let the X-ray beam pass through. There is a glass tube on the top, with
the reference electrode, the counter electrode and electrolyte inside suspended above
the round Pt surface with 7 mm diameter connected by the working electrode, and
the electrolyte goes down from the glass tube and wet the Pt surface to make the

meniscus that the X-rays pass through.

2.1.2 Solution Resistance

The solution resistance (Ry) is the ability of electrolyte to impede the current flow.
In an electrochemical cell like Fig. 2.1, the solution has resistance to oppose this
current flow between working electrode (WE) with counting electrode (CE) and ref-
erence electrode (RE), and this resistance can lower the potential between electrodes.
Since the measured potential is between the WE and RE, the Ry really measured
in experiments is the resistance between WE and RE, and the solution resistance

between WE and CE is unknown.

In this research, for most platinum electrochemical experiments, the distance

between WE and RE is 4 mm, and 0.1 M (1 x 10~* mol cm™2) HCIO, solution is used
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Figure 2.1: Schematic of the electrochemical cell with anodic reaction (left), a po-
tential is given by potentiostat to make the current flow from the working electrode
(WE) through solution to the counter electrode (CE), also a little part to the refer-
ence electrode (RE), and then back to potentiostat. Also schematic of the hanging
meniscus cell used in this research (right), both CE and RE are in a glass tube
suspended above the platinum surface connected by WE. The electrolyte goes down
from the glass tube, just wets the Pt surface, to form an electrochemical cell.



in most experiments. To get the solution resistance, solution conductivity (k) can be
found from the molar conductivities of ions at infinite dilution, 349.65 cm? S mol~! for
HT and 6.73 cm? S mol ™! for C10; [31] as k = (349.65+6.73) x 1x10~* = 3.56x1072 S

= 28.1

cm~!. Then the resistivity (p), reciprocal of conductivity, is p = % = m

Q cm. Now, if we assume the electric field is uniform and normal to WE surface, the

electrical resistance (R,) has relation with resistivity (p) as p = R%, in which 4 is

the area of WE surface, and [ is the distance between WE and RE, so the solution
resistance (R,) with WE surface area included, is Ry = p x [ =28.1 x 0.4 =11.2 Q2

cm?.

0.4
R, = =112 Q cm? 2.1
(349.65 + 6.73) x 1 x 10— o (2.1)

And for a round Pt working electrode with diameter of 0.7 cm, R, is 29.1 2.

However, in the real experiments, the electric field can’t be uniform and normal
to WE surface. As right part of Fig. 2.1 shows, the WE is a surface at the bottom,
but the CE is a wire on the top, so the electric field is more like a circular cone
with the end of CE as top point and WE surface as bottom surface, and the end of
RE is off-centre and about 4 mm from the bottom of this circular cone. Because of
this, it’s hard to describe the location of RE in this electric field and to calculate
the Rs. Therefore, the ideal R, from the calculation may be not suitable for the real
experiments, and the measurement of R, is needed. From beamtime CH5918, the

measured R, varied in the range 35-50 €, larger than 29.1 €2 from calculation.



2.1.3 Reference Electrode

As Fig. 2.1 shows, the reference electrode is used in electrochemistry experiments,
so the potentials are always versus reference electrode and can be translated to
versus reversible hydrogen electrode (RHE), which is a kind of standard electrode
with potential only related to the pH value of electrolyte, E(RHE) = FE(SHE) —
0.059V x pH. For example, in the cyclic voltammetry experiment at the CH5700
beamtime shown as Fig. 2.2, 3.5 M Ag/AgCl reference electrode is used, and all raw
potential data shown in the left vertical coordinate of Fig. 2.2 need additional 0.274
V to be converted to RHE, which is shown in the right vertical coordinate of Fig.
2.2.

2.1.4 Electrical Double Layer and X-ray Beam Damage

The electrical double layer is a structure made by one layer of charges on the electrode
surface, and ions with opposite charge on the solution near the electrode, and Fig.
2.3 shows a simple model of the double layer, the Helmholtz double layer model. It’s
an early simple model for electrical double layer. The part on the solution near the
electrode has the change located at fixed locations in planes. It is a few Angstroms
thick and has two layers, inner Helmholtz plane with one layer of solvent molecules
as water here, and outer Helmholtz plane with solvated cations or anions covered
by solvent with counter charges of electrode. For example in Fig. 2.3 with HCIO4
solution, it is a charged positive electrode, so there is one layer of positive charges
on the electrode surface, then one layer of water dipoles on the electrode surface
as inner Helmholtz layer, and then there is one layer of ClO; anions as the outer

Helmholtz plane. These charges are called the double-layer charges [32-35]. The
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Figure 2.2: Potential vs time for Pt(111) cyclic voltammetry. There are ~5 data
points each 5 mV. The left vertical coordinate is potential vs 3.5 M Ag/AgCl elec-
trode, the right left vertical coordinate is potential vs RHE. The start potential of
each cycle is 0.424 V vs RHE, the minimum potential is 0.054 V vs RHE, and the
maximum potential is 1.174 V vs RHE. Sweep rate as 20 mV/s. Data from Cycle
136 to 143 of EC file 25 at the CH5700 beamtime at ID31 at the ESRF in November
2020.
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Figure 2.3: Schematic of electrical double layer near the surface of a positive elec-
trode.

double layer capacitance, the ratio of charges to potential, is largely independent of
potential [36, 37]. This agrees with the simple Helmholtz double layer model well,
and therefore a more complicated double-layer model is not needed in this work. The
double layer capacitance of Pt(111) is ~20 uF cm™2 under any potentials [36, 38],
and that of Pt(100) is 20 - 30 uF ¢cm ™2 under most potentials, except ~50 uF cm™2
around -0.1 V vs SCE [39].

The total current between the electrode and solution includes Faradaic current
associated with charge transfer between the electrode surface and solution associated
with an electrochemical reaction, and a non-Faradaic process like charging of the

electrical double layer. So non-Faradaic current should be removed from total current
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if Faradaic current is needed to describe the electrochemical reactions.

Also, X-ray beam damage can form H;O, in the solution near the Pt surface.

H,0, is typically oxidized above about 0.8 V in acidic solvent as below [40]:

HyO9 — Og + 2H™ + 2e” (22)

and reduced below 0.8 V in acidic solvent as below [40]:

H202 + 2H* + 2e” — QHQO (23)

This makes current higher when potential is higher than 0.8 V, and makes current
lower when potential is lower than 0.8 V. However, when OH groups are adsorbed
on the Pt surface, OH film blocks Pt surface tightly, and so HyO, reduction is

suppressed.

2.1.5 Cyclic Voltammetry

Cyclic voltammetry (CV) is an electrochemical technique extensively used in this re-
search. In this technique, a specific potential program is applied between the working
electrode and the reference electrode, and the corresponding current is recorded. The
potential program always decreases from a start potential to a minimum potential
with a constant sweep rate, then increases to a maximum potential, decreases to the
start potential, and repeats as the next cycles. For example, for the chosen cycles in
the CV experiment at the CH5700 beamtime shown as Fig. 2.2, the sweep rate is
20 mV /s, the start potential is 0.424 V vs RHE, the minimum potential is 0.054 V

vs RHE, and the maximum potential is 1.174 V vs RHE. For the spectrum of one of
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the cycle, it is shown as Fig. 2.4.

For further CV data treatment in this research, currents are translated to cur-
rent density (j) by dividing by the area of the working electrode, which is a circle
with diameter as 7 mm, also double layer currents need to be removed by baseline
correction as stated in section 2.1.4, to get charges transferred in reaction, which will
be converted to coverage of electrons transferred, .. This will be further discussed
in section 2.2.2, where it will be compared with coverage of extracted Platinum, 6.,

from X-ray data, which will be introduced later.

2.1.6 Potential Step

Potential step is another kind of electrochemical technique which can provide dif-
ferent information about electrode surface compared with cyclic voltammetry. In
potential step, the potential jumps between different potentials and is held at the
final potential without sweeping between them as cyclic voltammetry. In the specific
experiment here, it will drop to and stay at a lower hold potential between steps,
e.g., 0.15 V in Fig. 2.5. For each step as in Fig. 2.6, which is the first 2 s of a
60-second step, the potential keeps at a potential of 0.95 V with no change. The
current increases sharply, then slowly decreases to a positive current very close to 0
inside 1 s, then fluctuates around it due to beam damage. More details and data

treatment will be further discussed in section 3.2.4

2.1.7 Double Layer charging for Potential Step

As Section 2.1.4 introduced, double layer current appears whenever potential changes

and the electrode starts charging, and this is true also for the potential step experi-
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Figure 2.4: Pt(111) cyclic voltammogram spectrum. The red points are forward
sweep and the blue points are reverse sweep. Sweep rate as 20 mV/s. Data from
Cycle 140 of EC file 25 at the CH5700 beamtime at ID31 at the ESRF in November
2020.
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Figure 2.5: Pt(100) Potential steps in 0.1 M HCIO,4 from the double layer. The red
curve is current density and the blue curve is potential. Data from EC file 57 at the
CH4977 beamtime at ID31 at the ESRF in July 2017.
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Figure 2.6: First 2 s of the oxidation portion of potential step to 1.20 V on Pt(100)
in 0.1 M HCIO4 from the double layer. The red curve is current density and the blue
curve is potential. Data from EC file 57 at the CH4977 beamtime at ID31 at the

ESRF in July 2017.
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ments. Unlike in the cyclic voltammetry where the potential slowly scans from one
voltage to another, in the potential steps, the potential suddenly increases from a
low initial potential to a high one, like the step in Fig. 2.6, which increases from
0.15 V to 0.95 V in the beginning, so the double-layer charging current exists and is

very obvious when the step begins.

The double layer charging depends on two quantities, the solution resistance (Ry)
and the double layer capacitance (Cq) as Fig. 2.7 shows. The relation of potential
(F) and current density () of two parts are:

B, = R.j, (2.4)
. dEy

=(Cy—— 2.5
Jdi dl 1 ( )

Then as Kirchoft’s laws, the current density of the solution resistance and the
double layer capacitance are the same, and the step-in potential (Ey) is the sum of

the potentials of the solution resistance and the double layer capacitance:

Js = Jdi (2.6)

E;=E, + Ey (2.7)

The charges on the electrode can’t change instantaneously when the step begins,

so we assume the initial potential (F;) as the voltage across the capacitor before step:

Eq(0) = E; (2.8)

So if we combine these three equations together, we can get:
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Figure 2.7: [Schematic of solution resistance (R,) and double layer capacitance (Cy)
in electrochemical cell, J is the current density, and E is the potential.

. . t
J = joexp(——) (2.9)
Tdl
E;—E;

where the time constant 754, = R,Cy, and jo = =, also we assume jo as the

current density at 0 second in potential step experiments, for the Faradaic current
from reactions appears 1072 s, much slower than the non-Faradaic double layer

current, faster than 1073 s.

In this research, as the expected solution resistance (R;) of 0.1 M HClOy is 11.2
Q2 cm? from Section 2.1.2, and the double layer capacitance (Cyg) of Pt(111), Pt(100)
is 20 uF cm™2 from Section 2.1.4, so the expected time constant from the function

18:

T = RsCy =112 Qem?x20 pF em™? =0.224 mS (2.10)

However, in the real experiments, the electric field isn’t uniform and normal to

working electrode surface as Section 2.1.2 expected, the solution resistance is different
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Figure 2.8: logjo(current density) of potential step to 1.20 V on Pt(100) in 0.1 M
HCIO, from the double layer. The red curve is the logjo(current density). The
blue line is fitted line of very first part from 0 to 0.002 s to remove double layer
capacitance. Data from EC file 57 at the CH4977 beamtime at ID31 at the ESRF
in July 2017.

from expected. 74 and jo can be calculated by fitting the very beginning part of the

log1o(j) vs t plot of each step, with the intercept of fitted line as logio(jo), and 74 as

-1
slope *

The baseline can be used to remove double layer currents in potential steps,
and an example is shown as Fig. 2.8, and the corresponding corrected current density

plot is shown as Fig. 2.9.

2.2 Introduction to Platinum Electrochemistry

This section is to introduce the platinum electrochemistry, like what does the plat-
inum surface look like, different types of platinum surface, the definition of coverage
and monolayer, the performance and reactions of the peaks of platinum in cyclic

voltammogram, also platinum extraction and dissolution.
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2.2.1 Platinum Surfaces

What does the platinum surface look like, different types of platinum surface is
covered in this subsection. Different crystalline materials have different structures,
which can be simplified as a repeatable unit cell. Platinum (Pt) has a face centered
cubic (fce) crystal, and its unit cell is shown as Fig. 2.10.a. If we set the edges
in three dimensions of a Pt unit cell cube, also three axis vectors as (a, b, c), their
length are equal, so a = b = ¢, and for platinum it’s 3.9242 A. There are eight %
atoms in each corner of the unit cell, and six % atoms on each face centre of the unit

cell, so there are 4 Pt atoms in all in each unit cell.

If the crystal unit cell is cut in different ways, it can show different surfaces, such
as Pt(100), Pt(111), and Pt(110) in Fig. 2.10. To describe the surface orientation and
planes parallel to the surface, we use a set of numbers (h, k, [) known as Miller indices.
Miller indices is based on (a,b,c) with the unit of lattice parameters. If the cut
surface passes the endpoint of the axes, like all three axes (a, b, c) for Pt(111) in Fig.
2.10.c, then we mark the intercepts of (a,b,c) as (1,1,1). As the cut surface has the
distance as one lattice parameter in the directions a, b and ¢, the Miller indices are
the reciprocals of these numbers, (h, k,1) = (3,1, 1) = (1,1,1). If the cut surface is
parallel to one or two axes, like for Pt(100) in Fig. 2.10.b, the surface has the distance

as one lattice parameter in the direction a, and is parallel to axes b and c, then we

mark (a,b,c) = (1,00,00), so Miller indices as (h,k,1) = (3, ~, L) = (1,0,0); also

17 0? oo

for Pt(110) in 2.10.d, the surface passes the endpoint of axes a, b and is parallel to
axis ¢, so (a,b,c) = (1,1,00), and Miller indices (h,k,1) = (3,1, L) = (1,1,0). If

11 s
the cut surface passes i+ of an axis like a, then we mark ¢ = %, and Miller index

2 29
_ 1 _
h=1i5=2.

In bottom pictures of Pt(100), Pt(111), and Pt(110) in Fig. 2.10, there are three
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black parallelogram frames, which are the 2-D unit cells of each platinum surface,
and in Fig. 2.11, the blue rhombus frame is 2-D unit cell of Pt(111), with its two
deep blue axes as (azp, bap) and asp = bep, is the reference unit cell described as
(1 x 1). For another cell in Fig. 2.11 with red parallelogram frame, the length of
its axes, which are marked as (a’sp, b’sp) to differ from blue 2-D unit cell, isn’t the
same as unit cell, a’sp = b'yp = V/3agp, so we describe it as (v/3 x v/3). Also the
direction of axes a’sp, b’ap rotate 30° from the axes azp, bap, so we describe it as
(\/§ X \/g)RSOO. Then this red cell is to show the ratio of adsorbed H atoms to Pt
surface atoms with coverage of % ML, so we finally describe it as (\/3 X \/§)R30°—%H.

2.2.2 Coverage

The ratio of the number of total adsorbed groups, or total transferred e”s to the
number of Platinum surface atoms can be described as coverage, 6. The unit to
describe coverage is monolayer (ML), for example, the red parallelogram frame in
Fig. 2.11 is a Pt(111) (v/3 x v/3) R30° - H unit cell with two adsorbed H atoms as

black circles and 3 Pt surface atoms as white circles, so its coverage is % ML.

In cyclic voltammetry, coverage of electrons, 6., is used as the ratio of transferred
e~ s to platinum surface atoms. The coverage 6. of a specific CV peak, such as the
coloured ones in Fig. 2.12, is used to figure out how many groups or atoms are
adsorbed to Platinum surface through reaction. 1 ML 6. of different Pt surface is
determined by the charge density of one-atom 2-D unit cell with 1 e~ each Pt atom,
which are three black parallelogram frames on Pt(100), Pt(111), and Pt(110) surface
in Fig. 2.10, and the coverage 6. of specific peak is got from dividing the charge
density passed by the charge density corresponding to 1 ML 6, of coverage shown

above.
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Figure 2.9: Double layer corrected current of the oxidation portion of potential step
to 1.20 V on Pt(100) in 0.1 M HClO, from the double layer. Data from EC file 57
at the CH4799 beamtime at ID31 at the ESRF in July 2017.

fcc (100) (111) (110)

Figure 2.10: Schematic of (a) Face Centered Cubic (fcc) crystal unit cell, (b) Pt(100)
surface, (c) Pt(111) surface, (d) Pt(110) surface.
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Figure 2.11: Schematic of H UPD adatams in 3-fold hollow site on fcc(111) surface.
The blue rhombus frame is a (1 x 1) unit cell for clear surface. The red parallelogram
frame is a (\/5 X \/§)R30°—H unit cell with 6 of H UPD adatoms as 2/3 ML.
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For example, the unit cell cube of Platinum crystal shows in Fig. 2.10, for Pt(100),
the length of the edge of Pt(100) one-atom 2-D unit cell is asp = 75> in which a

2
is the edge of 3-D unit cell, its area is A = (\%) . If we divide charge of 1 e~ by
this area A, then 1 ML 6, corresponds to a charge density of 208.08 uC/cm?. For
Pt(111) with 2-D one-atom unit cell as a rhombus, its edge is asp = 75 its area is

2
A = \/73 X (\%) , and 1 ML 0, corresponds to a charge density of 240.27 uC/cm?.
For Pt(110) with 2-D one-atom unit cell as a rectangle, its edge is asp = % of one
side, and byp = a for another, its area is A = %, so the charge density of 1 ML 6,

is 147.13 pC/cm?,

2.2.3 Peaks of Platinum in CVs

There are three anodic peaks for Platinum on cyclic voltammograms: the reverse of
H underpotential deposition (H UPD) peak [41-43], the OH adsorption (OH,gs) peak
[41, 44-46], and the Pt oxide peak [47, 48], at which the platinum oxidation only
takes place. Cyclic voltammograms with different parts marked in different colors
for Pt(111) and Pt(100) are shown in Fig. 2.12 and Fig. 2.13. Sometimes peaks are
merged with each other, like H UPD peak and OH,4s peak of Pt(100). Between the
range of peaks are the flat low-potential area with only double layer charging and no
reactions with solution, which are marked as brown in Fig. 2.12 and Fig. 2.13, like

0.4 to 0.6 V for Pt(111) and 0.7 to 0.9 V for anodic process of Pt(100).

