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SUMMARY

The research work presented in this thesis is focused on the synthesis of
electrocatalysts that contain less amount of platinum but with very high activity for
fuel cell reactions to address the scarcity of Pt and its high overpotential during fuel
cell operation. Firstly, Ptge-Aucore €lectrocatalysts with a controlled shell thickness
have been successfully prepared using the successive reduction method. The
physicochemical properties have been characterized and their activities have been
tested for methanol oxidation reaction. It is found that due to the increase Pt
utilization; this structure shows a 3-fold improvement higher than the conventional
Pt/C for methanol electrooxidation.

Secondly, a novel structure of electrocatalysts, submonolayer Pt-decorated Au
nanoparticles with a controlled surface coverage has been successfully prepared and it
was found that this novel structure exhibits a remarkably high activity towards formic
acid electrooxidation. The origin of the enhancement has been elucidated using
electrochemical techniques and it is proposed that this novel structure shows high
activity due to the “ensemble” effect and “electronic” effect where the decreasing
availability of adjacent Pt atoms this structure posses is responsible for the first effect
and the increase in the Pt-d band centre due to adding Au is responsible for the second
effect. Moreover, a new reaction mechanism is proposed and the activity-stability-size
relation has been studied to optimize the structure and size of this novel structure.

Finally, a facile preparation of Cocore-Ptshen has been developed and it was
found that pH has critical effect to obtain a well controlled composition of core-shell
structure. This novel structure shows an increase in the activity of 4 times higher than
that of Pt/C towards oxygen reduction reaction. It is hypothesized that the origin of the
enhancement is due to the less defect and also due to the favorable Pt-Pt intermetallic

distance that this structure possesses.

Keywords: electrocatalyst, core-shell, Pt-decorated Au, oxygen reduction reaction,

formic acid, methanol oxidation reaction.

XV
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Chapter 1

Introduction and scope of the thesis

1.1. Introduction

As the number of cars, trucks and buses on the road increases, the need for
alternative technologies to the internal combustion engine becomes ever more apparent.
The largest of the world's oil reserves are in the politically unstable Middle East and in
any event cannot last indefinitely. On the other hand, it is well known that the vehicle
exhausts can cause health hazards, and concerns about emissions of the greenhouse gas
carbon dioxide are also growing. Although vehicles are made more efficient and cleaner,
the gains are being offset by the rapid growth in the total number of vehicles, particularly
in Asian markets. According to the International Energy Agency,"” in 1996 around 634
million vehicles were on the road worldwide, an increase of almost 30 percent from a

decade earlier; and totally 3.7 billion tons of carbon dioxide were emitted by them.

Automakers are investigating a variety of ways to reduce emissions drastically.
Electrochemical fuel cells producing power for electric drive motors are now widely seen
as a promising possibility. Unlike familiar dry cell batteries, which store a fixed amount
of energy in their electrodes, fuel cells can run as long as fuel and oxidant are supplied-or
at least until components in the cells degrade. One type of fuel cell that may potentially
replace internal combustion engines in automobiles is Proton Exchange Membrane Fuel

Cells (PEMFCs).

PEMEFC:s are typically classified based on the fuel which is being used like methanol,

ethanol, formic acid or hydrogen. The usage of lower aliphatic alcohol and formic acid
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are considerably safer and easier to store compared to hydrogen, but the applications still
face several challenges due to the poor anode kinetics. A great deal of research has been
focused on improving the poor anode kinetics mainly on improving the catalyst activity

and durability.”*

While many significant improvements have been made to enhance the catalyst
activity, challenges still remain toward commercialization of PEMFCs. A key factor
impeding the commercialization is its cost competitiveness where the predominant cost
driver is the amount of precious metal being used. In order to reduce the usage of Pt and
without lowering its activity, in this research we synthesize two kinds of structures which
are core-shell and decorated structures with low platinum loading that can significantly
reduce the amount of Pt usage while maintaining its high activity for fuel cell reactions
such as methanol oxidation reaction, formic acid oxidation reaction and oxygen reduction

reaction (ORR).

1.2. Scope of the thesis

As described in the previous section, the research work here is focused on the
development of Pt based electrocatalyst with two types of nanostructures namely core-
shell structure and decorated structure with low Pt loading. This study is directed on the
development of different wet chemistry methodologies, which are successive reduction
method and replacement reaction method. For the methanol oxidation reaction and formic
acid oxidation reaction, Au metal was chosen as the core for the Pt deposition while for
the ORR Co was chosen as the core for the Pt deposition.

Following the above explanations, the main work in this research is summarized

as follows:
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1) Synthesis and characterization of carbon supported Ptge-Aucore €lectrocatalysts
for methanol oxidation reaction.

2) Synthesis and characterization of submonolayer Pt-decorated Au nanocatalysts
for formic acid electrooxidation.

3) Study of the effect of Au particle size on the activity of Pt-decorated Au towards
formic acid electrooxidation.

4) Study of the effect of reducing Au precursor onto the as-prepared Pt-decorated
Au on the activity and stability of decorated structure during formic acid
oxidation.

5) Synthesis and characterization of Cocore-Ptshen electrocatalysts prepared by
replacement reaction for oxygen reduction reaction.

Following the above summary, Chapter 2 provides the overview of PEMFCs and
the state of the art catalysts used in methanol oxidation reaction, formic acid oxidation
reaction and oxygen reduction reaction together with the fundamental mechanism
involving these reactions on the surface of Pt electrocatalysts during fuel cell operations.

Chapter 3 presents the work on the preparation of Ptg,e-Aucore €lectrocatalysts and
their activity for methanol oxidation reaction. It has been found that such a core-shell
structure exhibits improved catalytic activity due to the high Pt utilization this structure
possesses. The effect of different shell thickness was studied. It is found that core-shell
catalysts with a complete and thin shell obtained at Pt/Au mole ratio of 1:1 shows an
enhanced activity up to 3 times higher compared to that of Pt/C.

Chapter 4 presents the systematic study of Pt-decorated Au electrocatalyts and

their activity for formic acid electrooxidation. The effect of different Pt/Au mole ratio
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was studied ranging from Pt/Au 1:10 to 1:2. It is found that the specific activity of this
structure increases with the decrease of Pt/Au mole ratio. This enhancement is attributed
to the ensemble and electronic effect as revealed by the electrochemistry experiments.
Moreover, a new formic acid eletrooxidation mechanism is proposed.

The size of the catalysts when reduced to nanoscale could affect their
characteristic and activity.” ® Hence, the effect of nanoparticle size together with the
effect of adding more Au onto the Pt-decorated Au electrocatalysts is discussed in
Chapter 5 in order to optimize the structure of the decorated structure. It is found that the
durability of the catalysts increases with the decrease of size albeit with a lower initial
activity. Also the effect of adding Au onto the Pt-decorated Au has been found to
enhance the specific activity and increase the durability of the catalysts.

Chapter 6 presents the preparation of Cocere-Ptsnen €lectrocatalysts for ORR. It has
been demonstrated that pH has critical effect for the optimum formation of this core shell
structure, where a neutral pH is beneficial to prevent the extensive dissolution of Co
nanoparticles without any subsequent deposition of the Co ions in the form of Co-oxide.
It is found that the optimized structure of Cocere-Ptsnenn €xhibits an ORR specific activity of
4 times higher than that of Pt/C, which could originate from the favorable Pt-Pt
interatomic distance that this catalyst possess.

Finally, Chapter 7 summarizes the findings and provides the directions and

recommendations for future work.
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Chapter 2

Literature review

2.1. Basics of fuel cell

Fuel cell is electrochemical device that directly convert chemical energy to
electrical energy without taking the loop of heat production. It is similar to a conventional
battery, but unlike the battery, the fuel for fuel cell must be fed continuously thus no
time-consuming charging circuits are required as in a battery. It is the most attractive
technology that can replace the common combustion engine because it is not limited to
Carnot efficiency. However there are still a lot of obstacles that have to be overcome in
order to commercialize the fuel cell technology.

Anode, electrolyte and cathode represent the main components of a single fuel
cell. The output voltage of a single cell is limited by the Nernst potential of the two half-
cell reactions on the two opposite electrodes. Electrochemical oxidation of the fuel occurs
on the anode and the electrochemical reduction of the oxidant on the cathode. Ions
generated from the electrochemical reduction or oxidation processes are transported
through the electrolyte which is ionically conductive but electronically insulating. During
the reaction, the electrons generated will flow through the external circuit thus producing
electrical energy, while the ions generated will flow through the electrolyte from one side

to the other side of the electrode thus completing the overall fuel cell reactions.”™ "
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Fig. 2.1. Schematic drawing of Fuel Cells.

2.1.1. Types of fuel cells

Fig. 2.1 shows the operating principle of fuel cell for every type of fuel cell that is
generally characterized by the electrolyte material. The electrolyte is the bridge for the

ion exchange that generates electrical current. There are 5 types of fuel cells,”* ™ which

1s listed in Table 2.1:

Table 2.1. Types of Fuel Cell

Type Electrolyte Operating temp.
Proton Exchange Membrane Fuel Cell Polymer Membrane 30-140°C
(PEMFC)
Alkaline Fuel Cell Potassium Hydroxide 150-200°C
(AFC)
Phosphoric Acid Fuel Cell Phosphoric Acid 180-200°C
(PFAC)
Molten Carbonate Fuel Cell Lithium/Potassium Carbonate 650°C
(MCFCQC)
Solid Oxide Fuel Cell Yittria Stabilized Zirconia 1000°C
(SOFC)

There is no single type of fuel cell that shadows others. But due to the low operating

temperature, PEMFC is very attractive for automotive and portable applications.
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2.1.2. Thermodynamic and Kinetic considerations of fuel cell

The reversible cell electromotive force (emf) or Egcen is defined as the difference
between standard reduction potentials of the cathode and anode reactions (Egcathode and
Eoanode). The actual value varies with the particular reactions that happen on both
electrodes. For example for a PEMFC fueled with hydrogen the reversible cell emf is
1.23 V, and the Gibbs free energy change at standard conditions of the overall fuel cell
reaction is always negative, representing a spontaneous process. This is the
thermodynamic consideration of fuel cell process.”™* 7

Ideally the cell voltage in fuel cell is independent of the current drawn, but because
of the irreversibility or polarization that could develop during fuel cell operation, a
completely reversible cell voltage can not be achieved. Overpotential is defined as the
voltage difference between the reversible cell voltage based on the fuel cell reactions and
the actual cell voltage at certain current density (total current divided by active electrode

area). In fuel cells and most electrochemical system,”* "

the sources of overpotential are:

1. Losses due to the electrode kinetics limitation (activation overpotential),
which are dominant at low current densities. For example, the sluggish
kinetics of oxygen reduction reaction at the cathode has already caused 0.2 V
open circuit potential loss.

2. Resistive losses from the electrodes and electrolyte (ohmic overpotential).

These losses are prominent at intermediate current densities (~100 to 500

mA/cm?)
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3. Losses due to mass transport limitation in the gas-diffusion layer
(concentration overpotential), which will dominate the potential loss at high
current densities.

These overpotentials collectively cause the decrease of the actual cell voltage with the
increase of the current density. A typical polarization curve (cell voltage vs. current

density) for a PEMFC fueled with hydrogen is shown in Fig. 2.2.
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Fig. 2.2. Polarization curve of PEMFC fueled with H,.

2.2. Proton exchange membrane fuel cell (PEMFC)

Proton Exchange Membrane (PEM) fuel cells are typically classified based on the
fuel being used such as hydrogen based, Direct Methanol Fuel Cell (DMFC) and Direct
Formic Acid Fuel Cell (DFAFC). Although hydrogen fuel cell has high efficiency and
high power densities, the use of hydrogen always triggers safety concerns due to the
difficulty in storing highly flammable gaseous H,. On the other hand, methanol fueled

fuel cells have advantages due to the storage easiness and fuel availability, but the
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problem of slow anodic kinetics and high methanol crossover limit their potential use to
low power density applications, such as portable appliances.2'4’ 7
2.2.1.Methanol oxidation reaction (MOR)

Liquid fuels and/or oxidants can be used in a PEMFC. A type of PEMFC, the
direct methanol fuel cell (DMFC), uses liquid methanol as the fuel. Methanol has a
relatively high net energy density (5.26 kWh kg') which exceeds that of pure H, (2.3
kWh kg).% "% Methanol as a liquid fuel also has an important advantage in that the
infrastructure for supporting a liquid fuel is already in place in terms of fuel pumping
stations and fuel transportation, making the refueling of a liquid fuel cell easy and readily
available. DMFC does suffer drawbacks. One of the most prevalent is the need for better
catalysts for the anode, where methanol electro-oxidation is carried out. The electro-
oxidation of methanol proceeds via a variety of intermediates, depending on the reaction
conditions, thereby lowering the efficiency of the fuel cell and, in most cases, poisoning
the catalyst surface with strongly bound carbon containing intermediate poisons, mainly
carbon monoxide (CO).* '
The pathway of methanol oxidation has proven to be very complex on a smooth

12-17
Ptyo1y surface.

The complete oxidation of methanol in acid media is a 6e” oxidation
forming CO, as shown in the equation below for methanol electro-oxidation in acidic
media:

CH;OH + H,0 > CO, + 6H" + 6¢”
While the complete oxidation of methanol yields CO, as the final product, at a bulk Pty
surface, the complete 6¢” oxidation seldom takes place unless a relatively high potential is

applied. In the case of Pt the electrooxidation happens at 0.6 V. There are numerous

intermediate products, including adsorbed poisons, formed during methanol oxidation. It
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was suggested that methanol oxidation takes place in several steps, forming different
species due to dissociation of the molecule'" '*:

CH;0H - Pt-CH,OH+H" + ¢
Pt-CH,0H - Pt-CHOH + H' + ¢
Pt-CHOH - Pt-COH+H +¢
Pt-COH = Pt-CO+H' + ¢

Finally the strongly adsorbed CO on Pt sites will react with adsorbed OH to form CO,

through Langmuir-Hinselwood mechanism as shown in the equation below:
Pt-CO +Pt-OH > CO, + 2Pt ++ H' +¢

From the description of the mechanism of the oxidation of methanol given above,
it is clear that modification of the adsorbed OH coverage is vital to the improvement of
the overall oxidation performance, since the CO is strongly adsorbed on Pt sites and is
difficult to oxidize at low potential.
2.2.2.Formic acid oxidation reaction

The formic acid electro-oxidation has attracted a lot of attention in the past decade
because of the potential advantages of a direct formic acid fuel cell over a DMFC. The
advantages are firstly formic acid normally exists as liquid at room temperature. Secondly,
formic acid is non-explosive especially when dissolved in water, which makes the
distribution, handling and storage easy, as compared to methanol and hydrogen. Thirdly,
direct formic acid fuel cell does not suffer from the formic acid cross-over through the
electrolyte membrane due to the anodic repulsion of formate anions and PEM.'’?

Fourthly, it has a theoretical emf of 1.45V albeit with a lower power density of 1.74

kWh/kg with respect to methanol.'”*

10



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

It has been generally accepted that formic acid oxidation occurs via a dual path
mechanism,’"*? i.e., a main dehydrogenation path involving reactive intermediate and a
parallel path dehydration path involving adsorbed CO as a poisoning species, as shown
on Fig. 2.3.

H- < prcooH —

| R
1

H,D L
HOOKH = Pta—® Pi- HOOOH : | gt

Ho T o
Pr-C0 .

H, e
W0y =% PrOH 2% Pl

Fig. 2.3. Dual path mechanism for formic acid oxidation on the surface of Pt electrode.

While the dominating pathway on the Pt surface is the dissociative adsorption
(dehydration) pathway that formed CO as the intermediate that eventually blocked the Pt
sites. “The CO,gs can only be oxidized when Pt sites react with adsorbed water to form
the Pt-OH. This shows that the desired pathway is the dehydrogenation that leads to the
formation of CO, through reactive intermediates. Recently, it has been discovered by in
situ time resolved Fourier transform infrared spectroscopy that formate (HCOO) is the
reactive intermediate in the dehydrogenation pathway, instead of carboxylic acid (COOH)

»3336157  Brom  the description of the mechanism of the formic acid

species.
electrooxidation given, it is clear that a new type of catalyst that has high selectivity
towards the dehydrogenation pathways is essential to the improvement of the overall
oxidation performance since CO,q4s can only be oxidized at high potentials.

2.2.3.Oxygen reduction reaction

Oxygen reduction is one of the most extensively studied electrochemical reactions

due to its significance in both natural and industrial processes. Oxygen reduction is the

11
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cathodic reaction in H,/O, fuel cell, direct methanol fuel cell and direct formic acid fuel
cell. However the slow kinetics of this reaction is an impediment in their development.
Improvements in the efficiency of the oxygen reduction reaction would lead to an
improvement in the overall efficiency of fuel cells.>*"®
The oxygen reduction reaction is a multi-electron reaction that may include a
large number of intermediates and rate-determining steps involving various pathways.
Although it is not the intent of this work to elaborate the mechanistic route of oxygen
reduction reaction, it is useful to describe these mechanisms.>*”’
The reduction of oxygen in acidic medium may proceed by two overall pathways:
1. The direct 4-electron pathway
O, +4H" +4e > 2H,0 E°=1.229V
2. The peroxide pathway

O, +2H" +2¢ > H,0, E°=0.67V

Followed by either the reduction of peroxide

H,0, +2H" +2¢" > 2H,0 E°=1.77V

Or the decomposition of peroxide

2H,0; = 2H,0 + O,
Depending on the electrode material, oxygen reduction reaction may proceed by either
pathway 1 or 2 or by a parallel pathway. Oxygen reduction reaction on Pt predominantly
occurs via pathway 1.7 %’
2.3. Electrocatalysts

At the heart of the PEMFC is the so-called membrane electrode assembly (MEA),

which consists of two gas diffusion electrodes with catalyst layer sandwiched between a

12
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proton exchange membrane. Typically, these components are made separately and then
hot-pressed together under pressure. The most prominent cost of PEMFC lies on the
electrocatalyst, where the most active catalysts are noble metals mainly Pt. That is why to
commercialize PEMFC it is very important to reduce the high cost of catalyst without
scarifying the activity.
2.3.1.Electrocatalysts for methanol oxidation reaction

For methanol oxidation reaction, Pt is still considered as the best catalyst because
of its high intrinsic activity. The existence of CO is decreasing the Pt active site for MOR
and this CO can bind strongly on the Pt active sites. The CO exists in the fuel because it
can be generated with the existence of C and O atoms in methanol. This CO can be
linearly bonded or bridge bonded to the Pt surface so that most of the active species are
blocked. To overcome this low electrocatalytic activity of Pt, some approaches have been
investigated mainly by incorporating ruthenium or tin, '*'%- 173749

It is reported that Ru can increase the rate of methanol adsorption, where the
maximum CO adsorption can be reached more quickly on PtRu surface compared to a
pure Pt surface at the same potential. Besides, due to the higher CO tolerance of PtRu,
Ru’s presence can lead to a faster CO oxidation than on pure Pt. According to the
bifunctional mechanism, OH species can be generated on the Ru species from the water
activation at low potential and oxidize the adsorbed CO species.'* % 17-373% 3931 Another
possible explanation for the enhanced CO tolerance comes from the electronic effect
where the electronic state of Pt is changed by the addition of Ru, leading to weaker Pt-CO

bond.”*** It is possible that both mechanisms may work together. But recently

13
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Wieckowski showed that the effect due to bifunctional mechanism was four times larger
than the electronic (ligand) effect.”
The optimization of the atomic ratio of Pt/Ru, the structure of Pt/Ru, and the

d 40, 41, 44, 45, 56-66

addition of a third alloying metal have been considere What is of great

interest is the optimum Pt/Ru ratio. Some researchers believe that for methanol oxidation

67, 68 69, 70
1, 0.

1:1 Pt/Ru atomic ratio is optima while others proposed a ratio close to 80:2
This discrepancy likely comes from the different surface atomic compositions. Recently

by depositing Ru atoms onto a smooth Pt electrode, Wieckowski group has found that the

optimum Ru coverage for methanol oxidation is close to 40-50%.>* !

2.3.2.Electrocatalysts for formic acid oxidation reaction
As mentioned in the previous chapter, the mechanism of formic acid oxidation in
acid solution on the surfaces of Pt and Pt-group metal proceeds via a dual pathway

31,32, 72,73 .
24 1= " Besides on Pt

mechanism, which is originally proposed by Capon and Parsons.
electrodes, the oxidation of formic acid was also for instance studied on single crystal Pt
electrode, on rhodium, palladium, and gold.73 Because Pt surfaces still suffer from the
poisoning of CO,qs, the search for surface modifiers that can enhance the catalytic activity
of Pt has been ongoing for decades. A variety of examples can be found in the review of
Parsons and Vander-Noot>> (prior to 1988) and Yu and Pickup22 (before 2008). For
example, ad-atoms such as Au, Mo, Ru, Cu, Ag, Ge, Sn, Pb, As, Sb, Bi, Se, or Te, have

20, 23, 27-29, 74-93

been tested as sources of possible catalytic enhancement. In particular, the

modification by Pd as Pd ‘‘decorated’’ polycrystalline Pt surfaces, a Pt/Pd alloy, and

14
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electrolytically deposited Pd on Pt single crystals have produced an enhanced reactivity.’®
81,87

The ideal roles of the ad-atoms are to optimize the adsorption of HCOOH while
oxidizing the poisoning species CO,4 and increasing the selectivity towards the
dehydrogenation pathway where the poisonous species CO,gs does not form. The
modification of Pt surfaces with ad-atoms such as Pb, Bi, Se and Te have produced an
increase in the reactivity, where the enhancement induced by the ad-atoms has been
explained by a “‘third body effect’’, that is the third body prevents chemisorbed CO, the
surface poison, to form on the catalyst surface.”
2.3.3.Electrocatalysts for ORR

As already mentioned the ORR suffers from poor kinetics and this results in high
polarization loss. The improvement of the overall fuel cell efficiency requires the finding
of highly active catalysts more active than that of Pt/C. But the further requirements for
the electrocatalysts like stability in harsh corrosive environment make noble metals most
suitable and among them Pt shows the lowest overpotential. Therefore it is obvious why
Pt has been used for the last two decades as the ORR catalyst. >’

In order to search for an improved ORR catalyst with high noble metal loading
while still maintaining the advantageous properties of Pt, such as relatively low
overpotential, high stability, a variety of binary and even ternary Pt alloy catalysts have
been investigated, where most of the alloyed metals with Pt are transition metals such as
Co, Ni, Cu, Cr, Mo and Fe.”” 1 However all these transition metals dissolve from the
electrocatalyst during fuel cell operation because of the strong tendency of transition

metals to leave metal alloy crystal and form metal ions in acidic environment.

