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Abstract

Catalysts in the electrodes of polymer exchange membrane fuel cells (PEMFCs)
serve a critical function in reactions which can be used to generate electrical energy from
chemical fuels. Pt nanoparticles are commonly dispersed on a conductive support and
used as electrode materials in these devices because of their exceptional catalytic activity
and electrochemical active surface area. The performance and stability of these electrodes

strongly depend on the characteristics of the support.

Catalysts supported on high surface area carbon black are widely used in low-
temperature fuel cells. In PEMFCs, these catalyst materials can be exposed to high
potential and low pH values, resulting in irreversible loss of activity that will limit the
useful lifetime of the cell, ultimately leading to its failure. Pt is a noble metal which has
good intrinsic stability, but carbon is not thermodynamically stable resulting in the
corrosion of the catalyst support under these conditions. The design of more resilient
platinum catalyst supports to carry out the successful reaction in a fuel cell’s catalyst
layer is required to extend the lifetime of PEMFCs degradation.

In this thesis, two approaches were used to synthesize robust catalyst support
materials for fuel cell applications. In the first case, carbon surfaces were functionalised
to enhance their interactions with the catalyst and secondly, stable metal oxide was
combined with modified carbon substrates, to maximise contacts within the composite
electrocatalysts and to prevent carbon corrosion of a single phase carbon support catalyst.
TiO2 NPs, were first chemically bonded to the surfaces of Vulcan carbon to help anchor
the Pt catalyst nanoparticles through strong metal-support interactions. Validation of a
dual phase catalyst support is an important goal of this research. Each material phase
offers a unique advantage that can only be recognized by the preparation of a composite
electrocatalyst. Pristine Vulcan (PV) was functionalised with glucose hydroxyl functional
groups that react with the base titanium metal alkoxide in a sol-gel reaction and then
calcined to form a more chemically crystalline surface. This is followed by impregnation

reduction process to deposit the nanostructured Pt catalyst.



Material characterization data of synthesized materials were used to correlate the
effects of support structure and composition on resilient performance. Advantages from
the TiO./C supports toward performance and durability were contrasted against a set of
control samples and demonstrated ex situ. The prepared composite catalysts showed
substantial enhancements toward oxygen reduction reaction (ORR) and methanol
oxidation reaction (MOR) as well as improved stability of the Pt-TiO> heterogeneous
interface formed between catalyst and support. The enhanced performance and durability
of these composite catalysts is improved by applying the science of materials and
interfaces to the synthesis of composite supports, thus serving as an example for further

progress and optimization.

Irradiation of these composite catalysts with UV-visible light also showed ~ 171
% photo enhanced activity for MOR, which clearly demonstrates a synergistic effect
between the photo- and electrocatalysts. The comparison between the prepared catalysts
indicates that there is an appropriate ratio of carbon and TiO3 to obtain the best
performance of these photoelectroactive materials. These results demonstrate that
methanol oxidation is achieved by electro- and photoelectrocatalysis using a simple and
affordable method. This procedure can be conveniently exploited to enhance the response

of direct methanol fuel cell electrodes.

Keywords: Vulcan carbon, glucose, TiO», Sol-gel, photoelectrocatalysis, electrochemical
impedance spectroscopy.
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CHAPTER ONE

Introduction and Literature Review



1.1 Background

Population growth and improvement in the standard of living conditions demand
for new clean and sustainable energy sources since the combustion of fossil fuels such as
coal, natural gas, and oil releases a significant amount of greenhouse gases with a
devastating effect on the environment [1-3]. The non-renewable nature of fossil fuel
reserves and political instability are also major factors to this renewed interest in
alternative energy sources [3] mainly taking into account that total energy demand is
expected to double in 2050 unless cogent steps are implemented to moderate energy use
[1-2].

On top of those problems, current energy systems suffer from poor efficiency via
conversion of stored energy to useful energy. For instance, automobile internal
combustion engines (ICEs) have a theoretical maximum efficiency of approximately 50%
which rarely exceed 30% in practice due to operational constraints [4]. In this scenario,
hydrogen fuel cells are considered a leading contender to replace internal combustion
engines, since renewable energy sources, such as wind, solar and biomass can be used to
generate clean hydrogen, and fuel cells are not exposed to the limitations imposed by
internal combustion engines. In addition, hydrogen fuel cells can continuously provide
electrical energy as long as the reactant are supplied from outside the cell [1] which is an
advantage over lithium and other battery systems.

For mobile application, the transition from ICEs to a zero emission energy fuel
cells, such as proton exchange membrane fuel cells (PEMFCs) that readily convert
hydrogen and oxygen into water with electricity, would have a great impact on minimizing
greenhouse gas emissions in densely populated areas. Although this primary energy source
is not readily available in its pure molecular state, recent advances in technology has made
it easier to produce from renewable sources such as electrolysers, powered by wind turbines
or solar photovoltaics [5].

PEMFCs in comparison to ICEs can readily convert primary energy source
(hydrogen) with a higher theoretical efficiency that is not restricted by Carnot cycles at low
temperature. PEMFCs produce less friction with no moving parts that make them more

reliable and durable. PEMFCs are produced in modular forms that allow independent

2



power scaling for various applications such as 1 W for mobile phones all the way up to the
megawatt range (power plants). PEMFCs devices operate in continuous energy flow and
can easily be refueled, unlike batteries that need to be recharged periodically or thrown
away [6].

There are several challenges that face current fuel cell technology and impede its
wider implementation. Two critical aspects are the slow kinetics of the oxygen reduction
reaction (ORR), acting as a bottleneck for the overall reaction and Pt corrosion and
dissolution under the cathode conditions where the ORR takes place. At the root of both
cost and stability issues is the catalyst layers used in the anode and cathode, consisting of
expensive Pt-based materials. According to a study completed for the Department of
Energy (DOE), approximately 55% of the overall fuel cell cost stems from the Pt-based
catalyst layers [7]. The Kkinetics of the ORR is inherently much more sluggish than the
hydrogen oxidation reaction (HOR) occurring at the anode, and this is often considered the
primary factor limiting the overall fuel cell performance. This results in extensive reliance
on Pt loading catalyst materials in order to facilitate the ORR at a reasonable rate.

Catalyst durability is one of the key issues limiting widespread use of PEMFCs.
Platinum which is by far the most efficient catalyst for PEMFC thermodynamically
dissolves in the vicinity of 1.0 V (vs. Normal Hydrogen Electrode; NHE) in acid
environments. During the normal operation, rapid idle to peak power cycles result in
cathode potential variations from 0.6 to 1V (vs. NHE) causing catalyst degradation. The
carbon on which platinum is supported also corrodes at high electrode potentials above 1.0
V which is common in PEMFC operation, during start-stop cycles voltage spike occurs
which can be as high as 1.5 V (vs. NHE). Surface area losses of platinum nanoparticles
supported on carbon during cycling conditions need to be reduced. Robust electrodes with
minimal Pt loading, enhanced activity, improved stability and less susceptibility to fuel
impurities needs to be addressed prior to PEMFC commercialization.

Fuel cell devices must be widely produced in mass-market applications to meet
automotive and domestic sectors demand. This will require an overhaul of the current
energy system with infrastructural development for generating, distributing and storing
fuel. For automotive applications, PEMFC technology must compete favourably with the

market leader, conventional ICEs both in terms of cost and reliability. For example, the



approximated operational cost of automotive ICE is approximately 25-35 $/kW with a
lifespan of more than 5000 hours [8]. The current Pt loading in a typical PEMFC electrode
uses a high Pt loadings of 0.4 mg p/cm? on the cathode and 0.3 mg p/cm? on the anode [9].
Thus, there is need to reduce Pt loadings to maximise cost of the fuel cell stack. However
this should be approach with almost care as significant reduction in metal loading may
affect mass transport in the catalyst layer with performance loss [10]. The performance
target of 0.125 mg ,cm? Pt loading has been proposed for PEMFC electrodes [10-11]. With
this proposed loading, the total Pt needed in a fuel cell vehicle will be around 8 g, which
will be similar to what internal combustion engines vehicles have today [9]. Another
important challenge facing current fuel cell technology is corrosion of the catalyst support.
A stable support is required to maintain its performance. Thus, finding a means of reducing
the platinum content or replacing it entirely, as well as the development of more robust

catalyst support materials are areas of great interest.

1.2 Types of fuel cell

Fuel cells are classified into six major groups based on the nature of the electrolyte
material that each system uses [12-13]. As shown in Table 1, the electrolyte material
determines the operating conditions and their performance characteristic, making each type
of cell suitable for specific applications. The first four fuel cells are characterised by their
moderate temperature of operation (50-120 °C) well below the temperature range of molten
carbonate and solid oxide fuel cells (600-1000 °C) [12, 14].

Phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs) and solid
oxide fuel cells (SOFCs) are all primarily used for stationary power applications while
PEMFCs and DAFCs are used for smaller power applications such as vehicles and even
electronics. MCFCs and SOFCs are generally heavy because they require dense layers of
ceramic electrolytes to operate. On the other hand, PEMFC and DAFC are lighter with a
solid electrolyte (Proton exchange membrane, PEM), hence are more advantageous to use
in transportation devices and small electronics. The use of a solid membrane in the latter
can minimise corrosion from the electrolyte solutions without the need to contain and
circulate fluid. The low temperature operation with quick start up of PEMFCs and DAFCs

are necessary for their applications in vehicles and small devices.



Table 1.1: Main fuel cell types

Fuel cell type | Operating Output Range | Efficiency Primary use
Temperature | (KW) (%)
§9)
PEMFC 50-100 <250 50-60 Portable
Power
Transportation
DAFC 60-90 1-100 50-60 Portable
Power
Transportation
Alkaline FC | 90-100 10-100 60-70 Military,
Space
Phosphoric 150-200 50-1000 80-85 Distributed
Acid FC Generation
Molten 600-700 <1000 85 Large
Carbonate FC Distributed
Generation
Solid Oxide | 650-1000 5-3000 85% Large
FC Distributed
Generation

1.3 Structure and mode of operation of proton exchange membrane fuel

cells (PEMFCs)

The mode of operation of PEMFCs involves inlet injection of hydrogen gas at the
anode side of the fuel cell and pure oxygen gas or air at the cathode side concurrently.
These gases at their respective sides flow through channels in plates and migrate through
gas diffusion layers to the catalyst surface. The resultant electrochemical reactions are
depicted in Figure 1.1. The positively charge carriers (protons) pass through the membrane
(usually Nafion) to the cathode compartment for subsequent ORR. On the other hand,
negatively charge electrons go through an external circuit resulting in an electric current
with a link to the cathode side. At the cathode, the electrons combine with protons and

oxygen to produce water as reaction by-product. These processes are shown in Figure 1.1

for complete direct electrochemical energy conversion.
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Figure 1.1: Schematic of PEMFC mode of operation

The two electrochemical reactions in a fuel cell take place within three layers
known as the membrane electrode assembly (MEA). In a typical MEA, two porous
electrodes, anode and cathode are present; each of which is catalyzed on one side and
bonded to either side of a thin membrane. The porous electrode has an active layer
sandwiched between the gas diffusion layer and the electrolyte. This allows the electrode
to be interpenetrated with both the gas and the electrolyte. This is important, as the reaction
must occur at what is known as a triple phase boundary, in which an active site on the
catalyst is exposed to both the gas and the electrolyte, so that all the reactants may be
present. The standard catalyst/support structure is platinum on carbon black. The main
catalyst driving the chemical reaction can be applied either directly to the porous electrodes

or to the membrane.



Pt and Pt alloy materials constitute the commonly used PEMFC electrode
materials with a polymer membrane that prevents gas mixing and crossover between the
two cell compartments. Ideally, the membrane is composed of a polymer capable of
conducting protons through an aqueous network. This membrane material determines to a
large extent the operating temperature of the PEMFC. Despite significant research
interest dedicated to studying different polymer materials for PEMFCs, Nafion® remains
the best performing membrane for this application. Precious metal catalysts are needed to
facilitate the electrode reactions with temperature sensitive polymer membrane. The two
electrochemical reactions on these electrodes occur primarily at certain region in the
catalyst layer called triple phase boundaries (TPB), which is the common meeting point
of the catalyst, reactants and electrolyte. Figure 1.2 shows the simplified schematic
diagram of TPB. PEMFCs are extremely versatile with energy supply ranging from < 10
W up to 1 MW and have been successful demonstrations for low and high energy
application requirements such as in stationary power, portable and automotive

applications [15].

Catalyst
particles

TPB Electrolyte

Figure 1.2: Sketch of catalyst layer triple phase boundaries (TPBs) [16].



1.4 Oxygen reduction reaction (ORR) Catalysts

Most of the performance losses in a PEMFC is due to the limitations of the ORR
catalyst at the cathode electrode [17]. The ORR is kinetically sluggish in PEMFCs and is
even more so for the cathode of a DMFC, as the cathode catalyst layer experiences the
cross-over of methanol, making the cathode electrocatalyst having to simultaneously
catalyse the oxygen reduction and the undesired methanol oxidation reactions. This
results in mixed potentials at the cathode and leads to a loss of fuel efficiency. ORR is
also a challenging reaction to catalyse, in the sense that it requires catalyst material to be:
1) stable under the extreme corrosive conditions PEMFC; 2) chemically active so as to be
able to activate O-O bond; and 3) noble enough to be able to release the oxygen from the
surface in the form of water [17].

At the moment, Pt, a precious metal, is the best metal catalyst for the reduction of
oxygen. It is widely used and known to be the state of the art cathode catalyst for low
temperature fuel cells [18]. The ORR has been shown to procced through two parallel

pathways in aqueous electrolytes according to the following reactions [19]:

0, + 4H* + 4e~ > 2H,0 E°=1.23 V vs. NHE (1.1)
0, + 2H* + 2~ > H,0, E° =0.70 VV vs. NHE (1.2)
2H,0, + 2H* + 2~ > 2H,0 E° =1.76 VV vs. NHE (1.3)

The first pathway (Eqg. 1.1) involves the direct four-electron pathway, where oxygen
adsorbs to the surface of Pt to generate intermediate species that will subsequently
undergo further steps such as accepting protons and electrons and cleaving the oxygen-
oxygen bond to eventually produce water [20-21]. In Eq. 1.2, the second possible
pathway, it is often referred to as the indirect two-electron pathway, where oxygen
combines with two-protons and two electrons to give hydrogen peroxide (H20>). The
formed peroxide will get reduced to water (Eq. 1.3). It is commonly accepted that the 4-
electron pathway is faster than the 2-electron pathway hence, it is the most preferred

pathway reaction in fuel cells [19, 22]. The two electron pathway reaction is highly



undesired in fuel cells because no only reduces the efficiency of the system, but also the
H>0> can degrade the catalytic activity of the catalysts and membrane, thereby resulting

in significant fuel cell degradation or even failure.

1.5 Pt Catalyst stability

Pt-based catalysts dissolve when the cathode is subjected to potential cycles
during fuel cell operation. Pt dissolution can occur at low pH, in a narrow potential near 1
V vs. NHE [23- 24]. Pt will dissolve above this potential according to the surface

oxidation and oxide reduction processes below:

Pt + 2e~ — Pt?t (1.4)

PtO + 2H* - Pt** + H,0 (1.5)

The Pt ion dissolution and solubility in the electrolyte determine the diffusive
capability of the Pt particles. This includes the dissolution of Pt, diffusion through the
electrolyte, and the growth of crystallites. These induce adverse effects on fuel cell
performance should be mitigated [25]. Pt cation solubility increases with potential,
temperature, and low pH.

Different mechanisms for Pt dissolution and redeposition on the catalyst surface
and Pt migration through the surface have been suggested to explain the increase of the
catalyst particle size over exposure time. The thermodynamic driving force for
agglomeration/sintering and Ostwald ripening is the reduction in surface energy
accompanying particle growth [26]. This phenomenon leads to dissolution of smaller
particles and growth of larger particles [27]. When Pt dissolves in the electrolyte, it can
diffuse and grow into larger crystals which offer lower surface tension and minimizes
their electronically strained lattice configurations and reactive surface sites [28]. This
causes a loss of ECSA and platinum deposition in the polymer electrolyte, contributing to
its degradation.



Accelerated Stress Tests (ASTs) have been used to evaluate the stability of Pt
catalysts in a three-electrode cell. This procedure usually allows degradation in the catalyst
activity to be observed within several days, rather than several weeks as otherwise required
before any significant decrease in fuel cell performance is noticed [29]. Cycling the
electrode potential between two extreme values can accelerated Pt corrosion and also
induce Pt dissolution because it can contribute to remove the protective oxide and
hydroxide layer form on the surface of Pt and speeds up corrosion when the electrode is
exposed to high positive potentials in the following cycle before the surface can be
passivated again [30].

As highlighted in a classic paper by Kinoshita, Lunquist, and Stonehart, potential
cycling had historically been known to increase corrosion processes in phosphoric acid fuel
cells where carbon corrosion is also a significant problem [31]; the paper showed how the
cycling profile could accelerate corrosion rates. They varied cycling parameters and ran
profiles of square and triangular waves of the supported Pt electrodes. Detached Pt particles
(from carbon support) are ineffective in the fuel cell reaction. Pt cations diffusing into the
membrane can reduce proton conductivity and lead to more degrading mechanisms of the
ionomer. Pt reduction in the ionomer poses a major risk to the material. The rate and
location of Pt>* reduction and nucleation in the ionomer was found to depend on the partial
pressure of both hydrogen and oxygen [32].

The stability of the Pt catalyst nanoparticles also depends on the mode of operation.
For instance, in stationary mode, the common practice is to operate the cell stacks at a
constant current density (200 — 300 mA/cm?). In such a mode, a significant decrease of
about 50% in ECSA was observed for the initial 2000-2000 hours and remains constant up
to 40,000 hours. On the contrary, PEMFCs for automobile applications undergo a continual
substantial decrease in ECSA during their operation due to harsh operating modes such as
frequent potential or load cycling, start/stop, high load and idling [33]. Fuel cell operation
modes corresponding to vehicle operating conditions are classified as load cycling
(acceleration/deceleration while driving), start-stop (stack start up/shutdown), and high
load operation (steady high speed driving) and low load operation (continued idling). In
addition, the weather condition where the vehicle will be used plays a major role in ECSA

loss.

10



Automobile drive cycles are the test procedures used to emulate the typical usage
of a vehicle on the road. These driving cycles are categorized into two types: (i) transient
and modal driving cycles [34] and (ii) transient driving cycles with frequent changes in
speed, typical of real driving patterns whereas modal driving cycles involve prolonged
periods at a constant speed. Fuel cell in automobile transient operation includes 1,200,000
load cycles, 17,000 start/stop cycles and 1650 freeze cycles [35]. The decrease in voltage
from the theoretical voltage of 1.23 V is due to the activation, ohmic and crossover losses.
In normal operation, the cathode potential varies in a range of 1.2 to 0.6 V caused by
cycling between idle and peak load which includes ohmic losses. Higher potentials up to
1.4V (or even higher) are encountered in start/stop cycling.

During idling constant potential high voltages (~ 0.90 V vs. NHE) are observed,
where minimal currents are drawn from the fuel cell [36]. Fuel cell vehicles will operate a
significant amount of time at idling conditions of about 40% in its service lifetime [37]. An
overview of operating modes and possible causes of cathode catalyst degradation are
briefly listed below in Table 1.2. Evaluation of performance loss under each operating
mode by imposing loads on a fuel cell vehicle has been documented [38]. This was
simulated during real world driving by mirroring how internal combustion engines are
typically operated. It was observed that potential cycling and idling accounts for 56% of
the total degradation whereas start-up/stop-down accounts for 44% even though, the role
of operating conditions and their relation to relevant mechanisms of ECSA loss is well not
understood [38]

Table 1.2: Operating modes and possible causes of catalyst layer degradation [39]

Operating mode Causes Degradation
Potential cycling e Pt/C degradation e ECSA loss
Start-up/shut-down e Carbon support corrosion by e ECSA loss

high potential o Catalyst layer water

accumulation
Idling(low current) | e Pt/C degradation e ECSA loss
e Catalyst poisoning e Membrane proton
(membrane) conductivity loss

e Chemical decomposition by
H>0O, formation
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A systematic study on the impact of Pt particle size and operating conditions on
PEMFC cathode catalyst durability was carried out by Yang et al. [40] using MEAs with
0.2 mg/cm? Pt loading on both the anode and the cathode. The results indicated that ~ 12
nm particles resulted in practically no change ECSA or mass activity up to 10, 000 cycles
with low fuel cell performance at high current density regions. The smaller Pt particles (~2
nm) showed very good initial performance and high losses of ECSA, mass activity, and
potential loss at high current densities. On the other hand, the MEA prepared with ~7 nm
Pt particles showed very good initial performance and slow electrode decay characteristics.
On the other hand, the fuel cell performance under constant flow of H; and air at 80 °C and
150 kPa back pressure showed potential loss of 25-30 mV at 0.8 and 1.5 A/cm? after 30,000
cycles between 0.6 and 1.0 V (vs. NHE). A very stable Ho-air fuel cell performance with
less than 30 mV loss at 0.8 and 1.5 A/cm? was achieved when the MEA was cycled at low
relative humidity. (RH) conditions (30% RH) up to 10,000 cycles. The slow decay for the
7 nm particle size catalyst was attributed to the particle stability.

Avrisetty et al. [41] investigated the effect of Pt loading on Pt catalyst durability
using commercial MEAs having 0.15 mg/cm? Pt loading at the cathode and 0.05 mg/cm?
Pt at the anode. The authors observed high ECSA loss for the MEA with 0.15 mg/cm? Pt
when compared to the MEA having 0.4 mg/cm? Pt. It was further observed that 70% of the
54 mV cell voltage loss at 1.0 A/cm? after 30,000 cycles resulted from the reduced mass
transfer coefficient in the catalyst layer of the MEA with 0.15 mg/cm? Pt.

The durability of a 40% Pt/graphitic carbon catalyst under simulated fuel cell
automotive operating conditions i.e. potential cycling under Ho/air atmosphere, as well as
the effect of Pt dissolution at different temperatures have been investigated by
Dhanushkodi et al. [42]. A significant loss in ECSA was observed during the first 1000
cycles at all the temperatures. Cell potential loss of ~ 30, 35, and 90 mV were observed at
1.7 Alcm? after 20,000 cycles at 40, 60, and 80 °C, respectively. The authors used a
diagnostic expression to estimate the kinetic activity losses using effective platinum surface
area from the cyclic voltammograms which indicated that the performance loss is mainly

due to Pt loss.
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1.6 Catalyst Support Material

Another significant challenge facing current fuel cell technology is corrosion of the
catalyst support and is being addressed independently by organizations such as the US
DOE Office of Energy Efficiency and Renewable Energy’s Hydrogen Fuel Cells and
Infrastructure (HFCIT) program in close association with national laboratories,
universities, and industry [43]. The electrocatalyst on either electrode (anode and cathode)
is usually dispersed onto the porous structure of a carbon support material. The nature of
electrocatalyst support materials is a deciding factor on performance and durability of low-
temperature fuel cells. If ideally designed, the catalyst support can help promote the
electrocatalytic reaction by facilitating charge transfer, mass transport of reactant fuels, and
removal of products. Carbonaceous materials (chemically or physically activated carbons,
carbon blacks, and graphitized carbons) are still considered the state-of-the-art and the most
commercially successful catalyst support. The role of the catalyst support is to: (i) provide
high surface area over which metallic particles can be dispersed and stabilized, (ii)
guarantee an adequate electronic conductivity to support electrochemical processes, and
(iii) facilitate mass transport of reactants and products to and from the active sites.

Existing literature data show that support corrosion is more predominant in
(PAFCs) [44], but degradation in performance due to catalyst support corrosion has been
also observed in PEMFCs during duty cycling despite the lower operating temperature
range. Even though, the rate of carbon corrosion is lower in the case of PEMFCs, it is still
thermodynamically favourable and cannot be avoided [45]. Electrochemical oxidation
produces microstructural degradation and surface chemical changes, which lead to lost
catalytic activity or even disastrous electrode failure. Carbon oxidation can impair catalyst
microstructure, producing changes in surface hydrophobicity that may lead to gas transport
difficulties [46].

The carbon support in a PEMFC is susceptible to corrosive conditions such as high
water content, low pH, high oxygen concentration, temperatures ranging from 50-90°C,
and high potential (0.6-1.2 V) [47]. Despite being the most widely used catalyst support
for PEMFC, carbon support is actually thermodynamically unstable at PEMFC operating
conditions. Electrochemical carbon support corrosion proceeds as in:

C+2H,0 - CO, +4H* + 4e” (1.6)
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The standard electrode potential for this reaction at 25 °C is 0.207 V vs. NHE.
Carbon is therefore thermodynamically unstable above this potential. Although carbon can
also undergo combustion under PEMFC conditions, the electrochemical oxidation is
observed. As carbon support corrodes, Pt nanoparticles agglomerate into larger particles
and/or detach from the support material, consequently reducing the electrochemical surface
area (ECSA) and catalytic activity. In the case of severe corrosion, the porous structure of
the catalyst layer can be destroyed, increasing the mass transport resistance due to the
blockage of gas access paths. Figure 1.3 shows Pt supported on electrically conducting
carbon support and in contact with proton conducting ionomer in a normal electrode.
However, after carbon oxidation, the Pt loses the electrical conductivity pathway, leading

to inactive catalyst sites. The loss in Pt activity decreases the fuel cell performance

significantly.
Catalyst
lonomer particle
Carbon
. Support

e-

Corroded electrode making the

Carbon supported metal catalyst I
metal site inactive.

particle in a normal electrode

Figure 1.3: Schematic showing carbon support oxidation and loss of Pt activity [49]
(Reprinted from Garcia, B. L. et al, Low-Temperature Synthesis of a PtRuw/Nb0. 1Ti0.
90, Electrocatalyst for Methanol Oxidation. Electrochemical and Solid-State Letters,
10(7), B108-B110. Reproduced by permission of The Electrochemical Society

In automotive applications, the electrode can be exposed to potentials greater than
0.8V vs. NHE. This condition is experienced during low electric power demand, which

corresponds to a significant portion of the fuel cells’ operating time [48]. Carbon corrosion
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can occur in both cathode and anode of a PEM fuel cell. During the start-up and shut down
of the fuel cell, local cathode potential excursions as high as 1.5V (vs. NHE) can be
observed [49], resulting in significant carbon oxidation. Anode carbon corrosion can also
happen when there is a complete fuel starvation of one or more cells in a working stack
[50]. The starved cells are driven into a reversed operation with the anode potential
becoming higher than the cathode potential. This state triggers water electrolysis and
carbon oxidation on the fuel cell anode to provide the required protons and electrons for
the reduction of oxygen at the cathode. A potential drop in the starved anode region
accelerates carbon corrosion by raising the potential difference at the cathode to extreme
values up to ~1.5 V vs. NHE.

Carbon corrosion causes many adverse effects in the cathode which directly affect
the demise of performance and operational lifetime of the fuel cell. The structure of the
electrode is altered and permanently degraded. This leads to a change in material properties
of carbon, surface bonding characteristics, decrease in surface area, and an increase in
electronic resistivity [51-52]. The cathode layer thins and also becomes more compact
which limits mass transport of fuel and product.

The structure and properties of the carbon play a significant role in carbon
corrosion. Amorphous carbons with only short range ordering show poor corrosion
resistance in comparison to long range order. Electrochemical degradation is slowed
significantly by carbon graphitization. Graphite is composed of sp2 carbon atoms bonded
to three adjacent carbons in planar hexagonal rings also referred to as graphene sheets.
These graphitized carbons show greater hydrophobicity and lower oxygen adsorption
which also correlates with corrosion resistance. Corrosion is preferred at surface defects
and disorder in the carbon lattice [53]. The process can also start at edges and corners of
basal planes where free electrons are present [53]. These sites offer lower activation energy
of electron transfer and surface oxide formation. This hydrophilic nature of the catalyst
layer is more susceptible to corrosion for these reasons and can also create transport
problems, causing water to accumulate in the electrode.

The interaction between Pt and carbon supports is of great importance when
studying their corrosion. Metal-support interfaces are best described by Pt bonding to

carbon by different Fermi energy levels and electron donation from the carbon support to
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Pt [54]. This bonding nature has been revealed by XPS [55]. Electronic modifications of
the metal by electron donating supports like graphite have been identified by a technique
coupling infrared spectroscopy with carbon monoxide sorption calorimetry measurement.
It also permitted an identification of the type, number, strength, and energy distribution of
the surface sites on the catalyst as a function of the metallic interaction with the catalyst
support [56]. Enhancing the interaction through strong anchoring sites improves the
catalytic properties by bond disorder in the adsorbed metal clusters. However, the bond
interaction between Pt and carbon is weak which ultimately contributes in large part to the
enhanced dissolution between the two materials. The presence of Pt on carbon alone is
enough to accelerate the reaction.

Qualitative experimental results using differential electrochemical mass
spectroscopy (DEMS) has shown that CO> emission was directly proportional to the Pt
surface area of carbon in 0.5 M sulphuric acid [49]. Experiments performed at 30 °C, 50
°C, and 70 °C showed that Pt catalyzed support can be easily oxidized compared to the
non-catalyzed supports. The catalyst particles generate oxygen atoms, which react with
carbon atoms, generating CO2, and causing a significant loss of active catalyst surface area,
thereby decreasing the performance. The Pt catalyst thereby plays a role in accelerating the
corrosion of carbon.

Several practical approaches have evolved over time to carbon corrosion induced
by erratic operation cycle, for instance the application of an external load to reduce voltage
generated by the Ha/air segment and an increase in gas flow rate during start-up/shutdown
to reduce the Ho/air front time. While these approaches look promising in minimising
catalyst support corrosion, their practicability depends strongly on the application of the
PEMEFC. Therefore, a combination of system operation mitigation strategies and corrosion
resistant support material is required to meet the DOE durability targets, especially under

very dynamic automotive fuel cell operation strategies.
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1.7 Mitigation strategies for carbon corrosion
1.7.1 Alternative carbon support materials

A practical mitigation strategy concerning carbon corrosion will involve the use of
more durable support materials. These materials could be classified as: i) alternative carbon
materials that are able to better sustain corrosion, for example high graphitic and
nanostructured carbon materials and ii) development of non-carbon and modified carbon
materials as support for the catalyst, such as using non-carbonaceous and/or inorganic
oxide/carbide supports, nanostructured thin films (NSTFs) or un-supported catalysts.
Advanced carbon based materials such as carbon nanotubes (CNT), carbon nanofibers
(CNF), graphene, and mesoporous carbon have been investigated as catalyst supports for
PEMFCs. These materials have desirable properties such as high surface area, good
electrical conductivity, and more electrochemically stable due to their graphitic nature. The
following subsections summarise recent progress in these alternative carbon and hybrid

materials for applications in PEMFCs.

1.7.1.1 Carbon Nanotubes.

Carbon nanotubes are 3-D cylindrical nanostructures made up by single sheets of
hexagonally arranged carbon atoms. They can be classified into single-walled (SWCNTS)
or multi-walled (MWCNTSs). SWCNTs are typically semiconductors with a band gap
inversely proportional to the nanotube diameter. MWCNTS consist of a concentric set of
cylinders with a spacing of 0.34 nm between the cylindrical walls resulting in a structure
with relatively larger diameter than SWCNTSs. Due to their high electrical conductivity,
multiwalled carbon nanotubes present as excellent candidates for fuel cell electrode
supports and many studies have shown enhanced catalytic ability for H2/O> or the
oxidation of alcohols when using CNTSs as the support [57-60] These studies have shown
that CNTs are superior to carbon black as catalyst supports in PEMFCs. In one study, it
was shown that show that CNT based catalyst gave a 10% higher fuel cell voltage and
twice the power density than those supported on carbon black [61]. The higher performance

was attributed to the unique structure of CNTs which enhances the transport of gas
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reactants to the catalysts, as well as its high surface area which allows good dispersion of
Pt particles on the surface. It has also been shown that lower Pt loadings are required in
CNT composites compared to other supports to achieve similar performance. This has the
potential to significantly lower the amount of Pt necessary for catalysts and therefore lower
production costs.

Although there are very few reports regarding the durability of CNTs as a catalyst
support for PEMFC, Wang and co-workers found almost 90% loss of ECSA for Pt/C, while
only 37% loss was observed for Pt/CNT after 168 h of oxidation treatment [62]. Shao et al.
found that Pt/CNT degrades by 26.1% in terms of ECSA, compared to 49.8% for
conventional Pt/C during an accelerated degradation test [63]. In another study using
voltammetry and XPS analysis, Shao et al. found that CNTs are more resistant to
electrochemical oxidation than carbon black, which they attributed to the unique closed
structure of the CNTSs. Although further investigations are needed, these studies suggest

that CNTs could potentially provide much higher durability than carbon black.

1.7.1.2 Graphene and graphene oxide

Graphene is also an interesting candidate for applications in fuel cell composite
electrodes. Its high conductivity and surface area make this material ideally suited for
electrochemical application. Graphene is a flat monolayer of a hexagonal network of
carbon atoms. Due to its unique structural properties such as thinness, mechanical strength,
transparency, conductivity and high surface area, graphene has become the focus of intense
research efforts for many applications including DAFCs, supercapacitors, sensors, and
transistors.  Studies also shown that Pt/graphene exhibited high CO tolerance and
electrochemical stability compared to a commercial catalyst [64-65].