Peaks of Pt(111) in HC1O,

The H UPD peak for Pt(111), shown as green in Fig. 2.12, is before 0.4 V [49-51].
The H UPD means underpotential deposited hydrogen, and they are adsorbed and
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Figure 2.12: Pt(111) CV with different parts in different colors in 0.1 M HCIO,.
Sweep rate as 50 mV/s. Data from the prep time at the CH5523 beamtime in

September 2018.
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Figure 2.13: First cycle Pt(100) CV with different parts in different colors in 0.1 M
HClO,. Sweep rate as 50 mV /s. Data from the prep time at the CH5523 beamtime
in September 2018.
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dissociated as shown in Eq. (2.11), where * means a free adsorption site on Pt surface
[50, 52, 53], with coverage as 2/3 ML from experiments [52-55], for the strongly
repulsion between H UPD adatoms, and shown as schematic in Fig. 2.11 with blue
parallelogram frame as unit cell and explained in Section 2.2.2 [56]. Also, there are
some density functional theory (DFT) studies but with coverage from models far
away from 2/3 ML [55, 57]. The adsorption site is found as 3-fold hollow sites on
the fce(111) surface as thermodynamic result from chemisorbed sulphur poisoning
which was used to block the sites [56, 58]. As X-ray research shows, the first two
outermost Pt layers remain expanded with a little decrease after the H UPD adatoms

are removed [49].

H30" + % + e~ — H(ads) + HyO (2.11)

The OH,g4s peak, shown as blue in Fig. 2.12, is from 0.6 to 0.85 V [59], with
a broad part from 0.6 to 0.75 V and sharp peak centred at 0.8 V, which gives it
the name as ”butterfly peak”. The cathodic OH,4s peak is mixed with oxide peak
and shown as purple in Fig. 2.12. The OH,4s is produced from solvent water, and
the reaction is shown in Eq. (2.12) in acidic HCIO, solvent [59, 60]. The coverage,
shown in Table (2.1), is around 110 gC ¢cm™2(0.46 ML) from experiments and 1/2
ML theoretically from research of Feliu and other groups [46, 52, 53, 61, 62]. For
another voice, the coverage is 1/3 ML from DFT research without high electrode
potential, ca. 1.30 V [50, 63-65], with 2/3 ML water covered on Pt(111) surface as
X-ray research shows [66], connected with very strong OH-H,O hydrogen bond and
no more empty holes for additional OH,4s groups on Pt surface [64, 67].

H,O + % — OH(ads) + H" + e~ (2.12)
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OH, 4 water total

1/2 ML | 1/2 ML | 1 ML [52, 53, 68]
1/2 ML | 1/4 ML 3/4 ML [62]
1/3 ML | 2/3 ML | 1 ML [50, 64, 65]
1/3 ML | Existing | Unknown [63, 69]

Table 2.1: Water/OH,4s coverage for OH,4s peak of Pt(111) from different DET
studies

The Pt oxide peak, shown as red in Fig. 2.12, is also very sharp and centred
at 1.05 V. Ougs is formed from OH,ys as the Eq. (2.13), with extra OH,4s formed
from O,y and water as Eq. (2.14) [50]. The water/OH,4s/Oqs layer is formed with
potential over 1 V, which is more stable than the water/OH,4s layer for the OH g
peak [53]. Coverage from DFT studies are shown in Table (2.2). Coverage of Oqs
for Feliu’s research is 0.5 ML, which is the coverage of whole oxide peak in the CV
experiments, and place exchange isn’t taken care of [52, 53]. Work from Fuchs et al
supports 0.67 ML O,q4s from the DFT research of further reactions for place exchange
[70], also the running integral from Feliu’s research have O,4s peaks with charges as
170 uC em™2 (0.7 ML) under different sweep rate [52, 53]. Hawkins’s research makes
DFT studies on several coverages of O,4s on the sites of both surface and subsurface
platinum, and favors the coverage > 0.5 ML [71-73]. Gu’s and Karp’s research on
energy of fcc Pt surface supports the coverage of adsorbed atomic oxygen is 0.25
ML [65, 74, 75]. There are no more than 1/2 ML OH,q4s from butterfly peak to be
converted to Ougs [49, 50, 52, 53, 63, 64, 69], and therefore for coverage of O,45 higher
than 0.5 ML, with additional Oq4s directed formed from water as Eq. (2.14). For the

further introduction on platinum extraction, it will be introduced in Section 2.2.4.

OH(ads) — O(ads) + H" + e~ (2.13)
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H,O(ads) — O(ads) + 2H' + 2e~ (2.14)
Oqds OH s water
0.5 ML Existing | Existing [52, 53, 63]
0.67 ML Slightly Existing [70]
>0.5 ML (0.5625 ML) | Unknown Existing [71-73]
0.25 ML Unknown | Unknown [65, 74, 75]

Table 2.2: Water/OH,45/0O,4s coverage for oxide peak of Pt(111) from different DFT
studies

Peaks of Pt(100) in HC1O,

The H UPD peak, shown as blue in Fig. 2.13, is mixed with the OH,4, peak from
0.2 to 0.7 V and is mainly the sharp part before 0.45 V [76]. In Fig. 2.13, the cycle
starts at 0.22 V, drops to minimum 0.07 V, then rises up to 1.17 V, last drops back
to 0.22 V. Pt(100) surface also adsorbs H as Eq. (2.11) but in 4-fold hollow sites
[56]. Unlike Pt(111), the coverage of H UPD peak for Pt(100) is hard to get from
DFT research because the significant charge from OH,4s especially after 0.4 V [77].
Some DFT research shows the coverage of UPD H can be up to 1 ML [78].

The OH,4s peak, shown as blue in Fig. 2.13, is the right half small broad part of
mixed H/OH peak from 0.2 to 0.7 V, mainly after 0.4 V [77]. OH,4s also forms as in
Eq. (2.12), but the coverage is also hard to get for the same reason as H UPD peak
[77]. The bonding between OH,45 and following O,q4s to step sites is much stronger
than that in Pt(111) as ultrahigh vacuum experiment shows, and coverage might

also be higher [50, 79]. Some DFT research shows the coverage is most possible at

1/3 ML OH,g, with 1/3 ML HyOuqs, or 1/2 ML OH,g, with 1/2 ML HyO,qs [80).
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The Pt oxide peaks, shown as red and purple in Fig. 2.13, is also very sharp and
centred around 1.05 V, similar to Pt(111).From some DFT studies, the coverage of
Oggs is possible from 0.25 to 1 ML [81], or most stable at 0.5 ML [82, 83]. Similar
to Pt(111), the Ogqs is also formed as in Eq. (2.13), and platinum oxidation starts
from 1.0 V, as the complete Pt oxide peak and later flat part, also discussed later in

Section 2.2.4.

For the blue H/OH mixed peak in Fig. 2.13, the anodic peak is much larger than
the cathodic peak, and the cathodic peak has a discontinuity 0.22 V. This is because
the cycle starts and ends at 0.22 V, and a part of the cathodic peak isn’t fully reacted
and recorded in the next cycle. This also shows that second and subsequent cycles

are different.

Peaks of Pt(111) in H,SO,

For Pt(111) reacted in HySOy, there is still a pair of broad flat peaks from 0 to 0.3
V as H UPD peak [84], and forms H,4s groups same as Pt(111) in HCIO, reacted as
Eq. 2.11.

For the butterfly peak, it is lowered to 0.3 to 0.55 V [84], with peak centred
around 0.5 V. Without the OH,4,/water system in HCIO, [49], SO~ (HSO;) and
water(H;O™) will take its place with reactions as in Eq.s (2.15, 2.16 and 2.17) [85].

HSO, + % — HSOy(ads) 4+ e~ (2.15)

HSO; + * — SOy(ads) + H + e~ (2.16)
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HSO; 4+ H20 + % — H30 — SOy (ads) + e~ (2.17)

The oxide peak shifts to 1.4 V as a very sharp peak, much higher than 1.05 V
in HCIOy4, with much wider range of flat part with only double layer current from
0.6 to 1.4 V, because the strongly-adsorbed sulfate inhibits the Pt oxidation [86]. In
the peak, there is no O,4s formed, but Pt place exchange gives a PtO layer as in Eq.
(2.18). The corresponding cathodic peak at 0.7 V is broader.

Pt + Hy0 + % — PtO + 2H' + 2e~ (2.18)

2.2.4 Platinum Extraction

Platinum extraction is the process of Pt atoms moving during platinum oxidation.
The O-containing absorbed species react with the Pt surface, and the Pt atoms leave
their original lattice sites to become part of a developing oxide [87-89]. Some of
these oxidized Pt atoms don’t go back to their original sites during reduction, and
so the Pt surface is restructured [23]. On Pt(111), O and Pt atoms can exchange
their places during oxidation, this is called platinum place exchange [22, 27, 74, 90].
The place exchange on Pt(111) starts from higher than 1.1 V| in the second half of
the Pt oxide peak and then in the flat part after it shown in Fig. 2.12. The different
structures of extracted Pt(111) and Pt(100) from Fuchs et al [70, 91] are shown in
Fig. 2.14. For Pt(111), atoms are oxidized independently as shown in Fig. 2.14.c.
The extracted Pt(111) atom is 2.41 A above the Pt surface from X-ray data [51],
which agrees with >2.23 A from DFT study [70].

However, for Pt(100), the O atoms aren’t underneath oxidized Pt for other sur-
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Figure 2.14: Pt oxidized models of c.Pt(111) and d.Pt(100). Reprinted by permis-
sion from Springer Nature: Nature Catalysis, Structure dependency of the atomic-
scale mechanisms of platinum electro-oxidation and dissolution, Timo Fuchs et al,
Copyright 2020 [70].

faces as shown in Fig. 2.14, so Pt(100) extraction can’t be called place exchange
[70, 91]. The extraction of Pt(100) starts from 1.0 V [92], and occurs throughout
the complete Pt oxide peak and later in the flat part as shown in Fig. 2.13. The
oxide peak of Pt(100) occurs at lower potentials than on Pt(111), mainly because of
the difference in the crystal structure for surface Pt atoms between (100) and (111).
Different from Pt(111), Pt(100) atoms are oxidized one by one. One oxidized Pt(100)
atom makes it easier for the next Pt(100) to be oxidized as in Fig. 2.14.d, and this
model leads to much higher coverage of extracted Pt for Pt(100). The extracted
Pt(100) atoms are in a stripe structure 1.40 A above the Pt surface atoms from

X-ray data, which agrees with <1.42 A from DFT study [70].

For Pt(111), the platinum oxide is said to be PtO in most research in HCIO,
solutions [70-72], formed by the reaction in Eq. (2.19) [23] with 1 e~ transferred
for each extracted Pt atom, or 2 e~ transferred for each extracted Pt atom as in

Eq. (2.18). However, for oxidation in HsSO4 solutions, the expected reaction has
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2 e~s transferred for each extracted Pt atom as in Eq. (2.18). However, there
are some extra reactions to remove sulfate from the Pt surface before Eq. (2.18)
that complicate the situation in this case. There are also some DFT studies based
on experiments that show PtO, rather than PtO as the product of the platinum
extraction when the coverage is under 0.5 ML [93, 94]. The coverage of extracted
PtO from some DFT studies is around 0.2 to 0.25 ML at 1.17 V [95-97], but much
lower for experimental analyse as 0.06 ML at 1.15 V [97].

Pt — OH(ads) — PtO(ex) + H" + e~ (2.19)

2.2.5 Platinum Dissolution

During the reduction of extracted Pt, most platinum oxides are turned back to Pt
atoms at the same site or other places on Pt surface, however a part of Pt oxides are
dissolved into the solution and can never be turned back to Pt atoms. This is called
Pt dissolution. It happens together with normal Pt extraction, but it is only at the
mML level (approximately ng cm™2). This is just 1/100 of Pt extraction [98-101],
however it still causes a significant mass loss over time, and is a main reason that
lowers the lifetime of Pt catalysts in PEMFC after thousands of cycles of use [21].
For different Pt surfaces, as some DFT and experimental studies show, soluble Pt

on Pt(100) surface is much lower than Pt(111) at high potential (1.15 V) [73, 102].

2.2.6 Oxide Film Growth Law

During the oxidation of the Pt surface, under a given potential and temperature,

the Pt 2-D oxide film will grow logarithmically with time with the same original film
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structure [25, 103-105], and the film growth is linearly related to the potential under
given temperature [103, 104}, and linearly related to the temperature under given
potential [106, 107]. As shown in Fig. 2.15, the charge of Pt oxidation increases
linearly related to the logarithm of time under a given potential, and the slopes of
these lines linearly increases vs holding potential. In some early research of Conway
and other groups with HySO, as electrolyte, the charge linearly increases to over
1000 xC em™2 (more than 4 ML for both Pt(100) and Pt(111) surface) as log(time)
increases [104], but in Jerkiewicz’s research on Pt surface in aqueous CF3SO3H, the
upper limit of oxide film is 2 ML when 6y is 1 ML, and in Minguzzi’s research on Pt
surface in HCIOy4 solvent with X-ray, the upper limit of 6., is 1 ML, and the charge
is steady at 1 ML after 6., arrives 1 ML [108].

For some early research of Conway and other groups, the oxide film grows in
logarithmic law because of the place exchange between oxide film and metal surface
(or Pt extraction because place exchange is only for Pt(111) surface as described in
Section 2.2.4), and the reaction rate is related to its inter-molecular bonding energy
of Pt extraction. This model is called as place-exchange model [103, 104, 109]. When
a surface Pt atom is extracted, it has 9 neighbouring atoms for Pt(111) (6 in the
same plane and 3 in the plane underneath), and 8 neighbouring atoms for Pt(100)
(4 in the same plane and 4 in the plane underneath), and these neighbouring atoms
are just between oxide film and metal surface, so they are easy to be oxidized and
become a part of the film afterwards, then after these 8 or 9 atoms are extracted,

their neighbouring atoms are also easy to be oxidized [47, 103, 104].
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Figure 2.15: (a) Pt(111), (b) Pt(100), and (c) Pt(poly) oxide film direct logarith-
mic law growth plots in HySO,4, and relation of their slopes vs holding potential.
Reprinted from Journal of Electroanalytical Chemistry, 339(1-2), Brian E. Conway,
Gregory Jerkiewicz, Surface orientation dependence of oxide film growth at platinum
single crystals, Pages 123-146, Copyright 1992, with permission from Elsevier [104].
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2.3 Introduction to X-ray Diffraction

This section is to introduce the surface X-ray diffraction techniques, including the ex-
perimental techniques and processes, reciprocal space, Bragg reflections, and crystal

truncation rods.

2.3.1 Surface X-ray Diffraction Experimental Processes

In this research, surface X-ray diffraction (SXRD) is used to study the oxide on the
platinum surface, as its wavelength is comparable to lattice spacings [28, 110-112].
It’s the most common technique in the form of X-ray crystallography, and can get
very deep into crystal as very many unit cells to measure the bulk periodicity, but
here it is limited in a small angle to only learn the few layers on the surface. It is a
non-destructive technique to learn the surface structure and need very high energy
particles. The SXRD operates simultaneously with the electrochemical techniques
as shown in Fig. 2.16. At potentials where the Pt oxide and extraction of Pt occurs,
the oxide is detected at the same time by illuminating the surface by X-ray beam at
a small angle (u) [113, 114], and detecting the scattering X-ray by a 2-D detector.
Also, the electrochemical cell is mounted on a goniometer to move the Pt sample in

six directions, so it can accurately align the X-ray beam to the crystal and detector.

The experiments in this research were done at the European Synchrotron Radia-
tion Facility (ESRF) in Grenoble, France and at the Deutsches Elektronen-Synchrotron
(DESY) in Hamburg, Germany. For the ID31 beamtime in ESRF, a typical X-ray
beam energy is 70 keV, so the wave frequency (v) is shown as below, with h as Planck

constant:



36

RE CE

2-D
Detector

~— X-ray
\-/_5;'_’/—'
Pt
WE I

Figure 2.16: Schematic of the hanging meniscus cell with X-ray. The reference
electrode (blue) and the counter electrode (green) are in a glass tube suspended above
the Pt surface (grey) connected by the working electrode (red). The electrolyte goes
down from the glass tube, just wets the Pt surface, to form an electrochemical cell.
The Pt surface can rotate to find a good angle (6) for the X-ray beam (purple) to
pass through the cell with a small angle (1) with the Pt surface, scatter on the Pt
surface, and then be collected by the 2D detector.
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B 70 x 10° eV
y=" = “ %0 169 x 10" Hz (2.20)
I 4135 x 10-1 eV Hz

And the wavelength (\) of X-ray beam can be calculated from frequency and
light speed (c) as:

c 3.00 x 10 m s !
v 1.69 x 1019 Hz 0.177 ( )

Also as de Broglie hypothesis, the momentum (p) of a photon of the X-ray beam
is related to its wavelength (), and also linearly related to its energy (FE) through

two previous equations as:

h FE 70 x 103 eV 1.602 x 10719 ]
P N T T 300x10°mS T 1ev 8 gms— (222)

The relation between energy (£) and momentum (p) can be performed in another

way as below, with h = % and k = 27”:

he  h 27w
E = NN hkc = pe (2.23)

The momentum p = hk here can be used to perform other things as electrons,

and k here is linearly related to momentum (p), so also linearly related to energy

(E).
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2.3.2 Reciprocal Space

To determine the surface atomic arrangement of the crystal, the reciprocal space
is used in the X-ray diffraction. It is a Fourier transform of the real space, which
is introduced in the Section 2.2.1. The reciprocal axis vectors, (a*,b* c*), have
relations with real space vectors, (a,b,c), as: a*-a =27, b*-b =271, c*-¢c = 27,
a*-b=a*-c=b*-a=b*-c=c*-a=c"-b = 0. So as Fig. 2.17 shows, for a
cubic unit cell the three vectors of reciprocal space are parallel to their corresponding
vectors in the real space, with length as 27 over the reciprocal of their corresponding
real vectors, and perpendicular to other two, like a* is parallel to a, and perpendicular
to b and c. The length of reciprocal vector a* is %’r; for the Pt crystal unit cell a is
3.9242 A, so its a* = &ggﬁ — 1.6021 A™". This relation also can be performed as
k= 27”, in which k is the reciprocal vector and A is the real vector, so the reciprocal
vector length of 70 keV beam in ID31 of ESRF is 0.127ﬁ = 355 A7, Also the
relation between reciprocal axis vectors and real space vectors can be performed by
matrix as:
(a")"
(b*)T| =2m [a b c} o
(c)”
The lattice point (h,k,[) in reciprocal space corresponds to the (hkl) plane in
real space. The reciprocal lattice vector G = ha* + kb* + Ic*, e.g., for Pt(100)
Gioo=1-a*4+0-b* 4 0-c*, is normal to the (hkl) plane in real space, with length

as |G| = &, in which d is the spacing of the (hkl) plane.

