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ABSTRACT

Proton exchange membrane fuel cells (PEMFCs) are promising energy converting
technologies to generate electricity by mainly using hydrogen as a fuel, producing
water as the only exhaust. However, short life-time and high cost of Pt catalyst are the
main obstacles for the commercialization of PEMFCs. In the conventional carbon
black supported platinum nanoparticle (NP) commercial catalyst, carbon supports are
prone to oxidation and corrosion over time that results in Pt NPs migration,
coalescence, even detaching from the catalyst support. In addition, Ostwald ripening
of the Pt NPs could also occur due to their high surface energy and zero dimensional
structural features. All these contribute to the degradation of fuel cell performance.
This research aims at fabricating various advanced nanomaterials, including (1) Pt-
based highly efficient nanocatalysts and (2) alternative nanostructured durable

catalyst supports, to address the above-mentioned challenges in PEMFCs.

It is well known that the catalytic activity and durability of Pt catalysts are highly
dependent on their size and shape. In contrast to commercially-used Pt spherical
nanoparticles, one-dimensional (1D) structures of Pt, such as nanowires (NWSs),

exhibit additional advantages associated with their anisotropy and unique structure.

We first reported a new approach to address both activity and durability challenges of
PEM fuel cells by using 1D Pt nanowires (PtNWSs) as electrocatalyst. Pt NWs were
synthesized via a very simple environmentally-friendly aqueous solution route at
room temperature, without the need of heating, surfactants or complicated
experimental apparatus. This novel PtNW nanostructure showed much improved
activity and durability than the state-of-the-art commercial Pt/C catalyst which is
made of Pt nanoparticles. Further, Pt NWs were grown on Sn@CNT nanocable
support to form a novel 3D fuel-cell electrode (PtNW/Sn@CNT). This approach
allows us to combine the advantages of both PtNW catalyst and Sn@CNT 3D
nanocable support for fuel cell applications. The PINW/Sn@CNT 3D electrodes



showed greatly enhanced electrocatalytic activities for ORR, MOR and improved CO

tolerance than commercial Pt/C nanoparticle catalyst.

To save more platinum, ultrathin Pt NWs with even smaller diameters of 2.5 nm (vs.
4 nm reported in our previous work) have been successfully synthesized when using
N-doped CNTs as support. Direct evidence for the formation of ultrathin Pt NWs was
provided by systematically investigating their growth process under TEM. Nitrogen

doping in CNTSs played a key role in the formation of ultrathin Pt nanowires.

In terms of low durability of PEM fuel cell catalysts, the corrosion of current
commonly-used carbon black support materials have been identified to be the major
contributor to the catalyst failure. One of the major challenges lies in the development
of inexpensive, efficient, and highly durable alternative catalyst supports that possess
high corrosion resistance, high conductivity and high surface area. In this work, a
series of promising alternative nanostructured catalyst supports, including OD Nb-
doped TiO; hollow nanospheres, 1D TiSix-NCNT nanostructures, and 2D graphene
nanosheets, have been synthesized by various methods and used as catalyst supports.
Pt nanoparticles were then deposited on these novel supports, showing enhanced
catalytic activities and durabilities. Most interestingly, a new technique, atomic layer
deposition (ALD), was used to uniformly deposit Pt nanoparticles, subnanometer
clusters and single atoms on graphene nanosheets. Downsizing Pt nanoparticles to
clusters or even single atoms could significantly increase their catalytic activity and is
therefore highly desirable to maximize the efficiency.

In summary, the discoveries in this thesis contribute to applying various novel
nanostructured materials to design highly active and stable electrocatalyst and durable

catalyst support to develop high performance and low cost PEM fuel cells.
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Chapter 1. Introduction

1.1 Introductions to fuel cells
1.1.1 Fundamentals of fuel cells

Due to the rising energy demands, depletion of fossil fuel reserves, and
environmental pollution problems, a growing demand for exploring clean and
sustainable energy sources, as a replacement for combustion-based energy sources,
has sparked significant interest. As a promising candidate for environmentally benign
electric power generation technology, fuel cells (FCs) have drawn a great deal of
attention because of their high efficiency, high energy density, and low or zero
emissions. Accordingly, fuel cells have wide applications covering portable
electronics, transportation, stationary and back-up power [1-3].

Fuel cells are electrochemical devices which can, with the help of catalysts, convert
the chemical energy of the fuel directly into electrical energy without the combustion
process [4]. Electrochemical reactions take place at the two separated electrodes, the
electrochemical oxidation of the fuel at the anode and the electrochemical reduction
of the oxidant at the cathode. The electrons pass through the external circuit to
provide electricity. Generically, most fuel cells consume hydrogen (or hydrogen-rich

fuels) and oxygen (or air) to produce electricity, following a simply chemical process:
2H,+0, > 2H,0+E (1.1)

Since the only byproduct of the reaction is water, fuel cells are very clean and

environmental-friendly.

Another selling point of fuel cells is their high efficiency [5]. Under favourable
circumstances, this efficiency can be up to 60 %, which is 2-3 times that of
combustion engines using fossil fuels (normally in the range of 20-30 %). This is

because fuel cells convert chemical energy directly to electrical energy, and this



process does not involve conversion of heat or mechanical energy, as shown in Figure
1.1. Therefore, fuel cells are not constrained by Carnot limit and their efficiencies can
exceed the Carnot limit even when operating at relatively low temperatures, e.g., 80
€. On the contrary, the traditional energy conversion process involves three steps:
first, converting chemical energy to heat energy through a combustion engine; second,
converting heat energy to mechanical energy through a heat engine; third, generating
electricity through a generator. There is a certain energy loss in every step; especially
the second step which is confined by the Carnot cycle. Thus, fuel cells have much

higher efficiency.

Fuel cells

Chemical ener
9| g | Electrical energy

of fuels

Combustion Generator

Heat
engine
Thermal energy | === | \echanical energy

Figure 1.1. A graphical illustration of energy conversion differences between fuel cells and

the traditional methods.

Further, compared to the limited capacity of batteries, fuel cells can continuously
produce electricity as long as the fuels are supplied. Thus, the capability of
continuous generating electricity makes fuel cells are particular suitable for
automobile applications. Finally, fuel cells can provide powers range from volts to
megavolts, thus fuel cells have broad potential applications ranging from portable

electronics to transportation and stationary.



Traditionally, according to the types of electrolyte employed, fuel cells can be
classified into five categories: (i) Alkaline Fuel Cells (AFCs), (ii) Phosphoric Acid
Fuel Cells (PAFCs), (iii) Molten Carbonate Fuel Cells (MCFCs), (iv) Solid Oxide
Fuel Cells (SOFCs), and (v) Proton Exchange Membrane Fuel Cells (PEMFCs). The
recently developed Direct Methanol Fuel Cells (DMFCs) can be classified as
PEMFCs since they also use proton exchange membranes (PEM) as the electrolyte.
Generally, almost all fuel cells (with the exception of DMFCs) consume hydrogen
and oxygen to produce electrical current, as mentioned above; however, different fuel
cell types have their strengths and weaknesses and, as a result, they have their

application areas.

Table 1.1. Comparison of different types of fuel cells.

Fuel cell Mobile |Operating Fuel Electrical |Start-Up |Applications
type lon Temperature Efficiency
Alkaline OH 90-100°C  |H, 60% Fast « Military
(AFC) . Space
Phosphoric  [H" 150-200°C |H, >40% Moderate |« Distributed
Acid generation
(PAFC)
Molten COs* |600-700°C |H, 45-47%  |Slow « Electric utility
Carbonate « Large distributed
(MCFC) generation
Solid Oxide |O* 600 — 1000 °C |H,/CO |35-43% |Slow « Auxiliary power
(SOFC) « Electric utility

« Large distributed

generation

Polymer H* 50 — 100 °C H, 53-58% |Fast « Backup power
Electrolyte (transportat » Portable power
Membrane ion) + Small distributed
(PEMFC) 25— 35 % generation

« Transportation

(stationary) . Specialty

vehicles




From the fuel cell types listed in Table 1, molten carbonate fuel cells and solid oxide
fuel cells are classified as high temperature fuel cells, the rest are low temperature
fuel cells, even if the operating temperatures of phosphoric acid and alkaline fuel
cells exceed 200 <C.

Alkaline fuel cells are very efficient and cheapest to manufacture, but the electrolyte
is sensitive to carbon dioxide and therefore oxidant air has to be scrubbed before use,
or pure oxygen used, which makes operating AFCs expensive. The primary fuel is
hydrogen, but also the use of low alcohols and sodium borohydride has been studied.
AFCs are used in applications that require high performance regardless of price, e.g.

space and military applications.

Phosphoric acid fuel cell was the first commercial fuel cell type. Owing to the higher
operating temperature that is close to 200 <C in PAFCs, Pt catalyst is less sensitive to
CO in the fuel, but still requires noble metal catalysts to enhance oxygen reduction
reaction at the cathode, and corrosion tolerant materials because of the highly
corrosive electrolyte. PAFCs have been used mostly for stationary electricity and heat
production, but the interest has decreased since the potential for reducing cost is

considered limited.

The focus of molten carbonate fuel cell has been on larger stationary or marine power
plants, where slow start-up time and large footprint are not an issue. Thanks to the
relatively high operating temperature, electrode reactions do not require noble metal
catalysts. In addition to many common fossil and renewable fuels that can be
reformed internally, MCFCs can use also CO as a fuel. However, high operating
temperature and corrosive electrolyte require expensive materials for cell components
for mechanical stability and sufficient life time. Furthermore, carbonate forming
reaction at the cathode needs a source of carbon dioxide, which is usually provided by

recycling from anode exhaust gas.

Solid oxide fuel cells utilize a ceramic oxygen ion conductive electrolyte and operate
at high temperature. Therefore, there is no need for noble metal catalysts and carbon



monoxide can be used as a fuel. High operating temperature also allows using various
hydrocarbons as fuels and using waste heat for cogeneration or in steam turbines.
However, high operating temperature also has some drawbacks. For example, the
thermal expansion has to be controlled carefully and the corrosion of metal
components is a challenge. SOFCs are best suited for stationary and distributed
power generation, either in heat and power cogeneration or hybrid systems with gas

turbines.

The proton exchange membrane fuel cells (PEMFCs) are also known as polymer
electrolyte membrane fuel cells. A PEMFC contains an electrolyte that is a layer of
solid polymer that allows protons to be transmitted from one face to the other.
PEMFCs require hydrogen and oxygen as inputs, and these gases must be humidified.
PEMFCs operate at a temperature range of 50-100 <C that is much lower than other
types of fuel cells. The PEMFC can be contaminated by CO, reducing the

performance and damaging catalytic materials within the cell.

Among the multitude of fuel cell technologies available, PEMFCs have become
increasingly important because they operate at relatively low temperatures and have
short start-up and transient-response times compared to other types of fuel cells that
operate at higher temperatures (200 <C to 800 <C) [6]. During PEMFC operations,
oxygen gas is fed in cathode and electrochemically reduced while fuel (including
hydrogen, methanol, formic acid and ethanol) with low standard redox potential are
electrochemically oxidized at anode. Accordingly, based on the type of fuels used,
PEMFCs can be further categorized into direct hydrogen fuel cell (DHFC), direct
methanol fuel cell (DMFC), direct formic acid fuel cell (DFAFC) and so on [7].

1.1.2 Proton exchange membrane fuel cells (PEMFCs)

PEM fuel cells were first invented in the early 1960s by General Electric (GE).
Initially, sulfonated polystyrene membranes were used for electrolytes, but soon they
were replaced by Nafion ionomer, which is proved to be superior in performance and
durability and is still the most popular electrolyte membrane in use today. Since



Ballard Power systems Inc. pioneered PEMFCs research in late 1980s, PEMFCs have
drawn a world-wide interest. In addition, demonstrations are also emerging all over
the world. For example, most of the major automobile manufacturers have
demonstrated a prototype fuel cell automotive. British Columbia’s Hydrogen

Highway successfully served the 2010 Winter Olympic Games in Vancouver, British
Columbia, Canada.
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Figure 1.2. Schematic of the working principle for fuel cells [8].



The schematic of a PEMFC is shown in Figure 1.2. It consists of anode, cathode,
electrolyte membrane and the external circuit. The main part is the membrane
electrode assembly (MEA), which composes a polymer electrolyte membrane
(usually Nafion®) sandwiched between the anode and cathode. Beside the MEA,
graphite gas flow fields and metal current collect plates are supporting parts. The
polymer electrolyte membrane separates the gas at either side and conduct only

protons. The electrochemical reactions take place at the catalysts at the two electrodes.
The half cell reaction at the anode side is:
2H, > 4H'+4 e E%=0V vs. SHE (1.2)
(SHE=standard hydrogen electrode)
The half cell reaction at the cathode side is:
0;+4 H" + 4 e — 2H,0 E%=1.229 V vs. SHE (1.3)
The overall reaction is:
0, + 2H, — 2H,0 E°=1.229V (1.4)

At the anode, H, is fed in and split into protons and electrons with the help of
catalysts. The protons go through the membrane to the cathode side, while the
electrons travel in an external circuit, supplying electricity. At the cathode, O, reacts
with the protons and electrons to form water, leading to zero emissions. Therefore,

PEMFCs are clean energy technologies [6].
1.2 Challenges of PEMFCs

The high cost and insufficient durability of PEM fuel cell technology are two of the
major challenges hindering its commercialization. Among the components in a PEM
fuel cell, platinum (Pt)-based electrocatalysts and their associated catalyst layers
contribute over 50% of the total price [9,10]. Unfortunately, Pt is currently the most



efficient electrocatalyst (which is very hard to replace) in practical PEM fuel cells due
to its outstanding catalytic and electrical properties and superior resistant
characteristics to corrosion. As the demand for Pt grows, the price of Pt has increased
by more than three times from $600 per oz in 2001 to $1800 per oz in 2011 over the
last decade [11]. It is predicted that the demand for Pt will grow by another 10% in
the next fiscal year [12]. Given the climbing price of Pt, we must find ways to reduce
the Pt loading (particularly in the cathode catalyst layer) without compromising fuel
cell performance in order to meet the cost requirements for fuel cell
commercialization. In other words, the design of novel Pt catalyst requires not only
reducing the amount of Pt used, but also enhancing its catalytic activity and durability
[10, 13].

At present, the most widely used cathode catalyst consists of platinum nanoparticles
(2-5 nm) supported on carbon black supports. The major problem associated with the
supported Pt nanoparticle catalyst is the degradation of catalytic performance. In
practical fuel cells, carbon supports are known to undergo electrochemical corrosion
that results in Pt nanoparticles migration, coalescence, even detaching from the
catalyst support. In addition, Ostwald ripening of the Pt nanoparticles could also
occur due to their high surface energy and zero dimensional structural features [14].

All these contribute to the degradation of fuel cell performance.
1.3. The solutions with nanomaterials

The advent of nanomaterials and nanotechnology has shed light on almost every field
of science and technology, particularly in the development of renewable energies,
including PEM fuel cells. Nano materials are structures with at least one dimension in
the range of 1-100 nm. They can be classified into three categories according to their
dimensions: zero-dimensional (OD) (nanoparticles, quantum dots and fullerene), one-
dimensional (1D) (nanotubes, nanowires and nanobelts) and two-dimensional (2D)
(nanofilms, nanowalls and graphene) nanomaterials [15]. One of the reasons for the
considerable interest in nanomaterials is that such materials frequently display



unusual physical (structural, electronic, magnetic and optical) and chemical (catalytic)

properties that vary from their bulk counterparts [16,17].
1.3.1. Novel nanostructures of Pt catalyst

Fuel cell applications require the use of Pt in a finely divided state. Great effort has
been made to control the size of Pt nanoparticles in order to increase their catalytic
activities. Interestingly, it has been established that the catalytic activity and
durability of platinum nanostructures depends highly on their morphology (size,
shape and dimensionality), and therefore the design and synthesis of platinum
nanostructures with well controlled shapes and sizes is crucial for their applications,
especially in the field of catalysis. Great effort has been made to increase the ratio of
surface area to volume by reducing the size of Pt nanoparticles. Studies have also
shown that by altering the surface structure of a bulk single crystal one can
manipulate the catalytic properties of a Pt catalyst [18,19]. For example, platinum
nanocubes are found four times more active than polyhedral (truncated cubic) Pt NPs
for oxygen reduction reaction (ORR), indicating a dominant effect of NP shapes on
the ORR in PEMFC reaction conditions [20]. It has also been established that a rough
surface containing terraced, stepped, and kinked sites is generally more active than a
flat, low-index surface [21]. The reaction kinetics of platinum surface can also be
tuned by changing the dimensionality. Very recently, one-dimensional (1D) Pt
nanowires have been reported to exhibit much enhanced activity and durability, for
ORR, than commercial Pt/C catalyst which is made of Pt nanoparticles [22-25]. 1D
nanomaterials with their inherent large specific surface areas and continuous transport
path for charge carriers are useful for energy conversion applications, which are
mostly associated with surface reaction and carrier transport. When the diameter of a
material is reduced below a critical value, the additional advantage of 1D
nanomaterials may appear which further enhances their activities. By taking into
account both size and surface structure, one can tailor the catalytic activity and
durability of a Pt catalyst at the nanoscale by controlling the morphology of Pt

nanocrystals during their chemical syntheses. All these advances in shape-controlled
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synthesis of Pt nanocrystals provide an opportunity to engineer their catalytic
properties for fuel cell applications. However, it remains to be fully explored and
understood how the sizes, shapes, surface structures, and capping agents affect the
electrocatalytic properties of Pt nanostructures. Once these relationships have been
established, it will become possible to design the next-generation highly active and
durable electrocatalysts for fuel cell applications. In this thesis, | focused on the
syntheses of Pt nanocrystals with well-defined and controllable shapes and their use

as electrocatalysts in PEM fuel cell applications.
1.3.2. Nanostructured catalyst supports

With the current state of technology, the state-of-the-art and the most practical
electrocatalysts for PEM fuel cells are still carbon black (Vulcan XC-72R) supported
Pt catalysts [14]. Although these carbon black supports are outstanding in some
aspects in terms of their large surface area, high electrical conductivity, and pore
structures, the corrosion caused by electrochemical oxidation in a PEM fuel cell
operating environment has been identified to be the major drawback in terms of
catalyst durability and reliability. Oxidation of the carbon support to produce CO; can
occur, resulting in the separation of Pt particles from the carbon support and loss of
performance. These separated Pt particles would become electronically isolated,
leading to a low Pt utilization as well as degraded fuel cell performance. Therefore, it
Is necessary to explore more stable alternative catalyst supports to replace the
traditional carbon black based supporting materials. The alternative catalyst support
should have several important properties including excellent electronic conductivity,
high corrosion resistivity, uniform particle size distribution, high surface area, strong
cohesive force to catalyst particles, easy formation of uniform dispersion of catalyst
particles on their surface, etc. With this respect, considerable work has been done in
the past decades. The materials developed include nitride, carbide, conducting
polymers, carbon nanotubes, metal oxides, and metal silicide, as well as the newly

discovery graphene. Based on various nanomaterials synthesized in our lab, the
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authors purposely selected some promising materials as catalyst supports, such as

metal oxide, metal silicide, N-doped carbon nanotubes, and graphene.

Metal oxides have been studied by different research groups as alternative catalyst
support materials, such as sub-stoichiometric titanium oxide [26,27], indium tin oxide
[28], niobium-doped titanium oxide [29], tungsten oxide [30,31], and tin oxide [32].
Among these, titanium oxides are promising as catalyst supports due to their stability
in fuel cell operation atmosphere, low cost, commercial availability, stability in water,
and strong metal support interaction (SMSI) [33-34]. The use of Nb doping has been
found to significantly improve the electrical conductivity of TiO,, which allows its

use in electrocatalytic reactions [29, 35-37].

Recently, transitional metal silicides, such as TiSiy, have attracted tremendous interest
as the potential catalyst supports, for replacing carbon, in PEMFCs due to their
excellent thermal stability, corrosion resistance, and very high electrical conductivity
[38-40]. Previous studies have indicated that using transition-metal silicides as
electrocatalyst supports showed higher durability under fuel cell conditions [41], as

well as higher electrocatalytic activity for methanol oxidation [42].

The recent emergence of graphene has opened a new avenue for utilizing 2-
dimensional carbon material as a support in PEM fuel cells [43, 44]. One hopes to
employ such 2-D sheets as conductive mats to both anchor electrocatalysts and
modulate the electrochemical reactions in a controlled fashion [45-49]. The
combination of the high surface area (theoretical value of 2630 m?g), high
conductivity, unique graphitized basal plane structure and potential low
manufacturing cost makes graphene a promising candidate for catalyst support in
PEMFCs [50]. It is expected that graphene may offer a new carbon-metal
nanocomposite as the catalyst material for next generation catalysts [46].

1.4 Thesis objectives
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PEM fuel cells are innovative clean energy technologies with high efficiency, which
have great potential to solve both energy shortage and environmental pollution
problems. However, the high cost and low durability of PEM fuel cells are two of the
major challenges hindering their commercialization. Nanomaterials and
nanotechnology hold one of the key solutions to solve the above-mentioned

challenges.

In this content, the authors devoted to develop various advanced nanomaterials for
high efficiency catalysts to address the challenges in PEMFCs. The efforts were
mainly focused on the synthesis of highly active and stable electrocatalysts with
novel nanostructures, such as Pt nanowires, ultrathin Pt nanowires, Pt nanostar, Pt
nanoparticles, sub-nanometer Pt clusters and individual Pt atoms, via various novel
methods. Different novel nanostructured supports were used in the production of the
aforementioned Pt nanostructures. i.e., and 0D Nb-doped TiO, hollow nanospheres,
1D N-doped carbon nanotubes, Sn@CNT nanocables, TiSix-NCNT nanostructures,
and 2D graphene nanosheets have been synthesized by various methods and used as
catalyst supports. The as-synthesized nanocomposite catalysts were expected to show
much enhanced performance than the state of the art commercial Pt/C catalysts.

Specific goals are as follows:

Part I: To design highly active and durable electrocatalysts

(1) To develop a variety of methods for the controlled-synthesis of various Pt novel
nanostructures. The experimental parameters, such as the reaction system
(solvent, surfactant and reducer), reaction temperature, pH value, concentration,
etc., have significant effect on the morphology of the products. Through
adjusting the above mentioned parameters, to select the facile, efficient and

environmental friendly synthetic route.

(2) To compare the electrochemical properties of various Pt nanostructures and to
explore the underlying mechanism for their enhanced fuel cell performance, so
as to select the good catalyst for fuel cells. It is well known that the catalytic
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activity and durability of Pt catalysts are highly dependent on their size and
shape, for which determine the exposure facets of a catalyst. By adjusting the
shape and size of Pt nanostructure, we can purposely design highly efficient

fuel cell catalyst.

To study the growth processes of novel Pt nanostructures in order to explore
their underlying growth mechanism. This information will provide insightful

guidance to design better catalyst.

To design 3D electrode with open structure based on the selected good catalyst
and 3D support. The interconnected opening structure promotes a higher gas
permeability and enhanced mass transport. This approach will allow us to
combine the advantages of the good catalyst and the good catalyst support for

fuel cell applications.

To adjust, more precisely, the diameter of Pt nanowires in order to find the

optimized the size-surface-performance relationship.

Part Il: To employ various alternative nanostructured catalyst supports.

(1)

@)

3)

To design 0D nanostructured supports for catalyst deposition. Through creating
hollow and porous structures, the 0D supports could have much more surface
for metal catalyst deposition. Certain metal oxides have better corrosion
resistance than carbon, and their electrical conductivity could be improved

through doping certain elements.

To design 1D nanostructured supports for catalyst deposition. 1D shape exhibit
additional advantages associated with their anisotropy and unique structure.
Metal silicides are promising candidates for catalyst support due to their

excellent corrosion resistance and electrical conductivity.

To design 2D nanostructured supports for catalyst deposition. The combination

of the ultra-high surface area, high conductivity, unique graphitized basal plane
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structure and potential low manufacturing cost makes graphene a promising

candidate for catalyst support in fuel cells.

(4) On the same graphene support, to combine a new promising technique, atomic
layer deposition (ALD), to investigate the morphological evolution of the
deposited metals with increased deposition cycles. A distinguishing advantage
of ALD is its precise deposition at the atomic level. Through simply controlling
the number of ALD cycles, precise control on the morphologies and sizes of

deposited materials can be purposely realized.
1.5 Thesis organization

This thesis consists of ten chapters (two introductory chapters, seven articles and one
final chapter) and fulfills the requirements on “Integrated-Article” form as outlined in
the Thesis Regulation Guide by the School of Graduate and Postdoctoral Studies
(SGPS) of the University of Western Ontario. Specifically, it includes the following

arrangement.

Chapter 1 gives an introduction to fuel cells, especially proton exchange membrane
fuel cells (PEMFCs), as well as the challenges of the catalyst electrodes and the
solutions offered by nanomaterials and nanotechnology. Besides these, the research

objectives, and the thesis organization of this study are also clearly stated.

Chapter 2 presents several experimental analytical techniques, which were used to

study and characterize the samples.

The principal results of this thesis are presented in the chapters 3-9, and their

interrelationships are shown in Figure 1.3.
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Figure 1.3. The interrelationships of the principal results of the thesis.

