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Applications

Student: Jitendra N. Tiwari Advisor: Dr. Fu-Ming Pan

Department of Materials Science and Engineering

National Chiao Tung University

Abstract

Nanostructured materials carl. provide a large 'surface area for the loading of highly
dispersed catalyst nanoparticles, such ds Pt and Pt-Ru, thereby improving the power density
of direct methanol fuel cells (DMFCs). The-thesis prepares various nanostructured anode
electrocatalysts, and investigates. electrocatalytic characteristics of the nanostructured
catalysts.

Two different approaches are adopted to prepare electrocatalyst supports, which are
anodic aluminum oxide (AAQ) templated nanostructured materials and nanoporous graphitic
carbon (g-C). For the AAO templation approach, Si nanocones (SNCs) and amorphous carbon
(a-C) coated Si nanocones arrays are first fabricated on the Si wafer for the use as the catalyst
support, followed by electrodeposition of Pt nanoparticles. Well-ordered a-C coated Si
nanocone (ACNC) arrays were produced as a result of the arrangement pattern transfer of
AAO pore channel arrays to Si substrates with TiO nanomasks by the plasma etch in the
microwave plasma chemical vapor deposition (MPCVD) system. A layer of a-C about 5 nm
thick was in-situ deposited on the SNCs during the MPCVD process. In order to obtain the
high current density and mass activity, well dispersed Pt nanoparticles with a uniform size

distribution below 5 nm were deposited on ordered SNC and ACNC by bipolar pulse
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electrodeposition. The dispersion of Pt nanoparticles on SNC was improved by coating a
nanocrystalline g-C. The electrocatalytic activity of the nanostructured anodes toward
methanol oxidation reaction (MOR) are superior to anodes with a blanket surface according to
electrochemical measurements.

In addition, we developed a new method to form nanoporous g-C, which was utilized as
the support for Pt and Pt-Ru alloy catalysts, by the used of an adamantane flame.
Electrochemical tests and results show the Pt-Ru supported on nanoporous g-C had excellent
catalytic activity and stability toward methanol electrooxidation. The excellent catalytic
activity may be attributed to the higher surface area of g-C.

To investigate the dependence of electrocatalytic activity toward MOR on the morphology
of Pt catalyst, the two dimensiehal (2D) and three dimensional (3D) Pt nanostrucutred
materials were also synthesized. by-direct bipolar pulseelectrochemical deposition at 25°C.
We have also successfully synthesized Pt nanoparticles of different shapes such as tetrahedron
and cube by fasten silicon at room_ temperature. An electrochemical study of 2D, 3D and the
shape-controlled Pt nanostructures ‘were showing-its. potential application for efficient

DMEFCs.
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Chapter 1
Introduction

1.1 Background

One of the great challenges in the 21* century is unquestionably electrochemical energy
conversion. In response to the needs of modern society and emerging ecological concerns, it
is highly desirable to find new, low-cost and environmentally friendly electrochemical energy
conversion for powering an increasingly diverse range of applications, ranging from portable
power for consumer electronics to potential transport applications [1-2]. This allowed for
rapid research in electrochemical energy conversion devices such as polymer electrolyte
membrane fuel cells (PEMFCs), ditect methanol fitel cells (DMFCs), and direct ethanol fuel
cells (DEFCs). As the performance of these devices depends intimately on the properties of
their materials, considerable attention has beengiven to the research and development of key
materials [2-7]. Micrometer sized 'bulk:materials are weaching their inherent limits in
performance and cannot fully.satisfyithe increasing desires of consumer devices. Therefore,
rapid development of new materials withe high performance is essential. Nanostructured
materials are becoming increasingly important in the development of electrochemical energy
conversion devices and hence have attracted great interest in recent years. A variety of
nanometer size effects have been found in the materials used in electrochemical energy
conversion, which can be divided into two types: (i) ‘trivial size effects’, which rely solely on
the increased surface-to volume ratio and (ii) ‘true size effects’, which also involve changes of
local materials properties [7]. Many approaches are used to accomplish nanostructures for
DMEFC applications. One approach to the synthesis of nanostructured materials has centered
on the replication of nanostructured silica templates followed by template removal. Various
lengths and shapes of monometallic nanowires templated by various silica structures have
been reported [8—10]. Bimetallic structures templated by nanostructured silica have also been
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reported which include Pt-Rh and Pt-Pd nanowires [11]. The synthesis of nanostructured Pt—
Ru electrocatalysts includes the synthesis of a bimetallic Pt—-Ru nanowire network templated
by mesoporous silica, specifically SBA-15 [12]. The SBA-15 silica template is synthesized
separately and is then immersed in a solution of Pt and Ru precursors. This infiltration
procedure has to be repeated numerous times, usually about ten, before full pore infiltration
can be accomplished [12]. Following this approach, a significant increase in the
electrocatalytic current was found when compared to a commercial Pt-Ru black.
Impregnation synthesis of a bimetallic network in mesoporous silica presents an interesting
material design approach, although it is limited in application due to its complexity, parameter
variability and time-consuming synthesis. Alternative approach that utilizes the advantages of
anodic aluminum oxide (AAO)atemplates for thessynthesis of Pt and Pt alloy catalysts
nanostructured materials [13,. 14].- A~ mesoporous -platinum film was prepared by
electrodeposition of Pt into.a liquid crystal surfactant template [15-18]. With this method it is
easy to control the size ofsthe porous:structures, but it is difficult and time-consuming to
implement and to scale up the liquid-crystal template techniques. Other promising areas of
nanostructure development are in‘microemulsions [19], lyotropic liquid crystalline phases
[20], microwave irradiation [21], sonochemistry [22, 23], electrochemical deposition [24], and
sol-gel processing [25]. Recent work has been done by Liang et al. [3] to make hollow
nanospheres of Pt by a redox replacement reaction from Co nanosphere precursors.
Additionally, Jiang and Kucernak [26] reported high surface area mesoporous microspheres of
Pt/Ru by electrocoreduction of the two precursor salts within a surfactant template. These
works are only a fraction of the entire effort in this field, and it is expected that such routes

will bridge the gap to the discovery of new materials.



1.2 Motivation

Recently, substantial attention has been paid to the development of fuel cells with solid
polymeric electrolytes that operate on liquid fuel, in particular, methanol, in which methanol
directly oxidizes on the anode, i.e. the so-called direct methanol fuel cells (DMFCs).
Although the technology of such fuel cells was developed to an extent, some fundamental
problems remain unclear and only their solution can result in wide-scale commercialization of
DMEFC, especially as the efficient current sources for portable devices. The most important
problem is the development of efficient catalysts, which would provide the long-term (for
several thousand hours) operation of fuel cells without sacrificing their characteristics.
However, their sluggish electrochemical reactions result in inevitable high Pt-catalyst loading
and low catalyst utilization, in addition to the well-kftown methanol crossover problem. It is
essential to improve Pt-catalyst utilization in ‘DMFCs, because the high cost of Pt-based
catalyst understandably dominates the material cost of membrane electrode assembly (MEA)
for low temperature fuel cells. There-are-two-way to overcome this problem. First, the
synthesis of ordered nanostructure materials with highsurface area as a supports of Pt or Pt
alloy catalysts. Secondly, direct synthesis of manostructure materials (Pt or Pt alloy catalysts)
with high surface area. Moreover, an appropriate synthetic route ultimately determines the
success or failure of nanostructured materials synthesis, because the physical properties and
applications of nanostructured materials are heavily dependent upon their synthetic method.
As a result, there have been tremendous efforts toward the development of new synthetic
methodologies for several decades.

In this study, we have proposed very simple methods for fabrication and synthesis of
nanostructured materials for supporting nanoparticles Pt or Pt alloy catalysts. Well-ordered
arrays of Si nanocones (SNCs) were fabricated using the combination of anodic aluminum

oxide (AAO) templating and dry etching techniques. The self-organized nanodot array of



titanium oxide (TiOx) in use is prepared from TiN/Al film on the silicon substrate by
electrochemical anodization. This novel method can not only reveal highly ordered
nanostructures but also overcome lithography limitation. TiOx nanodots were then used as
nanomasks to etch TiN layers and the underlying layers in an inductively coupled plasma
reactive ion etch (ICP-RIE) system. The ICP-RIE is a plasma-based dry etching technique
characterized by a combination of physical sputtering and chemical activity of reactive
species. Owing to the well-controlled etching depth and profile for nanostructures, TiOy
nanodots were used as nanomasks to fabricate well ordered SNC arrays. Then Pt
nanoparticles were electrochemically deposited on the SNCs for fuel cell electrode. An
amorphous carbon coated Si nanocones (ACNCs) were used to obtain well-dispersed Pt
nanoparticles with high mass activity, where bipolar pulse electrodeposition was used to
deposit Pt nanoparticles.

In order to increase the performance of DMFCs electrode, we synthesized the graphitic
carbon (g-C) with a high surface area on‘the Si substrate and thus were used as a support of Pt
and Pt-Ru alloy catalysts.

We have also developed new simple-and efficient techniques for direct synthesis of Pt
nanostructures. In this regards, we have synthesized the two-dimensional (2D) continuous Pt
island networks and three-dimensional (3D) Pt nanoflowers for DMFCs electrodes. In
addition, we have synthesized the shape-controlled Pt nanoparticles by fasten silicon and

study there electrochemical performance for DMFCs application.



Chapter 2
Literature Review
2.1 Fuel cells

2.1.1 Introduction

The first fuel cell was demonstrated by Sir William Grove in 1839. Namely, a fuel cell is
an electrochemical cell that directly converts chemical energy into electric energy. Hence, a
fuel cell is a converter which enables the energy conversion via the electrochemical reaction,
like the well-known electrochemical batteries. However, fuel cells are unique in that they
consume reactants, which must be replenished, while batteries store electrical energy
chemically in a closed system,Additionally, while the electrodes within a battery react and
change as a battery is charged or discharged, a fuel cell's electrodes are catalytic and relatively
stable. But its commercialization has been limited by-high cost, material limitations, and low
operational efficiencies. The first successful-application of a fuel cell was demonstrated by
NASA in the Gemini and Apello space programs_as.a way to deliver potable water to the
astronaut crew [27]. Today research"has focused on developing fuel cells for stationary,
automotive, portable, and military power applications. Fuel cells are attractive because they
provide an innovative alternative to current power sources with higher efficiencies, renewable

fuels, and a lower environmental cost.

2.1.2 Principles of fuel cells

A schematic representation of a various types of fuel cells is shown in Fig. 2-1. The main
active components of a fuel cell are fuel electrode (anode), oxidant electrode (cathode), and
electrolyte sandwiched between them. Figure 2-1 shows the basic operational principle of a

fuel cell with the reactant/product gases and the ion conduction flow directions. In a typical



fuel cell, fuels are fed continuously to the anode (negative electrode) and an oxidant (i.e., pure
oxygen or air) is fed continuously to the cathode (positive electrode); the electrochemical.
Reactions take place at the electrodes. The fuel is oxidized at the anode to gives up electrons
which travel through the external load to provide the power while ions migrate through the
electrolyte from one electrode to the other. On the cathode, the oxidant combines with the
ions and incoming electrons by a reduction reaction to complete the process. Usually, the
basic physical structure of an electrode consists of an electrolyte layer in contact with a
porous anode and cathode on each side. Triple phase boundaries are established among the
reactants, electrolyte, and catalyst in the region of the porous electrode. The nature of this
interface plays a critical role in the electrochemical performance of a fuel cell, particularly in
those fuel cells with liquid electrolytes. In such fuel cells, the reactant gases diffuse through a
thin electrolyte film that wets:portions-of the porous electrode and react electrochemically on
their respective electrode surface: In order to maximize the efficiency of fuel cell, a delicate
balance must be maintained among the €lectrode, electrolyte, and gaseous phases in the
porous electrode structure. The electrolyte in fuel cell net only transports dissolved reactants
to the electrode, but also conducts ionic charge between the electrodes and thereby completes
the cell electric circuit. In addition, it also provides a physical barrier to prevent the fuel and
oxidant gas streams from directly mixing.
The simplest and most common reaction encountered fuel cell reaction is:
H, + 2 O, — H,O0 (2.1)
From a thermodynamic point of view, the maximum-electric work obtained from the above
reaction corresponds to the free-energy change (available energy in an isothermal process) of
the reaction. Gibbs-free energy is more useful than the change in Helmholtz-free energy, since
it is more practical to carry out chemical reactions at a constant temperature and pressure
rather than constant temperature and volume.
The above reaction is spontaneous and is also thermodynamically favored because the free
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energy of the products is less than that of the reactants. The standard free energy change of the
fuel cell reaction is represented by the equation:

AG =—nFE, (2.2)
where AG is the free energy change, n is the number of moles of electrons involved, E, is the
reversible potential, and F is Faraday’s constant. If the reactants and the products are in their
standard states i.e., at a temperature of 25°C and 1 atm pressure, the equation can be rewritten
as:

AG =—nFE"°, (2.3)
Accordingly, the reversible cell voltage (E°,) of a fuel cell can be calculated from:

E°, -—AG°/nF (2.4)
For the reaction (2.1), AG® is —229'kJ/mol, n =2, F = 96,500 C/eq and, hence, the calculated
value of E°, is ~1.29 V.
Water is the product of the fuel cell reaction‘and can be,produced either as liquid water or
steam. The higher-heating=value (HHV): corresponds towuthe released heat when water is
produced as liquid water and'the lower-heating value (LHV) when water is produced as steam.

The difference in the HHV and LHV!is the heat required to vaporize the product water.

2.1.3 Types of fuel cells

There are a number of different fuel cells being investigated, which are classified based on
the electrolyte used. Each type of fuel cell has intended applications based on power output
limitations, operating temperature, and size of the power system. There are presently five
major fuel cell types at varying stages of development and commercialization: (1) alkaline
fuel cell (AFC), (2) phosphoric acid fuel cell (PAFC), (3) solid oxide fuel cells (SOFC), (4)
molten carbonate fuel cells (MCFC), and (5) polymer electrolyte membrane fuel cells

(PEMFC). Figure 2-1 shows the operational characteristics of each fuel cell family. A brief



description of different electrolyte cells is as follows.

[1] Alkaline fuel cell (AFC)

The AFCs typically utilize KOH as the electrolyte with the concentration of 35-50 wt%
and have the highest electrical efficiency of all fuel cells but suffer economically from the
necessity for ultra pure gases for its fuel. The electrolyte is retained in a matrix (usually
asbestos), and a wide spectrum of electrocatalysts can be used (e.g., Ni, Ag, metal oxides,
spinals, and noble metals). The operating temperature for AFCs is below 100°C, but higher
temperatures are desirable for improved hydrogen oxidation kinetics. Furthermore, the AFCs
are among the first fuel cells to have been studied and taken into development for practical
applications, and they are the {ﬁ-rst.tgrp;fof ':iil.'elt:'cel_ls to have reached successful routine
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Figure 2-1 Simplistic representation of a various types of fuel cells.



The major challenge is that alkaline electrolytes, like potassium or sodium hydroxide, do
not reject carbon dioxide, even the 300-350 ppm of carbon dioxide in atmospheric air is not
tolerated, whereas terrestrial applications almost invariably require the use of atmospheric air
as oxidant due to technical and economic considerations. The expected power output of an

AFC is in the range of tens of MW [27].

[2] Phosphoric acid fuel cell (PAFC)

The PAFCs are commercially the most advanced system due to simple construction and
the thermal and chemical stability of the phosphoric acid electrolyte at an operating
temperature in the range of 150-200°C. Phosphoric acid concentrated up to 100% is used as
the electrolyte in PAFC. The matrix-universally used to retain the acid is silicon carbide, and
the electrocatalyst in both the anede-and cathode is the platinum catalyst. The stability of
concentrated phosphoric _acid is relatively.‘high compared to other common acids;
consequently, PAFC is capable of operating at the high end of the temperature range (100 to
220°C) among the acid-type” fuel cells. Tt is mainly used for stationary power ranging from
dispersed power to on-site generation plants: Power outputs of 0.2-20 MW are able to supply
shopping malls and hospitals with electricity, heat and hot water and are commonly used as
primary or backup power for these sites [27]. There are several disadvantages associated with
the PAFC design. These include the need to use the expensive noble metal, platinum, as
electrodes. Furthermore the electrodes are susceptible to CO poisoning and the electrolyte in

the fuel cells is a corrosive liquid which, is consumed during operation [28].

[3] Solid Oxide Fuel Cell (SOFC)

The electrolyte in this fuel cell is a solid, nonporous metal oxide, usually Y20s- stabilized
ZrO2. The fuel cell operates at 800-1000°C where ionic conduction by oxygen ions takes
place. The high-temperature operation results in fast electrochemical kinetics and no need for
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noble-metal catalysts. Typically, the anode is Co-ZrOz2 or Ni-ZrOz2 cermet, and the cathode is
Sr-doped LaMnOs. The fuel may be gaseous hydrogen, H2/CO mixture, or hydrocarbons
because internal in-situ reforming of hydrocarbons with water vapor can occur at high
temperatures.

The SOFC has been investigated for applications ranging from industrial and home
generators, telecommunication systems, and in hybrid electric vehicles. The SOFC provides
high-quality waste heat that can be utilized for cogeneration applications or combined cycle
operation for additional electric power generation. The operating condition of SOFC is also
compatible with the coal gasification process, which makes the systems highly efficient when
using coal as the primary fuel. It has been estimated that the chemical to electrical energy
conversion efficiency is 50-60%,:€ven though sonie;estimates go as high as 70%—-80%. Also,
nitrogen oxides are not produced; and-the amount of carbon dioxide released per kWh is
around 50% less than for power sources based.on combustion because of the high efficiency.
There are several advantages to using.SOFC systems for practical power generation as
compared with the other types of fuel'cell. SOFCs have.a solid electrolyte, which eliminates

the corrosion and liquid management problems of the PAFCs [27].

[4] Molten carbonate fuel cell (MCFC)

The MCFCs uses liquid lithium potassium or lithium sodium carbonate stabilized in a
matrix as the electrolyte for the system, which is supported on Al203 fibers for mechanical
strength. The fuel cell operates at 600 to 800°C where the alkali carbonates form a highly
conductive molten salt, with carbonate ions providing ionic conduction. At the high operating
temperatures in MCFCs, Ni (anode) and nickel oxide (cathode) can promote reaction;
therefore, noble metals are not required.

MCFCs are aimed at stationary application such as the distributed power plants for
industrial and commercial applications. The MCFCs system can attain efficiencies of up to
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50 %, or up to 70 % with the combination with other power generators. MCFCs can operate
on a wide range of different fuels and are not prone to CO or CO:2 contamination, as is the

case for low temperature cells.

[S] Polymer electrolyte membrane fuel cell (PEMFC)

The PEMFCs uses a proton-conducting polymer membrane as the electrolyte at an
operating temperature of 80-105°C. The most commonly used reactants for this system are
hydrogen and methanol. Due to its low operating temperature, hydrogen and methanol fuel
cells are popular for use in automotive and portable electronic applications. The standard
membrane is a perfluorinated sulfonic acid membrane developed by DuPont and trademarked
as Nafion”. The platinum catalyst’is widely employed as the catalyst in both the anode and
cathode electrode.

Moreover, the PEMFC" has fast-start capability ‘and.yields the highest output power
density among all types of:the fuel cells.-Because of the solid membrane as the electrolyte,
there is no corrosive fluid spillage hazard, and there-is lower sensitivity to orientation. It has
no volatile electrolyte and has minimal-cotrosion concerns. It has truly zero pollutant
emissions with potable liquid product water when hydrogen is used as fuel. As a result, the
PEMEFC is particularly suited for vehicular power applications, although it is also being
considered for stationary power applications to a lesser degree [29]. The fuel — gas hydrogen
can be produced by steam reforming or partial oxidation of hydrocarbons; however, reforming
these fuels produces impurities such as carbon monoxide, to which the Pt-based electro-
catalyst have very low tolerance. Even a trace amount of CO drastically reduces the
performance levels, although CO poisoning effect is reversible and does not cause permanent
damages to the PEMFC system [30]. Furthermore, the performance reduction due to CO
poisoning takes a long time (on the order of two hours) to reach steady state. This transient
effect may have profound implication for transportation applications. Therefore, the PEMFC
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requires the use of a fuel virtually free of CO (must be less than a few ppm). Purifying the
fuel stream through a water gas shift reaction and preferential oxidation adds both extra
equipments and costs to a fuel cell system. Therefore, a fuel cell researcher’s dream is to
directly electrooxidize an organic fuel, rather than process it to hydrogen. Methanol is one
alternative because it is a common, widely used and inexpensive substance that can be easily
achieved from natural gas. Methanol offers other advantages over gas hydrogen, including
liquid state at room temperature, ease to fuel-feeding, distribute and store. Hence, direct
methanol fuel cell (DMFC) can be regarded as a subcategory of PEMFC, in which liquid
methanol is directly converted into the electrical energy without the further use of reformer. In

this thesis we shall focus our attention on the DMFCs and described in more detail below.

2.2 Direct methanol fuel cell (DMFCs)

2.2.1 Introduction

DMFCs using polymer electrolyte- membranes are promising candidates for transportation
applications and portable power sources such as.réplacing batteries. By eliminating reformer,
DMFC offer simple system design and potentially higher overall efficiency than the
reformate-fed fuel cells. Significant advances in Hy/air polymer electrolyte fuel cells have
been reported including the low electrocatalyst consumption and high power density.
However, fuel processor-fuel cell stack system on board the vehicle presents problems of
packaging, complexity, and an overall system efficiency significantly lower than that of the
fuel cell itself. Moreover, methanol is the liquid fuel that has substantial electroactivity and
can be directly oxidized to CO, and water on catalytically active anodes in DMFC. In addition
to high efficiency and environmental compatibility, liquid methanol is inexpensive, widely
available and can be handled and distributed to consumers to such an extent that the present

supply networks of gasoline can be used for methanol without difficulty. There are several
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conditions, which fuel cells must meet in order to become a real alternative to the internal
combustion engines. One of the most important requirements is system size, because of the
need to generate sufficient power within limited space on car board. This requirement is not
met by liquid electrolyte fuel cells as they have considerably lower power density than solid
electrolyte fuel cells. Highly efficient molten carbonate and solid oxide electrolytes, operating
at temperatures in the range 700 to 1000°C require extended, power consuming periods to
reach working temperature. Therefore, they cannot start rapidly and respond quickly to the
change in power demand of the particular vehicle. Using a gaseous fuel (commonly hydrogen)
is not suitable for small light duty electric cars due to difficulties with fuel distribution and
safe handling, and on-vehicle space and weight constraints. Currently methanol and also other
organic fuels are steam reformedsto-hydrogen rich gas before entry into the anode area of a
cell. This fuel feed usually contains-trages of carbon monoxide, which acts as catalyst poison
and needs to be purified. Purification of the fuel'feed with water gas shift reaction will reduce
the overall system efficiency and increase the weight, volume and start-up time of the device.
From the point of view of system simplicity and convenience in operation the direct methanol
fuel cell where methanol fuel is. supplied directly to the anode is a most attractive
technological solution for automotive application. The specific advantages in comparison to
other fuel cell types such as high energy efficiency (weight and volume) stationary electrolyte,
hence no corrosive liquids, self starting at ambient temperature, long-term experience, up to
several 10000 h, stability, etc. make the PEM-DMFC the most promising transportation power

source.

2.2.2 Principle of DMFC operation

A schematic drawing of a DMFC is given in Fig. 2-2, which demonstrates the principle of

operation of a DMFC. The DMFC works by oxidizing the liquid methanol to CO, and water.
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This eliminates the need for an external hydrogen supply. A proton conducting solid
membrane, used both as electrolyte and separator between anode and cathode, is sandwiched
between porous structures (i.e. carbon). The latter serve as current collectors and at the same
time as a support for catalyst particles. Before catalyst deposition the current collectors are
impregnated with polymer electrolyte to provide the intimate contact of the metal particles
both with electron and proton conductors. At the anode a methanol molecule reacts with a
water molecule liberating CO,, six protons which are free to migrate through the electrolyte
towards cathode, and six electrons which can pass through the external load. The CO,

produced in the reaction is rejected by the acid electrolyte.

= § =

co, H,O0
Methanol
+ 0,/air
Water

Bipolar Anode PEM Cathode Bipolar
plate plate

Figure 2-2 Schematic diagram of the DMFCs.

The protons, migrating through electrolyte and electrons, moving via external loaded
circuit, have to reach a particle of catalyst on the cathode, where oxygen is electro-
catalytically reduced producing water. The water produced is removed by the oxygen flowing
through the cathode compartment. An electric potential appears between the electrodes

because of the excess of electrons at the anode (where they are generated) compared with the
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cathode (where they are consumed). It is this potential difference that drives current through
the external load, making fuel cell a real source of power. The maximum voltage attainable
from the overall reaction in the methanol-air fuel cell in theory is ~1.21 V with a theoretical
efficiency of 96.5%, but in practice it is not achieved due to the poor electrode kinetics and
ohmic losses the electrolyte.