Similar to the end of previous Section 2.3.1, the crystal planes also have an
effective momentum (p), and it is linearly related to reciprocal lattice vector (G),

with relation similar to Eq. 2.23 as p = hG.
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Figure 2.17: Schematic of the reciprocal space (a*, b*, c*) and real space (a, b, c) of
cubic 3-D unit cell with all angles 90°.
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For the reciprocal space of 2-D platinum surface, the reciprocal vectors can be
transferred in the same way as previous 3-D unit cell for the rectangle unit cell of
Pt(100) and Pt(110), as a5y = ai—”D and by = ti—“D. However, for the Pt(111), its
asp and bop has an angle of 120°, this is called the hexagonal unit cell, and can’t

be directly treated in the previous way. So as Fig. 2.18 shows, we can get Pt(111)’s

reciprocal vectors through matrix if we put its real vectors in the rectangular coor-

1
a —=a
dinate system, as asp = , and bop = \/52 , then we can get the reciprocal
2 ¢
vectors as below.
- 71 -—
(asp)? -1 a —ia 1 ¥
2 _ 2 _ 2 2 _ 27 3
*T_Tra2Db2D = am 3 ~ 23
(b2D) 0 TCL_ 0 =5
: : 21 1 21 0
So, reciprocal axis vectors are: azp = =¢ sl bip = 7
3 23
3 3

2.3.3 Bragg Reflection

As the X-ray beam can go through into the platinum crystal for very many monolay-
ers to learn its structure, it can be explained by a schematic of reflection interference
due to Bragg. In an ideal infinite crystal, if the energy and momentum are conserved,
as left part of Fig. 2.19 shows, in which X-ray beam incidents on Pt crystal with
angle 1. In left part of Fig. 2.19, two parallel rays inside X-ray beam reflect on two
adjacent Pt (hkl) planes, and there are difference of light path length shown as two
little red lines on both incident and reflected X-ray beam, with length as d sin y each.
Also for interference this difference of light path length is an integral number of the

wavelength, so nA = 2dsin u, in which n is an integer, and this is the Bragg’s law.

Also, for the reciprocal space, as right part of Fig. 2.19 shows, the reciprocal
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Figure 2.18: Schematic of the reciprocal space (ap, bspy) and real space (azp, bap)
of 2-D unit cell of Pt(111) surface.
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vector of incident X-ray beam is kg, the reciprocal vector of the diffracted X-ray
beam is k, the momentum of crystal is G, and |k| = |ko| for conservation of energy
and k = kg + G for the conservation of momentum. The angle of reflection y can be

11G|

ol if we transfer G and kg from reciprocal the space to the

performed as sin y =
real space, then it is shown as below. This geometric construction is called Ewald’s

sphere, and we can get the same result as previous Bragg’s law with n = 1.

1
sinp=2— =24 = (2.24)

For the platinum surface X-ray diffraction we did with 70 keV X-ray beam in ID31
beamtime at ESRF, the wavelength (\) of X-ray beam is 0.177 A from Section 2.3.1,
and the spacings of the (hkl) planes (d) for Pt(100), Pt(110), Pt(111) are |a|, v'2|al,
V/3la|, as Fig. 2.10 shows in Section 2.2.1, and Pt crystal unit cell side length |a| is

3.9242 A, then we can get the angles of reflection as below.

A , 0.177 A

0 = arcsin — = arcsin ——— = 1.292° 2.25
Pt(100) 2[a 2 % 3.9242 A (2.25)
A 0.177 A
0 = arcsin = arcsin —— = (0.914° 2.26
Pe(110) 224l 92 % 3.9242 A (2.26)
A 0.177 A
0 = arcsin = arcsin ——— = (0.746° 2.27
Pe(iil) 2v/3dl 2 % 3.9242 A (227)

2.3.4 Crystal Truncation Rod

As previous sections described, the reciprocal space lattice points correspond to real
space planes, and will have no intensity between them for the case of an ideal infinite

crystal. But the real experiments, diffractions are taken place on the mix of 2-D



43

Figure 2.19: Schematic of the Bragg reflection (left) and Ewald’s sphere (right). The
red points are Pt atoms, the purple lines are different (hkl) planes with spacing d
and crystal momentum G, the blue lines are X-ray beam with frequency as A and
Bragg angle as u (light blue triangle), and the red lines are the path length difference
of X-ray beams reflected on two adjacent (hkl) planes. kg is the reciprocal vector of
incident X-ray beam, and k is the reciprocal vector of the diffracted X-ray beam.
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surface and 3-D crystal with limited size, so there will be lines of sharply changing
intensity between Bragg peaks, and this is called the crystal truncation rod (CTR)
[27, 28, 112, 115]. The changes on the intensity of X-ray beam along the CTRs
is sensitive to the surface structure of the crystal. In the experiments, only the
intersections of CTRs and Ewald’s sphere as right part of Fig. 2.19 can be detected,
so the crystal sample must be rotated to make the Ewald’s sphere intersect different

points.

The intensity () of the detected X-ray beam can be converted to the structure
factor (F'). For I oc |F|?, we get the magnitude of the structure factor as |F| = \/%,
in which [ is the intensity of different data points, and I, is the intensity at 0.9 V.
In the anodic process for both Pt(111) and Pt(100), at 0.9 V, the Pt atoms are at
their bulk locations, and it is the flat part between the OH,4, peak and Pt oxide
peak in CVs as Fig. 2.12 and Fig. 2.13 show. Fig. 2.20 from Fuchs et al [70] is an
example of CTRs under different potentials converted to the structure factor for the
structure of extracted Pt atoms, with some fits to an atomic model. The intensity is
very large when (h, k, ) in the left bottom corner of Fig. 2.20 are all odd as | = 1, 3,
5, 7 for (111) on left side, or all even as | = 0, 2, 4, 6 for (20() on the right side. These
are the Bragg reflections. When (h, k, ) are not all odd or even, there is intensity in
Fig. 2.20, because the crystal isn’t infinite but has a cut surface, and the Pt surface
structure can be learned from these signals. We can build a Pt surface model and
predict these intensity changes, which is the grey fitted curves in Fig. 2.20. These
fitted curves can check whether the experimental data fit the model of Pt surface.
Once the correct structure is found, a simplified function relating the F' to coverage
of extracted platinum atoms () at a particular point in reciprocal space can be

found. For example the linear functions, Eq. 2.28 for Pt(111) at (1, 1, 1.5) is used in
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Figure 2.20: Pt(100) CTR spectra example under different potentials with model
fits, with data points as black points, the best fits as colorful curves, and the CTR
fits as grey curves. The intensity is very high when (h, k,[) are all odd as (111) on
the left side, or all even as (20L) on the right side. Between these Bragg peaks, the
intensity is sensitive to the surface structure. Reprinted by permission from Springer
Nature: Nature Catalysis, Structure dependency of the atomic-scale mechanisms of
platinum electro-oxidation and dissolution, Timo Fuchs et al, Copyright 2020 [70].

the Section 3.1.2 and Eq. 2.29 for Pt(100) at (1, 1, 2.1) is used in the Section 3.2.2.

fep = 0.198 — 0.201| F| (2.28)

B = 0.5007(1 — | F|) (2.29)

Also there is another type of experiments to follow the intensity with time for

kinetic experiments, like the X-ray voltammetry or potential step. The X-ray diffrac-
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tion is carried out at the same time as cyclic voltammetry or potential steps. An
X-ray voltammogram is shown in Fig. 2.21. The coverage of extracted platinum
atoms (f.,) from intensity can be from Eq. 2.28 for Pt(111) or Eq. 2.29 for Pt(100),
and then compared with the coverage of transferred electrons (6,) from cyclic voltam-

metry or potential steps to get the electrons transferred per extracted platinum.
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Figure 2.21: Pt(100) X-ray voltammogram example. Sweep rate as 20 mV/s. Source
Data from run 664 at the IHCH925 beamtime in February 2015.
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Chapter 3

Results and Discussion

In this chapter, the results of this research is discussed, as the integrations of CVs,
and the compare of it with X-ray data for Pt(111) and Pt(100), also the results from

the potential step experiments.

3.1 Pt(111) Cyclic Voltammetry and X-ray

In this section, the data treatment of Pt(111) cyclic voltammetry and X-ray is dis-
cussed, as the integrations of CVs, the 6. vs 6., plot from CVs and X-ray, and its

performance after fast scans.

3.1.1 Pt(111) Integrations of Cyclic Voltammetry

In this subsection, Pt(111) cyclic voltammogram is baseline corrected and integrated

to get the coverage of electrons, 6., of different peaks introduced by section 2.2.3.
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Voltammogram from CH5523 prep

The voltammogram in Fig. 3.1 is from the prep time at the CH5523 beamtime in
September 2018.

There are three anodic peaks for the oxidation process, the H UPD peak before
0.4 V, the butterfly peak from 0.6 to 0.85 V, and oxide peak after 1.0 V centred at
1.09 V, also the "roll back” part from 1.175 V to 1.15 V with potential decreasing
but current still positive, so oxide is still being formed. In these peaks, the H UPD
peak is a broad peak with flat part from 0.11 to 0.3 V, but it has a little positive
slope for the peroxide reduction from X-ray beam damage. The butterfly peak is a
combination of a short broad peak with lower potential and a high sharp peak with

higher potential. The oxide peak is a tall sharp peak.

There are also two flat parts between peaks with potential from 0.4 to 0.6 V and
0.85 to 1.0 V. As the literature from Feliu’s group [52, 53] shows, the CV curve here
should be flat with very low constant double-layer charging component. In this CV
figure, the valley from 0.4 to 0.6 V is very flat, but another one from 0.85 to 1.0 V

has a positive slope for the platinum surface samples.

There are only two group of peaks for the reduction process. The cathodic H UPD
peak is similar to its corresponding anodic one, and has potential range before 0.45
V, the start point. But the cathodic butterfly and oxide peaks are mixed together

and it’s difficult to calculate their charge densities separately.

Baseline Correction of Voltammogram

As section 2.1.4 said, there are double layer currents in the electrochemical experi-

ments like CVs, and it always appears as a constant current under any potentials.
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Figure 3.1: Pt(111) cyclic voltammogram in 0.1 M HCIO,. Sweep rate as 50 mV /s.
Data from the prep time at the CH5523 beamtime in September 2018.
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Also, CV goes down on left side and goes up on right side as Fig. 3.1 shows, so we

need baseline to correct these two parts from integration of peaks.

To get the baselines, for the anodic parts, first to make sure the flat part from 0.4
to 0.6 V, which were both flat in this figure and the literature, close to zero current
by making a horizontal line pass its lowest point. Then for another linear part from
0.85 to 1.0 V, line is fitted by least squares regression for the whole part, to make
sure the curve of this part also horizontal with current close to zero after corrected,
and these two baselines will meet somewhere inside the butterfly peak close to 0.6 V.
Next for the H UPD part, though it should have broad peak with a horizontal top
as the compared literature is shown as Fig. 3.2, it also has a small positive slope in
this figure, which makes its anodic raw charge density (0.77 ML) a little lower than
cathodic one (0.92 ML), so a baseline with the same slope as top part from 0.11 to
0.3 V is used for the H UPD anodic peak, and this baseline will pass the endpoint
of the baseline for first flat part’s at 0.4 V.

For the baselines of cathodic parts, they are treated in the same three ways as the
anodic ones but with different ranges, for the anodic and cathodic peak separation
from the irreversibility of the reaction. For the horizontal part, the baseline is formed
in the same way. The horizontal baseline passes the highest point of this part, but
with potential range from 0.45 V to 0.63 V, from the end potential of this CV scan
to the left endpoint of mixed cathodic peaks. For the baseline of the mixed peaks, it
has similar slope as the anodic baseline, and passes the 0.63 V left endpoint and 1.15
V right endpoint. For the H UPD part, the baseline also has slope same as the 0.11
to 0.3 V top of the peak and touches the 0.45 V left endpoint of horizontal baseline.

The CV diagram corrected by baselines shows as the Fig. 3.2. The literature

CV figure is from Gémez-Marin’s research in Feliu’s group [52, 53]. The corrected
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Figure 3.2: Baseline corrected Pt(111) cyclic voltammogram in 0.1 M HCIO,4 com-
pared with literature, H UPD peaks are similar, OH,4, peak is lower than literature
(0.31 ML vs 0.5 ML), and Oxide peak is also lower (0.46 ML vs 0.5 ML). Sweep rate
as 50 mV/s. Data from the preparation for the CH5523 beam time in September
2018. Literature reprinted from Journal of Electroanalytical Chemistry, 688, Ana M.
Gomez-Marin, Jean Clavilier, Juan M. Feliu, Sequential Pt(111) oxide formation in
perchloric acid: An electrochemical study of surface species inter-conversion, Pages
360-370, Copyright 2013, with permission from Elsevier [53].

CV diagram is very similar to the literature, also the anodic part near the maximum

potential has a slope close to zero and not that close to x-axis.

Anodic and cathodic charges

This run of CV scan begins and ends at about 0.45 V in the cathodic processes, and
like the Fig. 3.1 shows, this voltammogram closes, so this means in this case the Pt

oxide production is reversible, and it is expected that anodic and cathodic charges
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53

The area and coverage of different peaks of this Pt(111) cyclic voltammogram

are compared with data from other beamtimes in Table. 3.1.

Beamtime CH5523 THCH925 CH5918 CH5700
EC File name prep time run 664 Pt111_10 run 25
Sweep rate / mV/s 50 20 20 20
Corrected? No \ Yes No \ Yes No \ Yes No \ Yes
Range / V 0.099—1.175 | 0.099—1.175 | 0.084—1.184 | 0.054—1.181
Total Anodic /ML [ 2.62 [ 1.44 |279] 135 |1.97] 1.55 [214] 1.39
Total Cathodic / ML | 1.94 | 1.47 [257 ] 1.36 [1.89] 1.48 [216] 1.50
HUPD /V 0.099—0.4 | 0.099—04 [ 0.084—0.4 | 0.054—0.34
H UPD / ML 0.77] 0.63 |0.71] 0.53 |0.58 | 0.64 [0.42] 0.50
OHggs / V 0.6—0.85 0.6—0.87 0.6—0.85 | 0.57—0.84
OHugs / ML 0.55] 031 |0.62] 033 [040[ 030 |049 ] 0.45
Oxide / V 1.0-1.175 | 1.0—-1.175 | 1.0—1.184 | 0.93—1.181
Oxide / ML 084 046 098] 046 |[082] 075 |1.07] 0.42
Roll-back / V 1.15—1.175 | 1.16—1.175 | 1.15—1.184 | 1.17—1.181
Roll-back / ML 0.03] 0.01 |0.03] 0.003 | 0.00 | 0.008 |0.02] 0.005
Hags / V 0.099—0.45 | 0.099—0.45 | 0.084—0.4 | 0.054—0.42
Hoas / ML 0.92] 0.66 |1.10| 0.55 |0.82] 0.70 [1.09] 0.63
Reduce & OHges / V| 0.60.85 0.6—0.87 0.6—0.85 | 0.57—0.84
Reduce & OHges / ML [ 0.87 [ 0.79 | 147 0.81 |1.07] 0.78 [1.07] 0.87

Table 3.1: Coverages of peaks from Pt(111) cyclic voltammograms in 0.1 M HCIO,4

Comparison with literature values:

The expected H UPD charge density from literature[52-54] is 2/3 ML. The

baseline-corrected data is 0.63 ML, very close to it.

The expected OH,4s peak is 1/3 ML in the literature [50, 63, 64], and other

literature gives 1/2 ML [52, 53], which is also shown in Fig. 3.2. The baseline-

corrected coverage is 0.31 ML, very close to 1/3 ML but much lower than 1/2 ML.
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The expected oxide peak from literature[52, 53] is 0.5 ML as Fig. 3.2 shows. The
baseline-corrected coverage is 0.46 ML, a little lower than 1/2 ML.

Relevant references are from Feliu’s group [52, 53].

3.1.2 Pt(111) 6, vs 6., Plot

In this subsection, Pt(111) cyclic voltammogram is baseline corrected then integrated
as in section 3.1.1, and then it is compared with the corresponding X-ray data to get

e~ s transferred per place-exchanged Pt surface atoms.

Cyclic Voltammetry Data Treatment

The X-ray voltammogram in Fig. 3.3 is from the run 664 at the IHCH925 beamtime

in February 2015; the same data as Figure 1b in ref. [70].

The voltammogram in Fig. 3.4 is baseline corrected in the same way as section
3.1.1, and 6, is found by dividing the charge density of Pt(111) of a specific part on
baseline treated CV diagram in Fig. 3.5 by the theoretical charge density of Pt(111)

2

surface, 240.3 pC cm™*. The coverages of all peaks are shown in Table. 3.1, very

close to the results in Section 3.1.1.

X-ray Data Treatment

The X-ray voltammogram in Fig. 3.6 is from the same experiment as Fig. 3.3. The
curve goes down very slowly from lowest potential to 1.03 V with some noise, due
to the surface relaxation as the UPD H is removed. But it sharply goes down from

1.03 V until the highest potential, 1.16 V. Also for the cathodic processes, the curve
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Figure 3.3: Pt(111) X-ray voltammogram. Sweep rate 20 mV/s. Data from run 664
at the IHCH925 beamtime in February 2015.
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Figure 3.4: Pt(111) cyclic voltammogram. Sweep rate as 20 mV/s. Data from run
664 at the IHCH925 beamtime in February 2015.
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Figure 3.5: Baseline corrected Pt(111) cyclic voltammogram. Sweep rate as 20 mV//s.
Data from run 664 at the IHCH925 beamtime in February 2015.
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goes up sharply after briefly staying flat unit 1.1 V. It then has similar intensity to

the anodic process from 0.8 V to lowest potential.

To turn the X-ray data into #,,, it is normalized by the data of point at 0.9 V in the
anodic process, because 0.9 V is in the flat part of cyclic voltammogram between the
anodic butterfly peak and oxide peak with current density as zero after the baseline

I

correction in Fig. 3.5. The normalization equation is 0., = 0.198 — 0.201 x Toow

from section 2.3.4, and the normalized diagram shows as in the Fig. 3.7.

