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Abstract

We are currently facing climate change and global warming effects due to the emission of
greenhouse gases from our existing energy sources. Proton exchange membrane fuel cells are
one of the most efficient alternatives for power generation with the potential for greater than
80% efficiency in combined heat and power systems. Pd- and Pt-based catalysts are deemed to
hold great potential in many aspects of energy conversion; from the purification and storage of
hydrogen as palladium metal hydride (PdHx), to harnessing clean energy via fuel cells. In this
M.Sc. study, Pd and Pt-based nanomaterials have been synthesized and examined to elucidate
their applications in hydrogen storage and for fuel cell catalysis. The surface properties of the
synthesized Pd and Pt-based nanomaterials were characterized by scanning electron microscopy
(SEM), energy dispersive X-ray spectrometry (EDS), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS). Electrochemical analysis of the fabricated nanomaterials was
performed wusing cyclic voltammetry (CV), linear sweep voltammetry (LSV),

chronoamperometry (CA), and electrochemical impedance spectroscopy (EILS).

Novel nanoporous Pd-Ag electrocatalysts were synthesized utilizing a facile hydrothermal
method. The Ag content of the Pd-Ag alloy varied from 0 to 40%. EDS, XPS and inductively
coupled plasma (ICP) were used to directly and indirectly characterize the composition of the
formed Pd-Ag nanostructures. XRD analysis confirmed that the Pd-Ag nanomaterials were
alloys that contained a face-centered cubic structure. The nanoporous Pd-Ag alloy having 20%
Ag possessed the highest capacity for o phase hydrogen sorption, which was shown to be four
times higher than that of pure nanoporous Pd. The combination of enhanced a phase hydrogen

sorption capacity and the diminishment of a and B-phase transitions make these nanoporous Pd-



Ag alloys promising for enabling enhanced hydrogen selective membranes and as hydrogen

dissociation catalysts.

The facile synthesis of titanium dioxide nanotube (TiO, NT) materials via the anodization of
titanium is attractive due to its low cost, high surface area and high stability. Palladium deposited
on TiO;NT (TiO;NT/Pd) electrode was synthesized via a photo-reduction method. The
deposition of Pd on Ti plates was accomplished by using a hydrothermal method. Comparative
studies were conducted in order to quantify the electro-hydrogen sorption behaviors and
stabilities of these two electrodes. The results indicated that the TiO,NT/Pd possessed prominent

activity and had high stability for enabling hydrogen storage.

Highly ordered TiO, nanotubes (TiO;NTs) were synthesized by anodization and were employed
as substrates because of their high surface area. Pure Pt and a series of ultrafine Pt-Au
nanoparticle catalysts of different compositions were loaded onto the TiO;NTs using a photo-
assisted dispersal/deposition method. The fabricated Pt and Pt-Au catalysts were characterized
by SEM, EDS, XPS and XRD. The activity of these electrocatalysts toward the oxidation of
formic acid was investigated utilizing CV, LSV, CA and EIS. These investigations demonstrated
that Pt-Au33% and Pt-Au50% exhibited very high electrocatalytic activity in the oxidation of

formic acid, where dehydrogenation is the dominant reaction pathway in the oxidation process.
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Chapter 1 Introduction

1.1 Proton exchange membrane fuel cell

A fuel cell is an electrochemical energy conversion device. It produces electricity from external
supplies of fuel on the anode side and oxidant on the cathode side. Fuel cells can operate

virtually continuously as long as the necessary fuel and flows are maintained.'™

Fuel cells offer several benefits for applications in transportation, stationary, and portable power.
One of the major benefits is an increase in efficiency over conventional technologies. Fuel cells
are more than twice as efficient as internal combustion engines (ICEs), with the potential for

greater than 80% efficiency in combined heat and power systems.'”

Fuel cells may be grouped by the type of electrolytes that they utilize, namely: alkaline fuel cells
(AFC), polymer electrolyte membrane or proton exchange membrane fuel cells (PEMFC),
phosphoric acid fuel cells (PAFC), molten carbonate fuel cells (MCFC) and solid oxide fuel cells
(SOFC).” Table 1.1 depicts the general characteristics of five t\ypes of fuel cells. Proton exchange
membrane fuel cells may also‘be classified by the type of fuels that they use, namely: hydrogen
fuel cell, direct methanol fuel cell (DMFC), direct ethanol fuel cell (DEFC) and direct formic
acid fuel cell (DFAFC), which use hydrogen, methanol, ethanol and formic acid as fuels,
respectively.! Proton exchange membrane fuel cells are compact and lightweight, work at low
temperatures with a high output power and low environmental impact, and offer superior system
startup and shutdown performance. These advantages have sparked development efforts in

various sectors of industry to open up new application areas encompassing stationary power,



portable supplies, and emergency and disaster backup power supplies.! Here, proton exchange

membrane fuel cells (e.g., hydrogen fuel cell and DFAFC) are mainly introduced.

Table 1.1 General characteristics of five types of fuel cells ®

PEMFC AFC PAFC MCFC SOFC
Automotive Space Vehicle
Primary . vehicles and Stationary Stationary .
.. and stationary . auxiliary
Applications drinking power power
power power
water
Molten
Polymer Concentrated Concentrated Ca_rbona.lte Yttrium-
: . 100% retained in a -
Electrolyte (plastic) (30-50%) hosphoric ceramic stabilized
membrane KOH in H,0 phosp . Zirkondioxide
acid matrix of
LiAlO,
Operating
Temperature 50-100 °C 50-200 °C 150-220 °C 600-700 °C 700-1000 °C
Range
Charge " OH" H CO oy
Carrier
Catalysts Pt-based Pt-based Pt-based Ni-based Perovskites
Primary Fuel Hz Hz Hz Hz, CO, CH4 Hz, CO
Start-up Time Sec-min Sec-min Hours Hours Hours
Power
Density 3.8-6.5 ~1 0.8-1.9 1.5-2.6 0.1-1.5
(kW/m3)
Combined
Cycle 50-60% 50-60% 55% 55-65% 55-65%

Efficiency




1.1.1 Hydrogen fuel cell

Hydrogen fuel cells are regarded as one of the most promising classes of fuel cells for light-duty
applications, such as the provision of power for vehicles.” Figure 1.1 illustrates the principle of
operation of a hydrogen fuel cell. Humidified air enters the cathode channel, and hydrogen gas
enters the anode channel.! The hydrogen diffuses through the anode diffusion layer toward the
‘catalyst layer, where each hydrogen molecule is split into two protons and two electrons at the

catalyst surface according to
2H, — 4H +4e” (1.H)

The protons then migrate through the membrane and the electrons travel through the conductive
diffusion layer and to an external circuit where they produce electrical current. On the cathode
side the oxygen diffuses through the diffusion layer, splits up at the catalyst layer surface and

reacts with both the protons and electrons to form water:
O, + 4H" + 4¢"— 2H,0 (1.2)

Reaction 1.1 is slightly endothermic, whereas reaction 1.2 is heavily exothermic. Hence, there is
a resultant generation of heat. From the above it can be seen that the overall reaction of the

hydrogen fuel cell may be written as:
2H; + O, — 2H,0 (1.3)

Hydrogen is not an energy source, but rather an energy carrier, which means that it stores and
delivers energy in a usable form. The attraction of using hydrogen as an energy currency is that,

if hydrogen is prepared without the use of fossil fuel inputs, vehicle propulsion does not



contribute to the emission of carbon dioxide. In addition, hydrogen generates the highest level of
electrochemical performance. High-purity hydrogen continues to receive increasing attention as
a promising energy carrier for fuel cells in portable power applications. However, hydrogen
storage and purification remain as dual primary challenges for the portable application of

hydrogen fuel cells.® More details on this will be discussed in Section 1. 2.

Individual Fuel Cell

HExcoss
(er reugse) /. Electric '
Power

Fig.1.1 Scheme of the operational principles of hydrogen fuel cell.’
1.1.2 Direct formic acid fuel cell

Direct formic acid fuel cells are generally considered as preferred alternatives for the
replacement of batteries in portable power devices.'™!' Toward this end, most DFAFCs are
designed as small modular and portable units. The demand for power sources with superior
performance has increased as a result of the rapid growth of the portable electronics market.

There is significant potential for micro-fuel cells to deliver more energy per volume and weight



than conventional batteries. DFAFCs appear to be attractive candidates for meeting increasing
power density demands. With the advantages of high electromotive force, limited fuel crossover,
and high practical power densities at low temperature, DFAFCs are very promising power

: 12-15
devices for the near future.'*

The cathode, anode and overall reactions of a direct formic acid fuel cell are described as:

Anode HCOOH — CO, +2H" +2¢7, E’= —0.25 V(vs.SHE) (1.4)
Cathode :  1/20, +2H" +2¢ — H,0, E’= 1.23 V(vs.SHE) (1.5)
Overall : HCOOH + 1/20,— CO, +H,0,  OCV = 1.48V (1.6)

The direct formic acid fuel cell exhibits an enhanced electromotive force (EMF) (open circuit
voltage (OCV) =1.48 V.'*"7 The theoretical energy density of formic acid is determined as:
2FxOCVx (MW)"I. From the molecular weight MW (kg mol™'), open circuit potential OCV (V)
and the Faraday constant (F = 96,485 Cmol™), formic acid has an intrinsic energy density of
I725thg_1.18'19 Considering the density of this liquid (1.22 kg L"), the theoretical energy
density of formic acid may also be expressed as 2104WhL 1'% 1n a. DFAFC system, catalysts
with high activity are required for both the anode and cathode in order to achieve superior

performance.?**

1.2 Hydrogen storage and purification

1.2.1 Hydrogen as a fuel

Owing to an increasing world population and the demand for higher standards of living and

better air quality, future energy demands are expected to increase exponentially.” Addressing this



demand will pose great challenges.’ Currently, most of the world energy requirement for
transportation and heating (which comprises two-third of principal energy demands) is derived
from petroleum or natural gas.7’23 These two fuels are generally favored due to their ease of
transport in either liquid or gaseous forms. Unfortunately, the combustion of hydrocarbon fuels
for transportation and heating contributes to over half of all greenhouse gas emissions and a large
fraction of air pollutant emissions. Hence, today’s world is facing a critical urgency for the
development of alternative fuels. Among various alternatives, hydrogen fuel offers the most
optimal potential benefits in terms of diversified supply and for the reduction of aerosolized

pollutants and greenhouse gas emissions.”

Hydrogen has the highest energy content per unit mass of any fuel.*>** For example, on the basis
of weight, hydrogen has nearly three times the energy content of gasoline (140.4 MJ/kg versus
48.6 MIJ/kg).>> Therefore, one of the important and attractive features of hydrogen is its
electrochemical properties, which can be utilized in a fuel cell. At present, H,/O, fuel cells are
available that operate at efficiencies of 50-60% with a lifetime of up to 3000h. Current outputs
range from 440 to 1720 A/\m2 at the electrode surface, which may generate a power output that
spans from 50 to 2500 W. However, on the basis of volume the situation is reversed with 8,491
MJ/m? for liquid hydrogen versus 31,150 MJ/m® for gasoline.”*® The low volumetric density of

hydrogen results in storage problems, particularly for automotive applications.**?’

1.2.2 Hydrogen storage

The development of a hydrogen-based economy is contingent on the development of safe and
cost-effective hydrogen storage systems. Several studies have been published that describe the

storage of hydrogen using different techniques.”***>¢ Hydrogen storage is a key element in the



utilization of hydrogen fuel. However, as relates to the use of fuel in vehicles, hydrogen storage
remains as the chief technical challenge. Present storage techniques for hydrogen include

compressed gas, cryogenic liquid and absorption on solids.

Hydrogen exists as a molecular gas. At room temperature and atmospheric pressure, 4 kg of
hydrogen occupies a volume of 45 m’. This corresponds to a balloon of 5 m in diameter, which is
hardly a practical solution for powering a vehicle.”> However, in consideration of both current

storage and refueling technologies, the most promising short-term alternative is likely to be

23
compressed gas storage.

The storage of hydrogen in liquid form under cryogenic conditions is attractive in that it offers
low weight and volume per unit energy in comparison to compressed hydrogen.” The major
issues with liquid hydrogen storage tanks are hydrogen boil-off, the amount of energy that is
required for hydrogen liquefaction, and tank cost. Liquid hydrogen must be stored at 20 K
(—253°C). Storage tanks have to be insulated to preserve temperature, and are required to be
reinforced to store the liquid hydrogen under some pressure. The total fuel cycle energy
efficiency is significantly lower for liquid hydrogen than for gaseous hydrogen due to the large
amount of energy that is required for liquefaction. The total theoretical amount of energy
required for liquefaction is approximately 3.4 MIJ/kg, whereas the actual amount of energy
required for liquefaction is much higher, approximately 50.4 MlJ/kg, with a refrigeration
efficiency of 7.2%. Overall, liquefaction results in a loss of about 30% of the energy that is

stored within liquid hydrogen.”

Metal hydrides are specific combinations of metallic alloys that possess the ability to absorb and

retain hydrogen, which may be later released, either at room temperature or upon heating.*"*’



The total amount of hydrogen absorbed is generally 1-2 wt% of the total weight of the tank.
Howeyer, some metal hydrides are capable of storing 5—7 wt%. The percentage of gas absorbed
to the volume of the metal is still relatively low. Nevertheless, hydrides offer a valuable solution
to hydrogen storage. Although the volume of this storage device is only two-fold greater than an
equivalent gasoline tank, it is unfortunately 20-fold heavier. The alloys act as a sponge, which
absorbs large amounts of hydrogen, but in the process it may also absorb any impurities that are

introduced into the tank via the hydrogen.