Graphene oxide (GO) has also drawn a lot of interest and attention due to its
hydrophilicity and mechanical strength. GO has lower conductivity compared to graphene
but it is chemically ‘tunable’, making it attractive for applications as catalyst support in
fuel cells. The oxygen functional groups on the graphene structure create defects and edge

planes on the surface which act as nucleation and anchoring sites for metal nanoparticles.
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This results in small particle size and good particle distribution leading to high ECSA and
mass activity [66-68]. The enhanced CO tolerance was attributed to the presence of
covalently bonded oxygen functional groups and possibly a bifunctional mechanism
between Pt and the GO support Recently many research groups have also started
investigating the electrochemical reduction of GO [69-70].

Studies have shown that graphene films can be formed on the surface of electrodes
by the electrochemical reduction of GO. When sufficiently negative potentials are applied,
the reduced graphene deposits on the surface of a working electrodes forming multiple
layers of graphene. These films can be used as supports for metal nanoparticles in PEMFCs
[71-72]. The hydrophilicity of GO promotes water activation, which readily oxidizes the
adsorbed CO on Pt. Unfortunately, surface oxygen functional groups on carbon are also
known to reduce the durability of fuel cell catalysts by promoting carbon corrosion [73].
Additionally, the complex synthesis methods mean that it is not yet suitable for large scale

productions.

1.7.1.3 Ordered mesoporous carbon

Ordered mesoporous carbon (OMC) materials have well-ordered porous structure,
providing high surface area and conductivity. OMCs are prepared either by using ordered
mesoporous silica templates or by templating triblock copolymer structures and the
structure can be tailored by the control of synthesis parameters. For example, the BET
surface area can be altered from 200 to 2000 m?/g by changing the carbon precursor and
synthesis conditions. More importantly, the three-dimensional porous structure has been
shown to improve the diffusion of reactants and by-products, making it attractive as a
catalyst support material [74]. The authors found that Pt supported on OMC with a BET
surface area of 2000 m?/g exhibited superior electrocatalytic mass activity toward oxygen
reduction compared to Pt supported on conventional carbons. Since then, a large number
of studies followed. Generally, all OMC supported catalysts presented higher metal
dispersion and higher catalytic activity, both for oxygen reduction and methanol oxidation,
than carbon black supported catalysts [75-78]. Pore morphology was found to play an

important role on the electrochemical performance. Song et al. prepared two kinds of
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mesoporous carbon materials; one is a highly ordered structure mesoporous carbon and the
other is wormhole-like mesoporous carbon with a disordered three-dimensional nano-
network structure. Both materials have similar pore volume, BET surface area and
mesopore size but it was found that Pt on ordered structure mesoporous carbon has higher
electrocatalytic activity than Pt on wormhole-like mesoporous carbon [79].

Limited reports have been made on the durability of OMC-based electrode. Due to
the high surface area of OMC, it is expected that it is more susceptible to corrosion. One
strategy is by increasing the graphitization degree of OMC. A highly graphitic ordered
mesoporous carbon synthesised using a soft template was found to have better corrosion
resistance than Vulcan [80]. However, graphitization decreases the porosity and surface

area of carbon materials. In summary, some general conclusions can be drawn:

1) Several studies have shown that better fuel cell performance could be achieved with
the use of nanostructured carbon as catalyst support with reduced Pt loadings in
comparison to conventional carbon black and the improved performance were ascribed

to better catalyst utilization and/or support-catalyst interactions [81-82].

2) The purification of these carbon materials, especially nanostructured carbons, is
usually complex and time consuming than the fabrication process of carbon black,

this will invariably have cost implication in the catalyst development

3) These advanced carbon materials are thermodynamically stable over the entire ORR
operating window and have been shown to be more corrosion resistant than

conventional carbon black [85]

4) 1t can be challenging depositing metal nanoparticles on these carbon supports due to
inherent inert surface and the highly ordered (sp?). Thus metal deposition often
involves a pre-treatment through surface functionalization [83]. Extensive surface
treatment is often required to achieve well dispersed catalyst loadings on CNT and
CNF can in effect make these materials less stable in fuel cell [84].

5) Half-cell experiments have shown complications arising from mass transport losses
are encountered when converting these catalysts to porous fuel cell electrodes with

the addition of a proton-conducting ionomer [86].
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6) The interaction of Pt with these support materials mostly occurs through van der Waals
forces and electrostatic interaction at sp? sites, though some weak covalent bonding is

possible, this limits the ability to improve the intrinsic activity of Pt nanoparticles.

Based on some of these shortcomings, significant research work has been done to replace
carbon supports with electrically conducing ceramic materials that have the ability to
undergo strong covalent metal-metal bonding with the Pt clusters. It has been hypothesized
the enhanced interaction will further improve Pt nanoparticle dispersion and stability as
well as improve their ORR activity. Several supports have been proposed in the literature,
though only a few have been studied with enough detail to make reasonable conclusions
regarding their potential application as supports for Pt ORR electrocatalysts. Within the

oxide category, nanostructured TiO> is studied in this work.

1.7.2 Non carbon support: Metal oxides

Metal oxides possess unique characteristics to be used as fuel cell catalyst support
materials as stated below:

1)  They have much higher corrosion resistance in the electrochemical environment of
PEMFCs compared with carbon, because metal oxides can exist in a high oxidation
state and do not readily lose further electrons to become further oxidized.

2)  Some metal oxide supports can enhance the catalytic activity of precious metal
nanocatalysts. The strong metal-metal oxide interaction could prevent the
agglomeration of metal particles and contribute to maintain small metal particle sizes
[87].

3)  Due to the presence of hydroxyl groups on the metal oxide surface, the support could
function as co-catalyst of noble metal nanoparticles catalysts in the oxidation of

liquid fuels such as methanol and ethanol (bifunctional mechanism) [88].

Because of these desirable features, metal oxides have been used as independent
electrocatalysts, co-catalysts and supports PEMFCs in aqueous acidic and alkaline
electrolytes. There are some reviews about metal oxides in PEMFCs [89], binary metal

oxides such as titanium oxide (TiOx), tungsten oxide (WOXx), molybdenum oxide (MoOx),
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ruthenium oxide (RuOx), tin oxide (SnOx), cerium oxide (CeO2) and manganese oxide
(MnOx), and multi-component metal oxide perovskite oxides (ABO3) have potential
applications for PEMFCs.

However, in semiconductors the electrons localized in oxygen bonds are not
capable of carrying charge through the material. Lightly oxidized metals can still conduct
some charge, but as the oxidation state of the metal is increased, they become more
resistive. The surface of metals becomes oxidized first because it is always exposed to a
higher oxygen pressure. Once all available electrons become occupied, the metal is said to
be passivated. Passivated metals can develop a surface oxide boundary that prevents them
from further corrosion reactions.

Metal oxides can be directly prepared and assume a crystalline arrangement with
coordinated oxygen anions around metal cations. Essentially, there is a trade-off between
metal conductivity and its oxidation state. This is particularly true at the temperatures used
to operate polymer electrolyte cells. In fact, there are only a few metal oxides which can
exhibit passivation behavior in the PEMFC environment as represented by the elements in
red of the periodic table in Figure 1.4 when predicted for equilibrium behavior at 80 °C
and low pH [90]. In this case, metal oxides will be employed for corrosion resistance in

addition the strong bond they can form with catalysts.

Aletal-H2O svstem at S0

Molahity m flll:]ﬂbl‘lml keH.00 PH=0

Cathode Ehivs SHE)=1.0V

LT =T Zn

N | oe® In"
Wedae )y ed L s

| paoy, | ag” cd”

Figure 1.4: Most stable materials under the typical PEMFC cathode condition at 80°C,
derived from pH-potential diagrams thermodynamically calculated.

(Reprinted from Sasaki, K. et al,Alternative electrocatalyst support materials for polymer
electrolyte fuel cells. Ecs Transactions, 33(1), 473-482). Reproduced by permission of
The Electrochemical Society
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For PEMFC applications, it is important that a metal oxide material meets the following

requirements:

1)

2)

3)

4)

5)

6)

High stability in acidic media under fuel cell operating conditions. Titanium
oxide, tungsten oxide, molybdenum oxide and ruthenium oxide, etc. are stable in
acidic media, while manganese oxide and perovskite oxides are stable in alkaline
media.

Resistance to electrochemical corrosion. Metal oxides should also be
electrochemically stable under PEMFCs operating conditions, or metal
nanoparticles supported on them will peel off from them and agglomerate, leading
to the degradation of the catalyst layer. For example, there was no oxidation peak
observed between 0 and 2.0 V vs. NHE in 1 M sulfuric acid for titanium oxides
[91].

Reasonable electrical conductivity. In the case of metal oxides, the electrical
conductivity can be improved by doping with other metal ions or mixing with
conductive carbon black to form oxide—carbon nanocomposites.

High specific surface area for an appropriate dispersion of noble metal
nanoparticles on the metal oxides substrate to potentially allow for ultra-low Pt
loading on the surface. This can also be achieved by supporting metal oxide
nanoparticles on carbon materials with a large specific surface area as composite
support.

Adequate porosity to ensure easy mass transfer of liquid fuels or oxygen gas
and prevent water flooding in the electrodes.

Compatibility with other electrode materials. In the case of metal oxide/carbon
substrates, the noble metal nanoparticles should be able to form good three-phase

boundary junctions with the carbon and metal oxide to minimize Pt loss.

1.7.3 Crystal lattice, electronic structures and applications of TiO2

TiO: is thermodynamically stable under fuel cell operating conditions and exists

naturally in three common crystal structures: anatase, brookite, and rutile. Evidence

suggests that at the nanoscale, the anatase form is more stable than the rutile phase [92].
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However all crystal structures of TiO are semiconductors with a wide band gap (Eg) ~ 3
eV (3.2 eV for anatase and 3.02 eV for rutile). Titania is most commonly found in its +4
valence state at STP because of its [Ar] 4s23d? electron configuration. Altering the Ti:O
stoichiometry can be an effective way to increase the electron carrier concentration and
improve the conductivity. Other stoichiometric ratios like TiO, Ti2Os, Ti3Os, and TisO7
have resulted in lower band gaps and higher electrical conductivities. Some of the best
combinations for stability and conductivity values have been measured in TisO7 [93-94].
This material is sold commercially by the Atraverda Corporation and known as Ebonex®
with resistivity as low as 10 Q-cm at 298 K [95-96]. More generally, these are known as
Magnéli phases with chemical formula TinO2a-1 (Where n is between 4 and 10) [97]. They
are formed at high temperatures under low oxygen atmosphere. Magnéli phases and other
sub-stoichiometric ratios are stable, have good corrosion resistance, and are often used in

acidic environments.

octahedron

Figure 1.5: Crystal structures of titanium dioxide (a) Rutile and (b) Anatase [96]

Magnéli phases with low resistivity have been prepared and tested as catalyst
supports [98-99]. However, they have several properties which make them unsuitable for
application to PEMFC. They have some corrosion resistance in acidic environments, but
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could be further oxidized to TiO- at higher potentials [100]. Also, the high temperature
required for the synthesis of Magnéli phases results in very low surface areas materials
~1 m?/g.

TiO2 has a refractive index of 2.5 - 2.9 range which is one of the highest known
indices for all materials and its brightest white comes from ability to refract visible light
when particle size is optimized to about half its wavelength (200~350 nm). The bright
white material is commonly used as a pigment in make-up, paint, food coloring, dyes,
textiles, and many other purposes requiring an opaque dispersion of the visible
electromagnetic spectrum. However, its optical properties vary depending on the nature of
crystal and defects found within it. The high dielectric constant of TiOz gives result to its
widespread use in capacitive devices and other related technical applications such as
television and radio where it is critical to store high charges in small volumes [101].

TiO2 exhibits strong absorbance in the UV region. Photoexcitation occurs when
photons with energy greater than the bandgap, En, > Eg, of TiO2 are absorbed, thus creating
mobile electron-hole pairs in the near surface region of the substrate (Figure 1.6). This
phenomenon is of primary importance for applications in photocatalysis and photovoltaics
[102]. Free electrons on the surface bond with H>O and can electrolyze the splitting of
water molecules. This process can also form reactive intermediates like -OH radicals which
have very high oxidative potential. This field of research has produced the greatest number

of journal articles on TiO. material in recent times.
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Figure 1.6: Mechanism of TiO photocatalysis process. (hv is the U\/-visible irradiation)
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1.7.4 TiOz2 catalyst support

Many efforts have been made to alter the electrical properties of titania by doping
it with transition metals, introducing defects, and formation of TiO, composites. Most of
the pioneering work was done to enhance photo-response to perform more efficient redox
reactions when excited by photons of lower energy in the visible region. The new materials
have demonstrated many different effects and properties of charge transfer, electron-hole
recombination rates, lower band gap(s), adsorption capacity, morphology, phase stability,
intermetallic and interionic bonding, and more. Some interesting results from the metal
coating of titania with GroupVII1B metals like Pt and carbon modified titania as well as
carbon-titania supports are reviewed.

When platinum is reduced on n-type titania semiconductors, a Schottky junction
can be formed. This results from the energy band bending and alignment of Fermi levels.
Metals with low work functions like platinum can cause electrons to accumulate at the
interface of titania due to a barrier formed between the two materials. When electrons are
excited in the oxide and they can cross the barrier into conductive metal, recombination is
prevented with a reactive electron-hole left behind [103]. The separation of charge may be
influential in the role of TiO. supported catalysts used in the electrode. In fact, the
electrochemical potential can control its reactivity by a similar way to stimulation of
photochemical reactions as was famously reported by Honda and Fujishima [104].

The most attractive advantage of TiO2 based supports is the electronic interaction
with Pt catalyst nanocrystals. Some surface cations in oxides can be reduced to lower states
which facilitate a strong metal-support interaction (SMSI) with group VIII noble metals
like Pt when supported on TiO2, a term notoriously dubbed by S. J. Tauster [105]. Pt
particles on the surface of oxides formed a strong bond and appeared as flattened “raft-like
particles” to Tauster. An intermetallic interaction exists between reduced Ti atoms and the
noble metals on their surface. Later, it was discovered that actually the Ti cations from the
oxide had diffused around its surfaces and physically encapsulated the catalysts. Bonnani
et al. [106] also realized the encapsulation was at least semi-reversible and dependent upon
the preparation conditions. This description of SMSI has since been broadened to
encompass support-induced changes in the catalytic activity and selectivity of the base

metal catalyst because this metal-support is closely linked to the catalytic behavior of the
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latter. SMSI has been found to play significant roles in many catalytic reactions, such as
alcohol oxidation, CO oxidation and ORR [107-109].

There are several proposed mechanisms that intent to explain the primary function
of the metal oxide on the catalytic behavior of supported metal nanoparticles. However,
these mechanisms are not mutually exclusive and each focus on explaining a slightly
different observation related to supported metal catalysts as different experimental
observations are often involved. Together, these various experimental observations as a
whole describe a complex series of interactions showing how the metal-support interface
can strongly influence surface chemistry and selectively amplify specific reaction
pathways. Some mechanism pathways have been proposed to explain the observed metal—
support interactions: (1) formation of active sites when the support wets (or decorates) the
metal particle [110], (2) activation and spillover from chemically active sites in the support
[111], and (3) electronic mediation through charge transfer [112]. It is also important to
know that substantial difference in adsorption energies metal and oxide molecules with
oxide—metal interface could can also bring together reactants that would not co-adsorb on
either an oxide or a metal alone [113]. In a separate study, John Robertson in 2010 showed
that these intermetallic interactions are much stronger than those directly between carbon
and platinum and could serve to anchor the catalyst and prevent dissolution [114].

Hepel et al. applied quantum mechanical calculations to study the support—catalyst
cluster interactions and surface diffusivity of adsorbed intermediates on bimetallic catalysts
supported on nanoporous TiO2 [115]. The simulation shows the electron cloud to be evenly
spread over all the surface atoms when Pt atom forms bonds with the Ti atoms of TiO..
This SMSI effect lowers the activation energy for COaq surface mobility, and leads to a
more facile diffusion of COaq from Pt sites to TiO2, and thus a lower poisoning effect on a
TiO2 support compared with unsupported Pt and Pt alloy catalysts.

Gustavsson et al. prepared Pt /TiO, catalyst film on a Nafion membrane and
observed that a thin layer of TiO. between Pt and Nafion increases the ORR performance
compared with a Pt film deposited directly on Nafion [116]. This improved performance
was attributed to better dispersion of Pt on TiO2 and substantial proton conduction through
the thin TiO2 layer. In another study, Pt/ TiO2 catalyst was shows better thermal stability
and electrochemical activity than Pt/C [117]. The TiOzin the electrode material minimised
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Pt particles agglomeration and enhanced dispersion of the Pt atoms in the clusters hence
the observed stability.

Huang et al. performed in situ fuel cell measurements using a Pt/TiO>
electrocatalyst [118]. The catalyst showed polarization curves, which were similar even
after 200 h corrosion time compared with a significant performance decrease of
commercial Pt/C catalyst after 50 h corrosion time exposure. However, TiO: like other
transition metal oxides is non-conductive at room temperature. Significant improvement
strategies were needed to synthesize stable and conductive form of this oxide as novel
catalytic support material. This is partially solved by reduction of TiO2 to sub-
stoichiometric forms at high temperatures and doping with appropriate metal cations [119-
120], but such treatments often lead to decreasing support surface area for catalyst
dispersion.

1.7.5 TiOz2 /carbon composite catalyst support

The common strategy to improve the poor electronic conductivity of TiO2 support
for energy application is to combine with carbon materials that have excellent
conductivities such as carbon black, graphene, and carbon nanotubes. Apart from
producing smaller of TiO> particles and introducing nanostructures, combining TiO2 with
carbon substrates have been effective at increasing the electrochemical performance of
TiO2 [121]. TiO /carbon combinations are also of interest because component materials
can be recovered after use in a wide range of applications [122], and synergistic effects of
oxide/carbon interface are present between TiO2 and carbon [123]. Various combinations
are in the literature. More common configurations include TiO2 nanoparticles in a carbon
matrix, carbon coated with TiO2, and mechanical mixtures of TiO; and carbon, which are
referred to in the literature as impregnated/supported catalysts, or doped, hybrid, or
composite materials.

Ideally the deposition of TiO2 on carbon would result in a new class of hybrid
support material that blends the excellent electrical conductivity and mesoporous structure
of carbon black with the corrosion resistance of TiO>. However, most of the preparation

methods of carbon/TiO2 composites in use was in the context of physical mixing, either in
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solution [124-125] or via mechanical routes [126], and thus, catalytic performance of TiO>
could only limitedly improved due to the insufficient electronic contact between the TiO>
and the carbon particles. Therefore, in order to further increase the catalytic performance,
it is necessary to improve the contact between carbon nanomaterials and TiO2, which
requires more delicately designed preparation strategies. The synthesis of TiO, /carbon
composite structure in a single step would facilitate application development; since most
reported preparations of TiO. /carbon composites involved several steps [127-129].

There is some contradicting evidence in a few reports over the phase necessary to
achieve acceptable conductivity for electrochemical applications [130-131]. The
discrepancy may come as a result of the preparation technique used. Huang et al. used a
sol-gel procedure to prepare a conductive rutile phase by reducing the oxide at higher
temperature [118]. The transformation temperature for the densely-packed rutile phase
with (~ 550 °C) is higher than that of the metastable anatase phase. The greater
temperatures required for the rutile transformation also limits the porosity of titania and
decreases the surface area substantially.

Pt/C+TiO, materials were investigated for fuel cell performance following
hydrolysis of TiOx on Pt/C catalyst and its durability rivaled the commercial Pt/C in a real
PEMFC during cyclic voltammetry degradation tests, but did not improve cell performance
or catalyst activity [132]. In other study, Kraeme et al shows improvement in catalytic
activity following Pt deposition on ultrasonically mixed TiO2/carbon black [133]. But this
approach does not offer the optimum performance improvement due to the lack of material
synthesis control and the structural ordering required for the dual benefit.

Very recently, there have been reports on the design and synthesis of oxide—carbon
hybrid support materials with Pt nanoparticles deposited at the interfaces between metal
oxides and carbon [134-135]. Jiang et al prepared carbon riveted Pt/TiO>—C catalyst by in
situ carbonization of glucose. Pt nanoparticles deposited on the boundaries of the mixed
support exhibit significantly enhanced stability in fuel cell environments [136]. These
works presents a new concept of triple junction structure to promote the performance of Pt
electrocatalysts however controlling the thickness of TiO> on mesoporous carbon and

preventing phase segregation continues to be a synthetic challenge [137].
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Thus, engineering the interface between the metal and metal oxide should not be
overlooked in the use of titania for electrocatalysts composites. This interface could be an
important source of the synergy between activity and stability. Quite possibly, there is a
way to utilize a stable form of TiO> by depositing on carbon framework from a simple sol-
gel process to fabricate a high surface area support with sufficient conductivity before
depositing the Pt catalyst to form unique interfaces and heterojunctions.

Demonstration of a new approach which could offer the benefits of stability and
improved catalytic activity without sacrificing valuable surface area is an important
objective of this study. Growing TiO. onto a substrate like carbon from a solution
deposition process offers an ideal support that can withstand transformation temperatures

needed for composite preparation which can be scaled up well due to its simplicity.

1.8 Thesis Objectives

The standard catalyst material support used today, graphitic carbon, is electrically
conductive, but in the harsh operating environment of the fuel cell, will degrade over time.
This degradation can lead to the agglomeration of the catalyst material and loss of
electrochemical surface area, reducing the performance and lifetime of the cell. It is
therefore of great interest to develop a catalyst/support structure that is economical,
conductive, and stable, while also allowing for a high electrochemical surface area; a
TiO,/C nanostructured materials holds a great deal of potential as a conductive and stable
support for catalyst nanoparticles.

The primary objective of this study was to investigate the influence of the support
material on the performance of the electrocatalyst in terms of activity and durability. | have
investigated different strategies for the deposition of TiO2 nanoparticles on the surface of
carbon black, optimized the deposition of Pt catalyst nanoparticles on these modified
substrates, and studied in great details their performance and durability under simulated FC
conditions. Specific objectives include:

i.  Modify a commercial carbon substrate to induce surface functional groups.
ii.  Synthesize conductive and stable TiO2/C composite catalyst supports

iii.  Deposit uniform Pt NPs on composite supports
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iv.  Minimize Pt NPs agglomeration and growth during synthesis by optimization the
deposition of TiO2 nanoparticles on carbon.

v.  Evaluate the catalytic activity for ORR and methanol oxidation reaction (MOR)
under half cell conditions.

vi.  Evaluate stability of prepared catalysts and performance loss with potential cycling

Carbon particles

Pre-adsorption of glucose
molecule
SIS

TiO, coating

-~ _Tio, TiO, ~

¢ %0

Figure 1.7: Glucose doped composite catalysts synthetic approach

1.9 Thesis organization

This is a manuscript based thesis which contains seven chapters (Introduction,
Material and Methods, Composite Support Development, ORR Characterization, Methanol
Oxidation Reaction and Conclusions). Overall two papers were published based on this
research, and one is currently under revision.

Chapter 1 is an introduction to PEMFCs and the main technological challenges associated
to this technology. This is followed by an overview of fuel cell catalyst materials, activity

and stability, the use of metal oxide as possible carbon support replacement for Pt based
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catalyst, and development of TiO./C composite supports. Finally, the research objectives
and thesis structure are outlined.

Chapter 2 describes the experimental methods used for the synthesis and characterization
of catalyst nanoparticles and substrate materials.

Chapter 3 is a report on the synthesis and characterization of TiO2/ C composite supports.
The surface treatment approaches used to modify pristine carbon surface functional group
for anchoring TiO2 NPs. Furthermore, the physical properties of TiO2/C prepared via
glucose doping are compared to those prepared via an acid treatment approach to
demonstrate the benefits of the former over the latter.

Chapter 4 is a summary of the studies carried out to evaluate the structural and
electrochemical performance of two catalyst materials: Pt/TiO2/G-ATV (glucose doped
acid treated catalyst support) and a standard Pt/ATV catalyst.

Chapter 5 is a study of glucose doped TiO2/C composites as a possible replacement for
acid treatment. Chemical and physical characterization studies are introduced and used to
explain the improved catalytic activity of Pt towards the ORR and durability of the
composite based catalysts following rigorous potential cycling up to 4000 cycles.
Chapter 6 is oriented to describe the performance of glucose doped composite catalysts
material for methanol oxidation reaction in comparison to an in-house Pt/C catalyst. The
effects of illumination, electrolyte concentration, and temperature were evaluated using a
RDE system. In particular, this chapter aims to highlight the contributions of the individual
catalyst component to the photocatalytic and electrocatalytic activity. A robust testing
protocol for accelerated stress test for MOR with Pt surface area loss was reported to
simulate real fuel cell durability data.

Chapter 7 summarizes the content of this thesis with overall conclusions, tying this work

together. The prospect of future research work was briefly outlined.

Chapter 8 contains appendices for copyright licenses
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CHAPTER TWO

(MATERIALS AND METHODS)
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2.1 Chemicals and materials

Distilled water with 18 MQ/cm resistivity was used to prepare all aqueous
solutions. Sulfuric acid (H2SO4, 95-98%, CI" < 2ppm, ACS reagent grade, Sigma-Aldrich)
and perchloric acid (double distilled 70 wt. % HCIO4 with <0.1 ppm chloride, Sigma
Aldrich) were used to prepare 0.5M H2SO4 and 0.1N HCIO4 which functioned as the
supporting electrolytes for methanol ((99.6%, Sigma-Aldrich), ethanol (99.6%, Sigma-
Aldrich). Isopropanol (97%, Sigma-Aldrich), glucose (99.5%, Sigma-Aldrich), and sodium
borohydride (NaBH4, 98%, Sigma-Aldrich) were used as received.

Commercial Vulcan XC-72R was obtained from Cabot Corporation. Nafion® 5%
solution in a mixture of lower aliphatic alcohols and water was purchased from lon Power.
TiO2/carbon composites were synthesized from titanium (1V) tetraisopropoxide (TTIP,
97%, Sigma-Aldrich) in isopropanol. Hydrated hexa-chloroplatinic acid (H2PtCle.H20,
>37.50% Pt basis, ACS reagent grade, Sigma-Aldrich) was used as platinum source and
nanoparticle synthesis. Sodium borohydride (NaBHa4, 98%, Sigma-Aldrich) was used as
reducing agent during nanoparticle synthesis. High-purity argon (99.999% AR 5.00-H-T)
and nitrogen (99.999% NI5.00H-T) gases obtained from Praxair Canada Inc. bubbled
through acid support electrolyte and alcohol solutions to remove dissolved O.. Oxygen gas
(99.99% OX4.0HC-T, Praxair Canada Inc.) was used to purge electrolyte solutions during
oxygen reaction activity measurements. Platinum foils were used as substrates for
composite materials in spectroscopy and microscopy studies. All chemicals were used as

received unless otherwise specified.

2.2 Synthesis of catalyst materials: General procedure

The general procedures for catalyst development is described in this chapter while
that more specific procedures are described in detail in the relevant chapters.
2.2.1. Carbon functionalization

Pristine Vulcan carbon (PV) was subjected to acid treatment to modify its surface
properties using a procedure similar to that described by Ho et al. [1]. The as received
carbon black was treated in 3 M HNO3 solution to induce hydrophilic functional groups.

Vulcan carbon was refluxed in 3 M HNO3 solution at 120 °C for 3 hours. The mixture was
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sonicated for 40 minutes prior to refluxing. The mixture was then allowed to stir for another
2 hours at room temperature with the suspension filtered through a sintered glass funnel.
The functionalised material was washed copiously with distilled water until a neutral pH
was achieved, after which the residue sample was dried in a vacuum oven at 80 °C for 5

hours. The product is hereafter referred to as acid treated Vulcan (ATV).

2.2.2 Glucose pre-adsorption on carbon substrate

For these syntheses, 500 mg of carbon (ATV or PV) was suspended in 60mL of a
15 wit% glucose in ethanol/water solution with 80 wt% ethanol. The resultant mixture was
sonicated for 120 minutes at room temperature in an ultrasonic bath, after that the mixture
was centrifuged at 1600 RPM for 20 minutes at room temperature. The carbon/glucose
product precipitated out of the solution was washed with the same ethanol/water solution
to remove any non-adsorbed glucose. The solids were dried in a vacuum oven at 60 °C
overnight. The products are hereafter referred to as glucose doped acid treated Vulcan (G-

ATV) and glucose doped pristine Vulcan carbon (G-PV).

2.2.3 TiO2 Deposition: Synthesis of TiO2/G-PV, TiO2/G-ATV and /TiO2/ATV
composite supports

For these synthesis, approximately 500 mg of ATV, G-ATV or G-PV carbon were
suspended in 50 mL of isopropanol and sonicated for 2 hours. After this period, 4-10 mL
of a 0.2 M TTIP isopropanol solution was slowly added to these carbon supports under
vigorous stirring. The mixture was refluxed in a three-neck round bottom flask (~ 82 to 85
°C) under nitrogen for 3 hours while being stirred before the drop-wise addition of 200 pL
water/isopropanol solution, refluxing was continued for an additional 5 hours. The solution
was maintained under reflux and uniform stirring for four days until a viscous gel was
obtained. The resultant gel was filtered and washed with deionized water to eliminate the
isopropanol.

The solid products were dried in a vacuum oven at 80 °C for 4 hours. The amount
of TiO: precursor, TTIP diluted in isopropanol was altered to produce different weight
percent ranges of TiO, on the modified carbon supports. The characterization tests show

the obtained composite materials are highly amorphous thus, the samples were annealed at
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500 °C for 2 hours to induce formation of crystalline TiO2 anatase and induced the
pyrolysis of glucose molecules in an inert environment [2]. An alternate post annealing
treatment was done at 850 °C for 4 hours to produce rutile form of TiO2. TiO2 on G-PV,
ATV and G-ATV are here after referenced as TiO2/G-PV, TiO2/ATV, and TiO./G-PV
composite supports respectively. Dried samples were finely ground using a mortar and

pestle, and placed in a glass vial for storage.

2.2.4 Pt deposition on TiO2/C substrates

After heat treatment, Pt was deposited using a chemical impregnation method
similar to that described in other studies [3]. Briefly, Pt nanoparticles were deposited on
heat pre-treated (500 or 850 °C) TiO2/ATV, TiO2/G-PV or TiO2/G-ATV substrates by
reduction of HoPtCls with NaBHa [4], because it provides a straightforward, low-cost
method for the reduction of the Pt precursor at room temperature in aqueous solution.
Additionally, fast reduction kinetics offered by borohydride are expected to increase the
nucleation rate and lower the average particle size of the product compared with some other
reducing agents. The support was suspended in deionized water and subjected to sonication
for 20 min before Pt precursor was added. The platinum precursor, chloroplatinic acid
hexahydrate (H2PtCls.6H20) was added to the suspension to give a 20 wt% Pt catalyst.
After that, the mixture was stirred for an additional 3 hours. Subsequently, the temperature
was lowered to 0°C and the reducing agent, NaBH., added to the mixture. After 6 hours,
the solid product was filtered, washed with distilled water and dried in a vacuum oven at
80 °C overnight. For comparison, Pt nanoparticles were also deposited on ATV and G-PV

as control materials in this thesis.
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Figure 2.1: Synthesis of Pt based composite catalyst materials

2.3 Electrochemical measurements and sample preparations
2.3.1 Electrochemical cell cleaning

For the electrochemical studies, all glassware was thoroughly cleaned to remove
any impurities that could contaminate the electrolyte and hinder catalyst activity. In this
thesis, the cell was cleaned according to the following procedure: The cell was filled with
concentrated H2SO4 and shake gently to ensure the interior surface is wet with the acid and
soaked for approximately 6 hours. Following this treatment, the cell is rinsed with distilled
water and subsequently with 0.5 M H2SOs electrolyte solution. This is carried out

periodically to ensure that the cell is contaminant free.

2.3.2 Glassy carbon electrode cleaning

The glassy carbon (GC) electrode was cleaned and polished according to the
following procedure. A clean GC electrode will guarantee meaningful and reproducible
substrate for the study of catalyst materials. Electrochemical reactions are highly surface
sensitive and a careful electrode preparation is always required [5]. In this thesis, the GC
electrode was treated with aqua regia (under ambient conditions to completely get rid of
contaminants) followed by immersion in distilled water. The GC electrode was then

polished with a series of abrasives of decreasing size alumina slurries which is a common
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procedure used in the literature [6]. The polishing operations are detailed as (i) Polishing
the GC with 0.05 um Alumina slurry on micro cloth in a “figure eight” pattern for ten
minutes, (ii) Thorough cleansing with distilled water to remove traces of alumina slurry
and (iii) GC electrode kept in ultrasonic bath for some time in water to get a contaminant

free surface.

2.3.3 Catalyst ink preparation and casting procedure

Catalysts were evaluated electrochemically as thin film catalyst layers immobilized
on a GC electrode. For the preparation of the catalyst ink, 5-10 mg of catalyst was added
to a solution containing 100 pL of 5% Nafion® solution, 200 pL of isopropyl alcohol, and
200 uL of water. Care should be taken that isopropanol should be added after distilled water
to avoid potential ignition on catalyst surface and inadvertent annealing of the catalyst. The
catalyst ink was sonicated in an ultrasonic bath for 30 min, and 5 puL of ink was deposited
onto the surface of a glassy carbon electrode (0.196 cm?) and dried for 5 minutes. The

average catalyst loading was 0.05 mg/cm?with 30 wt% Nafion loading.