Coverages 6, and 0., from CV and X-ray

This section describes the analysis of 0, vs 0., for the oxidation of Pt(111) from

cyclic voltammetry and X-ray data.

The 6, vs 0., diagram of the anodic process is shown in Fig. 3.8. The 8 points
on the diagram are from the sharp part in Fig. 3.6 from 1.03 to 1.16 V.

Although the CV and X-ray are measured at the same time, they are measured on
different instruments with different data acquisition times. Therefore, the potentials
of their data points don’t match each other point by point, and the points in cyclic
voltammetry spectrum, Fig. 3.4 are much more dense than that in the X-ray, Fig.
3.6. So to solve this problem, we use the potentials from the X-ray data to match
0.. If the potential from X-ray data doesn’t have a matching point in the cyclic
voltammetry data, the 6, vs potential point we used is found from a straight line

between two neighbouring points in the cyclic voltammetry data.

The 6, vs 0., data were then analysed by fitting least squares lines. In Fig. 3.8,
the blue line is from the least squares fitting of the 3rd point to the end, compared

with green and red lines with one more or less point. The slope of the blue line is
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Figure 3.6: (1 1 1.5) Pt(111) X-ray intensity. Sweep rate as 20 mV/s. Data from
run 664 at the IHCH925 beamtime in February 2015.
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Figure 3.7: Normalized (1 1 1.5) Pt(111) X-ray intensity. Sweep rate as 20 mV/s.
Data from run 664 at the IHCH925 beamtime in February 2015.
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2.70, and the standard error is 0.16. If one more point is included (green line), the
slope is 3.57 and the standard error increases to 0.44. If there is one less point, and
the fit starts from the 4th point (red line), the slope is 2.46 with standard error as
0.31, also much larger than 0.16. Therefore, the region from the 3rd point on is taken

as the appropriate linear section of the data.

A similar analysis of 6, vs 6., for the reduction process of Pt(111) from cyclic
voltammetry and X-ray data was carried out, and shown in Fig. 3.9. There are 16
points inside the the sharp cathodic part from 1.1 to 0.8 V in Fig. 3.6. The same

interpolation and fitting process was carried out as for the anodic data.

The fitted line for 6, vs 6., is shown as the blue line in Fig. 3.9, and was obtained
from the lowest squares fit of the last 10 points, the slope of the line is 2.17 with
standard error as 0.24. This line has the least standard error compared with other
two lines, the green line with last 11 points with slope as 2.68 and error as 0.32, the

red line with last 9 points with slope as 1.82 and error as 0.24.

Also anodic 6, vs 6., without baseline correction is analysed and shown in Fig.
3.10, the #.s are much larger than baseline corrected ones, and the curve of 6, vs
0., is different from Fig. 3.8, it rises up sharply first, then becomes flat, and lastly
increases sharply, and the slope of medium flat part is 5.16. The largest 6, is 0.77
ML, so the overall slope from the first point to the last point is 11.6. Also, the
corresponding cathodic 6, vs 0., plot without baseline correction is shown in Fig.

3.11, and the slope is 6.49, a little larger than the anodic slope.

Discussion on Extraction of Pt(111)

In brief, the spectra of 6, vs 0., for oxidation and reduction processes of Pt(111)

from previous sections are shown in Fig. 3.8 and 3.9. The slopes show the number of
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Figure 3.8: Anodic 0. vs 0, for Pt(111) with segmented baseline correction. Data
from run 664 at the IHCH925 beamtime in February 2015.
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Figure 3.9: Cathodic 6, vs 0., for Pt(111) with segmented baseline correction. Data
from run 664 at the IHCH925 beamtime in February 2015.
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Figure 3.10: Anodic 6, vs 0., for Pt(111) without baseline correction. Data from run
664 at the IHCH925 beamtime in February 2015.
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Figure 3.11: Cathodic 6, vs 0., for Pt(111) without baseline correction. Data from
run 664 at the IHCH925 beamtime in February 2015.
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electrons transferred per Pt by 6. for coverage of electrons from cyclic voltammetry
and 0., for coverage of extracted Pt atoms from x-ray. Here baseline-corrected 6,
at 1.17 V is 0.46 ML and 6., at 1.17 V is 0.066 ML, close to 0.07 ML at 1.1 V and
much lower than 0.18 ML at 1.2 V from Koper’s place-exchange model without mass-
conservation, but very close to 0.06 ML at 1.15 V from Koper’s experimental data of
the sweep hold experiment to 1.35 V [97]. The 6. vs 6., curve for Pt(111) oxidation
rises up sharply from 0 to 0.02 ML 6,,, than linearly increases more gently from 0.02
to 0.066 ML with slope 2.70, which means 2.70 e~s are transferred per extracted
platinum. Its shape is very different from the straight line in Koper’s research, with

slope as 4 e”s per extracted platinum before 1.15 V [97]. Also our overall 09; is 6.9,

much higher than 4 from reference [97].

From the slope of the 6, vs 6., curve, 2.70 e”s are transferred per extracted plat-
inum. It’s much higher than 2 e~s of oxidation from Pt(0) to Pt(II). This is because
the Oguqs groups keep forming as the Pt extraction happens. When 6. increases from
0 to 0.2 ML in Fig. 3.8, there is no Pt extraction but O,4s formation as Eq. 3.1, and
the reaction process works as Step 2 to Step 3 in Fig. 3.12. When 6, increases from
0.2 to 0.4 ML, there is a part of O,4s formation, and mainly Pt extraction as Eq. 3.2,
in which extracted PtO is the most possible product for place-exchanged Pt with O
underneath from references [70-72]. Here 0, is totally 0.46 ML from CV, so 0.5 ML
OH,4s from butterfly peak is enough for O,4, formation and Pt extraction through
Eq. 3.1 and 3.2, and Pt is extracted from OH,g4s groups like left side of Step 3 to
Step 4 in Fig. 3.12. Here there is 0.46 ML 6, and 0.066 ML 6., so possible reactions

of the oxide peak are, for each 14 surface Pt atoms:

6 x (OH(ads) — O(ads) + H +¢e7) (3.1)
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1 x (Pt + (OH(ads) — PtO(ex) + H" +¢7) (3.2)

If the reaction continues, and there were not enough OH,4, for reaction, Pt surface
atoms are directly extracted by water as Eq. 3.3, and the reaction process happens

as the right side of Step 3 to Step 4 in Fig. 3.12.

Pt + HyO — PtO(ex) + 2H' + 2¢~ (3.3)

There is also another possibility for extracted PtO, from Eq. 3.5 as product of
place exchange, for some research and experiments show that PtO, is also a possible
product of Pt extraction when the coverage is less than 0.5 ML [93]. If the CV isn’t
corrected by baseline, and the product is PtOs [97], 6., is 0.066 ML, close to = ML,
0. is 0.77 ML, close to % ML, so the reaction happens as below, for each 14 surface

Pt atoms:

7 x (OH(ads) — O(ads) + H" +e¢7) (3.4)

1 x (Pt + 2H,0 — PtOy(ex) + 4H" + 4e™) (3.5)

4 e~ per Pt,, is close to Jacobse’s model [97], and just a little lower than 5.16,
slope of 6. vs 0., with uncorrected CV in Fig. 3.10.
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Figure 3.12: Reaction processes for the formation of O,4s and place exchange on
Pt(111) surface. 1. Pt surface with 1/2 ML OH,4 and 1/2 ML water before the
oxide peak. 2. OH,q4, are turned to Ouq,. 3.OH,4s and HyO are Pt extracted to PtO.
4. Place extraction has happened and PtO has formed.
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3.1.3 Pt(111) 6. vs 0., under Different Sweep Rates

In this subsection, Pt(111) cyclic voltammetry data are baseline corrected then inte-
grated to charges, then compared with X-ray data to get e”s transferred per place-

exchanged Pt surface atom, as described in Section 3.1.2.

Data from EC file Pt111_09 of CH5918

Cyclic voltammetry data is from EC file Pt111.09 and corresponding X-ray file
Pt111_.3 at the CH5918 beamtime at ID31 at the ESRF in July 2021. All raw
potentials are turned to RHE as section 2.1.3 introduced, all currents (I) are turned
to current density (j) by dividing the area of Pt working electrode, and all X-ray
intensity has been corrected by removing the background intensity. The CVs run
several cycles to 1.174 V vs RHE with different sweep rates and some cycles to 0.894
V vs RHE to separate them. The sweep rate for cycles to 1.174 V decreases as
cycle number increases, with 1 V /s for cycle 1 to 4, 250 mV /s for cycle 9 to 10, 100
mV /s for cycle 15, 50 mV /s for cycle 19, 20 mV /s for cycle 23, and 5 mV /s for cycle
27. The cyclic voltammograms for different cycles are shown as Fig. 3.13, and the

corresponding X-ray voltammograms are shown as Fig. 3.14.

CV & X-ray Data Treatment

The cyclic voltammogram is shown as Fig. 3.15, in which the current density (7)
is turned to pseudocapacitance (C') by dividing by the scan rate of each cycle for
easy comparison. When cycle number increases and scan rate decreases, the H UPD

peak and butterfly peak slowly increases, the potential of oxide peak top decreases
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Figure 3.13: Pt(111) cyclic voltammogram under different sweep rates. 1 V/s for
cycle 1 to 4, 250 mV/s for cycle 9 to 10, 100 mV/s for cycle 15, 50 mV /s for cycle
19, 20 mV /s for cycle 23, and 5 mV /s for cycle 27. Data from EC file Pt111_09 at
the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.14: Pt(111) X-ray intensities under different sweep rates. 1 V/s for cycle 1
to 4, 250 mV /s for cycle 9 to 10, 100 mV /s for cycle 15, 50 mV /s for cycle 19, 20
mV/s for cycle 23, and 5 mV/s for cycle 27. Data from X-ray file Pt111_3 at the
CHH918 beamtime at ID31 at the ESRF in July 2021.
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from 1.17 V to 1.07 V, and the potential of cathodic OH/O mixed peak maximum
increases from 0.77 V to 0.87 V.

Then, for the anodic flat part of CV from 0.85 to 1.0 V is very flat with slope
close to zero, so HyOs from X-ray beam damage can be neglected and only horizontal
baseline to remove double layer is used here, as cycle 1 in Fig 3.16 for example. Then
the integration of current density vs potential divided by scan rate is made to get
the charge density vs potential shown as Fig. 3.17 for cycles under different scan
rates. When cycle number increases and scan rate decreases, the charge density of

2

the butterfly peak increases from 55 to 85 puC ecm™=, and the charge density of the

oxide peak is 150 uC cm™2 for 1 V/s and 170 uC cm™ for the rest.

Next the charges of different peaks are divided by 240.27 uC cm~2 to turn to
coverage of electrons, ., in monolayer (ML) as in Section. 2.2.2, and the result is
shown as Fig. 3.18. When cycle number increases and sweep rate decreases, the H
UPD peak increases from 0.52 ML to 0.68 ML, the butterfly peak increases from 0.22
ML to 0.30 ML, and the oxide peak keeps ~0.55 ML when 1 V/s and keeps ~0.7
ML for the rest cycles with scan rate lower than 1 V/s. Also, peak coverages under
20 mV /s is compared with data from other beamtimes in Table. 3.1, and its X-ray
voltammogram is shown in Fig. 3.19.

I
Ip.ov

The X-ray intensities are transferred to structure factors (F') as |F| =
with standard as intensity of 0.9 V for each cycle. As Fig. 3.20 shows, the potential
when the structure factors start dropping, and the dropping speed is independent
of sweep rate. The cathodic processes are a little different for different scan rates.
Then the structure factors are turned to 6., using 0.198 — 0.201|F| as described in
Section 2.3.4.
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Figure 3.15: Pt(111) cyclic voltammogram under different sweep rates. 1 V/s, 250
mV/s, 100 mV/s, 50 mV/s, 20 mV/s, and 5 mV/s. Data from EC file Pt111.09 at
the CH5918 beamtime at ID31 at the ESRF in July 2021.



74

1000 mV/s
15001 55
| $
S 9
<
1 $
1000 - $ °
| <o
S o
¢ i .
<
<
<
<
S

0.8 1.0

0.2 04 0.6
E/VvsRHE

°* lcycle

Figure 3.16: Pt(111) cyclic voltammogram with sweep rate, as 1 V/s. The blue line
is anodic baseline. The red line is cathodic baseline. Data from cycle 1 of EC file

Pt111.09 at the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.17: Pt(111) anodic charge plots under different sweep rates. 1 V/s, 250
mV/s, 100 mV/s, 50 mV/s, 20 mV/s, and 5 mV/s. Data from EC file Pt111.09 at
the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.18: Pt(111) coverage of electrons for peaks in cyclic voltammetry spectra
under different sweep rates. 1 V/s, 250 mV/s, 100 mV /s, 50 mV/s, 20 mV /s, and 5
mV/s. Data from EC file Pt111.09 at the CH5918 beamtime at ID31 at the ESRF
in July 2021.
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Figure 3.19: Pt(111) X-ray intensities under 20 mV/s. Data from EC file Pt111.09
and X-ray file Pt111_3 at the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.20: Pt(111) X-ray voltammograms with structure factors under different
sweep rates. 1 V/s, 250 mV/s, 100 mV/s, 50 mV /s, 20 mV/s, and 5 mV/s. Data
from X-ray file Pt111_3 at the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Coverages 6, vs 0., from CV and X-ray

0. and 0., for the sweep rate dependent CV and X-ray data are compared in Fig.
3.21. Fig. 3.21 shows the 6. and 6., at the end of anodic processes. Both 6, and
0, are much lower than others when the sweep rate is 1 V/s, at which 6, is 0.5 ML
and 0., is 0.065 ML. For the lower sweep rates between 250 mV /s and 5 mV/s with
higher cycle number, 6, is 0.7 ML and 6., is 0.08 ML.

Then 6, vs 6., in the potential range of the anodic intensity decreasing part and
cathodic intensity increasing part are plotted, with linear fits similarly to Section.
3.1.4, and the summary of slopes for both plots is shown in Fig. 3.25. The anodic
0. vs 0., is shown as Fig. 3.22, and the plot under 20 mV /s, which is compared
with data from other beamtimes in Table. 3.1, is shown in Fig. 3.24. The slope of
fitted line for all cycles is around 7.50. The points of 6. vs 0., for different cycles are
different when 6., < 0.05 ML for different sweep rates, but the plots are almost linear
and the same when 6., > 0.05 ML, which can show the reaction of Pt oxide and e™s
transferred per extracted Pt are independent from the sweep rate. The cathodic 6,
vs 0., is shown as Fig. 3.23, and the slope of the fitted line is approximately constant

at 5.02.

Also, anodic 6, vs 6., plots under different sweep rates without CV baseline
correction are shown in Fig. 3.26. The anodic slope of fitted line is 5.02, very close
t0 5.16 in Section 3.1.2. The overall slope from first to last point in 9.12, a little higher
than the baseline corrected slope 7.50, but much lower than 11.6 as uncorrected slope
in Section 3.1.2, mostly from lower double layer charges. The corresponding cathodic
0. vs 0., plots are shown in Fig. 3.27. The cathodic slope of the fitted line is 6.89,

very close to 6.49 in Section 3.1.2.
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Figure 3.21: Pt(111) . and 0., plots under different sweep rates. 1 V/s, 250 mV /s,
100 mV/s, 50 mV/s, 20 mV/s, and 5 mV/. Data from EC file Pt111_09 and corre-
sponding X-ray file Pt111_3 at the CH5918 beamtime at ID31 at the ESRF in July
2021.
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Figure 3.22: Pt(111) anodic 6, vs 0., plots of all cycles with segmented baseline
correction with different sweep rate, as 1 V/s, 250 mV/s, 100 mV/s, 50 mV /s, 20
mV/s, and 5 mV/s. Data from EC file Pt111_09 and corresponding X-ray file Pt111_3
at the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.23: Pt(111) cathodic 6. vs 0., plots with segmented baseline correction
under different sweep rate, as 1 V/s, 250 mV/s, 100 mV /s, 50 mV/s, 20 mV /s, and
5 mV/s. Data from EC file Pt111.09 and corresponding X-ray file Pt111_3 at the
CHH918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.24: Pt(111) anodic 6, vs 0., plots of all cycles with segmented baseline
correction under 20 mV/s. Data from EC file Pt111.09 and corresponding X-ray file
Pt111_3 at the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.25: Pt(111) slopes of fitted line of 6, vs 0., with segmented baseline correc-
tion under different sweep rate, as 1 V/s, 250 mV/s, 100 mV /s, 50 mV/s, 20 mV/s,
and 5 mV/s. Data from EC file Pt111.09 and corresponding X-ray file Pt111_3 at
the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.26: Pt(111) anodic 6, vs 6, plots of all cycles without baseline correction
with different sweep rate, as 1 V/s, 250 mV /s, 100 mV/s, 50 mV/s, 20 mV /s, and
5 mV/s. Data from EC file Pt111.09 and corresponding X-ray file Pt111_3 at the
CHH918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.27: Pt(111) cathodic 6. vs 0., plots of all cycles without baseline correction
with different sweep rate, as 1 V/s, 250 mV /s, 100 mV/s, 50 mV/s, 20 mV /s, and
5 mV/s. Data from EC file Pt111.09 and corresponding X-ray file Pt111_3 at the
CHH918 beamtime at ID31 at the ESRF in July 2021.
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Discussion on Extraction of Pt(111) under Different Sweep Rates

For the treated cyclic voltammetry data, it is compared with reference from Feliu’s
work [53] shown as Fig. 3.28. The butterfly peak here increases from 55 to 85 uC
cm™? (~1/4 to 1/3 ML) when sweep rate decreases from this test, but it is constant
at 120 pC em™2 ( 1/2 ML) and independent from the sweep rate in Ref [53]. For
the oxide peak, the potential of its top is from 1.17 V to 1.07 V when sweep rate
is from 1 V/s to 5 mV/s, but that from Feliu’s work [53] decreases from 1.11 V to
1.03 V for the same sweep rates. Also the oxide peaks in this research have lower
peak height than reference [53]. The coverage of oxide peaks are ~0.75 ML, a little
higher than 0.5 ML from Feliu’s research [53], expect for the cycles under 1 V/s (red
curve on left side) which don’t have enough time for reaction. The oxide peaks here
have higher coverage then the reference, and the peak is sharper and appears later
in potential. These differences are likely due to some small differences in the initial

surface condition.