At present, the most widely used cathode catalyst consists of platinum nanoparticles
(2-5 nm) supported on carbon black supports. The major problem associated with the
supported Pt nanoparticle catalyst is the degradation of catalytic performance. In
operational fuel cells, carbon supports are known to undergo electrochemical
corrosion that resulted in Pt nanoparticle migration, coalescence, even detaching from

the catalyst system. In addition, Ostwald ripening of the Pt nanoparticles could also
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occur due to their high surface energy and zero dimensional structural features. All
these contribute to the degradation of fuel cell performance. One of the strategies for
improving the activity and durability of Pt-based catalysts is using 1D Pt
nanostructured catalysts owing to their inherent structural characteristics, i.e., high
stability, preferential exposure of highly active crystal facets, and easy electron
transport. In this thesis, three types of 1D Pt nanostructures are presented in chapter 3
(Pt nanowires), chapter 4 (Pt nanowire-based 3D electrode) and chapter 5 (ultrathin Pt
nanowires). Another strategy is to exploit alternative catalyst supports, which have
higher corrosion resistance, high surface area and high conductivity, to replace carbon
black support. In my work in this thesis, three types of novel nanostructured supports
were reported in four chapters, specifically, chapter 6 (OD Nb-doped TiO, hollow
nanospheres), chapter 7 (1D TiSi--NCNT nanostructures), chapter 8 and chapter 9
(2D graphene nanosheets).

Chapter 3 (A Highly Active and Durable Pt Nanocatalyst for PEM Fuel Cells:
Multiarmed Starlike Nanowire Single Crystal) reports a facile environmentally-
friendly aqueous solution method to synthesize carbon-supported Pt nanowire
(PtNW/C) electrocatalyst at room temperature, without the need of heating,
surfactants or complicated experimental apparatus. This novel PtNW nanostructure
showed much improved activity and durability than the state-of-the-art commercial
Pt/C catalyst which is made of Pt nanoparticles. 1D Pt nanostructure provides a new

approach to enhance both activity and durability of the catalyst in PEM fuel cells.

Chapter 4 (Direct Growth of Single-Crystal Pt Nanowires on Sn@CNT Nanocable:
3D Electrodes for Highly Active Electrocatalysts) describes a novel strategy to
further improve the Pt utilization, i.e., to grow Pt nanowires on Sn@CNT nanocable
supports, forming a novel 3D fuel-cell electrode (PtNW/Sn@CNT) with open
structure. This novel structure combines the advantages of both a PtNW catalyst and
a Sn@CNT 3D nanocable support for fuel cell applications. In this study, the
electrocatalytic performance, such as oxygen reduction reaction (ORR), methanol

oxidation reaction (MOR) and CO tolerance, between our catalyst and commercial
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Pt/C catalyst were compared and the reasons for the enhanced performance of our

catalyst were discussed as well.

Chapter 5 (Ultrathin single crystal Pt nanowires grown on N-doped carbon
nanotubes) makes an attempt to fabricate ultrathin Pt nanowires with diameters of
only 2.5 nm. The growth process of ultrathin Pt nanowires on N-CNT support was
systematically investigated, providing a direct evidence for the formation mechanism
of Pt nanowires. Combined with various characterization techniques, we found that

nitrogen doping played a key role in the formation of ultrathin Pt nanowires.

Chapter 6 (Highly Stable and Active Pt/Nb-TiO, Carbon-free Electrocatalyst for
Proton Exchange Membrane Fuel Cells) demonstrates an alternative catalyst support,
0D mesoporous Nb-doped TiO, hollow spheres, used for Pt nanoparticles (NPs)
deposition. The use of Nb-TiO; hollow spheres as substrate provides a new type of
cost-effective support with high corrosion resistance for fuel cells. The growth
density of Pt NPs on Nb-TiO; support could be controlled by manipulating the mass
ratios between Pt precursor and Nb-TiO, support. The electrocatalytic activity and

stability of PtNP/Nb-TiO; catalyst were compared with commercial Pt/C catalyst.

Chapter 7 (Pt/TiSix-NCNT Janus Nanostructures for Highly Stable and CO-Tolerant
PEM Fuel Cell Electrocatalyst) explores another new type of alternative support,
TiSix-NCNT 1D structure, for Pt deposition, forming Pt/TiSi-NCNT Janus
nanostructure. This novel Janus nanostructure were prepared by sputtering TiSiy only
on one side of NCNT, followed by wet-chemical deposition of Pt nanoparticles on the
other side. Electrochemical properties, such as durability and CO-tolerance, of
Pt/TiSi,-NCNT Janus nanostructures were compared with PtYNCNT and commercial
Pt/C catalysts. Pt/TiSix-NCNT Janus nanostructure is a new type of promising
electrocatalyst for PEMFC applications.

Chapter 8 (Atomic Layer Deposition of Subnanometer Pt Clusters on Graphene as
Highly Active and CO-tolerant Electrocatalyst for Methanol Oxidation) studies a
wonder material, 2D graphene nanosheets, used as promising catalyst support. A new
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technique, atomic layer deposition (ALD), was used to uniformly deposit ultrafine
platinum (Pt) nanoparticles on graphene nanosheets. ALD deposits materials in an
atomic layer-by-layer fashion, allowing one to precisely control the morphology of
the deposited metal. Graphene nanosheets give rise to an extraordinary modification
to the properties of Pt nanocatalysts. The electrochemical properties of ALD

Pt/graphene were investigated and compared with commercial Pt/C catalyst.

Chapter 9 (Controlled synthesis of Pt on graphene nanosheets by ALD and their
electrochemical properties) continually studies the combination of 2D graphene
nanosheets support and ALD of Pt. The morphology, size, density and loading of Pt
on graphene can be precise controlled by simply adjusting the number of ALD cycles.
The electrochemical properties of ALD Pt/graphene with different ALD cycles were
systematically investigated and compared. X-ray Absorption Spectroscopy
measurements were conducted to study the interaction between Pt and supports.

Chapter 10 summarizes the results and contributions of the thesis work. In addition,

the author gives some personal opinions and suggestions for future work.
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Chapter 2. Experimental and Characterization Techniques

2.1 Experimental
2.1.1. Synthesis of Pt nanowires and nanoparticles via solution method

The synthesis of Pt nanowires and nanoparticles were conducted in aqueous solution,
by the chemical reduction of Pt precursor with formic acid at room temperature and
80 °C, respectively, under ambient atmosphere [1-3]. All aqueous solutions were
prepared with ultrapure water from a Barnstead Nanopure water system. Specifically,
for the synthesis of Pt nanowires, in a typical procedure, 0.032 g hexachloroplatinic
acid (HPtCls.6 H,O, 99.95 %, Aldrich) and 1 mL formic acid (HCOOH, 98 %,
Aldrich) were dissolved in 20 mL H,0 and stored at room temperature for 72 h. The
solution turned from golden-orange to grey and then to dark brown. While for the
synthesis of Pt nanoparticles, similar procedure was used, but the reaction was
conducted at 80 <C for about 15 min [4,5]. We have tried various experimental
parameters, such as different solvents, different surfactants and reducers, different
reaction temperatures, different pH values, different concentrations, etc. The current

conditions used in this thesis are the optimized parameters.

2.1.2. Synthesis of Sn@CNT nanocable and N-doped CNT via chemical vapor
deposition (CVD) method

The synthesis of SN@CNT nanocable structures was carried out by a CVD method
[6], as shown in Figure 2.1. In a typical process, pure Sn powders (2 g, —325 mesh,
99.8 %) were placed in an alumina boat located at the center of a quartz tube in a
horizontal tube furnace. A small piece of commercially available carbon paper
(ETEK, 0.17 mm thick, 81 % porosity) was placed aside of the metal powder, acting
as the substrate. The reaction chamber was first heated to 850 °C rapidly (in about 15
min) from room temperature under an atmosphere of flowing Ar and 2 % ethylene

(200 sccm), and then kept at 850 °C for 2 h. After the furnace was cooled down to
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room temperature, a gray dark thin film was observed on the surface of the carbon

paper substrate.
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Figure 2.1. Schematic of CVD synthesis of Sn@CNT nanocables.

The synthesis of N-doped carbon nanotubes (N-CNTs) was carried out via CVD
method too, as shown in Figure 2.2 [7]. Typically, pure melamine power (2 g) was
placed in an alumina boat that was inserted at the entrance of a quartz tube in a
horizontal tube furnace, while the substrate (carbon paper sputtered with 5 nm Fe film
on the surface) was loaded in the centre of the quartz tube. The distance between the
source and substrate was around 12 cm. The system was heated to 800 °C rapidly
under an Ar flow of 320 sccm and kept at this temperature for 30 minutes, and then
cool down to room temperature. A dark thin film was observed on the surface of the

carbon paper substrate.
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Figure 2.2. Schematic of CVD synthesis of N-CNTs.

2.1.3. Synthesis of Nb-TiO, hollow spheres via sol-gel method

The mesostructured Nb-TiO, support was prepared according to the method described
in reference 8. Briefly, 0.015 g of hexadecyltrimethylammoniumbromide (HATB),
14.7 mL of aqueous latex suspension (Duke Scientific,10% by wt), and 105 mL of
ethanol were added in a PTFE beaker, and then the solution was stirred vigorously for
30 min while HNO3 was added to adjust the pH to 3. A second solution was prepared

by adding the precursors, 6.9 mL of Titanium isopropoxide (TTIP) and 0.5 mL
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niobium (V) ethoxide to 100 mL of ethanol. The second solution was added to the
stirred latex-surfactant mixture using a peristaltic pump at a rate of 1 mL/min. The
resulting suspension was processed using a Buchi B-290 spray drier to produce a fine
white powder, consisting of the Nb-TiO, and latex template, which was followed by
heat treatment at 500 -C for 2 h under argon in order to remove the latex template. To
obtain rutile phase [9], the as-synthesized Nb—-TiO, powder were heated at 1050 -C

under hydrogen.
2.1.4. Synthesis of TiSix-NCNT via CVD and sputter deposition

TiSix-NCNT nanostructures were synthesized by a two-step approach through the
combination of chemical vapour deposition (CVD) process and magnetron sputtering.
In this process, nitrogen doped carbon nanotubes (NCNTSs) were first synthesized on
carbon paper which was pre-sputtered with an aluminum buffer layer (30 nm) and an
iron catalyst layer (1 nm), via a CVD process at 800 °C. In this method, melamine
was use as source for both carbon and nitrogen [10]. Then the carbon paper grown
with N-CNTs was placed in a modified plasma enhanced CVD (PECVD)/sputtering
system, 10 cm far from the sputtering target. Before the sputtering process, the
chamber pressure was lowered to 1.9x10™ torr to purge the oxygen from the system.
Pure Argon was introduced into the system to adjust the pressure to 1.5x107 torr.
During the sputtering process, a flow of 15 sccm Ar was maintained. A 100 nm layer
of TiSiy is deposited on the NCNTs from a TiSi, (2-inch) target using a RF
magnetron (150W, 10 min).

2.1.5. Synthesis of graphene via chemical method

Graphene nanosheets were synthesized via a modified Hummers method [11,12]
which involves graphite oxidation, thermal exfoliation, and chemical reduction. In
detail, natural graphite powder (1 g, 99.99%, Sigma-Aldrich) was first stirred in
concentrated sulphuric acid (H,SO,4, 23 mL) with a following addition of sodium
nitrate (NaNOs, 0.5 g) at room temperature. The stirring lasted for 16 h, and then the

mixture was cooled down to 0 <C. Potassium permanganate (K:MnOy, 3 g) was then



29

added into the solution. After 2 h, the solution formed green slurry at around 35 <C,
which was stirred for another 3 h. Then, H,O (46 mL) was slowly added at around
98 <C. The suspension was kept at this temperature for 30 min before it was further
diluted with another addition of water and hydrogen peroxide (H,O,, 140 mL). The
suspension was subsequently filtered and washed until reaching a neutral pH, and
dried in a vacuum oven at 60 <C to obtain graphite oxide (GO). To obtain graphene,
the as-synthesized GO was heated at around 1050 <C in Ar atmosphere for 30 s in a

tube furnace.

2.1.6. Synthesis of Pt nanoparticles and single atoms via atomic layer deposition

(ALD)
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Q.
W Purge o siSitdn
s
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Cycle ®© (counter-
\ reactant)
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Figure 2.3. Schematic diagram of an ALD process [13].

Atomic Layer Deposition (ALD) is a technique that allows the growth of discrete tiny

nanoparticles and/or continuous thin films, atomic layer by layer, based on the
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sequential use of a gas phase chemical process. The majority of ALD reactions use
two chemicals, typically called precursors. These precursors react with a surface one-
at-a-time in a sequential manner. By exposing the precursors to the growth surface
repeatedly, tiny nanoparticles or thin films are formed. A schematic illustration of the
sequential, self-limiting surface reactions during ALD is displayed in Figure 2.3 [13].
Generally, four steps are identified in each cycle: 1) pulse precursor 1 (reactant) into
the reactor; 2) purge with inert gas (nitrogen or argon) to remove excess reactant
molecules; 3) pulse precursor 2 (counter-reactant) to make a reaction with the
molecules of precursor 1 on the substrate; 4) purge to remove products/excess
counter-reactant. Repeat steps 1-4 as many times as desired, thereby to obtain a high

quality film with excellent conformality and precise thickness.

Program Instruction| # | value A
Manifold configuration: 0 | heater 61150 |
SToR Five ports T‘ 1 | heater 7 | 150
2 || heater 8 | 200
o 3 |heater |9 |200
= piecen) 4 |hester [10/150 |
/ 20 20.2 S | heater | 15/70
VENG 6 | stabiize |6
7 |[stabiize_J7 ]
Heaters Remaining cycles 8 | stabiize |8
f 9 | stabilize | 9
10] stabilze | 10
11 stabiize | 15 A
12| stopvalve 0
Run Total run time < 13| puise 512
00:15:37 14] wok s
15| stopvalve 1
ik L tl
Gauge Pressure (Torr) | Reset Tme | [Plotzmn Rl
1E43
1E+2
1E+1

1E4+0

1E-1 -y T T T T i i T T i T T
818 830 840 850 860 870 B80 890 900 910 920 930 938
Time ()

Othic Layer Deposition @

Figure 2.4. A screen snapshot on the LabVIEW program of the ALD system.
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During ALD processes, the deposition behaviors are controlled by a LabVIEW
program installed in the computer. ALD parameters such as temperatures, pressures,
and precursor supplies can be set and operated via the program. Figure 2.4 shows a
screen snapshot on the LabVIEW program. The right part shows the ALD system.
The left upper part displays the inputted parameters; the lower part shows the

changing curve of pressure.
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Figure 2.5. Experimental setup for ALD.
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Platinum was deposited on graphene supports by ALD (Savannah 100, Cambridge
Nanotechnology Inc., USA) using the (methylcyclopentadienyl)-trimethylplatinum
(MeCpPtMes, Aldrich, purity 98 %) and oxygen (99.999 %) as precursors, and
nitrogen (99.9995 %) as purge gas. The schematic illustration of the apparatus used
for ALD is shown in Figure 2.5. It consists of a wall reactor with an outlet leading to
a vacuum pump which can also prevent air from getting into the system. The inlet is
connected to a system of valves which can control the delivery of purge gas and
precursors. To increase the heat transfer from the stage to the graphene, hot wall
conditions were replicated by placing graphene powder inside a machined stainless
steel container with a perforated Al lid. The container for graphene was then placed
inside the reactor directly on the heated stage. The wall and stage temperatures of the
reactor were kept at 150 °C and 250 °C, respectively. The container for MeCpPtMe;
was kept at 65 °C, providing a steady state flux of MeCpPtMe; to the reactor [14]. In
each ALD cycle, 1 s of MeCpPtMe; pulse and 5 s of O, pulse were separated by 20 s
of N, purge.

2.2 Characterization techniques
2.2.1. Physical characterization (SEM, TEM, EDX, XPS, XRD)

To fully understand physical and chemical properties of the samples, a variety of

analytical techniques have been used in this thesis.

The scanning electron microscope (SEM) is capable of producing high-resolution
images of a sample surface, which is one of the most widely employed instruments
for directly studying solid surface structures. The as-prepared samples were examined
by SEM (Hitachi S-4800) operated at 5kV. The instrument is shown in Figure 2.6.
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Figure 2.6. A photo of our SEM (Hitachi S-4800).

Transmission electron microscopy (TEM) is another widely used imaging technique
to obtain structural information. In comparison to SEM, the resolution of the TEM is
about an order of magnitude higher. As its name implies, the TEM specimens shall be
prepared thin enough to transmit electrons. The regular TEM images were obtained
via Philips CM10, as shown in Figure 2.7; while the high resolution TEM images
were obtained via JEOL JEM-2100, operated at 200 kV. Subangstrom-resolution
aberration-corrected scanning transmission electron microscopy (STEM, FEI Titan
80-300 Cubed TEM) was used to characterize the dispersion and configuration of Pt
clusters and single atoms on graphene. The instrument is fitted with a Super-Twin

lens in order to achieve sub-angstrom resolution both for phase contrast imaging and
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STEM. Individual heavy atoms in practical catalysts can be discerned with atomic

resolution in high angle annular dark field (HAADF) images.

Figure 2.7. A photo of our TEM (Philips CM10).

Energy dispersive X-ray spectroscopy (EDX) is an analytical technique used for the
elemental analysis of characterization of a sample. Generally, EDX is in conjunction
with either SEM or TEM. It relies on the investigation of a sample through
interactions between electromagnetic radiation and matter, analyzing X-rays emitted
from the sample during bombardment by an electron beam to characterize the

elemental composition of the analyzed volume [15].
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Figure 2.8. A photo of VG ESCALAB 220iXL XPS [19].

X-ray photoelectron spectroscopy (XPS), also known as ESCA (Electron
Spectroscopy for Chemical Analysis), is an extremely surface-sensitive, non-
destructive analytical technique, which is widely used to determine the elemental
composition and chemical states of the surface and near surface regions of various
materials [16-18]. The XPS analysis was carried out in a VG ESCALAB 220iXL, as
shown in Figure 2.8, using monochromated Al Ka source (1486.6 eV), at a base
pressure of 2x10°° mbar. High resolution spectra were obtained at a perpendicular
take-off angle, using a pass energy of 20 eV and steps of 0.05 eV. All the binding
energies were calibrated by referring to the C1s line at 284.8 eV from adventitious
carbon. After Shirley background removal, the component peaks were separated
using the public domain XPSPeak program version 4.1.
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Figure 2.9. A photo of Bruker D8 Advance XRD [20].

X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals detailed
information about the chemical composition and crystallographic structure of natural
and manufactured materials. For our sample characterizations, the XRD patterns were
recorded on a Bruker D8 Advance diffractometer (Figure 2.9) equipped with a Cu Ka
radiation source.
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2.2.2. Electrochemical characterization

The electrochemical characterizations of the catalysts were conducted in a standard
three-compartment electrochemical cell using a glassy carbon (GC) rotating disk
electrode (RDE) setup on an Autolab potentiostat/galvanostat (Model, PGSTAT-30,
Ecochemie, Brinkman Instruments) with rotation control (MSR, Pine Instruments) (as
shown in Figure 3.0). A Pt wire was used as the counter electrode and a Ag/AgCl
(3 M NaCl) or saturated calomel electrode (SCE) was used as the reference electrode.
For convenience, all potentials in this thesis are referenced to the reversible hydrogen
electrode (RHE). The working electrode involved in this thesis is either a
Pt/Sn@CNT/carbon paper, a Pt/TiSix-NCNT/carbon paper composite electrode or
thin film electrode made from catalyst powders. The thin film electrode was prepared
as follows. Typically, the catalyst dispersions (either Pt/CB, Pt/Nb-doped TiO, or
Pt/graphene) were prepared by mixing 5 mg of catalyst in 5 mL aqueous solution
containing 1 mL of isopropyl alcohol and 30 uL of 5 wt% Nanfion solution
(4:1:0.0017 v/viv) followed by 12 min ultrasonication. GC disk electrodes (5 mm
diameter, 0.196 cm?, Pine Research Instrument) served as the substrate for the
catalyst and were polished to a mirror finish. An aliquot of catalyst suspension was
pipetted onto the glassy carbon electrode. The catalyst films were dried under flow N,

at room temperature.
2.2.2.1 Cyclic voltammetry (CV)

Each working electrode loaded with catalyst was first cycled between 0 and 1.2 V for
50 times in an Ar-purged H,SO, solution (0.5 M) at room temperature, to produce a
clean electrode surface. The scan rate used was 50 mVs . Then the cyclic
voltammetry (CV) measurements were conducted by cycling the potential between 0
and 1.2 V, with sweep rate of 50 mV s *. For each sample, at least three tests were
run under the same condition, and all the data were very repeatable. The
electrochemical surface areas (ECSA) were calculated by measuring the charge
associated with the Hags (Q1) between 0 and 0.4 V and assuming Qe=0.21 mC c¢m 2,



38
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~ Teflon cap

Cell vial

Figure 2.10. (a) diagram illustration of standard three-electrode cell; (b) Water-jacketed
EuroCell; (c) RRED working electrode; (d) Autolab potentiostat/galvanostat (Model,
PGSTAT-30, Ecochemie, Brinkman Instruments) with rotation control (MSR, Pine
Instruments).
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corresponding to a surface density of 1.3x10* Pt atoms per cm?, which is generally
accepted for polycrystalline Pt electrodes. The ECSA of Pt was calculated based on
the relation ECSA=Qu/(Qret M) Where Qp is the charge for H adsorption (mC cm_z), m
is the Pt loading (mgcm ?) in the electrode, and Qe is the charge required for the
monolayer adsorption of hydrogen on a Pt surface (0.21 mCcm?) [21]. The
adsorption of hydroxy species was calculated based on the OH,y peak in the CV
curves at the potential larger than 0.6 V. Dividing the hydroxy adsorption area by the
overall active surface area resulted in the surface coverage of OH,q species (@onad)-

2.2.2.2 Oxygen reduction reaction (ORR)

The catalytic activity for the oxygen reduction reaction (ORR) was evaluated by
using the rotating ring-disk electrode (RRDE, Pine Instruments). O, was bubbled
through the solution for 20 min to achieve saturation. With gentle O, bubbling,
RRDE tests were conducted at 10 mV/s with a rotation speed of 1600 rpm (revolution
per minute). Current densities were normalized in reference to the geometric area of
the GC RDE (0.196 cm?).

2.2.2.3 Methanol oxidation reaction (MOR) and CO stripping

The catalytic activity toward the methanol oxidation reaction was investigated in an
air-free aqueous solution containing 1 M MeOH and 0.5 M H,SO,4. During the
methanol oxidation reaction carbon monoxide (CO) is formed, which strongly
adsorbs onto the platinum catalyst, reducing the Pt active surface area and thus the
degradation of fuel cell performance. Therefore, CO tolerance is an important
parameter to evaluate the performance of a catalyst. For CO stripping voltammetry,
pure CO (99.5%) was purged into the solution at a position close to the working
electrode for 30 min to achieve saturation, with the electrode polarized at 0.05 V
versus RHE in a fume hood. A monolayer of CO absorbed on the Pt surface was
obtained by purging with N, for 30 min with the working electrode polarized at 0.05
V. Voltammetry was then applied to strip the CO. To test the CO adsorption rate,
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30%CO/N, gas was purged into the solution at a position close to the working
electrode for different time durations vary from 1 s to 20 min, with the electrode
polarized at 0.05 V vs RHE in a fume hood. The excess CO was purged with Ar for

30 min under potential control followed by CO stripping at a scan rate of 50 mVs™.
2.2.2.4 Accelerated durability test (ADT)

The accelerated durability test [22] was conducted with a thin film electrode. The
electrode was cycled between 0.6 and 1.2 V for 4,000 cycles in an O,-saturated
H,SO, solution (0.5 M) at room temperature, with scan rate of 50 mV s *. Meanwhile,
full-scale voltammograms between 0.05 and 1.2 V in N, saturated 0.5 M H,SO,4 were
recorded to track the degradation of the Pt catalysts. The scan rate was kept at 50

mV/s constantly.
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PEM fuel cells produce electricity through the electrochemical oxidation of hydrogen
(or other small molecules) at the anode and the reduction of oxygen at the cathode,
and both reactions need to be conducted on catalyst surfaces. At present, Pt is
currently the most efficient electrocatalyst (which is very hard to replace) in practical
PEM fuel cells due to its outstanding catalytic and electrical properties and superior
resistant characteristics to corrosion. However, since Pt is very expensive and rare,
people must find ways to reduce the Pt loading without compromising fuel cell
performance in order to meet the cost requirements for fuel cell commercialization.
In other words, the design of novel Pt catalyst requires not only reducing the amount

of Pt used, but also enhancing its catalytic activity and durability.

It is well accepted that the catalytic activity and durability of Pt catalysts are not only

dependent on their size but also their shape. In contrast to the commercially-used Pt
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spherical nanoparticles, one-dimensional (1D) structures of Pt, such as nanowires
(NWs), exhibit additional advantages associated with their anisotropy and unique
structure. Pt NWs have been demonstrated exhibiting enhanced activity and
durability, for oxygen reduction reaction (ORR) and methanol oxidation reaction

(MOR), than Pt nanoparticle based commercial Pt/C catalyst.

In this chapter, the authors report a novel approach to address both activity and
durability challenges of PEM fuel cells by using star-like single-crystal platinum
nanostructures, each with several nanowire arms with diameters of ~4 nm, on carbon
black (star-like PtNW/C) as electrocatalyst. Pt NWs were synthesized via an
environmentally-friendly aqueous solution route at room temperature, without the
need of heating, surfactants or complicated experimental apparatus. This novel
nanostructure showed much improved activity and durability than the state-of-the-art
commercial Pt/C catalyst that is made of Pt nanoparticles. Moreover, the durability
can be further improved (5.2 and 3.1 times better than that of E-TEK Pt/C and
carbon-supported PtNW catalysts, respectively) by using supportless Pt nanowires as
the electrocatalyst.