The relevant electrochemical reactions at the electrode are:

Anode reaction: CH;0H + H,0 — CO, + 6H + 6 E*=0.02V (2.5)

Cathode reaction: 3/2 O, + 6H" + 6¢” — 3H,0 E'=123V (2.6)

Overall reaction: CH;0H + 3/20, — CO, + 2H,0 E’=1.21V 2.7)
2.2.3 DMFC Anode

The electrooxidation of" methanol requires the presence of Pt-based catalysts. Pt is
involved in the two key steps occurring during oxidation toute. One is the dehydrogenation
step and the second is the chemisorption-ef-CO--Fhe methanol electrooxidation reaction is a
slow process and it involvessthe transfer of six_eleetrons to the electrode for complete
oxidation to carbon dioxide. Various reaction intermediates may be formed during methanol
oxidation. Some of CO-like species are irreversibly adsorbed on the surface of the
electrocatalyst and severely poison Pt for the occurance of the overall reaction, which has the
effect of significantly reducing the fuel consumption efficiency and the power density of fuel
cell. Thus it is very important to develop new electrocatalysts to inhibit the poisoning and
significantly increase the rate of electro-oxidation by at least a factor of two to three times.
Until now Pt is proved to be the only effective anode catalyst for DMFC. The research in
methanol electrooxidation using Pt anode reached important breakthroughs during the last 15
years. The most significant issue in the development of useful low-cost high efficiency

methanol fuel cells for generating electric current is the poisoning of the platinum anode by
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carbon monoxide that is generated during the oxidation. Carbon monoxide molecules formed
from the early steps of methanol oxidation adsorb on and block polycrystalline platinum
electrode surfaces and are not oxidized away by the reaction with water to make carbon
dioxide unless the anode potential is increased to about 0.6 V (SHE). The net result of doing
this is an unacceptable loss of cell voltage and efficiency. It has been found that carbon
monoxide can be oxidized at a lower potential by adding oxygen to the system, but the gain in
the cell voltage is not large. Furthermore, there is a loss of power because no current is
generated when carbon monoxide is oxidized by oxygen on the anode surface whereas, on the
other hand, oxidation of carbon monoxide by water yields two electrons and two protons and
the CO,4s poison that forms is oxidized by water

COut H,O — COs #2H" + 2¢ (2.8)

It was proposed that reaetion (2-8)yproceeds by direct attack by a H,O molecule on the
adsorbed CO [31]. A molecular orbital study en-Pt(111) suggested that for this to occur the
H,O molecule would not meed to.be adsorbed on the surface [32]. Results of the kinetic
isotope study were consistent.with the formation of an activated complex of H,O and CO,q4s
for which deprotonation was not rate limiting [33]. The involvement of OH,q, formed from
H,O decomposition on electrode surfaces in oxidizing organic fuels was proposed four
decades ago [34]. Its formation was advanced as the rate-determining step for the
electrooxidation process.

Studies involving partial substitution of Pt with other transition metals like W, Pd, Ni, Ti,
Rh, Mo have not yielded fruitful results [35]. Accordingly, most work has addressed to the
modification of the Pt environment by alloying it with other elements or through the synthesis
of multifunctional electrocatalyst. Until now the most successful results have been obtained
through the alloying route. Thus the electrocatalyst activity of the new material for anodic
oxidation of methanol is ambiguous. The mechanism of oxidation of methanol is discussed in
section 2.3.
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2.2.4 DMFC Cathode

In the direct methanol fuel cell the oxygen is reduced at the cathode, and so the electrode
configuration is the same as that of H,/O, fuel cell because of the same cathodic reaction. So,
most of the cathodes developed originally for H,/O, fuel cells are used in DMFC, which is Pt
supported on carbon. In direct methanol fuel cell using polymer electrolyte membrane, there
is a serious problem of methanol crossover from the anode region to cathode region, which
causes a decrease in cathode performance leading to a loss in overall fuel cell efficiency. Not
much is known about the chemical and electrochemical processes which methanol is
undergoing at the cathode of an operating DMFC. Wang et al. [36] found that methanol is
oxidized to carbon dioxide by oxygen in the presencerof platinum, which inhibits the oxygen
reduction reaction and results in lower cathode. potential*(depolarization). Keeping in mind
that the highest cathode potential is 1V in.practice,-this kind of loss is certainly a serious
problem that needs to be resolved..Some-werk-is-being done to develop methanol tolerant
catalyst (cathode), however, even if the cathode depolarization is resolved, the methanol
crossover is still an issue of considerable'significance, which results in a decrease in fuel cell
efficiency. From a practical point of view it should be important to stop this methanol
crossover through the membrane. Beside the methanol crossover, a general problem related
with Pt cathode still exists. The equilibrium potential for oxygen gas reduction to water
according to equation 2 is 1.23 V (RHE) at 25°C. In practice the cathode potential on Pt/C
electrode does not exceed 1 V. The main reason for this voltage loss is the formation of an
oxide film (OH,4s) and the presence of strong water dipole, which interacts with positively
charged metal surface. It is concluded that the neutral oxygen molecules are unable to
displace the water dipoles from the surface when the potential is above 1 V. Consequently, the

oxygen molecules are unable to exert their maximum thermodynamic potential in Pt electrode

17



system.

2.3 Mechanism of methanol oxidation

The basic mechanism for methanol oxidation was reviewed in 1988 [37], and can be
summarized in terms of two basic functionalities [38]:
(a) Electrosorption of methanol onto the substrate.
(b) Addition of oxygen to adsorbed carbon-containing intermediates to generate CO,.
Very few electrode materials are capable of adsorption of methanol; in acid solution only
platinum and platinum-based catalysts have been found both to show sensible activity and
stability, and almost all mechanistic studies have concentrated on these materials. On

platinum itself, adsorption of miethanol is now believed to take place through a sequence of

steps as:
CH;OH + Pt(s) — Pt-CH,OH + H' 4 ¢ (2.9)
Pt-CH,OH + Pt(s)— Pt,:CHOH.+H +¢ (2.10)
Pt,CHOH + Pt(s) =~ Ptz=COH + H' + ¢ (2.11)
Pt;COH — Pt-CO + 2Pt(s) *H' + & (2.12)
Pt(s) + H20 — Pt-OH + H' + ¢ (2.13)
PtOH + Pt-CO — Pt-COOH (2.14)
Or
Pt-CO + H,O + Pt-COOH + H" + ¢ (2.15)
Pt-COOH + Pt(s) + CO,H" + ¢ (2.16)

Additional reactions that have also been suggested include:
Pt-CH,OH — Pt(s) + HCHO + H' + ¢’ (2.17)

Pt,CHOH+Pt-OH — 3Pt(s) + HCOOH + H' + ¢’ (2.18)
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Pt,CHOH + H,0 — 2Pt(s) + HCOOH + 2H" + ¢’ (2.19)

Pt;C-OH + Pt - OH— 3Pt(s) + Pt-COOH +H" + ¢’ (2.20)
Or

Pt;C-OH + H,O — 2Pt(s) + Pt-COOH +2H" + 2¢” (2.21)
Reactions (2.9, 2.12) are electrosorption processes, whereas subsequent reactions involve
oxygen transfer or oxidation of surface bonded intermediates. Considerable controversy
surrounds the relative rates of the above processes and the identity of the dominant species on

the surface.

2.4 Features

DMFCs possess a wide spectrum of advantages-.as compared with PEMFCs that use
hydrogen as the fuel. The theoretical energy conversion' efficiency of all DMFCs exceeds
90%, which is higher than.that of PEMFCs.(83%). More importantly, liquid methanol has a
much higher volumetric energy density than-dees-gas hydrogen. Hence, DMFCs require much
smaller fuel cartridges and they are thus much more compact systems. In addition, methanol
is easily handled, the small size, low working temperature, easy fuel-feeding, transported and
stored. Unlike hydrogen-feed PEMFCs, liquid fuel-feed DMFCs do not need humidification
and separate thermal management ancillary systems. All these features make DMFCs

particularly suitable for portable and mobile applications [35].

2.5 Challenges

Currently there are some obstacles which need to be overcome before large scale
commercialization of DMFC: (a) the high cost of Nafion membrane in the range of US$ 800-
2000/ m*; (b) the reduction of oxygen on cathode is also low though the problems are not so

serious as with aqueous mineral acid electrolytes; (c) the permeability of the current
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perfluorosulfonic acid membranes (Nafion) to methanol, which allow considerable crossover
of methanol from anode region to cathode region. This leads both to degradation of
performance, since mixed potential develops at the cathode, and to deterioration of fuel
utilization. Methanol vapor also appears in the cathode exhaust, from which it would have to
be removed. (d) and perhaps of greatest concern at the moment is the low activity and high
cost of anode electrocatalyst, the anode reaction has poor electrode kinetics, particularly at
lower temperatures, making it highly desirable to identify improved catalysts and to work at
as high a temperature as possible. With regard to new DMFC anode catalysts, there are two
major challenges, namely, the performance, including activity, reliability and durability, and

cost reduction.

2.6 Anode catalysts of DMEC

For DMFC anode catalyst ‘performance improvement, the exploration of new catalyst
materials including noble and non-noble-metals—is necessary. In this respect, an alloying
strategy is one of the R&D directions. With the helpof fast activity screening, a breakthrough
could be accelerated to meet the requirements' for DMFC commercialization. The other is a
support strategy. Rapid development of nanotechnology, especially in the area of the synthesis
of carbon nanostructured materials, will create more stable and active supported catalysts.
Nanoparticle supported catalysts are believed to be the most promising materials for catalysis
in DMFCs. In recent years, significant progresses have been made to improve the
performance of DMFCs. And the research activities are mainly focused on the development
of the materials including the electrocatalysts and the electrolyte membranes, which are
important in DMFC.

Regarding cost reduction, for early DMFC commercialization, DMFC anode catalyst

loadings must drop to a level of <1.0 mg cm > from the present 2.0-8.0 mg cm 2, depending
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on applications. Loading reduction through increasing Pt utilization is one of the R&D
directions. Alloying and nanoparticle supporting strategies could dramatically reduce the Pt
content in the catalysts without performance compromise. Non-noble catalyst development is
the other approach for catalyst cost reduction. However, at this current stage, non-noble
DMEFC anode catalysts are not yet feasible. A more thorough exploration is needed in this area.
Real breakthroughs in DMFC anode catalysis are necessary with respect to performance and
cost. When such a situation arises, it is important to open up new avenues for making low cost
and effective catalysts. Until now many avenues that are already opening up are that of i)
novel nanostructures of Pt, ii) new cost-effective synthesis routes, iii) binary or multiple
catalysts, and iv) new catalyst supports to replace the generally used activated carbons,
besides ideally the Pt-based catalysts should besreplaced with abundant, non-precious
materials. In the followings section, pwe will present a brief literature review on the

development of DMFC anode catalysts.

2.6.1 Pt nanostructures

To lower the cost of Pt catalysts,” great ‘efforts have focused on the development of
nanostructures of Pt catalysts with a high surface area to achieve high catalytic performance
and utilization efficiency. A variety of Pt nanostructures such as nanoparticles [39], nanowires
[40, 41], nanocubes [42], 3D nanoflowers [43], multipods [44] dendritic [45] and nanotubes
[46] have been proposed.

Recently, it is shown that enhanced electrocatalysts of Pt can be obtained as hollow
nanospheres without changing catalyst loading [3]. The individual Pt nanosphere (diameter ca.
24 nm) is composed of a porous shell consisting of 2 nm-Pt nanoparticles (Fig. 2-3). These
features endow the Pt hollow nanospheres with a high surface area which contributes to the

high catalytic activity towards methanol electrooxidation. The result suggests a simple route
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to enhance the catalytic efficiency of Pt catalysts by a simple improvement of the morphology.
In the search for novel nanostructures of Pt, high-index facets such as {730}, {210}, and {520}
surfaces of tetrahexahedral Pt nanocrystals have been pointed out having high catalytic
activity for electrooxidation due to the large density of atomic steps and dangling bonds. [47]

The large scale synthesis method of them still remains a vital task.

100nm 20 nm

ey

r-. L ’ F ’-;i-
Figure 2-3 TEM images of Pt hollow nanospheres [3].

2.6.2 New cost-effective synthesis routes

Another way to lower the cost of Pt catalyst is to develop cost-effective routes for making
more efficient Pt catalysts. Recently nanoporous catalysts have attracted great interest in the
field of catalysis. Most syntheses of nanoporous materials reported so far have focused on
template-assisted bottom-up processes, including soft templating and hard templating
methods, which are relatively complicated. Recently, the conversion Li storage mechanism
occurring in transition metal compounds has been developed into a template-free up-down
method of wide applicability for the synthesis of well-crystallized materials with favorable
nanoporous structures [48]. Based on this strategy, nanoporous Pt can be obtained from
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submicrometer PtO, by electrochemical lithiation followed by dissolving the Li,O in acidic
aqueous solution or even water (Fig. 2-4). The synthesis is relatively simple (starting from
micrometre-sized transition metal oxides), yet very effective. Owing to the high surface area
(142m’ g), the presence of various pore sizes (220 nm) and the pronounced stability of the
nanoporous Pt, the so-prepared Pt shows outstanding properties when used as an

electrocatalyst for methanol oxidation [48].

Nanocomposite

of Pt/Li, O
. L /:\ "\ = Pore
Li insertion S
—_— —_— Nanoporous Pt

Figure 2-4 The simple template-free electrochemicals lithiation synthesis of nanoporous

structures [48].

2.6.3 Binary and Multiple Catalysts

Considerable attention has been paid to-Pt-based binary catalysts (generally Pt alloys, Pt-
M), ternary catalysts (generally Pt-M;-M;), and multiple catalysts (generally Pt-M;-M,- M30)
because the systems can not only reduce the cost but also improve the catalytic performance,
such as mitigating CO poisoning, lowing overpotential, and suppressing Pt dissolution.
According to Wasmus et al. [49], it is virtually undisputed that Pt-Ru is better than Pt and
there is a consensus about the fact that, for the methanol oxidation, Pt-Ru is the best material
among the Pt-based bimetallic electrocatalysts [49, 50-54]. These two metals, i.e. Pt and Ru,
have close electronegativities (Fig. 2-5) [55] and similar bulk Wigner-Seitz radii (Fig. 2-6)
[56]. Pt when alloyed with Ru strongly segregates while Ru strongly anti-segregates (Table 2-
1), thereby a Ru site should be surrounded with some Pt sites, what is in agreement with the
three to five Pt atoms necessary to activate the adsorption of methanol and the single Ru atom
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necessary to activate water [57].

Electronegativity [eV]

Figure 2-5 shows:the electronegativities (e V) of the transition metals [55].

Bulk Wigner-Seitz radius [au]
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Figure 2-6 shows the Bulk Wigner-Seitz radius [a.u.] of the transition metals [56].

3d 4d 5d

Ti v Cr Mn Fe Co Ni Cu Zr Nb Mo Tc Ru Rh Pd Ag Hf Ta W Re Os I Pt Au

3d
Ti n Al 81 82 §2 82 83 83 S2 n Al 51 82 52 53 83 SI Al A2 Al n 52 583 83
v 82 n Al A2 A2 Al 51 82 83 52 Al A2 A2 Al 81 83 83 81 A2 A2 A2 A2 Al 82
Cr 83 SI n 51 §2 82 83 83 53 83 82 §2 82 83 83 83 83 83 82 SI 81 83 83 83
Mn 83 52 51 n S1 SI 52 83 53 83 53 §2 82 52 83 53 83 S3 82 82 52 52 53 83
Fe 52 Al Al 51 n §1 82 83 83 82 Sl Al Sl 52 83 53 83 82 Al A2 Al 51 52 83
Co 82 Al Al Al n n S1 82 53 82 A2 Al 52 82 83 852 S1 A2 A3 A2 51 52 83
Ni S Al Al n Al Al n S1 83 SI Al A2 Al SI 82 83 83 n A2l A2 A2 Al 51 82
Cuo n Al Al Al Al A2 Al n 52 n Al A2 Al Al 51 82 52 Al A2 A2 A2 Al n 51

Zr Al n 52 82 §2 82 52 83 n Al Al n 51 52 82 53 Al A2 A2 Al n 51 52 83
Nb S Al A2 Al Al A2 Al 51 82 n A2 A2 A2 A2 Al 82 52 Al A2 A3 A3 A3 A2 n

Mo SI Al n 82 §2 83 83 83 83 SlI n S1 83 83 S8 83 83 n Al Al 82 83 83 83
Te 83 82 SISl 51 n 1 82 83 83 51 n n 51 82 53 83 82 Al Al A2 Al S1 83
Ru 82 Al Al 82 §2 82 83 83 53 82 Al Al n 52 83 53 83 81 Al A2 Al 51 53 83
Rh Al A2 A2 SI n n S1 82 52 Al A2 A2 A2 52 53 51 A2 A2 A3 A2 Al 51 83
Pd A2 A3 A2 A2 A2 Al Al n A2 A3 A3 A3 A3 A2 n 51 A2 A3 A3 A3 A3 A2 Al Sl
Ag A2 A2 Al Al A2 A2 A2 Al A2 A2 A3 A2 A2 A2 Al n A2 A3 A3 A3 A3 A2 A2 n

5d

Hf n n 52 82 §2 82 53 83 S1I Al Sl S§1 82 52 83 83 Al Al n 51 52 53 83
Ta 82 n Al Al Al Al S1 82 83 S1 Al A2 A2 Al 81 82 82 n A2l A3 A3 A2 Al 82
W n n 51 SI §2 82 52 83 83 82 Sl 52 83 53 8 83 83 81 n §I 83 53 83 83
Re 83 52 &1 51 51 SI 82 83 53 583 82 51 Sl §2 82 53 53 83 SI n 51 52 83
Os SI Al A2 Sl §2 82 83 83 83 82 Al Al Sl 52 83 583 83 81 Al Al n 52 53 83
Ir Al A2 A2 Al Al Al Al 81 82 Al A2 A2 Al S§1 82 83 SI Al A2 A2 A2 52 83
Pt A2 A3 A2 A2 A2 A2 A2 A2 Al A3 A3 A3 A2 A2 51 A2 A3 A3 A3 A3 A2 n 52
Au A2 A2 A2 A2 A2 A2 A2 A2 Al A2 A2 A2 A2 A2 Al n A2 A3 A3 A3 A2 A2 A2 n

Table 2-1 Compilation of calcﬁlafed segrggation'energ-{és on the closest packed surface of all
binary combinations of the traﬁsétibn metals [55].

= | - il
-~ -
r F M ]
Fe Co Ni Cu Ru Rh Pd Ag Ir Pt Au

A
Fe —0.92 —0.05 —0.20 —0.13 —0.29 —0.54 —1.24 —(.83 —0.36 —1.09 —1.42
Co 0.01 -1.17 —0.28 —0.16 —0.24 —0.58 —1.37 —0.91 —0.36 —1.19 —1.56
Ni 0.09 0.19 -1.29 0.19 —0.14 —0.31 —0.97 —0.53 —0.14 —0.80 —1.13
Cu 0.56 0.60 0.27 —2.67 0.58 0.32 —0.64 —0.70 0.58 —0.33 —1.09
Ru 0.21 0.26 0.01 0.12 —1.41 —0.17 —0.82 —0.27 0.02 —0.62 —0.84
Rh 0.24 0.34 0.16 0.44 0.04 -1.73 —0.54 0.07 0.17 —0.35 —0.49
Pd 0.37 0.54 0.50 0.94 0.24 0.36 —1.83 0.59 0.53 0.19 0.17
Ag 0.72 0.84 0.67 .47 .84 0.86 0.14 —4.30 1.14 0.50 —0.15
Ir 0.21 0.27 0.05 0.21 0.09 —0.15 —0.73 —0.13 -2.11 —0.56 —0.74
Pt 0.33 0.48 0.40 0.72 0.14 0.23 —0.17 0.44 0.38 —2.25 —0.05
Au 0.63 0.77 0.63 0.55 0.70 0.75 0.17 0.21 0.98 0.46 —3.56

B
Fe —0.92 0.14 —0.04 —0.05 —0.73 —0.72 —1.32 —1.25 —0.95 —1.48 —2.19
Co —0.01 -1.17 —0.20 —0.06 —0.70 —0.95 —1.65 —1.36 —-1.09 —1.89 —2.39
Ni 0.96 0.11 -1.29 0.12 —0.63 —0.74 —1.32 —1.14 —0.86 —1.53 -2.10
Cu 0.25 0.38 0.18 —2.67 —0.22 —0.27 —1.04 —1.21 —0.32 —1.15 —1.96
Ru 0.30 0.37 0.29 0.30 —1.41 —0.12 —0.47 —0.40 —0.13 —0.61 —0.86
Rh 0.31 0.41 0.34 0.22 0.03 —1.73 —0.39 —0.08 0.03 —0.45 —0.57
Pd 0.36 0.54 0.54 0.80 —0.11 0.25 —1.83 0.15 0.31 0.04 —0.14
Ag 0.55 0.74 0.68 0.62 0.50 0.67 0.27 —4.30 0.80 0.37 —0.21
Ir 0.33 0.40 0.33 0.56 —0.01 —0.03 —0.42 —0.09 -2.11 —0.49 —0.59
Pt 0.35 0.53 0.54 0.78 0.12 0.24 0.02 0.19 0.29 —2.25 —0.08
Au 0.53 0.74 0.71 0.70 0.47 0.67 0.35 0.12 0.79 0.43 —3.56

Table 2-2 Shifts in d-band centres of surface impurities (A) and overlayers (B) relative to the
clean metal values (bold) [55].

Moreover, the Pt electronic structure should be changed by the presence of neighbouring Ru.
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According to Table 2-2, the Pt d-band centre shifts down when Pt is alloyed with Ru, what
suggests weaker Pt-adsorbate bonds, while the Ru d-band centre slightly shifts up. In other
words, when Pt and Ru are alloyed, the adsorption of adsorbates is weaker on the Pt sites and
stronger on the Ru sites. These tendencies may explain the enhanced activity of Pt-Ru, which
is attributed to both bifunctional mechanism and electronic effect, where the bifunctional
mechanism involves the adsorption of OH species on Ru atoms thereby promoting the
oxidation of CO to CO; [58, 59]. In this way, the Pt poisoning by the CO-like species would
be decreased because these species would more weakly adsorb on Pt and Ru would provide
the necessary OH species, which would permanently be available on the Ru surface sites,
more strongly adsorbing the OH species. Elements as alternative to Ru were investigated.
Antolini et al. [52] worked on Pt;€04 and Pt;Ni; (atomic ratio 3:1). The authors chose Co and
Ni since their presence lowered the-eleetronic binding energy in Pt and so promoted the C—H
cleavage reaction at low potentials and, moreovert; they provided OH species necessary for the
CO oxidation. The performances of fuel.cells with Pt;Cojor Pt;Ni; as anode catalysts were
slightly worse than that of the fuel cell'with Pt. The petfermance of Pt;Co; was slightly better
than that of Pt;Ni;. These two metals, 1.e. €o'and Ni, have similar electronegativities (Fig. 2-5)
and bulk Wigner-Seitz radii (Fig. 2-6).

According to Table 2-1, Pt when alloyed with Co strongly segregates and Pt when alloyed
with Ni moderately segregates, as already reported [60]. For both Pt-Co and Pt-Ni, the Pt d-
band centre shifts down. The d-band centres of Co and Ni shift up when they are alloyed with
Pt. This analysis of the surface modifications suggests the following remarks: compared with
Pt-Ru, (i) the adsorption of OH species on the Co or Ni sites should be weaker; (ii) the lower
segregation of Pt in either Pt-Co or Pt-Ni is an indication of a higher dilution of Pt and so a
decrease in the number of Pt surface sites. Therefore, Pt-Ru should be a better catalyst than
both Pt-Co and Pt-Ni, and as the Pt segregation is more severe with Co, Pt-Co should be a
better catalyst than Pt-Ni with a larger number of Pt surface sites. However, as underlined by

26



Antolini et al. [50], conflicting results regarding the Pt-Co and Pt-Ni alloys were reported in
the literature. Interestingly, the authors showed that the methanol oxidation activity on Pt-Ni
and Pt-Co was improved or unchanged or decreased in relation to pure Pt. It was observed an
opposite effect of the Co/Ni presence in going from low-contents (negative effect on the
methanol oxidation) to high contents (positive effect) and the decreased activity in the
presence of low Co/Ni contents was ascribed to the dilution of Pt, hindering the methanol
adsorption, while the positive effect was related to several reasons, namely the electronic
effect, an enhancing of the CO oxidation and the presence of oxide species [50]. This study
unfortunately shows the limitations of the theoretical understanding of the catalysts behaviors
but it fortunately stresses on the essential side of the experiments. Choi et al. [61] observed
that the current density produced:by methanol oxidation over Pt,-Rh; (atomic ratio 2:1) was
larger than that over pure Pt:but lowerpthan that over Pt*Ru. The authors concluded that the
enhanced activity of Pt,-Rhj was mainly due to‘an intrinsic improvement in catalytic activity
and not to an improvementan CO oxidation. Ru and Rh display similar electronegativities and
bulk Wigner-Seitz radii (Figs..2-1 and' 2-2). Pt moderately segregates when alloyed with Rh
while it very strongly segregates when alloyed with Ru. The Pt d-band centre shifts down
when alloyed with both though the down shift is more important with Ru. These reflections
suggest that Pt-Ru should be better with higher surface concentration of Pt sites and lower
strength of the adsorption of CO-like species over the Pt sites.