By utilizing hydrogenation and dehydrogenation cycles of organic compounds, organic chemical
hydrides can achieve the storage of hydrogen.’®*** Examples include organic chemical hydrides
that consist of reversible catalysis pairs such as decalin dehydrogenation/naphthalene
hydrogenation and tetralin dehydrogenation / naphthalene hydrogenation.”***¢ Decalin has the
capacity to store hydrogen at high capacities (7.3 wt%, 64.8 kg H,/m?). Decalin and naphthalene
are accepted by the public as safe commodity chemicals since they have long been domestically
utilized in solvents and insect killers, respectively. However, the energy and equipment

requirements for the dehydrogenation reaction are too expensive for onboard use. Organic

chemical hydrides are considered as more suitable for hydrogen storage and dispensing at the

fueling station.

1.2.3 Hydrogen purification

A large percentage of H, is used for large-scale processes in the metallurgical, chemical,
petrochemical, pharmaceutical and textile industries to manufacture a diverse range of products,
from semiconductors and steel alloys, to vitamins and raw chemical materials such as ammonia,

methanol, and hydrogen peroxide. However, the large-scale production of H; for these industries



often requires an almost prohibitively large capital investment for the separation and purification
processes, which significantly drive up the cost of H,." Regardless of which method is employed
in the production of Hs, the need will always exist for a cost effective and efficient means for
separating it from other, less desirable species. Currently, H, may be purified through one (or a
combination) of three major processes: (1) pressure swing adsorption (PSA), (2)
fractional/cryogenic  distillation, or (3) membrane separation.” While PSA and
fractional/cryogenic distillation systems are in commercial operation, they are generally not cost
effective and are quite energetically demanding for the separation and purification of Hy. In
addition, neither of these methods provides a level of purity that is sufficient for the targeted
applications in the hydrogen economy. The third method, membrane separation, is currently
considered to be the most promising due to low energy consumption, the potential for continuous
operation, dramatically lower investment costs, ease of operation, and ultimately, cost

. 47
effectiveness.

Within the domain of gaseous H, separations, membrane compositions span the entire periodic
table and range from metallic alloys and org;lic polymers to inorganic oxides and composites.
Classified by composition, membranes are delineated as follows: metallic (pure metals or alloys),
inorganics (including oxides, zeolites, glasses, and ceramics), porous carbons, pure organic

polymers, and hybrids or composites.*”**

Metallic membranes are typically dense sheets or films through which H, permeates in the form
of its constituent protons and electrons.”®* The fundamental kinetic mechanism within these
dense metallic membranes requires the conduction of free electrons and the presence of specific
catalytic surfaces to dissociate the H; on the raw feed stream side, and the re-association of the

protons and electrons on the product side. Hydrogen selectivity is typically very high in these



systems, since the dense structure prevents the passage of large atoms and molecules such as CO,
CO,, O,, and N,. This enhanced selectivity translates to very high purity H, and the increased
thermal stabilities allow for higher operating temperatures. These are the primary advantages that
metallic membranes offer over other materials. The metals that are most suitable for H,
separation membranes typically have high H, permeability, high diffusivities or solubility, and
good stability at elevated temperatures. These include, but are not exclusively limited to
tantalum, niobium, vanadium, platinum and palladium. Historically, H, separations were
performed with Pd-based membranes, since they naturally catalyze the surface dissociation/re-
association processes and are highly permeable to H,. There is extensive information in the

literature regarding the many years of research into Pd membranes.*’

Inorganic membranes, which have good thermal stability and chemical inertness, have

47,50-51
’ Improved

advantages over polymeric membranes for many industrial applications.
membrane integrity and manufacturing costs are constant factors which are the focus of
numerous research efforts. Zeolite membranes, in particular, combine pore size and shape
selectivity with the inherent mechanical, thermal, and chemical stability that is n;cessary for
continuous long-term separation processes. The efféctive pore size distribution of the zeolite
membrane, and hence its separation performance, is intrinsically governed by the selection of the
zeolitic phase(s). Gas and liquid separation using zeolite membranes is primarily governed by
competitive adsorption and diffusion mechanisms. When the zeolite pore size distribution falls
between the molecular sizes of the feed components, a size exclusion mechanism can dominate
the separation process. However, one of the main challenges in zeolite membrane development is

the minimization of intercrystal pores that are inherently formed within polycrystalline zeolite

films. The existence of intercrystal pores with dimensions larger than the zeolitic pores is the

10



major cause of decline in molecular separation efficiency. The elimination of intercrystalline

pores is essential for the attainment of high separation selectivity, which is viable for industrial

applications.

Hydrogen rejection and contaminant permeation is being intensely explored as a new approach
for H, purification through the use of carbon-based membranes.!” Because of hydrogen’s low
critical temperature and small kinetic diameter, a rejective membrane process allows for H,
purification via contaminant permeation with respect to H;. Carbon membranes have a very
distinct economic advantage in that maintaining/collecting Hy in the retentate reduces the
necessity for costly H, recompression steps. Therefore, they may only find utility in certain
limited applications, such as the use of H, in refineries, where only low or medium pressure
hydrogen is required. In addition, non-polymeric carbon-based membranes are rejective H;
membranes that may be categorized into three classes: carbon membranes, carbon molecular
sieve membranes (CMSMs), and carbon nanotubes (CNTs). The separation ability of each class
of material is dependent both on the chemistry of the material and on the particulars of

~

fabrication and implementation (ie., module design).

Though carbon-based membranes show much promise in the area of light gas separations, there
remain a number of issues that hinder their introduction to the marketplace. First, they are very
brittle and fragile, and therefore require more careful handling. This may be avoided to a certain
degree by optimizing precursors and preparation methods. Second, processing complexities
translate to high fabrication costs. Carbon membranes require a pre-purifier for the removal of
strongly adsorbing residual vapors that can clog up pores. This is a critical factor as the
membrane transport proceeds through pores rather than through the bulk system. This is typical

of many industrial adsorption separators.

11



Polymeric membranes which are selective for hydrogen operate at temperatures of ~100 °C and
are designed such that the concentration of hydrogen is increased in the product stream. The
remaining components of the gas mixture remain in the feed stream or are diverted to a
secondary waste stream. Dense polymeric membranes may be divided into glassy and rubbery
classes.”® The former have higher selectivity and lower flux, whereas the latter have higher flux
but lower selectivity. Their key advantages include low cost, and that they possess the ability to
cope with high-pressure drops. However, limited mechanical strength, relatively high sensitivity
to swelling and compaction, and susceptibility to certain chemicals such as hydrochloric acid

(HCI), sulfur oxides (SOy), and CO; make polymeric membranes less attractive.

1.3 Pd-based materials for hydrogen sorption and purification

Hydrogen absorbing materials are important in hydrogen storage, metal-hydride batteries, and
for hydrogen purification. These materials are usually metals and complex alloys that are
optimized for practical use. Palladium is a metal which can absorb a large quantity of hydrogen.
The palladium-hydrogen system has been studied extensively in the gas phase; however, the
electrochemical conditions are more complex. In practical applications, diffusion, solubility,
physical stability, and the kinetics of hydrogen adsorption/absorption processes determine the
utility of hydrogen absorbing materials. Palladium can be used as a simple model to study the
fundamental properties of hydrogen absorbing materials and to better understand the
mechanisms and kinetics of hydrogen adsorption and its entry into metals. It is possible to
investigate these processes by electrochemical techniques and to determine the thermodynamic

and kinetic parameters of hydrogen adsorption-absorption and evolution reactions in the Pd/H

system.

12



1.3.1 Pd-based materials for hydrogen sorption

Shown in table 1.2 are intermetallic compounds and their hydrogen-storage properties.> Only Pd
can absorb hydrogen at ambient temperature and pressure even though its hydrogen capacity is
not high. Pd, a classical hydrogen-storage metal, exhibits exceptional features for practical use.

Specifically, it can be used as a catalyst for hydrogen sorption and desorption.

Table 1.2 intermetallic compounds and their hydrogen-sorption properties.?

Type Metal Hydride Structure wt.% H Peg, T

Elemental Pd PdH; ¢ Fm3m 0.56 0.02 bar, 298
ABs LaNis LaNisHg P6/mmm 1.37 2 bar, 298 K

AB, 71V, ZrV,Hs s Fd3m 3.01 10-8 bar, 323

AB FeTi FeTiH, Pm3m 1.89 S bar, 303 K

AB Mg, Ni Mg, NiH4 P6222 3.59 1 bar, S55 K
Body-centered TiV, TiV,Hy b.c.c. 2.60 10 bar, 313 K

cubic

The Pd—H system has been studied for years but there remains no agreement as to the detailed
mechanism of the absorption reaction. Typically, hydfogen atoms are considered to enter the
metal either by a two-step or a direct absorption mechanism.’”™ The equations below are written
under the assumption of a two-step absorption mechanism from an acidic solution. Hydrogen is

initially adsorbed on the Pd metal surface (M) of an electrode in the Volmer step:
H+ +e + Msurface And MHads (l 7)
followed by absorption in the subsurface layer at a distance x = 0 from the interface:

MHags + Msubsurface < MHabs,O + Msurface (l 8)
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Where Mgubsurtace and Miurrace are the empty subsurface and surface sites, and the subsequent

diffusion into the bulk of the metal:

MHaps,0 —MHaps x (1.9)

Of course, there may be parasitic reactions such as hydrogen evolution, HER, according to the

Heyrovsky:

MHus +H +e > M+ H, (1.10)
or Tafel reactions:

2MHads<—>2M+H2 (1.11)

Hydrogen occupies the octahedral interstices of the lattice of Pd. The consequence of the entry of
hydrogen into a metal is the expansion of the lattice. At low concentrations, hydrogen forms
solid Pd-H solutions at the a-phase (nH/nPd < 0.025), whereas at high concentrations it forms a
phase (nH/nPd > 0.300), which is palladium hydride. Phase transitions occur due to the new
arrangement of the absorbed/desorbed hydrogen in the Pd lattice and changes in the electronic
properties of th; Pd atoms. Fig.1.2 illustrates a schematic model of a metal structure with H
atoms in the interstices between the metal atoms, and H, molecules at the surface.” Hydrogen

atoms are shown as being supplied by physisorbed hydrogen molecules on the left-hand side and

from the dissociation of water molecules on the right-hand side.*

However, the use of Pd as the sole metal hydride for hydrogen storage is not practical because of
its high cost and hydrogen embrittlement that is caused by the phase transition from a to § that
takes place within pure palladium. Pd-based alloys, on the other hand, serve as an attractive class

of materials for the study of metal hydrides due to the high solubility and permeability of
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hydrogen in comparison to pure Pd, as well as the reduced cost via the addition of cheaper

metals.

H, gas Metal hydride Electrolyte

Metal
adsorbed . ).
hyrodgen € & 4

Solid solution G o
oa-phase o4 .

4

Hydride phase o9 28 & 28 & 20 28 % ‘; X

Fig.1.2 Schematic model of a metal structure with H atoms in the interstices between the metal

atoms, and H, molecules at the surface.”

Pd-alloys may be reversibly loaded with hydrogen for study in both the gas phase and under
electrochemical conditions. Extremely large currents generated by the electrochemical
absorption and desorption of hydrogen in bulk Pd (wires or foils) can be avoided by utilizing so-
called “limited volume electrodes” (LVEs). These LVEs consist of a thin layer of Pd or Pd-alloy
that is deposited onto a matrix, such as gold, which does not absorb hydrogen. LVEs allow for
the control of the amount of absorbed hydrogen in the thin layer. Pd and various Pd alloys,

including PdPt’®, PARh*’, PANi*®, and PdCd** have been studied using this approach.

1.3.2 Pd-based materials for hydrogen purification

In a dense metallic membrane, H, permeates the solid material via the solution diffusion

mechanism involving a total of seven steps, which are illustrated in Fig.1.3.*” Pure palladium

15



becomes brittle in the presence of hydrogen during thermal cycling due to dimensional changes
caused by a transformation between the two phases (o and ) of palladium hydride at ~ 300°C.>
52 To avoid metal embrittlement and resultant membrane cracking or distortion, pure palladium
membranes should not be exposed to hydrogen at temperatures below 300°C. To increase the
resistance to embrittlement, Pd is alloyed with other metals such as Ag and Cu. The most
commonly employed alloy in the commercially available membrane modules contains 23% Ag
and 77% Pd by weight; this composition is also claimed to maximize the hydrogen permeability

of the Pd~Ag alloy.*®
1.4  Pt-based and Pd-based electrocatalysis for DFAFC

The high energy density and rapid kinetics inherent to liquid fuels, in conjunction with, the
convenient usage and simplicity of power system integration, make direct liquid fuel cells
(DLFCs) a promising power source for portable device applications.®> Among the various types
of liquid fuels, formic acid has emerged as a promising candidate due to its superior oxidation
kinetics, high theoretical thermodynamic cell potential and reduced propensity for fuel crossover
problems, which are associated with fuel cell systems. The development of electrocatalysts for
the oxidation of formic acid and the investigation of the reaction mechanism and kinetics on
single crystal catalyst surfaces are necessary prerequisites to the wide implementation of DFAFC
in portable devices. In addition, research efforts are required in order to devise strategies for the
reduction of poisoning materials such as CO. The modification of noble metal catalyst surfaces
and the development of non-Pt based electrocatalysts comprise two fundamental approaches

toward increasing the durability and reducing the overall cost of DFAFC devices.
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Fig.1.3 Seven-step diffusion mechanism in dense metal phases: (1) movement of the raw gas
(mixture of H, and undesired elements) to the feed stream surface of the membrane; (2)
dissociation of chemisorbed H; into hydrogen ions (H") and electrons (e); (3) adsorption of H"
ions into the bulk of the membrane; (4) diffusion of the H' ions and electrons through the
membrane; (5) desorption of H" ions from the bulk of the membrane to the product stream
surface of the membrane; (6) reassociation of the H' ions and the electrons into discrete

molecules of Hy; and, finally, (7) diffusion of the H, from the product surface of the membrane.*’
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1.4.1 Pt-based electrocatalyst

In the early stages of DFAFC development, Pt-based catalysts were employed in the anode layer.
The first report of a DFAFC, by Weber et al., found that formic acid was electrochemically more

active than methanol on both Pt-black and Pt/Ru catalysts.'?