Due to their unique 1D morphology, the star-like Pt nanowire electrocatalyst can
provide various advantages including: First, the interconnected network consists of
multiarmed star shape and tens nanometers length of 1D NWs which makes the Pt
less vulnerable to dissolution, Ostwald ripening, and aggregation during fuel cell
operation compare to Pt nanoparticles; second, this network structure reduces the
embedded sites of electrocatalyst in the microspores of carbon black supports which
commonly happens to nanoparticles; third, the mass transfer within the electrode can
be effectively facilitated by networking the anisotropic morphology.
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3.1 Introduction

Despite significant recent advances, the long-term durability of Pt catalyst at the
cathode is still being recognized as one of the key challenges that must be addressed
before the commercialization of proton exchange membrane fuel cells (PEMFCs)
[1,2]. The loss of Pt electrochemical surface area (ECSA) over time, because of
corrosion of the carbon support and Pt dissolution/aggregation/Oswald ripening, is
considered one of the major contributors to the degradation of fuel cell performance
[3]. Up to now, highly dispersed Pt nanoparticles (NPs, 2-5 nm) on carbon supports
are still being widely used as the state-of-the-art commercial catalysts, and most
reported studies are focused on nanoparticles of Pt [4]. However, Pt with nanosized
particle morphologies has high surface energies, thereby inducing severe Oswald

ripening and/or grain growth during fuel cell operation.

One-dimensional (1D) nanostructures of Pt, such as nanowires (NWSs) and nanotubes
(NTs), have been demonstrated to overcome the drawbacks of NPs in fuel cells,
owning to their unique 1D morphologies [5-11]. Yan etal. [11] reported that
unsupported Pt nanotubes exhibit much enhanced catalytic activity and durability as
fuel cell cathode catalyst. Sun et al. [9] and Zhou et al. [10] reported the improved
oxygen reduction reaction (ORR) activities of Pt NWs at the cathode under fuel cell
operating conditions. However, up to now, the durability of Pt NW-based

electrocatalysts has never been reported in the literature.

Here we describe a new approach to address, for the first time, both the activity and
durability issues by using carbon-supported multiarmed starlike Pt nanowires
(starlike PtNW/C) as electrocatalysts. Interestingly, the durability can be further
improved by eliminating the carbon support, that is, using unsupported Pt nanowires
as the cathode catalyst. As a result of their unique 1D morphology, the starlike Pt
nanowire electrocatalyst can provide various advantages. First, the interconnected
network consists of multiarmed, star-shaped 1D NWs with arm lengths of tens of
nanometers which makes the Pt less vulnerable to dissolution, Ostwald ripening, and


http://onlinelibrary.wiley.com/doi/10.1002/anie.201004631/full#bib11
http://onlinelibrary.wiley.com/doi/10.1002/anie.201004631/full#bib3
http://onlinelibrary.wiley.com/doi/10.1002/anie.201004631/full#bib4
http://onlinelibrary.wiley.com/doi/10.1002/anie.201004631/full#bib5
http://onlinelibrary.wiley.com/doi/10.1002/anie.201004631/full#bib11
http://onlinelibrary.wiley.com/doi/10.1002/anie.201004631/full#bib11
http://onlinelibrary.wiley.com/doi/10.1002/anie.201004631/full#bib9
http://onlinelibrary.wiley.com/doi/10.1002/anie.201004631/full#bib10

47

aggregation during fuel cell operation compared to Pt nanoparticles [11]. Second, this
network structure reduces the number of embedded electrocatalyst sites in the
micropores of the carbon supports relative to those in nanogrannular Pt. Third, the
mass transfer within the electrode can be effectively facilitated by networking the
anisotropic morphology [12].

3.2 Experimental
3.2.1 Synthesis of platinum nanowires

Platinum nanowires were synthesized by the chemical reduction of Pt precursor with
formic acid [13]. All the experiments were conducted in aqueous solution, at room
temperature and under ambient atmosphere. In a typical synthesis, 0.032g
hexachloroplatinic acid (H2PtCls 6 H,O, 99.95 %, Aldrich) and 1 mL formic acid
(HCOOH, 98 %, Aldrich) were dissolved in 20 mL H,O and stored at room
temperature for 72 h. The solution turned from golden-orange to grey and then to
dark brown. AIll aqueous solutions were prepared with ultrapure water from a
Barnstead Nanopure water system. For the growth of 40 wt% Pt on carbon, a
suspension of 7.5 mg carbon black (Vulcan XC72R) in 21 mL reaction solution
(14.67 mg H,PtClg 6 HO and 1 mL HCOOH in 20 mL of water) was sonicated for
30 min. After this initial dispersion, the solution is stored at room temperature for 72
h. The product was collected by centrifugation and washed several times with water,
and then dried in an oven at 60°C for further use in characterization and

electrochemical measurements.
3.2.2 Physical characterizations

Scanning electron microscopy (SEM) images were taken on a Hitachi S-4800
microscope, operating at 5KkV. Transmission electron microscopy (TEM)
observations were performed with a Philips CM10 microscope at an accelerating
voltage of 100 kV. High-resolution TEM (HRTEM) images were obtained with a
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JEOL 2010F microscope, operating at 200 kV. The Pt loading were confirmed by

inductively coupled plasma-optical emission spectroscopy (ICP-OES).
3.2.3 Electrochemical characterizations

Electrochemical properties of the catalysts were measured on an Autolab
potentiostat/galvanostat (Model, PGSTAT-30, Ecochemie, Brinkman Instruments)
with rotation control (MSR, Pine Instruments) using a three-electrode system that
consists of a glassy carbon (GC) rotating disk electrode (RDE), a Pt wire counter
electrode, and a Ag/AgCl (3 M NaCl) reference electrode which was separated from
the working electrode compartment by a closed electrolyte bridge. For convenience,
all potentials in this study are referenced to the reversible hydrogen electrode (RHE).
The working electrode was prepared with a procedure similar to the one reported
previously [20]. Typically, the catalyst dispersions were prepared by mixing 5 mg of
catalyst in 5 mL aqueous solution containing 1 mL of isopropyl alcohol and 30 uL of
5 wt % Nanfion solution (4:1:0.0017 v/v) followed by 12 min ultrasonication. GC
disk electrodes (5 mm diameter, 0.196 cm?, Pine Research Instrument) served as the
substrate for the support and were polished to a mirror finish. An aliquot of catalyst
suspension was pipetted onto the carbon substrate, leading to a Pt loading of about 6

ugp: for all catalysts. The catalyst films were dried under flow N, at room temperature.

The working electrode was first cycled between 0 and 1.2 V for 50 times in an Ar-
purged H,SO, solution (0.5 M) at room temperature, to produce a clean electrode

surface. The scan rate used was 50 mVs

. Then the cyclic voltammetry (CV)
measurements were conducted by cycling the potential between 0 and 1.2 V, with
sweep rate of 50 mV s '. The electrochemical surface areas (ECSA) were calculated
by measuring the charge associated with the Hags (Qn) between 0 and 0.4V and
assuming Qrr=0.21 mC cm 2, corresponding to a surface density of 1.3<10*° Pt atoms
per cm?, which is generally accepted for polycrystalline Pt electrodes. The ECSA of
Pt was calculated based on the relation ECSA=Qu/(Qrer m) where Qy is the charge for

H adsorption (mC cm 2), m is the Pt loading (mg cm 2) in the electrode, and Qe is the
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charge required for the monolayer adsorption of hydrogen on a Pt surface (0.21
mC cm %) [17a]. The adsorption of hydroxy species was calculated based on the OHq
peak in the CV curves at the potential larger than 0.6 V. Dividing the hydroxy
adsorption area by the overall active surface area resulted in the surface coverage of
OHag species (Oowad) [3¢]. The oxygen reduction reaction (ORR) experiments were
performed in oxygen-saturated H,SO, solution (0.5 M) at room temperature. The

! Current densities

RDE rotating rate was 1600 rpm and sweep rate was 10 mV s~
were normalized in reference to the geometric area of the GC RDE (0.196 cm?). The
CV measurements for accelerated durability test (ADT) were conducted by potential
cycling between 0.6 and 1.2V (vs. RHE) for 4000 cycles in Oj-saturated H,SO,
solution (0.5 M) at room temperature, with scan rate of 50 mV s . Meanwhile, full-
scale voltammogram between 0.0 and 1.2 V in Nj-saturated H,SO, solution (0.5 M)

were recorded periodically to track the degradation of Pt catalysts.
3.3. Results and Discussion

Carbon-supported multiarmed starlike platinum nanowires were synthesized by the
chemical reduction of a Pt precursor with formic acid in aqueous solution at room
temperature and under ambient atmosphere [13]. No surfactant, which is usually

harmful for catalytic activities, was used in the experiments.

Figure 3.1 A and B show the representative scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images, respectively, of carbon-supported
Pt nanowires at 40 wt % loading of Pt. It can be seen that the as-synthesized Pt is
nanostar-shaped, being composed of several short arms of Pt nanowires. The number
of arms of each nanostar is found to vary ranging from several to over ten.
Occasionally, single-armed nanowires standing on the carbon surface can also be
observed. Diameter and length of the arms of starlike Pt nanowires are about 4 nm
and 15 nm, respectively. More interestingly, from the connected atomic arrangement
shown in the high-resolution TEM (HRTEM) images (see Figure SI-3.1 in the
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Figure 3.1. A)SEM and B) TEM image of carbon-supported multiarmed starlike Pt

nanowire catalyst.
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Supporting Information and the inset in Figure 3.1 B), the nanostar is found to be a
single crystal. The fast Fourier transform (FFT; see inset in Figure SI-3.1) of the
original HRTEM image shows a dotted pattern, further proving that the nanostar is a
single crystal. This indicates that the formation mechanism of the nanostar involves
seeded growth rather than an aggregation of seeded particles or an assembly process
of the nanowires [14]. The X-ray diffraction (XRD) pattern (Figure SI-3.2) confirms
that the carbon-supported Pt nanowires are crystallized in a face-centered-cubic (fcc)

structure similar to bulk Pt [15], which is consistent with the HRTEM investigations.

We believe that the growth of the multiarmed starlike PtNWs on carbon black
supports follows a similar process to that for Pt NWs on other supports [13b].
Typically, Pt nuclei are first formed in solution through the reduction of H,PtCls by
HCOOH, and they deposit on the surface of carbon spheres. The freshly formed
nuclei act as the sites for further nucleation through the continual absorption and
reduction of Pt(IV) ions leading to the formation of particle seeds. For fcc structures,
the sequence of surface energies is {1113 < Yg1003 < Y1103, Which implies the single-
crystal seeds are expected to exist finally as truncated octahedrons enclosed by a mix
of {111} and {100} facets in order to maximize the expression of {111} facets and
minimize the total surface energy [16]. As the reaction is conducted at room
temperature, the reduction rate is very low; therefore, according to the lowest-energy
principle, the anisotropic growths along the closed-packed <111> directions are
enhanced [13a]. Finally, multiarmed starlike PtNWs are formed based on the
truncated octahedron seeds which have several {111} facets. The exact formation
mechanism is still under investigation. However, we believe that the key is to reduce
the reduction rate of Pt ions, which favors the growth of {111} planes and therefore
leads to the formation of 1D nanowires.
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Figure 3.2. A) CV curves and B) hydroxy surface coverage (@on) for Pt/C (E-TEK, blue
curve) and starlike PINW/C (40 wt % Pt; red curve) catalysts. C) Polarization curves for ORR
of Pt/C (E-TEK; blue curve) and starlike PtNW/C catalysts (red curve) in Oy-saturated 0.5 M
H,S0, solution at room temperature (1600 rpm, sweep rate 10 mV s '). D) Mass activity and
specific activity at 0.9 V (vs. RHE) for the two catalysts.

We benchmarked the electrochemical properties of starlike PtNW/C against a
commercial catalyst made of Pt nanoparticles on carbon support (E-TEK, 30 wt % Pt).
Figure 3.2 A shows the cyclic voltammetry (CV) curves of these two catalysts
recorded at room temperature in an Ar-purged H,SO, solution (0.5 M) with a sweep
rate of 50 mV s~'. Both CV curves exhibit strong peaks associated with hydrogen

adsorption/desorption and Pt oxide formation/reduction. Well-defined multiple
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hydrogen adsorption and desorption peaks on different Pt low-index surfaces became
more definable for the carbon-supported Pt nanowire catalyst. The electrochemical
surface areas (ECSA) were calculated by measuring the charge associated with the
Hags (Qn) between 0 and 0.4 V and assuming Qr=0.21 mC cm > for the adsorption of
a hydrogen monolayer [17], corresponding to a surface density of 1.3x10*° Pt atoms
per cm?, which is generally accepted for polycrystalline Pt electrodes. The specific
ECSA of the starlike PENW/C was 22.1 m*g™' Pt, which is about half (51 %) of that
of commercial E-TEK Pt/C catalyst (43.3m?g " Pt). Interestingly, the dimensional
change of Pt nanostructures from particle (OD) to wire (1D) also greatly altered the
ability to adsorb hydroxy species (OHa.qg, E>0.6 V) (Figure 3.2 B). Both the onset and
peak potentials for the starlike PtNW/C show positive shifts compared with E-TEK
carbon-supported Pt nanoparticles on the backward sweep, indicating the fast
hydroxy desorption from the Pt nanowires surface [3c].

Figure 3.2 C shows typical ORR polarization curves of starlike PtNW/C and Pt/C (E-
TEK) catalysts obtained at room temperature in oxygen-saturated 0.5 M H,SO, by
using a glassy carbon rotating disk electrode (RDE) at 1600 rpm. The half-wave
potentials for the starlike PtNW/C and Pt/C catalysts were 0.848 and 0.813V,
respectively, indicating that the catalytic activity of carbon-supported starlike PtNWs
was higher than that of the commercial Pt/C catalyst made of Pt nanoparticles. Mass
activity and specific activity are good indicators of the quality of an electrocatalyst.
As shown in Figure 3.2 D, starlike PtNW/C exhibited a mass activity of 0.135
mA pg' Pt at 0.9V (vs. RHE), which is 1.5-times greater than that of the Pt/C (E-
TEK) catalyst (0.09 mA pg ' Pt). Interestingly, this improvement occurred in spite of
about a 50 % lower Pt active surface area for starlike PINW/C catalyst. Taking into
account both effects, a specific ORR activity for the starlike Pt NW/C of 0.611
mA cm * Pt was obtained at 0.9 V, which was nearly three times that for E-TEK Pt/C
catalyst (0.207 mA cm * Pt). This improvement agrees well with those reported for Pt

NWs obtained under full cell operating conditions [9].
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Figure 3.3. CV curves for A) Pt/C (E-TEK), B) starlike PtNW/C, and C) unsupported PtNW
catalysts before (black curves) and after 4000 cycles (blue, red, and green curves). D) Loss of
electrochemical surface area (ECSA) of Pt/C (E-TEK; blue), starlike PtNW/C (red), and
unsupported PtNW catalysts (green) as a function of cycling numbers in O,-purged 0.5 M

H,S0, solution at room temperature (0.6—1.2 V vs RHE, sweep rate 50 mV s ).
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The improved activity for the starlike nanowires compared with nanoparticles of Pt
could be due to several factors, including 1) the changes in morphology (1D vs. 0D)
because the 1D shape could facilitate the reaction kinetics and improve the O,
diffusion to Pt surface; 2) fewer surface defects borne by the nanowires which have a
closer resemblance to the surface of large single Pt crystals that exhibit even higher
ORR specific activities; and 3) the preferential exposure of certain crystal facets of Pt
nanowires since the different low-index surfaces have markedly different activities
[9,11,18]. In addition, the adsorbed OH,q species on the Pt surface could block the
active surface for O, adsorption and thus have a negative impact on the ORR. Pt NWs
bear comparatively smooth atomic surfaces, which have a small number of low
coordination atoms, thus they are more active than surfaces with a high concentration
of such sites because of the reduced interaction with OH species. Therefore, the low
OHaqg coverage on the surface of carbon-supported starlike Pt NW catalyst helps to

improve the ORR Kinetics, resulting in enhanced activities [19].

The accelerated durability tests (ADT) of the catalysts were conducted by potential
cycling between 0.6 and 1.2 V vs. RHE in O,-purged H,SOy4 solution (0.5 M) at room
temperature, with scan rate of 50 mV s *. After 4000 cycles, the starlike PtNW/C
catalyst had lost 40 % of the Pt initial ECSA (Figure 3.3B and D) and showed a
degradation of 20 mV in the half-wave potential (Figure SI-3.3B), while the
degradation of E-TEK Pt/C catalyst was quite severe, with 67.5 % loss of the initial
Pt ECSA (Figure 3.3 A and D) and a large decrease of 88 mV in the half-wave
potential (Figure SI1-3.3A). Interestingly, the durability of Pt nanowire catalyst could
be further improved by removing the corrosion effect of the carbon support. The ADT
tests (Figure 3.3 C and D) showed that the Pt ECSA of the unsupported Pt NWs
decreased about 13 % after 4000 cycles, which was 5.2- and 3.1-times better than that
of E-TEK Pt/C and carbon-supported PtNW catalysts, respectively. In addition, it
showed a quite small negative shift of 9 mV in the half-wave potential (Figure SI-
3.30).
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Figure 3.4. TEM images of unsupported Pt NW A) before, and B) after accelerated CV test.
Insets of (A) and (B) show the corresponding HRTEM images, respectively.

The morphology changes of the E-TEK Pt/C, carbon-supported starlike Pt NWSs, and
unsupported Pt NWs were investigated by TEM before and after ADT cycling
(Figure 3.4 and Figure SI-3.4). The Pt nanoparticle size in the E-TEK Pt/C
commercial catalyst increased from 2-5 nm to 5-25 nm (by a factor of up to 5). In
addition, the density of Pt particles on carbon became much less, confirming that the
major cause for the Pt ECSA loss of Pt/C catalyst was by Pt nanoparticle ripening, the
aggregation and falling off of Pt because of corrosion of the carbon support. By
contrast, there were no obvious morphological changes for the carbon-supported Pt
NW catalyst after ADT cycling. Their star shape and 1D morphology remained the
same, with slight aggregation, which might be a result of the corrosion of the carbon
support. Meanwhile, the unsupported Pt NWs maintained their 1D morphology and
the <111> growth direction after 4000 cycles of ADT test. The diameters of Pt NWs

decreased slightly and their surfaces (especially the edges) became rough
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Figure 3.5. Schematic of morphology changes that occur in Pt during accelerated
electrochemical cycling. A) Pt NPs/C (E-TEK), B) Pt NWs/C, and C) unsupported PtNWs.

because of the possible mild dissolution of Pt. This might be the main reason for the
small drop in Pt ECSA of unsupported PtNWs. As shown in the schematic illustration
of morphology changes that occurred in Pt during accelerated electrochemical cycling
(Figure 3.5), the Ostwald ripening and aggregation of Pt, as well as corrosion of the
carbon support in the case of the absence of carbon, can be significantly mitigated by

introducing 1D and the starlike network Pt morphology [11].
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3.4 Conclusions

In summary, we have demonstrated a promising electrocatalyst based on starlike Pt
nanowires with both good catalytic activity and durability. The novel starlike Pt

nanowire structure may also be used in other industrial applications.
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Supporting Information

Figure SI-3.1. HRTEM image of a multiarmed single-crystal nanostar. The inset shows the
fast Fourier Transform (FFT) diffraction pattern of the nanostar, indicating that the nanowire
is single crystalline.
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Figure SI-3.2. A typical X-ray diffraction pattern of carbon-supported star-like Pt nanowires,
showing characteristic crystalline faces of Pt.
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Figure SI-3.3. TEM images of Pt/C (E-TEK) (A) before, and (B) after accelerated CV test;
40wt% PtNWI/C (C) before, and (D) after accelerated CV test; supportless Pt NW (E) before,
and (F) after accelerated CV test.
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To improve the Pt utilization and enhance their catalytic activity, Pt catalysts are
often deposited onto a variety of carbon supports, including carbon black (CB),
carbon nanofibers (CNFs), and carbon nanotubes (CNTs). Among these supporting
materials, CNTs are considered to be a more attractive candidate owing to their
outstanding mechanical characteristics such as high tensile strength coupled with
high surface area, high electric conductivity, and thermal conductivity. Moreover,
CNTs supported Pt nanoparticles have been reported showing enhanced ORR and
MOR activities as well as better CO tolerance. Recently, our group along with other
research groups have reported that by supporting Pt onto CNTs directly grown on
the carbon fibers of a fuel cell carbon paper backing, much improved Pt utilization
had been achieved through the 3D open structure. The unique advantage of this
approach is that all the deposited Pt particles are in electrical contact with the

external electrical circuit.
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Following the same concept, our research efforts have been expanded to the synthesis
and utilization of metal oxide nanowires (e.g. SnO, and W13049) and carbon-coated
metal/metal oxide nanowires (SN@CNT, W1504@CNT) as electrocatalyst supports
for fuel cells. The advantages of such nanowire-based electrodes include 3D
electrode structure which enables higher gas permeability, improved metal-support

interactions, and enhanced mass transport.

Previously, we reported a new type of highly active and stable Pt nanowire catalyst.
In this chapter, 1D Pt nanowires (a good catalyst) were directly grown on, 1D
Sn@CNT nanocables (a good support), forming a novel 3D fuel cell electrode
(PtNW-Sn@CNT). This approach allows us to combine the advantages of both PtINW
catalyst and Sn@CNT/carbon paper support for fuel cell applications. The PtNW-—
Sn@CNT 3D electrodes showed higher electrocatalytic activities on oxygen
reduction, methanol oxidation and improved CO tolerance than commercial ETEK

Pt/C catalyst made of Pt nanopatrticles.
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4.1 Introduction

Platinum is the key electrocatalyst in polymer electrolyte membrane (PEM) fuel cells
[1-3], where it catalyzes oxygen reduction reaction (ORR) at the cathode and fuel
(including hydrogen and methanol) oxidation reaction at the anode [4,5]. Interestingly,
it has been established that the catalytic reactivity of Pt nanostructures depends highly
on their morphology (including dimensionality and shape), and therefore the design
and synthesis of well-controlled shapes and sizes of Pt nanostructures is crucial for

their applications, especially in the field of electrocatalysis for fuel cells [6,7].

To date, considerable efforts have been devoted to the synthesis of Pt nanostructures;
however, most of these studies focused on spherical nanoparticles or nanoparticles
with an undetermined shape [8-10]. Very recently, one dimensional (1D) Pt structures,
such as nanowires, have drawn much attention owing to their unique anisotropic
structure and surface properties, as well as excellent electrocatalytic activities [11-14].
Platinum nanowires have been synthesized by templating against the channels of hard
or soft templates, however, polycrystalline nanowires were normally obtained [15].
The first attempt to generate single-crystal Pt nanowires was accomplished by Xia
and coworkers through a polyol process, combined with the introduction of a trace
amount of iron species; poly(vinyl pyrrolidone) was used as a surfactant, and the
reaction was carried out at 110°C [11]. It still remains a grand challenge to
synthesize single-crystalline Pt nanowires through surfactant-free routes under mild

conditions.

To improve the Pt utilization and enhance their catalytic activity, Pt catalysts are
often dispersed onto a variety of carbon supports, including carbon black (CB) [16],
carbon nanofibers (CNFs) [17], and carbon nanotubes (CNTs) [18]. Among these
supporting materials, CNTSs are considered to be one of the most attractive candidates,
owing to their outstanding mechanical characteristics, such as high tensile strength
coupled with high surface area, high electric conductivity, and thermal conductivity
[19-20]. Indeed, CNTs supported Pt nanoparticles showed enhanced ORR and
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methanol oxidation (MOR) activities in fuel cells [21-24]. Moreover, the addition of
tin (Sn) or its oxide to Pt/CNT catalysts can further enhance their performance
according to the bi-functional mechanism [25-27]. Despite the progress made in the
past, the production of Pt catalyst with great catalytic performance and utilization

efficiency is still costly and far from being trivial.

In this study, through a facile surfactant-free aqueous solution method, we
synthesized ultrathin single-crystal Pt nanowires, at room temperature, on a SN@CNT
nanocable support directly grown on carbon paper fuel cell backing to form a novel
3D fuel-cell electrode (PtNW-Sn@CNT). Such a Sn@CNT 3D nanocable support
holds many advantages, including enhancing effect of tin, higher gas permeability,
improved metal-support interactions, and enhanced mass transport. This approach
allows us to combine the advantages of both a PtNW catalyst and a Sn@CNT 3D
nanocable support for fuel cell applications. The PtINW-Sn@CNT 3D electrodes
showed greatly enhanced electrocatalytic activities for oxygen reduction, methanol
oxidation and improved CO tolerance than commercial ETEK Pt/C catalyst made of

Pt nanoparticles.
4.2 Experimental
4.2.1 Sn@CNT nanocables synthesis

The synthesis of Sn@CNT nanocable structures was carried out by a thermal
evaporation method [28]. In a typical process, pure Sn powders (2 g, —325 mesh,
99.8 %) were placed in an alumina boat located at the center of a quartz tube in a
horizontal tube furnace. A small piece of commercially available carbon paper
(ETEK, 0.17 mm thick, 81 % porosity) was placed aside of the metal powder, acting
as the substrate. The reaction chamber was first heated to 850 °C rapidly (in about 15
min) from room temperature under an atmosphere of flowing Ar and 2 % ethylene
(200 sccm), and then kept at 850 °C for 2 h. After the furnace was cooled down to
room temperature, a gray dark thin film was observed on the surface of the carbon

paper substrate.
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4.2.2 Growth of Pt nanowires on Sn@CNT/carbon paper and characterization

The growth of Pt nanowires on SNn@CNT support was conducted by the chemical
reduction of Pt precursor with formic acid [12]. In a typical procedure, 0.032 g
hexachloroplatinic acid (H,PtCls 6 H,O, Aldrich) and 1 mL formic acid (HCOOH,
Aldrich) were added simultaneously into 20 mL H,O at room temperature to form a
golden orange solution. The Sn@CNT/carbon paper was immersed into the solution,
acting as the growth substrates, and then the reaction proceeded at room temperature
without stirring for up to 3 days until the solution color gradually changed to
colorless. After the completion of the reaction, PINW—-Sn@CNT/carbon paper was
washed with deionized water and dried at 80 °C over night in a vacuum oven. The Pt
loading was determined to be 0.4136 mgcm * by using inductively coupled plasma-
optical emission spectroscopy (ICP-OES) (the total amount of Pt divided by the
geometric surface area of the composite electrode). The morphology of the prepared
catalyst were characterized by using SEM (Hitachi S-5200) and TEM (JEOL 2100F).