15
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2.3.4. Advances in the preparation of core-shell electrocatalysts

In 1970, Turkevich et al had successfully grown Au on Pd nanoparticles to obtain
Au-layered Pd nanoparticles;''® this was the first attempt to prepare core-shell bimetallic
nanoparticles ever reported. While in 1991, Schmidt et al prepared ligand stabilized Au-

Pd and Au-Pt bimetallic nanoparticles by a successive reduction method; they did EDX

111,112
d,’

measurement to prove the shell was rich with Pt or P this was the first successful

experiment with strong evidence that the core-shell structure was formed. Even though
the core-shell structure has received much attention on heterogeneous catalysis, sensors
and magnetic materials, not until in 2005 core-shell structure was introduced as a novel

structure in electrocatalyst for fuel cell reaction.
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Scheme 2.1 Model for synthesizing Pt monolayer catalysts on non-noble metal-noble metal core-
shell nanoparticles as proposed by Adzic group.

The first core-shell electrocatalyst for fuel cell reaction was reported by Adzic
group.'*'?* They prepared a Pt monolayer on noble metal or non-noble metal
nanoparticles and used them for O, reduction (see scheme 2.1). The electrocatalysts
showed a very high activity toward O, reduction even though they only contain very
small amount of Pt as the active metal. The Pt monolayer was prepared by galvanic
displacement of a Cu monolayer deposited at underpotential. Geometric effects in the Pt

monolayer and the effects of Pt-OH coverage, revealed by electrochemical data, X-ray

16
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diffraction, and X-ray absorption spectroscopy data, appear to be the source of the
enhanced catalytic activity. Although they obtained a very promising result, the size of
the core nanoparticles was far too big so that a fully comparable activity to common
electrocatalyst Pt/C can not be established because of the large difference in the active
surface area. Moreover, the method they used here is an electrochemical method where it
is less effective and less feasible compared to wet chemistry approach in terms of mass

production of metal nanoparticles,.

17
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Chapter 3
Ptshe-Aucore €lectrocatalyst for methanol electro-oxidation
(Some parts of this chapter have been published in Ref. 157. The publisher, Elsevier,
allows the inclusion of this article in the author’s thesis.)

3.1. Introduction

Bimetallic Core-shell nanoparticles have attracted a lot attention due to their
unique structure and activity for catalysts, sensors, magnetic materials and so on.''" !>
125126 «“The enhanced activity of core-shell structure is related to the underlying interface
between the core and shell metals where the core metal modifies the electronic properties
of the shell metal.''> 120 124 12730 Another advantage of core-shell structure is the
reduced usage of shell metal by replacing the buried core atoms of expensive metal
nanoparticles with a different metal, as only surface atoms are directly involved in the
catalysis. One important example is gold and platinum bimetallic nanoparticles. In fuel
cell applications, Pt is regarded as the most important metal due to its high activity
toward the electrooxidation of fuels such as hydrogen, ethanol and methanol. Due to its
limited nature reserve and high cost, the usage of Pt in fuel cell application has to be
reduced before this technology can be commercialized.”

One of the most promising ways to reduce the amount of Pt is by replacing the
buried core metal with another metal to form the so-called core-shell structure.'®® Adzic
group is one of the first groups introducing the use of Cu UPD and subsequent

replacement with Pt to prepare Pt-based core-shell structure.''® ''* 12

Recently this
approach has been extended by Papadimitriou et al by surface replacement of the

electrodeposited non-noble metal (Cu, Co, Ni and Fe) on glassy carbon with noble metals

18



ATTENTION: The Singapore Copyright Act applies fo the use of this document. Nanyang Technological University Library

(Pt and Au)."*'"'* Such a novel structure exhibits high electrocatalytic activity for oxygen
reduction reaction (ORR) and methanol oxidation reaction with significantly less amount
of Pt being used compared to conventional Pt/C. However these two approaches use
electrochemical methods which is not feasible for mass production of nanoparticles.

In this chapter, our objective is to synthesize a well defined nanoscale Aucere-Ptsnelr
on carbon support with a controlled shell thickness and improved Pt utilization as a novel
electrocatalyst for fuel cell reaction. The core-shell structure is realized via a successive
reduction strategy and by carefully choosing an appropriate reducing agent. The
formation of core-shell structure is suggested by various techniques, including TEM,
XRD, UV-vis, TGA, EDX and electrochemical technique. By controlling the shell
thickness the enhancing effects of Au can be probed based on the layer thickness of Pt.
3.2. Experimental and characterization methods
3.2.1.Materials

Hydrogen tetrachloroaurate (III) trihydrate, hydrogen hexachloroplatinate (IV)
hydrate and sodium borohydride were purchased from Aldrich; sodium citrate tribasic
dihydrate from Fluka; hydroxylammonium chloride from Merck; sulphuric acid and
methanol from Merck.
3.2.2.Preparation of Au seed

The Au seed preparation was based on the protocol developed by Grabar et al.'**
Briefly, 1 mL of 1% aqueous HAuCly-:3H,O was added to 100 mL of H,O with vigorous
stirring, followed by the addition of 1 mL of 1% aqueous Na3;CsHsO (freshly prepared)

one minute later. After an additional one minute, 1 mL of 0.075% NaBH,4 (freshly
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prepared) in 1% Na3;CsHsO; was added. The stirring was continued for 5 minutes and
then the Au colloidal seed was stored at 4°C until needed. "*’
3.2.3.Reduction and growth of Pt on Au surface and subsequent assembly on carbon
support

Briefly, a certain amount of 0.1% aqueous H,PtCls and 0.1% aqueous
NH,OH-HCI was mixed with 100 mL water under vigorous stirring and heated to 60°C
for 3 hours. A 5 fold molar ratio of NH,OH-HCI over H,PtClg was chosen to ensure a
complete reduction of H,PtCls. No color change was observed during this period. Then
the gold seed solution was added and the temperature was held constant at 60°C for 2
hours. After 2 hours the solution was cooled to room temperature. The deposition of the
nanoparticles on carbon black was realized by mixing the as prepared nanoparticles
solution with slurry of carbon black Vulcan XC-72. Briefly, a certain amount of carbon
was mixed with 5 mL water and sonicated for 5 minutes with an ultrasonicator. After
that, it was added to the nanoparticle solution prepared above and followed by continuous
stirring overnight. The suspension was then filtered and washed with copious water. The
final product was then obtained by vacuum drying at 70°C for 12 hours. '’
3.2.4.Characterization and electrochemical measurements

X-ray diffraction (XRD) measurements were performed on a D8 Bruker AXS X-
ray diffractometer using Cu Ka radiation 0.1542 nm at 40kV, 20mA, with a continuous
scanning from 20° to 90° at a scan rate of 0.025°/s. The samples for XRD analysis were
put on a Si (911) sample holder. The UV-vis spectra of the Au and PtAu hydrosols were
measured by a Shimadzu UV2450 spectrometer equipped with quartz cells. The

concentration of Au in Au hydrosol and Pt-Au hydrosols was 8 x 10? mM. Particle size
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and morphology of samples were observed using JEOL 3010 transmission electron
microscopy (TEM) at 200kV. The samples were dispersed in ethanol under sonication
and then dropped onto a carbon-coated copper grid, followed by the evaporation of the
solvent in air at room temperature. Thermogravimetric analysis (TGA) was performed on
a TA instrument SDT Q600 to determine the total metal loading on carbon black. Typical
samples weighed ~5 mg were heated on a platinum pan with a flow of 100mL/min of air
under constant heating rate of 10°C/min. The composition analysis using energy
dispersive X-ray spectroscopy (EDX) was performed using a scanning electron
microscopy JEOL JSM-6390LA operating at 20 kV. The electrochemical signals were
recorded with Autolab PGSTAT302 potentiostat (Eco Chemie, Netherlands). The blank
voltammograms were studied in deaerated 0.5 M H,SO,; and methanol oxidation was
carried out in deaerated 1 M CH3OH + 0.5 M H,SO4. High-purity nitrogen was used for
solution deaeration. Electrode potentials were measured and reported against a saturated
calomel electrode (SCE) placed close to the working electrode. The counter electrode was
Pt wire. The working electrode was prepared based on a protocol developed by Schmidt
et al.'”*® 10uL of catalyst ink was deposited via a microsyringe onto the surface of a
glassy carbon disk (Pine instrument, 5 mm diameter, 0.196 cm?®). The catalyst ink was
produced by dispersing 8.0 mg of 20% Au/C, Pt/C and PtAu/C with ultrasonicator in 4.0
ml ethanol for 20 minutes. After drying the catalyst ink, another 10uL of 0.05% Nafion
solution (diluted from 5% commercial solution with isopropanol) was dropped on top of

the disk to fix the catalyst powders. '’
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3.2.5. Preparation of conventional Pt/C

Pt/C was prepared based on previous procedure'*® with slight modifications such
as 20% Pt loading instead of 10 % and the whole preparation was done without Ar
environment. Briefly, 80 mg of carbon black was suspended in 100 mL ethylene glycol
solution; then 54 mg of H,PtCls.6H,O dissolved in 50 mL ethylene glycol was added to
the solution dropwise. NaOH (2.5 M in ethylene glycol) was added to adjust the pH of
the solution to above 13 and then the solution was heated at 140°C for 3 hours under
reflux. The solid was filtered and washed with copious DI water and then dried at 70°C
overnight.”"’
3.3. Results and discussion
3.3.1. Au nanoparticles as the seed

Au seeds with average size of 4.8 nm were synthesized based on the previous
reported protocol by Grabar et al. '** The overall chemical reactions for the preparation of

this Au hydrosol are given below:

NaBH4 + HAuCls + 3H,0 = Au + H3;BOs + 3HCI1 + NaCl + 2.5H,

—— 0th minute
————— after 7 minutes

absorbance (a.u)

300 400 500 600 700
wavelength (nm)
Fig. 3.1. UV-vis spectra of HAuCl, aqueous solution before (0" minute) and after reaction (after
7 minutes).

22



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

During the experiment, the color of the solution changed quite fast after adding
the NaBH4 from slightly yellow into dark wine. This shows that HAuCly is readily
reduced by NaBH, at room temperature. The successful reduction of the AuCly to Au
hydrosol was verified by UV-vis spectroscopy. As shown in Fig. 3.1, the strong
absorption peak at 294 nm is attributed to the absorption of AuCly near the red region
wavelength.'*” '*® Before the reaction this peak could be observed but after only 7
minutes of reaction (dash line), this absorption peak vanished. Instead, a weak absorption
peak at 511 nm that belongs to Au hydrosol was observed."”” '** This shows that the
reaction time and the amount of reducing agent (NaBH,4) are enough to reduce all the
AuCl* to Au zerovalent.

The Au nanoparticles were further characterized using TEM. The TEM image of
Au nanoparticles on carbon black and the particle size distribution are shown in Fig. 3.2.
“It can be seen that the Au shape is spherical and dispersed well on carbon black with a

mean diameter of 4.8 nm.

Fig. 3.2. TEM ies of Au nanopartlle on carbon b‘l‘ack, ) lafge scton; B) small section.
The inset in B shows the particle size distribution.
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3.3.2. Ptshen-Aucore electrocatalysts
To deposit platinum on the surface of Au, NH;OH-HCI was carefully chosen as
the reducing agent because it has been known that NH,OH-HCI acts only as a growth

agent in slightly acid environment without forming a new nucleus.''*'"

During the
heating pre-treatment where H,PtCls aqueous solution and NH,OH-HCl aqueous solution
were mixed, neither color change nor precipitation was observed. This strongly suggests
that NH,OH-HCI only acts as the growth agent in the presence of preformed nucleus. The
addition sequence is of critical importance in the experiment, e.g. adding of Au seeds into
the solution during preheating stage will lead to the coarsening of Au seeds. The one
reported in this work gave the most uniform dispersion.

The final size of the Pt-Au nanoparticles based on the nominal Pt/Au ratio in the

. . . . 125, 139
precursor solutions can be calculated according to this relation.

1
[ Ve[ Pt] ]3
D=Dcore 1+—]

Vau[Au

9

Table 3.1. Properties of nanoparticles prepared with different Pt/Au mole ratios.’

measured calculated calculated shell Pt specific surface
Pt/Au ! . . . . .
mole ratio particle size particle size thickness area normalized
(nm) (nm) (nm) by that of Pt/C
0 4.8 - - -
1:2 5.4 5.43 0.31 32
1:1 6 5.94 0.57 4.9
2: 7 6.75 0.98 3.2
3:1 7.5 7.41 1.30 1.9
4:1 8.2 7.97 1.58 1.3
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et R P LR A A
Fig. 3.3. TEM images of the representative samples: A1) Pt/Au=1:2 hydrosol; A2) Pt/Au=1:2 on
carbon; B1) Pt/Au=1:1 hydrosol; B2) Pt/Au=1:1 on carbon; C1) Pt/Au=2:1 hydrosol; C2)
Pt/Au=2:1 on carbon; D) Pt/Au=3:1 hydrosol; E) Pt/Au=4:1 hydrosol.

Where D¢ore 1s the diameter of Au seeds as determined by TEM analysis, the V,’s
are the mole volumes and the []’s are the overall concentrations of the two metals
involved. “By changing the precursor Pt-Au mole ratio and keeping the amount of Au
seeds constant, the Pt shell thickness can be controlled and estimated by (D-Dcore)/2.
Table 3.1 shows the calculated average particle size, shell thickness and specific surface

area of Pt normalized with that of Pt/C for different ratios of Pt/Au.” '’
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TEM was first conducted to examine the particle size and morphology of the PtAu
catalysts. Fig. 3.3 shows typical TEM pictures of the PtAu nanoparticles hydrosols and
PtAu nanoparticles supported on carbon black with various mole ratios. The catalyst
preparation included the assembly of the nanoparticles on carbon black. It can be seen
from Fig.3.3. (Part A2, B2 and C2) that the as prepared nanoparticles can be easily loaded
onto carbon black. It can also be seen that all the prepared catalysts are well dispersed
without agglomeration, as a result of the stabilizing effect of the acetate ions, since

nanoparticles have the ability to adsorb negatively charge ions.

A  pd.SB4m | B ~4_=60mm | C d.,=7.00m
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Fig. 3.4. Particle size distribution based on TEM of representative samples: A) Pt/Au=1:2; B)
Pt/Au=1:1; C) Pt/Au=2:1; D) Pt/Au=3:1; E) Pt/Au=4:1.

“The stack diagrams of the particle size distribution (Fig. 3.4) include analysis of
several different catalyst regions and quantification of the size of roughly 400 particles
per catalyst. They reflect quantitatively the uniformity of the distribution with their
distinct mean particle diameter. It becomes evident that with the increase of Pt/Au mole

ratio, the mean particle size of the nanoparticles also increases. The measured mean
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particle size for all the ratios agrees quite well with the calculated value as listed in Table
3.1. The core and shell components on PtAu nanoparticles are not easily differentiable
because Au and Pt exhibit the same imaging contrast and have the same crystal structure.
But the size increment before and after Pt deposition can be clearly seen. This, together
with the similarity between measured mean particle size and calculated size, indicate that

the Pt grows on the surface of Au, not forming its own nucleus.” °7'¢

—1Au

—2 Pt/Au=1:2
— 3 Pt/Au=1:1
— 4 Pt/Au=2:1
— 5 Pt/Au=3:1
——6 Pt/Au=4:1
—7Pt

intensity (a.u.)

" I . I " I . 1 . 1 "
30 40 50 60 70 80 90

2 theta (degree)
Fig. 3.5. XRD patterns of Au/C, Pt/C and various PtAu/C.

XRD spectra of the monometallic Au/C and Pt/C nanoparticles and the PtAu/C
bimetallic nanoparticles are shown in Fig. 3.5. The characteristic peaks of fcc Au
(260=38.2°, 44.4° and 64.6 °) and fcc Pt (20=39.8 °, 46.2 ° and 67.6 °) marked by their
indices (111), (200) and (220) were observed for the monometallic catalysts. While for
PtAu/C at the lowest Pt/Au ratio (1:2), the spectra resemble the core metal spectra. But a
closer look at the diffraction peaks of Pt/Au=1:2 reveals that the corresponding peak
widths are not symmetric and the intensity was increased in the middle position between

the pure Au peaks and pure Pt peaks, for example at 2 theta range of 64°-66° besides the
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Au (220) peak at 64.6° another peak at 65.3° could also be seen. This observation
suggests the presence of Pt phase on Au nanoparticles. Since there are 2 different phases
on the PtAu nanoparticles, the Scherrer formula using XRD data can not be used to
estimate the average particle size which can be obviously seen from the width of the

peaks of PtAu nanoparticles where they are all broader compared to that of Au/C. '’

absorbance (a.u)

T T T T T
200 300 400 500 600 700 800
wavelength (nm)

Fig. 3.6. UV-vis spectra of PtAu hydrosols with different Pt/Au mole ratios.

“Absorption spectra of Au hydrosol and Pt-Au hydrosols are shown on Fig. 3.6.
The absorption peak at 511 nm due to the surface plasmon resonance of Au can be clearly
observed for Au hydrosol. The continuous increase of the absorption intensity at lower
wavelength with the increase of Pt/Au ratio is attributed to the increasing amount of Pt

- 139, 140
deposited on Au. ™

For the PtAu hydrosol with 1:2 mole ratio, the Au plasmon
absorption peaks become damped and shifted to a lower wavelength located at c.a 500
nm. This indicates that almost all the Au surface has been covered with Pt. While for the
Pt/Au ratio 1:1 and higher, the Au plasmon absorption peak can be considered to be

vanished. This suppression with the increase of Pt-Au ratio indicates a continuous

increase in the shell thickness, consistent with the TEM analysis. *’
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Fig. 3.7. TGA curves for Au/C, Pt/C, various PtAu/C and carbon black
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To verify the loading of the nanoparticles on carbon black and the atomic
compositions, TGA experiment and EDX experiment were conducted and the results are
shown in Fig. 3.7 and 3.8 respectively. From the mass change in Fig. 3.7, all the metal

loadings are close to the nominal loading (20%) showing the successful reduction of all

the metal precursors and subsequent deposition onto carbon black.

6.25 7.50 875 1000  11.25

12.50 0.00 125 2.50 375 500 6.25 T.50 875 10,00 11.25 12.50

Fig. 3.8. The EDX spectrum of A) Pt/Au=1:2 and B) Pt/Au=1:1

The EDX spectrum in Fig. 3.8 confirms the presence of Pt and Au in Pt/Au=1;2
and Pt/Au=I1:1. By quantitative EDX analysis, the corresponding average Pt/Au mole

ratios are 1:2.1 and 1:0.98 for Pt/Au=1:2 and Pt/Au=1:1 respectively, which are quite

close to the nominal ratios.
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Fig. 3.9. a) CV of Au/C and PtAu/C (1:1) and b) cathodic scan of the CV of PtAu/C with
different mole ratios in the range of 0.6-1.2 V. Scan rate 50mV.s™, in 0.5 M H,SO..

Solid evidence for the homogeneity of the Pt coating comes from cyclic
voltammetry (CV) as it can be regarded as a surface sensitive technique that only detects
the electrochemical properties of surface atoms rather than bulk atoms. Fig. 3.9 shows the
representative cyclic voltammograms for Au/C and PtAu/C. For Au/C the upper limit
potential was 1.45 V while for PtAu/C was 1.2 V. The Au/C scan showed a typical
voltammetric response of Au surface in acidic condition, including the oxide formation at

1 For the

c.a 1.1 V, oxide stripping at ~ 0.9 V and a flat, double layer region until 1 V.
PtAu/C (1:1) the above Au features are not observed. Instead, the typical features of Pt
are observed which are: the broad oxidation peak, the sharp reduction peak at ~ 0.5 V and
the hydrogen adsorption desorption peaks at low potential. This indicates that the entire
Au surface has already been covered with Pt.'**'* To prevent the Pt anodic dissolution
that can change the quality of the Pt coating, the upper limit potential for the PtAu/C was

lower compared to Au/C, but it is still high enough for the observation of Au oxidation as

indicated in Fig. 3.9.
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Fig. 3.10. CV of 20% Pt/C and PtAu/C with different mole ratios in 0.5 M H,SO, at 50 mVs™'.

Even more interesting is the quality of the Pt coating with various Pt/Au mole
ratios as analyzed from CV result. To make a clear observation of the plots, only the
cathodic scans of selected potential range of interest are presented. As shown in Fig. 3.9
part b, for the Pt-Au ratio of 1:2, the Au oxide reduction peak at 0.9 V still can be
observed. This shows that there are some exposed Au sites, which is consistent with the
UV-Vis observation. While for the higher Pt/Au ratio, the Au oxide peak is not observed,
suggesting a complete shell of Pt has already covered the Au surface. The calculated shell
thickness for the ratio of 1:2 is 0.31 nm which is bigger than the Pt atomic diameter of
0.278 nm.'*" If the growth of Pt on Au seed is epitaxial, this ratio should be enough to
form a complete monolayer of Pt. The still observed Au suggests that the Pt growth is not
fully epitaxial, although Pt and Au all have cubic closed pack structure. Probably Pt
clusters or islands were formed first on the Au seed surface. Further growth with the
increase of the Pt/Au ratio then fill the gaps between these islands to form a complete
coverage. This suggests that the Pt surface has stronger activity compared to the Au

surface for the reduction of PtClGZ.