The mechanism of formic acid electro-oxidation on Pt is well-established in the literature.®*®® It

is generally accepted that the electrocatalytic oxidation of HCOOH to carbon dioxide (CO;) on a
metal surface proceeds via a dual path mechanism; the direct oxidation reaction (1.12) of
reactive weakly-adsorbed intermediates to form CO, in parallel with an indirect oxidation
reaction (1.13 and 1.14) pathway involving formic acid dehydration and the subsequent

electrooxidation of the resultant strongly adsorbed carbon monoxide (CO) to CO,.2%%

HCOOH — reactive intermediates

— CO, +2H" + 2¢ (1.12)
HCOOH — COyg + H,O (1.13)
COu+H,0 — COy+2H" +2¢ (1.14)

Pt is easily poisoned by reactive intermediates and CO, which significantly reduce the Pt

electrocatalytic performance at low potentials.

Pt-based bimetallic electrocatalysts demonstrate enhanced activities in comparison to pure Pt in
formic acid electro-oxidation reactions.'>!>®”"! Pt-Ru exhibits enhanced activity relative to Pt at
potentials above 0.35 V vs RHE.®* The effect of Ru was rationalized as arising from the

bifunctional action of Pt and Ru sites.”? Au and Ir have been suggested as promising alloys for
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the enhancement of formic acid oxidation by reducing poison formation due to the so-called
“third body effect”. This effect is based on the role of second metals (or adatoms) in the blockage
of surface sites where side reactions generate poisonous species, or in blocking the adsorption of
inhibiting species, which require more than one surface site for adsorption. Au is one of the most
promising elements in that it has a higher tolerance against CO poisoning and a corresponding

superior electrocatalytic activity for the oxidation of formic acid.”

1.4.2 Pd-based electrocatalysts

The electro-oxidation of formic acid on Pd catalysts has been extensively studied.””* In
comparison to Pt-based catalysts, Pd-black generated unusually high power densities at ambient
(22 C) and higher (30-50°C) temperatures.'® The activity of the Pd black catalyst decreased with
cell operation time, with a consequent loss in DFAFC performance. However, the lost activity
could largely be recovered by applying a high anodic potential. The DFAFC that utilized the Pd
anode catalyst not only generated a much higher power density than either the DFAFC or DMFC
using the Pt—Ru catalyst, but also approached the performance of a hydrogen-PEM fuel cell.
Deactivation of the Pd catalyst was a problem for the DFAFCs, particularly when operated with
high formic acid concentrations, but again it was found that the initial cell performance could be

recovered by applying a potential of 1.2V to the anode for several seconds.

The Pd catalyst may overcome the CO poisoning effect because the electro-oxidation of formic
acid proceeds primarily through the direct pathway (reaction 1.12).”7® The formic acid is
directly oxidized to CO, and there is no CO intermediate formed. ”’ In order to further improve
the electrocatalytic performance of Pd catalysts, Pd-based binary metallic catalysts have been

investigated. To date, the mechanism by which the electrocatalytic performance is increased in
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Pd-based binary metallic catalysts is still not clear. Two hypotheses have been suggested. It was
considered that the second atom may increase the adsorption capacity of the active oxygen and
subsequently the oxidation rate of formic acid or it may act to prevent the formation of strongly
adsorbed CO. The Pd-based binary metallic catalysts studied include Pd-Ni, Pd—Au, Pd-Pt,

etc.78'80

1.5  Scope of this thesis

The main intent of this M.Sc. thesis is to synthesize Pd-based and Pt-based nanomaterials and to
study their electrochemical properties for fuel cell applications. The first and most hopeful
ongoing research goal is to decrease the cost of materials that are required for a given application
by employing an alternate metal with lower cost. One target of this research involves the
_development of new synthesis methods which will lead to the creation of high catalytic surface

areas. An increase in the surface area/volume ratio for catalysts will translate to decreased

material costs.

It appears that for all hydrogen absorbing applications (purification and\storage) there are two
common issues which need to be addreésed; namely hydrogen embrittlement and poisoning
species. In addition, hydrogen solubility plays an important role in some applications. For
hydrogen dissociation applications (e.g., hydrogen storage and catalysis), where surface
interactions are of greater concern than bulk phase absorption, the adsorption strength of atomic
hydrogen is the most crucial factor. All of these properties may be modified by alloying Pd with
other metals. Another goal of this research is to investigate the alloying effect of Pd and Pt in

order to develop efficient Pd-based and Pt-based nanostructured catalysts.
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This thesis is comprised of six chapters. In the following chapter, experimental methods for the
synthesis of Pd-based nanomaterials will be discussed, as well as the methods that are used to
analyze their structures and physical properties. Chapter 3 will present the results of a study on
the electrosorption of hydrogen into Pd-Ag nanostructures. Chapter 4 will discuss the hydrogen
absorption properties of Pd deposited on TiO; nanotubes with high surface area. Chapter 5 will
present the results of a study of Pt-Au catalysts and Pd-Ag catalysts for the oxidation of formic

acid. The final chapter, Chapter 6, will provide a summary of the results and outlook of the

future work.
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Chapter 2 Experimental methods

2.1 Introduction

In the previous chapter, several types of fuel cells were discussed, inclusive of the challenges
that must be addressed prior to their commercial implementation. Also, the objectives of the
research that will comprise this thesis were outlined. In this chapter, the main experimental
methodology and techniques used in this M.Sc. project will be briefly introduced. For clarity,
some of the details of the experimental procedures and equipment that, pertain to each specific

study,will be presented in Chapters 3 — 5.

2.2 Chemicals and materials

The following chemicals were used as received from Sigma-Aldrich: sulfuric acid (99.999%);
perchloric acid (70%); hydrochloric acid (37.5%); nitric acid (269%); ammonium formate
(99.995%); Formic acid (>96%); dimethyl sulfoxide (DMSO)(99.99%); hydrofluoric acid (50%),

AgNOj3 (299.0%); PA(NO3)*H,0. -

The following chemical materials and materials were used as received from Alfa-Aesar: titanium
wire (99.7%, 2mm diameter); titanium strip (99.2%, 1.25cmx=0.5mm); Pt wire (99.9%, 0.5 mm
diameter): Pd wire (99.9%, 0,5mm diameter); HAuCl4sH,O (99.9%); H,PtCle6H,O (99.9%);

PACL, (99.9%).

The following gases were used throughout this thesis research: argon (PPAXAIR, UHP,

99.999%) and carbon monoxide ( PRAXAIR, Grade 2.5, 99.5%).
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Pure water (18MQcm) obtained from aNANOpure® Diamond™ UV ultrapure water
purification system was used for cleaning purposes and in the preparation of all solutions and

electrolytes.
23 Fabrication of nanomaterials
2.3.1 Ti-supported nanoparticles

The nanostructures used as electrodes in the hydrogen electrosorption studies (Chapter 3) were
directly grown onto Ti plates using a facile hydrothermal reduction method. Ti plates (99.2%,
1.25 cm x 0.80 cm x 0.5 mm) were washed by sonication in acetone followed by pure water
(18.2 MQ cm), then etched in an 18 wt % HCI solution at 85 °C for 30 minutes, and finally
rinsed with pure water. To fabricate the Pd-Ag nanostructures, the pre-etched Ti plates were
placed in Teflon vessels containing 10 ml of an aqueous mixture of inorganic metal precursors

and the reducing agent. The containers were subsequently heated at 180 "C for 2 hours."

Inductively coupled plasma atomic emission spetroscopy (ICP-AES) was used to verify

completion of the reduction of the metal catalysts and the final composition of the Ti supported

nanoparticles.
2.3.2 TiO; nanotube supported nanoparticles

TiO,NTs were fabricated in a two-electrode electrochemical cell.” The etched Ti plate, which
was thoroughly rinsed with pure water, served as the working electrode. The counter electrode
consisted of a Pt plate (2 cm®), which was cleaned prior to each experiment via flame-annealing.
The anodization took place in a solution that contained dimethyl sulfoxide (DMSQO) with 2% (wt)

HF and 2% (wt) H,O at 40V for 8 hours. Following the electrochemical treatment, the sample
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was rinsed thoroughly with pure water. Finally, the sample was baked at 450 °C for 3 h to form

the anatase structured TiO,NTs.

All TiO,NTs supported nanostructures were used for hydrogen sorption (Chapter 4) and for
formic acid oxidation (Chapter 5) All of the TiO;NTs supported samples were prepared using a
photo assisted reduction method. The inorganic precursors and reducing agent was initially
deaerated for 20 minutes with gltrapure argon gas prior to measurements in order to remove any
dissolved oxygen, followed by ultraviolet light irradiation. This procedure was repeated certain
necessary times. The electrode was finally removed from the light, rinsed with ultra pure water
and dried in a vacuum oven at 40°C. The precursors were reduced to their metal states and then

deposited onto the TiO,NTs.
2.4 Surface analysis

The surface morphology and composition of the coatings were characterized using a JEOL
5900LV scanning electron microscope (SEM) and X-ray energy dispersive spectrometry (EDS).
The concentrations of silver and palladium in the solution following the hydrothermal reduction
process were also analyzéd using an inductively coupled plasma (ICP). The X-ray diffraction
(XRD) (Philips PW 1050-3710 or PAN analytical X’Pert Pro MPD) patterns were recorded on a
PW 1050-3710 diffractometer using a Cu Ko (A = 1.5405 A) radiation source. X-ray
photoelectron spectra were collected using a Thermo Scientific K-Alpha XPS spectrometer. All
of the samples were run at a take-off angle (relative to the surface) of 90°. A monochromatic Al
Ka X-ray source was used, with a spot area of 400 pm. Charge compensation was provided and
the position of the energy scale was adjusted to place the main C 1s feature (C-C) at 284.6 V.

All data processing was performed using XPSpeak software.
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2.5  Electrochemical experiments

VoltaLab PGZ402 potentiostat was used in this work. All experiments were deoxygenated via
the continuous passage of ultra-pure Ar gas either into the electrolyte before electrochemical
measurements or over the top of the electrolyte during electrochemical measurements. A three-
electrode cell was used, which included a saturated calomel electrode (SCE) connected to the
cell through a salt bridge as the reference electrode, with a Pt wire coil as the counter electrode.
The Pt wire coil was cleaned prior to each experiment by flame annealing and quenching with
pure distilled water. Data acquisition and analysis were performed using VoltMaster 4 software.

All of the experiments were carried out at room temperature (22 = 2 °C).

2.6 Summary

This chapter has presented the materials that were used throughout the course of the research that
was conducted for the compilation of this thesis. The experimental methods and equipment used
for synthesizing and characterizing Pd-based and Pt-based nanomaterials were discussed in detail.

The following chapter will present a study of Pd-Ag nanostructures for the electrosorption of

hydrogen.
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Chapter 3 Synthesis and electrochemical study of nanoporous Pd-Ag alloys

for hydrogen sorption

3.1 Introduction

Hydrogen, because of its large combustion heat (287 kJ/mole) and its environmentally
compatible by-product, water, is being extensively researched as an alternative to fossil fuels.'*
Storing hydrogen in a gas form or handling hydrogen in a liquid state at a critical low
temperature (32.97K) presents difficult challenges for its practical usage. Hydrogen storage
alloys provide one of the best ways to store hydrogen compactly and safely as a consequence of
the high stability of their hydride.>!' Driven by the need to develop hydrogen absorption
materials, studies on the interaction between metals and hydrogen have become increasingly
important. Electrochemical study provides a feasible approach to determine the thermodynamic
and kinetic parameters of hydrogen sorption, which is important for the development of new
materials for hydrogen storage. Most studies have been focused on finding the optimal properties

~

of the metallic materials in terms of fast hydriding/dehydriding kinetics, large hydrogen-uptake

12-14

capacity, high cycle stability, and reasonable production costs. Poor reversibility and slow

kinetics are the main problems of many metal hydride systems such as MgH, and NaAlIH,.?

Palladium and its alloys are classical materials for storing hydrogen above room temperature and

13,15-17

show fast adsorption/absorption rates. The palladium/hydrogen system has been

intensively investigated both in gas phase and under electrochemical conditions, due to its
18-21

potential applications in hydrogen storage, metal-hydride batteries and hydrogen purification.