Then, the anodic structure factors from X-ray intensity drop from 1.05 V under
any sweep rates in Fig. 3.20. No matter how the sweep rate and oxide peak in CV
spectra changes, the Pt extraction, shown by change of X-ray intensity, stays the

same and isn’t affected by these conditions.

Next for the 0, vs 0., the intercept of anodic fitted line increases as sweep rate
decreases in Fig. 3.22, which shows the Pt extraction starts from the very early part
of the e™ transfer in the Pt oxide peak under high sweep rates (1 V/s, 250 mV/s),
also it happens at the same time of e~ transfer in the Pt oxide peak under middle
sweep rates (100 mV/s, 50 mV/s, 20 mV/s), and happens after e~ transfer of Pt
oxide peak under very low sweep rate (5 mV/s). The maximum 6., is 0.085 ML, a

little higher than 0.066 ML in Section 3.1.2, but still much lower than 0.18 ML at
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Figure 3.28: Pt(111) cyclic voltammetry spectra and charge densities under different
sweep rate on the left side compared with reference on the right side. Data on the
left side from EC file Pt111.09 at the CH5918 beamtime at ID31 at the ESRF in
July 2021. Fig on the right side reprinted from Journal of Electroanalytical Chem-
istry, 688, Ana M. Gémez-Marin, Jean Clavilier, Juan M. Feliu, Sequential Pt(111)
oxide formation in perchloric acid: An electrochemical study of surface species inter-
conversion, Pages 360-370, Copyright 2013, with permission from Elsevier [53].
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1.2 V from Koper’s place-exchange model [97]. The 6, vs 0., curve is generally linear
in Fig. 3.22, same as Koper’s experimental data, but our slope 7.50, nearly twice of

the value of 4 in reference [97].

Lastly for the reactions of oxide peak, except the cycles under 1 V/s which the
oxide peak isn’t complete, 0, is ~0.7 ML, close to 2/3 ML, and 6., is ~0.085 ML,
close to 1/12 ML. The following equation is a possible reaction for Pt oxide peak per
12 surface Pt atoms with OH,4s from butterfly peak as 1/2 ML, at which PtO(ex)
means extracted Pt, formed as Eq. 3.3, coverage of extracted Pt is 1/12 ML, and
coverage of Q.45 peak is 1/2 ML:

6 x (OH(ads) — O(ads) + H" +¢e7) (3.6)

1 x Pt + HyO — PtO(ex) + 2H" + 2e~ (3.7)
Like Section 3.1.2, if the extracted Pt forms PtO; and the CV isn’t baseline

corrected, 0, is 0.85 ML, close to % ML, the reaction is shown as below:

6 x (OH(ads) — O(ads) + H" +e7) (3.8)

1 x (Pt + 2H,0 — PtOs(ex) + 4H™ + 4e7) (3.9)

Same as Section 3.1.2, the equation is also made by % ML O,y formed from OH,gq,
but just higher coverage of Pt extraction, as % ML PtOy formed from surface Pt

and water. In all, this equation is in agreement with Eq. 3.5 in Section 3.1.2.
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3.1.4 Pt(111) Performance after Fast Scans

In this subsection, performance of Pt(111) CV and X-ray data after fast scans is
compared with after a normal slow scan as in section 3.1.2, with the data treated in

the same way.

Data from EC file 25 of CH5700

Cyclic voltammetry data is from EC file 25 at the CH5700 beamtime at ID31 at
the ESRF in November 2020, and all raw potentials are converted to RHE with
additional 0.274 V as section 2.1.3 introduced. Cyclic voltammetry spectra of 8
different steps are shown in Fig. 3.29. From cycle 1 to 4 as (a) in Fig. 3.29, it has
potential range up to 0.574 V vs RHE and scan rate as 50 mV /s, with only a pair of
H UPD peaks from 0 to 0.3 V. Then there are 8 cycles of voltammetry up to 0.874
V as (b) in Fig. 3.29, with an extra pair of butterfly-like OH,45 peaks from 0.6 to
0.9 V with tops centred as 0.75 V. From cycle 13 to 100 as (c) in Fig. 3.29, the scan
rate is increased to 2000 mV /s with potential range unchanged, and OH,4s peaks are
turned to single peaks, with anodic tops centred as 0.78 V and cathodic one centred
as 0.68 V. For the next 27 cycles as (d) in Fig. 3.29, the scan rate is back to 50
mV /s with potential range unchanged and spectra are same as Fig. (b) of cycle 5 to
12. Next, for cycle 128 to 135 as (e) in Fig. 3.29, the potential range is increased to
1.174 V, the scan rate is changed to 250 mV/s, so they are also called as fast cycles,
and the spectra look similar to previous ones, but with an extra huge anodic oxide
single peak from 1.0 V to maximum centred at 1.10 to 1.06 V, with mixed cathodic
O/OH peak centred at 0.75 V. Then, for cycle 136 to 143 as (f) in Fig. 3.29, or slow
cycles compared with (e), the scan rate is lowered to 20 mV /s, nearly 1/10 of 250
mV /s in (e), so the current for top of oxide peak is dropped to 1/10 of (e), and
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Figure 3.29: Pt(111) cyclic voltammetry spectra for Cycle 2, 8, 60, 120, 128 - 135,
140. Cycle 128 - 135 is the fast cycle with scan rate 250 mV /s, with corresponding
colors as red, orange, yellow, green, blue, indigo, violet, then purple. Cycle 140 is the
slow cycle with scan rate 20 mV /s. Data from EC file 25 at the CH5700 beamtime
at ID31 at the ESRF in November 2020.

anodic oxide peak is dropped to 0.93 to 1.08 V centred at 1.01 V, much lower than
(e) and Fig. 3.1.

Cyclic Voltammetry After Fast Scans

Cycle 140 in EC file 25 at CH5700 beamtime is selected for CV data treatment, as
X-ray voltammogram in Fig. 3.30. All data treatment in this section is similar to

section 3.1.1.

For the voltammogram in Fig. 3.31, the double layer is less and the surface of
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Figure 3.30: Pt(111) X-ray voltammogram after fast scans. Sweep rate as 20 mV//s.

Data from cycle 140 of EC file 25 at the CH5700 beamtime at ID31 at the ESRF in
November 2020.
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Pt electrode is changed by several runs of CV with high scan rate of 250 mV /s,
which is much larger than normally 20 mV/s or 50 mV/s. The spectrum corrected
by segmented baseline for double layer charges and HyO4 from X-ray beam damage
is shown as Fig. 3.32. Then charge densities are obtained from integration of current
density vs potential over sweep rate, and then converted to 6. by dividing 240.3 uC

cm~?2 as in Section 2.2.2.

The peak coverages are compared with data from other beamtimes in Table. 3.1.
Different from normal Pt(111) CV in Section 3.1.1 and 3.1.2, the baseline-corrected
anodic oxide peak in Fig. 3.31 starts from 0.93 V vs RHE, and is 0.07 V less than
normal Pt(111) anodic oxide peak, which starts from 1.0 V, also it is centred at 1.01
V, and is 0.05 V lower than normal centre 1.06 V. For the coverages, the anodic H
UPD peak is 0.49 ML, the Pt oxide peak is 0.42 ML, and the "roll-back” part is
0.005 ML; they are similar to earlier data from Section 3.1.1. However, the coverage
of the anodic butterfly peak is 0.45 ML, close to 1/2 ML [52, 53], and much higher
than ~1/3 ML in Section 3.1.1 [50, 63, 64].

If the CV isn’t baseline corrected, the anodic H UPD peak is 0.42 ML and the
cathodic one is 1.09 ML, much less than the anodic value 0.42 ML. The butterfly
peak is 0.49 ML, the oxide peak is 1.07 ML, the roll-back part is 0.02 ML, and the
addition of these 3 parts are 1.69 ML. The cathodic mixed peak is 1.07 ML, much
less than the anodic value 1.69 ML.

X-ray Data Treatment

The X-ray data is from scan 14 of X-ray file Pt110_.24 at CH5700 beamtime, which
is corresponding to cycle 140 in EC file 25 and starts and ends at 0.424 V vs RHE in

reduction process, is selected and has only half second’s differences to times in CV
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Figure 3.31: Pt(111) cyclic voltammogram after fast scans. Sweep rate as 20 mV/s.
Data from Cycle 140 of EC file 25 at the CH5700 beamtime at ID31 at the ESRF in
November 2020.
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Figure 3.32: Baseline corrected Pt(111) cyclic voltammogram after fast scans. Sweep
rate as 20 mV /s. Data from EC file 25 at the CH5700 beamtime at ID31 at the ESRF
in November 2020.
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data. The X-ray spectrum is shown in Fig. 3.33. It is normalized to 6., same as
Section 3.2.2 to the point of 0.9 V vs RHE in oxidation process, and shown in Fig.
3.34. Also, the difference between the two X-ray diagrams is shown in Fig. 3.35,
and all X-ray intensities have been converted to the structure factor as Equation
|F| = \/% from Section 2.3.4. The blue curve from CH5700 drops much less
compared with brown curve from IHCH925 in Section 3.1.2. This is probably caused

by the influence of the previous 250 mV /s cycles before analysis.

Discussion on Extraction of Pt(111) after fast scans

0. from CV is 0.42 ML, close to 0.46 ML on flat untreated surface in section 3.1.2,
and the oxide peak in Fig. 3.31 in section 3.1.2. So probably, the reactions of oxide
peak still occur as on the untreated surface: OH,q4s groups still form O,4s and Pt is
extracted. However, the largest apparent anodic 6., is 0.014 ML, nearly % of 0.066
ML in section 3.1.2, which is also shown by the difference in X-ray intensity drops in
Fig. 3.35, because the Pt surface has been degraded before analysis, and there has
been some 0., at 0.9 V, the standard potential of X-ray intensity, from Pt surface
degradation, but it is calculated as zero here. So to get a better 6., here, the standard

X-ray intensity Iy gy before fast scans on untreated Pt surface need to be analyzed,

for analysis of X-ray data after surface degradation from fast scans.

However, there are also several cycles with fast sweep rates of 1 V /s before the cy-
cle with 20 mV /s in Section 3.1.3, but its 6., is 0.085 ML similar section 3.1.2, which

shows the surface seems isn’t degraded, and its mechanism need to be researched.
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Figure 3.33: Pt(111) X-ray intensity after fast scans. Sweep rate as 20 mV/s. Data
from EC file 25 at the CH5700 beamtime at ID31 at the ESRF in November 2020.
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Figure 3.34: Normalized Pt(111) X-ray intensity after fast scans. Sweep rate as 20
mV/s. Data from EC file 25 at the CH5700 beamtime at ID31 at the ESRF in
November 2020.
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Figure 3.35: Pt(111) X-ray voltammogram after fast scans(blue) vs under normal
conditions(brown). Sweep rate as 20 mV/s. Blue data from EC file 25 at the CH5700
beamtime at ID31 at the ESRF in November 2020. Brown data from run 664 at the
[HCH925 beamtime in February 2015.
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3.2 Pt(100) Cyclic Voltammetry and X-ray

In this section, the data treatment of Pt(100) cyclic voltammetry and X-ray is dis-
cussed, as the integrations of CVs, the 6, vs 0., plot from CVs and X-ray, and

potential step experiments.

3.2.1 Pt(100) Integrations of Cyclic Voltammetry

In this subsection, Pt(100) cyclic voltammogram is baseline corrected and integrated

to get the coverage of electrons, 6., of different peaks introduced by section 2.2.3.

Voltammogram from CH5523 prep

The voltammogram in Fig. 3.36 is from the prep time at the CH5523 beamtime.

There are two large peaks on the top in the anodic process, and two corresponding
peaks on the bottom in the cathodic process. The anodic peak from 0.2 to 0.7 V is
the H/OH mixed anodic peak for the adsorption of OH and the desorption of H. It is
the combination of one large sharp peak from 0.2 to 0.5 V and another small broad
peak from 0.5 to 0.7 V. The cathodic peak from 0.22 to 0.45 V is the corresponding
H/OH mixed cathodic peak for the adsorption of H and the dissociation of OH.

The sharp peak from 0.9 to 1.1 V and the flat high stage from 1.1 to 1.219 V is
the Pt oxide peak and the start of further oxidation. From 1.219 V to 1.16 V is the
"roll-back” part, in which the potential decreases but oxidation still happens. The
corresponding cathodic Pt reduction peak is from 0.55 to 1.16 V.

Before 0.2 V, there are flat parts on both anodic and cathodic sides. Between the
H/OH mixed peak and Pt oxide peak, there are also flat parts on both anodic and
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Figure 3.36: Pt(100) cyclic voltammogram in 0.1 M HC1O,4. Sweep rate as 50 mV//s.
Data from the prep time at the CH5523 beamtime in September 2018.



102

cathodic sides, which ate not affected by reactions for both the H/OH mixed peak
and the Pt oxide peak. The anodic flat part is from 0.7 to 0.9 V, and the cathodic
flat part is from 0.45 to 0.55 V.

Baseline Correction of Voltammogram

The baselines are shown in Fig. 3.36. They are made by horizontal lines on the left
side to remove the large double layer charges, and lines with small positive slope
on the right side to remove the effect of HyO, from X-ray beam damage. After the
baseline correction, the voltammogram can more accurately give the charge density

of the H/OH mixed peaks and oxide peaks.

For the anodic baseline before 0.7 V, to remove the double layer charging, a

horizontal line to cross the lowest point of the flat parts is made.

For the anodic baseline after 0.7 V, fit the flat part from 0.7 to 0.9 V to make a
straight line with a small positive slope; this linear part isn’t affected by reactions
of oxide peak and H/OH mixed peak but only double layer charges and X-ray beam

damage.

Then comes the baselines of the corresponding cathodic peaks. For the cathodic
baseline on the left side before 0.55 V, the cycle starts and ends at 0.22 V. Because
the cycle doesn’t close on itself at 0.22 V, the cathodic horizontal baselines of 0.069
V to 0.22 V and 0.22 to 0.55 V are made separately to cross the highest points of
both parts.

For the cathodic baseline after 0.55 V, draw a line with similar slope to the
corresponding anodic one, and connected to the left endpoint as 0.55 V, and right

side as 1.16 V, which is the cut-off point between the Pt reduction peak and the
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"roll-back” part.

After the data points are baseline corrected, the voltammogram shows as Fig.
3.37. Then the charge density is calculated from the integration of current density
(7) vs potential (E) over the sweep rate, also the coverages is from it by dividing

208.08 uC/cm™2 as in Section 2.2.2.

Also, voltammogram with only horizontal baselines is shown as Fig. 3.38 to
compare with previous baseline correction. The horizontal baselines are same as left

half part of previous baseline correction in Fig. 3.36.

Peak charges

The voltammogram doesn’t close on itself, showing that the Pt oxide production is
irreversible, and therefore we don’t expect the overall anodic and cathodic charges
to be equal. But given that the dissolution charge expected to be a small percentage
of the oxide charge, comparison of the anodic and cathodic charges tells about the

irreversibility of the oxide.

The following is the area and coverage of different anodic peaks in Pt(100) cyclic
voltammogram, also the coverages are compared with data from other beamtimes in

Table. 3.2.

If CV data are corrected by only horizontal baselines in Fig. 3.38, the baseline
corrected Pt oxide peak has charge density as 247.5 uC cm=2? = 1.19 ML, and
the "roll-back” part has charge density as 27.3 uC ecm=2 = 0.13 ML. However, the
corresponding raw cathodic peak for Pt oxide peak has baseline corrected density as
81.5 uC cm~2 = 0.39 ML, much lower than 1.31 ML = 1.19 ML + 0.13 ML from

anodic oxide peak and "roll back” part, so baselines with small slopes seems to be
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Figure 3.37: Baseline Corrected Pt(100) cyclic voltammogram in 0.1 M HCIO,.
Sweep rate as 50 mV/s. Data from the prep time at the CH5523 beamtime in
September 2018.
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Figure 3.38: Pt(100) cyclic voltammogram in 0.1 M HCIO,4 with horizontal baseline.
Sweep rate as 50 mV/s. Data from the prep time at the CH5523 beamtime in
September 2018.



more suitable for Pt oxide peak of Pt(100).

Beamtime CH5523 THCH925 CH5918

EC File name prep time run 664 Pt100_07
Corrected? No ‘ Yes No ‘ Yes No ‘ Yes
Range / V 0.069—1.219 | 0.054—1.174 | 0.054—1.174
Total Anodic / ML [ 255 | 1.91 [3.23[ 1.99 |3.03| 210
Total Cathodic / ML | 2.40 | 1.45 |2.61| 1.86 |2.81 | 1.97

HUPD & OHygs /V | 0.17-0.7 0.2—0.7 0.2—0.7
H UPD & OHyg, / ML | 1.13 | 098 [1.34] 0.96 |[1.15] 0.87
Oxide / V 07—1.219 | 0.9—1174 [ 0.9—1.174
Oxide / ML 128 ] 0.85 [1.44] 095 |1.66| 1.19
Roll-back / V 1.16—1.219 | 1.15—1.174 | 1.15—1.174
Roll-back / ML 0.04] 0.04 [0.09] 0.04 |0.08] 0.05
Haas & OHues / V 0.069—0.5 | 0.054—0.45 | 0.054—0.45
Hoqs & OHgee /ML | 0.88 | 055 | 1.13[ 0.82 | 1.33| 0.84
Reduce / V 0.5—1.16 0.6—1.15 0.6—1.15
Reduce / ML 126 0.85 [1.21] 1.00 |1.25] 1.09
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Table 3.2: Coverages of peaks from Pt(100) cyclic voltammograms in 0.1 M HCIO4

3.2.2 Pt(100) 6, vs 6., Plot

In this subsection, Pt(100) cyclic voltammogram is baseline corrected then integrated
following Section 3.2.1, then it is compared with corresponding X-ray data to get e”s

transferred by place-exchanged Pt surface atoms.

Cyclic Voltammetry Data Treatment

The X-ray voltammogram in Fig. 3.39 is from run 664 at the IHCH925 beamtime
in February 2015; the same data as in Figure 1c in Ref [70]. During this cycle, the

potential starts at the minimum potential 0.054 V, then increases to the maximum
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Figure 3.39: Pt(100) X-ray voltammogram. Sweep rate as 20 mV/s. Source Data
from run 664 at the IHCH925 beamtime in February 2015.

potential 1.174 V| last drops back to the minimum potential 0.054 V. There are large
and small anodic peaks from 0.2 to 0.7 V as H UPD peaks, and a large peak from 0.9
to 1.1 V as the oxide peak. There are flat parts between 0.1 and 0.2 V, also between
0.7 and 0.9 V. The cathodic peaks corresponding to the anodic peaks are from the
lower limit potential 0.054 V to 0.4 V, and from 0.6 to 1.0 V. The flat cathodic part
is from 0.4 to 0.6 V.