4.2.3 Electrochemical measurements

The electrochemical properties of the PINW-Sn@CNT/carbon paper composites
were evaluated by using cyclic voltammetry (CV) in a standard three-electrode cell at
room temperature. A Pt wire was used as the counter electrode and a saturated
calomel electrode (SCE) was used as the reference. CV measurements were carried
out by using an Autolab potentiostat/galvanostat (Model, PGSTAT-30, Ecochemie,
Brinkman Instruments), using 0.5 M H,SO, solution purged with N, at a sweep rate
of 50 mV's.”" The electrochemical surface areas (ECSA) of Pt were calculated from
the hydrogen adsorption peak of the CV. For methanol oxidation reaction, the CVs
were measured in an air-free aqueous solution containing 1 M MeOH and 0.5 M
H,SO,4. For CO stripping voltammetry, pure CO (99.5 %) was purged into the
solution at a position close to the working electrode for 1 h, with the electrode
polarized at 0.05 V versus RHE in a fume hood. The electrode was then purged with
pure Ar for 1 h under potential control followed by voltammetric stripping.
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For comparison, a conventional electrode made with commercial 30 wt% Pt/C
catalyst from ETEK (USA), was also evaluated. The electrode was prepared with a
procedure similar to the one reported previously [37]. Typically, 10 mg catalyst was
sonically mixed with 1 mL H,O/isopropanol (1/1 in volume ratio) to make a
suspension. GC disk electrodes (5 mm diameter, Pine Research Instrument) that serve
as the support were polished to a mirror finish before using. 20 uL of catalyst
suspension was pipetted onto the GC disk substrate, leading to a Pt loading of 0.3058
mg cm 2, which is similar to that for PINW-Sn@CNT composite electrode. The
catalyst films were dried under flow N, at room temperature. Finally, a 10 pL. Nafion
(0.05 wt %) solution was pipetted onto the catalyst film, and then dried. The currents

were normalized on the basis of Pt loading.
4.3. Results and Discussion

The approach and schematic illustration for the synthesis of Pt nanowires on
Sn@CNT nanocable supports is demonstrated in Figure 4.1. The actual synthetic
procedure is very facile, and only two chemicals (H,PtCls and HCOOH) were used
throughout the whole synthesis process, which did not require a stabilizing agent.
Further, the reaction was conducted at room temperature in environmentally friendly

aqueous solution.

Typical scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) images of the pristine Sn@CNT nanostructures grown on a commercially-
available carbon paper fuel cell backing are shown in Figure 4.2. The carbon paper
substrate is made of many graphite fibers with a diameter between 5 and 10 um. As
shown in Figure 4.2a and inset, after the growth of Sn@CNT, the surface of carbon
fibers was completely covered with dense rod-like structures, approximately 5-10 um
in length and 150-200 nm in diameter. The TEM image of a coaxially integrated
nanocable structure that consists of a Sn core and CNT shell with void space between
the two is shown in Figure 4.2b. The carbon shell is about 60 nm thick and the
diameter of the Sn core is about 70 nm. Energy dispersive X-ray spectroscopy (EDS)
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Figure 4.1. a) Schematic representation of the approach in the synthesis of PEINW—-Sn@CNT

nanocomposites. b) Schematic image depicting the growth of PtNWs on Sn@CNT nanocable

support.
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Figure 4.2. a) SEM and b) TEM images of pristine Sn@CNT nanocables, before the growth
of Pt NWs.
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and selected area electron diffraction (SAED) of the core-shell structure confirmed
the presence of metallic Sn and amorphous carbon [28]. The less graphitic form of
carbon could promote H* diffusion into the Sn core through the “gaps” in the carbon
shell [29].

150 nm

Figure 4.3. a) SEM, b) HRSEM, and c) TEM images of PEINW—-Sn@CNT heterostructures, d)
HRTEM image of Pt NWs grown on Sn@CNT nanocables.
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Typical SEM images of the PtNWs grown on Sn@CNT nanocables, at two
magnifications, are shown in Figure 4.3a and b, respectively. They reveal that, after
the complete surface coverage with hundred-nanometer long PtNWSs, the Sn@CNT
nanocables still maintain their “free-standing” 3D structures. The TEM image (Figure
4.3c, and Figure SI-4.1) further confirms the SEM investigation, showing that PtNWs
grow uniformly over Sn@CNT surface with lengths of up to hundred nanometers.
High-resolution (HR) TEM examination (Figure 4.3d) shows that the Pt nanowires
are ~4 nm in diameter and they grow along the <111> direction. The crystallographic
alignment of nanowires reveals that the entire nanowire is one single crystal with a
lattice spacing between the {111} planes of 0.226 nm, which is in agreement with the
value of bulk Pt crystal [12]. The fast Fourier transform (FFT) of the atomic-lattice
fringing, apparent in the inset of Figure 4.3d, further confirms the single crystallinity

of Pt nanowires.

The chemical state of PtNWs growth on Sn@CNT nanocable supports were
determined by X-ray photoelectron spectroscopy (XPS). High resolution Pt 4f
spectrum was deconvoluted into asymmetric doublet (Figure 4.4a) peaks centered at
71.4 and 74.7 eV, which can be attributed to Pt° 4f;5,, and Pt° 4fs,, respectively. These
are in good agreement with those of pure bulk platinum [30]. In addition, no obvious
shoulders at higher binding energies, representing Pt** and Pt**, were found. Based on
these analyses, we believe that the Pt NWs grown on Sn@CNT nanocable supports
are pure metallic Pt. The X-ray diffraction (XRD) pattern, shown in Figure 4.4b,
reveals that the Pt nanowires grown on Sn@CNT nanocable 3D supports were
crystallized in a face-centered-cubic (fcc) structure similar to bulk Pt, which is

consistent with the HRTEM investigations.
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Figure 4.4. a) Pt4f XPS spectrum separation, and b) XRD patterns of Pt NWs grown on
Sn@CNT nanocables. The * in b) represents the XRD patterns originated from Sn.
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We believe that the growth of PtNWs on Sn@CNT supports follows the similar
process to that for Pt NWs on MWCNTSs [12b]. Typically, Pt nuclei are first formed
in solution through the reduction of H,PtCls by HCOOH, and they deposit on the
surface of SNn@CNT nanocables. The freshly formed nuclei act as the sites for further
nucleation, through the continually absorption of Pt** ions, leading to the formation
of clustered particles. As the reaction is conducted at room temperature, the reduction
rate is very slow, and the anisotropic growth is favored because, for fcc structures, the
order of surface energies is (111)<(100)<(110) [12a]. Therefore, according to the
lowest energy principle, the growth rate along the closed-packed <111> direction is
enhanced. We believe that the key to synthesize the Pt nanowires is to reduce the rate
of Pt ion reduction, favoring the growth of {111} planes, and therefore leading to the

formation of 1D nanowires.

We evaluated the electrochemical properties of the PEINW—-Sn@CNT composite and,
for comparison, pristine Sn@CNT nanocable structures and 30 wt % Pt/C (ETEK)
catalysts, using cyclic voltammetry (CV). The CVs recorded between —0.25 and 0.95
V vs SCE in a deaerated 0.5 M H,SO, solution are shown in Figure 4.5. Before Pt
deposition, only background currents representing characteristic of carbon electrodes,
are observed (solid line a). After the growth of Pt nanowires, clear and characteristic
Pt surface electrochemistry is observed (solid line b), with hydrogen adsorption and
desorption between 0.05 and —0.25 V, and Pt oxidation in the range of 0.55 to 0.95 V
with reduction peak at 0.59 V. Multiple peaks for hydrogen adsorption and desorption,
rather than a single broad peak, were observed, indicating that the reaction involved
multiple exposed Pt crystallographic planes. The electrochemically active surface
areas (ECSA) of the samples were calculated based on the hydrogen adsorption wave
capacity (Qu) according to the following [Eqn. (1)][24]:

AgL = Qu/(210 pC em™ <Pt loading) (4.1)

The obtained value of Ag_ for the PINW-Sn@CNT is 17.2 m? g"'(Pt), which is 50 %
of that for the ETEK Pt/C catalyst [34.5 m? g '(Pt)] made of Pt nanoparticles on
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carbon black (CB). This can be attributed to the intrinsic 1D morphology of

nanowires compared to that of nanoparticles [14].
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Figure 4.5. Cyclic voltammograms of a) pristine Sn@CNT; b) PINW-Sn@CNT; and c) 30

wt %Pt/C commercial catalysts (ETEK). Measured at a scan rate of 50 mV's, * in degassed

0.5 M H,SO,.
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Figure 4.6. CVs for oxygen reduction reaction in O-saturated 0.5M H,SO, at
PINW—-Sn@CNT (—) and commercial Pt/C electrode (ETEK) (- - - -). Potential scan rate 50

mVs.”

The ORR activities of PINW-Sn@CNT composite electrode and commercial Pt/C
catalyst (ETEK) are shown in Figure 4.6. Both CVs were obtained in an O,-saturated
aqueous electrolyte solution containing 0.5 M H,SO,. It can be seen that a 60 mV
positive shift of the onset potential for oxygen reduction at the PtINW-Sn@CNT
composite was observed as compared to commercial Pt/C electrode. The oxygen
reduction peak current, normalized on the basis of Pt loading, is 10.9 A g™'(Pt) for the
PINW-Sn@CNT composite, which is 1.2 times that for the ETEK Pt/C catalyst [9.0

A g '(Pt)]. Interestingly, this improvement occurred in spite of a 50 % lower Pt active
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surface area for the Pt nanowire catalyst. Taking into account both effects, a specific
ORR activity for PtNW-Sn@CNT of 0.63 A m *(Pt) was obtained, which is 2.4
times better than for the ETEK Pt/C catalyst [0.26 A m *(Pt)]. The higher specific
activity of the PINW-Sn@CNT as compared to Pt nanoparticles on CB (ETEK)
might be owed to the preferential exposure of certain crystal facets of the Pt NWs
[14-31], and/or the unique 3D structure of Sn@CNT-based electrode, which
facilitates the O, diffusion to Pt surface. These results indicate a significant

improvement of electrocatalytic activity for ORR in PINW-Sn@CNT composite.
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Figure 4.7. Cyclic voltammograms for methanol oxidation (1 M methanol in 0.5 M H,SQOy).
Trace a) before growth of PtNWs; trace b) after growth of PtNWs on Sn@CNT; trace c)
ETEK commercial catalyst of Pt nanoparticles on carbon black.
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The electrocatalytic activity of the PtNW-Sn@CNT composite for methanol
oxidation, which is the heart of direct methanol fuel cell (DMFC) application in the
anodic half-cell reaction, was also demonstrated by using a well-used electrochemical
reaction in a solution containing 1 M MeOH and 0.5 M H,SO,4. For comparison, the
pristine SN@CNT and the commercial ETEK Pt/C catalyst (30 wt % Pt) were also
tested under the same experimental conditions. From the voltammograms shown in
Figure 4.7, no obvious oxidation peaks could be observed from the CV curve of the
pristine Sn@CNT electrode, indicating the support itself is catalytically inactive for
methanol oxidation (curve a). Two typical oxidation peaks appear for the CV curves
of the PINW-Sn@CNT (curve b) and Pt/C catalysts (curve c), which arise from the
oxidations of methanol and their intermediates [32]. Obviously, the peak potential for
methanol oxidation in the forward scan on PINW-Sn@CNT composite (0.66 V vs.
SCE) is much lower than that (0.70 V vs. SCE) for Pt/C catalyst. This indicates that
the PtNWs supported on Sn@CNT nanocables are able to significantly reduce the
overpotential in methanol oxidation. The methanol oxidation peak current,
normalized on the basis of Pt loading, for PINW-Sn@CNT is about 91.0 A g *(Pt),
which is 1.35 times higher than for the ETEK Pt/C catalyst [66.9 A g *(Pt)]. In terms
of the activity per unit active surface area, ~2.8 times higher specific activity for
PtNW-Sn@CNT composite [5.3 Am ?(Pt)] than that for the ETEK Pt/C [1.9
A m %(Pt)] were obtained. Goodenough et al. suggested the anodic peak in the reverse
scan might be attributed to the removal of the incomplete oxidized carbonaceous
species, such as CO, HCOO and HCO, accumulated on catalyst surface during the
forward scan. Consequently, the ratio of current densities for these two anodic peaks,
I¢/lp, can be used to infer the CO tolerance of the catalyst [33]. The low I¢l, value
usually indicates poor oxidation of methanol to CO, during the forward anodic scan
and excessive accumulation of residual carbon species on catalyst surface. On the
other hand, a higher I/l ratio is indicative of improved CO tolerance. In our study,
the observation of a much higher I¢/l, value on PINW-Sn@CNT composite (2.2 vs.
1.3 on ETEK Pt/C) suggests that methanol molecules can be more effectively

oxidized on PINW-Sn@CNT during the forward scan, generating relatively less
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Figure 4.8. CVs of a) PINW-Sn@CNT/carbon paper 3D electrode and b) a commercial Pt/C
electrode in the presence of CO in 0.5M H,SO, aqueous solution at room temperature.
Potential scan rate: 50 mV s.”' For both catalysts, a sharp peak appears during the first scan

(solid line) and disappears in the subsequent scan (dash line).
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poisoning species as compared to commercial Pt/C catalyst, indicating the better CO
tolerance. To further explore the observed enhancement of CO tolerance, we carried
out a CO electrostripping experiment. From Figure 4.8, we can see, for both catalysts,
that a sharp peak appears during the first scan (solid line) and disappears in the
subsequent scan (dash line), indicating that the adsorbed CO is completely oxidized
during the first forward scan. When comparing the onset potential and the peak
potential for CO electro-oxidation, significant differences between the two catalysts
can be observed. The onset potential of CO oxidation on PtNW-Sn@CNT composite
is at 0.11 V (vs. SCE), which is about 290 mV lower than that on commercial Pt/C
catalyst (0.4 V vs. SCE). Further, the oxidative CO-stripping peak potential centers at
0.62 V for the commercial Pt/C catalyst, whereas on PtNW-Sn@CNT, it is located at
0.55 V. The significant negative shifts for the onset and peak potentials of 290 mV
and 70 mV, respectively, indicate that the adsorbed CO can be more easily removed
from PtINW-Sn@CNT catalyst than from ETEK commercial Pt/C catalyst. All these
results indicate that PtNW-Sn@CNT is much more tolerant to CO poisoning.

As to the origin of the enhanced electrocatalytic performance on PtINW-Sn@CNT
catalysts, several explanations can be suggested. In previous studies of Pt-based
nanoparticle catalysts, the activity and CO tolerance enhancements were also
observed on PtSn or PtSnO, nanostructures, which was attributed to the fact that tin
(Sn) or its oxide could supply an oxygen containing (e.g. -OH groups) surface to
remove strongly absorbed species like CO, according to a so-called bi-functional
mechanism [33-35]. Therefore, the improved catalytic activity and CO tolerance
observed in our study may originate partially from the unique core-shell nanocable
supports containing a Sn core. In addition, the “free-standing” nanocable supports and
Pt nanowires provide excellent electron conductivity, which might facilitate the
reaction kinetics on the electrode surfaces, and improve the O, and methanol
diffusion rate. Furthermore, the preferential exposure of certain crystal facets along
with the less surface defects bearing characteristics of Pt nanowires promotes their

catalytic activities [14]. More importantly, the unique 1D anisotropic morphology of
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Pt nanostructures can improve mass transport and catalyst utilization for the
electrocatalytic reactions. Recently, Sun et al [14] found that Pt nanowires on carbon
black showed much enhanced specific catalytic activity for oxygen reduction than
those of the state-of-the-art Pt nanoparticle catalyst. Meanwhile, Chen et al [31] and
Bi et al [36] reported that 1D Pt nanostructures exhibited improved both activity and
stability for oxygen reduction and methanol oxidation, respectively. Based on these
arguments, it is expected that by growing 1D Pt nanostructures on various metal
oxide nanowire supports and forming 3D network structures, the full advantage of
several combining factors can be taken. These factors include the enhanced
performance of Pt nanowire catalyst, excellent properties of catalyst support, and
enhanced mass transport. This approach may open new and exciting possibilities for

further improving the performance of PEMFC and DMFC.
4.4 Conclusions

In summary, a facile aqueous solution procedure has been successfully developed to
grow single-crystal Pt nanowires on Sn@CNT heterostructured nanocables at room
temperature, forming a 3D nanocomposite electrode. The PtNW-Sn@CNT
composite shows, for ORR, 1.2 times higher mass activity and 2.4-fold better specific
activity, and for MOR, 1.35 times higher mass activity and 2.8-fold better specific
activity, than those of the commercial catalyst made of Pt nanoparticles on carbon
black. This novel structure has the potential to possess high Pt utilization, high
activity, and high durability for fuel cell applications. Further optimization of the
dimensional control, the preparation and evaluation of membrane electrode
assemblies based on PINW-Sn@CNT catalysts are underway. This unique approach
can be extended to grow Pt nanowires on other 1D nanostructures, such as CNT,
SnO,, WOs3, TiO, etc., for wider applications.
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In chapters 3 and 4, we have demonstrated that 1D Pt nanowires are a new type of
promising catalyst with much enhanced performance for ORR, MOR and CO
tolerance than commercial PtNP/C catalyst. It is well accepted that the surface area
increases with the diameter decrease of individual wire, which in turn, has immediate
effect on surface-related applications. That means, in terms of the same amount Pt,
thinner nanowires can provide more surface area, and accordingly potential higher
activity. Therefore, ultra-thin Pt nanowires with smaller diameters are highly
desirable to further improve their fuel cell performance. From our previous work, we
can see that when using carbon black, carbon nanotubes, Sn@CNT nanocable, etc.,
as supports, the diameters of Pt nanowires were always kept at 4 nm. In this chapter,
the authors present a very interesting work. i.e., when N-CNTs were used as the
support for Pt nanowire growth, the diameters of Pt nanowires decreased to 2.5 nm
in average. Time-dependent growth process of ultrathin Pt nanowires on N-CNT
support was systematically investigated by collecting products at different reaction
time and investigated under TEM. By combining the TEM results with XPS and EELS
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mapping techniques, it is believed that the widely distributed defects, associated with
N incorporation, on CNTs surface, confine the Pt atoms and play a key role in the
formation of the tiny nuclei that further lead to the anisotropic growth of ultrathin
nanowires. This synthetic strategy and the underlying mechanism could provide new
insight into the synthesis of other metal, e.g., Au, Pd and Ag, nanowires with

dimensions similar to those reported here.
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5.1 Introduction

Among various one-dimensional (1D) noble metal nanostructures, platinum
nanowires (Pt NWSs) are of particular importance and are expected to play a critical
role in electronics, catalysis, fuel cells and the automotive industries, as this metal has
outstanding catalytic and electrical properties and superior resistance to corrosion
[1,2]. To date, various methods have been developed for the synthesis of Pt NWs.
However, wet-chemical methods often lead to the formation of relatively large
diameter (>10 nm) or polycrystalline wires whereas the commonly used template
approach has problems associated with the removal of the template [3]. It is well
accepted that the surface area increases with the diameter decrease of individual wire,
which in turn, has immediate effect on surface-related applications [4]. There is very
limited success in producing ultrafine Pt NWs, especially on the scale below 5 nm [5].
Very recently, a flurry of papers has appeared in the literature regarding the synthesis
of Au ultrathin (<3 nm) NWs [6]. However, the synthesis of ultrathin NWs of single

crystal Pt with such small diameters is still challenging.

Recently, nitrogen-doped carbon nanotubes (N-CNTSs) have attracted much attention
due to their unique properties and wide applications [7]. Specifically, they have been
widely used as diverse matrices to fabricate various nanocomposites such as Pt/N-
CNTs, which possess great potential in fuel cells, electronic devices, and chemical

sensors [8].

Here we report a straightforward solution method for the synthesis of single
crystalline ultrathin Pt NWs, with uniform diameters of ~2.5 nm and lengths up to
100 nm, on N-CNTs. In addition, direct evidence for the formation of ultrathin Pt
NWs was provided by systematically investigating their growth process, and the key
role of nitrogen was revealed. The synthetic procedure is very facile, and only two
chemicals (H,PtCls and HCOOH) were used throughout the whole synthetic process,
without using any stabilizing agent. Further, the reaction was conducted at room

temperature in environmentally friendly aqueous solution.
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5.2 Experimental
5.2.1 Synthesis of N-doped carbon nanotubes

The synthesis of N-doped carbon nanotubes (N-CNTs) was carried out via CVD
method. Typically, pure melamine power (2 g) was placed in an alumina boat inserted
at the entrance of a quartz tube in a horizontal tube furnace, while the substrate
(carbon paper sputtered with 5 nm Fe film on the surface) was loaded in the centre of
the quartz tube. The distance between the source and substrate was around 12 cm.
The system was heated to 800 °C rapidly under an Ar flow of 320 sccm and kept at

this temperature for 30 minutes, and then cool down to room temperature.
5.2.2 Synthesis of platinum nanowires on N-CNTs

In a typical synthesis, 0.032 g hexachloroplatinic acid (H,PtClg 6H,0, Aldrich) and 1
mL formic acid (HCOOH, Aldrich) were added simultaneously to 20 mL H,0 to form
a golden orange solution. The N-CNTs (nitrogen content of 10.4 at.%) grown on
carbon paper, synthesized by a CVD method [9], were immersed in the above
solution, acting as the growth substrates. Then the reaction proceeded at room
temperature without stirring for up to 3 days until the solution color gradually
changed to colorless. The final product can be easily collected by handling the carbon

paper support and washing with deionized water.
5.2.3 Characterizations

The morphologies and microstructures of the as-prepared samples were examined by
scanning electron microscope (SEM, Hitachi S-4800) operated at 5kV, and
transmission electron microscopy (TEM, JEOL JEM-2100) operated at 200 kV. X-ray
photoelectron spectroscopic (XPS) analysis was carried out in a VG ESCALAB
220iXL, using monochromated Al Ka source (1486.6 eV), at a base pressure of 2x<10~
% mbar. High resolution spectra were obtained at a perpendicular take-off angle, using

a pass energy of 20 eV and steps of 0.05 eV. All the binding energies were calibrated
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by referring to the Cls line at 284.8 eV from adventitious carbon. After Shirley
background removal, the component peaks were separated using the public domain

XPSPeak program version 4.1.

5.3. Results and Discussion

Figure 5.1. TEM images of N-CNTs before (A) and after (B) the growth of Pt NWs; TEM (C)
and HRTEM (D) images of ultrathin Pt NWs.
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Figure 5.1 shows the representative transmission electron microscopy (TEM) images
of N-CNTs before and after growth of the Pt NWs. It can be seen that the pristine N-
CNTs have diameters ranging from 40 to 60 nm (Figure 5.1A, and Figure SI-5.1), and
the bamboo-like structure can be attributed to the integration of N into the graphitic
structure [7]. Figure 5.1B shows that numerous Pt NWs, with lengths up to 100 nm,
grow uniformly on N-CNTs, forming a hybrid structure of Pt NWs/N-CNTs. The
higher magnification image (Figure 5.1C) indicates that the diameter of the Pt NWs is
less than 3 nm. The aspect ratio of Pt NWs easily approaches 50. A survey of several
tens of Pt NWs under TEM investigation reveals that the diameters of these NWs are
in the range of 2 to 3 nm, with an average of 2.5 nm. Besides the ultrathin nature,
these Pt NWs are also single crystalline. Selected area electron diffraction (SAED)
pattern recorded from a few NWSs confirms their high crystallinity (inset in Figure
5.1C). The high-resolution TEM (HRTEM) image (Figure 5.1D) shows that the Pt
NWs grow along <111> direction, and the interplanar distance between the {111}
planes is 0.23 nm which matches that for bulk Pt crystals. To the best of our
knowledge, this is the first time that single crystal Pt NWs with such thin diameters
were synthesized with such a facile method. Interestingly, our previous work shows
that under similar synthetic conditions but without using N-incorporated supports, Pt
NWs that grew either freely in solution or on CNT and carbon black supports, always
have relative larger diameters of 4 nm [2b,5b,c] (also see Figure SI5.2-S15.4). These
reveal that N-doping into CNTs is crucial to the formation of ultrathin Pt NWs with

diameter less than 3 nm.