However, the use of Pd as the sole metal hydride for hydrogen storage is not practical because of

This chapter has been published in Electrochim. Acta, 2010, 56, 61-67
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its high cost and the hydrogen embrittlement caused by the phase transition from « to B in pure
palladium.*? Pd-based alloys, on the other hand, offer a class of attractive materials for studying
metal hydrides because of the high solubility and permeability of hydrogen compared to pure Pd
as well as the reduced cost if cheaper metals are added. % Great attention has been paid to
nanostructured materials because of their high surface areas and significantly different properties
compared to conventional materials with coarse grains.’ %33 For instance, recent study has
revealed that the electrochemical response of hydrogen at Pd is critically dependent on the size
and structure of the Pd surface.>® The analytical response can be easily tailored in favour of
either Hyg oxidation by nanoscale tuning the coverage of Pd on Au nanoparticles. Nanostructured
materials show distinct advantages in their hydrogen uptake characteristics compared with their
bulk counterparts. Rapid hydrogen diffusion has been reported to occur in nanostructured
materials, greatly improving the kinetics for hydrogen absorption and desorption.*>>® It has been
reported that nanoparticles exhibit dilated lattices that would result in larger interstitial volumes
for hydrogen storage and better storage characteristics.*'” The characteristic hydrogen diffusion
is automatically reduced due to the dilation of the lattice, leading to faster kinetics for hydrogen

absorption and desorption.3 940

Although palladium and silver have been widely used in electrochemical studies as electrodes,
little attention has been directed to the synthesis and study of nanostructured palladium and silver
alloys.*"* The relative low cost and strong structural properties of silver make it an attractive
material to combine with palladium for hydrogen purification and storage. In the present study,
for the first time, nanoprous Pd-Ag alloys with different amount of Ag varied from 0 to 40 at.%
were synthesized using a facile hydrothermal method. The behaviour and characteristics of

hydrogen absorption of the nanoporous Pd-Ag alloys were studied and compared with the pure
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nanoporous Pd. The effects of sweep rate, electrode potential, and composition of Pd-Ag on
hydrogen sorption have been systemically evaluated. Pd-Ag alloy is the most commonly used
material for hydrogen extraction in industry.'? The nanoprous Pd-Ag alloys fabricated in this
study can be treated as a model system for other hydrogen sorbing materials; thus the knowledge
gained from the present study provides some insights in the design of efficient Pd-based catalysts

for hydrogen purification and storage.

3.2 Experimental Section

A series of Pd-Ag nanostructures with different compositions of Ag ranging from 0 to 40 at.%
were directly grown onto Ti substrates using a hydrothermal method described in Chapter 2.4546
In all cases, the amounts of the reducing agent of ammonium formate and ethylene glycol added
were kept constant at 10 mM and 2.5M, respectively. Varying amounts of the Pd(NO3),'xH,0O

and AgNOj precursors were added to obtain the desired ratio of Pd to Ag. After cooling to room

temperature, the Pd-Ag coated Ti plates were finally dried in a vacuum oven at 40 °C.

The surface morphofogy of the fabricated samples was characterized using a JEOL JSM 590LV
SEM. Surface composition was investigated by and Oxford Links ISIS energy dispersive X-ray
spectrometer as well as XPS for the Pd-Ag(20%) sample. The XRD patterns of the as-prepared

samples were recorded using a Philips PW 1050-3710 Diffractometer with Cu Ka radiation.

For the hydrogen electrosorption measurements, the cell setup was described in Chapter 2. The
reference electrode was a SCE connected to the cell through a salt bridge. All potentials
mentioned herein are with respect to the SCE reference electrode. The working electrodes used
were the prepared Ti/PdAg plates (1em®) The coating loads of the electrodes, for calculating the

H/PdAg ratios, were determined by weighing the Ti plates before and after being coated with the
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Pd-Ag nanostructures with a mass balance accurate to 0.01 mg. The electrolyte for theses studies
was 0.1 M HCIOs, and the solution was deaerated with ultrapure argon gas prior to
measurements to remove any dissolved oxygen, and argon gas was continuously bubbled into the
solution during the experiments to increase mass transport. At the beginning of the absorption
experiments, each of the Pd-Ag electrodes was cycled continuously through the potential region

of hydrogen adsorption and absorption until an invariant voltammogram was obtained on further

scanning.
3.3 Surface morphology, composition, and structure of the prepared Pd-Ag electrodes

The - surface morphology of the synthesized Pd-Ag alloys was examined by SEM at a
magnification of 15,000. Fig 3.1a presents a typical SEM image of the Pd-Agl15% sample. All
the Pd and Pd-Ag samples fabricated in this study possess nanoporous structures, similar to the
Pd-Agl15% sample (Fig 3.1a), consisting of irregular pores ranging from several to hundreds of
nanometers in diameter. It is expected that the porous structure possesses a high surface area,
which is desirable for hydrogen sorption and storage. The EDS spectra of the seven nanoporous
samples (pure Pd, Pd-Ag10%, Pd-Ag15%, Pd-Ag20%, Pd-Ag25%, Pd-Ag30% and Pd-Ag40%)
are presented in Fig 3.1b. The peaks marked by a star are derived from the Ti substrate. Two Pd
peaks and two Ag peaks are observed for all the nanoporous Pd-Ag samples. As expected, the
intensity of the Ag peaks progressively increases from Pd-Agl0% to Pd-Ag40%. Quantitative
analysis of these EDS spectra shows that the compositions of all the Pd-Ag samples are
consistent with the composition of the Pd and Ag precursors initially added to the hydrothermal
vessels. This is further confirmed by ICP analysis. Table 3.1 displays the ICP results for the
amount of precursors remaining in solution (i.e. not reduced) after the hydrothermal reduction.

These experimental results have demonstrated that the reduction agents chosen in this study can
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Fig 3.1. (a) Typical SEM image at 15,000 x magnification of the Pd-Ag surfaces with
normalized atomic ratios of Pd/Ag of 85:15; (b) the EDS spectra of the nanoporous Pd and Pd-

Ag alloys. The peaks labelled with (*) are derived from the Ti substrate.
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Table 3.1. ICP results of the concentrations of Pd*" and Ag" remaining in solution after the
hydrothermal reductions. Initial concentrations were calculated based on the amount of Pd(NOs),

and AgNOj3 added to the hydrothermal vessels.

Molar ratio
Pd(initial) Pd(final)  Ag(initial) Ag(final)

Sample /ppm /ppm /ppm /ppm Pd: Ag
Pd 532.10 0.02 0.00 0.00 100:0
PdAgi0%  478.89 0.06 53.93 0.00 90:10
PdAgl5%  452.29 0.03 80.90 0.00 85:15
PdAg20%  425.68 0.18 107.87 0.03 80:20
PdAg25%  399.08 0.03 134.84 0.02 75:25
PdAg30%  372.47 0.13 161.80 0.00 70:30
PdAg40%  319.26 0.04 215.74 0.11 60:40
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effectively reduce the Pd*" and Ag' precursors under the hydrothermal condition and that the
composition of the formed nanoporous Pd-Ag alloy can be easily controlled using this proposed

new method.

X-ray photoelectron spectroscopy (XPS) was performed to analyze the surface composition and
the electronic interaction of the Pd-Ag alloys. Fig 3.2 shows the high resolution XPS spectra for
Pd(3d) and Ag(3d) of the sample Pd-Ag20%. The spectrum of Pd(3d) shows a doublet peaks
located at a low binding energy (3ds») at 334.4eV and at a high binding energy (3ds;) at
339.7¢V (Fig 3.2a), indicating the presence of Pd in the metallic state P.d0 and higher oxidization
states. The binding energies of the Ag(3ds) and Ag(3dsn) peaks (Fig 3.2b) were measured at
366.5e¢V and 372.4eV, respectively. Using the area of the fitted curves for the Pd and Ag in both
the metallic and the higher oxidation states, the ratio of metal/metal oxide was calculated. It was
found that 92% of the Pd and 97% of the Ag were in their metallic states, further showing that
the hydrothermal method employed in this study was efficient for the preparation of nanoporous
Pd-Ag alloys. The actual atomic composition of Ag was also estimated based on the area under

the peaks to be 17.74%, which is close to the nominal Pd:Ag ratio of 80:20.

X-ray diffraction was used to characterize the phase structure of the samples. Fig 3.3a presents
the XRD patterns of the nanoporous Pd and Pd-Ag samples, consistent with a face centered-
cubic (fce) unit cell. The 26 values of 40.02°, 46.56°, 68.04°, and 82.05° for the nanoporous Pd
can be indexed to the diffractions of the (111), (200), (220) and (311) planes of Pd, respectively
(JCPDS file no. 46-1043). The absence of Ag peaks in the XRD patterns of the nanoporous Pd-
Ag samples suggests that there were no Pd and Ag crystalline metal phase separation and that
Pd-Ag bimetallic alloyed structures were formed. In addition, all the peaks slightly shifted to a

lower angle position due to the incorporation of increasing amounts of the larger Ag atoms into
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using Eq. (1) on the normalized atomic composition of Ag.
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the Pd fcc lattice, indicating that the lattices in the nanoporous Pd-Ag were expanded. The fcc
lattice parameter can be calculated from the diffraction peak positions. In the XRD patterns the

(220) peak was used to calculate the lattice parameter @ using the Bragg’s equation®’:

a= \/El](a (1)

sinOmax

where a is the lattice constant, A is the wavelength of X-ray radiation (Cu Ka = 0.15405 nm),
and @ is the location of the (220) peak in radians. A plot of the lattice constant vs. the normalized
atomic composition of Ag of the nanoporous Pd-Ag alloys (Vegard’s plot) is shown in Fig 3.3b.
The lattice constant of the Pd-Ag alloys linearly increases with the increase of the Ag component.
The lattice constant of the nanoporous Pd is 0.389 nm, which increases to 0.400 nm for the Pd-

Ag40% sample, showing a significant dilation of the lattice constant with increasing amounts of

Ag.
3.4 General cyclic voltammetric (CV) behaviour of the Pd-Ag nanostructures

For a general hydrogen electrosorption characterization of the nanoporous Pd and Pd-Ag alloys,
two cycles of CVs in the range of -300 to 400 mV were recorded in 0.1 M perchloric acid at a
scan rate of 20 mV/s; the second cycle was presented in Fig 3.4. For comparison, Fig 3.4
displays the CV curves of the nanoporous Pd and Pd-Ag alloys with 10, 20 and 30 at.% Ag. As
the high current caused by hydrogen absorption dominates and covers the adsorption processes,
it is difficult to decouple the adsorption process from the absorption process.'® A large broad
peak due to the desorption of hydrogen appears between -300 and 0.0 mV when scanning the
electrode potential from -300 mV to +400 mV, The integrated peak intensity for the hydrogen

desorption/oxidation (i.e. the discharge) significantly increased when the Ag content was
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Fig. 3.4. Cyclic voltammograms of the PdAg electrodes recorded in 0.1 M HCIO; at a scan rate

of 20 mVY/s.
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increased from 0% to 20%. Further increasing the Ag amount to 30%, the hydrogen discharge
decreased, showing that the amount of Ag incorporated into Pd has a strong impact on the

capacity of hydrogen sorption of the Pd-Ag nanomaterials.
3.5 Sweep rate dependence of hydrogen electrosorption in the Pd-Ag nanostructures

To illustrate the effect of the sweep rate on the hydrogen electrosorption, Fig 3.5a presents the
CV curves of the nanoporous Pd-Ag20% alloy recorded at the sweep rates varied from 5 to 50
mV/s. A well defined hydrogen sorption peak centered at -285 mV is observed at the low sweep
rate (5 mV/s). The total charge, Qyu, due to hydrogen adsorption and absorption into the Pd-Ag
nanostructures versus the potential scan rate is shown in Fig. 3.5b. The amount of hydrogen
sorbed into the nanoporous Pd-Ag alloy, calculated from the charge of the hydrogen
desorption/oxidation peaks, was found to be dependent on the sweep rate used in the cyclic
voltammetric experiments. Increasing the potential scan rate results in a decrease in the hydrogen
discharge, showing that a low sweep rate is preferential for determing the hydrogen

adsorbing/absorbing capacity of the Pd-Ag nanostructures.

3.6 Influence of the electrode potential and the composition of the Pd-Ag alloys on the

capacity of hydrogen electrosorption

The electrosorption of hydrogen into the nanoporous Pd-Ag alloys was further examined at
different electrode potentials varied from -275 to -175 mV vs. SCE. The potential was first held
at a constant potential for a period of time; linear voltammetry was then run starting from the
held potential to +200 mV. The effect of the time held at different potentials on the hydrogen
discharge was investigated, revealing that a period of 5 minutes is long enough to obtain

complete saturation of hydrogen into the nanoporous Pd and Pd-Ag alloys. For comparison, Fig
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3.6a and 3.6b present the linear voltammograms of the nanoporous Pd and Pd-Ag20%,
respectively, recorded at the scan rate of 20 mV/s after being held at each of the pre-selected
potentials for 5 min. The intensity of the hydrogen desorption/oxidation peak strongly depends
on the held electrode potential; the lower the potential, the larger the peak. Similar behaviour is
also observed for other nanoporous Pd-Ag alloys, reflecting the fact that, under the
electrochemical conditions, the amount of hydrogen sorbed into the Pd and Pd-Ag alloys is
potential dependent. A lower electrode potential corresponds to a higher hydrogen pressure in
gas-phase experiments.®*® For pure Pd, the absorption of hydrogen produces two different phases
(o phase and P phase).48 At low concentrations of hydrogen, the a-phase appears, which
possesses a lattice constant very similar to pure Pd. At high concentrations of hydrogen (metal
hydride), the B phase forms, resulting in an increase in the lattice constant. The large expansion
of the lattice constant can cause cracking of the membrane (hydrogen embrittlement). As seen in
Fig 3.6a, for the nanoporous Pd, a significant increase of the peak intensity is observed when the
held potential was changed from -225 to -250mV, which corresponds to the transition from the o
phase to B phase hydrogen sorption. However, no sharp transition was observed for the
nanoporous Pd-Ag20% (Fig 3.6b). Note that the peak intensity of the nanoporous Pd-Ag20% is

much higher than that of the pure nanoporous Pd when the potential was held at -225 mV.