More recently, Choi et al. [62] reported that the Pt-Au alloy and pure Pt showed almost
the same activity. Au itself was inactive for methanol oxidation and was not helpful for
removing CO,q4s on the Pt surface. In fact, when alloyed with Au, Pt strongly anti-segregates
(Table 2-1). The surface concentration in Pt sites is then reduced. Moreover, Au has one of the
lowest d-band centres and the presence of Pt shifts down it, what suggests very poor abilities
for the adsorption of OH species. The Pt d-band centre shifts up when alloyed with Au and
thereby the adsorption of CO-like species becomes stronger, what favours the Pt sites
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poisoning.

Pi-Ru-M alloys
Pt-Ru-Mo = Pt-Ru-W = Pt-Ru-Co > Pt-Ru-Fe = P-Ru-Ni > Pi-Ru-Cu = Pt-Ru > Pt-Ru-5n > Pt-Ru-Au
Mo W Co Fe Ni Cu Sn Au
M segregation in relation to Pt* A3 A3 A2 A2 A2 A2 50 52
M segregation in relation to Ru? Al Al 52 S2 S3 s3 50 S3
Pt d-band centre [eV]* Mn.i. n.i. Down shift Down shift Down shift Down shift n.i. Up shift
Ru d-band centre [eV]* n.i. ni. Down shift Down shift Down shift Up shift n.i. Up shift

Table 2-3 Possible occurrence of segregation and possible shift in d-band centre for the
elements of the trimetallic Pt-Ru-M alloy [5] with metals (M) as Mo, W, Co, Fe,
Ni, Cu, Sn and Au [55].

Consequently, Au is not interesting for the preparation of active Pt-based bimetallic alloys
devoted to methanol oxidation. Pt-Ru-based trimetallic electrocatalysts were envisaged as
well [57]. The addition of a third element, i.e. Au, Co, Cu, Fe, Mo, Ni, Sn and W, gives
promising results. The following classification enabled to note that Mo,W, Co, Fe and Ni
improved the Pt- Ru activity"towards the oxidation of methanol, the best promoter being Mo:
Pt-Ru-Mo > Pt-Ru-W > Pt-Ru-Co > Pt-Ru-Ee > Pt-Ru-Ni > Pt-Ru-Cu > Pt-Ru > Pt-Ru-Sn >
Pt-Ru-Au. Even if the concepts of Nerskov-and-co-workers [63—65] do not consider the alloys
with three metals, it could be tried out proposing few trends regarding the segregation and the
d-band centres variations. Table 2-3 proposes the possible occurrence of the segregation and
the shifts in d-band centres for the different metals, i.e. Pt, Ru, Mo, W, Co, Fe, Ni, Cu and Au.
The analysis of the data given by Table 2-1 suggests that the best trimetallic catalysts are the
ones for which the third metal M antisegregates while both Pt and Ru segregate. Furthermore,
it seems that the d-band centres of Pt and Ru should shift down. The trimetallic material for
which the d-band centres of Pt and Ru shift up is the worst alloy. Unfortunately, these types of
data are not available for Mo, W and Sn what would have been useful to completely validate
such observations. Consequently, the improvement of the Pt-Ru alloys would require a third
metal with which Pt and Ru would segregate and their d-band centres would shift down. All

of the previous observations could be used as criteria to select, from Tables 2-1 and 2-2,
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bimetallic catalysts that could be active for the methanol oxidation. The first criterion could
be the d-band centre shift. It should be close to that of Pt and Ru when alloyed together, i.e.
about —2.9 and about —1.3 eV, respectively. Thereby, the analysis of Table 2-2 provides Pd-Ni.
The second criterion could be the segregation. Hence, Table 2-1 confirms Pd-Ni as Pd has a
tendency to strongly segregate (like Pt) while Ni moderately antisegregates (like Ru).
Therefore, the Pd-Ni alloy might provide an activity similar to that of Pt-Ru. Nevertheless, for
the methanol oxidation, as it is remarked by a large number of investigations, the best current
way to improve the anode electrocatalyst would be the addition of a third metal to Pt-Ru [57].
Many investigations about DMFC have more or less regarded all the mono- and bimetallic
electrocatalysts displaying catalytic abilities towards methanol oxidation. It seems then that
the remaining tracks to follow are’the ternary or quaternary compositions and especially the
Pt-Ru-based ones. A literature analysis shows that some of the best matrices for such catalyst
are the ternary or quaternary compositions: Pt~ Ru —Os, Pt - Ru - Ir, and Pt - Ru- Os - Ir
[66, 67]. The addition of Ir (cheaper, but'less active than:Pt) into the conventional Pt - Ru
catalyst can suppress Ru dissolution, which is a significant challenge for DMFC anode
catalysts utilizing Ru. Dissolution of Ru from the Pt - Ru anode catalyst, followed by the Ru
ions crossing over the membrane [68] and depositing on the cathode, can result in degradation
of both the anode and cathode catalyst and a decrease in the fuel cell performance. The
addition of Ir, however, does not significantly increase the activity of the Pt - Ru catalyst.

As mentioned above, the many favorable effects have been found in Pt-based binary and
multiple catalysts, such as the bifunctional effect, the electronic effect, and the hydrogen
spillover effect. With progressive understanding of these effects, low-cost Pt catalysts with

tunable performance will be developed in the future.

2.6.4 New Catalyst Supports
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To date, the most promising catalytic materials used for methanol oxidation at room
temperature are supported Pt based catalysts. The dispersion and utilization of the catalysts
depend on surface area, pore characteristics, and surface functionalities of the supports.
Although the widely used catalyst support is activated carbons like Vulcan XC 72R, the
search for new efficient supports is still underway. Carbon nanotubes (CNTs) have
exceptional mechanical and electronic properties and are attractive support materials for Pt-
based catalysts in DMFCs. There mainly are two approaches to achieve high Pt dispersion.
One approach is by modifying either CNTs or Pt catalysts. The former has been extensively
employed by chemical-oxidation treatments to modify the CNT walls for introducing more
defect sites for Pt loading, while the latter has rarely been used. Recently, we have reported a
novel process to prepare well-dispersed Pt nanoparticles on CNTs by modifying Pt
nanoparticles with organic molecule triphenylphosphine (PPhs) [55]. In contrast to CNTs, the
functionalization of Pt nanoparticles was facile and effective under much more benign
conditions, such as no harshsacid and/room temperature, more efforts are expected.

Another approach is by in situ growth methods. Zheng et al. [69] reported a one-step in
situ method to disperse Pt nanoparticles on CNTs, using H,PtClg as a Pt source, ethylene
glycol as a reducing agent, and dimethyl formamide (DMF) as a solvent. By this method,
well-dispersed Pt nanoparticles can be directly loaded onto the CNT walls (Fig. 3d). So far,
many in situ methods have been used, but preparing well-dispersed Pt on CNTs still remains a
challenge. The thesis is mainly focused on research of electrocatalysts, which are the
important materials in DMFC that is a power generator to convert a chemical energy to

electrical energy.

2.7 Pulse electrodeposition

2.7.1 Pulse waveform
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Generally, the pulse waveform was divided into two groups: (1) unipolar, where all the
pulses are in one direction (with no polarity) and (2) bipolar, where anodic and cathodic
pulses are mixed. There are many variants on these [70], but the number of variables increases
with complexity of the waveform, which makes it more difficult to understand how a
particular waveform affects the deposition. Typical waveforms include: (1) cathodic pulse
followed by a period without current (or an anodic pulse), (2) direct current (DC) with
superimposed modulations, (3) duplex pulse, (4) pulse-on-pulse, (5) cathodic pulses followed
by anodic pulses-pulse reverse current (PRC), (6) superimposing periodic reverse on high
frequency pulse, (7) modified sine-wave pulses and (8) square-wave pulses (potential/current).
Among these, the square wave pulses (potential/current) have the advantage of an extensive
duty cycle range [71]. In our experiments, we use a potentiostatic bipolar pulse plating (PBPP)
to prepare Pt nanoparticles, 2D. and 3D nanostructures:* The more detailed explanation of

PBPP is given in following Section:

2.7.2 Potentiostatic bipolar pulse electrodeposition

In the potentiostatic pulse plating the potential of the test electrode is controlled, while the
current, the dependent variable, is measure as a function of time. The potential difference
between the test electrode and the reference electrode is controlled by a potentiostat (shown in
Fig. 2-7). The input function, a constant potential, and the response potential i = f(¢?), are
shown in Fig. 2-8.

In PBPP [72-74] the potential is alternated swiftly between two different values. This
results in a series of pulses of equal amplitude, duration and polarity, separated by zero
current. Each pulse consists of an ON-time (¢,,) during which potential and/current is applied,
and an OFF-time (%) during which zero current is applied as shown in Fig. 2-9. It is possible

to control the deposited film composition and thickness in an atomic order by regulating the
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pulse amplitude and width [75, 76].
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Figure 2-7 shows the schematic diagram of apparatus for potentiostatic measurements; E,
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Figure 2-8 shows the variation of current with time during potentiostatic electrolysis.

They favor the initiation of grain nuclei and greatly increase the number of grains per unit
area resulting in finer grained deposit with better properties than conventionally plated
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coatings. The double-pulse technique is characterized with two pulse potentials and the
corresponding pulse durations. The first pulse, being more negative than critical nucleation
potential, is used to initiate the nuclei formation and the second pulse, more positive than
critical nucleation potential but more negative than the reversible potential, is used to control

its growth. It is convenient and easy way to produce custom cluster.
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Figure 2-9 shows the schematic diagram of .potential pulse waveform and pulse-current

waveform.

Nomenclature for Fig. 2-9:
E, = anodic potential

I, = anodic current

E. = cathodic potential

I. = cathodic current

2.7.3 Advantages of pulse plating

(a) In electroplating, a negatively charged layer is formed around the cathode as the
process continues. When using DC, this layer charges to a defined thickness and obstructs the
ions from reaching the part. In PBPP, the output is periodically turned off to cause this layer to

discharge somewhat. This allows easier passage of the ions through the layer and onto the part.

33



(b) High current density areas in the bath become more depleted of ions than low current
density areas. During z¢, ions migrate to the depleted areas in the bath. When pulse 7, occurs,

more evenly distributed ions are available for deposition onto the part.

2.7.4 Theory of pulse plating

From above discussion, it has become clear that pulse electrodeposition, as compared with
DC electrodeposition, has many advantages in terms of controlled particle size, stronger
adhesion, uniform electrodeposition, selectivity of hydrogen, reduction of internal stress, etc.
Also, DC electrodeposition has only one variable, namely, current density, while pulse
electrodeposition, as shown in Fig. 2-9, has four independent variables, namely, to, time, tos
time, E, anodic potential and B¢ cathodic potential."In electrodeposition, the time cycle is
defined as follows:

e
oot torr o (2.22)

time cycle (%) =

In DC electrodeposition, as the deposition current density increases, the deposited metal
ions near the cathode are exhausted ‘and dendritic crystals are formed. Eventually, the ion
concentration at the cathode surface becomes zero. The current density at which dendrite
crystals begin to form is defined as the ‘limiting current density’. At this current density, the
ion concentration at the deposited surface is zero. Pulse electrodeposition can raise the
limiting current density considerably in comparison with DC electrodeposition because the
deposited metal ions of the cathode surface can be supplied from the bulk solution during the
tosr time of the pulse. The mechanism of pulse electrodeposition, however, has still to be fully
understood. Cheh [77] reported that the rate-determining step of pulse electrodeposition is

controlled by mass transport.

The rate of nuclei formation, v, is given by:
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v =kiexp (-ko/n?), (2.23)
where kj, k, are constants and m is the overpotential [78]. Therefore, the rate of nuclei
formation depends on the anodic overpotential, n,. The anodic overpotential of DC

electrodeposition is given by:

oo o Iﬂ(EI._;:)
(2.24)

where 1, is the overpotential at the exchange potential. The anodic overpotential of pulse

electrodeposition is expressed as:

E tor
Thes™ Mo ln( —é’.) + 1o 1In (t "'1)
(2.25)
The average current density, Ec.in-Eq. (2:25).is.equal to. Epc because it determines the surface

concentration of deposited metal ions, i.e.,

EReE 490 (2.26)

Moo= Mo;pp+ 7o In (t..t: "'1)
2.27)

As the anodic overpotential of pulse electrodeposition is larger than that of DC
electrodeposition by 1, In(te/tont1), the rate of nuclei formation increases and the size of

metal deposits becomes smaller.

2.8 Structure of the thesis

The remainder of this thesis consists of eight chapters and is organized as follows: In
chapter 3, gives a detailed description of the experimental methods and procedures used in
this study, and the materials and chemical chosen to accomplish the research work. Chapter 4

shows silicon nanocone (SNC) array supported Pt nanoparticles as anode catalyst for direct
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methanol fuel cells (DMFCs). A high current density, mass activity and fairly good stability
achieved for Pt/SNC anode in DMFCs. Chapter 5 reports an amorphous carbon coated silicon
nanocone (ACNCs) array supported Pt nanoparticles for DMFCs applications. The Pt-ACNC
electrode exhibited excellent electrocatalytic activity and stability towards both methanol
oxidation reaction (MOR) and oxygen reduction reaction. Chapter 6 presents a novel new
method to prepare 3D nanoporous graphitic carbon (g-C) supported Pt and Pt-Ru alloy
catalysts as anode for DMFCs. The Pt-Ru/3D nanoporous g-C has better electrocatalytic
activity towards CO and methanol oxidation in cyclic voltammetry measurements. Chapter 7
and 8 reports a novel 3D Pt nanofloweres structure and 2D contentious island Pt networks as a
catalyst to improve the catalytic activity and durability for DMFCs. Chapter 9 presents the
new approach to synthesis of thePt-nanocubes catalyst to enhance the CO tolerance, ethanol
oxygen reaction (EOR) and MOR {for fuel cells applications. In addition, chapter 9 shows the
surface dependent study such, as catalytic activity in an aqueous solution of ethanol-H,SO4
and methanol-H,SOy, respectively. Finally, Chapter 10 gives an overviews and conclusion of

the present study, and future works.
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Chapter 3
Experimental Methods

We have developed a several convenient techniques for the synthesis of nanostructured
materials. The processes include the anodic aluminum oxides (AAO) template-assisted,
flame-assisted, electrochemical assisted and fasten-silicon-assisted methods. The
experimental flowcharts, the experimental procedures and structure property analysis methods

for each process is discussed separately in more detail in the following sections.

3.1 Experimental flowcharts

Figure 3-1 shows the experiment’ flowehart of fabrications and analyses of Pt
nanoparticles supported on the highly ordered Si nanoeones (SNCs) and on the amorphous
carbon coated silicon nanocones (ACNCs), which were fabricated by AAO templation
method. During the preparation of highly.ordered pore channel arrays, underlying TiN layers
were anodically oxidized as_well ;in-the late stage of the AAO anodization to form TiOy
nanodots. TiOx nanodots were" thén. used as nanomasks to etch the TiN layer and the
underlying Si substrate in an inductively coupled plasma reactive ion etch (ICP-RIE) system.

Figure 3-2 illustrates experiment flowchart of synthesis and analyses of Pt-Ru alloy
catalyst supported on the nanoporous graphitic carbon (g-C)/Si. The nanoporous g-C
materials have been synthesized using the flame of adamantane (C,oHjs). Additionally, the
experimental flowchart in Fig. 3-2 shows the electrochemical synthesis and analyses of the
two-dimensional (2D) continuous Pt island networks and the three-dimensional (3D) Pt
nanoflowers.

Finally, Fig. 3-3 shows the experiment flowchart for the synthesis and analysis of shape-
controlled Pt nanoparticles and their electrochemical properties are measured.

The surface morphology, bonding structure and chemical composition were analyzed by
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scanning electron microscope (SEM), transmission electron microscopy (TEM), Raman

spectroscopy, Auger electron spectroscopy (AES), and X-ray photoelectron spectroscopy

(XPS), etc. The electrochemical measurements of specimens were performed at room

temperature using a conventional three-electrode cell, in which specimens was used as a

working electrode, Pt wire served as counter electrode and the reference electrode was an

aqueous saturated calomel electrode (SCE).
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Figure 3-1 Experimental flowchart of fabrications and analyses of Pt/SNC and Pt/ACNC

arrays.
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3.2 Deposition of TiN and Al films

Titanium nitride (TiN) films were deposited on a (100)-oriented p-type 4-inch silicon

wafer of low resistivity (0.002 Q-cm) in an ultrahigh vacuum reactive dc magnetron
sputtering system (MRC PRIMUS 2500TM), with a base pressure of 5x10” Torr. The
titanium target used was 99.9999% pure. TiN films were prepared in a gas mixture of argon
and nitrogen. During the deposition, the dc power was set at 8 kW and followed by the
deposition of an Al film in ~3 pym thickness on the TiN layer by a high vacuum thermal
evaporator with the base pressure of 5x107 Torr. Aluminum ingots with a purity of 99.999%

were used as the aluminum source. Tungsten boats were used to melt and evaporate aluminum
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Figure 3-3 Experimental flowchart of synthesis and analyses of shape-controlled Pt

nanoparticles.

3.3 Anodic aluminum oxide

The anode was the aluminum film specimen and a Pt foil was used as the cathode. The O-
ring was clipped between the specimen and the tank fixed by a jig. Anodic oxidation of the Al
film was carried out in 0.3 M oxalic acid (HyC,04) at 25°C under a constant polarization
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voltage of 40 V. The anodic current was measured by a source -measure unit (Keithley Model
2400). Lab-view for GPIB interface with Keithley 2400 was employed to force voltage and
measure current simultaneously. The program could also set up the anodic oxidation of Al
film end current point. The schematic diagram of experimental setup for Al anodization is

shown in Fig. 3-4.

O | \v

Figure 3-4 Schematic diagram of experiment setup. for aluminum anodization.

3.4 Reactive-ion-etch system

The schematic diagram of the inductively coupled plasma (ICP) chamber is shown in Fig.
3-5. TiOx nanodots were then used as nanomasks to etch the TiN layer and the underlying Si
substrate in an ICP reactive-ion-etch (RIE) system (Duratek). An inductively coupled plasma
source is also called a transformer-coupled plasma source because of its similar mechanism to
a transformer. The inductive coils serve just like the initial coils of a transformer. When an RF
current flows in the coils, it generates a changing magnetic field, which in turn generates a
changing electric field through inductive coupling. The inductively coupled electric field

accelerates electrons and initiates ionization collisions. Since the electric field is in the
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angular direction, electrons are accelerated in the angular direction and travel a long distance
without collision with the chamber wall or electrode. This is why an ICP system can generate
high-density plasma at low pressure (a few 10 mTorr). The ICP design that includes high-
density plasma (HDP) dielectric CVD system, silicon, metal, and dielectric HDP etching
system, native oxide sputtering clean system and ionized metal plasma PVD system is very

popular in the semiconductor industry.

Inductive coils

Source RF / }A.

: L Wafer
Chamber body /| a

E-chuck ‘ Bias RF

Helium .

Figure 3-5 schematic diagram of ICP chamber

A bias RF system is added to the ICP chamber to generate self-bias and to control ion
bombardment energy. Since ion bombardment from high-density plasma generates a lot of
heat, a helium back-side cooling system with E-chuck is required for better wafer temperature
control. In the ICP system, ion flux, manly determined by the plasma density, is controlled by

the source RF power and ion bombardment energy is controlled by the bias RF power.
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3.5 MPCVD system

Fabrication of « -C coated Si nanotips was then carried out in a microwave plasma CVD
(MPCVD) system. The overall MPCVD system layout is shown schematically in Fig.3-6. A
quartz tube is vertically attached to a rectangular waveguide used as deposition chamber. The
microwave from a magnetron source (model IMG 2502-S, IDX Tokyo, Japan) is supplied to the

quartz tube through an isolator and a power meter.
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Figure 3-6 Schematic diagram of the bias assisted microwave plasma chemical vapor

deposition system.

Then the microwave power is coupled to the quartz tube through an aluminum waveguide
with a hole drilled through from top to bottom face. Aluminum tubes extend out from both holes.
Tube extensions are water-cooled as well. A sliding short circuit is then attached at the end of the

waveguide. The lower position of the quartz tube is connected with a stainless steel multi-port
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chamber equipped with a rotary pump. Substrates are positioned in the middle of the quartz tube
waveguide intersection and held vertically by a substrate holder of ~1 cm” in diameter and made

of molybdenum.

3.6 Electrodeposition of Pt nanostructures

Electrodeposition of Pt nanostructure films were carried out by using bipolar pulse
electrodeposition (BPPE) in a three electrode cell system (Jichan 5000 Electrochemical
Workstation). Figure 3-7 shows the setup of an electrochemical deposition facility. As shown
in Fig. 3-7, a thin Pt wire, saturated calomel electrode (SCE) and Si substrate (Si nanocones,
amorphous carbon coated Si nanocones, and flat silicon), as counter, reference and working

electrodes, respectively, were used.

Counter electrode

et lectrod
) —-_—_—_,."r eference electrode

Monitor «——

Electrolyte Solution

Working electrode

Figure 3-7 Schematic diagram of the electrochemical deposition setup.

In the BPPE, there are four operation parameters influencing the depositing of
nanoparticles on the substrate: The high potential (Vg), the lower potential (Vy,), the potential
on time (7,n), and the potential off time (7of). By applying specific potential pulses with time
interval for the total experimental time (f.p), Pt nanostructure films were deposited on the
working electrode (Figure 3-7). All specimens used in this test had an area of 1.2 cm?.
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3.7 Material analysis methods

3.7.1 Raman spectroscopy

While photons illuminate molecules or crystals, reaction between photons and atoms is
always accompanied with momentum change or energy exchange. By collecting the scatter
photons, sequence of spectrum, including Raman scattering (inelastic scattering) and Rayleigh
scattering (elastic scattering) can be obtained. Photons of Raman scattering can be classified
into two kinds, the Stoke side where photons loss energy or molecules gain energy and the
anti-Stoke side where photons gain energy or molecules loss energy. Stoke side is generally
used to characterize the material. As Raman spectrum provides the information of crystallinity
and bonding, it has become the mostidirect and.convenient way to identify carbon related
materials. The Raman spectrumi'peak of sp:.and.sp” bonids in crystalline graphite are 1380 (D
peak) and 1580 cm’'(G-peak), respectively. The'instrument in operation is a Renishaw’s
Raman microscope, Model:2000. The source available is He-Ne laser with the wavelength of

632.82nm and the power of 200mW. The spectral slit width is 0.4cm™.

3.7.2 SEM

Scanning electron microscopy (SEM) is used to examine the surface morphology of the
samples at a high magnification. The high magnification range of the SEM is achieved due to
its resolving power of approximately 3-6 nm. The SEM is useful and popular for many
reasons. One of the great advantages of SEM is its large depth of field (the amount of sample
that is in sharp focus at one time). This makes it possible to examine surfaces with a relatively
high level of surface variability (and at much higher magnifications). This is because the
depth of field of the SEM can be up to four hundred times greater than that of a light
microscope. Moreover, it has the advantage of easy sample preparation, and high image
resolution. A common SEM is equipped with an electron gun to generate electron beams to be
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accelerated under 0.4-40 kV voltage. By deflecting the incident beams with focusing coils, a
two dimensional image can be obtained by detecting the reflected secondary electrons and the
backscatter electrons.

The model mainly engaged is field emission type SEM JEOL-6500. Accelerating voltage
is 15 kV with current of 10uA. Working distance is 10mm under 9.63x10°Pa. The Fig. 3.7

shows a simple schematic drawing of the basic principle of the SEM.
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Figure 3-8 Schematic drawing of the basic principle of the SEM.

3.7.3 TEM

Transmission electron microscopy (TEM) (JEOL JEM-2010F) is operating at 200 kV
accelerating voltage. This is the most important instrument to study defects in detail. Transmitted
and diffracted electrons are recombined by objective lens to form a diffraction pattern in the back

focal plane of that lens and a magnified image of the sample in its image plane. A number of
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intermediate lenses are used to project either the image or the diffraction pattern onto a
fluorescent screen for observation. The screen is usually lifted and the image is formed on

photographic film for recording.
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Figure 3-9 Schematic diagram of the TEM image modes (a) Bright field image (b) Dark field
image. [http://www.microscopy.ethz.ch/TEM _imaging.htm].

