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And when 1 finished the painting & looked at that poor leatherjacket which now lay
dead on the table I began to wonder whether, as each fish died, the world was
reduced in the amount of love that you might know for such a creature. Whether
there was that much less wonder & beauty left to go around as each fish was hauled
up in the net. And if we kept on taking & plundering & killing, if the world kept on
becoming ever more impoverished of love & wonder & beauty in consequence,
what, in the end, would be left?

It began to worry me, you see, this destruction of fish, this attrition of love that we
were blindly bringing about, & I imagined a world of the future as a barren
sameness in which everyone had gorged so much fish that no more remained, &
where Science knew absolutely every species & phylum & genus, but no-one knew
love because it had disappeared along with the fish.

Life is a mystery, Old Gould used say, quoting yet another Dutch painter, & love the
mystery within the mystery.

But with the fish gone, what joyful leap and splash would signal where these circles

now began?

R. Flanagan
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CONTROLLED SURFACE MODIFICATION OF SUPPORTED PLATINUM
GROUP METAL CATALYSTS

By Peter Philip Wells

The development of proton exchange membrane fuel cell (PEMFC) technologies relies
upon many catalytic processes. The ability to specifically modify the surface of a catalyst
with a secondary metal is beneficial as it could lead to increased performance and

improved mechanistic knowledge.

Co and Cr surface modified Pt/C catalysts have been prepared by the controlled surface
reaction between the reduced Pt surface and an organometallic precursor of the secondary
metal. It was found, using X-ray absorption spectroscopy (XAS), X-ray diffraction
(XRD), and transmission electron microscopy (TEM) that the secondary metal was
targeting the Pt surface sites, but that additional heat treatments were required to form an
alloy. Oxygen reduction testing using a rotating disk electrode (RDE) demonstrated that
the Pt;M alloy phase was required for the catalysts to exhibit a 2 to 3 fold enhancement
towards the ORR. No enhancement was observed when the secondary metal was present
at the surface of the catalyst in an unalloyed state. Pt modified Pd/C catalysts were
prepared to reduce the Pt metal content whilst retaining its catalytic activity towards the
oxygen reduction reaction (ORR). The Pt mass activities of the Pt/Pd/C catalysts towards
the ORR were less than the 40 wt % Pt/C catalyst used as a comparison. It is believed

that a larger Pd core particle is required to achieve improved Pt mass activities.

CeOy/Pt/Al,03 catalysts were prepared for the water gas shift reaction and offered
improved performance in comparison to Pt/Al,Os, but less than Pt/CeO,. X-ray
absorption near edge spectroscopy (XANES) was used to confirm that Pt facilitated the
reduction of Ce(IV) to Ce(Ill) in atmospheres of air, H, and CO. It is proposed that the
increase in activity observed on increasing the CeOy loading is consistent with the

formate mechanism.
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Chapter One Introduction

Chapter One: Introduction

This chapter will briefly review current fuel cell technology, highlighting the
theoretical aspects of their operation and the current issues hindering their
progression as a realistic alternative to current energy sources. Specific literature
reviews pertinent to the work undertaken in this study will be presented at the

beginning of each chapter.

1 General Introduction

1.1 Energy Resources and Environmental Concerns
The issue of climate change as a result of green house gas emissions is currently

being brought to the public’s attention. The major contributor to the increased
levels of green house gases in the atmosphere, is the burning of fossil fuels for
the production of energy. Furthermore, not only are there concerns about the
climatic impact of using fossil fuels, but also there are issues regarding other
environmental hazards and dwindling fuel reserves, which are creating an
unstable global energy market. Thus, it is desirable to find a viable alternative to
the use of fossil fuels. The environmental impact of burning fossil fuels arises as
NOy, SOy, CO,, and particulate matter are released into the atmosphere. The
major focus is on CO, emissions which contribute most significantly to the
greenhouse effect. The other environmental concerns are not inconsequential.
Particulate matter of a certain size can penetrate deep into the lungs and stay
there for a sustained period of time. These particulates are often laced with
polyaromatic hydrocarbons which are carcinogenic. Hence the release of
particulate matter into the atmosphere has been linked to lung cancer [1]. Levels
of SOy in the atmosphere are of great concern because they can condense with
water to form droplets of H>SOy4. This is responsible for environmental effects
such as acid rain. High levels of SOy in the atmosphere have been responsible for
many deaths. One of the most notable examples in the UK is the great London
smog of 1952, which killed thousands of people. It was this incident which

triggered a wave of clean air acts in the UK. More stringent legislation is
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continually reducing the permitted amount of harmful emissions. Some of the
most progressive legislation pertaining to air pollution is in California, which has
the worst air pollution of any state in the USA. The legislation is driving the
production of more environmentally friendly motor vehicles, and states that by
2010 at least 22000 (10 % of cars sold or leased in California) zero or near zero
emission vehicles need to be made available [2]. One alternative to the

combustion engine which also produces zero emissions is the fuel cell.

1.2 The History of the Fuel Cell
Sir William Grove is commonly accepted as being the first person to discover the

fuel cell effect, although similar research was reported by Schoenbein a month
prior to Grove [3]. Schoenbein found [4] that a voltage was measured between
two Pt foils immersed in separate tubes of hydrogen saturated and oxygen
saturated dilute sulphuric acid. The explanation of the observed effect
incorporated many theories of the age, which were later discounted and as such
led to a lack of clarity in the reasoning behind the findings. Grove reported [5] a
very similar observation and described it more appropriately as a “gaseous
voltaic battery” which has led to him being accredited with the discovery of the
fuel cell. In reality both men played pioneering roles in the development of fuel
cell technology with much collaboration [3]. In 1842 Grove published his work
on the first operational fuel cell, connecting 4 glass cells filled with sulphuric

acid, which were coupled in series, utilising thin Pt electrodes [6].

Although work continued on fuel cell technology, it took in excess of 100 years
to find a practical use. The development of fuel cells for practical applications
was due largely in part to the important work carried out by Francis Bacon.
Bacon developed a high pressure fuel cell which could withstand pressures up to
210 bar and temperatures of 200 °C. The cell used Ni gauze electrodes which
were activated by alternately oxidising in air and hydrogen, separated by a
potassium hydroxide soaked asbestos layer [7]. Numerous pitfalls were
encountered with the development of the cell and it was not until 1959 that a
practical fuel cell stack was demonstrated [8]. The American company Pratt &

Whitney Aircraft licensed the technology in 1961 and soon received an order
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from the National Aeronautics and Space Administration (NASA) to develop
fuel cells for the Apollo space missions. A device which produced electricity,
heat, and water had obvious benefits over other power sources such as batteries.
Although the space programme provided an application where fuel cells could be
used, it did not result in an immediate transition to mainstream technologies. The
prohibitive economics which blight the use of precious metals in commercial
operations is not of consequence for the space program, and thus the Pt loading
was too high for most applications. Furthermore, the alkaline electrolyte used is
sensitive to carbon dioxide, and therefore requires pure hydrogen and oxygen to

be used at the anode and cathode, respectively.

To overcome these problems, numerous types of fuel cell have been developed
(to be discussed in detail in section 2) as well as efforts to improve the
component materials and reduce the noble metal content. One of the types of fuel
cell which has received a lot of attention is the proton exchange membrane fuel
cell (PEMFC). In this instance, significant strides have been made in reducing
the noble metal content since the 1960s with the required Pt load being reduced

from around 4 mg cm™ to 0.4 mg cm™ [9-11].

1.3 Applications
The economic markets where present day fuel cell technologies aim to be

important contributors include the transportation, stationary power, and portable
power areas [12]. The automotive sector is by far the largest potential market
utilising PEMFC technology. Fuel cells have advantages over an internal
combustion engine, as they have increased energy efficiency and have zero or
near zero emissions. Many prototype fuel cell cars and buses have been
developed and have been trialled in many cities. The use of fuel cells for
stationary power applications is also a realistic market, with small scale
stationary energy production having many benefits. Small scale energy
production plants are quick to set-up and do not face the same environmental
concerns and public resistance as large scale power plants. Also large power
plants suffer from the daily fluctuations of energy demand which are encountered

in urban areas. The fuel cell that has received much attention for stationary
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power generation is the Solid Oxide Fuel Cell (SOFC). The portable power
market refers to small systems, which at present are commonly powered by
batteries. The Direct Methanol Fuel Cell (DMFC) can now achieve power
densities comparable to secondary battery technologies and can achieve much
larger operation times [13]. The most notable example of DMFCs infiltrating this

~ market, is in the application of powering laptop computers.

2 Fuel Cell Principles

Fuel cells and batteries are similar in the sense that they convert chemical energy
to electrical energy, without the need of a combustion step. They differ, as unlike
the battery, the fuel cell is not a closed system and relies upon a continual
external supply of fuel. Using a PEMFC as an example, hydrogen is oxidised
into protons and electrons at the anode (equation 1), with the reduction of oxygen
occurring at the cathode (equation 2). The two electrodes are separated by an ion
conducting electrolyte (in this case proton conducting), facilitating the flow of
ions from anode to cathode. The net result of these processes is the production of

electrical current and the formation of water as the by-product (equation 3).

When hydrogen is the fuel, the anode reaction is:

H, —2H" + 2¢ E°=0V vs.RHE Equation 1

After the electrons pass through the external circuit, they arrive at the cathode

where oxygen is reduced to give water:

0, + 4H" + 4e — 2H,0 E’=1.23 Vvs.RHE Equation 2

The overall equation for the reaction is as follows:

2H, + O, — 2H,0 E°=123Vvs.RHE Equation 3
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The operation of a PEMFC is represented schematically in figure 1.

Electrical load

Oxidant: air, O,
cathode
&
P H"
—
o
> <
e
electrolyte
Current Current
collector collector
and flow field and flow field
By-products: CO, H,O
Figure 1 Schematic diagram of a PEM fuel cell.

The maximum electrical energy obtainable is determined by the product of the
reversible cell potential, E, and the charge, O, where Q = nF and is thus given by

a change in the Gibbs free energy:
AG = -nFE Equation 4

where AG is the Gibbs free energy (kJ mol™),  is the number of electrons
transferred per mole of reactants, F is the Faraday constant (96485 C mol™), and

E is the cell voltage for the specific chemical reaction [14].

The reaction enthalpy and reaction entropy must also be considered to calculate
thermodynamic efficiencies. The Gibbs-Helmholtz relation can be used to relate
the different terms:

AG = AH - T4S - Equation 5
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The thermodynamic or ideal efficiency of energy conversion, &, , is related to the

reaction enthalpy by the following equation:

Ep=——=1-—— Equation 6

If the thermal cell voltage is defined as E;, = — AH / nF', then the

thermodynamic efficiency can be expressed as:

Ep = E—o Equation 7
EH

For example, for the fuel cell reaction shown in equation 3, for standard

conditions, E° =1.23 Vand E; =1.48V, giving &, = 0.83 [15].

3 Types of Fuel Cell

The development of fuel cell technology has led to different types of fuel cell
system, characterised by the electrolytic medium separating the electrode
interfaces, and the temperature at which the fuel cells can operate effectively.

The different types of fuel cells are described herein.

3.1 Alkaline Fuel Cells (AFCs)
The greater efficiency of the reduction of O, to OH" in alkaline media results in

the alkaline fuel cell (AFC) having the highest electrical efficiency of all the fuel
cells [10]. AFCs typically operate between 60 to 90 °C and are classed as one of
the low temperature fuel cells. The electrolyte media used is aqueous KOH (30 —
45 wt %) stabilised within a matrix, which is usually a gel-like material. As
mentioned previously the electrolytic media is very sensitive to CO,, as they
react together to form carbonates. These carbonates then act to block the
electrolytic pathways [16]. Thus pure gases of hydrogen and oxygen need to be

used at the anode and cathode, respectively. At the cathode, oxygen is reduced to
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hydroxyl ions which then diffuse to the anode. At the anode the hydroxyl ions
combine with the oxidised hydrogen to form water. The water travels then from
the anode to cathode where it reacts with oxygen and the incoming electrons to

regenerate the hydroxyl ions.

3.2 Phosphoric Acid Fuel Cell (PAFCs)
The PAFC is a product which has already experienced a high degree of

commercialisation, mostly as large stationary power units and small combined
heat and power (CHP) systems for places such as hospitals. Phosphoric acid acts
as the electrolytic medium, and due to only partial dissociation at room
temperature, the ion conductivity is low. When operating at temperatures
between 150 and 200 °C (still classed as a low temperature fuel cell), the ion
conductivity is greatly enhanced, although it results in much longer start-up
times. Hydrogen is split at the anode to protons and electrons, with the protons
migrating across the electrolyte towards the cathode. At the cathode, oxygen is
reduced, with the oxide species combining with the protons to form water, and
the resulting electrons travelling around the circuit. The advantage of the PAFC

is the improved tolerance that it offers towards CO, compared to the AFC.

3.3 Molten Carbonate Fuel Cells (MCFCs)

MCEFCs are operated with high operating temperatures in the range of 600 to

700 °C and are classed as a high temperature fuel cell. Ni based catalysts are
used at both the anode and the cathode, which are placed either side of an
electrolyte comprising of a mixture of molten carbonate salts stabilised by an
alumina based matrix. At these high temperatures, the molten carbonate
electrolyte is conductive to carbonate ions. The high operating temperatures used
avoid the need for a separate fuel processor as the cell itself can act as an internal
reformer. Thus, hydrocarbon based fuels can be directly converted into
hydrogen. The CO, by product that is formed does not hinder the cell
performance as with the AFC, but instead reacts with the reduced oxide species
at the cathode to form carbonate ions, which then migrate across to the anode. At

the anode, the carbonate ions react with the oxidised hydrogen to reform CO, and
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also H,0O. The main application of MCFCs are in stationary power generation, in
part due to the high electrical efficiencies which can be achieved, the ability to
operate with external reforming (hence a wide range of fuels can be used) and the

prohibitive size and start-up which time make them impractical for other uses.

3.4 Solid Oxide Fuel Cells (SOFCs)

SOFCs are another branch of high temperature fuel cell and commonly operate at
temperatures between 800 and 1000 °C. SOFCs use ceramic materials as the
electrolyte. The choice of electrolyte is dependent on the operating temperature.
At high operating temperatures, yttria-stabilised materials are used due to their
ability to withstand the harsh thermal conditions. At lower operating
temperatures more conductive materials need to be used, such as ceria based
electrolytes. Operating at these high temperatures, the issue of slow oxygen
reduction kinetics becomes negligible and LaSrMnOj; (LSM) cathodes are most
commonly used. Some SOFC cell designs have both oxidant and fuel going to
both electrodes; therefore it is necessary to have a cathode which can not oxidise
the fuel, such as LSM. Like the MCFC, Ni based catalysts are used at the anode.
The SOFC also foregoes the need of requiring an external reforming step. At the
cathode, oxygen is reduced to oxide ions, which migrate through oxygen
vacancies of the electrolyte to the anode. At the anode, the oxide ions combine

with hydrogen to form water.

Both of the high temperature fuel cells are tolerant to CO and CO; and do not
require expensive precious metal catalysts, which is an advantage compared to
the low temperature fuel cells. The SOFC does not experience problems of a
leaking electrolyte as is occasionally encountered for the MCFC, and is of
smaller size, as CO; does not need to be recycled. However, the SOFC has
problems of its own. The high temperatures used, results in thermal expansion of
the electrolyte, causing sealing problems, and a reduced life time of the fuel cell,
thus there is a drive to produce SOFCs that operate at slightly lower
temperatures, around 600 °C [10].
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4 Proton Exchange Membrane Fuel Cells (PEMFCs)

The proton exchange membrane fuel cell (PEMFC) has experienced the most
attention in recent years, primarily due to the high performance it offers but also
because of the simplicity of the system. The PEMFC most commonly operates
using hydrogen and oxygen (air) as the anode and cathode feed gases,
respectively. The hydrogen can be delivered in a pure form or as reformate, a
mixture of H,, CO, and CO,, which is obtained by reforming hydrocarbons. The
anode fuel can also be methanol, and this type of fuel cell is termed the direct
methanol fuel cell (DMFC).

4.1 PEMFC Structure

A diagram showing the structure of a PEMFC is shown in figure 2.
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Figure 2 Expanded view showing the structure of a fuel cell stack and unit

cell for a PEMFC [17].

The core component of a PEMFC is the membrane electrode assembly (MEA).
The MEA consists of a proton conducting membrane sandwiched between the
anode and cathode. The electrodes consist of a porous gas diffusion backing
layer coated on one side with a layer of catalyst. The catalyst side is placed

facing the membrane. The MEA is situated between two current collectors, with
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the current collectors also acting as flow fields. The flow fields machined into the
current collector plate allow for the even distribution of the reactant gases to the
electrode interfaces. One MEA is not sufficient in isolation to provide the
required power for the majority of applications. Therefore, the individual MEA

unit cells are connected in series to create a fuel cell stack.

4.2 Anode Fuels for the PEMFC

The following section describes the most common types of anode fuel sources

for PEMFCs, in each case oxygen (air) is used as the cathode fuel.

4.2.1 Pure Hydrogen
The electrochemical reactions taking place at the anode and the cathode have

already been described in equations 1 and 2, respectively, and can achieve an
overall cell potential of 1.23 V. After the hydrogen is oxidised into protons and
electrons, the protons cross the proton exchange membrane towards the cathode
where they combine with the reduced oxygen to form water. The use of pure
hydrogen as a fuel presents a problem with regard to its storage because it exists
as a gas at standard temperature and pressure. At present, there are three
principle storage technologies: high pressure storage, cryogenic storage, and
hydride storage. Composite pressure vessels for hydrogen storage are available
with working pressures up to 700 bar, however, due to their size and weight, they
are only practical for large automotives such as buses [18]. Liquid hydrogen has
the advantage of decreased storage volume and weight and a longer driving range
compared to pressurised hydrogen, but is hindered by the large amount of energy
required to liquefy hydrogen and the specialist equipment required to handle
liquid hydrogen [19]. There are many alloys and intermetallic compounds which
have reversible hydriding properties. At present, the best hydride storage devices
have H-densities less than 2 wt % and cannot compete with compressed

hydrogen storage [20].

10
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4.2.2 Reformate

To overcome the problems associated with using pure hydrogen one option is to
employ a reforming step before the anode feed gas enters the PEMFC, allowing
liquid hydrocarbons to be used as the fuel. This produces a fuel, termed
reformate, which is primarily hydrogen, but also contains very significant
amounts of CO and CO, Methanol is a small hydrocarbon and so produces less
carbon dioxide and is easier to reform than longer chain molecules, and will be
used here to illustrate the principle of reforming. The two predominant methods
for producing reformate are partial oxidation and steam reforming. Partial
oxidation is an exothermic reaction involving partial burning of the fuel to

produce carbon dioxide and hydrogen:

CH;OH + 20, — CO, + 2H, Equation 8

Steam reforming is endothermic and combines the fuel with steam to produce the

same products:

CH;0H + H,O0 — CO, + 3H, Equation 9

Steam reforming produces more molar equivalents of hydrogen in comparison to
the partial oxidation. However, as the reaction is endothermic an input of energy

is required.

At the same time as producing the desired hydrogen, the conditions are also

suitable for the reverse water gas shift reaction (RWGS) [21]:

CO, + H, — CO + H,O Equation 10

The production of CO as a result of the RWGS is a major drawback for the use
of reformate. Even trace levels of CO around the ppm level, act as a catalyst
poison at the Pt based catalysts used at the anode. The CO acts as a poison by

strongly binding to the surface of Pt and thus reducing the number of sites

11
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available for the oxidation of hydrogen. The levels of CO can be reduced by
using multi stage clean-up process involving preferential oxidation (PROX), low
temperature WGS (LTS), and high temperature WGS (HTS), achieving levels of
CO less than 10 ppm [22, 23].

4.2.3 Methanol (DMFCs)
Many of the problems encountered with using hydrogen in its pure form or as

reformate, can be overcome by using methanol as the anode fuel. There are no
complicated storage problems and the need for complex reforming systems is
removed. The use of pure H; or reformate can result in poor humidification of
the membrane (to be discussed in section 4.3), increasing the cell resistance and
thus the overall performance. The fuels need to be carefully humidified to
counteract this problem. Using a fuel stream of a dilute methanol-water mixture
negates the need for humidification and heat management hardware modules.
The processes occurring at the anode and cathode are shown in equations 11 and

12, respectively.

