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Abstract

Nanomaterials have attracted significant interest in the past decade due to their unique
structure and properties compared to their bulk counterparts. Nanomaterials-based solutions
can address challenges in various technologies such as proton exchange membrane fuel cells
(PEMFCs). PEMFC is an innovative energy conversion technology to directly convert
chemical energy to electrical energy by using hydrogen as fuel. However, the current
PEMFC system still faces significant technological roadblocks which have to be overcome
before the system can become economically viable. A major impediment to the
commercialization of PEMFC is the high cost of materials and manufacturing and stability,
which is primarily associated with the cost of Pt catalysts and their support in membrane
electrode assembly (MEA). One approach in addressing these issues is the controlled
synthesis and application of nanostructured Pt-based catalysts and their support in PEMFCs.
The objective of this thesis is to synthesize and characterize various nanostructures (e.g.
metal oxides and metal silicides or composites) and evaluate their performance as Pt supports
used in the PEMFCs. Various advanced characterization techniques such as high resolution
scanning and transmission electron microscopy, X-ray absorption spectroscopy and
electrochemical characterization methods have been used to understand growth mechanism

of obtained nanostructures and their roles in PEMFCs.

We also reported the synthesis of WSi, and TasSi3 heterostructures using a low pressure
chemical vapor deposition (LPCVD) method. The morphologies of these nanostructures were
found to be sensitive to the concentration of reactive species and silica vapor in the CVD
chamber. The results indicated that the morphology of WSi, and TasSi3; nanostructures varied
from nanowires, networked nanoribbons to nanosheets with the control of the oxygen
concentration. A vapor solid growth mechanism based on silica sheath formation was

proposed for the synthesis of these nanostructures.

To take advantage of unique properties of carbon nanotubes, metal oxide and metal silicides
as catalyst support, a new method was developed for the synthesis of composite
nanostructures. TiSi,Ox-NCNTSs and TiO,-NCNTs nanocomposites were synthesized using a

combination of CVD process and magnetron sputtering and their performance as catalyst



supports in PEMFCs were studied. Pt nanoparticles deposited on these nanostructures
showed enhanced catalytic activity compared to commercial Pt/carbon electrodes. The
electronic structure of Pt on the catalyst supports was investigated using X-ray absorption
spectroscopy, to obtain insight into the interaction between the catalyst supports and Pt

nanoparticles.

As an example of well controlled synthesis of nanostructures, one-dimensional tungsten
oxide nanostructures (W1sOa49) have been synthesized using a conventional chemical vapor
deposition method (CVD). The morphology of the nanostructures such as diameter and
length, were controlled during the synthesis process via sulfur doping. The dependence of
morphology, composition and structure of tungsten oxides on the sulfur flow rate has been
studied. Further, one step synthesis of tungsten sulfide/tungsten oxide nanocables
(WS,/W15049) have been achieved for the first time using tungsten and sulfur powder as the

starting materials.

In summary, the research work presented in this thesis aims at contributing to the
development of various novel nanostructured catalyst supports and probing the correlation
between synthesis approach, fine structure, and catalytic performance of the nanostructures

as well as exploring their potential applications in highly active electrocatalysts for PEMFCs.

Keywords: Nanomaterials, Tungsten oxide nanowires, Core shell nanostructures, Nanosheet,
Networked nanoribbons, Metal silicide, Chemical vapor deposition, Electrocatalyst support,
Composite catalyst support, Proton exchange membrane fuel cells, Oxygen reduction

reaction, Methanol oxidation reaction, Co tolerance, X-ray absorption spectroscopy
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Chapter 1

1 Introduction

1.1 Nanomaterials

In recent years, significant interest has been focused on nanotechnology and related
fields. This surge in the study of nanoscale systems is due to the promise of addressing
challenges in existing industries and novel technologies via development of
nanotechnologies. The emergence of nanosensors[1], faster and more efficient electronic
systems and stronger and lighter structures[2] are examples of developments in
nanoscience and nanotechnologies. With the growing research in these areas, general
definitions for phrases such as nanotechnology, nanoscience is required. A nanometer is
10 meter. Figure 1.1 illustrates a length scale which better puts nanostructured materials

(nanomaterials) into context.

Among various descriptions of nanotechnology, the definition presented by the Royal
Society of London is the most generalized which reads:

“Nanoscience is the study of phenomena and manipulation of materials at atomic,
molecular scale where properties differ significantly from those at a large scale.
Nanotechnologies are the design, characterization and application of structures, devices

and systems by controlling shape and size at nanometer scale.”[3]
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Figure 1.1 Length scale, illustrating nanoscale material compared to other scales [3].



Nanotechnology might be considered a new field of study, but the application of
nanomaterials can be found in nature and man-made artifacts dating back to Roman
Empire, where glass makers were fabricating glasses containing nanosized metal clusters.
The metal nanoparticles in the glass enabled the production of variety of colors in the
window glasses of medieval cathedrals. The advances in photography in eighteen and
nineteen centuries depended on the production of silver nanoparticles. Furthermore, use
of colloidal gold has a long history as it was used for treatment of arthritis, and a number
of diseases were diagnosed by the interaction of these nanomaterials with spinal fluids
obtained from the patient [4].

Many examples of nanomaterials can also be found in nature. Examples of nanomaterials
in nature can be found in the form of milk a nanoscale colloid to more complex structures

such as DNA and proteins controlling various biological reactions [3].

Nanomaterials are considered as the building blocks of any nanotechnology based
systems. A general description of nanomaterials is the material with at least one
dimension in nanoscale (1- 100nm). To date there has been considerable research on the
synthesis and characterization of various types of nanostructures. This growing interest in
the nanomaterials is due to the possibility of change in the size dependent properties of
material in nanoscale, such as optical, electrical, chemical, magnetic and other chemical
and physical properties. Exploiting these possibilities will result in the novel application
and enhancement of current technologies. The changes in the properties of nanomaterials
arise from the fact that when materials are synthesized at nanoscale, there are major
changes in the electronic structure of the material, which is partly due to the high surface

to volume ratio.

Studies have shown that nanomaterials exhibit some remarkable properties compared to
their bulk counterparts. It has been shown that many nanomaterials such as gold show
lower melting point than their bulk form [5]. Figure 1.2 shows the relationship between

the Au particle radius and its melting point. Researchers have shown that nanomaterials



have superior mechanical properties compared to bulk materials [6]. For example, ZnO
nanowires have shown to have 5 times higher fracture strains of those exhibited in bulk
material [7]. Nanomaterials such as platinum (Pt) [8,9], gold (Au) [10] and ruthenium
(Rh) [11] have been shown to exhibit higher catalytic activity for various reactions.
Furthermore, detailed experimental and theoretical studies have shown that the shape and
morphology of materials in nanoscale influences their properties. Research has shown
that, different crystal plane of Pt nanomaterial has a different catalytic activity, thus the

shape of Pt nanomaterials affects its overall electrochemical activity [12,13].
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Figure 1.2 The dependence of Au melting point on the nanoparticle size [5].

1.1.1 Nanomaterial Classification

Based on their dimensions, nanomaterials are generally classified into three groups:



a) Zero dimensional nanostructures (0D) — nanoparticles
b) One dimensional nanostructures (1D) — nanowires and nanotubes

¢) Two dimensional nanostructures (2D) — thin films

Compared to mature thin film technology, 0D and 1D nanostructures have attracted more

substantial interest in recent years.

1.1.1.1 0D Nanomaterial (Nanoparticles)

0D nanomaterials have been synthesized from a wide range of materials, such as metal,
ceramic and polymer based materials. These nanomaterials have various shapes and
morphologies such as cubes, core shell and hollow spheres, having a high surface to
volume ratio [12,13]. Nanoparticles have been used in many applications such as medical
for cancer treatment [14], catalyst for different reactions [12,13], chemical and biological

sensors [15] and optical devices [16].

Nanoparticles can be divided into different types according to their physical and chemical
properties. For example metallic nanoparticles have been used for catalysts in
electrochemical applications such as fuel cells [12,13]. Pt [12], Pd [13] and Au [17]
single component nanoparticles have been extensively studied as active catalyst for
various fuel cells. It has been shown that nanoparticle size affects their catalytic activity
towards electrochemical reactions[12,13]. Furthermore, alloyed nanoparticles and
composite nanoparticles such as Pt/Ni [18], CuPt [19], FeN/C [20], Pt/Au [21] and core

shell structures have also been shown to act as suitable catalysts in these reactions [13].

Semiconductor, metal, carbon and polymer [22] based nanoparticles have also found
application in biological technologies including bio-imaging, bio-sensing and drug

delivery. Doped and un-doped ZnO nanoparticles have been prepared for bio imaging



applications. These nanoparticles were processed and surface treated to be bio-
compatible and showed intense photoluminescence emission in the UV-blue region [23].
Researchers have studied the use of magnetic nanoparticle-polymer composites for
controlled drug delivery. These studies focused on poly methylmethacrylate containing a

magnetite or cobalt nanoparticles [24].

Studies have also indicated that optical properties of both metal and semiconductor
nanoparticles can be tuned throughout the visible and near infrared region of the
spectrum as a function of nanoparticle size, shape composition and local environment,

making them potential material for biological and chemical sensing applications [25,26].

With the synthesis of novel nanomaterials, novel types of nanostructures are emerging

continuously such as composite nanomaterials and hetero-nanostructures.

1.1.1.2 1D Nanomaterial

1D nanomaterials, including nanowires and nanotubes are structures with two dimensions
in the nanoscale range. Compared to other structures (nanoparticles and thin films), these
nanomaterials are the most recent type of nanostructures that have attracted growing
interest in the past decade since “1D systems are the smallest dimension structures that
can be used for efficient transport of electrons and optical excitations, and are thus
expected to be critical to the function and integration of nanoscale devices.” [27]. 1D
nanomaterials can be classified into two major groups based on their structure and

morphology: i) nanowires and ii) nanotubes.

i) Nanotubes

Nanotubes are structures which have a hollow cavity inside forming tubular structures.

There have been many reports of organic and inorganic nanotubes to this date. Carbon



nanotubes (CNTSs) are a good example of such nanotubes. Following the discovery of
carbon nanotubes in 1991 [28], synthesis and application of carbon nanotubes have
received tremendous attention due to their superior mechanical properties, unique
electronic and chemical behaviors [28-32]. For example, CNTs are 100 times stronger
than steel and show electrical conductivity of 4 times higher than copper [4]. Research on
these nanostructures has brought about major advances in a wide range of fields and
applications such as chemistry, electronics and medicine [30,32-34]. CNTs exhibit

unique chemical and physical properties.

CNTs have also been proposed as potential candidates for electrodes in Li-ion batteries
[35]. Researchers have shown that CNTs can also be used as catalyst supports enhancing
the performance of low temperature fuel cells [36]. In addition, CNTs have been studied

for hydrogen storage [37], chemical, biological sensors and controlled drug delivery [34].

The factor which distinguishes nanotubes from other types of 1D and 0D nanomaterials is
that the surface and bulk atoms are positioned in almost similar chemical and physical
environment in nanotubes. This enables a uniform behavior from the nanostructures in

surface sensitive properties such as superconducting and luminescence.

To understand the origin of unique properties of nanotubes, their structure has been
studied extensively [29,32,38,39]. CNTs are considered as cylinder formed by rolling up
graphite sheets [4]. Depending on the number of walls, these nanostructures are divided
into single wall carbon nanotubes (SWNTSs) and multi walled carbon nanotubes
(MWCNTSs). SWNTSs are formed by rolling up a single graphite plane forming a tube like
structure and MWCNTSs are formed from several coaxial graphite tubes as shown in
Figure 1.3. It has been shown that the electrical properties of SWNTSs are highly
dependent on the arrangement of its atoms or the rolling direction of the graphite layer
[4]. SWNTSs can be either metallic or semiconductors depending on chirality, while
MWCNTSs are always metallic.



In recent years, studies have been moving towards tuning the properties of CNTs by
introducing foreign elements into the structure and doping the CNTs [40-42]. Nitrogen
doped carbon nanotubes (NCNTS) are a typical example of these studies [41]. It has been
shown that NCNTs provide more active chemical surface compared to pristine CNTs
[43]. The addition of nitrogen into the CNTs structure also affects the electrical properties
of CNTs [41].

Figure 1.3 Schematic diagram of a) single walled carbon nanotubes and b)

Multiwalled carbon nanotubes.

Compared to CNTSs, research on the synthesis and characterization of other inorganic
nanotubes (INTSs) is still at the starting block [30-32]. WS2, MoS,, BN and TiO, are
typical examples of INTs, which show some similarities but also some difference from
CNTs. For example, unlike CNTs, BN nanotubes are wide band gap semiconductors,
independent of the physical structures [44]. It has been shown that WS, nanotubes are
good candidates for solid state lubricants and as shock resistant material [45,46].

Furthermore, WS, nanostructures have been studied for application in Li-ion batteries



[47] and polymer nanocomposites applications. Studies have shown that addition of WS,
nanomaterial increases the thermal stability of composites. BN nanotube containing
nanocomposites have also been prepared showing an enhanced mechanical performance
[32]. TiO, nanotube arrays have been synthesized for solar cell application, showing
enhancement in the cell efficiencies [48]. INTs have also been investigated as material

for gas sensing purposes [32].

i) Nanowires

Nanowires are part of 1D nanomaterial with solid structures, which are regarded as model
material for studying the relations between electrical transport, optical and other
properties with dimensionality and size confinement. These nanomaterials are expected
to play important roles as interconnects, functional components in the fabrication of
nanoscale electronic and optoelectronic devices and electrochemical applications.
Recently a variety of inorganic materials from elements, oxides, nitrides and carbides
have been synthesized and characterized via various methods [49-51]. Metal oxide
nanowires such as WOy nanowires have been shown to be good supports in fuel cell
applications [52]. SnO, nanowires have been studied as electrodes for Li-ion battery
applications [53]. TiO, nanowires have been investigated for their photoluminescence
properties and ultraviolet sensors [54]. Metal carbides such as WCy have been shown to
have catalytic properties for various reactions [55]. In addition, element nanowires such
as Pt nanowires have been shown to have higher catalytic activity compared to Pt
nanoparticles for electrochemical reactions such as oxygen reduction reaction [56,57].

To strengthen the functionalization of nanomaterials, hetero-nanostructures and
composite nanostructures with complex architecture have recently become the focus of
intensive research [58-60]. Figure 1.4 shows an example of these nanostructures. These
nanomaterials include, branched nanowires [61], networked nanobelts [62], core-shell

nanowires [32], nano-dendrites and nanosheets [63]. These nanomaterials that take
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advantage of different classes of nanomaterial have been shown to have exhibited
enhanced properties compared to their single component counter parts [56,60,64].

Figure 1.4 Examples of nanostructures material. a, b) WSi, nanosheets, c, d)
MgAl,O,4 nanochains [59], e, f) Hierarchical Al,O3; nanobelts [60].

In order to better study the unique properties of nanomaterials and wide spread
application of these structures in various technologies, several challenges have to be
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addressed. Controlled synthesis of nanomaterials with defined size, morphology and
composition is one of these issues. To address these challenges, various synthesis
methods have been studied and growth mechanisms have been proposed to better
understand the formation of nanomaterials. In the following sections various growth
mechanisms and synthesis methods have been described for the synthesis mainly 0D and

1D nanomaterials.

1.1.2 Nanomaterial Synthesis Process

To this date, various methods have been developed for the synthesis of 1D and 0D
nanomaterials. However, most of these methods can be divided into two major groups of

i) liquid, and ii) vapor based methods.
1) Liquid Based Methods

Liquid based methods are processes in which nanostructures are synthesized in a liquid
via specific chemical reaction, deposition or template. Liquid based synthesis methods
provide a suitable environment for controlled synthesis of nanostructures with various
morphologies. Compared to vapor based methods, solution based methods operate at
relatively lower temperature. With advances in microwave assisted growth methods the
synthesis time has been greatly decreased making solution based methods, attractive for

the synthesis of novel nanostructures.

0D nanomaterial are mainly synthesized using solution based methods. Pt nanoparticles
with various shapes and sizes have been prepared via wide range of reactions [9,13].
They are commonly prepared by reducing a Pt salt with hydrogen [9,12,13], ethanol [65],
formic acid [66] and sodium borohydride [67]. Pt nanocubes have been synthesized by
reduction using ethylene glycol and polyvinylpyrrolidone in the presence of Ag as a
catalyst [13]. Synthesis of alloy and composite nanoparticles has also been reported using

similar methods [13].
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There have been also many reports on the synthesis of 1D nanostructures via liquid based
methods. In these processes 1D nanostructures are synthesized using anisotropic growth
resulting from the crystallographic structure of the material, by template confinement,

suitable capping agent or kinetically controlled by supersaturation [49,50].

Synthesis of Pt nanowires has been reported using reduction of Pt salt via formic acid
[57]. There are many reports of synthesis of metal, metal oxide and sulfide such as Au,
Ag, Pt, ZnO, SnO,, CdS and CNTSs that have been synthesized using template method
[50]. Anodic alumina membranes are one of the most common templates used for the

synthesis of 1D nanostructures.

Vapor Based Methods

Vapor based methods are a major part of synthesis processes of nanomaterials. These
methods are mostly developed for the synthesis of 2D and 1D nanomaterials. VVapor
based methods are generally based on the evaporation of the source materials, their
transport in vapor phase to the reaction zone and deposition of nanomaterials based on
specific growth mechanisms. The advantage of vapor based method is the possibility of
large scale production using these methods. In addition, in contrast to solution based
methods, a much wider range of nanostructures can be synthesized. Synthesis of
compounds susceptible to oxidation in liquid environment such as metal silicides is
limited to vapor based methods. The main difference between vapor phase methods is
the source evaporation techniques. Vapor based methods include: chemical vapor
deposition (CVD), plasma enhanced CVD (PECVD), laser ablation, atomic layer
deposition, magnetron sputtering and molecular beam epitaxy (MBE). The synthesis
process of most nanomaterials using vapor based techniques, as different as they may

seem, follows a few well known growth mechanisms.
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1.1.2.1 Growth Mechanism

The synthesis process of nanomaterials can be altered to induce the activation of certain
growth mechanism, leading to a controlled growth of desired nanostructures. In the
following section, typical growth mechanisms dominated in vapor based methods have
been briefly reviewed.

i) Vapor-Liquid-Solid (VLS) mechanism

This growth mechanism was first reported for the growth of Si single crystals in 1964
[50]. Since the early studies on 1D nanomaterial, VLS has been widely applied for the
synthesis of a variety of nanostructures such as Si, ZnO, SnO; and SiO,. Figure 1.5
shows a schematic diagram of the VLS growth mechanism. In this process, the growth of
1D nanostructures are promoted by a catalyst seed [49,50]. Based on this mechanism, at
high temperatures, vapor from the source material is transported to the catalysts
containing substrates. The metal catalysts at high temperature form liquid alloy droplets
by adsorbing vapor species. In the synthesis environment, the diffusion of vapor species
into the liquid droplet continues, until the concentration of the components in the liquid
alloy exceeds the equilibrium concentration based on their phase diagram. At this state
the liquid droplet is supersaturated and this drives the precipitation of the solid

components at the solid liquid interface.
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Figure 1.5 Schematic diagram of a vapor liquid solid growth mechanism.

In this mechanism the growth of the nanostructures is dependent on the vapor supply and
chemical state of the catalyst. The diameter and position of the nanostructures are
controlled via the catalysts droplet diameter and position. As an example of this
mechanism, Wu et al[68], explained the growth of Ge nanowires using Au clusters, based
on the Ge-Au phase diagram shown in figure 1.6a. A real time observation of Ge
nanowire growth was conducted in situ high temperature electron microscope to confirm

the proposed VLS growth mechanism (shown in figure 1.6b).

The synthesis of nanostructures using this mechanism requires several conditions. The
requirements of this mechanism include:
1) Catalyst and source material: by knowing the equilibrium phase diagram
one can predict the catalyst material and growth conditions of the VLS approach.

2) Method to vaporize the source material and melt the catalyst.

Nanostructures grown by this method often have certain features which help identify their
growth mechanism. For example most nanowires synthesized by VLS process have an
alloy droplet at their tip [50].
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Figure 1.6 a) Binary phase diagram of Ge and Au, b) TEM images of Ge nanorods
synthesized with Au catalyst nanoparticles via VLS method (in situ TEM study)
[67].

ii) Vapor-Solid (VS) mechanism

Vapor-solid mechanism is another process by which the growth of 1D nanomaterials
have been explained. In VS mechanism, no catalyst is used for the synthesis of 1D
nanostructures. Figure 1.7 shows as schematic diagram of this process. According to this
diagram, the generated vapor from the source material is transported over the substrate
and condensed forming 1D nanostructures [49,50]. Sears [69] was the first one who
explained the growth of mercury whiskers by axial screw dislocation induced growth in

1955. These whiskers were grown by VS method at -50°C, under high vacuum condition.

Subsequently considerable research has been devoted to studying the growth of
nanostructures using this method. To this date, VS growth mechanism has been used to
prepare a wide range of nanostructure with different compositions, from metal oxide
whiskers with micrometer diameters, nanometer size nanorods to branched hetero-
structure nanomaterial.
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Figure 1.7 Schematic diagram of vapor solid mechanism.

Nanostructures grown following VS mechanism are single crystals with little
imperfection. The formation of nanostructures through this method is due to anisotropic
growth of the crystal structures. This can be induced by:
1) Different growth rates of the different crystal facets
2) Presence of imperfections in specific crystal directions such as screw
dislocation
3) Preferential accumulation, poisoning or passivation by impurities on

specific facets

Herein, impurity poisoning and passivation of crystal facets have often been cited as the
mechanism resulting in anisotropic growth of nanostructures, especially hetero-structured

nanomaterials [58].

1.1.2.2 Synthesis Techniques

Corresponding to various growth mechanisms, some vapor deposition techniques have
been developed for the synthesis of 1D nanomaterials. Two most important techniques of
the methods are:

i) Physical vapor deposition (PVD)
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i) Chemical vapor deposition (CVD)

1) Physical vapor deposition (PVD)

Physical vapor deposition method is a process often used for growing thin films. In this
process the growth species in vapor phase are transferred and deposited on the substrate,
without involvement of any chemical reactions. Simple thermal evaporation, laser
assisted or sputtering can be used to form the vapor phase. By adjusting the conditions
such as use of catalyst particles or templates, 1D and 0D nanostructures have been

synthesized using PVD methods.

Previously, nanostructures synthesized using PVD usually were usually confined to low
melting point material such as SnO, [70] and CdS [71]. However, in recent years with the
development of laser assisted processes, sputtering and plasma enhanced vapor
deposition systems, a wide range of nanostructured materials has been synthesized using
PVD methods [72].

i) Chemical vapor deposition (CVD)

The advantages of chemical vapor deposition are the possibility of large scale production
of nanostructures and often their simple setup. In CVD, the source material is dissociated
into various radicals and reactive groups in the gas phase. These species are transported
to the substrate and adsorb onto the surface. On the surface they participate in the surface
chemical reactions forming nanostructures. CVD processes were originally developed for
the deposition of thin films, largely for solid state microelectronics. With the
development of various growth mechanisms for 1D nanostructures, CVD processes have

become suitable techniques for the controlled synthesis of these nanostructures.
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The energy for the dissociation of the source material can be supplied via heating in a
thermal CVD process or through plasma in plasma enhanced CVD. Figure 1.8 shows the
schematic diagram of these methods. These processes have been used for the synthesis
many nanostructures such as Si [73], MnO, [74], GaN [75], ZnO [76] and SnO, [77].
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Figure 1.8 Schematic diagram of a CVD process.