2.3.4 Half-cell electrochemical measurements

The electrochemical measurements were performed in electrolyte solution at room
temperature using a three-electrode cell as shown in Fig. 2.2. In a three electrode setup the
potential is applied between the GC working electrode and the reference electrode, while
the current passes between the working and counter electrodes. The three electrodes were
rinsed with distilled water before being inserted into the three electrode electrochemical
cell. In this work, Ag/AgCI/0.1M KCI was used as a reference electrode and a Pt counter
electrode. All the potentials in this and the following chapters have been converted to the

normal hydrogen electrode (NHE) scale for comparison with other studies.
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Figure 2.2: A three electrode electrochemical cell set up schematic

Electrochemical measurements were carried out in 0.5 M H>SO4 aqueous solutions as
the supporting electrolyte. Cyclic voltammogram (CV) measurements for cleaning were
performed in a potential range between 0.04 to 1.5 V at a scan rate of 100 mV/s for 20
cycles until a steady state CV was achieved. These measurements were performed at 25 °C
using a Solartron 1470 potentiostat in combination with a Solartron 1260 impedance
analyser controlled using Multistat 1.1d software (Scribner Associates Inc.) for
electrochemical impedance spectroscopy (EIS) experiment.

The electrocatalyst degradation was investigated by repeated potential cycling from
0.04 to 1.5 V at a scan rate of 50 mV/s in a deaerated 0.5 M H>SQO4. A similar procedure
has been used in other studies to evaluate the stability of home-made catalyst materials
[10]. A continuous assessment of the catalysts performance with time was carried out using
CV and EIS. The upper potential limit of 1.5V allowed to obtain degradation data in a
relatively short period of time. All EIS measurements for platinised supports were made
over a frequency range of 100 kHz to 0.1 Hz at a DC bias potential of 0.45 V vs. NHE. The
uncompensated resistance was subtracted from all impedance spectra. EIS data was
interpreted via the transmission line model for fuel cell catalyst layers [11].

The ORR activity was determined using a Gamry Reference 600 potentiostat and a Pine
Instrument rotating disc electrode system. The electrolyte was purged with oxygen for 15

minutes and during all experiments the oxygen gas was used as a blanket to cover the

48



electrolyte. The potential was swept from 1.0 to 0.3 V at a scan rate of 5 mV/s at various
rotation rates from 400 to 2500 rpm. Background currents will be obtained in nitrogen
saturated electrolyte and removed in order to eliminate capacitive contributions. The
current potential curve at 1600 rpm was then used to examine the Pt mass specific activity,
and Pt area specific activity.

The studies on methanol oxidation were performed in N saturated 0.5M H,S04/0.5 M
methanol solutions at room temperature otherwise stated. The potential was swept from 0
V to 1.1 V at 50mV/s. Carbon monoxide (CO) stripping experiments were performed in
0.5 M H,SOg4 by saturating the electrolyte with CO and holding the working electrode at a
potential of 0.2 V for 10 minutes at 25 °C (room temp). The cell was then purged with N2
for 15 minutes while the electrode potential was maintained at 0.2 V. The potential was

then scanned in the positive direction to 0.9 V at 50 mV/s.

2.4 Materials characterization techniques

Several physical characterization methods are employed in this thesis to fully
evaluate and understand at the molecular level the specific structures, morphology, and size
of synthesized catalyst materials. This involves imaging the material structure, identifying
elemental and surface compositions. This subsection will provide experimental details with
the basic theoretical principles regarding various physical techniques used in this thesis.

Herein, a number of the experimental techniques used for this thesis work are described.

2.4.1 Scanning electron microscope (SEM)

SEM is a versatile characterization technique that is used to determine surface
morphology and atomic composition of a wide range of materials for energy and non-
energy related applications. SEM provides high-resolution image because of the small
wavelength (de Broglie) of electrons. A typical SEM consists mainly of an electron gun, a
spray aperture, different electromagnetic lenses, scanning coils, and electron detectors. In
principle, one can get insight into the material by irradiating its surface in a coherent pattern

with a focused beam of electrons. This electron beam will interact with the sample surface
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and emit certain signals in the form of secondary electrons, backscattered electrons,
characteristic X-rays and photons [12].

Images are formed by processing resultant signals from interactions occurring
between the focused electron beam and the surface of the sample under investigation [12].
These images can range in size from several nanometers to the micrometer scale. The
energy of secondary electrons is relatively low (0-30 eV) and together with inelastically
scattered primary electrons, they are used to analyze the surface topography. On the other
hand, the back scattered electrons are highly energetic and elastically scattered below the
sample surface. These electrons are used to analyze the bulk properties and compositional
aspects of the specimen.

The other signals that are emitted from the sample include x-ray signals, Auger
electrons, which intensity strongly depend on incident energy and sample composition.
SEM in comparison to other optical microscopy provides relatively large depth of analysis,
producing an image that is a good representation of the sample.

In this work, SEM was utilized mainly for investigation of the distinct
microstructure and morphology of the catalyst materials being developed. Samples for
SEM analysis were prepared by dispersing very small samples in about 1 mL of methanol.
The mixture was sonicated for about 15 min to obtain a homogeneous suspension. One
drop of the suspension was poured onto carbon coated copper grid, allowed to dry and gold

coated before being mounted for analysis.

2.4.2 Transmission electron microscope (TEM)

Transmission electron microscopes (TEMs) on the other hand, provide much better
image resolution of nanomaterials with precision approaching the atomic scale compared
to SEM device. The mode of operation involves irradiating a sample with an electron beam
of constant current density that is produced using field emission or thermionic processes.
This electron beam is further passed through several condensers to provide illumination of
a very small area of interest [13]. The electrons will interact with the atoms of the sample
being investigated by either inelastic or elastic scattering. The resulting signals are then
collected and processed using dynamic theories of electron diffraction [13], resulting in an

image that is magnified, focused and projected for easy viewing. TEM devices allow
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imaging on the nanometer scale, and with high resolutions can be obtained, that facilitate
imaging of the crystal defects, atomic rows and crystalline structures of sample materials.

Specimen samples for microscopy analysis were prepared by dispersing very small
samples in about 1 mL of methanol. The mixture was sonicated for about 15 min to obtain
a homogeneous suspension. One drop of the suspension was poured onto carbon coated
copper grid and allowed to dry before being placed in the microscope. The TEM
characterization was carried out using either a JEOL JEM-2010 200kV high-resolution
TEM LaB6 filament or a Philips CM 10 instrument equipped with an AMT digital camera
system. The image diameters of the particles (Pt) obtained from TEM analysis were

measured using ImageJ.

2.4.3 Thermogravimetric analysis (TGA) and Differential scanning calorimetry
(DSC)

Thermogravimetric analysis (TGA) is a well-known destructive analysis technique
that evaluates weight change of a sample in response to a change in temperature. The Q600
TGA system used in this thesis consists of two arms with sample holder which continually
measures the mass of the sample, and a combustion chamber, which heats/cools the sample
to the desired temperature. TGA has often been employed in several scientific fields to
determine the decomposition temperature of materials, thermal stability, adsorbed moisture
content, relative organic composition, required reaction temperatures or reaction kinetics.
A more thermal stable catalyst begins to decompose or combust at higher temperatures and
may combust less rapidly depending on the catalyst structure. The catalyst sample being
studied, are mainly composed of carbonaceous matter, with varying levels of
graphitization, surface group functionalization, and metal content.

TGA and differential scanning calorimetry (DSC) was performed on samples to
identify the elemental mass composition, decomposition temperatures and possibility of
phase changes of the material. In this thesis, this was done with a TA Instruments Q600
SDT thermal analyzer in argon or under dry air. Mass and temperature calibrations were
done periodically to ensure reproducibility of experimental results.

In a typical run, sample (ca. 10 mg) were heated from room temperature to 1000 °C

at a rate of 20 °C/min under flowing air (50 mL/min), which enables the determination of
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the weight percent of the individual components. Fig. 2.3 illustrates a simple TGA plot
where the sample was heated to 800 °C in air. Both the weight versus temperature and mass
normalised heat flow versus temperature curves are shown. The sample demonstrates some
characteristic behaviours often seen for carbonaceous materials. From room temperature
to 400 °C, there is only slight mass loss and is most likely due to water or surface group
removal on the material. Starting at 400 °C, there is an increase in mass loss as the material
starts to decompose and burn. This rapid weight loss continues to about 630 °C where the
percentage mass versus temperature curve levels off. At this point, the organic carbon
material is practically completely burned off and trace residuals of metals, ash and other

inorganic materials remain in the sample holder.
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Figure 2.3: TGA and DSC curves of Vulcan carbon in air
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2.4.4 Raman spectroscopy analysis

This is an analytical technique relying upon inelastic scattering of monochromatic
light (a laser) with molecules as a result of molecular excitation such as vibration, rotation
or electronic energy of a molecule. It is much like infrared (IR) spectroscopy. However,
whereas IR bands arise from a change in the dipole moment of a molecule due to an
interaction of light with the molecule. In a typical experiment, laser light strikes the
molecule, which produces distortion in the electronic cloud thus polarising the molecule.
The molecular distortion produces dipole moments and begin to oscillate periodically with
a characteristic frequency. As the high energy vibrations relax, they emit a photon of lesser
energy than the incident photon (Eemit < Einc), in & process called Stokes scattering [39].
On the other hand, the scattered light may be of higher energy than the incident (Eemit >
Einc), which is called anti-Stokes scattering. In reality, a third mechanism, Raleigh
scattering, where the emitted photons are of equal energy to the incident (Eemit = Einc), 1S
the most prevalent, thus the most intense because the instrument is designed to eliminate
this region of Raman spectrum. This is important because it means that only polarizable
molecules can be analyzed by Raman spectroscopy [14].The emitted scattering light from
the molecule can have different characteristic frequencies that can be measured and used
to identify different species or functional groups in a sample.

In this thesis, a Raman system (Renishaw Raman Imaging Microscope system 2000
with an argon laser 514.5 nm excitation and a nominal power of 25 mW) was used to
characterize the PV, ATV, G-ATV, and G-PV carbon samples before and after
functionalization with TiO>. Silicon glass was used for calibration with an intense {100}
band, which was centered on the full width at half maximum at ~520.7 cm™. The silicon
slide requires no special preparation, as a visual inspection is sufficient for determining if
any cleaning is needed. The peak intensity of this material is very sharp, pronounced and
well-studied which allows for optimal use of a sample for calibration.

The Raman spectrometer used in this work has a camera included that allows
images to be displayed on the computer monitor. The area of the sample that was located
in the focal plane was the area that was subjected to Raman analysis. Using white light to
illuminate the sample via an optical fiber, the objective lens was then used to focus on the

sample’s region of interest. Once the surface of the sample being analyzed is in the focal
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plane, the laser beam (visible on the video monitor) will converge to its smallest possible
size. The beam spot will be diverged when in both under-focused and over-focused
conditions with respect to the surface of the sample being analyzed. At this point, the
analysis parameters can be set and the sample is ready to be analyzed.

Raman spectra were collected in the range 4000-100 cm™. Repeated acquisitions
(20 scans) with an acquisition time of 15 s at the highest magnification (50x) were
accumulated to improve the signal-to-noise ratio. To ensure uniformity, the spectrum was
collected in 3 or 4 different sample locations. The average size of carbon-based material
can be determined in terms of changes in position, width and intensity ratio of two Raman
peaks observed at 1345 cm-! (the disordered, or D peak) and 1575 cm-! (the graphite, or G
peak). When the crystallites become larger, the peaks become narrower; their maxima
move to higher frequencies and the intensity of the G peak systematically increases in
comparison with the D peak [14].

2.4.5 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a technique used to provide structural characterization
of a sample material utilizing X-ray beams. XRD is used to identify crystalline materials
with known diffraction patterns or to determine the structure of newly developed materials.
XRD is based on the interaction of a monochromatic x-ray beam with a crystal lattice.
Diffraction occurs when irradiation by electromagnetic waves interact with a regular array
of scattering centers that have a spacing similar in size to the wavelength of the radiation
[15]. Thus, X-rays with wavelengths similar to the spacing of atoms (the scattering centers)
in a crystalline sample will provide diffraction patterns useful for interpretation of the
specific atomic arrangement present in the sample. The crystal lattice being a periodic
arrangement of atoms in 3-dimensions, can act as a grating element to scatter the x-rays.
The scattered waves from the atomic lattice can interfere constructively under special
conditions and give rise to sharp interference maxima with the same symmetry as in the
distribution of atoms in a given material. The criteria for constructive interference to occur

according to Bragg’s law is given by,

nd = 2dsinf (2.2)
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where d, 6, n and A are the distance between the lattice planes, diffracted angle, diffraction
order, and the wavelength of the x-ray, respectively. In the present work, a Cu kq X-ray
source was utilized with a wavelength of 1.54 A,

The main purpose for collecting XRD patterns in our samples is to investigate the
crystalline structure of carbon, Pt, and TiO2 NPs. Also, since Pt nanoparticles are dispersed
on composite support material in this work, the average diameter of these nanoparticles

can be evaluated by using the Scherrer equation [16-17]

_ 0.9Kg
- B(260)cosOmax

d (2.2)

K, is a dimensionless shape factor taken as 0.95 in this work, B(28) is the half width
peak and @max is the maximum angle of the peak. For the materials synthesized and
analysed in this study, average Pt NPs diameters were estimated using the Pt (220) peak
located at ca. 67.75 ° to minimise interference between this peak and the characteristic
peaks of the carbon support. XRD experiments were performed with a Rigaku Ultima IV
X-ray diffractometer equipped with graphite monochromator, K- filter and a Cu Ka 0.154
nm X-ray source. Samples were scanned from 10 to 85 with a step size of 0.02° using a
standard speed with an equivalent counting time of 14.7 seconds per step. The detector
radiation was set at 40 kV and 44 mA.

2.4.6 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a technique to analyze the chemical
state and elemental composition of a material primarily at the top surface region between
0.5 to 5 nm [40] of a sample, with the possibility for higher probing depths. In XPS, an x-
ray beam irradiates the material and emits the core-level electrons. The binding energy of
the electrons can be determined by detecting the kinetic energy of the emitted electrons
from the material. Each electron has its own set of electron binding energies. The measured
kinetic energies, therefore, provide elemental identification. XPS sampling is commonly
conducted under ultra-high vacuum conditions involving a source of radiation and an

electron energy analyzer. The electron energy analyzer determines the kinetic energy of
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the emitted electrons from the specimen. For XPS, the radiation source is from Al Ka or
Mg Ka X-rays.

The basic principle of XPS is shown in Fig. 2.4. Ejected electrons that have escaped
the surface with elastic collision give characteristic peaks as a function of electron intensity
in a spectrum. Other electrons that undergo inelastic scattering suffer energy loss due to
the inelastic collisions and contribute to the background on the low kinetic energy side of
the spectrum. Standard binding energy values of most elements have been determined and
can be used to identify the unknown elements present on the surface and their oxidation
states. The loss of valence charge density or oxidation of an element causes an increase in
the binding energy or loss in the kinetic energy of the core electrons. The difference in the
binding energy then gives information on the chemical environment and the valence state
of the atoms. For quantitative analysis, a curve-fitting process is usually used to determine

different atomic percentages.
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Figure 2.4: Photoionization of an atom by the ejection of a 1s electron by X-ray radiation
[40].

XPS spectra are graphed as an intensity vs. binding energy (eV) plot. The unique benefit
of XPS as an experimental technique arises from the ability to quantify surface atomic
concentrations in addition to the determination of elemental oxidation state. XPS
characterization was performed with a ThermoFisher Scientific K-Alpha (1486.65 eV)
system. Charge compensation applied with combined e/Ar flood-gun. The energy range
was shifted so that place main C1s peak appeared at 284.6 eV. Powdered samples were
spread onto double-sided adhesive C tape, using enough powder to cover the tape
completely. Data work-up was performed with software provided with the instrument
(Advantage 5.926).
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2.4.7 Brunauer Emmett Teller (BET) surface area analysis

BET is commonly used to measure the specific surface area of a material by
adsorbing gas molecules on a solid surface. This method works by measuring the
adsorption of nitrogen molecules onto a sample surface at set pressures. A sample of
known weight is brought to a precise temperature and near-vacuum pressure. Then, gaseous
N2 is added to the sample cell in known amounts, and the pressure change is recorded. N>
molecules physically adsorb to the surface and cover a known area (~16 A?). An isotherm
of the adsorption and then desorption of N2 (as pressure is reduced to vacuum levels) is
recorded at set points throughout the test. By measuring the amount of N2 adsorbed and the
pressure change, the total surface area of the sample can be determined. Knowing the
weight of the sample to good precision allows for the calculation of the specific surface are
of the sample in m?/g.

Two important assumptions are made when using this method: (i) only one N
molecule can occupy a surface site on the sample and (ii) there is no interaction between
adjacent molecules of N.. Unfortunately, these assumptions are not entirely true since
multilayer adsorption can take place and nitrogen molecules in adjacent sites can interact.
Despite the discrepancies between the model assumptions and the real physical
phenomenon, gas sorption remains a highly reproducible method and an excellent tool for
determining the material surface area and pore size.

Conducting a gas-sorption analysis involves several steps. The sample weight must
be accurately known. To do this, the empty cell is first weighed, then measured again after
the material is added. Following this, degassing is done to remove any residual
contaminants, mainly water, from the sample surface so that it is dry and clean before
analysis. Degassing is done at 200°C under vacuum. At the end of the experiment, the
sample in the cell is weighed again after degassing to get the true sample weight. A
controlled amount of inert gas such as nitrogen (N2), argon (Ar), or krypton (Kr) is then
introduced, which adsorbs on the surface of the material. The sample is placed under
vacuum at a low temperature, usually the boiling point of liquid nitrogen (-195.6°C). The
sample is then subjected to a wide range of pressures. A number of gas molecules adsorbed

will vary as the pressure of the gas is varied. When the quantity of adsorbate on a surface
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is measured over a wide range of relative pressures at constant temperature, the result is an
adsorption isotherm. The resulting adsorption isotherm is analyzed according to the BET

method. The BET equation can be written as:

P _ 1 c-1 P
n(Po—P) Cnp Cnp P

(2.3)

P,P,, c,n, n, arethe adsorption pressure, the saturation pressure, a constant, the amount
adsorbed (weight of adsorbate) at the relative pressure P/Po, and the monolayer capacity

(weight of adsorbate constituting a monolayer of surface coverage), respectively [18].

Po
P-1

Through the slope and intercept of a plot of 1/[n( )] against (P,/ P), nm can be

determined. The average area (a,,) occupied by a molecule of adsorbate in the monolayer

for N2 is 16.2A2. The BET surface area can be calculated as:
A = apy ny Ny /My, (2.4)

where Na is the Avogadro’s number, and Mz is the molar mass of N2, 28g mol™?. The
specific surface area is then calculated by dividing the area A by the sample weight. In
this thesis, about 120 mg of powder samples were degassed in flowing N2 at 300 °C for 4
h (unless otherwise stated) in the sample degas station. The degasser has two heating
stations for degassing samples and two cooling stations. The pore size distribution with
specific surface areas of the calcined supports were determined via N2
adsorption/desorption according to the BET method using a Nova 1200e surface area
analyzer. This analysis took about 6 h to complete a measurement.

The specific adsorption pore volumes (i.e. pore size distribution) were calculated
by the Barrett-Joyner-Halenda (BJH) method [18]. This method relates the amount of
adsorbate removed from the pores of the material, as the relative pressure (P/Po) is
decreased from a high to low value, to the size of the pores. The method is based on the

Kelvin equation:

P v,
RTIn - = —20 ™ (2.5)
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In this equation, P is the pressure at which a cylindrical pore of Kelvin radius ry, is filled,
o is the surface tension, V,,, is the molar volume, P, is the saturation pressure of the liquid
adsorbate at temperature T. The 1, value was corrected with the thickness of the adsorbed
multilayer, t to get the true pore radius 7, as follow:

T, =T+t (2.6)

The t values can be calculated from the Halsey equation:

t(h) = j[=F]3 2.7)

log(E)

j (3.54 A) is the thickness of one molecular layer of nitrogen.

To avoid evaporation of N2 and the consequent fall of N2 levels in the containing
Dewar an isothermal jacket was employed. This basically is a close-fitting, porous sleeve
that surrounds the sample tube stem and maintains, by capillary action, a fixed level of N2
around the tubes as long as its lower end dips into N2. The upper end of the jacket creates
a sharp temperature demarcation line below which the temperature is that of liquefied No.

The stable temperature boundary environment can be maintained for as long as 20 hours.

2.5 Electrochemical characterization techniques
2.5.1 Cyclic voltammetry (CV) and electrochemical surface area (ECSA)
determination

This is a useful technique which allows both qualitative and quantitative information
about catalysts and their electrochemical reactions to be acquired. It is performed by
cycling the potential between two points and recording the current in the potential cycling
region. The observed current indicates the extent at which cathodic or anodic reactions are
taking place. The voltage is first swept from low to high and then back to the initial voltage.
The point at which the voltage stops increasing and begins decreasing has been termed the
“switching” potential. The potential range chosen for CV procedures depends entirely upon
the application. A typical CV for Pt supported on carbon black in a H.SO4 medium is
shwon in Fig.2.5. There are clearly five distinct potential regions, namely: (i) hydrogen
adsorption region , hydrogen desorption region, (iii) double-layer region, (iv) Pt oxidation
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region where Pt surface is oxidised to PtOH and then to PtOx and (v) PtO reduction to Pt
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Figure 2.5: Half cell CV of Pt supported on carbon black in 0.5 M H2SO4 solution

In sulfuric acid solution, H* is reversibly adsorbed to form a monolayer at potentials
between 0.05 and 0.4 V via the reaction:

Pt +H* + e~ — PtHy,q (2.8)

In this equation, underpotential deposited hydrogen (Hupd) refers to the adsorbed hydrogen
atom on the catalyst surface. This process is reversible, with adsorption taking place on
the cathodic sweep (negative-going), and desorption following when the sweep is reversed.

The electrochemical surface area (ECSA) provides a quantitative measure of the
catalyst surface area that is available for electron transfer process. The ECSA is an
important proper and need to be evaluated prior to every experiment in order to compare
current densities measured for different catalysts and catalysts loadings. It is usually
expressed in terms of surface area per unit mass of active catalyst material in the electrode
(m?/g). The ECSA of the catalyst was evaluated by measuring the integrated area of the
hydrogen adsorption peaks (green and red areas) on the CV in terms of the total charge
passed during the H* adsorption. This is the total charge (UC) in the labeled region (1) of
Figure 2.4. The ECSA of a metal catalyst is calculated using the equation:
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ECSA (mz/g) _ Charge (MC)/Qr « m(PE) 2.9)
where Qr is 210 uC/cm? is a well-established value for the charge required to reduce a
monolayer of protons on Pt, with the assumption that one metal atom adsorbs only one
hydrogen atom [19], m(Pt) is the metal loading of the working electrode in mg. Throughout
most of this thesis, the charge under the H> desorption curves was used to determine the Pt

surface area.

2.5.2 Stripping Voltammetry

ECSA can also be determined through CO-stripping. In this method, a monolayer
of CO is adsorbed on the surface of Pt by purging the solution with CO gas at 0.15V vs
NHE. The crystalline planes, temperature and deposition potential affect the CO
adsorption. It is well known that CO molecule can be adsorbed on the surface of Pt on
two different configurations. A linear adsorption configuration means one CO atom
occupies one Pt atom and the charge density is 420 uC/cm?, because two electrons are
involved in CO oxidation [20-21]. CV can also be used to assess the CO tolerance of a
catalyst via CO-stripping. CO strongly adsorbs onto the surface of many metal catalysts, it
blocks the reaction sites for electrochemical reaction, thus affecting the catalyst
performance. The onset and peak potentials of the CO oxidation peak are a measure of the

CO tolerance of a catalyst; low onset and peak potentials are desirable.

2.5.3 Rotating disc electrode (RDE) and oxygen reduction reaction

In RDE experiments, forced convection is used to control mass transport of
electrochemical species in solution to the electrode surface by moving the electrode under
well-controlled hydrodynamic conditions. The steady-state laminar flow conditions at the
electrode surface can provide valuable information about the kinetics of electrochemical
redox systems by changing the electrode potential. The electrode is generally a disc
surrounded by a non-conducting sheath of PTFE (polytetrafluoroethylene) that is rotated
around an axis perpendicular to the face of the disc and acts as a pump, pulling the solution
vertically upwards towards the disc and then throwing it outwards. On the surface of the
working electrode, there is a stagnant reaction layer covering the surface. The reactants
transport through this layer by diffusion will reach the electrode surface where the
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oxidation or reduction will take place. The rate of convective/diffusion to the disc is

strongly dependent on the rotation rate of the disc (Fig. 2.6).
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Figure 2.6: ORR polarization curves Pt supported on carbon black in oxygen saturated
0.5 M H2SO4 electrolyte solution.

The current density at a specific voltage and rotation speed can be expressed by the

Koutecky-Levich (K-L) equation seen in Equation:
1 1 1

iTL + P (2.10)
where i is the overall or total current density, i, is the diffusion controlled current density
assuming the effect of the Nafion coating is negligible and i, is the reaction kinetics
controlled current density. The limiting current is achieved when the overall process is
controlled by the mass transport rate of reactant to the electrode surface (1/ik >0 and i =
id). Under these conditions, the steady-state diffusion-controlled current can be described
by the Levich equation:

ii=0.62nFA D Cy16pl2 (2.11)
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where n is the number of electrons transferred in the reaction, F is the Faraday constant, A
is the electrode area (cm?), D is the diffusion coefficient of reactant in the bulk solution
(cm?/s), v is the kinematic viscosity (cm?/s), o is the angular rate of rotation of the
electrode (rad/s), and C is the reactant concentration (mol/L) in the bulk solution. All of
these, with the exception of ® are constant values for a given temperature, composition,

and applied potential condition and can be combined into a single constant B.

Thus, equation 2.10 can be expressed as:

t=lp 1 (2.12)

L ik (Bw"f)

A plot of i versus w2 is then referred to as a K-L plot and should display linear
behavior (assuming a first order reaction with respect to oxygen) with y-intercept of ik
and a slope of B-. This can be applied to determine the kinetically limited current density
of catalyst materials at various potentials (eliminating the effects of diffusion) and the
number of electrons transferred which will provide indication of the catalyst selectivity
towards the more efficient 4 electron reduction process [22]. The rotation rate used in this
thesis work varied from 400- 2500 rotation rate per minute (RPM). RDE measurements
were done mostly at room temperature; higher temperature studies were limited to 55 °C
since manufacturer instructions do not recommend using Teflon as electrode sheath above
this limit to avoid gaps between the disk and the Teflon support. The material to be studied
were deposited on a GC RDE as thin film, and tests such as cyclic voltammetry and

oxidation cycles were applied.

2.5.4 Methanol oxidation reaction (MOR)

CV was also used to evaluate the activity of the catalyst materials for methanol
oxidation (Fig.2.7). Like CO tolerance, the method for comparing the catalytic activity of
methanol oxidation involves looking at two important features on the voltammetry: the
onset and peak potentials of methanol oxidation on the anodic scan. The onset and peak

potentials indicate the methanol oxidation overpotential.
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From the CV for methanol, it can be seen that there is one peak in the forward
(anodic) direction and one peak in the reverse (cathodic) direction. The peak in the forward
direction (0.4 V to 0.9 V vs NHE) corresponds to the oxidation of methanol. In principle,
the onset potentials vary with the nature of working electrode material and lower onset
potentials generally indicate catalytic enhancement. Oxidation processes during CV are
diffusion limited; therefore, species at the surface of the static electrode begin to deplete
rapidly during potential sweeps but , the slow diffusion of methanol from bulk solution
causes the peak to round off near 0.75 V. The current proceeds to drop as the species at the
surface of the electrode depletes. The highest point in the forward scan of CV is termed the
peak anodic current.

When comparing CVs from different electrodes, the ipa is the single most important
feature. At any constant scan rate (50 mV/s) the ipa is expected to be directly proportional
to the catalytic ability of the electrode surface [23-27]. When surface area effects are
normalized, the current density (j) can be determined and higher peak current density (jpa)
is indicative of faster oxidation kinetics. It is; therefore, correct to say that an electrode
which produces a higher jpa has greater catalytic ability for the electrooxidation of methanol
[28-29]. In the reverse scan there is also a peak between 0.6 V to 0.3 V. It is generally
agreed that this peak, (Ir) is associated with the removal of incompletely oxidized
carbonaceous species (mostly CO) formed during the forward scan [30]. Studies have
shown that comparing the ratio of Ir to Ir can provide information about the tolerance of

composite electrodes to carbonaceous poisons [30-33].
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Figure 2.7: CV of methanol oxidation reaction in 0.5 M CH3OH + 0.5 M H,SO4 solution

2.5.5 Electrochemical impedance spectroscopy

Conventionally, the performance of the catalyst is evaluated in an operating fuel
cell mode using the DC methods [34-36]. The information gathered from a DC analysis
usually provides the sum of various polarizations of the electrode, which is difficult to
separate into individual contributions [37]. Electrochemical impedance spectroscopy
(EIS), an AC method, can be used to investigate electrode-electrolyte interface and allows
the simultaneous resolution of various charge-transfer and mass-transfer processes (kinetic,
ohmic, and diffusion).

EIS measures the conductive and dielectric properties of electroactive systems over
a wide range of frequencies. This may be due to changes in the physical structure, as well
as chemical processes taking place within the catalyst material, or to a combination of both
[38]. The EIS experiment involves applying a small sinusoidal voltage or current
perturbation around a steady-state value and measuring the resulting current or voltage of
the same frequency but shifted in phase. The impedance of a pure resistor, inductor and
capacitor is given in equations (2.13 to 2.15) and are used to construct impedance response
of a circuits in addition to other distributed circuit element.

Zresistor = R (2.13)

Zinauctor = JwL (2.14)
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Zeap = —i (2.15)

where j is v—1 and C is the capacitance in Farads (F)
The resistance to the flow of electrons in AC can be described trough the following

ohmic like relationship:

E=1Z7 (2.16)

Where Z is the impedance of electrons caused by the presence of a capacitor or inductor

and E is the resulting AC voltage. The amplitude and frequency signal of E is represented
by:

E=E,,sin(wt) (2.17)

where Emax is the peak amplitude in volts (V), o is the angular frequency (o = 2 n f where
fis in Hertz (Hz)), and t is time in seconds (S).
In addition, current response from the applied voltage at the same frequency will vary in

phase, and thus separated by a phase angle, ¢, which can be expressed by

I1=1,,sin(wt+ @) (2.18)

Where Imax is the peak current response and ¢ is the negative phase angle separating the
current and potential waves. With resistor and capacitator in parallel to each other, the

total impedance contribution can be represented by:

Ztot = Zres + anp (219)
I (2.20)
Z=R+j —
I o C
Z=7'+;2Z" (2.21)
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Where Z' is the impedance from the resistive contribution, or real impedance, and Z" is

the capacitive contribution or the imaginary impedance.

The two primary regions of resistance in most fuel cells are at the electrode-
electrolyte interfaces and in the electrolyte or compartment-separating material [38]. In
addition, accumulation of counter-ions near the electrodes gives rise to an electrochemical
capacitance at the solid-liquid interface.  The imaginary impedance corresponds to
capacitance arising from an electric double layer at the electrode-electrolyte interface and
is assumed to be uniformly distributed throughout an entire electrode. The real impedance
also consists of several components: the resistance of the connecting wires and contact with
the fuel cell electrodes, resistance in the catalyst layers and the ionic resistance of the
membrane. Thus, catalyst layer resistance is a combination of both the electronic and ionic
resistance.

Measurements can be conducted over a wide range of frequencies, resulting in the
construction of an impedance spectrum.Using this data, the real and imaginary impedances
are calculated and plotted against each other for different perturbation frequencies in what
are called Nyquist impedance spectra. Although other types of plots such as the Bode plots,
where the magnitude of the impedance and the phase angle are plotted against frequency.
The Nyquist plots are the most common way of analyzing impedance data [11].

With Nyquist, another commonly distributed element circuit can be observed-
Warburg element, which represents diffusion processes to the electrode surface in the
absence of migration. This is commonly extracted within the high frequency region with a
45° slope is formed. The projection of Warburg slope with the X-axis gives the total
resistance associated with the entire electrode (Rx/3) [11], mainly the predominant
contributions of the support electronic and membrane ionic resistances.

The various transport processes taking place in the actual fuel cell depend on the
steady-state value of the overpotential at which the EIS experiment is conducted [39]. At
low overpotentials when the mass transport resistance is not significant, the main
contributor to the impedance is the charge transport in the catalyst layer. At moderate

overpotentials proton, gas, and water transport begin to contribute to the total impedance
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of the cell. At high overpotentials gas diffusion in the gas diffusion layer (GDL) and the
catalyst layer become dominant, especially when air is used as the oxidant. In the various
layers of the fuel cell, one or more of the transport processes described above are important
depending on cell design and operating conditions [39].

These transport processes can be modelled using circuit elements and the
interpretation of the EIS spectra is often difficult. For instance, simple fitting models based
on these equivalent circuit analogues and physical models are used to extract the
parameters that represent the underlying cell processes [39—40]. This involves reducing the
transport processes into electrical analogues made of networks of resistors and capacitors,
and sometimes, inductors. This approach provides a quick visualization tool to understand
system behavior and limitations. Resistors and capacitors describe the behaviour of
electrochemical reaction kinetics, ohmic conduction processes and even mass transport.
The impedance behaviour of the electrochemical reaction interface can be modelled as a
parallel combination of a resistor (R¢) and Cq, the double-layer capacitance due to the

separation of charge occurring across the reaction interface (Fig. 2.8)

Cdl
RQ LI |
N —
Rt
AN

Figure 2.8: Diagram of simple circuit to model electrode/electrolyte interface.