CH;0H + H,0 — CO, +6H" + 6e” E’=0.05V vs. RHE Equation 11

3/20, + 6H" — 3H,0 E°=1.23Vvs.RHE Equation 12

The overall reaction is therefore:

CH;0H +H,0 +3/20, — CO,+3H,0 E’=1.18 Vvs.RHE Equation 13

The theoretical efficiency, &, , for this process is 0.97 compared to that of 0.83

with hydrogen [15]. Despite this increase in efficiency, the power density
obtainable from a DMFC is only a third of a conventional PEMFC system [13].
The problems associated with a DMFC are: poor electrode kinetics at the anode;
the stability and permeability of current membranes to methanol, with the
crossover of methanol not only reducing the utilisation of the fuel but also

reducing the already poor oxygen reduction kinetics [24]. Increasing the

12
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membrane thickness can greatly reduce the amount of methanol crossover but
there is a trade off as this also increases the cell resistance. Using Pt based

catalysts the processes taking place at the anode are described in equations 14 to

18.

Pt + CH;0H — Pt - (CH30H)ys Equation 14
Pt - (CH30H)as —> Pt - (CH3O0)us + H + ¢ Equation 15
Pt - (CH30)us — Pt - (CHO)ys + H + ¢ Equation 16
Pt - (CH20)ags — Pt - (CHO)ys + H + ¢ Equation 17
Pt - (CHO)ags —> Pt - (CO)ys + H + ¢ Equation 18

Initially, methanol adsorbs at Pt surface sites followed by the sequential removal
of a proton and electron. The adsorption of methanol requires multiple Pt
adsorption sites, and thus the surface needs to be free of adsorbed hydrogen. This
occurs around 0.2 V vs. RHE on polycrystalline Pt. As with reformate, adsorbed
CO species on Pt act as a catalyst poison. The formation of the Pt — CHO,q4s and
Pt — CO,qs species have been found using infrared spectroscopy [25, 26]. It has
been proposed that the removal of adsorbed CO in DMFCs occurs as shown in

equation 19 [24].

Pt — OH,qs + Pt — (CO)ags — CO, + H + ¢ Equation 19

This process requires the formation of oxide species from the dissociation of
water, which does not occur on a Pt surface until potentials above 0.4 to 0.45 V
vs. RHE are attained [27]. These processes result in polarisation losses at the

anode and are one of the limitations of DMFCs.

13
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4.3 The Membrane

The membrane in a PEMFC needs to be non-permeable to the reactant gases,
allow for the flow of protons from anode to cathode, to be electronically
insulating so as no charge is lost, and to be inert to the oxidising and reducing
environments experienced. At present, a solid polymer membrane, called
Nafion® is used. Nafion® has a polytetrafluoroethylene (PTFE)-based
hydrophobic backbone with sulphonated hydrophilic sidechains, as shown in
figure 3:
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Figure 3 Chemical structure of Nafion® where the ratio » to m (i.e. active sites to

inactive chain monomers) determines the acidity of the electrolyte.

Before the development of Nafion® other membranes including phenolic
membranes, partially sulphonated polystyrene sulphonic acid, and polystyrene-
divinylbenzene sulfonic acid were all considered [9]. However, each of the
membranes had poor proton conductivity and were not inert to the oxidising
environments they experienced due to the high potential of the cathode. The use
of Nafion® overcame these problems as the presence of highly electronegative
fluorine atoms bonded to the same carbon atom as the SOsH group, leads to
super acid properties and high proton conductivities. The degradation of the
membrane was also reduced as CF, groups are very stable in both reducing and

oxidising environments [9].
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Water management plays a very important role in the use of Nafion® membranes.
The presence of the sulphonic acid group facilitates ion exchange and thus allows
for the reorientation of water molecules, and provides the desired high proton
conductivities. At high temperatures and high current density operation the
membrane dehydrates, resulting in an increased cell resistance as a consequence
of decreased proton conductivity [28, 29]. The use of humidified gases and
thinner Nafion® membranes with inherently higher conductivities can remedy the

affect of dehydration [29].

In DMFCs, methanol crossover is also an important consideration as it hinders
the already sluggish oxygen reduction reaction. The common way to reduce
methanol crossover is to increase the thickness of the membrane [30]. This
results in a decrease in the proton conductivity. New membrane production
methods have been able to produce membranes of 2 um thickness which have the

same resistance to methanol crossover as conventional 7 um thick membranes

[29].

4.4 Gas Diffusion Electrode

For PEMFCs, Pt based catalysts are used for both anodic and cathodic processes.
Due to the high cost of precious metal catalysts, there is a drive to reduce the
metal loading. To maximise the effective Pt metal surface area, small Pt particles
(around 4 nm) are supported on carbon (e.g. XC-72R). Carbon is a good choice
for the support because of: the relative ease of obtaining uniformly highly
dispersed Pt particles; good conductivity and stability under fuel cell operating
conditions; and the increased stability they offer compared to the agglomeration

which occurs for non-supported Pt under fuel cell operating conditions [31].

The carbon supported catalyst layer is then screen printed (other methods of
forming the catalyst layer are also used) onto a gas diffusion layer in the form of
a slurry containing the catalyst, alcoholic solution, and the membrane ionomer.
The membrane ionomer acts to bind the catalyst layer together but also facilitates

good contact with the membrane giving rise to improved proton conductivities.
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The gas diffusion layer is commonly porous carbon paper including a small
amount of hydrophobic substrate such as polytetrafluoroethylene (PTFE). The
porous carbon paper allows for the diffusion of gases and acts as a current
collector. The hydrophobic substrate prevents water accumulating within the
pores and limiting the diffusion rate of the gases. The reason for this arrangement
is to maximise the three-phase boundary between the supply of gas, the catalyst

particle and the ionic conductor and is shown in figure 4.

Pt nanoparticle

Carbon
paper

Flow of
reactant gas

C support

Figure 4 Cross-section through a typical gas diffusion electrode [10].

4.5 Anode Catalysts

The oxidation of hydrogen on Pt is a very facile process with only a small
overpotential of approximately 20 mV observed for the process. As mentioned
previously (section 4.2.2), CO in the reformate fuel stream acts as a catalyst
poison towards Pt. Thus, there is a drive to develop catalysts with an increased
tolerance to CO, with PtRu alloys being the most prominent example of this. The
electrooxidation of adsorbed CO occurs at 0.25 V vs. RHE for PtRu alloys,
which is 0.2 V less positive than Pt alone [32]. Pt alloys of W, Co, Sn, Mo, and
Cr have also been studied [12]. A promoted or bifunctional mechanism to
explain the improved CO tolerance, was first proposed by Watanabe and Motoo
[33] and is shown in equations 20 and 21. The process involves CO adsorbing on
the surface of Pt sites and being oxidised by oxide or hydroxide species adsorbed

on neighbouring Ru sites. As CO is mobile on the Pt surface, holes in the CO
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surface with free Pt islands are formed, allowing for the oxidation of hydrogen to

occur at a very high rate [34].

Ru+H,0 — Ru-OH+H +¢ Equation 20

Pt—CO+Ru—OH— CO,+H" +e +Pt+Ru Equation 21

An electronic mechanism has also been proposed. It is suggested that the
enhancement arises due to electronic effects reducing the adsorption strength of

CO on PtRu alloys [12].

4.6 Cathode Catalysts

Pt based catalysts are also used at the cathode for the oxygen reduction reaction
(ORR). There is a large overpotential associated with this process (approximately
400 mV), and when using pure H, at the anode, this overpotential represents the
key loss of efficiency for a fuel cell. Oxygen reduction is a far more complex
process than hydrogen oxidation. These complexities can be attributed to the
‘relative stronger bond strength of the O-O bond, the stability of intermediates
such as Pt-O and Pt-OH, and the fact that the process involves the transfer of four
electrons rather than two. Pt alloyed with Cr, Co, Ni, Fe, and Ti have been
shown to offer improved kinetics over pure Pt alone. The mechanism by which
the reaction is enhanced is still not completely understood, although it is believed
that changes in the geometric and electronic properties of the catalyst are

involved [35-39].

5 Aims and Objectives

The concise review presented thus far has highlighted the potential that the
PEMEFC system has to offer as well as drawing attention to the current challenges
hindering its progression to commercialisation. The work presented in this thesis
involves the preparation of model catalytic systems to facilitate a better

understanding of important catalytic processes relevant to the PEMFC. The
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controlled surface modification technique developed by Crabb er al. [40-44] will
be used to modify the surface of supported platinum group metal catalysts with a
secondary metal component. A range of techniques will be used to characterise
the catalyst structure including: X-ray absorption spectroscopy (XAS), X-ray
diffraction (XRD), transmission electron microscopy (TEM) and cyclic

voltammetry (CV).

The greatest inefficiency in a PEMFC is the poor kinetic performance of the
oxygen reduction reaction (ORR) taking place at the cathode. Pt alloys with first
row transition metals such as Cr and Co have shown a 2 to 3 fold enhancement
compared to Pt alone, although the origin of the enhancement is not fully
understood. It is believed that changes in the surface properties of the catalyst
play an important role in the improved performance offered by Pt alloys. Chapter
3 details the preparation of Cr and Co modified Pt/C catalysts using the method
developed by Crabb et al. [40-44]. These model catalytic systems will be used to
correlate catalyst structure and performance so as to gain an insight into the

mechanism by which Pt alloys exhibit enhanced ORR activity

There is a continued drive to reduce the Pt loading as well as to gain improved
kinetic performance towards the ORR. Pt modified Pd single crystals have been
shown to offer increased kinetics over pure Pt and provide a means of drastically
reducing the Pt metal content if translated to supported catalysts [45]. The
controlled surface modification procedure has been used to develop Pt modified
Pd/C catalysts and are detailed in chapter 4. The Pd modified Pt/C system is also

discussed.

With levels of CO around the ppm level acting as a catalyst poison towards Pt
based catalysts, a multi-stage clean up process is used to reduce the levels of CO
in H, fuel streams to less than 10 ppm. Part of this process involves the water gas
shift reaction (WGS). The Pt/CeO, system offers many benefits compared to
conventional Cu/ ZnO catalysts used for the WGS reaction for fuel cell
applications. The controlled surface modification procedure has been used to

deposit Ce onto the surface of Pt/Al;0; and is described in chapter 5. These Ce
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modified Pt/Al,03 catalysts should allow the interaction between Pt and ceria to

be probed as well as providing a potentially more stable catalyst.
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Chapter Two: Experimental Methods and Techniques

Detailed information regarding the theoretical and practical aspects of the
experimental work undertaken in this project is presented in this chapter. This
includes descriptions of: catalyst preparation, electrode fabrication,
electrochemical studies, X-ray absorption spectroscopy, and fixed bed reactor

testing.

1 Reagents and Materials

The materials and reagents used within this study, along with their suppliers, are

detailed below in table 1.

Table 1 List of the reagents / materials used and their suppliers

Reagent / Material Supplier

20 wt % Pt supported on carbon Johnson Matthey Technology Centre
18.8 wt % Pd supported on carbon Johnson Matthey Technology Centre
4 wt % Pt supported on y - Al,O3 Johnson Matthey Technology Centre
v - AL,Os Johnson Matthey Technology Centre
XC-72R carbon black Cabot Corporation

Bulk Pt-M supported on carbon Johnson Matthey Technology Centre
Nafion® solution 5 wt % in alcohol Aldrich

TGHP-090 carbon paper Johnson Matthey Technology Centre
Concentrated sulphuric acid (98%) Fisher

Toluene (Lab reagent grade) Fisher

n — heptane (Lab reagent grade) Fisher

Chloroform (Lab reagent grade) Fisher

Propan-2-ol (Lab reagent grade) Fisher

Bisbenzene chromium STREM Chemcials
Biscyclopentadienyl chromium STREM Chemicals
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Chromium (IIT) acetylacetonate Aldrich
Biscyclopentadienyl Cobalt STREM Chemicals
Cerium (IIT) acetylacetonate Aldrich
monohydrate

Palladium (II) acetylacetonate Aldrich

Platinum (II) acetylacetonate Alfa Aesar

2 Controlled Surface Modification

Many catalytic processes utilise bimetallic catalysts for improved performance.
The origin of the enhancement is sometimes not fully understood and is generally
attributed to geometric effects [1] or changes in electronic properties [2]. Both of
these processes are sensitive to the surface structure of the bimetallic catalyst.
The ability to tailor the surface structure of these materials is of the utmost
importance to fully understand the reaction mechanisms and subsequently
improve performance. Traditional methods for preparing bimetallic catalysts
such as impregnation, electrochemical deposition, and precipitation lack the
required specificity to deposit the secondary metal onto the surface sites of the
primary metal in a controlled manner. One method which offers this specificity is
the reaction between the reduced surface of the primary metal and an
organometallic compound of the secondary metal. Work by Basset et al. looked
at the reactions between supported Ru, Rh, and Pt metals and alkyl complexes of
Ge, Sn, Pb, Se and Zn [3-5], the method was called surface organometallic
chemistry (SOMC). The procedure exploited the interaction between the
organometallic complex and the metal surface in the presence of a partial
pressure of hydrogen. It was deduced that different types of materials could be
obtained as a result of the modification of the primary metal depending on the

reaction conditions used:

(a) The organometallic compound has only partially reacted, with clusters
of unreacted material present on the primary metal surface.
(b) All the organometallic compound has reacted and the secondary metal

is present as adatoms on the primary metal surface.
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(c) The adatoms of the secondary metal can be thermally incorporated into

the particle to form an alloy.

Work by Crabb et al. transferred this novel preparatory method into the design of
fuel cell electrocatalysts. Carbon supported Pt particles were modified with Ge,
Sn, Ru, and Mo using alkyl, allyl and metallocene compounds for use as CO
electro-oxidation catalysts [6-9]. As the method used organometallics other than
alkyl complexes these reactions are known as controlled surface reactions (CSR).
The reaction was assumed to be initiated by the physisorption of the
organometallic species onto the reduced surface of the primary metal.
Subsequent heating under hydrogen was believed to cleave the organic fragment,
leaving behind adatoms on specific crystallographic sites. Thermal treatment of
the resulting catalyst was used to obtain the surface alloy. The work presented in
this study utilises the method developed by Crabb et al. to prepare novel catalysts

for the oxygen reduction and water gas shift reactions.

2.1 Controlled Surface Modification Apparatus

The apparatus used for the preparation of catalysts detailed in this study is shown

below in figure 1.

To air
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’L Thermocouple
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Heating
mantle

= T- piece

Figure 1 Schematic diagram of the controlled surface modification reactor.
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The reactor used was specifically designed for the preparation of catalysts via the
controlled surface modification route. The apparatus consists of a series of
glassware interconnected by PTFE tubing. A key feature of the apparatus is the
removable dropper for the addition of dissolved organometallic compounds. As it
is removable, air sensitive materials can be prepared in the glove box and then
transferred to the reactor without being exposed to air. The three-way tap allows
for the dropper to be purged of any dissolved oxygen before addition of the
precursor to the pre-reduced surface. The same orientation of gas flow to purge

the contents of the dropper is also used to transfer the precursor.

2.2 Controlled Surface Modification Experimental Procedure

The reactor (figure 1) was loaded with the starting catalyst, M;/C or M;/Al,04
and purged with Ny(g) for 1 hour to remove oxygen from the system. The
catalyst was then reduced under flowing Hy(g) (flow 60-100 cm® min™), heating
to a temperature of 200 °C for carbon supported catalysts and 350 °C for alumina
supported catalysts. This temperature was maintained for 3 hours at which point
the reactor was cooled to room temperature under Ha(g). The required amount of

organometallic precursor was calculated using the equation below;

wt % M, x mass M,/C x D x x x RMM Precursor
RAMM,

Mass precursor =

Equation 1

where D is the dispersion of M and x is the desired monolayer coverage.

The organometallics were dissolved in the appropriate solvent (n-heptane for
metallocenes, and toluene for acac complexes) and added to the dropper. After
purging the saturator with N(g) for 10-15 min. the contents of the dropper were
transferred to the reactor. Ha(g) was then passed through the reactor whilst
stirring and heating at 90 °C for 8 hours. The reactor was then allowed to cool

and flushed with N»(g) for 30 min. The contents of the reactor were discharged,

25



Chapter Two Experimental Methods and Techniques

filtered, and washed with the appropriate solvent (n-heptane or toluene). The
catalyst was placed on a watch glass, and dried in a fume cupboard in air. The
dried catalyst was returned to the cleaned reactor and the initial reduction step

repeated.

2.3 Heat Treatment of Catalysts

Some catalysts were exposed to additional thermal treatment to form an alloy
phase. A portion of the catalyst was placed in an alumina boat and loaded into a
horizontal tube furnace. The tube was purged with N, (g) for 30 min and the gas
then switched to a 10% H, / N, mixture, at a flow rate of 60 cm® min™'. The
temperature was increased from room temperature to the desired temperature at a
heating rate of 5 °C min™' and held there for 1 hour and then allowed to cool back
to room temperature. Prior to discharging the catalyst, the gas was switched back

to N»(g) and the tube purged for 30 min.

3 Electrochemical Methods

Instrumental electrochemical techniques provide important methods in the study
of fuel cell electrocatalysts. The techniques are employed to characterise the
structural and electronic properties of the material as well as to assess their
catalytic activity. The different methodologies used as part of this project are
detailed within this section. The voltammetry of a polycrystalline Pt electrode is
presented and the details of the electrochemical cells used for the carbon

supported catalysts are discussed.

3.1 Voltammetric Techniques

Voltammetry comprises a group of electroanalytical methods in which
information about an electrochemical process is derived from the measurement
of current as a function of the applied potential. The current response observed is
dependent on the charge transfer processes taking place at the surface of the

working electrode. The simplest of these methods is linear sweep voltammetry
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(LSV). In LSV the potential is swept from an initial potential, E;, to a final
potential, E, at a known sweep rate, v. Cyclic voltammetry (CV) is an extension
of LSV also includes the return to the initial potential, E; or to another potential,
E;3. More sophisticated voltammetric experiments can utilise an initial phase
where the potential is held at a set potential to saturate the working electrode
surface with an adsorbed species. The uses of voltammetric methods to probe the
electrochemical reactions of Pt in an acidic environment are detailed in the

following sections.

3.1.1 Pt Voltammetry

The CV of a polycrystalline Pt surface as shown in figure 2 contains a number of
different features, which can be divided up into three separate regions, as
indicated by the letters a to ¢ in the figure. A 3 electrode cell was used with Pt

wire as the counter electrode, and a mercury mercurous sulphate reference

electrode.
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Figure 2 CV of a 5 mm diameter Pt disk electrode. The voltammogram shown is the

2nd cycle, starting at 0.05 V vs. RHE, sweeping to 1.5 V vs. RHE and back.

Region a is the hydrogen region. The peaks observed in the forward scan
represent the desorption of hydrogen from the Pt surface. For the reverse scan

peaks i and ii corresponds to the adsorption of hydrogen (equation 2). The
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position of the peaks correlates to the relative strength of the hydrogen
adsorption. Peak 1 corresponds to the more strongly adsorbed hydrogen as a
greater overpotential is required to remove it in the forward scan. Peak ii
therefore represents the weakly adsorbed hydrogen. The area underneath the
hydrogen adsorption peaks can be used to calculate the Pt surface area as
hydrogen will adsorb to complete a full monolayer on Pt surfaces. The peak
forming at the lowest potential is the start of hydrogen evolution. It is important
not to use the desorption peaks to calculate the Pt surface area for carbon
supported catalysts as evolved hydrogen can remain trapped in the catalyst
structure and then be reoxidised in the subsequent forward scan. This is less of a

problem for a smooth Pt disk electrode.
Pt+H" +e — Pt-Hyq, Equation 2

Region b is the double layer region. The double layer arises due to the
segregation of charge which occurs at the interface between the working
electrode and the electrolyte. As the potential is swept the charges migrate
towards the working electrode producing the observed charging current. The
current observed is proportional to the scan rate. At high scan rates the current
from the double layer charging is no longer negligible in comparison to the
faradaic current. As a consequence most voltammetric experiments undertaken in

this study utilise a scan rate of 10 mV s™".

Region c is the oxide region. In the forward scan the peak starting at
approximately 0.88 V vs. RHE is the response observed for an oxide layer
forming on Pt (equation 3). Once the Pt surface has been saturated with oxide, a
place exchange mechanism occurs where oxygen at the surface of Pt moves into
the bulk of the particle. The Pt can then continue to form an oxide layer after the
surface is initially saturated. On the reverse scan, the peak at 0.78 V vs. RHE is
the oxide stripping peak (equation 4). The position and area under this peak is
dependent on the length of time spent in the oxide region and the upper potential
limit of the voltammogram. As the area under this peak does not solely reflect

the Pt surface it should not be used for surface area determination.
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Pt +H;0 - Pt—OHys + H + ¢ Equation 3
Pt — OHus— PtO + H + ¢ Equation 4

When a monolayer of CO is adsorbed onto a Pt surface (figure 3) there is a very

noticeable change in the voltammetric response.