1.2 Metal Silicides

Among various materials that have been studied for nanotechnology applications, metal
silicides are a family of materials that have attracted considerable attention in recent
years. Metal silicides are intermetallic compounds between Si and metals [78]. These
compounds have a wide range of properties, making them candidates for variety of

applications. Transition metal silicides are a major part of metal silicide materials which
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have application mainly in electronic industries. The interest in these silicides is due to
their two important properties:
1) Their electrical resistivity, generally exhibiting a metallic behavior with
typical specific resistivity values between 15 to 150 uQcm at room temperatures

2) They exhibit good high temperature stability and oxidation resistance.

These properties have encouraged the use of these materials in various applications such
as heating elements for electrical furnaces, protective layer for jet engine parts,
interconnects in integrated circuits. Furthermore these materials have been proposed as
replacement for poly silicon in Si technologies, because of their high temperature
stability and electrical conductivity. Metal silicides such as WSi, and TaSi; have been
studied for these applications [79]. The silicide materials were mainly deposited as thin
films for electronic application through CVD and sputtering processes [80,81]. Metallic
silicides such as TiSiy, NiSi, CoSi, have been used as interconnects in nanoscale devices
due to their low contact resistance [78]. Furthermore, metal silicides including CoSi; [82]
and Ni,Si [83] have been studied as field emitters. FeSi, has also been shown to be a
promising material for optoelectronic applications due to its direct band gap, high
resistance to oxidation and low vapor pressure [78]. In addition to various applications
metal silicides have been as models for fundamental theoretical and experimental studies

in condensed matter physics [78].

Metal silicide thin films have been deposited using a variety of methods such as chemical

vapor deposition, magnetron sputtering, and thermal annealing.

1.2.1 Application

Nanostructured metal silicides such as nanowires, nanoparticles, nanosheets and nanonets
have been synthesized for various applications such as nanoelectronics, energy storage,
solar cells and fuel cells. Zhou et al. [84]., have reported the synthesis of Si/TiSi,

heterostructures for Li ion batteries. Their results indicate that these nanostructures have
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a high capacity and long cycling life as anode material making them ideal for Li ion
batteries. This is due to the high conductivity and structure integrity of TiSi,
nanostructures. TiSi, nanostructures have also been studied as catalyst support in low
temperature fuel cells. Results indicate these nanostructures provide a stable support for

Pt catalyst in fuel cell environment [85].

Similar to their bulk counterparts, metal silicides have been extensively studied for
applications in nanoelectronics and nanoscale field emitters. Schmitt et al. synthesized
CoSi nanowires with diameters of 10 to 150nm and lengths of about 10um for
nanoelectronic applications. The average resistivity of these nanostructures is found to be
around 510pQcm [86]. NiSi, nanowires with low resistivity have also been shown to be
potential candidates for electronic systems. Li-Wei et al. studied the field emission
properties of GdSiy nanowires, indicating a significant improvement in the field emission

properties of these nanostructures [87].

Metal silicides have also been studied for other applications such as thermoelectricity.
Metal silicides, for decades, have been considered a promising group of materials for
thermoelectric applications. Thermoelectirc effect is the direct conversion of temperature
differences to electric voltage and vice-versa. Recent research in the material
development of such applications is focused on materials with complex crystal structures
and nanoscale morphologies [78]. Studies have shown that a phase of MnSi,.x nanowires

exhibits excellent thermoelectric performance [88].

1.2.2 Synthesis Methods of Metal Silicides

Many different methods have been developed for the synthesis of metal silicide
nanostructures. However, due to the nature of metal silicides and presence of silicon
element in their composition, there have been very few reports of synthesis of metal

silicides via solution liquid based methods. Most metal silicide nanostructures synthesis
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methods involve the vapor deposition silicon and/or metal precursor with low melting

point and their reaction and deposition on suitable substrates.

Synthesis methods of silicide nanowires include:
1) Silicidation of silicon nanowires,
2) Reaction of metal sources with silicon substrate, reaction of silicon
sources with metal thin film,
3) Simultaneous delivery of silicon and metal sources,

4) Magnetron sputtering.

Using these methods a wide range of metal silicides, especially transition metal silicides
have been synthesized.

In silicidation of silicon nanowires, silicon nanowires are synthesized at the first stage.
These nanowires are placed in a metal vapor containing environment, transforming into
metal silicides via diffusion of metal atoms into the silicon nanowires. Examples of this
method are reported in the synthesis of NiSix nanowires [89]. There have also been in situ
TEM studies on the process of silicidation and the diffusion controlled process of

synthesizing metal silicide using this method [90].

In the process of synthesizing metal silicide using a reaction of metal precursor with
silicon, metal vapor or a low melting point metal precursor such as metal chlorides are
used. In this method, the vapor produced from the source material is transported over the
silicon substrate and through various growth mechanisms such as VLS and VS, metal
silicide nanostructures are synthesized. Synthesis of TaSi, nanowires has been reported
via annealing of silicon substrate with FeSi, thin film in a Ta rich atmosphere [91]. It was
proposed, the Si atoms segregate from the FeSi, to form Si nanoparticles, in which the Ta
atoms diffuse to form TaSi, nanowires. It is believed that the FeSi, thin film and
nanodots act as catalysts and means for Si nanoparticle formation [78,91,92]. The
synthesis of other silicides such as FeSi [93], TiSi, [94], TisSi3[95], CoSi [96], have been

reported using the metal halides. In most cases, a VS mechanism has been proposed for
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the growth of metal silicide nanowires. For example FeSi nanowires have been
synthesized using FeCls precursor [93].

Delivery of silicon precursors to metal thin films for the growth of metal silicides has
also been well studied. In these studies, SiH4 and SiCly, due to their low melting point
have been used as silicon precursors. Zhang et al.[97] reported the synthesis of TisSis
nanowires via reaction of SiCl, and Ti thin film and gold nanoparticles as catalyst. They
observed a gold alloy droplet on the tip of the nanowires and proposed a VLS mechanism
for the synthesis of TisSi3 nanowires. In addition many phases of nickel silicides such as
NiSiy, NiSi and Ni,Si nanowires have been synthesized using SiH, as the silicon
precursors [78].

The synthesis of metal silicide nanowires, using simultaneous metal and silicon delivery
has recently attracted considerable attention. This is due to the control provided over the
concentration of reactive species in the CVD chamber with the aim to control the phase
of deposited nanostructures. An example of this process is the use of iodine as the
transport agent for the synthesis of metal silicide nanostructures. Researchers have
reported the synthesis of Ni,Si nanowires using Ni,Si powder as the precursor [78,98].
To synthesize Ni,Si nanowires, iodine was introduced into the synthesis chamber to
move the reactive species from Ni,Si powder to the substrate. In most cases using iodine

ensures the stoichiometry of product to be identical to the source powder.

In addition, single source precursors containing silicon and metal species have been used
for the synthesis of various metal silicide nanostructures. FeSi, CoSi, MnSix
nanostructures are examples of nanostructures synthesized using precursors containing
SiClx and metal species [78]. Various growth mechanisms have been proposed for the
growth of nanostructures using this method, however they mainly depend on the

composition of the precursors and experimental conditions.
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1.3 Fuel Cells

During the last decade environmental concerns such as global warming, the need to
reduce CO, emissions and the shortage of energy, have provided the stimulus to seek for
alternative clean energy convertors. This has motivated new and expanding interest in
fuel cell technology [99]. Fuel cells are innovative energy convertors that convert
chemical energy into electricity with the aid of catalysts [100] without involving any

moving parts, therefore the process is clean, quiet and highly efficient [101,102].

In fuel cells, often electrochemical reactions take place on two electrodes, the
electrochemical oxidation of the fuel, at the other and electrochemical reduction of the
oxidant at the cathode. The electrons pass through the external circuit to provide
electricity. Fuel cells under favorable circumstances can have efficiencies up to 60%
which is 2 to 3 times higher than combustion engines using fossil fuels. This is due to the
direct conversion of chemical energy to electricity in fuel cells compared to the indirect
approach in combustion engines. Further, fuel cells compared to batteries, which have

limited capacity, can produce electricity continuously as long as fuel is provided.

Based on the type of electrolyte used in fuel cells they can be classified into the following
groups:

1) Alkaline fuel cells,

2) Phosphoric acid fuel cells,

3) Molten carbonate fuel cells,

4) Solid oxide fuel cells,

5) Proton exchange membrane fuel cells (PEMFCs).

Each of these fuel cells operates in a specific temperature range. Solid oxide and molten
carbonate fuel cells are considered high temperature fuel cells due to their operation at
temperature above 600°C. The other three types of fuel cells have operating temperatures

below 200°C. Depending on their start up time and operating temperature these fuel cells
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are used in a variety of applications from portable power supply to electric utility and
large generation stations.

1.3.1 PEMFCs

Among various types of fuel cell systems, Proton Exchange Membrane Fuel Cells
(PEMFCs) have attracted considerable attentions due to their advantages over other fuel
cell systems [102]. These fuel cells have a very fast startup and low operating
temperature (50-100°C).

A PEMFC single cell consists of two electrodes (anode and cathode) separated by a
polymer membrane (often Nafion® based polymers — proton conductors). Figure 1.9
shows a schematic diagram of a PEMFC single cell. At the anode, H; is fed and on anode

catalyst it splits into two proton atoms and two electrons.
2H, — 4H" +4¢

The protons are transported to the cathode side through the polymer membrane and the
electrons are conducted through the external circuit. In the cathode side, O, supplied to

the cathode reacts with protons and electrons to form water and heat [103].
O,+4H" +4e° — 2H,0

In general, each cell of PMEFC generates around 0.6-0.7 volts [102,103]. To provide
suitable voltage for various applications single cells are stacked forming fuel cell stacks
[102].

O,+2H, — 2H,0 Eo=1.229 V
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Figure 1.9 Schematic diagram of a PEMFC single cell [99].

One of the most important part of a PEMFCs system is the electrocatalysts, where
electrochemical reactions occur. The PEMFC electrocatalyst is generally composed of a
catalyst and a catalyst support. Up to now, the most effective electrocatalyst used in both
anode and cathode of PEMFCs is platinum (Pt) as catalyst deposited on carbon black

particles as catalyst support [101].

1.3.2 Challenges in PEMFCs

High cost and insufficient durability and slow kinetic of reaction are some of the major

challenges undermining the commercialization of PEMFCs.

Unfortunately, Pt is considered as one of the most expensive metals in the world and in
the past few years the price of Pt has tripled and contributes to over 50% of the total price
of PEMFCs [13,104]. In addition Pt catalysts in PEMFCs are readily poisoned by CO
and/or other contaminants during the oxidation of fuel. Further, Pt catalyst supported on
carbon black, is not stable in the acidic fuel cell environment which will lead to loss of

active surface area and reduction of performance and life time of fuel cells.
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In order to address these challenges, intensive research has been focused on reducing the
Pt content of PEMFCs without compromising the fuel cell performance. This is to meet
the cost requirements for fuel cell commercialization. These researches have focused on

two areas:
1) Catalyst
2) Catalyst support

Studies on the novel catalyst design have focused on several areas, such as new Pt
nanostructures, alloyed and composite catalysts and non-precious catalysts. Studies have
shown that Pt nanostructures with different morphologies exhibit different catalytic
activity towards oxygen reduction reaction and have different stability and CO tolerance
[13].

1.3.3 New Catalyst Supports

Another important area of study in PEMFCs is the development of new catalyst support.
Catalyst supports play an important role in PEMFCs. Catalyst support materials are
necessary to obtain a high dispersion and a narrow distribution of catalyst nanoparticles
which is the prerequisite to obtain a high catalytic performance of catalysts. The support
material can also interplay with catalytic metals which influence the catalytic activity.
The durability of the catalyst is also greatly dependent on its support.

Generally, the requirements for catalysts support material can be summarized as:

1) High specific surface area , which is necessary for improving the

dispersion of catalytic metals

2) Low combustive reactivity under both dry and humid air conditions at low

temperatures



27

3) High electrochemical stability under fuel cell operating conditions
4) High electrical conductivity
5) Easy Pt recovery in used electrocatalysts

In addition, the interaction between the catalytic metals and the support materials should

be considered in improving the catalytic activity and durability [99].

Currently- used catalysts (Pt based material) are usually supported on porous conductive
materials with a high specific surface area. The most popular support material is Vulcan
XC-72 carbon black. While there has been significant achievement on modifying these
materials to enhance the performance of fuel cells [105,106], the use of carbon black has
several draw backs such as corrosion and instability in fuel cell environment [107,108].

These disadvantages have led researchers to look for novel catalyst supports.

In recent years, novel nanostructured carbon materials such as carbon nanotubes (CNTs)
[64], carbon fibers [109] and mesoporous carbons [110] have been receiving attention as
catalyst supports for PEMFCs because of their unique structure and properties. Studies
have shown that CNTs have overwhelming advantages compared to conventional carbon
black in PEMFC electrocatalyst supports. These nanostructures provide high electrical
conductivity due to their unique structure and electrical properties and due to fewer
defects. Therefore, it has been reported that they are more stable catalyst supports in fuel
cell conditions [64,109,111]. Furthermore, the 1D nanostructure of CNTs enables the
construction of an ordered catalyst layer in PEMFCs which provides benefits for

mass/electron transport resulting in higher cell performance [109].

Other than nanostructured carbon material, many conductive or semi-conductive ceramic
nanostructures have attracted attention as catalyst support materials or as secondary
supports to modify and promote the catalyst supports for PEMFCs, including TiOy [112],
Sn0O,[113] and WOy [52]. These metal oxides have shown promising effects on the
catalytic activity and durability of PEMFC catalysts. For example, it has been shown that
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Pt catalyst supported on SnO, can show higher electrocatalytic activities which are
attributed to the enhanced properties achieved by combining Pt nanoparticles with SnO,
[113].

Even though these materials exhibit promising performance as support for fuel cell
catalysts, ceramic catalyst supports have several problems, including synthesis process of

nanostructured ceramics and their electronic conductivity.

Since the use of only carbon or ceramic materials as catalyst supports is not satisfactory
in some cases, composite catalyst supports have been recently proposed as fuel cell
catalyst supports [60]. For example studies have shown that the performance of PEMFCs
can be significantly enhanced using composite nanostructures such as CNT-SnO2 [114]

nanostructures as catalyst support.

1.4 Objectives and Motivations

PEMFCs are innovative clean energy technologies with high efficiency which provide
clean energy. However, the high cost and low durability and slow kinetics of reaction in
PEMFCs are major challenges in the road to their commercialization. Nanostructured

electrocatalysts are one of promising solutions to address these challenges.

To this date, there have been many reports on using nanostructured material as catalysts
and catalysts support in PEMFCs. However, many areas still remain to be fully explored.
In addition, the mechanisms responsible for enhancing the performance of fuel cell by
these nanostructures have to be studied. This can be achieved to some extent by studying
the interaction between the catalyst nanoparticles and catalyst supports and
electrochemical characterization of electrocatalyst systems. Once these areas are fully
explored, it will become possible to design the next generation of electrocatalysts for a
broad range of technological important applications.
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The objectives of thesis are to develop various novel nanostructures as catalyst supports
for PEMFCs such as 1D networked nanowires, composite nanostructures and core/shell
structures (nanocables). The studies were mainly focused on the synthesis and
characterization of novel 1D networked transition metal silicide nanostructures, carbon
nanotube based composite nanostructures of TiSiOx and TiO, and W15049 nanowires and
WS,-W15049 Nanocables. The electrochemical properties of these nanostructures were
studied under PEMFC conditions. The electronic structure of Pt catalysts on some of
these supports was studied to understand the change in their electrochemical properties.
The as-synthesized catalysts supports were expected to improve the performance of
PEMFCs.

1.5 Thesis Outline

This thesis consists of eight chapters (two introductory chapters and five manuscripts and
one final chapter) and fulfills the requirements on “Integrated-Article” form as outlines in
the Thesis Regulation Guide of the school of graduate and postdoctoral studies (SGPS) of

the University of Western Ontario. The thesis chapters are arranged as follows.

Chapter 1 is an introduction to three different fields of study related to this thesis. It
gives an overview on nanomaterials, their properties, application and their synthesis
methods, it describes some of the growth mechanisms involved in the synthesis of
nanomaterials. In the following section, the focus is on metal silicides and the synthesis
of nanostructured metal silicides, followed by an introduction to fuel cells, especially
proton exchange membrane fuel cells (PEMFCs). In this section the working and
structure of a single cell fuel cell is described as well as challenges of the catalyst
electrodes and the solution offered by application of nanomaterials. At the end, the

research objectives and thesis organization of this study are clearly stated.

Chapter 2 describes several experimental processes and analytical techniques, used in

the synthesis and characterization of nanostructured samples in the following chapters.

The principal results of this thesis are presented in chapters 3-7.
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Chapter 3 (Spatial Sequential Growth of Various WSi, Networked Nanostructures and
Mechanisms) describes the synthesis of novel transition metal silicide nanostructures
such as WSi, networked nanosheets and nanowires. WSi, networked nanostructures were
synthesized using a low pressure chemical vapor deposition method. Experimental results
indicated, the synthesis process and the morphology of these nanostructures are governed
by vapor solid mechanism and depend on the concentration of reactive species in the
CVD chamber. These nanostructures provide a high surface area with good corrosion and
oxidation resistant properties, making the potential candidates for PEMFC catalyst

supports.

Chapter 4 (Tailoring Growth of Single Crystalline Complex TasSiz Nanostructures:
From Networked Nanowires to Nanosheets) describes the synthesis of another novel
metal silicide nanostructure TasSis networked nanoribbons and nanosheets. These
nanostructures are synthesized using a low pressure chemical vapor deposition method.
Results indicate the vapor pressure of TaCly and SiOy plays an important role in

determining the morphology of TasSis; nanostructures.

Chapter 5 (TiSi,O coated N-doped Carbon Nanotubes for the Oxygen Reduction
Reaction in Proton Exchange Membrane Fuel Cells) describes the synthesis of composite
nanostructures as alternative catalyst supports for PEMFCs. These nanostructures were
prepared using a combination of chemical vapor deposition and magnetron sputtering. Pt
nanoparticles were deposited on the composite nanostructures using wet chemical
reduction method. Electrochemical properties such as oxygen reduction reaction of
Pt/TiSi,Ox-NCNTs were compared to Pt/NCNTs and commercial Pt/C electrocatalysts.
Results indicated composite nanostructures to be promising catalyst supports for PEMFC

applications.

Chapter 6 (TiO, Nanoparticle Decorated Nitrogen Doped Carbon Nanotubes as Pt
Catalyst Support for Low Temperature Fuel Cells) reports another composite
nanostructure as alternative catalyst support for PEMFCs. Pt nanoparticles were

deposited on TiO,-NCNTs using a wet chemical reduction method. The electrochemical
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properties of these electrocatalysts such as oxygen reduction reaction, methanol oxidation
and CO tolerance indicate that TiO,-NCNTSs are promising catalyst supports for
PEMFCs.

Chapter 7 (One-step tunable synthesis of pristine, sulfur-doped W13049 nanowires and
WS,/W;5049 Nanocables) describes the controlled synthesis of W13049 Nnanowires directly
on tungsten powder by sulfur doping of these nanowires. Results indicated sulfur
diffusion into the surface layers of W13049 Nnanowires, changes the surface chemistry of
the nanowires, reducing their diameters. Further increase in the sulfur flow rate in the
synthesis chamber resulted in the one step synthesis of long WS,/W;5049 nanocables.
Detailed experimental results show this process to be diffusion dependent. Similar

concept can be used for controlled synthesis of nanostructures for PEMFCs applications.

Chapter 8 summarizes the results and contributions of the thesis work. In addition, the

authors present some suggestion for future work.
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Chapter 2

2  Experimental and Characterization Methods

2.1 Synthesis Process

2.1.1 Metal Oxides

The synthesis of pristine and sulfur doped W1gO49 nanowires and WS»/\W1g0ag
nanocables were carried out using a chemical vapor deposition method. There have been
reports of synthesis of W15049 nanowires using similar method [1,2]. In this method,
tungsten powder (99% Aldrich) was used as the source and substrate and high purity Ar
as the carrier gas. In contrast to previous studies [3,4], sulfur powder was added to the
system for the synthesis of sulfur doped W15049 nanowires and WS,/W13049 nanocables.
Figure 2.1, shows a schematic diagram of the CVD setup used for the synthesis of

tungsten based nanostructures.

W powder (99%)

Ar

Exhaust gas

Water vapour

Electric Furnace

Figure 2.1 Schematic diagram of CVD setup for the synthesis of W13049 nanowires
and WS,/W13049 nanocables.

To synthesize tungsten oxide nanostructures, tungsten powder was placed in the middle
of a quartz tube and mounted on horizontal electric furnace. Sulfur powder was
positioned in the upstream region of the furnace. Prior to heating the furnace, the CVD

chamber was saturated with water vapor via introduction of Ar gas, passed through a
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heated water bubbler, into the CVVD chamber for 30 min at a flow rate of 300sccm
(standard cubic centimeters per minute). The system was heated to a set temperature and
kept at this temperature for 60 min at a constant flow rate of water vapor saturated Ar. At
the end of the experiment, the system was cooled down to room temperature slowly. In
these experiments, the effect of various growth parameters such as temperature, time and
sulfur vapor concentration in CVD chamber on the morphology of nanostructures
synthesized were studied. The growth parameters used in this thesis were optimized for
the high density synthesis of nanostructured material, through a series detailed

experiments.

2.1.2 Metal Silicides

Metal silicide nanostructures (WSi,, WsSiz and TasSis) were synthesized using a low
pressure CVD method, shown in Figure 2.2. In this process metal chlorides (WClg or
TaCls) were used as low melting point metal sources and silicon powder was used as the
silicon source. The nanostructures were synthesized on a conductive substrate for fuel
cell application, such as carbon paper (E-TEK, De Nora North America, Somerset, NJ).
As shown in Figure 2.2, the metal chloride was placed in the upstream region (low
temperature zone) of a quartz tube, and the substrate was positioned over the silicon
powder in the middle of the tube. The tube was mounted on an electric furnace and
attached to a homemade, vacuum system. To purge oxygen from the system, the pressure
in the CVD chamber was decreased to 100 Pa, and argon was flushed into the system
increasing the pressure to over 5 kPa. This procedure was repeated several times. In the
next stage, the system was heated to a set temperature with a controlled heating rate and
kept at this temperature for fixed duration. During the experiment the pressure inside the
chamber was maintained at 500 Pa with a constant flow of Ar gas which acted as a carrier
gas. After the experiment the chamber was cooled down to room temperature slowly at
500 Pa.
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Figure 2.2 Schematic diagram of low pressure CVD process of metal silicide

synthesis.