A more complex circuit, the transmission line can be used to model porous fuel cell
electrode system (Fig. 2.9) and describe the behavior of this fuel cell electrode material
[41-42]. In this model two parallel resistive rails are present, Reiectronic @d Rionic. Relectronic
is used to describe the resistance associated with the transport of electrons through the
carbon support, while Rionic describes the resistance associated with the transport of ions
through the ionomer membrane. Here, the capacitors represent the catalyst sites, and carbon
surface exposed to the electrolyte connecting each rail [42]. In this case, ionic resistance
refers to the ease of protons flow from Pt sites in the catalyst layer to the membrane. The
electronic resistance is mostly due to the catalyst support component and is generally less
compared to the ionic resistance [11].
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Catalyst Layer Electrolyte

Figure 2.9: A sample transmission line model for fitting impedance data *

In this thesis, EIS measurements were conducted using a Solartron 1260 frequency
response analyzer controlled using Multistat software (Scribner Associates). The primary
goal of obtaining impedance measurements was to evaluate the conductivity and resistance
of electrode materials in half-cell operating conditions. These measurements were collected
over a frequency range of 100 kHz to 0.1 Hz at two different DC bias potential of 0.425 V
vs. NHE) respectively.

EIS was also used to investigate the kinetics of methanol electrooxidation at a given
potential. We have chosen a specific potential where CO removal is limiting [43]. The
qualitative features of the EIS spectra were analyzed using the equivalent circuits of Fig
2.10. The element values for these circuits were converted to parameters relevant in the
kinetic theory for mechanisms with a single adsorbed species [44]: When a faradaic process
occurs at the electrode, there is the generation of a faradaic impedance that is in parallel
with the double layer and if the reaction is irreversible, then the faradaic impedance can be
considered as a pure resistance and is called the charge transfer resistance and is reflected
in this equivalent circuit used to fit the EIS data. Rs represents the uncompensated solution
resistance, R> defines a high-frequency relaxation with a resistance which must be
accounted for at this potential and Inductance (L1) is related to methanol dehydrogenation

and the intermediates adsorption reactions [45]. In this case, the parallel combination of
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the charge transfer resistance (Rct) and the constant phase element (CPE) take into account

the methanol adsorption and oxidation. This parallel combination leads to a depressed

semi-circle in the corresponding Nyquist impedance plot.

Rs CPE
=™ F—>>
Rect
e
L1 R2
D

Figure 2.10: Equivalent circuit used in modeling methanol oxidation reaction .
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CHAPTER THREE

Physicochemical characterization of modified carbon and TiO,/C composite

catalyst supports for fuel cell application
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3.1 Introduction

The use of high surface area nanosized TiO2 holds promise in catalysis both as
active phase and support. The preparation conditions under which the TiO2 powders are
synthesized lead to significant variation in their morphology, particle size, specific surface
area, crystallinity, pore structure, and as well as photoactivity [1-4]. In the case of metal
oxides, it is important to simultaneously maximize the surface area and improve the
inherent poor electrical conductivity [5]. These goals have been partially achieved by the
application of new synthetic procedures that can produce TiO2 materials with high surface
area [6] and by combining with carbon materials to improve the electrical conductivity [7-
8]. This is due to the unique, controllable structural and electrical properties of the carbon
base material that provide adequate support for the growth of metal oxide nanoparticles
(i.e. TiO2) via non-covalent attachment to the carbon core [9]. As a result, there are
numerous reports on the dispersion of carbon materials in TiO2 sols [10] and

immobilization of TiO2 on carbon for catalytic application [11-12].

A common route for the creation of these nanocomposites involves simple mixing
in solution with a low level of interaction between the generated TiO, nanoparticles and
the carbonaceous nanomaterials [13]. Other methods have also been developed to prepare
TiO2/C composites in which the shell thickness is controlled through the concentration of
the coating materials [14-15]. The sol-gel method, in particular, has been shown to facilitate
chemical interaction between carbon and TiO> [16]. The method also allows controlling
the texture, the chemical, and the morphological properties of the solid. Moreover, this
technique provides molecular scale mixing, high purity of the precursors, and homogeneity
of the sol-gel products [17]. The precipitation of TiO. precursors onto the core carbon
particles where subsequent hydrolysis and condensation processes take place results in the
formation of thin films of TiO. nanoparticles on the surface of the carbon substrate.
However TiO> coatings are exceptionally difficult to synthesize on pristine carbon material

without segregation by this general method because the titanium precursor is highly
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reactive and undergo hydrolysis rapidly to form secondary particles, which can easily

aggregate on the core surface [14].

Careful examination of some reports has also shown that a homogeneous coverage
of carbonaceous materials by TiO2 have not been achieved with good carbon-TiO. bond
since it is often difficult to obtain an interaction between TiO2 and carbonaceous material.
Hence, general and efficient strategies enabling the fabrication of TiO. coatings on carbon

substrate remain highly challenging [18].

Although different forms of carbon have been used as substrates in those studies,
carbon blacks are a primary support for Pt for low-temperature fuel cells due to their high
surface area, electric conductivity, porosity, stability, and low cost [19-20]. For fuel cell
applications, Vulcan XC-72R carbon has shown to have a suitable surface and pore volume
[21]. Carbon blacks, in general, have a significant number of structural defects that affect
their reproducibility as substrates and a surface treatment is usually required [22-23]. The
surface treatment also introduces functional groups on the surface of carbon that can serve
as nucleation points for the metallic precursors [24-25]. These oxygenated groups help to
diminish the carbon hydrophobicity, thereby favoring the accessibility of the aqueous
metallic precursors [26]. On the other hand, the less acidic groups increase the interaction
between the metal precursor and the carbon support, thus avoiding the agglomeration
tendency of the metal on the carbon [19, 27]. As a result, various surface modification
schemes have been used to pre-treat carbon surfaces, most common of these is oxidation
of the carbon material [28-29].

This chapter contains two different approaches to induce surface functional groups
on carbon black: acid treatment and glucose adsorption. The former approach is done by
charging the carbon substrate with surface functional groups via covalent bonding upon
strong acid treatment, but, this harsh and defect-inducing conditions can adversely affect
the electronic properties of the carbon substrate and could lead to a heterogeneous mixture
of oxidized surface sites [30-31]. In addition, it provides little control over the nature,
location, and quantity of the introduced functional groups and also seems to etch carbon
surfaces [32]. The TiO2 coating on the treated carbon surface tends to be highly non-

uniform in thickness with much of oxide being present as particles [32]. An alternative
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approach to acid treatment is needed to improve the chemical contact between TiO2 and
carbon during the synthesis and crystallization processes. The second approach developed
as part of this thesis is a sol-gel method that involves the pre-adsorption of glucose
molecules on the surface of pristine carbon, Vulcan XC-72, to induce a more uniform
deposition of TiO2 nanoparticles on carbon. To the best of our knowledge, there have not
been any reports on the synthesis of TiO2/Vulcan carbon composites using a sol-gel method

without structure directing agents for fuel cell application.

Briefly, TiO2/carbon materials have been prepared by: (i) a conventional sol-gel
method on acid treated Vulcan carbon to produce TiO2/ATV composites and (ii) a new
approach that involved the preadsorption of glucose, an —OH rich molecule, on the surface
of carbon to produce TiO2/G-PV composites with different TiO2 content. A successful TiO:
coating is expected to form a thin film shell around the core carbon support. The objective
of the work included in this chapter was to investigate the physicochemical properties of
modified carbon and TiOz/carbon composite materials, along with their electrochemical
stability under half-cell conditions. Structural changes arising from surface chemistry,
surface area, particle size, and particle size distribution, and metal-metal oxide electronic

interactions will impact the electrochemical performance following deposition of Pt NPs.

3.2 Physical characterization of modified carbon and composite

supports

Powder X-ray diffraction (XRD) analysis was used to characterize the TiO2 and
carbon crystal phase. The experiments were performed with a Rigaku X-ray system and
PDX2 software. A Cu K-Alpha 0.154 nm X-ray source was used, scanning from 10 to 85
20 with a step size of 0.02. XPS characterization was performed with a ThermoFisher
Scientific K-Alpha (1486.65 eV) system. Charge compensation applied with combined
e/Ar flood-gun. The energy range was shifted so that main C1s peak appeared at 284.6 eV.
Powdered samples were spread onto double-sided adhesive C tape, using enough powder
to completely cover the tape. Data work-up was performed with software provided with
the instrument (Advantage 5.926).
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Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC)
provided semi-quantitative information about the samples composition, as well as, for
identifying decomposition temperatures and phase changes of the materials. Thermal
decomposition studies were performed with an SDT Q600 Thermal Gravimetric Analyzer
from TA Instruments controlled by Q Series software. Samples were heated in alumina
pans from room temperature to 1000°C at a heating rate of 20°Cmin*. The atmosphere in
the furnace was either extra dry air (Praxair) or argon (99.999%, Praxair) flowing at 50
mLmin™. A confocal Renishaw Raman Imaging Microscope System 2000 was used as the
primary characterization tool for determining the samples’ composition and their phase
structure. Spectra were collected in the range 4000-100 cm* with an argon ion laser at 514
nm at 25 mW output power. Repeated acquisitions (40 scans) with a collection time of 10
s and 50x magnification (50x) were acquired to improve the signal-to-noise ratio. The

spectra were an average of spectra obtained from three samples.

The samples were also analysed with a JOEL JSM6610- Scanning Electron
Microscope (SEM); with an Oxford/SDD EDS detector. The samples were mounted using
carbon tape X-Ray Microanalysis; digital imaging via SE, BSE and X-ray signals. The
samples mounted on carbon tape were sputter coated with a gold film and examined at 20
kV at a working distance of 8mm. The Scherrer equation was used to calculate particle size
from the spectral line broadening. TEM characterization studies were carried out using
either a JEOL JEM-2010 200kV high resolution TEM LaB6 filament or a Philips CM 10

instrument equipped with an AMT digital camera system.

For IR absorption analysis; ~5 mg of sample was carefully mixed with ~95 mg of
dried KBr (IR grade, Aldrich) and pressed into a pellet. FTIR spectra (4000-650 cm™) were
measured using a Perkin Elmer spectrum 100. The surface area determination experiments
were carried out by nitrogen sorption measurements using the Brunauer-Emmett- Teller
(BET) equation. These measurements were carried out using a Micromeritics 2390a
instrument from Quantachrome using nitrogen as the adsorbent. The typical sample mass
was 100 mg. The samples were degassed under nitrogen flow at 300 °C, for a minimum of

2 h prior the actual measurement.
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3.3  Electrochemical measurement and support durability study

Electrochemical measurements were performed on thin films prepared by dropping
a catalyst ink on the surface of a GC electrode. Electrode inks were prepared by dispersing
ca. 10 mg of support material in 500 pL of solution containing Nafion®, water, and
isopropyl alcohol. This mixture was put in an ultrasonic bath to sonicate for 45 minutes.
5uL of the ink were deposited onto the glassy carbon disk surface (diameter =5 mm) of a
rotating disk electrode (RDE) using a microsyringe. The deposited ink was allowed to dry
in air for 20 minutes before electrochemical measurements were performed.
Electrochemical measurements were made in a conventional three electrode cell equipped
with a Pt wire counter electrode and silver/silver chloride (Ag/AgCIl/ 0.5M KCL) reference
electrode at room temperature using 0.5 M H2SO4 aqueous solution as the electrolyte. The
electrode potential values were converted to NHE using 0.65V.

A Solartron SI 1260 Impedance Analyzer was used in combination with a Solarton
1470 E multichannel potentiostat and Multistat 1.1d software (Scribner Associates Inc.) for
electrochemical measurement. For electrochemical impedance spectroscopy analysis, a
constant D.C. bias of 0.0 V vs. OCP was applied across a sensor and a small A.C.
perturbation was applied with amplitude of 5 mV. The frequency of the A.C. potential is
scanned from high to low frequency over the range 0.1 Hz to 100 kHz and the resulting
current is measured. The D.C. limit is achieved as the A.C. frequency approaches infinity.
A D.C bias potential of 0.60V vs NHE was used in this study for impedance measurement.
The support stability was investigated by repeated potential cycling with the appropriate

lower and upper potential limits in an acid solution.
3.4 Results and Discussion

As described, modified supports were synthesized under different conditions, this
section discusses the results of different composites and compares findings with the work

of others.

3.4.1 Materials Characterization
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FTIR Analysis

Since carbon blacks are hydrophobic in nature, the addition of hydrophilic
functional groups was carried out to modify the wettability of the PV surface. FTIR
spectroscopy was used to study the functionalities on the carbon surface. Because carbon
IS a very strong absorber in the infrared region, special conditions for sample preparation
and methods of detection were used in order to improve the signal level. Carbon sample
was diluted with a large amount of KBr. The presence of KBr will not interfere with the
detection of CO. function groups (a doublet at 2300-2400 cm™) and molecular water
(fringes in the 14001700 and 3350-3800 cm™) on the carbon surface if it is properly dried.

Figure 3.1 shows the FT-IR results of pristine and modified carbon samples,
obtained at different conditions. From this figure, it can be inferred that untreated carbon
has a trace of oxygen containing groups. This observation has been reported elsewhere in
the literature and is said to be due to chemisorbed oxygen on the carbon surface obtained
immediately after synthesis to satisfy valence requirements [33]. Chemical treatments such
as wet oxidation in HNOs3 can functionalize the carbon surface with the bands at 3419,
1626 and 1058 cm™ attributed to the presence of hydroxyl groups (-OH), carboxyl (-
COOH), and carbonyl (—C=0) groups that are necessary to tether metal ions to the surface
of carbon [34]. For the oxidised carbon, ATV shows an increment of these functional
groups. The peak at 950 cm ™ is due to the O—H bend in carboxylic acid is clearly observed
in ATV which indicates the presence of carboxylic acids [35]. The absorption band at 1736
cm ! is attributed to carbonyl stretching frequencies for carboxylic acids and quinone
which are known to be produced by nitric acid treatment of carbons, the peak at 1376 cm™*
can be due to lactone, phenol and/or OH functional groups [36]. ATV in comparison to PV
also show a more intense peak at 1376 cm™ that is assignable to the bending vibration of
the O-H.

The interaction of the metallic precursor with the support depends on the nature of
the surface groups produced as a consequence of the oxidation treatment. Depending on
the nature and extent of nitric acid treatment, functionalised carbon will display a high
density of strong acidic sites which have a positive effect on the development of active

sites that can coordinate interaction with metal precursor during impregnation. This, in
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turn, will favour the metal dispersion on the carbon surface and consequently improve

catalytic cell performance. However, this treatment often affects the long-term durability

of the catalyst material and thus the need to preserve carbon substrate with a less rigorous

treatment approach.

In addition, G-PV shows the sp® C-H stretching absorptions that arise from the alkyl

chain appear at ~ 2900-3000 cm™* with a broad peak corresponding to the O-H group of

water centered at 3385 cm™ and the carbonyl absorptions observed at 1670-1700 cm™ [37].

The increase in the relative intensities of the bands at 3385 cm™ suggests that there are

more O-H groups on the surface after treatment in acid and with glucose adsorption. All

these observations confirm that the surface of the PV has been functionalized and activated

with these

Transmittance

functional groups.

—_— PV
—_— ATV
—_— G-PV
—— Glucose

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3.1: FTIR spectra of Glucose, Pristine Vulcan (PV) acid treated Vulcan
(ATV) and glucose doped Vulcan (G-PV).
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Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a traditional method for determining the
composition and oxidative stability of catalyst materials [38]. A previous study has shown
a correlation between oxidative and electrochemical stability [39]. TGA curves are shown
in Figure 3.2 for carbon substrates in argon (A and B) and air (C and D), respectively. As
expected the mass loss is affected by the pre-treatment and the presence of glucose. The
pyrolysis of PV, ATV, and G-PV in an inert atmosphere up to 800 °C leaves the following
residual masses, 98%, 87%, and 76%, respectively. The lowest residual mass is observed
for G-PV due to the presence of glucose while PV is quite stable up to 800 °C. In air, the
heat flow (DSC) profiles are also quite distinct between carbon substrates. Two different
peaks can be observed for the modified samples, which can be associated with the thermal
combustion of attached functional groups and oxidation of the parent Vulcan carbon at the
higher temperature [40]. These functional groups yielding CO. can decompose at different
temperatures: carboxylic acids at about 375°C and carboxylic anhydrides and lactones at
much higher temperature [40]. Other CO-yielding groups such as phenols, ethers, and
carbonyls functional groups of the base carbon material will also decompose at much
higher temperature; 575-825 °C [40].

In air, the more aggressive treatment involving HNOs introduces defects on carbon
that can contribute to the higher thermal instability of ATV. The small peak at 220°C in
the case of G-PV is surely linked to thermal oxidation of glucose carbon in air, but the
carbon substrate is significantly more stable than ATV. Overall, this comparative analysis
shows that ATV becomes thermally unstable at temperature above 500°C in comparison
to PV and G-PV samples.
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Figure 3.2: The (A) TGA and (B) DSC curves obtained under argon and (C) and
(D) in air for Pristine Vulcan (PV) and Acid treated Vulcan (ATV). Experimental
conditions: sample mass ~ 10 mg, gas flow rate: 50 mL/min and heating rate of 20 °C/min.

Figure 3.3A and B shows the TGA-DSC profiles of the two composites: TiO2 /ATV
and TiO2 /G-PV samples. These measurements were performed under air. Between room
temperature and 800 °C, the weight loss stages were due to the removal of H2O, adsorbed
nitrate ions and glucose carbon. At higher temperatures, the oxidation of carbon black can
be observed. The peak occurring at 585 °C is at a position which correlates with the
oxidation of Vulcan carbon. This major peak is occurring at lower temperature in
comparison to the untreated Vulcan carbon (Figure. 3.2C). This shift may be ascribed to
the presence of TiO grafted on modified carbon substrates. Thus, it is possible that the
interaction of TiO2 nanoparticles with carbon in air is facilitating thermal oxidation of
carbon substrate [41]. There is no much difference in the TGA profiles of the two
composite catalysts except for the carbon and TiO2 mass content. The heat flow plots of
the composites depict that the oxidation of carbon particles occurred at two different
temperatures (360 and 600 °C). Figure 3.3 (C-D) shows the TGA profiles of calcined
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TiO2/G-PV composites with different TiO2 loadings on the G-PV support. Increased TiO>

loading has minimal impact on the thermal stability of the composite material. Table 3.1

lists the compositions of composite supports prepared with ATV and G-PV carbon

substrates.
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Figure 3.3: (A) TGA and (B) DSC curves of TiO2/ATV and TiO2/G-PV supports in air (C)
TGA and (D) DSC curves of TiO2/G-PV supports with different compositions of TiO>

obtained under air. Experimental conditions: sample mass ~ 10 mg, gas flow rate: 50

mL/min, and heating rate 20 °C/min.

84



Table 3.1: Summary of TiO2 contents on the modified carbon supports.

Samples Carbon (wt %) TiO2 (Wt %)
TiOo/ ATV 97.2 2.8
TiO2 /ATV 92.5 7.5
TiO2/ ATV 90.0 10
TiO2/ ATV 86.0 14
TiO2/ G-PV 92.0 8.0
TiO2/ G-PV 86.0 14
TiO2/ G-PV 78.0 22
TiO2/ G-PV 76.0 24
TiO2/ G-PV 68.0 32

BET Analysis

Nitrogen adsorption-desorption isotherms and the pore size distribution derived
from desorption branch for PV, ATV and G-PV are shown in Figure 3.4. All isotherms are
multi-layer adsorption with minimal adsorption-desorption hysteresis and similar to those
reported in the literature for Vulcan XC-72 [42]. This kind of isotherm denotes a structure
with large pores with small microporosity. BJH method was used to analyze the desorption
branch of the isotherms at relatively high pressure to obtain the pore size distribution of
these carbon support materials. A porous support is needed to enhance deposition of the
base metal material with faster diffusion rates comparable to microporous material [43].
The pore diameter distribution of the treated carbon confirms a pore diameter of the carbon
particles in the range of 2 - 15 nm, similar to the literature value of 10.9 nm reported for
Vulcan XC-72 through BJH pore size analysis [42].
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Figure 3.4: Nitrogen adsorption—desorption isotherms (A) at 77 K for pristine and modified

Vulcan carbon with respective pore size distribution (B) and for composite supports after

calcination (C) as well as pore size distribution curves (D).
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The textural parameters such as specific surface area are given in Table 3.2. It can
be observed from the table that the ATV carbon showed higher specific surface area (238
m2/g). This high surface area exhibited by the acid treated carbon is mainly due to opening
of the pores of carbon in boiling HNOs3 solution. The high specific surface area will
contribute significantly in achieving excellent dispersion of the base metal during the

catalysts synthesis.

The isotherms of the TiO2/ATV and TiO2/G-PV composites show a steep uptake at
high relative pressures with no sign of levelling off due to capillary condensation mainly
in the pores. The calcined TiO2/C composite materials that were prepared by acid treatment
of PV carbon followed by a sol-gel coating shows a decrease in total surface area from 251
for ATV to 128 m?/g as TiO, loading was increased from 3 to 14 wt%. This observed
decrease in total surface area may be due to an increase in the amount of TiO, dominating
that of carbon particles. A similar observation was noticed for glucose doped composite
supports (TiO2/G-PV). Here the total surface areas observed decreased from 234 for PV
carbon to 121 m?/g, respectively, with increasing coating loading up to 32 wt%. The
decrease in the surface area results from the densification of amorphous TiO2 networks and
the grain growth of TiO2 nanoparticles [44].

The observed total surface areas for composite samples TiO2/G-PV are higher than
their TiO2/ATV counterpart. The behaviour can be assigned to a better distribution of TiO>
nanoparticles on the surface of carbon in the case of TiO2/G-PV while phase segregation
could explain the rapid decrease in surface area in the case of TiO2/ATV, A similar trend
was observed by Li et al. in the case of TiO2/carbon multiwall nanotube materials [45]. In
comparison, pure TiO2 synthesized in the same conditions present very low surface area
and porosity with respect to carbon based composite supports. The surface areas of the

composites depends on the TiO2 content and thermal treatment condition.
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Table 3.2: BET surface area data for reference and composite materials.

Samples TiO2 BET surface area
(Wt % ) (m?/g )

PV --- 234+5.6
ATV --- 251+2.3
G-PV* 182+1.3
TiO2* 100 79.2+4.1
TIO2/ATV 2.8 240129
TIO2/ATV 5.0 236%3.7
TIO2/ATV 7.6 188+1.8
TiO/ATV 10.3 17114
TiO/ATV 13.5 128+0.8
TiO2/ G-PV 8.0 208+2.2
TiO2/ G-PV 13.5 177+3.7
TiO2/ G-PV 22.0 138+1.9
TiO2/ G-PV 24.0 141+3.3
TiO2/ G-PV 32.0 121+2.1

#after annealing under nitrogen for 2 hours at 500 °C.
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Morphological characterization by electron microscopy

The scanning electron microscope images of PV, ATV and G-PV carbon samples
are shown in Figures 3.5 (A), (B) and (C), respectively, from where it can be seen that there
is not much morphological change in the carbon sample with respect to the various
treatments except for a very small change in particle size. The carbon materials exhibit
spherical morphology with some agglomerations between the particles. Also there are
spherical aggregates about 150-200 nm in size. An average particle size of ca.40-50 nm is
visible from these images. G-PV is characterized by the presence of large and clearly
defined carbon spheres with smooth surface that form cluster-like structure. There are

basically three types of carbon particle structures:

1. Dense carbon particles.
2. Severely aggregated particles.
3. Uniformly distributed and porous particles.

- | 200 nm
% | —
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Figure 3.5: Scanning electron micrographs of PV, (A) ATV (B) and G-PV (C) carbon

supports.

TEM images of the modified treated carbon supports reveal that each aggregate
being made of particles of about 40-50 nm with little difference between materials (Figure
3.6). High resolution TEM micrographs for TiO2/ATV and TiO2/G-PV are also shown in
Figure 3.7. TiO2 nanoparticles and carbon particles can be seen clearly in these figures.
Glucose doped composite shows network of TiO particles deposited on porous carbon
network, resulting in the formation of the TiO2/C hetero-interfaces. Significant dark
blotches are visible traceable to agglomerates of TiO2 on carbon support and are more
pronounced on TiO2/ATV composite support. The carbon particles appear uncovered by
TiO2 while the TiO2 agglomerates are far removed from the carbon particles on TiO2/ATV
support. In some instance some of the TiO. appear to have covered the carbon particles
while most of the TiO particles appear to agglomerate away from these particles. These
images reveal that TiO> is made of aggregated clusters of particles with an average size of
about 5-8.4 nm. The average particle size obtained for the synthesized TiO is smaller than
the one reported by Guo et al. (15 nm) [46], yet comparable to the size previously reported
in the literature [47-48]
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Figure 3.6: Transmission electron micrographs of PV, (A) ATV (B) and G-PV (C) carbon

supports
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Figure 3.7: Transmission electron micrographs of TiO2/ATV, (A) and TiO2/G-PV (B)
composite supports (Scale bar: 5 nm).
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XRD Analysis

XRD patterns of a plain Vulcan carbon substrate and the modified carbon samples
are shown in Figure 3.8A. The three samples show a broad carbon peak at 26 = 25°
assigned to the (002) crystalline plane. However, the G-PV support also show peak
reflections between 19° and 20°. This result is similar to the literature data of Bragg
reflection of cellulose (a glucose based sample) with broad peaks at ca. 20.2 and 22.1° that
were assigned to the (110) and (200) crystalline plane [49]. The X-ray diffraction pattern
of commercial TiO2 anatase nanoparticles (Sigma-Aldrich) is shown in Figure 3.8B. The
anatase TiO, sample was subjected to heat treatment for 6 hours at 850°C to produce the
rutile form since it is well known that the phase transformation from metastable anatase to
stable rutile occurs at around 600°C [50]. There were no broad diffraction peaks observed
for these samples. The absence of spurious diffraction peaks in this figure also indicates
the extent of crystallographic purity [51]. The experimental XRD pattern agrees with the
JCPDS card no. anatase TiO2 (JCPDS No. 21-1272) and rutile (JCPDS No. 21-1276) as
well as the XRD pattern of TiO> nanoparticles in the literature [52]. In addition dominant
anatase and rutile phases with an intensity ratio of the (101) plane of the anatase phase to
the (110) plane of the rutile phase of 1 can be observed.
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Figure 3.8: XRD patterns for PV, ATV and G-PV (A) as well as the commercial
anataseTiO2 (SA) and rutile phase of SA following heat treatment (B).

The broad diffraction peaks observed in XRD of the composite samples (Figure

3.9) indicates the formed TiO2 nanoparticles are crystalline and small in particle size. The
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diffraction peaks of these composites at these two annealing temperatures contain a mixture
of anatase and rutile phases with amorphous carbon. Although, the rutile content becomes
dominant following heat treatment at 850°C for 2 hours, which means that the phase
transformation of anatase into rutile phase takes place during this process.

TiOo/ATV @850°C

TiOL/ATV @500°C

Intensity*1074

TiOo/G-PV @850°C

TiO,/G-PV @500°C

10 20 30 40 50 60
20 (Degree)
Figure 3.9: XRD patterns for TiO2/ATV and TiO2/G-PV composites after calcination at
two different temperature in nitrogen.

The 26 peaks at 25.27° and 48.01° confirm its anatase structure [51]. There is an
overlap of the dominant carbon peak and TiO2 peaks in the composite samples. As a result,
the TiO2 phase content and the average crystallite sizes of anatase and rutile in these
composite samples could not be estimated from the integrated intensities and the full width
at half maximum (FWHM) of the anatase (101) peak and rutile (110) peak according to the
Scherrer equation [53]. Composite materials are heat-treated at 500°C for 2 hours to

produce dominant crystalline anatase phase in this thesis.
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Raman Spectroscopy Analysis

Raman spectroscopy was employed to confirm the crystalline phase of TiO, and
the existence of carbon in the composite (Figure 3.10). Raman signals were collected and
recorded from 100 to 2000 cm™! to identify the presence of presence and nature of the
carbon in the composite samples (Figure 3.10A). The Raman spectra show the
characteristic G-band and D-band at 1591 cm™ and 1337 cm™, respectively, due to
presence of both graphitic and non-graphitic carbon [54]. The G-band centering at around
1600 cm™t is a Raman active mode of graphite composed of local sp? bonded structure
while the D-band centering near 1350 cm ™! is often associated with bond-angle disorders

and graphitic carbon structure [54].

Wavenumber (cm'l) Wavenumber (cm‘l)

Figure 3.10: Raman spectra carbon supports (A), commercial TiO2 (SA) with composite
support materials, TiO2/ATV and TiO2/G-PV (B).

The Raman spectra for the composite samples after heat treatment in a nitrogen
atmosphere for 2 hours at 500 °C were also collected. The observed peak at around 638

cmt, 516 cm™, 396 cm™t, 200 cm™, and 146 cm™ can be attributed to the characteristic
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peaks of the predominant anatase phase [55]. The four fundamental Raman bands due to
rutile phase at 826 cm™, 612 cm™, 447 cm*and 143 cm ™ were detected but they were very
small and not distinct, suggesting anatase TiO2 as the dominant phase, which is consistent
with the XRD analysis. In summary, Raman confirmed the formation of anatase as the

predominant TiO phase in the composite TiO2/G-PV and TiO2-ATV samples.

XPS Analysis

The high-resolution XPS spectra for elements detected on the surface of the samples
are shown individually in Figures 3.11-3.14. These survey scan spectra show C1s and O1s
peaks at 284 and 532 eV in the both as-received Vulcan (PV) and treated carbon support.
The observed C1s peak mainly represents amorphous carbon. The increase in the intensity
of O1s peak from PV to G-PV indicates the presence of greater oxygen functionalities in
the treated samples. The concentration of elements detected on the surface of carbon black
powders analyzed (PV, ATV, and G-PV) is shown in Table 3.3. The assignment of C1s
spectra into distinct peaks at 283.87, 284.4, 286.5, 289 and 291.5 eV are shown in Table
3.4 which is in agreement with the literature reports [57-58]. From Table 3.4, the
predominant C1s peak appears at 284.4 + 0.1 eV for pristine and treated carbon samples.

Thus the extent of amorphous nature of these materials can be seen.
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Figure 3.11: XPS analysis C1s spectra pristine Vulcan carbon (PV)
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Figure 3.12: XPS analysis C1s spectra glucose doped pristine Vulcan carbon (G-PV)
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Figure 3.13: XPS analysis O1s spectra pristine Vulcan carbon (PV)
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Figure 3.14: XPS analysis O1s spectra glucose doped pristine Vulcan carbon (G-PV)

534 536
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The peaks that appeared at binding energies 284.3 £ 0.1 and 285.0 + 0.1 eV are
attributed to the sp? C and sp® C, respectively. Slight shifts can be observed between sp?
and sp® peak positions of these materials. The peaks that appeared at binding energies
289.1, and 291.7 eV can be assigned to the -C=0O, and —O-C-O-, functional groups
respectively [57]. These functional groups representing 10.4% and 3.3% of the ATV and
are much higher than those of the untreated carbon sample, PV (8.4 and 1.9% respectively).
However, in comparison to PV, G-PV shows a decrease in the relative intensities of these
-C=0, and —O-C-O-, functional groups. This suggests the conversion of these groups into
the alcohol groups as shown with the FTIR data. This conversion process can be useful in

anchoring the carbon molecules with TiO2 through the reaction of these hydroxyl groups.

The two peaks of the O1s signal of the carbon samples indicate two chemical states
of O. These peaks at binding energies 531.6 + 0.1 and 533.2 + 0.1 eV are attributed to the
oxygen doubly bonded to carbon in quinones, ketones, and aldehydes and oxygen singly
bonded to carbon in ethers and phenols respectively as reported in the studies by Zielke et
al.[59-60]. The intensities of both the C-O and C=0 peaks increase after treatment. The
curve fitting results for the elements detected, based on deconvolution with component
peaks at fixed energy, are shown in Table 3.4.The atomic percentage of the oxygen in the
sample also increased from 43% (untreated) to 61% (Table 3.4), indicating that the two

treatment approaches effectively generated more functional groups on the carbon surface.