To quantitatively examine the effect of the held potential on the capacity of the hydrogen
sorption into the nanoporous Pd and Pd-Ag alloys, the total hydrogen discharge was calculated
by integrating the hydrogen desorption/oxidation peak shown in Fig 3.6. Fig 3.7a depicts the
dependence of the electrochemically measured hydrogen absorption capacity, expressed as the
integrated hydrogen discharge, on the different absorption potentials for the nanoporous Pd-Ag

alloys with different Ag composition varied from 0 to 40%. The plots can be divided into two
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sections. The potential range above -225 mV corresponds to a phase hydrogen sorption; while
the potential below -225 mV leads to the B phase hydrogen sorption. Increasing the composition
of Ag from 0 to 40% decreases the B phase hydrogen sorption capacity and diminishes the o to 8
phase transition. In contrast, increasing the composition of Ag increases the phase hydrogen
sorption capacity. After reaching the maximum capacity, further increase of the amount of Ag
results in a decrease of the hydrogen sorption capacity. For comparison, Fig 3.7b presents the
hydrogen sorption capacity at -225 mV versus the composition of Ag of the nanoporous Pd-Ag
alloys. When the Ag content is increased from 0 to 20%, the hydrogen sorption significantly
increases. Further increasing the Ag content from 20% to 40%, the hydrogen sorption capacity
decreases. The nanoporous Pd-Ag20% possesses the highest capacity for the « phase hydrogen
sorption, which is over 4 times larger than the nanoporous Pd. This can be attributed to the
dilation of lattice constant resulting from the incorporation of larger Ag atoms into the Pd fcc

lattice as seen in Fig.3.3.

3.7 Dependence of hydrogen sorption time on the electrode potential and composition of

Pd-Ag

The kinetics of hydrogen sorption into the nanoporous Pd-Ag alloys was further investigated
using chronoamperometry. First, the potential on the Pd-Ag electrodes was held at +200 mV for
30s, where neither hydrogen absorption nor adsorption occurs. The electrode potential was then
stepped down to the hydrogen sorption region between -175 and -275mV; and the corresponding
chronoamperometric (i — #) curves were recorded (not shown here) in order to determine the time
needed for a steady-state saturation of the nanoporous Pd-Ag electrodes with hydrogen. As

shown in Fig 3.8, the saturation time strongly depends on the composition of the nanoporous Pd-
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Ag alloys and the applied potential. For all the nanoporous Pd and Pd-Ag electrodes, the
maximum time (z,,) required to achieve the hydrogen saturation occurs at the same potential (—
250 mV), where the B phase hydrogen sorption takes place. The ¢, for the nanoporous Pd is
much higher than that for the nanoporous Pd-Ag electrodes. The addition of Ag dramatically
lowers the maximum time. The increase of the amount of Ag results in a decrease of ,. For the
nanoporous Pd, when the potential was changed from -225 to -250 mV, the time required for
hydrogen saturation was increased from 15 to 215s. This is consistent with the study of the
hydrogen sorption capacity shown in Fig 3.7a, where a sharp a to P phase transition was
observed at -250 mV. The above results indicate that the a to f§ phase transition is the rate
determining step and that the addition of Ag not only increases the o phase hydrogen sorption

capacity, but also improves the kinetics of hydrogen sorption.
pacity Y ydarog p

3.8 Conclusions

In this study, nanoporous Pd-Ag alloys with the Ag content varied from 0 to 40% were
successfully synthesized using a facile hydrothermal method. The method is very effective and
can easily control the composition of the formed Pd-Ag nanostructures. The XRD analysis shows
that the lattice constant of the nanoporous Pd-Ag alloys increases with the increase of the amount
of Ag. Electrochemical methods have been employed to systemically study the fabricated
nanoporous Pd-Ag electrodes, showing that the hydrogen sorption into the nanoporous Pd-Ag
alloys strongly depends on the composition of Pd-Ag and the applied sorption potential.
Hydrogen sorption into the nanoporous Pd occurs in two distinct phases (o phase and B phase).
The addition of Ag greatly increases the a phase hydrogen sorption capacity and diminishes the
o and B phase transition due to the dilation of the lattice constant. The nanoporous Pd-Ag alloy

with 20% silver content possesses the highest capacity for the o phase hydrogen sorption at -225
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mV, which is over 4 times higher than the pure nanoporous Pd. The study has also shown that
the phase transition is the rate limiting step in the hydrogen absorption process and, therefore,
with the addition of Ag, the kinetics is much faster. The combination of the enhanced a phase
hydrogen sorption capacity and diminishing of the a and [-phase transition makes the
nanoporous Pd-Ag alloys attractive for hydrogen selective membranes and hydrogen dissociation

catalysts.
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Chapter 4 Hydrogen Electrosorption into Palladium Nanoparticles

Deposited on TiO, Nanotubes

4.1 Introduction

Palladium exhibits exceptional practical features for use in a hydrogen economy: hydrogen
generation as a catalyst, hydrogen storage, hydrogen purification, energy generation from
hydrogen to electricity, and hydrogen sensors.'™ In particular, palladium provides one of the best
ways to store hydrogen safely and compactly as a consequence of the high capacity and great
stability of its hydride."”® However, the primary bottleneck with bulk palladium for hydrogen
storage involves its sluggish hydrogenation and dehydrogenation processes due to diffusion
limitations.>”'° To address this issue, a number of nanoscale palladium materials supported on
different substrates (gold, titanium, glassy carbon, carbon nanotubes, etc.) for hydrogen storage
have been synthesized and studied.'!* During the past a few years, TiO; nanotubes (TiO; NTs)
have attracted great research interest owing to their peculiar architecture, remarkable properties,
and potential for wide-ranging applications.”’'® TiO, NTs employed as substrates for hydrogen
storage exhibit many advantages.'"'®? First, the relatively low cost of TiO; NTs that are
produced by the anodization of titanium method renders these materials attractive for
technological applications.w’%25 Second, the semiconducting properties of TiO; NTs result in
strong electronic interactions between the support and deposits, thereby improving the stability
of the electrodes.?? Thirdly, in comparison with bulk Ti substrates, TiO, NT substrates make
available extraordinarily large surface areas, which may serve to distribute the palladium more

uniformly."” Finally, the TiO, NTs themselves are effective materials for hydrogen storage.15 2627
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However, to the best of our knowledge, Pd nanoparticles deposited onto TiO; nanotubes (TiO,

NT/Pd) for hydrogen storage has not been investigated thus far.

In this work, both a hydrothermal method e}nd a photo-assisted reduction method are utilized in
the synthesis of Pd nanoparticles, which/are then deposited on titanium and TiO, nanotube
substrates, respectively. Hydrothermal reduction serves as an effective method for the formation
of alloys in that the compositions of the alloys can be controlled in a facile manner, and through
which a wide range of nanostructured materials may be easily synthesized.***° Photo-assisted
reduction is a promising method for the deposition of Pd nanoparticles with a narrow particle
size distribution onto TiO, NTs. The electrochemical behaviors of the Pd nanoparticles deposited
on Ti and TiO, NTs were investigated, which showed that TiO, NT/Pd electrodes exhibit a high
hydrogen capacity, prominent activity, fast kinetics and excellent stability for hydrogen

sorption/desorption.

4.2 Experimental Section

To fabricate Ti supported Pd nanostructures, hydrothermal method was used described in
Chapter 2. Ammonium formate was used as the reducing agent and PdCl, served as the metal
precursor. The concentrations of the reducing agent and the PdCl, precursor were 500mM and

2.5mM, respectively.

The TiO,NTs supported Pd nanostructures were prepared using photo assisted reduction method
as described in Chapter 2. A solution comprised of 100uL of S0mM Pd(NO3), and SmL of 50%
methanol was first deaerated for 20 minutes with ultrapure argon gas prior to measurements in
order to remove any dissolved oxygen, and then irradiated by ultraviolet light for 20 minutes.

This procedure was repeated four times. The Pd was spontaneously deposited onto the surfaces
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of the TiO; nanotubes. The coating loads of the electrodes, which are used for calculating H/Pd
ratios, were determined by weighing the Ti plate or TiO; nanotube plate before and after being

coated with the Pd nanostructures with a mass balance, accurate to 0.01mg.

The surface morphology of the fabricated samples was characterized using a JEOL JSM 590LV
SEM. Surface composition was investigated by and Oxford Links ISIS energy dispersive X-ray
spectrometer as well as XPS for the Pd-Ag(20%) sample. The XRD patterns of the as-prepared

samples were recorded using a Philips PW 1050-3710 Diffractometer with Cu Ko radiation.

The electrochemical performance of the electrodes for hydrogen adsorption/absorption was
characterized using cyclic voltammetry (CV). The reference electrode was a saturated calomel
electrode (SCE) connected to the cell by means of a salt bridge. The working electrodes used
were the prepared Ti/Pd and TiO, NT/Pd electrodes. The electrolyte for these CV studies was 0.1
M HCIOy, and the solution was deaerated with ultrapure argon gas prior to measurements. Argon

was continually passed over the solution throughout the investigation.
4.3 (?haracterization of synthesized Ti/Pd and TiO; NT/Pd materials

Fig. 4.1 shows SEM images of the TiO, substrate (a), TiO; NT/Pd (b), and Ti/Pd (c) of the
samples. It is observed that well-ordered and uniform TiO, NTs were formed on the pure
titanium plate via the electrochemical anodic oxidation technique. The tops of the tubes were
open and the diameters of these nanotubes ranged from 60 to 90 nm, with wall thicknesses of
~10 nm. Fig. 4.1 (b) shows the image of Pd deposited onto the TiO, NTs by photo-assisted
reduction. Most of the palladium nanoparticles were attached at the tops and on the walls of the
TiO, NTs, which served to increase the active surface area of the electrode considerably. This

demonstrated that the photo-assisted reduction method is an effective strategy for reducing the
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Fig.4.1. SEM images (15,000 magnification) of the samples: (a) the substrate of TiO, NTs prior
to photo-assisted deposition; (b) Pd deposited onto TiO, NTs after photo-assisted deposition; (c)

Pd deposited on a Ti substrate by the hydrothermal method. And (d) EDS spectra of the Ti/Pd

and TiO, NT/Pd before and after Pd deposition.
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Fig. 4.2 (a) XRD patterns of the Ti/Pd before and after 3000 cyclic voltammograms; (b) XRD
patterns of the TiO, NT/Pd before and after 4000 cyclic voltammograms, peaks from TiO, and Ti
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metal ions into metals. The size of palladium particles that were deposited on the titanium
substrate by the hydrothermal method (Fig. 4.1 (c)) were much larger than those deposited onto
the TiO; NTs. EDS spectra of the two samples before and after deposition (Fig. 4.1d) shows that
the palladium was successfully incorporated into the substrates. XRD patterns were utilized to
identify the lattice constant and to quantify the average particle size. Comparative XRD patterns
for the Ti/Pd and TiO, NT/Pd are presented in Fig. 4.2a and Fig. 4.2b, respectively. The XRD
patterns indicate that all of the peaks, except those arising from the Ti and TiO, NT substrates
(marked with asterisks (*), may be referenced to a face-centered cubic (fcc) unit cell. For pure
Pd, the 26 values of 40.02°, 46.56°, 68.04°, and 82.05° can be indexed to the diffraction of (111),
(200), (220), and (31 1). planes of Pd, respectively (JCPDS file no. 46-1043). The lattice constant
a was calculated using the Bragg’s equation 3.1 in Section 3.3. The lattice constant calculated for
pure palladium is 0.396, which is consistent with the literature’. The median Pd particle sizes

were calculated from the (200) peak using the Scherrer equation:

0.944
- " Bcose (4.1

where L is the average crystallite size, 0.94 is a constant for small spherical particles of éimilar
size and distribution, A is the wavelength of X-ray radiation (Cu Ka = 0.15405 nm), f is the full
width at half maximum (FWHM) in radians, and 6 is the location of the (200) peak. The diameter
of the Pd crystallite nanoparticles on the bulk Ti was 24.6 nm, while the diameter of the Pd

crystallite nanoparticles on the TiO; NTs was 24.1 nm.