The image modes in TEM are shown in Fig. 3-9. The TEM specimens were prepared by
either mechanically scratching or ultrasonic agitation using dissecting forceps in the presence
of a small drop of ethanol. The scratched specimens or ultrasonic agitation solution was put

onto a holey-copper grid and dried in air at room temperature. Energy-dispersive X-ray
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analysis (EDX) was employed to study the chemical composition of the specimens. Moreover,
electron energy loss spectroscopy (EELS-Gatan GIF 2000) analyses were also performed in

the TEM system to map the elemental distribution.

3.7.4 AES and XPS

Auger electron spectroscopy (AES) analysis technique employs an electron beam (2-30
keV) to irradiate the specimen surface and excite Auger electrons which possess specific
energy. Through assaying the kinetics energy of Auger electrons by an electron energy
analyzer, the element composition and the specimen chemical state are ready to be acquired.
Because incident electrons with low-energies (1-3 keV) have very short inelastic mean free
paths (5-20 A) inside the solid ph4se materials, AES technique is usually used to obtain the
information within 50 A from:the surface. In this study, AES was employed to investigate the
chemical composition of Specimens. The AES.-analyses.were performed by using a VG
Micro-lab 310F Auger system with a Schottky field emission electron source.

Surface analysis by X-ray:photoelectron spectroseopy (XPS) involves irradiating a solid
in vacuum with monoenergetic soft' X-rays-and analyzing the emitted electrons by energy.
The spectrum is obtained as a plot of the number of detected electrons per energy interval
versus their binding energy (or kinetic energy). Since the mean free path of the electrons is
very small, the electrons which are detected originate from only the top few atomic layers.
Quantitative data can be obtained from peak heights or peak areas, and the identification of
chemical states often can be made from exact measurements of peak positions and separations.

In this study, XPS was used to analyze the chemical states of Pt and Pt-Ru alloy catalysts.
XPS analyses were performed on a VG Microlab 310F system with Al-Ka (1486.6 eV)

excitation. X-ray emission energy was 400 W with 15 kV accelerating voltage. Argon ion

with ion energy of 5 keV was used for sputter profiling.
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3.8 Electrochemical measurements

The electrochemical tests were performed with a model Jiehan 5000 Electrochemical
Workstation System at 25°C. Figure 3-10 shows the setup of an electrochemical
measurements facility. In these tests, a standard three-electrode electrochemical cell was used.
In the experiments of all cyclic voltammetry (CVs), chronoamperometry (CA), and
electrochemical impedance spectroscopy (EIS), the counter electrode was used as a thin Pt
wire (99.99%), saturated calomel electrode (SCE) was used as the reference electrode, and a
specimen were used as the working electrode. The thin Pt wire was connected to a high-
quality screened cable. A high conductivity connection was made to the specimen for the
working electrode. The electrodes of the probe were connected to a Jiehan 5000
Electrochemical Workstation system that controlled all experiments. Before each test, the Pt
wire electrode was immersed in HCI (3:1; v/v) 'solution for about 1 min and then washed by

distilled water. All specimené used in this testhad an area of 1.2 cm’.

Counter electrode

' ﬁ; Reference electrode

Monitor «——

L AMANA N
N,
\ Electrolyte Solution
Working electrode

Figure 3-10 Schematic diagram of the electrochemical measurements setup.
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Chapter 4
Pt Nanoparticles Supported on Ordered Si Nanocones
as Catalyst for Methanol Oxidation

4.1 Introduction

Extensive studies have been devoted to the development of various nanostructured
catalysts for energy-related technologies such as direct methanol fuel cells (DMFCs) for small
portable electronic applications, such as the supplementary rechargeable battery for laptops
and cellophanes etc. DMFCs fuel cell attracts such a wide attention is due to simple system
design, low operation temperature, convenient fuel storage, high energy density and long life,
as compared to conventional rechargeable power sources, such as Li ion batteries. In the fuel
cells, nanostructured Pt ar¢“normally used as ‘the catalyst in DMFCs because of the high
electrocatalytic activity for methanol oxidation. A major, issue in such applications is to
increase the catalytic activity by increasing-the-susface area of the catalyst deposited on its
support. In addition, In order to'inerease the electrocatalytic mass activity and reduce usage of
the precious Pt catalyst, most methods of fabricating Pt catalyst-supporting electrodes tried to
disperse Pt nanoparticles on the electrode support so that creating a high catalytic surface area
and reducing Pt consumption could be achieved together. Much effort was done to improve
catalyst mass activity by different approaches, such as nanoporous graphite with Pt
nanoparticles [79], Pt particles supported on polymeric nanocones [80], carbon nanotubes
(CNTs) with Pt-Ru [81, 82], MnO,/CNT supported Pt-Ru [83], carbon nanocoils with Pt-Ru
catalyst alloys [84] and carbon-coated anatase TiO, composite [85]. However, many
complications of using Pt catalyst nanoparticles for DMFCs still exist and need to be solved
for better utilization of the Pt catalyst. In particular, CO poisoning effect and catalyst loss

during electrocatalytic reactions in DMFCs are among the major difficulties frequently
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addressed and widely studied.

In this chapter, Pt nanoparticles were electrodeposited on a highly ordered Si nanocone
(SNC) array, which was fabricated by means of anodic aluminum oxide (AAOQO) templation.
The SNCs provided a high surface area for Pt catalyst loading, and the well ordered
arrangement of the nanocones allowed a relatively uniform electric potential distribution over
the nanocones during the Pt electrodepositon, thereby Pt nanoparticles could be well dispersed
on the Si support and uniform in size. In addition, the SNCs were fabricated from a Si
substrate of low resistivity, and thus the SNC support was very suitable for the use as the Pt
electrocatalytic electrodes in respect of electrical conductivity. Moreover, the surface oxide
formed on the SNC surface could enhance the CO tolerance of the Pt catalyst via bifunctional

mechanism.

4.2 Fabrication procedure of the SNC array

The fabrication procedures of [Sisnanocenes-had been described elsewhere [86, 87] and
illustrated in Figure 4-1. A p-type.4-inch Si wafer of low resistivity (0.002 Q-cm) was use
used as the substrate. A TiN thin film 30 am thick was first sputter-deposited on the Si surface,
followed by thermal evaporation of an aluminum thin film 1 pm thick. The TiN layer was
used as an adhesion layer between the Si substrate and the Al thin film, and would be later
used for preparation of the nanodot mask for fabrication the SNCs. The as-deposited Al/TiN
film stack was then oxidized by electrochemical anodization, which was performed in 0.3 M
oxalic acid (H,C,04) at 25°C under a constant polarization voltage of 40 V for 20 min. Anodic
oxidation of the Al thin film under the anodization conditions would produce hexagonally
arranged AAO nanopore channels. As the anodization reaction approached the interface
between the Al and TiN thin films, local anodization of the underlying TiN layer occurred.

Because the TiN oxidation reaction was confined in the nanosized AAO pore channels, dome-
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shaped TiOx nanodots were produced on the TiN layer. The AAO was then removed by the
aqueous solution of 6 wt % H3PO,4 and 1.5 wt % CrO; at 60°C for 40 min., thereby the TiO,
nanomask was formed. To fabricate Si nanocones, the TiN capped Si substrate with the TiO,
nanomask was etched in an inductively-coupled-plasma reactive-ion-etch (ICP-RIE) system
for 50 sec., using a gas mixture of BCl; and Cl; as the plasma source. The RIE process was
performed under the following working conditions: plasma power 400 W, substrate bias
power 120 W, working pressure 10 mtorr with a flow rate of 35 sccm for the plasma gas

source.

RIE

1 Nanoconcs

/N

(c)

Figure 4-1 shows the fabrication scheme of SNC arrays: (a) deposition of TiN and Al thin
film on the Si wafer by sputter deposition and thermal evaporation, respectively,
(b) anodic oxidation of the Al film and formation of TiOx nanodots, (c) removal
of the AAO by wet etch, (d) reactive ion etch (RIE) of the remaining TiN and the
Si substrate, and (e) formation of the SNC arrays.
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4.3 Electrodeposition of Pt nanoparticles on SNC array

The Pt nanoparticles were electrodeposited on SNCs in an aqueous solution of 1M
K,PtCls-1M HCI at 25°C by potentiostatic pulse plating in a three electrode cell system with
SNCs as the working electrode, thin Pt wire as the counter electrode and saturated calomel
electrode (SCE) as the reference electrode. Prior to electrodeposition of Pt catalyst on SNCs,
the ordered SNC array was immersed in a deoxygenated aqueous solution of 1 M H,PtCls at
35°C for 3 hours. All solutions were prepared in deionized water (>18 MQ). Bipolar pulses
were used and the pulse height and duration were . 0.09mV and 7ms for negative pulse, and
+0.02mV and 1ms for the positive pulse, respectively. The size of Pt nanoparticles and mass
loading of platinum on SNCs were controlled by the applied potential and pulse duration.
Chloride anions in the electrolyte solution tend to. adsorb on Pt particles, making Pt
nanoparticles better separated from each ‘other ‘due to electrostatic repulsion between
negatively charged surface layers [88]. The'size of Pt nanoparticles and mass loading of
platinum on SNCs were controlled by the-applied-potential and pulse duration. The Pt/SNC
electrode was rinsed thoroughly with deionized water torremove residual chlorine ions after Pt
electrodeposition, and allowed to dry" before use in the measurement cell. The Pt/SNC
electrode was rinsed thoroughly with deionized water to remove residual chlorine ions after Pt

electrodeposition, and allowed to dry before use in the measurement cell.

4.4 Structural characterization of SNC array

Figures 4-2 shows the side-view SEM images of the fabrication process of SNC arrays.
The side-view SEM image in Fig.4-2 (a) reveals that the TiOx nanomask arrangement was
compliant with the pore arrangement of the AAO template and had a nanomask density of
~1x10" cm™. To etch the TiN layer, a gas mixture of BCl; and Cl, was used as the plasma

source in the ICP-RIE system. TiOx and Si could also be etched by the Cl,-based plasma
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Figure 4-2 shows the side-view SEM images of the fabrication of SNC arrays: (a) TiOy
nanomasks after the removal of the AAO layer by wet etch, (b) the
TiO4/TiN/SNC arrays after the RIE etch by SFe, Cl, and O, for 40 sec. and (c)
removal of the oxide layer by wet chemical etch and the formation of highly

ordered SNC arrays.
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Figure 4-3 shows (a) TEM image of the SNC array and (b) high-resolution TEM image of the

SNC array in which the inset reveals the selected area diffraction pattern.

source, but the relatively large height of the TiOx nanomask provided sufficient masking
thickness to the underlying TiN and Si substrate so that the arrangement pattern of nanopillars

could be successfully transferred to the Si substrate. Then, gas mixture of Cl,, SF¢ and O,
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were used as the plasma source to etch Si substrates and form SNCs of high aspect ratio, as
shown in Fig. 4-2 (b). The SNC array had an ordered hexagonal arrangement as AAO as well.
The surface silicon oxide of the Si nanocones was removed by wet etching. Si nanocones
were uniform in size and shape as shown in Fig. 4-2 (c). Most SNCs had a height of ~200 nm
and a base width of 100 nm. The geometric shape and size of nanocones could be tailored by
varying the RIE time.

Transmission electron microscope (TEM) was used to further characterize the morphology
of an individual SNC. A bright-field TEM image of typical SNC is shown in Fig. 4-3 (a). The
bright-field high resolution TEM image of SNC is shown in Fig. 4-3 (b) in which the
nanocones are clearly evident as the final stage. Sample for TEM was made by simply
scratching the specimen surface'-using sharp forceps. The inset to Fig. 4-3 shows
corresponding selected area diffractiongpattern. According to electron diffraction study (Fig.
4-3 inset), the SNCs is crystalline silicons. These observations indicated that formation of Si

nanocones was a result of plasma etches:of the Si substrate:

4.5 Structural characterization of Pt/SNC array

Pulse potentiostatic method was used for the depositing Pt nanoparticles on ACNC
electrode. Pulse potentiostatic electrodeposition has advantages over the conventional direct
current potentiostatic electrodeposition because of the possible beneficial effects on the
morphology and compositional uniformity of the deposit [89]. Those effects are a
consequence of the free choices of several variables independently, e.g., type of periodic
waveform, potential, and duration of cathodic and anodic pulses for a particular deposition
solution rather than simply the potential. The particles size control by applying the alternate
positive and the negative potential pulses on the working electrode. The positive potential

pulse was applied to avoid particle coalescence so that nanosized Pt nanoparticles could be
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deposited on the Si nanocones.

Figure 4-4 shows the scanning electron microscopy (SEM) image of the SNC array with
electrodeposited Pt nanoparticles. The well ordered SNCs, with a hexagonal arrangement, was
~300 nm high and had a base diameter of ~100 nm. X-ray photoelectron spectroscopy (XPS)
indicated the presence of Pt on the SNCs after the electrodeposition (shown in Fig. 4-5).
According to the cross-sectional SEM image, Pt particles seemed to slightly accumulate on
the tip of SNCs, but nanoparticles agglomeration on the sidewall of the nanocones was
insignificant. Due to the very small size, Pt nanoparticles are hardly observed to adhere on the

sidewall of the SNCs from the SEM images.
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Figure 4-4 shows SEM images of the SNC array with electrodeposited Pt nanoparticles; (a) a

side view, and (b) cross-sectional view.

The Pt nanoparticles had a size smaller than ~5 nm according to transmission electron
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microscopy (TEM) study. Figure 4-6 shows the high-resolution TEM image of a silicon
nanocone with well dispersed Pt nanoparticles on it. The selected area electron diffraction
(SAED) pattern is shown in the inset of Fig. 4-6. Four diffraction rings can be indexed as
(111), (110), (200) and (311) orientations for the Pt face center cubic (FCC) lattice structure.
Electron energy loss spectroscopy (EELS) was also used to map the elemental distribution of
Pt on the SNC, and the mapping clearly shows that Pt nanoparticles distributed on the tip and

sidewall of the SNC (shown in Fig. 4-7).
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Figure 4-5 shows the XPS spectrum of.the Pt/SNC arrays.

Figure 4-6 shows HRTEM image of the Pt/SNC array in which the inset reveals the selected
area diffraction pattern of the nanocone.
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Figure 4-7 EELS mapping images of (a) Silicon, and (b) Pt for the Pt nanoparticles loaded
SNCs.

4.5 Electrochemical characterization

The electroactive surface area (ESA) of the-Ptloaded SNC electrode can be determined by
CO stripping cyclic voltammetry. The €O stripping voltammogram for the Pt/SNC electrode
in a CO saturated 1MH,SO,4 aqueous solution is shown in Fig. 4-8 (a). A high ESA of ~317m’
g was obtained for the Pt/SNC electrode by integrating the CO electro-oxidation peak area,
assuming an oxidation charge of 420 pC cm™ for one monolayer of CO on a smooth Pt
surface [90]. For comparison, the ESA of the Pt film electrodeposited on a flat Si substrate
(hereafter abbreviated as Pt/Si) was calculated to be 38.9 m” g' from Fig. 4-8 (b).

The electrocatalytic stability of the Pt/SNC electrode was evaluated by repeating the
cyclic voltammetric (CV) scan from -0.45 to 1.2V in the 1M H,SOy4 solution for more than
1000 cycles. From Fig. 4-9, the CV curve of the 1000™ cycle shows that the hydrogen
adsorption/desorption peak had a peak current reduction by ~20% as compared with that of
the second cycle, indicating possible Pt nanoparticle loss from the SNCs after 1000 cycles of
hydrogen oxidation and reduction. Fig. 4-10 is the plots of the ESA as a function of the

number of CV cycles for the Pt/SNC and the Pt/Si electrodes. The plots are normalized
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against the ESA of the first cycle. The ESA of the Pt/SNC electrode had a moderate drop for
the first 100 CV cycles, and then progressively decreased to 75% of the initial ESA after 1000
CV cycles. On the other hand, the Pt/Si electrode shows a dramatic drop in the ESA in the
first 200 cycles, followed by continuous and significant ESA decrease. The much smaller ESA

loss of the Pt/SNC electrode suggests that the electrodeposited Pt nanoparticles were well

adhered to the Si nanocones.
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Figure 4-8 CO stripping cyclic voltammograms of (a) Pt nanoparticles electrodeposited on
the ordered SNCs and (b) the Pt film electrodeposited on the flat silicon substrate
in a CO saturated 1M H,SO, solution. The scan rate is 20 mVs".
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Figure 4-9 Cyclic voltammograms for Pt/SNC electrode in 1M H,SO4 aqueous solution at
room temperature and awith a scan tate.of 25 mVs™: (a) the ond cycle and (b) the
1000 cycle.
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Figure 4-10 shows the plot of electroactive surface area (ESA) as a function of the number of
the cyclic voltammetric scan for (a) the Pt film electrodeposited on the flat Si
substrate and, (b) the ordered Pt/SNC electrode.

The Pt nanoparticles had a very high catalyst specific activity (current per ESA) for
electro-oxidation of methanol. Figure 4 - 11 shows the cyclic voltammogram of the Pt/SNC
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electrode in 1 M methanol/1 M H,SO4 aqueous solution. The unit of the y-axis of the CV plot
is labeled by the current per ESA. The CV curve shows that the methanol oxidation peak had

the maximum around 0.83 V vs. SCE and a very low onset potential of ~0.08 V.
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Figure 4-11 shows the cyeli¢c' voltammograms ‘of (a) the' Pt catalyst nanoparticles on the
ordered SNC “array and (b) the Pt film electrodeposited on the flat silicon
substrate in an.argon saturated 1'M CH;0OH/1 M H,SO4 aqueous solution. The
scan rate is 25 mVs ',

Also shown in Fig. 4-11 is the CV curve of the Pt/Si electrode, which shows a much
smaller specific activity with a high onset potential. The negative onset potential shifting
indicated that the Pt nanoparticles on the ordered SNC array can effectively reduce
overpotentials in the methanol electrooxidation reaction [91 - 94]. Because of the very large
ESA, the Pt/SNC electrode had a better electrocatalytic mass activity compared with many
previously reported electrodes made from nanostructured materials. The mass activity of the
Pt/SNC electrode at 0.4V was ~0.53 A mg"' at room temperature, that was about six folds
higher than that of the Pt loaded carbon nanocoils [84], and two folds higher than the carbon-

coated anatase TiO, nanocomposite [85].
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Figure 4-12 shows the chronoamperogram of electroactivity of the Pt/SNC electrode at the
oxidation potential ~0.3V in the 1 M methanol/1 M H,SO4 aqueous solution at 25°C. The
chronoamperogram showed that electrocatalytic oxidation of methanol maintained a high
activity and was very stable during the measurement for more than 2 h. The observation
implied that most CO adspecies could be oxidized and removed from the Pt catalyst
nanoparticles so that the catalytic oxidation of methanol could be kept proceeding efficiently
on the Pt/SNC electrode. The argument was supported by the CO stripping cyclic
voltammetry study. In Fig. 4-8, the CO stripping voltammogram of the Pt-SNC electrode was
compared with that of the Pt/Si electrode. For the Pt/SCN electrode, the onset of electro-
oxidation of CO took place below ~0.3V vs. SCE and the peak potential was ~0.6 V. On the
other hand, the Pt/Si electrode had‘an onset potential for CO electrooxidation ~0.5V vs. SCE.
The observation that the Pt/SNC; electrode had a much lower onset potential in the CO
stripping voltammogram indicated that electrooXidation reaction of CO adspecies on Pt sites

could be efficiently performed on the/Pt/SNC electrode.
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Figure 4-12 shows the chronoamperometric response of (a) Pt nanoparticles electrodeposited
on the ordered SNCs, and (b) the Pt film electrodeposited on the flat Si substrate
in a saturated 1 M CH30H/1 M H,SO4 aqueous solution at 0.3V (SCE) for 2 h.
The scale of curve b is multiplies by 100.
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The excellent electrocatalytic performance of the Pt-SNC electrode can be explained as
follows. First, the SNCs provided a large surface area for Pt nanoparticles loading, resulting in
a very high catalytic mass activity. With the present nanocone geometry, the SNCs provided a
surface area applicable for Pt loading six times (the ratio of the cone surface area to the cone
base area) larger than a flat Si surface, and thus increased the mass activity accordingly.
Second, nanosized and highly dispersed Pt catalyst nanoparticles were deposited on the SNCs.
Unlike many reported porous electrodes, which had a very large surface area as well, the
ordered SNCs may provide better electrodeposition conditions for well dispersed Pt
nanoparticles. Because the arrangement of the SNCs was highly ordered, the potential
distribution over the SNC array should be even and, therefore, the deposited Pt particles were
uniform in size. Besides, compared.with many porous supports, the SNC array had a larger
open volume, allowing ionic species-to diffiise more freely between Si nanocones, and thus Pt
particles could be readily electrodeposited on the. SNCs without significant agglomeration. By
carefully tuning the pulse voltage and pulse duration, we ean limit the Pt particle size to the
nanometer range and mitigate particle'coalescence, thereby increasing the electroactive area.
Third, silicon oxide grown on the ‘Si nanocones can play an important role in enhancing CO
tolerance of the electrode via the bifunctional mechanism [12]. A nature SiO, layer is usually
terminated with silanol groups. The bifunctional model describes that hydroxyl surface groups
are able to oxidize and remove adjacent CO adspecies from the Pt catalyst surface, thus
avoiding CO poisoning. Because the Pt nanoparticles were well dispersed on the SNCs, CO
adspecies bound on the periphery of Pt nanoparticles can be readily oxidized by surrounding
silanol groups. Moreover, due to the nanoscaled size of Pt catalyst, OH adspecies can migrate
over the Pt nanoparticle without much difficulty and react with adsorbed CO via a
Langmuir - Hinshelwood type reaction mechanism, in which adsorbed reactants diffuse,
collide and form products on the surface, thereby facilitating a better efficiency of CO
oxidation.
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4.6 Summary

We have electrodeposited Pt catalyst nanoparticles on highly ordered SNCs fabricated by
AAO templation, and electrocatalytic oxidation of methanol on the Pt/SNC electrode was
studied. Because of the large surface area of the Si nanocones and the highly dispersed
nanosized Pt catalyst particles, the Pt/SCN electrode demonstrated a very high mass activity
and a very low onset potential. CV measurements, CO stripping cyclic voltammogram and
chronoamperometric study indicated that the Pt nanoparticles were well adhered to the Si
nanocones and the Pt/SNC electrode had a very good CO tolerance. We ascribed the good CO
tolerance to the efficient CO oxidation by the abundant silanol groups surrounding the Pt

nanoparticles via bifunctional mechanism,
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Chapter 5
Fabrication and Electrocatalytic Properties of Pt
Nanoparticles Electrodeposited on Amorphous Carbon
Coated Silicon Nanocones

5.1 Introduction

Since direct methanol fuel cells (DMFCs) can operate at relatively low temperatures, and
are lightweight and power efficient, they are very attractive for mobile power source
applications, such as automotive systems and portable electronics. Significant progress has
been made over the past decade to,enhance’the electrochemical performance of DFMCs.
However, low methanol oxidation reaction- (MOR) activity, poor kinetics of the oxygen-
reduction reaction (ORR), and high cost of Pt-based ‘electrocatalysts still pose a great
challenge for commercialization.” Different approaches have attempted to improve
electrocatalytic activity to reduce-precious-Pt catalyst usage and increase electrocatalytic
activity for MOR and ORR. To ‘achieve this goal;well dispersed Pt catalyst nanoparticles are
usually deposited on the catalyst support with a large surface area. Because carbon materials
can usually be prepared to have a large surface area for Pt loading, they have been widely
used as the support for the Pt catalyst, such as mesoporous graphite with Pt nanoparticles [96],
graphene nanosheets decorated Pt nanoparticles [97], carbon nanocoils with Pt-Ru catalyst
alloys [84] and carbon-coated anatase TiO, composites [85]. Carbon materials generally have
a high content of oxygen surface groups, which act as anchoring centers for the Pt precursor
and thus improve wetability of the Pt precursor on the carbon support, resulting in better Pt
dispersion [98]. The large support surface and highly dispersed nanosized Pt catalyst create a
large effective electrocatalytic surface area and, therefore, greatly enhance ORR and MOR

activities. Moreover, n-bonding site on the carbon support improves Pt-C adhesion strength,
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alleviating agglomeration and loss of Pt catalyst particles during electrochemical reactions
[99-101]. Many studies have shown that carbon support significantly enhances MOR and
ORR activities and Pt catalyst stability [102-104].