Table 3.3: Atomic surface compositions of different elements through XPS analysis

Cls Ols Si2s Ti2p
Samples  Atomic Concentration (%)
PV 97.75 2.25 -
ATV 82.47 17.53 -
G-PV 78.85 21.15 -
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Table 3.4: States of elements detected by surface analysis through XPS

C 1s peaks PV ATV G-PV
Binding energy (eV) and amount (%) respectively
Cls 284.36 284.51 284.24
74.11% 75.91% 68.85%
Cls A (COOH) 286.47 286.12 286.24
7.12% 2.45% 12.28%
Cls B(C-0O) 289.03 289.03 289.03
8.43% 10.43% 8.26%
Cl1s C (C=0) 291.47 291.47 291.47
1.94% 3.34 2.82%
ClsD 283.67 283.67 283.67
8.40 7.87% 7.78%
O 1s peak 532.15 532.40 532.49
43.28% 53.67% 60.45%

Examining the C1s peak of composite supports (Figure 3.15) shows that there are
two distinct peaks at 284.6 eV and 285.9 eV. The 284.6 eV is the peak that is being
attributed primarily to the elemental carbon secondarily to the graphite structure. The 285.9
eV peak is attributed to the C=0, -COOH and —OH bonds [61-63]. The C 1s spectra of the
Ti02/G-PV composite (Figure 3.15B) shows that a new carbon peak appeared at 288.7 eV.
This peak is slightly away from the elemental carbon region and can be assumed to the
bond of carbon to another element. This peak may be ascribed to an oxygen bond but there
is no satisfactory explanation based on the existing literature data and thus, the need for a
more detailed explanation [64]. The pre-adsorption of glucose hydroxyl functional group
on PV substrate during non-acid treatment is set-up to generate bonds between the carbon

and the nucleating TiO> particles following sol-gel synthesis. It is assumed that this peak
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is originated from this bond. Carbon can be bonded to titanium through an O (C-O-Ti), or

it can be directly bonded to titanium (C—Ti), which, commonly appears at 281.3 eV.

Intensity (a.u)

280 282 284 286 288 290
Binding Energy (eV)

Intensity (a.u)

280 282 284 286 288 290
Binding Energy (eV)

Figure 3.15: XPS analysis C1s spectra of TiO2/ATV (A) and TiO2/G-PV (B) composite
supports.
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XPS of the reference material anatase TiOz is shown in Figure 3.16. The titanium
atom shows two distinct peaks at 458.4 eV for the Ti2p1/2 and at 464.2 eV for the Ti2p3/2,
both in good agreement with the literature data [65]. The O1s peak for this powder appears
with a split. The peak is at 529.6 eV, represents the lattice oxygen. Another O1s peak

appears at 531.5 eV and is attributed to the surface oxygen.

Ti2p,, (A)

Ti2p,,

Intensity (a.u)

456 458 460 462 464 466 468 470
Binding Energy (eV)

01s (B)
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% 01S B
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528 530 532 534 536
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Figure 3.16: XPS analysis Ti (A) and O1s (B) spectra of commercial TiO2 (SA)
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From the O1s results (Figure 3.17), the most important result is the shift (compared
to the reference material values, TiO.) that has occurred in both peaks. The first peak at
530.6 eV, regarding the lattice oxygen, is shifted by +1.0eV (original value 529.6 eV) and
the second peak that is at 532.7 eV, surface oxygen, has been shifted by +1.1 eV (original
value at 531.5 eV). This shift again points to bonding oxygen to a non anatase element
which in this case may be carbon. In addition, there are two titanium peaks in TiO2/G-PV
at energies 459.4 eV and 465.1 eV for Ti2p1/2 and Ti2p3/2 respectively (Figure 3.18).
When comparing those peaks with the peaks of the reference material, both appear to be
shifted. The Ti2p1/2 is shifted by 1.0 eV and the Ti2p3/2 is shifted by 1.1 eV. This means
that the analysis of the XPS spectra for composite supports gives strong evidence for a
bond between titania and carbon. Due to the absence of a characteristic peak for C—Ti the
bond is interpreted as C—O-Ti.

(A)
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528 530 532 534 536
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Figure 3.17: XPS analysis O1s spectra of TiO2/ATV (A) and TiO2/G-PV (B) composite

supports.

Intensity (a.u)

Ti2p,),

(A)

456 458 460 462 464 466 468 470
Binding Energy (eV)

106



Ti2p,,

(B)

TiZp,,

Intensity (a.u)

456 458 460 462 464 466 468 470
Binding Energy (eV)

Figure 3.18: XPS analysis Ti spectra of TiO2/ATV (A) and TiO2/G-PV (B) composite

supports

Table 3.5 summarises XPS data of C1s, Ol1s and Ti peaks of the reference material
and composite supports. The Ti 2p peaks of TiO2/G-PV support appear to be shifted
slightly toward higher binding energy in comparison with TiO2/ATV nanostructure; this
may suggest a potential interaction between TiO2 and carbon substrate [66]. Further
analysis of the Ols spectra shows a main peak with a binding energy of 530.2 eV is
attributed to the Ti-O bond of the TiO> crystal structure, and the positive peak at 531.6 eV
is attributed to the C-O bond, which acts as the binding bond between the TiO> and carbon
material. Furthermore, the XPS spectra and fitting curves of Ti 2p, C 1s, and O 1s suggest
that the Ti-O-C bond is present, which might have formed from the perfect contact between
the TiO2 and carbon backbone [67].
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Table 3.5: Summary of XPS analysis of C1s, Ol1s and Ti peaks of the reference material

and composite supports

Peak TiO2 Anatase | TiO/ATV Peak shift | TiO2/G-PV | Peak shift
Reference
Peak (eV) eV) Peak (eV) | (eV)
Peak (eV)
C1ls Graphite | - 284.5 0.0 284.5 0.0
ClsC-0,C=0 |- 286.3 0.4 286.9 1.0
C1s C-O-Ti - - - 288.8 -
Ols A 531.5 532.2 0.7 532.5 1.0
O1sB 529.8 530.5 0.7 530.5 0.7
Ti2pl/2 458.4 459.3 0.9 459.1 0.7
Ti2p3/2 464.1 465.2 1.1 464.8 0.6

3.5 Electrochemical activity

The CVs in 0.5 M H,SOq4 solution of PV and modified carbon are shown in Figure
3.19. ATV and G-PV supports display the typical set of redox peaks at ~0.55 — 0.60 V,
attributed to the quinone/hydroquinone (Q/HQ) surface redox reaction [68-69] while these
peaks are essentially non-existent at PV (Figure 3.19A), consistent with the literature [69-
70]. These reversible redox peaks are more pronounced on the ATV sample indicating the

extent of oxidative treatment. The hydrogen reduction peak cannot be observed in this CV.
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Figure 3.19: Cyclic voltammetry of carbon supports carried out in Nz-saturated 0.5M
H2SO4 at 25 °C a scan rate of 50mV/s.

TiO2 NPs were added to the modified carbon supports, to produce TiO2/ATV and
TiO2/G-PV composite inks. Pure TiO2 based electrode material shows extremely low
current with respect to the composite supports due to the high resistivity of this metal oxide.
In the case of the composite supports, TiO2/GPV and TiO2/ATV, reduction and oxidation
currents were observed in the potential windows of 0.3 V to 1.2 V (Figure 3.20), similar to
the behaviour seen in the case of Vulcan XC-72R (PV). Moreover, there is a significant
reduction in the pseudo capacitance contribution in the TiO2/ATV in comparison to the
base support, ATV.
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Figure 3.20: Cyclic voltammetry of unplatinized supports: (A) PV, (B) TiO2 and (C)
TiO2/G-PV carried out in nitrogen saturated 0.5 M H2SO4 at 25 °C and 50 mV/s scan

rate. Currents normalized by the GC electrode geometrical area = 0.196 cm?.

Figure 3.21 shows a gradual decrease in the CV current as the TiO2 content is
increased from 8wt% to 32wt% on G-PV substrate. This is reasonable as more TiO» will

increase the resistance of the electrode material.
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Figure 3.21: Cyclic voltammetry of carbon TiO2/G-PV supports with varied TiO> content
carried out in N»-saturated 0.5M H2SO4 at 25 °C a scan rate of 50mV/s

The electrochemical stability of PV and TiO2/G-PV electrodes was investigated by
repeated potential cycling up to upper potential limit of 1.4 V in 0.5M H2SOs electrolyte
solution as shown in Figure 3.22. The peak current comes from the surface oxide formation
due to the hydroquinone—quinone redox couple on the support surface. This peak is
expected to become stronger under the aging condition with a general increase in capacitive
current for less stable support material. Increasing oxidation and capacitive currents on PV
suggest a higher degree of surface carbon oxidation with time. The contribution to
oxidative current involves various oxidising groups on the surface of carbon as earlier
identified through XPS analysis and confirmed in separate studies by Jarvi and co-workers
through thermal gravimetric analysis with a mass spectrometry [71]. In contrast, the peak
current is barely visible in the case of TiO2/G-PV electrode with negligible change over
the 4000 potential cycles. The capacitive current does not much change with time either.
Both facts suggest that TiO2/G-PV surface is more difficult to oxidize than PV. This
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suggests that a relatively conductive TiO2/G-PV support can potentially be more corrosion

resistant and durable when used in a fuel cell.
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Figure 3.22: CVs of pristine Vulcan (PV) and TiO2/G-PV (B) supports under aging

conditions in N»-saturated acidic solution at a scan rate of 50 mV/s., temperature: 25 °C

Electrochemical impedance spectroscopy (EIS) measurement at 0.60V vs. NHE
was taking at interval under the potential cycling conditions as shown in Figures (3.23-
3.25). The high resistivity of the TiO> electrode is clearly seen from the Nyquist plots
(Figure 3.23a). The Nyquist plot also shows that the electrode becomes more resistive with
TiO2 inclusion however with a gain in stability. The capacitance plots confirm CV results

under the potential cycling with higher limiting capacitance for the PV support. There is
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negligible change in the TiO2 and TiO2/G-PV electrodes with time compares with the
subtle change on the PV electrode support.
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Figure 3.23: Electrochemical impedance spectroscopy (EIS) plots of TiOz electrode at
0.60V showing Nyquist plot (a), capacitance plot(b) and normalised capacitance plot (c)

in nitrogen saturated 0.5M H2SO4 solution scan rate of 50 mV/s, test temperature: 25 °C
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Figure 3.24: Electrochemical impedance spectroscopy (EIS) plots of PV support at
0.60V showing Nyquist plot (a), capacitance plot(b) and normalised capacitance plot (c)
in nitrogen saturated 0.5M H2SO4 solution scan rate of 50 mV/s, test temperature: 25 °C
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Figure 3.25: Electrochemical impedance spectroscopy (EIS) plots of TiO2/G-PV electrode
at 0.60V showing Nyquist plot (a), capacitance plot(b) and normalised capacitance plot (c)

in nitrogen saturated 0.5M H2SO4 solution scan rate of 50 mV/s, test temperature: 25 °C

3.6 Sol-gel derived TiO2/C composite supports

TiO2/C composites have been produced using a new experimental approach that
brings more control on the deposition process and maximise the interaction between the
metal oxide precursor and the carbon substrate. The sol-gel method was utilized in this
work because it allows for the most flexibility with respect to many of the reaction
parameters. The mechanism of reaction involves the reaction of titanium isopropoxide with
water and hydroxyl groups at the surface of the glucose/carbon interface in isopropanol.
Concurrent and competing polymerization reaction takes place following this hydrolysis
process [72-73]. The solid inorganic network of titanium formed during the polymerization
reaction proceeds as far as the hydrolysis conditions allow or the precursor is consumed.
The hydrolysis reaction conditions dictate the relative concentrations of the terminating
bonds (OH) of the polymerization reaction by altering the reaction kinetics, thus ultimately
controlling particle size and morphology. In the case of ATV, the nucleation and growth
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of amorphous TiO2 nanoparticles take place at the oxygen functional group sites, resulting

in a poor control of the overall deposition process.

In summary, this thesis shows that the heterogeneous nucleation and growth of
TiO2 on carbon black can be preferentially achieved without the need for strong acid
treatment. During thermal annealing treatment of the amorphous composites in inert
medium, the glucose pyrolysis products can also contribute to the strong coupling effects
between components when the amorphous TiO2 nanoparticles undergo a localized
crystallization on G-PV substrate with minimal aggregation and migration. Based on TEM
and electrochemical results, the TiO2/G-PV composite obtained using glucose as carbon
modifier is close to the desired core-shell material where small TiO2 nanoparticles are

uniformly distributed on the surface of carbon aggregates.
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Figure 3.26: Possible configurations of carbon and TiO2 particles in the synthesized

TiO2/C composite supports

3.7 Conclusions

In the present work two different composites based on Vulcan carbon substrate
were synthesized, characterized and electrochemical activity reported. FTIR spectroscopy
show that surface functional groups were successfully used as anchoring points during the

sol-gel process. TGA was used for semi quantitative analysis and thermal stability of the
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modified support materials. The composite supports become thermal unstable in air as a
result of the enhanced catalytic activity of the TiO> NPs under this thermal oxidative
condition.

The materials prepared through glucose pre-adsorption on carbon present higher
BET surface areas compared with TiO2/ATV composites counterpart for the same TiO-
loading. This higher surface area is an important contribution to catalytic application.
Lower surface areas are observed on the composite supports as a result of highly dense
TiO, particles on the carbon surface as well as the heat treatment effect on the support
material.

Microscopy analysis shows little effect on Vulcan carbon following surface
treatment, however, TiO2/G-PV composite shows a more relative uniform distribution of
~5-10 nmTiO2 NPs on carbon compared to the more aggregate particles observed on
TiO2/ATV composite support. Thus we conclude the superior of surface glucose hydroxyl
functional groups in controlling nucleation growth of TiO2 NPs during sol-gel synthesis.

Raman spectroscopy and XPS were used to analyze molecular differences in the
nanocomposites. Raman spectra show distinct carbon and TiO. peaks thus, the sol-gel
synthesis method was successful in this study. The XPS analysis of the TiO2/ATV and
TiO2/G-PV confirms both are nanocomposites and consist of carbon material with TiO>
particles. The shifts in XPS can be assigned to the bond of titanium via an oxygen bridge
with a carbon on the modified substrate. In addition to the shift, a new peak that is not
explained reasonably from the databases appears at approximately 288.7 eV. It is feasible
to attribute this peak to the C-O-Ti bond. Therefore, we conclude that the TiO2 coating is
chemically bonded to the carbon material. The titanium peaks of these composites show
displacement compared to the reference material.

These composites prepared through different routes displayed drastically different
electrochemical performance. These composites outperformed the benchmark Vulcan
carbon following long term durability study. These results look promising as these
materials can be used to deposit metal nanoparticles for catalytic applications.
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CHAPTER FOUR

Study of glucose doped acid treated composite catalyst and comparative

analysis.

Part of the work described in this chapter has been published as:

Odetola, C., Trevani, L., and Easton, E. B. (2015). Enhanced activity and stability of
Pt/TiO>/carbon fuel cell electrocatalyst prepared using a glucose modifier. Journal of
Power Sources, 294, 254-263.

http://dx.doi.org/10.1016/j.jpowsour.2015.06.066

In last chapter, 1 have synthesized glucose-doped pristine Vulcan® TiO2/G-PV composite
supports for electrochemical application. However, it is not clear how acid treatment
influences the adsorption of glucose on carbon, and more importantly, its impact on the
long-term stability of the carbon support. Therefore, in this study the deposition of TiO-
was carried out on glucose-doped acid treated Vulcan® XC-72R carbon (G-ATV), followed
by post-deposition heat treatment at 500 °C under nitrogen to induce the pyrolysis of

glucose and promote TiO: crystallization and the deposition of Pt NPs.
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4.1 Introduction

Polymer electrolyte fuel cells (PEMFCs) offer efficient and emission-free energy
conversion for alternative and sustainable energy systems. The technology looks promising
in terms of meeting the increasing energy demand due to its high theoretical energy
conversion efficiency, and as a result of that, the last decade has witnessed significant
activity in fuel cell electrocatalyst research [1]. However for automotive application, this
technology is not currently cost competitive with the internal combustion engine due to the
use of high loadings of noble metal catalysts (i.e. Pt), as well as material
degradation/durability issues. The kinetically sluggish oxygen reduction reaction (ORR)
at the cathode, instability of the Pt catalyst, and the vulnerability of carbon supports to
corrosion are obstacles for widespread fuel cell commercialization [2-5].

Carbon black is a popular catalyst support due to its good electronic conductivity,
high surface area and chemical stability. However it is susceptible to electrochemical
oxidation, particularly under highly acidic and highly high humid conditions [6-9]. Under
these corrosive conditions, surface oxides are formed on carbon with subsequent oxidation
to CO2 [10-11]. Attempts to minimise degradation often involve modification of the
existing catalyst support or replacement with an alternative support material. However, this
poses a significant challenge since very few materials exhibit the combination of high
electronic conductivity and high surface area with comparable chemical inertness [12].

Carbon materials with a higher graphitic character, such as carbon nanofibers,
carbon nanotubes, carbon nanocages, and graphene present a greater corrosion resistance,
with a several fold lower intrinsic corrosion rate [13-15]. However, these are expensive
and their inert surfaces present a challenge for catalyst dispersion unless oxidative
treatments are performed to introduce defects, which can compromise corrosion resistance
[16-18]. As a result, new materials that are less susceptible to carbon corrosion and
electrochemical oxidation are still required.

The dispersion of noble metal nanoparticles on metal oxide supports has been
shown to enhance their catalytic behaviour and corrosion stability in acidic environments
[19-20]. This is widely associated with intrinsic attraction between the metal particles and
metal oxide support often refer to as strong metal support interaction (SMSI) effect This

mutual interaction between metal nanoparticles and metal oxide support can change the
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chemical environment of the metal particles, thus altering the electronic property and
improving stability [21].

While there has been a plethora of studies on metal oxides catalyst supports,
titanium oxide is perhaps the most attractive due to their corrosion stability, low cost,
commercial availability, and the ease to control size and structure [22-23]. The choice of
TiO> as a catalyst support is shown to enhance base catalytic activity through structural
arrangement at the molecular level [24], facilitates the dispersion of platinum nanoparticles
[25], and as well as photo-enhancement of anodic fuel cell reactions [26-27]. Dispersion
of Pt nanoparticles on TiO2 support is easier due to its hydrophilic nature. Moreover, the
electrochemically active surface area (ECSA) of Pt catalyst has also been reported to show
a significant increase with the addition of TiO, due to mutual interaction between Pt and
TiO2[28].

However, despite the higher durability of TiO2 based catalysts in relation to
conventional carbon supports, its low electronic conductivity limits performance in fuel
cell [29]. This is partially solved by reduction of TiO> to sub-stoichiometric forms at high
temperatures and doping with appropriate metal cations [30-31], but such treatments often
lead to decreasing support surface area for catalyst dispersion and a systematic screening
of potential semiconductor materials for electrochemical catalysis is still lacking [32].

Ideally the deposition of TiO2 on carbon would result in a new class of hybrid
support material that blends the excellent electrical conductivity and mesoporous structure
of carbon black with the corrosion resistance of TiO., However, most of the studies in the
literature where this kind of structure have been obtained involved single and multiwall
carbon nanotubes, graphene and carbon fibers [33-35]. In addition, controlling the
thickness of TiO2 on mesoporous carbon and preventing phase segregation continues to be
a synthetic challenge [36-37].

To overcome the aforementioned issues, we have used glucose, a hydrophilic
molecule with multiple hydroxyl groups as a structure-directing agent to control the growth
of small and uniform TiO nanoparticles on the surface of acid treated Vulcan carbon. It is
worth noting the method has been used to produce hollow TiO2 nanoparticles for
photovoltaics applications and TiOz-carbon nanotubes without acid treatment

functionalization for lithium-ion battery anodes [38]. However, to the best of our
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knowledge, this is the first time that this kind of material has been studied as Pt support for
fuel cell application.

As a result, the deposition of TiO> was carried out on glucose-doped acid treated
Vulcan® XC-72R carbon (G-ATV), followed by the deposition of TiO2 and a post-
deposition heat treatment at 500 °C under nitrogen to induce the pyrolysis of glucose and
promote TiO> crystallization. For comparison, three different groups of catalyst materials
were prepared and characterized : (i) Platinum was deposisted on various support materials
(i) Acid treated Vulcan® XC-72R (Pt/ATV), (ii) TiOz /acid treated Vulcan® XC-72R
composite (Pt/5Swt%TiO2/ATV), (iii) TiO2/ acid treated Vulcan® XC-72R glucose doped
composite (Pt/14%TiO2/G-ATV). The catalytic activity of Pt on these systems was studied
using standard electrochemical methods in 0.5 M H2SO4 at room temperature using a three-

electrode cell.

4.2 Experimental

4.2.1 Synthesis of Composite Catalysts

To dope glucose on carbon surface, ATV was mixed with 15 wt% glucose in an
ethanol/water solution (80 wt% ethanol) and placed in an ultrasonic bath for 120 minutes
at room temperature. The carbon/glucose product was filtered and washed with the same
ethanol/water solution to remove any excess glucose. The solids were dried in a vacuum
oven overnight at 60 °C. This is here- after referred to as glucose doped ATV (G-ATV).
This was followed by the deposition of TiO2 by sol gel synthesis. The as prepared TiO,/C
composites were heat treated in inert medium prior to deposition of Pt NPs. Figure 4.1
outlines the synthetic routes for the two composite catalysts tested in this work and the

details were described in chapter 2 of this thesis.
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Figure 4.1: Synthesis of Pt/TiO./G-ATV catalyst

4.2.2 Materials Characterization

Thermogravimetric analysis was used for compositional analysis of the composite
catalysts. These studies were performed with an SDT Q600 Thermal Gravimetric Analyzer
from TA Instruments. Samples were heated in alumina pans from room temperature to
1000 °C at a heating rate of 20 °C min™ under an atmosphere of either flowing air or Argon
(50 mL mint). Mass and temperature calibrations were conducted periodically, to ensure
a reliable comparison between samples.

A confocal Renishaw Raman Imaging Miscroscope System 2000 was used as the
primary characterization screening tool during the optimization of the synthesis
procedures. Spectra were collected in the range 2000-100 cm™ with a 514 nm argon ion
laser with a 25 mW output power. Repeated acquisitions (40 scans) with an acquisition
time of 10 s at a 50x magnification, were accumulated to improve the signal-to-noise ratio.
The spectrum was collected for no less than 3 sample locations to ensure uniformity.

XRD experiments were performed with a Rigaku Ultima IV X-ray diffractometer
equipped with graphite monochromator, k- filter and a Cu Ka 0.154 nm X-ray source.
Samples were scanned from 10 to 85 with a step size of 0.02°.

X-ray photoelectron spectroscopy measurements to determine the surface
properties of the catalysts were performed with a ThermoFisher Scientific K-Alpha
(1486.65 eV) system. Charge compensation applied with combined e/Ar flood-gun. The
energy range was shifted so that place main Cls peak appeared at 284.6 eV. Powdered
samples were spread onto double-sided adhesive C tape, using enough powder to
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completely cover the tape. Data work-up was performed with software provided with the
instrument (Advantage 5.926).

Brunauer, Emmett and Teller (BET) surface area of modified supports was
examined via nitrogen adsorption measurements using a Quantachrome NOVA 1200e BET
analyzer. For this determination, ~ 100 mg of sample was degassed under nitrogen flow at
300 °C for a minimum of 2 h prior to adsorption measurements.

The transmission electron microscope (TEM) characterization was carried out
using either a JEOL JEM-2010 200kV high resolution TEM LaB6 filament or a Philips
CM 10 instrument equipped with an AMT digital camera system. Particle size distribution

was performed using Image J software.

4.2.3 Electrochemical Characterization

Electrochemical measurements were performed on thin film catalyst layers deposited
from an ink onto glassy carbon electrode (0.196cm?). The inks were prepared by dispersing
ca. 10 mg of catalyst in 500 pL of a solution containing Nafion®, water and isopropyl
alcohol. 5 pL of the ink was deposited onto the glassy carbon disk electrode using a
microsyringe. The deposited ink was allowed to dry in air for 20 minutes before
electrochemical measurements were performed. A Pt loading of 0.1 + 0.01 mg cm™. This
loading was chosen as optimal since it closely mimics the ionic and electronic resistances
seen in real-world fuel cell catalyst layers [40], yet is sufficiently thin so that mass transport
of reactants is not hindered. Cyclic voltammetry (CV) measurements for cleaning were
performed in a potential range between 0.04 to 1.5 V at a scan rate of 100 mV/s for 20
cycles until a steady state CV was achieved.

All electrochemical measurements were performed at 25 °C using a Solartron 1470
potentiostat in combination with a Solartron 1260 impedance analyser controlled using
Multistat 1.1d software (Scribner Associates Inc.) for electrochemical impedance
spectroscopy (EIS) experiment. The electrocatalyst degradation was investigated by
repeated potential cycling from 0.04 to 1.4 V at a scan rate of 50 mV s in a deaerated
0.5M H2SO0s4. This procedure was developed by one of the authors and it is described
elsewhere [41], to evaluate the stability of the synthesized catalysts. This involves

accelerated aging by potential cycling from 0.04 - 1.5 V in an argon saturated electrolyte
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solution and continuous assessment of the catalysts performance with time using CV and
EIS. All EIS measurements were made over a frequency range of 100 kHz to 0.1 Hz at a
DC bias potential of 0.45 V vs. NHE. The uncompensated resistance was subtracted from
all impedance spectra. EIS data was interpreted via the transmission line model for fuel

cell catalyst layers [40].

4.3 Results and Discussion
4.3.1 Materials Characterization

The TiO2 and Pt contents in each catalyst were determined using TGA in air. This
method has been previously employed for Pt-carbon-SiO; composite layers [42] and results
in the combustion of all carbon. Figure 4.2 shows mass losses for ATV, G-ATV, TiO2/G-
ATV and Pt/TiO»/ G-ATV under air. Glucose doped carbon shows two major two mass
losses: a small one starting at 200 °C and the major one at around 470 °C. These TGA
thermal analyses data on glucose doped carbon substrate is rationalised by the assumption
that at least two residual materials are present and thermally decompose in air within these
temperature range. This first mass loss is mostly due to the oxidation of glucose OH
functional groups on modified carbon support

TiO2/G-ATV composite support after heat treatment at 500 °C in nitrogen for 2
hours also show two major mass losses. The mass loss at ca. 200 °C is attributed to the
presence of carbon derived from glucose, formed during the 500 °C annealing step and
subsequent thermal oxidation of ATV. The residual mass at temperatures over 600 °C is
attributed solely to TiOz and corresponds to the wt% TiO in the sample. Knowing the ratio
of TiO» to carbon for each support enables the determination of the wt% Pt in each sample
from TGA under air. Table 4.1 summarizes the composition of the samples used in the

electrochemical studies.
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Table 4.1: Physical Properties of TiO2/ C and Pt Catalysts.

Samples TiO2 Pt BET Pt particle Pt particle
(wt %) (TGA)  surface area size size
(wt %) (m?g?t) (nm) TEM  (nm) (XRD)

ATV _ _ 251 _ _
Pt/ ATV 0.0 24.5 _ 4.4 4.1
PUTIO2 /G- 14 13.8 185 4.0 3.7
ATV
PUYTIO 5.0 21.2 236 4.4 3.9
ATV

100 -

80 -

60 1

Mass (%)

- PtM4wt% TiO2/ G-ATV

40 -
— ATV
20 ] - G-ATV
— 14wt% TiO02/ G-ATV
0
0 200

400

600
Temperature (°C)

800

Figure 4.2: Thermogravimetric analysis under air for compositional analysis: ATV, G-
ATV, Pt/ 14 wt% TiO2/ G-ATV and Pt/ 14 wt% TiO,/ G-ATV catalyst. Experimental

conditions: average sample mass: 10 mg, gas flow rate: 50 ml/min, and heating rate 20

°C/min.

130



Figure 4.3 shows the TEM analysis of two composite supports in this study, 14
TiO2/G-ATV (a-b) and 5 % TiO2/ATV. One can see overlapping particles in the images for
glucose doped sample with only a minimal number of particles that are aggregated. The
relatively uniform distribution and well defined spherical shapes of TiO> particles can be
inferred on the glucose modified porous carbon substrate. Based on Fig 4.3(b), the TiO>
NPa on this glucose modified carbon were less than 10 nm which are significantly small
and form appreciable uniform growth. In contrast, it is difficult to see TiO2 particles on

ATV and those observed appear not distinct with non-uniform dispersion.

Figure 4.3: TEM characterization: (a-b) 14wt% TiO2/G-ATV and (c-d) 5wt%TiO2/ ATV

composite supports.
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Figure 4.4: TEM characterization: (a) Pt/14 wt% TiO2/ G-ATV and particle size
distribution (b) 5wt% TiO2/ ATV and particle size distribution.
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TEM images of platinised composites are shown in Figure. 5.4. In the case of the
glucose doped carbon sample, the morphology is significantly different to the one observed
for TiO2/ATV sample without glucose doping, Figure 4.4b. A more detailed examination
reveals that Pt nanoparticles are uniformly dispersed on the surface of the support with a
relatively narrow particle size distribution proving the introduction of TiO; inhibits the

aggregation of Pt particles, even at high TiO: loading ratio (14 wt%).
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Figure 4.5: XPS characterization: O1s Scan: (a) Pt/14 wt% TiO2/ G-ATV (b) Pt/5 wt%
TiO2/ ATV
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XPS analysis was carried out on Pt/TiO2/G-ATV and Pt/TiO2/ATV catalysts. The
Ols spectra are shown in Figure 4.5, which were fit to 3 main components. Two main peaks
were observed at binding energies of 530.73 eV and 532.31 eV were attributed to TiO> and
OH functionalities, respectively. The other high BE peak at 533.92 eV possibly originates
from alcohol or adsorbed H2O [43]. In both PU/TiO2/ATV and Pt/TiO/GATV, TiO:
particles are in contact with Pt nanoparticles. As a result, one can suspect changes in the
electronic structure of the oxide substrate. From Table 4.2, the Pt-TiO2 mutual interactions
can be attributed to a decrease in binding energy (BE) of Pt 4f electrons in the presence of
the oxide substrate. The shift to lower BE suggests an increased electron density on Pt,
which can enhance electrochemical activity. Pt 4f signal for Pt/C has been observed at BE
72-71.5 eV [44-45], which is different as compared to 71.3eV for Pt deposited on TiO2/C
composites. The 400-700meV difference in Pt 4f BE suggests a local increase of the
electron density on Pt, when Pt is deposited on any of the two oxides investigated. Such
slight decrease in Pt 4f BE has already been reported for Pt deposited on oxides of titanium,
which confirms our findings, and the increased electron density has been attributed to
single metal support interaction (SMSI) in these studies [46-47]. Moreover, the reduction
of Pt is more favorable on the glucose doped ATV with 49% metallic Pt formed as

compared with 44% on TiO2/ATV as shown in below.

Table 4.2: XPS Analysis of Pt/TiO2/ G-ATV and Pt/TiO2/ ATV Catalysts.

Pt (0) Pt (11) Pt (1V) % Pt (0)
Samples .
715V #7560V #7420V
Pt/14%TiO, /G- 49.0
71.3 72.16 73.5
ATV
Pt/5%TiO2/ ATV 71.3 72.12 73.6 44.0

# - values for Pt states taken from [44-45]
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Figure 4.6: XRD patterns of: (a) acid treated Vulcan (ATV), Anatase (SA) and SA
annealed at 500°C for 6 hours in N2, 14 wt% TiO2/G-ATV and 5wt%TiO/ATV (b) 14
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Figure 4.6 compares the XRD patterns of the catalysts and components at difference
stages of preparation. ATV displays an intense peak at 26.2° as well as a smaller peak
around 42.5°, which correspond to the (002) and (100) Bragg peaks expected for the
graphitic content in carbon blacks [48-49]. Also shown in this figure are the diffraction
patterns obtained for commercially available anatase TiO2 and a rutile sample obtained by
heating anatase at 600 °C for 6 hours in nitrogen which displayed their expected reflections
[29]. The XRD patterns obtained for both carbon/TiO2 composites are dominated by the
broad (002) reflection of carbon. However, closer examination of the overlapping peaks
(Figure 4.6 (b)) reveal reflections that can be ascribed to both anatase and rutile, despite
the fact that annealing temperature is relatively low, temperatures as low as 400 °C has
been reported for the anatase-to-rutile transition [49].The inert medium during annealing
induced formation of trace amount of rutile phase of TiO in the composite supports.
Figure 4.6(c) compares the diffraction patterns obtained for Pt/14wt%TiO2/G-ATV,
5wt%TiO2/ATV, and PY/ATV. All 3 catalysts displayed the characteristic peaks for fcc
platinum. The average Pt particle size was determined from the broadening of the Pt (111)
peak using the Scherrer equation, and found to be similar for all samples and in good
agreement with those determined by TEM. This indicates that the Pt particles deposited are
very similar in both terms of both size and crystallinity.

Raman spectra of ATV, commercial anatase TiO2 and composites annealed at
500°C are shown in Figure 4.7. The spectra exhibit two peaks: the G band at approximately
1582 and 1350 wavenumber for both G and D bands respectively. The spectra of the
samples at 500°C reveal peaks at 148, 409, 515 and 633 cm™® that correspond to anatase
phase of TiOo.
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Figure 4.7: Raman spectra of: (a) acid treated Vulcan (ATP), Anatase TiO2 (SA), 14 wt%
TiO2/G-ATV and 5wt%TiO/ATV

The strongest peak at 148 cm™? is distinct, which indicates that an anatase phase
was formed in the as-prepared composite material. These results are in good agreement
with the powder XRD data. The successive characterization techniques, TEM, XPS, XRD,
TGA and Raman spectroscopy all indicate successful synthesis of TiO2/carbon composite
supports however with the absence of titanium carbide.