Figure 3

Current Density / A cm”

Pt disk Electrode

Initial CV P
0.0004 1 — — = CV after CO adsorption v
25MH,S0, /‘
Sweep rate (\): 10 mV's™ /
0.0002 - %
000004 | ~=~——=
2
-0.0002 v

Potential /V vs. RHE

Cyclic voltammograms of a Pt disk electrode before and after CO

adsorption.

A monolayer of adsorbed CO blocks the surface for any other electrochemical

reactions in the hydrogen region. This is a demonstrated by a complete

suppression of the hydrogen desorption region for the CV of Pt with adsorbed

CO. The large peak at 0.73 V vs. RHE is the oxidation of CO to CO; (equation

5). This peak potential is 0.83 V more positive than the standard reversible

potential and indicates the very strong bonding interaction between CO and Pt.

This highlights the problem for PEMFCs, where CO in a reformate anode feed

acts as a catalyst poison and hinders the oxidation of hydrogen. Once the CO has

been removed from the Pt surface the normal hydrogen adsorption and

desorption features return in the subsequent scan.

Pt—CO+ H,O —» Pt+CO,+ 2H" + 2¢ Equation 5
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As CO adsorption on a Pt surface is limited to a single monolayer coverage, the
area under the CO adsorption peak can be used to determine the available Pt
surface area. The charge associated with a monolayer of CO on a Pt surface is
420 uC cm™ Pt. The active surface area of Pt present is simply the ratio between
the measured charge for CO oxidation and the constant charge for a monolayer |

of CO on a cm” of Pt (equation 6).

_ Measured CO Charge /uC
e 420 uC cm™ Pt

Pt Equation 6

This can then be normalised to express the amount of Pt surface area present as a

function of mass Pt present (equation 7).

Pt, ., (m” Pt) Equation 7
Pt loading (g Pt m > ) x Electrode area (m?)

Pt,., (m®Ptg" Pt)=

3.2 Half Cell Studies

3.2.1 Preparation of Porous Gas Diffusion Electrodes (PGDE)

The required amount of catalyst (~ 100 mg) was dispersed in a small amount of
purified water (purified using a Barnstead Nanopure system — giving water with
a conductivity of 18 MQ cm) (~ 0.5 ml). To the solution was added a required
amount of 5 wit% Nafion® in alcohol suspension, to prepare a dry catalyst
containing 15 wt% Nafion® solids. The resulting mixture was mixed using a
Fisher PowerGen 125 homogeniser and subsequently painted onto a circular
piece of carbon paper (TGHP 090) with an area of 5.31 cm’® The carbon paper
was painted, dried on a hot plate, and then weighed. This process was repeated
until a Pt loading of 0.35 mg cm™ was obtained. The electrodes were hot pressed
at 10 bar and 100 °C for 3 min. Electrodes of the appropriate size (1.32 cm?)
were cut out of the larger sheet and boiled in triply distilled water to ensure a

fully hydrated state.

30



Chapter Two Experimental Methods and Techniques

3.2.2 Equipment and Apparatus

A detailed drawing of the electrochemical cell used in these studies is shown

below in figure 4.

thermometer
Nitroge \ .
p%1 — /\;// — /Teﬂon lid
<—'—A—;){ ‘ __ | reference electrode
Al platinum
0l counter |,
electrodclgolder screw ’#/ clectrode

platinum wire AN i : SR
: e o
A
/
silicone rubber
seal
screw  wi
cap
Figure 4 Example of the three electrode electrochemical cell used to test fuel cell

catalysts [10].

The cell used is a 3 electrode electrochemical cell. The potential is applied
between the working electrode (WE) and reference electrode (RE), with the
current being measured between the WE and the counter electrode (CE). All the
electrodes are connected to an Autolab PGSTAT30 potentiostat. The PGDE was
held in position at the WE by a screw-on flange. A platinum wire was used as an
electrical contact to the back of the WE. The WE holder was mounted in a glass
cell with a capacity of 150 cm®, which had an integrated water jacket for
temperature control. A mercury mercurous sulphate (MMS), Hg/Hg>SO4 RE was
used and Pt gauze acted as the CE. The RE was calibrated regularly prior to use
by comparison to a dynamic hydrogen/Pt electrode in the same electrolyte used
for the measurement (RHE). All potentials reported in this thesis are corrected to
the RHE scale. A Luggin capillary was used with the MMS reference electrode

to reduce errors in potential due to solution resistance.
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3.2.3 Cyclic Voltammetry

The cell was set-up as detailed in section 3.2.2 and filled with 2.5 M H,SOs4.
Concentrated H,SO4 was supplied by Fisher Chemicals and then diluted with
purified water to obtain the desired concentration. The electrolyte was purged
with N(g) for 20 min to remove any dissolved oxygen, after which N,(g) was
flowed over the surface of the electrolyte, by retracting the purging tube. Cyclic
voltammograms were generally acquired from 0.05 V 5 1.2 V vs. RHE with a
scan rate of 10 mV s™'. These parameters were chosen as to include all the
features demonstrated by a Pt based WE in an acid environment as depicted in

section 3.1.1.

3.2.4 CO Stripping Investigations

The set-up was the same as detailed in the previous section. To prepare an
electrode with a monolayer of adsorbed CO, a pre-conditioning phase was
employed. The electrode was held at 0.05 V vs. RHE for 1 hr, with CO being
purged through the electrolyte for 30 min to adsorb CO on to the Pt surface. For
the second 30 min, N,(g) was purged through the system to remove any
dissolved CO, ensuring that any CO oxidation observed in the voltammetric
response is from CO adsorbed on the Pt surface only. Cyclic voltammograms

were then acquired from 0.05 V 5 1.2 V vs. MMS with a scan rate of 10 mV s™.

3.3 Rotating Disk Electrode (RDE) Studies

3.3.1 General Principles

The rotating disk electrode (RDE) is one of the few systems where the
hydrodynamic and convective diffusion equations have been solved for the
steady state. As the RDE rotates, it pulls the solution towards the disc and then
flings it out towards the sides as it approaches the electrode surface. The RDE
keeps the concentration of all species at their bulk value throughout the whole of
the solution except at the electrode surface. At the electrode surface a boundary

layer exists where the electrolyte within this layer is stagnant and flux of species
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to this layer is via diffusion only. The rate of this diffusion is dependent upon the
rotation rate of the disk; this can be attributed to a decrease in the boundary layer
thickness at increased rotation rates. The Levich equation (equation 8) describes
the relationship between the observed limiting current (for an oxidation), /;, and

the rotation rate, @, when the surface concentration of the electroactive species is

equal to zero.
I = 0.62nFD?? v ' Equation 8

Where I; is the limiting current density (A cm™), », the number of electrons
involved in the process, F, the faraday constant (C mol'l) , D, the diffusion
coefficient (cm®s™), v, the kinematic (cm” s™), ¢” the concentration of
electroactive species in the bulk solution (mol cm™), @, the angular rotation rate
of the disc (RPM), and 0.62 a constant, the value of which depends on the units

of the other variables in the equation.

1/2

A plot of I; against @~ should therefore be linear and pass through the origin

and is used to confirm that the RDE experiment is operating under defined

hydrodynamic control.

At any potential the current observed (for a reduction) can be expressed via the

kinetic equation (equation 9),
—-I=nFkc; Equation 9

R
where k is the rate constant for the electron transfer reaction and ¢/ is the

concentration of electroactive species in the bulk solution. If the Nernst diffusion

layer model (equation 10) is assumed, then equation 9 becomes:

—I=nFknu (c°0° - cg) Equation 10
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where k» is the mass transport coefficient, and ¢, is the concentration of the

electroactive species at the electrode surface.
Combining equations 9 and 10 gives:

1 1
_L = + Equation 11

nFkec;  nFk,c;

which can be simplified to:

1
—= L+L Equation 12
I 1, 1,

where [; is the diffusion limited current density and [ is the true kinetic current

density [11]. Hence the kinetic current can separated out from any mass transport

effects.

3.3.2 Electrode Preparation

Prior to applying the catalyst suspension the glassy carbon electrode was
polished to a 0.05 um mirror finish and sonicated in triply distilled water to
remove any particulates affixed to the disk. A mixture of 10 mg catalyst and

10 ml chloroform was mixed using an ultrasonic bath for 30 min to form a
suspension of well dispersed catalyst. A 5 pL aliquot of this solution was
deposited onto the surface of a glassy carbon rotating disk electrode (area =
0.196 cm?) and allowed to dry. A 5 pL solution of 5 wt % Nafion® in low weight
alcohol (50 pL) and IPA (4950 uL) was deposited onto the catalyst layer and

allowed to dry in air at room temperature for 30 min.

3.3.3 Equipment and Apparatus

The RDE was attached to a PINE AFMSRX modulated speed rotator and
mounted into the RDE cell (figure 5). As with the PGDE studies, all electrodes
were connected to a Autolab PGSTAT30 potentiostat and a MMS RE, and Pt

gauze counter electrode was used.

34



Chapter Two Experimental Methods and Techniques

Gas in
:4 Rotating shaft —» i

Reference electrode —p \

— Water out

< PTFE sheaf

Pl

Glassy carbon
/ Pt electrode

Porous
glass frit

A

Glass frit

v

Pt wire

Pt gauze

Water in —p
1

Figure 5 Electrochemical cell for RDE measurements.

3.3.4 RDE Experimental Procedure

The RDE cell was set-up as detailed in section 3.3.3 and filled with 1M H,SOj4.
Concentrated H,SO4 was supplied by Fisher Chemicals and then diluted with
purified water to obtain the desired concentration. The electrolyte was then
purged with N»(g) whilst rotating the electrode at 1000 RPM for 20 min. Cyclic
voltammograms were then generally acquired from 0.05V 5 1.2 V vs. RHE
with a scan rate of 10 mV s™'. The available Pt surface area was determined by
carrying out a CO stripping experiment. The potential was held constant at

0.05 V vs. RHE for 45 min. For the first 15 min, CO(g) was purged through the
solution whilst rotating the electrode at 1000 RPM. For the remaining 30 min,
Na(g) was purged through the solution whilst rotating the electrode at 1000 RPM.
Prior to acquiring any CVs, any trapped bubbles on the electrode surface were

removed and the rotation rate of the electrode was set to 0 RPM. Cyclic
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voltammograms were then generally acquired from 0.05V 5 1.2 V vs. RHE

with a scan rate of 10 mV s\

Before carrying out oxygen reduction measurements the electrolyte was purged
with O(g) for 30 min whilst rotating the electrode at 1000 RPM. Prior to
acquiring any CVs, any trapped bubbles on the electrode surface were removed.
Cyclic voltammograms were then acquired between 1.0 V and 0.05 V vs. RHE
with a scan rate of 2 mV s™', whilst flowing O,(g) over the surface of the
electrolyte using rotation rates of 900, 1600, 2500, and 3600 RPM. In between
measurements, the electrolyte was purged with O,(g) whilst rotating the
electrode at 1000 RPM.

3.4 Mini Cell Testing

The RDE was used as the primary method for assessing the performance of
cathodic ORR catalysts. Another way of testing fuel cell electrocatalysts is in a

miniaturised fuel cell (mini cell).

3.4.1 Membrane Electrode Assembly (MEA) Preparation

MEAs were prepared by first painting electrodes in a similar way to the
paintbrush procedure described previously. The ink mixture prepared was a
combination of catalyst, and 11.8 % Nafion® in water. The amount of Nafion®
solids added was 75 wt % of the total amount of carbon in the catalyst. The inks
were then well mixed using a Silverson (laboratory stirrer) for 10 min. The
painting method described in section 3.2.1 was then used to prepare 3.14 cm?
electrodes with a total metal loading of 0.4 mg cm™ The MEA was then
assembled by sandwiching a 3 x 3 em?” square of Flemion® SH30 membrane in
between the painted cathode electrode and a screen printed 40 wt % Pt/C
electrode (0.4 mg Pt cm™) for the anode. The MEA was then placed between
PTFE and paper sheets, as in figure 6, and hot pressed at 150 °C and 60 psi for 2

min.
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Figure 6 Schematic diagram of the MEA pressing procedure

3.4.2 Equipment and Apparatus

The mini cell used for the testing of fuel cell electrocatalysts is detailed in figure

7.

1 1 Key:
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Figure 7 Schematic diagram of the mini cell used.

The cell is made up of three sets of graphitic plates held together with two
Perspex end plates. The graphite plates also act as flow fields, allowing for the
access and removal of reactant gases, and contain a water channel to allow for

the mini cell to be operated temperatures. The central set of graphitic plates act
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us current collectors and are placed either side of the MEA. The set of graphitic
plates either side of the central pair include membrane substrate assemblies,
which allow for the humidification of the reactant gases. The water channel is
connected to a water bath, which pumps water at 80 °C through the system. The
MEA is placed between the graphite plates and compressed to a level of 80 % of

the initial thickness.

3.4.3 Mini Cell Testing Procedure

The mini cell was operated at 80 °C using humidified reactant gases of hydrogen
and oxygen. Gas flow rates of 60 cm’ min™' were used for both the anode and
cathode, with the both sides of the mini cell pressurised to 25 psi. The cathode
was set as the working electrode with anode set as the counter/reference
electrode. Initially nitrogen was supplied to both sides to purge the system of air
whilst the mini cell was allowed to reach its operating temperature. The anode
feed gas was switched to Ha(g) until a stable open circuit potential was
maintained. At this point the cell was polarised at 0.5 V to check for the degree

of hydrogen crossover, with currents less than 40 mA being recorded.

The cathode gas stream was then switched to O,(g) , and left until the open
circuit potential had stabilised. The electrode was then conditioned to achieve a
fully hydrated state. The potential was initially held at 0.7 V for 10 seconds
before being cycled 10 times between 0.95 and 0.65 V, stepping at 0.05 V
intervals, holding at each point for 5 seconds. After the preconditioning oxygen
reduction polarisation curves were acquired. The potential was initially held at
0.65 V for 150 seconds, and then cycled 2 times between 0.95 and 0.65 V,
stepping at 0.025 V intervals, holding at each potential for 30 sec.

The available CO area of the cathode was determined using CO stripping
voltammetry. The Potential was held at 0.125 V for 2700 seconds. For the first
180 seconds CO(g) was supplied to the cathode as the reactant gas, after which
point the gas was switched to Ny(g). The potential was then swept to 1 V, and
then cycled between 1 V and 0.075 V three times at a sweep rate of 10 mV s™.
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4 X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) can be subdivided into two sections; X-ray
Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine
Structure (EXAFS). Both the XANES and the EXAFS are powerful
characterisation techniques for determining structural parameters of materials
without any long range order. XAS has been used as part of this study to gain
information about the structural properties of the catalysts prepared by the CSR
method.

4.1 Theoretical Aspects of XAS

4.1.1 General Principles

As X-rays pass through a material there is an attenuation in the intensity of the
X-rays. This loss in X-ray intensity is proportional to the incident intensity of the
X-rays (/p) and the path length (x). This relationship can be expressed as shown

below (equation 13):
dl =—ul dx Equation 13

where 7 is the intensity of the X-rays and u is the linear absorption coefficient,
which is a function of the photon energy, E. Integrating over the path length, x,

results in the Beer Lambert equation (equation 14):

I= ]oe_'"(E)x Equation 14
The absorption of X-rays by the material will decrease with increasing photon
energy until a critical energy is reached. At this point a sudden rise in X-ray
absorption occurs. This feature is the absorption edge and is attributable to the
excitation of a core electron of the absorber into an excited state or the

continuum. The ejected photoelectron is released with kinetic energy, Ex:
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E, =h-E, . Equation 15
The X-ray absorption coefficient, 4, dictates the intensity of the absorption edge
and is proportional to the probability of the absorption of a photon as dictated by

Fermi’s golden rule (equation 16) [12].

25(Ef -E, - 7’20)) Equation 16

o [ |p- Ay
7

v; and y, describe the initial and final states respectively, p represents the
momentum operator and A(r), the vector potential of the incident electromagnetic

field.

The overall process is termed the photoelectric effect, with the designation of the
absorption edge dependent on the principle quantum number of the orbital from

which the electron was ejected (figure 8).
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Figure 8 Schematic diagram of the photoelectric effect - excitation of a 1s electron

giving rise to the K edge.
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The outgoing photoelectron can be described as a spherical wave function with

wave vector, k:

2
k= \/{S”h e ](hv ~E,) Equation 17

where, m,, is the electron mass, and Ej is the zero point energy, which is usually

taken to be the inflection point of the absorption edge.

A typical XAS spectrum is shown below, highlighting the absorption edge, the
XANES region and the EXAFS region (figure 9).
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Figure 9 XAS spectrum of a Pd foil at the Pd K-edge.

The XANES region arises mainly due to electronic transitions from the core level
to higher unfilled or partially filled orbitals, e.g. s — p, or p — d and can extend
up to 50 eV past the absorption edge. The XANES region is quite complex with

effects such as multiple scattering and distortions of the excited state contributing
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to the overal spectrum. As a consequence, the majority of XANES analysis is

limited to a semi-quantitative interpretation, rather than being fully modelled.

Some absorption edges have a very large initial peak after the absorption edge.
This peak is termed the ‘white line’ as it appeared as a bright white line in early
XAS experiments involving photographic plates. The appearance of the white
line is associated with electronic transitions to orbitals with a high density of
states [13]. Differences in the Pt L, and L3 white lines have been used to
calculate the fractional d-electron occupancy of Pt based alloys [2, 13, 14].
Detailed explanation of the method used for the semi-quantitative determination

of unoccupied d-electron states will be discussed later.

The oscillatory variation of the absorption of X-rays as a function of energy
beyond the absorption edge is the EXAFS region. The emitted photoelectron can
be backscattered by the neighbouring atoms. As a result, the final state wave

function depends on both the outgoing and the backscattered waves.

U/f = l//outgoing + '//back.\‘callered Equatlon 18

The EXAFS arises due to the interference (figure 10) between the forward
scattered and backscattered photoelectrons and can extend up 1000 eV past the

absorption edge.
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Figure 10 Schematic of the interference patterns in the final state wave-
functions (The rings represent the maxima of the forward scattered

and back scattered waves).

The variation of the absorption coefficient, 14, as a result of this interference can

be defined as follows:

P = 1oL+ 72) Equation 18

where 4, is the background absorption of a free atom as a result of elastic and
inelastic X-ray scatter. The EXAFS oscillations are given by y and are defined as

the normalized oscillatory part of 4. The EXAFS can be extracted from the data

as a function of the wavevector, £, in the following equation:

2(k)= %{kglo(k) Equation 19

4.1.2 Progression of EXAFS Theory

Work by Friche in the 1920°s was the first to report the EXAFS oscillations in
XAS spectra [15]. However, it was not until Sayer et al. applied a point
scattering theory to experimental EXAFS data that structural information could
be derived [16]. This work was expanded on by Lee ef al. [17], giving rise to a

point scattering plane wave approximation. This was applied to EXAFS of well
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known crystalline systems and the experimentally determined parameters were
found to be in good agreement with those already known. The theory assumes
that the distance to the neighbouring atom is much larger than the atomic radius
of the central atom. As such, the spherical wave can be approximated as a plane
wave, greatly simplifying the derivation of structural parameters. This theory
does not hold true for low values of & below 3 A™! and has led to more advanced
simulations using spherical or curved wave theory. The plane wave
approximation also assumes that single scattering effects dominate, i.e. the
photoelectron is only scattered once before returning to the central atom.
However, there are systems where multiple scattering (figure 11) greatly affects

the EXAFS.

—> Qutgoing electron wave
"""" * Backscattered electron wave

Figure 11 1) single scattering path; 2) and 3) multiple scattering paths

To be able to extract any structural information beyond the first coordination
shell, the effects of multiple scattering need to be taken into account. Lee ef al.
[17] also described a quantitative means of incorporating multiple scattering

effects into EXAFS theory, which has been expanded on in recent years [12].

4.1.3 EXAFS Equations
The pioneering work of Sayers ef al. [16] is still the basis on which current
analyses are performed. The EXAFS function, y(k), can be represented as a

summation of the sine waves produced from the outgoing photoelectron
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wavefunction, together with the backscattered wavefunction from each co-

ordination shell, of atom type, j (equation 20).

shells

Z(k): zAj(k)Sin 5,-(]‘) Equation 20
Jj=1

The amplitude term, 4; can be described as (Equation 21):

-2R,

N, 24%2  7(F)
Aj(k)szfzSgFj(k)e Wik Equation 21
J

where: N; is the number of atoms of type j at distance R; from the absorber atom.
S, is the amplitude reduction factor. This describes multi-electron
processes and central atom shake-up and shake-off as a result of relaxation
after photoionisation [18].
Fj is the backscattering amplitude from the jth atom, and is element
specific. Fjcan be extracted from reference compounds or calculated
theoretically [18]. In the work presented in this thesis, theoretical
calculations were used.