This study prepares amorphous carbon (0-C) coated nanostructured supports for Pt
loading, and studies electrocatalytic performance of the nanostructured electrode in MOR and
ORR for DMFC applications. The electrocatalyst support is a highly ordered silicon nanocone
(SNC) array coated by an ultrathin a-C surface layer, which provides a large surface area for
Pt loading. Nanometer scale Pt catalyst particles were deposited on the nanocones by
potentiostatic bipolar pulse electrodeposition. Because the a-C coated Si nanocone (ACNC)
array is fabricated directly on a low resistivity Si substrate (0.002 Q-cm), acting as the current
collector, the ACNC support is vety suitable for use as the Pt electrocatalytic electrode for
electrical conductivity. The 4Pt nanoparticle/ACNC electrode exhibits high electrocatalytic

activity and stability for MOR and ORR.

5.2 Fabrication procedure of the ACNC array

The SNC array fabrication procedure has been reported in detail previously [87, 105]. Figure
5-1 shows schematically the fabrication procedure. A p-type 4-inch Si wafer of low resistivity
(0.002 Q-cm) was used as the substrate. A TiN thin film 30 nm thick was first sputter-deposited on
the Si surface, followed by thermal evaporation of an aluminum thin film 1 pm thick. The TiN
layer was used as the adhesion layer between the Si substrate and the Al thin film, and later used
for preparing the nanodot mask for fabricating the SNC array. The as-deposited AI/TiN film stack
was then oxidized by electrochemical anodization, performed in a 0.3 M oxalic acid (H2C204)
aqueous solution at 25°C under a constant polarization voltage of 40 V for 20 min. Anodic
oxidation of the Al thin film under the anodization conditions produced hexagonally arranged

anodic aluminum oxide (AAO) nanopore channels. As the anodization reaction approached the
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interface between the Al and TiN thin films, local anodization of the underlying TiN layer
occurred, forming the TiO2 nanodot mask on the TiN layer. The AAO was then removed by the
aqueous solution of 6 wt % H3PO4and 1.5 wt % CrOs at 70°C for 40 min. Figure 5-2 shows the
side-view SEM image of TiOx nanopillars after the removal of AAO template, had well ordered
hexagonal arrangement as shown in the inset of Fig. 5-2. Since TiOx nanopillars were only
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Figure 5-1 shows the fabrication processes of the ordered a-C coated SNC array: (a)

deposition of TiN and Al thin films on the Si wafer by sputter deposition and
thermal evaporation, respectively, (b) formation of the porous AAO template (c)
formation of TiOx nanodots in the AAO pore channels, (d) removal of AAO by
wet etch, (e) RIE of the remaining TiN and silicon substrate, forming Si
nanocones, and (f) deposition of the a-C layer on SNCs by MPCVD.
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under the AAO pore bottom, it was necessary to remove the remaining TiNs before TiOx
pillars were used as nanomasks to fabricate Si nanocones. In order to etch the TiN layer, a gas
mixture of BCl; and Cl, was used for 40 sec as plasma source in the inductively-coupled-
plasma reactive-ion-etch (ICP-RIE) system. The RIE process was performed under the following
working conditions: plasma power 400 W, substrate bias power 120 W, working pressure 10 mtorr
with a flow rate of 35 sccm for the plasma gas source. Deposition of the a-C on the SNC array
was carried out by microwave plasma chemical vapor deposition (MPCVD) with the following
deposition conditions: the CH4:H2 gas flow rate ratio 20:80 sccm, plasma power 300 W, bias

power 200 W, working pressure 1 torr, and deposition time 25 min.
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Figure 5-2 shows the side-view SEM image of TiOy nanopillars after the removal of the AAO
layer by wet etch. The inset shows the plane-view SEM image of TiOx nanopillar

arrays.
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5.3 Electrodeposition of Pt nanoparticles

The potentiostatic pulse electrodeposition (PPE) has more advantages over the direct
potential electrodeposition and the conventional physical vapor deposition. Because of the
easy experimental setup, deposition at room temperature in a large surface area, control the
distribution of electrodeposits, control of particles size, surface morphology, and time
consuming. The desired size of nanoparticles was adjusted by properly tuning the anode and
cathode potential parameter. In the PPE, there are four operation parameters influencing the
depositing of nanoparticles on the substrate: The high potential (Vy), the lower potential (Vy),
the potential on time (7o), and the potential off time (7,¢). However, in our experiments, Pt
nanoparticles were electrodeposited on the ACNC array in the aqueous solution of 1 M K2PtCls —
0.5 M HCI at room temperature ‘by potentiostatic pulse plating in a three electrode cell system
with a saturated calomel reference electrode (SCE). The highly ordered ACNC array was the
working electrode and the counter electrode was a thin Pt wire. The particle size and dispersion of
Pt nanoparticles was controlled by tuning-the-pulse-height of the applied potential and the pulse
duration. The time durations for'the high potential pulse (-0.08 mV) and the low potential pulse
(+0.01 mV) were 7 and 1 ms, respectively. The ‘particles size control by applying the alternate
positive and the negative potential on the working electrode. The Pt nanoparticles uniformly
deposited on a-C coated Si nanocones array because of following reasons: The rate of nuclei
formation increases during the negative potential pulse because overpotential is lower and this
causes that new nuclei are formed and crystallized before the deposited metal ion diffuses to
the stable places. During the second positive potential pulse, the overpotential is higher and
the growth of existing crystals is superior to the formation of nuclei. The amorphous carbon
used to produce the homogeneous deposition of Pt particles. The small curvature on
amorphous carbon nanocones is produced the proper electric fields, which help to uniform

deposition of nanoparticles.
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5.4 Material properties of the Pt-ACNC electrode

The a-C coated SNCs fabricated by the AAO templation method had a highly ordered
hexagonal arrangement. Figure 5-3 (A) and (B) show SEM images of the ordered ACNC
array before and after the electrodeposition of Pt nanoparticles. The well ordered nanocones
were ~250 nm in height and had a base diameter of ~100 nm. The ACNCs provided a surface
area applicable for Pt loading about five times (the ratio of the cone surface area to the cone
base area) that of a flat Si substrate. Pt loading on the nanocone electrode by potentiostatic
bipolar pulse electrodeposition is an effective approach to deposit crystalline nanoparticles of
well-controlled quality on the cathode. The highly ordered ACNC arrangement allowed a
relatively uniform potential distribution over the nanocone array in the electrolyte, crucial for
electrodeposition of well dispersed Pt nanoparticles on the ACNC cathode. Because the Pt
nanoparticles on the ACNC*support were very small and without obvious agglomeration, the
SEM image of Fig. 5-3 (B) hardly observed'the Pt nanoparticles. Figure 5-4 (A) shows the
bright-field TEM image of the ACNC with-the-electrodeposited Pt catalyst. The figure clearly
shows that Pt nanoparticles were well dispersed on the nanocones. According to the high-
resolution TEM image (Fig. 5-4 (B)), most ‘of the deposited Pt nanoparticles had a size
smaller than 5 nm. Figure 5-4 (C) shows the selected area electron diffraction (SAD) pattern.
The distinct diffraction spots in the SAD image were due to the crystalline Si nanocone
substrate. Two diffraction rings of discernible intensity were indexed as the (111) and (200)
lattice planes of the Pt face center cubic (FCC) structure. The diffraction rings corresponding
to the (220) and (311) lattice planes could also be perceived but with a very weak intensity.
The TEM analysis indicated that crystalline Pt nanoparticles were uniformly electrodeposited

on the ACNCs.
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Figure 5-3 shows the side-view SEM images of the a-C coated SNC array (A) before and (B)
after the electrodeposition of Pt nanoparticles.

Figure 5-5 (A) shows the XPS spectrum of the Pt loaded ACNC array. In addition to XPS
signals due to Pt nanoparticles and the a-C overlayer, the XPS analysis also detected O(1s),
Si(2p) and Si(2s) photoelectrons. The relatively strong O(1s) XPS signal suggested oxygen
surface groups on the a-C layer. Curve fitting for the broad and asymmetric C(1s) XPS signal
was performed, assuming a Gaussian-Lorentzian curve with a half-width-at-full-maximum of
1.9 eV for all the synthesized peaks. The curve fitting result (Fig. 5-5 (B)) revealed four

chemical states with binding energies higher than that typically assigned to the C-C bonding
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Figure 5-4 shows TEM 1mage's: (A.)_ Brlght ﬁellg 'f'@l\? image of the a-C coated SNC with
electrodeposited Pt narrop’agtlc}es;i' (:Bﬁ hlgh resolution TEM image of the a-C
coated SNC with Pt nanoparticles; (C) the SAD pattern, and (D) bright-field
image of the a-C coated SNC without the Pt nanoparticle.

and/or graphitic structure (~284.6 eV) [106]. The curve-fitted peaks at 285.6, 286.8, 287.6 and
289.4 eV can be ascribed to C-O-C, C-OH, C=0 and -COOH (RCOO-) functional groups,
respectively [107, 108]. The Pt(4f) XPS spectrum shown in Fig. 5-5 (C) exhibited a broad
doublet peak with the Pt(4f7,) peak maximum at 70.5 eV, which negatively shifted from that
for bulk Pt by ~0.8 eV. As discussed later, we ascribe the negative binding energy shift of the
Pt(4f) doublet peak to a combination effect of the Pt particle size and charge transfer between
Pt nanoparticles and the ACNC support. Detection of the Si(2s) and Si(2p) XPS signals due to
the Si nanocone
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Figure 5-5 shows the wide scan XPS of the Pt nanoparticles deposited on the ACNC array, (B)
the C(1s) XPS spectrum with curve fitted peaks, and (C) the Pt(4f) XPS spectrum.

substrate indicated that the thickness of the a-C layer was smaller than the probe depth of the
Si(2s) and Si(2p) photoelectrons excited by the Mg Ka source, which was roughly less than
10 nm. The TEM analysis did show an a-C layer ~5-10 nm thick deposited on the SNC (Fig.
5-4 (D)). Although thin, the a-C layer could greatly affect Pt electrodeposition and

electrocatalytic characteristics of the Pt nanoparticles.
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Figure 5-6 shows the Raman spectrum of the o-€ coated SNCs without Pt nanoparticles.

Figure 5-6 shows the Rarman:spectfum in the range of 1150-1800 cm™ of the ACNC array
without the Pt catalyst. The two characteristic Raman peaks for disordered graphitic carbon
materials in this range, the G and D peaks, were situated at ~1605 and ~1336 cm'l,
respectively. Peak features of both the Raman modes, such as peak position and intensity,
greatly depend on the sp® bonding structure of CVD deposited carbon materials. The G peak
is due to sp® bond stretching and the D peak is considered to be a ring breathing mode in a
disordered graphitic structure [109]. The G peak is particularly useful to reveal
nanocrystallinity of the graphitic structure [110]. When the size of the nanocrystalline graphite
cluster is smaller than 2 nm, the G peak shifts to a position higher than 1600 cm™[109]. The
peak position of the G mode at ~1605 cm™ and the relative large D peak signal implied that a
significant amount of nanosized graphitic structures were likely present in the a-C layer.
Because of the disordered nanosized graphitic carbon structure, oxygen containing species,
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such as those revealed by the XPS analysis, effectively adsorbed on defect sites of
nanocrystalline graphite clusters in the a-C layer. The oxygen containing adspecies acted as
anchoring centers on the nanocone surface for the Pt precursor during Pt electrodeposition,
thereby resulting in a better Pt dispersion [98]. As discussed latter, m-bondings on nanosized
graphitic clusters of the a-C layer improved adhesion between Pt nanoparticles and the
ACNC support, greatly alleviating agglomeration and loss of Pt nanoparticles during

electrocatalytic reactions [99-101].

5.5 Electrocatalytic activity

The electrochemical surface area (ESA) of the Pt film/Si and the Pt/ACNC electrodes was
evaluated by the cyclic voltammetry (CV), which was performed in argon saturated 1M
H,SO4 aqueous solution using-'a Pt wire as-the counter‘electrode and a saturated calomel

electrode (SCE) as reference electrode.
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Figure 5-7 shows the room temperature cyclic voltammograms of (a) Pt/ACNC and (b) Pt
film/Si electrodes measured at 25 mV s in 1 M H,SO,.

76



Typical CV curves of the both electrodes are shown in Fig. 5-7. The ESA values obtained
from hydrogen adsorption/desorption peaks are 412 and 39 m” g™’ for PtYACNC and Pt film/Si,
respectively. The ESA for the Pt/ACNC higher than that of Pt film/Si, most likely due to the

smaller size and much better dispersion of the Pt nanoparticles on ACNC arrays.
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Figure 5-8 shows the CO stripping cyclic voltammograms of the Pt/ ACNCs electrode in a
CO saturated 1 M H,SOy solution. The scan rate was 25 mV s,

The electroactive surface areas (ESAs) of the Pt /ACNC were further reinvestigated by
CO-stripping CV, performed in a CO saturated 1 M H,SO4 aqueous solution using a Pt wire as
the counter electrode and SCE as the reference electrode. For comparison, the ESA of a Pt
film/Si electrode, prepared by electrodepositing a continuous Pt film on the flat Si substrate,
was also measured. Figure 5-8 shows a representative CO-stripping cyclic voltammogram for
the Pt-ACNC electrode. A very high ESA of 327m’/g was calculated for the Pt/ACNC

electrode by integrating the electro-oxidation peak of adsorbed CO molecules, assuming an
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electro-oxidation charge of 420 uC-cm > for a monolayer of CO adspecies on a smooth Pt
surface [90]. The ESA of the Pt/ACNC electrode was about eight times higher than that of the
Pt film/Si electrode and much higher than that of many previously reported electrodes of
carbon materials [85, 111, 112]. The high ESA ascribes to the large surface area of the
nanocone array and the highly dispersed Pt nanoparticles. The discrepancy between surface
area by hydrogen adsorption/desorption and from CO-stripping might be due to experimental
erTor.

Efficient removal of the CO adspecies from the Pt catalyst surface is crucial for
minimizing the poisoning effect in DMFCs. The CO stripping voltammograms of Fig. 5-8
also provide information about electro-oxidation of CO adspecies on the electrocatalyst. The
onset potential of CO electrooxidation on the P/ACNC and the Pt film /Si electrodes was
about ~0.36 and ~0.51 V, respectively..Improved electro-oxidation activity of CO adspecies
on the PtYACNC electrode may be ascribed to.the bi-functional mechanism, which describes
that effective electrooxidation of CO adspecies can be achieved by reaction with neighboring
oxygen containing functional.groups:"The XPS analysis discussed above showed plenty of
oxygen containing adspecies on the a-C layer. The nanometer size of Pt catalyst particles
made it easier for surrounding oxygen-containing groups on the ACNC support to access and
interact with CO adspecies on the Pt nanoparticles, and allowed fast migration of adspecies
over the particle surface. Therefore electro-oxidation of CO adspecies, in particular-C-OH
adspecies, could readily proceed via the Langmuir-Hinshelwood mechanism. The lower onset
potential of CO electro-oxidation and the higher ESA clearly demonstrate that the Pt/ACNC
electrode effectively improves electro-activity of the Pt catalyst toward MOR.

MOR activity of these two electrodes in the 1 M CH3;0H + 1 M H,SO4 aqueous solution
at room temperature was studied by CV. Figure 5-9 (A) shows the current density and mass
activity of the Pt film/Si, and Pt/ ACNC electrode. As Fig. 5-9 (A) shows, the Pt/ ACNC had a
higher mass activity and current density than the Pt film /Si electrode. The current ensity and
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mass activity of the Pt/ACNC electrode were ~4 and ~10 times that of the Pt film/Si electrode,
respectively. Even compared with many reported electrodes composed of carbon materials,
such as carbon-coated anatase TiO, composites [85] and nanoporous materials synthesized by

electrochemical lithiation [48],
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Figure 5-9 (A) Current density and mass activity of the Pt/ ACNC electrode (solid rectangle)
and the Pt film/Si electrode (open rectangle). (B) Loss of the Pt electrochemical
surface area of (a) the Pt/ACNC electrode and (b) the Pt film/Si electrode as a
function of the number of CV cycles in argon saturated 1 M H,SO, aqueous

solution at room temperature (scan rate: 25 mV s).
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the Pt/ACNC electrode also exhibited better MOR performance in terms of catalyst mass
activity and current density. The excellent MOR activity of the Pt/ACNC electrode can
ascribe to the large electrode surface area and the nanometer size of Pt nanoparticles. The
geometric shape of ACNC support provided a surface area for Pt loading five times larger
than that for the flat Si surface. The highly dispersed Pt nanoparticles also further increased
the active surface area on the Pt/ACNC electrode, thus increasing mass activity. Furthermore,
the nanometer-sized Pt catalyst particles enhanced electro-oxidation of CO adspecies via the
bifuncitonal mechanism as discussed above, creating more active sites for MOR and thus
improving MOR efficiency.

Electrocatalytic stability of the Pt film/Si and the Pt/ACNC electrodes for MOR was
evaluated by CV within the potential range -0.4=1.2V (vs. SCE) at a scan rate of 25 mVs™ in
an argon saturated 1 M H,SO4 aqueous solution for more than 1000 cycles. Figure 5-9(B)
shows the ESA loss as a function of the number of CV cycles for the two electrodes. The
Pt/ACNC electrode showed-a much more moderate reduction in the ESA during the repeating
CV scans. The ESA of the PYACNC electrode decreased:by ~12% after 1000 CV cycles in the
acid solution, while the Pt films/Si electrode showed a decrease of more than 50%. Loss of
the ESA of the Pt catalyst might result from two pathways, Pt particles detachment from the
support and Pt catalyst dissolution during electrochemical measurements. We did not observe
a noticeable decrease in Pt nanoparticle density after electrocatalytic stability measurement
according to TEM analysis (not shown), indicating that Pt nanoparticle detachment from the
ACNC support did not take place or was insignificant. Thus, the gradual decrease in the ESA
of the Pt/ACNC during the stability test was likely due to Pt nanoparticle dissolution into the
electrolyte solution at the high potential range during the CV sweep, which had a maximum
of 1.2 V vs. SCE [113, 114]. The much smaller ESA loss for the Pt/ACNC electrode implied
that Pt nanoparticles were relatively stable in the acidic electrolyte during the voltage scan.

The nanocrystalline graphitic structure in the a-C layer as revealed by Raman scattering
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spectroscopy might play a crucial role in making the Pt /ACNC electrode much more stable
toward MOR than the Pt film/Si electrode. In the broad Pt(4f) doublet XPS spectrum shown
in Fig. 5-5(C), the Pt(4f;,,) peak reached a maximum at 70.5 eV, which was ~0.8 eV smaller
than that of bulk Pt. A red shift of 0.5 eV for the Pt(4f) doublet peaks have been reported for
nanometer-sized Pt colloids supported on highly oriented pyrolytic graphite [115]. The
negative shift of the Pt(4f) doublet peak for Pt nanoparticles is generally ascribed to the
reduced coordinated number of surface atoms in a nanometer sized cluster [116, 117]. Charge
transfer between Pt nanoparticles and the support can also positively or negatively shift the
Pt(4f) binding energies, depending on the chemical property of the support [118]. The large
red shift observed in the study might be a combination effect of the particle size effect and the
n-electron donation from the support to Pt nanoparticles. It has been widely reported that
increasing the graphitization degree yof |carbon:. supports strengthens the metal-support
interaction and enhances resistance to support.oxidation ‘and catalyst agglomeration [99-101,
119]. Charge transfer between n-sites of the a-C layer and Pt nanoparticles significantly alters
the electronic structure of nanosized Pt catalyst partieles, thereby enhancing electrochemical
stability of the Pt catalyst and thus mitigating Pt dissolution due to electrooxidation. In
addition to chemically stabilizing Pt nanoparticles, the charge transfer interaction also
enhances the adhesion of electrodeposited Pt nanoparticles to the ACNC support, thus
preventing Pt nanoparticles from separating from the ACNC electrode.

The slow ORR rate on the cathode is always a concern for DMFC applicability. We have
also studied electrocatalytic activity of the P/ACNC electrode toward ORR by the CV
measurement. Figure 5-10(A) shows typical ORR polarization curves of the Pt film/Si and the
Pt/ACNC electrode, obtained in an O, saturated 1 M H,SO4 aqueous solution at room
temperature. The ORR half-wave potentials for the Pt film/Si and Pt/ ACNC electrodes were
~0.52 and ~0.60 V, respectively. The peak ORR current densities of the Pt film/Si and
Pt/ACNC electrodes were -1.2 and -7.4 mA cm, respectively. The current density of the
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Figure 5-10 (A) Cyclic voltammograms of ORR in O, saturated 1 M H,SO, aqueous solution
at 25°C for (a) the Pt/ACNC electrode and (b) the Pt film/Si electrode; and (B)
ORR current density loss as a function of the number of CV cycles in oxygen
saturated 1 M H,SOj4 at room temperature for (a) the Pt/ ACNC electrode and (b)
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the Pt film/Si electrode (scan rate: 25 mV s™).
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Pt/ACNC electrode was six times higher than that of the Pt film/Si electrode, indicating that
the Pt/ACNC electrode significantly enhanced the ORR rate. Compared with many previous
reported electrodes, such as Pt catalysts with gold clusters [120], Pt;Ni(111) catalysts [121],
supportless Pt and Pt-Pd nanotubes [122] and dealloyed Pt-Cu-Co nanoparticles [123], the
Pt/ACNC electrode showed a higher peak current density as well. The great improvements on
ORR electroactivity of the Pt catalyst on the ACNC support can be attributed to similar
factors enhancing MOR electroactivity. The well dispersed Pt nanoparticles on the ACNC
support provided a large ESA leading to a faster reaction rate of ORR. The size of Pt
nanoparticles affects the potential distribution within the double layer around the catalyst and

also enhances the mass transport of electroactive species on the Pt catalyst [124].

The Pt/ACNC electrode also demonstrated .excellent electrocatalytic stability for ORR.
The electrocatalytic stability test 'was performed'in. an O, saturated 1 M H,SO4 aqueous
solution at 25°C. The CVi-measurement:of ‘more than 1000 cycles was conducted in the
potential range between 0.2-0.8.V vs.-SCE at a-scan rate of 25 mV s'. Figure 5-10 (B) shows
the ORR current density loss for the-Pt film/Si and the Pt/ACNC electrodes as a function of
the number of CV cycles. The decrease in ORR activity of the Pt/ ACNC and the Pt film/Si
electrodes after 1000 cycles was about 17% and >60%, respectively. The better ORR activity
stability of the Pt/ACNC electrode may also be due to the unique chemical properties of the
ACNC support, composed of nanocrystalline graphitic structures and full of oxygen

containing adspecies.

5.6 Summary

This study has shown the excellent electrochemical performance of Pt nanoparticles
pulse-electrodeposited on the highly ordered ACNC array, fabricated by the AAO templation.
Because Pt nanoparticles were well dispersed on the ACNC support with a large surface area,
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the Pt/ACNC electrode had a large ESA. The Pt-ACNC electrode exhibited high
electrocatalytic activity and stability toward both ORR and MOR. According to Raman
scattering and XPS analyses, the ACNC array was composed of nanocrystalline graphitic
structures, and full of oxygen containing adspecies. The uniform dispersion of Pt
nanoparticles on the a-C layer and the high resistance of the Pt/ACNC electrode against CO
poisoning resulted from the presence of oxygen-containing adspecies. The nanocrystalline
graphitic structure in the a-C layer was able to electronically stabilize the Pt nanoparticles via

charge transfer, thereby enhancing electroactivity stability of the Pt/ ACNC electrode.
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Chapter 6
Novel New Approach to the Synthesis of Nanoporous
Graphitic Carbon as a Unique Electrocatalyst Support
for Methanol Oxidation

6.1 Introduction

Recently, the synthesis of nanostructure carbon materials has great potential for
applications in electronic, [125, 126] catalytic, [127, 128] hydrogen-storage, [129, 130]
electrochemical double-layer capacitors, [131] and lithium ion batteries, [132]. In an effort to
improve catalyst activity and stability, Pt-Rubased catalysts, which are the most practical
catalysts for fuel cell applications, have been.synthesized for the purpose of reducing catalyst
particle size (nanolevel) and increasing the surface area of the catalyst deposited on support.
The one best way to accomplish this isto create 3D nanoporous graphitic carbon (g-C)
structure. Several methods have been-reported for the synthesis of carbon nanostructure with
high surface area by using templates, stabilizers, or surfactants [96, 133, 134]. Therefore,
preparation of ordered porous carbon with graphitic pore walls is of importance. To prepare
ordered graphitic porous carbons, some unconventional carbon precursors such as mesophase
pitch [131], acenaphthene [134], polyvinyl chloride [135], naphthalene, anthracene, pyrene
[136], and polypyrrole [137] have been employed to infiltrate the pores of porous templates.
However, infiltration and polymerization using these liquid carbon precursors are either
difficult or time consuming because repeated infiltration and polymerization are required in
order to obtain an ordered carbon replica. On the other hand, polymerization and pyrolysis of
the carbon precursors during high-temperature carbonization often lead to the emission of a
large amount of small molecules such as H,O, which can deteriorate the pore structure of the

templates [138], thus the structural ordering of the resultant carbon [139, 140]. However, the
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synthesis of graphitic carbon with high surface area has been a great challenge and method for
economically large scale production is still the vital task.