31



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

To demonstrate the improved utilization of Pt in the core-shell structure compared
with conventional Pt/C, the Pt electrochemical surface area (ECSA) of all the catalysts in
Fig. 3.10, was measured by integrating the hydrogen desorption region. The specific
surface area was then obtained by dividing the ECSA with Pt weight and reported in
Table 3.1 after normalization to the value of the Pt/C. It can be seen that all core shell
catalysts show improved specific surface area than Pt/C because of the improved Pt

dispersion, although the latter has much smaller size.
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Fig. 3.11. CV of Pt/C and PtAu/C with different mole ratios at 10 mVs™
in 1 M CH;0H + 0.5 M H,SO,

The electrocatalytic activities of PtAu/C were tested in aqueous solution of 1 M
CH;OH + 0.5 M H,SO4 at room temperature and normalized with the Pt loading (Fig.
3.11). The specific catalytic activity of Pt, represented by the forward peak current,
decreases with the increase of Pt-Au ratio, in agreement with the trend of normalized
measured specific area in Fig. 3.10 and calculated values in Table 3.1. Considering that
only surface atoms are active as catalyst for reaction, this can be explained by the fact

that surface atomic ratios of Pt is higher with thinner shell (lower Pt/Au ratio). As a result
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of this improved dispersion, the specific activity of Pt at Pt/Au ratio of 2:1 and 1:1 are
two to three times better than Pt/C. While for the higher mole ratios, the activities were
almost the same or slightly lower compare to Pt/C because of the comparable specific
surface area (Table 3.1). As for the PtAu/C (1:2), much lower activity was observed. This
may be explained by the fact that not enough continuous Pt atoms available to conduct
the dehydrogenation of methanol on the surface of Au, since several continuous atoms of
Pt (neighbouring sites) are needed for the methanol oxidation."*® Another explanation
may come by the fact that at this mole ratio some of the Au sites are still exposed and
based on the DFT calculation, this exposed Au surface leads to a stronger CO adsorption

146 A closer look at the

on Pt sites that block the continuous dehydrogenation reaction.
peak potential on the forward scan indicates that PtAu/C catalysts that form a complete Pt
shell show a negative shift compared to that of Pt/C (see Table 3.2). This shows that Au
as the core metals has a positive effect for the methanol oxidation, when the Pt overlayer

forms a complete shell.

Table 3.2. Forward peak potentials and I¢/1,, ratios of Pt/C and various PtAu/C

Catalyst Peak potential (V) Iy/1,, ratio
Pt/C 0.60 1.01
PtAu/C (1:2) na® na®
PtAW/C (1:1) 0.58 1.06
PtAW/C (2:1) 0.58 0.98
PtAU/C (3:1) 0.58 0.97
PtAW/C (4:1) 0.58 0.98

* not applicable because the forward peak is not apparent.

Another important factor for evaluating an electrocatalyst activity for methanol
electrooxidation is its resistance to carbonaceous species accumulation. This can be
identified by the ratio of forward peak current density (If) to the backward peak current
density (I,), where a higher I¢/I, means the electrocatalyst is less susceptible to poisoning.

This value is 1.06 for PtAu/C (1:1), while for the rest PtAu/C and Pt/C this value is lower
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and close to 1 as shown in table 3.2. The enhanced activity and a greater resistance to
carbonaceous species accumulation for PtAu/C (1:1) compared to other PtAu/C and Pt/C
indicates that the activity of PtAu/C towards methanol oxidation is highly dependent on
the Pt shell thickness, where a thin shell is superior to the others.
3.4. Conclusions

In summary, Ptgen-Aucoe/C with a controlled shell thickness was successfully
synthesized based on a successive reduction strategy. The formation of core-shell
structure has been suggested by various techniques including TEM, XRD, UV-vis, TGA,
EDX and electrochemical techniques. The electrocatalytic activity was tested using
methanol oxidation reaction as a probe. Core-shell catalysts with a complete and thin
shell of Pt on Au shows an enhanced catalytic activity than Pt/C, as a result of improved

Pt utilization.”
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Chapter 4
Highly efficient submonolayer Pt-decorated Au nanoparticles for formic acid
electro-oxidation
(Some parts of this chapter have been published in Ref. 159, 160. The publisher, Elsevier,
allows the inclusion of these articles in the author’s thesis.)

4.1. Introduction

“Recently intense research has focused on alternative energy technologies that can
reduce the dependence on fossil fuels and also reduce the pollution from these fossil
fuels. Fuel cells are one of the most promising candidates and have the potential to be
used in various applications. For small portable applications, small organic molecules
with considerable hydrogen to carbon ratio like methanol, ethanol and formic acid are the
potential fuels because the handling and storage of these liquid fuels are easier and safer

10, 32
compared to pure H,. ™

But these molecules also have some disadvantages where self
poisoning and slow reaction kinetics limit their fuel cell performance.’”°® With Pt as the
most commonly used metal for the catalyst material and with methanol and formic acid
as the fuels, it was shown that the intermediate CO,qs is the species that poisons the
catalytically active electrode surface even at low potentials.*' 3% 14714

To improve the catalyst performance, combinations of Pt and other metals has
been studied extensively. Pt based alloy catalyst such as PtRu, PtFe, PtPd, PtBi have been
studied and it is generally accepted that the enhancement of the activity of these metals

150-156
However the

compared to pure Pt is due to the bifunctional and/or electronic effect.
effect of alloying is limited by many parameters and most importantly the usage of Pt for

these alloy catalysts is still considered too much for commercial applications. For
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example PtRu alloy with 1:1 mole ratio and PtFe alloy with 1:1 mole ratio showed the
highest catalytic activity for methanol and formic acid oxidation respectively.'>> '>*

In this chapter as a continuation of last chapter’s work on Ptsheu-Aucore/C,157 we
report the synthesis of a novel -electrocatalyst, submonolayer Pt-decorated Au
nanoparticles on carbon black support using a wet chemistry approach.'”*'% This catalyst
shows a significantly improved activity toward formic acid oxidation with much lower Pt
loading compared to Pt/C where it facilitates the direct oxidation of formic acid and
suppresses the formation of CO,qs. In this study, the Pt-decorated Au catalyst with
different Pt:Au mole ratios were prepared to study the effect of different Pt/Au
composition and we address the origin of the high activity for formic acid oxidation using
electrochemical methods. In order to study the inhibition of self poisoning during the
reaction and establish the origin of the enhancement, a series of cyclic voltammogram
experiments for formic acid and methanol oxidation were conducted. Finally,
electrochemical impedance spectroscopy (EIS) was performed to elucidate the formic
acid oxidation mechanism and an unusual electrochemical impedance spectrum without
pseudo-inductive behavior was observed. Based on these results a new mechanism is
proposed.

4.2. Experimental and characterization methods
4.2.1.Chemicals

Hydrogen tetrachloroaurate (III) trihydrate (HAuCly:3H,0), hydrogen
hexachloroplatinate (IV) hydrate (H,PtCle:6H,0) and sodium borohydride (NaBH,4) were
obtained from Aldrich; isopropanol and sodium citrate tribasic dehydrate (Na;CsHsO7)

from Fluka; hydroxylammonium chloride (NH,OH-HCl), sulphuric acid, formic acid and
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methanol from Merck. All the chemicals were used as received. DI water was processed
by Mili-Q water purification system.
4.2.2. Preparation techniques

Au seeds preparation was based on the Au preparation reported in chapter 3.2.2."**
137160 While the preparation of the decorated nanoparticles was based on the procedures

reported in chapter 3.2.3, but with lower Pt/Au mole ratios." 8-160

By changing the Pt:Au
mole ratio (based on the metal precursors mole ratio) which is less than the ratio needed
to form a complete monolayer shell, a controllable Au surface coverage by Pt can be
achieved. For comparison, in-house made Pt/C with 20% Pt loading was prepared based
on the ethylene glycol method (chapter 3.2.5)."
4.2.3. Characterization

Specimens for TEM were prepared by ultrasonically suspending the as-prepared
nanoparticles with ethanol, then dropping a small amount of the dispersion onto clean
copper grids and drying it in air. Samples were examined using JEOL 3010 transmission
electron microscopy operated at 200kV. The UV-vis spectra of the Au and PtAu
hydrosols were measured by a Shimadzu UV2450 spectrometer equipped with quartz
cells. The concentration of Au in Au hydrosol and Pt-Au hydrosols was 8 x 10 mM. All
the samples were transferred to the cell immediately after cooling down to room
temperature. Thermogravimetric analysis was performed on a TA instrument SDT Q600
to determine the total metal loading on carbon black. Typical samples weighed ~5 mg

were heated on a platinum pan with a flow of 100mL/min of air under constant heating

rate of 10°C/min. The compositional analysis using energy dispersive X-ray spectroscopy
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(EDX) was performed using a scanning electron microscopy JEOL JSM-6390LA
operating at 20 kV. ">
4.2.4.Electrochemical measurements

All the electrochemical performance tests were carried out at room temperature
condition (25°C) and were performed in a rotating disk electrode system using Autolab
PGSTAT302 potentiostat. Electrode potentials were measured and reported against
saturated calomel electrode and Pt wire was used as the counter electrode. The
preparation of the working electrode was based on the thin film method.'” Briefly 8 mg
of the sample was mixed with 4 ml of water and sonicated to form a homogeneous ink,
then 10pL of the ink was deposited using microsyringe onto a glassy carbon electrode
(GCE) with 5 mm diameter to yield a total metal loading of 4ug. The GCE was dried
inside an oven operating at 80°C. After that, 10uL of 0.05% Nafion solution (diluted
from 5% solution using isopropanol) was dropped on top of the disk to fix the catalyst
powder. All the solutions were deaerated using pure N, for at least 20 minutes prior to
any measurement. Before the activity test, the electrode was cycled at 50 mV s™' between
-0.2 t0 0.9 V in 0.5 M H,SOy for at least 20 scans. To determine the Pt electrochemical
active surface area (ECSA) the electrode was cycled between -0.2 to 1.2 V for 5 scans
and then the 5™ scan was used to determine the hydrogen adsorption desorption charge.
After that the electrode was transferred to the cell containing 0.5 M H,SO4 + 0.5 M
HCOOH electrolyte solution. Subsequently, 20 scans were recorded at 10 mV s™ in the
potential range -0.2 to 0.9 V with a rotating rate of 1000 rpm to prevent the accumulation
of CO; bubbles on the disk surface. For the methanol oxidation activity test, 0.5 M H,SO4

+ 1 M CH;30H aqueous solution was used as the electrolyte. As for the CO stripping
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experiment, the CO was adsorbed onto the working electrode by bubbling the 0.5 M
H,SO, electrolyte with CO for 10 minutes while holding the electrode potential at -0.15
V, the electrolyte was then purged with N, for 30 minutes before the CO stripping curve
was taken.

The surface poisoning of the catalyst under open circuit potential in 0.5 M HCOOH

was studied based on the technique described by Clavilier and co-workers.'®’

Briefly,
after catalyst activation in 0.5 M H,SO4 within the potential range of -0.2 to 1 V, the
electrode was removed from the cell and immersed in 0.5 M HCOOH solution for 3
minutes. The electrode was then transferred to deaerated pure water and rotated to clean
the excess HCOOH from the vicinity of the electrode and then immersed back into 0.5 M
H,SOy solution at -0.1 V. After that the oxidation of the poisonous intermediate formed
from the HCOOH solution was achieved upon scanning the electrode within the potential
range of -0.2to 1 V.

As for the EIS measurement, the electrode was first activated in the supporting
electrolyte then transferred to the 0.5 M H,SO4 + 0.5 M HCOOH solution. Before
starting the EIS measurement, the system was given 15 minutes to reach a pseudo steady
state at each specific potential before collecting the EIS data. The spectra were recorded
between 10 kHz and 10 mHz at 10 points per decade with the amplitude (rms value) of
the ac signal 10 mV. During the EIS measurement the electrode was rotated at 1000 rpm.

The EIS spectra were recorded using a built-in frequency respond analyzer (Eco Chemie,

Netherlands). '*7'%
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4.3. Results and discussion
4.3.1. TEM analysis

The Au nanoparticles on carbon black Vulcan XC-72 and the PtAu hydrosols
were characterized using high resolution-TEM (HRTEM). The image of Au nanoparticles
dispersed on carbon black is shown in the previous chapter (Fig. 3.2). While the TEM
images of various PtAu starting from Pt/Au ratio of 1:3 to 1:10 are shown in Fig. 4.1. It
can be seen that the average diameter of the PtAu hydrosols is around 5 nm which is
close to the mean diameter of Au nanoparticles. The same protocol has also been used to
synthesize Ptghei-AUcore nanoparticles.157 The obtained average particle size agrees well
with the theoretical calculation by assuming the growth of Pt onto Au cores. This proves
that, for Pt-Au hydrosols prepared with this protocol, all the Pt would deposit on Au
surfaces without forming individual Pt nanoparticles. Moreover, the complete Pt shell
covering the Au nanoparticles was obtained at Pt:Au mole ratio 1:1."*" This then indicates
that in this work (with low Pt:Au ratios) the Pt atoms were deposited as a submonolayer
to form the decorated structure. At higher magnification as shown in Fig. 4.1 (part Al
and E1), the most frequently observed lattice fringes fit well with the Au (111) surface
while the distinct difference between the Au and Pt fringe on the edge of the particle
cannot be observed. This might be due to the small difference between the Au and Pt

lattice constant.'®?
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Fig. 4.1. TEM images of the representative sampies A1) Pt/Au=1:3 hydrosol; A2) Pt/Au=1:3 on
carbon; B1) Pt/Au=1:4 hydrosol; B2) Pt/Au=1:4 on carbon; C1) Pt/Au=1:6 hydrosol; C2)
Pt/Au=1:6 on carbon; D1) Pt/Au=1:8 hydrosol; D2) Pt/Au=1:8 on carbon; E1) Pt/Au=1:10
hydrosol; E2) Pt/Au=1:10 on carbon.
4.3.2.UV-vis analysis
The absorption spectra of Au and PtAu hydrosols are shown in Fig. 4.2. The
absorption peak at 511 nm belonging to the Au surface plasmon can be clearly observed
for the Au hydrosol. The PtAu hydrosols also show the same Au plasmon absorption
peak characteristic, but the intensity become lower and peak location also shifts to the
lower wavelength region. These trends suggest that the Pt atoms were deposited on the
Au surface that leads to the increase of the Au surface coverage by Pt and gradual

. - . - . 126,138,139, 157, 159, 1
suppression of absorption peak with the increase of Pt:Au mole ratio, 2% 1% 139 157 139, 160.

163
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Fig. 4.2. UV-vis absorption spectra of Au hydrosol and PtAu hydrosols.

Furthermore, the appearance of Au plasmon peak reveals that some of the Au
surface is still not covered by Pt, proving the formation of a decorated structure. Liz-
Marzan et al. have reported that based on the modified Mie theory for Aucore-Ptshen case,
the Au plasmon absorption peak became suppressed with the increase of surface coverage
and finally vanished when a complete Pt monolayer was formed.'?” 13 140- 164165 Tjq g
in good agreement with our experimental result. Because the Au plasmon absorption is
related directly to the exposed Au surface area, we suggest that by comparing the Au
plasmon peak area from the UV-Vis spectrum, the surface coverage of Au by Pt can be
semi quantitatively predicted. The estimated surface coverage changes from 8% to 87%
when Pt/Au ratio changes from 1:10 to 1:2 (see Table 4.1). As a comparison we also
calculated the Au surface coverage by Pt using the assumption of epitaxial growth of Pt
on Au.'” The surface coverage using the UV-Vis absorption corresponds well with the
calculation assuming epitaxial growth at high Pt:Au mole ratios. At low ratios, the

coverage from UV-Vis absorption shows lower value, probably due to the weaker

capability of discrete Pt atoms to block plasmon resonance. The estimated surface
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coverage reveals the disordering Pt structure on the Au nanocrystals surface that will be
further elucidated in the next session.

Table 4.1. Au surface coverage by Pt.

Pt:Au Au plasmon area® Surface coverage” Surface coverage®
0:1 8.28 0% 0%
1:10 7.83 8% 19%
1:8 7.45 10% 24%
1:6 6.70 20% 31%
1:4 4.95 40% 46%
1:3 227 73% 60%
1:2 1.11 87% 87%

# Integration of the area under the peak starting from 400 to 600 nm after background subtraction
®: based on Au plasmon area

°: assuming epitaxial growth of Pt on Au surface

4.3.3. XRD analysis

All the XRD spectra for the Pt-decorated Au resemble the Au spectra where all
the (111), (200), (220) and (311) can be observed (see Fig. 4.3). This indicates that only
monolayer or sub-monolayer of Pt was deposited on Au without forming individual Pt
particles, otherwise the XRD spectrum would have replicated the Au and Pt peaks as of

- - 138, 140
physical mixture. >

The absence of Pt peaks implies that the size of the Pt clusters on
the surface of Au is smaller than the detecting capability of XRD (~ 1 nm).”'®® This XRD
analysis agrees well with the TEM observation. However a closer look at the diffraction
peaks of various PtAu/C reveals that the peak widths are not symmetric and the intensity
slightly increase in the middle position between pure Pt peaks and Au peaks, which in

accordance with the XRD analysis in chapter 3 indicating the present of Au and Pt

phases.
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Fig. 4.3. XRD patterns of Au/C, Pt/C and various PtAu/C.

4.3.4. TGA analysis

The total metal loading of the nanoparticles on carbon black was determined by
using thermogravimetric analysis (TGA) and the results are shown in Fig. 4.4. It can be
seen from Fig. 4.4 part A that carbon black starts to oxidize at ~550°C and the addition of
Pt lowers the oxidization temperature to ~430°C indicating a catalyzing mechanism
where the Pt nanoparticles promote the oxidation of carbon black at low temperature.'®
While for Au/C, the oxidization temperature is roughly the same with that of carbon
black (the difference in the onset temperature is around 50°C). But with the addition of
Pt, the oxidation temperatures of various PtAu/C shift negatively and lie in between the
oxidation temperature of Pt/C and Au/C indicating that the Au-based electrocatalysts

have greater stability against oxidation compared to Pt/C.'*

The weight loss profiles for
PtAu/C with different Pt/Au ratios are quite similar (see inset in Fig. 4.4 part B)

suggesting that Pt/Au ratio does not affect much on the oxidation of carbon black, at least

in the Pt/Au ratio used in this study. From the mass change observed in Fig. 4.3, the
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actual total metal loadings are quite close to the nominal loading (20%) indicating a

complete reduction of Au and Pt and subsequent deposition on carbon black.'®’
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Fig. 4.4. TGA curves of A) Au/C, Pt/C and carbon black and B) various PtAu/C.
4.3.5.EDX analysis

The Pt/Au mole ratios were verified using energy-dispersive X-ray spectrometry
and the results are shown in Fig. 4.5. The samples were the residue obtained after TGA
analysis. It can be seen that Pt and Au are presents in all the samples and the intensity of
Pt increases with the increase of Pt/Au mole ratio showing the successful reduction of

H,PtCls by NH,OH.HCI. Quantitatively the Pt/Au mole ratios are quite close with the

nominal Pt/Au mole ratios being 1:7.7, 1:5.7, 1:3.9 and 1:3.1 for Pt/Au=1:8,

Pt/Au=1/Au=1:6, Pt/Au=1:4 and Pt/Au=1:3 respectively.
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Fig. 4.5. EDX spectra of A) Pt/Au=1:8; B) Pt/Au=1:6; C) Pt/Au=1:4 and
D) Pt/Au=1:3.
4.3.6. Voltammetric analysis

“The solid evidence of the formation of the decorated structure is further
supported by electrochemical measurement as it can be regarded as a surface sensitive
technique that allows only the characterization of the surface atoms rather than the bulk
atoms. The cyclic voltammograms were recorded in deaerated 0.5 M H,SOj solution and
the results are represented in Fig. 4.6.

The inset in Fig. 4.6 shows the typical Au characteristic in acidic condition where
broad double layer until 1 V, oxide formation starting from ~1 V and oxide reduction
peak at ~0.9 V are observed.'®® However, for the PtAu/C with different mole ratios, the
above features become less pronounced with the increase of the Pt:Au ratio. Instead, a
sharp cathodic peak around 0.3 to 0.4 V and a nearly symmetrical anodic and cathodic

peak in the low potential region are observed. Such characteristic is similar to Pt
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characteristic in acidic media where the sharp cathodic peak can be attributed to the Pt
oxide reduction peak and the similar peaks at the low potential are due to the hydrogen

adsorption and desorption.
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0.15 r/_J
0.10
0.3
_. 0.054
<<
E
— 0.004
Pt:Au
/ —1:10
-0.05 4 —— 18
—1:6
-0.10 — 14
—1:3
1:2
-0.15 T T T T T T T T T T
-0.3 0.0 0.3 0.6 0.9 1.2

E (V vs SCE)
Fig. 4.6. CV of various PtAu/C in 0.5 M H,SO, at 50 mV s™'. The inset shows the CV of Au/C.