-2k%c?

e ’ is the Debye Waller term and partially arises due to thermal
influences causing fluctuations in the positions of the atoms from the
equilibrium atomic positions.

0;2 is the relative mean squared disorder along the distance between the
absorbing atom and neighbouring atom, j due to thermal and static
motions. The result of this term is to dampen the amplitude of y at high

regions of £.

-2R;

e M) accounts for the finite lifetime of the excited state, with 4

representing the mean free path of the photoelectron.

The EXAFS function also contains a phase component reflecting the effects that

interatomic distances and energy have on the oscillatory structure:
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sin§(k)= sin(2kR o, (k)) Equation 22

where R; is the interatomic distance between the absorber atom and the
backscattering atom and ¢; (k) is the back scattering phase shift, which can be

expressed as follows:

q) J (k ) = 2 (Dabsorber (k) + gobackscatterer (k ) Equation 23

The absorber contributes twice the amount to the phase factor as the back
scattering atom. This is because the photoelectron sees the potential created by
this atom twice. As with the case of Fj earlier, the phase shift can be extracted

from reference compounds or calculated theoretically.

In summation, the EXAFS formula can be used to extract structural parameters
from the experimental data. It allows for the distance to the neighbouring atom,

coordination number, and Debye Waller factor to be calculated.

4.1.4 Data Analysis

The data processing of the raw XAS spectra was achieved using the Daresbury
suite of programs, including, EXCALIB and EXBROOK. The first step of the
data processing is to read the raw data file into the EXCALIB program. As the
data is initialised, the energy scale is converted from the position of the
monochromater into the more useful electronvolt scale. When the data has been
acquired in fluorescence mode (section 4.2.4) the response from each individual
detector channel can be viewed. If the data from a single channel is deemed
unsatisfactory, it can be set a weighting of zero and will not contribute to the
overall XAS spectrum. The EXCALIB program also allows for the summing
together of multiple scans acquired for the same experiment to increase the signal

to noise ratio.

The role of the EXBROOK program is to normalise the data into a form where

the EXAFS part of the spectrum can be used to derive structural parameters. The
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first step in this process is to subtract the pre-edge background from the data. To
remove the pre-edge background absorption two quadratics are fitted, one to the
pre-edge slope and one to the post-edge region. The line of best fit is subtracted
from the spectrum and the edge jump set to a value of one (figure 12) to

standardise the intensity scale. The edge jump is defined as the distance between

the linear pre-edge and smooth post-edge background extrapolated to Ej.
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Figure 12

Raw XAS data (a) before and (b) after pre-edge background subtraction

and normalisation.

The energy scale is then set relative to the position of Ej, where the energy at Ey
is set as 0 eV (figure 13). Unless there is a sharp pre-edge feature, E is taken as

the maximum of the first derivative of the XAS spectrum as shown in figure 11.
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Figure 13 (a) Eyidentification using the first derivative and (b) the rescaled XAS

spectrum.
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The final step of the data processing in EXBROOK is to extract the EXAFS
oscillations from the absorption spectrum and remove the contribution due to x4
(equation 18). The post-edge background absorption is approximated by fitting a
cubic spline using the method developed by Cook and Sayers [19]. It is
imperative that the cubic spline does not follow the spectrum too closely or some
of the data will be lost in the background removal. The cubic spline technique is
applicable to EXAFS data as there is a continuous control in the smoothing of the
cubic spline. The cubic spline function (equation 24) [19, 20] contains a
smoothing factor, SM, which determines the spline function of background,
BCK, and a weight factor, WE, which can be used to enhance the high & part of
the spectrum. The start of the background subtraction is set to occur at the start of
the EXAFS region, which is normally 50 eV past the absorption edge. The end
product of the background removal is a chi plot where the amplitude of the
oscillations is evenly distributed above and below the axis (figure 14). The
Fourier transform of the chi plot reflects the radial distribution function of
neighbours surrounding the absorbing atom. In optimising the background, the
Fourier transform should normally have an amplitude for the first peak between

1.8 and 3 A maximised, with any contributions below 1 A minimised.

NPTS

(i =BCK) o
Z JWVER? Equation 24
1.4+
0.04+

127 0.03
5
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Figure 14 (a) Selection of cubic spline for post-edge background removal (b) and the

resulting chi plot.
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Once the data has been processed, it can be read into EXCURV98 [21] where the
chi plot can be fitted to obtain structural parameters. The EXCURV98 program
simulates EXAFS spectra using rapid curve wave theory [22] and Rehr Albers
theory [12, 23, 24] from the parameters of the radial shells of atoms surrounding
the central atom. When the data is read into EXCURV98, the energy scale is
converted (equation 25) from eV to k space (A™), which evens out the amplitude
across the energy range. The resulting chi plot is then showed along with its

corresponding Fourier transform (figure 15).

k

2
\/[ 87rh2me J(h v-E,) Equation 25
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Figure 15 (a) Chi data (b) and its corresponding Fourier transform.

The simulated EXAFS spectrum is generated by EXCURV98 by using probable
values for the: coordination number (), distance to the nearest neighbour (), the
Debye Waller term (20%) and the shift in Fermi energy (Ep). These values are then
refined using a least-squares minimum of the fit index. The goodness of fit is

represented by the Rgy4rsvalue (equation 26).

REXAFSF = Zj\liqliﬂp (k)_ )(,-ﬁ' (k)')x 100% Equation 26

1
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where N is the number of data points, o; the standard deviation for each data

point, i, and 270 gng 20 , the experimental and theoretical EXAFS,
respectively. An Rey4rs value between 20 — 30 % is usually considered to be a
reasonable fit, although larger values are deemed acceptable if the data is noisy.
Errors in the parameters are estimated from standard deviations. The number of
statistically justified free parameters, », that may be fitted should also be taken
into account when fitting the data. This is estimated using the Nyqvist theorem

(equation 27):

2AkAr

+1 Equation 27

where Ak and Ar are the ranges in k- and r-space over which there is useful data.

There is a variation in the amplitude of the EXAFS oscillations with respect to £,
with the amplitude being less at high & space. The EXAFS function can be
multiplied by &, where i = 1, 2, or 3. This allows the emphasis of the chi plot to
be tilted in favour of high or low Z (where Z is the atomic number) neighbours.
A weighting of 1 is used for low Z neighbours, 3 for high Z neighbours, and 2

being used as a compromise between low and high Z neighbours.

4.2 Experimental Aspects of XAS

4.2.1 X-ray Radiation Source

Traditionally, X-rays are produced when there is a sudden deceleration of fast
moving electrons when they are aimed towards a target material, as is the case
with the X-ray tube. The majority of electrons undergo multiple collisions and
transfer part of their energy to the target material. As a result, a continuous
Bremstrahlung spectrum of X-rays is produced, which is also commonly termed
as white radiation. The spectrum produced also contains characteristic lines due

to emission of core electrons within the target material, but it is the white
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radiation which is used for XAS studies. Synchrotron radiation sources have
revolutionised experimental X-ray studies due the advantages offered: high
intensity X-rays, 10® more intense then conventional sources; tunability over a
wide energy range with a continuous spectrum; high degree of collimation; and

the plane-polarization of the X-rays produced [25].

In a synchrotron an electron beam, travelling near the speed of light, is contained
within a storage ring (at ultra high vacuum) by a set of bending magnets. When
the beam is bent by the magnets, the beam is accelerated and results in the
release of high energy radiation. As the electrons are travelling near the speed of
light, the radiation pattern is distorted by relativistic effects. The subsequent
radiation pattern changes to a narrow cone in the direction of the motion of the
electron beam. This radiation can then be harnessed to carry out a range of
scientific experiments. The characteristic wavelength of the radiation is governed

by the radius of curvature and the energy of the particles (equations 28 and 29).

Ap = glg— Equation 28
/4
y = £ Equation 29
M ec2

where /A, is the critical wavelength (m), 7, the radius of curvature (m), E, the
energy of the electron (kg m? s), M,, the mass of an electron (kg), and c is the

speed of light (m )

All XAS experiments undertaken as part of this investigation were carried out at

the SRS (figure 16) at Daresbury Laboratory, Warrington, UK.
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<«—— Beamline
Bending Magnet —
A\ Insertion Device
Storage (Wiggler or Undulator)
Rin present for some
9 beamlines
Booster
Ring
LINAC
Figure 16 A Schematic diagram of the SRS at Daresbury laboratory [26] (not to

scale, with most of the bending magnets not shown).

The LINAC (Linear Accelerator) produces an electron beam which is accelerated
by the interaction with microwaves produced by a klystron. On achieving an
energy of 12 MeV, the electron beam is injected into the booster ring. The
electrons are further accelerated to an energy of 600 MeV, at which point the
beam is injected into the main storage ring. The klystron then acts to cause the
electrons to travel around the storage ring in a series of bunches, with a set
distance between each bunch; typically nanosecond pulses of electrons separated
by a few microseconds. The energy of these electron pulses is around 2 GeV.
The beam is then contained within the storage ring by a set of bending magnets,
which as mentioned earlier, causes an acceleration of the electrons and a release
of high energy radiation. The microwaves produced by the klystron are required
to keep the electron beam in orbit.

The critical energy of the SRS can be increased by inserting devices in between
the bending magnets. Wigglers and undulaters are typical insertion devices used.
A wiggler is a three pole magnet, and when the electron beam travels through the
wiggler it is forced to follow a chicane type path. This reduces the radius of
curvature, and shifts the characteristic wavelength to lower values (higher
energy). An undulater uses an array of permanent magnets above and below the

path of the electron beam. As the beam passes through the magnets, its trajectory
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oscillates in the horizontal plane. Interference effects in undulater radiation yield
resonance peaks in the output spectrum. Variation in the distances between the
magnets and the electron beam allow the radiation achieved to be optimised for a
given experiment. As a general rule, undulaters are used for soft X-ray

experiments whereas wigglers are used for hard X-ray experiments.

The storage ring is operated under ultra high vacuum (UHV) conditions,
typically 10" mbar. However, the energy of the beam still decays due to
collisions with any remaining gas molecules. As a consequence a new beam has

to be injected periodically.

4.2.2 Experimental Stations 7.1 and 16.5

The experimental stations used for the XAS studies were stations 7.1 and 16.5 at
the Daresbury Laboratory. These beamlines were chosen due to the energy of the
X-rays produced at each station and their suitability towards the absorption edges

being probed.

Station 7.1 utilises a harmonic rejecting sagitally focusing double crystal Si(111)
monochromator to acquire XAS data in the range of 4 keV to 10 keV. The sagital
focusing allows for the X-ray beam to be maintained as a focused spot by
dynamically bending the crystal whilst carrying out XAS experiments. This gives
rise to an increase of X-ray flux and, as a consequence, improved signal to noise
ratio. The fluorescence detector uses a monolithic structure nine-channel array on
a germanium wafer with a diameter of 21.8 mm. This detector design led to an
increase in the total active area of the detector compared to conventional multi
channel detectors, yielding a high photon count rate and improved resolution

[27].

Station 16.5 is designed for the study of ultra dilute samples andisona 6 T
Wiggler beamline, and utilises a water cooled double crystal Si(220)
monochromator to acquire XAS measurements in the range of 7 KeV to 40 keV.

Vertical collimation is achieved using a 1.2 m uncoated plane mirror. The second
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crystal is dynamically bent to provide horizontal focus. The fluorescence detector

on the station is an Ortec 30-element Ge Solid state detector.

Both stations use the double crystal geometry of the monochromators to select a
single, well —defined energy from the X-ray source. The Bragg relation (equation
30) relates reflections from a crystal plane as a function of the incident angle, 6;_

and is used to select the well defined photon energy.

nA =2dsin(6,) Equation 30

where 4 is the wavelength of light, d is the spacing of the atoms in the crystal and
6; is the angle of incidence. The second crystal is positioned at the same angle as
the first crystal to correct for the angular deflection. The first order reflection is
the most intense and is used for the XAS experiments. However, higher order
harmonics can also be present in the reflected beam. The higher order harmonic
reflections have a smaller angle of acceptance compared to the first order
reflection. Therefore, the fundamental reflection has a large overlap of
acceptance angle compared to the higher harmonic reflections [28].
Consequently, by detuning the second crystal some of the harmonic content can
be reduced. This process is called harmonic rejection. Typically a harmonic
rejection of 50 % was used for the lower energy edges such as the Pt L; Cr K, Co
K and Ce L3, and a value of 70 % was used for the higher energy edges such as
the Pd K. By convention, the value chosen, 50 % or 70 % represents the fraction

of the maximum signal retained following detuning of the second crystal.

4.2.3 XAS Transmission Experiments

The simplest mode of XAS data acquisition is the transmission experiment. A
transmission experiment measures the variation in absorption of X-rays as the
energy of the incident photons is systematically increased. A basic set-up for this

type of experiment is shown below (figure 17).
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Figure 17 Typical set-up for a transmission XAS experiment

The role of the ion chambers is to measure the intensity of the X-ray beam. I,
measures the incident intensity, /, measures the intensity of the X-rays after
passing through the sample, and . measures the intensity of X--ray.s after passing
through the sample and a Pt reference foil. Each ion chamber is filled with a
mixture of inert gas, set to absorb a specific amount of incident flux. /p is set to
absorb 20 %, where as /. and /, are both set to absorb 80 %. The ion chambers
contain two metal plates, with a constant potential applied between them, so that
ions are attracted to the negative side and the electrons to the positive. The size
of the resultant current that flows is therefore directly related to the number of
photons entering the chamber. The absorption of the X-rays by the sample is
given by In(Z,/1)).

The role of I,is to act as a reference chamber so that the energy of the X-rays can
be calibrated against a metal foil. Sometimes the energy readings can shift very
slightly with time. For XANES studies where the edge position contains
important information, it is imperative to have an internal calibration so that

energy values can be assigned with a large amount of confidence.

Transmission experiments are typically used when there is a suitably large
enough concentration of the element being probed within the sample. If the
sample is too dilute then the resulting absorption of X-rays will be particularly
weak, resulting in a poor signal to noise ratio. However, if the sample prepared
contains too much of the element under study then all the X-rays will be

absorbed. It is important when conducting an XAS experiment to consider all the
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constituents present in the sample (including sample diluents), their relative
proportions, and their absorption coefficients. Ideally the absorption edge (zx) of
the element being probed will have a value of 0.3 to 1, with the total absorption
of the sample kept below a value of 2.5. If the absorption of the sample is too
high then self-absorption effects occur. This gives rise to errors in the
determination of coordination numbers from EXAFS spectra. The mass of
sample required to yield the desired edge step can be calculated using the

equation below (equation 31)

(¢ex)area)
(u/p)

mass = Equation 31

where (u/ p) is the mass absorption coefficient of the element of interest, with
p being the density. Values for mass absorption coefficient have been calculated

by McMaster et al. [29] and have been used in this study to calculate the

absorbance of the samples used.

If possible, transmission is the desired mode of data acquisition due to its
simplicity and lack of statistical noise. However, there are some areas where care
needs to be taken when conducting transmission experiments. For example, when
preparing pellets used in the gas treatment cell (section 4.2.5), it is vital to make
sure there are no pin holes present in the end pellet. Pin holes allow some of the
incident X-rays to pass through the sample unabated, which affects the data

acquired in transmission.

4.2.4 XAS Fluorescence Experiments

When the sample is too dilute, the absorbance by the target element is low, and
the absorbance of the matrix may dominate the end spectrum. At this point it is
not possible to conduct a suitable transmission experiment, so the data can be
acquired in fluorescence mode (figure 18). The photoelectric effect produces a
core hole in an atom of the target element. This core hole then becomes filled by

an outer shell electron. The energy difference between the outer shell and the
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inner shell is emitted as fluorescent radiation characteristic of the target element.
The fluorescence EXAFS signal consists of only a small fraction of the total

absorption and is proportional to the incident intensity as follows:

I Sluorescence .
u(E) = ~7 Equation 32

o

Solid state
fluorescence detector

R

Double crystal
monochromator

Stored beam
|0
Sample | |
Toroidal focusing
mirror
Figure 18 Typical set-up for a fluorescence XAS experiment.

As can be seen above (figure 16), the sample is aligned at 45 ° to the incident
radiation to maximise the solid angle. The fluorescence radiation is detected
using various types of solid state detector. The fluorescence radiation has a
specific energy which is different from that of the radiation, which arises due to
scattering processes which is similar to the energy of the incident beam. Solid
state detectors can discriminate between radiation of different energies and have
resolutions around 100 eV. Since the background radiation is significantly larger
than the fluorescent radiation the detectors are easily saturated. Care must
therefore be applied when positioning the fluorescence detector, assuring that the

detector is close enough to yield enough signal without causing saturation.

4.2.5 Gas Treatment Cell

For conventional XAS experiments not involving electrochemical cells, the Pt

based catalysts to be studied were prepared as BN pellets. The preparation of
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pellets involves grinding a set amount of catalyst and BN to form a homogenous
mixture and then compacting this in a purpose built press to form a self
supporting wafer. BN was used in preference to polyethylene due to the better
gas flow through the pellet. The pellet holder used in the pressing process can

then be transferred to a gas treatment cell (figure 19).

Gas outlet

Sample

Kapton holder

window

Gas inlet

Figure 19 Gas treatment cell, highlighting gas inlet and outlet, Kapton windows, and
the sample holder.

The gas treatment cell contains a gas inlet and gas outlet port so that different
gases can be purged through the cell. The gas can be contained within the cell by
shutting the outlet and inlet ports. The cell consists of a series of Kapton
windows to allow for the entry and exit of the X-ray beam. As can be seen in
figure 19, the sample holder is mounted into a removable arm. The angle of the
arm with respect to the cell can be varied, so the cell can be set-up for both
transmission and fluorescence experiments. When aligning the sample in the X-
ray beam, checks were made using photographic paper to confirm that the beam
passed through the cell without clipping the sample holder. When working on
station 7.1 at the Cr and Co K edge, high density polyethylene sample holders
were used to reduce the effect of scatter. On station 16.5, where the Pt L3 and Pd

K edges were investigated, sample holders made of steel were used.
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When exposing the sample to different gas environments, the cell was purged
with the desired gas for ~ 1 hour before closing the gas taps. All gas treatments
were performed away from the beamline for safety reasons. The cell was also
leak checked prior to use. At the end of an experiment the cell was purged with

Na»(g) for 30 min before opening to air.

5. X-Ray Diffraction

XRD is used to investigate the long range order of materials and provides
complimentary information to the structural information achieved from EXAFS.
The use of XRD techniques in the study of metal and alloy catalysts can provide
information regarding the crystal phases present and the size of any crystallites.
The technique requires particles of a relatively large size due to the excessive X-

ray line broadening experienced in the case of small particles.

5.1 Theoretical Aspects of XRD

As an X-ray beam is targeted at the sample, the electron density around the
nuclei causes the X-rays to be scattered. The lattice planes of the crystals act like
mirrors with the X-rays reflecting off each successive crystal plane. If the
glancing angle of the X-rays gives rise to a path-length difference between
reflections of successive mirror planes which is equal to an integer number of
wavelengths, then a maximum due to constructive interference occurs [32]. This

condition can be expressed using Bragg’s law:

nA =2d,,sinf Equation 33

where 4 is the wavelength, 8 is the diffraction angle, djy, is the spacing of the
planes (hkl) and # is an integer. The Pt catalysts are not single crystals; they

consist of many small crystallites with random orientations. For every set of
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crystal planes, one or more crystals will be in the correct orientation to give the

correct Bragg angle to satisfy Bragg’s law.

Given that the intermolecular spacing, du, (assuming an fcc structure) is as

follows:

a

Equation 34
VR + kP + 1

dhkl =

then Bragg’s law can be used to determine the lattice parameter, a, once the fcc

peak positions, Gy, have been identified.

2

sin @, =— (h* + k> +I?) Equation 35
hkl 4a2

As mentioned previously, the diffraction lines broaden on decreasing particle
size. This broadening can be used to give an estimate of the particle size, by
measuring the FWHM value of the peak after a background has been subtracted
and a Gaussian peak fitted. From the FWHM value, the average particle size, L,

can be estimated using the Scherrer equation:

094

= Equation 36
B,, cos@.__.

where 4 is the wavelength and B,y is the measured broadening in radians.

5.2 Experimental aspects of XRD

All XRD data reported as part of this work were carried out at the Johnson
Matthey Technology Centre, by one of their technicians.