Herein, we describe new, simple and efficient method for the synthesis of a 3D
nanoporous g-C structure by adamantane flame, which was utilized as a support for Pt and
Ptsp—Rus alloy catalysts at low temperature. Moreover, the electrochemical performance of

the Ptso—Ruso/3D nanoporous g-C shows the potential application in liquid feed fuel cells.

6.2 Synthesis of 3D nanoporous g-C, Pt/3D nanoporous g-C

and Pts5y-Rus¢/3D nanoporous g-C

The synthesis process of the 3D nanoporous g-C structure is illustrated in Fig. 6-1. The
synthesis of 3D nanoporous g-C on the Si, surface consists of three consecutive steps. First,
the flat Si substrate was washed by acetone and deionized water (>18 MQ), then it was treated
with a 10 wt% HF at room-temperature for-5 min to remove the thin native oxide layer and
dry blown with nitrogen. Then, the polished side of Si substrate was immediately placed in
front of adamantane (C;oH6) flame for 7 min to deposit of thick layer of 3D nanoporous g-C.
Further, for the better adhesion between Si and 3D nanoporous g-C, the sample was heated at
300°C for one hour. A precursor solution containing 10 ml acetone and H,PtCls was prepared.
And then, the solution was poured drop by drop onto 3D nanoporous g-C at 100°C for 2 min
for the deposition of Pt. To deposit Ptsp—Rus alloy catalyst on the 3D nanoporous g-C, 10 ml
acetone, H,PtClg and RuClj; solution was used, following the similar procedure as of Pt. The
Pt/3D nanoporous g-C, and Ptso-Ruso/3D nanoporous g-C electrodes was rinsed thoroughly
with deionized water to remove residual chlorine ions after Pt and Ptso-Rusy deposition, and

allowed to dry before using for electrochemical measurements.
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Figure 6-1 shows the synthesis scheme of 3D nanoporous g-C: (a) the Si wafer was cut into 2
x 2 cm? dimension (b) SiO; layer was removed by treating with 10 % HF for 5
min and dried by N, gas (c) the cleaned sample was immediately placed in front
of flame adamantane for 7 minute, and (d) finally, sample was heated at 300°C
for one hour to obtain a good depositing of 3D nanoporous g-C over the silicon
substrate.

6.3 Physico-chemical characterization

- i

Scanning electron microscopy; (SEM)Was 7us'e:§1' to characterize the surface morphology of

the synthesized 3D nanopququs g-C;,-Fi}glue'.6=2 slif)Ws a typical SEM image of 3D

=7 — - L=
nanoporous g-C where the Pt and Ru content is zero. As'is evident from the image, the Si

. - 1

substrate is well covered b}:f.—3D nanoporous carbon with pd'nIe sizes of 100900 nm.
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Figure 6-2 shows the SEM image of the resulting 3D nanoporous g-C.
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The graphitization of the synthesized 3D nanoporous carbon was characterized by Raman
spectroscopy. The Raman spectra of the 3D nanoporous carbon in the frequency range
between 1200 and 1800 cm™ are shown in Fig. 6-3. The two main peaks at 1594 and 1359 cm”
! illustrated in the spectra corresponds to G and D bands, respectively. The G band represents
the E,, vibration of g-C with a sp electronic configuration and D band represents the Ajg
mode of diamond-like carbon with a sp electronic configuration. To determine the degree of
graphitization, we estimated the intensities of D and G peaks from their peak heights and
hence their ratio (Ip/lg). As shown in Fig. 6-3, the Ip/Ig ratio less than 1, indicate the better
graphitization of 3D nanoporous carbon [141]. Raman spectra suggest formation of g-C in 3D

nanoporous carbon structure.
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Figure 6-3 Raman spectrum of 3D nanoporous g-C deposited on Si substrate.

SEM was further used to characterize the surface morphologies of the synthesized Pt/3D

nanoporous g-C, and Ptso-Rus¢/3D nanoporous g-C. Fig. 6-4 (A) shows a typical SEM image
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of Pt/nanoporous g-C where 3D nanoporous g-C surface is deposited by nanoparticles Pt. The

pore size distribution of the synthesized 3D nanoporous g-C is 100-800 nm.

SEl 15.0kV  X50,000 100nm WD 12.2mm

SEI 150KV X50,000 100nm WD 12.2mm

Figure 6-4 shows the plane-view SEM images (A) Pt/3D nanoporous g-C, and (B) typical
Ptso-Ruso/3D nanoporous g-C.
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Figure 6-5 shows the TEM images (A) Pt/3D nanoporous g-C, and (B) typical Ptso-Ruso/3D
nanoporous g-C. %0 Ll T

It is evident that the son;e ‘pores ar.e_:!-_'f'iglle.ql due:: to t.he large size of the Pt nanoparticles.
Figure 6-4 (B) shows a_uty;pical SEM -imc;fgg of Ptso-i%\uso/nanoporous g-C, where 3D
nanoporous g-C surface deﬁgéited by naﬁopapt—geles Pt a}ndi{u. From the SEM image, we can
see that the Ptsp-Ruso/3D naﬁgiﬁqro&é.;l-c ha-s n;ore po_y(;ﬁs surface than the Pt/3D nanoporous
g-C, showing has higher surfaceﬂar‘ear'than Pt/3D ﬁanoporous g-C. Because the Pt and Ptso-
Rusg alloy catalysts on the g-C support were very small in size, Pt and Pt-Ru alloy catalyst
was hardly observed from the SEM images of Fig. 6-4 (A and B).

The transmission electron microscopy (TEM) measurements were performed to
reinvestigate the presence of Pt and Pt-Ru nanoparticles. A TEM image of the Pt/3D
nanoporous g-C is shown in Fig. 6-5 (A). As seen from TEM images, Pt nanoparticles
showing the agglomeration. And the Pt nanoparticles were ~ 20 nm in size. Figure 6-5 (B)
shows the TEM image of the g-C with the deposited Pt-Ru alloy catalysts. It can be clearly

seen that Pt-Ru alloy catalyst was dispersed on g-C. In addition, the composition of individual

particles was probed using energy-dispersive X-ray analysis (EDX). An EDX spectrum of Pt
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and Ptso-Rus alloy catalysts is shown in Fig. 6-6 and 6-7. The EDX indicated that Pt and Pt-

Ru alloy catalysts was deposited on the g-C.
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Figure 6-6 shows the EDX spectrum of the Pt catalyst on the g-C.
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Figure 6-7 shows the EDX spectrum of the Ptso-Rusg alloy catalyst on the g-C, showing the
presence of Pt and Ru nanoparticles on the 3D nanoporous g-C.

X-ray photoelectron spectroscopic (XPS) system is a convenient tool to investigate the
presence of Pt and Pt-Ru alloy catalysts on the g-C. The wide-scan XPS spectrum of the
Pt/3D nanoporous g-C and Ptso-Ruso/3D nanoporous g-C are shown in Fig. 6-8. From the

spectrum it is clear that the Pt and Pt-Ru alloy catalysts was deposited on the 3D nanoporous
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g-C. The relatively strong O(1s) XPS signal suggests that the oxygen surface group was
present on the 3D nanoporous g-C. This is greatly affects the nanoparticles deposition and
electrocatalytic characteristics of the Pt and Pt-Ru nanoparticles. On the other hand, the weak
signals of Si(2s) and Si(2p) were detected from XPS, indicates nanoporous g-C completely
covered the Si surface. This is consistent with our SEM observation as shown in Fig. 6-4 (A

and B).
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Figure 6-8 shows the XPS survey spectrum of the 3D nanoporous g-C supported Pt and Pt-Ru
alloy catalysts.

6.4 Electrocatalytic activity

The hydrogen adsorption and desorption was used to investigate the electrochemical
active surface area (ECSA) of these electrodes. Figure 6-9 shows the CV curves of the Pt/3D
nanoporous g-C and Ptsp-Ruse/3D nanoporous g-C electrodes in a 1 M H;SOs aqueous
solution. The potential was scanned between -0.4 and 1.2 V (vs. SCE) at the potential scan

rate of 25 mV s,
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Figure 6-9 shows the cyclic.voltammograms. of the Ptso-Rusy/3D nanoporous g-C and Pt/3D
nanoporous g-C electrodes in aqueeus solution in N, saturated aqueous solution
of 1 M H,SO, The scan rate was 25 mV s .

The peaks for the adsorptien/desorption of hydrogen.appearing between -0.35 and 0.15 V
vs. SCE are clearly shown. The wide peak potentials shift slightly from Pt/3D nanoporous g-
C (~ 0.14 V, —0.27 V) to that of Ptso-Ruso/3D nanoporous g-C (~ 0.05 V, —0.30 V). The
double layer capacitance remarkably enhanced by addition of ruthenium into the platinum.
The higher the ruthenium content, the larger the double layer capacitance [142]. The
hydrogen adsorption charge (Qp) has been calculated by taking the assumption that the double
layer capacitance is constant across the entire investigated potential range. The Qg of the
Pt/3D nanoporous g-C and Ptsp-Ruso/3D nanoporous g-C electrodes are 16.12 and 28.23 mC
cm’?, respectively. Qu shows the number of sites of Pt available for hydrogen adsorption and
desorption. These results show that, even their geometric surface area is the same, the active
surface area of Ptso-Ruso/3D nanoporous g-C electrode is much larger than that of the Pt/3D
nanoporous g-C electrode, and the high ECSA were favorable to electrochemical oxidation
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toward methanol.

The electro-active surface area (ESA) of the Pt/3D nanoporous g-C, and the Ptsp-Rusy/3D
nanoporous g-C electrodes was measured by CO-stripping CV in 1 M H,SO;4 solution at a
scan rate of 25 mVs™. For CO-stripping CV measurements, CO adsorption on the Pt catalyst
was conducted by flowing a 10% CO/N; gas mixture into 1 M H,SOj4 electrolyte for 35 min at
0.1 V (vs. SCE), followed by purging with nitrogen gas for 30 min to eliminate any residual
CO from the solution. The electrochemical active area of the electrodes was determined
assuming the formation of a monolayer of linearly adsorbed CO molecules and the columbic
charge required for oxidation of COqq, to be 420 uC cm 2 [90]. The CO-stripping CV curves
for the Pt/3D nanoporous g-C and the Ptso-Ruso/3D nanoporous g-C electrodes are shown in
Fig. 6-10 (A and B). The ESAs fof Pt/3D nanoporous g-C and Ptso-Ruso/3D nanoporous g-C
electrodes are 14.2 and 26.92.mC em?; respectively. The above results indicate that the Ptso-
Rus¢/3D nanoporous g-C ¢lectrode possessed-a-much higher ESA compared to the Pt/3D
nanoporous g-C electrode.«This is, consistent with the results presented in Fig. 6-9, further
showing the large ESA of the.synthesized 3D nanoporous PtsoRusg electrodes. However, one
of the most important factors in direct methanol fuel cells is efficient removal of adsorbed
CO-like species on the surface of the catalysts. The CO-stripping CV curves were also used to
evaluate the CO tolerance over both Pt/3D nanoporous g-C, and Ptso-Ruso/3D nanoporous g-C
electrodes. As shown in Fig. 6-10 (A and B) during the first cycle, when the potential was
scanned from —0.3 to 0.0 V, the CV curve is flat indicating that hydrogen adsorption is
completely suppressed due to that available active Pt sites were completely covered by the
CO. The CO electrooxidation current peaks of the PtsoRuso/3D nanoporous g-C and Pt/3D
nanoporous g-C electrodes were centered at ~0.44 V and ~0.48 V, respectively. The earlier
onset of the CO electrooxidation shown by the shoulder at 0.11 V for the PtsoRus¢/3D
nanoporous g-C electrode vs. 0.36 V for the Pt/3D nanoporous g-C electrode and the higher
current density in this region demonstrates that the PtsoRuso/3D nanoporous g-C electrode can
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oxidize the adsorbed CO-like adspecies more efficiently than Pt/3D nanoporous g-C at the

lower electrode potentials.

4 t
~ |71 cycle Pt/g-C
= 2" cycle
< 21
<
E -
. () -

Current Density
o
[ |

(A)

03 00 03 06 09 1.2
Potential (V vs. SCE)

o
1

—— lstyClE Pt —Rll /g_(
—2" Cycle

=)
|

W
1

7

N
1

Current Density (mAx’cmz)

(B)

03 00 03 06 09 12
Potential (V vs. SCE)

Figure 6-10 shows the CO-stripping CVs in a CO saturated 1 M H,SO, solution (A) the 3D

nanoporous g-C electrode; and (B) the Ptso-Ruso/3D nanoporous g-C electrode.
The scan rate was 25 mV s

&
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We further studied the electrocatalytic activity of the Pt/3D nanoporous g-C and Ptsy-
Ruse/3D nanoporous g-C electrodes in an aqueous solution of 1 M H,SO4 - 1 M methanol at a
scan rate of 25 mV s™ are shown in Fig. 6-11 (A). As seen from Fig. 6-11 (A), the peak
current density of methanol electrooxidation for the Ptso-Rusyo/3D nanoporous g-C catalyst at
the potential of 0.59 V (vs. SCE) was 8.93 mA cm™, which is twice of that on Pt/3D
nanoporous g-C (4.1 mA cm™at 0.74 V).

The Pt/3D nanoporous g-C and Ptsp-Ruso/3D nanoporous g-C electrodes showed onset
potentials of ~0.43 and ~0.25 V, respectively. An excellent catalyst for methanol
electrooxidation is one that exhibits a low onset potential. Therefore, this implies that the Ptso-
Ruso/3D nanoporous g-C for the methanol electrooxidation has superior electrocatalytic
activity compared with the Pt/3D‘.nanoporous g-C catalyst. In addition, the ratio of the
forward current density (/;) to the reverse anodic peak current density (Z,), (I/1,) value could
be used to describe the catalyst tolerance to carbonaceous, species accumulation [143]. The
Ii/l, value for Ptsp-Ruso/3Dsnanoporous:g-C and Pt/3D nanoporous g-C electrodes were ~6.3
and ~1.84, respectively. A lower 1¢/I value indicated poor oxidation of methanol to CO during
the anodic scan and excessive accumulation of residual carbon species on the electrode
surface, in other words, a greater extent of CO poisoning. It could be seen that the Ptso-
Rusyp/3D nanoporous g-C electrode had the highest 7/, ratio than that of the Pt/3D
nanoporous g-C electrode, indicating that the better CO tolerance of Ptso-Ruso/3D nanoporous
g-C electrode. The electrocatalytic activity of both electrodes was further examined using
chronoamperometry. Fig. 6-11 (B) represents the results obtained on the Ptso-Ruso/3D
nanoporous g-C and Pt/3D nanoporous g-C electrodes in an Nj; saturated aqueous solution of
1 M CH3;OH - 1 M H,SOy4 at 25°C at a constant potential of 0.4 V (vs. SCE). As shown in Fig.
6-11 (B), the potentiostatic current decreased gradually at the initial stage. The rapidly
decreased in the potentiostatic current might be due to the formation of intermediate species,
for instance CO and CHO adspecies etc., during the methanol oxidation reaction [144].
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Figure 6-11 (A) CVs of the Ptsp-Ruso/3D nanoporous g-C and Pt/3D nanoporous g-C
electrodes in aqueous solution of 1 M H,SO4 - 1 M CH30H at a scan rate of 25
mV s'l, and (B) Chronoamperometric curves for the Ptso-Ruso/3D nanoporous g-

C and Pt/3D nanoporous g-C electrodes in aqueous solution of 1 M H,SO4 - 1 M
CH;O0H at a constant potential of 0.4 V vs. SCE.

It can be clearly seen that the current density on the Ptso-Ruso/3D nanoporous g-C
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electrode is evidently higher than that on the Pt/3D nanoporous g-C electrode. This result
further confirms the superiority of the Ptsp-Ruso/3D nanoporous g-C electrode over the Pt/3D
nanoporous g-C electrode with respect to catalytic activity, CO tolerance, and stability.

The observed lower overpotential, superior electrocatalytic activity towards methanol
oxidation and better CO tolerance at the Ptsp-Ruso/3D nanoporous g-C electrode could be
elucidated in terms of the bifunctional mechanism described elsewhere [145], in which Ru
was proposed to be able to promote the oxidation of the strongly adsorbed CO on Pt by
supplying an oxygen source (Ru-OH,q). Moreover, the presence of 3D nanopores of g-C
supports may also contribute to the observed higher current density because of the easy

transport of methanol and the oxidation products in these nanopores [146].

6.5 Summary

We have demonstrated a new, simple and-efficient method to synthesis the 3D nanoporous
graphitic carbon (g-C) withrhigh surface-area-and-utilized as a support for Pt and Ptsp—Rus
alloy catalysts. The electrochemical results show:'that the Ptso-Ruso/3D nanoporous g-C
electrode had lower overpotential, superior electrocatalytic performance towards methanol
oxidation, and better CO tolerance, showing the direct synthesis 3D nanoporous g-C may

have a better future as catalysts support in electrocatalysis and fuel cells.
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Chapter 7
Synthesis of 2D Continuous Pt Island Networks for
Methanol Electrooxidation

7.1 Introduction

Over the past few years, synthesis of nanostructured materials has received great interest
in the technology due to its wide range of applications in biosensors [147], energy system
[148], catalysis [149], and in self-assembly of supramolecular structures [150].
Nanostructured Pt metals materials are very attractive because of their superior
electrocatalytic performance than the blanket Pt electrode. Recently several methods have
been reported for the preparation on nanostructure but it is difficult and time-consuming to
prepare the nanostructures [15-18, 151]. Besides, Pt is'very expensive, resource limited and
irreversibly inactivated by. CO-like poisoning species. Therefore, it is essential that the
utilization of platinum should be 'kept-as-lew-as-possible without sacrificing the catalytic
performance. The one best way to.accomplish this is to’create continuous Pt island networks.
The interconnected structure could” have "additional advantages in enhancing -catalytic
activities for reactions that involve two or more reactants, because such networks supply
enough absorption sites for reactant molecules over a close range [152].

Herein, we report a new and simple method for fabricating continuous Pt island networks
by pulse-potentiostatic electrodeposition using Si substrates of low resistivity, which act as the
current collector. And thus, the silicon support was very appropriate for use as the Pt
electrocatalytic electrode in respect of electrical conductivity. As shown in Fig. 7-1, the
presence of the surface oxide layer on the silicon substrate can greatly enhanced the oxidation
of CO adsorbed on the active Pt sites according to the bifunctional mechanism. Moreover, the

electrocatalytical study of the continuous Pt island network on the silicon substrate indicates
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the potential application for electrodes in direct methanol fuel cells.

Figure 7-1 shows a schematic illustration of the continuous Pt island network on the flat
silicon substrate. The right hand side exhibits the bifunctional mechanism of CO
electrooxidation. The adsorbed oxygen containing species on the surface of SiO;
can facilitate the ogc_i'dai'ﬁen of CO-like f:o.ifoning species adsorbed on the active
Pt sites. 2 f

- 1 o
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7.2 Fabrication s{téps for -gli'e. co_hfinu{ius island Pt network
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The fabrication steps for the ::o..nthnious is'}a'nd-P.t network electrode are described in the
following: a flat Si substrate was washed with acetone followed by DI water (>18 MQ ), then
etched in 10 wt% HF at room temperature for 5 min to remove the thin native oxide layer on
the silicon surface. Then, the Pt particles were electrodeposited on the etched Si in the
aqueous solution of 1 M K,PtCl¢/ 1 M H,SO4 (100 mL/100 mL) at room temperature by
potentiostatic pulse plating in a three electrode cell system with a saturated calomel reference
electrode (SCE) [105]. The time durations for the high potential pulse (+0.08 V) and the low
potential pulse (-0.01 V) were 3 and 1 ms, respectively. The blanket Pt catalyst was prepared

by potentiostatic pulse plating (1 M K,PtCle/ 1 M H,SO4) on the silicon substrate. The time

durations for the high potential pulse (+0.06 V) and the low potential pulse (-0.04 V) were 5
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and 2 ms, respectively. The Ru decorated blanket Pt electrode were obtained by deposition of
Ru on the blanket Pt by potentiostatic pulse plating at -0.07 and +0.02 V in a 1 M RuCl; (200

mL) solution for 5 and 1 ms respectively.

7.3 Structural characterization

Figure 7-2 (A) and (B) illustrates a representative scanning electron microscopy (SEM)

image of the blanket Pt on silicon substrate and Ru decorated on blanket Pt, respectively.

lp.ln_

Figure 7-2 shows the SEM images: (A) blanket Pt on flat Si substrate; and (B) Ru on blanket
Pt/Si.
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From the SEM images, the blanket Pt and the Ru decorated on the blanket Pt were
completely covered on the silicon substrate after the electrochemical deposition. Figure 7-3
show the surface morphology of the pulse electrodeposited Pt on the Si substarte. The Pt
islands are mutually connected over the Si substrate. The Pt islands forming the continuous Pt

island film have size distribution from ~200 nm to ~800 nm.

15.0kV  X3,500 1,um_ WD 11.5mm

Figure 7-3 shows the SEM image of the continuous Ptiisland network on the flat silicon

substrate.
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Figure 7-4 shows the x-ray photoelectron spectrum (XPS) of (a) blanket Pt/Si; (b) Ru
decorated blanket Pt; and (c) continuous Pt island network.
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X-ray photoelectron spectroscopy (XPS) shown in Fig. 7-4 indicated that Pt and Ru were

successfully deposited on the silicon substrate by the pulse electrodeposition.

7.4 Electrochemical measurements

The electroactive surface area (ESA) of the electrodes was determined by the CO-
stripping cyclic voltammetry, which was performed by flowing al0% CO/N2 gas mixture in
the 1 M H2SOa4 aqueous solution at +100 mV for 35 min, using a Pt wire as the counter
electrode and a saturated calomel reference electrode (SCE). Before scanning, the solution
was purged with N2 gas for 30 min to removed CO remained in the solution. Representative
CO-stripping voltammograms for the continuous Pt island network/Si, the Ru decorated Pt

film and the blanket Pt/Si electrodes.are illustrated in.Fig. 7-5.
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Figure 7-5 shows the CO stripping cyclic voltammetry curves recorded at room temperature
in a CO saturated 1 M H,SOy4 solution at a scan rate of 20 mV s’

A high ESA of 67 m” g”! was obtained for the continuous Pt island network/Si electrode by
integrating the CO-electrooxidation peak of first CO stripping cycle, assuming an oxidation
charge value of 420 uC cm ™ for a monolayer of CO adsorbed on a smooth platinum surface
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[90]. The ESA of the continuous Pt island network/Si electrode is much higher than that of the
Ru decorated Pt film electrode (21 m* g™') and that of the blanket Pt electrode (16 m* g).
This shows that the continuous Pt island network/Si electrode has a relatively high ESA, most
likely due to the interconnect structure of the Pt islands. Such well-defined continuous Pt
island network structure provides abundant active sites for the electrooxidation reaction of
methanol.

From the CO-stripping curve, we noticed a lower onset potential and smaller peak
potential for CO oxidation on the continuous Pt island network electrode in comparison to the
Ru decorated Pt film and the blanket Pt film/Si. Examination of the CO oxidation curves
reveals that the onset potential of the continuous Pt island network/Si electrode (~0.43 V) is
lower than that of the Ru decorated/Pt (~0.48) and the blanket Pt/Si (~0.60 V). The CO
oxidation peak potential for the continuous| Pt island network/Si (~0.57 V) is also lower than
that for the Ru decorated Pt (+0:60 V) and the blanket Pt/Si (~0.64 V), probably due to an
enhanced CO oxidation rate on the Pt islands surrounded by the chemical SiO, layer, which
was formed on the Si substarte in the electrolyte. The. presence of the oxide layer on the
silicon substrate can promote the‘oxidation of CO adsorbed on the active Pt sites via the
bifunctional mechanism [105]. The oxygen-containing species on SiO, (such as hydroxyl
surface group) can transform CO-like poisoning species adsorbed on Pt to CO,, releasing the
active sites on Pt for further electrochemical reaction, and hence the continuous Pt island
network on the flat Si substrate possess higher activity towards CO oxidation compared to the
blanket Pt on silicon and the Ru decorated Pt film.

Figure 7-6 shows the cyclic voltammograms of the three electrodes recorded in 1 M
CH;0OH/1 M H,SO4 aqueous solution at a potential scan rate of 20 mV s'. The CV curve of
the continuous Pt island network/Si shows that the methanol oxidation peak had the
maximum around 0.63V vs. SCE and a very low onset potential of ~0.38 V. Also shown in Fig.
7-6 is the CV curves of the blanket Pt film and the Ru decorated Pt film, which show a much
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smaller current density with a higher onset potential. The negative onset potential shift
indicated that the continuous Pt island network/Si can effectively reduce overpotentials in the

methanol electrooxidation reaction [91-94].
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Figure 7-6 shows the cyclic voltammograms-in‘i>M CH;OH~+1 M H,SOy at a scan rate of 25

-1
mV s .