A closer look at the evolution of the Au oxide reduction peak at ~0.9 V for Pt:Au
with different mole ratios reveals that with the increase of Pt:Au ratio the peak become
suppressed and we have showed in the chapter 3 that when the Pt:Au ratio is raised to 1:1
and higher, the Au oxide reduction peak completely vanished."”” This corroborates well
with the TEM and UV-Vis analysis where all the Pt atoms were deposited on the Au
surface without forming its own nucleus, and some parts of the Au surface were still
exposed giving the decorated structure. A further observation at the Pt oxide reduction
peak in Fig. 4.6 shows that the higher the Pt:Au ratio, the Pt oxide reduction peak shifts
to higher potential. With the increase of Pt:Au ratio from 1:10 to 1:2, the Pt oxide
reduction peak moves from 0.33 V to 0.44 V. To understand this, we may consider the

electron chemical potential of metal reflected as work function. The values of the work
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function of Pt and Au are 5.40 eV and 5.32 eV respectively.'"* When Pt and Au are in
intimate contact, electrons will flow from Au to Pt until the electron chemical potentials
on both metals are equal. At lower Pt:Au ratios, the Pt entities on the Au surface have
more negative charge per atom which makes Pt atoms more difficult to obtain electrons
(reduction peak shifts to a lower potential) compared to higher Pt:Au ratios and Pt (Pt
oxide reduction peak located at 0.5 V). This indicates a stronger bonding between Pt and
oxygen containing species. Similar conclusion can be made from the widely accepted d-
band model proposed by Nerskov.'*”'* When Pt monolayer is deposited on Au surface,
there is an upper shift in d-band center to maintain a constant filling of the d-band, which
leads to a higher adsorption energy of adsorbate, oxygen containing species in this case.
4.3.7.Formic acid electro-oxidation

The activity of these catalysts was measured in deaerated 0.5 M H,SO4 + 0.5 M
HCOOH electrolyte solution. As shown in Fig. 4.7, the measured current was normalized
by the Pt ECSA which was obtained by integrating the area under the hydrogen
desorption peak of CVs in 0.5 M H,SOy (after the double layer charge correction) and a
hydrogen charge/Pt surface area conversion factor of 210 uC cm™ was used to obtain the
specific ECSA. It is clear that Au/C is catalytically inactive towards formic acid
oxidation under the experimental conditions studied here that is why the result is not

shown.'’
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Fig. 4.7. Anodic scan of Pt/C and PtAu/C with different mole ratios at 10 mV s™ and 1000 rpm in
0.5 M H,SO4 + 0.5 M HCOOH (for clarity the inset shows the anodic scan of Pt:Au 1:8 and
1:10)

It has been known that formic acid electro-oxidation on Pt occurs through a dual
parallel reaction pathways in which the desired pathway (dehydrogenation) leads to the
formation of CO, through reactive intermediates whereas the second pathway
(dissociative adsorption) leads to the formation and accumulation of poisonous
intermediates that prevents the complete oxidation of the formic acid.’" ** '*® Several
investigations using Pt electrode showed that CO,y 1s the primary poisonous
intermediate, while recently it has been discovered using in situ time resolved Fourier
transform infrared spectroscopy that formate (HCOO) instead of carboxylic acid (COOH)
species is the reactive intermediate in the dehydrogenation pathway.”>~° For Pt/C as
shown in Fig. 4.7, two peaks were observed in the forward scan, at ~0.35 V and 0.65 V
respectively. The first peak at ~0.35 V is related with the direct oxidation of HCOOH to
form CO, while the second peak at ~0.65 V corresponds to the oxidation of the poisonous

species CO,q4s to form CO,. At low potential range, the Pt sites are partially poisoned by

49



ATTENTION: The Singapore Copyright to the use of this

ocument. Nanyang Technological University Library

CO,qs from the dissociative adsorption step. The measured current then mainly comes
from the formic acid oxidation on the unoccupied Pt sites through the dehydrogenation
pathway. The peak current indicates the level of Pt surface poisoning by CO,q4s. At high
potential the CO,q4; is oxidized by Pt-OH species that starts to form at around 0.5 V during
the forward scan, which releases most Pt sites for formic acid oxidation. As for the
backward scan (cathodic scan), most of the poisonous intermediates have been oxidized
at high potential and formic acid oxidation then can proceed on clean Pt surface through
the dehydrogenation pathway. Therefore, a big peak was observed. Because the anodic
scan allows the formation and build up of the poisonous intermediate, we focused our
observation on the evolution of the anodic scans. It is worth noting that the current
density for the Pt/C we obtained in this study was slightly lower compared to previous
study by Lovic et al, as an example the peak current density for the CO,q4s oxidation
formed from HCOOH at 0.7 V is around 1.2 mA cm'z, while for this work it is around
0.75 mA cm™>.'® This might be the result of lower scan rate (10 mV sT vs 50 mV s™),
lower platinum loading (20 wt% vs 50 wt%) and higher H,SO4 concentration (0.5 M vs
0.1 M) used in this work.

Surprisingly, the decorated catalysts starting from Pt:Au 1:2 showed different
behaviors compared with Pt/C towards formic acid oxidation, where the first peak
becomes higher and the peak potential and onset potential of this peak shifts negatively.
At higher potential, the second peak that corresponds to the oxidation of CO,4s becomes
diminished with the decrease of the Pt:Au mole ratio and this peak can not be observed
anymore at Pt:Au 1:4 and lower ratio. Moreover for the Pt-decorated Au with lower

Pt:Au ratios, the current measured during the anodic (between 0.2 to 0.3 V) and cathodic
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scans do not appreciably differ, suggesting a low inhibition rate, i.e the suppression of
COyqs formation.* %1% 7% On the contrary, Pt/C showed a big difference between
anodic and cathodic scans, signifying the severe poisoning of the active sites by CO.
Furthermore, the onset potential of the direct oxidation pathway for the Pt-decorated Au
is lower compared with Pt/C indicating that the formic acid is easier to oxidize on the
surface of the decorated catalyst. The results obtained for the decorated structure with
different Pt:Au mole ratio indicate that the poison formation is dependant with the Au
coverage by Pt as tabulated in Table 4.1.

To further prove that the poisonous intermediate formation reactions have been
inhibited on this decorated structure, we conducted the poison formation reaction on open

8. '’ The first positive sweep is the

circuit potential and the results are shown in Fig. 4.
stripping of the chemisorbed poisonous species. It can be seen for the Pt/C, there’s a big
sharp oxidation peak at ~0.53 V that is ascribed to the oxidation of CO,q4s formed from the
dissociative adsorption of formic acid.*"'*"-'®! While this peak still can be seen for the
core-shell structure (Pt:Au=1:1), for the decorated structure, the peak becomes smaller
and finally vanished at low Pt:Au mole ratio, indicating less poisoning and eventually no
poisoning of the catalyst by CO,gs with the decrease of the Pt:Au mole ratio. It can also
be observed that the peak position shifts positively from Pt/C to Pt:Au (1:2). This can be
explained by the increased Pt-CO bond strength due to the up-shift in the d-band center of

the Pt atoms.'?”'%°
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Fig. 4.8. Poison stripping experiment on Pt/C and PtAu/C with various Pt: Au mole ratios. The
poisonous species was adsorbed from 0.5 M HCOOH and the poison stripping was conducted at
50 mVs™ in 0.5 M H,SO,. The full line shows the first positive sweep while the dotted line shows

the subsequent sweeps, upon removal of the poisonous species.

The blocking of dissociation pathway can be rationalized with the Au surface
coverage by Pt which can be determined from UV-Vis spectra and calculated using the
epitaxial growth assumption. If there is a two dimensional growth as assumed by the
epitaxial growth of Pt on Au surface, the most probable stable structure of Pt at low Pt:Au
mole ratio that have Pt coverage of 0.33 is (N3 x V3)R30° as revealed by the

electrochemical scanning tunneling microscopy measurement on the spontaneous
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deposition of Pt on Au (11 1).""! This atomic arrangement reveals that Pt atoms on the Au
surface are isolated from each other at low coverage. Even at a higher Pt:Au ratio, it is
believed that the Pt ensemble will still show the same disordering with Pt atoms existing
as small isolated islands, presumably 2 to 3 atoms. It has been shown that the formic acid

dissociative adsorption pathway is a site demanding reaction, where more than two

170, 172 159

ensemble Pt sites are needed'’" (see Scheme 4.1 ). In contrast, the
dehydrogenation pathway of formic acid oxidation does not require the presence of
continuous neighboring Pt sites.'”™ ' So a continuous decrease of Pt coverage on Au
surface, i.e., decreasing availability of Pt adjacent atoms, leads to a decrease in the
dehydration rate and an eventual blocking of the CO formation (the disappearance of the
second oxidation peak at ~0.63 V), while the dehydrogenation reaction can still occur
without being affected. So it is reasonable to conclude that the inhibition of the poisonous
intermediate formation from formic acid dissociative adsorption pathway is likely due to
less amount of Pt ensemble sites that the Pt-decorated Au catalyst possesses. This

analysis suggests that a single Pt atom or a small island of Pt is advantageous for the

direct oxidation of formic acid.

Scheme 4.1. [llustration of the catalytic reactions of formic acid oxidation
(dehydration and dehydrogenation) on the Pt-decorated Au surface.

While direct formic acid oxidation is not a site demanding reaction, methanol
oxidation requires an ensemble of minimum number of neighboring Pt atoms to

proceed.'” '"° To further prove the role of the ensemble effect on this decorated
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structure, methanol oxidation was conducted and the results are shown in Fig. 4.9. It is
clear that the Pt:Au with a mole ratio 1:1 that exhibit a complete shell (Pten-Aucore)
shows similar catalytic activity like Pt/C for methanol oxidation, but with less amount of
Pt used."”” Furthermore, it can be seen that the hydrogen adsorption-desorption area of
Pt/C and Pt:Au 1:1 (core-shell) decreased greatly when 1 M CH3;OH + 0.5 M H,SO4 was

used as the electrolyte. But it is not the case for the decorated structure, as hardly any

change was observed on Pt-decorated Au with different mole ratios. '®
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Fig. 4.9. CV curves of Pt/C and PtAu/C (core-shell and decorated) with different mole ratios in
N, saturated 0.5 M H,SO, (full line). Dash line is in 1 M CH;0H + 0.5 M H,SO,. Scan rate: 50
mV s’
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The comparison of the full line cyclic voltammograms with and without methanol
clearly reveals that less methanol can dissociate to form the intermediate and
subsequently oxidize to form CO, on the decorated structure compared with Pt/C and
core-shell structure, which was indicated by the less blocking of hydrogen adsorption-
desorption area on the Pt-decorated Au. In addition, with the decrease of Pt:Au ratio,
lower methanol electro-oxidation current was observed. At Pt:Au mole ratio of 1:4 or
lower, no considerable methanol electro-oxidation peaks were observed. The inactivity of
this Pt-decorated Au for methanol electro-oxidation at low Pt:Au mole ratio is another
evidence of the ensemble effect as previously proven by Du and Tong'*® and this further
prove that the ensemble effect plays a big role as the origin of the inhibition of poison
intermediate formation for formic acid electro-oxidation on this Pt-decorated Au
structure.

To verify the increased Pt-CO bond strength on the PtAu electrocatalysts, CO
stripping experiment was conducted and the results are shown in Fig. 4.10 (only anodic

. . . 157
sweeps are shown for simplicity).”

By knowing that Au surface does not adsorb CO at
all, all CO oxidation waves observed can be assigned to the existence of Pt on the Au
surface. As a reference the CO stripping curve for Pt/C is also shown. The inset in Fig.

4.8 shows the corresponding CO stripping peak potentials as a function of Pt/Au mole

ratios.
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Fig. 4.10. CO stripping curves for Pt/C and various PtAu/C in CO-saturated 0.5 M H,SO,. The
inset shows the corresponding peak potentials as a function of Pt/Au mole ratios.

It can be observed obviously that the CO stripping peak potentials of all the
PtAu/C are shifted to higher potentials compared to that of Pt/C, indicating a stronger Pt-
CO bond strength in accordance with the d-band centre model proposed by Norskov,
which attributes the bond strengthening to an up-shift of Pt d-band centre.'’'# "¢
Furthermore the up-shift of the Pt d-band centre also explain the strengthened bonding
between Pt and oxygen containing species, as indicated by the negative shift of the Pt
oxide reduction peak as seen in Fig. 4.6.

The most striking observation in Fig. 4.10 is that the CO stripping peaks at the
Pt/Au ratio of 1:3, 1:4, 1:6 and 1:8 appear at ~0.8 V, far away from the Pt/C, Pt/Au=1:1
and Pt/Au=1:2 at around ~0.6 V. The peak curves also are much broad. The sudden
positive peak potential jump at Pt/Au=1:3 surprisingly is in accordance with the trend in
formic acid electro-oxidation and poison stripping experiment where the Pt/Au=1:3 and

lower do not show any formation of CO,qs during the formic acid oxidation and poison

stripping experiment. These facts indicate that the Pt sites in the Pt/Au=1-3 is unique
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which have high activity for formic acid oxidation but low activity for methanol
oxidation and low activity for CO oxidation and when the Pt/Au mole ratio becomes
lower, the Pt sites become inactive for methanol oxidation.'®

“The improvement at high Pt:Au ratio of 1:2 (close to 87% coverage) indicates
that there are other possible origins for the improvement besides the CO blocking
mechanism due to the ensemble effect. “Electronic effect” could be one possible origin
i.e the difference between the work function of the Pt adatom and the Au nanoparticles as
the substrate that may increase the reactivity of Pt entities on Au surface. As we
previously mentioned, this electronic effect can be observed on cathodic shift of the Pt
oxide reduction peaks. This behavior has also been observed for Pt (111) adsorbed with
Bi adatom, PtBi alloy and Pt on Au(111), where for the Bi on Pt(111) case, an increase
on the formic acid electro-oxidation specific activity of almost 40 times higher than
Pt(111) was observed and for Pt on Au(111) case, an increase on the reactivity toward
CO bonding and formic acid oxidation compared with clean Pt was observed.'”” '™
Moreover, the enhanced specific activity may also be attributed to the superior activity of
the Pt atoms that reside on the steps and edges of Au surface compared to Pt atoms on the
terrace. At the initial stages, i.e low Pt:Au ratio, Pt will be deposited on the steps and
edges of Au surface instead on the upper terrace due to the higher adsorption energy that
kink sites possess.'™'

From the above analysis, it can be proposed that the initial growth of Pt on Au
nanoparticles using this synthetic procedure occurs on the high population of corner or
edge of Au nanocrystal surface, which leads to small isolated Pt atoms. The subsequent

Pt atoms will deposit on the lower terrace forming a small Pt island (mainly 2 to 3 atoms
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wide). Then further growth will eventually form a complete layer covering the Au surface
with the deposition of Pt on the upper terrace. Additionally, small fraction of the Au

atoms on the surface may be displaced by Pt as was observed in other study.'”*
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Fig. 4.11. Chronoamperometric plots for formic acid oxidation at 0.1 V and 1000 rpm in 0.5 M
H,SO4 + 0.5 M HCOOH for Pt/C and various PtAu/C for A) 1 hour and B) 10 hours. The inset in
part B shows the pretreatment steps.

To characterize the durability of these catalysts, we conducted
chronoamperometric experiment and the results are shown in Fig. 4.11. The current
density vs time data represent more accurate information on the relative activities and
stabilities of the Pt-decorated Au electrodes. It is found that at 0.1 V, initially the current
densities of PtAu/C with Pt:Au ratio of 1:6 and 1:8 are almost two orders of magnitude
higher compared to Pt/C. However, the current density decreases and stabilizes over the
experimental period of time. After a period of 1 hour, the current density for Pt:Au ratio
of 1:3 dropped almost two order of magniture, indicating the instability of Pt:Au=1:3 that
might be due to the accumulation of CO,qs formed after a certain period of time, but it is
not the case for Pt:Au ratio of 1:4, 1:6 and 1:8, where the current density drop is not as
significant as that of Pt:Au ratio 1:3. And after a period of 10 hours, the current densities

are 2.6 pA cm?, 10.2 pA cm™, 6.1 pA cm™and 21.1 pA cm™ for Pt/C and PtAu/C with
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Pt:Au ratio of 1:4, 1:6 and 1:8 respectively. Clearly, one order of magnitude enhancement
still can be achieved after a long period of time. At the beginning, it can be seen that the
current decays very rapidly for the Pt/C electrode even though the pretreatment steps can
remove the CO,s and ensure a clean Pt surface before the chronoamperometry
experiment commences.'*? This initial decay is due to the fast accumulation of CO,q4s on
the clean Pt surfaces from the dissociative adsorption pathway that block the continuos
formic acid oxidation.'®* %

4.3.8. The electrochemical impedance spectra analysis

It is important to understand the reaction mechanism of formic acid electro-oxidation
on the Pt-decorated Au surface. While the conventional electrochemical methods
including cylic voltammetry methods can only be used to characterize the performance of
the catalyst with little insight into the mechanism, EIS is a good tool to study the intrinsic
reaction mechanism of formic acid oxidation on this decorated structure. To further
elucidate the mechanism, a series of EIS experiments were conducted using PtAu/C with
Pt:Au mole ratio 1:6 as the electrode and the results are shown in Fig. 4.12. A similar
impedance trend was observed on the Pt/C and PtPd/C cases for formic acid electro-
oxidation.!

It can be seen from Fig. 4.12 part A, that the impedance arcs are located within the first
quadrant for electrode potentials lower than 0.3 V and the diameter of the arc abruptly
decreases from -0.1 to 0.1 V and then increase gradually from 0.1 to 0.25 V (the same
trend can also be observed from the evolution of the phase angle at low frequencies

shown in the bode plot). The large arc at -0.1 V suggests a slow reaction rate of the direct

oxidation of formic acid at this potential but with only an increase of 50 mV to -0.05 V,
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the arc diameter abruptly decreases which coincidentally happens at the same potential as
the onset potential of the electro-oxidation of formic acid as shown in Fig. 4.7. This
indicates a faster direct oxidation rate and with the increase of the electrode potential the
charge transfer resistance for the dehydrogenation of formic acid electro-oxidation

becomes smaller.
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Fig. 4.12. Nyquist plots (A) and Bode plots (B) of the Pt:Au 1:6 in 0.5 M HCOOH + 0.5 M
H,SO, at various electrode potentials. The electrode rotation is 1000 rpm.

With a further increase of the potential from 0.25 to 0.3 V, the impedance arc
moves from the first quadrant to second quadrant implying the passivation of the
electrode surface. This trend can also be observed on the bode plot at low frequencies,
where the phase angles are larger than 90° at potentials > 0.3 V, indicating the presence
of a negative charge transfer resistance as a consequence of the electrode surface
passivation.'®* This electrode surface passivation usually attributed due to the reversible
formation of oxygen containing species on Pt, presumably chemisorbed hydroxyl species.
But this is not the case for the Pt-decorated Au. From the observation of the anodic
current in 0.5 M H,SO,4 as shown in Fig. 4.6, the surface oxidation on Pt decorated Au

catalyst commences at higher potential than Pt/C and continues to shift to higher potential
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with the decrease of the Pt:Au mole ratio, roughly > 0.5 V for Pt:Au mole ratio of 1:6.
The observed passivation at 0.3 V then is not due to the surface oxidation. This
observation corroborates well with the positive shift of the onset potential for the
formation of Pt surface oxide and the potential of the CO stripping peak with the decrease
of the Pt coverage on Pt-decorated Au electrode as shown in the CO stripping experiment

in Fig. 4.10 and as reported by Du and Tong.'*

We suggest that this passivation at low
potential is due to the adsorbed water instead of the adsorbed hydroxyl species. With the

increase of potential, the adsorbed water-metal interaction increases which causes the

dissociation of H,O at the surface to form the adsorbed hydroxyl (OH") species.'®
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Fig. 4.13. A) Fitting results of the experimental data in Fig. 4.12 by using the equivalent circuit
model shown in the inset. B) The dependence of Rt on electrode potentials for the PtAu/C with
Pt/Au mole ratio 1:6 as determined by fitting the experimental data based on the equivalent circuit
model.

As shown in Fig. 4.12 part A above 0.3 V, the observed arc diameter first
decreases from 0.3 to 0.4 V, then increases from 0.4 to 0.6 V. To elucidate the unusual
behavior of EIS for the formic acid electro-oxidation on this decorated structure, we used
the equivalent circuit model shown in the inset of Fig. 4.13 to fit the experimental data.

This equivalent circuit model has been widely used to fit the experimental impedance
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spectra that show only one primary semicircle in the complex plane representation.'>> '>>

'8 Tt can be seen that the model fits well with the experimental data as shown in Fig.
4.13 part A and the variation of the charge transfer resistance (Rct) as a function of
electrode potential is shown in Fig. 4.13 part B.” '*’

“If there’s no adsorbed intermediate, the Rcr will increase continuously due to the
strong interaction of adsorbed water on the Pt sites. The lack of clear trend for Rer in the
potential range above 0.25 V indicates the presence of adsorbed intermediate.””’ In the
previous part we have shown that CO is not the adsorbed intermediate and formic acid
will oxidize through the dehydrogenation pathway, so most likely the adsorbed
intermediate is the reactive intermediate formed in the direct oxidation pathway, i.e.
formate (HCOO-). The inconsistent trend on the charge transfer resistance as a function
of potential might be related with the oscillatory phenomenon observed on Pt electrodes
under potentiostatic and galvanostatic conditions.'®* '87 Based on the above explanation,
we propose a mechanism for the formic acid electro-oxidation on the Pt-decorated Au

surface: "%

Pt+HCOOH = Pt-(HCOOH),, (1)
P-(HCOOH),, — Pt<(HICOO),,, + H™ +¢ )
Pt-(HCOO),, — Pt+CO, +H +¢ 3)
Pt+H,0 = Pt(1,0),, 4)
Pt-(1,0) , + HCOOH = PYHCOOH) , +H,0 )

Pt-(H,0),,, + Pt-(HCOO),, - 2Pt+CO, +H,0 +H" +¢ (6)

ads

At low potential region (< 0.25 V) the formic acid will oxidize directly on the Pt
sites according to reaction 1-3. After the adsorption of formic acid molecule on a Pt site,
formic acid undergoes dehydrogenation reaction through the reactive intermediate

formate and finally forms CO, in two fast reaction steps. Above 0.25 V, formic acid has
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to compete with water for the free Pt sites. It has been shown by Iwasita et al, that the
water adsorption strength on Pt (111) increases with increasing potentials above 0.4
Vrue, while the hydroxyl containing species can form on Pt (111) at potentials above 0.5
Vre.'™ '® Being aware of the strong water interaction, between 0.25 V to 0.4 V we
suggest that the adsorbed water formed on the Pt-decorated Au electrode will be

188

displaced with formic acid molecules and vice versa as shown in step 5."° Moreover the

possibility of the adsorbed water to react with the formate species can not be neglected as

shown in step 6.