60



Chapter Two Experimental Methods and Techniques

6. Transmission Electron Microscopy (TEM) and Energy
Dispersive X-Ray Analysis (EDX)

The use of TEM in the study of supported metal and alloy catalysts can be used
to provide information regarding the shape and size of the particles including the
particle size distribution. The EDX function allows for the proportions of the
different components of the alloy to be assessed at different points across the
particle, and on different particles. If the EDX shows that the components are in
similar proportion throughout the particle for a number of particles, it suggests

that the sample is well alloyed.

6.1 Theoretical Aspects of TEM and EDX

A typical TEM system is a microscope column type arrangement where the
illumination is provided by an electron gun at the top which is focussed onto the
specimen by a series of electromagnetic lenses. The specimen has to be a very
thin sample, with a thickness less than 2000 A. The image of the sample can be
viewed physically by looking at a viewing screen, usually a simple layer of X-ray
fluorescent material, through a lead glass window. The microscope is also fitted
with a camera which must work in the vacuum within the microscope, typically

1 x 10 mbar [33].

Bombardment of a specimen with high energy electrons results in a characteristic
emission of X-rays. The wavelengths of the X-rays are dependent upon the atoms
that are present in the sample. Each element has characteristic X-ray lines
relating to the excitation of a core electron to a higher energy level. Analysis of
these characteristic emission lines allows for the relative proportion of each
constituent to be determined. The detector normally consists of a small semi-
conductor such as Si, held in a position so that the X-ray emission from the
sample falls upon it. In the case of a TEM system, the detector is normally placed
within the objective lens. The detector works by exciting electrons into the
conduction band of the silicon, leaving an identical number of positively charged
holes in the outer-electron shells. The number of electron-hole pairs generated is

proportional to the energy of the X-ray photon being detected [33].
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6.2 Experimental Aspects of TEM and EDX

All TEM EDX data reported as part of this work were carried out at the Johnson
Matthey Technology Centre, by one of their technicians.

7 Fixed Bed Reactor Testing

Fixed bed reactor testing was employed to assess the performance of modified
Pt/y-alumina samples for the gas phase water gas shift reaction (WGS) and CO
oxidation. Different partial pressures of CO were used in the case of the CO

oxidation testing to determine the reaction order.

7.1 Equipment and Apparatus

Both tests were carried out using the reactor detailed below (figure 20). An
enlarged schematic of the reactor tube (figure 21) is also included, showing the

positions of the three thermocouples.
N2

Reactants

= Vent
4 way
Valve 1
: Water
4 way Pump
Valve 2 Steam
Generator
Chiller
Analysis
Oven
Oven 7% Cool
Purge
Figure 20 Schematic diagram for the reactor used for the WGS and CO oxidation
testing.
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Quartz reactor tube —»,
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Gas outlet thermocouple

Figure 21 Schematic diagram of the reactor chamber showing the positions of the
three thermocouples.

The analysis was performed using a Maihak s710 analyzer comprising of a H,
detector and IR CO and CO; sensors. The pump used is a calibrated Watson
Marlow Sand. The reactor is in a Lenton oven so as to avoid any line
condensation when steam is one of the feed gases. Three thermocouples are
placed inside the reactor chamber to monitor the temperature of the gas inlet, gas

outlet and the catalyst bed.

7.2 Water Gas Shift Testing Procedure

WGS testing was carried out in the reactor described in section 7.1. 0.45 g of
pelletised catalyst was loaded into the reactor tube on a bed of glass wool,
ensuring the thermocouple was in the catalyst bed layer. Gas inlet and outlet lines
were enclosed in an oven operating at a temperature of 110 °C to prevent water
condensation. The inlet gases were 5 % CO, 30 % steam, and 65 % N, with a
total flow of 300 cm® min™. The heating rate was 5 °C min™' and the maximum

temperature set to 500 °C. The exit gases were monitored by the analyser.
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7.3 CO Oxidation testing procedure

CO oxidation testing was carried out in the reactor described in section 7.1. 0.2 g
of pelletised catalyst was loaded into the reactor tube on a bed of glass wool,
ensuring the thermocouple was in the catalyst bed layer. The inlet gases were a
mixture of Ny, 1% CO in N, and air with a total flow of 300 cm® min™ The flow
of air was kept constant and the flows of N, and CO were adjusted to control the
mole fraction of CO. The temperature was ramped manually, the procedure
involved simultaneously heating the furnace and cooling with liquid nitrogen to
facilitate a very slow heating rate and combat the exothermic reaction conditions.

The exit gases were monitored by the analyser.
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Chapter Three: Cr and Co Modified Pt/C Catalysts for
the Oxygen Reduction Reaction.

1 Introduction

A major loss in the performance of a proton exchange membrane fuel cell
(PEMFC) is the reduction of oxygen taking place at the cathode. The
overpotential associated with this process is around 400 mV. This greatly
exceeds the 20 mV overpotential associated with the oxidation of hydrogen when
using pure Hy(,) as the fuel at the anode. The reduction of oxygen on Pt based
catalysts in acidic media can proceed via a direct reduction process (equation 1),
yielding water as the product, or by an indirect route via a peroxide intermediate

(equations 2-4).

0, + 4H" + 4¢ — 2H,0  E%mo= 123V Equation 1

0, + 2H" + 26 — H)0,  E’. /im0, = 0.682V Equation 2
The intermediate peroxide can then undergo a further reduction,

H,0, + 2H" + 26 — 2H,0 E°no,m0= 177V Equation 3
Or a chemical decomposition,

2H,0, — 2H,0 + O, Equation 4
The direct four electron pathway offers the greatest cell potential and is,
therefore the most desirable outcome. It is considered to be the most common
pathway for the ORR on Pt based catalysts. However, a detailed mechanism for
this process is still not fully resolved. Yeager used the inorganic chemistry of

complexes adsorbed onto an electrode surface to look at some of the possible

interactions of transition metal surfaces with O, [1]. The interactions available
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are detailed in figure 1 and include: a Griffiths model adsorption (pathway I)
involving a lateral interaction between the « orbitals of O, with the d:2 orbitals of
the metal, with back bonding from partially filled di, and d,. orbitals of the metal
to the 7 antibonding orbitals of O,; an end on single bond o-type interaction
(Pauling model) (pathway II); or a bridge model where an O, molecule is

adsorbed over two metal sites (pathway III).

M/Oii- M : M+2HO Pathway I
; T;- 3 2 athway
L NOQ Nog X 2

/ M+ H,0,
R 2

Y .
Q= —=m—q ¥
M+O - 'n\ 0 }VI_O\O ' H Pathway IF
-
2

™ \M+2H0
L
M\g w M-OH | M
: . : + -1 Hzo Pathway IIT
w o ouM.om F M
X
Figure 1 Reaction pathways resulting from three proposed models for intermediate

adsorption states in the ORR [1].

The performance of any catalytic process is governed by the number of active
sites the catalyst possesses and the turnover frequency of each site. The number
of active sites for the electrocatalysts can be increased by dispersing small
nanoparticles of Pt on a high surface area carbon powder. Carbon is chosen over
other supports due to its electrical conductivity. The greater the dispersion, the
larger the available Pt surface area. The ORR is a highly structure sensitive
reaction as work by Kinoshita has shown [2]. Platinum particles consist of a
distribution of surface sites including (111) and (100) crystal facets, in addition
to corner and edge sites. Kinoshita showed that the specific activity of Pt towards
the ORR increased with increasing particle size, coinciding with an increase in
the relative contribution of the (111) and (100) crystal facets and a decrease in
corner and edge sites. However, the mass averaged distribution of (111) and

(100) crystal facets reaches a maximum for particles of diameter ~ 3.5 nm, which
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Kinoshita then correlated to the mass activities observed towards the ORR for a
range of Pt particle sizes. Subsequent work by Markovic et al. [3] looked at the
performance of different Pt crystal faces towards the ORR in different
electrolytes using single crystal electrodes. The adsorption of anions on the
surface of Pt was also shown to be structure sensitive. As a consequence, the
activity of different Pt crystal facets towards the ORR increased in the order
(111) << (100) < (110) for sulphuric acid, but increased in the order (100) <
(110) < (111) when in KOH. When using sulphuric acid there is a highly
structure specific adsorption of sulphate / bisulphate anions on (111) crystal

facets which inhibits the performance of these sites towards the ORR.

One of the ways to increase the activity of Pt towards the ORR is by alloying
with other metals. Work looking at improved ORR catalysts in PAFCs carried
out by Jalan and Taylor [4] suggested that the activity of these alloys was due to
geometrical considerations. They proposed that by introducing a second metal
into the Pt lattice, the Pt-Pt interatomic distances on the surface of the catalyst
would be altered. It was suggested that an important part of the reaction
mechanism involved O, adsorbing at two Pt sites, followed by breakage of the O-
O bond. The spacing between different Pt sites at the surface should thus affect
the reaction rate and an optimum distance should exist. Jalan and Taylor looked
at a range of Pt alloys and showed a linear correlation between interatomic
separation and specific activity towards the ORR. The work found that PtCr
catalysts showed the highest specific activity towards the ORR compared to the
other Pt alloys studied.

This early work on the enhancement towards the ORR offered by PtCr alloys
was contested by other research groups. Glass et al. [5] investigated a range of
PtCr alloys of different compositions, suggesting that increased Cr content
should decrease the Pt-Pt spacing. The performance of these catalysts towards
the ORR did not correlate with the Pt-Pt interatomic spacing and furthermore
showed no improved performance over pure Pt. The work did show some
differences in electrochemical behaviour between the Pt and PtCr systems, most
notably differences in OH coverage and open circuit potential. Paffet et al. [6]

also disputed the enhancement offered by PtCr catalysts. Although a slight
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improvement in performance was observed for PtCr alloys it was attributed to a
roughening of the surface, and an increase in Pt surface area. It was proposed that
during the experiments, Cr(III) at the surface, which is present as an oxide or
hydroxide, is dissolved as a Cr(VI) solution species at a certain potential. This
causes a roughening of the surface, and a corresponding increase in the number

of active sites.

Mukerjee and Srinivasan [7] looked at carbon supported Pt alloys of Cr, Co, and
Ni and noted a two to three fold enhancement towards the ORR under PEMFC
operating conditions over Pt alone. The work showed that the specific activity of
the alloys increased, even though they had an increased particle size, and thus a
smaller available active area than pure Pt for similar metal loadings, expressed as
wt %. This improvement was attributed to the formation of superlattices of the
type Pt;Cr, Pt3Co_and Pt;Ni. These superlattices exhibited the same cubic fcc
structure of Pt but with lattice contractions. The work also showed that the
alloying component was not evenly distributed and remained on the surface in an
oxide form. Mukerjee et al. [8] then used in-situ XAS measurements to relate
structural and electronic properties of carbon supported Pt alloy catalysts with
their activity towards the ORR. White line analysis of the Pt L; and L, edges was
used to calculate the Pt d-orbital vacancy per atom in an electrochemical
environment at potentials of 0.54 and 0.84 V vs. SHE. The work showed that
both the Pt d-orbital vacancy per atom and Pt-Pt distance exhibit a volcano type
behaviour with respect to electrocatalytic activity towards the ORR, suggesting
that there is a symbiotic relationship between Pt-Pt distance and d-orbital
vacancy. The PtCr/C catalyst was shown to sit at the top of this volcano plot.
PtCr alloys have continually been shown to be active towards the ORR and also
exhibit a large degree of methanol tolerance making them applicable as DMFC
cathode catalysts [9-11]. The work by Mukerjee et al. also showed that the Pt/C
catalyst showed a large change in fractional d-band vacancy with respect to the
alloy catalysts when the potential was increased from 0.54 to 0.84 V vs. SHE.
This was attributed to an increase of adsorbed surface OH on the Pt/C compared
to the alloys. Prior to the XAS measurements by Mukerjee et al. [8] the catalysts

were acid leached to remove any unalloyed oxides. However, this same acid
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leaching step was not used prior to the electrochemical analysis. Therefore the

results must be handled with a degree of caution.

Work by Toda et al. [12, 13] looked at the performance of Pt alloyed with Ni,
Co, and Fe, where the surface of the alloy has a Pt enriched layer (Pt skin). XPS
was used to show that the surface Pt had an increased d-band vacancy without
having a contraction in the Pt-Pt spacing. Large enhancements towards the ORR
were observed for all the alloys. The enhancement was attributed to the change in
d-electron vacancy of the Pt skin by the underlying bulk alloy. More precisely it
was suggested that this change in electronic property, assuming a lateral
interaction between O, and Pt, promotes the 2r donation from O, to surface Pt.
This results in stronger O, adsorption and a weakening of the O-O bond. Scission
follows immediately when there is back donation from the Pt d-orbitals to 7

orbitals on O;.

Other research suggests that changes in electronic properties of surface Pt sites
aids the ORR by impeding the formation of adsorbed OH [14-16]. It is proposed
that the activation of water to yield Pt-OH hinders the ORR by blocking Pt
absorption sites. It is thought that this electronic modification of Pt on alloying

has the ability to shift the onset potential of water activation.

The enhancement towards the ORR exhibited by Pt alloys is still not fully
understood. Current research is still trying to relate surface structures and
changes in electronic properties to the improved activity observed for the ORR
[17-21]. The development of model systems on small particles rather than single
crystals is required to facilitate a better understanding of the origins of the
enhancement towards the ORR. Many of the mechanisms proposed for the ORR
suggest that it is the surface interactions between the two alloying components
which give rise to the enhancement. It is therefore desirable to prepare supported
bimetallic catalysts where the secondary metal is exclusively at the surface of the
first metal. Traditional methods for producing bimetallic catalysts such as
impregnation, electrochemical deposition and precipitation lack the selectivity to

deposit the second metal specifically onto the Pt sites.
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In this study, the controlled surface modification procedure developed by Crabb
et al. [22-26] and detailed in chapter 2, section 2, was used to prepare Pt/C
catalysts with surfaces modified with Cr and Co. Previous work using the
controlled surface modification procedure for fuel cell electrocatalyst preparation
has been used to study Pt/C catalysts modified with Sn [25], Ge [24], Mo [23]
and Ru.[22] All of the systems prepared exhibited a lower onset potential for the
electrooxidation of CO compared to Pt/C alone. Initial work on the PtSn system
showed that this means of preparation formed a catalyst with a better activity
than conventionally prepared PtSn alloys. /n-situ EXAFS studies were used to
assess the Ru modified Pt/C system [22]. XAS provides an ideal means to study
bimetallic fuel cell electrocatalysts [27, 28], as the local structure around each of
the alloying components can be determined, along with the oxidation state.

The EXAFS results showed that at open circuit potential Ru was present as an
oxide but in intimate contact with the Pt [22]. XRD was also used to show that
there was no evidence of PtRu alloying. Work performed by Qian [29] has
previously looked at a series of modified Pt/C catalysts with Co, Cr, Fe and Ni
for use as ORR electrocatalysts. For each metal, the metallocene analogue was
used as the precursor for the modification. Qian [29] has shown that the catalysts
exhibit encouraging performance towards the ORR, with the optimum monolayer
fraction of Co and Cr found to be 0.66. The promising results shown by Qian
[29] are sufficient to warrant further attention, in particular a full physical
characterisation of the catalysts, so that the structure can be accurately linked to

activity.

The Co and Cr modified Pt/C catalysts (to be denoted as Co/Pt/C and Cr/Pt/C)
prepared in this chapter have been assessed for their performance towards the
ORR using a RDE assembly and have been characterised using XANES,
EXAFS, cyclic voltammetry, XRD and TEM.
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2 Experimental Details

2.1 Catalyst Preparation

Cr/Pt/C and Co/Pt/C catalysts were prepared as detailed in chapter 2, section 2.2.
Modifications were made to a 20 wt % Pt/C (XC-72R) catalyst with a calculated
dispersion of 0.48. For the Cr/Pt/C catalysts two different precursors were used
for the deposition; chromocene (Cr(Cp),), and bisbenzene chromium (Cr(Ph),).
For the Co/Pt/C catalyst, cobaltocene (Co(Cp),) was used as the precursor. The
table below gives details of the catalysts prepared, the desired monolayer

coverage, and the heat treatments carried out.

Table 1 Details of catalysts prepared

Catalyst Equivalent Precursor Heat Initial colour End

monolayers treatments  of solution colour of
/1°C filtrate

Cr/Pt/C 0.66 Cr(Cp), 750,900  Dark green”  colourless

Cr/Pt/C 0.66 Cr(Ph), 750, 900 Light green  colourless

Cr/Pt/C 0.16 Cr(Ph), 750, 900 Light green  colourless

Co/Pt/C 0.66 Co(Cp)2 750, 900 Dark brown  colourless

* - . . .
The solution was a mixture of dissolved and undissolved precursor

Conventionally prepared PtCr/C and PtCo/C alloys were supplied by Johnson
Matthey to facilitate a comparison with the surface modified catalysts. Control
reactions were also carried out to show that the precursor was specifically
targeting Pt sites and not the carbon support. In each case the filtrate ran through
the same colour as it entered the reactor vessel, thus indicating that no reaction
was observed. The 20 wt % Pt/C (XC-72R) was also subjected to the 750 and

900 °C heat treatments to facilitate a more representative comparison.
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2.2 Electrochemical Characterisation

2.2.1 Cyclic Voltammetry

The electrochemical properties of the catalysts were characterised using the
standard 3 electrode half cell detailed in chapter 2, section 3.2.2, with button

electrodes prepared according to chapter 2, section 3.2.1.

2.2.2 Oxygen Reduction Testing

The performance of the catalysts towards the ORR was assessed using an RDE

assembly as detailed in chapter 2, section 3.3.

2.3 XAS Studies

2.3.1 Cr and Co K edge Investigations

Cr and Co K edge XAS spectra were acquired on station 7.1 at the SRS,
Daresbury Laboratory. Station 7.1 utilises a double crystal Si(111)
monochromator for EXAFS in the range of 4 keV to 10 keV. EXAFS of the
catalyst materials were acquired in fluorescence mode using a liquid nitrogen
cooled 9 element Ge solid state detector. Reference EXAFS of metal foils and
oxide standards were acquired in transmission mode. All catalysts were prepared

as BN pellets for XAS measurements.

2.3.2 Pt L; and L; edge Investigations

Pt L, and L3 edge XAS spectra were acquired on station 16.5 at the SRS,
Daresbury Laboratory. Station 16.5 is on a 6T Wiggler line, and utilises a double
crystal Si(220) monochromator to acquire EXAFS in the range of 7 KeV to

40 KeV. EXAFS of the catalyst materials were acquired in fluorescence mode
using a liquid nitrogen cooled 30 element Ge solid state detector. Reference
EXAFS of metal foils and oxide standards were acquired in transmission mode.

All catalysts were prepared as BN pellets for XAS measurements.
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2.3.3 Fractional d-band Vacancy Determination

The white lines of the Pt L3 and L, edges in XAS spectra are due to the
transitions from 2ps, states to 5d,, and 5ds,, states, and from 2p,, states to 5d,,
states respectively. These transitions are restricted by certain selection rules;

AL =+1 and AJ =0, + 1 where L is the orbital angular momentum quantum
number and J is the total orbital angular momentum quantum number [30]. Using
these selection rules, it can be seen that transitions to s states are also possible.
However, the occurrence of white lines is mainly due to high density of final
states. The d symmetric portion of the density of states tends to be large and
narrow whereas the s symmetric portion tends to be small and spread out. Thus
the white line can be attributed solely to the p — d transitions [31]. For a Pt atom,
it can be seen that the empty state in the 5d shell has a J value of 5/2. The Pt L,
white line is therefore much less intense as there are no transitions to states
where J = 5/2. The ratio of final states of d;, and d;, has been found to be 14:1
[31]. It can be seen that the intensity of L3, and to a lesser extent L, edges, is
related to the overall d-band vacancy. An increase in d-band vacancy has been
associated with an enhanced performance towards the ORR for Pt based
catalysts. The fractional d electron vacancy, f;, of the absorber atoms is defined

as follows:

fi=(AA; + 1.11 AA)/(As, + 1.11A,,) Equation 5

where AAj and AA; represent the difference in areas under the L3 and L, edges
with the corresponding reference spectra (obtained using a Pt foil). The quantity
Aj,+ 1.11A,,is the combined area per unoccupied d electron and is a constant

for the absorbing atom being probed.

The quantitative analysis of d-electron character was performed as detailed by
Mansour ef al. [30]. The three critical components of the data analysis are the
removal of the background absorption, the alignment of the sample and reference
spectra, and the normalisation of the sample and reference spectra. The
alignment of edges is achieved by adjusting the energy scales of the spectra so

that 0 eV corresponds to the inflection point of the edge (figure 2).
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Figure 2 Alignment of the energy scale relative to the inflection point of the

absorption edge.