In order to investigate the possible reasons for the formation of ultrathin Pt NWs on
N-CNTs, X-ray photoelectron spectroscopy (XPS) was employed to study the
chemical composition and status of the product. The asymmetric C1s high-resolution
spectrum (Figure 5.2A, centered at ~285 eV) is deconvoluted into five peaks, which
can be assigned, respectively, to the C—C bonds in graphite (PC1), alternate defect
carbon structures associated with C—-N and C—O bonds overlapping (286-289 eV,
PC2-4), and PC1 n* « & shake-up satellite (PC5). Comparing the carbon spectra
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Figure 5.2. Typical XPS spectra of N-CNTs before and after Pt deposition. (A) C1s, and (B)
N1s.
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before and after Pt growth (inset of Figure 5.2A), the latter one shows a narrower
band with significant decrease of PC2—4 peaks corresponding to the localized (defect)
carbon atoms [11], which can be attributed to the block effect of Pt NWs to the X-ray.
This indicates that Pt NWs are more easy to deposit on the defects of the N-CNTs
than on the perfect graphite structures. The deconvolution of the Pt4f spectrum
(Figure SI15.5) indicates pure metallic Pt, without obvious carbide and nitride
formation. Figure 5.2B shows the N1s spectra of the N-CNTs before and after Pt
deposition. The pristine N1s spectrum was deconvoluted into 5 peaks [10]. It is
believed that the main peak (398.7 eV) corresponding to the pyridine-like N within
the predominantly graphitic framework is responsible for both the wall roughness and
interlinked morphologies observed in the N-doped structure [11]. After Pt deposition,
in addition to the significant decrease of the whole N1s signal and the almost
complete disappearance of two peaks corresponding to the oxide N atoms (403—-405
eV), the area ratio of pyridine-like (398.7 eV) to graphite-like (401.0 eV) N decreased
from 1.81 to 1.21, further implying that Pt NWs grow preferentially on the defect
sites that more associated with pyridine N, of the N-CNTs.

The distribution of nitrogen and carbon in the N-CNTs was studied by elemental
mapping using electron energy loss spectroscopy (EELS) ( Figure 5.3). The brighter
regions represent a higher concentration of the element. Figure 5.3C shows that
while the N atoms seem to be present throughout of the N-CNTs, they are more
prevalent on the wall ruffles and the interlinked parts (nodes) of N-CNTs which may
be assigned mainly to the pyridine-like N [11]. This is consistent with our XPS results
since much higher concentration pyridine-like than other types N was detected in
pristine N-CNTs. According to our XPS results, these defects induced by N
incorporation would provide preferred anchoring sites for Pt deposition.

To reveal the underlying growth mechanism of ultrathin Pt NWs on N-CNTs,
products were collected as a function of growth time, and their morphologies were
evaluated by TEM and HRTEM. The HRTEM image of a pristine N-CNT (Figure

5.4A) shows that the intersects are usually consist of 4-6 graphitic layers. Between
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Figure 5.3. EELS mapping of a pristine N-doped CNT: (A) bright field image; (B) carbon

map; (C) nitrogen map.
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Figure 5.4. TEM images show the growth process of ultrathin Pt NWs on N-CNTs. (A)
pristine N-CNT; (B) initial (nuclei), (C) intermediate and (D) final growth stages.



102

these intersects, there are many irregular web-like structures (2—-3 atomic layers)
across the surface. Careful inspection reveals the existence of many broken graphitic
layers (defects) along the entire surface of the nanotube, suggesting that N
incorporation into CNTs promotes not only the bamboo-structured morphology but
also strongly affects the tube defect structure. At the initial growth stage ( Figure 5.4B
and inset), Pt nuclei readily attach to the sites with higher density defects along the N-
CNTs, since nitrogen can enhance the Pt adsorption on the CNT surface due to its
large electron affinity [12]. Interestingly, the size of the Pt nanoparticles (nuclei)
ranges from 2 to 3 nm with an average of 2.5 nm, which is smaller than those on
carbon nanotubes and nanospheres. We believed that the broken graphitic layers,
which are more associated with the pyridinic N, confine the Pt atoms and provide the
main initial nucleation sites for the formation of Pt nanoparticles with small
diameters. This may be the key for the formation of ultrathin Pt NWs on N-CNTs. As
the growth time increased, a large amount of nanoparticles progressively cover the
whole surface of the N-CNTs. These small Pt nuclei act as the seeds to direct the
anisotropic growth of Pt NWs, in that the growth rate along the closed-packed <111>
direction is enhanced at very slow reduction rate [15], forming Pt NW/N-CNT hybrid

novel structures ( Figure 5.4C and D).
5.4 Conclusions

Ultrathin (2-3 nm in diameter) Pt NWs have been synthesized on N-CNTSs by a very
facile aqueous solution method at room temperature. It is believed that the widely
distributed defects, associated with N incorporation, on the N-CNTSs surface, confine
the Pt atoms and play a key role in the formation of the tiny nuclei that further leads
to the anisotropic growth of ultrathin nanowires. This synthetic strategy and the
underlying mechanism could give new insight into the synthesis of other metal
nanowires with dimensions similar to those reported here. Isolated ultrathin
nanowires could be obtained if the N-CNT supports were deliberately removed.
These ultrathin nanowires and their composites with N-CNTs hold potential for

catalysis, fuel cells and electrochemical sensors.
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Supporting Information

Figure SI-5.1. SEM images of pristine N-CNTs at two different magnifications. The typical
bamboo-like structure can be attributed to the integration of N into the graphitic structure.
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Figure S1-5.2. SEM and TEM images of unsupported Pt nanowires which grew freely in the

solution. The average diameter of Pt nanowires is 4 nm.



109

Figure SI-5.3. SEM and TEM images of Pt nanowires grown on carbon black spheres. The

average diameter of Pt nanowires is 4 nm.
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Figure SI-5.4. TEM images of Pt nanowires grown on carbon nanotubes. The average
diameter of Pt nanowires is 4 nm.
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On the other hand, in terms of the low durability of PEM fuel cell catalysts, the
corrosion of carbon support materials has been identified to be the major contributor
to the catalyst failure. Unfortunately, the current commonly-used carbon black
supports in PEMFCs are not sufficiently durable for commercial deployment. One of
the major challenges and solutions lies in the development of inexpensive, efficient,
and highly durable alternative catalyst supports that possess high corrosion
resistance, high conductivity and high surface area.

Metal oxides have been studied by different research groups as alternative catalyst
supporting materials, such as sub-stoichiometric titanium oxide (TiOy), indium tin
oxide (ITO), niobium-doped titanium oxide (Nb-TiO,), tungsten oxide (WOy), and tin
oxide (SnOz). Among such materials, titanium oxides are promising alternative
catalyst supports due to their stability in fuel cell operation atmosphere, low cost,
commercial availability, stability in water, and strong metal support interaction
(SMSI). The use of Nb doping has been found to significantly improve the electrical
conductivity of TiO,, and Nb-TiO, supported Pt catalysts showed very good

performance in PEM fuel cells.
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In this chapter, the authors demonstrate a new type of carbon-free Pt/Nb-TiO,
electrocatalyst. Mesoporous Nb-TiO, hollow spheres were synthesized through the
sol-gel method by using polystyrene (PS) spheres as templates. Pt nanoparticles (NPs)
were then deposited onto mesoporous Nb-TiO, hollow spheres via a wet-chemical
route in aqueous solution at 80 °C. The Pt loadings on Nb-TiO; supports could be
easily modulated from 10 to 40 %, with similar Pt particle size, by simply adjusting
the ratios between precursor and support. Electrochemical studies show that Pt/Nb-
TiO, composites exhibit up to 1.6 times higher activity and 2.1 times higher stability
than commercial E-TEK Pt/C catalyst. OD mesoporous Nb-doped TiO, hollow

spheres is a promising alternative catalyst support for PEMFC applications.
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6.1 Introduction

Proton exchange membrane fuel cells (PEMFCs) have been attracting much attention
as an alternative clean energy source because of their high efficiency, high power
density and low pollution [1]. However, there are still challenges, such as low
catalytic activity, low durability and high cost, which are hindering the
commercialization of PEMFCs [2]. For automotive applications, PEMFCs must be
durable enough for ~5,000 driving hours (i.e., 10 years) in vehicles.”) The loss of
platinum (Pt) electrochemical surface area (ECSA) over time due to carbon support
corrosion and Pt dissolution/aggregation/Oswald ripening is considered one of the
major contributors to the degradation of fuel cell performance [3]. Usually, carbon
black (Mulcan XC-72) is used as Pt catalyst support in PEMFCs. However, carbon
black is known to undergo electrochemical oxidation under a fuel cell operating
environment, especially at potentials above 0.9 V (equation 1), leading to a loss of Pt

and fuel cell performance degradation [4, 5].

C+2H,0 —>  CO,+4H" + 4¢” (6.1)

Therefore, it is necessary to explore non-carbon catalyst support materials with the
current fuel cell operating strategy. Some metal oxides have been studied by different
research groups as alternative catalyst support materials, such as sub-stoichiometric
titanium oxide [6, 7], indium tin oxide [8], niobium-doped titania [9], tungsten oxide
[10, 11], and tin oxide [12]. Among these, niobium-doped titania (Nb-TiOy) [9, 13—
15] is a particularly promising candidate. TiO, is notable for its photocatalytic and
strong metal support interaction (SMSI) properties [16, 17]. TiO; is also readily
available, cheap, and non-toxic [18]. The use of Nb doping has been found to
significantly improve the electrical conductivity of TiO,, which allows its use in
electrocatalytic reactions [14]. In this study, we present a facile wet-chemical route to
grow Pt nanoparticles (NPs) on mesoporous Nb-TiO, hollow spheres, with controlled

Pt loadings, in environmentally-friendly aqueous solution. PtNPs/Nb-TiO, catalysts
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exhibit higher catalytic activity for ORR and better stability than the benchmark E-
TEK commercial Pt/C catalysts.

6.2. Experimental
6.2.1 Chemicals

Hexadecyltrimethylammoniumbromide (HATB), titanium (IV) isopropoxide (TTIP),
niobium (V) ethoxide (8 mol %), ethanol, HNOs3; hexachloroplatinic acid
(H2PtCls.6H,0, 99.95%), and formic acid (HCOOH, 98%) were purchased from
Sigma—Aldrich. Aqueous latex (mean diameter 200 nm) suspension (10 wt %) was
purchased from Duke Scientific. All chemicals were used as received without further
purifications. All solutions were prepared with ultrapure water purified with the

Millipore water system (18.2 MQ.cm resistivity @25 °C).
6.2.2 Preparation of Mesostructured Nb-TiO, Support

The mesostructured Nb-TiO, support was prepared according to the method described
in reference 15. Briefly, 0.015 g of HATB, 14.7 mL of aqueous latex suspension, and
105 mL of ethanol were added in a PTFE beaker, and then the solution was stirred
vigorously for 30 min while HNO3; was added to adjust the pH to 3. A second
solution was prepared by adding the precursors, 6.9 mL of TTIP and 0.5 mL niobium
(V) ethoxide to 100 mL of ethanol. The second solution was added to the stirred
latex-surfactant mixture using a peristaltic pump at a rate of 1 mL/min. The resulting
suspension was processed using a Buchi B-290 spray drier to produce a fine white
powder, consisting of the Nb-TiO, and latex template, which was followed by heat
treatment at 500 -C for 2 h under argon in order to remove the latex template. To
obtain rutile phase [19], the as-synthesized Nb—TiO, powder were heated at 1050 -C
under hydrogen.

6.2.3 Preparation of PtNPs/Mesostructured Nb-TiO, Composite
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The Pt nanoparticles were synthesized by the formic acid method as described in the
literature [20-22]. The as-prepared mesostructured Nb-TiO, was used as the
supporting substrate for Pt deposition. For the deposition of 40 wt % Pt on Nb-TiO»,
22 mg of H,PtCls.6H,0 (7.5 mg Pt) and 1 mL of HCOOH are added to 20 mL of
water. Nb-TiO; (11.25 mg) was then dispersed in the above solution by mild
ultrasonication for 30 min. After this initial dispersion, the solution is heated to 80 C
and kept at this temperature for 30 min. After the reaction is completed, the product
was washed thoroughly with deionized water and then dried in a vacuum oven at 60

o

C.
6.2.4 Physical Characterization

The morphologies and microstructures of the as-prepared samples were examined by
scanning electron microscope (SEM, Hitachi S-4800) operated at 5kV, and
transmission electron microscopy (TEM, JEOL JEM-2100) operated at 200 kV. X-ray
diffraction (XRD) patterns were recorded on a Bruker D8 Advance diffractometer
equipped with a Cu Ka radiation source. X-ray photoelectron spectroscopic (XPS)
analysis was carried out in a VG ESCALAB 220iXL, using monochromated Al Ka
source (1486.6 eV), at a base pressure of 2x10°° mbar. High resolution spectra were
obtained at a perpendicular take-off angle, using a pass energy of 20 eV and steps of
0.05 eV. All the binding energies were calibrated by referring to the C1s line at 284.8
eV from adventitious carbon. After Shirley background removal, the component

peaks were separated using the public domain XPSPeak program version 4.1[23].
6.2.5 Electrode Preparation

The electrochemical measurements were conducted at room temperature in a standard
three-electrode cell using a glassy carbon (GC) rotating disk electrode (RDE) setup
with a Voltalab model PGZ100 potentiostat (Radiometer Analytical), and rotation
control (MSR, Pine Instruments). A Pt wire served as the counter electrode, with a
saturated calomel electrode (SCE) as the reference which was separated from the

working electrode compartment by a closed electrolyte bridge. All potentials in this
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study, however, are referenced to the reversible hydrogen electrode (RHE). The
working electrode was prepared with a procedure similar to the one reported
previously [8]. Typically, 5 mg catalyst was sonically mixed with 5 mL
H.O/isopropanol/Nafion (5/1/0.0017 in volume ratio) for 12 min to make a
suspension. GC disk electrodes (5 mm diameter, 0.196 cm? Pine Research
Instrument) served as the substrate and were polished to a mirror finish. An aliquot of
catalyst suspension was pipetted onto the carbon substrate, resulting in approximate
Pt loadings of 13 pgPt cm™ for all catalysts. The catalyst films were dried under

flowing nitrogen (N) at room temperature.
6.2.6 Electrochemical Measurements

The working electrode, in an argon (Ar) purged 0.1M HCIO, solution at room
temperature, was first cycled 200 times between 0 and 1.1 V at a 1V/s scan rate in
order to produce a clean electrode surface. The cyclic voltammetry (CV)
measurements were conducted by cycling the potential between 0 and 1.1 V, with a
scan rate of 20 mV/s. The electrochemical surface areas (ECSA) were calculated
from the hydrogen adsorption peak of the CV. The oxygen reduction reaction (ORR)
experiments were performed in oxygen-saturated H,SO, solution (0.5 M) at room
temperature. The RDE rotating rate was 1600 rpm and sweep rate was 5 mV/s.
Current densities were normalized in reference to the geometric area of the GC RDE
electrode (0.196 cm?). The CV measurements for accelerated durability tests (ADT)
were conducted by potential cycling between 0.60 and 1.40 V in a N, purged 0.1M
HCIQ, solution at room temperature, with a scan rate of 50 mV/s. In each case, ADT

testing consisted of 30,000 cycles.
6.3 Results and Discussion

Figure 6.1a is an SEM image of the as-synthesized Nb-TiO, nanostructures that
clearly shows the hollow structures which have diameters of 100-150 nm. The typical
NDb-TiO, spheres have diameters of 100-150 nm, which is the rutile phase confirmed
by XRD analysis (JCPDS, No. 21-1276, Figure SI-6.1). The TEM image
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Figure 6.1. SEM (a) and TEM (c) images pristine hollow Nb-TiO, nanostructures. SEM (b)
and TEM (d) images Pt nanoparticles deposited on hollow Nb-TiO, nanostructures.

in Figure 6.1c, further confirms that the shape of Nb-TiO, nanostructures with
mesoporous shells are spherical and fairly uniform in size. Furthermore, each
mesoporous shell is composed of small, 10-20 nm nanoparticles. Figures 6.1b and d
show the SEM and TEM images respectively, of Pt NP/Nb-TiO, composite with 20
wt % Pt loading. These images clearly display the homogeneous Pt deposition
throughout the Nb-TiO, support. The average sizes of Pt nanoparticles on Nb-TiO,

were obtained by measuring 100 randomly chosen nanoparticles under higher
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Figure 6.2. (a) TEM and (b) HRTEM images of Pt nanoparticles deposited on hollow Nb-
TiO, nanosphere supports with 20wt% Pt loading. Pt NPs are single crystal, 4 nm in average
size and uniformly dispersed on the surface of hollow Nb-TiO, nanosphere supports.
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magnification TEM observation (Figure 6.2a). It is clearly seen that Pt nanoparticles
with narrow size distribution have the mean size of 4 nm. The selected area electron
diffraction (SAED) patterns reveal the single crystallinity of both Pt nanoparticles and
the Nb-TiO, support. High-resolution TEM (HRTEM) analysis (Figure 6.2b) further
confirms the highly crystalline features of the support as well as Pt nanoparticles. The
fringes with lattice spacing of 0.23 nm can be indexed as the (111) plane of face-
centered-cubic (fcc) Pt, and the angle between two (111) planes also matches well
with the fcc Pt. The lattice spacing of 0.25 nm can be indexed to (101) plane of rutile
TiO..

Figure 6.3. TEM images of Pt nanoparticles deposited on hollow Nb-TiO, nanosphere
supports with different Pt loadings. (a) 10wt% and (b) 40wt%.

The Pt loading can be readily tuned by simply changing the mass ratio of the
precursor and support, while keeping the ratio between Pt precursor and HCOOH
constant. Figure 6.3a shows a TEM image of the product resulting from a mass ratio
of H,PtClg precursor to substrate (Nb-TiO,) of 1:9, corresponding to 10 wt% Pt. At a
higher mass ratio of 2:3, corresponding to 40 wt% Pt, the density of the Pt
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nanoparticles increases with some aggregation however their size remains consistent

at approximately 4 nm.
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Figure 6.4. High resolution XPS spectra of (a) Pt 4f; (b) Ti2p; (c) Nb3d; (d) O1S. Inset in (a)

shows the corresponding deconvolution of Pt 4f spectrum.

X-ray photoelectron spectroscopy (XPS) was employed to study the chemical

composition and status of the product. Figure 6.4 shows the Pt 4f, Ti2p, Nb3d and

O1s high-resolution XPS spectra taken from Pt/Nb-TiO, composites with different Pt

loading levels (10, 20, and 40 wt% Pt), which were calibrated by placing the principal
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C 1s peak at 284.8 eV. Obviously, continued weakening of the Ti2p signaled at 459.0
and 464.8 eV, Nb3d signaled at 207.6 and 210.3 eV, and O1s signaled at 532 eV, is
accompanied by the continued strengthening of the Pt 4f signals at 71.1 and 74.4 eV
with increasing Pt content [24]. These results suggest that the surface of the Nb-TiO,
spheres becomes more covered with Pt nanoparticles that shield the Nb-TiO, surface
from the XPS detection. The deconvolution of the Pt spectrum (inset in Figure 6.4a)
shows only one doublet assigned as Pt 4f7/2 and Pt 4f5/2, which further confirms that
the nanoparticles are pure metallic Pt. We obtained a relative atomic concentration
ratio O:Ti of 2 for the products from the experimental XPS peak areas, which further

confirms that the support is TiO, with 8 at% Nb doping.

To study the electrochemical properties of the Pt NP/Nb-TiO, composites,
electrochemical measurements were conducted with a glassy carbon electrode (GCE)
modified by Pt NPs/Nb-TiO, composites, with Pt loadings of 10, 20 and 40 wt%,
respectively. For comparison, a GCE supporting a commercial Pt/C catalyst (E-TEK)
with 30 wt% Pt loading was also tested. Figure 6.5a shows the cyclic voltammograms
(CVs) of these fours catalysts recorded at room temperature in Ar-saturated 0.1 M
HCIO, solution at a scan rate of 20 mVs™. For all electrodes, the Pt loadings were
kept at approximately 13.0 pgPt/cm?. The CVs show strong peaks characteristic of
hydrogen adsorption/desorption peaks below ~0.4 V and Pt oxidation/reduction peaks
beyond ~0.6V, and no considerable change in the shape is seen among these catalysts.
The electrochemical surface areas (ECSA) of Pt catalysts were determined by
measuring the charge collected in the hydrogen (H) adsorption/desorption region after
double-layer correction and assuming a value of 210 uC/cm? for the adsorption of a
monolayer of hydrogen [20]. The obtained ECSA for the four catalysts are listed in
Table 6.1. We can see that commercial Pt/C catalyst (E-TEK) shows the largest
electrochemical surface area (ECSA) with 57 m?/gPt. The 40 wt% Pt/Nb-TiO, has
ECSA value of 47 m%/gPt, followed by the 10 wt% and 20 wt% Pt/Nb-TiO, which
have ECSA values of 40 m?/gPt and 37 m%/gPt respectively. Interestingly, while there
is no observed trend in Pt ECSA with the increasing Pt loading on Nb-TiO,, it can be
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suggested that by this Pt deposition method, similar Pt particle size can be produced

even at higher Pt loading on the metal oxide substrate.
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Figure 6.5. (a) CV curves and (b) Polarization curves for O, reduction on commercial ETEK
Pt/C catalyst and Nb-doped TiO, with different Pt NP loadings in a 0.1M HCIO, solution on

a disk electrode.
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Figure 6.5b shows the rotating disk measurements, at 1600 rpm, for the ORR on three
Pt/Nb-TiO, catalysts, along with the commercial Pt/C catalyst (ETEK) for
comparison. The corresponding electrochemical parameters are listed in Table 1.
From the figure, the ORR on all catalysts is diffusion-controlled when the potential is
less than 0.7 V and is under mixed diffusion-kinetic control in the potential region
between 0.7 and 0.85 V. From Table 1, we can see that, as compared to the E-TEK
Pt/C catalyst, 10 wt% PtNPs/NbTiO, composite shows the best performance with
15% and 63% higher mass and specific activities, respectively. Furthermore, overall
comparison of the ORR activities indicates that all the homemade PtNPs/Nb-TiO,
composites exhibit higher mass and specific activities than those of the commercial
E-TEK Pt/C catalyst. This improvement in activity is significant considering 100
m?/g BET surface area [15] which is 2/5 of that of Vulcan XC carbon support of
commercial Pt/C catalyst. The enhancement in the ORR activity might be due to the
homogeneous distribution of small Pt nanoparticles, and the mesoporous surface

structure of the TiO, hollow spheres.

Table 6.1. Comparison of mass and specific activities for ORR and Pt electrochemical
surface area of the different catalysts. All these three Pt NP/TiO, catalysts show better mass

and specific activity than those of the state-of-the-art commercial Pt/C catalyst.

Current . Electrochemical Specific
density Mass activity specific surface activity
Catalyst @ 0.9V A@/?n'g;)/t area @0.9V
mA/cm? g m?/g uAlcm? Pt
PtNP/C (E-
TEK) 30wt% Pt 0.877 0.080 57 140
PtNP-NbTiO,
10Wi% Pt 0.826 0.092 40 228
PtNP-NbTIO;
20Wt% Pt 0.886 0.082 37 223
PtNP-NbTiO,
A0Wt% Pt 0.896 0.082 47 175
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Figure 6.6. Cyclic voltammograms recorded on (a) PtNP/Nb-TiO, and (b) ETEK PtNP/C
electrodes in 0.1 M HCIO, solution at room temperature during ADT. (¢) ECSA as a function
of cycling numbers on PtNP/Nb-TiO, and ETEK PtNP/C electrodes.

The durability of the catalysts was determined in an accelerated durability test (ADT)
by continuously applying linear potential sweeps from 0.60 to 1.4 V (vs RHE),
causing surface oxidation/reduction of Pt and the oxidation of support. The surface

reaction involves the formation of PtOH and PtO derived from the oxidation of water
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that causes the dissolution of Pt via the Pt** oxidation state [25, 26]. The test was
conducted by applying potential sweeps at scan rate of 50 mV/s in a N, saturated,
0.1M HCIQq4 solution at room temperature. For comparison, commercial E-TEK Pt/C
(30 wt% Pt) catalyst with a similar Pt loading as that in Pt/Nb-TiO, (40wt% Pt) was
subjected to the same potential cycling conditions. It is generally believed that the
performance degradation of the electrodes in PEMFC is mainly due to the ECSA
decrease of the catalysts. After 30,000 cycles, changes in the Pt ECSA were
determined. As shown in Figure 6.6a and b, cyclic voltammetry was used to
determine the Pt surface area of Pt/Nb-TiO, and Pt/C electrodes by measuring the H
adsorption before and after potential cycling. Figure 6.6¢ shows that, for Pt/Nb-TiO,,
~40% of the original Pt surface area remained after 30,000 cycles potential cycling,
which is 2.1 times higher than the ~19% remaining for the commercial E-TEK Pt/C
catalyst. These results reveal that the Pt on Nb-TiO, support is more
electrochemically stable. The enhanced stability might be attributed to: (a) the higher
corrosion resistance of Nb-TiO, support compared to carbon in acidic environments,
(b) a strong Pt—metal oxide support interaction inhibiting the sintering of the Pt [16,
17].

6.4 Conclusions

In summary, we have demonstrated a facile wet-chemical method to grow single-
crystalline Pt nanoparticles on mesoporous Nb-doped TiO, hollow spheres in aqueous
solution, without using any surfactant. The use of Nb-TiO, hollow spheres as
substrate provides a new type of cost-effective support with high corrosion resistance
for growing Pt nanoparticles. The growth density of Pt nanoparticles on Nb-TiO,
support could be controlled by manipulating the mass ratios between the Pt precursor
and the NDb-TiO, support. PtNP/Nb-TiO, catalysts show enhanced activity and
stability compared with the commercial E-TEK Pt/C catalyst.
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In previous chapter, the authors introduced the work of using 0D mesoporous Nb-
doped TiO; hollow spheres as alternative catalyst support. This new type of carbon-
free Pt/Nb-TiO, electrocatalyst exhibited over 2 times higher stability than
commercial E-TEK Pt/C catalyst.