4.4 General cyclic voltammetric (CV) behaviour of the Pd nanostructures
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A general characterization of the two electrodes (Ti/Pd and TiO, NT/Pd) in the hydrogen region
was recorded in a 0.1 M perchloric acid solution. Fig. 4.3 shows cyclic voltammograms of the Pd
wire, Ti/Pd and TiO, NT/Pd electrodes. A substantial difference between these three electrodes
is evident in the hydrogen region. When the potential in cyclic voltammetric experiments is kept
to an upper limit of 0.40 V, no oxidation of the palladium metal is observed. For the three
electrodes, hydrogen sorption commences at different potentials. Hydrogen sorption recorded
from the Ti/Pd electrode and the Pd wire occurs below 20mV vs. SCE, whereas the hydrogen
region of the TiO, NT/Pd electrode begins at 190mV vs. SCE and a distinct hydrogen sorption
peak can be observed. In addition, the peak of hydrogen desorption of palladium wire electrodes
appears at -68mV vs. SCE and spans a significant range. The desorption peak of Ti/Pd is second
at -145mV vs. SCE, and the peak of hydrogen desorption of the TiO, NT/Pd electrode starts at
the more negative peak potential of -170mV vs. SCE. These results indicate that the hydrogen is
more weakly bonded to the Pd nanoparticles of the TiO, NT/Pd electrode, and consequently the

Ti0, N'T/Pd electrode exhibits faster kinetics for hydrogen desorption.

The dependence of the sweep rate on the amount of hydrogen which was absorbed into the Pd
nanostructures v;/as examined. Shown in Fig. 4.4 (a) are the cyclic voltammograms of the
hydrogen region at various sweep rates for the TiO, NT/Pd electrode. The charge due to
hydrogen desorption was calculated from the anodic portion of the curves and is displayed in
Fig. 4.4 (b). Fig. 4.4 (c) depicts the H/Pd ratio, which takes the mass of the Pd coating into
consideration. The amount of electrosorbed hydrogen increases considerably with a slower
sweep rate from the H/Pd ratio of less than 0.32 with 30 mV/s to ~ 0.59 for 1 mV/s. In order to

better study the hydrogen-sorbing capabilities of the TiO,/Pd nanostructures and to attain the
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Fig. 4.4 (a) Cyclic voltammograms of TiO, NT/Pd in 0.1 M HCIlO, at various scan rates. (b)
Charge due to hydrogen desorption versus sweep rate calculated by integrating the area under the
anodic peaks in (a). (c) The H/Pd ratio versus sweep rate calculated based on the coating load of

the TiO» NT/Pd electrode used.
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maximum amount of hydrogen which may be adsorbed/absorbed, an extremely slow sweep rate
is necessary. To further estimate the hydrogen capacity of the electrodes, they were saturated

with hydrogen by holding a constant potential for a period of time prior to running the CVs.

The electrosorption of hydrogen into the Ti/Pd and TiO; NT/Pd electrodes was examined at
various potentials, from -160mV to -320 mV (vs SCE). The potential was first held at aconstant
potential; cyclic voltammetry was run immediately afterward. The potential was held for 10 min,
which was much longer than necessary to ensure the complete saturation of hydrogen. Fig. 4.5
(a) and Fig. 4.5 (b) illustrate the anodic sweeps (desorption of hydrogen) of the cyclic
voltammograms of the Ti/Pd and TiO, NT/Pd electrodes, respectively, subsequent to their
complete saturation with hydrogen at various potentials. Sharp transitions take place in the TiO,
NT/Pd electrode at between -240 mV (vs. SCE) and -260 mV (vs SCE)), while in the Ti/Pd
electrode, they are observed at between -260 mV (vs SCE) and -280 mV (vs. SCE). The volume
of desorbed hydrogen at potentials more positive than -240 mV is negligible in comparison to

that at -280 mV and below in both electrodes.

~

Anodic voltammetric-scans for the oxidation of hydrogen absorbed at a constant potential
(corresponding to the maximum saturation of the electrode with hydrogen) on both Ti/Pd and
TiO, NT/Pd electrodes is depicted in Fig. 4.6. It should be noted that the potential hydrogen
oxidation peak of the TiO, NT/Pd electrode is shifted negatively by 108mV in comparison to the
Ti/Pd electrode. This means that the hydrogen removal from the TiO; NT supported palladium
electrode is more rapid than that from the Ti supported palladium electrode. This is consistent
with the results that were obtained from the cyclic voltammograms in Fig. 4.3. The possible
reasons may be explained in terms of the morphology of the palladium, the substrate properties

and the synthesis methods. The hydrogen desorption process can be affected by atomic scale
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Fig. 4.5 Anodic sweeps of the desorption of hydrogen from (a) Ti/Pd and (b) TiO,NT/Pd after

holding the potential at various cathodic limits for 10 min in 0.1 M HCIO,. The scan rate was 20

mV/s.
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65



surface arrangements; the concentration of palladium atoms at the surface; adsorbed hydrogen-

metal bond energies; as well as the palladium nanoparticle dimensions.>'**?

The volumes of hy@rogen adsorbed/absorbed were determined utilizing electrochemical
methods, and the resullvts are shown in Fig. 4.6 (b). The H/Pd versus potential relationship has a
characteristic shape that is determined by the forms of hydrogen present in the system. It depicts
the relative amount of hydrogen absorbed (steady state value) and the H/Pd ratio, versus the
absorption potential (E) for the two materials (Ti/Pd and TiO, NT/Pd). One can distinguish the

existence of the potential regions of a and B phases, as well as the region of a-f3 phase transition.

The three parts of the H/Pd versus E curves recorded in Fig. 4.5 (b) correspond to various states
of absorbed hydrogen. The first horizontal part for the lowest hydrogen saturation at the least
negative potentials corresponds to hydrogen absorbed in the a-phase. The second horizontal
section, at more negative potentials reflects full hydrogen saturation in -phase. Both phases (o
and P) of absorbed hydrogen exist in the potential range between the two horizontal parts of the
H/Pd versus E curves (tilted parts of the curves). For each phase, the ratio of H/Pd of the TiO,
NT/Pd is higher than that of the Ti/Pd electrode. Especially in the a-phase, where the volume of
hydrogen stored in TiO, NT/Pd is four fold larger than that in the Ti/Pd electrode. The main

reason for this is that hydrogen may be accumulated in the TiO; NTs.?

The full saturation of the electrode was recognized when a steady-state current was attained.
When the equivalent amount of palladium is deposited on the two electrodes, the time required
for complete saturation (Fig. 4.6 (c)) is contingent on the applied potential and the microstructure
of the electrodes. With a reduction in potential, the absorption time initially increases sharply to

a maximum and then decreases. The maximum hydrogen saturation time for the Ti/Pd and TiO,

66



NT/Pd occurs at potentials of -260 mV and -250mV, respectively, and corresponds to the a to 3
phase transition (the lowest step in hydrogen sorption process) potential in Fig. 4.6 (b).*' The
potential that corresponds to the phase transition of the TiO, NT/Pd electrode is shifted to the
positive direction in comparison with the Ti/Pd electrode.";The hydrogen saturation time of the
TiO, NT/Pd electrode is much shorter than that of the Ti/Pd electrode at the potentials studied in

this work, which indicates that the TiO, NT/Pd show faster kinetics in the hydrogen sorption

process.
4.5 Stability test of Ti/Pd and TiO, NT/Pd

Studies into the long-term stability of the TiO, NT/Pd and Ti/Pd electrodes were carried out by
cyclic voltammetry with the corresponding results given in Fig. 4.7 (a) and Fig. 4.7 (b). The
cyclic voltammetric curves for the prepared TiO, NT/Pd catalyst are shown in Fig. 4.7 (a). It is
noted that with the increase of the cycle number (from 1 to 3000), the peak current density of the
TiO, NT/Pd increased from 34.87 to 54.87 mAecm™emg’ due to the fact that both the
morphology and nanoparticle sizes changed simultaneously. The average size of the Pd
nanoparticles on the Ti/Pd decreased from 24.6 nm to 15.5 nm, while the average size of the Pd
nanoparticles on the TiO; NT/Pd decreased from an initial 24.1 nm to 18.3 nm. These values
were calculated from the (200) peak shown in Figs. 4.2 (b) and 4.2 (c¢). From the 3000th to the
4000th cycle, the peak current density decreased gradually from the highest current peak density
54.87 to 53.88 mA-cm'z-mg'l, which is still 98.20% of the maximum value. Compared to the
TiO, NT/Pd catalyst, the peak current density of the Ti/Pd increased from 11.94 to 17.16
mAecm?mg” within the first 2000 cycles to gradually diminish to 15.93 mA<cmZemg’’,
representing 92.83% of its maximum value during the final 1000 cycles. These results

demonstrate that the stability of the TiO, NT/Pd electrode is notably higher than that of the Ti/Pd
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(b) H/Pd ratio versus potential for TiO, NT/Pd at 1000 cycle intervals.
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electrode. The use of TiO, NTs as a support material exhibits appreciable electrochemical

32-35
1

activity with improved durability, which is consistent with the results in the literature t

should be emphasized that the maximum peak current density of TiO, NT/Pd electrode is 54.87
mAscmemg”, which is more than three times higher than that of Ti/Pd. This can be attributed to
the fact that the TiO, NT support material has a much higher available surface area in
comparison to the Ti plate substrate. The Pd nanoparticles are attached both at the top, as well as
around the walls of the TiO, NTs. Thus, the activated surface area of the Pd on the TiO; NTs is

significantly larger than that of the Pd on the Ti/Pd electrode.

The electrosorption of hydrogen into the TiO, NT/Pd and Ti/Pd during the stability test was
further examined at different potentials, varying from —320 to —160mV versus SCE. The
procedures were identical to those utilized in Fig. 4.5 (a). Fig. 4.8 (a) shows the anodic curve of
hydrogen desorption from -260 mV to 400 mV versus SCE after hydrogen saturation at 1000
cycle intervals on TiO, NT/Pd. To quantitatively examine the effect of the held potential on the
capacity of the hydrogen sorption into the TiO, NT/Pd, the total hydrogen capacity was
calculated by integrating the hydrogen desorption/oxidation peak shown in Fig. 4.8 (a). As
depicted in the inset, the hydrogen discharge ratio increases greatly from the initial value of
0.254 to the maximum of 0.522 after the initial 2000 cycles of scanning, which decreases slightly

during the course of the following 2000 cycles.

Similarly, for the Ti/Pd catalyst, the hydrogen capacity ratio rose from 0.029 to 0.335, and then
slowly decreased as shown in Fig. 4.9 (a). The electrosorption of hydrogen into the TiO, NT/Pd
and the Ti/Pd during the stability test was further examined at different potentials varying from
=320 to —160mV versus SCE. The total hydrogen discharge was calculated by integrating the

hydrogen desorption/oxidation peak shown in Fig. 4.9 (a), depicted in the inset. Figs 4.8 (b) and

71



4.9 (b) presents the dependence of the electrochemically measured hydrogen absorption capacity,
expressed as the integrated hydrogen/palladium ratio (H/Pd), on the different absorption
potentials for the TiO, NT/Pd and Ti/Pd electrodes at 1000 cycle intervals, cyclic voltammetric
scanning, respectively.’j [t was found that initially, the hydrogen capacity increased slightly and
then decreased, except at the potential of -260mV, which is similar to the results of Ti/Pd.

Smaller Pd nanoparticles result in a narrower o/p phase transition®>.

4.6 Conclusion

In conclusion, for the first time, the successful synthesis of an advanced material (TiO; NT
supported palladium nanoparticles) for hydrogen storage has been achieved by means of
photoreduction. The performance of the as-prepared TiO; NT/Pd material was compared with
Ti/Pd. This study demonstrated that TiO, NT substrates significantly improved the properties
and stability of the formed Pd nanoparticles. Electrochemical measurements show that the
TiO,/Pd nanostructures possess: (i) a higher capacity for hydrogen sorption under different
potentials; (ii) faster kinetics for both hydrogen sorption and desorption; (iii) lower cost and
excellent stability. The advantages listed above make TiO, NT/Pd attractive and useful for

practical applications.
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Chapter S Electrocatalytic activity of Pt—Au nanoparticles supported on

TiO, nanotube arrays

5.1 Introduction

Direct formic acid fuel cells have attracted considerable attention because of the advantages of
formic acid over methanol as an electrolyte.'® First of all, formic. acid is a non-toxic liquid fuel
and avoids the risk of producing hazardous by-products in the oxidation process; poisonous
formaldehyde usually presents during the oxidation of methanol. In addition, formic acid
possesses lower penetration efficiency through the Nafion membrane than methanol due to the
repulsion between HCOO™ and SO” ions.® Furthermore, although the volumetric energy density
of formic acid (2086Wh/L) is lower than that of ﬁethanol (4690Wh/L), highly concentrated
formic acid can be used as fuel (e.g. 20M) to compensate the setback.” From the economic point
of view, electro-oxidation of formic acid commences at a more negative potential compared with
that of methanol, which would yield a huge reduction in cost in the case of large scale

applications.®” Finally, formic acid itself is an electrolyte, it can thus facilitate proton transport

within the anode compartment.’

Recent studies show that the electrocatalytic activity of Pd for formic acid oxidation is very high
as Pd catalysts, can overcome the CO poisoning effect mainly through the direct pathway.3’1°'12
However, the high performance cannot be sustained, as Pd dissolves in acidic solution and is
vulnerable towards intermediate species during constant current discharge.'? On the other hand,

although platinum is the most active metal catalyst for the fuel cells both used as anode and

cathode, it is well-known that, at room or moderate temperatures Pt is readily poisoned by
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carbon monoxide, a by-product of formic acid and methanol oxidation.*'*'® To date, Pt-based
alloys, e.g. Pt-Ru, Pt-Au, have been considered as effective catalysts to enhance the activity and
durability towards HCOOH oxidation.*'*"*% Au, previously deemed catalytically less active
than other noble metals, has attracted much attention - reéently with the development of
nanocrystalline Au-contained catalysts, showing appealing catalytic properties and high
stabilities.?*?® Therefore, the study of bimetallic Pt-Au nanomaterials as fuel cell electrocatalysts

for formic acid oxidation is of great interest and importance.