The removal of background absorption is achieved by fitting a linear gradient to

the pre-edge slope and subtracting the gradient from the spectrum (figure 3).
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(a) (b)
Figure 3 XAS Data from the Pt L; edge (a) before and (b) after removal of the pre-

edge background absorption.

The normalisation of spectra is performed by adjusting the energy scale of the L,
and L; edges so that the EXAFS oscillations are aligned. This procedure is used,
as theoretically the EXAFS oscillations for both the L, and L3 edges should be

the same. The final step is to normalise the data by setting the intensity of one of

the inflection points of the EXAFS oscillations above 40 eV to 1 (figure 4).
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Figure 4 Pt L; and L, edge spectra (a) before and (b) after data normalisation.

The areas used to calculate AA; and AA, were determined by integrating the area
which extends from -10eV — 13eV under the absorption edge for the normalised
spectra. The value for A;; was found by first calculating the areas under the L;
and L, edges of Pt foil from -10eV — 40eV. The difference in areas was then
multiplied by the ratio of (ks + h3p) / hsp, where hy= the number of unoccupied
d states that are characterized by the angular momentum quantum number J. This
ratio corrects for the white line weight at the L, x-ray absorption edge. The area
A, is then estimated by multiplying the difference in areas by the ratio s, / hsp,.
Finally, all areas calculated (AAj3, AA; As; and A,,) were multiplied by the x-
ray absorption cross section at the absorption edge and the density of absorbing
material. Values of 117.1 cm® g and 54.2 cm” g were used for the absorption
cross section of the Pt L3 and L, edges, respectively. The density of Pt used was
21.09 g cm™. The total number of d states per Pt atom can then be calculated as

follows:
(hp)es = (1.0 + f2) (h))er Equation 6

where (hj);has been shown to be 0.3 [31].

2.4 XRD, TEM, and ICP-AES Analysis

All samples were submitted to Johnson Matthey Technology Centre, Sonning

Common, where the analyses were performed.
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The XRD analysis used a Bruker AXS D-500 diffractometer with a 40 position
sample changer, a Ni filtered Cu K, X-ray source, a scan range of 15 to 95°260

with a 0.02° step size, and a scan rate of 0.25° 26 per minute.

Powder samples for TEM EDX were crushed between two glass slides and
samples positioned onto a lacey carbon coated copper ‘finder’ grid with the aid
of a micro manipulator. The samples were examined in a Tecnai F20
Transmission Electron Microscope. Both bright field and high resolution electron

microscopy modes were used.

3 Results and Discussion

3.1 ICP-AES Analysis

Elemental analysis of the prepared catalysts was carried out using ICP-AES. The
experimental values, along with the theoretically calculated values based on the

theoretical yield of the modification reaction, are shown below (table 2).

Table 2 Elemental analysis of prepared M,/Pt/C catalysts

Sample Wt % Pt Wt % Pt Wt % M, Wt % M,

Theoretical Experimental Theoretical Experimental

0.66 Cr/Pt/C" 19.60 19.89 1.67 1.89
0.166 Cr/Pt/C " 19.67 - 0.42 -
0.66 Co/Pt/C 19.62 19.30 1.88 0.88

" represents catalysts prepared by the bisbenzene chromium route

The work done previously by Qian [29] has shown that Cr/Pt/C samples prepared
using the Cr(Cp), precursor are successful in depositing the expected amount of
Cr so were not submitted for elemental analysis. In general, the ICP-AES results
are in good agreement with the theoretical values. This suggests that all the

secondary metal is being deposited on the Pt/C. In the case where the
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experimental value is greater than the theoretical value this can be rationalised by
the accuracy of the balance used for the air sensitive compounds and the error in
the measurement. Unfortunately, the balance in the glove box was only accurate
to+ 0.01 g and could not be substituted for a more accurate balance. The 0.66
Co/Pt/C catalyst has a Co content of 0.88 wt % compared to the theoretical
estimation of 1.88 wt %. It is not clear if this represents a failure to deposit the
entirety of the Co, or is a combined artefact of the two sources of error
mentioned above. The 0.166 Cr/Pt/C catalyst was not submitted for ICP-AES
analysis as the 0.66 Cr/Pt/C catalysts showed that the deposition procedure was
successful and the small fraction of Cr present in the sample would lead to a

great amount of error in the measurement.

3.2 XRD Analysis

Whereas EXAFS provides information regarding the average local structure of
the catalyst, XRD is used to investigate the long range order of materials. Of
particular interest in this study, is the ability to identify the presence of separate
metal and oxide phases. XRD can also be used to determine the lattice parameter

and the crystallite size using Scherrer’s equation.

The XRD analysis of the Pt/C samples annealed at 750 °C and 900 °C show that
the catalyst in both cases is made up of poorly crystalline Pt, with a range of
crystallite sizes. This distribution of crystallite sizes makes it difficult to
accurately predict the particle size of the catalyst. The same can also be said for

the 0.66 Cr/Pt/C sample annealed at 200 °C prepared by the Cr(Ph), route.

However, the 750 and 900 °C (figure 5a) annealed samples of the same catalyst
have very different characteristics. The 750 °C annealed sample is mainly
composed of a poorly crystalline cubic phase close in crystallographic
parameters to Pt/C. Also present is a second poorly crystalline cubic phase
similar in crystallographic parameters to cubic Pt;Cr. Subtle differences between
the observed phase and the reference pattern could indicate the presence of a
solid solution and/or stoichiometric differences. In addition, a trace amount of
Cr,03 is also present. The 900 °C annealed sample is composed of one phase,

which is similar in crystallographic parameters to the cubic Pt;Cr phase.
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A very similar pattern is observed for the Co/Pt/C catalysts (figure 5b). The
200 °C annealed catalyst has the same XRD interpretation as the Pt/C catalysts
and the Cr/Pt/C catalyst annealed at 200 °C. The 750 °C annealed sample is
mainly composed of a poorly crystalline cubic phase close in crystallographic
parameters to Pt/C, with a minor amount of Pt3Co also present. The sample
consists of a range of particle sizes and as such an accurate estimation of the
particle size could not be determined. The 900 °C annealed sample consists of a
single poorly crystalline cubic phase, most likely to be an undocumented PtCo
phase. Where possible the lattice parameter and particle size have been

calculated and are presented below in table 3.

Table 3 Lattice parameters and particle size for 0.66 Cr/Pt/C and Co/Pt/C catalysts
determined using XRD

Sample Lattice parameter / A Particle size / nm
0.66 Cr/Pt/C 750 °C 3.89 3.8
0.66 Cr/Pt/C 900 °C 3.89 59
0.66 Co/Pt/C 750 °C 3.89 6.9

Although only a limited number of samples were appropriate for particle size
estimation using XRD the values obtained contain a greater level of information
with regards to the vales determined using TEM. The values of the XRD derived
particle size are specific to the Pt;M phase whereas the particle size from TEM is
an average of all the metallic particles whether they be, Pt, Pt;M or M.
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Figure 5 XRD patterns of (a) Cr/Pt/C and (b) Co/Pt/C at different annealing

temperatures. JCPDS reference data are included for a comparison.
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3.3 TEM EDX Analysis

The 0.66 Cr/Pt/C prepared by the Cr(Ph), route, 0.66 Co/Pt/C, and Pt/C catalysts
were submitted for TEM EDX analysis. TEM micrographs of the 0.66 Cr/Pt/C
sample at different magnifications are included (figure 6) as an example of the

data generated. For the other catalysts the particle size distributions have been
included (figure 7).

(b) 10 nm, and (¢ & d) 5 nm
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Figure 7 Particle size distributions for 0.66 Cr/Pt/C (a, b, and ¢ ) and 0.66 Co/Pt/C

(d, e, and f) annealed at 200, 750 and 900 °C respectively, and Pt/C
annealed at 750 and 900 °C (g and h).
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In this report the main application of the TEM technique is to assess the particle
size distribution of the different catalysts and to use the EDX function to study
the proportion of the metallic components across a range of particles. The

0.66 Cr/Pt/C catalysts prepared by annealing at temperatures of 200 and 750 °C
have very similar particle size distributions with the majority of the particles
being around 4 nm. The 900 °C annealed 0.66 Cr/Pt/C catalyst has the majority
of particles around 5 nm, with many more oversized particles than are present for
the other annealing temperatures. EDX analysis for each of the catalysts shows
that the Cr and Pt is present in similar proportions across a range of particles and
that Cr is not found on the carbon support by itself. The line profile analysis
across a particle for the 900 °C annealed catalyst is included to illustrate this in
figure 8a. The line profile analysis shows a red line spanning a distance on a
TEM micrograph. This line represents the points across which the EDX data is
collected. The amount of counts observed for Pt and Cr in the EDX data across
the line are in similar proportion at all time. This is good confirmation that the Cr

is specifically targeting the Pt sites in the deposition process.

A similar trend is observed for the 0.66 Co/Pt/C catalysts. The catalysts annealed
at 200 and 750 °C have similar particle size distributions, although the majority
of particles this time are around 3 nm. This slight reduction in particle size in
comparison with the Cr modified catalyst is consistent through to the 900 °C
annealed sample where the majority of particles are around 4 nm rather than 5
nm. The 900 °C annealed catalyst also has many more oversized particles in
comparison with the 200 and 750 °C heat treated samples. The line profile
analysis shows that the Co and Pt are present in similar proportions across
different particles for each of the annealing temperatures, as illustrated by the
line profile analysis across a particle for the 0.66 Co/Pt/C 900 °C catalyst in
figure 8b.

The Pt/C samples annealed at 750 and 900 °C have similar particle size
distribution as the modified catalysts at the same annealing temperatures. The
750 °C annealed sample has the majority of the particles around 3-4 nm and the

900 °C catalyst has the majority of particles around 5 nm. This shows any
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increase in particle size for the modified catalysts may be attributed primarily to

the heat treatments and not the deposition of Cr or Co.
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Figure 8a TEM EDX Line profile analysis for 0.66 Cr/Pt/C annealed at 900 °C. The

upper left box shows the TEM image of the area under investigation. The
EDX response for the red box labelled 1 is shown below the TEM image.
The EDX responses across the red line labelled one are shown on the right
hand side and in descending order show total counts, counts from Pt, and

counts from Cr respectively.
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Figure 8b (continued)TEM EDX Line profile analysis for 0.66 Co/Pt/C annealed at

900 °C. The upper left box shows the TEM image of the area under
investigation. The EDX response for the red box labelled 1 is shown below
the TEM image. The EDX responses across the red line labelled one are
shown on the right hand side and in descending order show total counts,
counts from Pt, and counts from Co respectively.

3.4 Cyclic Voltammetry - Half Cell Studies

Cyclic voltammograms (figures 9-11) and associated parameters (tables 4-6) of
Pt/C, 0.66 Cr/Pt/C prepared by the Cr(Ph); route, and 0.66 Co/Pt/C at different
annealing temperatures are detailed in this section. The cyclic voltammograms
have been normalised to the available Pt surface area derived from the area
underneath the CO stripping peak. The calculated parameters presented in table 4
include the value for the mass normalised Pt area in m? g Pt. This value gives an
indication of how the dispersion of the catalysts changes with increasing

annealing temperature.
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Figure 9 Cyeclic voltammograms (left column) and CO stripping voltammetry (right
column) for Pt/C (top) untreated and annealed at 750 °C (middle) and 900
°C (bottom). Carried out in 2.5 M H,SO, with a scan rate of 10 mV s,
currents normalised to the platinum surface area determined by CO
stripping voltammetry.
Table 4 Electrochemical parameters taken from CVs in figure 9.
Sample Pt loading / Oxide reduction/ Ptarea/ Ptarea,/m’
mg cm’ V vs. RHE cm’ Pt Pt g’ Pt
Pt/C 0.349 0.749 349.1 75.8
Pt/C 750 °C 0.310 0.761 177.1 43.3
Pt/C 900 °C 0.327 0.788 132.2 30.7
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Figure 10 Cyclic voltammograms (left column) and CO stripping voltammetry (right
column) of 0.66 Cr/Pt/C prepared by the Cr(Ph), route annealed at 200 °C
(top), 750 °C (middle) and 900 °C (bottom). Carried out in 2.5 M H,SO,
with a scan rate of 10 mV s, currents normalised to the platinum surface
area determined by CO stripping voltammetry.
Table § Electrochemical parameters taken from CVs in figure 10.
Sample Pt loading/  Oxide reduction/ Ptarea/ Pt area,, /
mg cm” V vs. RHE em’Pt  m’Ptg'Pt
0.66 Cr/Pt/C 200 °C 0.362 0.717 319.0 66.8
0.66 Cr/Pt/C 750 °C 0.368 0.759 182.0 37.6
0.66 Cr/Pt/C 900 °C 0.378 0.761 162.4 32,5
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Figure 11 Cyeclic voltammograms (left column) and CO stripping voltammetry (right
column) for 0.66 Co/Pt/C annealed at 200 °C (top), 750 °C (middle) and
900 °C (bottom) . Carried out in 2.5 M H,SO, with a scan rate of 10 mV s",
currents normalised to the platinum surface area determined by CO
stripping voltammetry.
Table 6 Electrochemical parameters taken from CVs in figure 11.
Sample Ptloading/  Oxide reduction/ Ptarea/ Pt area,, /
mg cm™ V vs. RHE cm’ Pt m’ Pt g Pt
0.66 Co/Pt/C 200 °C 0.352 0.768 324.8 69.8
0.66 Co/Pt/C 750 °C 0.362 0.784 222.9 46.7
0.66 Co/Pt/C 900 °C 0.391 0.784 168.2 32.6
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Assessing the cyclic voltammetry of the Pt/C catalysts several trends can be
observed. The hydrogen adsorption /desorption region is a characteristic feature
of Pt electrochemistry. The features in this region for the Pt/C catalysts have
greater definition on increasing the annealing temperature. The untreated Pt/C
catalyst has the smallest particle size of all the Pt/C catalysts. Pt of a very small
particle size has very few crystal facets at the surface, giving rise to a lack of
distinct adsorption sites. On increasing annealing temperature the particle size
increases, yielding extended lattice planes [2]. The study of single Pt crystals has
shown that different crystal faces have different hydrogen adsorption / desorption
features. In the case of polycrystalline Pt particles, the different crystal faces give
rise to two distinct hydrogen adsorption sites. Where the untreated Pt/C catalyst
shows a broad hydrogen adsorption/desorption feature, the annealed Pt/C sample
at 900 °C shows two well defined peaks. The evidence for growth in crystallite
size is replicated in the mass normalised Pt area. The area drops from 75.8 to

30.7 m* g’ Pt as the catalyst is annealed to 900 °C.

The hydrogen adsorption / desorption region for the 0.66 Cr/Pt/C catalysts is
clearly identifiable, although appears slightly less defined in comparison to the
Pt/C catalysts. This may be attributable to the presence of Cr at the surface. In
general the electrochemical response for the Cr modified Pt/C catalyst is very
similar to that of Pt/C as has been found with PtCr/C alloys previously [6, 32]. A
large change has been observed when PtCr/C alloys have been heat treated at
1200 °C [32]. This was explained by the change in ratio of crystal facets at
higher annealing temperature as work by Paulus et al. has shown [33]. The
Cr/Pt/C catalyst prepared by the Cr(Cp), route showed very similar features and

as such the voltammograms are not included in this section.

A decrease in mass normalised surface area is observed on addition of Cr and Co
at the lowest annealing temperature. This could be related to the second metal
being present at the surface blocking hydrogen adsorption or that the 200 °C heat
treatment could have caused a slight increase in particle size. These mass
normalised values should be treated with a certain degree of caution as there are
several areas where error can be introduced; the ionomer loading, the

compression of the catalyst layer, the amount of catalyst in electrical contact, and

90



Chapter Three Cr and Co Modified Pt/C Catalysts for the ORR

loss of catalyst in the pressing procedure. These are all examples where the
calculated mass giving rise to the Pt electrochemical area could be in doubt. As a
consequence it is more appropriate to normalise the current by the available Pt
surface area as has been done in this section. This is not to say that the
measurement of the mass normalised Pt is irrelevant, but that the area determined
should be used to identify trends and approximate values. In each of the series of
catalysts assessed in this section, the mass normalised Pt area decreases with
increasing annealing temperature. The values for mass normalised Pt area show
that a drastic drop in area is not observed when the second metal is introduced
into the system. Both the modified catalysts presented should ideally have 2/3 of
the Pt surface covered with the alloying component. This could mean that the
metal being deposited is clustering on deposition or that the second metal is
present but not hindering the electrochemical processes occurring at Pt sites. It
could also mean that when the secondary metal is exclusively at the surface in a

non-alloyed state, it readily dissolves in the electrolytic solution.

The Co/Pt/C catalysts also show very similar hydrogen adsorption/desorption
features to those observed for Pt/C, again with two distinct adsorption sites
becoming more defined on increasing annealing temperature. The CO stripping
voltammograms show a much narrower CO oxidation peak compared to the Pt/C
and Cr/Pt/C catalysts, suggesting a chzinge in surface properties. The peak
position of the CO oxidation peak varies between 0.83 and 0.87 V vs. RHE for
both the Pt/C and Cr/Pt/C catalysts. The position of the CO peak is not dissimilar
for the Co/Pt/C catalysts where it ranges from 0.84 to 0.82 V vs. RHE.
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3.5 XAS Studies

3.5.1 XANES - 2"! Metal K edge

Analysis of the XANES region of the XAS data allows for information regarding
the electronic properties and oxidation state of the metal under investigation to be
probed. Figure 12 shows the normalised XANES spectra obtained at the Cr K
edge for the prepared Cr/Pt/C catalysts along with reference materials. The data
were acquired under atmospheres of H, and air, although no discernable

differences were apparent, and therefore only data acquired in H, are shown.
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Figure 12 XANES spectra at the Cr K edge for 0.66 Cr/Pt/C prepared by the (a)

Cr(Ph), and the (b) Cr(Cp), routes at heat treatments of 200, 750, and 900
°C. (c) and (d) show a comparison of the 900 and 200 °C heat treated

catalysts respectively. (The comparisons include a Cr foil, Cr,05, and a

conventionally prepared PtCr/C alloy catalyst).
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Features in the XANES region can arise due to electronic transitions and this is
exemplified by the data obtained at the Cr K edge. A pre-edge feature can be
observed at approximately 5980 eV which corresponds to the dipole forbidden

1s — 3d transition. This pre-edge feature is highly sensitive to the coordination
geometry of the Cr as the 7, orbitals have some p-orbital character. It is found
that tetrahedrally coordinated Cr species (e.g. CrO3) exhibit a sharp white line in
this pre-edge region [34]. It can be seen that the two preparatory methods give
rise to different XANES spectra. The Cr/Pt/C catalyst prepared by the Cr(Ph),
route at different heat treatments all exhibit an edge position around 5990 eV,
similar to that of a Cr foil. In this instance a slight negative shift for the Cr/Pt/C
catalysts is observed. Section 1 discussed the enhancement alloying with Cr
offers towards Pt based catalysts. One of the reasons proposed was a change in Pt
d electron vacancy, with the electrons being transferred to the alloying
component. Thus the slight negative shift can be rationalised as charge transfer
from the Pt towards the Cr. It has been shown that, for Cr, there is on average an
increase in edge position of 1.6 eV per unit change in valency [34]. This suggests
that the Cr present in these samples is mostly present in a metallic phase, and the
deposition method has successfully targeted the Pt surface sites. However, it is
also apparent that the 200 °C heat treated sample is more oxidised than those
heated to 750 and 900 °C and is similar in shape to the analogous sample
prepared by the chromocene route, although a different oxidation state is
observed. Thus it appears that the Cr may be initially present as oxidised adatoms
on the Pt surface, becoming more incorporated into a metallic phase as the

annealing temperature is increased.

The same trend is not observed for the Cr/Pt/C catalysts prepared by the Cr(Cp),
route. In this instance, the edge position of the 200 and 750 °C annealed samples
is at 5997 eV, the same energy observed for Cr,0s. It can also be seen that the
750 °C sample has a near identical XANES spectrum to that obtained for Cr,0Os.
The 900 °C heat treated sample has a XANES spectrum akin to the Cr(Ph),
prepared Cr/Pt/C samples. This suggests that initially the Cr is present as oxide
particles around the Pt. On heating to 750 °C, the Cr,O3 phase is formed, and on
heating to 900 °C the Cr is driven into the Pt particle. Comparison of both the
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900 °C annealed Cr/Pt/C catalysts with a conventionally prepared PtCr/C alloy
(figure 12¢) shows that the XANES spectra for both are consistent with that of a
PtCr alloy.