2.1.3 Composite Nanostructures

Composite nanostructures of TiSi,Ox-NCNTs and TiO,-NCNTs were synthesized using a
combination of CVD, magnetron sputtering and solution based methods. Nitrogen doped
carbon nanotubes as reported previously [5] were synthesized using a CVD with

melamine (CsHgNe) as the carbon and nitrogen source and Fe as the catalyst at 800°C. In
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this process, carbon paper with a pre-sputtered aluminum buffer layer (30 nm) was used
as the substrate.

In the next stage, the NCNTs were placed in a modified plasma enhanced CVD
(PECVD)/sputtering system, 10 cm from a TiSi, sputtering target (2 inch in diameter) as
shown in Figure 2.3. The pressure of the system was decreased to 2.5 x 10°Pa to purge
oxygen from the sputtering chamber. Ar gas was introduced into the system with a flow
rate of 15 sccm to maintain a 2 x 10™ Pa working pressure in the chamber. A 100nm

layer TiSi,Ox layer was deposited on the NCNTSs using a RF magnetron.

Figure 2.3 A photo of the modified PECVD/Sputtering system used for TiSiOy
coating of NCNTSs.
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To synthesize TiO,-NCNTs composite nanostructures, the sputtered TiSi,Ox-NCNTSs,
were annealed at 1000°C, for 6 hrs under a constant flow of Ar at 500 Pa. After heat
treatment, the samples were submersed in a NaOH solution (10wt%) for 48 hrs. The
resulting nanostructures were washed with deionized water and dried at room

temperature overnight.

2.1.4 Pt Nanopatrticles

The synthesis of Pt nanoparticles, followed a previously reported procedure via reduction
of Pt precursor with formic acid at 80°C under atmospheric pressure [6,7]. In this method,
1mL of 0.03M Pt precursor (H2PtCls.6H20, Aldrich, 99.95%) and 1mL of formic acid
(HCOOH, Aldrich, 98%) were mixed with 20mL of water at room temperature. The
samples were immersed in the solution and the solution was placed in a water bath with a
temperature of 80°C for 15min. The solution turned from golden color to dark brown
color during the reaction, indicating the synthesis of Pt nanoparticles in the solution.
After the experiment the solution was cooled down to room temperature. The samples

were washed with deionized water and dried at room temperature overnight.

2.2 Characterization Technique

The physical and chemical properties of the samples synthesized in this thesis were

characterized with a variety of analytical methods.

2.2.1 Scanning Electron Microscopy

Scanning electron microscope (SEM) shown in Figure 2.4, is part of electron microscope
family, which can provide information of the surface topography and composition of a
sample. SEM uses a focused high energy beam of electrons which interact with atoms on
the sample producing secondary electrons, back scattered electrons and characteristic x-
rays of sample atoms. The produced electrons and characteristic x-ray can be detected
using various detectors providing information about the surface region of the sample.
Secondary and back scattered electrons can provide high resolution images of the sample

surface, making SEM one of the most widely used instruments in surface science studies.
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Based on the detection of characteristic x-ray originating from the interaction of focused
beam electrons with the atoms of the sample, energy dispersive x-ray spectroscopy (EDS)
is developed. This analytical method is used for elemental analysis of the surface of the

sample. Generally this technique is in conjunction with either SEM or TEM.

In this thesis, the samples were examined by SEM (Hitachi S-4800) operated at 5kV.

Figure 2.4 A photo of SEM (Hitachi, S-4800) machine.

2.2.2 Transmission Electron Microscopy

Transmission electron microscopes (TEM) shown in Figure 2.5 are another family of
electron microscopes which provide information on thin samples via interaction of
focused high energy electron beam with the sample atoms. TEM can arguably be the
most efficient and versatile tools for characterization of material over spatial ranges from

atomic scale through to nanoscale (from <1nm to ~ 100nm). These instruments, in
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addition to high resolution atomic scale images can provide detailed information on the
crystal structure and chemical state of atoms in the specimen. However TEM analysis has
some limitation such as the thickness of the specimen. In these microscopes, the
specimen needs to be very thin to allow the incoming electrons to pass through the
sample after their interaction with the sample. Z — contrast imaging of samples containing
heavy atoms such as Pt and Ti were carried out using High angle annular dark field
(HAADF) technique in TEM.

Figure 2.5 A photo of TEM (Philips CM10) machine.

2.2.3 X-ray Diffraction

X-ray diffraction (XRD) methods are a family of physical characterization methods that
provide information on the crystal structure, chemical composition and physical
properties of material. In this thesis the XRD pattern was recorded on a Bruker D8

advance diffractometer with Co and Cu Ka radiation sources (Figure 2.6).
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Figure 2.6 A photo of Bruker D8, advance XRD machine.

2.2.4 X-ray Absorption Fine Structure

X-ray absorption fine structures (XAFS), is a widely used method in various fields
including catalysts research and material science. XAFS describes a method in which
core level electrons are excited to unoccupied levels or to the continuum via absorption of
x-rays. This method often requires a synchrotron radiation source which can provide high
intensity and focused X-ray beam with tunable energies. XAFS spectra are especially
sensitive to the formal oxidation state, coordination chemistry and the distances,
coordination number and species of the atoms immediately surrounding the selected

element.
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2.3 Electrochemical Characterization

The electrochemical characterizations of samples were conducted in a standard three-
compartment electrochemical cell using an Autolab potentiostat/galvanostat (Model,
PGSTAT-30, Ecochime, Brinkman Instruments) as shown in Figure 2.7. A Pt wire was
used as the counter electrode and a Ag/AgCl (3M NaCl) or saturated calomel electrode
(SCE) was used as the reference electrode. Samples for electrochemical characterization
were all prepared on carbon paper. The working electrode was attached to the carbon

paper via gold foils for better conductivity.

Figure 2.7 A photo of a) Three compartment electrochemical cell, b) Autolab
potentiostat/galvanostat (Model, PGSTAT-30, Ecochime, Brinkman Instruments).

2.3.1 Cyclic Voltammetry

The cyclic voltammetry (CV) measurements of each sample was conducted by cycling
between 0.05 and 1.2V (vs RHE) with a sweep rate of 50 mVs™ in a nitrogen saturated
0.5M H,SQ, solution. The samples were first immersed in the solution, while connected
to the working electrode. Nitrogen gas was introduced into the solution for 30 min to

saturate the solution. In the next stage each sample was cycled for at least 50 times.
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Each sample was tested at least three times under the same conditions. The
electrochemical surface area (ESCA) was calculated by measuring the charge associated

with Hags (Qn) and Qrer according to the following equation:

Ae =Qu/(Qret X Pt loading)

The AEL is expressed in cm?mg™ where the Pt loading is in mgptcm™. Qs is the charge

required for the monolayer adsorption of hydrogen on a Pt surface (210pCem) [8,9].

2.3.2 Oxygen Reduction Reaction

The catalytic activity of samples for the oxygen reduction reaction (ORR) was evaluated
using the cyclic voltammetry setup. O, gas was introduced into the solution for 30 min to
saturate the solution. While maintaining a small flow O, in the solution, cyclic
measurements were conducted by cycling between 1 and 0.3V (vs RHE) at a scan rate of
50mVs™. Current densities were normalized to the Pt loading of each sample.

2.3.3 Methanol Oxidation Reaction

The catalytic activity toward the methanol oxidation reaction was investigated in a N,
saturated solution containing 1 M MeOH and 0.5M H,SO,4. The samples were cycled
between 0.05 and 1.2V (vs RHE) three times at a scan rate 50mVs™.

2.3.4 CO stripping

To evaluate the CO tolerance of samples prepared, CO stripping voltammetry was carried
out. In this method, pure CO (99.5%) was introduced into the solution for 30 min to
achieve saturation, while the working electrode was polarized at 0.05V (vs RHE) in the
fume hood. This will insure a CO monolayer on the catalysts. In the next step, excess CO
is purged out by the introduction of N gas into the solution for 30 min with the working
electrode polarized at 0.05V (vs RHE). Cyclic voltammetry between 0.05 and 1.2V (vs

RHE) was carried out at a scan rate of 50mVs™ to strip the CO from the catalysts.
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Chapter 3

3  Spatial Sequential Growth of Various WSi, Networked
Nanostructures and Mechanisms!?

Recently transitional metal silicides, such as TiSi, have attracted significant interest in
energy applications due to their excellent thermal stability, good corrosion resistance
and superior electrical conductivity. In this chapter, the authors report the synthesis of
WSi, nanostructures with controlled morphologies. Networked WSi, nanoribbons and
nanosheets were synthesized using a chemical vapor deposition method and the growth
mechanism of these nanostructures was studied via a series of controlled experiments.
Our results indicate that the formation of WSi, nanostructures is governed by a vapor
deposition method and the concentration of reactive species plays a crucial role in
controlling the morphology of deposited nanostructures.
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3.1 Introduction

The continuing dimensional shrinkage of conventional electronic devices requires new
building blocks that are able to provide a high device density, especially through their
novel nanostructures [1]. Among potential materials, metal silicides, a family of
refractory, intermetallic compounds between metals and silicon, have attracted much
interest, especially in the field of electronics [2—7] and energy [8-11] . Research on these
materials is driven by their distinguished properties, such as high electrical conductivity
[1-3,12], superior thermal [13] and chemical stability [13-15]. Metallic silicides
including TiSi, [2,10], MnSi [16] and NiSi [5,6,17] have been used as interconnects in
electronic devices due to their low contact resistance. In addition, these materials are
attractive for high temperature applications as they usually have high melting points and
show good oxidation resistance [13,14,18,19].

Recent studies focused on synthesizing nanostructured metal silicides, such as TisSiz [1],
TiSi, [10], FeSi, [4], NiSi, [11] and TaSi, [20], for the reduction on material dimensions
to nanoscale often brought new physical phenomena and interesting applications
[2,5,10,21]. However, synthesis of such materials with high melting point is still
challenging. Previous studies demonstrated that complex nanostructures including
nanonets or branched structures are favored to simple 1D nanostructures in many
applications [2,8,9,22,23]. Consequently, they add additional challenges to a synthesis
process. To overcome this difficulty, various efforts have been reported, for example,
using silicon or metal nanowires as templates or chemical vapor deposition (CVD)

methods via low temperature precursors [5].

Tungsten silicides (WSi,, WsSi3) are among the refractory transition metal silicides and
have high oxidation resistance [13,19,24]. Further, researchers have reported that
tungsten silicides exhibit superconducting properties and have been studied as prime
candidates for replacing doped polysilicon of low resistivity [12,25]. To date, there have

been no reports on any growth of tungsten silicide nanostructures.
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In this work, for the first time, we developed a facile method to synthesize high melting
point tungsten silicide nanostructures from networked nanorods to nanoribbon nets to
nanosheets by low pressure chemical vapor deposition (LPCVD). The method features
the simultaneous growth of these nanostructures in different spatial zones. Through
investigating time-dependent growth characteristics of these nanostructures of tungsten

silicides, their growth mechanisms were proposed.

3.2 Experimental method

WSi, nanostructures were synthesized via a home-built LPCVD system. WClg (Aldrich,
99.9%) and Si (Aldrich, 99%) powder were used as the starting materials. The carbon
paper was used as the substrate. Carbon paper was chosen as the substrate due to their
conductivity and porous structure, making it suitable for electrodes; for instance, as fuel
cell backing in low temperature fuel cells. The substrates were placed on an alumina boat
containing silicon powders. The source materials and substrates were placed inside a
quartz tube. The tube was mounted horizontally in a furnace. WClg powders were
positioned in the low temperature region (200°C) and Si powders were situated in the
high temperature region (900°C). The system was purged of oxygen by decreasing the
pressure to 100Pa and flushing argon gas (Ar) into the system several times. The system
was then heated to a set temperature with a heating rate of 10°Cmin™ and kept at the
temperature for 1 hour. In this period the pressure was kept at 500 Pa with a continuous
flow of Ar (99.999% in purity). After cooling down to room temperature a dark layer was
deposited on the substrates. Figure 3.1a illustrates the schematic arrangement of the CVD

setup for the growth of tungsten silicide nanostructures.

The morphology of the products was observed under field emission scanning electron
microscope (FE-SEM, Hitachi S4800) operated at 5.0 kV equipped with energy
dispersive X-ray analysis (EDX), Transmission electron microscope operated at an
accelerating voltage of 100 kV (TEM, Hitachi 7000). Further detailed morphology
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characterization was carried out by high resolution transmission electron microscope
(HRTEM, JEOL 2010 ) and selected area electron diffraction (SAED) operated at 200kV.
The crystal structure and composition of the products was characterized by X-ray
diffractometer using Cu Ka (A = 0.154nm) radiation operated at 30 kV and 15 mA (XRD,
Bruker D8). Electrochemical behavior of the samples was evaluated by cyclic
voltammetry in 0.5M H,SO, saturated with N, at room temperature using an Autolab
potentiostat/galvanostat (model PGSTAT-30) scanned from -658 to 542 mV versus a
saturated Hg/HgSO, (K,SQO,) reference electrode at a scanning rate of 50mV/s.

3.3 Results & Discussion

3.3.1 Morphological and structural characterization

Figure 3.1 summarizes the various nanostructures synthesized on the carbon substrate in
a single CVD experiment. Scanning electron micrographs (SEM, Figure 3.1b-d) show the
three typical three-dimensional (3D) complex nanostructures changing from networked
nanorods (Figure 3.1b, NNWs) to nanoribbon nets (Figure 3.1c, NRNs) and nanosheets
(Figure 3.1d, NSs). These nanostructures were deposited at different spatial locations on
the substrate. The diameter or thickness of the three morphologies, are commonly in the
range of 6-10 nm. NNWs have an average diameter of 7nm and lengths up to several
micrometers. NRNs and NSs are below 10 nm in thickness while their width and length

are about a few micrometers.

XRD patterns (Figure 3.1e - g) reveal that these nanostructures have different crystalline
structures and composition. The XRD pattern of NNWs (figure 3.1e) confirms the
presence of two major tungsten crystal structures (JCPDS 04-0806, 65-6453). The
weaker peaks can be assigned to WO5 crystal structures. The results from NRNs and NSs
(Figures 3.1f and g) show the presence of two types of silicides (WsSi; — JCPDS 65-
1617, WSi, — JCPDS 11-0195).
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Figure 3.1 Growth of tungsten based nanostructure via one step CVD method. (a)
schematic diagram of CVD setup. SEM and XRD pattern of (b, €) W networked

nanorods, (c, f) WSix nanonets and (d, g) nanosheets.

HRTEM characterization of the obtained nanostructures further reveals the networked
nature of these nanostructures. Figure 3.2 shows HRTEM images of tungsten based
nanostructures and their evolution from tungsten networked nanowires (NNWSs) into
nanosheets (NSs). SAED patterns of these nanostructures reveal the crystalline nature of
these complex nanostructures. Further observations of NNWs (Figure 3.2a) reveal a thin
layer of 2 nm, covering the nanostructures and resulting in a core shell nanostructure.
EDX analyses of these nanostructures indicate the presence of high atomic percentage of
silicon and oxygen. This is attributed to the silicon oxide layer covering the NNWs.
HRTEM image of these NNWs reveals clear lattice fringes, indicating a crystal structure
with few defects. The d spacing of 0.22 nm measured from the HRTEM (Figure 3.2b)
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corresponds to (210) plane of cubic metal tungsten, confirming the cubic structure of the
tungsten NNWs (JCPDS 65-6453) with [210] growth direction.

Figure 3.2 Morphology and structure of various nanomaterials deposited on the
substrate depending on the concentration of tungsten species. (a, b) NNWs, (c, d)
NRNs), (e, f) NS.

The TEM image of NRNs (Figure 3.2c) clearly shows ribbon and wall-like structures and
the nanorods on the edges of these nanostructures forming net-like structures. The length
of these nanorods is between 10nm to 30nm. The SAED pattern on these nanostructures
(inset of Figure 3.2d) shows ring-like structures, indicating the presence of poly
crystalline nanostructures. The SAED pattern reveals the presence of cubic WSiy,
confirmed by XRD pattern (Figure 3.1f). HRTEM analyses of these nanostructures
(Figure 3.2d) indicate an increase in the distance between lattice fringes between
nanosheets (0.23nm corresponding to (24 2 ) lattice planes of WSi, crystal structure ) and

nanorods (0.24nm). This can be attributed to change in the crystal morphology of these

nanostructures.
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Figure 3.2e shows TEM image of a single NS formed on the substrate. As seen in the
image, the nanosheet nanostructures form trapezoid shapes with relatively sharp edges,
exhibiting 120° angles. These nanostructures usually have few imperfections as shown in
Figure 3.2e. SAED pattern of these nanostructures confirms that these nanostructures

have a cubic WSi; crystal structure. The spacing between the lattice fringes also

corresponds to the (24 2 ) and (404) lattice planes. This suggests that the nanosheets grow

along equivalent planes enclosed with {111} planes of a cubic crystal structure (WSiy).

3.3.2 Growth mechanism

For catalyst- assisted growth of nanostructures, the vapor-liquid-solid growth (VLS)
mechanism has been widely accepted [1,26,27]. The presence of solidified droplets at tip
of synthesized nanostructures is often considered to be the evidence of a VLS
mechanism. In our study, however, no catalyst was employed for the growth of tungsten
based nanostructures. TEM observations did not reveal the formation of any droplets at
the tips of the nanostructures, indicating VLS is not the primary growth of the tungsten

based nanostructures.

There have been several reports on the synthesis of various silicide thin films and
nanostructures such as FeSi [21], TiSi, [10], WSi, [28] and NiSi [11] using metal
chlorides. In those studies, silicon wafers were mainly used as substrates and silicon
sources. The growth mechanism proposed was based on the reduction of metal chlorides
and thereby the resultant formation of silicides and SiCly. In the mechanism, it was
further believed that SiCly could also induce the formation of silicides on Si substrates,
following the vapor solid (VS) growth route. In VVS-based growth processes free of
catalyst droplets, attributed to their suitable environment for the reaction and growth of
nanostructures, partial pressures of reactive species and crystal structure of nanomaterials
are key factors in determining the composition and morphology of resultant

nanostructures.
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Based on our experimental results, VS growth mechanisms are proposed for the growth
of tungsten-based nanostructures. However, different from the previous reports as
discussed above, the silicide nanostructures in this study are mainly deposited on a non-
silicon substrate. In addition, only one side of the substrate is covered by the
nanostructures. In other words, the synthesis of the tungsten silicide nanostructures in this

study features the evaporation of both silicon and tungsten reactive species.

Based on the facts discussed above and the contributions of Thomas et al. [28] from their
simulation and experimental results, we speculate that our deposition of tungsten silicide

on the substrate might have taken the following routes:

1) 2WClg + 3Si — 2W + 3SiCly
2) 6WClg + 14Si — WsSis +WSi, +9SiCl,
3) SiCly + 2H,0 — SiO; + 4HCI

In the above reactions, the formation of silicon chloride species by reduction of metal
chlorides has also been proposed for the deposition other silicides such as TiSi, [29]. In
particular, the formation of tungsten and silicon chloride vapors in reaction 1- and the
formation of silicides in reaction 2- are in good agreement with our results obtained on

non-silicon based substrates.

In this study, ascribed to the nature of CVD processes and the use of powder-based
source materials, the concentration of WClg decreases of along the chamber as it
continuously reacts with Si to form tungsten-based nanostructures. Upon this point, EDX
results (support information 1) and XRD results (Figure 3.1) provided the direct
evidence. Thus, it is believed that the formation of various tungsten based nanostructures
is closely related to the gradient concentration of WClg along the chamber, especially
along the substrate. EDX analyses of the three types of nanostructure show the presence
of oxygen, tungsten and silicon in all of the morphologies. It can be seen that NNWs have
the highest tungsten to silicon (W/Si) ratio. The W/Si ratio decreases in NRNs and NSs.
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This trend is consistent with the XRD patterns (Figures 5.1e-g), suggesting a decrease in
the concentration of tungsten species along the CVD chamber compared to silicon

species.

3.3.3 NNWs growth mechanism

Thomas et al.[28] have reported that, under high tungsten chloride partial pressures and
in the presence of lower partial pressures of silane, the formation of tungsten thin film
dominates the deposition of other types of tungsten silicides. In this study, at the initial
section of the reaction area (silicon powder containing section), where the concentration
of WClg is highly dominant compared to Si based on reaction 1, tungsten networked
nanorods are formed. In this stage, SiCl, reacts with residual oxygen in the system
(oxygen trapped between powders, leakage in the system and in carrier gas) forming a

thin layer of SiO, (reaction 3) around the tungsten network structures (Figure 3.2a, b).

The branching of NNWs (networked structure) is clearly marked in Figure 3.2a. Based on
reports of the synthesis of branched nanostructures, branching can be induced by several
processes. The branched growth is mainly reported in vapor-liquid-solid (VLS) based
processes. In this growth mechanism, either catalyst nanoparticle is added to the growth
process sequential (sequential seeding) or the catalyst nanoparticles are formed during the
synthesis procedure (in situ seeding) [30]. The characteristic feature in VLS processes is

the formation of droplet on the tip of the nanostructures.

The branched and complex nanostructures can also be obtained without catalyst induced
growth, such as growth by occurrence of phase transition or difference in surface energy
of crystal structures [30]. In these methods, the growth process is mainly based on VS
mechanism. The growth of branched nanostructures is achieved, by anisotropic growth of
crystal structures from different crystal planes with different surface energies. This
difference can be intrinsic feature of the crystal structure or can be induced by passivation

of specific crystal planes. In this study, it is predicted the NNWs grow via VS growth
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mechanism. The networked nature of NNWs is induced by anisotropic growth of the

crystal structures.

3.3.4 NRNs and NSs growth mechanism

In the middle and end sections of the reaction area, the concentration of the two reactive
species are balanced due to decrease in depletion of tungsten chloride and increase in the
partial pressure of Si and tungsten silicide compounds are formed (reaction 2). This is in

accordance with simulation and experimental results reported by Thomas et al.[28].

Based on the HRTEM analysis of NRNs and NSs (Figure 3.2c-f), these two types of
nanostructures share similar nanowall-like structures. This indicates a similar growth

condition in their deposition areas.

It is interesting to note that in this section nanosheet and nanoribbon-like structures have
grown on a low surface energy crystal plane. Previously, there have been many reports on
the growth of nanosheets and nanoribbons. For the synthesis of metal oxide nanosheets
such as Al,O3 nanobelts, Zhang et al.[31] have proposed that the excessive
supersaturation level of aluminum suboxide and high oxygen partial pressure in the
synthesis process play key roles in the formation of 2D nanostructures. Furthermore, Ye
et al.[32] have claimed that the non-equilibrium kinetic growth caused by high
supersaturation of reactive species may allow the formation of a low surface energy tip,

which favors 2D growth of the nanostructures.

In contrast to the above-discussed work, the nanostructures from our work are not
synthesized in the low surface energy direction. Further experimental results indicate that
the increase in the partial pressure of oxygen reduces the density of 2D nanostructures

and promotes the growth of WSi, networked nanowires.