Noted that the methanol oxidation peak in the forward scan for the continuous Pt island
network/Si electrode was much larger than the peak in the region of 0.3 - 0.5 V in the reverse
scan. In the cyclic voltammetric scan, the anodic peaks in the forward scan and in the reverse
scan are associated with electrooxidation of methanol and removal of incompletely oxidized
carbonaceous species (CO-like poisoning species) on the electrode, respectively. The catalyst
tolerance against CO adsorption may be evaluated by the ratio of the current density of the
forward anodic peak (If) to that of the reverse anodic peak (Ip), (I¢/lp) [143]. For the
continuous Pt island/Si electrode, the (I¢/Ip) ratio was calculated to be ~19. This ratio was

more than 9 times and 20 times larger than that of the Ru decorated Pt film and the blanked Pt
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film, respectively.
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Figure 7-7 shows the chronoamperometry curves in 1. M CH;OH+1 M H,SOy, at the potential
of 0.4 V.

Chroamperometry technique was employed to furthen test the activity of theses three
electrodes. Figure 7-7 shows_ the chronoamperogram of electroactivity of the three electrodes
at the oxidation potential of ~0.4 V in-the 1 M CH30H/1 M H,SO, aqueous solutions at 25°C.
Steady-state currents for methanol electrooxidation were measured for more than 800 s. At the
oxidation potential of 0.4 V, the steady-state currents at 800 s for the continuous Pt island
network/Si, Ru decorated Pt film and blanket Pt/Si are ~10, ~4, and ~0.05 mA cm™,
respectively. The observation implied that most CO-like poisoning species could be oxidized
and removed from the Pt catalyst so that the catalytic oxidation of methanol could be kept
proceeding efficiently on the continuous Pt island network/Si electrode. Because oxygen
containing species on the SiO; surface layer can promote the CO removal as described above,
the improvement of the electrooxidation activity can be ascribed to the synergistic effect of
the Pt island catalyst and the SiO; surface layer. These results are very consistent with the CV

studies shown in Fig. 7-5 and 7-6.
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Figure 7-8 shows the Tafel plots for the electrochemical oxidation of 1 M CH3;0OH/1 M

H,SO4 aqueous solution at a’scan rate of 1T mV/s.

Tafel plot for electrochemical oxidation of 1 M CH3;0OH/1 M H,SO4 aqueous solution at a
scan rate of 1 mV s is shown in Fig:7-8. The blanket Pt/Si and Ru decorated Pt film have a
Tafel slop of ~115 and ~137 mV dec™; respectively. On the other hand, the continuous Pt
island network/Si exhibits a much larger Tafel slope (~245 mV dec™), suggesting a great
difference in the electrooxidation mechanism for the continuous Pt island network/Si
electrode from the other two electrodes. This might be ascribed to the Pt island network
structure and the presence of active oxygenated on the SiO, surface layer [153, 154]. The
mechanistic difference could result in the better catalytic activity and CO tolerance of the 2-D
continuous Pt island network/Si electrode compared to the blanket Pt/Si and the Ru

decorated/Pt film electrode.
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Figure 7-9 shows the electrochemical impedance spectra in 1 M CH30H + 1 M H,SO4 at the

potential 0.3 V. The inset in figure shows the equivalent circuit model.

The electrochemical impedance spectrascopy (EIS) measurements were used to evaluate
the charge-transfer resistance and the capacitance of these:three electrodes during methanol
electrooxidation. Figure 7-9shows three Nyquist-plots recorded in 1 M CH3;0H + 1 M H,SO4
at the oxidation potential of ~0.3°V, where Zg'and Z; represent the real and imaginary
components of the impedance, respectively. The equivalent circuit model shown in the inset
of Fig. 7-9 was used to fit the experimental data. The R, resistor represents the resistance of
the electrolyte solution, R the charge transfer resistance and CPE represents the constant
phase element [151]. As shown in Fig. 7-9, the EIS well fits with the proposed model. The Ru
decorated Pt film and the blanket Pt/Si electrodes have charge-transfer resistances about ~16
and ~68 Q-cm™, which is over 3 times and 11 times larger than that for the continuous Pt

island network/Si (~6 Q-cm™).

7.5 Summary

A two-dimensional continuous island Pt network electrode have been successfully
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fabricated by potentiostatic pulse plating on the flat silicon substrate, and electrochemical
measurements confirm that this catalyst structure on the silicon substrate has a better
electroactivity toward methanol oxidation than the blanket Pt/Si and the Ru decorated Pt
film/Si electrodes. The good electrooxidation performance can be ascribed to the synergistic
effect of the Pt island catalyst and the surrounding SiO, surface layer, which significantly

enhanced the CO tolerance and thus improved the electrooxidation activity of the Pt catalyst.
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Chapter 8
Synthesis of 3D Platinum Nanoflowers and Their
Electrochemical Characteristics

8.1 Introduction

Recently, synthesis of nanostructured materials with a high specific surface area has
attracted great interest in the development of fuel cell catalysts [105, 155, 156], applications
for photocatalytic activity [157], biosensors [158], chemical sensors [159, 160], and in the
reduction of pollutant emission from automobiles [161]. Among all precious catalyst metals,
platinum has unique chemical and physical characteristics and has a wide range of industrial
and environmental applications; But it is extremely Susceptible to poisons such as CO-like
species, which result in a dramatic decrease in efficiency. However, a critical problem with Pt
catalyst is the high cost due to limited supply. Thus, one of the major challenges in fuel cell
development is to reduce' the usage-of-platinum catalyst. One effective approach to
accomplish this goal is to synthesize Pt nanostructures well dispersed on the electrode so that
a high surface/volume ratio can be obtained. The use of both larger surface area supports,
such as porous substrates [153, 162-163] and porous platinum [16, 155, 164-170] has been
explored. Herein, we report a new and facile method of synthesizing 3D platinum
nanoflowers on the silicon substrate by potentiostatic pulse plating. The 3D nanostructured
platinum catalyst shows excellent electrocatalytic activity toward oxidation of methanol and

CO adspecies.

8.2 Synthesis of the 3D Pt nanoflowers

A p-type 4-inch Si wafer of low resistivity (0.002 Q-cm) was used as the substrate for the

synthesis of the 3D Pt nanofloweres. 1 M H,PtClgs was first mixed with 1 M H,SO4 in an
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aqueous solution at room temperature, and the mixture was stirred at 25°C for 5 h to make the
mixture solution homogeneous. The Pt catalyst was then electrodeposited on the flat silicon
substrate in the mixture solution by potentiostatic pulse plating in a three electrode cell system
with a saturated calomel reference electrode (SCE). The time periods for the positive potential
pulse (+0.05 V) and the negative potential pulse (-0.02 V) were 5 ms and 1 ms, respectively.
Under the bipolar pulse electrodeposition conditions, 3D Pt nanoflowers could be synthesized
on the Si substrate. After Pt electrodeposition, the sample was washed by DI water to
removed contamination from the sample surface and dried in the ambient. For comparison, a
blanket Pt thin film was also prepared on the Si substrate by electrodeposition, which will be

referred to Pt thin film catalyst thereafter.
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Figure 8-1 shows the scanning electron micrographs of the 3D Pt nanoflower on the Si

substrate.
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Figure 8-2 shows the XPS survey spectrum of the 3D Pt nanoflower on the silicon substrate.
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Figure 8-3 shows the energy window of Pt (4f) electrons.
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sample. The inset shows the SAED pattern, and (B) a high resolution TEM image

of a nanopetal.

The x-ray photoelectron spectrum (XPS) of the 3D Pt nanoflowers is shown in Fig. 8-2.
Because the nanoflowers did not fully cover the Si substrate, O(1s) and Si(2p) XPS signals
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from the native silicon oxide could still be detected. The XPS peak of the Pt(4f) shown in the
Fig. 8-3. The binding energies of Pt (4f;,) and (4fs;) electrons were 71.4 and 74.7 eV,
respectively, which are in good agreement with pure bulk platinum [171]. No XPS signal
associated with oxidized Pt species (such as Pt*" and Pt*") and chlorine from the Pt precursor
were observed, suggesting that metallic platinum was likely the only constituent of the
nanoflowers synthesized by pulse electrodeposition.

Figure 8-4 (A) shows the transmission electron microscopy (TEM) image of nanopetals,
which were mechanically scratched off the Pt nanoflower thin film. A selected-area electron
diffraction (SAED) pattern is shown in the inset of the figure. The bright diffraction rings can
be indexed as the (111), (200), (220), and (311) lattice planes of the Pt face-centered-cube
(FCC) lattice structure. From the"TEM tmage, the Pt nanopetals had a bamboo-leaf like
structure, with an averaged sdength- of =300 nm. The high resolution lattice image further
reveals that the nanopetal wasimade up by Pt'nanocrystals of a few nanometers in size as

shown in Fig. 8-4 (B).

8.4 Electrochemical characteristics

The electroactive surface area of the catalyst was evaluated from charges associated with
hydrogen adsorption/desorption on the electrode surface from cyclic voltammograms (CVs)
in 1 M H,SO, aqueous solution at a scan rate of 20 mV s [172]. Figure 8-5 shows CVs of the
3D Pt nanoflower/Si and the Pt thin film/Si electrodes. In the potential range characteristic of
hydrogen electrosorption in the sulfuric acid solution (-0.4 — 0.0 V vs. SCE), the Pt thin
film/Si electrode shows a very weak and featureless broad peak, while two peaks (at ca. -0.22
and -0.02 V vs. SCE) can be clearly observed on the CV curve of the Pt nanoflower/Si
electrode. The peak feature in a cyclic voltammogram of Pt in sulfuric acid solutions strongly

depends on the crystallographic orientation of the Pt surface. For the Pt(111) surface, the
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cyclic voltammogram is characterized by a broad and flat hydrogen electrosorption peak in
the potential range ~ -0.4 V - 0.0 V (vs. SCE) [173]. On the other hand, in the same potential
range, the Pt(100) surface gives two distinct hydrogen electrosorption peaks, and a single
peak can be found for the Pt(110) surface in the same potential range. Thus, from the CV
curves of Fig. 8-5, we suggest that the (100) and (110) lattice planes prevailed over the (111)
plane on the 3D Pt nanoflower surface.

The hydrogen adsorption charge (Qy) evaluated from Fig. 7-5 is ~0.27 mC cm™ and
~31.17 mC cm™ for the Pt thin film/Si and the 3D Pt nanoflower/Si electrodes, respectively.
Qu is usually used to quantify active sites for hydrogen adsorption/desorption on the Pt
catalyst. The measured Qy values show that the active surface area of the 3D Pt
nanoflowers/Si electrode is muchshigher than that ©f the Pt thin film/Si electrode by a factor

of >110.
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Figure 8-5 shows the CVs of the 3D Pt nanoflower/Si and the Pt thin film /Si electrodes in
the 1 M H,SOy solution. The scan rate was 20 mV s,
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Electrocatalytic activity of the 3D Pt nanoflower/Si and the Pt thin film/Si electrodes
toward methanol oxidation reaction (MOR) was studied by cyclic voltammetry in a nitrogen-
saturated 1 M CH3OH/1 M H,SO;, solution at a scan rate of 25 mV s'l, and the CV curves are
shown in Fig. 8-6. The onset potential for methanol oxidation of the 3D Pt nanoflower
catalyst was ~0.38 V, which was ~0.13 V lower than that of the Pt thin film catalyst,
indicating faster electrode kinetics [174]. In addition, the oxidation current peak density of the
3D Pt nanoflower catalyst in the forward scan was higher than that of the blanket Pt thin film
catalyst. This implies that the 3D Pt nanoflower catalyst has a better electrocatalytic activity
toward the MOR compared with the blanket Pt thin film catalyst. In the CV scan, the anodic
peak in the reverse scan might be attributed to the removal of CO-like poisoning species
formed on the Pt catalyst in the forward scan. The catalyst tolerance against CO adsorption
may be estimated by the ratio' of the forward current density (I) to the reverse anodic peak
current density (Ip), (I¢#ly) [143]. A high I¢ly ratio 'suggests efficient electrooxidation of
methanol during the forward scan land.dess accumulation of residues on the electrodes,
whereas a low ratio indicates incomplete electrooxidation of methanol and excessive
accumulation of carbonaceous residues on'the electrode surface. The (I¢/1y) ratio of the 3D Pt
nanoflower/Si electrode and the Pt thin film/Si electrode are ~2.5 and ~0.93 respectively. This
ratio for the 3D Pt nanoflower/Si electrode is ~2.68 times larger than that for the Pt thin
film/Si electrode, indicating that the 3D Pt nanoflowers electrode had a higher electrocatalytic
activity toward MOR and thus a better CO tolerance.

To study CO tolerance of the 3D Pt nanoflower/Si electrode, CO-stripping CV
measurement was carried out. Figure 8-7 shows the CO stripping CV curves of the 3D Pt
nanoflower/Si and the Pt thin film/Si electrodes in 1 M H,SO4 aqueous solution. For the CO
stripping analysis, CO adsorption on the Pt catalyst was conducted by flowing a 10% CO/N,
gas mixture into the (1 M H,SOy) electrolyte for 35 min at 0.1 V (vs. SCE), followed by
purging with nitrogen gas for 30 min to remove any residual CO from the solution.
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Figure 8-6 shows the CVs of the 3D Pt nanoflower/Si and the Pt thin film /Si electrodes in
the 1 M CH;0H/1 M. H,SOy solution: The scanrate was 25 mV s™.

As shown in Fig. 8-7, duting the first cycle, the CVicurve was flat in the potential range
between —0.3 to 0.3 V indicating‘that the-hydrogen adsorption was suppressed due to the
complete coverage of available active Pt sites by CO adspecies. In the first scan, a broad
anodic peak appeared between 0.4-0.8 V, which was absent in the subsequent scan, indicating
that CO adspecies were effectively oxidized during the first scan. The CO oxidation current
peaks of the 3D Pt nanoflower/Si and the thin film Pt/Si electrodes were centered at ~0.58 V
and ~0.64 V, respectively. The peak current density of CO electrooxidation on the 3D Pt
nanoflower/Si electrode was much larger than that on the Pt thin film electrode, further

indicating that the 3D Pt nanoflower/Si electrode had a much larger electroactive surface area.
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Figure 8-7 shows the CO stripping-EVs|of the 3D Pt nanoflower/Si and the Pt thin film /Si
electrodes in the CO saturated 1 M H>SO4 solution. The scan rate was 25 mV s,

The above electrochemical-analysis results indicate that the 3D Pt nanoflower/Si electrode
possessed a much higher electrocatalytictactivity towards CO oxidation and MOR compared
to the Pt thin film/Si electrode. This may be ascribed to that Pt catalysts on the two electrodes
had different preferential surface lattice orientations. It is known that methanol oxidation
reaction catalyzed by Pt in acidic aqueous solutions is sensitive to the surface structure of the
Pt catalyst [175]. According to previous reports, the electrocatalytic activity of Pt toward
MOR in H,SO4 aqueous solution increases in the order Pt(100)> Pt(110)> Pt(111) [176]. As
discussed above about the hydrogen eletrosorption peaks (Fig. 8-5), the Pt nanoflower/Si
electrode had more surface areas with the Pt(100) and Pt(110) lattice orientations than the
blanket Pt thin film electrode, of which the catalyst surface was Pt(111) preferentially oriented.

Therefore, as shown in Fig. 8-6, a lower onset potential and a much higher current density
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were obtained during the forward scan in the methanol oxidation CV measurement for the Pt
nanoflower/Si electrode. In addition, the oxidation rate of CO adspecies on Pt also varies with
the Pt surface orientation, with the electrocatalytic activity increasing in the order Pt(111)
<Pt(110) <Pt(100) [177]. As a result, CO like adspecies on the Pt(100) and (110) surfaces can
be oxidized more effectively than on the (111) surface, leaving more active sites for methanol
adsorption. The better CO tolerance observed for the Pt nanoflower/Si electrode is likely due

to the preferential (100) and (111) surface orientation on the Pt catalyst as well.

Pt Nanoflower/Si

104 (®) —-—-- Thin film Pt/Si

0 50 100 150 200 250 300 350
t/sec

Figure 8-8 shows the chronoamperograms of the 3D Pt nanoflower/Si and the Pt thin film /Si
electrodes in the 1 M CH3OH/1 M H,SOy4 solution at the polarization potential of
0.4 V.

Chronoamperometry was used to compare the stability of the electrocatalytic activity
toward MOR of the 3D Pt nanoflower/Si electrode with that of the Pt thin film/Si electrode.
Figure 8-8 shows the chronoamperograms of the two electrodes, which were obtained by
measuring the steady-state reaction current density at the electrode potential of 0.4 V. After
the polarization of 350 s, the current density of methanol electrooxidation for the Pt thin
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film/Si and the 3D Pt nanoflower/Si electrode were ~0.02 mA/cmz, and ~6.2 mA/cmz,
respectively. Compared with the blanket Pt thin film, the 3D Pt nanoflower/Si had a much
higher activity with a steady-state currents density about 310 times that of the thin film Pt/Si
electrode. These results are very consistent with the CV measurements shown in Figs. 8-5, 8-6,

and 8-7.
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Figure 8-9 shows the Nyquist plot of electrochemical impedance spectra (EIS) of the 3D Pt
nanoflowers and the Pt thin film catalysts in the 1 M CH;OH + 1 M H,SO4
solution at the potential of 0.3 V. Insert is the equivalent circuit model used to fit

the impedance spectra.

Electrochemical impedance spectroscopy (EIS) is a powerful analysis technique, which
can provide a wealth of information on the charge transfer resistance and capacitance. The
Nyquist plots of the 3D Pt nanoflower/Si and the Pt thin film/Si electrodes at the potential of
0.3 Vin 1 M CH30OH/1 M H,SO4 aqueous solution are shown in Fig. 8-9, where Z, and Z; are

the real and imaginary parts of the impedance. The thin lines are fitting results according to
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the equivalent circuit shown as the inset in Fig. 8-9. Ry denote the solution resistance, Ry
represents the charge-transfer resistance and CPE is defined as the constant phase element,
which takes into account methanol adsorption and oxidation [142]. As shown in Fig. 8-9, the
proposed model fits well to the obtained EIS data points. The charge-transfer resistance at the
3D Pt nanoflower/Si and the Pt thin film/Si electrodes is ~9 and ~50 Q-cm™, respectively. The
very low Rct obtained with the Pt nanoflower/Si electrode suggests that this type of electrode

could be suitable for direct methanol fuel cell applications.

8.4 Summary

We have demonstrated a facile”and '‘teproducible method to synthesize 3D Pt
nanostructures on the siliconssubstrate at-room.temperature by potentiostatic pulse plating.
The Pt nanostructure is made up of bamboo-leaf like nanopetals, and has a geometric shape of
roses. Electrochemical analysis show that.the 3D Pt nanoflower had a much larger active
surface area than the Pt thin film by a factor of >110, and were likely preferentially oriented in
the (100) and (110) surface planes:-. Due to the preferential surface orientations and high
surface area, the 3D Pt nanoflower catalyst had an excellent electrocatalytic activity toward

methanol oxidation and a high CO tolerance as compared with the Pt thin film catalyst.
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Chapter 9
Controlled Synthesis and Growth of Perfect Platinum
Nanocubes by Fasten Silicon at NTP

9.1 Introduction

Currently, the synthesis and growth mechanism of the shape-controlled Pt nanostructures
is fundamentally interesting, and potentially very useful because of their wide range of
applications in photocatalytic activity [178], hydrogen production [179], liquid feed fuel cells
catalyst [43, 105, 156], surface enhanced Raman_ scattering [180], fine chemical synthesis
[181], reduction of pollutant gases emitted,from.automebiles and the synthesis of nitric acid,
oil cracking [44]. The synthesis of 'well-controlled 'sizes, facets and shapes of metal
nanoparticles can also effectively influence their ‘optical, electrical, thermal, magnetic,
chemical and catalytic properties [44; 47, 182]. Thus, different Pt nanoparticle shapes were
synthesized in high yields, such as Pt nanocubes; [42, 183, 184] nanorods, [185] nanotubes,
[185] and dendritic nanoparticles [186-188]. Among these shapes, well-controlled Pt
nanocubes are particularly interesting due to their high catalytic activity in different catalytic
reactions. For instance, Pt nanocubes with the high energy {100} facets are highly active and
selective than that of conventional NO catalysts [189]. The oxidation of ammonia, almost
exclusively takes place on the Pt {100} plane [190]. Many previous studies have also shown
that Pt {100} plane enhanced the catalytic activity for hydrogen oxidation reactions and the
oxygen reduction reaction [191, 192]. In the last few years several chemical methods have
been developed for the synthesis of Pt nanocubes but most of the chemical methods are either
tedious or difficult to controlled, making exceedingly challenging for the researchers to the

synthesis of Pt nanocubes.
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In this chapter, we describe a new, simple and efficient method for the synthesis and
growth of well-dispersed perfect Pt nanocubes, employing a pair of low-resistivity silicon
samples at normal temperature and pressure (NTP) in the absence of surfactant, additives and

capping materials. Moreover, the perfect Pt nanocubes catalyst shows excellent

electrocatalytic activity and better stability toward methanol and ethanol oxidation.

||._:. | A
Figure 9-1 shows the synthe&f,é;:- roc'édure of Pt -r:;_elpdsﬁ:ﬁ.ctures (A) the Si-wafer is cut into
1.5 x 2 cm”® samples, 'F'(B?-'J‘f_gpped. ol fI-Pa' aqueous solution for 5 minutes in order
to remove any native oxide ld}?er on the Si samples, (C) then the polished side of
cut two identical piece of the Si-wafer was fasten together and dipped into stirred
1 M H,PtClg+ 1 M H,SO4 aqueous solutions, {after stirring for (a) 3 hr and (b) 5
hr to form the truncated (cubes + tetrahedron) and truncated cubes respectively},
(D) furthermore, the perfect Pt nanocubes produced by mixing 1 M HCl into 1 M
H,PtClg+ 1 M H,SO4 aqueous solutions (vigorous stirring for 5 hr).

9.2 Synthesis process of Pt nanostructures

The synthesis process of Pt nanocubes is illustrated in Fig. 9-1. The p-type 4-inch Si wafer
of low resistivity (0.002 Q-cm) was used as the substrate. A pair of Si wafer was dipped in 10
wt. % HF aqueous solution for 5 min. in order to remove any native SiO; layer from the
silicon sample. Two kinds of aqueous solution were prepared for the synthesis of Pt
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nanostructures, (a) 2 M H,PtClg + 1 M H,SOy, and (b) 2 M H,PtCls + 1 M H,SO4+ 1 M HCL
Aqueous solution (a) was prepared by constant stirring for 3 h and 5 h at normal temperature
and pressure (NTP). Solution (b) was prepared by constant stirring for 5 h at NTP.
Subsequently, for the typical synthesis of truncated tetrahedron, truncated nanocubes,
truncated nanorods and perfect nanocubes, a pair of silicon sample was fasten together and
dipped in a solution of (a) and solution (b).
The possible chemical reaction in the solution may be summarized as follows:
First half cell reactions
SiO; + HF ! — I H,.SiFs + H,O — SiFg + 2H,O + H, 1
Second half cell reactions
H,PtCl + 2H,S04 — Pt™ + 6CI_+76H "+ 25047
H,PtCl + 2H,S04 + HCl — PE -+ 7CHA+7H' 280,72

The two half-cell electtochemical reactions:may be involved in the Pt deposition process.
After Pt nanostructures deposition, the:sample was washed by DI water to removed
contamination from the sample surface and dried in the:ambient. All solutions were prepared

from Milli-Q water (~18 MQ) and analytical-grade chemicals.

9.3 Structural characterization of Pt nanostructures

The synthesis and growth of Pt nanocubes were affected by physical and chemical
conditions. For example, stirring time of the solution and dipping time of FS sample affects
physically while the concentration of H,PtCls, H;SO4 and HCI affect chemically. In our
perfect Pt nanocubes synthesis, we optimized the concentration of HCIl, H,PtCls, H,SO4 and
stirring time of aqueous solution.