Recently, transitional metal silicides, such as WSiy, TiSiy, TaSi, etc., have attracted
much interest for using as alternative catalyst supports, to replace carbon in
PEMFCs, due to their excellent thermal stability, corrosion resistance, and very high
electrical conductivity. Previous studies from others and our group have indicated
that Pt on transition metal silicides supports showed higher durability under fuel cell

conditions, as well as higher electrocatalytic activity for methanol oxidation.

In this chapter, the authors propose another new type of alternative support, TiSix-
NCNT 1D structure, for Pt deposition, forming Pt/TiSi,-NCNT Janus nanostructure.
This novel Janus nanostructured catalyst was prepared by sputtering TiSix only on

one side of N-doped carbon nanotubes, followed by wet-chemical deposition of Pt
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nanoparticles on the other side. TEM investigations revealed that the Pt NPs formed
dendritic and chain-like morphology between the gaps of TiSix on NCNT surface,
which is very important for enhancing the durability of Pt catalyst. Our results show
that Pt/TiSiy--NCNT Janus nanocatalyst exhibits ~3 times better stability and much
improved CO tolerance compared to commercial Pt/C catalyst. The higher corrosion
resistance of both NCNT and TiSix than carbon black contributed greatly to the
higher stability of the catalyst. Pt/TiSix--NCNT Janus nanostructure is a new type of
promising electrocatalyst for PEMFC applications.
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7.1 Introduction

Proton-exchange membrane fuel cells (PEMFCs) are promising power sources for
many applications in the future because of their high efficiency, high power density
and low pollution [1]. Despite considerable progress made in the past, their high
production cost needs to be significantly reduced while improving the performance

and durability before the fully commercialization of PEMFCs.

Platinum or platinum alloys are commonly used as the catalyst in PEMFCs [2-4],
where it catalyzes oxygen reduction reaction (ORR) at the cathode and fuel
(including hydrogen and methanol) oxidation reaction at the anode [5,6]. Various
carbon materials, including carbon black (CB) [7,8], carbon nanofibers (CNFs) [9],
and carbon nanotubes (CNTs) [10,11], are being widely used catalyst supports due to
their high surface area for the dispersion of Pt nanoparticles, and good electrical
conductivity required for electrochemical reactions. A range of key factors are known
to contribute to the performance degradation of PEMFCs that occur during long term
operation and/or start-up and shutdown [12]. These mainly include
dissolution/aggregation/Oswald ripening and/or poisoning of Pt catalysts. The
stability of carbon support material itself is also an important issue because carbon is
known to undergo electrochemical oxidation ( C + 2H,0 — CO,+ 4H" + 4¢” )
under a fuel cell operating environment, especially at potentials above 0.9 V
(equation 1), leading to a loss of Pt active surface area and fuel cell performance
degradation [13,14]. In literature, many methods have been reported to address these

challenges, such as using carbide, nitride, or metal oxide as catalyst supports [15,16].

Recently, transitional metal silicides, such as TiSiy, have attracted tremendous interest
especially in semiconductor industry due to their excellent thermal stability, corrosion
resistance, and very high electrical conductivity [17-19]. Meanwhile, these unique
properties of metal silicide also make them as the potential catalyst supports, for
replacing carbon, in PEMFCs. In fact, previous studies have indicated that using
transition-metal silicides as electrocatalyst supports showed higher durability under
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fuel cell conditions [20], as well as higher electrocatalytic activity for methanol
oxidation [21]. However, most of these materials systems reported previously were
based on thin films or powders, which is not be sufficient to meet the high surface
area demand for using as catalyst supports. The combination of TiSix and carbon
materials as supports potentially allows the optimization of the dispersion and

corrosion.

In this study, we described a new type of Janus nanostructure electrocatalyst
(Pt/TiSix-NCNT) synthesized by TiSix sputtering only on one side of NCNT,
followed by wet-chemical deposition of Pt nanoparticles on the other side. Janus
nanostructure, akin to the dual-face Roman god, Janus [22], has become a focus of
attention in many fields since the first emphasis by Gennes in his Nobel Prize address
[23]. Generally, Janus particles possess dual surface functionalities or consist of two
different materials on opposite faces [24]. The integration of different nanomaterials
with different properties permits versatile applications ranging from bio-sensing, drug
delivery to catalysis. In addition, Pt/TiSix--NCNTs were directly grown on the carbon
paper fuel cell backing, forming novel 3D fuel cell electrodes. Such 3D supports hold
many additional advantages, including higher gas permeability, improved metal-
support interactions, and enhanced mass transport. This approach allows us to
combine the advantages of both Pt/TiSi,-NCNT Janus catalyst and 3D supports for
fuel cell applications.

7.2 Experimental
7.2.1 Synthesis of TiSi,.-NCNT support

TiSix-NCNT nanostructures were synthesized by a two-step approach through the
combination of chemical vapour deposition (CVD) process and magnetron sputtering.
In this process, nitrogen doped carbon nanotubes (NCNTS) were first synthesized on
carbon paper, which was pre-sputtered with an aluminum buffer layer (30 nm) and an
iron catalyst layer (1 nm), via a CVD process at 800 °C. In this method, melamine

was use as source for both carbon and nitrogen [25]. Then the carbon paper grown
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with N-CNTs was placed in a modified PECVD/sputtering system, 10 cm from the
sputtering target. Before the sputtering process, the chamber pressure was lowered to
1.9x10” torr to purge the oxygen from the system. Pure Argon was introduced into
the system to adjust the pressure to 1.5x10° torr. During the sputtering process, a
flow of 15 sccm Ar was maintained. A 100 nm layer of TiSix is deposited on the
NCNTSs from a TiSi, (2-inch) target using a RF magnetron (150W, 10 min).

7.2.2 Synthesis of Pt NPs on TiSix-NCNT support

The deposition of Pt NPs on TiSiy/NCNT were conducted by the reduction of
hexachloroplatinic acid (H2PtCls.6H,0) with formic acid (HCOOH) under 80 °C [26].
In a typical procedure, 0.032 g H,PtCls.6H,0 (Aldrich) and 1 mL HCOOH (Aldrich)
were added simultaneously into 20 mL H,O at room temperature to form a golden
orange solution. The TiSi,/NCNT/carbon paper was immersed into the reaction
solution, acting as the growth substrates, and then the reactions was proceeded at 80
°C for 30 min. After the completion of the reaction, the sample was washed with
deionized water and dried at 80 °C over night in a vacuum oven. The Pt loading was

determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES).
7.2.3 Physical Characterization

The morphologies and microstructures of the as-prepared samples were examined by
scanning electron microscope (SEM, Hitachi S-4800) operated at 5kV, and
transmission electron microscopy (TEM, JEOL JEM-2100) operated at 200 kV. X-
ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance diffractometer

equipped with a Cu Ka radiation source.
7.2.4 Electrochemical Measurements

The electrochemical properties of Pt/TiSi,-NCNT Janus nanostructure/carbon paper
composites were evaluated by cyclic voltammetry (CV) in a standard three-electrode
cell at room temperature. Pt wire and Ag/AgCl (3 M NaCl) were used as the counter
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and reference electrodes, respectively. All potentials in this study, however, are
referenced to the reversible hydrogen electrode (RHE). CV measurements were
carried out on a CHI 600C electrochemical workstation (CH Instrument Company),
using 0.5 M H,SO, solution purged with N at a sweep rate of 50 mV/s. The CV
measurements for accelerated durability test (ADT) were conducted by potential
cycling between 0.60 and 1.2 V in a O, purged 0.5 M H,SO, solution at room
temperature, with scan rate of 50 mV/s. Total 4,000 cycles of CV were performed for
each case. The electrochemical surface areas (ECSA) were calculated from the
hydrogen adsorption peak of the CV. For methanol oxidation reaction, the CVs were
measured in an air-free agueous solution containing 1 M MeOH and 0.5 M H,SO,.
For CO stripping voltammetry, pure CO (99.5%) was purged into the solution at a
position close to the working electrode for 1 h, with the electrode polarized at 0.05 V
versus RHE in a fume hood. The electrode was then purged with pure Ar for 1 h

under potential control followed by voltammetric stripping.

For comparison, TiSix-NCNT, and PtNP/NCNT and a conventional electrode made
with commercial 30 wt% Pt/C catalyst from ETEK (USA) were also evaluated. To
prepare the conventional electrode, typically, 10 mg catalyst was sonically mixed
with 1 mL H,Olisopropanol (1/1 in volume ratio) to make a suspension. GC disk
electrodes (5 mm diameter, Pine Research Instrument) that serve as the support were
polished to a mirror finish before using. 20 ul of catalyst suspension was pipetted
onto the GC disk substrate, leading to a Pt loading of 0.3058 mg/cm?, which is similar
to that for PtNP/TiSix--NCNT composite electrode. The catalyst films were dried
under flow N at room temperature. Finally, 10 pl 0.05 wt% Nafion solution was
pipetted onto the catalyst film, and then dried. The currents were normalized on the
basis of Pt loading.

7.3 Results and Discussion

Figure 7.1 shows the representative SEM and TEM images of NCNTs before and
after TiSiy sputtering. It can be seen that the pristine NCNTSs have diameters ranging
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Figure 7.1. SEM and TEM images of NCNT before (a,b) and after (c,d) TiSiy deposition.

from 40 to 60 nm (Figure 7.1a,b), and the bamboo-like structure can be attributed to
the integration of N into the graphitic structure. After the sputtering deposition of
TiSix film, the surface of NCNTs become very rough and the bamboo structure can
not be obviously observed. Interestingly, the NCNTs still maintain their “free-
standing” 3D structures (Figure 7.1c). From the TEM image (Figure 7.1d), we can
see that for each single NCNT, only one side is covered with thick TiSix film (2040
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nm), while other parts are either covered by very thin film or even totally without

TiSix film. This might be due to the shadow effect during sputtering process.

Spot 1

200 Si Cu

Counts

Figure 7.2. SEM (a,b) and TEM (c,d) images of PtNPs on TiSi-NCNT. (e,f) EDS spectrum

taken from different area as shown in (d).
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Figure 7.3. RTEM images of PtNP/TiSi,-NCNT.

After Pt deposition process, we can see that Pt nanoparticles, with diameter of 3-4 nm,
uniformly distribute on the whole surface of pristine NCNTs (Figure SI-7.1).
Interestingly, Pt nanoparticles selectively deposit on the surface of NCNT where
without TiSiy film covering, forming a Pt/TiSi,-NCNT Janus nanostructure (Figure
7.2a-d). This might be due to the inert surface of TiSix film. The selected area
electron diffraction (SAED) patterns (inset of Figure 7.2c) reveal the crystallinity of
Pt nanoparticles and the amorphous phase of TiSix film. The EDX spectra record
from two different areas, indicated by cycle 1 and 2 respectively, of Pt/TiSi,-NCNT
Janus nanostructure confirm the only existence of TiSix on one side and Pt on the
other side of the Janus nanostructure (Figure 7.2¢,f). High-resolution TEM (HRTEM)
analysis (Figure 7.3a,b) further confirms the highly crystalline feature of Pt
nanoparticles and the amorphous feature of TiSix film. The fringes with lattice
spacing of 0.23 nm can be indexed as the (111) plane of face-centered-cubic (fcc) Pt.
The lattice spacing of 0.34 nm can be indexed to (002) plane of CNT support.
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Interestingly, Pt nanoparticles deposit selectively on the surface of NCNT where
without TiSix covering, i.e., Pt nanoparticles preferentially deposit between the gaps
of TiSix film/nanoparticles, elongating to form dendritic or chain-like nanostructures
on NCNTSs.
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Figure 7.4. Cyclic voltammograms of pristine TiSi,-NCNT support and PtNP/TiSi,-NCNT.
Measured at a scan rate of 50 mV/s, in degassed 0.5 M H,SO,.

We evaluated the electrochemical properties of the Pt/TiSi,-NCNT composite and,
for comparison, pristine TiSix--NCNT and commercial Pt/C (ETEK) catalysts, using
cyclic voltammetry (CV). Figure 7.4 shows the CVs of TiSix-NCNT support and
PUTiSix-NCNT recorded between 0 and 1.2 V vs RHE in a deaerated 0.5 M H,SO4
solution. Before Pt deposition, only background currents representing characteristic

of CNT electrodes, are observed (black line). After the deposition of Pt nanoparticles,
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clear and characteristic Pt surface electrochemistry is observed (red line), with

hydrogen adsorption and desorption between 0 and 0.3 V, and Pt oxidation in the
range of 0.75 to 1.2 V with reduction peak at 0.82 V. Multiple peaks for hydrogen

adsorption and desorption, rather than a single broad peak, were observed, indicating

that the reaction involved multiple exposed Pt crystallographic planes.®!
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The durability of the catalysts was determined in an accelerated durability test (ADT)
by continuously applying linear potential sweeps from 0.6 to 1.2 V (vs RHE), which
caused surface oxidation/reduction cycles of Pt and the oxidation of support. The
surface reaction involves the formation of PtOH and PtO derived from the oxidation
of water that causes the dissolution of Pt via the Pt** oxidation state [27]. The tests
were conducted by applying potential sweeps at scan rate of 50 mV/s in O, saturated
0.5 M H,S0O, solution at room temperature. After 4,000 cycles, changes in the Pt
ECSA were determined by measuring the H adsorption before and after potential
cycling. The degradation of commercial Pt/C (E-TEK) catalyst was quite severe, with
67.5% loss of the initial Pt ECSA (Figure 5a and d), while as shown in Figure 7.5c,d,
Pt/TiSi,-NCNT Janus nanostructure catalyst lost only 20% of the original Pt surface
area, which was 3.4 times more durable than that of Pt/C catalyst. To further study
the effect of TiSiy, Pt nanoparticles were deposited on NCNT and tested under same
condition. 4,000 ADT results show that Pt/NCNT lost 56.5% of the original Pt
surface area (Figure 5b and d). That means, on the same NCNT support, with the
addition of TiSiy, the durability of Pt increased by 2.8 times than that without TiSi.

Clearly, Pt/TiSix-NCNT Janus nanostructure shows the best durability among the
three catalysts, followed by Pt/NCNT catalyst which shows enhanced stability than
that of commercial Pt/C catalyst. This might be attributed to the following reasons:
First, the higher corrosion resistance of NCNT than carbon, in acidic condition,
increases the durability of Pt/NCNT catalyst [28], and with the addition of more
corrosion resistant TiSiy, the durability of Pt/TiSi,-NCNT catalyst is further increased.
Second, the TiSix aside the Pt offers an energy barrier to prevent the migration of
individual Pt atoms or nanoparticles [29]. Third, the unique one dendritic and
chainlike morphology of Pt makes it less vulnerable to dissolution, Ostwald ripening,
and aggregation during fuel cell operation than the platinum nanoparticles (0D
nanostructure) [8]. Thus, the Pt/TiSi,-NCNT catalyst exhibited higher stability under

electrochemical oxidation conditions.
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Figure 7.6. Cyclic voltammograms for methanol oxidation (1 M methanol in 0.5 M H,SOy).
Trace a, TiSiy,-NCNT; trace b, Pt/C; trace c, PtNP/TiSi,-NCNT.

The electrocatalytic activity of the Pt/TiSix-NCNT Janus nanostructure for methanol
oxidation in the anodic half-cell reaction, was demonstrated by using a well-used
electrochemical reaction in a solution containing 1 M MeOH and 0.5 M H,SO,. For
comparison, the pristine TiSi,-NCNT and the commercial Pt/C catalyst were also
tested under the same experimental conditions. From the voltammograms shown in
Figure 7.6, no obvious oxidation peaks could be observed from the CV curve of the
pristine TiSi,-NCNT electrode, indicating the support itself is catalytically inactive
for methanol oxidation (curve a). Two typical oxidation peaks appear for the CV
curves of the Pt/C catalysts (curve b) and Pt/TiSix-NCNT (curve c), which arise from

the oxidations of methanol and their intermediates [30]. The methanol oxidation peak
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current, normalized on the basis of Pt loading, for Pt/TiSi,-NCNT is about 62.0 A/gPt,
which is slightly higher than that (56 A/gPt) for ETEK Pt/C catalyst. Goodenough et
al. suggested the anodic peak in the reverse scan might be attributed to the removal of
the incomplete oxidized carbonaceous species, such as CO, HCOO™ and HCO,
accumulated on catalyst surface during the forward scan. Consequently, the ratio of
current densities for these two anodic peaks, I+/l,, can be used to infer the CO
tolerance of the catalyst [31]. The low I/l value usually indicates poor oxidation of
methanol to CO; during the forward anodic scan and excessive accumulation of
residual carbon species on catalyst surface. On the other hand, a higher I/l ratio is
indicative of improved CO tolerance. In our study, the observation of a much higher
I¢/1y value on Pt/TiSix--NCNT Janus nanostructure (2.0 vs. 1.3 on Pt/C) suggests that
methanol molecules can be more effectively oxidized on Pt/TiSix-NCNT during the
forward scan, generating relatively less poisoning species as compared to commercial

Pt/C catalyst, indicating the better CO tolerance.

To further explore the observed enhancement of CO tolerance, carbon monoxide
stripping voltammograms were completed for Pt/TiSix--NCNT, Pt/NCNT and Pt/C
catalysts. Carbon monoxide adsorption was conducted at a potential of 0.05 V versus
RHE for 20 min. The applied potential ensured that all available carbon monoxide
was not oxidized prior to stripping voltammetry. From Figure 7.7, we can see that, for
three catalysts, a sharp peak appears during the first scan (red line) and disappears in
the subsequent scan (black line), indicating that the adsorbed CO is completely
oxidized during the first forward scan. The peak potentials for carbon monoxide
oxidation for Pt/TiSi,-NCNT, Pt/NCNT and Pt/C catalysts are 0.837 V, 0.862 V, and
0.867 V versus RHE, respectively. The lower potential value in Pt/TiSi,-NCNT
electrode indicates that less applied potential is required to reach the hydroxide
adsorption region and oxidize carbon monoxide. All these results indicate that
Pt/TiSix-NCNT is more tolerant to CO poisoning which can be attributed to the
addition of TiSiy. In previous studies of Pt nanoparticle catalysts, the CO tolerance

enhancements were also observed on Pt/metal oxide nanostructures, which was
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Figure 7.7. CVs of A) a commercial Pt/C ETEK electrode; B) PtNP/NCNT; C) PtNP/TiSi-

NCNT in the presence of CO in 0.5 M H,SO, aqueous solution at room temperature.

Potential scan rate: 50 mV/s. For three catalysts, a sharp peak appears during the first scan

(red line) and disappears in the subsequent scan (black line). D) The oxidative CO-stripping

peak potential centers at 0.867 V for the commercial Pt/C catalyst, whereas on PtNP/TiSi,-
NCNT, it is located at 0.837 V. There is a 30 mV negative shift.

attributed to the fact that metal oxide could supply an oxygen containing (e.g. -OH

groups) surface to remove strongly absorbed species like CO, according to a so-called

bi-functional mechanism [31-33]. Therefore, the improved CO tolerance observed in
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our study may originate from the addition of TiSix which could supply an oxygen

containing (e.g. -OH groups) surface.
7.4 Conclusions

In summary, Pt nanoparticles have been successfully synthesized on TiSiy-NCNT
supports, forming unique Janus nanostructures, by an environmentally friendly
aqueous solution approach at 80 °C. Pt NPs formed dendritic and chain-like
morphology between the gaps of TiSix on NCNT surface. Electrochemical
measurements demonstrated that the Pt/TiSi,-NCNT Janus nanocatalyst exhibited

enhanced stability and CO tolerance compared to commercial Pt/C catalyst.
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In chapter 6 and 7, two novel alternative catalyst supports: 0D Nb-doped TiO;
hollow nanospheres and 1D TiSix--NCNT nanostructures were demonstrated and used
as Pt nanoparticle catalyst supports, showing much improved durability. Despite the
progresses, Nb-doped TiO; only has 1/3 electrical conductivity that of carbon black;
and both of the above supports have relative smaller or equal surface area than
carbon black commercial catalyst supports. Therefore, it is highly desirable to find a
material that possesses not only high corrosion resistance, but also higher surface

area and higher conductivity.
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Graphene, a recently emergent 2D carbon material with single (or a few) atomic
layer, is a wonder material. Graphene is a flat monolayer of carbon atoms tightly
packed into a two-dimensional (2D) honeycomb lattice, and is a basic building block
for graphitic materials of all other dimensionalities. It can be wrapped up into 0D
fullerenes, rolled into 1D nanotubes or stacked into 3D graphite. Since individual
graphene sheets were produced by Andre Geim and Konstantin Novoselov in 2004,
this perfect material has attracted great attention for both fundamental science and
applied research. The Nobel Prize in Physics for 2010 was therefore awarded to
these two scientists "for their groundbreaking experiments regarding the two-
dimensional material graphene”. The combination of ultrahigh surface area
(theoretical value of 2630 m?/(g), high electrical conductivity (similar to Cu), high
thermal conductivity (5 times that of Cu) and high corrosion resistance (due to its
unique graphitized basal plane structure) and potential low manufacturing cost
makes graphene a promising candidate for many applications, including the catalyst
support in PEMFCs.

Atomic layer deposition (ALD) is a promising technique to prepare catalyst because
it utilizes alternating, self-limiting exposures between a substrate surface and
different reactive precursor vapours to deposit materials in an atomic layer-by-layer
fashion. Previous studies have revealed that ALD allows one to control the
morphology of the deposited metal, from discrete tiny nanoparticles to a continuous
thin film, through the surface chemistry. In addition, due to the self-limiting nature of
the process, ALD can be used to control the amount of catalyst deposited on the
support material. Hence, ALD process is ideally suited to determine the lower limits

of metal loading in a catalytic system.

In this chapter, the authors report the work by employing the novel ALD deposition
technique to synthesize ultrafine platinum (Pt) nanoparticles on the surfaces of
graphene nanosheet support. Graphene supported ALD-deposited Pt catalysts
display 3.5 times higher activity and 2 folds higher durability for methanol oxidation

than those of commercial Pt/C catalyst. This novel catalyst also exhibited much



156

higher CO tolerance and slower CO adsorption rate than commercial Pt/C catalyst.
HAADF-STEM investigations indicate the existence of large amount of ultrafine sub-
nanometer Pt clusters and single Pt atoms on the surface of graphene nanosheets. It
is believed that the sub-nanometer Pt clusters and individual Pt atoms as well as the
strong interaction between Pt and graphene substrate contribute to the enhanced

performance of ALD Pt/graphene catalyst.
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8.1 Introduction

Platinum-base catalysts are widely used in the chemical and automobile industries
because of their high activity and/or selectivity for many important chemical
processes [1-5]. Generally, in such systems, fine Pt nanoparticles are dispersed
uniformly on a support with high surface area for the efficient use of catalytically
active sites. However, the efficiency of Pt catalysts is still very low on a per Pt atom
basis, because only the surface active atoms are used in the reactions. So downsizing
Pt nanoparticles to clusters or even single atoms could significantly increase their
catalytic activity and is highly desirable to maximize the efficiency [6]. However,
reducing metal particles to stable clusters and single atoms remains a major challenge
because clusters and single atoms are too mobile and easy to sinter under realistic

reaction conditions [7-9].

Recently, it has been reported that subnanometer clusters and single atoms
demonstrated better activity than nanometer-sized particles [6]. A more practical
approach for the large scale synthesis remains challenging. Here, we used atomic
layer deposition (ALD) to prepare subnanometer clusters and single atoms on
graphene nanosheet. ALD is a promising technique to prepare catalyst because it
utilizes alternating, self-limiting exposures between a substrate surface and different
reactive precursor vapors to deposit materials in an atomic layer-by-layer fashion [10].
Previous studies have revealed that ALD allows one to control the morphology of the
deposited metal, from discrete tiny nanoparticles to a continuous thin film, through
the surface chemistry [11-13]. In addition, due to the self-limiting nature of the
process, ALD can be used to control the amount of catalyst deposited on the support
material. Hence, ALD process is ideally suited to determine the lower limits of metal

loading in a catalytic system.

Graphene, a recently emergent two-dimensional (2D) carbon material with single (or
a few) atomic layer, has attracted great attention for both fundamental science and
applied research. The combination of the high surface area (theoretical value of 2630
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m?/g), high conductivity, unique graphitized basal plane structure and potential low
manufacturing cost makes graphene a promising candidate for catalyst support in
PEMFCs [14]. It is expected that graphene may offer a new carbon-metal

nanocomposite as the catalyst material for next generation materials [15].
8.2 Experimental
8.2.1 Preparation of graphene.