Table 4.1 lists the BET surface area data obtained for catalyst support materials.
The BET surface area of ATV was determined to be 251 m? g%, which falls within the 230
— 254 m? g! range of BET surface areas reported in the literature for Vulcan XC72. The
addition of 5 wt% TiO2 to ATV leads to a relatively modest reduction in BET surface area
(~ 5%) suggesting the material structure is not significantly changed with such small
amount of metal oxide. On the other hand, the BET surface area for 14 w% TiO2/G-ATV
was significantly lower than ATV. In this sample, a larger fraction the carbon surface is
covered with the denser TiO, which also decreases the pore volume, thus the decrease in

specific surface area.
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4.3.2 Electrochemical Characterization

Typical CVs obtained for each catalyst in N2-purged 0.5M H2SO4 solution are shown
in Figure 4.8. The beginning of life (BOL) ECSA of Pt/ ATV, Pt/ 14wt% TiO>/G-ATV and
Pt/ 5wt% TiO2/ATV are shown in Table 5.3. Pt 14wt% TiO2/G-ATV has the highest ECSA
at 40.4 m? g despite having the highest TiO. loading. This may a result of a greater
dispersion of Pt nanoparticles on the more uniform composite support. This is in agreement
with other findings where dispersion of Pt-catalyst particles was enhanced with minimum
aggregation in the presence of TiO2 and higher electrochemical activity [50-51].

Table 4.3: Summary of electrochemical properties of prepared catalysts

BOLECSA  EOLECSA  Onset Potential Ik
Samples
(m2g? (m?gth) for ORR (V) (mAcm™)
P/ ATV 3569+36(3) 06+1.8(2) 0.89+0.04(22 106+1.7(2)
Pt/14%TiO, /G-
ATV 404+29(3) 93+27(2) 095+0.01(2) 183+0.3(2

PU5%TiO/ ATV  37.1+3.6(3) 6.2+0.8(2) 0.88+0032) 11.1+1.9(2)

E-20¢ 557435 63423 ; ;

IM-20 52.3+0.3 9.3+0.2 ; ]

*:- values recorded for two commercial catalysts, 20wt% Pt/C ETEK and Johnson

Matthey following 4000 potential cycles in sulphuric acid medium. (52)
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Figure 4.8: Half-cell CVs of : (a) Pt/ ATV (b) Pt/ 14 wt% TiO2/ G-ATV (c) Pt/ 5 wt%
TiO2/ ATV catalysts under aging conditions in argon-saturated 0.5M H2SO4 solution.
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Accelerated stress tests were performed on each catalyst using a potential cycling
protocol with periodic assessment of catalyst layer health by CV. An upper potential limit
of 1.5 V was chosen to mimic fuel cell conditions where the reverse currents [53] and local
fuel starvation [54] are present, which exacerbate carbon corrosion. Figure 4.8 shows the
changes in the CVs obtained for each catalyst after aging for 1000, 2000, 3000, and 4000
potential cycles. The intensities of the low potential peaks associated with hydrogen
adsorption/desorption, as well as the high potential Pt-oxide growth/stripping peaks,
decreases with increasing cycle number.

Figure 4.9 shows that the ECSA of each catalyst decreases with increased potential
cycling. From the plot, it can be deduced that both composite catalysts show a significantly
lower rate of ECSA loss compared to Pt/ ATV.
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Figure 4.9: Relationship of different catalysts under aging conditions: (a) ECSA vs

potential cycle number (b) Normalized ECSA under the catalyst stability assessment

period

Moreover a two fold increase in the Pt surface area retention was obtained on the
composite catalysts compared with two commercial catalysts E-TEK 20% Pt on Vulcan
XC72 carbon black (BASF) and Johnson Matthey HiSpec 3000 20% Pt on carbon black
(Alfa Aesar) following 4000 potential cycles as shown in Table 4.3 [52].There are two
plausible explanations for this enhanced stability. The first is an electronic interaction
between Pt nanoparticles on TiO2/C composite support [55-56] that slows the rate of Pt
dissolution and agglomeration. The second is a decreased rate of carbon corrosion. Both
degradation mechanisms could also be present at the same time. The enhanced ORR
activity achieved with Pt/14 wt% TiO2/G-ATV could indicate a more favourably electronic
pathway. On the other hand, the CVs for Pt/ ATV show the growth of a peak at ca. 0.5V
which is related to the growth of the quinone/hydroquinone groups on the carbon surface.
This is indicative of partial oxidation of the carbon surface upon cycling, though not
necessarily its corrosion.
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Pt/ 5 wt% TiOo/ ATV at beginning of life (BOL) and after 4000 potential cycles (EOL).
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Saleh and Easton have reported when carbon corrosion occurs in fuel cell catalyst
layers, a characteristic change in the EIS profile is observed [41]. Specifically, an increase
in the total catalyst layer resistance, Rs, accompanied by an initial increase and subsequent
decrease in capacitance is indicative of carbon corrosion [57]. The EIS responses obtained
at BOL and EOL for each catalyst layer are shown as both Nyquist and capacitance plots
in Figure 4.10 and Figure 4.11 respectively. PYATV showed the highest limiting (low
frequency) capacitance at BOL, which arises due to the higher exposed carbon surface area.
As TiO; is introduced into the structure, capacitance decreases. This is expected as TiO>
covers a significant portion of the carbon surface. By projecting the length of the 45°
Warburg-type region onto the real axis, we can extract the total catalyst layer resistance,
Rx, which is the sum of the electronic and ionic resistances in the catalyst layer [58]. The
addition of TiO2 into the catalyst layer does lead to a small increase in Rz which is attributed
to an increase in electronic resistance. Such an increase is expected when a metal oxide is
added. However, the increased resistance is relatively small, owing to our method of
fabrication and as such has minimal influence on electrode performance.

At EOL, both P/ATV and Pt/ 5 wt% TiO2/ATV based catalyst layer shows a small
increase in capacitance and small decrease in Ry, which we attribute to improved hydration
of the catalyst layer during testing [59]. Pt/ 14 wit% TiO2/G-ATV also shows a small
increase in capacitance at EOL; Ry, was essentially unchanged.

Together, this EIS data indicates that carbon corrosion is not a substantial
contributor to the degradation of the three catalysts and that Pt dissolution/agglomeration
is the dominant degradation pathway. While one would expect the presence of TiO> to
enhance carbon corrosion stability, Vulcan XC72 has been shown to not corrode
significantly under the testing conditions [57]. Therefore, the enhanced durability of the
composite catalysts must be attributed to the electronic interaction of Pt nanoparticles with

the TiO2/C support that minimised Pt dissolution and aggregation.
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Figure 4.12: ORR activities of each catalyst at beginning of life (a, b, ¢) corresponding
Koutecky-Levich plots are shown in (d, e, and f). Measurements were carried out in O»-
saturated 0.5M H>SOs4 at 25 °C a scan rate of 5mV s, Pt loading 0.1 £ 0.01 mg cm™
30wt% Nafion loading.

The activity of the synthesized catalysts toward the reduction of oxygen was
determined using rotating disc electrode system. Typical ORR curves obtained at different
rotation rates are shown in Figure 4.12. The diffusion limiting current increased with
increased rotation rates for each catalyst. It can be inferred from these plots that an increase
in limiting currents on high performance electrocatalysts is associated with the increase of
molecular oxygen diffusion in the boundary layer through the electrode surface. At high
cathodic overpotentials, the oxygen reduction rate reaches it maximum as seen by the flat
limiting current plateau. Kinetic current densities (ix) for each catalyst were determined

using the Koutecky-Levich equation at differential potentials, in region with kinetic and
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mass transfer contribution on the electrode surface. These plots indicate first order ORR

kinetics and that the four-electron transfer process takes place on all catalysts.
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Figure 4.13: Mechanisms of Oxygen reduction reaction on platinum based electrode
surface °1,

These results are consistent with the direct 4-electron path way mechanism of
oxygen reduction presented in Figure 4.13. In this cathodic reaction, a multi-electron
reaction takes place that involves a number of elementary steps involving different reaction
intermediates to produce water and/or hydrogen peroxide [60]. The mechanism shown
indicates that O. can be reduced either directly to water (direct 4-electron reduction)
electrochemically with the rate constant ki, or to adsorbed hydrogen peroxide with the rate
constant ka2 (2-electron reduction). H202 can be further reduced to water with the rate
constant ks, chemically decomposed on the electrode surface ks, and/or desorbed into the
electrolyte solution ks [60].

Figure 4.14 overlays the ORR curves obtained at a fixed rotation rate of 1600 RPM
for each catalyst at their beginning of life (BOL). The activities of these catalysts are
compared with respect to their onset potentials, the potential at which 5 % of the limiting

current is reached [62]. The glucose doped catalyst has the highest onset potential for ORR
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activity at 0.97V compared with 0.88V for both Pt/ 5wt% TiO./ATV and Pt/ ATV,
respectively. After the aging protocol, the onset potentials for oxygen reduction at Pt/
ATV, Pt/ 5wt% TiO2/ATV, Pt/14 wt% TiO2/G-ATYV electrodes were observed at 0.74, 0.73
and 0.87 V respectively Figure 4.14b. This is in agreement with previous studies in which

improvement in oxygen reduction activity on TiO> catalyst support was observed due to

increased affinity of O, on the oxide support [20, 52].

Current density (mA cm'2)

Current density (mA cm'2)

@
— — —  Pt/ATV
Pt/ 14wt%TiOo/ G-ATV /
PU SWI%TIOZ ATV

0.2 0.4 0.6 0.8
E (V) vs NHE

1.0

——— Pt/ATV

Pt/ 5wt%TiO2/ ATV

Pt/ 14wt%TiO2/ G-ATV

0.2 0.4 0.6 0.8

E (V) vs NHE

1.0

Figure 4.14. Comparison of the ORR activities of each catalyst at (a) beginning of life

(BOL) and (b) end of life (EOL, 4000 potential cycles. Measurements were carried out in
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O,-saturated 0.5M H,SO4 at 25 °C a scan rate of 5 mV /s using an electrode rotation rate
of 1600 RPM.

4.4 Impact of catalyst loading and electrolyte effect on rotating disc

electrode measurements

The study was extended in order to follow a well-established by US Department of
Energy (DOE) new protocol that can be used to evaluate electrocatalytic activities
originally proposed by Kocha and Garsany [63], more specifically with respect to the
loadings of catalyst and choice of electrolyte used in our study. With respect to the catalyst
loading used in this thesis, our results are consistent with previous findings and within the
limit where kinetic analysis have been performed using a rotating disk electrode without
transport limitations [64].

The choice of electrolyte during RDE measurement is very important since anion
adsorption on the Pt electrode surface has been reported to be stronger in sulphate medium
than in perchloric acid medium. Such adsorption can affect diffusion limiting currents at
different rotation speeds on a rotating disc electrode. To show that the impact of sulphate
adsorption is minimal in these experiments, we have performed cyclic voltammetry using
aforementioned stability protocol and RDE measurements in double distilled 0.1M HCIO4
electrolyte. For possible comparison, the same measurements were done in 0.5M H2SO4
electrolyte solution for the 3 catalysts under same ultra-low catalyst loadings of 20 pg cm-
2, At this ultra-low catalyst loading, the catalyst layers are still sufficiently thin enough so
that the RDE results show still provide very good information about catalyst activity in
terms of onset potential and half wave potential for ORR. ORR curves at different rotation

rates are shown below in Figure 4.15 for all catalysts.
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1600 RPM.

Figure 4.16 compares the ORR activities of these catalysts at 1600RPM in the two
electrolyte solutions. The diffusion limiting currents appear similar in these acidic media.
The onset potential for oxygen reduction at 1600 RPM and the half wave potential were
highest for Pt/14 TiO./G-ATV catalyst compared with other tested catalysts. This is in
agreement with similar trend observed in sulfuric acid medium at the catalyst loadings used
in previous results. This further confirms that the electrodes tested in this work are not mass
transport limited.The linear dependence of the diffusion limiting currents at a given
potential, 0.2V with square root of rotation rates is shown in Figure 4.17. It is expected
that the slopes of the lines be proportional to number of electrons exchanged per O>
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molecule for ORR. The slopes of the experimental lines were obtained as ~0.39 mA cm
(rad s1)¥? and 0.38 mA cm (rad s)*2 in 0.1M HCIO4 and 0.5 M H,SOy4 electrolyte
solutions respectively, which are ~ 12% within the values reported in similar study [65].
All the catalysts show ~ 4 electron transfer process as before with enhanced diffusion
limiting currents. Thus these results confirm that the trends in activity are the same in both

electrolytes and confirm the validity of our measurements in H2SOa.
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Figure 4.16: Comparison of the ORR activities of each catalyst at 1600RPM in Oo-
saturated (a) 0.1M HCIO4 and (b) 0.5M H2SO4. Measurements were carried out at 25 °C
a scan rate of 5 mV s with 20ugem Pt loading on all catalysts.
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The catalyst materials were also evaluated for durability study in the two acidic
media for 4000 potential cycles (Figure 4.18). A general decay pattern of the Pt active
surface area under was observed under this cycling condition. The normalised surface area
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shows similar results of more stable composite catalysts materials over in house fabricated
Pt/C catalyst. Given all this, we feel that our measurements are both valid and highly
relevant. At this point, we will state that evaluation of electrocatalytic activity in sulfuric
acid medium is still a bench mark procedure in the literature up to date with respect to
stability study and ORR.
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Figure 4.18: Normalized ECSA of catalysts under stability assessment in (a) 0.1M
HCIOs and (b) 0.5M H2SO0..
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4.5 Conclusion and summary

Glucose doping on acid treated carbon has been evaluated to further activate carbon
surface prior to in situ TiO2 deposition to form a composite catalyst support. The addition
of glucose leads to a larger amount of TiO. deposited onto carbon compared to samples
prepared from the base carbon that was not glucose doped. Uniform dispersion of Pt
nanoparticles was achieved on both composite support surfaces. Pt/14wt%TiO2/G-ATV
showed a higher ECSA compared with P/ATV and Pt/ 5wt%TiO2/ ATV catalysts. This
enhancement in ECSA of Pt/14wt%TiO./ATV can be ascribed to thinner films of TiO; that
subsequently increased dispersion of Pt nanoparticles with minimal increase in catalyst
layer resistance. Catalyst prepared on these composite supports displayed high ORR
activity and greater durability during accelerated stress tests, which we have attributed to
an electronic interaction between Pt and TiO».
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CHAPTER FIVE

Oxygen reduction reaction and electrochemical stability of Pt/TiO,/Carbon

fuel cell electrocatalysts prepared using a glucose modifier.

Part of the work described in this chapter has been published as:

Odetola, C., Easton, E. B., and Trevani, L. (2016). Investigation of TiO2/carbon
electrocatalyst supports prepared using glucose as a modifier. International Journal of
Hydrogen Energy, 41(19), 8199-8208.

http://dx.doi.org/10.1016/j.ijhydene.2015.10.035

In last chapter, 1 have employed glucose-doped acid treated Vulcan® XC-72R carbon (G-
ATV) for the preparation of Pt/TiO,/G-ATV catalyst. This catalyst showed an
improvement in terms of electrochemical performance toward the oxygen reduction
reaction (ORR) when compared with undoped Pt/C. However, it will even be more
interesting if glucose doping can be applied on the surface of pristine Vulcan without the
need for acid treatment , and more importantly, its impact on the long-term stability of the
prepared catalysts. Therefore, in this study different TiO> contents were deposited on
glucose-doped pristine Vulcan® XC-72R carbon (G-PV), followed by post-deposition heat
treatment at 500 °C under nitrogen to induce the pyrolysis of glucose and promote TiO>
crystallization and the deposition of Pt NPs. The development of this dual phase composite
catalysts for oxygen reduction reaction (ORR) was evaluated under half cell conditions for
performance durability. The combination used for this catalyst support has been shown to
offer some improvements in performance stability in comparison to a control without TiO>
addition (Pt/C vs. Pt/ TiO2/G-PV).

158


http://dx.doi.org/10.1016/j.ijhydene.2015.10.035

5.1 Introduction

Proton exchange membrane fuel cells (PEMFCs) have shown to be an attractive
alternative power source for mobile and stationary applications; however, corrosion of the
carbon support and platinum aggregation during long-term operation and start-up-shut-
down cycles in automotive applications result in an important reduction of the catalyst
electrochemical surface area (ECSA). A problem that it is more severe on the cathode due
to the combination of oxidizing and acidic conditions [1-4].

One approach for extending the catalyst lifetime is through surface modification of
the carbon support. With proper functionals and chemical links at their interface, metal
support interaction has been shown to enhance activity [4-6]. One of the strategies is the
functionalization of the support with relatively stable oxygenated groups that can anchor
the metal nanoparticles avoiding their agglomeration. However, such treatment often
makes the support susceptible to electrochemical corrosion in acid media, and could affect
the Pt and the ionomer distribution, thereby altering the electron and proton conductivities
in the electrodes [7].

Other materials that are chemically stable under these conditions such as TiO2 do
not have sufficient electrical conductivity for this application. Thus, the synthesis and
characterization of metal oxides/carbon composite materials have become a very active
area of research [8]. Numerous metal oxides have been studied, with TiO2 leading the
group, either alone or in combination with other transition metals and/or carbon [8-14].
TiO/carbon nanotubes [12, 14] and TiO2/graphene [15] are perhaps the most successful
materials in terms of electronic conductivity, chemical inertness, and long-term stability
under accelerated test conditions. However, carbon nanotubes and graphene are still
expensive, and other materials are required to make PEMFCs competitive devices.

In chapter 4, we have employed glucose-doped pristine Vulcan® XC-72R carbon
(G-PV) for the preparation of Pt/TiO2/G-ATV catalyst. This catalyst showed an
improvement in terms of electrochemical performance toward the oxygen reduction
reaction (ORR) and electrochemical stability when compared with undoped Pt/C catalysts.
However, it is not clear how acid treatment influences the adsorption of glucose on carbon,

and more importantly, its impact on the long-term stability of the carbon support.
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In this chapter, we examine how PV surface can be functionalised with glucose
molecules without the need for the harsh acid treatment prior to TiO2 deposition. It is worth
noting the method has been used to produce hollow TiO2 nanoparticles for photovoltaics
applications and TiO2-carbon nanotubes without acid treatment functionalization for
lithium-ion battery anodes [16]. However, to the best of our knowledge, this is the first
time that this kind of approach has been studied as fuel cell catalysts.

This composite material made from both Vulcan and TiO, may be an excellent
alternative to pure carbon and could be a platform to demonstrate a proof of concept for
further understanding and development. If the crystalline titania nanostructures were well
connected and bonded to carbon surface, they should offer composite support that limits
carbon oxidation effects from exposure to a corrosive environment. Pt NPs would then be
anchored to the titania where a stronger bond with the TiO2 would be more likely to prevent
dissolution of the catalyst while electronic contact with carbon can still percolate an
interconnected network. One important objective was to demonstrate that TiO2 material
used in conjunction with graphitic carbon has potential for use in low temperature polymer
electrolyte fuel cell electrodes as others have also suggested from RDE and first principle
simulations [17-19].

A post-deposition heat treatment at 500 °C under nitrogen was carried out to induce
the pyrolysis of glucose and promote TiO; crystallization. Pt nanoparticles were deposited
on the support systems to form electrocatalyst and their electrochemical properties were
evaluated in order to understand the influence of glucose doping on catalyst performance
and durability. The ORR activity for each sample was investigated using a rotating disk
electrode (RDE) system. The electrocatalysts were tested using an accelerated durability
test (ADT) designed to rapidly degrade performance by potential cycling. Cycling tests can
be very aggressive towards carbon supported platinum catalysts [20]. The test results were
compared for electrocatalysts with and without TiO> addition to the carbon substrate. Some
of catalyst materials characterized include:

(1) Pt/C catalysts

(i) Pt/glucose doped Vulcan® XC-72R (Pt/G-PV)

(ili)  PYTiO2/acid-treated Vulcan® XC-72R (Pt/wt%TiO2/ATV)

(iv)  Pt/TiOg2/ glucose doped pristine Vulcan® XC-72R (Pt/%TiO2/G-PV).
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52  Experimental

Carbon substrate modification routes has been discussed in detail in Chapter 2. Physical
characterization of the supported Pt electrocatalyst was done using TGA, XRD, BET, TGA,
TEM, HRTEM and XPS, which is detailed in Chapter 3. All cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) measurements were performed at room
temperature (25 °C) in N2 saturated 0.5M H2SO4 electrolyte solution. Impedance spectra
were collected over a frequency range of 100 kHz to 0.1Hz at a DC bias potential of 0.425
V. The ORR activity for each sample was investigated using a rotating disk electrode
(RDE) system from Pine Research Instrumentation in combination with a Gamry
Reference 600 potentiostat. For these studies, the electrolyte was saturated with oxygen for
15 minutes, and the potential was swept from 1.0 to 0.3 V at a scan rate of 5 mV/s at
rotation rates between 400 and 1600 revolution per minute (rpm). The results start off with

materials characterization which is followed directly by electrochemical characterization.

5.3  Physical characterization results and discussion
5.3.1 Thermal analysis and samples composition determination

Samples were exposed to an annealing step under nitrogen at 500 °C for 2 hours. In
the case of the glucose-doped samples, this step is a requirement to induce the pyrolysis of
glucose. The effect of heat treatment on glucose, ATV, PV, and TiOz in argon is illustrated
in Fig. 5.1 The only major changes at temperature up to 500 °C was the pyrolysis of glucose
with mass losses observed at approximately 340 and 495 °C which are related to the
elimination of water and volatile decomposition products [21]. The glucose loading, TiO»-
to-carbon ratio, as well as the Pt content in the catalyst samples, were obtained using
thermogravimetric analysis in air instead of argon. Typical TGA and DSC runs for a
representative sample, before and after Pt deposition, 14%TiO2/G-PV and Pt/14%TiO./G-
PV, are shown in Fig.5.2. The presence of TiO> and Pt catalyze the decomposition of
carbon with onset temperatures at 280°C and 375 °C vs. 510 °C for PV, but it does not
have any impact on the residual masses of TiO. and Pt summarized in Table 5.1. There is
a significant difference in Pt content between samples prepared with and without glucose

despite a 20 wt% Pt loading was targeted for all the samples. The difference is likely due
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to changes in the surface properties of the support due to the presence of glucose or glucose

pyrolysis products.
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Figure 5.1: The (a) TGA and (b) DSC curves obtained under argon for Glucose (G),
Pristine Vulcan (PV), Acid treated Vulcan (ATV) and synthesized TiO,. Experimental
conditions: sample mass ~ 10 mg, gas flow rate: 50 mL/min, and heating rate of 20

°C/min.
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Figure 5.2: (a) TGA and (b) DSC curves obtained under air for 14% TiO2/ G-PV, and
Pt/14% TiO2/ G-PV. Experimental conditions: sample mass ~ 10 mg, gas flow rate: 50

mL/min, and heating rate 20 °C/min.
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Table 5.1: TGA showing weight % of TiO2 and Pt in the synthesized catalyst materials

Samples Weight % of TiO2 Weight % of Pt
Pt/PV --- 21.6
Pt/ ATV - 24.5
Pt/ G-PV --- 26.0
PUTIO/ATV 5 23.9
PUTIO/ATV 7.5 21.6
PUTIO/ATV 10.3 20.0
PUTIO/ATV 14 13.8
PUTIO./ G-PV 8.0 24.0
Pt/TiO2/ G-PV 13.5 16.5
Pt/TiO2/ G-PV 22.0 11.9
Pt/TiO2/ G-PV 24.0 13.0
PUTiIO./ G-PV 32.0 10.0

5.3.2 The impact of carbon pre-treatment on the properties of TiO2/ATV and
TiO2/G-PV substrates.

The second noticeable difference between treatments was the BET surface area of
the final materials. The surface area values obtained for TiO2, the three carbon supports
(ATV, PV, and G-PV after annealing at 500 °C in N2) and the composite materials
(TiO2/ATV and TiO2/G-PV) with TiO> loadings between 3 and 32% are compared in Fig.
5.3. There was an increase in surface area after acid treatment activation from 234 m?/g
(PV) to 251 m?/g (ATV). However, the reduction in area after annealing at 500 °C is more
pronounced in the case of ATV (192 m?/g) than in G-PV (211 m?/g) that we assign to the
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presence of glucose pyrolysis product on the surface of Vulcan carbon. The reduction of
the BET surface area on both carbon substrates (ATV and G-PV) after the deposition of
TiO> is also significant, but again, the effect is more pronounced in the case of the acid
treated carbon samples with comparable TiO. loadings. A 49 % reduction was observed
for ATV with 14 wt% TiO, vs. 16% for a 14%TiO2/G-PV sample. Similar result was
observed on CNT/TiO, [21] with an increased surface area (252.9 m?/g) when compared

with the surface area of the CNTs (158.9 m?/g ) and TiO, (98.6 m?/g ) nanoparticles.

280
\
240 'é\ o TiO,
N @ TIOY/ATV
o 200 h & TiOy/G-PV
N °\ .i\. ~ A pv
E 160 ‘\ \\ B ATV
= A N * G-PV
L o AL
M 120 S
AN
80 1 )
40

0O 5 10 15 20 25 30 3590 95 100
%TiO2
Figure 5.3: BET surface areas of glucose (G), pristine vulcan (PV), acid treated

Vulcan (ATV), glucose doped Vulcan (G-PV) and composite supports (TiO2/ATV and
TiO2/G-PV) following heat treated at 500 °C for 2 hours.
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5.3.3 Physical Properties of Pt on TiO2/ATV and TiO2G-PV

Figure 5.4 shows the TEM image acquired for Pt/PV. The grey area in these
micrographs represents dispersion of Vulcan carbon while the dark tiny spots are Pt NPs.
Numerous dark spots which formed agglomerates are seen on this unmodified carbon
substrate. The agglomerated Pt particles are of uneven size. The equivalent particle size
distributions based on 200 sample collection data are also shown in Figure 5.4 (b). The
average particle size of Pt nanoparticles in Pt/PVis 4.4+ 1.6 nm.

Figure 5.5 shows TEM images of composite catalysts Pt/TiO2/ATV and Pt/TiO2/G-
PV composite catalysts with their respective particle size distribution data. A more detailed
examination reveals that Pt nanoparticles are uniformly dispersed on the surface of the
TiO2/G-PV support with a relatively uniform distribution proving the introduction of TiO>
inhibits the aggregation of Pt particles, even at high TiO» loading ratio. Pt particles appear
more dispersed on metal oxide based support than on carbon than however, it is hard to
distinguish between the TiO> and Pt particles on this TEM image. The original form of the
support plays a great role in their TEM images thus the Pt/TiO2/G-PV material was less
likely to agglomerate since TiO> particle have a particle size of ~Snm when compared to
the particle size of carbon material which reveals a lot of agglomerates with no uniform
distribution of Pt particles was observed.

The average particle size of Pt nanoparticles in Pt/TiO2/ATV, and the Pt/TiO2/G-
PV were 4.3 + 0.6 nm and 3.5 + 1.2 nm, respectively. Despite the small differences in the
particle size distribution between samples, the presence of TiO2 does not adversely affect
the dispersion of the catalyst nanoparticles in the TiO2/carbon substrates, that in the case
of TiO2/G-PV could even be more favourable based on TEM results. The particle sizes
are in good agreement with those estimated from the broadening of the Pt(111) peak in

XRD analysis using the Debye-Scherrer equation (4 to 6 nm).
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Figure 5.4: Transmission electron micrograph (a) and (b) Pt particle size distribution of

Pt/PV catalyst.
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(d)
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Figure 5.5: Transmission electron micrographs and Pt particle size distribution for: (a) and
(b) 14 wt% TiO2/GPV, (c) and (d) 14 wt% TiO2/ATV

The particle size and crystallinity of supported Pt electrocatalyst employed in this
study was investigated using XRD. Figure 5.6 shows the X-ray diffraction pattern of the
catalysts on Vulcan carbon and composite supports recorded at recorded at 26 range of 20-
80°. The peak observed at 26° observed in all XRD pattern is attributed to the (002)
reflection for graphitic carbon. Peak positions for the Pt metal are indicated by Miller
indices. The peaks are consistent with face-centered cubic (fcc) structure for Pt, namely,
the peaks at ca. 40°, 46°, 67.5°, 81.5°, and 86° were reflected from Pt(111), Pt(200), Pt(220)
Pt(311), and Pt(220) planes, respectively. These diffractograms indicate that well
crystallized Pt nano particles were well formed during the impregnation process. The
average particle size and lattice parameter values are presented in Table 5.2 for Pt
supported on carbon and oxide based supports. Composite supports appear to limit the
growth of catalysts to a much greater extent when synthesized under the same conditions
[22-23]. This may be attributed in part to the interaction between Pt and the electropositive
transition metals used in the support, further suggesting support specific electrocatalysts
effects.
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Table 5.2: XRD average crystalline size of Pt in the synthesized catalyst materials.

Samples Position (20) Pt crystalline size
(nm)

Pt/PV 39.811 4.6
Pt/ ATV 39.64 4.1
Pt/ G-PV 39.69 3.9
Pt/5%TiO/ATV 39.35 3.9
PU/7.5%TiO/ATV 39.50 4.6
P/10%TiO/ATV 39.50 4.8
Pt/14%TIiO/ATV 39.50 5.2
Pt/8%TiOz/ G-PV 39.64 3.9
Pt/14%TiO2/ G-PV 39.35 3.7
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Pt/22%Ti02/ G-PV 39.76 4.2

Pt/24%Ti02/ G-PV 39.91 4.4

Pt/32%TiO./ G-PV 40.07 4.9

XPS measurements were performed to understand the interactions of TiOzand Pt in
the catalysts. In addition, XPS analysis was performed to evaluate if the addition of glucose
resulted in changes in the electron structure of TiO2 and Pt. The chemical states of O, Ti,
C and Pt were investigated by XPS and the results are shown in Fig. 5.7, the binding
energies (BE) and relative intensities are summarized in Table 5.3 along with reference
values for prepared TiO2 , TiO2 Degussa P25 [51] and Pt [10]. No significant differences
were observed in the BE of Ols between Pt/TiO./G-PV (533.4 eV and 532.2 eV) and
PUTIO/ATV (533.9 eV and 532.3 eV), but in the case of Ti, an appreciable shift of
approximately 1 eV was observed in the Ti2p bands of the glucose doped substrate
(TiO2/G-PV) when compared with TiO2 anatase. Similar changes in the BE of Ti2p in the
case of c-doped TiO2 deposited on CNT, 459.4 eV (Ti2p3/2) and 465.1 eV (Ti2p1/2), have
been attributed to the substitution or intercalation of carbon in the crystal structure of TiO;
[24].

In the composite with titania, the O1s peak was considerably diminished after Pt
deposition which could be due to the interaction between Pt and Ti. The O1s peak in
Pt/TiO2/G-PV also show positive shift in BEs compared with pure TiO2 and TiO2/G-PV
support. Similar shift in Ols was observed in Camaco’s work [13], an indication of
electronic interaction between carbon and TiO; particles. The latter observed shift can be
ascribed to the mutual interaction between Pt and TiO> particles. The analysis of the Ti 2p
peaks shows similar effect with respect to TiO2 and TiO2/G-PV however the peak positions
remain essentially unchanged following Pt deposition. The fact that the Ti peaks do not

change signifies that there is no formation alloy formation between the two elements.
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Binding energy (eV)

172



Table 5.3: XPS data for reference materials and prepared Pt/TiO2/ATV and Pt/TiO2/G-

PV samples
Catalyst Species Binding Energy Atomic %
(BE) /eV

TiO2 from ref. [22] Ti2p3 458.3
Ti2pl 464.2

TiO2 (Degussa) from ref.[10] Ti2p3 458.5
Ti2pl 464.2

P/14%TIiO/ATV Ti2p3 459.1 31.8
Ti2pl 464.1 68.2

P/14%TIiO/ATV Ptaf7 71.3 44.1
Pt4f7 B 73.6 23.4
Ptaf7 A 72.1 32.5

Pt/14%TiO2/G-PV Ptaf7 71.3 48.5
Pt4f7 B 73.5 24.5
Pt4f7 A 72.2 27.1

5.4 Electrochemical characterization results

5.4.1 Ex-situ and In-situ Addition of TiO2 NPs on standard Pt/C catalyst.
Preliminary studies of composite electrodes prepared using a range of TiO:

compositions (5-25%) through mechanical mixing on 20 wt% Pt/C (JM), commercial

catalyst was carried out in a three electrode system. The effect of TiO, loading in

direct contact with the carbon support and platinum catalyst can be easily evaluated

through this approach. The voltammograms are shown in Figure 5.8 and display
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distinct Pt hydrogen absorption /desorption regions. The electrochemical surface
areas decreased as more TiO: is added to the composite electrode. Agglomeration of
the TiO particles impaired Pt interaction with more electronically conductive carbon

support resulting in blockage of catalyst layer with concomitant decreased in
accessible surface area [25-26].
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Figure 5.8: (a) Half-cell CV of mechanically mixed TiO on Pt/C catalyst at different
concentrations in No-saturated 0.5M H2SO4 solution at a scan rate of 50 mV/s, test
temperature: 25 °C (b) Expansion of the hydrogen adsorption/desorption regions (c)
Change in ECSA as a function of TiO2 wt% loading.

EIS data was analysed to confirm changes in electrode resistance following
incorporation of varied amount of TiO2 as shown in Figure 5.9. This is done by
constructing Nyquist plots to determine how resistivity, and therefore conductivity,
varies in the catalyst layer. In addition, capacitance plots are also shown to follow
changes in the electrode surface areas. Electrode resistivity increased with increased
TiO2 loadings, while the limiting capacitance decreased. Typically an increased
limiting capacitance denotes a more available active area for electrochemical reaction.
Conductivity and active area are lower at high TiO2 concentrations due to covered
platinum sites, blocked pores, and increased electronic resistance. The decreased
capacitance reflects changes in the electrode surface area. This result is in agreement

with pattern of changes in the catalyst active surface areas as depicted.
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Figure 5.9: EIS characterization of mechanised mixed TiO2 on Pt/C catalyst @ 0.425V
biased potential in N2-saturated 0.5M H2SO4 solution (a) Nyquist plots (b) Limiting

capacitance plots. (¢) Normalised capacitance plots.