The effect of oxygen partial pressure on the growth of silicide, sulfides and metals

nanocrystals such as FeSi [21] and digenite [33] via metal chloride precursors was
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studied by Zhang et al. They reported the controlled growth of nanosheets and nanowires
by control of SiO, vapor pressure via oxygen partial pressure. Zhang et al [21,33] showed
that SiO, vapor pressure plays an important role in the determining the morphology of
nanostructures. They proposed a growth mechanism based on partial coverage of low
surface energy planes nanocrystals by silica sheath, such as (111) planes in a digenite
FCC crystal. In this mechanism, at the first stage silica clusters are adsorbed on to only
several of many low surface energy planes (e.g 2 of 8 (111) planes in FCC structure)
crystal seeds due to low silica vapor pressure. At the second stage, since the silica vapor
pressure is low, the silica sheath coverage will reach the critical level on some of the
crystal planes rather than simultaneously on all of the similar planes. At this stage, the 2D
growth of nanocrystals is induced due to the positive feedback between the imbalance of
silica coverage on different planes and the net mass diffusion associated with the

imbalance. This process leads faster growth of nanosheets with clear facets.

In our case, we propose that, under our experimental conditions, the partial pressure of
oxygen in the system is induced by air leakage, residue oxygen and oxygen trapped in the
system. Under the low oxygen partial pressure, silica vapor is formed via silicon partial
pressure over the silicon substrate and by following reaction (3). At the first stage during
the experiment, a layer of WsSis is formed on the substrate (supported by XRD and
HRTEM results) which provides a suitable substrate for the formation of WSi, nuclei. In
the second stage, following the growth mechanism proposed by Zhang et al.[33], the
silica clusters are formed on one of the (111) planes of the WSi, cubic crystal. At the
third stage, the silica coverage of the (111) plane reaches a critical point, causing an
imbalance of silica coverage which results in net mass diffusion of tungsten and silicon

species on to (121) planes and growth of nanoribbons and nanosheets.

The growth of nanorods on the tip of nanoribbons can be attributed to decrease in the
partial pressure of WCIy near the end of the experiment. This results in the increase of
silicon partial pressure and consequently the increase of silica vapor pressure. At these

conditions, based on the proposed growth mechanism, the synthesis of WSi, nanowires
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and nanosheets occur simultaneously, resulting in the formation of NRNs with small
nanorods at their tips (figure 3.1c).

To further understand the growth mechanism of WSi, nanostructures, a time-dependent
growth study was carried out. As seen in figure 3.3, at the initial stages of synthesis
process (figure 3.3a, 5min) the substrate is covered by a thick layer composed of
nanoparticles with diameters below 5nm (formation of WsSis layer). Based on results
shown by Thomas et al.[28], the formation of WsSis is favorable compared to WSi; in
higher tungsten chloride and lower hydrogen partial pressures, so in the beginning of the
experiments WsSis thin film is formed. At this stage, small networked nanorod and
nanosheet-like structures were seen to grow on top of the deposited layer. This result

confirms that the growth of tungsten silicide starts from the substrate. At this stage, the

nanoparticles act as nuclei for the growth of complex nanostructures.

Figure 3.3 Time dependent evolution of nanoparticles into NSs. a) 5min, b) 15min, c)

45 min. d) Schematic diagram of growth processes of NSs.
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By increasing the time (Figure 3.3b, 15min), low density of networked nanoribbons are
synthesized on the deposited layer. These nanostructures, compared to NRNs shown in
Figure 3.1c, have similar morphology and structure. A further increase in time (Figure
3.3c, 45min) resulted in the high density growth of NSs. Figure 3.3d shows a schematic
illustration of the growth of WSi, nanostructures.

These results illustrate the evolution of NRNs into NSs, suggesting the dependence of
WSi, NSs growth on the partial pressure of reactive species (specifically WClg and
oxygen) and growth time. The increase in time increases the amount of reactive spices
reaching the growth front of the nanostructures (similar to higher concentration at a
shorter time). At this point, the nanostructures start to grow in two dimensions filling the

voids between the nanoribbons and forming nanosheets.

Recent reports have shown that nanostructures with various morphologies exhibit
different capacitance performance [34,35]. Therefore we have studied the
electrochemical capacitance behavior of WSi, nanostructures synthesized using CVD
method. Figure 3.4 shows the normalized cyclic voltammograms of the WSi,
nanostructures without any pre-treatment. From a comparison of line a) and b) in Figure
3.4, the area under the CV curve for WSi, NSs is apparently larger than the WSi, NNRs.
This indicates that the WSi, nanosheets have a higher capacitance than that of WSi,
networked nanoribbons. Similar to previous reports, this can be due to the higher surface
and larger micropore area of the nanosheets compared with the networked nanoribbons
[34,35]. This result implies that WSi, nanostructures especially nanosheet morphologies
could be considered as promising material in the application of nanodevices for
electrochemical energy storage. However, due to presence of SiO, shell layer, it is a
challenge to calculate the exact capacity of the nanostructures. Further study is needed in

our work.
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Figure 3.4 Cyclic voltammetry of the WSi2 nanostructures (normalized to current at
V=0.542 V). a) NSs and b) NNRs.

3.4 Conclusions

For the first time, we have synthesized single crystalline WSi, nanonets and nanosheets
on carbon paper substrates in a one-step LPCVD method. The concentration changes of
the tungsten precursor and partial pressure of oxygen can bring the products with a wide
range of morphologies and composition. The growth mechanism of the tungsten silicide
nanostructures is proposed based on the formation of silica sheath on several (111) plane
of WSi, nanostructures and morphological evolution with the growth time. These
nanostructures are formed in three stages: i) forming nanoparticles, ii) growing into
nanonets and iii) evolving to nanosheets. Cyclic voltammetry measurements of the
nanostructures indicate that WSi, nanostructures show superior electrochemical
capacitance with WSi, NSs exhibiting higher capacitance compared to WSi, NNRs.
These nanostructures are expected to be great potential material for nanodevices and

electrochemical applications.
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Chapter 4

4 Tailoring Growth of Single Crystalline Complex TasSis
Nanostructures: From Networked Nanowires to
Nanosheets’?

Following the previous chapter on the synthesis of tungsten silicide nanostructures,
similar concept was used to synthesize TasSi3 nanostructures with controlled morphology

on conductive substrates.

In this chapter, the authors report the synthesis of TasSi; networked nanowires and
nanosheets via chemical vapor deposition method. It was found that the formation of
TasSi3 nanostructures is based on vapor solid growth mechanism and is highly sensitive
to vapor pressure of tantalum chloride and silica. Structure characterization indicates
that with the decrease of silica vapor pressure, the TasSiz networked nanowires evolve
into networked nanoribbons and nanosheets via two dimensional growth. Cyclic
voltammetry measurements of TasSiz nanostructures show their superior electrochemical
capacitance. It is expected that these nanostructures have great potential applications

for nanodevices in electronic and energy related applications.
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4.1 Introduction

As a family of intermetallic compounds between metals and silicon, metal silicides have
attracted great interest owing to their excellent electrical properties [1-6] and superior
thermal stability[5-7] and oxidation resistance [6]. These materials constitute an
important group of compounds that are used in modern silicon based microelectronics [1-
3,6,8,9] and optoelectronic devices [10,11]. Metal silicides have been used as ohmic
contacts [2,3,12], interconnect [3,12] and gate materials for CMOS microelectronic
transistors [3,13,14] or stable, inexpensive thermoelectric materials [2,15].Rapid progress
in microelectronics and miniaturization of electronic devices requires the dimensional
shrinkage of its components including metal silicides [3,4,9,13,16]. For this purpose,
extensive research has been focused on the synthesis of single crystalline one
dimensional metal silicide nanostructures such as TisSi3 [4], TiSi, [17], FeSi, [18], NiSi;
[19] and TaSi, [3,5,12]. Due to their high melting point and susceptibility to form silicon
or metal oxide, however, the controlled synthesis of metal silicide nanostructures is
challenging. Various methods based on vapor deposition process such as silicidation of
metal nanowires or use of metal halides and chlorides have been developed [2].

Recently tantalum silicide nanostructures such as TaSi, nanowires have been synthesized
by annealing FeSi, and NiSi, thin films on silicon substrate in an ambient containing Ta
vapor [3,5,12]. TaSi, is a promising material as field emitters in field emission
applications and interconnections between individual nanodevices due to their metallic
characteristics and high thermal stability [5,12]. TasSi3 thin films have also been studied

for high temperature applications and as thermoelectric materials [7,15].

Here, we report a facile method for the synthesis of tantalum silicide networked
nanostructures by low pressure chemical vapor deposition method (LPCVD). The growth
mechanism of the unique nanostructures based on the formation of silicon oxide passive
layer is discussed in detail. We found the overall shape and crystal structure of the
products is sensitive to composition of the carrier gas and partial pressure of silica on the

surface of the substrate.
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4.2 Experimental procedure

TasSi3 nanostructures were synthesized via a home built LPCVD system. TaCls (Aldrich,
99.9%) and Si (Aldrich, 99%) powder were used as the starting materials. The
commercially available carbon paper obtained from E-TEK, a division of De Nora North
America, Somerset, NJ, composed of carbon microfibers of 5-10 um in diameter was
used as substrates. The substrates were placed on an alumina boat covering the silicon
powder. The source material and the substrates were inserted in a quartz tube and it was
mounted on a horizontal electric furnace. TaCls powder was positioned upstream in the
CVD chamber (200°C) and Si powder was placed in the high temperature region (900°C).
To purge the oxygen from the system, the pressure in the CVD chamber was decreased to
100Pa. Argon was flushed into the system, increasing the pressure to over 5 kPa. This
was repeated three times. The system was then heated to a set temperature with a heating
rate of 10°Cmin™, and kept at this temperature for 1 hour. During the experiment, the
pressure inside the chamber was maintained at 500 Pa with a continuous flow Ar (purity,
99.999%) which also acted as the carrier gas. After cooling down to room temperature, a

dark layer was deposited on the substrate.

The morphology of the products was examined under field emission scanning electron
microscope (SEM, Hitachi S4800) operated at 5.0 kV equipped with energy dispersive
X-ray analysis (EDX), Transmission electron microscope operated at an accelerating
voltage of 100 kV (TEM, Hitachi 7000). Further detailed morphology characterization
was carried out by high resolution transmission electron microscope (HRTEM, JEOL
2010) and selected area electron diffraction (SAED) operated at 200kV. The crystal
structure of the products was characterized by X-ray diffractometer using Co Ko (A =
0.179nm) radiation operated at 30 kV and 15 mA (XRD, Bruker D8). Electrochemical
behavior of the samples was evaluated by cyclic voltammetry in 0.5M H,SO, saturated

with N, at room temperature using an Autolab potentiostat/galvanostat (model PGSTAT-
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30) scanned from -658 to 542 mV versus a saturated Hg/HgSO,4 (K,SO,) reference
electrode at a scanning rate of 50mV/s.

4.3 Results and Discussion

Figure 4.1a,b shows high density of as-grown products synthesized along the CVD
chamber. The reaction area can be divided into two regions based on the typical
morphologies of nanostructures deposited in these areas. In the initial region (upstream),
networked nanowires (NNWSs, Figure 4.1a) and in the end region networked nanoribbons

and nanosheets (NNRs and NSs, Figure 4.1b) were deposited on the carbon microfibers.

SEM observations indicate (Figure 4.1a), NNWs have lengths up to tens of micrometers.
The major diffraction peaks from the XRD analysis of these nanostructures shown in
Figure 4.1c could be ascribed to the tetragonal TasSi; phase (JCPDS 65-2780) which is
the most stable form of TasSi3 at room temperature (D8;). The remaining peaks were
assigned to TasSi3 (JCPDS 65-3598) and TaSi, (JCPDS 65-3548).

SEM images (Figure 4.1b) of NNRs deposited on the substrate show comparable
dimensions to NNWs, with lengths up to tens of micrometers and an average thickness of
15nm. These nanostructures have well defined shapes with sharp edges, indicating a well
crystallized structure. Detailed SEM observations reveal the presence of branched NNRs
and small imperfections and gaps in the NSs. These features can be an indication of two-
dimensional growth of nanostructures along the CVD chamber. According to the XRD
pattern (Figure 4.1d), similar to NNWs, the major phase in this reaction region is the
tetragonal TasSiz phase (JCPDS 65-2780). However, XRD patterns indicate the minor
phases are composed of TaSi, (JCPDS 65-2696) and Tap s30, (JCPDS 28-1277). The
increase in the concentration of oxygen along the CVD chamber and the presence of
tantalum oxide is confirmed by the EDX results.



74

ol

c TaSi: 65-2780 «

i TaSi: 652780
, TaSi: 653548 A TaSi: 652696 A
TaSi: 653598 m *Ta, 0:281277 4

Intensity (a.u.)
Intensity (a.u.)

2 Theta 2 Theta

Figure 4.1 SEM images and XRD pattern of nanostructures deposited along the
CVD chamber: a,c) initial section (NNWSs) and b,d) end section (NNRs and NSs) of
the reaction area.

TEM and HRTEM analysis further reveals the unique crystal structures of as deposited
nanomaterials. TEM images (Figure 4.2a) of NNWs clearly illustrate the branching of
these nanostructures. As shown in Figure 4.2a, the branches exist in planes perpendicular
to the nanowires, which is consistent with the tetragonal symmetry (D8;) of TisSis.
Furthermore, TEM images reveal these nanostructures have a core shell structure with an
average inner diameter of 13nm and a shell thickness of 2nm. Figure 4.2b, a HRTEM
image of the core section of a NNW clearly shows lattice fringes, confirming the single
crystalline nature of the NNWs. The selected area electron diffraction (SAED) pattern
obtained from the NNWs (inset Figure 4.2b) shows a regular spot pattern, which can be
fully indexed to the tetragonal (D8;) TasSis crystal structure (JCPDS 65-2780). This
pattern is in a good agreement with the XRD results shown in Figure 4.1c. The lattice
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spacing of 0.33nm measured in Figure 4.2b, corresponds well to {200} planes of the
TasSi3 phase identified in the SAED pattern, indicating <010> to be the growth direction
of the NNWs. The lack of lattice fringes in the HRTEM observation of the shell section
covering the TasSiz nanostructures and the well-ordered SAED pattern reveal the
amorphous nature of the shell. EDX analysis of these nanostructures demonstrates the
presence of oxygen on the nanostructures, which leads to the assumption of SiOy layer

formation on the TasSi3 nanostructures.

. (100)

o
.

2 lU/nm *
—

Figure 4.2 TEM and HRTEM images of a,b) NNWs and c¢,d) NNRs and NSs.

TEM image of NNRs and NSs is shown in Figure 4.2c, showing 90° edges. This suggests
a two dimensional growth of these nanostructures similar to NNWs. Furthermore, as seen
in NNWs, an amorphous SiOx layer with an average thickness of 2nm covers the NNRs.
The lattice fringes clearly shown in the HRTEM image of these nanostructures (Figure
4.2d) implies these nanostructures to be single crystalline and the respective SAED

pattern (inset of Figure 4.2d) corresponds to the tetragonal TasSis crystal structure
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(JCPDS 65-2780). The lattice spacing of 0.22nm shown in Figure 4.2d can be matched to
{220} plane of this crystal structure.

4.3.1 Time dependent growth of nanostructures

To better understand the morphological evolution and formation of networked
nanoribbons, and demonstrate the relationship between the growth of these
nanostructures and network nanowires, a time dependent growth study was carried out in
the end section of the reaction area. Figure 4.3 shows the morphological evolution of

nanostructures deposited on the substrates in the NNR and NSs growth region vs time.

Figure 4.3 Evolution TasSi; nanostructures deposited on carbon microfiber in the
end section of the reaction area by the increase of experiment time: a,b) 10min, c,d)
20min, e,f) 40min.
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As shown in Figure 4.3a, a thin layer composed of nanoparticles and micro particles are
deposited on the substrate during the initial stages of the growth process. In this stage
indicated by the arrows, these nanoparticles and edges of microparticles act as nucleate
sites for the growth of small nanorods.Based on the XRD results (Figure 4.1) and
HRTEM (Figure 4.2) observations of the TasSi3 nanostructures, it is assumed that these
nanoparticles have similar crystal structures to the synthesized nanostructures (Figure
4.3b). By increasing the growth time, the nanorods grow into networked nanostructures.
Further increase of synthesis time results in the development of the networked nanorods
into nanoribbons and nanosheets, with nanoribbons nanowires extending from their tips
indicating a two dimensional growth with different growth rates. In addition, these

observations clarify the presence of imperfections between the NNRs and NSs.

4.3.2 Growth Mechanism
4.3.2.1 TasSi; Formation

Based on the above results, a growth mechanism can be proposed for the growth of
TasSi3 nanostructures. Independent of synthesis method in vapor based processes, two
main growth mechanisms have been proposed for the synthesis of metal containing
nanostructures. Catalyst assisted growth of nanostructures of vapor-liquid-solid
mechanism (VLS) has been proposed for the growth of many metal based nanostructures
[4,20]. This mechanism mainly features the presence of solidified droplets at the tip of
synthesized nanostructures. The lack of a catalyst nanoparticles and the absence of these
droplets at the tip of TasSiz nanostructures imply the growth is not governed by VLS
mechanism. The main catalyst free growth of nanostructures is vapor solid mechanism
(VS). In this mechanism, the synthesis of nanostructures is influenced primarily by the
crystal properties of nanostructures deposited, the substrates, and chemical species in the

synthesis chamber.

In this study, similar to previous reports on the synthesis of metal silicides, a VS growth
mechanism can be employed to explain the growth of TasSi; nanostructures. However, in

contrast to previous reports, the silicide nanostructures are mainly deposited on a non-
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silicon substrate and experimental results show that the morphology of the nanostructures
IS sensitive to growth parameters.

Several studies have reported the formation of TasSis via the reaction between TaCls and
silicon species such as SiH, for synthesis of thin films [21,22]. Williams et al [21] studied
the deposition of TasSi; and TaSi, via reaction of TaCls with different silicon sources
such as solid silicon and SiH,. They proposed a several possible reactions between the
precursors and concluded the crystal structure and stoichiometry of the final product is

dependent on the ratio of tantalum and silicon reactive species.

Based on the experimental observations in this study and reports on the synthesis of TaSiy
thin films, it is suggested that the deposition of tantalum silicides occurs via the following

reaction:
20TaCls +37Si — 4TasSi; +25SiCl, 4.2)

The formation of SiO; layer observed around the nanostructures deposited on the
substrates can occur via reaction between the silicon reactive species such as silicon
chloride formed in reaction 4.1 and oxygen in the CVD chamber. The origin of oxygen is
assumed to be from air leakage, residue oxygen in the chamber and oxygen trapped in the

system or source material.

4.3.2.2 Networked Nanostructure Formation

To explain the formation of various morphologies along the CVD chamber and propose a
growth mechanism, a good understanding of the conditions in the CVD chamber is
required. In this study, as observed under SEM, the morphology of TasSi3 nanostructures
gradually evolves, implying a gradual change in the experimental conditions along the
CVD chamber. Careful setup of CVD system insured a consistent temperature and gas
flow in the experiment chamber. However, due to the nature of CVD process and powder
form of the source material, there is a concentration gradient of TaCls vapor along the

CVD chamber as it is consumed in the above reaction (evident from EDX results —
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support information). This consequently decreases the concentration of silicon reactive
species along the CVVD chamber decreasing the partial pressure of silica which play

important roles in the formation different types of TasSi3 nanostructures.

To date, there have been several reports of synthesis of metal, metal silicides and metal
oxide nanostructures such as networked nanowires, nanoribbons and nanosheets via

metal chlorides using VS mechanism [2,4,23-26].

In these studies, two main processes have been proposed for the change from one
dimensional to two dimensional growth and finally formation of networked
nanostructures via VS mechanism. The first process is based on non-equilibrium kinetic
growth caused by high supersaturation of reactive species such as oxygen and aluminum
sub oxides, which may allow the formation of a low surface energy tip, favoring the 2D
growth of the nanostructures [25,27]. In our study, however, in contrast to the Ye et al.’s
[25] report, the 2D nanostructures are synthesized in regions with lower reactive species
concentration and in higher surface energy directions.

The second growth mechanism is based on Zhang et al’s [24,26] result on controlled
growth of nanosheets via SiO, vapor pressure. They proposed partial coverage of low
surface energy planes of nanocrystals by silica sheath. This sheath, induce a 2D growth of
nanocrystals due to the positive feedback between the imbalance of silica coverage on

different planes.

This growth process in the latter case closely corresponds to results observed in this
study. Figure 4.4, shows a schematic diagram and corresponding SEM images indicating
the growth mechanism of TasSi; nanostructures. Based on this growth mechanism, in the
initial stage of the synthesis process TasSiz nanocrystals are formed via above reaction
(Figure 4.4a). During the experiment Ta and Si species are deposited on various crystal
planes of these nanocrystals. According to the TasSis; (D8;) unit cell illustrated in Figure
4.4a, these crystal structures have a Si only containing plane parallel to (001) crystal

plane. During the CVD process and in the presence of silica vapor in the synthesis
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chamber these planes provide a suitable surface for SiO, formation thus limiting the
growth of TasSi; nanocrystals in <001> direction. This is clearly shown in TEM
observations (Figure 4.2). A closer look at crystal structure of TasSiz unit cell (Figure
4.4) reveals the presence of other planes with high Si to Ta density which can present a
suitable surface for SiO, formation, further limiting the growth of TasSis in these
directions. The rate of deposition of silica vapor on these planes is directly related to the
silica vapor pressure in the CVD chamber. In the initial region of the CVD chamber, the
high concentration of TaCls results in the increase in the partial pressure of silicon

species (reaction 1), increasing the silica vapor pressure.

7

Silica partial pressure
decrease
Synthesis —
SiO2
akm — i

Figure 4.4 Schematic diagram of growth process of TasSi; nanostructures with silica

TasSis3
~N

controlled morphologies. TasSiz a) hanocrystals, b) TasSizs NNWSs, ¢) NNRs and NSs.
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According to above growth mechanism, high silica vapor pressure enhances the silica
coverage of planes parallel to (010) and (001) crystal planes on the nanocrystals,
promoting the growth of TasSi; networked nanowires shown in Figure 4.4b. However,
with the decrease in concentration of TaCls vapor along the downstream direction of
CVD chamber due to reaction in the initial region (reaction 4.1), the silica vapor pressure
decreases. This decrease enables the partial silica coverage of nanocrystals only on (001)
planes (Figure 4.4c) which reach a critical point during the experiment causing an
imbalance of silica coverage. This results in net mass diffusion of tantalum and silicon

species onto {100} planes thereby nanoribbons and nanosheets are obtained.

Recent publications have reported the superior capacitance performance of silicide
nanostructures [4]. Herein we have investigated the electrochemical capacitance behavior
of the different TasSi3 nanostructures obtained in this work. Figure 4.5 shows the
normalized cyclic voltammograms of the TasSi; NNWs and NSs without any pre-
treatment. By comparing the area under the curve of line a) and line b) in Figure 4.4, it is
apparent that TasSi; NSs show a higher capacitance than that of TasSis NNWSs. This is in
good agreement with previous reports [28,29] which correspond this increase to the
higher surface area of nanosheets and their larger micropore area compared to networked
nanowires. However, due to presence of SiO, shell layer, it is a challenge to calculate the
exact capacity of the nanostructures in this stage. Further detailed studies will be needed

in our future work.
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Figure 4.5 Cyclic voltammetry of the TasSi; nanostructures (normalized to current
at V=0.542 V). a)NNWs and b) NSs.