Graphene nanosheets (GRNSs) were synthesized via a modified Hummers method [16]
which involves graphite oxidation, thermal exfoliation, and chemical reduction. In
detail, natural graphite powder (1 g, 99.99%, Sigma-Aldrich) was first stirred in
concentrated sulphuric acid (H,SO,4, 23 mL) with a following addition of sodium
nitrate (NaNOs, 0.5 g) at room temperature. The stirring lasted for 16 h, and then the
mixture was cooled down to 0 <C. Potassium permanganate (K;MnOy, 3 g) was then
added into the solution. After 2 h, the solution formed green slurry at around 35 <C,
which was stirred for another 3 h. Then, H,O (46 mL) was slowly added at around
98 <C. The suspension was kept at this temperature for 30 min before it was further
diluted with another addition of water and hydrogen peroxide (H,O,, 140 mL). The
suspension was subsequently filtered and washed until reaching a neutral pH, and
dried in a vacuum oven at 60 <C to obtain graphite oxide (GO). To obtain graphene,
the as-synthesized GO was heated at around 1050 <C in Ar atmosphere for 30 s in a

tube furnace.
8.2.2 ALD of Pt on graphene

Platinum was deposited on graphene supports by ALD (Savannah 100, Cambridge
Nanotechnology Inc., USA) using the (methylcyclopentadienyl)-trimethylplatinum
(MeCpPtMes, Aldrich, purity 98 %) and oxygen (99.999 %) as precursors, and
nitrogen (99.9995 %) as purge gas. The schematic illustration of the apparatus used
for ALD is shown in Figure SI-8.1. It consists of a wall reactor with an outlet leading

to a vacuum pump which can also prevent air from getting into the system. The inlet
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is connected to a system of valves which can control the delivery of purge gas and
precursors. To increase the heat transfer from the stage to the graphene, hot wall
conditions were replicated by placing graphene powder inside a machined stainless
steel container with a perforated Al lid. The container for graphene was then placed
inside the reactor directly on the heated stage. The wall and stage temperatures of the
reactor were kept at 150 °C and 250 °C, respectively. The container for MeCpPtMe;
was kept at 65 °C, providing a steady state flux of MeCpPtMejz to the reactor [17]. In
each ALD cycle, 1 s of MeCpPtMe; pulse and 5 s of O, pulse were separated by 20 s
of Ny purge. As the focus of this work is on the ultralow loading regime, the GRNs

were exposed to 100 ALD cycles.
8.2.3 Characterization.

The morphologies and microstructures of the as-prepared samples were examined by
scanning electron microscopy (SEM, Hitachi S-4800) operated at 5kV. Subangstrom-
resolution aberration-corrected scanning transmission electron microscopy (STEM,
FEI Titan 80-300 Cubed TEM) was used to characterize the dispersion and
configuration of Pt clusters on graphene. The instrument is fitted with a Super-Twin
lens in order to achieve sub-angstrom resolution both for phase contrast imaging and
STEM. The probe diameter is less than 0.1 nm. Energy Dispersive X-ray
Spectrometry (EDXS) was performed using an INCA Detector with acquisition time
of 120 s. The sample was tilted towards the detector in order to increase the
integrated intensity. Individual heavy atoms in practical catalysts can be discerned
with atomic resolution in high angle annular dark field (HAADF) images [6]. The Pt
loadings were confirmed by inductively coupled plasma-optical emission

spectroscopy (ICP-OES).
8.2.4 Electrode Preparation

The working electrode was prepared with a procedure similar to the one reported
previously [18]. Typically, the catalyst dispersions were prepared by mixing 5 mg of
catalyst in 5 mL aqueous solution containing 1 mL of isopropyl alcohol and 30 mL of
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5 wt% Nafion solution (4:1:0.0017 v/v) followed by 12 min ultrasonication. Glassy
carbon (GC) disk electrodes (5 mm diameter, 0.196 cm?, Pine Research Instrument)
served as the substrate for the support and were polished to a mirror finish. An aliquot
of catalyst suspension was pipetted onto the carbon substrate to obtain the same Pt
loading for all catalysts. The catalyst films were dried under flowing N, at room

temperature.
8.2.5 Electrochemical Measurements.

Electrochemical properties of the catalysts were measured on an Autolab
potentiostat/galvanostat (Model, PGSTAT-30, Eco-chemie, Brinkman Instruments)
with rotation control (MSR, Pine Instruments) using a three-electrode system that
consists of a GC rotating disk electrode (RDE), a Pt wire counter electrode, and a
Ag/AgCl (3M NaCl) reference electrode separated from the working electrode
compartment by a closed electrolyte bridge. For convenience, all potentials in this
study are referenced to the reversible hydrogen electrode (RHE). The working
electrode was first cycled between 0 and 1.2 V for 50 times in an Ar-purged H,SO4
solution (0.5 M) at room temperature, to produce a clean electrode surface. The scan
rate used was 50 mVs™. Cyclic voltammetry (CV) measurements were conducted by
cycling the potential between 0 and 1.2 V, with sweep rate of 50 mVs™. The
electrochemical surface areas (ECSA) of Pt were calculated from the hydrogen
adsorption peak of the CV. For methanol oxidation reaction (MOR), the CVs were
measured in an air-free aqueous solution containing 1 M MeOH and 0.5 M H,SO, at
room temperature in an Ar atmosphere. For CO stripping voltammetry, 30%CO/N,
gas was purged into the solution at a position close to the working electrode for 1 s to
20 min, with the electrode polarized at 0.05 V versus RHE in a fume hood. The
excess CO was purged with Ar for 30 min under potential control followed by CO

stripping at a scan rate of 50 mV/s™.

8.3 Results and Discussion
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ALD of Pt follows a similar pathway as CVD of Pt [19] during the oxidative
decomposition of MeCpPtMes:

Pt(s) + O2(g) — Pt-Oy (8.1)
CH3CsH4Pt(CHs)s + Pt-O,— Pt(s) + CO2(g) + H,O(g) + fragments ~ (8.2)

As shown in Figure 8.1, the oxygen exposure forms an adsorbed oxygen layer on the
Pt surface (Eg. 1). During the subsequent MeCpPtMe; exposure, some of the
precursor ligands react with the adsorbed oxygen, to form CO,, H,0O, and
hydrocarbon fragments shown in Eq. 2. The limited supply of surface oxygen
prevents all of the ligands from oxidizing and provides the self-limiting growth
necessary for ALD. Complete oxidation occurs during the following O, exposure and
forms a new adsorbed oxygen layer on the Pt. This mechanism is supported by
quadrupole mass spectrometry (QMS) measurements in which CO, and H,O were
observed during both the MeCpPtMe; and the oxygen exposures [20].

I Pt
Hac/ I:'t<"'cH3 H:‘C/Pt\wCH HyC \HCH° I_‘3':/9t "HCH,
(o]

OH OH OH HC o o

MeCpPtMe | //J |
Elm% — s T, 7

Graphene
] ] |
e Pt{"’“”ﬂ H;c/m<”c"'= e H{"CHs
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Figure 8.1. Proposed schematic illustrations of ALD process of Pt on Graphene.
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Figure 8.2. TEM (A) image and histogram (B) of Pt/GNS with100 ALD cycles. Bright field
TEM (C) and (D) HAADF-STEM image of 100 ALD cycles. The scale bar in inset of A is 2

nm.

Figure SI-8.2 shows the SEM (A) and TEM (B) images of graphene. It can be seen
that the material is transparent with the voile-like structure and consists of randomly
crumpled sheets closely associated with each other and forming a disordered solid.
The planar sheets are clearly observed, indicating the features of high surface/volume
ratio and the two-dimensional structure of graphene. The morphological structure, the
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particle size, and the metal dispersion of Pt electrocatalysts were examined by TEM.
Figure 8.2A and B show the TEM image and repartition of Pt particle size of
Pt/graphene with 100 ALD cycles, respectively. We can see that discrete, well
dispersed Pt nanoparticles have been uniformly deposited on the surface of the
graphene nanosheet. One hundred particles were randomly measured to obtain the
particle size distribution. The Pt particles display an average size of 2 nm and are
uniformly distributed on the graphene nanosheet support. From the HRTEM image
shown in inset of Figure 8.2A, we can see that each Pt nanoparticles or clusters are
single crystalline and arranged in the cubic close-packed structure with a spacing of
0.235 nm revealed by the FFT.

On the bright-field TEM image, only Pt nanoparticles of 1-4 nm in size are observed
(Figure 8.2C). Interestingly, on the contrary, the sensitivity to atomic number (2)-
contrast of HAADF-STEM revealed (Figure 8.2D), in addition to these Pt
nanoparticles, the presence of numerous individual Pt atoms, as well as very small Pt
clusters of size < 1 nm that consisting only of a few atoms. Figure 8.3A and B show
respectively the EDXS spectra and the corresponding HAADF-STEM image of
Pt/graphene. The EDXS spectra were collected from five different areas with Pt-
clusters ranging from 1.2 to 6.7 nm on a graphene nanosheet as well as an area
containing only a few atoms. Presence of Pt and C is confirmed by all measurements.
The Cu peak is attributed to the Cu mesh on which the catalyst is dispersed for TEM
measurement. This further indicates that the bright spots in the HAADF-STEM image
are subnanometer Pt clusters and individual atoms attached on the surface of the
graphene nanosheets. The peak intensities were normalized according to the Cu K,
intensity. We can see that all areas show obviously Pt signals, even areas where only
a few Pt atoms are present, and a decrease of particle size results in a decrease of the
Pt peaks intensity. It is inferred that these subnanometer-sized Pt clusters and
individual atoms observed for the first time with appreciable amounts must be
connected to the unprecedented MOR performance of Pt catalyst deposited using
ALD [21].
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The presence of these extremely small Pt clusters and individual atoms suggests a
strong interaction between graphene and platinum atoms, which may induce some
modulation in the electronic structure of the Pt clusters. Okamoto et al. have reported
based on density-functional calculations that introducing a carbon vacancy into a
graphene sheet enhanced the interaction between graphene and Pt13 clusters [22].
They concluded that the stability of the metal clusters on graphene with carbon
vacancies was higher than that on a defect free graphene [22]. Graphene used in this
study must involve many carbon vacancies and defects, because of the preparation
method by chemical reduction of exfoliated graphite oxide sheets. It is thus indicated
that carbon atoms with dangling bond or oxygen-containing functional groups exist at
the defect sites of the graphene nanosheets used in this work. The Pt precursor used in
this study reacts with these defects. The present study indicates that graphene is
expected as a new carbon support material modifying catalytic properties of Pt as fuel

cell catalysts.

Direct methanol fuel cell has several advantages such as high efficiency and low
polluting emissions [23,24]. The study on the electrocatalytic activity for methanol
oxidation is therefore important for future applications. Cyclic voltammetry (CV) was
used to systematically study the catalytic activity and onset of methanol oxidation,
and chronoamperometry (CA) was used to determine the stability and performance of
the catalysts. Figure 8.4A shows the CVs for methanol oxidation on ALD
Pt/graphene and Pt/C (ETEK) catalysts. Two typical oxidation peaks appear on the
CV curves of the Pt/graphene (red curve) and Pt/C (ETEK) (black curve) catalysts,
arising from oxidations of methanol and their intermediates [25]. The onset potential
of methanol oxidation was 0.5 and 0.6 V (vs. RHE) for Pt/graphene and Pt/C,
respectively. Obviously, the peak potential for methanol oxidation in the forward scan
on Pt/graphene composite (0.82 V vs. RHE) is much lower than that (0.94 V vs. RHE)
for Pt/C catalyst. The negative shifts of the onset and peak potentials indicate that the
Pt supported on graphene is able to significantly reduce the overpotential for

methanol oxidation. These improvements may be attributed to the presence of oxygen
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containing functional groups on graphene nanosheet as the graphene used in this
study involves preparation-induced defects [2]. The methanol oxidation peak current
density for Pt/graphene (8.48 mA cm™) is 3.5 times higher than for the ETEK Pt/C
catalyst (2.41 mA cm™). Chronoamperometry data were recorded at 0.7 V (vs. RHE)
for 1200 s as a measure of the catalyst deactivation (Figure 8.4B). We observed that
the current density of both samples degrades with increasing time during the
methanol oxidation reaction, but Pt/graphene exhibited a slower current decay over
time than Pt/C. Keeping 40 and 23% of their initial values, for Pt/graphene and Pt/C
respectively, indicates a higher tolerance of Pt/graphene to CO-like intermediates [26].
After 1200 s of continuous operation, Pt/graphene showed 4.6 times higher current
density (2.1 mA cm) than that of Pt/C (0.45 mA cm™). The enhancement may be
attributed to the intrinsic nature of subnanometer Pt clusters and individual atoms
[6,9], as well as the carbons substrate materials [2]. Goodenough et al [27] suggested
the anodic peak in the reverse scan to be linked to the removal of the incomplete
oxidized carbonaceous species, such as CO, HCOO™ and HCO", accumulated on the
catalyst surface during the forward scan. CO, a critical intermediate of MOR, can
poison Pt catalysts; consequently, the ratio of the forward peak current density (If) to
the reverse anodic peak current density (ly), I¢/lp, can be used to indicate the CO
tolerance of the catalyst [27]. A low I{/l, value usually indicates poor oxidation of
methanol to CO; during the forward anodic scan and excessive accumulation of
residual carbon species on the catalyst surface. On the other hand, a higher I/l ratio
is indicative of improved CO tolerance. In our study, the observation of a relatively
higher I¢/1, value on Pt/graphene composite (1.5 vs. 1.3 on ETEK Pt/C) suggests that
methanol molecules can be more efficiently oxidized on Pt/graphene during the
forward scan than on conventional Pt/C catalyst. This generates relatively less
poisoning species as compared to commercial Pt/C catalyst, indicating a better CO
tolerance. To further investigate the observed enhancement of CO tolerance, a CO
electrostripping experiment was carried out. From Figure 8.5, we notice, for both
catalysts, a sharp peak appearing during the first scan (red line) and disappearing in

the subsequent scan (black line), indicating that the adsorbed CO is completely
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oxidized during the first forward scan. When comparing the peak potential for CO
electro-oxidation, significant differences between the two catalysts can be observed.
The peak potential of CO oxidation on Pt/graphene is at 0.77 V (vs. RHE), which is
about 100 mV lower than that on commercial Pt/C catalyst (0.87 V vs. RHE). The
significant negative shift for the peak potentials indicate that the adsorbed CO can be
more easily removed from Pt/graphene catalyst than ETEK commercial Pt/C catalyst.
All these results indicate that ALD deposited Pt/graphene is much more tolerant to

CO poisoning than commercial Pt/C catalyst.
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To further investigate the reason of high MOR activity for Pt/graphene, the CO
stripping voltammetry was conducted as a function of CO poisoning times in 0.5 M
H,SO, at room temperature. Figure 8.6 A and B show the CO stripping
voltammograms for Pt/C and Pt/graphene, respectively. An obvious CO oxidation
peak of Pt/C was observed at 0.87 V (vs. RHE) after passing 30% CO/Ar gas for 3 s
(Figure 8.6A). However, the CO oxidation peak of Pt/graphene was not observed
until an exposure time of 1 minute to 30% CO/Ar was reached (Figure 8.6B). Further,
we found that the equilibrium CO coverage of Pt/graphene was reached after passing
30% CO/Ar for more than 5 min, while, for the Pt/C the equilibrium CO coverage
was reached after passing 30% CO/Ar gas for 20 s. This indicates that the state of CO
adsorption on Pt/graphene is different from traditional Pt catalysts supported on
carbon black [2]. The CO adsorption rate on Pt/graphene was obviously much slower
compared to that on Pt/carbon black, which might be due to the superior CO tolerance
of ultrafine Pt catalysts [2]. Although the detailed mechanism of the CO poisoning
tolerance is not clear for the Pt/ graphene catalyst, it is found that the CO tolerance
and adsorption rates of Pt electrocatalysts are significantly different depending on the
size of Pt and the carbon support.

8.4 Conclusions

In conclusion, ALD was used to uniformly deposit ultrafine platinum (Pt)
nanoparticles on graphene nanosheets. HAADF-STEM investigations indicate large
amount of ultrafine sub-nanometer Pt clusters and individual Pt atoms on the surface
of graphene nanosheets. Graphene nanosheets give rise to an extraordinary
modification to the properties of Pt nanocatalysts. Graphene supported ALD-
deposited Pt catalysts display a higher electrocatalytic activity and durability in
methanol oxidation, and enhanced CO tolerance that commercial Pt on carbon black

catalyst.
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Figure SI-8.2. SEM (A) and TEM (B) images of graphene.
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ALD technique. This Pt/graphene nanocomposite displayed several times higher
activity and durability for methanol oxidation, as well as much higher CO tolerance
and slower CO adsorption rate than those of commercial Pt/C catalyst. The sub-
nanometer Pt clusters and individual Pt atoms as well as the strong interaction
between Pt and graphene substrate were believed to contribute to the excellent
performance of Pt/graphene. As we know, ALD is a very powerful technique which
can precisely control the deposition in an atomic level. Through modulating the
experimental parameters, such as the deposition cycles, temperatures, substrates, etc.,
one can control the size, morphology of the deposited metals, for example, from

discrete tiny nanoparticles to a continuous thin film, through the surface chemistry.

In this chapter, based on previous work, the authors select to study the effect of the
cycle numbers on the morphology and size of deposited Pt on graphene nanosheets,
and to compare their electrochemical performance as well. It is found that the
morphology, size, density and loading of Pt on graphene can be precisely controlled
by simply adjusting ALD cycles from 50 to 100 and 150. HAADF-STEM
investigations revealed that, in addition to the relative bigger nanoparticles, there
are many sub-nanometer Pt clusters and Pt atoms on graphene surface for all three
samples with different ALD cycles. The electrochemical properties of ALD
Pt/graphene with different ALD cycles were systematically investigated and
compared. ALD50Pt/graphene showed the best performance, with 3.8, and 2.7 times
better activity than those of ALD150Pt/ graphene and ALD100Pt/ graphene,

respectively.
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9.1 Introduction

Due to the rising energy demands, depletion of fossil fuel reserves, and
environmental pollution problems, there is great interest in developing different kinds
of high-efficient and low-cost renewable energy technologies, for example fuel cells,
as a replacement for combustion-based energy sources [1,2]. Among the multitude of
fuel cell technologies available, direct methanol fuel cell (DMFC) has drawn much
attention because of its eco-friendly system, higher efficiency, high powder density
and short start-up transient-response time [3]. DMFC has thus been identified as a
promising candidate to compete with the conventional batteries for powering portable
electronic devices [4]. Methanol, as a liquid at room temperature, makes storage and
transport much easier. The theoretical potential for the standard methanol fuel cell is
1.25 V, which is close to that for hydrogen fuel cell. Furthermore the theoretical
energy density of methanol fuel cell can reach 6.1 kWh/kg [5], which is 10 times
higher than that of lithium-ion battery [6] that is a critical factor in the transportation

sector.

Despite considerable advances in recent years, the widespread application of DMFC
is hindered by some technical and economical barriers. One of the most challenges is
the poor electrocatalytic activity toward methanol oxidation reaction (MOR) and
serious CO poising of Pt catalyst at the anode [7]. For standard DMFC, Pt-based
nanoparticles (2-5 nm) supported on carbon black are most commonly employed as
the anode catalyst because of their excellent performance in MOR. Although Pt is an
efficient, it can be the most expensive component. Thus scientists have been trying to
reducing the diameters of Pt nanoparticles to as small as 1 nm in order to increase the
active surface area of the catalyst, and therefore increase the catalytic activity of Pt in
fuel cells. Downsizing Pt nanoparticles to clusters or even single atoms could
significantly increase their catalytic activity and is therefore highly desirable to
maximize the efficiency [8]. However, the synthesis of practical and stable clusters
and single atoms of catalysts remains a significant challenge because clusters and

single atoms are too mobile and easy to sinter under realistic reaction conditions [9-
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11]. Atomic layer deposition (ALD) is a promising technique for small-size catalyst
fabrication [12].

In the ALD process, a substrate is alternately exposed to different reactive precursor
vapours, which react in a self-limiting manner to deposit materials in an atomic layer-
by-layer fashion. Previous studies have revealed that ALD allows one to control the
morphology of the deposited metal, from discrete tiny nanoparticles to a continuous
thin film, through the surface chemistry [13-16]. ALD relies on a series of gas-
precursor and solid-substrate interactions, and the nucleation and growth of metallic
particles on a substrate are dependent on the precursor adsorption onto the substrate.
Therefore, the selection of a support for the Pt-based catalyst is of critical importance

to both the catalytic activity and durability of catalyst.

In a conventional system, carbon black is commonly used as Pt nanoparticle catalyst
support [17, 18]. This system is intrinsically limited in terms of life span, and the
catalytic surface area of the electrode may decrease with time due to the corrosion of
carbon black support. Recently, due to their unique electric and micro-structural
characteristics, nanostructured carbon materials with graphene structures such as
carbon nanotubes (CNTs) and carbon nanofibers (CNFs) have been studied
extensively as alternative supports of electrocatalysts, showing much enhanced fuel
cell performance [19-22]. Graphene, a unique structure of two-dimensional (2D)
sheet composed of sp?-bonded carbon atoms with one-atomic thickness, has inspired
a flurry of interests for both fundamental science and applied research due to its
extraordinary properties [23,24]. One hopes to employ such 2-D sheets as conductive
supports to both anchor electrocatalysts and modulate the electrochemical reactions in
a controlled fashion [25-30]. The combination of the high surface area (theoretical
value of 2630 m%/g), high conductivity, unique graphitized basal plane structure and
potential low manufacturing cost makes graphene a promising candidate for catalyst
support in fuel cells [31]. It is expected that graphene may offer a new carbon-metal

nanocomposite as the catalyst material for next generation catalysts [26].
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In this work, we employ the novel ALD technique to fabricate sub-nanometer clusters
and single atoms of Pt on the surfaces of graphene nanosheet support. The
morphology, size, density and loading of Pt on graphene can be precise controlled by
simply adjusting the number of ALD cycles. Morphological and electrochemical
characterizations were carried out to determine how the structure changes with

increasing Pt deposition, and how it affects the MOR activity and CO adsorption.
9.2 Experimental
9.2.1 Preparation of graphene.

Graphene nanosheet (GRN) support was prepared using the procedure described
previously [32-34] which involves graphite oxidation, thermal exfoliation, and
chemical reduction. In detail, natural graphite powder (1 g, 99.99%, Sigma-Aldrich)
was first stirred in concentrated sulphuric acid (H2SO4, 23 mL) with a following
addition of sodium nitrate (NaNOs, 0.5 g) at room temperature. The stirring lasted for
16 h, and then the mixture was cooled down to 0 <C. Potassium permanganate
(K2MnQy, 3 g) was then added into the solution. After 2 h, the solution formed green
slurry at around 35 <C, which was then stirred for another 3 h. Then, H,O (46 mL)
was slowly added into the solution at around 98 <C. The suspension was kept at this
temperature for 30 min before it was further diluted with another addition of water
and hydrogen peroxide (H,O2, 140 mL). The suspension was subsequently filtered
and washed until reaching a neutral pH, and dried in a vacuum oven at 60 <C to
obtain graphite oxide (GO). To obtain graphene, the as-synthesized GO was heated at
around 1050 <C in Ar atmosphere for 30 s in a tube furnace. The GNS shows a
rippled and crumpled structure with several layers stacking of the monatomic
graphene sheets. The surface area of GNS was 455.6 m? g™* as measured by the
Brunauer—-Emmett—Teller (BET) method [34].

9.2.2 ALD synthesis of Pt on graphene
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For Pt ALD, the precursor was Trimethyl(methylcyclopentadienyl)platinum(IV)
(MeCpPtMegs, Aldrich, purity 98 %), which is widely used for Pt ALD [13-16]. Since
the Pt ALD temperature window is relatively narrow, it was important to ensure that
the graphene support was at the right temperature during deposition. To increase the
heat transfer from the stage to the graphene powder, hot wall conditions were
replicated by placing graphene powder inside a machined stainless steel container
with a perforated Al lid. The container for graphene was then placed inside the
reactor directly on the heated stage of ALD (Savannah 100, Cambridge
Nanotechnology Inc., USA). The deposition temperature was 250 °C, while the
container for the Pt precursor was kept at 65 °C to provide a steady state flux of
MeCpPtMes to the reactor (~800 mTorr at 65 °C) [16]. Gas lines were held at 100-
150 °C to avoid precursor condensation. High purity of O, (99.999 %) was used as
the counter reactant, and high-purity N, (99.9995 %) was used as both a purging gas
and carrier gas. In each ALD cycle, 1 s of MeCpPtMe; pulse and 5 s of O, pulse were
separated by 20 s of N, purge. The Pt loading on graphene was accurately controlled
by the number of ALD cycles, and was further confirmed by inductively coupled
plasma-optical emission spectroscopy (ICP-OES).

9.2.3 Physical Characterization.

The morphologies and microstructures of the as-prepared samples were examined by
scanning electron microscopy (SEM, Hitachi S-4800) operated at 5kV. Subangstrom-
resolution aberration-corrected scanning transmission electron microscopy (STEM,
FEI Titan 80-300 Cubed TEM) was used to characterize the dispersion and
configuration of Pt clusters and single atoms on graphene. The instrument is fitted
with a Super-Twin lens in order to achieve sub-angstrom resolution both for phase
contrast imaging and STEM. The probe diameter is less than 0.1 nm. The sample was
tilted towards the detector in order to increase the counts. Individual heavy atoms in
practical catalysts can be discerned with atomic resolution in high angle annular dark
field (HAADF) images [10].
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9.2.4 X-ray Absorption Spectroscopy

The Pt Ls-edge adsorption spectra Extended X-Ray Absorption Fine Structure
(EXAFS) measurements were performed in transmission mode at the Hard X-ray
Micro-Analysis (HXMA) beamline of the Canadian Light Source (CLS) operated at
2.9 GeV. A Si (111) monochromator crystal was used in conjunction with rhodium
mirrors was used to reduce the harmonic component of the monochrome beam. For

solid-state measurements the powder was cast onto Kapton tape.
9.2.5 Electrode Preparation

The working electrodes were prepared with a procedure similar to the one reported
previously [35]. Typically, the catalyst dispersions were prepared by mixing 5 mg of
catalyst in 5 mL aqueous solution containing 1 mL of isopropyl alcohol and 30 mL of
5 wt% Nafion solution followed by 12 min ultrasonication. Glassy carbon (GC) disk
electrodes (5 mm diameter, 0.196 cm? Pine Research Instrument) served as the
substrate and were polished to a mirror finish. An aliquot of catalyst suspension was
pipetted onto the GC disk substrate to obtain the same Pt loadings for all catalysts.