The Co K edge XANES spectra also exhibit a pre-edge feature as a result of

1s — 3d transitions and are also sensitive on the coordination geometry of the
absorber. This sharp feature is present in tetrahedral Co environments but not in
octahedral coordination environments [35]. Figure 13 shows the Co K edge
XANES spectra for the 0.66 Co/Pt/C samples along with those of the reference
materials. The spectra have been acquired in atmospheres of air and H,, with the

spectra being shown in figures 13 and 14 respectively.
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Figure 13 XANES spectra at the Co K edge for 0.66 Co/Pt/C catalysts (a) at different

annealing temperatures and (b) compared to a conventional PtCo/C alloy,

acquired in an atmosphere of air.

The Co/Pt/C catalysts show a similar trend to that of the Cr/Pt/C catalysts
prepared by the Cr(Ph), route. The edge positions of this series of catalysts are
similar to the edge position of the corresponding metal foil. This again suggests
that the Co is predominantly in a metal environment and it is assumed that this is
a result of association with the Pt particles. The XANES spectra of the 750 and
900 °C annealed catalysts are very similar to each other and very similar to that
of a conventionally prepared PtCo/C catalyst as shown in figure 13b. The 200 °C

annealed catalyst is still heavily oxidised as shown by the intense white line,
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although the XANES do not correlate with that of CoO or Co304 [35]. When the
gaseous environment is changed from air to H, there is a substantial change in

the XANES spectrum of the 200 °C annealed sample (figure 14a).
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Energy / eV Enargy / aV

(a) (b)

Figure 14 XANES spectra at the Co K edge for (a) 200 °C and (b) 900 °C 0.66
Co/Pt/C catalysts in atmospheres of air and H,

On exposure to Hy, the XANES spectrum of the 200 °C heat treated sample
becomes less oxidised and closely resembles the XANES spectra of the 750 and
900 °C heat treated samples. The 900 °C annealed sample retains near identical
XANES features in both environments. Overall from the Co K edge XANES
spectra, it can be inferred that both the 750 and 900 °C annealed samples are
comparable to a conventional alloy and that the 200 °C sample is initially present
as a Co oxide on the Pt surface, which becomes incorporated into the Pt particle

on exposure to Hj.

3.5.2 XANES - Pt L, and L; edges
For the Ct/Pt/C catalysts a complete analysis of the Pt L, and L; edge XANES

spectra was performed (figures 15-16) to enable determination of the fractional

d-band vacancy.
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as BN pellets in an atmosphere of air.
144 1.04
1.2
2 g 0.8+
v 104 [
2 2
£ E 064
v 08+ v
2 2
'g 064 T e
z ] e 1 foll 2 ——Ptfol
——0.66 Cr/PYC 200 °C Cr(Cp), 0.2 ——0.66 Cr/PtC 200 °C Cr(Cp),
024 —— 0.68 Cr/PYC 750 °C Cr(Cp), ——0.66 Cr/PYC 750 °C Cr(Cp),
——0.66 C/PYC 900°C Cr{Cp), 004 ——0.66 Cr/PUC 900 °C Cr(Cp),
0.0 T
20 0 2 a 20 0 2 0
Energy / eV Energy / eV
(a) (b)
144 1.0
1.24
z 2 0
g 404 2
& 2
£ £
= 08 ; 0.6
g 3
E 0.6+ E 0.44
2 .. ==Cttio) 2 —Ptfoll
——0.66 Cr/PY/C 200 °C Cr(Ph), 02, ——0.66 Cr/PUC 200 °C Cr{Ph),
024 ——0.66 CriPYC 750 °C Cr(Ph), ——0.66 Cr/PUC 750 °C Cr{Ph),
——0.66 Cr/PY/C 900 °C Cr{Ph), ——0.66 Ce/PUC 900 °C Cr{Ph),
0.0 T U 1 o.o L T T 1
20 0 20 40 -20 0 20 40
Energy / eV Energy / eV
(c) (d)
Figure 16 Pt L;and L, XANES spectra of the Cr/Pt/C catalysts prepared by the (a &

b) Cr(Cp); and (¢ & d) Cr(Ph); routes, acquired as BN pellets in an
atmosphere of air, a Pt foil is also included for comparison.
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Figure 17 Pt L;(a) and L,(b) XANES spectra of a Pt foil, Pt/C, and PtCr/C acquired

as BN pellets in an atmosphere of H,.
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Figure 18 Pt L;and L, XANES spectra of the Cr/Pt/C catalysts prepared by the (a &

b) Cr(Cp), and (¢ & d) Cr(Ph), routes, acquired as BN pellets in an
atmosphere of H,, a Pt foil is also included for comparison.
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For both sets of 0.66 Cr/Pt/C catalysts acquired in air show that the intensity of
the white line is a function of the annealing temperature, with the lowest heat
treatment resulting in the largest white line. This is exemplified to a greater
extent in the more sensitive Pt L; edge spectra. As the catalysts are exposed to
higher annealing temperatures the particle size increases reducing the amount of
surface Pt sites. The intensity of the white line also represents the degree of
oxidation of Pt, which is correlated to the proportion of the Pt at the surface. For
the 0.66 Cr/Pt/C catalysts prepared by the Cr(Cp), route the XANES spectra of
the 200 and 750 °C annealed samples have an intense white line indicating that
the Pt is highly oxidised. The 900 °C annealed sample has a less intense white
line and is close in resemblance to that of a Pt foil. For the 0.66 Cr/Pt/C catalysts
prepared by the Cr(Ph); route annealed at 750 and 900 °C, the XANES spectra
are very similar to a Pt foil, with the 200 °C sample appearing slightly more
oxidised. The XANES spectrum of the untreated Pt/C is more distinctive due to
the highly oxidised nature of the catalyst and the small Pt particle size, as shown
in figure 15. It can also be seen that the XANES spectrum of a conventional
PtCr/C catalyst is similar to those prepared using the controlled surface
modification procedure. Table 7, shown below, details the values of (4,); s for the

catalysts studied in air and H,.

Table 7 Pt d-band vacancies for different Pt/C, Cr/Pt/C and PtCr/C catalysts.
Catalyst (hj)¢s air (hp)s Ha

Untreated 20 wt% Pt/C 0.334 0.345

0.66 Cr/Pt/C 200 °C Cr(Cp) 0.307 0.276
0.66 Cr/Pt/C 750 °C Cr(Cp), 0.306 0.306
0.66 Cr/Pt/C 900 °C Cr(Cp), 0.309 0.313
0.66 Cr/Pt/C 200 °C Cr(Ph), 0.306 0.296
0.66 Cr/Pt/C 750 °C Cr(Ph), 0.305 0.282
0.66 Cr/Pt/C 900 °C Cr(Ph), 0.304 0.301
PtCr/C 0.303 0.333
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The calculated values of (/)5 in air indicate that only the untreated Pt/C shows a
significant difference. This is most likely due to the small Pt particle size of the
catalyst. All the other values can be seen to be comparable to one another within
error. The values of (h))s in H, are far more variable, with only the Pt/C and
PtCr/C catalysts showing a significant increase in (%,);s. The values for the
Cr/Pt/C catalysts fluctuate greatly with no obvious explanation for this, and thus
must be attributed to the error associated with the measurement. The data
acquired in Hs, eliminates the contribution of Pt oxide formation from the
XANES spectra, and should be more representative of the electronic properties
of the Pt. Mukerjee ef al. [8] have looked at the fractional band vacancy of
different supported Pt alloys including PtCr/C. The experiments were conducted
in an in-situ electrochemical environment at a potential in the double layer
region. Mukerjee found that in this environment a PtCr/C bulk alloy exhibits a
(hy).s value of 0.360. This is significantly larger than the value calculated in this
study, with the differences in (/). s being attributable to the different conditions
under which the experiments were performed. However, it is worth establishing
that there is a large error associated with calculating (%), and that the values
determined are best used to study trends rather than to be taken as accurate and
transferable values. The numerous normalisation processes along with the area
calculations bring a significant amount of error into process. Also the Pt L3 and
L, edge XANES spectra not only reflect the transitions described but other
processes and interactions such as the Pt particle size, as can be seen by the value

of (h,);s calculated for Pt/C in this study.

99



Chapter Three

Cr and Co Modified Pt/C Catalysts for the ORR

3.5.3 EXAFS - Cr K edge Studies

EXAFS data were collected as BN pellets in atmospheres of H, and air. The k

weighted EXAFS data along with the associated Fourier transform and the fitting

parameters determined for the Cr/Pt/C catalysts are detailed below in figures 19-

22 and tables 8-11.
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Table 8 Structural parameters for PtCr/C catalysts acquired in atmospheres of air
and H, by fitting the Cr K edge EXAFS data. Unl refers to unit 1 and
designates both scattering processes taking place in the same shell.

Condition | PtCr/C - Calculated Parameters (Cr K edge)

40 wt % Shell N R/A 26"/ A’ E;/ eV | Ress/ %

PtCr (3:1) | Cr-Pt(unl) | 6.9£0.6 | 2.719+0.007 | 0.011 £0.001 | -2.5 36.1

in air Cr-Pt 92+2.4 |476%0.02 0.010+0.002 | 0.8

Cr-Pt-Cr 6.9+0.6 | 5.48+0.01 0.019 £ 0.002
(unl)

40 wt % Cr-Pt (unl) | 6.8 £0.6 | 2.722 £ 0.008 | 0.009 + 0.001 | -3.0 36.6

PtCr (3:1) | Cr-Pt 6.8+£2.6 | 4.76+0.02 0.008 +0.003 | £0.9

in Hy Cr-Pt-Cr 6.8+0.6 | 5.49+0.01 0.019 + 0.002

(unl)

20 wt % Cr-O 1.2+0.1 | 1.99+0.01 0.005+0.002 | -3.4 30.8

PtCr (3:1) | Cr-Pt(unl) | 3.9+0.2 | 2.720+ 0.005 | 0.010+0.006 | £0.7

in air Cr-Cr 1.9+£0.7 | 479£0.03 0.012 £+ 0.006

Cr-Pt-Pt 39+0.2 | 5.50+0.01 0.017 £ 0.002
(unl)

20 wt % Cr-O 1.4+0.1 | 1.99+0.01 0.011+0.006 | -3.5 32.0

PtCr (3:1) | Cr-Pt(unl) |3.7+£0.2 |2.713+£0.005 | 0.009 +0.006 | +0.8

in air Cr-Pt 1.8+0.7 | 4.70£0.03 0.010 £ 0.006

Cr-Pt-Cr 3.7£0.2 | 5.50=+0.01 0.015 +0.002
(unl)
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Table 9 Structural parameters for 0.66 Cr/Pt/C Cr(Cp), at different annealing
temperatures acquired in atmospheres of air and H, by fitting the Cr K
edge EXAFS data. Unl refers to unit 1 and designates both scattering
processes taking place in the same shell.

Condition | 0.66 Cr/Pt/C Cr(Cp); - Calculated Parameters (Cr K edge)
200°Cin | Shell N R/A 26"/ A’ E; | eV | Reuss | %
air Cr-O 3.3+£0.2 | 2.00+0.01 0.007 £ 0.002 | -5.1 38.5

Cr-Cr 2.0+ 0.3 | 3.00+0.01 0.012+0.003 | £1.0
200 °C in Cr-O 34+£02 | 1.95+0.01 0.006 +0.002 | -4.2 38.6
H, Cr-Cr 1.9+0.3 | 3.00+0.02 0.012+0.003 | £1.0
750 °C in Cr-O 3.6£0.2 | 2.00+0.01 0.009 +£0.002 | -3.3 42.5
air Cr-Cr 1.6+0.3 | 2.93+0.02 0.010+0.003 | £0.9

Cr-Cr 1.5+0.6 | 3.69£0.03 0.004 = 0.003
750°Cin | Cr-O 3.8+£03 | 1.99+0.02 0.006 £ 0.002 | -2.6 43.5
H, Cr-Cr 1.7+0.4 | 2.94 £ 0.02 0.010+0.004 | £1.2

Cr-Cr 1.9+0.8 | 3.68 £ 0.03 0.004 £+ 0.003
900 °C in Cr-O 1.6+0.2 | 2.02£0.01 0.009 £ 0.003 | -6.2 344
air Cr-Pt (unl) | 3.3+0.3 | 2.714+£0.008 | 0.012+0.001 [ £1.0

Cr-Pt 54+14|4.77=0.02 0.010 = 0.002

Cr-Pt-Cr 33+£03 | 549=0.02 0.020 + 0.003

(unl)
900 °C in Cr-O 1.7£0.2 | 2.02+0.01 0.008 £0.002 | -4.4 31.6
H, Cr-Pt(unl) | 3.7+0.3 | 2.706 £ 0.008 | 0.012+0.001 | £1.0

Cr-Pt 55+1.5|4.77+0.02 0.011 £0.003

Cr-Pt-Cr 3.7£0.3 | 5.48+0.02 0.018 = 0.002

(unl)
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Table 10 Structural parameters for 0.66 Cr/Pt/C Cr(Ph), acquired in atmospheres
of air and H; by fitting the Cr K edge EXAFS data. Unl1 refers to unit 1
and designates both scattering processes taking place in the same shell.

Condition | 0.66 Cr/Pt/C Cr(Ph), - Calculated Parameters (Cr K edge)

200°Cin | Shell N R/A 26” / A’ E;/ eV | Rear! %

air Cr-O 2.1+£02 | 1.99+0.02 0.003 £0.001 | -1.2 36.7

Cr-Cr 1.3+£0.3 |2.97+0.02 0.011+0.004 | £2.0

200 °Cin Cr-O 2.8+0.3 | 1.99+0.02 0.004 £0.002 | -3.7 36.7

H, Cr-Cr 1.5+04 | 2.98+0.02 0.009+0.003 | +1.9

750 °C in Cr-O 1.7+ 0.1 | 2.00 +0.01 0.008 £0.002 | -4.8 32.6

air Cr-Pt (unl) | 3.1+£0.2 | 2.716 £ 0.006 | 0.012 £ 0.001 | £1.7

Cr-Pt 3.7£1.0 | 4.77+0.02 0.012+0.003

Cr-Pt-Pt 3.1+£0.2 | 5.56+0.02 0.016 + 0.003

(unl)
750 °C in Cr-O 1.9+0.1 | 2.00+0.01 0.007 £0.002 | -5.4 30.2
H, Cr-Pt (unl) | 3.2+0.3 | 2.714+0.008 | 0.010£+0.001 | £ 1.1

Cr-Pt 42+1.1[4.75+£0.02 0.010+0.003

Cr-Pt-Pt 32+£03 | 5.57+£0.02 0.010 + 0.003

(unl)
900 °C in Cr-O 1.3+£0.2 | 2.02+0.02 0.009 £ 0.003 | -3.5 38.5
air Cr-Pt (unl) | 3.4+03 | 2.718+0.007 | 0.011+0.001 | £1.5

Cr-Pt 1.4+1.0 | 3.95+£0.02 0.014 £ 0.009

Cr-Pt 3.7+1.1 | 4.77+0.01 0.008 £ 0.003

Cr-Pt-Pt 34+03 ]556+0.01 0.013 £0.004

(unl)
900 °C in Cr-O 1.5+0.1 | 2.00+0.01 0.006 £ 0.002 | -3.5 25.1
H, Cr-Pt (unl) | 3.6 +0.3 | 2.718 £ 0.007 | 0.010+0.001 | £0.9

Cr-Pt 4.0+0.5|3.95+0.01 0.004 £ 0.001

Cr-Pt 22+0.5 [4.70+0.02 0.012+0.003

Cr-Pt-Pt 3.6 0.3 | 5.55+0.01 0.015+0.003

(unl)
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Table 11 Structural parameters for 0.166 Cr/Pt/C Cr(Ph), at different annealing
temperatures acquired in atmospheres of air and H; by fitting the Cr K
edge EXAFS data. Unl refers to unit 1 and designates both scattering
processes taking place in the same shell.

Condition | 0.166 Cr/Pt/C Cr(Ph), - Calculated Parameters (Cr K edge)
200°Cin | Shell N R/A 267/ A? Efl eV | Reass! %
air Cr-O 1.7+£0.2 | 2.00+0.02 0.004 +£0.001 | -4.5 45.7

Cr-Cr 1.1£0.3 | 3.00+0.02 0.008+£0.004 | £1.8
750 °C in Cr-O 1.5£0.2 | 1.98 £0.02 0.006 + 0.002 | -2.0 37.6
air Cr-Pt (unl) | 2.5+0.3 | 2.69 £ 0.01 0.012+£0.001 | £1.7

Cr-Pt 27+1.1 | 476+0.03 0.009 + 0.004

Cr-Pt-Pt 25+£03 | 5.53£0.03 0.014 £ 0.005

(unl)
750 °C in Cr-O 1.7£0.3 | 1.99+0.02 0.007+0.002 | -4.6 40.3
H, Cr-Pt (unl) | 2.7+£0.3 | 2.69£0.01 0.012+0.002 | £1.9

Cr-Pt 25+1.2 | 4.76+0.03 0.007 £0.004

Cr-Pt-Pt 1.7£0.3 | 5.53+0.03 0.010+ 0.004

(unl)
900 °C in Cr-O 1.1£0.1 | 2.00+0.02 0.007 +£0.003 | -5.1 31.5
air Cr-Pt (unl) | 3.2+0.2 | 2.708 £ 0.007 | 0.011+0.001 | £1.0

Cr-Pt 50+1.0 | 4.76 £0.02 0.011 = 0.002

Cr-Pt-Pt 32+£0.2 | 5.55+0.02 0.016 = 0.003

(unl)
900 °C in Cr-O 1.5+£0.2 | 2.00£0.01 0.008 + 0.002 | -5.8 31.5
H, Cr-Pt (unl) | 3.5+0.3 | 2.710+0.007 | 0.011 £0.001 |+ 1.1

Cr-Pt 4.6+1.0 | 477+0.02 0.011 +0.003

Cr-Pt-Pt 3.5+£0.3 | 5.55+£0.02 0.015+0.003

(unl)
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The fitting parameters of the 20 wt % and 40 wt % 3:1 PtCr/C are substantially
different from each other. The 40 wt % 3:1 PtCr/C is prepared by a route thought
to yield a well alloyed catalyst, and the fitting parameters agree with this
assumption. There are no Cr-O interactions in the 1% shell, and there is a
significantly larger 1* shell Cr-Pt coordination number compared to the 20 wt%
PtCr/C. It can also be argued that these effects are due to the larger particle size
of the 40 wt% catalyst. The larger the particle size, the greater the ratio of bulk
Cr to surface Cr, assuming a homogeneous distribution. The greater fraction of
Cr in the bulk averages out any surface Cr-O present, and contributes to the
average increase in Cr-Pt coordination number. As EXAFS is an averaging
technique it is hard in this case to prove which scenario is correct. It can also be
seen that there is little difference in the EXAFS data acquired in air and
hydrogen, and this trend is observed throughout the series of Cr/Pt/C catalysts.
This shows that the mild conditions of H,(g) at room temperature are not

sufficient to reduce the surface Cr-O species.