4.4 Conclusions

We have successfully synthesized single crystalline TasSi; complex nanostructures with
controlled morphology. The nanostructures were deposited on carbon microfibers via
LPCVD using tantalum chloride precursor and silicon powder. It was found the
morphology of these nanostructures is very sensitive to precursor and silica partial vapor
pressure along the CVD chamber. The networked nanowires are grown in the high
concentration region while the networked nanoribbons and nanosheets in lower
concentration area. Furthermore experimental results reveal that the nanobats can be
deposited on the substrate by introduction of a mixture of carbon gas and argon as carrier
gas. We proposed a vapor solid mechanism based on the formation of silica sheath on
{001} crystal planes of TasSis tetragonal nanostructures and their growth evolution with

the growth time. Cyclic voltammetry measurements of different morphologies of TasSis3
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nanostructures indicates that networked nanosheets exhibit a superior capacitance
compared to other morphologies. The controlled synthesis of single crystalline 2D TasSi3
nanostructures as one of the highly stable silicides paves the road for new electronic and

energy related applications.
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Chapter 5

5 TiSi,O coated N-doped Carbon Nanotubes for the
Oxygen Reduction Reaction in Proton Exchange
Membrane Fuel Cells (PEMFCs)*"?

Recently composite nanostructures have attracted considerable interest as catalyst
supports, due to their multi-component structure and enriched function strengthening
catalyst performance. These composite nanostructures enable the utilization of
advantages of various materials as catalyst supports in PEMFCs. In our group we have
developed carbon nanotubes and nitrogen doped carbon nanotubes as support for Pt
catalyst in PEMFCs, enhancing the durability of the electrocatalysts. Furthermore, it has
been shown that NCNTSs can increase the electrocatalytic activity of Pt catalyst toward
oxygen reduction reaction. Previous studies from others have also shown that TiO, and
SiO; nanostructure as components of catalyst supports in PEMFCs electrocatalysts
enhance the durability and catalytic activity of electrocatalysts.

In this chapter, authors propose a new 1D TiSi,O,-NCNTs composite nanostructure as
catalyst support for PEMFCs. This novel nanostructure is prepared by sputtering TiSi,
on NCNTSs followed by heat treatments. Pt nanoparticles were deposited on these
nanostructures using a wet chemical deposition method. Our results show that
Pt/TiSi,O,-NCNTs and An-TiSi,Ox-NCNTs exhibit a higher catalytic activity compared to
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commercial Pt/C catalysts. Detailed TEM and X-ray absorption spectroscopy analysis of
Pt nanostructures deposited on these composite nanostructures revealed that morphology
and electronic structure of the Pt nanostructures play an important role in the catalytic

activity of electrocatalyst towards oxygen reduction reaction.
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5.1 Introduction

Proton Exchange Membrane Fuel Cells (PEMFCs) is considered as one of the
promising energy conversion systems, due to its low emission and high efficiency for
automotive, portable and stationery applications. To succeed in large-scale
commercialization, however, two major technical gaps - high cost, and low durability
have to be addressed. The solutions to these challenges are associated with electrocatalyst
and their support of PEMFCs. In the-state-of-the-art of PEMFCs, the most often used
electrocatalysts are Pt-based nanoparticles supported by high surface area carbon
material, accounting for 30-45% of the total cost [1]. Therefore, it is highly desirable to
explore new methods to further enhance the catalytic activity of electrocatalyst with

lower Pt content.

One of the main approaches is to develop new catalyst supports that help improve the
catalytic activity of electrocatalysts such as Oxygen Reduction Reaction (ORR) activity
at the cathode of the PEMFCs. In PEMFCs, this route plays a key role in enhancing the
performance of fuel cells [2]. In recent years, intensive research has been focused on
synthesizing various catalyst supports including nanostructured carbon material [3-7],
metal oxides [8,9], carbides [10], and composite structures [11,12]. For example, carbon
nanotubes (CNTSs) and nitrogen doped carbon nanotubes (NCNTS) have been studied
extensively due to their unique structures and excellent electrical properties. Many
studies have shown that CNTs and NCNTs supported Pt catalysts [3,6] exhibit enhanced
performance for ORR than commercial Pt/C. These studies suggested that the
electrocatalytic activity of Pt clusters is boosted by the interaction between Pt and the
doping atoms of a support (e.g., nitrogen), for the charge transfer between Pt and these
atoms affects the catalytic activity. In addition, the use of CNTs and NCNTSs increases the
Pt dispersion, leading to higher Pt utilization [3,4]. In most cases, metal oxides and
ceramic materials are electrochemically stable in fuel cell environment, and can act as co-
catalysts through affecting the electronic structure of catalyst. Among metal oxides
studied for catalyst supports in low temperature fuel cells, titanium oxides (TiO2) was

extensively studied in the form of micro/nano particles, nanotubes, and nanowires.
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Studies have shown TiO, to be an interesting candidate support material since it has high
stability in the fuel cell environment at potentials relevant to PEMFC cathode [11]. Kang
et al. investigated ORR activity of PtCo on titanium oxide nanotube. Their results showed
significant enhancement for ORR and methanol oxidation [13]. The drawback with
ceramic material is their weak physical interaction with catalyst nanoparticles compared
to carbon-based supports, leading to low dispersion of the catalysts and lower catalytic
activity. Furthermore, the low electron conductivity of certain metal oxides (e.g., TiO;

and SiO,) remains as another issue at PEMFCs working temperatures.

To combine the advantages of both carbon and ceramic based supports for low
temperature fuel cells, their composite materials were proposed as new supports [12].
Composite catalyst support material such as titanium oxide modified carbon
nanostructures have been reported to improve the catalytic activity of the electrocatalyst.
Beak et al [14] have shown that TiO, nanoparticles modified carbon support improved
the dispersion of Pt nanoparticles. It was also found that the interaction between Pt and Ti
species had an impact on the electronic state of Pt, contributing to the enhanced ORR
activity of Pt. SiO, modified carbon nitride have also been studied by Wang et al [15], as
electrocatalyst for ORR. They showed that Pt nanoparticles deposited on SiO, modified
carbon nitride showed much higher mass activity compared to carbon and carbon nitride
supports. This was attributed to the synergistic effect existing in Pt, carbon nitride and
SiO;.

To understand the effect of the catalyst supports on the activity of the electrocatalysts for
ORR and to design more efficient systems, studies have been focused on several
important factors. It has been shown that nitrogen content in NCNTs influences the ORR
activity electrocatalysts [6,16]. Studies have shown strong metal support interaction
(SMSI) between the catalyst supports and Pt nanoparticles plays a key part in the
performance of the electrocatalyst [14]. X-ray absorption spectroscopy (XAS) of Pt L3
and Pt M, 3 edges of supported Pt nanoparticles provides a good means of probing the

electronic structure of Pt nanoparticles and the effects of catalysts supports [17—-19]. This
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is directly related to the interaction between the catalysts and their supports of the
electrocatalysts [17,18]. Furthermore it has been reported that the morphology and shape
of Pt nanostructures influences the ORR activity of the electrocatalyst [20,21]. The Pt

nanostructure morphology in turn is related to the deposition process and substrate.

Herein we report the synthesis of TiSi,Ox-NCNTSs hybrid composite via CVD and
magnetron sputtering. The electrocatalytic properties of Pt catalyst supported on TiSi,Ox-
NCNTSs and An-TiSi;Ox-NCNTs (An: Annealed) for ORR in PEMFCs have been studied.
To elucidate the influencing parameters on the ORR activity of the composite
nanostructured electrocatalysts, the morphology, physical and chemical structure of the
catalysts supports and Pt nanoparticles were studied. X-ray absorption spectroscopy was
used to study the chemical state of Ti and Si atoms in TiSi,Oy sputtered and the effect of
heat treatment on these coatings. The chemical and electronic structure of Pt
nanostructures deposited on the composite catalyst supports were investigated by
qualitative and quantitative analysis of x-ray absorption near edge structure spectra of the

Pt L, 3 edges.

5.2 Experimental Procedure

5.2.1 Synthesis

TiSi,04-NCNTSs nanostructures were synthesized by the combination of CVD process
and magnetron sputtering. In this method, NCNTs were synthesized on carbon paper via
CVD method using Fe as the catalyst and melamine (C3HgNg, Aldrich, 99%) as the
source of carbon and nitrogen [22-24]. In detail, an aluminum (Al) layer with a thickness
of 30 nm was sputtered on a carbon paper as a buffer layer. On top of this layer, a 1-2 nm
thick Fe layer was sputtered to act as the catalyst for NCNT growth. The substrate was
placed in the center of a quartz tube. Melamine was put at the low temperature region of
the quartz tube (upstream). The tube was mounted on a horizontal electric furnace and Ar

(99.999%) was introduced into the system for 30 min to purge air out. The temperature
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was raised to 800 °C, and held at this temperature for 30 min. During this period a
constant flow of Ar (300 sccm) was maintained in the system. After cooling down the

system to room temperature, the substrate was covered by a dark black layer of NCNTSs.

The NCNTSs on carbon paper were placed in a plasma enhanced chemical vapor
deposition-sputtering system (PECVD). A 100 nm layer of TiSi,Ox was deposited on the
NCNTSs from a TiSi, target (Kurt J. Lesker, 2 inch, 99.9%) using a RF magnetron (150
W, 10 min) at a chamber pressure of 2 x 10™*Pa. The oxygen was introduced into the

layer from the residual oxygen in the sputtering chamber.

The composite nanostructures were then heat treated, resulting in An-TiSi,Ox-NCNTs for
further studies. The heat treatment of the nanostructures was carried out in a vacuum
oven system. The nanostructures were positioned in a quartz tube and placed on a
horizontal electric furnace. The pressure of the system was lowered to around 1mbar and
Ar was introduced at a high flow rate into the system to flush out the air. This process
was repeated several times. The system was heated up to 1000°C at the rate of 10 °C/min
and kept at this temperature for 6 hrs. During this period the pressure of the system was
maintained at 500 Pa by introducing Ar (99.999%). After heat treatment, the color of the
samples turned from dark black to dark gray.

5.2.2 Characterization

The morphologies of the products were characterized using field emission scanning
electron microscope (SEM, Hitachi S4800, operated at 5.0 kV) equipped with energy
dispersive X-ray spectroscopy (EDX), transmission electron microscope (TEM, Hitachi
7000, operated at 100 kV), and high resolution TEM (HRTEM, JEOL 2010, operated at
200 kV) along with selected area electron diffraction (SAED) pattern. The crystal
structure and composition of the products were characterized by X-ray diffractometer
(XRD) using Co Kal (A =0.179 nm) radiation operated at 45 kV and 35 mA. Raman
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spectroscopy (HORIBA Scientific LabRAM HR) was carried out to provide detailed

information on the composite structures.

5.2.3 Pt deposition

Pt nanoparticles were deposited on TiSi,Ox-NCNT composite nanostructures by a formic
acid method [25,26]. In this method, the Pt precursor (H2PtCls.6H,0O, Aldrich, 99.95%)
and formic acid (HCOOH, Aldrich, 98%) were used as received. The synthesis was
conducted in an environmental friendly solution of deionized water. The reduction

process is given by
H,PtClg + 2HCOOH = Pt + 6H+ + 6Cl- +2C0O4(qg)

In this process, 1 ml of 0.03 M H,PtCls.6H,0 and 1 ml HCOOH were simultaneously
mixed with 20 ml of water at room temperature. TiSi,O,-NCNT nanostructures on carbon
paper were immersed in the solution and the reaction was carried out in 80°C for ~ 15
min. In this period the color of the solution turned from golden orange to dark brown,
indicating the formation of Pt nanoparticles. After the solution was cooled down, the
composite nanostructures on carbon paper was removed from the solution, washed by

deionized water and dried at room temperature overnight.

5.2.4 Electrochemical Characterization

Cyclic voltammetry was conducted at room temperature using an Autolab
potentiostat/galvanostat (Model, PGSTAT-30, Ecochemie, Brinkman Instrument) with a
standard three-electrode, two-compartment configuration. Pt wire and Ag/AgCl (3M
NaCl) electrode were used as the counter and reference electrodes, respectively. For
hydrogen electrosorption curves measurement, the potential was cycled between -0.159 V
and 0.991 V at 50 mVs™ to obtain the voltammograms of hydrogen adsorption in Ar-

purged 0.5M H,SO,4 aqueous solution. For ORR measurement, O, (99.99%) was first
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purged into solution at a position close to the working electrode for at least 30 min. The
measurements were done by linear potential sweeping from 0.8 VV t0 0.2 V.

For comparison purposes, Pt nanoparticles deposited (same synthetic method as

above) on pristine NCNTSs were also evaluated.

5.2.5 X-ray Absorption Spectroscopy

The Si K edge and Ti K edge x-ray absorption near edge structure (XANES)
measurements were obtained using the soft x-ray microcharacterization beamline
(SXRMB; 06B1-1) at the Canadian Light Source (CLS). The Si K edge spectra were
collected using an InSb(111) crystal monochrometer and the Ti K edge spectra were
collected using a Si (111) crystal monochrometer in total electron yield (TEY). The

spectra were calibrated using a Si and a Ti reference sample.

XANES measurements of Pt L, edge and Pt L3 edge were conducted at the PNC-XSD
(Pacific Northwest Consortium X-ray Science Division) ID-20B beamline of the
Advanced Photon Source (APS) at Argonne National Laboratory. The spectra were
collected in fluorescence yield using a solid state detector and the spectra of high purity
metal Pt foil were collected in transmission mode for comparison and mono energy

calibration.

5.3 Results & Discussion

The morphologies of NCNTSs, TiSi,Ox-NCNTs and An-TiSi;Ox-NCNTs are shown in
Figure 5.1. The NCNTSs used as the substrates for the composite support define the
ultimate morphology of the composite and are a key factor in determining the uniformity
of the coated layer. In the CVD method, a thin Fe catalyst layer ensures a good control on

the diameter and density of the synthesized NCNTs, as shown in Figures 3.1aand b



95

[22,27,28]. The NCNTs, as previously reported [22,29], exhibit typical bamboo-like
structures and have a narrow range of diameter between 25 to 50 nm. Furthermore, the
unique texture of carbon paper used as substrate enhances the formation of 3D open

structure of NCNTSs with no preferential alignment [24,30].

SEM images of TiSi,Ox-NCNTSs are shown in Figure 5.1c and d. As seen in these figures,
the general morphology of nanostructures on carbon paper is not affected in the sputter
coating process and the TiSi,Ox-NCNTs maintain their 3D open structure. However, it is
evident in SEM images (Figure 5.1d) that there is an increase in the diameter of
nanostructures, indicating the successful deposition of TiSi,Ox layer on NCNTSs. The
thickness of the TiSi,Oy coating on NCNTs was controlled by sputtering power and time.
The EDX analysis of these nanostructures (inset of Figure 5.1c) confirms the presence of
Ti and Si with an approximate atomic ratio of 1:2. The oxygen was introduced into the
deposited layer as shown in the EDX spectrum through the residual oxygen in the
chamber suggested in previous reports [31-33]. A closer observation of the composite
nanostructures (Figure 5.1d) shows that the TiSi Oy coating has particle-like morphology,
which is common during sputtering on nanostructured materials at room temperature
[34,35].

To study the effect of crystallinity of coated layer, TiSi,Ox-NCNTSs were treated at high
temperature (1000°C). The morphology of the annealed TiSi,Ox,-NCNTSs at 1000°C for 6h
(An-TiSi,Ox-NCNTS5) is depicted in Figures 3.1e and f. The annealed nanostructures have
a similar structure to pristine composite nanostructures but smoother surfaces. In
addition, as indicated in Figure 5.1f, in some areas there is evidence of layer diffusion
forming network structures. EDX analysis (inset of Figure 5.1f) of An-TiSi,Ox-NCNTs
indicates no significant change in the ratio of elements present in the coated layer. XRD

analysis did not show any crystalline peaks corresponding to these nanostructures.
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Magnetron Sputtering

Heat Treatment

Figure 5.1 Schematic diagram and SEM images of nanostructures deposited on
carbon paper. a, b) NCNTSs. ¢, d) TiSi;O4 -NCNT. e, f) An-TiSi,O4 -NCNT.

TEM observations further reveal the unique morphology of these nanostructures. As
shown in Figure 5.2a, the NCNTs have uniform diameters with nearly constant spaced
bamboo-like structures. HRTEM image (Figure 5.2b) reveals that the NCNTs have high
degree of crystallinity in spite of the distorted nanotube walls resulting from the regular
joint defects, as explained by Liu et al.[22]. Figure 5.2c shows TEM image of TiSi,O-
NCNTSs, revealing the non-uniform coverage of TiSi,Oy layer on NCNTs. These
observations indicate that the thickness of the TiSi,O coating on NCNTSs varies from 0 to
60 nm due to the shielding effect of sputtering technique. The thickness depends on the
orientation of NCNTSs with respect to the sputtering target. There have been similar
studies on the formation of such nanostructures using sputtering on small and localized

carbon nanotubes [34—36]. In these studies, sputtering was conducted on single or few
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carbon nanotubes resulting in a better coverage of the coated area. HRTEM image of
TiSi,Ox -NCNT composite nanostructures (Figure 5.2d), illustrates their amorphous
nature. The SAED pattern shows diffused rings (inset of Figure 5.2d) further confirming

their amorphous nature [31].

Figure 5.2 TEM and HRTEM images of composite nanostructures. a,b) NCNTs, c,d)
TiSi,Ox -NCNT and e,f) An-TiSi,Ox-NCNT.
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Compared to TiSi;Ox-NCNTs, the TEM images of An-TiSi,Ox-NCNTs (Figure 5.2e)
indicate the enhanced coverage of TiSi,Ox on NCNTSs, confirming the diffusion of the
coated layer under heat treatment. Furthermore, TEM images reveal the formation of
nanoparticles in high density in the amorphous coating on NCNTs. HRTEM images of
these nanoparticles shown in Figure 5.2f, reveal that these nanoparticles are single
crystalline with diameters between 5 to 10nm and are partially covered by the amorphous
layer. The lattice spacing of the nanoparticles is around 0.33nm, corresponding to the
{110} planes of rutile TiO,. The SAED pattern (inset of Figure 5.3f) can be indexed as
tetragonal structure of rutile TiO,. This is consistent with the results reported by Sankur
et al. [37] and Goldstein et al. [38]. Sankur et al. [37] reported the formation rutile TiO,
through annealing a co-sputtered TiO,-SiO; thin film at 1000°C. They show that the
growth of TiO; crystalline particles in the amorphous matrix is diffusion-limited and
decreases with decreasing TiO, content. There also have been several reports on the
formation of various nanocrystals such as Si [39] and metal silicides [31,32,40,41] in an
amorphous matrix. Since these types of reactions are diffusion-controlled process, in
order to obtain higher degree of crystallinity, longer annealing time and higher

temperature are required.

The chemical states of TiSi,Ox coating of the composite nanostructures were further
studied using XAS. Figure 5.3a show the Si K-edge (TEY) XANES of the TiSi,Oy
samples. The XANES of a clean amorphous SiO is also shown for comparison.
According to figure 5.3a, Si K edge XANES of both TiSi;Ox-NCNTs and An-TiSi,Ox-
NCNTSs exhibit features that are characteristic of SiO; at 1847 eV. In addition to the sharp
SiO, resonance the coated samples show a small feature at 1845 eV which is enhanced in
TiSi,0«-NCNTs samples compared to annealed specimens. This feature is attributed to
the 1s-o* resonance of the Si-O bond in the presence of silicon suboxides [42]. The
reduction of intensity of this feature in An-TiSi,Ox-NCNTSs samples is due to oxidation of
the suboxides during the annealing process and formation of highly crystalline SiO; as

judged by the sharpness of the resonance.
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Figure 5.3b shows the Ti K-edge XANES spectrum of the composite nanostructures and
TiO; (rutile) powder as a reference sample. The characteristic feature of the Ti K-edge
spectra is the pre-edge weak features and the edge resonance arising from the excitation
of a 1s electron into an empty bound state derived from the d and p states of Ti
respectively [43,44]. These pre-edge features probe the local symmetry of the Ti tyq and
Eq orbitals and their behavior upon local distortion [45]. The post edge features are
mainly due to the multiple scattering contribution of the ejected photoelectron from
higher shell neighboring atoms [44]. A number of studies have used the pre edge
intensity of Ti K-edge along with their positions to derive information from the Ti
coordination chemistry, in compounds such as titanosilicate glass [43,46,47]. Shuji et al.
[47], have reported that the pre edge features of Ti K edge XANES provide the Ti
coordination number based on the plot of peak energy versus peak high. They estimated
the distortion using the intensity ratio between pre-edge peaks and Ti-Ti interaction
strength from the rise and fall in peak intensity in the whole pre edge region.

The XANES features of TiSi,Ox-NCNTs shown in figure 5.3b reveal a high intensity pre
edge peak with two small broad peaks on either side and a broad region with no distinct
peaks in the multiple scattering regions. The broad peak in the multiple scattering regions
can be attributed to the absence of medium to long range order around the Ti atoms in the
amorphous layer confirming the HRTEM analysis of these samples. The distortion in the
structure surrounding the Ti atoms in the short range, based on Shuji et al.[47] results can
further be confirmed by the features seen in the pre edge region of TiSi,Ox-NCNT

samples, where the Ti is not is a well-defined symmetry environment on average

However, the XANES features of An-TiSi,Ox-NCNTSs closely resembles that of the TiO,
(rutile) and the pre-edge region of these composite structures has similar peak position
and intensity, indicating the coordination chemistry of Ti in An-TiSi;Ox-NCNTSs is same
as rutile TiO,, a D4h symmetry This is also consistent with the HRTEM results of TiO,
nanoparticle formation entailed by annealing. The small differences in the peak intensity

in the pre edge region and the multiple scattering area can be attributed to the size effect,
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as the same trend was reported by Wu et al through comparing bulk and nanostructured

TiO, [44].
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Figure 5.3 Normalized XANES spectra of composite catalysts supports at a) Si K-
edge and Ti K-edge.
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To test the performance of TiSi,Ox-NCNTs composite nanostructures as catalyst support
for PEMFCs, Pt nanoparticles were deposited on these nanostructures. Cyclic
voltammetry (CV) measurements were carried out to study the electrochemical properties
of Pt/TiSi,Ox-NCNT and Pt/An-TiSi,O,-NCNT composites. For comparison, Pt/NCNTs
samples were examined under identical conditions. The CVs (Figure 5.4a) of these
composite nanostructures were recorded in Ar-saturated 0.5 M H,SO,4 aqueous solution at
room temperature between -0.159 and 0.991 V vs Ag/AgCl (3M NaCl), with a scan rate
of 50 mVs™. The voltammetric features of all the electrodes reveal the typical
characteristics of Pt metal, with the adsorption and deposition of hydrogen between -
0.154 to 0.1 V and Pt oxide formation and it reduction between 0.5 to 0.991 V. However,
a closer observation on the reduction peak potential of Pt oxide of these three samples
reveals that Pt/An-TiSi,Ox,-NCNTs shows a positive shift compared to other samples.
Previous studies demonstrated a correlation between the oxide reduction peak potential
and the particle size [48-50]. Millared et al. [49,50], showed that the potential of the
oxide reduction peak is strongly influenced by the particle size, with larger particles
showing higher potentials. In addition, this shift in Pt oxide reduction peak is visible
between Pt nanowires and Pt nanoparticles with similar diameters [21,51,52]. Although
the origin of this particle size effect still remains unclear, this shift observed in CV can be
correlated to the difference in the morphology of Pt nanoparticles on the composite

nanostructures.