Scanning electron microscopy (SEM) study was carried out to investigate the surface

morphology of the synthesized Pt nanostructures onto the surface of fasten silicon (FS)
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sample. Figure 9-2 (A to C), show the plane-view SEM images of the truncated Pt (cubes +
tetrahedron), obtained by varying the dipping times 10 min, 13 min and 15 min respectively,
in the aqueous solution of 2 M H,PtClg+ 1 M H,SO4at NTP. As shown in Fig. 9-2 (A to C),
the Pt nanostructure sized is increased as the dipping time of FS sample increased. The Fig. 9-
2 (C) clearly indicates that the products were mainly composed of the truncated Pt nanocubes
with the truncated Pt tetrahedron, after 15 min dipping in an aqueous solution. The
morphology of the truncated Pt tetrahedron nanostructures was further investigated by
transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM). Figure 9-2 (D) shows a bright field TEM image of individual
truncated Pt tetrahedron nanostructure. It can be clearly seen that the truncated Pt tetrahedron
had a size smaller than ~80nm. Figure 9-2 (E) shows a HRTEM image taken from the corner
of truncated Pt tetrahedron. The measured atomic spacing from the HRTEM image (Fig. 9-2
(E)) is ~0.23 nm, which corresponds to the .set of {111}, lattice plane. The above results
confirm the truncated Pt tetrahedron grew-along the {111}direction. The inset of Fig. 9-2 (E)
shows the fast Fourier transform:(FFT) image and confirmed that the truncated Pt tetrahedron
is single crystalline.

In addition, to investigate the influence of stirred time on the shape of the Pt nanostructure,
5 h stirred solution (2 M H,PtCls+ 1 M H,SO4) was used for the experiment. Figure 9-3 (A to
C), display the plane-view SEM images of the truncated Pt nanocubes deposited on the FS
sample in 13, 15, and 20 min, respectively. The obtained Pt nanostructured were 98%
truncated nanocubes (Fig. 9-3, A and B). In the case of 20 min dipping, the nanostructure
obtained was well dispersed truncated Pt nanocubes with nanorods (Fig. 9-3 (C)). The
morphological evolution of the nanocubes indicates that the larger nanocubes or nanorods

originated because of the surface energy minimization and Ostwald repining (Fig. 9-5).

125



Figure 9-2 shows the SEM images of truncated Pt (cubes + tetrahedron) deposited on the FS
sample at NTP for (A) 10, (B) 13, and (C) 15 min; (solution stirring for 3 hr). (D)
Low-magnification TEM image of individual truncated Pt tetrahedron
synthesized with the FS sample. (E) High-resolution TEM lattice image of the
square region in single truncated Pt tetrahedron. The d-spacing between the
fringes was ~0.23 nm, which was identified {111} plane of Pt; the inset shows
the FFT of the lattice image gives the optical diffractogram, which clearly shows
the presence of {111} plane.
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Figure 9-3 shows the SE ages of trunca sd Pt nanocubes deposited on the FS sample at
NTP for (A) 1 )

Figure 9-4 (A) Low-magnification TEM image of individual truncated Pt nanocubes and (B)
High-resolution TEM lattice image of the square region in single truncated Pt
nanocubes. The d-spacing between the fringes was ~0.20 nm, which was
identified {200} plane of Pt.

127



NCTU S 5.0kV 3000 100nm WD 10.0mm

Figure 9-5 Shows the SEM images of Pt nanostructures formed by immersing FS samples
into aqueous solutions of H,SO4- H,PtClg for 20 min at NTP (stirring time = 5 h).
The images clearly show the presence of Pt nanocrystals with cube and rod
shapes. The mechamg{ﬁ “of tod @Q.yvth is Ostwald ripening, define as the
dissolution of the-’ﬁ:q.e' partlcles and ﬁle,__l-fﬁ;_'edeposnlon on large particles [198].
According to t]inif,t Weﬂ knd:l: Ghbbs-:f.lfh ion law, there is energy difference

between large paj'tl.cleb.an s H partlélds ult in vanishing of smaller particles

and formation e-,f !longer nanoré@?wﬁh‘fﬁe re!lcjlon in progress [199].

=]
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Figure 9-6 FFT image obtained from fig. 3E. The FFT pattern exhibits only a diffraction
spots, revealing a good single-crystal property.
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Figure 9-7 SAED image obtained from fig. 9-5 (A). SAED pattern also confirms the single

crystal structure of the truncated Pt nanocubes.

As shown in Fig. 9-2 (C), when the stirring time was 3 h, a large number of the truncated
Pt tetrahedron with truncated Pt nanocubes was formed: While on the other hand, when the
stirring time was 5 h, only the Pt nanocubes were observed (Fig. 9-3(B)). This might be partly
due to the homogeneity ofiaqueous solutien-controlled by stirred time. Figure 9-4 (A and B),
shows the representative TEM:and HRTEM-images of an individual truncated Pt nanocube.
The size of truncated Pt nanocubes from TEM.image was estimated ~80nm. The HRTEM
image in Fig. 9-4 (B) recorded from a Fig. 9-3 (A) shows continuous lattice fringes with
lattice spacing of ~0.20 nm, which corresponds to the {100} planes of Pt. The FFT image (Fig.
9-6) indicates that each truncated Pt nanocubes was a single crystalline. Furthermore, the
selected area electron diffraction (SAED) pattern obtained by directing the electron beam
perpendicular to individual truncated Pt nanocube (Fig. 9-7). The SAED pattern also
confirmed that the truncated Pt nanocube was a single crystalline.

However, for the synthesis and growth of perfect Pt nanocubes, we used the same aqueous
solution (2 M H,PtClg + 1 M H,SO4) mixed with 1 M HCI. To explore the synthesis and
growth mechanism of the Pt nanocubes, again time-dependent experiments were carried out at

NTP.
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Figure 9-9 shows the typical XPS survey spectrum of perfect Pt nanocubes deposited on the
surface of FS sample. XPS clearly show the presence of Pt nanocube catalyst.
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A series of SEM images taken at different dipping times (t) are presented in (Fig. 9-8, A to
C). As shown in Fig. 9-8 (A), at t = 10 min, the Pt nanocubes were very hard to observed by
SEM image. When t = 13 min, the Pt nanocubes were start to develop on the both side of the
FS sample (Fig. 9-8 (B)). Att= 15 min, the Pt nanocubes were start to grow in all directions,
which is considered as evidence for a growth of Pt nanocubes (Fig. 9-8 (C)).

The x-ray photoelectron spectroscopy (XPS) data were collected to further confirm the
deposition of perfect Pt nanocubes onto the silicon. Figure 9-9 shows an XPS survey analysis
of a Pt nanocube deposited onto a FS sample. Two distinct Pt (4f7,) and Pt (4fs,) peaks at
71.0 and 74.2 eV, respectively, were clearly observed (Fig. 9-10). These are typical values for
zero valent Pt, [193] indicating that the perfect Pt nanocubes were zero valence. Furthermore,
no obvious shoulders at higher biriding energies; répresenting Pt*" and Pt**, were found, and

no peek of chlorine from the Pt precurser was

Pt(0)4f,
PH(0)4f,,,

W

Relative XPS Intensity

68 70 72 74 76 78
Binding Energy (eV)

Figure 9-10 XPS deconvoluted Pt(4f) doublet of perfect Pt nanocubes deposited on the
surface of FS sample. The peaks can be attributed to Pt(4f;,) and Pt(4fs) of

metallic Pt, respectively.

131



Cl(2p)

Relative XPS Intensi

195 196 197 198 199 200 201 202
Binding Energy (eV)
Figure 9-11 Cl(2p) XPS narrow scan spectra of 'the perfect Pt nanocubes deposited on the

surface of FS sample. This figure clearly shows the complete absence of chloride

ion at the perfect Pt nanocubes.

detected by XPS (Fig. 9-11). From XPS analyses, we conclude that the Pt nanocubes were
composed of metallic platinum: The*morphology of the perfect Pt nanocubes was further
investigated by HRTEM. Figure“9-12 (A) shows the HRTEM images of individual Pt
nanocube. From the TEM image, it is clear that the Pt nanocubes have perfect shape, with a
sized of ~10 nm. Figure 9-12 (B) displays a representative electron diffraction pattern
recorded by directing the electron beam perpendicular to the {100} facets of an individual
nanocube and confirms that the platinum particles are single crystals. The FFT of the atomic
lattice fringing apparent in the inset of Fig. 9-12 (A), corresponding to the perfect individual
platinum nanocube, further demonstrating the single crystallinity of the nanocubes. All of
these results also confirm the perfect platinum nanocubes grew along the {100} direction. We
also found that the nanocubes are formed as a result of fast growth along {111}  directions,

and the surfaces of the final nanocubes correspond to {100} planes [194].
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Figure 9-12 (A) High-resolution TEM image of individual perfect Pt nanocube. The d-
spacing between the fringes was ~0.20 nm, which was identified {200} plane of
Pt; the inset shows the. FFT of the lattice image gives the optical diffractogram,
which clearly shows the presence of {200} plane and (B) Corresponding SAED

pattern, showing the single erystal structure of the perfect Pt nanocubes.

To compare the geometrical structureof Pt, kinetic' effect and the effect of fasten pair
silicon, Pt nanoparticles were -alsodeposited on -the; single Si substrate by electroless
deposition. The etched native SiO3 layer from the Si sample dipped in a solution of 1 M HCI
+ 1 M H,PtCls+ 1 M H,SOy, prepared by vigorously stirred for 5 h at NTP. Figure 9-13 (A
and B) shows the growth of Pt nanoparticles on the single silicon substrate with an immersion
time of 6 h. The deposition times were too longer so the kinetic factor has negligible effect on
the synthesis and growth of Pt nanoparticles. The Fig. 9-13 (A and B) also conformed that the
Pt nanoparticles were nanospherical. This is might be due to low charge density on the single
silicon wafer compare to that of a pair of FS sample when they were in very close proximity

in aqueous solution. The charges were developed on the silicon surface by etching with HF.
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Figure 9-13 Plane views SEM images of the silicon after electroless deposition of Pt for 6 h.
Compositions of solutions were (A) 2 M H,PtClg + 1 M H,SO4+ 1 HCI and (B) 2
M H,PtClg + 1 M H,SOs. Both the aqueous solution was stirred continuously for
5h.
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The idea originated from faraday’s first law of electrolysis, the mass of a substance altered
at an electrode during electrolysis is directly proportional to the quantity of charge transferred
at that electrode. The negative potential and the electrostatic force of interaction developed in
between two silicon wafer is comparatively higher than that of the single silicon wafer
resulting in fast deposition of Pt nanoparticles on the FS sample.

From the results above, we can conclude that the separate role played by 1 M HCI and 1
M H,SO4 aqueous solution. In the absence of HCI in aqueous solution of 2 M H,PtClg +1 M
H,S04, SO, ions from H,SO4 have a negligible effect on the synthesis of Pt nanocubes
because the concentration of H,SO4 was lower compared to the concentration of H,PtClg.
Figure 9-3 (C) shows a typical SEM image of the truncated Pt nanocubes at t = 20 min, that
consisted a mixture of small Pt eubes and rods. This observation implies that sulfuric acid
alone is able to induce the etehing.and dissolution of seeds and thus channel the product into
truncated single crystal nanocubes. The potential reasons.for occurrence a truncated shape
may be due to enough H" and CI ions néeded for etching and dissolutions. On the other hand,
when HCI was added to the aqueous solution of 2 M HyPtCls +1 M H,SOy4, CI ions from HCI
should have a strong effects on the synthesis of perfect Pt nanocubes because chloride ions
can reduce the surface energies of the {100} facets of the seeds by binding strongly to them,
thus leading to the formation of perfect nanocubes [195, 196]. The presence of CI” ions in the
aqueous solution stabilize the single crystal and therefore Cl™ ions also can prevent the
nanocubes from aggregating and sedimentation by providing electrostatic repulsion forces
between the Pt nanocubes [197]. Moreover, we found that the morphology and dimensions of
Pt nanocubes were greatly influenced by concentration and homogeneity of solution, dipping
time and substrate surface energy. For example, the number of Pt nanocubes formed is
proportional to the concentration of solution. With increase in the homogeneity of solution >
98% cubes formed were sharp edge. Prolong dipping times of FS sample results in formation
of cubes with rods. Surface energy accelerates the deposition of Pt cubes as evident in FS
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surface.

9.4 Electrocatalytic activity

The synthesis of sizes, shapes and structure control of platinum nanoparticles allows us to
study surface dependent properties such as catalytic activity. Figure 9-15 (A and B) shows
cyclic voltammograms for methanol and ethanol oxidation on the perfect Pt nanocubes (Fig.
9-8 (B)), the truncated Pt nanocubes (Fig. 9-3 (B), the truncated Pt (cubes + tetrahedron) (Fig.
9-2 (C)), and the spherical Pt nanoparticles (Fig. 9-14) at NTP. As shown in Fig. 9-15 (A and
B), the onset potential for methanol and ethanol electrooxidation of the perfect Pt nanocubes
was lower than that of truncated Pt nanocubes, truncated Pt (cubes + tetrahedron), and
spherical Pt nanoparticles, indicating the faster electrodes kinetics [174]. In addition, the
perfect Pt nanocubes show a"peak current density is higher‘than that of truncated Pt nanocubes,
truncated Pt (cubes + tetrahedron), and spherical Pt nanoparticles.

Furthermore, the chroneamperometry-study-was carried out to determine the stability of
electrocatalytic activity towardsmethanol oxidation réduction and ethanol oxidation reduction.
Figure 9-15 (C and D) shows the chronoamperograms of the four electrodes, which were
obtained by measuring the steady-state reaction current density at the electrode potential of
0.4 V. After the polarization of 200 s, the current density of methanol electrooxidation for the
perfect Pt nanocubes, the truncated Pt nanocubes, the truncated Pt (cubes + tetrahedron), and
the spherical Pt nanoparticles are ~1.45, ~0.29, ~0.18, and ~0.16 mA/cm? respectively. The
perfect Pt nanocubes indicate much higher activity than the truncated Pt nanocubes, truncated
Pt (cubes + tetrahedron), and spherical Pt nanoparticles, whose steady-state currents are over
five times, eight times and nine times higher than that of truncated Pt nanocubes, truncated Pt

(cubes + tetrahedron), and spherical Pt nanoparticles, respectively.
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Figure 9-14 (A) FE-SEM image of the electrodeposited polycrystalline Pt nanosphere on
silicon substrate. (B) HRTEM image recorded from a region at the edge of a
sphere, showing that the surfaces are covered by Pt nanoparticles of a few
nanometers in size, and the Pt nanocrystallites dominated by {111}-type exposed
surface. (C) SAED pattern showing that the formed nanoparticles are
polycrystalline. The as-labelled diffraction rings 1-4 correspond to {111}, {200},
{220}, and {311} reflections, respectively, all of which reveal the fcc crystal

structure.

137



10 ]
5] A Perfect Pt nanocubes _8; B Perfect Pt nanocubes :’ :’
0 0

3 — Truncated Pt nanocubes Truncated Pt nanocubes

ol e Qi 3‘?_‘%

Truncated Pt (cubes + Tetrahedron)

34 2 Truncated Pt (cubes+tetrahedron)
01 - (= N

2 —— Spherical Pt nanoparticles 2- Spherical Pt nanoparticles
T D .1]' TN~
E T T T T T T T —_l ‘H_l T T T T T T
< -0.2 00 02 04 06 08 1.0 02 00 02 04 06 08 1.0
< Potential (V vs SCE) Potential (V vs SCE)
£ fc D
= 1.5 44 Perfect Pt nanocubes

Truncated Pt nanocubes
Truncated Pt (cubes + tetrahedron)
Spherical Pt nanoparticles

Perfect Pt nanocubes

Truncated Pt nanocubes
1.04 Truncated Pt (cubes+tetrahedron)|
Spherical Pt nanoparticles

- 2-
0.5-'L -
'g—\ 04—
0 50 100 150 200 0 50 100 150 200
t/sec t/sec

Figure 9-15 Comparison of catalytic activity and*stability of the Pt nanoshapes. (A) and (B)
Cyclic voltammegrams-for (a) perfect Pt nanocubes, (b) truncated Pt nanocubes,
(c) truncated Pt (Cubes.+ tetrahedron); and (d) spherical Pt nanoparticles were
obtained at a scan rate 25mVs " in I'M H,SO, + 1 M methanol and 1 M H,SO, +
1 M ethanol respectively. (C) and (D) Chronoamperometric curves for (a) perfect
Pt nanocubes, (b) truncated Pt nanocubes, (c) truncated Pt (cubes + tetrahedron),
and (d) spherical Pt nanoparticles were recorded at 0.40 V in oxygen free 1 M
H,SO4 + 1 M methanol and 1 M H,SO4 + 1 M ethanol, respectively. The results
demonstrate that the perfect Pt nanocube electrode showed excellent catalytic

activity and stability for oxidation of methanol and ethanol.

On the other hand, the current density of ethanol electrooxidation for the perfect Pt
nanocubes, the truncated Pt nanocubes, the truncated Pt (cubes + tetrahedron), and the
spherical Pt nanoparticles are ~2.01, ~0.66, ~0.27, and ~0.016 mA cm™ respectively. Again,
the perfect Pt nanocubes indicate much higher activity than that of truncated Pt nanocubes,
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truncated Pt (cubes + tetrahedron), and spherical Pt nanoparticles, whose steady-state currents
are over three times, seven times, and 125 times higher than that of truncated Pt nanocubes,
truncated Pt (cubes + tetrahedron), and spherical Pt nanoparticles, respectively. The above
result implies that the perfect Pt nanocubes have a better electrocatalytic toward both

methanol and ethanol electrooxidation, which are promising alternative fuels for liquid feed

fuel cells.

9.5 Summary

We have demonstrated, for the first time simple and efficient method for the synthesis and
growth of well-dispersed perfect platinum nanocubes, employing a pair of low-resistivity
fasten silicon (FS) sample at normal temperature and pressure (NTP) in the absence of
surfactant, additives and capping materials and so -on. The perfect Pt nanocubes deposited on
the FS sample exhibited an.excellent catalytic activity and stability for methanol and ethanol
oxidation, as compared to the truncated-Pt-nanecubes, the'truncated Pt (cubes + tetrahedron)
and the spherical Pt nanoparticles: We believed that.these new and simple concepts will open
the door for the synthesis of the well-controlled shape, sizes and facets of not only Pt
nanocubes but also other metal as well (for instance silver, gold and copper), for optical,
electrical, thermal, magnetic and catalytic applications. Study of the mechanism behind the

origin of perfect Pt nanocubes from fasten silicon wafer is still underway in our laboratory.
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Chapter 10
Conclusions and Future Works

10.1 Conclusions

In this study, ordered arrays of nanostructures including Pt/Si nanocone, and Pt/a-C/Si
nanocone are successfully fabricated by using the nanoporous anodic aluminum oxide (AAQO)
membrane as a template. Well-ordered nanomask arrays of TiOx are constructed by anodizing
the AI/TiN bilayered films. The TiOx nanodots were then used as the nanomask for etching
the TiN layer and the underlying layer in an inductively coupled plasma reactive-ion-etch
(ICP-RIE) system. On the other hand, the Pt nanostrucutred materials were synthesized by
direct electrochemical deposition;and fasten silicon. In addition, we have synthesized the
nanoporous graphitic carbon#(g-C), which was utilized as a support for Pt-Ru alloy catalysts.
The electro-catalytic characteristics of the nanostructures have been investigated. The primary

results of this thesis are summarized as tollows:

(1) We have fabricated well-ordered Sivnanocones (SNCs) using AAO templation, and
electrodeposited Pt nanoparticles on the SNC arrays by potentiostatic pulse
electrodeposition. The pulse electrodeposition led to the formation of well-dispersed Pt
nanoparticles on the SNCs. The Pt nanoparticles were predominantly spherical in shape
and had a size of < 5 nm. Because of uniform dispersion of Pt nanoparticles and the high
surface area, the Pt-SNC electrode exhibited superior electrocatalytic properties toward
the methanol electro-oxidation, with the onset potential of 0.08 V (vs. SCE). The catalyst
mass activity was several times higher than that of the blanket Pt film/flat Si. Moreover,
chronoamperometric analyses and CO stripping cyclic voltammetric (CV) study indicated
that the Pt-SNC electrode had a stable electrooxidation activity with a very good CO
tolerance. The Si surface oxide surrounding the Pt nanoparticles on the SNCs was
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suggested to play a key role in improving the CO tolerance via the bifunctional

mechanism.

(2) This study pulse-electrodeposited Pt nanoparticles on amorphous carbon coated silicon
nanocones (ACNCs) and explored them as the electrocatalyst for methanol oxidation
reaction (MOR) and oxygen reduction reaction (ORR) for direct methanol fuel cell
applications. The work prepared silicon nanocones on the Si wafer using porous anodic
aluminum oxide as the template and then deposited the amorphous carbon layer on the
nanocones by microwave plasma chemical vapor deposition. According to Raman
scattering and x-ray photoelectron spectroscopies, the surface of the ACNC support is
composed of a nanocrystalline = graphitic structure, and rich in oxygen containing
adspecies. The Pt nanoparticles pulse-electrodeposited on the highly ordered ACNC
support dispersed well with a large electrocatalytic surface area. The Pt-ACNC electrode
exhibited excellent electrocatalyticactivity and stability toward both MOR and ORR.
This study suggests the abundant oxygen -€omtaining surface species and the
nanocrystalline graphitic structure astthe two major factors enhancing electrocatalytic

performance of Pt catalyst nanoparticles.

(3) A three-dimensional (3D) nanoporous graphitic carbon (g-C) was synthesized by flame of
adamantane (C;oH;¢), which was utilized as the support for Ptsp—Rus alloy catalyst. The
electrochemical investigations show the Ptso-Rusy supported on 3D nanoporous g-C have
excellent activity towards methanol oxidation, and better CO tolerance due to the
presence of Ru nanoparticles, in which Ru was proposed to be able to promote the
oxidation of the strongly adsorbed CO on Pt by supplying an oxygen source (Ru-OH,q).
Moreover, the presence of 3D nanopores in g-C supports may also contribute to the
observed higher current density because of the easy transport of methanol and the
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oxidation products in these nanopores.

(4) Two-dimensional (2D) continuous Pt island network was successfully synthesized by
pulse-potentiostatic electrodeposition on the flat silicon substrate, and electrochemical
investigations confirm that this catalyst structure on the silicon substrate has a better
electroactivity toward methanol oxidation than the blanket Pt/Si and the Ru decorated Pt
film/Si electrodes. The electrooxidation performance is better than that of the other two
electrodes, due to the synergistic effect of the Pt island catalyst and surrounding SiO,

surface layer.

(5) A three-dimensional (3D) platinum nanofloweéts have been successfully synthesized by
potentiostatic pulse plating method on the silicon substrate, and electrochemical study
shows that the nanostructured Pt catalyst has-an excellent electrocatalytic activity toward
methanol and CO oxidation due to ptreferential (100) and (110) surface orientations on the

Pt nanoflowers.

(6) A well-controlled perfect Pt nanocube in high yields has been synthesized by reduction of
hexachloroplatinic acid in the presence of hydrochloric acid and sulfuric acid, employing
a pair of fastens silicon (FS) wafer at normal temperature and pressure. The additive
charges in between the interface of the FS surface results in high charge density,
facilitates fast deposition of Pt. The surface energy, H,SO4, HCI, stirring time determines
the geometrical shapes of the Pt nanoparticles. The perfect Pt nanocubes were single
crystals with the high energy {100} facets. And the perfect Pt nanocubes show enhanced
catalytic activity for equivalent Pt surface areas for electrooxidation of liquid feed fuels
such as methanol and ethanol. Moreover, these perfect Pt nanocubes are technologically
important due to the strong correlation with the optical, electrical, thermal, magnetic and
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catalytic properties.
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10.2 Future Works

We have shown that the nanostrucutred materials will play a more and more important
role in improving the performance of electrochemical energy conversion such as direct
methanol fuel cells (DMFCs) because of their high surface area, novel size effects and so on.
On one hand, nanomaterials show favorable properties such as enhanced kinetics and activity,
which may lead to low-cost and/or high performance energy devices. On the other hand,
‘nano’ also has disadvantages such as low thermodynamic stability, high side reactions as well

as handle problems. The remaining challenges include are highlighted below:

(1) well understanding various nano-size and shapes effects and developing new theories;
(2) investigating fine details regarding the surface featares of ‘nano’;
(3) designing optimized nano/micro structures and surface'modifications;

(4) searching for new synthetic routes and new material systems;

In addition, based on the study of literature through'the year 2009, there are several open
questions pertaining to the kinetics and mechanism of methanol oxidation in acid medium,
which are listed below:

(1) What is the nature and distribution of the products — on bulk platinum, promoted platinum
and technical catalyst — 50/50 Pt/Ru?

(2) Is it necessary to form a single phase alloy for the best catalytic activity or will a
multiphase system or even a mixture work equally well?

(3) What species are intermediates and what is the poison?

(4) Is the oxidation of the poisoning residue brought about by HO* or OH,4s?

(5) What is the rate determining step — on platinum, on promoted platinum?

(6) Does the rate determining step change from poison oxidation to C-H activation at higher

144



potentials?
(7) What is the influence of temperature on the mechanism?
Future work aims to solve these challenges from a range of disciplines, and their success

will promote the development of next generation green and sustainable energy devices.
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