Although unsupported noble metal and noble alloy catalysts, such as Pt and Pd, were
investigated to study the reaction mechanisms of electrocatalysis, supported electrocatalyst is a
practical means to achieve high utilization of expensive noble metals to prolong the life time of
the catalyst.>’? Great efforts have been placed on synthesizing nano-scale noble-metal materials
on inexpensive and stable substrates. Recent studies have shown that TiO, employed as the
substrate and support exhibits great advantages due to its low cost and high stability.*?
Especially, the TiO; nanostructured materials such as nanotubes, nanowires, quantum dots, and
nanofibers, have become a focus of considerable interest as they possess unique properti::s
relevant to applications in photocatalytic functions.>*> Among them, the nanomaterials with
tubular structure has been considered the most suitable way to achieve larger enhancement of
surface area without an increase in the geometric area. Electrochemical anodization of titanium

in fluorinated electrolytes is employed in this study, which is a relatively simple process for the

fabrication of highly ordered TiO; nanotube arrays.>®

Several methods have been reported in preparing the binary alloy nanoparticles deposited on
TiO; nanotubes (TiO;NTs), such as under-potential deposition (UPD), thermal treatment,

spontaneous formation, and successive reduction.”” The Pt-Au system has a positive heat of
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formation, and the equilibrium phase diagram displays a large immiscibility gap below 1260 °C
(critical temperature).”® As a result, the Pt-Au nanomaterials with the expected compositions are
difficult to prepare as homogeneous alloyed catalysts. Thus, there is great interest in developing
a simple and straightforward approach to synthesizing Pt-Au nanostructures onto TiO, nanotubes.
Photo-assisted deposition (PAD) method is a promising process of controlling the mean sizes of

the alloy particles and synthesizing homogeneous alloy <:atalysts.38'39

In this study, highly ordered TiO,NTs were fabricated by anodization as a support for Pt and Pt-
Au electrocatalysts. For the first time, the photo-assisted deposition method was employed to
prepare a series of Pt-Au nanqparticles dispersed on TiO;NTs at room temperature. The
compositions of the as-synthesized face centered cubic (fcc) Pt-Au alloys were easily controlled
by using this method. The physicochemical properties of the Pt-Au electrodes were evaluated by
scanning electron microscopy (SEM), X-ray energy dispersive spectrometry (EDS) and X-ray
diffraction (XRD). The electrocatalytic properties of the Pt-Au with different compositions were
investigated and the electro-oxidation of formic acid was studied. Impedance measurements of

formic acid oxidation on Pt-Au were also performed.

5.2 Experimental section

A series of Pt-Au nanoparticles with different compositions were synthesized and directly
dispersed onto TiO,NTs substrates by the photo-assisted reduction process as described in
Chapter 2. To fabricate the Pt-Au nanoparticles, 0.13M of each inorganic precursor was made
by dissolving 0.6732g of H,PtClg*6H,0 in SmL of ultrapure water and 0.5137g of AuCl3*xH,0
in SmL of ultrapure water, respectively. Pure Pt and four normalized composition ratios of Pt-Au
(Pt:Au=3:1, 2:1, 1:1 and 1:2) deposited on TiO,NTs were made. The desired compositions were

made by mixing the appropriate volume ratio of each precursor together and the total volume for
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the Pt and Au precursors was 40uL. The mixture solution of H,PtClge6H,0 and AuCl3*xH;0 and
SmL of 50% (w/w) methanol was first deaerated for 20min. with ultrapure argon gas prior to
measurements to remove any dissolved oxygen, and then was irradiated by Ultraviolet for 30min.
This procedure was repeél/ted three times. The electrode was finally removed from the light,

rinsed with ultra pure water and dried in a vacuum oven at 40°C.

The surface morphology of the fabricated samples was characterized using a JEOL JSM 590LV
SEM. Surface composition was investigated by and Oxford Links ISIS energy dispersive X-ray
spectrometer as well as XPS for the Pd-Ag(20%) sample. The XRD patterns of the as-prepared

samples were recorded using a Philips PW 1050-3710 Diffractometer with Cu Ka radiation.

The reference electrode was a saturated calomel electrode (SCE) connected to the cell through a
salt bridge composed of potassium chloride. All fabricated TiO,NT/Pt-Au electrodes were used
as the working electrodes. An electrolyte of 0.5M H,SO4 was used to examine the hydrogen
sorption and desorption behaviors of the electrodes and an electrolyte of 0.1M HCOOH and
0.5M H,SO4 was used to investigate the formic acid oxidation activity of the electrodes. The
electrolyte solutions were deaerated with the continuous passage of ultra-pure Ar gas into the
electrolyte before electrochemical measurements and over the top of the electrolyte during
electrochemical measurements. Electrochemical methods used in this work included cyclic
voltammetry (CV), linear sweep voltammetry (LSV), chronoamperometry (CA), and
electrochemical impedance spectroscopy (EIS). The chronoamperometric measurements were
carried out by initially holding the potential at OmV for 30 seconds, then stepping to various
potentials for 600 seconds. The amplitude of modulation potentials for EIS measurements was

10mV, and the frequency was changed from 40kHz to 40mHz.
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5.3  Surface morphology and compositions of Pt-Au catalysts

The surface morphology and composition of the synthesized TiO,NTs substrates and Pt-Au
alloys deposited on the TiO,NTs were examined by SEM at a magnification of 10,000 and
energy dispersive X-ray spectroscopy. Fig.5.1a shows that. l;igh-density, well-ordered, and
uniform TiO,NTs were directly grown on the titanium substrate by the electrochemical anodic
oxidation technique. The tops of the tubes were open and the diameters of these nanotubes
ranged from 60 to 90 nm with wall thicknesses of about ~10 nm and lengths of 1-2 um. SEM
images of Pt and Pt-Au33% dispersed on TiO,NTs are shown in Fig.5.1b and 5.1c, respectively.
Very small Pt particles were uniformly dispersed on the TiO;NTs (Fig.5.1b) while larger Pt-Au
alloy particles formed (Fig.5.1c). This is because Pt prefers to form single crystal seeds due to its
chemical nature,*” while the Pt-Au33% nanoparticles tend to congregate. The EDS spectra of
five different ratios of the Pt-Au electrodes are shown in Fig.5.1d. The atomic ratios of Pt to Au
are 74:26, 66:34, 51:49 and 34:66 for the four electrodes, which are close to the setting ratio of
Pt to Au in their precursor concentrations of 3:1, 2:1, 1:1 and 1:2, described as Pt-Au25%, Pt-
Au33%, Pt-Au50% and Pt-Au67%, respectively. The results indicate that the Pt-Au alloy can be
successfully synthesized and the composition of Pt and Au in the alloy can be effectively

controlled by using the photo-assisted deposition method.

X-ray photoelectron spectroscopy (XPS) was performed to analyze the surface composition and
the electronic interaction of the Pt-Au nanoparticles dispersed on the TiO,NTs. Fig.5.2a displays
the Pt (4f) regions of XPS spectra of the pure Pt and Pt-Au catalysts. The binding energies of Pt
(417) and Pt (4fs,) and the Pt (4f) peaks shifting for the Pt-Au catalysts were observed in
Fig.5.2a. It was found that both peaks of Pt (4f7,) and Pt (4fs,) shift negatively by ca. 0.18eV for

Pt-Au33% and ca. 0.40eV for Pt-AuS0% compared with the pure Pt. The negative shift of Pt (4f)
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peaks is indicative of the lowering of Pt binding energy due to the addition of Au and implies
that electron transfer occurs from Au to Pt. Therefore, the addition of Au modifies the electronic
structure of Pt and produces an electronic effect. Fig.5.2b and 5.2¢ show the high resolution XPS
spectra for Pt (4f) and Au (4f) of the sample Pt-Au33%. The spectrum of Pt (4f) shows a doublet
peak located at a low binding energy (4fs;) at 74.35eV and at a high binding energy (4f75) at
71.02eV (Fig.5.2b), indicating the presence of Pt in the metallic state Pt’ and higher oxidization
~states. The binding energies of the Au (4fs») and Au (4f;,,) peaks (Fig.5.2¢) were measured at
87.76eV and 84.09¢V, respectively. It was found that 91.2% of Pt is in its metallic state and
almost 100.0% of Au is in its meétallic state, showing that the photo-assistant deposition method
can effectively reduce Pt and Au précursors. The actual atomic composition of Au was also
estimated based on the area under the peaks to be 31.5%, which is very close to the nominal ratio

33.3% of Au in Pt-Au33% electrode.

X-ray Diffraction (XRD) was used to characterize the internal crystalline structure of the
nanostructured samples. The XRD patterns of Pt and Pt-Au and Au deposited on TiO,NTs are
shown in Fig.5.3 The pezﬁ(s marked with stars are derived from Ti substrate and the anatase
phase of the TiO, NTs. The Pt nanoparticles (NPs) exhibit diffraction peaks at 46.4°, 67.3° and
82.0° correspanding to the characteristic (200), (220), (311) reflections of a Pt faced-centred
cubic (fce) structure (JCPDS file no. 4-0802). No separated Pt and Au peaks were shown in the
Pt-Au33% and Pt-Au67% confirming the formation of Pt-Au alloys without crystalline metal
phase separation. The (2 0 0) peaks of the Pt-Au nanoparticles shifting to a lower 20 angle than
that of the pure Pt nanoparticles indicates the increase in lattice constant of Pt due to the
incorporation of Au atoms. The average particle sizes for the Pt were calculated from the (200)

peak using the Scherrer equation (4.1) in Section 4.3.
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Fig.5.1 SEM images at 10,000 magnification of the TiO;NTs, Pt and Pt-Au33% in (a), (b) and
(c), respectively. (d) shows the EDS spectra of the pure Pt (red), Pt-Au25% (blue), Pt-
Au33%(green), Pt-Au50%(purple) and Pt-Au67%(cyan) deposited on the TiO,NTs substrates.

The peaks labelled with * are derived from the TiO, NTs substrate.
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Figure 5.2. (a) XPS spectra of Pt(4f) of Pt, Pt-Au33% and Pt-Au50%. XPS spectra of the Pt (4f)
(b) and Au(4f) (c) regions for the Pt-Au33% sample; the green dots, dashed lines, and red, blue,
and black solid lines represent the raw data, baseline, individual components (zero and high

oxidation states) and total fit, respectively.
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Fig.5.3 XRD patterns of pure Pt, pure Au, Pt-Au33% and Pt-Au67% deposited on the TiO>NTs.

The peaks marked as stars are derived from the Ti substrate and the anatase phase of the TiO;

NTs.
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Herein, the 6 is chosen to be the location of the (200) peak. The reason for choosing the Pt (200)
is that the Pt (220) is interfered by the substrate and the peak is weaker. The average crystallite
sizes of Pt, Au, Pt-Au33%, and Pt-Au67% nanoparticles formed on the Ti/TiO,NTs substrates

are 22.3, 38.7, 15.7 and 19.4nm, respectively.
5.4 Electrochemistry of the Pt and Pt-Au nanocatalysts

The electrochemical characterization of as-synthesized nanocatalysts was carried out by running
cyclic voltammetry of the Pt and Pt-Au electrodes in 0.5M H,SOy4 at the scan rate of 20mV/s.
Fig.5.4a shows the CVs of the Pt and Pt-Au nanocatalysts recorded in the range of -225mV to
600mV vs. SCE. Pt shows typical hydrogen adsorption and desorption behaviour. The similar
behaviours of hydrogen adsorption and desorption can be observed with the Au composition of
25% and 33% on the Pt-Au alloys. With further increment of the compositions of Au from 50%
to 67%, the two pairs of hydrogen adsorption and desorption peaks become obscure. Increasing
the compositions of Au in the alloys results in the diminishing of the peak current of hydrogen
adsorption, which indicates smaller electroactive surface area of hydrogen adsorption and

desorption was obtained as Au does not absorb hydrogen in this situation.?