The electrochemical surface area (ECSA) of the electrodes can be estimated from CV
curves. The total charges of hydrogen desorption (Qy) on the electrodes is calculated by
integrating desorption peaks after excluding the double layer charging effect. Using Qn
value and the Pt loading, it is possible to calculate the active Pt surface area (Sg.)

according to the following formula.

_ Qn
Qrer X Pt loading

SEL
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Sk is expressed in cm’mg™ where Pt loading is in mgyem™? and Qs = 0.21 mCem™,
This value corresponds to a surface density of 1.3 x 1015 atom cm (a generally accepted
value for a polycrystalline Pt electrode). Values of Sg,. = 288.6 and 255.9 cm”mg™ have
been obtained for Pt nanoparticles deposited NCNTs, TiSi,Ox-NCNTSs, respectively,
while Sg. = 179.6 cm?mg™ has been calculated for Pt nanostructures deposited on An-
TiSi,Ox-NCNTSs. This can be attributed to the intrinsic 1D morphology of Pt
nanostructures compared to Pt nanoparticles deposited on composite nanostructures. This

is in good agreement with previous results reported on Pt nanowires [21,51,52].

The electrocatalytic activities for ORR of the composite electrodes are compared in
Figure 5.4b, by linear scanning voltammetry at a scan rate of 50mVs™. Pt/An-TiSi,Oy-
NCNTSs shows a higher peak potential than other two electrodes. The peak potential of
Pt/An-TiSi;Ox-NCNTs is 0.47 V while that of Pt/NCNTSs and Pt/TiSi,O«-NCNTs are both
at 0.44V, suggesting that Pt/An-TiSi,Oy exhibits a 30 mV positive shift of the peak
potential compared to the latter two electrodes toward ORR. At peak potential, the mass
activity on Pt/An-TiSi,Ox-NCNTs (28.3 Ag™) is about 1.1 times higher than P/NCNTSs
(26.1 Ag™) and 1.02 times higher than Pt/TiSi,O,-NCNTSs (27.7 Ag™). This improvement
occurred in spite of a 50% lower Pt active surface area for the Pt/An-TiSi,Ox-NCNTSs
compared to Pt/NCNTSs. By taking into account the active surface area, specific ORR
activity for Pt/An-TiSi,Ox-NCNTs (1.54 Am™) is 1.7 times larger than PtNCNTs (0.9
Am?) and 1.4 times larger than Pt/TiSi,O,-NCNTSs (1.08 Am™). The large specific
activity and mass activity and more positive peak potential indicate that Pt/An-TiSi,Oy-
NCNTSs has a higher intrinsic electrocatalytic activity than Pt/TiSi,Ox-NCNTs which
itself is higher than Pt/NCNTSs.
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Figure 5.4 Electrochemical characterization of composite nanostructures. a) Cyclic
voltammetry curves of Pt deposited composite nanostructures, b) Oxygen reduction
curves of Pt deposited composite nanostructures. All samples were compared to Pt

deposited nitrogen doped carbon nanotubes.
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To elucidate the effect of composite supports on the activity of electrocatalysts towards
ORR, the chemical, electronic structure and morphology of the Pt nanostructures on the

composite supports were studied.

XANES at the Pt L3 and L, edges for the Pt nanoparticles deposited on the composite
structures are shown in Figure 5.5 including a Pt foil and Pt/NCNTSs for comparison. It is
seen that both Pt L3 and L, edge XANES of supported Pt nanoparticles exhibit a
considerably more intense whiteline (WL) compared to the Pt foil. The WL in Pt L, and
L3 edges arises from the dominant 2p1,, and 2ps; transition to 5ds. and 5dsy2 32
respectively (dipole selection rule: Al ==+ 1, Aj == 1, 0) indicating the presence of
unoccupied densities of states of Pt 5ds/, and 5ds/, characters in the samples [53,54]. The
catalytic activity of Pt for various electrochemical reactions including ORR have been
related to the densities of state of employed Pt [55-57]. Furthermore the interaction
between the catalyst support and catalyst has been evaluated through study of XANES
spectrum [17-19]. The qualitative and quantitative interpretation of Pt L, and L3 edge
WL and XANES has been widely used to probe the unoccupied density of d states in a
variety of systems [53,54,58].

A close examination of the L3 edge WL profile of the composite samples indicates that,
there are small differences in the L3 edge WL intensity and shape. Results indicate that
the L3 edge WL intensity increases in the following order: Pt foil < Pt/NCNTs
Pt/TiSi,0«-NCNTSs ~ Pt/An-TiSi,Ox-NCNTSs which is consistent with the ORR results of
these electrocatalysts. All composite samples show a positive shift in the maximum
energy (Epeax) With small negative shift in the threshold energy (E,) (within experimental
uncertainty). This indicates the Pt nanoparticles deposited on the composite supports are
still metallic (a change in oxidation state to the common Pt (I1) for example will induce a
significant shift and the increase in the WL intensity compared to Pt foil is due to
decrease in the number of electrons in the d orbital, confirming a strong interaction

between Pt nanoparticles and their support in the direction that Pt’s d charge is depleted.
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The metallic behavior of these nanoparticles is also confirmed by the oscillations beyond
the WL, which are characteristic of the FCC structure of Pt metal.
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Figure 5.5 Normalized XANES spectra of Pt nanoparticles on composite catalyst
support at a) Pt L3 edge and b) Pt L, edge.

The corresponding L, edge WL (Figure 5.5b), shows a similar trend as that of Pt L3 edge

in Epeax and Eo. However as seen in inset of Figure 5.5b, unlike the trend seen in Pt L3
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edge, the L, WL intensity of Pt/TiSi,Ox-NCNTSs is higher than that of Pt/An-TiSi,O-
NCNTs which may be due to different chemical sensitivity of 5ds, and 5d3, states in Pt d
orbitals [58].

For a better understanding of the effect of the unoccupied densities of 5d states of Pt
nanoparticles on different supports, quantitative WL intensity analysis has been
conducted based on the method reported by Mansour et al.[58] and Sham et al. [54]. In
this method, the Pt L3 edge WL intensity is obtained by subtracting the Pt L3 edge
XANES from the corresponding XANES of Au. The area under the difference curve was
integrated and AA3 and AA; were calculated. These values can be expressed as:

AA3 = Iﬂ(Pt)LML - /J(AU)LSWL

AA, = _[/U(Pt)LZWL - zu(Au)LZWL
and according to Sham et al. [54] the theoretical expression of these value are:

6h5/2 + h3/2j|

T

AAZ = CONOEZ(REpU2 )2(% h3/2)

where Co=4nr’o/3 (o is the fine structure constant), No the density of Pt atoms, h;j the 5d
hole counts and E; and E; are the corresponding edge threshold, E, for the L, and L3
edges respectively. R term is the radial transition matrix element. By assuming R terms

are similar for both edges:
C=CoN,R?

and with this approximation:
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A C value of 7.484 x 10* cm™ was derived for Pt metal by Matthesis et al.[59]. Table 5.1
summarizes the Pt L3 and Pt L, edge threshold and WL parameters. These results
quantitatively confirm the observations made on the Pt L3 edge XANES, i.e., Pt/An-
TiSi,Ox-NCNTSs and Pt/TiSi,O have the highest total unoccupied density of states of Pt
5d character compared to Pt/NCNTSs indicating a higher SMSI between the composite
supports and Pt catalysts. It can be concluded that this factor is one of the sources of
catalytic activity enhancement of Pt/An-TiSi,Ox-NCNTs and Pt/TiSi,Ox-NCNTSs
compared to Pt/NCNTSs.

Table 5.1 Pt Lzedge and Pt L, edge whiteline parameters

Pt L; edge WL Pt L, edge WL
Eo(eV) Epea(€V) T'(eV) AA; Eq(eV) Epea(€V) T'(eV) AA; hsp  hyp

Sample

Pt Foil 11564.00  11567.00 o0 4.87 13273.00 1327630 660 226 047 011
Pt/NCNTs 11563.98  11567.50 7.04 504 1327298 13275.58 519 241 048 0.11
Pt/TiSIOX-NCNTs 11563.94 11568.06 8.23 510 13272.98 13276.38 6.81 3.15 0.49 0.15

Pt/An-TiSiOx-

NCNTs 11563.98  11567.50 7.04 532 13273.00 13276.28 6.56 257 051 0.12

XANES studies of Pt catalysts provide detailed information on the electronic structure
and chemical environment of Pt nanostructures; however they provide little information
on the morphology, shape of the nanostructures. For this purpose, HRTEM analyses of
Pt/composite supports were conducted.

The TEM observation Pt/TiSi,Ox,-NCNTSs samples (Figure 5.6a and b) indicate Pt
nanoparticles are mainly deposited on the bare surface of NCNT in contact with the
TiSi,O coating. These Pt nanoparticles have similar morphology to Pt deposited on
NCNTSs [25] with uniform diameters of 3nm.
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The non-uniformity of Pt nanoparticle deposition in the composite can be attributed to the
presence of SiOy on the surface of TiSi Oy coating. Studies have shown that Pt deposition
on SiO, containing surfaces using conventional methods leads to limited uniformity and
small Pt loading. This is because the Pt deposition using reduction process requires a
strong interaction between the Pt precursor and the substrate. When using H,PtClg as Pt
precursor in an acidic environment (even as low as pH=1) the loading of Pt is reduced

greatly since there is no strong interaction between PtCls and SiO; surfaces.

Figure 5.6 TEM images of Pt deposited nanostructures, a, b) TiSi,Ox-NCNT; c, d)
An-TiSi;Ox-NCNT, grown on carbon paper.
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TEM images of Pt/An-TiSi,O«-NCNTSs shown in Figure 5.6¢ reveal preferential
deposition of Pt nanoparticles on the composite nanostructures which is similar to
Pt/TiSi,Ox-NCNTs. However as shown in HRTEM image of Pt/An-TiSi,Ox-NCNTSs there
are some Pt nanoparticles deposited on the An-TiSi,O layer as shown in Figure 5.6d.
These Pt nanoparticles are generally deposited in close proximity of the nanocrystals
formed on the surface coated layer. Furthermore, HRTEM images reveal, in contrast to
the untreated composite samples, the Pt nanoparticles deposited on An-TiSi;Ox-NCNTs
are not spherical and have an aspect ratio of 1 to 2.5 with small diameter of 3 to 4nm. Sun
etal. [21,51,52,60] have reported the synthesis of Pt nanorods and nanowires on various
nanostructured supports by the reduction of Pt salt via formic acid at room temperature.
Their studies showed the formation of nanorod like Pt structures similar to those
observed in Figures 3.6¢ and d. It is possible then, after annealing, the surface conditions
of NCNTs promote the formation of rod-like Pt nanostructures under higher temperature

within a short time.

A careful study of the XANES spectrum of Ti K-edge and Si K-edge of the Pt deposited
composite supports did not reveal any significant changes compared to pristine composite
supports. Therefore, to investigate the effects of TiSi,Ox coating and the heat treatment
on the structure of composite structures on the NCNTSs, the nanostructures were
characterized by means of Raman spectroscopy. Raman spectra of the three samples are
plotted in Figure 5.7. In all of these three spectra, two prominent peaks at ~ 1350 cm™
and ~ 1585cm™ known as D band and G band, respectively, are observed. The Ip/I ratios
of the three samples measured in Figure 5.7 indicate that there is no considerable change,
accounting for around 0.9 in all the three cases. This can be attributed to the relative
lower annealing temperature (1000 'C) compared to the graphitization temperature of
carbon (normally above 1500 "C) [61,62]. However, the comparison of FWHM of the D
and G bands shows a considerable decrease in An-TiSi,Ox-NCNT sample relative to
NCNTSs, indicating a change in the structure of composites. Furthermore the Raman
spectrum of An-TiSi,Ox-NCNTs shows well distinct peaks in the range of 2500 to 3000

cm™®. The most prominent peak in this region corresponds to a second order Raman peak,
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G’ located at ~ 2700 cm™. Although the G’ band is independent of the structural defects,
studies have shown that the intensity, shape and position of this peak are sensitive to
nitrogen incorporation in CNTs [63]. It has been reported that the intensity of G’ band
has inverse relation with the nitrogen content of CNTSs. In addition, previous studies have
shown that by annealing NCNTs at high temperatures (~1000°C), the nitrogen content
decreases dramatically due to release of trapped N, molecules and depletion of pyridine
like structures [64]. In this study, the appearance G’ band is an indicative change of the
nitrogen content and the structure of N-CNTs in annealed TiSi,-NCNTSs. This reduction
in nitrogen content and changes in the degree of disorder in NCNTSs along with the
formation crystalline TiO, embedded in SiO, amorphous layer may collectively promote
the formation of Pt nanorod like structures on An-TiSi,Ox-NCNTs compared to Pt

nanoparticles on TiSi,Ox-NCNTSs.

——NCNTs
TiSi,0 -NCNTs
—— An-TiSi,0 -NCNTs

G
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—r 777
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Figure 5.7 Raman spectrum of NCNTs and composite nanostructures deposited on

carbon paper.
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54 Conclusion

In summary, composite nanostructures of NCNTs coated with TiSi,Ox were synthesized
for use as Pt catalysts support for ORR. The nanostructures were synthesized using a
combination of CVD and magnetron sputtering processes. Experimental results showed
that TiSi,O4 formed an amorphous layer with variable thickness on CNTs. Annealing
treatment of the composite nanostructures promoted the formation of TiO, nanocrystals
embedded in the amorphous TiSi,Ox matrix. XANES spectra of Ti K-edge and Si K-edge
confirmed the presence of rutile TiO, and SiO; in the sputtered layer. Electrochemical
properties of Pt deposited composite nanostructure were investigated. Compared to
Pt/TiSi,O«-NCNTs and Pt/NCNTSs, Pt/An-TiSi,Ox -NCNTSs exhibited a 30mV positive
potential and larger mass and specific activity for ORR. XANES spectra of Pt L,-edge
and Pt L3 edge and their quantitative whiteline analysis of the three electrocatalysts
confirmed the presence of higher density of unoccupied states in Pt 5d orbitals for Pt on
composite supports compared to NCNTSs. These results indicate a SMSI between
composite supports and Pt, which leads to higher catalytic activity. TEM observations
reveal the formation of Pt nanorod like structures on An-TiSi,Ox-NCNTs compared to
sphere like nanoparticles deposited on pristine TiSi,Ox-NCNTSs. The high performance of
Pt/An-TiSi,O«-NCNTSs than Pt/TiSi,O-NCNTSs is attributed to the nanorod like shape of
Pt and the synergistic effect between Pt, SiOx and TiO, on the annealed TiSi,Oy layer.
Our results show that multi components composite nanostructures are promising supports

for oxygen reduction reactions in PEMFCs.
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Chapter 6

6  TiO, Nanoparticle Decorated Nitrogen Doped Carbon
Nanotubes as Pt Catalyst Support for Low Temperature
Fuel Cells'?

In the previous chapter the authors introduced composite nanostructures of TiSi,Oy-
NCNTSs as potential catalysts supports for PEMFCs. The Pt/TiSi,Ox NCNTSs exhibited a
higher catalytic activity towards oxygen reduction reaction compared to Pt/C catalysts
and higher stability and CO tolerance as well.

In this chapter following the same concept, TiO, decorated NCNTs were prepared as
catalyst supports for PEMFCs. These nanostructures were prepared by wet chemical
etching of SiO, from annealed TiSi,Ox-NCNTSs in order to increase their electrical
conductivity and interaction with Pt catalyst. Electrochemical characterization of
Pt/TiO,-NCNTSs electrocatalyst show that these nanostructures have higher catalytic
activity towards oxygen reduction, methanol oxidation and enhanced CO tolerance
compared to the commercial Pt/C electrodes. X-ray absorption spectroscopy analysis of
Pt L, 3 edge of the Pt catalysts deposited on the composite nanostructures demonstrates a
significant change in their electronic structure, indicating a strong metal support
interaction, which promises the enhanced catalytic effect of the composite nanostructured

electrocatalyst.
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6.1 Introduction

Fuel cells have attracted considerable attention as electrochemical energy conversion
devices for transport, stationary and portable applications due to their high efficiency and

low emissions.

The commercialization of fuel cells, despite the significant advances in this field, is
hindered by three main issues: insufficient stability of the electrocatalysts, low activity of
catalyst for oxygen reduction reaction (ORR) and high cost.[1-8] In order to obtain
sufficient electrical output from a fuel cell, the electrochemical reaction must occur at a

sufficient rate.

Catalysts exhibit great influence on both the reaction rate and the cost of PEMFCs. The
support materials typically provide a physical surface for dispersion of small metal
particles which is necessary for achieving high surface area. Highly dispersed platinum or
platinum based catalysts on a conductive support such as carbon black are commonly
used as electrode materials for oxidation and reduction reaction. However commercially
available carbon black does not always exhibit ideal corrosion resistance required for

catalyst support in fuel cell working environment [9].

Therefore various alternatives of electrocatalysts supports are being studied. Recently
carbon material, such as carbon nanotubes, have been considered as new catalyst supports
due to their good electrical conductivity and superior electrochemical corrosion resistance
[10]. However studies have shown that the inert surface of CNTSs lead to lower anchoring
sites for Pt deposition [3,11,12]. To obtain better deposition of Pt nanoparticles on these
nanostructures, nitrogen-doping on carbon nanotubes (NCNTS) has been reported as an
effective way. It has been shown that Pt nanoparticles deposited on NCNTs (Pt/NCNTS)
show remarkable electrochemical stability [5] and higher fuel cell performance [3,7].
Furthermore, research has indicated that NCNTs show ORR activity in alkaline fuel cells
and this has been related to the nitrogen content and high degree surface defect of these

nanostructures [1,13].
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Inorganic metal oxides have also been studied as good corrosion resistant supports in
PEMFCs. Studies have shown these materials can also interplay with catalytic metals,
influencing the catalytic activity of Pt. Among the inorganic metal oxides, SnO,, WOy
and TiO, nanostructures such as nanorods nanowires and nanotubes have been used as
catalysts or supports on electrochemical applications. Saha et al. [13, 14] have shown
Wi5049 Nnanowires grown directly on carbon paper, can also act as good catalyst supports.
Their results indicate Pt/W1g049 electrocatalysts exhibit higher activity toward ORR than
the commercial Pt/C electrodes. Lim et al. [16] has reported the use of TiO, nanotubes as
catalysts support for PEMFCs. They have shown that these materials act as a very
durable supports compared to carbon supports. Furthermore, studies have shown TiO,
may improve the Pt ORR activity through various mechanisms [17,18]. SnO, nanowires
have been shown to enhanced the catalytic activity of Pt for ORR and methanol oxidation

(MOR) as catalysts supports in low temperature fuel cells [4,19].

In spite of the various properties of metal oxides which make them potential candidates
as catalyst supports in low temperature fuel cells, replacing carbon based material with
metal oxides such as TiO, is difficult due to their low electrical conductivity at
temperatures below 200°C [20,21]. Therefore, composite metal oxide- carbon materials
have been proposed as fuel cell catalyst supports [20,22]. These materials exhibit the
desired properties as catalyst supports which are unattainable by their individual
components. In composite supports, carbon is mainly used to stabilize highly dispersed
metal oxide nanoclusters. This maximizes the interaction between the metal oxide
material and the metal catalyst. For example TiO,/C composites have been synthesized
by different means such as hydrolysis of titanium alkoxides [23] or microwave assisted
polyol process [8]. Pt/TiO,/C synthesized by these methods, exhibits an enhanced
methanol tolerance and stability compared to Pt/C. Jiang et al.[8] studied the size effect
of TiO, nanoparticle in Pt/TiO,/C electrocatalyst and revealed that TiO, with an average

size of 20 nm enhanced the ORR activity and stability of the electrocatalyst.
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In this study, to take advantage of the high surface area provided by NCNTs and
interaction between TiO, and Pt catalysts, TiO, decorated NCNTs composite material
was fabricated directly on carbon paper through CVD and magnetron sputtering process.
The physical and electrochemical properties of the composite electrocatalysts were
characterized. To understand the change in the electrochemical activity of the
electrocatalysts, X-ray absorption fine structure (XAFS) spectroscopy was used. Ti K-
edge, Si K-edge and Pt L3, edge at the X-ray absorption near edge structure (XANES)
provide detailed information about the chemical state and electronic structure of each

component of the electrocatalysts.
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6.2 Experimental Procedure

6.2.1 Composite Nanostructure Synthesis

Ti0, nanoparticle decorated NCNTSs were synthesized via combination of CVD,
magnetron sputtering and solution etching processes. The composite nanostructures were
grown on the commercially available carbon paper (E-TEK, a division of De Nora North

America, Somerset, NJ), composed of carbon microfibers of 5-10mm in diameter.

The NCNTSs were directly grown on carbon paper by CVD method, using thin layer of Fe
as the catalyst and melamine (CsHgNg, Aldrich, 99%) as the source of carbon and
nitrogen. The detailed synthesis of NCNTSs using this process has been reported
elsewhere [11,24,25]. In detail, aluminum (Al) layer with a thickness of 30 nm was
sputtered on the carbon paper as a buffer layer. Thin layer, 1-2 nm thick Fe layer was
sputtered on the Al layer to act as the catalyst. The substrates were placed in the center of
the quartz tube. Melamine was put at the low temperature region (upstream). The tube
was mounted on a horizontal electric furnace and Ar (99.999%) was introduced into the
system for 30 min to purge air out. The temperature was raised to 800 °C, and held at this
temperature for 30 min. During this period a constant flow of Ar (300 sccm) was
maintained in the system. After the experiment, a dark layer covered the substrate.

The NCNTSs on carbon paper were placed in the plasma enhanced chemical vapor
deposition-sputtering system (PECVD). A 100 nm layer of TiSi,Ox was deposited on the
NCNTSs from TiSi, target (Kurt J. Lesker, 2 inch, 99.9%) using a RF magnetron (150 W,
10 min). The oxygen was introduced from the residual oxygen in the sputtering chamber.
The composite nanostructures were then heat-treated at 1000 °C for 6 hr under a constant
flow of Ar (99.999%) to convert the TiSi,Oy layer into TiO, nanoparticles with controlled

diameters and SiOy layer.

The SiOy layer was removed via NaOH treatment. The heat-treated nanostructures were
submersed in NaOH solution (10 wt%) for 48 hr. The treated nanostructures (TiO,-

NCNTSs) were washed in deionized water and dried at room temperature overnight.
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6.2.2 Pt deposition

Pt nanoparticles were deposited on TiO,-NCNTSs nanostructures by a formic acid method
[26]. In this method, the Pt precursor (H,PtClg.6H,0, Aldrich, 99.95%) and formic acid
(HCOOH, Aldrich, 98%) were used as received. The synthesis was conducted in an

environmentally friendly solution of deionized water. The reduction process is given by
H,PtCls + 2HCOOH = Pt + 6H" + 6CI" +2CO> ()

In this process, 1 mL of 0.03 M H,PtCls.6H,0 and 1mL HCOOH were simultaneously
mixed with 20 mL of water at room temperature. TiSix-NCNT nanostructures on carbon
paper were immersed in the solution and the reaction was carried out in 80 °C for ~ 15
min. In this period the color of the solution turned from golden orange to dark brown,
indicating the formation of Pt nanoparticles. After the solution was cooled down, the
composite nanostructures on carbon paper was removed from the solution, washed by

deionized water and dried at room temperature overnight.