With further increasing potential (= 0.5 V) the adsorbed water
dissociates to form the hydroxyl species. This oxygen-containing species occupies much
more Pt sites and is adsorbed strongly that resulted in less free Pt site for the step 1 to
proceeds. The adsorption competition between the formic acid and water (at low
potential) and oxygen containing species (at high potential) for the Pt sites can be seen
from the faradaic current of formic acid oxidation where above 0.3 V the activity
decreases rapidly and reach a plateau above 0.6 V. '
4.4. Conclusions

We have reported the preparation of carbon supported Pt-decorated Au
nanoparticles by successive reduction method. From the TEM, UV-Vis, TGA, EDX and
voltammetry analyses, we conclude that a decorated structure with presumably single
isolated Pt atoms at lower Pt/Au ratio or small island consist of 2-3 Pt atoms at higher
Pt/Au ratio exist on the Au nanocrystals surface and such a unique Pt atom configuration
is beneficial for the oxidation of formic acid at low potential but not advantageous for the

oxidation of methanol. As for the specific activity towards formic acid electro-oxidation

at 0.1 V, we found that this decorated structure can exhibit more than one order of
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magnitude enhancement compared to conventional Pt/C. Such an enhancement is
attributed to the inhibition of poisonous intermediate formation that shows this catalyst
favor the dehydrogenation pathway due to the ensemble effect and the electronic effect
that may increase the reactivity of the Pt entities on Au substrate. Based on the EIS
measurement, we propose a reaction mechanism for the formic acid oxidation on this

decorated structure.”
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Chapter 5
The effect of subsequent Au reduction on the Pt-decorated Au nanoparticles and
different Au core sizes on the activity of Pt-decorated Au nanoparticles for formic

acid oxidation

5.1. Introduction

Bimetallic electrocatalysts often exhibit incredible physicochemical properties by
offering unique surface structure compared to single metal electrocatalysts.lzs’ 127, 135, 140,
133, 135, 137, 190193 g yecial attention has been focused on Pt-based bimetallic catalysts and
among them; Pt-Au bimetallic is gaining much interest due to alloying Pt with Au will
improve the catalytic activity of Pt by modifying its d-band electronic structure.'?’"'#’

In the past decades, the rapid emerging sciences in nanotechnology have driven an
intensive research in fabrication of PtAu bimetallic system and deliberately control the
structures at the nanoscale level.'?> 140 158 193- 19 However, little attention has been paid to
the systematic investigation of the activity-stability-size relationship™ ® on the activity of
PtAu bimetallic system. In this chapter, we report the synthesis of Pt-decorated Au
electrocatalysts based on seed-mediated growth with different Au core size and evaluate
their activities and durability for formic acid oxidation. Subsequently, we optimize the
structure of the Pt-decorated Au by subsequently reducing Au precursor onto the as-
prepared Pt-decorated Au nanoparticles. This investigation is motivated by the results
obtained from the effect of Au core sizes where the smallest Au core size shows the

highest activity but with a short durability. With the hypothesis that the addition of Au

atoms after the Pt precursor reduction could decreases the number of continuous Pt atoms
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ensemble that is beneficial for the formic acid oxidation, the amount of Au added was
varied systematically and it was found that indeed the dilution of the surface Pt sites by
adding more Au on the decorated Au of a size 2 nm lead to a higher activity and longer

durability compared to without adding Au.

5.2. Experimental and characterization methods
5.2.1.Synthesis of Au nanoparticles with different sizes

The synthesis of Au nanoparticles with a mean size of 2 nm using
Tetrakis(hydroxymethyl)phosphonium chloride (THPC) as the reducing agent is based on
the protocol reported by Duff group.'®> """ Briefly, 45.5 mL of distilled water was added
to a continuously stirring vessel (beaker). Then 1.5 mL of 0.2 M sodium hydroxide
(NaOH) was then added to the beaker. Subsequently, the reducing agent THPC (1 mL of
a solution of 1.2 mL of 80% aqueous solution diluted to 100 mL with water) was added
as a reducing agent. After 3 minutes, 2 mL of HAuCl,-3H,0 with concentration of 25 mM
was added. The mixture was allowed to mix for 30 min to ensure complete reaction. The
amount of Au nanoparticles produced was approximately 10mg.

The synthesis of Au nanoparticles with a mean size of 5 nm can be seen in
chapters 3.2.2 and 4.2.2.

The synthesis of Au nanoparticles with a mean size of 10 nm is based on modified
Frens method."”® Briefly, 200 mL of an aqueous solution of 0.1 % sodium citrate was
heated to boiling. Into this boiling solution was added 2 mL of 25 mM HAuCls-3H,0 and
the boiling was continued for 1 hour. The color of the solution first turned purple and on
further boiling changed to red ruby indicating the formation of Au nanoparticles. Note

that instead of boiling the HAuCls-:3H,O solution as in Frens method, we boiled the
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sodium citrate solution first. This method has been reported to produce gold nanoparticles
of the size 10 nm.
5.2.2.Synthesis of Pt-decorated Au nanoparticles with different Au core sizes

The reduction of Pt precursor onto the as-prepared Au nanoparticles with different
size can be seen in the chapters 3.2.3 and 4.2.3. In this study the Pt: Au mole ratio is fixed
at 1:8. “Briefly, a certain amount of 0.1% aqueous H,PtCls and 0.1% aqueous
NH,OH-HCI was mixed with 100 mL water under vigorous stirring and heated to 60°C
for 3 hours. No color change was observed during this period. Then the gold seed
suspension was added and the temperature was held constant at 60°C for 2 hours. After 2
hours the solution was cooled to room temperature. The deposition of nanoparticles on
carbon black Vulcan XC-72 was realized by mixing a certain amount of carbon with 5
mL water and sonication for 5 minutes with an ultrasonicator. Then the resulting carbon
slurry was added to the nanoparticles solution prepared above and a small amount of 0.2
M HCI was added to modify the pH to 5 to assist the deposition of nanoparticles onto
carbon black and followed by continuous stirring overnight. The total metal loading was
fixed at 20% weight. The suspension was then filtered and washed with copious water.
The final product was then dried at 70°C in vacuum condition for 12 hours.” *71°
5.2.3.Synthesis of Pt-decorated Au nanoparticles with different Au filling gap

coverage

For this study, Au nanoparticles (mean size of 2 nm) is used as the substrate and the
initial Pt/Au mole ratio was chosen as 1:1 by reducing Pt precursor onto the 2 nm Au
nanoparticles as reported in chapters 3.2.3 and 4.2.3 but with NH,OH.HCI to H,PtClg

mole ratio of 10:1. Subsequently HAuCl; was added and reduced by the excess
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NH,OH.HCI and the amount of was varied. Briefly, 10 mg of 2 nm Au nanoparticles in
50 mL DI water was mixed with heated 100 mL DI water at 60°C containing 26.6 mg of
H,PtCls.6H,O and 0.5 mmol of NH,OH.HCI for 3 hours to produced Pt-decorated Au
with Pt/Au mole ratio of 1:1. After the solution cooled down to room temperature, a
controlled amount of HAuCl4.3H,O solution was added into the solution. For the 1%
experiment, no HAuCl4.3H,O solution was added, this sample will be called PtAu=1:1.
In the 2™ experiment, 11 mg of HAuCls.3H,0 in 50 mL H,O was added and allowed to
react overnight, this sample will be called <100%. For the 3™ experiment, 14 mg
HAuCl4.3H,0 in 50 mL H,O was added, this sample will be called 100%. And for the
final experiment, 17 mg HAuCl4.3H,O in 50 mL H,O was added, this sample will be
called >100%. Subsequently all the hydrosols were mixed with a certain amount of
carbon black slurry to produce a total metal loading of 20% and 0.2 M HCI was used to
modify the pH to 5 to assist the deposition of nanoparticles onto carbon black. “The
suspension was then filtered and washed with copious water. The final product was then
dried at 70°C in vacuum condition for 12 hours.”"’

5.2.4.Characterizations

“The morphology was observed using JEM-1400 (JEOL) operated at 100 kV. The X-ray
diffraction patterns were collected using D8 Bruker AXS X-ray diffractometer using Cu
Ko radiation at a potential of 40 mV and current of 40 mA using a step scan of 0.02° and
holding time of 10 seconds. The UV-vis spectrum of the Au and PtAu hydrosols were
measured by a Shimadzu UV2450 spectrometer equipped with quartz cells. The
concentrations were all 8 x 102 mM. The compositional analysis using EDX was

performed wusing a scanning electron microscopy JEOL JSM-6390LA. The
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electrochemical signals were recorded using Autolab PGSTAT 302 at room temperature
in 3 electrode configuration system. The potentials were measured and reported against a
saturated Ag/AgCl electrode.””” The electrochemical procedures for CO stripping and
poison stripping experiments can be seen in chapter 4.2.4.
5.3. Results and discussion
5.3.1.The effect of different Au particle size on the activity of Pt-decorated Au
electrocatalysts

Fig. 5.1 shows the typical TEM images of the Au nanoparticles with different size
and the as-prepared Pt-decorated Au nanoparticles with the same Pt/Au mole ratio (1:8)
on carbon black. It can be seen that with the reduction of small amount of Pt precursor,
the mean size of the Pt-decorated Au is quite closed with the size of the respective Au
nanoparticles, indicating the successful reduction of Pt precursor on the Au surfaces by
NH,OH.HCI. By counting at least 500 nanoparticles of each sample on different areas,
the diameters of the catalysts particles were measured and the results are shown in Table

5.1.

Table 5.1. Comparisons of particle sizes of the various Au/C and Pt-decorated Au/C.

Measured particle Measured particle
Samples size by TEM size by XRD
(nm) (nm)
Au 2 nm 2.1+1.1 2.2
PtAu 2 nm 23+£09 -
Au 5 nm 4.8+2.5 4.6
PtAu 5 nm 51+£24 -
Au 10 nm 10.2+3.1 10.8
PtAu 10 nm 104+4.2 -
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Fig. 5.1. TEM imags of the repective samples: 1A) uC with mean size 2 nm; B) Pt-
decorated Au with mean size 2 nm; 2A) Au/C with mean size 5 nm ;2B) Pt-decorated Au with
mean size 5 nm ;3A) Au/C with mean size 10 nm ;3B) Pt-decorated Au with mean size 10 nm
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Fig. 5.2. UV-vis spectra of Au hydrosols with different Au sizes and their respective Pt-decorated
Au hydrosols.

Au hydrosols exhibit strong plasmon resonance absorption that has been shown to
be dependent on their particle size and shape. For roughly cubooctahedron Au
nanoparticles, the plasmon peak usually falls between 515 and 530 nm. '°?°! Fig. 5.2
shows the UV-vis absorption spectra of the Au hydrosols with different particle size and
the spectra of their respective Pt-decorated Au hydrosols. For the 2 nm Au and its Pt-
decorated Au, there are no obvious plasmon peak which is in accordance with the results
reported by Duff et al.'"> '’ But for the 5 nm Au and 10 nm Au hydrosols, there are
strong plasmon absorption peak centered on ~520 nm. The absorbance increase is due to
the progressive increase in the particle size where larger particles have larger molar
extinction coefficient values. This observation agrees with the TEM analysis. When the
Pt precursor is reduced on the respective Au nanoparticles, the plasmon absorption peaks
decrease and become broader indicating the decreased exposed Au surface that suggest

the successful reduction of Pt precursor onto the Au nanoparticles.
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Fig. 5.3. XRD patterns of Au/C with different sizes and their respective Pt-decorated Au/C.

The XRD spectra of all the Au nanoparticles and the as-prepared Pt-decorated Au
nanoparticles can be seen in Fig. 5.3. It can be seen that the spectra of all the Pt-decorated
Au resemble the Au spectra, but the shape of the peaks are not symmetric and the
intensity slightly increase in the middle position between pure Pt peaks and Au peaks,
which in accordance with the XRD analysis in chapters 3 and 4 indicating the present of
Au and Pt phases. The most striking difference can be observed on the peak width of Au
10 nm and PtAu 10 nm, where the widths of the PtAu 10 nm peak are broader than that of
Au 10 nm indicating a much smaller particle size which is inconsistent with the TEM
analysis, where the mean particles size of the respective Pt-decorated Au is close with
that of Au. This discrepancy confirms that Scherrer formula utilizing XRD data can not

be used to characterize the particle size of Pt-decorated Au structure.
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Fig. 5.4. EDX spectra of A) Pt-decorated Au with a size of 2 nm; B) Pt-decorated Au with a size
of 5 nm; C) Pt-decorated Au with a size of 10 nm

To confirm the successful reduction of Pt precursor, EDX analysis was conducted
and the results can be seen in Fig. 5.4. It can be seen that all the as-prepared Pt-decorated
Au nanoparticles contain both Pt and Au and by quantitative analysis, the Pt/Au mole
ratios of all the samples are closed with the intended ratio of 1:8 that verify the complete

reduction of Au precursor and Pt precursor.
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Fig. 5.5. CVs of Pt-decorated Au with different sizes in deaerated 0.5 M H,SOy4
at 50 mVs™. Insets show the blow up region of A)-0.15 Vt0 0.12 V
and B) 0.25 V to 0.55 V (cathodic scan)

Fig. 5.5 shows the cyclic voltammograms of the Pt-decorated Au nanoparticles
with different size but with the same Pt/Au mole ratio. It can be seen in the inset on Fig.
5.6 “that after the decoration of Au nanoparticles by Pt, the well-defined hydrogen
adsorption—desorption region and the Pt oxide reduction peaks appear which are the
characteristics of Pt-based electrodes. The Au oxide reduction peaks at 0.95 V still can be
observed for all the catalyst,”'® but with the increase of size, the peak becomes smaller
and the intensity becomes lower. Since the current is normalized with the glassy carbon
electrode area and the total metal loading are all the same, the decrease in the Au oxide
reduction peak with the increase of Au size is related with the Au surface area where the

small Au nanoparticles has higher surface area. While the intensity of the Pt oxide
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reduction peaks for all the catalysts are roughly the same, indicating that all the catalysts
contains almost the same amount of Pt atoms available for electrocatalytic reactions.

The CVs also reveals that for the same Pt/Au mole ratio, the 2 nm Pt-decorated
Au nanoparticles has higher oxophilicity compared to the other Pt-decorated Au
nanoparticles that have bigger particle size (see inset B of Fig. 5.5). This suggests that the
small Pt-decorated Au shows a stronger bonding between Pt and oxygen containing
species compared with Pt-decorated Au with bigger particle size even though they have

the same Pt/Au mole ratio.
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Fig. 5.6. CO stripping curves for Pt/C and various Pt-decorated Au with different sizes
in CO-saturated 0.5 M H,SO,.

CO stripping experiment was further conducted to characterize the surface
properties of the as-prepared Pt-decorated Au nanoparticles since CO adsorption is very
sensitive to the surface structure and particle size. Fig. 5.6 shows the CO stripping curves
of Pt/C and Pt-decorated Au nanoparticles with different size. It can be seen that all the
Pt-decorated Au nanoparticles have higher CO stripping peak potentials and much

broader peak compared to that of Pt/C. This positive potential peak confirms the stronger
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Pt-CO bond on the surface of Pt-decorated Au as predicted by the Nerskov d-band centre
model.'”® ' More interestingly is with the size decrease of Pt-decorated Au
nanoparticles, the CO stripping peak potentials shifts toward high potentials that suggest
a stronger Pt-CO bonding on this catalysts which is in accordance with the CV in 0.5 M
H,SO4 analysis where a stronger bond between Pt and oxygen containing species has

been observed with the size decrease of Pt-decorated Au nanoparticles.
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Fig. 5.7. CVs of Pt-decorated Au with different sizes at 10 mV s™' and 1000 rpm in 0.5 M H,SO,
+ 0.5 M HCOOH.

The activity of the as-prepared Pt-decorated Au nanoparticles as electrocatalysts
were tested for formic acid oxidation. Fig. 5.7 shows the CVs of Pt-decorated Au
electrocatalyst with different size in 0.5 M H,SO4 + 0.5 M HCOOH. Obviously all the Pt-
decorated Au oxidize formic acid through the dehydrogenation branch which can be seen
that the forward and backward scans are not appreciably differ and only one peak
159, 161

observed at 0.3 V on the anodic scan, indicative of the dehydrogenation pathway.

Interestingly, the current normalized with the glassy carbon electrode area increases with
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the decrease of size which suggest that the catalytic activity actually increases with the
decrease of particle size. In addition, the peak potential also decreases with the decrease
of particle size, which suggest the higher catalytic activity the small Pt-decorated Au
possess. This can be related with the ‘electronic’ effect as explained in chapter 4.3.7, in
accordance with the CO stripping experiment and CV in 0.5 M H,SOy analyses where the
smaller the Pt-decorated Au size, the stronger the reactivity towards CO and oxygen

containing species, respectively.

T T T T
02 00 02 04 06 08 10 12 14 02 00 02 04 06 08 10 12 14
E (V vs Ag/AGCI) E (V vs Ag/AGCH)
.

T T T T T T
-0.2 0.0 02 0.4 0.6 0.8 1.0 1.2 1.4

E (V vs Ag/AgCl)
Fig. 5.8. CV curves of Pt-decorated Au with different size in N, saturated 0.5 M H,SOy4 (full
line). Dash line is in 1 M CH30H + 0.5 M H,SO,. Scan rate: 50 mV s

Fig. 5.8 shows the electro-activity of the Pt-decorated Au with different sizes

towards methanol electrooxidation. It is clear that all the Pt-decorated Au have negligible
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activity for methanol electrooxidation. This further confirms the ‘ensemble’ effect is the
origin of the activity beside the ‘electronic’ effect, in accordance with the explanation in

chapter 4.3.7.
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Fig. 5.9. Chronoamperometric plots for formic acid oxidation at 0.15 V and 1000 rpm in 0.5 M
H,SO, + 0.5 M HCOOH for Pt/C and Pt-decorated Au with different sizes.

The chronoamperometric plots of Pt/C and various Pt-decorated Au with different
sizes are compared in Fig. 5.9. At a fixed potential of 0.15 V, formic acid can be oxidized
on the catalyst surface and the poisonous intermediate CO,4s would gradually accumulate
and occupy most of the Pt sites. A sharp decay in the activity for Pt/C is indicative of fast
accumulation of CO,q4s on the Pt sites. In contrast, for the cases of the Pt-decorated Au
with different size, the decays are more gradual. Interestingly, the decay in activity after 3
hours is less severe for the 10 nm Pt-decorated Au and more severe for the 2 nm Pt-
decorated Au and the 5 nm Pt-decorated Au lies in between. This observation suggests
that despite the 2 nm Pt-decorated Au has higher initial activity, after prolonged formic

acid oxidation, the activity decreases substantially.
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Fig. 5.10. Electrocatalysis stability of Pt-decorated Au catalysts during continuous CV cycles
between -0.15 t0 0.95 V in 0.5 M HCOOH + 0.5 M H,SO, at 50 mV s™' for 1) 2 nm Pt-decorated
Au; 2) 5 nm Pt-decorated Au and 3) 10 nm Pt-decorated Au. Part A shows the CVs cycles for
every 50 cycle while part B shows the normalized peak current at ~0.3 V as a function of cycle
number.

Unlike the CA experiment that shows the durability of the electrocatalysts at a
fixed potential, repeated CV cycles within appropriate potential range in acidic

electrolyte is a good method to evaluate the degradation of an electrocatalysts.'”* 2> The
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degradation tests were carried out by cycling the working electrode between -0.15 and
0.95 V at a scan rate 50 mV s in deaerated 0.5 M HCOOH + 0.5 M H,SO, and the
results are presented in Fig. 5.10. The CV scans of 2 nm Pt-decorated Au shows a
significant decrease in the activity, where it losses 80% of its initial maximum activity.
But unexpectedly, the durability of the catalysts in terms of formic acid oxidation actually
improves with the increase of particle size, where the activity of 5 nm Pt-decorated Au
and the activity of 10 nm Pt-decorated Au decrease about 65% and 38% of their initial
maximum activity, respectively.

To further study the durability of the electrocatalysts, the CV scans in 0.5 M
H,SO, of all the samples were examined before and after the repeated potential cycling in
0.5 M HCOOH + 0.5 M H,SO, and the results are shown in Fig. 5.11."%%%* The 1%, 2"
and 20" CV scans after the durability test were plotted to show the dynamic of the CV
shape. It is obvious that the major cause of the activity dropped is the loss of surface area
(Pt surface area and Au surface area) especially for the 2 nm Pt-decorated Au, where a
significant decrease in the Au-oxide reduction area before and after the potential cycling
of more than 50 % can be observed. And with the increase of the particle size, the
difference in the Au-oxide reduction area before and after potential cycling becomes less
significant. This suggests that the 2 nm Pt-decorated Au losses most of the Au surface
area. The possible modes of surface area losses of Pt and Au are the Pt dissolution,

203, 204

Ostwald ripening and aggregation due to the carbon corrosion. It is commonly

known that the size of Pt nanoparticles will eventually increase to 8-10 nm after fuel cell

203, 204

operation, as a result of the migration and agglomeration. The increase in durability

when the Pt-decorated Au particle size increase maybe due to the reason where big
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particles are more resistant to dissolution, Ostwald ripening and aggregation due to

carbon corrosion.
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Fig. 5.11. CVs of Pt-decorated Au catalysts in 0.5 M H,SO, at 50 mV s™' before and after 1000
cycles in 0.5 M HCOOH + 0.5 M H,SOq for 1) 2 nm Pt-decorated Au; 2) 5 nm Pt-decorated Au
and 3) 10 nm Pt-decorated Au.
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5.3.2. The effect of subsequent Au reduction on the Pt-decorated Au electrocatalyts
Motivated by the results in chapter 5.3.1, where the 2 nm Pt-decorated Au shows
higher activity but lower durability towards formic acid oxidation compared to bigger Pt-
decorated Au nanoparticles, we optimize the surface structure of Pt-decorated Au based
on the 2 nm Au core size by subsequently reduced Au precursor onto the surface of 2 nm
Pt-decorated Au to obtain a better stability. In this study the initial Pt/Au mole ratio was
chosen to be 1:1, and subsequently the Au precursor was reduced. Our initial experiments
shows that in order to obtain Ptge-Aucere nanoparticles with the 2 nm Au as the substrate,
the Pt/Au mole ratio needed was 2:1. With the initial Pt/Au mole ratio of 1:1 and
assuming that the growth is fully epitaxial, for the 2™ experiment (<100% sample) where
the amount of HAuCl4.3H,0 added was 11 mg, it is expected that a submonolayer of Pt
and Au formed on the 2 nm Au surface as shown in the Scheme 5.1 and when 14 mg
(100% sample) and 17 mg (>100% sample) of HAuCls.3H,0 were added, one monolayer
and more than one monolayer of Pt and Au should formed, respectively. It is expected
that as the results of reducing Au precursor onto the PtAu=I1:1, the durability of the
catalyst will be enhanced due the subsequently reduced Au precursor will fill in the gap

between the Pt-islands that will prevent the formation of bigger Pt island.