For the voltammogram in Fig. 3.40, the baseline is obtained in the same way
as in the previous Section 3.2.1. The voltammogram after the baseline correction is

shown in Fig. 3.41.

The coverages of peaks are shown and compared with data from other beamtimes
in Table. 3.2. Because the cycle starts and ends at the minimum potential 0.054 V,

it looks like to close on itself, so the overall anodic and cathodic charge density can
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Figure 3.40: Pt(100) cyclic voltammogram. Sweep rate as 20 mV/s. Source Data
from run 664 at the IHCH925 beamtime in February 2015.
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Figure 3.41: Baseline corrected Pt(100) cyclic voltammogram. Sweep rate as 20

mV /s. Source Data from run 664 at the IHCH925 beamtime in February 2015.
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be compared.

Also, if the voltammogram is corrected by just horizontal baselines as Fig. 3.42,
similar to Section 3.2.1, the baseline corrected charge density of Pt reduction, 0.53
ML is much lower than 1.39 ML = 1.24 ML + 0.15 ML of Pt oxide peak and "roll-
back” part. Also the overall cathodic charge density, 1.39 ML is much lower than
2.46 ML of the anodic one.

X-ray Data Treatment

The X-ray voltammogram in Fig. 3.43 is from the same experiment as Fig. 3.39.
The curve slowly drops from lowest potential to 0.97 V with some noise. Then it
sharply goes down from 0.97 V till the highest potential, 1.17 V. Also for the cathodic
processes, the curve goes up sharply after briefly staying flat until 0.95 V, and then

goes flat under 0.7 V, but with much lower than original intensity.

To turn the X-ray data into 6.,, the intensities are normalized by equation 0., =
0.5007(1 — ﬂ/ﬁ) from Section 2.3.4, with the reference point the intensity at 0.9
V in anodic sweep, which is the flat part in Fig. 3.41. The normalized spectrum is

shown in Fig. 3.44.

Coverages 0. vs 0., from CV and X-ray

The following is 6. vs 6, for the oxidation of Pt(100) from EC and X-ray data.

The figure of 6, vs 6., for the anodic process is shown in Fig. 3.45, and there are
21 points in the diagram, which were in the peak between 0.97 and 1.17 V in X-ray
figure as in Fig. 3.43.
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Figure 3.42: Pt(100) cyclic voltammogram with only horizontal baselines. Sweep
rate as 20 mV/s. Source Data from run 664 at the IHCH925 beamtime in February

2015.
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Figure 3.43: (1 1 2.1) Pt(100) X-ray intensity. Sweep rate as 20 mV/s. Data from
run 664 at the IHCH925 beamtime in February 2015.
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Figure 3.44: Normalized (1 1 2.1) Pt(100) X-ray density. Sweep rate as 20 mV/s.
Data from run 664 at the IHCH925 beamtime in February 2015.
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Using the same treatment of data as for Pt(111), 6, for 6., points are found by

matching potentials from X-ray data to . vs potential plot.

The curve in Fig. 3.45 looks similar to a straight line, so linear least squares was

used to fit the data, and the slope of the line was 3.69.

The following is €, vs 6., for reduction process of Pt(100) from cyclic voltammetry

and X-ray data.

The figure of 6. vs 6., of the cathodic process is shown in Fig. 3.46, and there
are 26 points in the diagram, which were inside the cathodic sharp part between 0.95
and 0.7 V in X-ray figure as the Fig. 3.43. It was treated in the same way as the

anodic one.

The curve in Fig. 3.46 looks similar to a straight line, and linear least squares
fit gave the slope as 8.00. This cathodic slope was very different to the anodic one,
which was 3.69. In Fig. 3.43, the intensity of the cathodic flat part before 0.7 V is
very different from the anodic flat part before 0.97 V. This is very different from the

X-ray diagram for Pt(111) in Fig. 3.6, where the two intensities are very close.

Also, the 6, vs 0., of anodic process without baseline correction of CV data is
analyzed and shown in Fig. 3.47. The curve is similar to Fig. 3.45 with baseline

correction but with much higher slope as 5.20.

Discussion on Extraction of Pt(100)

The graph of 8, vs 6., with segmented baseline correction for oxidation and reduction
processes of Pt(100) from previous sections are shown in Fig. 3.45 and 3.46. The
slopes of Pt(100) are 3.69 and 8.00, which are much larger than 2.70 of Pt(111). This

is mainly because of the different way of extraction as Fig. 2.14 shows in Section
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Figure 3.45: Anodic 6, vs 0., for Pt(100) with segmented baseline correction. Data
from run 664 at the IHCH925 beamtime in February 2015.
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Figure 3.46: Cathodic 6, vs 0., for Pt(100) with segmented baseline correction. Data
from run 664 at the IHCH925 beamtime in February 2015.
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Figure 3.47: Anodic 6, vs 6., for Pt(100) without baseline correction. Data from run
664 at the IHCH925 beamtime in February 2015.
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2.2.4. Also, the Pt extraction of Pt(100) starts at 1.0 V, same as O,4s formation,
much earlier than Pt(111).

For the final 6., it’s 0.95 ML from CV and 0.90 ML from 6, vs 0., a little different
because the potential range of the first one starts from 0.9 V, the start point of oxide
peak; but the potential range of the later one starts from ~0.97 V, the first point
before 6., rises up. For the coverage of extracted Pt, or 0., it’s 0.25 ML for Pt(100)
in Fig. 3.45, much higher than 0.066 ML for Pt(111) in Fig. 3.8, and this is explained
by the stripe model for the oxide shown in Section 2.2.4 from Fuchs’s research [70].
To explain 6., 0.25 ML, 6. 0.95 ML, and the anodic slope is 3.7, the possible reaction

below is suggested, for each 12 surface Pt atoms:

3 x (OH(ads) — O(ads) + H" +e7) (3.10)

3 x (Pt + OH(ads) + HoO — PtOy(ex) + Pt + 3H' + 3e™) (3.11)

If there are higher 6., and lower anodic slope, there are more extracted PtOq

formed and fewer adsorbed O formed.

The reaction of Pt(100) oxide peak forms O,4s atoms and long chains with PtOq
units as shown in Fig. 3.48. It is based on research of Fuchs et al in Fig. 2.14,
and has 1/4 ML 0.,. In Fig. 3.48, for each 12 Pt(100) surface atoms, 3 Pt atoms
are extracted to Pt,04, long chains, 3 adsorbed oxygen is formed, and 12 e”s are

transferred, so 0, is 1 ML, close to 0.95 ML, and 6., is 1/4 ML, close to 0.25 ML.

If the CV isn’t baseline corrected, 6, is 1.44 ML from CV, and 1.24 ML from 6, vs

... Unlike the segmented baseline corrected one, the difference is very large as 0.20
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Figure 3.48: Model of Extracted Pt(100) from DFT calculations [70]. The orange
balls are extracted Pt atoms, the red balls are O atoms, and the grey balls are Pt
surface atoms.
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ML. The coverage of Pt reduction peak is 1.13 ML, much lower than the anodic 6.
0. 1.24 ML is close to 5/4 ML, and 6., is 0.25 ML, close to 1/4 ML, so the reaction

is shown as below, for each 16 surface Pt atoms:

4 x (OH(ads) — O(ads) + H" +e7) (3.12)

1 x (4Pt + 4OH(ads) + 6HQO — Pt4010(€X) + ]_61‘1+ + 168_) (313)

Here the products are 1/4 ML Ogq4s, and 1/16 ML short extracted Pt chain with
4 Pt., atoms, like shown in Fig. 3.49.a. The O atoms in Fig. 3.49 are lower than
extracted Pt atoms because they are connected with other Pt atoms on the surface
as Fuchs’s model in Section 2.2.4. The Pt extraction may happen in another way,

for each 16 surface Pt atoms:

4 x (OH(ads) — O(ads) + H" +¢e7) (3.14)

1 x (4Pt + 40H(ads) + 6H,0 — Pt30g(ex) + PtOy(ex) + 16H' + 16e7)  (3.15)

Here the products are 1/4 ML Ogqs, 1/16 ML short extracted Pt chain with 3 Pte,
atoms, and 1/16 ML independent extracted PtO,, like shown in Fig. 3.49.b.
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Figure 3.49: Models of Extracted Pt(100). The orange balls are Pt atoms, and the
red balls are O atoms. In (a) the product is short chain with 4 extracted Pt atoms.
In (b) the products are short chain with 3 extracted Pt atoms and equal quantity of
independent extracted PtO,.

3.2.3 Pt(100) 6, vs 6., Plot with 11 cycles

In this subsection, Pt(100) cyclic voltammetry is continued for multiple cycles as
the surfaces degrades. After baseline correction, integrated and comparison with
corresponding X-ray data, the e”s transferred per extracted Pt surface atoms are

calculated as in section 3.2.2.

Cyclic Voltammetry Data Treatment

Cyclic voltammetry data is from EC file Pt100_07 at the CH5918 beamtime at ID31
at the ESRF in July 2021. The CVs run 19 cycles to 0.824 V, then 11 cycles to 1.174
V vs RHE at 20 mV/s. The cyclic voltammograms for different cycles are shown in

Fig. 3.50.

In Fig. 3.50, as cycle number increases, the top of the H/OH mixed peak before
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0.7 V slowly shifts from 0.31 V to 0.36 V, the Pt oxide peak at 1.01 V sharply

decreases, and an extra peak at 0.83 V appears and increases.

All cyclic voltammetry data are baseline corrected by the method in Section
3.2.1 shown as the first cycle in Fig. 3.51. For the H/OH peak before 0.7 V, it is
corrected by horizontal baseline to remove double layer charges. For the part after
0.7 V, including the linear section before oxide peak, the Pt oxide peak and the
high flat stage after oxide peak, baseline linear fitted from the linear section with
small positive slope is needed to remove both double layer charges and HyO4 from
X-ray beam damage. Then the data of current density vs potential is integrated and
divided by sweep rate 20 mV /s to get charge densities (0), which can be converted
to 0. by dividing by the charge density for 1 ML Pt(100) surface atoms, 208.1 uC
ecm™2. The 6, of the whole Pt oxide peak after 0.9 V for each cycle with segmented
baseline correction is shown as red points in Fig. 3.52; it linearly decreases from 1.24
ML to 0.88 ML. 6. without baseline correction is shown as the purple points in Fig.
3.52; it linearly decreases from 1.74 ML to 1.27 ML. The coverages of peaks for first

cycle are compared with data from other beamtimes in Table. 3.2.

X-ray Data Treatment

X-ray data is from X-ray file Pt100_03 at the CH5918 beamtime at ID31 at the ESRF
in July 2021. All raw potentials are turned to RHE as section 2.1.3 introduced, and
all X-ray intensity was corrected by removing the background intensity. It runs 11
cycles to 1.174 V vs RHE at 20 mV//s. The X-ray intensities for different cycles are

shown as Fig. 3.53, which is corresponding to the cyclic voltammogram in Fig. 3.50.

The X-ray intensities in Fig. 3.53 are translated to 6., by equation 6., = 0.5007 x
(1 —+/1/Ihgy) from section 2.3.4, in which Iygy is the intensity of anodic 0.9 V in
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Figure 3.50: Pt(100) cyclic voltammetry spectra with 11 cycles at sweep rate 20
mV/s. Data from EC file Pt100-07 at the CH5918 beamtime at ID31 at the ESRF

in July 2021.
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Figure 3.51: Pt(100) cyclic voltammetry spectra of first cycle with baseline correction
(blue for anodic process and red for cathodic process). Data from EC file Pt100.07
at the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.52: Pt(100) 6. and 0., Plot for 11 cycles at sweep rate 20 mV/s. The red
points are segmented baseline corrected 6., the purple points are 6, without baseline
correction, and the blue points are the increase inf,, in each cycle. Data from EC
file Pt100_07 and X-ray file Pt100-03 at the CH5918 beamtime at ID31 at the ESRF
in July 2021.
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Figure 3.53: Pt(100) X-ray intensities for 11 cycles with sweep rates as 20 mV/s.
Data from X-ray file Pt100_03 at the CH5918 beamtime at ID31 at the ESRF in July

2021.
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X-ray voltammogram of first cycle for all 11 cycles’ data. The 6., of all 11 cycles is
shown as Fig. 3.54, also blue points in Fig. 3.52. The initial 6., at 0.9 v, the max
.. with lowest intensity at 1.0 V, and the final 6., at 0.072 V for first cycle of X-ray
spectrum is shown in Fig. 3.55. The total 6., increases to 0.5 ML. The change in

.. per cycle decreases towards zero as the cycle number increases.

Coverages 6, vs 0., from CV and X-ray

After getting 0. and 0., from CV in Fig. 3.50 and X-ray in Fig. 3.53, they are
compared via potential, and then a linear fit is used to get the slope, which means
e~ transferred per extracted Pt. The anodic and cathodic linear fits of 8, vs 6., for
the first cycle are shown in Fig. 3.56 and Fig. 3.57. The anodic and cathodic slopes
are shown as Fig. 3.58; the anodic slope slowly increases from 3 to 6 as the cycle

number increases.

Also, there are 6, and 0., plots without baseline correction of CV data analyzed
and the slopes are shown in Fig. 3.59. Both anodic and cathodic slopes are a little
larger than the ones with baseline correction in Fig. 3.58. The anodic 6, and 6.,
plot for first cycle with uncorrected CV is shown in Fig. 3.60, and the corresponding
cathodic 6, and 6., plot is shown in Fig. 3.61.

Discussion on Extraction of Pt(100)

For Pt(100) surface, different from Pt(111), permanent changes caused by platinum
extraction take place on the platinum surface in each cycle. The flat part in the
X-ray intensity in Fig. 3.53 decreases with cycle number, and the beginning 6., in

Fig. 3.54 increases for each cycle. So we mainly focus on the first cycle without
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Figure 3.54: Pt(100) 6., plot for 11 cycles at sweep rates 20 mV /s. The red points are
.. at anodic 0.9 V of each cycle, the violet points are ., at the end of anodic process,
the blue points are 6., at the end of each cycle. Data from X-ray file Pt100_03 at
the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.55: Pt(100) X-ray intensities for first cycle with sweep rates as 20 mV/s.
The blue point at anodic 0.9 V is for initial 6., in Fig. 3.54, the blue point at 1.0
V with lowest intensity is for max 6., in Fig. 3.54, and the blue point at cathodic
0.072 V is for final 6., in Fig. 3.54. Data from X-ray file Pt100_.03 at the CH5918
beamtime at ID31 at the ESRF in July 2021.
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Figure 3.56: Pt(100) anodic 0, vs 0., Plot with segmented baseline correction for first
cycle with sweep rate 20 mV /s. Data from EC file Pt100_07 and X-ray file Pt100_03
at the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.57: Pt(100) cathodic €. vs 6., Plot with segmented baseline correction for
first cycle with sweep rate 20 mV/s. Data from EC file Pt100.07 and X-ray file
Pt100_03 at the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.58: Pt(100) slopes of fitted line for 6, and 6., plot for 11 cycles with seg-
mented baseline correction with sweep rate as 20 mV/s. The red points are anodic
slope, and the blue points are cathodic slope. Data from EC file Pt100_.07 and X-ray
file Pt100_03 at the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.59: Pt(100) slopes of fitted line for 6, and 6., plot without baseline cor-
rections for 11 cycles with sweep rate as 20 mV /s. The red points are anodic slope
without baseline correction, and the blue points are cathodic slope without base-
line correction. Data from EC file Pt100_.07 and X-ray file Pt100_03 at the CH5918
beamtime at ID31 at the ESRF in July 2021.
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Figure 3.60: Pt(100) anodic 0. vs 0., Plot with uncorrected CV with fitted line for
first cycle with sweep rate 20 mV/s. Data from EC file Pt100.07 and X-ray file
Pt100_03 at the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.61: Pt(100) cathodic 0. vs 6., Plot with uncorrected CV with fitted line
for first cycle with sweep rate 20 mV/s. Data from EC file Pt100_.07 and X-ray file
Pt100_03 at the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.62: Pt(100) oxidation reaction from 12-Pt-atom unit cell with 6 OH,4s to 6
extracted Pt in two chains.

effect from previous surface oxidation. The segmented baseline corrected 6, is 1.24
ML from CV, and 1.16 ML from 6, vs 6.,. Similar as Section 3.2.2, they are a little
different because the potential range of the first one starts from 0.9 V, the start point
of oxide peak; but the potential range of the later one starts from ~1.0 V, the first
point before 6., rises up. 0., is 0.39 ML for first cycle, and slope of 6, vs 0., is 3, so

the reaction happens as below, for each 10 surface Pt atoms:

1 x (OH(ads) — O(ads) + H* +¢7) (3.16)

4 x (Pt + OH(ads) + HyO — PtOy(ex) + Pt + 3H' + 3e™) (3.17)

Similar as Fig. 3.48, Pt extraction forms as long PtOs chains [70], but with higher
coverage PtO, chains, lower coverage of O,4s, and addition of both is 1/2 ML. The

extracted Pt forms as long chains in Fig. 3.62.

If we use this to compare with early research as run 664 of IHCH925 in 2015 from
previous section 3.2.2; for the cyclic voltammogram as in Fig. 3.63, the first cycle

this time has lower H/OH mixed peak before 0.7 V, and higher Pt oxide peak and
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flat part after it, but the oxide peak has nearly the same current as the early research
without the top part. And for the charge density vs potential as in Fig. 3.64, the
H/OH peak this time is 25 yC cm™2 (0.12 ML) lower than early research, and the
oxide peak this time is 257 uC ecm™2 (1.24 ML), 61 uC cm™2 (0.29 ML) higher than
early research, 197 uC cm=2 (0.95 ML). The slope of 0, vs 0., in early research is 3.7,
a little higher than 3 for first cycle this time, some other reactions except platinum
extraction like formation of O, group are happening to make the slope larger than

3.

As right half part baseline in Fig. 3.51 with slope is still not sure, if only horizontal
baseline as left half part is used, than charge density vs potential is shown as Fig.3.65,
the oxide peak this time is 324 uC ecm™2 (1.56 ML), 67 xC cm™2 (0.32 ML) higher
than segmented baseline corrected one, 257 uC cm™2 (1.24 ML).