6.2.3 Physical Characterization

The morphologies of the products were characterized using field emission scanning
electron microscope (SEM, Hitachi S4800, operated at 5.0 kV) equipped with energy
dispersive X-ray spectroscope (EDX), transmission electron microscope (TEM, Hitachi
7000, operated at 100 kV), and high resolution TEM (HRTEM, JEOL 2010, operated at
200 kV) along with selected area electron diffraction (SAED) pattern. The crystal
structure and composition of the products was characterized by X-ray diffractometer
(XRD) using Co Kal (A =0.179 nm) radiation operated at 45 kV and 35 mA.

6.2.4 X-ray Absorption Spectroscopy

Ti K-edge data were collected at the Soft X-ray Microcharacterization Beamline
(SXRMB) of the Canadian Light Source (CLS, operated at 2.9 GeV) which has an energy
range of 1.7 — 10 keV. Si (111) crystal monochromator was used to collect the XANES
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spectra at Ti K-edge. The XANES were recorded in total electron yield (TEY) using

specimen current detector.

The Pt L3, edge adsorption spectra X-Ray Absorption Fine Structure (XAFS)
measurements were performed on the Pacific Northwest Consortium X-ray science
division (PNC-XSD) I1D-20B beamline of the advance photon source (APS operated at 7
GeV) at Argonne National Laboratory. Measurements were made at room temperature in
transmission mode for Pt foil and commercial Pt/C catalysts and in fluorescence mode
using a solid state detector. The software package ATHENA version 0.8.056 was used for

data reduction.

The Pt L3, edge white line intensity was analyzed using the Au metal L3,2-edge XANES
as the background since Au metal exhibits no white line and has the same face centered
cubic structure as Pt metal. Both Au and Pt XANES were calibrated relative to the edge
threshold (Eo, point of inflection of the rising edge jump) with the edge jump normalized
to unity (atomic edge jump, for Pt unity edge jump at the L3 and L, edge has a value of
2.5 x10%cm™ and 1.13 x10% cm™, respectively. Thus the area under the difference curve in
the white line region between Pt and Au, denoted AA; and AA; for the Lz and L, edge
respectively, will be proportional to the unoccupied densities of states of Pt 5d character

for the samples.

6.2.5 Electrochemical Measurements

Cyclic voltammetry was conducted at room temperature using an Autolab
potentiostat/galvanostat (Model, PGSTAT-30, Ecochemie, Brinkman Instrument) with a
standard three-electrode, two-compartment configuration. Pt wire and Ag/AgCl (3M
NaCl) electrode were used as the counter and reference electrodes, respectively. For
hydrogen electrosoprtion curves measurement, the potential was cycled between -0.159 V
and 0.991 V at 50 mV/s to obtain the voltammograms of hydrogen adsorption in Ar-
purged 0.5M H,SO, aqueous solution. For ORR measurement, O, (99.99%) was first
purged into solution at a position close to the working electrode for at least 30 min. The
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measurements were done by linear potential sweeping from 0.8 Vto 0.2 V. The
electrochemical properties of the composite nanostructures were compared to two
standard electrodes: Pt/NCNTs and 30wt% Pt/C commercial catalyst from ETEK. Pt
nanoparticles were deposited on NCNTSs via similar procedure mentioned above for
Pt/TiO,-NCNTs.

6.3 Results and Discussion

Physical characterization of composite nanostructures of TiO,-NCNTs illustrates the
successful deposition of TiO, nanoparticles with controlled diameters on NCNTSs. Figure
6.1 shows the SEM and TEM micrographs of TiO,-NCNTs samples. SEM observations
of NCNTs before TiO, deposition and NaOH treatment showed these nanostructures
grown on carbon fibers to have an open 3D morphology. SEM images of these
nanostructures after TiO, deposition (Figure 6.1a) show no significant change in the
morphology of composite nanostructures compared to pristine NCNTSs, indicating TiO,
deposition process does not alter the morphology of NCNTSs significantly. High
magnification SEM images, (Figure 6.1b) reveal the deposition of high density of
nanoparticles on NCNTs. Further analyses of TiO,-NCNTs via TEM, shown in Figure
6.1c, reveal that the nanoparticles have an average diameter of 12 nm. The regular
trapezoid shape of most of the nanoparticles, and the SAED pattern of the composite
nanostructure (inset of Figure 6.1c) confirm high crystallinity of TiO, nanoparticles. The
SAED pattern can be closely indexed to the rutile TiO, tetragonal crystal structure
(JCPDS 21-1276). Clear lattice fringes of these nanoparticles shown in the HRTEM
image; imply the TiO, nanoparticles to be single crystals. The measured distance of these

lattice fringes correspond to the (110) plane of the rutile TiO, crystal.
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Figure 6.1 a) SEM and b) High magnification SEM, c) TEM and HRTEM images of
TiO,-NCNTSs nanostructures.

Further characterization of the composite nanostructures was conducted through analysis
of XANES spectra of composite nanostructures including TiO,-NCNTs and Pt/TiO,-
NCNTs at Ti K edge. Figure 6.2 shows the Ti K edge XANES of these nanostructures in
the range of 4960 to 5040 eV, together with the spectra of rutile TiO, reference sample.
All spectra were normalized to an edge jump of unity for comparison. Ti K-edge XANES
study confirms the structure of the sample evidenced by TEM and SAED pattern

indicating the rutile nature of the TiO, nanoparticles.



126

1.5

1.0 4

Abaorplion (8w,

i0. 5 <

——Ti02 (Rutile)
——Ti02-NCNTs
—PUTIO2-HCHT s

L. i E ki il i) S0 5040
Energy (e\V)

Figure 6.2 The normalized XANES spectra of composite nanostructures at Ti K

edge.

Figure 6.3 shows TEM and HRTEM images of Pt nanoparticles deposited on TiO,-
NCNTs nanostructures. TEM observation, reveal high density of Pt nanoparticles with an
average size of 4 nm deposited on exposed surfaces of NCNTSs, this is consistent with

previous reports on the deposition of Pt nanoparticles on carbon surfaces via similar

process by Yang et al [26].
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Figure 6.3 a) TEM and b) HRTEM image of Pt nanoparticles deposited on TiO,-
NCNTSs (Pt/TiO,-NCNTS). Inset in (a) shows the HADDF image of Pt nanoparticles

deposited on TiO, nanoparticles.

Studies have shown that Pt deposition on metal oxides and SiO, containing surfaces
using reduction methods leads to limited uniformity and low Pt loading. This is due to
strong interaction requirement between the Pt precursor and the substrate. When H,PtClg
is used as Pt precursor in an acidic environment (even as low as PH=1), since there is no
strong interaction between PtCls® and oxide surfaces, the loading of Pt is greatly reduced
[27]. In this study, TEM observations confirm the deposition of Pt nanoparticles on TiO,
surfaces (relatively lower density compared to NCNTS). Inset image of Figure 6.3a shows
high-angle annular dark field (HAADF) image of the selected area in Figure 6.3a, clearly
indicating the presence of Pt nanoparticles (bright particles) on the top of TiO,
nanoparticles (darker particles). The HRTEM image (Figure 6.3b) of the Pt nanoparticles
deposited on the composite structures shows the deposition of single crystalline Pt
nanoparticles with clear lattice fringes. The measured spacing of these fringes confirms
the metallic nature of the Pt nanoparticles. Furthermore, these images indicate, in contrast
to other Pt deposition processes, Pt nanoparticles deposited via formic acid reduction
method have small nanorod like morphology. HRTEM measurements reveal these Pt

nanoparticles to have an aspect ratio of around 2. This can be attributed to the Pt
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deposition process and the substrate, similar results have been reported by Sun et
al.[28,29]. They reported the synthesis of Pt nanorods and nanowires by modifying the Pt

deposition process to promote one dimensional growth of the Pt nanostructures.

The electrochemical properties of Pt/TiO,-NCNTs composites were evaluated using
cyclic voltammetry (CV). For comparison Pt/NCNTSs and cPt/C commercial catalyst were
examined under identical conditions. The CVs (Figure 6.4a) of these composite
nanostructures were recorded in Ar-saturated 0.5 M H,SO,4 aqueous solution at room
temperature between -0.159 and 0.991 V vs Ag/AgCl (3M NacCl), with a scan rate of 50
mVs™. The voltammetric features of all the electrodes reveal the typical characteristics of
Pt metal, with the adsorption and deposition of hydrogen between -0.154 to 0.991 V and
Pt oxide formation and its reduction between 0.5 and 0.991 V.

Multiple peaks for hydrogen adsorption and desorption were seen on Pt/TiO,-NCNTSs and
Pt/NCNTSs electrocatalysts compared to a single broad peak seen on Pt/C. This
phenomenon implies the reaction involved multiple exposed crystallographic planes. The
electrochemically active surface area (ECSA) of the samples can be estimated based on

the total charge of hydrogen desorption (Qy) according to the following equation:
AgL = Qu/(210uCem™ x Pt loading)

The Ag. is expressed in cm?mg™ where the Pt loading is in mgyem™. Values of Ag =
59.3, 276.6 and 123.4 cm?mg™ have been obtained for Pt/TiO,-NCNTs, Pt/NCNTSs and
Pt/C respectively. The high value of Ag_ for Pt/NCNTSs is well documented, and has been
attributed to the high surface area of NCNTs and 3D open structures of these
nanomaterials grown on carbon paper [10]. The significant reduction in the active surface
of Pt/TiO,-NCNTSs can be attributed to the intrinsic 1D morphology of Pt nanostructures
compared to Pt nanoparticles deposited on composite nanostructures. In addition the
presence of residual SiO, on the surface of NCNTSs further reduces the ESCA of these

electrocatalysts.



129

L — Pt/C
K e PUNCNT's
—— PUTIO,-NCNTs

Current Density z\g"(Pl)

L] i L) bt T - L) L] L 4 LJ

0.2 0.0 0.2 04 0.6 08 1.0
Potential (V vs Ag/AgCl)
0
=
et
< "
o =104 = Pt(
‘g’ PUNCNTS
2 s P Ti( )I-N('N'l's
=
~
& -204
=
S
-30 T 1 L) Ll
0.2 03 04 0.8 0.6

Potential (V vs Ag/AgCl)

Figure 6.4 Electrochemical characterization of composite nanostructures. a) Cyclic
voltammetry curves, b) Oxygen reduction curves of Pt/TiO,-NCNTs composite
electrodes. The samples were compared to Pt deposited nitrogen doped carbon

nanotubes (PUNCNT NCNTs) and Pt/C. Potential scan rate 50 mVs™.

The electrocatalytic activities for ORR of the composite electrodes are compared in
Figure 6.4b, by linear scanning voltammetry, at a scan rate of 50mVs™. Results illustrate
the higher peak potential of Pt/TiO,-NCNTs compared to other two selected. The peak
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potential of Pt/TiO,-NCNTSs is 0.47 V while that of PtUNCNTSs and Pt/C are at 0.44 V and
0.41 V respectively. At peak potential the mass activity of Pt/TiO,-NCNTs (22.2 Ag™) is
2.42 times higher than Pt/C (9 Ag™). However, it is 0.15% smaller than Pt/NCNTSs (26
Ag™). By taking into account the active surface area, specific ORR activity for Pt/TiO,-
NCNTs (3.83 Am™) is 5.5 times higher than Pt/C (0.73 Am™) and 4 times higher than
PYNCNTSs (0.94 Am™). As reported previously, these results indicate that the presence of
TiO, nanoparticles enhances the electrocatalytic activity of Pt nanoparticles towards ORR
[8]. However, Pt/TiO,-NCNTSs supports show lower mass activity compared to
Pt/NCNTs due to low conductivity of TiO, [8].

The electrocatalytic activity of the Pt/TiO,-NCNTSs for methanol oxidation was also
examined in a solution containing 1M MeOH and 0.5M H,SQO,. The corresponding
results are shown in figure 6.5a. Before the deposition of Pt nanoparticles no methanol
oxidation was observed (not shown). After the Pt deposition typical features of methanol
oxidation were detected, which are in good agreement with literature [19,29]. As shown
in Figure 6.5a, the peak potential for methanol oxidation in the forward scan on Pt/TiO,-
NCNTs (0.64 V) is lower than PtYNCNTSs (0.69) and Pt/C electrode (0.7). This indicates
that Pt nanoparticles supported on TiO,-NCNT composite are able to significantly reduce
the overpotential in methanol oxidation. Furthermore, the oxidation peak current for the
Pt/TiO,-NCNTSs [126 Ag™ (Pt)] is about 1.4 and 1.9 times higher than PtNCNTSs [90.6
Ag™ (Pt)] and Pt/C [66.7Ag™ (Pt)] respectively. In terms of the activity per unit active
surface, the difference between Pt/TiO,-NCNTSs and the two reference materials should
be larger considering the lower surface of area of Pt/TiO,-NCNTSs, which suggests a

positive effect of TiO, on the catalytic activity of Pt towards methanol oxidation.

Figure 6.5b, shows adsorbed CO (CO,qs) stripping voltammograms for Pt/TiO,-NCNTSs
composite along with Pt/NCNTSs and Pt/C electrodes in 0.5M H,SO4 solution at a scan
rate of 50mVs™. CO was purged while holding at -0.159V vs Ag/AgCl (3M NacCl) for
30min at 25°C. The observed peak potential at 0.59V for the Pt/TiO,-NCNTs, is lower
than Pt/NCNTs (0.61V) and Pt/C (0.66V). The results indicate that the CO,qs 0Xidation
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becomes energetically more favorable at Pt/TiO,-NCNTs compared the other two

electrodes, indicating that the presence of TiO,, allows the adsorbed CO to be oxidized at

lower potentials confirming the methanol oxidation observations. This result is in good

agreement with the reports on the effect of titanium oxides on the CO tolerance and

methanol oxidation of Pt catalyst nanoparticles [6,18,21,23].
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An important aspect of reactivity in fuel cell electrocatalysts is the interaction between
the metal catalysts (Pt) and the support. Recently, significant progress has been made
towards understanding the nature of these interactions [30], and their effect on the
activity of electrocatalysts. Strong metal support interaction (SMSI) has been reported
between metal oxides such as TiO, support and Pt catalysts [31,32]. Studies have shown
that SMSI results in the change of metal catalyst electronic structure, subsequently
changing the catalytic activity of the catalyst. Zhang et al. [33] discussed the correlation
between the d-band center and ORR activity of the catalysts. Their result shows that
stronger or weaker binding energy of atomic oxygen at various substrates causes a
sluggish ORR. Todae et al. [34] have also studied the electronic effects of alloyed
catalysts on the ORR in acid electrolytes. Their results indicate that ORR activity
strongly depends on the Pt d-band vacancies. Other reports have also confirmed that the
catalytic activity of Pt for various electrochemical reactions including ORR is related to
the density of state of employed Pt [35-37]. Furthermore, the metal support interactions
between the catalyst support and catalyst has been evaluated through study of XANES
spectrum [38-40]. The qualitative and quantitative interpretation of Pt L, and L3 edge
WL and XANES has been widely used to probe the unoccupied density of d states in a

variety of systems [41-43].

To further elucidate the effect of composite supports on the activity of electrocatalysts,
the chemical, electronic structures of the Pt nanostructures on the composite supports are

studied using X-ray absorption spectroscopy.

XANES at the Pt L3 and L, edges for the Pt nanoparticles deposited on the composite
structures are shown in Figure 6.6 including a Pt foil, Pt/NCNTs and Pt/C for
comparison. It is seen that both Pt L; and L, edge XANES of supported Pt nanoparticles
exhibit a considerable whiteline (WL) compared to the Pt foil. The WL in Pt L, and L3
edges arises from the dominant 2py/, and 2ps, transition to 5ds;; and 5ds, 3.resectively
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(dipole selection rule: Al =+ 1, Aj =+ 1, 0) indicating the presence of unoccupied

densities of states of Pt 5ds/, and 5ds/, characters in the samples [41,42].
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Figure 6.6 X-ray absorption studies of the Pt deposited composite nanostructures.
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A close examination of the L3 edge WL profile of the composite samples indicate, there
are small differences in the L; edge WL intensity of and shape. Results indicate that the
L; edge WL intensity increases in the following order: Pt foil < Pt/C<Pt/NCNTSs <
Pt/Ti0,-NCNTSs which are consistent with the ORR results of these electrocatalysts. All
composite samples show a positive shift in the maximum energy (Epeax) With small
negative shift in the threshold energy (Eo) (within experimental uncertainty). This
indicates the Pt nanoparticles deposited on the composite supports are still metallic. The
metallic behavior of these nanoparticles is also confirmed by the oscillations beyond the

WL, which are characteristic of the FCC structure of Pt metal.

The increase in the WL intensity compared to Pt foil is due to decrease in the number of
electrons in the d orbital, confirming a strong interaction between Pt nanoparticles and
their support in the form of Pt atoms d charge depleted. The corresponding L, edge WL
(Figure 6.6b), show a similar trend as that of Pt L edge in Epeax and E.

For a better understanding of the effect of the unoccupied densities of 5d states of Pt
nanoparticles on different supports, quantitative WL intensity analysis has been
conducted based on method reported by Mansour et al.[43] and Sham et al. [41]. In this
method, the Pt L3 edge WL intensity is obtained by subtracting the Pt L3 edge XANES
from the corresponding XANES of Au. The area under the difference curve was

integrated and AA3 and AA; were calculated. These values can be expressed as:
AA, = Iﬂ(Pt)L3WL - /J(AU)L3W|_
AA, = J.:U(Pt)LZWL - /u(Au)LZWL

and according to sham et al. [41] the theoretical expression of these value are:

6h.,, +h
=CNE Rzpzxz 5/2 3/2
AA?. o'Yo 3( d )Zl: 15 j|
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AAZ = CoNoEZ(R;pu2 )2(% h3/2)

Where Co=4nr?o/3 (o is the fine structure constant), No the density of Pt atoms, h; the 5d
hole counts and E; and Ej3 are the corresponding edge threshold, E, for the L, and L3
edges respectively. R term is the radial transition matrix element. By assuming R terms

are similar for both edges:
C=C,N,R?

and with this approximation:

1[.E 0
hM:z{SE_sAAS AAz}
h3/2:|:%}

C

A C value of 7.484 x 10* cm™ was derived for Pt metal by Matthesis et al.[44]. Table 6.1
summarizes the Pt L3 and Pt L, edge threshold and WL parameters. These results
quantitatively confirm the observations made on the Pt L; edge XANES, i.e., Pt/TiO,-
NCNTSs has the highest total unoccupied density of states of Pt 5d character compared to
Pt/C indicating a stronger metal support interaction between the composite supports and
Pt catalysts. Such an increase of 5d vacancies as reported by Toda et al.[34], leads to an
increased 2x electron donation from O; to the surface of Pt, resulting in an increased O,
adsorption and a weakening of the O-O bond. As a result, increasing the catalytic activity
of Pt supported on TiO,-NCNTs compared to Pt/NCNTSs and Pt/C.
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Table 6.1 Summary of WL analysis on Pt L3,2 edge of composite electrodes

Pt L; edge WL Pt L, edge WL

Eo(eV) Ereak(€V) TI(eV) AA; Eq(eV) Epea(€V) AA;  hgp  hgp

I'eV)
Pt Foil 11564.00 11567.00 600 4.87 13273.00 1327630 660 226 047 0.11
PUC 1156400 11567.70 7.40 495 13272.99 13277.00 802 258 047 012
PUNCNTs 1156398 1156750 7.04 504 13272.98 1327620 644 241 048 011
Etg\'ﬁi 1156393 11567.80 7.74 544 13272.92 1327690 7.96 273 052 013

6.4 Conclusion

In summary, TiO, nanoparticle decorated NCNTSs were synthesized using a combination
of CVD and magnetron sputtering. SEM and TEM observations reveal that the
nanoparticles are single crystalline with an average diameter of 14 nm. Ti K-edge XAFS
study indicates these nanoparticles have a rutile TiO, phase. Pt nanoparticles were
deposited on these nanostructures. TEM investigations indicate the deposition of Pt on
both TiO, and NCNTSs surfaces. The electrochemical characterizations of the Pt/TiO,-
NCNTSs revealed that the deposition of TiO, reduced the active surface area of Pt.
However, results indicated a significant increase in the activity of Pt/TiO,-NCNTs
towards ORR and MOR. Furthermore, CO stripping voltammetry, revealed higher
tolerance of these electrocatalysts to CO poising. XANES studies and WL analysis of the
Pt L, 3 edge reveal an increase in the Pt 5d vacancies of the Pt/TiO,-NCNTSs. These
results illustrate a higher SMSI between the Pt catalysts and composite TiO,-NCNTs
supports. This opens up the possibility of fine tuning the electronic structure of Pt

catalysts via composite catalyst supports.
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Chapter 7

7  One-step tunable synthesis of pristine, sulfur-doped
W 18049 Nnanowires and WS,/W13049 Nnanocables'?

There is a growing trend of studies on the deposition of Pt catalysts on tungsten oxide
nanostructures (W13049) owing to their high electrochemical stability and good electrical
conductivity, which promises improved catalytic activity and stability of the
electrocatalysts compared to commercial Pt/C catalyst. Recently, our group along with
other research groups have reported that W15049 supported Pt catalysts show high
electrocatalytic activity towards oxygen reduction reactions, thus enhancing the fuel cell

performance.

Following this concept, to increase the Pt utilization and forming freestanding
electrocatalysts of Pt on W;gO49 catalyst support, our research efforts have been
expanded to controlled synthesis of tungsten oxide nanowires directly from tungsten
powder. The advantages of these studies is the synthesis of tungsten oxide nanowires with
small diameters and larger specific surface area, higher gas permeability and
modification of their surface chemistry for better Pt catalyst deposition and metal support
interaction. In addition, sulfur doping has been introduced in the tungsten oxide
nanowires to modulate the morphology and size of the nanowires and create complex
architecture of WS,/W13049 nanocables as well, which may display distinct catalytic

properties.
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7.1 Introduction

One dimensional nanostructures have become the focus of considerable research due to
their intriguing properties, high surface to volume ratios and potential applications in
various technologies and high performance nanoscale devices. Among which, tungsten
based nanostructures such as tungsten oxides (WOs.x) and tungsten sulfides (WS;) are of
particular interest. WO3.« nanostructures have been found to exhibit semiconductor,
conductor or superconductor properties depending on their oxidization states [1]. The
properties and imperfection in the structure of nonstoichiometric tungsten oxides has led
to their application in gas sensors, optical devices [2] solar cell energy conversion,
photoelectrochromatic applications [3] and field emission technologies [1]. Tungsten
oxides nanostructures such as W1gO49 nanowires have been proposed as catalysts
supports in low temperature fuel cells in enhancing the catalytic activity of the
electrocatalyst [4,5].

WS, nanotubes were the first artificial non-carbon nanotubes since the discovery of
carbon nanotubes in 1992. It was shown that these nanostructures have a layered structure
and are unstable in the planar form and they fold on themselves giving rise to polyhedral
fullerene like structures and nanotubes. The properties of these nanostructures have been
intensively investigated in recent years. WS, nanotubes are promising material for solid
state lubricants[6], tips of scanning electron microscopes [7] and applications such as
solar cells [8], Li ion batteries [9], photodetectors [8]. Studies have also shown that
hybrid nanostructures of WS,/WO3.« show excellent mechanical properties making them

suitable as shock resistant material [10].