<100%

@ ©o ® e ® o @ oy
& ® 8 % 8 % 8 %
S ® o S 9 S 9 ¢
Scheme 5.1. The proposed growth mechanism of Pt and Au precursors onto the 2 nm Au

nanoparticles.
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Fig. 5.12. XRD patterns of Au/C, Pt/C, PtAu=1:1, <100%, 100% and >100% samples.

Fig 5.12 shows the XRD patterns of all the samples. It can be seen that the PtAu=1:1,
<100%, 100% and >100% only show the reflection peaks of face centered cubic Au,
indicating that the amount of Pt entities in these samples are low and can not be detected
by XRD. But as explained in the previous chapter, the peak width of XRD patterns
containing Pt and Au with core-shell and decorated structure can not be used to determine
the particle size. So that to determine the particle size, only TEM image analysis was
used. By counting around 500 particles from 5 different areas, the mean particle size of

the respective samples were constructed and tabulated in Table 5.2.

Table 5.2. Comparisons of particle sizes of the Au/C, <100%, 100%, >100% samples.

Measured particle Measured particle
Samples size by TEM size by XRD
(nm) (nm)
Au 2.1+1.1 2.2
PtAu=1:1 29+1.7 -
<100% 3.1+2.1 -
100% 35+£25 -
>100% 3.6+24
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a

Fig. 5.13. EM image of the respective samples; A) Au/C; B) tAu=1:1; O <1; D) 100%; '

E) >100%.

Fig. 5.13 shows the TEM images of the Au/C, PtAu=I1:1, <100%, 100% and
>100%. It can be seen that the Au/C has high monodispersity with a mean particle size of
2.1 nm and dispersed very well on carbon black. The same conclusions can be observed
for the PtAu=1:1 with a mean particle size of 2.9 nm which is close with that of Au/C,
indicating the reduction of Pt precursor happens on the surface of the Au nanoparticles,
forming a submonolayer of Pt. While the mean particle sizes of the <100%, 100% and
>100% are quite close with that of PtAu=1:1 indicating the subsequent reduction of Au

precursor onto the as prepared PtAu=1:1.
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Fig. 5.14. CVs of PtAu=1:1, <100%, 100% and >100% samples in 0.5 M H,SO, at 50 mVs".

Fig. 5.14 compares the CV scans recorded in 0.5 M H,SOy4 for the PtAu=1:1,
<100%, 100% and >100%. It can be seen that all the samples exhibit the same
characteristic like Pt/C (Hypp area at low potentials and the Pt oxide reduction peak at
0.45 V) and Au/C (Au oxide reduction peak at 0.95 V) that confirms the surfaces are
consist of Pt and Au crystals which is indicative of the formation of decorated structure..
Although the total metal loading of all the samples are the same, it can be seen that the
PtAu=1:1 possess the highest Pt active area, as revealed by a larger Hypp area compared
to the other samples. In addition, the Au oxide reduction peak area also increases with the
increase in the amount of Au deposited. This is because for the same total metal loading,
the PtAu=1:1 contains more Pt atoms that mostly reside on the surface thus catalytically
available for the electrocatalysis and with the increasing amount of Au precursor reduced,

the Au surface area also increases.

85



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

24

<100%
— 100%
>100%
— PtAu=1:1

20

16

12 H

j (mAfem?)

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
E (V vs Ag/AgCI)

Fig. 5.15. CVs of PtAu=1:1, <100%, 100% and >100% samples in 0.5 M HCOOH + 0.5 M
H,S0, at 50 mVs™.

What is of interest is the unprecedented high activity this decorated structure
exhibited for formic acid oxidation when more Au precursors are reduced onto the
PtAu=I1:1. Fig. 5.15 shows the voltammograms of PtAu=1:1, <100%, 100% and >100%
in 0.5 M formic acid. It is unexpected that the addition of more Au onto the PtAu=1:1
actually increase the current density in the forward scan and backward scan, even though
the addition of more Au decreases the catalytically active Pt surface sites. But for these
samples, the forward scans always lower than the backward scans, indicating that CO,qs
still formed on these catalysts on a lower extent compared with that of Pt/C. This
conclusion can also be observed from the appearance of small discernible peak on the
forward scan at ~0.78 V, indicating the CO,qs oxidation process by the Pt-oxygen

containing species.
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Fig. 5.16. Poison stripping experiment on A) PtAu=1:1, B) <100%, C) 100%, and D) >100%
samples. The poisonous species was adsorbed from 0.5 M HCOOH and the poison stripping was
conducted at 50 mVs ' in 0.5 M H,SO,. The full line shows the first positive scan while the dotted

line shows the subsequent scan, upon removal of the poisonous species.

To characterize the formation of CO,qgs formed from the dehydration of HCOOH,
the poison stripping experiment was conducted with the results presented in Fig. 5.16.
The first forward scan is the stripping (oxidation) of the CO,4 formed from the
dissociative adsorption of HCOOH. It is obvious that the PtAu=I1:1 still shows a small
peak in this first positive going scan that indicates CO still formed. But with the reduction
of Au precursor, the peak becomes less discernible and almost disappear when the

amount of Au precursor reduce was increased, suggesting that the addition of more Au

87



ATTENTION: The Singapore Copyright y Library

creates less number of ensemble sites that can produce CO during the electrooxidation of

formic acid.
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Fig. 5.17. CVs of A) PtAu=1:1, B) <100%, C) 100% and D) >100% samples in N, saturated 0.5
M H,SOy (full line). Dash line is in 1 M CH;0H + 0.5 M H,SQO,. Scan rate: 50 mV s

To further prove that the addition of more Au on the PtAu=1:1 could form less
continuous ensemble sites that is beneficial for the formic acid oxidation, we conducted
methanol electrooxidation experiment and the results are shown in Fig. 5.17. It has been
shown by DFT calculation that a continuous ensemble of at least 4 Pt atoms is needed in
order for methanol oxidation could proceed.'”® By comparing the full line CVs with and
without the presence of methanol, it is obvious that, when Au precursor is reduced onto

the PtAu=1:1, less methanol can dissociate and oxidize on the Pt sites, indicating that the
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addition of Au formed less continuous Pt ensemble sites needed for methanol oxidation.

This conclusion also can be observed from the less blocking of the Hypp area for the

<100%, 100% and >100%.

1 - <100% ,
4 —100%
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Fig. 5.18. CO stripping curves of PtAu=1:1, <100%, 100% and >100% samples in 0.5 M H,SO,
at 50 mVs™.

Besides the ensemble effect, we predict that electronic effect may play a role in
the electro-activity improvement when Au precursor is reduced onto the PtAu=1:1. To
verify this CO stripping experiments were conducted and the results are shown in Fig.
5.18. It can be seen that the addition of Au shifts the CO stripping peak potential and the
CO stripping onset potential, indicating a stronger CO bond on Pt sites. This confirms
that indeed the electronic effect may play a role in the increase of activity for the <100%,
100% and >100% samples compared with that of PtAu=1:1 sample. Closer look on the
CO stripping curves reveals that the <100% and 100% samples consist of two poorly
separated peaks, one at 0.71 V and the other at 0.85 V, which are believed to be related to

the two types of Pt surface sites on the Au electrode surface as observed by Du et al.
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Fig. 5.19. Chronoamperometric plots for formic acid oxidation at 0.15 V and 1000 rpm in 0.5 M
H,SO, + 0.5 M HCOOH for Pt/C. PtAu=1:1, <100%, 100% and >100%.

The performance stability of the electrocatalysts for formic acid oxidation was
investigated by chronoamperometry and the results are shown in Fig. 5.19. Steady state
measurements were carried out at a constant potential of 0.15 V for 2 hours. While the
Pt/C shows a fast decay in activity, the PtAu=1:1, <100%, 100% and >100% samples
show a slow decay in current and after a period of 2 hours, the PtAu=1:1, <100%, 100%
and >100% still can maintain 9%, 11%, 15% and 20% of their initial activity,
respectively, indicating that the subsequent reduction of Au precursor onto the PtAu=1:1
sample does not just increase the specific activity but also increases the durability of the
catalysts.

5.4. Conclusions

In this chapter, we have reported the effect of different particle sizes on the
activity of Pt-decorated Au, where with the increase of size for the same Pt/Au mole ratio
the durability of the catalysts toward formic acid electrooxidation actually increases, due
to big particle size can mitigate the effect of particle aggregation. But it is found that the

smallest Pt-decorated Au (2nm) in this study possess the highest activity toward formic
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oxidation albeit with low durability. With this finding, the structure of the 2 nm Pt-
decorated Au was optimize by subsequently reducing Au precursor onto the as prepared
Pt-decorated Au with Pt/Au=1:1. The addition of Au resulted with the increase in the
activity and durability of the Pt-decorated Au of the size 2 nm toward formic acid
oxidation. It is hypothesized that the subsequent reduction of Au precursor will create
less continuous Pt ensemble sites that are beneficial for the direct oxidation of formic

acid.
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Chapter 6
Synthesis and characterization of Cocore-Ptshen €lectrocatalyst prepared by

spontaneous replacement reaction for oxygen reduction reaction

6.1. Introduction

The search for better catalysts for oxygen reduction reaction for Proton Exchange
Membrane Fuel Cells has been ongoing for decades. Platinum, known as the best catalyst
so far, suffers from high overpotential for ORR and its high cost. In the last couple of
years, it has been shown that by forming a monolayer-submonolayer of Pt on other metals,
the Pt usage could be reduced considerably without sacrifying the activity.'!® ''6- 11120
Such an approach is promising and must be studied further in order for the PEMFCs and
direct methanol fuel cells to be commercialized.

The preparation of Pt monolayer electrocatalyts was first introduced by Adzic
group by a spontaneous electroless replacement between Pt ion precursor and
underpotentialy deposited Cu that previously was electrodeposited on the surface of
another noble metal.''* ' '2° By carefully choosing the noble metal as the core metal,
they show that the electro-activity of the Pt monolayer can be enhanced two to four times
better than the commercial Pt/C.""> '** Such an enhancement was attributed to the

205-208

structural and-or electronic effects. Existing techniques like microemulsion, polyol

reduction method'®” 2% 2! and thermal decomposition of carbonyl compoundsm’ 211-213
have been successfully used to prepared transition metal nanoparticles alloyed with noble

metals, but these techniques are either very costly in terms of the metal precursors and

solvents used or not feasible for mass production of nanoparticles.
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Another promising method to synthesize Pt-M core-shell nanoparticles supported
on carbon is the deposition of the non-noble metals on previously formed Pt/C, followed

214-216

by high temperature alloying and continued by voltammetric surface dealloying.'”

Y However as the results of high temperature treatment, the metal particles will grow in
size, as induced by the coalescence and sintering of the platinum nanoparticles. This will
reduce the active surface area of Pt and also the electrochemical dissolution of the non-
noble metal from the surface of the nanoparticles by voltammetric dealloying could
poison the membrane layer. Recently, Pd based electrocatalyts modified with transition
metals such as Co and W have been proposed to have comparable ORR activity with Pt/C
but further study has shown that Pd based metals are a poor choice of electrocatalysts due
to its lack of stability in electrochemical environments.**'**

Pure Pt on the outermost shell layer can also be created by heat treatment of Pt

alloys or acid removal of the transition metals from the Pt alloys.?'* #** 2%

However,
usually Pt-based alloys contain up to 80% Pt before the treatment and almost pure Pt after
the treatment, especially for the case of acid removal. In this chapter we report the first
example of highly active Cocore-Ptsnen €lectrocatalyts synthesized through a novel and
potentially general wet chemistry approach that utilizes the redox transmetalation
(electroless deposition) method.'"™ '**22%-22” Our approach here is beneficial for the fuel
cell applications. Firstly, the Pt usage can be reduced as almost all the Pt atoms reside on
the surface. Secondly, the Co metal on the core can enhance the activity of the Pt surface
layer. Thirdly, the formation of solid Cocore-Ptshenn can prevent the extensive dissolution of

the Co metal during the fuel cell operation, which is usually observed for PtCo/C alloy.

The electrocatalytic activity, morphology, composition and crystal phase structure were
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characterized using linear polarization technique, cyclic voltammetry, X-ray diffraction,
thermogravimetric analysis, UV-vis, energy-dispersive X-ray spectrometry and
transmission electron microscopy.
6.2. Experimental and characterization methods
6.2.1. Preparation techniques

Firstly, the Co nanoparticles loaded on carbon black were prepared by the
reduction of CoCl, by NaBH4 with tetraoctylammonium bromide as the stabilizer in
ethanol solution. Stabilization of nanoparticles by surfactant tetraoctylammonium
bromide (TOAB) is advantageous because firstly its long chain favors the formation
of small nanoparticles and secondly it could be easily removed from the particle
surface.''® 2** Briefly, 0.2 mmol of CoCl,.6H,O and 0.2 mmol of TOAB were
dissolved in 25 mL ethanol and then mixed with homogeneous carbon black slurry
(82 mg in 25 mL ethanol). Prior to the experiment, all the solvents used were
degassed using an ultrasonicator and purged with N, for at least 1 hour to make sure
that the solvents were free from dissolved O,. Upon mixing, freshly prepared NaBH4
solution in ethanol (18 mg in 25 ml ethanol) was added directly under vigorous
stirring. Within seconds, the evolution of H, gas was observed according to the

following reactions.

CoCl, + 2NaBH4 = Co + H, + BoHg + 2NaCl
B,Hg + 6CH;CH,OH - 2B(OCH,CHs); + 6H,
To avoid the oxidation of Co nanoparticles, high purity N, was kept flowing
during the whole procedure. The pH of the solution after the Co>" reduction process was

11. Thirty minutes later, 100 ml of deaerated de-ionized (DI) water was added to
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decompose any remaining NaBHy4. The electroless deposition was performed by simply
mixing the resulted Co nanoparticles with Pt precursor, but the pH of the Pt precursor
solution was varied. Briefly, three hours after adding the DI water, 25 ml of 0.067 mmol
K,PtCly in DI water was added dropwise to the above solution. The pH of the aged
K,PtCly aqueous solution was varied by adding 0.2 M aqueous HCI solution, the
variations were pH=4 (without adding HCI), pH=2.5 and pH=1.5. After overnight stirring,
the resulted product was centrifuged and washed several times using ethanol and DI
water and finally isolated in powder form using filtration and then dried under vacuum.
For the annealed Co/C, the as-prepared Co/C was subjected to a thermal treatment at
600°C under Ar flow for 4 hours.

6.2.2. Characterizations

The X-ray diffraction patterns were collected using D8 Bruker AXS X-ray
diffractometer using Cu Ka radiation at a potential of 40 mV and current of 40 mA.
The 26 diffraction angles ranged from 30° to 90°, using a step scan of 0.02° and
holding time of 10 seconds. Peak profiles and crystallographic data were analyzed
using TOPAS by Bruker AXS. For the as-prepared Co/C, the XRD experiment was
conducted as soon as the sample was isolated in powder form after washing with
deaerated ethanol and dried in vacuum for 30 minutes to prevent further oxidation of
the Co/C. TEM measurements were performed using JEM-1400 (JEOL) operated at
100 kV. The particle suspension in ethanol was sonicated and then dropped cast onto
carbon-coated copper grid followed by solvent evaporation in air at room temperature.
TGA was carried out by heating the dry powder samples at a rate of 10°C/min with a

flow of air at 100 mL/min in the range of 25-700°C using TA Instrument SDT Q600.
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Typical samples weighed ~5 mg and were heated in a platinum pan. The UV-vis
spectrum of the solution was collected using UV-vis spectroscopy (Shimadzu 2450)
equipped with quartz cell. The compositional analysis using EDX was performed
using a scanning electron microscopy JEOL JSM-6390LA operating at 20 kV and
working distance of 10 mm. The samples were deposited on copper tabs which were
cut to fit the sample holder. About 5-10 large areas were probed and the average was
used to determine the composition.

“All the electrochemical performance tests were carried out at room temperature
condition (25°C) and were performed in a rotating disk electrode system using
Autolab PGSTAT302 potentiostat. Prior to every experiment, the glassy carbon
electrode (GCE) with a diameter of 5 mm was polished using 0.05 pum alumina paste.
Pt wire was used as the counter electrode and the electrode potentials were measured
using saturated calomel electrode (SCE) when using HClIOs or H,SO, as the
electrolyte, and Hg/HgO when using KOH as the electrolyte but all the potentials
throughout this paper are reported versus the reversible hydrogen electrode (RHE)
under the same conditions. The preparation of the working electrode was based on the
thin film method. Briefly 5 mg of the sample was mixed with 5 ml of DI water and
sonicated to form a homogeneous ink, then 20uL of the ink was deposited using
microsyringe onto the GCE and then left dry in open air. After that, 10uL of 0.05%
Nafion solution (diluted from 5% solution using isopropanol) was dropped on top of
the disk to fix the catalyst powder. All the solutions were deaerated using pure N, or
pure Ar for at least 30 minutes prior to any measurement. The ORR activity

measurements were conducted by recording the potentiodynamic voltammograms in
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0.1 M HCIOy saturated with O,. Prior to this experiment the PtCo/C or Pt/C electrodes
were electrochemically cleaned by cycling in 0.1 M HCIO4 at 100 mV.s™" until
reproducible voltammograms were obtained and the hydrogen adsorption-desorption
area obtained after double layer correction was used to determine the active surface
area of Pt.”"”’

6.3. Results and discussion

The procedure and conditions described in the experimental section were found to be
optimal for the preparation of solid Cocore-Ptshenn nanoparticles. In particular when
NaBHj, used is less than 2 times of the CoCl, mole, then not all the Co”" ions will be
reduced. But when the amount of NaBH4 is much higher than 2, then the excess
NaBH4; might reduce the Pt precursor once it is added into the as-prepared Co/C
solution. This will prevent the replacement reaction between Pt precursor and Co to
start because sodium borohydride reduction potential is much lower than the
reduction potential of Co®"/Co.**’ That is why in this experiment the molar ratio
between NaBH,4 and CoCl, was just slightly higher than 2. Moreover, it was already

proposed by Glavee et al,”*

that a 2:1 molar ratio of NaBH, over CoCl; is enough to
reduce all the Co>". To make sure that the small excess of NaBH, would not affect the
replacement reaction, prior to adding the K,PtCls solution, DI water was added to
accelerate the hydrolysis rate of NaBHa.

The formation of Cocore-Ptshen can be explained as follows. Since the standard
reduction potential of PtCl,>/Pt (0.67 V vs SHE) is much higher than Co*"/Co (-0.277

vs SHE). The spontaneous replacement reaction will take place as soon as the K,PtCly

solution was added into the Co/C solution according to the following reaction
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Co + PtCl,> + > Co*" + Pt + 4CI

From the replacement reaction, it can be seen that one Co atom must be oxidized in order
to reduce one PtCls> ion. The Co atoms on the surface of the Co nanoparticles will be
oxidized first, forming Pt atoms on the outer layer of the Co nanoparticles. By using
fewer amounts of PtCl* ions compared to Co, a complete Co replacement can be
prevented thus forming solid Cogore-Ptshenn nanoparticles. By using Pt to Co molar nominal
ratio of 1:3, it is expected that the final Pt to Co molar ratio is 1:2. The use of K,PtCly as
the Pt precursor in this experiment is beneficial to keep the original morphology of the Co
nanoparticles, unlike when pt* precursor like HyPtClg or K,PtClg is used. In this case, the
final product will be as of a porous structure due to two Co atoms will be replaced by one
Pt*" jon.
6.3.1. UV-vis analysis

Fig. 6.1 shows the UV-visible spectra of the supernatant collected after the
centrifugation step of the PtCo/C catalysts prepared at different pHs. The results are
compared with the spectra of K,PtCly aqueous solution and CoCl,*6H,0 aqueous
solution with the same initial concentrations as in the preparation step which are 0.38
mM and 1.14 mM respectively. It is worth noting that even though the initial color of
the CoCl,*6H,0 dissolved in ethanol is blue, but after adding a small amount of water
the color changes to pink and the UV-vis spectrum of CoCl,*6H,0 dissolved in pure
water and the spectrum of CoCl,*6H,0 dissolved in a mixture of ethanol and water
show the same intensity and the same absorption peak which is located at ~510 nm."*
For K,PtCl4 solution, the color and absorption peaks are the same when it is dissolved

in pure water and in a mixture of ethanol and water, which are light brown and two
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strong peaks at ~310 nm and ~385 nm respectively. These two peaks can be ascribed

to the characteristic of platinum complex of PtCl,*".*"

4 —0—CoCl,.6H,0

©% —0—PtCo/C pH=1.5
< PtCo/C pH=2.5

—v—PtCo/C pH=4.0

—o— K,PICl,

absorbance (a. u.)

T T T T T T T
300 400 500 600 700
wavelength (nm)

Fig. 6.1. UV-vis spectra of solutions of CoCl,.6H,0, K,PtCl, and the supernatant collected
after the centrifugation step of PtCo/C prepared at different pHs.

At the end of the replacement reaction, after the centrifugation, the supernatant
was collected and the UV-vis spectrum was recorded for the PtCo/C prepared at different
pHs. For the PtCo/C pH 4, there is a small shoulder located at ~510 nm which is very
close to the absorbance peak of CoCl,*6H,0. For the PtCo/C prepared at lower pHs (2.5
and 1.5), the shoulder develops into strong peak especially for the PtCo/C prepared at pH
1.5. This confirms the existence of Co" ions in the supernatant. Moreover the absorbance
peaks at 310 nm and 385 nm, which are the characteristic of K,PtCls, are no longer
visible in the supernatant, suggesting all the Pt ions were reduced by Co that confirm the
replacement reaction. Interestingly, the supernatant color of the PtCo/C prepared at pH
1.5 is very similar to the initial color of CoCl,*6H,0 aqueous solution which is light pink

suggesting that the supernatant contains more Co*" ions than the PtCo/C prepared at pH
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2.5 and 4. This color observation corroborates well with the UV-vis spectrum where the

peak is almost as strong as the peak of CoCl,*6H,0 solution.