In order to maximise contact with composite catalyst elements, TiO2 NPs of various
weight % loadings were synthesized on Pt/C (JM, commercial catalyst). This sol-gel
synthesis of TiO> particles on Pt based commercial catalyst was done in situ as a
potential improvement over mechanically mixed composite materials. Thermal
analysis showed that the TiO> loading ranged between 7-52 wt.% (not shown). In this
case, the addition of TiO2 NPs on Pt/C catalyst produced significant changes in the
electrochemical performance. Fig 5.10 compares the CVs obtained with varying wt%
TiO2. A gradual decrease in the double layer current as more TiOz is introduced into

the catalyst. The peak hydrogen absorption — desorption regions also decreased sharply
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as the electrode becomes more resistive. The charge due to hydrogen desorption almost
disappeared at 52% TiO. loading.  Thus, irrespective of the synthesis condition
(mechanical vs in situ of TiO2 on Pt/C electrode, a substantial loss in Pt surface areas
was observed due to the increased resistance. In addition, both commercial and in-

house synthesized TiO2 produced similar results when added to the Pt/C electrode.

10 1

—~

<

E

— 07

c

)

=

=] — Pt/C (IM)

O .10 —— 7%TiO, /PUC (IM)
—— 20%TiO, /Pt/C (IM)
—— 52%TiO, /P/C (M)

00 02 04 06 08 10 12 14
E(V)vs NHE

Figure 5.10: Half-cell CV of in situ deposited TiO2 on Pt/C catalyst at different

concentrations in N2-saturated 0.5M H»>SO4 solution at a scan rate of 50 mV/s, test
temperature: 25 °C

5.4.2 Electrochemical characterization of Pt/TiO2/ATV catalysts

In a more practical approach, deposition of TiO2 NPs onto the carbon support was done
prior to Pt deposition. We expect better interfacial contact, perhaps even a core-shell like
(Ti02/C) material with carbon core and thin film TiO2 NPs shell. However the formation
of this composite configuration is often difficult due to segregation of TiO2 NPs on the

hydrophobic carbon substrate. Thus, the carbon substrate was functionalised in acid to
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control nucleation growth of TiO> NPs on a more hydrophilic surface. With a more
hydrophilic surface, there will be control growth of TiO> NPs on carbon surface with
mutual contacts at the heterogeneous interface. The amorphous TiO2/ATV supports were
heat treated in nitrogen to form a crystalline composite supports. The heat treatment was
done at 500°C and 850 °C for two hours prior to Pt deposition.

Typical voltammograms for the observed CVs in the proposed core shell Pt/TiO2/ATV
catalysts are depicted in Fig. 5.11 with metal oxide loadings varied from 2.8-10% weight
composition of the electrode structure. Table 5.4 shows the corresponding ECSA values
of the composite catalysts. Higher ECSA values are observed at lower TiO2 loadings (up
to 5wt %), a significant performance improvement in comparison to mechanically mixed
composite catalysts. Higher accessible Pt surface areas may be ascribed to more synthetic
control of TiO2 NPs in the electrode material with more favourable interfacial contacts. A
gradual decrease in ECSA value was also observed following increased TiO2 loadings. The
impedance response of these catalysts is shown in Figure 5.12. As expected electrode
resistance will increased with loss of more conductive carbon content and consistence with
the limiting capacitance plots.

In addition, we observed greater loss in ECSA value when supports are annealed at 850
°C in inert condition. This is related to the growth of TiO2 particles during phase
transformation from anatase to rutile phase at the extreme temperature range. As a results,

annealing condition was subsequently optimised for all prepared catalysts at 500°C.
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Figure 5.11: Half-cell CVs of Pt/TiO2/ATV catalysts in N2-saturated 0.5M H2SO4

solution at a scan rate of 50 mV/s test temperature: 25 °C
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Figure 5.12: EIS characterization of Pt/TiO2/ATV catalysts @ 0.425V biased potential in

N2-saturated 0.5M H»>SOj4 solution (a) Nyquist plots (b) Limiting capacitance plots. (c)

Normalised capacitance plots.
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Table 5.4: ECSA values of Pt/TiO2/ATV catalysts.

Samples TGA wt% TiO> ECSA
(m?/g)
PUTIO/ATV 2.8 435+6.4
PUTIO/ATV (500°C) 5 375+3.8
PYTIO./ATV (850°C) 5 322427
PYTIO./ATV (500°C) 7.6 290.3+3.1
PUTIO ATV 10.3 23.2+54
PUTIO ATV 20 18.6+1.8
PUTIO ATV 20 16.9+2.6

5.4.3 Electrochemical characterization of Pt/TiO2/G-PV catalysts and comparison
analysis with Pt/TiO2/ATV catalysts.

In order to understand the impact of glucose on the activity and stability of Pt,
different electrochemical measurements were carried out to determine the Pt specific
surface area (m?/g Pt), the onset potential for the oxygen reduction reaction along with the
mechanism of the reaction, and the kinetic current at 0.65V. Due to the relevance of the
ECSA as characterization parameter in the field of PEMFCs, these studies will be discussed
before the oxygen reduction reaction experimental kinetic data.

Typical CVs for four representative samples, Pt/ATV, PUY/G-PV, Pt/14 wt%
TiO2/ATV and Pt/14 wt% TiO2/G-PV are shown in Fig.5.13 and after subjected to
accelerate stress test for 4000 cycles. The most distinctive features in these samples are the
presence of well-defined hydrogen adsorption/desorption peaks and a reduction on the
quinone/hydroquinone peaks (0.4-0.8V) after the addition of TiO2. The beginning of life
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(BOL) ECSA values are summarized in Table 5.5 for the as prepared catalysts. As

expected, the BOL-ECSA of the composite materials is strongly dependent on the TiO>

loadings; a comparison between catalyst inks prepared using ATV and G-PV modified
carbon with TiO> loadings between 7 and 14 wt% for TiO2/ATV and between 8 and 32
wit% for TiO2/G-PV, and Pt contents between 10wt% and 20.5%, is presented in Fig. 5.14.
For the Pt/ TiO2/ATV catalysts, there is a sharp decrease in ECSA after the addition of
TiO2, a 57 % reduction on ECSA when compared with Pt/ATV at a TiO> loading of 14

wt%.
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Figure 5.13: Half-cell CVs for: (a) Pt/ ATV, (b) Pt/ G-PV, (c) Pt/ 14 wt% TiO2/ ATV,
and (d) Pt/ 14 wt% TiO/ G-PV catalysts in argon-saturated 0.5M H2SO4 solution at a

scan rate of 50 mV/s. Aging conditions: 4000 potential cycles at 25 °C. Pt loading 0.05 +

0.01 mg/cm?.
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Table 5.5: Summary of electrocatalytic activity and stability

Samples BOL ECSA | EOL ECSA | Onset Potential IK
(m?g Pt) (m?/g Pt) for ORR (V) | (mA/cm?)
Pt/ ATV 36.3+4.8 0.6 0.90 £ 0.08 14.7+0.6
Pt/G-PV 42.3+£2.2 4.9 0.92+0.01 158+1.8
Premetek (20%Pt 64.2 £ 5.7 2.2 0.91+0.6 16.1+04
V)
Pt/14% TiO/ATV 156+1.6 3.7 0.92 £0.03 142+2.1
Pt/14% TiO2/G-PV 46.2+54 7.6 0.94 £0.01 180+1.1
Pt/22% TiO2/G-PV 36.3+24 9.7 0.95+0.02 176 £1.7
Pt/24% TiO2/G-PV 32.1+6.1 7.4 0.96 £ 0.09 19.2+0.9
Pt/32% TiO2/G-PV 30.7+£3.9 4.3 0.94 £ 0.03 16.6+2.3
50
45 1
® o
a 401 °
235 ? °
[
£ 30
ZE) 25 4
O :
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Figure 5.14: Beginning of Life (BOL) Electrochemical cell surface areas as a function of
TiO2 loadings for PUTiO2/ATV and Pt /TiO2/G-PV.

Figure.5.15 shows the rate of Pt surface area loss is also dramatically slowed in the
presence of TiO». If we compare both catalysts that have 14 wt% TiO3, we see that the rate
of decay is quite similar. However, at any point in time, the G-PV sample has twice the
active surface area, indicating that this catalyst will perform better. The same applies for
the Pt/G-PV catalyst for which excellent BOL-ECSA values were obtained. The difference
cannot be explained by Pt grain sizes difference since both TEM and XRD measurements
indicate that similar particle sizes and dispersion for both catalysts. The relatively higher
ECSA when glucose doped carbon substrates are compared with acid treated substrates
might be associated with the formation of a more conductive C-doped TiO2 phase in the
presence of glucose, as supported by the XPS results. A preferential deposition of Ptin a
more stable location such as the interface between TiO, and carbon nanoparticles that can

prevent Pt aggregation has been also proposed in other studies involving metal oxides [21].
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Figure 5.15: ECSA loss and normalized Electrochemical cell surface areas for different

catalysts under stability assessment aging conditions.

The impedance responses of catalysts were also studied as a function of cycle
number and are shown in Figures (5.16-5.18). In these figures, a, b and c represent Nyquist,
capacitance and normalised capacitance plots for the different catalysts. The high
frequency region represents the charge transfer process, protons in this case. From the
Nyquist plots, we can see that there is a slight change in the ionic resistance profile. In
addition, the variations in electrode resistivity can be better visualized through capacitance
plots which allow visualization of conductivity within the CL and active area at once. The
observed limiting capacitance is proportional to active surface area of the electrode material

at beginning of life [27].

Figs. 5.16-18b show capacitance plots observed for representative samples
following 4000 potential cycles. The decay pattern of these catalysts is consistence with
the results obtained for other standard catalyst material [28]. There is zero difference

overtime indicating more stable supports [29].
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At the BOL, the limiting capacitance increases in the order of the observed ECSA
values with Pt/G-PV showing highest value. For Pt/G-PV catalyst, the active area decreases
moderately with increased cycle numbers. Decrease in proton conductivity of the Pt/G-PV
electrode is observed under the cycling condition as shown by increasing less steep high
frequency slopes. In comparison, composite based electrodes show an initial increase in
proton conductivity, the slope remains constant until the EOL, indicating that virtually no
change in the electrode resistivity occurred. In addition, there is a slight decrease in
resistance over time with TiO2 in the catalyst layer, leading to slightly higher limit
capacitance. The capacitance plots were normalised by dividing them by the maximum

capacitance value (Figs 5.16-18c) to show differences in CL resistance between samples.
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Figure 5.16: EIS characterization of Pt/G-PV catalyst @ 0.425V biased potential in N»-
saturated 0.5M H2SO4 solution at various intervals under durability study (a) Nyquist

plots (b) Limiting capacitance plots. (c) Normalised capacitance plots.
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Figure 5.17: EIS characterization of Pt/ 14 wt% TiO./ ATV catalyst @ 0.425V biased

potential in N2-saturated 0.5M H2SO4 solution at various intervals under durability study

(a) Nyquist plots (b) Limiting capacitance plots. (c) Normalised capacitance plots.
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Table 5.6: Limiting capacitance BOL and EOL data following stability study

Samples BOL Capacitance EOL
(mF/cm?) capacitance
(mF/cm?)
Pt /G-PV 17.3 13.7
Pt/14% TiO//ATV 7.90 9.62
Pt/14% TiO2/G-PV 13.2 15.6
Pt/22% TiO2/G-PV 12.5 12.1
Pt/24% TiO2/G-PV 8.72 9.10
Pt/32% TiO2/G-PV 4.57 4.80

The platinum catalysts supported on carbon and TiO2/C composites were evaluated
for the molecular oxygen reduction reaction (ORR) in oxygen saturated sulfuric acid
medium using the RDE. Fig. 5.19 contain representative RDE voltammetry data for
Pt/ATV and two different carbon substrates with identical TiO2 content (20% Pt/14 wt%
TiO2/ATV and 16.5% Pt/14 wt% TiO2/G-PV).The kinetic currents and onset potentials for
the ORR on Pt deposited on three different substrates: ATV, 14wt% TiO2/ATV, 14 wt%
TiO2/G- PV at 0.65V are compared in Table 5.5.

Kinetic analysis of the composite catalysts towards the ORR shows a preferable 4-
electron transfer process. From these results, it is clear that the glucose pre-treatment has a
beneficial overall positive impact on the activity of Pt, with higher onset potential and
kinetic current than those for the ATV support with and without glucose modification. The
results could be associated with the presence of glucose pyrolysis products between carbon
and the metal oxide film as observed in the case of hollow Pt/TiO2-c nanotubes[21], the
formation of a carbon film on top of the Pt/C/TiO. [30], or the formation of a more
conductive carbon-doped TiO2. material[24]. Any of these options would facilitate electron

transport from the support to the catalyst.
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These results are in agreement with other studies where in situ carbonization of glucose

on Pt composite catalysts has been reported to extend the catalyst stability during potential

cycling in half cell. However, our approach is different; glucose is used as a surface

modifier to control the in situ deposition of TiO. (and Pt) nanoparticles on carbon

substrates. In addition, the in situ carbonization of glucose on composite supports can

minimize Pt particle size growth without the need for heat treating Pt based catalyst. Thus

we demonstrate that incorporation of nanostructured metal oxide particles into

conventional carbon electrode structure results in a core shell like catalyst material, which

will facilitate electronic transport through synergetic effect.
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Figure 5.19: ORR curves: for different rotation speeds (400-2500RPM) at a scan rate of
5 mV/s for prepared catalysts (a) Pt/ATV (b) Pt/14 wt% TiO2/ATV (c) Pt/14 wt% TiO2/G-
PV(d) Comparison at 900 RPM for tested catalysts (¢) Koutecky-Levich plots at 0.65V
vs. NHE. Measurements were carried out in Oz-saturated 0.5M H2SO4 at 25 °C. Current

density based on the electrode geometric area (0.196cm?).

55  Conclusion and summary

The sol synthesis of TiO2/C composite has been optimised based on the use of glucose
as molecular seed for the controlled deposition of TiO2 nanoparticles on “as received”
carbon black that it can contribute to eliminating the need for acid treatment
functionalization. For comparison, glucose doped (G-PV) and acid treated (ATV) Vulcan
XC-72R carbon were coated with TiO. and used as substrates for the preparation of
Pt/TiO2/Vulcan carbon composites. The catalysts’ performance on these materials was
evaluated using cyclic voltammetry and rotating disc electrode experiments in 0.5 M
H>SO4 with and without dissolved oxygen. In general, The beginning of life-
electrochemical active surface area (BOL-ESCA) varied with TiO2 loadings on both ATV
and G-PV.

e Presence of glucose leads to a larger amount of TiO. deposited onto carbon

compared to samples prepared from the base carbon that was not glucose doped.
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e Relatively uniform distribution and well defined spherical shapes of TiO- particles
can be inferred on the glucose modified porous carbon substrate.

e Uniform dispersion of Pt nanoparticles was achieved on these composite catalysts.

e The ECSA values for glucose doped catalysts (Pt/x wt. % TiO2/G-PV) are
significantly higher compared with Pt/x wt. % TiO2/ATV catalysts.

e Optimum ECSA of Pt on TiO2/Vulcan glucose doped Vulcan® carbon (Pt/14wt. %
TiO2/G-PV') 46.2 m?/g Pt, was significantly higher than that of the two reference
samples prepared with acid-treated carbon, PYATV (36.3 m?/g Pt) and Pt/14 wt%
TiO2/ATV (16.8 m?/g Pt).

e Kinetic analysis of the composite catalysts towards ORR shows a preferable 4-
electron transfer process and higher kinetic currents are observed on Pt/TiO2/G-
PV catalysts

e Composite catalysts are relatively stable in comparison to the in house fabricated
Pt/ ATV and Pt/G-PV catalysts

e Composite catalysts show higher retention rates of electrochemical active surface
areas following durability assessment in reference to commercial catalysts (E-20
(Etek) and JM-20)

The enhancements in ECSA of glucose doped composite catalysts can be ascribed to
thinner films of TiO, that subsequently increased dispersion of Pt nanoparticles with
minimal increase in catalyst layer resistance. This can be attributed to a more conductive
supports, as well as, minimal TiO segregation with better catalyst dispersion. Overall,
glucose plays a significant role on the properties of the final product, the glucose pyrolysis
products formed during the annealing step helped to improve the conductivity properties
of TiOo, resulting in an enhancement of Pt performance and stability. A similar beneficial

effect was observed in the case of Pt deposited on glucose doped Vulcan.
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CHAPTER SIX

Photo-enhanced methanol oxidation and electrochemical stability:
understanding the impacts of Pt and TiO, nanoparticles on the electrode

performance.

Part of the work described in this chapter has been published in journal of applied catalysis
b (ACB) as:

Christopher Odetola, Liliana N. Trevani, and E. Bradley Easton, Photo enhanced
methanol electrooxidation: Further insights into Pt and TiO> nanoparticle contributions,
Applied Catalysis B: Environmental, Volume 210, 5 August 2017, Pages 263-275, ISSN
0926-3373

http://doi.org/10.1016/j.apcatbh.2017.03.027

This chapter is focusing on the understanding how the interaction between Pt and TiO>
influences the photo-enhancement of MOR. To aid in the understanding, | have performed
HR-STEM with elemental mapping of the catalysts surface.
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6.1 Introduction

This chapter is aimed to probing some fundamental questions on photo-electrocatalysis
driven by UV-visible light on Pt/carbon and Pt/TiO2/carbon catalyst materials and get
further insights on the roles of Pt and TiOz. The study is centered on methanol oxidation
because it is a simple alcohol, and it has been extensively investigated in connection with
its use in direct alcohol fuel cells (DAFCs). The thermodynamic equilibrium potential of
the methanol oxidation reaction (MOR) is also close to that of the hydrogen oxidation [1]
and without recourse to the engineering design challenge of illuminating a fuel cell stack
that nowadays seems to be a major limitation, this study can contribute to the development
of new generation light assisted energy conversion devices [2]. In addition, the
photocatalytic and photoelectrochemical oxidation of organic pollutants in aqueous media
represent two cost-effective approaches for the treatment of pharmaceuticals and industrial
waste waters and environment remediation initiatives [3-4].

Direct methanol fuel cells (DMFCs) have been found useful in portable fuel cell
applications due to their high energy density [5-6]. Platinum is the electrocatalyst by choice
for methanol oxidation because it is known to be the best catalyst for breaking the C-H and
O-H bonds in alcohols but developing catalysts with high activity and high resistance to
surface poisoning still remains a research challenge for this application. For instance, it is
difficult to carry out the complete oxidation of methanol on Pt in acid media (equation 6.1),
because several reaction intermediates such as formaldehyde, formic acid and most
especially carbon monoxide (CO) can be adsorbed on the surface and lead to a rapid
deactivation of the Pt catalyst nanoparticles (PtNPs) thus, the achieved performance data

of DMFC is not satisfying and material costs are too high [7-10].

CHsOH(D) + H,0(l) » CO,(g) + 6H* + 6e~ (6.1)

The reaction network for electrochemical oxidation of methanol on platinum has
been reviewed and summarized [11-12], the overall reaction pathway is presented below.
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Figure 6.1: Network of reactions for methanol oxidation

From Figure 6.1, series of intermediate steps can be formed in the complete
oxidation of methanol to CO involving several processes: (1) methanol adsorption in
active site; (2) C-H bond activation; (3) O-H bond activation and (4) CO oxidation.
Depending on the reaction conditions, this pathway can produce various intermediates.
Complete oxidation of methanol on Pt take place via two processes that occurs at different
potentials. The first process requires that methanol be adsorbed into platinum sites. Because
methanol is not able to displace adsorbed H atoms, adsorption can only begin at potentials
where sufficient Pt sites are free of H (around 0.2 V vs. NHE) [13]. The second process
requires the dissociation of water, which provides the oxygen for the reaction. On platinum,
interaction of water with the catalyst surface is only possible at potentials above 0.4 V vs.
NHE [13]. The water separates according to equation 6.2,

Pt + H,0 — Pt(OH) + H* + e~ [6.2]
The adsorbed CO reacts with OH adsorbed to produce CO2 [16]. The reaction can be

written as follows,
Pt(CO) + Pt(OH) - C0,(g9) + HY + e~ [6.3]
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The high overpotential needed to disassociate water and provide the oxygen to
oxidize CO provides a major difficulty to use platinum as catalyst alone. For that reason,
researchers started experimenting adding various metals to platinum that can provide
oxygenated species at much lower potentials for removal of CO adsorbed. Often Pt-based
catalysts have been modified with other metals to maximize performance and reduce the
Pt loading [14-15]. PtRu, one of the best catalysts for the MOR, proceeding by a
bifunctional catalytic mechanism. Pt provides the main site for the dehydrogenation of
methanol, and the electrocatalytic performance improves with the oxidation degree of the
Ru surface atoms since the hydroxide (OH) group facilitates the oxidation of CO-like
species to CO2. However, PtRu catalytic activity is still far from optimal. Ru is also
expensive, and its long-term stability during fuel cell operation is a concern [1].

Thus in addition to the search for Pt- alloy catalysts, other studies have involved
the exploration of alternative carbon and metal oxide support materials [16-20]. Dispersing
catalyst nanoparticles onto metal oxide supports has been shown to enhance both activity
and durability for both anodic and cathodic fuel cell reactions. Within this group, TiO2 is
one of the most studied materials, mainly because of its inertness under oxidizing and
acidic conditions. It has been used as Pt and Pt-alloy catalyst support for a number of
different application, including the cathode of hydrogen fuel cells and the anode of
methanol fuel cells [21]. In the case of the MOR, the presence of a metal oxide can decrease
the adsorption energy of CO intermediates and convert them into CO> [22]. This enhances
surface diffusion of CO to the places where the OHags partner is formed, thus improved
methanol oxidation reaction. However, the low electronic conductivity of metal oxides
complicate their usefulness in electrode structure. This, coupled with the challenge of
evenly dispersing the metal oxide within the catalysts layer, limits the utilization of catalyst
surface area. To overcome these issues, many groups have developed synthetic methods to
deposit very thin layers of TiO2 nanoparticles on carbon. In addition, other groups have
prepared catalysts on different types of TiOx suboxide-modified supports with a higher
electronic conductivity [23].

Recently, it has been shown that the electrochemical oxidation of methanol on
Pt/TiO2/C can also be enhanced by illumination with UV light [24-25]. The most

commonly accepted mechanism for this process is depicted in Fig. 6.2B. The mechanism
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involves the creation of holes in the valence band of TiO2 upon irradiation with UV light,
which can enhance the oxidation of methanol molecules and produce a current through the
photo-generated electrons [26]. The presence of Pt can suppress recombination of electron-
hole pairs and enhance the photocatalytic activity [27-30]. Thus, if Pt can be evenly
dispersed within the catalysts support, Pt/TiO2/C has the potential to be a highly active and

highly stable photo-electrocatalysts for anodic fuel cell reactions.
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Figure 6.2: Schematic mechanism of methanol photo oxidation enhancement on (A)
Pt/PV, and (B) Pt/TiO2/G-PV catalysts.

In contrast to this, recent studies have shown that the electrochemical oxidation of
methanol on Pt/carbon can also be enhanced by illumination with UV light in the absence
of TiO2. Li and co-workers [31] demonstrated significant enhancement of methanol
oxidation on a 40 wt% Pt/C commercial catalyst upon irradiation with UV light. This
enhanced activity was attributed to the formation of oxygen-containing species on Pt at
lower potentials when irradiated that contribute to the electrooxidation and faster release
of adsorbed CO [31-32]. A similar improvement in performance has been reported by
Arulmani et al. [33] for Pt/C and PtRu/C commercial catalysts for which up to a five-fold
enhancement was observed for the electrocatalytic oxidation of methanol when exposed to
a broadband source of UV to near infrared light. However, the precise nature of the Pt/C
photo-electrocatalysis catalysis mechanisms under visible and UV light have not been
clarified thoroughly to date. Fig. 6.2A illustrates a possible mechanism for photoactivation
on a Pt/C catalyst for methanol oxidation. In this model, Pt nanoparticles with inherent

surface plasma resonance bands in the UV-visible region can absorb UV-visible light and
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generate high-energy photoelectrons under illumination. The coherent excitation of these
free conduction electrons induced by the electrical field of the incident light leaves holes
in the inner d band of the Pt metal. The enhanced photochemical reaction takes place by
the interaction of the energized charge-carriers from the optically excited nanoparticles and
the adsorbed surface reactant molecules [34-35].

Given the fact that a photo enhancement effect occurs with Pt in the absence of TiO3,
one would reasonably assume that same pathway would also occur in the presence of
TiO2/G-PV. Furthermore, the presence of electronic interactions between Pt and TiO>
supports can alter the electrocatalytic performance (in the absence of irradiation). Together,
this leads us to hypothesize that the role of TiO2 in photo enhancement on Pt/TiO./C
systems is more complex than initially proposed. For this reason, there is a need to better
understand the mechanism of photo enhancement of the MOR in the presence and absence
of TiOa.

To do this, we have prepared a series of Pt/C and Pt/TiO2/C catalysts and examined
their MOR activity in the presence and absence of UV-visible irradiation. The Pt/TiO,/C
catalysts studied here were made using a glucose modification process which controls the
morphology and distribution of TiO2 NPs on pristine Vulcan XC-72R carbon (G-PV) [36-
37] so that high utilization of Pt is achieved. We have previously demonstrated that these
Pt/TiO2/G-PV catalysts have improved activity towards the oxygen reduction reaction
(ORR) and are highly durable. The pre-adsorption of glucose on pristine Vulcan carbon is
a more versatile method to introduce surface functionalities over covalent bonding upon
strong acid treatment. This is because the acid treatment approach is often harsh and could
induce defects (oxidized surface sites) that may affect the properties of the carbon substrate
[38-39]. In addition, this approach provides little control over the nature, location, and
quantity of the introduced functional groups and also seems to etch carbon surfaces. The
use of glucose functional groups provides an excellent tool to control the size of the
deposited TiO, particles with homogeneous coating and upon crystallization phase
transformation, the glucose carbon will enhance conductivity of TiO2/C composite. This
TiO2-modified catalyst used in this study has very similar electrochemical properties (Pt
surface area, conductivity) to the Pt/C catalysts studied here, essentially creating an even

playing field for comparison of photo enhanced activity.
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Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry were used
to investigate the MOR on Pt deposited on pristine Vulcan XC-72 (Pt/PV) and Pt supported
on 14 wt% Ti0./G-doped Vulcan carbon (Pt/TiO2/G-PV). EIS was used to study methanol
oxidation and evaluate the charge transfer resistance (Rct) on each prepared catalysts. To
the best of our knowledge, this is the first report to examine the Rct for the oxidation of
methanol with and without illumination by EIS. These results were analyzed along with
those obtained by CO stripping experiments to gain insight into the dominant mechanistic
pathways during irradiation. As expected, a higher electrocatalytic activity toward the
MOR can be achieved in the presence of TiO.. However, a significant improvement in
MOR activity was also observed under illumination for samples without TiO2, which

suggests the Pt pathway is relevant and cannot be ignored.

6.2 Materials characterization

HR-STEM micrographs were acquired using an FEI Titan 80-300 cubed TEM (FEI
Company, Eindhoven, The Netherlands), operated at 300 kV. The instrument is equipped
with a hexapole CEOS image and probe corrector (CEOS GmbH, Heidelberg, Germany).
EELS maps were acquired using a Gatan Quantum GIF (Gatan Inc., Pleasanton, CA). The
dispersion was set to 1 eV/channel, convergence angle was 19 mrad, and acceptance angle
was 36 mrad. Gatan Digital Micrograph was used to extract elemental maps from the raw
EELS data cubes.

6.3 Electrochemical and photoelectrochemical measurements

Electrochemical experiments were performed at room temperature (25 °C) in a
three-electrode cell with an Hg/HgSO4 reference electrode and a platinum wire counter
electrode as discussed in chapter 2. A factor of 0.65V was used to convert reference
electrode potential to NHE. Experiments with illumination were carried out in a 50 mL
glass cell with a quartz window and thermostatic jacket (Adams & Chittenden Scientific
Glass, PEC Cells 946500.7) and identical reference, counter and working electrodes.
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The light of a 300 W Xenon lamp from a Solar Simulator (XPS-300™) was used
for illuminating the working electrode surface and placed less than 5 cm distance away
from it. The spectrum of light emitted is flat, with almost equal intensities at all
wavelengths throughout the UV and visible ranges. Undesirable heating was avoided with
an optical filter at the lamp output for infrared and near-infrared radiation absorption. In
this work, the surface area of Pt was estimated in an alternative way by CO stripping
experiments ina 0.5 M H>SOg4 solution. For this experiment, CO was pre-adsorbed on the
electrode surface at a constant electrode potential (0.15 V vs. NHE) for 20 minutes. After
adsorption, the excess of CO in the solution was removed by purging with N2 gas. The
surface area of Pt was estimated by using the charge density for the oxidation of an adlayer
of CO on Pt to CO2, 420 uC/cm?, and taking into account that two electrons are involved
in the oxidation reaction [33]. The electrocatalytic activity for the MOR was measured in
N2-purged 0.5 M H2SO4 and 0.5 M CH3OH solutions from 0.3 V to 1.1 V at a sweep rate

of 50 mV/s in the presence and absence of light.

6.4 Results and Discussion

6. 4.1 Materials Characterization

The elemental mapping images of the composite support-TiO2/G-PV and the
Pt/TiO./G-PV catalyst are shown in Figs.6.3 and 6.4. Fig 6.3 allows to clearly identify
the support component elements -C, O and Ti that are fairly uniform in agreement with the
results of TEM analysis.The interface between metallic Pt nanoparticles and TiO;
nanoparticles was observed from the latter. These images also confirm the presence of Pt
and Ti nanoparticles with interface formation and minimal segregation on the carbon
substrate. The mapping shows that Pt particles are observed in different environments,
mostly in the TiO2 nanoparticles region but a few distribution could be observed on
uncoated carbon substrate, as well as, at the interface of the TiO>-C support. It is
consistently observed that Pt tends to locate in proximity to TiO> NPs in the dual phase
support. It has been reported that Pt favorably nucleates at oxygen vacancies on titania and

this likely leads to their preferred arrangement [40-41]. This reported experimental
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approach produced a highly dispersed Pt/TiO2/G-PV composite catalyst with a clear hybrid

interface that will benefit charge transfer processes.

Figure 6.3: HR-STEM image of TiO2/G-PV composite support and elemental mapping
images of C, O and Ti.
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Dark field HR-STEM

Figure 6.4: HR-STEM image of Pt/ TiO2/G-PV catalyst and elemental mapping of Pt and

Ti nanoparticles.
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XPS was also used to evaluate changes in the composition and chemical bonding
state of elements at the surface of these materials. As shown in Figs 6A and 6B, the O1s
spectra of a pure TiO2 (synthesized) reference sample and the TiO2/GPV composite support
show a major peak at ca. 530.1 eV and 530.0 eV, respectively. A minor peak is observed
at higher binding energies ca. 532.3 eV, which arises from TiO2 and OH functionalities,
respectively. The other significant BE peak at 533.92 eV possibly originates from adsorbed
H.0 [42].

Since the surface chemistry of the catalyst support can exert a potential influence
on the behavior of the overlying metal NPs, it is of interest to explore the possible metal—
support interactions between the PtNPs and the TiO2 NPs in the catalyst composite
material. Fig. 6C compares the binding energies (BEs) of Pt 4f between the Pt/TiO./G-PV
and Pt/PV catalysts. The Pt 4f signals for both catalysts were deconvoluted into two pairs
of doublets, which can be attributed to metallic Pt (ca. 71.2 eV), Pt (IV) (ca. 73.9 V), and
Pt(I1) in PtO or Pt(OH), species (ca. 71.3 eV). The deposition of PtNPs on the TiO2/G-PV
composite support shifted the BEs of Pt 4f to slightly higher values. A positive 0.2 eV shift
for Pt/TiO2/G-PV was detected compared to the Pt/PV catalyst. The shift in the BEs of Pt
4f may be ascribed to the so-called metal-support interactions arising from an increased
electron density [43]. This kind of electronic interaction between Pt and the metal oxide
support, that shifts the binding energies to higher values with respect to those for the PtNPs
has alreasy been reported [44-46]. Moreover, the reduction of Pt is more favorable on
TiO2/G-PV with 86% metallic Pt formed as compared with 76% on Pt/PV.
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Figure 6.5: XPS spectra. High resolution spectra of O1s for (A) TiO2, (B) TiO2/G-PV
catalyst supports. High resolution spectra of Pt4f for (C) Pt/PV and (D) Pt/ TiO2/G-PV.
Experimental data are represented by symbols.