The catalyst films were dried under flowing N at room temperature.
9.2.6 Electrochemical Measurements.

Electrochemical properties of the catalysts were test on an Autolab
potentiostat/galvanostat (Model, PGSTAT-30, Eco-chemie, Brinkman Instruments)
with rotation control (MSR, Pine Instruments) using a three-electrode system that
consists of a GC rotating disk electrode (RDE), a Pt wire counter electrode, and a
Ag/AgCl (3M NaCl) reference electrode separated from the working electrode
compartment by a closed electrolyte bridge. For convenience, all potentials in this
study are referenced to the reversible hydrogen electrode (RHE). The working
electrode was first cycled between 0 and 1.2 V at a scan rate of 50 mVs™ for 50 times
in an Ar-purged H,SQO, solution (0.5 M) at room temperature until a clean electrode

surface was obtained. Cyclic voltammetry (CV) measurements were conducted by
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cycling the potential between 0 and 1.2 V, with sweep rate of 50 mV/s™. For methanol
oxidation reaction (MOR), the CVs were measured in an air-free aqueous solution
containing 1 M MeOH and 0.5 M H,SO, at room temperature in an Ar atmosphere.
For CO stripping voltammetry, 30%CO/N, gas was purged into the solution at a
position close to the working electrode for 1 s to 20 min, with the electrode polarized
at 0.05 V versus RHE in a fume hood. The excess CO was purged with Ar for 30 min

under potential control followed by CO stripping at a scan rate of 50 mVs™.
9.3 Results and Discussion

Structure characterization reveals that ALD is an efficient method to deposit highly
dispersed Pt particles on the surface of graphene nanosheet. Figure 9A-C show the
SEM images of Pt on graphene with 50, 100 and 150 ALD cycles, respectively. The
corresponding TEM images are shown in Figure 9.1A'-C'. We can see that discrete,
well dispersed Pt nanoparticles have been uniformly deposited on the surface of the
graphene nanosheets. The Pt nucleation densities, as illustrated by the number of
particles counted in a unit area of graphene nanosheets, increase with the cycle
numbers. One hundred particles were randomly measured under TEM to obtain the
particle size distributions. The Pt particles, displaying an average size of 0.5 nm, 1-2
nm and 2-4 nm, respectively, are uniformly distributed on graphene nanosheet
supports with 50, 100 and 150 ALD cycles (50ALDPt/graphene, 100ALDPt/graphene
and 150ALDPt/graphene). Consequently, the Pt loadings on graphene also increase
from 1.52, to 2.67 and 10.5 wt%, which were confirmed by ICP-OES. From the
HRTEM images shown in Figure 9.2A-C and their insets, we can see that each Pt
nanoparticle or cluster is single crystalline and arranged in the cubic close-packed
structure. Especially, as shown in Figure 9.2A and its inset, Pt clusters that consist of
only less than ten atoms are assembled into closely packed crystal structure. This

indicates the crystalline nature of Pt in the early stage of ALD growth.

To further investigate the details of ALD Pt on graphene, subangstrom-resolution,
aberration-corrected scanning transmission electron microscopy (STEM) was used to
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Figure 9.1. SEM (A, B, C) and TEM (A', B', C") images of Pt/GNS with 50, 100, and 150
ALD cycles, respectively.
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characterize the Pt clusters on graphene. Atomic resolution high-angle annular dark-
field (HAADF) images were proved previously to be of efficient way to study
individual heavy atoms in catalysts [8, 36-40]. For Pt/graphene sample after
undergoing 50 ALD cycles, Figure 9.3A and A' clearly show many small Pt clusters
and single atoms (white spots) uniformly distributed on the surface of graphene
nanosheet. Occasionally, Pt nanoparticles with size of 1-2 nm can also be found.
After 100 cycles (Figure 9.3B and B'), some clusters appear to be larger, forming
nanoparticles with two groups of average size with 1nm and 2 nm, whereas the others
remaining to be similar to the clusters and atoms seen on the 50 cycle sample in
Figure 9.3A and A'. It is believed that the clusters existing from the 50 cycle sample
have grown, creating the larger particles, whereas at the same time, newer clusters
and atoms have formed showing smaller size in the HAADF images. Finally, after
150 cycles (Figure 9.3C and C'), in addition to the newly formed clusters and atoms,
some existing clusters and particles from the 50 and 100 cycle samples appear to be
even larger with three groups of sizes with 1, 2 and 4 nm. SEM, TEM and HAADF
STEM images of the three Pt/graphene samples with different ALD cycles reveal that,
at different magnifications, the deposited Pt form disperse particles, growing from
small clusters and single atoms by agglomeration in a cubic closely pack manner,
instead of layer-by-layer growth. Many single atoms can be seen on each of the
sample in addition to these particles. Previous studies have observed that the thin-film
growth rate increases after a Pt seed is formed [41]. This growth rate increase has
been attributed to a higher affinity for MeCpPtMe3 adsorption and decomposition on
Pt sites [42,43]. The reactivity difference between C and Pt sites leads to a preference

to grow particles rather than nucleate new particles, as observed in Figure 9.1-3.

These findings raise key issues for fabricating Pt nanoparticles or sub-nanometer
clusters on graphene and other support materials by using ALD. One of the key issues
is the chemical state of ALD Pt at the early stage. The conversion of Pt from the +4

oxidation state in MeCpPtMe; precursor to the zero-valent metallic chemical state on
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Figure 9.3. HAADF-STEM (A, B, C) images of Pt/GNS with 50, 100, and 150 ALD cycles,
respectively. (A, B', C") show the corresponding magnified images.
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Figure 9.4. (A) The normalized XANES spectra and (B) the enlarged spectra at Pt L3 edge of
samples (a) Pt foil (black line); (b) Pt/C (red line); (c) ALD50Pt/GNS (blue line); (d)
ALD100Pt/GNS (green line); (e) ALD150Pt/GNS Pt/GNS (cyan line).
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graphene offers promising opportunities to employ ALD-grown metal nanostructures

for catalysis and fuel cell applications.

X-ray Absorption Near Edge Structure (XANES) in the set of X-ray absorption
spectra are shown in Figure 9.4, including three ALD cases, a platinum metal foil,
and Pt/C commercial catalyst. We can see that the oscillation beyond whiteline
increase as ALD cycles increase and then Pt-C and then Pt, which means crystalline
order increase. The white-line intensity decreases as the number of ALD cycles
increases, with an order ALD50>ALD100>ALD150>Pt-C, which follows same order
of MOR and CO tolerance. The increase of whiteline in ALD samples than Pt-C
indicate stronger interaction between GNS and Pt [30]. This is supported by the
negative Ep shift in ALD samples relative to that in Pt-C (Figure 9.4B). An increase
in the white-line intensity indicates a decrease in the number of electrons in the d
orbital. So, lower ALD cycle has relatively higher whiteline (more available
unoccupied 5d states) means more single Pt atoms. A reduction of the d-electron
density of states would be consistent with the oxidation of Pt. All factors, oxidation
state (Ptp in Pt metal or oxidized Pt in Pt-O or Pt-OH), charge transfer (electron
exchange between GNS and Pt), surface oxidation (expose Pt nanoparticles to
moisture will make a OH- covered surface), have impact on the whiteline position
and intensity. It should be noticed that even the surface covered O species affect the
whiteline, but this cannot play a key role in real electrochemical operations because
the applied potential will refresh the surface for instance the covered oxygen

containing species will be deprived).

The Fourier transforms of the EXAFS region are plotted in Figure 9.5 for various
cases. ALD150Pt/GNS has coordination number (CN=9.2) being most closed to Pt
foil (CN=12). ALD50Pt/GNS doesn’t show Pt-Pt bonding in Pt crystals which agrees
with the observation in XANES (absence of oscillation beyond the whiteline).
ALD50Pt/GNS and ALD100Pt/GNS have much lower CN (CN=0, 1.5, respectively)
than Pt foil and ALD150 Pt/GNS, which can offer more available catalytic positions

for electrochemical reaction.
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Figure 9.5. The K*-weighted Fourier transform spectra from EXAFS of samples (a) Pt foil
(black line); (b) Pt/C (red line); (c) ALD50Pt/GNS (blue line); (d) ALD100Pt/GNS (pink
line); (e) ALD150Pt/GNS Pt/GNS (olive line).

The presence of these extremely small Pt clusters and single atoms suggests a strong
interaction between graphene and platinum atoms, which may induce some
modulation in the electronic structure of the Pt clusters. This has been proved by our
XAS analysis discussed in previous part. Okamoto et al. have reported based on

density-functional theory (DFT) calculations that introducing a carbon vacancy into a
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graphene sheet enhances the interaction between graphene and Pt;3 clusters [41].
They concluded that the stability of the metal clusters on graphene with carbon
vacancies was higher than that on a defect free graphene [42]. The graphene used in
this study must exhibit many carbon vacancies and defects, due to the preparation
method by chemical reduction of exfoliated graphite oxide sheets. It is thus indicated
that carbon atoms with dangling bond or oxygen-containing functional groups exist at
the defect sites of the graphene nanosheets used in this work. The Pt precursor used in
this study reacts with these defects. The present study indicates that graphene is
expected as a new carbon support material modifying catalytic properties of Pt as fuel

cell catalysts.
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Figure 9.6. CVs of MeOH oxidation on (a) ALD150Pt/GNS, (b) ALD100Pt/GNS, (c)
ALDS50Pt/GNS.
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We choose the methanol oxidation reaction (MOR) to investigate the catalytic
performance of ALDPt/graphene, as such reaction is the heart in DMFC. Cyclic
voltammetry (CV) was used to systematically study the catalytic activity and the
onset potential of methanol oxidation of the catalysts. A better catalyst is
characterized by a higher induced current density at a given applied potential or a
lower onset potential. Figure 9.6 shows the CVs for methanol oxidation on
Pt/graphene samples with different ALD cycles. Two typical oxidation peaks appear
on the CV curves of the three ALD Pt/graphene samples, arising from the oxidations
of methanol and their intermediates [45]. The onset potentials of methanol oxidation
are 0.59, 0.60 and 0.62 V (vs. RHE) for ALD Pt/graphene with 50, 100 and 150
cycles, respectively. Obviously, the peak potentials for methanol oxidation in the
forward scan of Pt/graphene composites are increasing with the number of ALD
cycles with the order of 50 cycles (0.79V) < 100 cycles (0.82V) < 150 cycles (0.85V)
(vs. RHE). The negative shifts of the onset and peak potentials indicate that the
50ALDPt/graphene catalyst is able to significantly reduce the overpotential for
methanol oxidation. These improvements may be attributed to the presence of oxygen
containing functional groups on graphene nanosheet as the graphene used in this
study involves preparation-induced defects [46]. The methanol oxidation peak current
density for S0ALDPt/graphene is 22.9 mAcm?, which is 4 and 2.7 times those of
100ALDPt/graphene (8.48 mA cm?) and 150ALDPt/graphene (5.73 mA cm?)
catalysts. Interestingly, 50ALDPt/graphene shows 9.5 times higher current density
than that of ETEK Pt/C catalyst (2.41 mA cm™). The enhancement may be attributed
to the intrinsic nature of subnanometer Pt clusters and single atoms [11] as well as the
carbons substrate materials [46]. Goodenough et al. [47] suggested the anodic peak in
the reverse scan to be linked to the removal of the incomplete oxidized carbonaceous
species, such as CO, HCOO™ and HCO", accumulated on the catalyst surface during
the forward anodic scan. CO, a critical intermediate of methanol oxidation, can
poison Pt catalyst, causing a lower fuel cell potential and energy conversion
efficiency. Consequently, the ratio of the forward anodic peak current density (If) to

the backward anodic peak current density (Ip), I¢/lp, can be used to indicate the CO
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tolerance of the catalyst [47]. A low I¢/l, value usually indicates poor oxidation of
methanol to CO, during the forward anodic scan and excessive accumulation of
residual carbon species on the catalyst surface. On the other hand, a higher I¢l, ratio
Is indicative of improved CO tolerance. In our study, Pt/graphene with 50 ALD
cycles shows much higher I/l value (2.23) than that for 100 (I+/1, =1.51) and 150
(I¢/1p =1.13) Pt cycles. This suggests that methanol molecules can be more efficiently
oxidized on 50ALDPt/graphene during the forward scan, generating much less
poisoning species as compared to 100ALDPt/graphene and 150ALDPt/graphene
catalysts, indicating a much better CO tolerance. To further investigate the observed

enhancement of CO tolerance, CO electrostripping experiments was carried out.

More input on the origin of the high MOR activity and enhanced CO tolerance for
Pt/graphene catalysts was obtained from CO stripping voltammetry was conducted as
a function of CO poisoning times in 0.5 M H,SO, at room temperature. Figure 9.7 A-
C show the CO stripping voltammograms for Pt/graphene with 50, 100 and 150 Pt
cycles, respectively. An obvious CO oxidation peak of 150ALDPt/graphene is
observed after passing 30% CO/Ar gas for 30 s (Figure 9.7C). However, the CO
oxidation peaks for 100ALD Pt/graphene and 50ALD Pt/graphene are not observed
until an exposure time of 1 minute and 2 min, respectively, was reached (Figure 9.7A,
B). Moreover, the peak potentials for CO oxidation keep nearly constant at 0.77 V (vs.
RHE) for 150ALDPt/graphene with difference CO exposure time, while for
ALDPt/graphene samples with 50 and 100 Pt cycles, the peak potentials for CO
oxidation are initially at 0.72 V(vs. RHE) and steadily move to 0.73, 0.74 and 0.77 V
with time. Further, we found that the equilibrium CO coverage of all
ALDPt/graphene samples was reached after passing 30% CO/Ar for more than 5 min,
while, for the Pt/C the equilibrium CO coverage was reached after passing 30%
COI/Ar gas for 20 s. This indicates that the state of CO adsorption on Pt/graphene is
different from traditional Pt catalysts supported on carbon black [46]. The CO

adsorption rate on Pt/graphene was obviously much slower compared to that on
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Figure 9.7. The CO stripping voltammogram as a function of CO poison time of (A)

ALD50Pt/GNS; (B) ALD100Pt/GNS; (C) ALD150Pt/GNS, respectively.
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Pt/carbon black, which might be due to the superior CO tolerance of ultrafine Pt
catalysts [46]. Although the detailed mechanism of the CO poisoning tolerance is not
clear for the Pt/graphene catalyst, it is found that the CO tolerance and adsorption
rates of Pt electrocatalysts are significantly different depending on the size of Pt and
the carbon support.

9.4 Conclusions

In conclusion, ALD was used to uniformly deposit platinum (Pt) on graphene
nanosheets. The morphology, size, density and loading of Pt on graphene can be
precisely controlled by simply adjusting ALD cycle numbers from 50 to 100 and 150.
SEM and TEM investigations revealed that the size of Pt nanoparticles increase with
the number of ALD cycles. HAADF-STEM images indicate that in addition to the
relative bigger nanoparticles, there are many sub-nanometer Pt clusters and Pt atoms
on the graphene surface for all three samples despite the different number of ALD
cycles. For methanol oxidation, 50ALDPt/graphene showed 4 and 2.7 times better
activity than that of 150ALDPt/ graphene and 100ALDPt/ graphene, respectively. In
addition, 50ALDPt/graphene exhibits the highest CO tolerance among the three

samples.
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Chapter 10. Conclusions and Future Perspectives

10.1 Conclusions

Fuel cells, in particular the proton exchange membrane fuel cells (PEMFCs), are one
of the cleanest energy devices and also offer the highest energy conversion
efficiencies, and therefore are regarded as one of the best choices for future energy
sources, except for their high price and insufficient durability. The platinum-based
catalyst and their associated catalyst layers amount to over 50% of the device cost,
which keeps rising with the price of platinum. Therefore, catalyst design is one of the
keys to overcome the above challenges. The advance of nanomaterials and
nanotechnology has shed light on almost every field of science and technology,
particularly in the development of renewable energies, including PEMFCs.

The main objective of this thesis project has been to develop various advanced
nanomaterials for designing highly active and durable catalysts for PEMFCs, thereby

enhancing PEM fuel cell performance.

A series of experiments were conducted in this study to synthesize a variety of novel
nanostructured Pt-based electrocatalysts and alternative catalyst supports using
various methods, including wet-chemical, chemical vapour deposition (CVD) and
atomic layer deposition (ALD). The growth characteristics of these nanostructures
and their underlying mechanisms were also investigated and explored. In addition, the
electrochemical properties of the as-synthesized catalysts were systematically studied
and compared, and the underlying mechanisms for their enhanced fuel cell
performance were also explored. In summary, this study mainly worked on three
areas: nanomaterials synthesis, growth characteristics and underlying mechanisms,
and fuel cell performance.

First, star-like single-crystal platinum nanostructures were produced, each with
several nanowire arms with diameters of ~4 nm on carbon black (star-like PtNW/C),
in an environmentally friendly process, which does not require high temperatures,
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organic solvents, surfactants or complicated electrochemical deposition apparatus, by
reducing a Pt precursor (H,PtClg) with formic acid (HCOOH) in aqueous solution at
room temperature. The star-like PtNW/C showed greatly improved activity (3 times)
and durability (2 times) compared to a state-of-the-art commercial Pt nanoparticles/C
catalyst. More interestingly, the durability can be further improved up to 5 times by
eliminating the carbon support, forming supporteless Pt nanowire catalyst. The key
for this strategy relies on the combination of a multi-armed network structure and the
one-dimensional shape of the arms. This helps the activity and durability. In addition,
the few surface defects and the preferential exposure of certain crystal facets further
improve the activity. The higher activity and durability means that the amount of Pt
needed on an electrode can be reduced, which could significantly lower the cost of
PEMFCs.

Further, Pt nanowires were grown on Sn@CNT nanocable supports which directly
root on carbon paper fuel cell backing, forming a novel 3D opening fuel-cell
electrode (PtNW/Sn@CNT). The Sn@CNT nanocable supports were first
synthesized by CVD method using Sn powder and C,H, as precursors at 850 °C.
Then Sn@CNT/carbon paper was immersed into the reaction solution of H,PtCls and
HCOOH, acting as the growth substrates for Pt nanowires. The PtINW-Sn@CNT
composite shows, for ORR, 1.2 times higher mass activity and 2.4-fold better specific
activity, and for MOR, 1.35 times higher mass activity and 2.8-fold better specific
activity, than those of the commercial catalyst made of Pt nanoparticles on carbon
black. This novel structure combines the advantages of both a PtNW catalyst and a
Sn@CNT 3D nanocable support, and has the potential to possess higher Pt utilization,
higher activity, and higher durability for fuel cell applications.

Moreover, ultrathin (2.5 nm in diameter) Pt nanowires have been synthesized when
using N-doped carbon nanotubes (N-CNTSs) as the substrate. Time dependent growth
process of ultrathin Pt nanowires on N-CNT support was systematically investigated
by collecting products at different reaction time and investigated by TEM. Combining
TEM, XPS and EELS mapping techniques, it is believed that the widely distributed
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defects, associated with N incorporation, on the N-CNTs surface, confine the Pt
atoms and play a key role in the formation of the tiny nuclei that further leads to the
anisotropic growth of ultrathin nanowires. This synthetic strategy and the underlying
mechanism provide new insight into the synthesis of other metal nanowires with
dimensions similar to those reported here. These ultrathin nanowires and their
composites with N-CNTs hold potential for catalysis, fuel cells and electrochemical

Sensors.

0D mesoporous Nb-doped TiO, hollow spheres were synthesized by the sol-gel
method using polystyrene (PS) sphere templates. Pt nanoparticles (NPs) were then
deposited onto the mesoporous Nb-TiO; hollow spheres via a wet-chemical route in
aqueous solution at 80 °C. The Pt loadings on Nb-TiO, supports could be easily
modulated from 10 to 40%, with similar Pt particle size, by simply adjusting the
precursor and support ratios. Electrochemical studies show that Pt/Nb-TiO;
composites exhibit up to 1.6 times higher activity and 2.1 times higher stability than
commercial E-TEK Pt/C catalyst. 0D mesoporous Nb-doped TiO, hollow spheres is a
promising alternative catalyst support for PEMFC applications.

1D TiSix-NCNT structures were prepared by sputtering TiSiyx only on one side of N-
doped carbon nanotubes. Pt nanoparticles (NPs) were then deposited onto another
side of NCNT, forming Pt/TiSi,.-NCNT Janus nanostructure. TEM investigations
revealed that the Pt NPs formed dendritic and chain-like morphology between the
gaps of TiSix on NCNT surface, which is very important for enhancing the durability
of Pt catalyst. Electrochemical measurements demonstrated that the Pt/TiSi,-NCNT
Janus nanocatalyst exhibited ~3 times better stability and enhanced CO tolerance
compared to commercial Pt/C catalyst. The higher corrosion resistance of NCNT and
TiSiy than carbon black contribute greatly to the higher stability of the catalyst.

2D graphene nanosheets have been synthesized via a modified Hummers method
which involves graphite oxidation, thermal exfoliation, and chemical reduction. By
adopting a unique technique, atomic layer deposition (ALD), ultrafine platinum
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nanoparticles were uniformly deposited on graphene nanosheets. In addition to nano-
sized particles observed under bright-field TEM, HAADF-STEM investigations
indicate the existence of numerous sub-nanometer Pt clusters and individual Pt atoms
on the surface of graphene nanosheets. Graphene nanosheets give rise to an
extraordinary modification to the properties of Pt nanocatalysts. ALD Pt/graphene
showed 3.5 times higher activity and 2 times higher durability for methanol oxidation
than commercial Pt/C catalyst. This novel catalyst also exhibited much higher CO
tolerance and slower CO adsorption rate than commercial Pt/C catalyst. The
enhancement may be attributed to the intrinsic nature of subnanometer Pt clusters and

individual atoms, as well as the strong interaction between Pt and graphene substrate.

Combining 2D graphene nanosheets support and ALD technique, the morphology,
size, density and loading of Pt on graphene can be precisely controlled by simply
adjusting ALD cycle numbers from 50 to 100 and 150. HAADF-STEM investigations
revealed that in addition to the relative bigger nanoparticles, there are many sub-
nanometer Pt clusters and Pt atoms on graphene surface for all these three samples
with different number of ALD cycles. The electrochemical properties of ALD
Pt/graphene with different ALD cycles were systematically investigated and
compared. ALD50Pt/graphene showed up to 10 times better activity than that of

commercial Pt/C catalyst.
The major contributions of the study can be summarized as follows:

The author successfully developed several methods to synthesize various novel Pt
nanostructures, including nanowires, ultrathin nanowires, nanostars, nanoparticles,
sub-nanometer clusters and individual atoms, on various nanostructured supports, for
using as highly efficient catalysts to address the high cost and insufficient durability
challenges in PEMFCs. Most importantly, these novel Pt nanostructured catalysts
exhibited up to 10 times better activity and 5 times better durability compared to the

stat-of-the-art commercial Pt/C catalyst made of Pt nanoparticles. This is very
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important to lower the cost and increase the lifetime of PEM fuel cells, and therefore

to promote their commercialization.
10.2 Future perspectives

Despite the advances demonstrated in this thesis, a large number of unsolved
challenges still remain. Future work could focus on the following aspects:

e This thesis exploited a new type of Pt nanowires-based catalyst which showed
much improved activity and durability for ORR than the state-of-art Pt/C catalyst
made from spherical Pt nanoparticles. Recently, increasing amount of research
effort has been put on Pt alloy electrocatalysts. One thrust is on PtsM (M = Ni,
Co, Fe, Ti, V) alloys which show substantial improvement in specific activity for
ORR compared with platinum. Specifically, a recent study indicates that Pt3Ni
(2 11) surface is about 90 times more active than the state-of-art Pt/C catalysts
for ORR. It is expected that PtsM with nanowire shape could be even more

active.

e As established with Pt single crystals, the catalytic activity and selectivity for
ORR s sensitive to the crystallographic planes. Through adjusting experimental
parameters, it is possible to modulate the shapes of the seeds and reaction
Kinetics, and therefore to control the orientation of Pt nanowires to expose only a

specific set of most active facets.

e Due their unique hollow structure and 1D anisotropic property, nanotubes
possess higher surface area than nanowires with similar size. Pt and Pt alloy
nanotubes have shown enhanced activities for ORR. However, the diameter of
the nanotubes synthesized so far are relative bigger (>50 nm). The activities and
durability could be further increased if thinner (<20 nm) Pt and Pt alloy
nanotubes could be synthesized and used in fuel cells.
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e This thesis revealed that ALD Pt on graphene exhibited extraordinary
electrochemical properties. In the future, ALD PtM alloy on various new
supports is a very promising direction to further increase the activity and
durability of the catalyst. Moreover, using N-doped graphene as catalyst support
and combining ALD for catalyst deposition could further enhance the

performance.

Besides resolving the above-mentioned aspects, the focus for the coming decades are
not just the synthesis of these different shapes, but also the fully understanding of
how the sizes, shapes, surface structures and capping agents affect the electrocatalytic
properties of Pt nanostructures. Once these relationships have been established, it will
become possible to design the next-generation highly active and durable
electrocatalysts for high performance and low cost PEM fuel cells, as well as a broad

range of other technologically important applications.
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