——1ColC as'-prepéred
°=C°304 ——2 Co/C aged
x=Co0O —— 3 Co/C annealed
———4 PtCo/C pH=4.0
——5 PtCo/C pH=2.5
6 PtCo/C pH=1.5

intensity (a.u.)

31
2
1

30 40 50 60 70 80 20
2 theta (degree)

Fig. 6.2. XRD patterns of as prepared Co/C, Co/C after annealing, PtCo/C prepared at different
pHs and Pt/C.

6.3.2. XRD analysis

The comparison of the XRD patterns for the as-prepared Co/C, Co/C after
aging in air environment, Co/C after annealing in Ar flow at 600°C for 4 hours,
PtCo/C prepared at different pH and Pt/C are shown in Fig. 6.2. For the as-prepared
Co/C, there is only one broad peak around 44° that corresponds to (111) face centered
cubic (fcc) cobalt (space group Fm-3m (225); PDF-# (15-0806); a=3.545). The
appearance of this broad peak suggests that either the as-prepared Co is poorly
crystalline or the grain size is very small. But after aging the as-prepared Co/C in
open air at room temperature for around 10 days, the broad peak disappeared, and
there are new peaks that located at 2-theta values of 31.4°, 36.9°, 44.9° 59.5° and
65.4°. These peaks are in good agreement with the characteristic of fcc Co304 (space

group Fd-3m (227); PDF-# (65-3103); a=8.056) and can be assigned to (220), (311),
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(400), (511) and (440) planes respectively. While after annealing the as-prepared
Co/C under Ar flow for 4 hours at 600°C, the Co changed to CoO as revealed by the
XRD pattern. The peak at 36.5°, 42.4°, 61.5°, 73.7°, and 77.56° can be assigned to
(111), (200), (220), (311), and (222) of fcc CoO (space group Fm-3m (225); PDF-#
(43-1004); a=4.260 A). The as-prepared Co/C, aged Co/C and annealed Co/C only
show the diffraction lines of Co fcc, Co304 fcc and CoO fcc without any appearance
of Co-B alloy diffraction patterns. This Co-B pattern can be found usually when the
reduction of CoCl, by NaBH, is carried out in aqueous solution even after the sample

230. 232235 4 verify this explanation, we

was annealed in O, free environment.
conducted EDX analysis for the Co/C and the result is shown in Fig. 6.4.A. The result
reveals that there is no existence of B; only Co and O are present in the sample.
Therefore, using this simple preparation technique, we can fabricate pure Co
nanoparticles. The formation of CoO after the annealing might be induced by the trace
amount of O, remaining in the Ar gas source (~2 ppm). High temperature accelerates
the oxide formation because fcc Co is very susceptible to oxidation, especially for a
very small particle size, as can be observed from the XRD patterns of the aged
Co/C.*

As for the Pt/C all the peaks resemble the characteristic of fcc crystalline Pt
(space group Fm-3m (225); PDF-# (65-2868); a=3.924) corresponding to (111), (200),
(220), (311) and planes at 2-theta values of 39.6°, 46.2°, 67.5°, and 81.3° respectively;
while for the PtCo/C electrocatalyts, these five diffraction peaks are shifted to higher

2-theta values, indicating the contraction of the lattice due to the incorporation of Co

atoms in the fcc structure of Pt. For the PtCo/C prepared at pH 1.5 and 2.5, no
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characteristic of peaks for Co or Co oxides were detected, that indicates the formation
of principally single-phase solid solution. But for the PtCo/C prepared at pH 4, there
are other small peaks that do not belong to Pt fcc. These peaks are in good
correspondence with the characteristic of fcc Co3O4 like the aged Co/C XRD pattern.
The presence of Co30;4 indicates that at preparation condition of pH 4, the surface of
the PtCo solid solution does not entirely consist of Pt atoms. These surface Co species
are in the form Co304. This observation stresses the significance of pH during the
replacement reaction.

The diffraction peaks of PtCo/C electrocatalyts are broader compared to Pt/C
suggesting that their particle sizes are smaller than Pt/C. By using Scherrer’s
equation, the average size of the electrocatalyts was estimated from full peak width at
half maximum of the (220) plane reflection. The mean particle size and the lattice
parameter for all the PtCo/C electrocatalyts determined from XRD analysis can be

seen in Table 6.1.

Table 6.1. Comparison of nominal and real compositions, particle size and analysis by XRD and

specific ORR activity at 0.9 V for various PtCo/C and Pt/C.

. Pt-Pt .
Pt:Co Particle size" 2 theta Lattlc:, interatomic | Mg.tal ) Pt:Co Sge.ctlﬁc_

arameter . oadin, activity,

Catalyst (nominal pH (nm) [ty P distance J (real atomic VI g

atomic ratio) (degree) (A) (A) (%) ratio)” (mA/cm?p)
PtCo/C 1:3 4.0 2.5 40.174  3.881 2.744 17.4 1:2.8 0.555
PtCo/C 1:3 2.5 2.6 40.521 3.849 2.722 16.3 1:2.2 0.894
PtCo/C 1:3 1.5 3.1 39.834 3.920 2.770 11.2 9:1 0.497
Pt/C - 2.5 39.575 3.931 2.780 22.1 - 0.230

“ Estimated from XRD data using Scherrer formula.
® Determined by TGA analysis without any correction.

“Based on EDX analysis.
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It is evident that the synthesis procedure in this work can produce small bimetallic
nanoparticles with PtCo/C prepared at pH 4 has the smallest size and PtCo/C prepared at
pH 1.5 has the biggest size. When comparing the lattice parameters, all the PtCo/C
electrocatalyts have lower lattice parameter than Pt/C. This indicates that the Pt-Pt
interatomic distance for all the PtCo/C electrocatalyts are lower compared to Pt/C, with
PtCo/C prepared at pH 2.5 being the lowest as shown in Table 6.1. The Pt-Pt interatomic

distance will be discussed in the context of their ORR activity in the later section.

6.3.3. TGA analysis

The loading of the particles on carbon black and the interfacial reactivities with
oxygen as a function of temperature were studied further using TGA. Fig. 6.3 shows
the typical TGA data for the as-synthesized PtCo/C at different pHs, Pt/C, as prepared
Co/C and carbon black. It can be seen that carbon black starts to oxidize at ~550°C,
but when Co or Pt or a CoPt mixture are deposited on carbon black, the oxidization
temperatures become lower indicating a catalyzing mechanism where the metals
promote the oxidation of carbon black at low temperature.'® The slight decrease in
temperature at ~430°C and ~450°C for Pt/C and PtCo/C pH 1.5 were due to the
exothermic oxidation of the carbon support, respectively.'®” 2% While for the PtCo/C
pH 2.5 and PtCo/C pH 4, the exothermic oxidation of carbon black happens at
~500°C.

From the mass change in Fig. 6.3 for the PtCo/C prepared at different pHs and Co/C,
the metal loading was observed to be lower than the nominal loading. The nominal
loading for the PtCo/C prepared at different pHs was 20%, while for the Co/C was

30%. Considering that the as-prepared Co will transform into Co-oxide when it is in
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contact with oxygen, the final loading of the Co/C should be higher than the nominal
loading. This difference compared to expected nominal weight is likely due to
contribution of the surfactant (TOAB) because once the nanoparticles are formed;
TOAB will attach and bind onto the nanoparticle surface and thereby adding the total
weight. Unfortunately, the weight contribution of TOAB can not be determined using
TGA analysis because it has been suggested that TOAB can be removed from the
nanoparticle surface at low temperature due to its low melting point that overlaps with

the weight loss due to water evaporation.''®

—O— PtCo/C pH=4.0
—A—PtCo/C pH=2.5
40 - PtCo/C pH=1.5
—O— Co/C as prepared
—O— Carbon black

Weight (%)

20 1

100 200 300 400 500 600

Temperature (°C)
Fig. 6.3. TGA curves for Pt/C, Co/C as prepared, carbon black and PtCo/C prepared at
different pHs.

Interestingly, the PtCo/C catalysts behave differently compared to Pt/C during
TGA experiment where the oxidation temperatures shift to higher temperature. But the
shifts are different for different pHs. The oxidation temperature for PtCo/C pH 1.5 is
closer to that of Pt/C compared to other PtCo/C, implying that it contains more Pt; while
the PtCo/C pH 2.5 and PtCo/C pH 4.0 have the same sharp weight loss at 500°C but with

different starting temperature. The decay in weight loss for PtCo/C pH 4 started before
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that of PtCo/C pH 2.5 and the early rate of weight loss seems the same as that of Co/C.
We presumed that this is due to the existence of Co-containing species on the surface of
PtCo/C pH 4, while the same sharp weight loss at 500°C and roughly the same total metal
loading for PtCo/C pH 4 and PtCo/C pH 2.5 indicate that the Pt/Co atomic ratio for these
two catalysts are almost the same. To verify these, we analyze the composition of the
remaining residue after the TGA analysis using EDX and the results can be seen in Fig.
6.4 and tabulated in Table 1. It can be seen that for PtCo/C pH 4 and PtCo/C pH 2.5, the
Pt/Co atomic ratio are quite close to each other but lower than the expected ratio (for a
full replacement reaction, the final Pt:Co ratio should be 1:2); while for the PtCo/C pH
1.5, the Pt:Co ratio is much higher. This observation corroborates with the UV-vis
analysis where the PtCo/C pH 1.5 supernatant contains higher amount of Co>” compared
to PtCo/C pH 2.5 and PtCo/C pH 4. This phenomenon will be discussed in the
mechanism part.
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Fig. 6.4. The EDX analysis of A) Co/C; B) PtCo/C pH 4; C) PtCo/C pH 2.5;
D) PtCo/C pH 1.5.
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Fig. 6.5. TEM images of A) PtCo/C pH 4.0; B) PtCo/C pH 5; O Co/ pH l. an D) Pt/C.
All the scale bar is equal to 20 nm

6.3.4. TEM analysis

Fig. 6.5 shows the TEM graphs and the size distribution of PtCo/C prepared at
different pHs. It is evident that the mean particle sizes are quite close to the values
obtained using Scherrer correlation from XRD data. The histograms of the particle
size distribution, which are based on the analyses of several different regions and
counting of over 300 particles, reflect quantitatively the uniformity of the size
distribution. As can be seen in Fig. 6.5, the dispersion of the catalysts on carbon black
is quite uniform, but unfortunately there are some aggregations observed in the image

especially for the PtCo/C pH 4 despite TOAB was used to prevent the aggregations.
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This is due to the magnetic characteristic of Co that favors the aggregation of the
nanoparticles.
6.3.5.CV in alkaline electrolyte

CV is a surface sensitive electrochemical approach that detects only the
electrochemical properties of the surface atoms instead of the bulk atoms. To
characterize the surface properties of the PtCo/C electrodes, the CV response of all
the PtCo/C and Pt/C was analyzed in the potential range between hydrogen and
oxygen evolution in 0.1 M KOH solution. It is well known that Pt-based non-noble
metal catalysts show corrosion behavior when they are immersed in acidic electrolyte,
so it is impossible to probe the existence of Co on the surface of the electrocatalysts
in acidic electrolyte. To study whether the Co dissolution occurs and changes the
surface structure of the catalyst upon potential cycling in acidic electrolyte, the CV
response of all the electrocatalyts before and after potential cycling in 0.1 M HClO4

was also recorded.

0.3

— - -1stscan in KOH P
0.2} ——— 30th scan in KOH 1 \

0.1}

1 (mA)

0.0 -

0.1}

0.2}

, \ \ \ ,

0.0 0.3 0.6 0.9 1.2 15
E (V vs RHE)

Fig. 6.6. CV of aged Co/C (30 wt%) in deaerated 0.1 M KOH at 100 mVs™.

To probe the characteristic of Co/C, we conducted the CV analysis for the

aged Co/C and the result is shown in Fig. 6.6. It can be seen for the 1% scan that there

107



ATTENTION: The Singapore Copyright Act applies fo the use of this document. Nanyang Technological University Library

is only one peak in the anodic scan; one peak and a broad shoulder in the cathodic
scan. In the repeated sweeps up to 30 scans, the peak in the anodic scan develops into
two continuous peaks at ~1.1 V and ~1.3 V and for the cathodic scan there are one
broad peak at 1.2 V and a small discernible peak at 0.65 V. From the analysis of the
Pourbaix diagram for cobalt species,” it is shown that at pH 12.8 and in the range of
0.05 to 1.5 V in which our experiment was conducted, Co can exist as either
Co(OH);, Co0304, Co(OH);3 or Co0O;, depending on the potential. This suggests that the
redox transitions corresponding to the Co" = Co'" > Co'" electrochemical processes

happen during the potential cycling in 0.1 M KOH.>**¥

Thus the predominant
species formed at 1.1 V in the anodic scan might be Co(OH);3 through the oxidation of
Co(OH), with Co0304 as the intermediate product (from the Pourbaix diagram, the
stability region of Co3;04 is very narrow). While the oxidation process at 1.3 V might
involves the formation of CoO,. For the cathodic scan, the broad peak at 1.2 V and
the small discernible peak at 0.65 V can be assigned to the reduction process from
Co'" to Co".

Fig. 6.7 part A shows the CV profiles for Pt/C in 0.1 M KOH before and after
potential cycling in 0.1 M HCIO4. As in the case of polycrystalline Pt, hydrogen
monolayer adsorption and desorption are very pronounced. Besides, there is no
constant current in the double-layer region and a broad oxide formation starts just
after hydrogen desorption. A pair of sharp peaks can be observed at ~0.3 V that
correspond to Pt (110) facets and the pair of quite discernible shoulders at ~0.4 V can

242244

be attributed to Pt (100) step sites, while a broad cathodic current peak

appearing around ~0.75 V in the negative-going potential sweep can be assigned to
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the reduction of the Pt oxide layer. The potential cycling in 0.1 M HClO4 did not
change the electrode surfaces because there is no significant difference on the CVs

before and after the potential cycling in acid electrolyte.
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Fig. 6.7. CVs in 0.1M KOH before and after electrochemical treatment of A) Pt/C; B) PtCo/C
pH=4.0; C) PtCo/C pH=2.5; D) PtCo/C pH=1.5. Scan rate is 100mV s".

The CV responses of PtCo/C electrodes prepared at pH 4, pH 2.5 and pH 1.5
in 0.1 M KOH before and after potential cycling in 0.1 M HCIO4 can be seen in Fig.
6.7. For the PtCo/C pH 4.0, the Hyyq region is not so obvious before cycling in acid
electrolyte, instead a very broad oxidation layer above 0.6 V that developed into two
broad continuous shoulders at ~0.8 V and ~1.1 V on the anodic sweep can be
observed after 30 scans. The appearance of these new responses for the PtCo/C pH
4.0, different from Pt/C, can be assigned to Co redox current. But the formation of Pt-

oxide in the potential region of 0.8-0.9 V can not be neglected, especially the
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formation of shoulder at ~0.9 V indicates the formation of Pt-OH overlaps with the
peak in the anodic scan at 0.8 V. Thus only the peak at 1.1 V can be used to probe the
existence of Co on the surface of the PtCo/C catalysts. For the cathodic scan, the
observed broad peak around 0.45 V is still far different from that of Pt/C where the
reduction of Pt-oxide for Pt/C can be observed at 0.75 V; and it is somewhat different
from the reduction peaks of Co/C (1.2 V and 0.65 V). Accordingly we suggest that the
broad peak at 0.45 V is attributed to the reduction of Pt-Oxide and also the reduction
of Co-(hydr)oxide species. The difference in the peak potentials corresponding to Co
redox current observed from the PtCo/C especially for the anodic scan, at least
partially, are due to the effects of platinum on the electronic structure of the electrode
and their effects in the redox potential. Due to the existence of the small peak at 1.1 V
for the PtCo/C pH 4.0 we conclude that the surface of PtCo/C prepared at pH 4 still
consists of Co-oxygen containing species which corroborates with the XRD and TGA
analysis.

After cycling in 0.1 M HCIOy, the CV for the PtCo/C prepared at pH 4 does
not show the characteristics of Co-(hydr)oxide containing species anymore. Instead
the common Pt/C responses such as the Hypq region and Pt oxide reduction peak can
be observed. This confirms the dissolution of Co-(hydr)oxide in acidic media and the
surface become enriched with Pt upon the electrochemical treatment in acidic
solution, as observed in other studies.??* 2%

For the PtCo/C electrode prepared at pH 2.5, the CV responses before cycling
in acid media are quite similar to the PtCo/C prepared at pH 4, but the two oxidation

peaks in the anodic scan at high potential can not be observed anymore and the oxide
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reduction peak in the cathodic scan shift positively. This suggests that the surface of
the electrode is composed almost entirely of Pt. Interestingly for the PtCo/C prepared
at pH 1.5, the characteristic of Co-oxygen containing species can not be observed
anymore. The absence of the Co-(hydr)oxide redox current peaks for the PtCo/C
prepared at pH 1.5 confirms that the surface consists of pure Pt. These observations
once more stress the importance of pH on the final product.

Moreover, a closer look at the Hypq region of the CVs for the PtCo/C electrodes
shows that after potential cycling in 0.1 M HCIlOs, all the PtCo/C electrodes except for
the PtCo/C prepared at pH 2.5 have a pair of sharp peaks at 0.3 V that correspond to Pt
(110) facets, contrary to that before cycling in acid electrolyte. This suggests that during
the potential cycling in acid media, the Pt atoms undergo a surface reconstruction where
many steps and/or defects ascribed to Pt (110) formed. But it is not the case for PtCo/C
prepared at pH 2.5 where the voltammetry responses in the H,pq region do not show any
appreciable difference in terms of the sharpness of the peak around 0.3 V, which suggest
that PtCo/C prepared at pH 2.5 has fewer steps and defects compared to PtCo/C prepared

atpH 4 and pH 1.5.
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Fig. 6.8. XRD patterns of aged Co/C, Pt/C an2ct1h ?tmggjz with different nominal Pt:Co mole ratios
prepared at A) pH 4.0; B) pH 2.5 and C) pH 1.5.

6.3.6. Mechanism

To study the replacement mechanism, which is influenced by pH, we prepared
PtCo nanoparticles with different ratios at different pHs and we monitored the pH
after the replacement reaction. The XRD patterns for the PtCo prepared at pH 4.0 with
different Pt/Co mole ratio, PtCo prepared at pH 2.5 with different Pt/Co mole ratio
and PtCo prepared at pH 1.5 with different Pt/Co mole ratio can be seen in Fig. 6.8. It
can be seen that at pH 2.5, when the Pt:Co ratio is lower than 1:3, Co3;04 pattern can
be observed. While at pH 4, when the PtCo ratio is higher than 1:3, Co3;04 did not
form. This shows that at Pt:Co mole ratio of 1:3, different preparation pH will lead to

different surface composition. To further study the surface composition, the

voltammetry responses in alkaline electrolyte were recorded before and after cycling
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in acidic media and the results are shown in Fig. 6.9. It can be seen that for PtCo (1:8)
prepared at pH 4.0, Co atoms still exist on the surface where the oxidation peak at
~1.1 V belonging to the Co oxidation still can be observed on the CV scan before acid
treatment, but for PtCo(1:2) prepared at pH 4.0, the Co oxidation peak can not be seen
anymore suggesting the complete covering of Co-core by Pt-shell. It is the same case
for pH 2.5, where the Co oxidation peak at 1.1 V still can be observed when the Pt:Co
ratio was lowered to 1:8. But for the pH 1.5, when the Pt:Co ratio was lowered to 1:8,
the Co3;04 pattern can not be observed from the XRD data and the Co oxidation peak

can not be observed from the CV analysis either.
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Fig. 6.9. CVs in 0.1M KOH before and after electrochemical treatment of A1) PtCo/C
pH=4.0 with Pt:Co nominal loading of 1:8; A2) PtCo/C pH=4.0 with Pt:Co nominal loading
of 1:2; B) PtCo/C pH=2.5 with Pt:Co nominal loading of 1:8; C) PtCo/C pH=1.5 with Pt:Co

nominal loading of 1:8. Scan rate is 100mV s™.
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Table 6.2. pH effect of K,PtCly solution for different nominal Pt:Co ratio on the final product.

initial pH of Pt:Co '(nom‘inal final pH Co304 pattern can Co oxidation peak at Pt:Co (re.al )
KoPtClygg) atomic ratio) be observed from ~1.1V can be observed atomic ratio)
XRD data? from the CV analysis?
4 1:8 9.0 Yes Yes -
4 1:3 8.5 Yes Yes 1:2.8
4 1:2 7.8 No No 1:0.98
2.5 1:8 79 Yes Yes -
2.5 1:3 7.4 No No 1:2.2
1.5 1:8 32 No No 2:1
1.5 1:3 2.8 No No 9:1

“: Based on EDX analysis

The pH after the replacement reaction was also measured and the results are tabulated
in Table 6.2 together with the observation of Co3O4 pattern from the XRD data and
Co oxidation peak at 1.1 V from the CV in 0.1 M KOH and the real Pt:Co atomic
ratio based on the EDX analysis. It should be kept in mind that at the end of the Co*"
reduction process, the pH of the solution was 11. As can be seen the pH of the
K,PtCly solution and the Pt:Co ratio are the main factors in achieving the desired final
product (Cocore-Ptshen). Based on these observations we proposed a formation

mechanism as shown in Scheme 6.1.