6.4.2 Electrocatalytic Activity of Pt supported catalysts toward Methanol Oxidation

To measure the electrocatalytic activity of the various electrode materials, CV
experiments for methanol oxidation were performed in a 0.5 M H2SOs solution containing
0.5 M CH3OH without illumination. The magnitude of the current density, and thus the
magnitude of methanol oxidation, is greater in TiO2 based support catalysts than Pt/PV
when taking into account the metal content loading (Fig. 6.6). The Pt/14%TiO2/G-PV
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catalyst possesses the best electrocatalytic activity for MOR as evidenced by the order of
the maximum forward peak current Pt/14%TiO2/G-PV> Pt/24%TiO./G-PV>
Pt/32%Ti02/G-PV> Pt/22%Ti02/G-PV >Pt/8%TiO,/G-PV> Pt/PV. The presence of TiO-
in the catalyst layer improved methanol oxidation current. These results are comparable to
literature data for PtNPs deposited on carbon and carbon-coated TiO- fibers [47], despite

the fact that the PtNPs are not in direct contact with TiO; in this study, but on a mesoropus

carbon film.
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and (B) Forward peak current density in N»- saturated 0.5M CH3OH +0.5M H>SO4

solution scan rate of 50 mV/s test temperature: 25 °C
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The forward peaks show differences in onset potentials with a slight negative shift
for methanol oxidation in the presence of TiO. on the catalyst layer. This further
substantiates the fact that the electrocatalytic activity occurs more favorably in the
composite catalysts. The oxidation kinetics of CO and other intermediate oxidation species
formed during MOR is governed by the binding strength of adsorbed CO and presence of
OH functional group on a metal surface [48]. The presence of TiO>—OH surface groups on
PU/TiO./G-PV will facilitate the MOR even in the absence of light [49]. Thus, the intrinsic
catalytic activity and surface area effect of the composite support promotes overall a
significant enhancement in electrocatalytic activity.

Moreover, the peak current density of Pt/14TiO./G-PV catalyst is also much higher
than Pt/PV catalyst. These results state clearly that the optimized composite catalyst is
approximately 14% TiO> loading, and is a suitable catalyst support, probably due to a good
balance between the overall resistance and the available surface area of the catalyst layer.
A good electrocatalysts must fulfill at least two requirements: 1) high current density and
2) lower onset potential for the corresponding electrochemical process. According to this,
Pt/14% TiO2/G-PV presents the highest methanol electro-oxidation activity and was
further analysed in this thesis as Pt/TiO2/G-PV.

In order to evaluate methanol concentration impact on electrode performance, CVs
were collected at varying concentrations in electrolyte solution as shown in Fig 6.7.
Methanol is completely absorbed as there are no visible presence of hydrogen
adsorption/desorption peaks within the concentration interval. We observed that increasing
methanol concentration gives rise to increasing trend in peak current for both forward and
reverse reactions [50]. The forward peak current is enhanced at increasing methanol
concentration but the effect becomes less pronounced at the peak methanol concentrations.
This behavior may be explained by a shift from a diffusion-controlled reaction at low
methanol concentration to reaction, which is inhibited by adsorbed reaction intermediates
at higher concentrations and insufficient availability of OH— in the solution [51]. A positive
shift of both forward and reverse oxidation peak potential was also observed. This may be
as a result of deactivation of the electrode surface by poisoning species that are produced

at higher methanol concentration.
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test temperature: 25 °C

Fig. 6.8 shows the peak current densities at various methanol concentrations from
0.2 M to 2.5 M of catalyst in the forward scan. The plot reveals that methanol oxidation
peak current increases sharply with increasing methanol concentration up to 0.5 M, after
which gradual peak increase was observed. At a higher concentrations, it is expected that
the trend will shift toward a constant value independent of the concentration. This effect

may be assumed due to the saturation of active sites on the surface of the electrode. The
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adsorption of oxidation products at the electrode surface causes hindrance to further
oxidation. At higher concentration of methanol, diffusion control reaction can no longer
occur, and the reaction is inhibited by adsorbed reaction intermediates. Diffusion control
reaction with respect to methanol occurs when OH— ions are available in excess and
chemisorbed methanol species is insufficient. The plot mimics the Langmuir adsorption
model within the methanol concentrations used in this study, where the current density is
dictated by the surface coverage of the alcohol and hydroxyl adsorbates [52]. The
dependence of anodic peak potential of methanol oxidation on the bulk concentration of

methanol is shown in Figure 6.7A and follows similar trend.
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6.4.3. Photo-Electrocatalytic Activity toward Methanol Oxidation with and without
UV-Visible Light

Fig. 6.9 shows the MOR activity of PV, TiOz and TiO2/G-PV support with and without
illumination as a control experiment. The bare TiO2 has negligible electrocatalytic ability
toward methanol oxidation. A slight increase in methanol oxidation current was observed
under illumination at ~ 0.70V. This is not unexpected for a semiconductor material, but
electron-hole recombination will be more favorable in samples without PtNPs. The
unplatinized supports (PV and TiO2/G-PV) were also evaluated for methanol oxidation
(Fig. 6.9A and C). Higher capacitive currents were obtained in the presence of methanol
on these more conductive supports compared with bare TiO». For the TiO2/G-PV, a slightly
higher current density was observed when compared with PV support. Overall methanol

oxidation activity on these supports is low.
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Figure 6.9 : Methanol oxidation activity at 25 °C of (A) PV, (B) TiO2 (homemade) and
(C) TiO2/G-PV supports with and without irradiation in N»- saturated 0.5 M CH30H +
0.5 M H2SOg4solution at a scan rate of 50 mV/s. Currents normalized by glassy carbon

electrode area = 0.196 cm?.

The MOR activity of the platinized samples (Pt/PV and Pt/TiO2/G-PV) was
investigated. The CV curves, with and without illumination, are shown in Fig. 6.10. The
fact that the maximum currents densities (Imax) normalized by either Pt mass or ECSA do
not show any significant difference trend between samples rules out Pt utilization as the
reason for the enhanced activity. The normalized currents for the Pt/PV and Pt/TiO2/G-PV
samples start to increase at ~ 0.46 V vs. NHE for both dark and under illumination. The

shape of the curves for the forward process are also similar to each other.
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Figure 6.10: Methanol oxidation on platinized supports at 25 °C. (A) Mass activity and
(B) Specific activity with and without irradiation in N»- saturated 0.5 M CH3OH + 0.5 M
H2SO4 solution at a scan rate of 50 mV/s,

The moderate enhancement observed under illumination in the case of PtNPs
deposited on a carbon substrate, Pt/PV, is quite interesting, and it was found in the past by
other groups [31]. However, the presence of TiO. on G-PV clearly leads to a greater
enhancement in photoelectrocatalytic activity. The total current density for the MOR and
the enhancement observed under illumination, (ltotal-forward max (light)- ltotal-forward max (dark )) *100/

ltotal-forward max (dark), are summarized in Table 6.1.
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Table 6.1: Total peak current density and current contributions for methanol oxidation at
0.8 V vs NHE with and without illumination

Enhancement”
Sample [llumination ltotal-forward max
(A/g r)
No 678
PY/PV 100
Yes 1357
No 1214
Pt/TiO2/G-PV 171
Yes 3293
Pt-TiO/C No 1043
149
(Ref. 42) Yes 2597

# (|total-forward max (light)- ltotal-forward max (dark )) *100/ ltotal-forward max (dark)

In the absence of illumination, the forward peak current density on Pt/TiO./G-PV for
methanol oxidation (1214 A/g ) is 1.8 higher than that of Pt/PV (678 A/g rt). The presence
of TiO.—OH surface groups on Pt/TiO2/G-PV will facilitate the MOR even in the absence
of light [49], because the oxidation kinetics of CO and other intermediate oxidation species
formed during MOR is governed by the binding strength of adsorbed CO and presence of
OH functional group on the metal surface [48]. The results are in good agreement with the
behavior reported for PtNPs deposited on carbon and carbon-coated TiO2 fibers [47],
despite the fact that in these cases the PtNPs are not in direct contact with TiO2, but on a

mesoporous carbon film.

In the presence of UV-visible light illumination, the enhancement observed for the
oxidation of methanol on Pt/TiO2/G-PV (3293 A/g ) is 2.4 times higher than that of Pt/PV
(1357 A/g rt). Thus, the intrinsic photocatalytic activity of TiO2 and surface area effect of

the composite support promotes overall a significant enhancement in electrocatalytic
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activity. Also, the formation of O-containing species on Pt under illumination on the Pt/PV
catalyst at lower potentials can facilitate electrooxidation reaction of adsorbed CO
intermediate formed [31].

Chronoamperometry with intermittent illumination in repeated off—on cycles was used
for studying the contribution of the photocurrent to the current density. These curves were
obtained by polarizing the electrodes at 0.85 V. As shown in Fig. 6.11, with the light off, a
remarkable decrease in current density can be observed in the polarization curves for the
repeated cycles. The significant enhancement in photocurrents on base metal catalysts and
composite catalyst indicates the synergetic effects of the catalyst components following
illumination in good agreement with the behavior observed on other Pt/TiO2/C catalysts
[47, 53]. In addition, this type of enhancement on metal supported catalyst is comparable
to literature data where ~ 3 fold improvement in a photocurrent was observed on Pt/C
catalyst using a solar simulator as a light source [31]. This indicates that MOR was
improved by irradiation via a photochemical reaction.

However, given the fact that photo-enhancement occurs in the presence and absence of
TiO,, EIS measurements were carried out to evaluate how charge transfer kinetics of

methanol oxidation are altered in the presence of illumination.
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Figure 6.11: Chronoamperometry intermittent irradiation of catalyst materials at 25 °C
and 0.85V in Nz-saturated 0.5 M CH3OH + 0.5 M H2SQOg4 solution.

An intermediate direct current (DC) bias potential of 0.55 V was chosen to compare
the reactivity of prepared catalysts [54] and modeled with an equivalent circuit [55],
representing the impedance behavior (Fig. 6.12A). The equivalent circuit includes the
solution resistance (Rs) between the working electrode and the reference electrode, a
constant phase element (CPE), representing the double layer capacitance of the absorbed
methanol, the charge transfer resistance (Rcr), inductance (L), related to the methanol
dehydrogenation and the intermediates adsorption reactions. The methanol oxidation
process at the catalyst interface can be treated as a parallel model of CPE and a resistor
(Ra).
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impedance data, in N»- saturated 0.5 M CH3OH + 0.5 M H>SOg4 solution; (D) Charge

transfer resistance with and without irradiation from fitting impedance data to equivalent

circuit.

The Nyquist plots consist mainly of semi-circles, whose diameters are associated with

the charge transfer resistance for MOR [56-57]. The Nyquist plots obtained for each

catalyst in the presence and absence of irradiation are shown in Fig. 6.12 (A-B). The

expected semi-circle response was observed in all cases, with a clear reduction in the

diameter when UV irradiation is present. Each spectrum was readily fit to the equivalent
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circuit model; the values of Rt obtained from fitting each spectrum are listed in Table 6.2.
The Nyquist plot of Pt/PV catalyst is similar that observed for EIS studies of methanol
oxidation on a Pt/C thin film electrode Pt electrode and the resistance of charge transfer is
in agreement with literature data obtained at similar potential region [58].

The exchange current density, jo, was determined using the values of Rct and the
linearized form of the Butler-Volmer equation [59]:

_RT
NFAR,.,

Jo [6.4]
where R corresponds to the ideal gas constant, T corresponds to the cell temperature, F is
Faraday’s constant, A is the geometric area of the electrode (0.196 cm?), and n is the

number of electrons transferred in the reaction (n = 6 for MOR).

Table 6.2: Charge Transfer Resistance (Rct) and exchange current density (jo) obtained
from EIS data for Pt/PV and Pt/TiO./G-PV catalysts

Samples Recr Jo
Q) (mA/cm?)

Without illumination

Pt/ PV 635+ 10 0.034
Pt/TiO2 /G-PV 185+9 0.12
With illumination
Photo-Pt/PV 83.6+35 0.26
Photo-Pt/TiO> /G- 98.7+5.0 0.22
PV

In the absence of irradiation, R¢t was ca. 3-times higher for Pt/PV compared to
Pt/TiO2/G-PV. This indicates that TiO> has a favorable influence on MOR kinetics in the
absence of irradiation. In the presence of UV irradiation, the charge transfer resistance was
considerably lower for each catalyst leading, to observed enhancement in MOR Kinetics.
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However, it is worth noting that the measured value of Rct and jo for each catalyst were
very similar in the presence of UV irradiation, with the kinetics slightly more favorable on
Pt/PV. This striking similarity implies that the photo enhancement should be given by
changes in the Pt-CO binding energy and separation efficiency of the photogenerated
electron-hole pairs due to surface-plasmon-induced charge separation in PtNPs in contact
with TiO [60]. To further understand this phenomenon, we examined the influence of

illumination on the activity of each catalyst towards CO stripping.

6.4.4. CO Oxidation and Stripping Experiments with and without UV-Visible Light

Fig. 6.13 shows the CO stripping voltammograms on Pt/PV and Pt/TiO./G-PV
catalysts in 0.5 M H>SOg4 solution at 50 mV/s. We observed that illumination leads to a
reduction in the onset potential of ca. 40-50 mV for both catalysts, indicating that
illumination does indeed alter energetic around CO removal from the Pt surface. The
presence of TiO2 NPs also has a beneficial effect, showing lower onset potentials. This
further implies that TiO; is also influencing the kinetics of CO removal on the electrode
surface. The presence of pre-wave/shoulder on Pt/TiO2/G-PV catalyst is likely due to the
presence of domains of a different surface phase as it was observed in the case of PtRu
catalysts [61]. Also, the onset potential of COaq oxidation for Pt/TiO2/G-PV (0.78 V)
catalyst shifted negatively compared to the Pt/PV (0.85 V) in the dark. This further
indicates that a more conductive composite support accelerates the oxidative removal of
CO adsorbed on the Pt active sites and was consistent with the results of methanol oxidation
and EIS measurements and the higher ECSA of the Pt/TiO2/G-PV catalyst determined by

both H> adsorption/desorption and CO stripping experiments.
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Figure 6.13: (A) CO oxidation and stripping without illumination and (B) CO oxidation

with and without illumination in 0.5 M H2>SO4 solution at a scan rate of 50 mV/s and 25

°C. Currents normalized by glassy carbon electrode area = 0.196 cm?.

To rule out any temperature effect on the observed behaviour, the CVs of methanol

electro-oxidation at a scan rate of 50 mV/s were recorded at temperatures ranging from 15
to 55 °C without illumination. As shown in Fig.6.14 A and B, the MOR current on Pt/PV

and Pt TiO2/G-PV increase with temperature, but the onset potential and the peak potential

did not vary significantly with temperature increase.
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Figure 6.14: Methanol oxidation platinized supports (A) Pt/PV and (B) Pt/TiO2/G-PV
catalysts at different temperature without irradiation in N»- saturated 0.5 M CH30H +
0.5 M H2SOg4solution at 50 mV/s. Insets show methanol oxidation currents with and
without irradiation at 25 °C. Corresponding Arrhenius plots of methanol oxidation at
various temperatures with and without illumination for (C) Pt/PV and (D) Pt/TiO2/G-PV

catalysts.

222



The apparent activation energy, E.**°, values for the MOR obtained from the slope
of the Arrhenius plots, In (current) vs 1/T, at several constant potentials (Fig.6.14 C and D)
are summarized in Table 6.3. It is clear that the potential dramatically affects the E.??
values, thus limiting the comparisons that can be made between different catalyst materials.
Nevertheless, at 0.85 V (~ peak potential for both samples) and in the absence of
irradiation, the E.*P are significant different; 73.0 and 52.8 kJ/mol for Pt/PV and
Pt/TiO2/G-PV, respectively. With illumination, E.*" values obtained for Pt/PV and
Pt/TiO2/G-PV are in the order of 49.7 and 25.2 kJ/mol, respectively. This corresponds to
32 % reduction in E.*" in the case of the Pt/PV, and a 52% reduction in the case of
Pt/TiO2/G-PV. While heating of the electrode surface upon irradiation cannot be totally
discarded, the significant different between samples with and without TiOg, reinforces the
idea that the observed enhancement is mostly due to a photocatalytic effect on the MOR
Kinetics. In this work, the obtained E.® values fall within the activation energy reported

in the literature that varies from 16 to 95 kJ/mol depending on the test condition [62-63].

Table 6.3: Activation energies (Ez) obtained from methanol oxidation at differential
potentials for Pt/PV and Pt/TiO2/G-PV catalysts with and without illumination.

Catalyst E(V)vs WNHE  Slope ( E=*F /R) E-F (Dark) E-*F (Photo)
(kJ/mol) (kJ/mol)

0.60 6291 523 42.0
PtPV 0735 8552 71.1 434
085 8780 73.0 497
0.60 5930 493 214
PtT102/G-PV 0.75 6303 524 224
085 6351 52.8 253
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6.4.5. Influence of Pt surface area on photo-enhancement.

In order to further probe the role of the PtNP, one can manipulate their surface area
examine its influence on the extent of photo-enhancement. This can be accomplished in
situ by employing a typical accelerated stress test (AST) protocol which will cause the
dissolution/aggregation of PtNPs [59-60]. The method we employed involved performing
a large number of CVs up to high potentials with periodic assessment of ECSA. This AST
method has been previously shown to only Pt surface area loss and not carbon corrosion
for these catalysts [36-37]. In addition to modulating and periodically assessing ECSA in
an Nz-purged 0.5 M H2SO4, we also examined the MOR activity of each catalyst in the
presence and absence of UV light.

As reported in a previous work [37], the ECSAs of Pt/PV and Pt/TiO2/G-PV are
reduced with the number of CV cycles over the 4000 cycling period (Fig. 6.15A and B),
but the rate of decay is faster in the Pt/PV catalyst. After 4000 cycles, the Pt/C ECSA was
found to be 96 % smaller than the initial value compared with 68 % for the Pt/TiO./G-PV
catalyst. These results indicate that Pt/TiO2/G-PV will perform better when used as fuel

cell catalyst.
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Figure 6.15: Durability study (A) CVs of Pt/TiO2/G-PV based on the electrode geometric
area (0.196cm?), and (B) Pt active area as a function of cycle number carried out in Np-
saturated 0.5 M H2SO4 at 25 °C and a scan rate of 50 mV/s.

The loss of Pt active surface area as a function of methanol electrooxidation forward
peak current is shown in Fig. 6.16. When catalyst surface areas were compared with peak
methanol currents, it can be seen that there is a close resemblance in decay rates with and
without illumination. From these plots, the peak current losses scale substantially well
with Pt area loss. Even though higher methanol oxidation peak currents are observed with
photo excitation, the performance loss is faster in comparison to the activity loss in the dark
within the same cycling period. Under photo irradiation, the Pt/PV catalyst shows that ca
7 % of the initial oxidation activity is maintained after 4000 cycles which correspond to 95
% surface area loss. Under the same experimental conditions, Pt/TiO2/G-PV retains 32 %
of its initial value methanol activity in line with the available catalyst surface area. The
fact that catalyst performance is approximately proportional to the catalyst surface areas
substantiates the inevitable role of PtNPs during photo-electrooxidation of methanol in this
study since the TiO2 support area is expected to be essential unchanged by potential

cycling.
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without illumination.

Based on the overall results, the improvement observed on the MOR on Pt/TiO2/G-PV

without illumination can only be due to two main factors: (i) the oxophilic nature of TiO>
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NPs in the catalyst layer. The presence of -OH groups and other oxygen-containing species
can facilitate the conversion of adsorbed CO species on Pt to CO. during methanol
oxidation and (ii) the interaction between the PtNPs and TiO2 NPs that can reduce the
electron density of the d band of Pt with a consequently weakening of the binding energy
between CO and Pt atoms, and making them easier to oxidize [66-67].

Moreover, we observed that the electrocatalytic performances of Pt/PV, as well as
TiO> modified catalyst (Pt/TiO2/G-PV) for the oxidation of methanol, are distinctly
improved with illumination. As described earlier, this photo enhancement on Pt/PV catalyst
may be ascribed to the plasmonic effect of PtNPs under illumination, with resulting charge
carriers that eventually promote the oxidation of methanol molecules. On the other hand,
the methanol oxidation current on the Pt/TiO2/G-PV electrode can be enhanced by several
different modes: (i) electron-holes pair created on the TiO2NPs surface during illumination
that could independently oxidize methanol and produce a photocurrent by absorption of
UV light. The energy of the TiO»- valence band (VB) would easily allow the oxidation of
methanol to an hydroxymethyl radicals, which can donate an electron to the conduction
band (CB) of the semiconductor with the formation of formaldehyde, which can
subsequently be converted to CO2 [62]. ; (ii) the surface area of the Pt catalyst layer may
be altered through electron-hole pairs induced under UV-visible illumination with an
increase in methanol oxidation current [31]; and (iii) a current produced through a
synergistic effect of the catalyst components, Pt, C and porous TiO> NPs under
illumination which may result in a strong photoabsorption capacity [68-69].

Even though TiO> has a cooperative effect under illumination, leading to a much
higher photocurrent on Pt/TiO2/G-PV, similar charge transfer resistances were obtained for
catalysts with and without TiO2 under illumination.

227



6.5 Conclusions

In conclusion, we have evaluated performances of in-house catalysts Pt/PV and
PU/TiO2/G-PV catalysts toward methanol oxidation reaction (MOR). The method used to
prepare the Pt/TiO2/G-PV composite catalyst as described in ref. 37 results in materials
with a higher electrocatalytic activity than Pt/PV catalyst in the absence of illumination
due to strong metal-support interaction. This improved performance is consistent with an
observed negative shift in onset potential of CO oxidation on Pt/TiO2/G-PV. With
illumination, higher methanol oxidation currents are observed on these electrodes even in
the absence of TiO2 NPs.

Pt/PV show moderate enhancement in catalytic activity under illumination
(Ipeak"MHmination_f o 83%)* 100/ lpead@™® ~ 100 %) that can be attributed to a significant
reduction in the charge transfer resistance (Rct) when the electrode is illuminated (635 Q
(dark) vs 84 Q (illumination)) as determined by electrochemical impedance spectroscopy
(EIS). The photo enhancement observed in the case of PtNPs deposited on TiO2/G-PV is
more impressive, (Ipeak™™ 0N |0, 82100/ 1pea®@ ~ 171 %) even though the change in
the Rct (185 Q vs. 99 Q) is not as pronounced as in the Pt/PV sample. lllumination leads
to a reduction in the onset potential of ca. 40-50 mV for each catalyst, indicating that it
does indeed alter energetic around CO removal.

This photo-assisted electrocatalytic process could remarkably enhance the
oxidation efficiency toward methanol oxidation and can be utilized in outdoor fixtures
where single stack cells can be spread to capture sunlight. Taking into account the
engineering design constraint of fuel cell stack illumination, these electrode materials can
be used as a tool to design disposable and portable electrochemical sensors for
environmental monitoring such as water quality tests, organic compound analyses, heavy
metals detection and gas pollutants. This light sensitive electrode can as well provide a
breakthrough in developing a liquid methanol concentration sensor. More studies will be
required to quantify individual contributions to the observed photocurrent from photo-
generated holes in TiO; electrode and electron-hole pairs produced by the synergetic effect

of the catalyst components.
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CHAPTER SEVEN

Summary and Future Directions

234



7.1 Summary and Future Directions

The development of Pt/TiOz-modified carbon electrocatalysts and trying to
understand the interplay between the 3 components has been a goal of this research. The
degradation of electrocatalysts is a major cause of operational performance loss and affects
the durability of its various components. The corrosion of carbon based catalyst support
constitutes major concern to electrocatalyst longevity. Instead of totally replacing carbon
with a more stable non transition metal oxide material, this thesis has explored a composite
consisting of both carbon and TiO> to support platinum catalysts. Carbons and stable metal
oxides have become a popular material selection for catalyst supports in many recent
publications, but their design lacks a fundamental understanding.

TiO,/C supports for Pt were able to better preserve catalyst performance than a
control without TiO2 under half- cell electrochemical condition. Choice of glucose as a
dopant on carbon surface prior to TiO2 deposition was used in an approach to modify the
structure and electronic properties of the TiO2/C composites. The presence of TiO:
promotes electronic interactions through junctions formed with the catalyst. These metal-
support interactions enhanced catalyst bonding characteristics extended from the support.
Thus, a synergy between electrochemical performance and durability was realized by
design of conductive composite supports.

TiO, based composite catalysts were extensively evaluated as possible fuel
catalysts through materials and electrochemical characterization. Specifically, it was
focused on the fabrication and characterization of composite materials as catalyst supports
for use as oxygen reduction and methanol oxidation reactions. Electrode compositions
were prepared by depositing Pt NPs on TiO2 modified Vulcan carbon XC-72 via the sol-
gel process. Enhancement of the surface properties of pristine Vulcan carbon was
accomplished through two treatment approaches, the acid treatment and glucose doping to
increase hydrophilic functional groups for particle dispersion.

In chapter 3, the influence of carbon surface was examined by treating pristine
carbon material with nitric acid This treatment induced surface functional groups with
subsequent  loadings of TiO2 NPs in a range of 3-14 wt.% . With this treatment,

hydrophilic functional groups are formed that provide attractive interactions with the
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titanium sol [1-2]. However, with this approach, we observed little control over the nature,
location and quantity of the introduced functional groups, [3]. Pt NPs were deposited on
the resultant composite catalyst support, TiO2/ATV following heat treated in inert medium.
These materials were characterized physically and electrochemical in a half-cell set-up
using CV and EIS. These analysis show that with respect to the carbon substrate, the BET
surface areas and ECSA values were substantially decreased as more TiO; is added. This
could be due to a detrimental effect on the pore structure of the substrate material. The
presence of the TiO. aggregates on the carbon substrate could have restricted pore size.
TEM analysis confirmed less desirable particle segregates on the substrate and thus the
treatment does not enhance TiO; particle growth during sol-gel synthesis.

A more desirable sol-gel synthesis route was developed to deposit highly dispersed
TiO2 nanoparticles (NPs) on glucose doped carbon substrates (TiO2/G-ATV and TiO2/G-
PV). These materials prepared through glucose pre-adsorption on carbon solutions present
higher BET surface areas compared with TiO2/ATV composites counterpart for the same
TiO. loading. This higher surface area is an important contribution due to their
mesoporosity. In comparison to the base carbon support, lower surface areas were observed
on TiO2 based support as a result of heat treatment procedure needed to form crystalline
material and the highly dense TiO: particles on the carbon surface.

The XPS analysis of the TiO2/ATV and TiO2/G-PV confirms both are
nanocomposites and consist of carbon material with TiO> particles. This mode of synthesis
allowed better oxide dispersion with an intimate contact with carbon surface particles as
revealed by TEM analysis. TEM analysis showed that TiO2 NPs are uniformly deposited
on carbon substrate with a narrow size distribution and the average particle size is estimated
to be 5-10 nm. This dispersion of TiO2 NPs promotes contact areas with carbon substrate.

Pt NPs were also well dispersed on the TiO2/G-PV composite support with a high
degree of dispersion. In addition it can be seen that majority of the Pt NPs are in close
contact with TiO2 NPs. This indicates that the TiO> NPs on modified carbon have an
important effect on the deposition of the Pt NPs. More interestingly, it was observed that
some Pt NPs are anchored at the interface between TiO> and carbon instead of on the carbon

alone thus forming the Pt/TiO2/G-PV -component interface. Thus, the addition of TiO> to
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catalyst had positive effect on reducing the particle size and improving the dispersion of
obtained Pt nanoparticles on the support.

ORR testing by RDE revealed higher kinetic currents were observed on the TiO>
based catalyst materials. Kinetic analysis of the ORR data also showed a more preferential
4 electron transfer process suggesting no mechanism change in the catalyst activity. The
durability under accelerated stress tests in the Pt-dissolution potential and support oxidation
showed significantly better retention of ECSA for Pt/TiO2/G-PV based catalysts compared
to Pt/C. The more enhanced performance is attributed to electronic interaction and
modified electronic structure of Pt, on the glucose treated carbon. Thus, the glucose doping
method is shown created a catalysts structure that maximizes the beneficial support
interactions while maintaining the critical level of electronic conductivity required to have
a high utilization of Pt surface area.

Furthermore, this same Pt/TiO2/C catalysts system was also evaluated for its
activity towards the methanol electrooxidation reaction (MOR). The strong electronic
interaction between TiO, and Pt was also beneficial for this reaction, weakening the
adsorption of CO and facilitating its removal from Pt active sites. Electrochemical
measurements showed that the Pt/TiO2/G-PV catalyst had higher catalytic activity and
better stability for methanol electrooxidation compared to Pt/C.

Moreover, in this thesis, the electrocatalytic performance of TiO2 modified catalyst
(Pt/TiO2/G-PV) for the oxidation of methanol, was distinctly improved with illumination.
As described earlier, this photo enhancement may be due to several effects such as: (i)
electron-holes pair created on the TiO2NPs surface during illumination that could
independently oxidize methanol and produce a photocurrent by absorption of UV light ;
(if) the surface area of the Pt catalyst layer may be altered through electron-hole pairs
induced under UV-visible illumination with an increase in methanol oxidation current and
(iii) a current produced through a synergistic effect of the catalyst components, Pt, C and

porous TiO2 NPs under illumination which may result in a strong photoabsorption capacity

Taken together, my research suggests that modified Vulcan carbon show

tremendous promise for increasingly functional fuel cell catalyst material. A more facile,
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non-acid treatment approach with controlled nucleation of TiO2 particles and improved
conductivity with glucose carbon endows these exciting materials with even more
remarkable properties. The ECSA values are generally higher for Pt/TiO2/G-PV catalysts
than Pt/TiO./ATV catalysts despite use of the same TiO> and Pt deposition methods. The
critical features of this method (compared to conventional TiO, modification) are the
improved electronic conductivity and porous nature of these materials allows for better
access to catalytic sites.

This research supports ongoing efforts towards rapid optimization of the synthesis
conditions in producing high surface area and more porous composite supports with a
complete core-shell structure. Future prospect may include doping with other transition
elements to reduce the band gap and improve electronic conductivity of the TiO> particles;
specifically the addition of niobium [4]. When TiO- is appropriately doped with niobium
it is far more conductive than nondoped material [5]. The doping of niobium into the TiO;
lattice will add electrons into the highest nonoccupied orbitals of TiO; effectively reducing
the band gap and improving the electrical conductivity. The enhanced conduction
mechanism has been proposed to involve partial substitution of Ti** with Nb>" leaving
some oxygen vacancies in the crystal structure that form shallow electron donor sites. In
addition, niobium dopant could enhance phase stability of the anatase by increasing the
rutile phase transformation temperature and retarding grain growth [6].

Developing nanostructures to increase the specific surface area of TiO2 based
support is another area of interest; TiO2 nanobelts, previously used for photocatalysis in
water treatment [7-8] can be use in electrocatalyst supports for Pt nanoparticles. Do et al.
used an electrospinning technique to obtain high aspect ratio fibers and high surface area
Nb doped TiO. and reported mass activity comparable to traditional carbons [9]. Other
variants as catalyst support include TiO> embedded in polymer nanofibres [10], (i) TiO2
nanotube arrays [11] and TiO. nanotube arrays produced via sacrificial CNT templates
[12].

Studying the physio-chemical properties of the Pt/TiO2/G-PV interface with a
setup that will accommaodate in situ characterization techniques such as X-ray diffraction
and infrared spectroscopy will be needed in future studies, so that we can monitor different

things in real time while the electrochemical process is taking place [13-14]. This approach
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will shed more light into the beneficial aspects of TiO2 in boosting the performance of Pt
catalyst

In addition, this synthesis approach may be useful to modify other forms of carbon
material as electrocatalyst support. The use of other advance carbon materials may be
beneficial to further improve the performance of Pt/TiO2/C catalysts. These advanced
catalyst supports such as carbon nanotube possess unique graphitic contents, surface areas,
and differing level of surface functionalization [15-19].

All of my work was done in carefully controlled 3-electrode cell configuration.
These half-cell performances are promising for the development of low temperature fuel
cell catalysts. So, one of the most logical next steps would be to evaluate the single-cell
fuel cell performance. It is anticipated that a new student will perform these single cell tests
in the near future.

For use in direct alcohol fuel cells, further research is needed to identify and
quantify the actual products from the oxidation of small organic molecules like methanol
and ethanol and to correlate the electrochemical behavior with theoretical predictions. In
order to gain more information from the fundamental studies of methanol oxidation on
these materials, collaboration with a theorist could help deepen the level of understanding
of these systems and why they work at the fermi level. Electrochemical information like
CO coverages, and spectroscopic information of adsorbed intermediates would aid a
theorist in uncovering new information about these systems and guide alternate structures
and compositions.

In situ studies of by product formation could be studied using direct electrochemical
mass spectroscopy [20-21]. A study such as this would provide detailed analysis of the
catalytic enhancement of composite materials. The effluent from fuel cell operation could
also be useful in determining by products from the incomplete oxidation of these small
organic molecules .This may lead to a better understanding of the catalytic oxidation
mechanism of the materials described in this dissertation.

The newly developed TiO2/C support may provide a new opportunity to design and
synthesize Pt alloy catalysts for instance Pt-Ru and Pt-Pd for electrooxidation of small

organic molecules to boost performance of low temperature fuel cell with and without
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illumination [22-24]. This approach will greatly minimize the use of precious metals
without loss of activity and can also minimize poisoning effect.

Lastly, the optimised Pt/TiO2/C catalyst can also be a promising candidate for
photocatalytic and photoelectrochemical oxidation of organic pollutants in aqueous media,
as a cost-effective approach for the treatment of pharmaceuticals and industrial waste
waters and environment remediation initiatives processes using UV-visible light. This can

also be extended to hydrogen production by splitting of water [25-26].
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