If the CV of first cycle isn’t baseline corrected, 6, is 1.73 ML from CV, and 1.59
ML from 6. vs 6.,. The difference is 0.15 ML. They are very different as was found
in Section 3.2.2. The coverage of the reduction peak is 1.24 ML, much lower than 6,
as was found in Section 3.2.2. 6., is 0.39 ML, the reaction happens same as Section
3.2.2, but with higher coverage of Pt extraction, lower coverage of O,4, and addition
of O.4s and extracted Pt atoms are 0.5 ML, like Table 3.3 shows. So similar as Eq.
3.13 but with different coverage, the reaction happens as below, for each 10 surface

Pt atoms:

1 x (OH(ads) — O(ads) + H* +¢7) (3.18)

1 x (4Pt + 40H(ads) + 6H,0 — Pt4010(ex) + 16H" 4 16e7) (3.19)
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Figure 3.63: Pt(100) cyclic voltammetry spectra comparison between first cycle from
Pt100_07 at the CH5918 (in red) and IHCH925 (in blue). Data from EC file Pt100_07
at the CH5918 beamtime at ID31 at the ESRF in July 2021, and run 664 at IHCH925
beamtime in February 2015.
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Figure 3.64: Pt(100) charge density spectra comparison between first cycle from
Pt100_07 at the CH5918 (in red) and IHCH925 (in blue). Data from EC file Pt100_07
at the CH5918 beamtime at ID31 at the ESRF in July 2021, and run 664 at IHCH925
beamtime in February 2015.
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Figure 3.65: Pt(100) charge density spectra comparison with horizontal baseline
between first cycle from Pt100_07 at the CH5918 (in red) and IHCH925 (in blue).
Data from EC file Pt100_07 at the CH5918 beamtime at ID31 at the ESRF in July
2021, and run 664 at IHCH925 beamtime in February 2015.
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Here the extracted Pt forms a short extracted Pt chain with 4 Pt., atoms, like
shown in Fig. 3.49.a. Another possibility is that extracted Pt oxides can form short
extracted Pt chain with 3 Pt., atoms, and independent extracted PtO,, like shown
in Fig. 3.49.b as:

4Pt + 40H(ads) + 6H,0 — Pt3O0g(ex) + PtOy(ex) + 16HT + 16e~ (3.20)
Name uncorrected 6, O Ouds Ptes
IHCH925 1.24 ML 0.25 ML | 0.25 ML | 0.25 ML
CH5918 1.59 ML 0.39 ML | 0.11 ML | 0.39 ML

Table 3.3: Comparison of coverages for Pt(100) voltammograms

3.2.4 Pt(100) Potential Steps

In this subsection, the data of oxidation potential steps for Pt(100) is treated to find
the slope of 0, vs 6.,, and the direct logarithmic relation between ., and log time as

the last place exchange part of Section 2.2.4 introduced.

Oxidation Potential Steps for Pt(100) from the Double Layer

The oxidation portion of potential steps from the double layer between 0.87 and 1.22
V is from EC file 57 at the CH4977 beamtime at ID31 at the ESRF in July 2017. In
all, it runs as EC plot in Fig. 3.66 and X-ray plot in Fig. 3.67. For each step, the
potential is held at 0.42 V for 10 s, then goes up to a number, e.g. 1.22 V. inside
1 data point and is held for 60 s, and then returns to 0.42 V. This is then repeated
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Figure 3.66: Potential(blue) and current density(red) plots of Pt(100) Potential steps
in 0.1 M HCI1O, from the double layer. Data from EC file 57 at the CH4799 beamtime
at ID31 at the ESRF in July 2017.

but stepping to a higher potential, as shown in Fig. 3.69 and 3.70. The initial and
final potentials for steps are shown in Fig. 3.68. The current density goes up to
0.004 A-cm~2 inside 0.0008 s and goes down to close to zero inside 2 s and keeps
running for a total of 60 s. It is an example to show how the potential steps work,
and potential steps from the double layer at other potentials work in the similar way.
For the X-ray intensity, when it drops between 1000 s to 1500 s in Fig. 3.67, the
intensity stays at a high level between steps at 0.42 V, and suddenly drops to a low
intensity that is maintained during the steps, e.g. at 1.10 V, then it rises back to a
high intensity but a little lower than before, and then stays steady for 10 s as Fig.
3.71 shows.

Coverages 6, and 6., vs time from Potential Steps

For the data treatment before 0, is calculated, the time from data is corrected to
begin from 0 s for each step. The current density is corrected by subtracting the

average current density of the last 10000 points, or ~50 s, which is the flat part with
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Figure 3.67: Potential(blue) and X-ray(red) plots of Pt(100) Potential steps in 0.1
M HCIOy4 from the double layer. Data from EC file 57 at the CH4799 beamtime at
ID31 at the ESRF in July 2017.

current density very close to 0 after ~2s caused by beam damage as Fig. 3.72 shows,

and the blue line is the baseline before subtraction.

Then the 6, of the potential step is obtained from the running integral of time and
baseline-corrected current density. Fig. 3.73 shows the 6, vs time for the potential
step to 1.22 V with data from Fig. 3.70 as an example, and it works in a similar way

for potential steps at other potentials.

A6, shown in Fig. 3.74 means the final ., minus the initial 6. in each step. 6.

does not change too much in the flat part after 10 s (1 for log(time)).

For the X-ray intensity, 0., is transferred from intensity as 6., = 0.5007(1 —
L_) from Section 2.3.4, the standard of all steps is the intensity of the first point

Ip.ov

of the step to 0.90 V vs RHE. The changes in 0., for each step are shown as Fig.

3.75. The largest 6., of each step goes up from 0 to 0.5 ML step by step between 1.0
and 1.1 V.
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Figure 3.68: The initial and final potentials for oxidation potential steps from 0.87
V to 1.22 V on Pt(100) in 0.1 M HCIO, from the double layer. The left curve is
initial potentials and the right curve is final potentials. Data from EC file 57 at the
CH4977 beamtime at ID31 at the ESRF in July 2017.
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Figure 3.69: First 0.020 s of The oxidation portion of potential step to 1.22 V on
Pt(100) in 0.1 M HCIO, from the double layer. The red curve is current density and
the blue curve is potential. Data from EC file 57 at the CH4977 beamtime at ID31

at the ESRF in July 2017.
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Figure 3.70: The oxidation portion of potential step to 1.22 V on Pt(100) in 0.1 M
HCI1O, from the double layer. The red curve is current density and the blue curve is
potential. Data from EC file 57 at the CH4977 beamtime at ID31 at the ESRF in

July 2017.
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Figure 3.71: The Current density(red) and X-ray(blue) plots for the oxidation portion
of potential step to 1.10 V on Pt(100) in 0.1 M HCIO, from the double layer. Data

from EC file 57 at the CH4977 beamtime at ID31 at the ESRF in July 2017.
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Figure 3.72: The oxidation portion of potential step to 1.22 V on Pt(100) in 0.1 M
HC1O, from the double layer. The red curve is current density and the blue line is
the baseline for correction. Data from EC file 57 at the CH4977 beamtime at ID31
at the ESRF in July 2017.
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Figure 3.73: 0, vs time for oxidation portion of potential step to 1.22 V on Pt(100) in
0.1 M HCIO, from the double layer. Data from EC file 57 at the CH4977 beamtime
at ID31 at the ESRF in July 2017.
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Figure 3.74: Change in 6, for oxidation portion of potential steps on Pt(100) from
0.87 to 1.22 V. Data from EC file 57 at the CH4977 beamtime at ID31 at the ESRF
in July 2017.
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Figure 3.75: 6., for oxidation portion of potential steps on Pt(100) from 0.87 to 1.22
V. The red points are initial 6., of each step, the blue points are maximum 6., of
each step, and the purple points are final ., of each step. Data from EC file 57 at
the CH4977 beamtime at ID31 at the ESRF in July 2017.
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Similar to Af,, Af,, is plotted in Fig 3.76, to show the final ., minus the initial
Ocr. A, plot is a peak centred at 1.1 V, very different from A#f, plot in Fig 3.74,
which is more close to 6. plot in Fig 3.75.

After Af, and A6, are calculated from EC and X-ray data, they are compared

A

via potential in Fig 3.77. FQ; is heavily noisy before 1.0 V when 6., is steady at 0

ML in Fig 3.75; then AA:; keeps flat between 1.0 and 1.11 V with average as 11.10

Afbe

Ao linearly increases after 1.1 V when

when 0., increases from 0 to 0.5 ML; last

0., is steady at 0.5 ML.

Coverage 6, and 6., vs log;ptime and fitted line

After we get the 6, vs time as the Fig. 3.73 shows, 0, vs logot is plotted by the
0. data from previous data treatment and the log;ot from the log of corrected time
omitting the first point at zero time log(0) is minus infinity. The diagrams of 6, vs
log1ot and their derivative for steps to 0.87 V, 1.07 V and 1.22 V, which are the lowest,
middle, and highest potential limit in data from EC file 57 at the CH4799 beamtime
at ID31 at the ESRF in July 2017, are shown as Fig. 3.80, Fig. 3.79, and Fig. 3.78.
The curves of 6. vs logipt go up slowly first before around logyo(t/s) = -2 for all
three cases. Then there are large slopes for all three figures that are approximately
straight lines, which we need to fit. Lastly, after the sharp part around logyo(t/s) =
-0.5, the curves come back to very flat almost horizontal lines for all three spectra,

Fig. 3.80, Fig. 3.79, and Fig. 3.78.

Because the region to fit is only part of the curve, an objective way to determine
the range to fit was sought. The middle of the range was defined as the inflection
point, and was found from where the derivative is maximum. To find when the slope

departs too much from its value at the middle of the range, it was arbitrarily decided
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Figure 3.76: Change in 6., for oxidation portion of potential steps on Pt(100) from
0.85 to 1.20 V. The red points are changes in 6., for the the whole step, the blue
points are changes in 6., for first second of the step. Data from EC file 57 at the
CH4977 beamtime at ID31 at the ESRF in July 2017.
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Figure 3.77: AAﬁii plot for oxidation portion of potential steps on Pt(100) with flat

part from 1.0 to 1.11 V. Data from EC file 57 at the CH4977 beamtime at 1D31 at
the ESRF in July 2017.
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that a slope of half the maximum value would define the ends of the range. Here as
middle panels in Fig. 3.78, Fig. 3.79, and Fig. 3.80 show, all parts with derivatives
higher than half of maximum are included in the middle part in which 6, increases
very fast. Also large derivatives after 1 s are removed as meaningless because they
come from noise in current data. The functions of fitted lines of 6. vs logiot are
shown on the top of each figure, also the slopes and intercepts for functions under

all potential steps from 0.87 to 1.22 V are shown in Fig. 3.81.

Also, 0., vs logt plots are treated in the same way, but these curves increase
directly with large noise close the largest time, with curves of steps to 0.87 V, 1.07
V and 1.22 V as examples in Fig. 3.82, and the slopes vs potential are shown in Fig.
3.83. The slope is steady at 0 ML before 0.95 V, then has a sharp peak from 1 to
1.2 V centred at 1.1 V with top as 0.045 ML, and then returns back to around 0 ML
after 1.2 V.

Discussion on Potential Steps of Pt(100)

The 6. from potential steps are shown as Fig. 3.78, 3.79, and 3.80, and summarized
in Fig. 3.74 and 3.81. Different from the literature, the charge vs logt plots only
linearly increase in a limited time range when logt is around -2 to 0, or just for the
first second of each step, and keeps flat before and after the range, but it linearly
increases over a very large range in the reference shown in Section 2.2.6 [103, 104].
The fitted lines of these limited ranges show how fast the electrons transfer when the
potential changes from one value to another. The slope is steady at 0.3 ML before
0.95 V, then linearly increases from 0.31 ML to 1.1 ML, when potential increases
from 0.95 V to 1.22 V, later than 0.9 V from Conway’s research, of which the Pt

surfaces were reacted in 0.5 M HySOy, and its oxide peak starts from 0.8 V as a flat
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Figure 3.78: 0. vs logjptime (upper), derivative (middle) and current density (bot-
tom) for the oxidation portion of potential step to 1.22 V on Pt(100) in 0.1 M HC1O,4
from the double layer. The two circles in both diagrams are left and right end point
for the range of data to fit the line. The line in upper diagram is the fitted line and
its function. The horizontal line in the differentive diagram is half the maximum of
the differentive peak. Data from EC file 57 at the CH4977 beamtime at ID31 at the
ESRF in July 2017.
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Figure 3.79: 0. vs logjptime (upper), derivative (middle) and current density (bot-
tom) for the oxidation portion of potential step to 1.07 V on Pt(100) in 0.1 M HCIO4
from the double layer. The line in upper diagram is the fitted line and its function.
The horizontal line in the differentive diagram is half the maximum of the differentive

peak. Data from EC file 57 at the CH4977 beamtime at ID31 at the ESRF in July
2017.
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Figure 3.80: 6. vs logjptime (upper), derivative (middle) and current density (bot-
tom) for the oxidation portion of potential step to 0.87 V on Pt(100) in 0.1 M HC1O4
from the double layer. The line in upper diagram is the fitted line and its function.
The horizontal line in the differentive diagram is half the maximum of the differentive

peak. Data from EC file 57 at the CH4977 beamtime at ID31 at the ESRF in July
2017.
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Figure 3.81: The slopes and intercepts of fitted lines for 6, vs logigtime spectra of
oxidation potential steps from 0.87 V to 1.22 V on Pt(100) in 0.1 M HCIO4 from the
double layer. Data from EC file 57 at the CH4977 beamtime at ID31 at the ESRF
in July 2017.
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Figure 3.82: 6., vs logjptime plots and fitted lines for oxidation portion of potential
step to (a) 0.87 V, (b) 1.07 v and (c¢) 1.22 V on Pt(100) in 0.1 M HCIO,4. Data from
EC file 57 at the CH4977 beamtime at ID31 at the ESRF in July 2017.

high stage [104]. The slopes of the linearly increasing part are also linearly related
to the potential, but they are much higher than 30 xC cm™2 (0.14 ML) to 60 uC
cm™? (0.29 ML) in Conway’s research [104], mostly because the double layer charges
are not removed, and different oxidation reactions may occur as the electrolyte here

is 0.1 M HCIO4 but it was 0.5 M H5SOy in reference [104].

For 6., vs logt plots, all of the curves increase linearly with large noise near the
largest time, but its slope vs potential doesn’t increase linearly, it has a sharp peak
from 1.0 V to 1.2 V centred at 1.1 V, because the Pt extraction only happens in this
potential range, and the peak-shaped curve fits the normal distribution.

Abe
? Abeq

For A6, vs Af.,, 0., mainly increases between 1.0 and 1.1 V in Fig. 3.75
stays around 11.10 in this range in Fig. 3.77, so e~ transfer from EC and Pt extraction
from X-ray is linearly related during oxide peak from 1.0 to 1.1 V, other reactions
with e~ transfer are happening at the same time of Pt extraction, and this fact
supports the straight 6, vs 6., line from CV data in Section 3.2.2 and 3.2.3. But
the ratio 11.10 is much higher than 3 to 4 e”s transferred per extracted Pt from CV
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Figure 3.83: The slopes of fitted lines for 6., vs logt plots of oxidation potential steps
from 0.87 V to 1.22 V on Pt(100) in 0.1 M HCIO, from the double layer. Data from
EC file 57 at the CH4977 beamtime at ID31 at the ESRF in July 2017.
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data, because the double layer charges are not removed, also during the potential
step experiment, the potential goes back to the original potential 0.42 V and causes
reduction reactions to happen after each step, so the Pt surface is extracted and
restructured after each step, and this makes the reaction different because the Pt
surface isn’t flat and smooth any more for the steps after the first step with Pt

extraction.

3.2.5 Pt(100) Potential Steps with New Dataset

In this subsection, a second data set of oxidation potential steps for Pt(100) is treated
to find the direct logarithmic relation between 6., 6., and log time with the way to
treat EC data in Section 3.2.4 and the way to treat X-ray data in Section 3.2.2. The

initial potential for the steps is slightly different from before.

Oxidation Potential Steps for Pt(100) from the Double Layer

The oxidation portion of potential steps from the double layer between 0.574 and
1.574 V vs RHE is from EC file Pt100_18 and corresponding X-ray file Pt100_12 at
the CH5918 beamtime at ID31 at the ESRF in July 2021. The potential and current
of the whole potential steps experiment is shown as Fig. 3.84, and the potential and
X-ray intensity of the whole potential steps experiment is shown as Fig. 3.85. For
each step, the potential is held at Ey as 0.2 V vs 3.4 M Ag/AgCl (0.474 V vs RHE)
for 5 s, then sharply goes up inside 1 data point to a potential, Eg, like 0.3 V vs 3.4
M Ag/AgCl (0.574 V vs RHE) for 1st step, and is held at it for 20 s, then returns to
Ey sharply inside 1 data point to a potential. The Fy and F., vs RHE of different

steps is shown in Fig. 3.86. Inside the 20 s of a step, the current sharply increases to
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Figure 3.84: Potential and Current plots of Pt(100) Potential steps in 0.1 M HCIO4
from the double layer. The red curve is potential vs 3.4 M Ag/AgCl electrode and
the blue curve is current. Data from EC file Pt100_18 at the CH5918 beamtime at
ID31 at the ESRF in July 2021.

a high point, then back to 10 pA inside 1 s. For the X-ray, the intensity shows only
noise as usual if it’s out of potential range of extraction; if the step is in the potential
range of extraction, also 500 to 800 s in Fig. 3.85, the intensity sharply decreases at
the first data point, then slowly decreases for ~18 s, last sharply goes up till nearly
intensity of first data point, just like the Fig. 3.87 as a step to 1.074 V vs RHE.