Various strategies have been adapted for the preparation of WO3.« nanostructures
including solvothermal synthesis [11], thermal evaporation [12] and vapor deposition
[13-15]. Among these methods, synthesis of WOs3.x nanostructures such as WigOag
nanowires using vapor deposition of tungsten metal in the presence of water vapor is the

most promising method for large scale synthesis of these nanostructures [13].



142

Furthermore, W13O49 nanostructures can be subsequently used as precursors of WS,
nanotubes via direct metathesis reaction with gaseous H,/H,S in two step process [16].

However, several key issues have to be addressed prior to implementation of these
nanostructures in their prospective applications. The main challenge is the synthesis of
the nanostructures with tunable morphology which promises adjustable properties of the
corresponding nanodevices. Studies have shown that the morphology of the
nanostructures can be manipulated by the introduction of a foreign element into their
crystal structure, which is so-called doping [17-19]. Zhai et al [19], have reported the

synthesis of various morphologies of In,Se; nanostructures via sulfur doping.

Up to now, many different factors have been studied for the controlled growth of WO3.4
nanowires and subsequently WS, nanotube. Here, we report a one-step tunable synthesis
of pristine, sulfur-doped W13049 nanowires and WS,/W13049 nanocables by controlled

sulfur doping, and structure evolution of the products was investigated.

7.2 Experimental Details

The pristine and sulfur-doped W13049 nanowires as well as WS,/W 15049 nanocables
were grown via a chemical vapor deposition method using tungsten powder (99%,
Aldrich) as the source material and high purity Ar as the carrier gas. Sulfur powder (99%,
Aldrich) was added to the system for the synthesis of S-doped W;5049 nanostructures and
WS,/Wi15049 nanocables. Tungsten powder was placed in center of the tube furnace,
which acted as both tungsten source and the substrate. Sulfur powder was positioned in
the upstream region of the furnace. Prior to heating the furnace, the chamber was
saturated with water vapor by introducing high purity Ar, passed through a water bubbler,
into the synthesis chamber for 30min at a rate of 300sccm (standard cubic centimeters per
minute). The system was rapidly heated to 750°C over 15 min and kept at this
temperature for 60min at a constant flow of water vapor saturated Ar. After the

experiment the system was cooled down to room temperature slowly.
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The product collected from the tungsten powder was characterized initially using a
Hitachi S-4800 field emission scanning electron microscope (SEM) operated at 5.0 kV
and Philips CM10 transmission electron microscope (TEM). Further detailed
characterization was conducted by a JEOL 2010 field emission gun high resolution
transmission electron microscope (HRTEM) operated at 200kV and energy dispersive X-
ray spectrometer (EDX).

7.3 Results and Discussion

Tungsten based one dimensional nanostructures were synthesized using vapor deposition
method. In this process the morphology of nanostructures was controlled by adjusting the
concentration of sulfur vapor in the CVD chamber.

Figure 7.1 shows typical SEM images of nanostructures synthesized from tungsten
powder under various sulfur vapor flow rates. SEM images of nanostructures synthesized
in the absence of sulfur vapor in the chamber are shown in Figure 7.1a and b, similar
morphologies to tungsten oxide nanostructures have been previously reported [13,20].
SEM observations indicate these nanostructures have length up to few micrometers, and a
wide range of diameters between 50 nm to 700 nm. The close examination of the large
W;5049 nanostructures shown in Figure 7.1b, clearly shows the presence of thinner
nanowires on the edges of W1sO49 nanostructures. As reported by Gu et al. [13], these
nanostructures are composed of bundle of smaller diameter W13049 Nanowires growing in
the same crystal direction. Each component of these thinner nanowires has an average
diameter of 20 nm. Furthermore, hollow like feature is formed in the composite
nanostructure, due to multi-component structure of the W;3049 nanowire bundle. SEM
observations indicate that more than 90% of the tungsten powder is converted into

W 15049 Nanostructure bundles.
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Figure 7.1 SEM images of a,b) W13O49 nanowire bundles, ¢,d) S-W1049(60)

nanowires, e,f) S-W15049(150) nanocables.

After addition of sulfur vapor into the synthesis process, striking changes were observed

in the morphology of W15049 nanostructures. SEM images of products formed under
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60mgh™ sulfur flow rate (S-W15O4s(60), Figure 7.1c and d), show high density of
nanowires formed on tungsten powder. These nanowires have uniform and thinner
diameters compared to pristine W13049 nanostructures (Figure 7.1b), with an average
diameter of 35 nm and length up to 5 um. High magnification image of individual S-
W15049(60) nanostructures shown in Figure 7.1d, illustrates that these nanostructures are

composed of smaller number of W13049 Nnanowires.

With further increase of sulfur vapor flow rate to 150mgh™ (S-W:5045(150)) , significant
decrease in the density and length of nanostructures deposited on tungsten powder is
observed (Figure 7.1e). SEM observations reveal that by increasing the sulfur flow rate,
the rate of tungsten powder conversion to tungsten based nanostructures is decreased.
However, no obvious change in the diameter of these nanostructures compared to S-
W15049(60) nanostructures could be seen. High magnification SEM images of S-
W15049(150) shown in Figure 7.1f, indicate the presence of open ended nanostructures on
tungsten powder, implying the formation of tube like structures. SEM observations show,
that further increase of the sulfur vapor flow rate in the synthesis process reduces the
overall density of tungsten based nanostructures but increase the ratio of tube like

nanostructures to nanowires.

To further analyze the composition and structure of the products EDX analysis under
TEM was carried out. Figure 7.2a shows a typical image of W13049 nanowire bundles. As
seen in TEM images, these nanostructures have a wide range of diameters and lengths
and the composite nature of these nanostructures can clearly identified. EDX spectrum of
W04 (Figure 7.2b) nanostructures shows the presence of tungsten and oxygen as the
main components of these nanostructures. The Cu peaks result from the TEM grid
holding the nanostructures. TEM images of S-W15O49 (60) nanostructures (Figure 7.2c),
confirm the SEM observation results, indicating a uniform diameter distribution of S-
Wi15049(60) nanostructures compared to W13049 nanostructures resulting from the
presence of sulfur in the synthesis chamber. EDX spectrum of these nanostructures

(Figure 7.2d) reveals the presence of small amount of sulfur in addition to tungsten and
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oxygen peaks. Figure 7.2e, shows the TEM image of S-W13049(150) nanostructures,
revealing their core/shell structure. As shown in TEM images, these nanocables have
open ended structure with inner diameters between 11 nm and 40 nm and outer diameter
of 20 nm to 45 nm. EDX analysis of S-W13049(150) nanocables indicate the higher

atomic ratio of sulfur compared to S-W15049(60) nanostructures.
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Figure 7.2 TEM images and EDX spectrum of a,b) W13049 nanowire bundles, c,d) S-
W15049(60) nanowires, e,f) S-W15049(150) nanocables.
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The HRTEM analysis was used to study the crystal structure of deposited nanostructures
in detail. HRTEM image of W;3049 composite nanowires shown in figure 7.3a, reveal
that each nanowire of the nanostructure bundle is a single crystal. Selected area electron
diffraction pattern (support information 1a) confirms the monoclinic W1gO4g crystal
structure of the nanowires. As shown in Figure 7.3b, the nanowires in the nanostructure
bundle grow perpendicularly to {010} plane which is the close packed plane of the
crystalline monoclinic W1g049. HRTEM image of S-W15049(60) nanowires shown in
Figure 7.3c, reveals a similar structure to W13049 nanostructure bundles, with the distance
of core lattice fringes corresponding to (010) plane of W1g04g crystal structure (Figure
7.3c, lower inset) . However, detailed measurement of distance between lattice fringes at
the edge of the nanowires (Figure 7.3c, top inset) indicates a small increase in distance
compared to the core of nanowires. This increase can be related to diffusion of another
element such as sulfur, replacing the oxygen in the W;3049 monoclinic crystal structure,
as illustrated in Figure 7.3d.

The HRTEM observation of the nanocables S-W;g049(150) nanostructures, shown in
Figure 5.3¢, clearly reveal the presence of crystalline core covered by multi walled
crystalline shell. HRTEM observations indicate that the number of walls in the shell
section of the nanocables is between 4 and 16. Further detailed study of the core section
(Figure 7.3e, lower inset) indicates this section to have a crystalline W1gQ4g Structure
similar to W13049 nanocomposites, growing in [010] crystal direction. The HRTEM
image of the shell area (Figure 7.3e, top inset), the formation of the nanotubes around
W3049 core nanowires. The distance the nanowalls correspond to (0002) planes of WS,

hexagonal crystal structures grown along [1010] direction. Figure 7.3f, shows the relaxed
atomic model of 2H-WS; covering the W15049 nanowires.
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Figure 7.3 HRTEM and relaxed atomic models of W13049 nanowire bundles, c,d) S-
W15049(60) nanowires, e,f) S-W13049(150) nanocables.
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In the synthesis of W;5049 Nanostructures, since no catalyst was used, vapor-solid
mechanism can be proposed for their synthesis process. In this process as described in
previous studies [13,14,20], water vapor plays a key role in the formation of WOy
nanostructures at relatively low temperature. Based on the experimental results, the

synthesis of W1g049 nanocomposites can result from following reactions:
W+ H,0O - WO+ H,
WOy + nH;0 — WOy.nH,0
WOy.nH;0 + Hy — W35049 + H20O

This process has been well reported [13,14,20] .In this mechanism, first a thin WO layer
is formed on the surface of W powder. The volatile tungsten compound (WOx.nH;0) is
formed from this surface layer via reaction with water. During the experiment, by further
oxidation of the W powder, the vapor pressure of WO.nH,O is increased on the surface
of the source powder. The supersaturation and decomposition of WO,.nH,O on the
surface of the W powder, leads to the formation of W10, crystal nuclei. The continuous
decomposition of volatile WOx.nH,O on the nuclei, allows the formation of the
crystalline W15049 Nnanowires along [010] direction away from the tungsten powder.
Further decomposition of WO,.nH,O from gas phase, as seen in the SEM and TEM
observations will facilitate the growth of secondary single nanowires parallel to the first
nanowire forming nanostructure bundles with larger diameters. Studies have shown that
various parameters such as the size of tungsten precursor, water vapor pressure affect the
overall diameter and morphology of the synthesized nanostructures [13,16]. However, as
reported by Jin et al.[13], the vapor-solid process of the formation of W3Oy 0On the
surface of the W1504g initial nanowire plays a key role in the synthesis of the
nanostructure bundles. In this process, surface properties of the substrate (walls of
W04 initial nanowire in this case,) affect the deposition rate and growth of

nanostructures.
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By introduction of sulfur into the synthesis process, as seen in TEM observations the
surface structure of the W;3O49 Nanowires changes. As shown in Figure 7.3c and d, we
believe the diffusion of sulfur between the (010) planes of monoclinic W1gQO4g crystal
increases their inter-planner distances on the surface of the nanowires. This increase
results in change in local chemistry and surface energy of nanowires surfaces.
Consequently, affecting their adsorption properties for the volatile WO.nH,O species,

and inhibiting the formation of composite nanowires with large diameters.

Experimental results indicate the diameter of the W13049 nanowires before the formation
of nanocables is dependent on the sulfur vapor pressure in the CVD chamber. This can be

related to the diffusion rate of sulfur in the W1gO4g crystal structure.

The formation of WS, nanotubes around W;g049 nanowires has been extensively reported
[10,16,21-23]. In these studies, the synthesis is reported in two stage experiments: 1)
Synthesis of WOy nanostructures (mostly whiskers [16,21] or nanorods [10,22]), 2)
conversation of WO, nanostructures into WS, nanotubes. According to these studies, H,
is diffused into WOy structures, forming oxygen vacancies in the structure by forming
H,0 and reducing the structure to tungsten suboxides such as W1gOqg [21,22]. In the next
stage, following the oxide to sulfide mechanism, WS,/W;5049 nanocables are formed via
H,S reaction. In this mechanism, sulfur diffuses into the surface of the W1gOug
nanostructures forming a sulfide skin around the oxide core. Subsequent sulfur gradually

proceeds inward forming the inner layers.

In this study, we believe the reported two stages occur simultaneously with synthesis of
W15049 Nanowires and gradual conversion toWS,, due to diffusion controlled process of
the latter reaction. Furthermore, the presence of H,O vapor and synthesis of W10

suboxides with sufficient oxygen vacancies and diffusion pathways, eliminates the need

for the introduction of external H; gas into the synthesis chamber.

It is noteworthy that in contrast to the most reported WS, [16,21] from a WOy precursor,

our results show the formation of long, and mainly open ended nanotubes. We believe
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this feature arises from typical morphology of W33049 Nnanowires and the sulfur diffusion
pathways. As shown in Figure 7.3b and d, W130.9 nanowires are synthesized along [010]
direction in the close packed plane of the monoclinic crystal structure. This reduces the
diffusion of sulfur into the W04 crystal structure in [010] direction thus forming open

ended nanotubes.

Furthermore, the radial diffusion of sulfur through WS; is thought to be very slow so as
proposed previously [22], sulfur diffusion occurs along the nanowalls of WS, nanotubes
to reach the WOy crystal structure and diffuse radially. This will result into gradual
inward radial conversion of the core section of nanocables from their tip as highlighted in

Figure 7.3e.

7.4 Conclusion

In summary, W1g049 nanowires with well determined diameters were synthesized directly
on tungsten powder. The morphology of these nanowires was controlled by sulfur doping
of their surface crystal planes, via exposing to sulfur containing vapor. Experimental
results indicated the change in the surface properties of the W13049 nanowires inhibits the
formation of nanostructure bundles with large diameters. Further increase of sulfur vapor
flow rate resulted in the one-step synthesis of open ended, long WS2/W;5049 Nanocables.
The growth process of these hybrid materials is based on the vapor solid mechanism, and
diffusion of sulfur vapor along the WS, nanowalls and radial diffusion in W;gOa4g crystal
structure. It has been shown that the extent of oxide to sulfide conversion can be
controlled with sulfur concentration in the CVD chamber. This method has great
potential for large scale synthesis of W13O49 nanowires and WS,/W13049 nanocables with
uniform size distribution. These materials have great potential in various applications

such as catalyst support, field emitters and energy industries.
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Chapter 8

8 Conclusion and Future Perspective

8.1 Conclusion

Nanomaterials, material with at least one dimension in nanoscale, have been extensively
studied, due to their unique structure and properties. These materials have been applied in
many applications such as fuel cells to address their challenges. Fuel cells, specifically
proton exchange membrane fuel cells (PEMFCs), are one of the environmentally friendly
energy systems that offer the direct conversion of chemical energy to electricity with high
efficiency. However, the high cost of Pt used as catalyst is a big roadblock inhibiting the
wide scale commercialization of PEMFCs. The application of nanomaterials with
controlled morphology has been shown as a promising solution to address the challenges
in the field of PEMFCs.

The main objective of this thesis has been the development of various novel
nanomaterials as catalyst support of Pt electrocatalysts to improve the PEMFCs
performance. The synthesis process and growth mechanism of these nanomaterials have
been studied in detail. The morphology, structure and properties of the nanostructured
catalyst supports have been characterized via various techniques such as scanning and
transmission electron microscopy, X-ray diffraction, energy dispersive X-ray
spectroscopy, Raman spectroscopy and X-ray absorption spectroscopy. Electrochemical
characterization of the nanostructures has been conducted to study the performance of

these supports with Pt catalysts in PEMFCs environment.

Metal silicides are potential candidates as catalyst supports in PEMFCs due to their
unique properties such as high electrical conductivity, high corrosion and oxidation

resistance. In this thesis, WSi, nanostructures were synthesized using a low pressure
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CVD method. The results indicated that the concentration changes of the tungsten
precursor and partial pressure of oxygen affected the morphology and composition of the
products, forming nanowires, nanonets and nanosheets. The growth mechanism was
proposed based on the formation of a silica sheath on several (111) planes of WSi, nuclei.
The nanostructures were formed in three stages: i) forming nanoparticles, ii) growing into
nanonets and iii) evolving to nanosheets. Cyclic voltammetry measurements of the
nanostructures indicate that WSi, nanosheets exhibited higher capacitance compared to

WSi, nanoribbons.

TasSi3 complex nanostructures were also synthesized via low pressure CVD process. The
experimental results indicated that the morphology of nanostructures is very sensitive to
precursor and silica vapor pressure along the CVD chamber. The networked nanowires
were synthesized in high precursor and silica concentration while networked nanoribbons
and nanosheets were grown in lower concentration region. A vapor solid mechanism
based on the formation of silica sheath on {001} crystal planes of TasSi; nanostructures
was proposed. Cyclic voltammetry measurements of TasSi3 nanostructures with different
morphologies indicated that networked nanoribbons and nanosheets exhibit higher
capacitance compared to other morphologies. These nanostructures are expected to be
great potential material for new electronic and energy related applications.

The nanostructured TiSi,Ox,-NCNTs composites were synthesized as support of Pt
catalysts for PEMFC applications. The nanostructures were synthesized using a
combination of CVD and magnetron sputtering processes. The experimental results
showed that TiSi,O4 formed an amorphous layer with variable thickness on carbon
nanotubes. Annealing treatment of the composite nanostructures promoted the formation
of TiO, nanocrystals in the amorphous TiSi,Ox matrix. X-ray absorption near edge
structure (XANES) spectra of Ti K-edge and Si K-edge confirmed the presence of rutile
TiO, and SiO; in the sputtered layer. Pt was deposited on the composite nanostructures
via reduction method. The electrochemical characterization of Pt deposited catalysts
supports indicated that the Pt/An-TiSi,Ox-NCNTs exhibited 30mV positive potential and
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larger mass and specific activity for oxygen reduction reaction (ORR) compared to
Pt/TiSi,Ox-NCNTs and Pt/NCNTSs. The quantitative and qualitative analysis of whiteline
in XANES spectra of Pt L, edge and Pt L3 edge confirmed the presence of higher density
of unoccupied states in Pt 5d orbitals for Pt nanoparticles deposited on composite catalyst
supports compared to NCNTSs, resulting in the higher catalytic activity of these catalysts.
The higher performance of An-TiSi,Ox-NCNTSs relative to TiSi,Ox is attributed to the
change in the morphology of Pt nanoparticles deposited on these composite
nanostructures and the synergistic effect between Pt, SiOx and TiO, species on the
annealed TiSi,Oy layer. These results suggest that multi component composite
nanostructures are promising catalyst supports for PEMFC applications.

Further, in the next step TiO, nanoparticle decorated NCNTs were synthesized by
removal of SiO, amorphous layer in An-TiSi,Ox-NCNTs. SEM and TEM observations
reveal the presence TiO, nanoparticles with diameters around 14nm. XANES spectra of
Ti K edge confirmed the rutile nature of these nanoparticles. Pt nanoparticles were
deposited on the composite nanostructures. Electrochemical characterization of Pt/TiO,-
NCNTSs revealed a significant increase in the activity of these composite electrocatalysts
towards ORR and methanol oxidation. In addition, CO stripping voltammetry revealed
higher tolerance of these electrocatalysts to CO poising compared to Pt/NCNTs and Pt/C.
XANES spectra of Pt L, and L3 edge illustrated the increase in the density of unoccupied
density of states in Pt 5d orbitals with the presence of TiO, nanoparticles. These results
indicate a strong metal support interaction between Pt catalysts and TiO,-NCNTSs
supports. This opens up the possibility of fine tuning the electronic structure of Pt

catalysts via composite catalyst supports.

The synthesis of W1gO49 nanowires and WS,/W13049 nanocables were studied. W1gO49
nanowires were synthesized using a chemical vapor deposition (CVD) method. The
morphology of nanostructures deposited on tungsten powder was controlled by sulfur
doping of the W13049 nanowires via exposing to sulfur containing vapor. The

experimental results indicated that the change in the surface properties of tungsten oxide
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nanowires enables the synthesis of W;3049 nanowires with smaller diameters (~20 nm).
Further increase of sulfur vapor flow rate resulted in the one step synthesis of open ended
long WS,/W15049 Nnanocables. A vapor solid mechanism was proposed for the growth of
these nanowires and nanocables. It was proposed that the transformation of W04 to
WS; is based on the diffusion of sulfur along WS, nanowalls and radial diffusion in
W5049 crystal structure. The results indicated that the rate of tungsten oxide to sulfide
conversion can be controlled by the sulfur concentration in the CVD chamber. This
method has a great potential for large scale synthesis of W13049 nanowires WS,/W15049

nanocables with controlled morphology for various applications such as PEMFCs.

The major contributions of this study can be summarized as follows:

The authors successfully developed a method for deposition of W1gO49 Nnanowires with
controlled morphology. Further, WS,/W;5049 nanocables were synthesized in a one-step
process. A novel method was proposed for the synthesis of composite nanostructures
based on NCNTs. It was shown that multi-component catalyst supports have great
potential as catalyst supports in PEMFCs, affecting the electronic structure of Pt
catalysts. TiO, decorated NCNTSs with controlled diameters were developed through a
combination of CVD and magnetron sputtering. Metal silicide complex nanostructures
were synthesized using a CVD method and a growth mechanism based on silica sheath
formation of certain crystal planes was proposed. This method can be expanded for the

synthesis of other metal silicide and oxide nanostructures.

8.2 Future perspective

Despite the advances shown in this thesis, many issues remain unsolved. Future work

could be focused on the following aspects:
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In this thesis, it was shown that doping of nanostructures, for example sulfur
doping of tungsten oxide nanowires, is a suitable method for the synthesis of
nanostructures with controlled morphology and composition. Similar methods can
be developed for the synthesis of other metal oxide and carbide nanostructures.
Further, since doping of nanostructures involves a change in the surface chemistry
of nanostructures, it is noteworthy to study the electrochemical properties of
doped and pristine nanostructures as electrocatalysts for PEMFC applications.
The method developed in this research for the synthesis of composite
nanostructures opens a path to development of new type nanostructures such as
oxide, silicide, carbide and organic thin films. These composite nanostructures
can be used in various applications such as PEMFCs.

In the preparation of TiO, nanoparticle decorated NCNTSs, the size of TiO, was
kept constant. However, the synthesis method of these nanostructures provides the
means of synthesis of TiO, nanoparticles with well controlled diameters. It is
possible to study the dependence of various properties of these nanostructures on
TiO, nanoparticle such as interaction of composite nanostructures with Pt
catalysts.

Metal silicide nanostructures due to their properties can be potential catalyst
supports for PEMFCs. However, the presence of silicon oxide on these
nanostructures can be an obstacle in the road for application of these
nanostructures. Thus, development of a new synthesis method or a post treatment
process for the removal of the silicon oxide layer would be of great interest.
Study of interaction of between the catalyst support and Pt catalyst nanoparticles
using X-ray absorption spectroscopy has revealed that the catalyst supports can
greatly affect the electronic structure of Pt nanoparticles. To design a highly
active electrocatalysts for PEMFCs, it is required to further understand the effect
of novel catalyst support, especially multi component supports on electronic

structure of the catalysts.
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