Fig.5.4b shows CVs of the Pt, Pt-Au33%s and Pt-Au67% in 0.5M H,SOj4 solution with the long
potential range recorded from -225mV to 1350mV vs. SCE. The reduction peaks at 900mV vs.
SCE shown in Pt-Au33% and Pt-Au67% confirm the presence of Au. The peaks at 440mV for
the three electrodes verify the existence of Pt. The reduction current of the Au oxide decreases
while the reduction current of the Pt oxide increases as the amount of Pt increases. The decrease
in the reduction current density at the potential of 440mV and the increase in the reduction

current density at the potential of 900mV with the increasing amount of Au in the nanoparticle
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Fig.5.4. Short range (a) and long range (b) cyclic voltammograms of different ratios of the Pt-Au

electrodes in 0.5M H,SO, at a scan rate of 20 mV/s.
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materials further prove the existence of Au in alloys.
5.5 Electro-oxidation of formic acid on Pt and Pt-Au

The catalytic activity of the Pt and Pt-Au electrocatalysts was investigated towards formic acid
oxidation. There are dual pathways for formic acid oxidation: a dehydrogenation pathway (direct

pathway) and a dehydration pathway (Indirect pathway). 4
I:‘ Direct dehydrogenation producingr CO,.
HCOOH — HCOO,4+ H + e~
HCOO,4s — CO, +H +¢”
II: Dehydration generating CO (poisoning intermediate).
HCOOH — CO + H;0

CO + H,0— CO, + 2H" + 2¢”

~

Fig.5.5 shows the linear sweep voltammograms of the Pt and Pt-Au electrodes in a 0.1M
HCOOH and 0.5M H,SOj4 solution at a potential scan rate of 20mV/s. The overall current
density is normalized by the total mass of the Pt and Au load on the TiO;NTs. It can be observed
that there are two peaks for each electrode: peaks (P1) near 370 mV and peaks (P2) near 630mV.
The first anodic peak at near 370mV corresponds to formic acid oxidation via the direct pathway,
while the second peak near 620mV can be mainly attributed to formic acid oxidation via the
indirect pathway.” For the Pt electrode, peak current density (P2) is higher than that of peak 1,

which indicates that formic acid oxidation on this electrode is mainly through the indirect
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pathway and thus produces undesirable intermediate CO. However, the peak current densities at
370mV for each of the Pt-Au are higher than that at 630mV, indicating that direct pathway
dominates the overall oxidation process. In addition, the onset potential of HCOOH oxidation on
the Pt catalyst is about 50 mV vs. SCE/, while those on the Pt-Au33% and Pt-Au50% catalyst
negatively shifted to about =50 mV vs. SCE. Au-based alloys have been suggested as promising
materials for the enhancement of formic acid oxidation by reducing poison formation due to the
““third body effect’’, which is based on the role of a second metal in blocking the surface sites
for a side reaction that generates poisonous species, or in blocking the adsorption of the
inhibiting species, which requires more than one surface site for adsorption.”*! Another possible
reason could be the electronic modification of Pt which results in the strong iﬁteraction of
HCOOH with Pt. After the incorporation of Au atoms, the surface electronic properties of Pt
atoms could be changed, and influence the reaction kinetics and reduce the tendency to poison.
Therefore, Pt-Au alloy nanoparticles could help both suppress adsorbed poisonous species and

modify the strength of the surface adsorption.g’42

~

Chronoamperometry was used to further investigate the activity and stability of the electrodes.
The electrode potential was held at OmV for 30s, and then stepped up to 100mV (Fig.5.6a) and
360mV (Fig.5.6b), respectively. In Fig.5.6a, in the curves of all catalysts, there was a sharp
initial current drop, following by a slow decay. The reason for the slow decay could be attributed
to the poisoning and structure change of the Pt-Au nanoparticles as a result of perturbation of the
potentials during the reaction, especially in the presence of the intermediate produced during the
oxidation of HCOOH.® The current density at 600s on the Pt-Au50% is found to be 5.19mAcm’
’mg”!, much higher than that on the Pt (0.6 mAcm™ mg™"), which indicates that introduction of a

certain amount of Au to the nanocomposites endows the catalyst with much higher stable current
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density. In Fig.5.6b, the steady states of the currents of all the electrodes are reached in 30s. In
the initial 70s, the current densities of the electrodes follow the order of Pt-Au33%s > Pt-Au50%,
Pt-Au25% > Pt > Pt-Au67%, which is in agreement with the results of the aforementioned CV.
At the same time, the Pt-Au33% maintains the highest current density among’/all electrodes. This
is mainly due to the more facilitative direct oxidation of formic acid on the electrode. It is worth
noting that the current densities of the Pt and Pt-Au25% electrodes were continually increasing
instead of slow decaying, which is different from the Pt-Au dispersed on other substrates such as
carbon. 2% At the end of the test, the oxidation current values on the Pt, Pt-Au25%, Pt-Au50%
and Pt-Au67% were 22.8, 19.4, 24.1, 14.3 and 7.9mAcm_2mg_', respectively. Fig.5.6¢ shows the
chronoampérometric curves (i-f) on the Pt-Au33% electrode at different potentials. The steady
state current density first reaches the highest value at the potential of 360mV. This result, .
combined with cyclic voltammetry (CV) measurements above, further confirms the superior

catalytic activity and stability of Pt-Au33% toward HCOOH oxidation.

In order to investigate the electrochemical reaction resistance of formic acid oxidation,
\electrochgmical resistance spectroscopic measurements were carried out. Fig.5.7 illustrates five
Nyquist plots of the Pt and Pt-Au at the potential of 100mV vs. SCE in the 0.1M HCOOH and
0.5M H,SO4 solution, where 7, and Z; represent the real and imaginary components of the
impedance, respectively. The equivalent circuit shown in the inset was used to fit the
experimental data. Rs represents the uncompensated solution resistance, Rct denotes the charge
transfer resistance and CPE, defined as CPE_T and CPE_P, represents the constant phase

element which takes into account formic acid adsorption and oxidation. The corresponding data
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Fig.5.5 Anodic sweeps of cyclic voltammograms of different ratios of the Pt-Au electrodes in

0.5M H,804 and 0.1M HCOOH at a scan rate of 20 mV/s.
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Fig.5.6. Amperometric i— curves of HCOOH electro-oxidation on the Pt and Pt-Au catalysts in
0.1M HCOOH and 0.5M H,SO; at a potential of 100mV and 360 mV vs SCE shown in (a) and
(b), respectively. (c) shows amperometric i~ curves of HCOOH electro-oxidation on the Pt-

Au33% catalysts in 0.1M HCOOH and 0.5M H,SO; at different potentials.
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Fig.5.7 Nyquist diagrams (dotted line) of Pt and Pt-Au electrodes at a potential 100 mV in 0.5M
H,SO4 + 0.1M HCOOH and corresponding fitted curves (solid line). The amplitude of
modulation potential was 10 mV. Frequency was changed from 40 kHz to 40 mHz. The inset is

the corresponding equivalent electric circuit compatible with the Nyquist diagram.

91



Table 5.1 Values of the elements in equivalent electric circuit fitted in the Nyquist plots of

Fig.5.7
} Samples Rs (Qcm?) Ret (Qcm?) CPEI1-T CPEIL-P
Pt 0.99 171 0.0077 0.95
Pt-Au25% 0.87 43 0.0084 0.94
" Pt-Au33% 0.91 25 0.0095 0.93
Pt-Au50% 0.75 18 0.0069 0.92
Pt-Au67% 1.47 53 0.0080 0.91
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for each element is listed in Table 1. Rs is in the range ca.0.75-1.47 Qcm? at different potentials
due to the same supporting electrolyte. As shown in Fig.5.7, the proposed model fits the EIS data
very well. Additionally, Pt-Au50% has the lowest charge transfer resistances, approximately 18
Qecm?, which is 10 times smaller than that’éf Pt (171 Qecm?). These results demonstrate that the

synthesized Pt-Au exhibits much higher activity compared to the Pt.

5.6 Conclusion

In summary, novel TiO,NTs supported Pt-Au nanoparticles have been successfully synthesized
by anodization followed by photo-assisted deposition. This synthesis method has allowed easy
and relatively precise control of the compositions of the Pt-Au nanoparticles. The XRD results
show that Pt-Au bimetallic alloyed structures have been formed and the small average sizes of
the particles in the Pt-Au alloys have been obtained. Electrochemical studies show that,
compared to pure Pt, the fabricated Pt-Au33% electrode exhibits not only a more negative onset
potential but also a higher current density for formic acid oxidation. In the EIS, these two

electrodes show very smaller charge transfer resistances and a much higher activity for formic

acid oxidation.
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Chapter 6 Summary and future work

Possessing unique catalytic and hydrogen absorbing properties, Pd- and Pt-based nanomaterials
are considered to be the most favorable candidates for the development of PEMEC. Particularly,
Pd- and Pt-based nanomaterials show great promise for hydrogen purification, hydrogen storage,
and fuel cell catalysis. Two different methods, hydrothermal reduction and photo-assisted
reduction, were used for the synthesis of the nanomaterials utilized in this work. All of the
fabricated nanomaterials were characterized via surface analysis and electrochemical techniques.

The major results obtained during the course of this M. Sc. project are summarized below.

6.1 Hydrogen Electrosorption into Pd-Ag Nanostructures

Hydrogen absorbing materials are crucial for both the purification and the storage of hydrogen.
Pd and Pd-based alloys have been studied extensively for their use as both hydrogen dissociation
catalysts and hydrogen selective membrane materials. It is known that the incorporation of metal
atoms of different dimensions into the Pd lattice has a major impact on the hydrogen absorption
proc\ess. In Chapter 3, nanoporous Pd-Ag alloys were successfully synthesized with an Ag
content that varied from 0 to 40% using a facile hydrothermal method. This method is very
effective and can easily control the composition of the formed Pd-Ag nanostructures. XRD
analysis shows that the lattice constant of the nanoporous Pd-Ag alloys is increased relative to
increases In the amount of added Ag. Electrochemical methods have been employed to
systematically study the fabricated nanoporous Pd-Ag electrodes, showing that hydrogen
sorption into the nanoporous Pd-Ag alloys strongly depends on both the composition of the Pd-
Ag and the applied sorption potential. Hydrogen sorption into nanoporous Pd occurs in two

distinct phases (a phase and 3 phase). The addition of Ag greatly increases the o phase hydrogen
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sorption capacity and diminishes the o and B phase transition due to the dilation of the lattice
constant. The nanoporous Pd-Ag alloy with a 20% silver content possesses the highest capacity
for the a phase hydrogen sorption at -225 mV, which is over four fold higher than pure
nanopo’roﬁs Pd. Our study has also shown that the phase transition is the rate limiting step in the
hydrogen absorption process and, therefore, with the addition of Ag, the speed of the kinetics can
be significantly augmented. The combination of the enhanced o phase hydrogen sorption
capacity and thé diminishment of the a and B-phase transition makes the nanoporous Pd-Ag
alloys attractive for utility in hydrogen selective membranes and for hydrogen dissociation

catalysts.
6.2 Hydrogen sorption in TiO,NT/Pd

In chapter 4, the electrochemical hydrogen sorption behaviors of Pd dispersed on TiO;NT
electrodes are investigated. Nanotubular TiO; may be easily synthesized via an electrochemical
anodic oxidation technique. Nanotubular TiO, possesses a very large surface area with high
stability. As an advanced material for hydrogen storage, TiO,NT supported palladium
nanoparticles, were successfully synthesized through photo-reduction. The hydrogen sorption
performance of the as-prepared TiO,NT/Pd was subsequently compared with Ti/Pd. This study
demonstrates that the TiO,NT substrate significantly improves the properties and stability of the
formed Pd nanoparticles. Electrochemical measurements show that the Pd/TiO, nanostructures
possess a higher capacity for hydrogen sorption under different potentials; faster kinetics for both
hydrogen sorption and desorption as well as lower cost and excellent stability. These advantages

make TiO, NT/Pd attractive for practical use.

6.3 Electrochemical activity of TiO,NT/Pt-Au
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In chapter 5, novel TiO,NT supported Pt-Au nanoparticles were successfully synthesized via
anodization, followed by photo-assisted deposition. This synthesis method has allowed for the
easy and relatively precise control of the compositions of the Pt-Au nanoparticles. XRD results
show that Pt-Au bimetallic alloyed structures were formed, and the average dimensions of the
nanoparticles within the Pt-Au alloys were obtained. Electrochemical studies show that, in
comparison to TiO,NT/Pt, the fabricated TiO,;NT/Pt-Au33% electrode exhibit (i) a more
negative onset potential, but also (ii) a higher current density for formic acid oxidation. In the
EIS, these two electrodes exhibit (iii) markedly reduced charge transfer resistance and (iv) much

higher activity for the oxidation of formic acid.
6.4 Closing Remarks and Future work

In summary, Pd-Ag nanostructures have been fabricated, and for the first time, their hydrogen
electrosorption properties have been examined. The a to B phase transition was determined to be
the slowest step in the absorption process, which was practically eliminated by the incorporation
of 20% Ag. This resulted in the presence of higher volumes of hydrogen in the o phase region

along with faster sorption kinetics.

The performance of the Pd catalyst, when combined with different substrates for hydrogen
sorption has been investigated. TiO,NT supported Pd materials have been fabricated by the
anodization of a Ti plate followed by a photoreduction method. Larger hydrogen capacities and
higher stabilities were obtained in comparison with bare Ti supported Pd electrodes, indicating

the significant influence that substrates have on catalyst functionality.
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The electrochemical activity of TiO,NT supported Pt-Au catalysts for the oxidation of formic
acid has been studied. The electrochemical catalytic activity of Pt-Au toward the oxidation of

formic acid, at 34%, has been significantly enhanced.

It appears that electrochemical catalysts dominate in applications for PEMFCs. Hydrogen storage
and purification remain as two significant, albeit not insurmountable challenges that are likely to
delay the widespread commercial implementation of hydrogen fuel cells. Materials with high
solubility will play critical kinetic roles in these applications. Specific molecular composition
appears to be very important in modifying the surface structures of Pt- and Pd-alloys. Other
factors, such as support materials, are also instrumental in varying the number of active sites and
for stabilizing the surface structure, thus preventing metal dissolution. Future work may focus on
the following aspects: (i) optimization of the geometry, composition and structure of the Pt and
Pd alloys to further improve their catalytic activity and stability; (ii) further exploring new
catalyst morphologies to enhance catalytic activity; (ii1) development of nanostructured catalysts
supported by materials with low cost and high stability to avoid noble metal dissolution; and (iv)
development of cost-effective catalyst synthesis processes to meet the necessary requirements for

fuel cell commercialization.
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