Coverages 0. and 0., from Potential Steps

Similar as Section 3.2.4, the 10 A current from beam damage is removed by dividing
average current of last 100 points of total 220 to 250 points, as later half part of

total 20 s. Then, 6, is translated from the charge density from the integration of
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Figure 3.85: [Potential and X-ray intensity plots of Pt(100) Potential steps in 0.1 M
HCIlO, from the double layer. The red curve is potential vs 3.4 M Ag/AgCl electrode
and the blue curve is X-ray intensity. Data from X-ray file Pt100_12 at the CH5918
beamtime at ID31 at the ESRF in July 2021.

current density and time. Also, ., is normalized from X-ray intensity with function
0.5007 x (1—\/%) from Section 2.3.4, and here intensity of first data point of step
t0 0.63 V vs 3.4 M Ag/AgCl (0.904 V vs RHE) is used as standard of normalization.
Af, and Af,, between last number and first number of each step is shown in Fig.
3.88. A6, keeps at ~0.08 ML till 0.95 V, then increases to ~0.8 ML until 1.25 V
and stays there, lastly sharply increases after 1.4 V until 1.8 ML of last data point
at 1.574 V. Af,, keeps around 0 until 1.0 V, then has a sharp peak with height 0.12
ML centred at 1.1 V from 1.0 V to 1.2 V| finally back to 0 until the end.

Similar as Section 3.2.2, Af, and Af,, are compared to get a ratio in Fig. 3.809.

Here, AA:; is heavily noisy before 1.04 V, then stays flat between 1.04 and 1.18 V

with average as 5.79, and then increases after 1.18 V. The Pt extraction, or flat part

in Fig. 3.89 has wider potential range 1.04 to 1.18 V than 1.0 to 1.11 V from Section

3.2.2, but its average A:; is only half of 11.10 from Section 3.2.2.

A
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[The initial and final potentials of Pt(100) Potential steps in 0.1 M
HC1O, from the double layer. The red points are initial potential, F,. The blue
points are final points, Eg.,. Data from EC file Pt100_18 at the CH5918 beamtime
at ID31 at the ESRF in July 2021.
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Figure 3.87: The oxidation portion of potential step to 1.074 V on Pt(100) in 0.1 M
HCI1O, from the double layer. The red curve is current and the blue curve is X-ray
intensity. Data from EC file Pt100-18 and corresponding X-ray file Pt100_12 at the
CH5918 beamtime at ID31 at the ESRF in July 2021.
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Figure 3.88: A#, and A6, of Pt(100) Potential steps in 0.1 M HCIO,4 from the

double layer.

The red points are Af, and the blue points are Af,,.

Data from

EC file Pt100_18 and corresponding X-ray file Pt100_12 at the CH5918 beamtime at

ID31 at the ESRF

in July 2021.
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Figure 3.89: AATQ; plot of Pt(100) Potential steps in 0.1 M HC1O, from the double layer
with flat part from 1.04 to 1.18 V. Data from EC file Pt100_18 and corresponding
X-ray file Pt100_12 at the CH5918 beamtime at ID31 at the ESRF in July 2021.
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Coverage 6, and 6, vs log;ptime from Potential Steps

Similar as Section 3.2.4, 6. and 6., in previous step is compared with log;gtime to
learn the charging speed in potential steps. They are treated in same way, with half
of maximum of derivative for 6, vs logiptime as two endpoints for the range of fast
increasing part of 6., but the double layer charges haven’t been removed. The slopes
and intercepts of different steps is shown as Fig. 3.90. Different from Fig. 3.81 in
Section 3.2.4, the slope here slowly increases from 0 to 0.3 as potential from 0.574 to
1.574 V, and the intercept here keeps around 0 until 1.0 V| then linearly increases
to 0.6 ML from 1.0 to 1.3 V, then stays there after 1.3 V.

For 6., vs logt, same as Section 3.2.4, the 0., vs logt increases linearly with large
noise near largest time, so they are fitted to get the slopes. The slope vs potential is
shown in Fig. 3.91, same as Section 3.2.4, the slope is steady at 0 ML before 1.0 V
and after 1.2 V, and has a sharp peak between 1.0 V and 1.2 V centred around 1.1
V with top as 0.045 ML.

Discussion on Potential Steps of Pt(100)

0. of oxide peak from EC data of potential steps is 0.8 - 0.08 = 0.72 ML, nearly half
of 1.5 ML from potential step at CH4977 in Section 3.2.4, and this is because current

data at first 0.1 s of some steps are lost as Fig. 3.92 shows for step to 1.114 V. The

Afbe

Ao during extraction is 5.79, much lower than 11.10 from Section 3.2.4, mainly

ratio

for the lower charges caused by this current data missing, but it is still steady from

1.04 to 1.18 V, which provide the linear relation between charges and Pt extraction.

For the 6, vs logigtime plots, similar to Section 3.2.4, it only increases in a limited

time range before 1 s, which is different from infinite increase of reference [103, 104].
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Figure 3.90: Slope and intercept for fitted lines for 6, vs logt spectra of Pt(100)
Potential steps in 0.1 M HC1O4 from the double layer. The red points are slope and
the blue points are intercept. Data from EC file Pt100_18 at the CH5918 beamtime
at ID31 at the ESRF in July 2021.
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Figure 3.91: Slope and intercept for fitted lines for 6., vs logt plots of Pt(100)
Potential steps in 0.1 M HClO4. The red points are slope and the blue points are
intercept. Data from X-ray file Pt100_12 at the CH5918 beamtime at ID31 at the
ESRF in July 2021.
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Figure 3.92: The current density for the oxidation portion of potential step to 1.114
V on Pt(100) in 0.1 M HCIO, from the double layer. Data from EC file Pt100_18 at
the CH5918 beamtime at ID31 at the ESRF in July 2021.



171

For the increasing rate, the slope is steady at 0.03 ML before 0.9 V, then linearly
increases after 0.9 V. The slope increases from 0 to 0.2 ML when potential is from 0.9
V to 1.2 V, and to 0.31 ML when potential is to 1.5 V, similar shape with reference
[104], much lower than Section 3.2.4, but more closer to Conway’s research, as 30 uC
ecm™? (0.14 ML) at 0.9 V, 60 uC ecm™2 (0.29 ML) at 1.2 V, and 80 uC cm™2 (0.38
ML) at 1.5 V [104]. The slopes are a little lower than reference, because too much
current points are missed at first 1 s for each steps as Fig. 3.92 shows, most double
layer currents and a little part of charges for reactions are included in the missing

current points, which makes 6, lower than expected.

For the 6., vs logt plots, same as Section 3.2.4, the curves increases linearly with
large noise near the largest time, and the slope vs potential plot is nearly as same
as Fig. 3.83, also steady at 0 ML before 1.0 v and after 1.2 V, same has a peak
from 1.0 to 1.2 V centred as 1.1 V, and the peak height is also same as 0.045 ML.
This means the Pt extraction happens in the same way as another Pt(100) surface
sample in Section 3.2.4, also the reactions on two surfaces should be same, and this
also means their difference on 6, must be caught by some error, like the loss of 0.1 s

current data as shown in Fig. 3.92.

3.2.6 Pt(100) Sweep Holds

In this subsection, the data of sweep holds for Pt(100), in which potential sweeps
similar to cyclic voltammetry but with potential holds before reversing. It is treated
to find the direct logarithmic relation between current density and structure factor

vs log time with a method similar to that in Section 3.2.2.
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Sweep Hold experiments for Pt(100)

Sweep hold experiments with maximum potential (Ejqq) from 0.892 to 1.282 V
are from EC file Pt100_19 and corresponding X-ray file Pt100_13 at the CH5918
beamtime at ID31 at the ESRF in July 2021. In each cycle of sweep holds, the
potential is held at 0.154 V vs RHE (-0.12 V vs 3.4 M Ag/AgCl) for 5 s, then sweep
to Epoq as 0.892 to 1.282 V for different cycles with sweep rate as 20 mV /s similar as
cyclic voltammetry, then is held at at the maximum potential for 20 s, next sweeps
down to minimum potential at 0.096 V vs RHE, and lastly goes up back to the
start point 0.154 V for the next cycle. Fig. 3.93 as an example shows the X-ray
voltammogram for cycle 25 of the sweep holds with E,,.. as 1.112 V vs RHE.

The voltammogram of all cycles of sweep holds is shown as Fig. 3.94. The pair
of H/OH mixed peaks at ~0.32 V increases in size with cycle numbers when Ej,qq <
1.0 V, and decreases but with an extra pair of peaks at ~0.25 V increasing with cycle
numbers when Ej,;; > 1.0 V. Also, the Pt oxide peak after 0.95 V and corresponding

reduction peak at 0.8 V increases when Ej,4 increases cycle by cycle.

Charge Density of Sweep Holds for Pt(100)

Similar as previous sections, the charge density (o) was found by integration of time
and current density, and the charge densities of the anodic and cathodic processes
are shown in Fig. 3.95. The difference between anodic and cathodic charge density

becomes higher and higher when Pt oxidation continues as FE,,,, increases.
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Figure 3.93: X-ray voltammogram of sweep hold cycle 25 with E, ., as 1.112 V on
Pt(100) in 0.1 M HCIO4. The black curve is current and the blue curve is X-ray
intensity. Data from EC file Pt100_.19 and corresponding X-ray file Pt100_13 at the
CH5918 beamtime at ID31 at the ESRF in July 2021.



174

-0.02] l I

E/VvsRHE

Figure 3.94: Sweep hold voltammogram of Pt(100) in 0.1 M HCIO4 from the double
layer. Data from EC file Pt100_19 at the CH5918 beamtime at ID31 at the ESRF in
July 2021.
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Figure 3.95: The anodic and cathodic charge densities of Pt(100) sweep holds in 0.1
M HCIOy from the double layer. The red points are charge densities of whole anodic
process for each cycle, and the blue points are charge densities of whole cathodic
process for each cycle. Data from EC file Pt100_19 at the CH5918 beamtime at ID31
at the ESRF in July 2021.
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0. and 0., vs logptime

To determine the rate law of the Pt oxide peak, 6, from EC data and 6., from X-ray
data were plotted vs logigtime during the 20 s hold at Ej,;; and compared with each

other.

The magnitude of the structure factor was obtained from X-ray data as in Section
2.3.4 by the function 6., = 0.5007 x (1 — \/W), with Iy gy as the first point at
0.9 V in 5th cycle for all curves. Then compare both 6. and 6., to logiptime and
linear fit the 20 s hold period at Ej.q of both curves. For example, cycle 25 of sweep
holds with Ejq as 1.112 V is shown in Fig. 3.96 for 6, vs log;gtime and Fig. 3.97

for 6., vs logigtime.

The slopes of 6. and 6., vs logjptime are shown as Fig. 3.98 with Ej,.q as hori-
zontal coordinate. The slope of 6. vs log;ptime sharply increases from 1.05 V to 1.15
V, and the slope of 6., vs logiptime has a sharp peak at the same potential range

centred at 1.1 V.

For the slope of 6, vs 6., during the 20 s held at E,,.., it shows as Fig. 3.99. The
slope is steady at zero before 1.0 V, then sharply increases to 80 with large noise

from 1.0 to 1.15 V, and then is steady at ~10 with more noise after 1.15 V.

Discussion on Sweep holds of Pt(100)

In Fig. 3.95, the difference between anodic and cathodic charge densities stays
unchanged before 1.05 V and after 1.15 V, but the anodic charge sharply increases
and is much more than cathodic charge from 1.05 V to 1.15 V, which means there are

a large part of reaction in Pt oxide peak is irreversible, e.g. a part of Pt extraction.
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Figure 3.96: 6. vs logjgtime of sweep hold cycle 25 with FE,,,, as 1.112 V on Pt(100)
in 0.1 M HCIO4. Data from EC file Pt100_19 at the CH5918 beamtime at ID31 at
the ESRF in July 2021.
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Figure 3.97: 0., vs logigtime of sweep hold cycle 25 with E,,,, as 1.112 V on Pt(100)

in 0.1 M HCIO,4. Data from X-ray file Pt100_13 at the CH5918 beamtime at ID31
at the ESRF in July 2021.
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Figure 3.98: The slopes of 20 s on Ejyq for 6. and 0., vs logio(time) of Pt(100)
sweep holds in 0.1 M HCIO,4 from the double layer. The red points are slopes from
0. vs logio(time), and the blue points are slopes from 6., vs logjo(time). Data from
EC file Pt100_19 and corresponding X-ray file Pt100_13 at the CH5918 beamtime at
ID31 at the ESRF in July 2021.
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Figure 3.99: The ratio between slopes of 20 sec on E, ., for 8, and 0., vs logjo(time)
of Pt(100) sweep holds in 0.1 M HCIO, from the double layer. Data from EC file
Pt100_19 and corresponding X-ray file Pt100_13 at the CH5918 beamtime at 1D31
at the ESRF in July 2021.
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For the 6, vs Int plot from EC data and 6., vs Int plot from X-ray data, they both
don’t linearly increase vs Int in Fig. 3.96 and 3.97, and the slopes don’t linearly relate
to hold potential as shown in Fig. 3.99, which is different from the potential step
tests in Section 3.2.4 and 3.2.5, and references [103, 104]. Both slopes stay flat before
1.05 V and after 1.15 V, sharply increase from 1.05 to 1.1 V, and decrease from 1.1 to
1.15 V. They both sharply change from 1.05 and 1.15 V, so the Pt extraction shown
by X-ray data happens at the same time with other reactions in the oxide peak like
Og4s formation shown by EC data, and both reactions grow to fastest reacting speed
at ~1.1 V. However, after 1.15 V, the slope of 6, is still very high, but the slope of
0., is steady at a lower number ~0.02 ML, so there are still some reactions with e~

transfer happening but not too much Pt extraction any more.
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Chapter 4

Conclusions

This thesis has investigated the nature of the reactions that occur as Pt(111) and
Pt(100) single-crystal surfaces are electrochemically oxidised. In these reactions,
Pt atoms are extracted from their lattice sites, which remodels the Pt surfaces.
Eventually, after many oxidation and reduction cycles, the Pt surface is degraded,
and in Pt fuel cell catalysts this limits the lifetime of the catalysts. The oxidation
was studied by combined electrochemical and surface X-ray diffraction experiments
carried out at ESRF, Grenoble, France and DESY, Hamburg, Germany. Several
types of electrochemical experiments were carried out, including cyclic voltammetry,

potential steps, and potential sweep-hold experiments.

This first stage of the data analysis was to estimate the double layer charges of
CV data. Different baselines were used to subtract off these charges, which do not
contribute to the electrochemical reactions. The remaining charges are due to the
oxidation and reduction reactions, and were integrated to get the number of electrons
transferred, expressed as coverages of electrons, 6., which are the number of electrons

per surface atom.
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The number and locations of the oxidized Pt atoms were determined by surface
X-ray diffraction experiments that were analysed by our collaborators. After the
structures with the coordinates of the Pt atoms were determined from surface crys-
tallography through analysis of crystal truncation rods, the calibration relationship
between X-ray intensity and the number of extracted atoms was determined. This
calibration curve could then be used to calculate the coverage of extracted atoms,
Oz, from the X-ray intensity during a CV or other electrochemical experiment. The
two coverages 0, and 6., were then compared to decide what the possible reactions
were, including their stoichiometry and the oxidation states of the Pt atoms. Po-
tential step experiments and potential sweep-hold experiments were also analyzed to
find these coverages, and their time dependence was used to determine the kinetics.
A logarithmic growth law has been suggested in the literature for similar experi-
ments on polycrystalline or cycled single-crystal surfaces, and this possibility was

investigated here for the initial stages of oxidation on these single-crystal surfaces.

In all, the surface degradation of Pt(100) surface is much faster than Pt(111), so
for the real nanoparticle Pt catalyst in fuel cells, it’s better to have more Pt(111)
surfaces and fewer Pt(100) for longer lifetime with fewer degradation, and Pt(111)
surfaces in Pt catalyst because Pt(100) surfaces are fast degraded after several times
of use, and Pt(111) surfaces are left for research of long term lifetime research of

thousands or even millions times of turning on and off of fuel cell.

For the Pt(111) extraction, from CV data with segmented baseline correction,
6 to 7.5 e~s are transferred per extracted Pt but 6., is very low, and the possible
product is 0.5 ML adsorbed oxygen and a few extracted PtO. If CV isn’t baseline
corrected, more than 10 e”s are transferred per extracted Pt, and the extraction

process products 0.5 ML O,y and a few extracted PtOs. However, its corresponding
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cathodic charge for the reduction process is much lower than the anodic charge if

there is no baseline correction.

For the extraction of Pt(100) with CV segmented baseline correction, there are
3 to 4 e~ s transferred per extracted Pt, and it produces O,4s and extracted PtO,
units in long chains, with the addition of both groups as 0.5 ML, and extracted PtO,
units as 6., (0.25 ML to 0.39 ML). If there is no baseline correction on CV data,
there are 4 to 5.2 e~s transferred per extracted Pt, which matches the reaction to
form 0.5 ML O,4s and % short extracted Pt4Oqy chains or short extracted Pt3Og

chains with an equal number of independent extracted PtO,, of which the coverage

06{1?
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. Similar to Pt(111), the cathodic charge without baseline correction is much

lower than the corresponding anodic one.

For Pt(100) potential steps, 6. only fits the logarithmic growth law in the first
second of each step, and then is unchanged after ~1 s (the limit time is different via
steps). The slope of 6, vs log ¢t was linearly related to potential, but with different
values from reference [104]. This difference is probably caused by the errors on charge
data. Then 6., vs log t shows the Pt extraction only happens at 1.0 to 1.2 V, and the
reactions happened in two datasets are nearly same. The 6, vs 0., ratio is larger than
for the CV data. This is because the double layer charges and surface restructuring
from Pt extraction-reduction cycles occur for each step after ~1 V, which makes the

Pt surface different for different steps, with different reactions.

For the Pt(100) sweep holds, 6. and 0., vs logt show an increasing relationship
that is not very linear. Also, their slopes are not linearly related to potential. Both
the slopes sharply change during the potential range of Pt extraction from 1.05 to
1.15 V, and are steady out of this range.

In terms of future work, the immediate next steps would be more tests on Pt(111)
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after fast scans, because there needs to be an reference X-ray intensity measurement
at 0.9 V on the flat and smooth surface before the fast scans begin, in order to deter-
mine the absolute values of 6.,. Then, the mechanism of changes on Pt(111) surface
after fast scans need to be learnt, because both Pt(111) surfaces are pre-treated
by fast scans in Section 3.1.3 and Section 3.1.4, but the Pt surface performances
on X-ray are absolute different. Also, we need more work on potential step tests on
Pt(100) surface, because double layer charges of first experiment need to be removed,

and the first 0.1 s current data of second experiment are missing.

In the longer term, other catalyst materials could be studied. Pt catalysts are
too expensive and too rare if the fuel cell is really mass produced. Therefore, Pt
extraction or other similar reactions on cheaper materials need to be researched. For
example, platinum metal alloy catalysts such as Pt-Co, Pt-Cr are said to be very

stable in lifetime tests compared with other platinum metal alloys [116].
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