© Co

Qrt

@ Co-oxide

o+ KoPtCly

final pH is neutral

Co nanoparticle

Scheme 6.1. The proposed mechanism for the replacement reaction observed at different final
pHs
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237 it can be understood that Co®" is not a stable

From the Pourbaix diagram,
species when the pH of the solution is slightly alkaline; the more stable forms are
Co(OH);, Co(OH)3;, Co304 and CoO; . In the present study, the fact that the Co-
(hydr)oxide species can be observed from the XRD and CV analysis for the PtCo/C
samples that have slightly alkaline pH in the final solution may be attributed to this
reason. So, as the replacement reaction between PtCly* and Co proceeds, the slightly
alkaline environment will favor the formation of Co-(hydr)oxide instead of Co®" that
subsequently deposit on the surface as shown in step 1. However, the pH of the final
solution should not be acidic, or a hydrogen evolution side reaction will compete with
the PtCl,* and Co displacement reaction, resulting in over-dissolution of the Co
nanoparticles as shown in step 3. The acidic pH will not just cause the over-
dissolution of the Co but will also weaken the surfactant stabilizing effect that lead to
bigger particle size as revealed by XRD and TEM analysis due to the removal of the
surfactant and subsequent aggregation. The removal of the surfactant can be seen in
the large Hypp area that PtCo/C prepared at pH 1.5 possesses compared to the other
PtCo/C despite it has lower total metal loading and bigger particle size. Thus the
preferred pH in the final solution to form a complete Pt shell without extensive Co
dissolution and formation of any Co-oxide is neutral. When the initial pH of K,PtCly
was not modified, i.e. pH 4.0, at Pt/Co nominal ratio of 1:3, the formation of a
complete Pt shell should be favored, but due to the slightly alkaline environment, Co-
oxide formed and deposited on the surface. This observation corroborates with the
XRD analysis and compositional analysis using EDX for PtCo prepared at pH 4

where the final Pt/Co mole ratio is 1:2.8 indicating the formation of Co-oxide. But
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when the Pt/Co ratio was increased to 1:2, the final pH of the solution become neutral
and no Co-oxide characteristic can be seen in either XRD data or CV analysis and the
final Pt:Co ratio is close with the theoritical Pt:Co ratio based on complete
replacement reaction .

For the K,PtCl4 with an initial pH of 1.5, adding less K,PtCly does not result in
the formation of Co3;04. This can be understood that low pH in the final solution (3.2
for Pt/Co ratio of 1:8 and 2.8 for Pt/Co ratio of 1:3) will favor the dissolution of Co-
oxide impurities and the exposed Co core, resulting in a very low Co content as
revealed by EDX analysis for PtCo/C prepared at pH 1.5.

For the K,PtCl, with an initial pH of 2.5, there are two possible final structures
that can be obtained when the Pt/Co ratio was varied. Even though the final pH was
neutral for both cases (7.9 for Pt/Co ratio of 1:8 and 7.4 for Pt/Co ratio of 1:3), at low
Pt/Co ratio, i.e. 1:8, the Co-oxide characteristic still can be seen from the XRD data
and CV analysis. This can be explained that at this ratio, the amount of Pt is not
sufficient enough to form a complete shell thus leaving some Co atoms on the surface
that subsequently transform to Co3O4 when the Co is in contact with oxygen. But
Pt/Co ratio of 1:3 is sufficient enough to form a complete shell as revealed by CV

analysis and EDX analysis where the Pt/Co ratio is very close to the expected ratio.
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Fig. 6.10. CVs of PtCo/C prepared at different pH and Pt/C in deaerated 0.1 M HCIO, at
100mV s

6.3.7.CV in acidic electrolyte

The CVs of Pt/C and the PtCo/C prepared at different pHs shown in Fig. 6.10
exhibit three characteristic potential regions of Pt: the hydrogen adsorption-desorption
potential region between 0.07 and 0.35 V, the double layer potential region, and
finally above ~0.7 V, OH adsorption region that leads to oxide formation on the
anodic scan and a sharp peak at ~0.8 V on the cathodic scan that related to the
reduction of the oxygenated species. In the hydrogen underpotential deposition
region, a pair of quite discernible peaks between ~0.1 and ~0.2 V is associated with Pt
(110) facets while one pair of broad peaks at ~0.26 V is the characteristic of Pt (100)
step sites. It is interesting to note that the peaks in the H,,¢ region for PtCo/C
prepared at pH 4 and 1.5 show almost similar behavior compared with Pt/C, but it is
not the case for the PtCo/C prepared at pH 2.5 where the peak at ~0.12 V becomes
less pronounced and the peak at ~0.28 V becomes not as distinct as for the Pt/C and
the other PtCo/C. Note that the CVs were recorded when the reproducible cyclic

voltammograms were obtained, i.e. the 50" scan at 0.1 V.s™.
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Fig. 6.11. CVs of PtCo(1:3)/C prepared at different pH and Pt/C in deaerated 0.5 M H,SO, at
100 mVs™.

Since the difference in Hypq region is not clearly resolved in perchloric acid
electrolyte, we conducted the CV characterization in sulfuric acid as the supporting
electrolyte in order to obtain better-resolved structural features. Fig. 6.11 displays the
CVsin 0.5 M H,SO4. As expected, the difference becomes clearer in Hypq region. The
two distinct symmetrical peaks at ~0.14 V and ~0.28 V is the typical features of
polycrystalline Pt. The first peak corresponds to Pt (110) sites and the last peak
indicates the presence of Pt (100) step sites. For the PtCo/C prepared at pH 2.5, the
corresponding CV is, once again, very different from that of Pt/C and the other
PtCo/C. where the two pair peaks are not sharp. This indicates that the PtCo/C
prepared at pH 2.5 contains fewer Pt (110) and Pt (100) sites compared with Pt/C and
the other PtCo/C, or in other words, fewer steps and defects. This corroborates with
the analysis of the CV in 0.1 M KOH and in 0.1 M HCIO4. The smaller low-
coordination numbers that the PtCo/C pH 2.5 possesses will be discussed in terms of
the oxygen reduction reactivity in the next part.

As shown in Fig. 6.10, the onset of the Pt-OH formation shifts toward more
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positive potentials on the PtCo/C electrocatalysts compared to Pt/C, implying the
delayed formation of Pt-OH, while the oxide-reduction peak shift positively
suggesting weaker Pt-oxygenated species bond. These show that the oxophilicity of
the PtCo/C catalysts are lower compared to Pt/C with PtCo/C prepared at pH 2.5
being the least oxophilic. The CVs in Fig. 6.11 also show the same trend even though
the difference is not as distinct as in Fig. 6.10 due to the strong anion adsorption

effect in H,SO4 electrolyte.
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Fig. 6.12. Charge density associated with Pt-OH formation on the A) anodic scan and B)
cathodic scan after background correction at 10mVs™" in N,-purged 0.1 M HCIO,. The
integrated charge was normalized to the real Pt active surface area based on H,pq-area

assuming a charge of 210puC/cm’.

Since the comparison of the cyclic voltammograms can not be made directly
due to the difference in real active surface area and the contributions of the
capacitance of the support, the charge density related with the water activation-
adsorption of oxygen containing species on Pt on the anodic scan and reduction of the
oxygenated species on Pt on the cathodic scan as a function of potential were
normalized in terms of the specific surface area (cm’p) using the charge under the
Hype-area (assuming a charge constant of 210puC/em?p;) and a background correction

for the varying ‘double layer’ capacitance. To get rid of the scan rate effect that can
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lead to false representation, a slower scan rate was used (10 mVs™) and the results are
presented in Fig. 6.12. Although obviously explicit from the CVs in Fig. 6,
interestingly the positive shift of the Pt-OH formation for the PtCo/C catalysts
compared to Pt/C is not so clear on the anodic scan (Fig. 7A). The charge density of
all the four samples up to 1.0 V was comparable, implying the same degree of surface
oxidation for PtCo/C prepared at different pH and Pt/C.% 246.247 On the other hand, a
considerable difference in the amount of charge per Pt area in the cathodic scan can
be observed in Fig. 7B where the charge density of Pt/C being the highest and Pt/Co
prepared at pH 2.5 being the lowest. This is also clearly reflected in Fig. 6.10 where
the oxide reduction peak in the cathodic scan is shifted around 30 mV toward positive
potential for the PtCo/C prepared at pH 2.5 compared to Pt/C, with that of the PtCo/C
prepared at pH 4 an pH 1.5 in-between. This confirms that the oxophilicity of PtCo/C
decreases compared to Pt/C. This fact may faciliate the adsorption of oxygen at low
overpotential and subsequently enhance the ORR rate.
6.3.8.ORR activity

Fig. 6.13 shows the linear sweep voltamograms of the oxygen reduction
reaction on the Pt/C and PtCo/C electrodes prepared at different pH in 0.1 M HCIO4
with various rotation rates. The current is represented as the current over the glassy
carbon electrode area (0.196 cm?). As shown in Fig. 6.13, for all the electrodes, after
sweeping the potential from about 0.17 V, the diffusion limiting currents can be
observed up to ~0.7 V. At the potential range from 0.7 V to 0.95 V, the ORR is under
diffusion-kinetic control (0.7 V< E < 0.95 V) and under pure kinetic control at

potentials higher than 0.95 V. To remove the hysteresis in the kinetic region due to
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the irreversible adsorption of oxides at the electrode surface and the deviation in the
diffusion limiting currents due to the capacitance of the carbon support, the ORR
currents were corrected for the background current which were obtained in deaerated
0.1 M HCIOy4 at identical potential scan settings but without rotation. This non-
faradaic current can contribute up to 20% of the overall current, which reflects the

importance of the background subtraction to avoid misrepresentation of the real ORR

current.
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Fig. 6.13. Linear sweep voltamograms in O, saturated 0.1M HCIO,4 at 20 mV/s after

background correction of A) Pt/C; B) PtCo/C pH=4.0; C) PtCo/C pH=2.5; D) PtCo/C
pH=1.5. Inset shows Koutecky-Levich plot at 0.65 V and 0.5 V.
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The insets in Fig. 6.13 show the Koutecky-Levich plot assessed from the data
at 0.65 V and 0.5 V. It can be seen that straight lines with almost the same slope were
obtained in all the plots, which is very close to the theoretically predicted slope for a
four-electron reaction of ORR, indicating that ORR on all the PtCo/C electrodes and
Pt/C electrode is a four-electron process with water as final product. One thing needs
to be mentioned is that the open circuit potential of all the PtCo/C catalysts in the
electrolyte is about 10 to 20 mV higher than that of Pt/C, suggesting a more favored

adsorption of oxygen on the PtCo/C surface than on Pt surface.
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Fig. 6.14. Tafel plots of PtCo/C prepared at different pHs and Pt/C in O,-saturated 0.1 M
HCI10O4 at 20 mV/s after background subtraction and mass transport correction at 1600 rpm.
Current is represented as kinetic current normalized by Pt active surface area.

For the purpose of comparing the real activity of all the PtCo/C electrodes with
Pt/C, the ORR currents after background subtraction were corrected with the mass-
transport currents and presented in the form of Tafel plot. The real kinetic currents
were then normalized by the Pt-active surface area from the H,pq charge and are
shown in Fig. 6.14. From the Fig. 6.14, the common Tafel slopes can be obtained. At
high potential (above 0.9 V) the obtained Tafel slopes for the Pt/C, PtCo/C prepared

at pH 4, PtCo/C prepared at pH 2.5 and PtCo/C prepared at pH 1.5 are 56, 55, 57 and
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58 mV decade™, respectively. We can conclude that ORR on all the electrocatalysts
studied here follows same pathway and has same rate determining step.

Furthermore, at 0.9 V, the specific activity of all the PtCo/C electrodes are
higher than Pt/C. The specific activity of Pt/C is 0.230 mA/cm’p; which coincides
very well with the activity of the common Pt/C observed in other study.**® While the
activity of PtCo/C prepared at pH 4, pH 2.5 and pH 1.5 are 0.555 mA/cm’p;, 0.894
mA/cm?p,, and 0.497 mA/cm’p,, respectively. These enhancements are about 2-4 times
higher than Pt/C. This activity enhancement is in agreement with previously reported
specific activity enhancement for PtCo catalysts.

Generally, most of the studies done on PtCo alloy catalysts reported an ORR
activity enhancement by factor of 1.5 to 3 compared to pure Pt. The activity
improvement towards ORR on Pt-based alloys can be explained by a few reasons.
Mukerjee et al, explained the enhanced ORR activities of Pt-based alloys in terms of
combination of surface geometric (favorable Pt-Pt mean interatomic distance) and

100, 101
’ Paulus et al

surface electronic (increase in Pt d-band vacancy) properties.
explained that the activtiy improvement on Pt-Co alloy was due to the inhibition of
OH adsorption on Pt atomic sites surrounded by ‘oxide’ covered Co atoms analogous
to the ‘common-ion’ effect where the presence of OH species on the surface repels

102193 The Jatter mechanism can be ruled out in this

like species from forming nearby.
study because from the CV analysis it can be concluded that if there is any Co-
(hydr)oxides on the surface then most of this species will dissolve out from the

surface during the potential cycling in acid media. The particle size effect also can be

excluded from this study since the crystallite size of the various PtCo/C are
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comparable to that of Pt/C based on XRD analysis.
Among all the proposed enhanced mechanism, the formation of pure Pt atomic

monolayer (Pt-skin) on PtCo surface is the most accepted one.'" 2#- 25

The activity
improvement comes from the electronic modification of the Pt surface skin layer by
the Co-rich second subsurface layer, which results in a modification of the Pt-(Oxgen
containing species) bonding energy due to the downshift in the d-band centre of the
pt. 13 115 124 127130 e attributed the enhancement on the ORR activity for the PtCo/C
catalysts to the formation of Pt-shell layer as revealed by the CV analysis, where the
PtCo/C electrodes show a delayed formation of Pt-OH and faster reduction of the Pt-
oxygenated containing species compared to Pt/C with minimum existence of Co or
Co-(hydr)oxides on the surface.

While the specific activity of PtCo/C prepared at pH 1.5 and PtCo/C prepared at
pH 4 are about 2-2.5 times higher than Pt/C. The specific activity of the PtCo/C prepared
at pH 2.5 outweighs the other catalysts, with an enhancement of 4 times higher than Pt/C.
We suspect that, besides the formation of Pt-skin surface on top of the Co-rich core, such
a dramatic improvement compared to the other PtCo/C electrodes is likely to be
accounted for by the existence of less steps and defects on the surface of PtCo/C prepared
at pH 2.5, as revealed by the CVs analysis in deaerated 0.1 M HCIO4 and 0.5 M H,SOs,.
Because the specific activity for the ORR on Pt surface is highly structure-sensitive, we
should note that atomically smooth Pt surface with less number of low coordination
atoms is more active than Pt surfaces that contains high concentrations of defects,

because of the reduced interaction with hydroxyl species at high potentials that could

block the Pt active surface area for the ORR. But the effect of the favorable Pt-Pt
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interatomic distance can not be neglected, since from the XRD analysis the PtCo/C
prepared at pH 2.5 has a Pt-Pt interatomic distance of 2.722 A which lies in the optimum
Pt-Pt interatomic distance of 2.71 to 2.73 A based on the study by Mukerjee and
McBreen group. Thus our synthesis technique here has stressed the importance of pH on
the preparation of Cocore-Ptshen via the redox transmetallation reaction that could favor the
formation of highly active electrocatalysts for ORR.
6.3.9. Durability test

The long term stability of the PtCo/c pH 2.5 was evaluated by monitoring the
degradation of the ECSA by repeated cyclic voltammetry with the appropriate lower and
upper limit potentials in an acidic electrolyte and compared with that of Pt/C."""?** The
durability tests were conducted by cycling the working electrode potential 700 times
between 0.05 V and 1.35 V at a scan rate of 50 mVs™ in a deaerated 0.1 M HCIO,

electrolyte and the results are shown in Fig. 6.15.
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Fig. 6.15. Loss of ECSA of Pt/C and PtCo/C pH 2.5 as a function of CV cycles in the potential
range of 0.05 V to 1.35 Vin 0.1 M HCIO, at 50 mVs™

It can be seen that by using such a high upper limit potential, the Pt/C shows a

significant decrease in the Pt ECSA, where it losses almost 90% of its initial maximum
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ECSA after 700 cycles.'”” 2> PtCo/C pH 2.5 also shows a significant decrease in ECSA,
but not as severe as that of Pt/C, where after 700 cycles it losses 70% of its ECSA. The
possible modes for the ECSA loss for these two catalysts are roughly the same because
they used carbon black as the support and their particle sizes are roughly the same (2-3
nm) which are the platinum nanoparticles dissolution and aggregation due to the carbon

203, 204

support corrosion. The only possible reason that the PtCo/C pH 2.5 shows less

128, 129, 246 where the

significant decrease in the ECSA is due to the stabilizing effect of Co,
incorporation of Co underneath the Pt shell will increase the Pt stability from
dissolution®” while the formation of complete Pt shell also prevent the dissolution of Co
during the potential cycling.
6.4. Conclusions

The preparation of PtCo/C electrocatalysts using redox transmetalation reaction at
different pH values has been studied. The final pH that favors the formation of Co-core
Pt-shell structure without the formation of Co-oxide impurities and excessive Co-core
dissolution is neutral (pH 7-8); such a pH condition can be achieved by modifying the
initial pH of the K,PtCly solution or increasing the K,PtCly to Co mole ratio. The
presence of Co helped increase the specific activity of the PtCo/C with an enhancement
factor of 2-4 times of that of Pt/C. The higher activity of PtCo/C pH 2.5 compared to the
other PtCo/C is attributed to the less defect that this catalyst possesses as revealed by the

cyclic voltammetry analysis and also to the favorable Pt-Pt intermetallic distance as

revealed by XRD analysis.
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Chapter 7

Conclusions and future outlook

7.1. Conclusions

The present research work deals with the syntheses of Ptgei-Aucore, Pt-decorated Au and

Ptshen-Cocore €lectrocatalysts and their electrocatalytic properties for fuel cell reactions.

The Ptghen-Aucore and Pt-decorated Au electrocatalysts have been synthesized using the

successive reduction method, while the Ptge-Cocore €lectrocatalyst was prepared by the

replacement reaction between Pt precursor and Co nanoparticles. The significant findings

of this work are:

1y

2)

Improved Pt utilization is obtained on Ptge-Aucore €lectrocatalyts which exhibit
more than 3 times higher mass activity towards methanol oxidation compared to
that of Pt/C, when the Pt shell formed is thin and complete.. Instead, the
formation of incomplete Pt shell shows a significantly lower activity for
methanol oxidation due to the stronger Pt-CO bonding on the PtAu surfaces and
presence of less ensemble sites.

A new type of electrocatalysts, Pt-decorated Au nanoparticles have been
successfully developed with extremely low Pt loading. Such a novel structure
shows a high electro-activity towards formic acid oxidation especially for low
Pt/Au mole ratio, presumably due to the unique Pt atoms configuration on the
Au surface that could oxidize formic acid oxidation via the direct oxidation

pathway. The origin of the enhancement as studied by electrochemical
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techniques has been attributed to the ensemble and electronic effect. Based on
the EIS analysis, a new formic acid oxidation mechanism is proposed.
Pt-decorated Au electrocatalysts with different Au sizes have been successfully
prepared and the effect of particle size on the activity and durability for formic
acid oxidation has been evaluated. It was found that the smallest Pt-decorated
Au (2nm) in this study possesses the highest activity toward formic oxidation
albeit with low durability. With respect to this, the structure of the 2 nm Pt-
decorated Au was optimized by subsequently reducing Au precursor onto the as-
prepared Pt-decorated Au and it was found that the addition of Au increases the
activity and durability of the Pt-decorated Au of the size 2 nm towards formic
acid oxidation. It is presumed that the subsequent reduction of Au precursor will
create less continuous Pt ensemble sites that are beneficial for the direct
oxidation of formic acid.

The preparation of PtCo/C electrocatalysts using replacement reaction at
different pH values has been studied. The final pH that favors the formation of
Cocore Ptshen structure without the formation of Co-oxide impurities and
excessive Co-core dissolution is neutral (pH 7-8). The presence of Co
underneath the Pt shell increases the specific activity of the PtCo/C with an
enhancement factor of 2-4 times of that of Pt/C. The higher activity of PtCo/C
prepared at pH 2.5 compared to the other PtCo/C is attributed to the less defects
that this catalyst possesses as revealed by the cyclic voltammetry analysis and

also to the favorable Pt-Pt intermetallic distance as revealed by XRD analysis.

128



ATTENTION: The Singapore Copyright

to the use of this

ocument. Nanyang Technological University Library

7.2. Recommendations for future work

While this work has successfully prepared several electrocatalysts with low Pt loading

and address the origin of the enhanced activity these catalysts possess, it has also brought

up new questions. Below is the list of some issues that should be looked into further

1.

Use of advanced electroanalytical techiques such as in situ infrared spectroscopy
and differential electrochemical mass spectrometry (DEMS) to study in detail the
mechanistic aspect of formic acid oxidation on the Pt-decorated Au surfaces.
Moreover, the use of XPS to give direct experimental evidence on the electronic
effect and theoretical calculation should also be explored to fully understand and
prove which of these effects (ensemble vs electronic) plays the dominant role for
HCOOH electrooxidation on the Pt-decorated surfaces.

Use of smooth Au polycrystalline or Au single crystal to study the extent of Pt
ordering on these two different surfaces and their implications for formic acid
oxidation. The ordering could be probe using advanced nanoscale techniques such
as atomic force microscopy (AFM).

Further optimizations of the Pt-decorated structure. The aggregations issues
relating to the carbon corrosion may have room for improvement such as the use
of more corrosion resistant support or the synthesis of large hollow Au nanotubes
as the support could be explored.

Pt decorated structure with other metals such as Ag could also be studied given
that the base metal could survive in the harsh acidic environment.

Exploring the surface replacement reaction to prepare other types of core-shell

metals such as Pdghe-Cocore, Ptsheii-Cucore and Pdgpe-Cucore €lectrocatalyts.
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The recommendation number 5 has been explored and in short we describe our initial
findings for the Ptghen-Cucore System here.

Borrowing the simple preparation techiques described in chapter 6, we have
synthesized Ptge-Cucore €lectrocatalyts without the use of any surfactant or molecular

stabilizer.
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Fig.7.1. Left image shows the CVs of Pty -Cucore and Pt/C in 0.1 M HCIO, at 20mVs™. Right
image shows the ORR activity of Ptge;-Cucore and Pt/C in 0.1 M HCIO,4 at 20mVs-1 with the inset
showing the Tafel plot.

It can be seen that Ptge-Cucore has significantly higher ORR activity of up to 4 times
higher compared to that of Pt/C as the result of lower oxophilicity this electrocatalyts
possesses. Further systematic approach should be taken to completely understand the

behavior of this catalyst in fuel cell reactions.
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