EXAFS data of 0.66 Ct/Pt/C prepared by the Cr(Cp), route show no signs of
alloying until the catalyst is annealed at 900 °C. The EXAFS data for the 200 °C
annealed catalyst exhibits the majority of its oscillatory amplitude in the low &
space region, with very few oscillations being present over the whole & space
range. This suggests that the Cr is mostly in an environment surrounded by low Z
neighbours, without any long range order. Additional heating to 750 °C gives a
much different EXAFS spectrum, where the oscillatory amplitude is more evenly
distributed, although still at its highest in low k space. There are more
oscillations over the range, but the EXAFS fitting parameters generated only
show Cr-Cr, and Cr-O interactions. When the chi plot of the 750 °C annealed
sample is compared to that of Cr,O; (figure 23a), only small differences are
observed. Thus it is suggested that the 750 °C heat treatment is forming Cr,0;
which is a more stable oxide phase. Cr,0j3 is the most stable oxide of chromium
and is readily formed above 250 °C. [36] By 900 °C a PtCr alloy has been
formed, as is shown by the presence of Cr-Pt contributions at around 2.7 and 4.7
A. There is also a multiple scattering contribution to the spectrum of the type Cr-
Pt-Cr, which is also found in the fitting parameters of the conventional PtCr/C

catalysts.
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The interpretation of the EXAFS for the 0.66 Cr/Pt/C catalyst series prepared by
- the Cr(Cp), route cannot be extended to that prepared using the Cr(Ph),
precursor. In this instance, the 200 °C annealed sample is in general agreement
with the previous analysis, although there is a significant reduction in the Cr-O
coordination number, from 3.3 + 0.2 to 2.1 & 0.2. This correlates with the Cr-K
edge XANES analysis which suggests that the catalyst is in a much less oxidised
environment than for the equivalent catalyst prepared using the Cr(Cp), route.
The EXAFS data for the 750 °C annealed samples (figure 23b) are different and
indicate that an alloy is formed at the lower temperature when the Cr(Ph),

precursor is used.

oo —cr0, —— Cr/PYC 750 °C Cr(Cp),
Cr/PUC 750 °C Cr(Cp), 7 —— Cr/PYC 750 °C Cr(Ph),
54 5
g 0 < 0
5 3
] 4
5 5
10 -|DT
2 4 6 8 10 12 ||4 2 4 6 8 10 12 14
KA KA
(2) (b)
Figure 23 Experimental k> chi plot of 0.66 Cr/Pt/C 750 °C Cr(Cp), compared with (a)

Cr,0; and (b) 0.66 Cr/Pt/C 750 °C Cr(Ph),

The comparison of the chi plots has been &’ weighted to give emphasis to high Z
neighbours, which will magnify any differences which occur from Cr-Pt
interactions. Where the 0.66 Cr/Pt/C prepared by the Cr(Cp); route resembles
Cr,0; the chi plot of the 0.66 Cr/Pt/C prepared by the Cr(Ph); is markedly
different. The fitting parameters confirm that an alloy has been formed at a lower
temperature as Cr-Pt shells are present around 2.7 and 4.7 A. The same can be
seen for the 0.66 Cr/Pt/C Cr(Ph), catalyst annealed at 900 °C. For the 0.66
Cr/Pt/C catalyst annealed at 750 °C prepared by the Cr(Ph), route a fit
incorporating a multiple scattering process of the type Cr-Pt-Pt rather than Cr-Pt-
Cr improves the quality of the EXAFS fit. This infers that the Cr(Ph), route of

preparation yields a catalyst with very well distributed Cr.
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The fitting parameters of the 0.66 Cr/Pt/C Cr(Ph), 750 and 900 °C catalysts are
in close agreement with each other and the 20 wt % PtCr/C and the 900 °C

* annealed 0.66 Cr/Pt/C prepared by the Cr(Cp), route. The 0.66 monolayer
Cr/Pt/C catalysts also have approximately a 3:1 Pt:Cr atomic ratio, so upon
alloying similar values would be predicted. Although similar fitting parameters
are generated, this does not confirm that the catalysts possess the same structure.
As EXAFS is an averaging technique similar materials can possess different

structures but still give rise to the same average local structure.

Looking at the values for the 900 °C Cr(Ph), prepared catalyst, the 1% shell
coordination numbers for the Cr-O and Cr-Pt contributions are 1.5 + 0.1 and

3.6 = 0.3, respectively. The Rexass value can be improved by fitting a Cr-Cr shell
at ~2.95 A. If this shell is included in the fit, the value for 26 calculated has a
larger associated error than the value itself; this contribution has been excluded
from the final fitting parameters. The 1* shell Cr-O coordination number of

1.5 + 0.1 suggests that there is a disproportionately large amount of Cr at the
surface of the catalyst or that there are separate Cr oxide particles. The TEM
EDX line profile analysis shows that the Cr is targeting the Pt sites, so it is
unlikely that Cr is being deposited onto the support and forming Cr oxide
particles. Also the XRD analysis shows the presence of a single PtCr phase.
Thus, the EXAFS results are interpreted as indicating that there is some
segregation of Cr towards the surface of the particle. The data from the 0.166
Cr/Pt/C prepared by the Cr(Ph), route (figure 23 and table 11) was véry similar
to that of the 0.66 Cr/Pt/C prepared by the same method. As there are not any Cr-
Cr or Cr-Pt-Cr shells included in the fit for the 0.66 Cr/Pt/C catalyst, reducing the

Cr content should not affect the local structure around the Cr.

3.5.4 EXAFS — Pt L; edge Studies of Cr Modified Catalysts
EXAFS data were collected as BN pellets in H, and air. The k* weighted EXAFS

data along with the Fourier transforms and the fitting parameters determined for

the Cr/Pt/C and Pt/C catalysts are detailed in figures 24-27 and tables 12-15.
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Table 12 Structural parameters for Pt/C catalysts acquired in atmospheres of air
and H, by fitting the Pt L; edge EXAFS data. Unl refers to unit 1 and
designates both scattering processes taking place in the same shell.

Condition | 20 wt% Pt/C - Calculated Parameters (Pt L3 edge)

In air Shell N R/A 26"/ A’ E;/ eV | Rear | %

Pt-O 1.5+0.1 | 2.021 £0.009 | 0.009+£0.001 | -14.6 |22.4
Pt-Pt(unl) |3.0£0.2 | 2.758 £0.004 | 0.012+0.000 | =0.8
Pt-Pt 20+04 | 3.86+0.01 0.021 £0.005
Pt-Pt 33+0.7 | 4.81 £0.01 0.015£0.003
Pt-Pt-Pt 3.0+ 0.2 | 5.54+0.01 0.020 = 0.004
(unl)
In H, Pt-Pt(unl) | 7.3+0.2 | 2.758+0.002 | 0.011+0.000 |-11.5 16.7
Pt-Pt 2.0+0.5 | 3.91+£0.01 0.013+0.002 | £0.6
Pt-Pt 5.1+0.9 | 4.794+£0.008 | 0.012 = 0.001
Pt-Pt-Pt 7.3+0.2 | 5533 +£0.006 | 0.027 + 0.003
(unl)
750 °C in Pt-O 0.8+0.2 | 2.03+0.02 0.009+£0.003 | -14.1 | 20.5
air Pt-Pt(unl) | 6.4+0.3 | 2.767+0.004 | 0.011+0.000 | £0.7
Pt-Pt 2.1£0.7 | 3.92+0.02 0.013 +£0.003
Pt-Pt 7.0+1.2 | 4.824+£0.009 | 0.012 £ 0.001
Pt-Pt-Pt 6.4+03 | 5.560=+0.008 | 0.022 £ 0.003
(unl)
750 °C in Pt-Pt(unl) | 8.6+0.4 | 2.762+0.004 | 0.011 £0.000 | -5.41 27.0
H, Pt-Pt 22+0.8 | 3.87+0.02 0.011+0.004 | +£1.1
Pt-Pt 7.8+1.4 |4.78+0.01 0.010 £ 0.002
Pt-Pt-Pt 8.6+0.4 | 5.54+0.02 0.018+0.003
(unl)

112




Chapter Three

Cr and Co Modified Pt/C Catalysts for the ORR

Table 12... (continued) Structural parameters for Pt/C catalysts acquired in
atmospheres of air and H, by fitting the Pt L; edge EXAFS data. Unl
refers to unit 1 and designates both scattering processes taking place in the
same shell.

900 °C in Pt-O 0.5+0.2 | 2.02+0.04 0.009 £ 0.007 | -11.79 | 21.7

air Pt-Pt(unl) | 7.7+0.3 | 2.759+0.002 | 0.011 +0.000 | £0.61

Pt-Pt 2.5+0.7 | 3.90+£0.02 0.011 £0.003

Pt-Pt 6.8+1.4|4.80=0.01 0.010 + 0.001

Pt-Pt-Pt 7.7+0.3 | 5538+ 0.006 | 0.019 = 0.002

(unl)
900 °C in Pt-Pt(unl) | 9.9+0.4 | 2.765+0.003 | 0.011 £0.000 | -11.98 | 18.7
H, Pt-Pt 33+£0.8 | 3.91+0.01 0.011+0.002 | £0.58

Pt-Pt 9.0+1.5 | 4.810+0.009 | 0.010+0.001

Pt-Pt-Pt 9.9+04 |5549+0.007 | 0.019%0.002

(unl)
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Table 13 Structural parameters for 0.66 Cr/Pt/C Cr(Ph), at different annealing
temperatures acquired in atmospheres of air and H, by fitting the Pt L;
edge EXAFS data. Unl refers to unit 1 and designates both scattering
processes taking place in the same shell.

Condition | 0.66 Cr/Pt/C Cr(Ph), - Calculated Parameters (Pt L3 edge)

750°Cin | Shell N R/A 26"/ A’ E;/ eV | Reass! %

air Pt-O 0.7+£0.2 | 2.05+0.02 0.011£0.004 | -13.5 18.7

Pt-Pt(unl) | 53+0.3 | 2.748£0.004 | 0.012+ 0.000 | £0.9

Pt-Cr 1.0+£0.2 | 2.72+0.02 0.009 + 0.002

Pt-Pt 1.7+ 0.6 | 3.89+0.02 0.010 +0.002

Pt-Pt 6.2+1.1 | 4.79+0.01 0.015+£0.002

Pt-Pt-Pt 53+03 |551+0.01 0.023 £ 0.003

(unl)
750 °Cin Pt-Pt(unl) | 7.2+0.5 | 2.747+0.004 | 0.012 £ 0.000 | -11.8 215
H, Pt-Cr 1.1+£03 |2.73£0.02 0.011+£0.003 | 0.8

Pt-Pt 23+0.8 |3.87+£0.02 0.015+0.004

Pt-Pt 84=15|4.77+0.01 0.014 £0.002

Pt-Pt-Pt 7.2+0.5|550+0.01 0.024 £ 0.004

(unl)
900 °Cin Pt-Pt(unl) | 6.5+0.4 | 2.740+0.004 | 0.012+0.000 | -11.1 19.7
air Pt-Cr 1.1+£0.2 | 2.70£0.02 0.010£0.002 | +0.8

Pt-Pt 1.9+0.7 | 3.86 £0.02 0.012 + 0.003

Pt-Pt 73+£1.2|4.76+£0.01 0.014 + 0.002

Pt-Pt-Pt 6.5+0.4 | 5472£0.009 | 0.021 £ 0.003

(unl)
900 °C in Pt-Pt(unl) | 7.7+ 0.5 | 2.745+0.004 | 0.011 = 0.000 | -11.5 233
H, Pt-Cr 1.2+0.3 |2.72+£0.02 0.011+0.003 | £0.8

Pt-Pt 22+0.9 | 3.87+0.02 0.015 + 0.005

Pt-Pt 9.1+1.5|4.75+0.01 0.013 £0.002

Pt-Pt-Pt 7.7+0.5 | 5.48 £0.01 0.020 + 0.003

(unl)
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Table 14 Structural parameters for 0.66 Cr/Pt/C Cr(Ph), at different annealing
temperatures acquired in atmospheres of air and H, by fitting the Pt L;
edge EXAFS data. Unl refers to unit 1 and designates both scattering
processes taking place in the same shell.

Condition | 0.66 Cr/Pt/C Cr(Cp): - Calculated Parameters (Pt L; edge)

750°Cin | Shell N R/A 26"/ A E;/ eV | Reyars| %

air Pt-O 0.8£0.2 | 2.01 £0.02 0.008 £0.003 | -12.5 203

Pt-Pt(unl) | 6.4+0.3 | 2.757+0.004 | 0.012+0.000 | £ 0.7

Pt-Pt 1.7+£0.7 | 3.92+£0.02 0.008 +0.002

Pt-Pt 6912 |4.82+0.01 0.013 £0.002

Pt-Pt-Pt 6.4+0.3 | 5.560 £ 0.009 | 0.023 £0.003

(unl)
750 °C in Pt-Pt(unl) | 8.4£0.2 | 2.756+0.002 | 0.011+0.000 | -12.8 15.3
H, Pt-Pt 23+0.5(3.90+0.01 0.013+0.002 | £0.4

Pt-Pt 7.1+£0.8 | 4793 £0.006 | 0.012+0.001

Pt-Pt-Pt 84+0.2|5.54=+0.01 0.025 £+ 0.002

(unl)
900 °C in Pt-Pt(unl) | 7.8+ 0.4 | 2.755+0.003 | 0.011 £ 0.000 | -12.1 16.1
air Pt-Cr 0.9+0.2 | 2.72+£0.02 0.011+0.002 | 0.7

Pt-Pt 33+0.7 | 3.89+£0.02 0.011 £0.001

Pt-Pt 9.6+1.2 | 4.80+0.01 0.013 £0.001

Pt-Pt-Pt 7.8£0.4 | 5520+ 0.008 | 0.019+0.002

(unl)
900 °C in Pt-Pt(unl) | 8.5+0.5|2.749+0.003 | 0.011+0.000 | -12.9 19.0
H, Pt-Cr 0.8+0.3 |2.72+0.02 0.016+0.004  +0.7

Pt-Pt 22+0.9 |3.89+£0.02 0.010 £ 0.002

Pt-Pt 9.1+£1.54.79+0.01 0.013 +£0.002

Pt-Pt-Pt 85+£0.5|5533+0.007 | 0.018 +0.002

(unl)
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Figure 27 Pt L; edge (left) Kk’ weighted experimental data and fit along with (right)
the Fourier transform for 40wt % PtCr (3:1) / C acquired in air and H, (a
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Table 15 Structural parameters for PtCr/C catalysts acquired in atmospheres of air
and H, by fitting the Pt L; edge EXAFS data. Un1 refers to unit 1 and
designates both scattering processes taking place in the same shell.

Condition | PtCr/C - Calculated Parameters (Pt L3 edge)

40 wt % Shell N R/A 26"/ A’ E;l eV | Reass/ %

PtCr (3:1) | Pt-Pt(unl) | 7.0+ 04 | 2.735+£0.004 | 0.011+0.000 | -11.1 19.8

in air Pt-Cr 1.5£0.2 | 2.72+0.01 0.011+0.002 | £0.7

Pt-Pt 24+0.7 | 3.87+0.02 0.012+0.003
Pt-Pt 8713 | 4.751+0.009 | 0.014 £ 0.002
Pt-Pt-Pt 7.0£04 | 546 +0.01 0.019£0.003
(unl)

40 wt % Pt-Pt(unl) | 7.8 +0.4 | 2.740£0.004 | 0.012+0.000 | -11.4 19.2

PtCr (3:1) | Pt-Cr 1.7+£0.3 | 2.73+£0.01 0.010+0.002 | £0.7

in Hy Pt-Pt 2.9+0.8 | 3.87+0.02 0.014 +0.003

Pt-Pt 9.6+ 1.3 |4.761+£0.009 | 0.013 +0.002
Pt-Pt-Pt 7.8+0.4 | 5473 £0.009 | 0.018 £ 0.002
(unl)

20 wt % Pt-O 0.7+0.1 | 2.00 £0.02 0.011+0.002 | -13.5 12.6

PtCr (3:1) | Pt-Pt(unl) | 5.8%0.3 | 2.733 +0.003 | 0.012+ 0.000 | £0.7

in air Pt-Cr 1.0+£0.2 | 2.71 £0.01 0.010+0.001

Pt-Pt 23+0.5 |3.86+£0.01 0.014 £ 0.002
Pt-Pt 56+1.0|4.762+0.009 | 0.014+0.001
Pt-Pt-Pt 5.8+0.3 | 5482+ 0.007 | 0.025+ 0.002
(unl)

20 wt % Pt-Pt(unl) | 6.0+0.0 | 2.736+0.003 | 0.010+0.000 | -13.2 17.4

PtCr (3:1) | Pt-Cr 1.0£0.2 | 2.72+0.02 0.006 = 0.001 | £0.7

in Hy Pt-Pt 23+0.7 | 3.87+£0.02 0.012 £ 0.002

Pt-Pt 5812 |4.76+0.01 0.012 +0.001
Pt-Pt-Pt 6.0+0.0 | 5471 £0.008 | 0.021 £ 0.003
(unl)
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The Pt L3 edge data supports that at the Cr K edge, which shows that the Cr/Pt/C
catalyst prepared via the Cr(Ph), route forms a PtCr alloy phase at a lower
annealing temperature than the Cr(Cp), route. One of the proposed explanations
for the enhancement Pt alloys show towards the ORR is a contraction of the Pt-Pt
interatomic spacing. Upon alloying the lattice spacing between Pt neighbours
decreases, supposedly producing a more energetically favourable adsorption site
for the O, molecule. The following discussion of Pt-Pt 1% shell distances is based
on the data acquired in H, only as more of the Pt is incorporated into the bulk of
the particle as the surface oxides have been reduced. As can be seen in table 12
there is a slight increase in Pt-Pt distance on increasing the annealing temperature
for the Pt/C catalysts. The distance increases from 2.758 A t0 2.762 A t0 2.765 A
for the untreated 20 wt % Pt/C catalyst when it is heat treated at 750 °C and then
900 °C. This increase is within the error, = 0.003 A, of the fitting and therefore
can not be treated as significant. However, the trend is of interest. The Cr/Pt/C
series of catalysts prepared by the Cr(Cp), route show a notable Pt-Pt contraction
when the catalyst is annealed at 900 °C corresponding to the formation of an
alloy. A Pt-Pt distance of 2.749 + 0.003 A is observed compared to the distance
of 2.765 + 0.004 A for the Pt/C annealed at the same temperature.

The 0.66 Cr/Pt/C catalysts prepared by the Cr(Ph), route shows a Pt-Pt
contraction at annealing temperatures of 750 and 900 °C. The 750 °C annealed
sample displays a Pt-Pt distance of 2.747 = 0.004 A, with the 900 °C annealed
sample having a similar distance of 2.745 £+ 0.004 A. The conventionally
prepared PtCr/C alloys show a slightly more pronounced Pt-Pt contraction
suggesting that these catalysts are better alloyed than the Cr modified Pt/C
catalysts. The 20 wt % 3:1 PtCr/C catalyst has a 1% shell Pt-Pt distance of

2.736 = 0.003 A, with the 40 wt % 3:1 PtCr/C catalyst having a Pt-Pt distance of
2.740 + 0.004 A. For both the 900 °C annealed Cr/Pt/C catalysts there are no Pt-
O 1* shell neighbours when the EXAFS are acquired in air. This would be
expected in an atmosphere of H; as the surface Pt-O species are reduced. The
900 °C annealed Pt/C in air has 0.5 = 0.2 Pt-O neighbours. Any slight reduction
in Pt-O neighbours will lead to the error value becoming too large to fit the Pt-O
contribution with confidence. The Cr K edge data suggests that there is a

disproportionate amount of Cr at the surface. Assuming that this is the case then

120



Chapter Three Cr and Co Modified Pt/C Catalysts for the ORR

a large drop in Pt-O neighbours would be expected as is the case in the Pt L; edge
EXAFS data.

The growth of the catalyst particles on increasing annealing temperature is
mirrored by an increase in total 1% shell metal neighbours as larger particles have
a greater ratio of bulk to surface atoms. As the extent of oxide formation in air
may depend on the preparation method, only the data for the samples acquired in
an atmosphere of H, will be considered. For the Pt/C samples the 1*' shell metal
coordination increases from 7.3 (as prepared) to 8.6 to 9.9 as the heat treatment
temperature is increased from 750 °C to 900 °C. For the Cr(Ph), prepared 0.66
Cr/Pt/C catalyst, the corresponding increase in 1% shell metal coordination is 8.3
to 8.9 and for the Cr(Cp), prepared 0.66 Cr/Pt/C catalysts, from 8.4 to 9.3 for the
750 and 900 °C annealed catalysts respectively. It can be seen that the numbers
of 1% shell metal neighbours for the alloys is less than that for the Pt/C standards
at the equivalent heat treatments. This is interpreted as the incorporation of Cr
into the particles affecting the packing of the atoms and hence the coordination
around each atom changes. The 40 wt % PtCr/C catalyst has a much larger

particle size but only has a 1*' shell metal coordination of 9.5.

The EXAFS of the 0.166 Cr/Pt/C prepared by the Cr(Ph), route was also
acquired but not included in this chapter. For each heat treatment it was not
possible to fit any Pt-Cr coordination shells to the data. For the 0.66 Cr/Pt/C
catalyst prepared by the same method there are 1.2 + 0.3 Pt-Cr neighbours. If the
amount of Cr is reduced by a factor of 4, a coordination number of 0.3 Pt-Cr
neighbours is predicted. Such a low coordination number is very hard to fit from

the Pt perspective with any accuracy.

3.5.5 EXAFS - Pt L3 and Co K edge Studies of Co Modified Catalysts
EXAFS data were collected as BN pellets in atmospheres of H, and air. The k*
weighted EXAFS data along with the associated Fourier transform and the fitting

parameters determined for the Co/Pt/C catalysts are detailed below in figures 28-
29 and tables 16-17.
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Table 16 Structural parameters for 0.66 Co/Pt/C at different annealing
temperatures acquired in atmospheres of air and H, by fitting the Co K
edge EXAFS data. Unl refers to unit 1 and designates both scattering
processes taking place in the same shell.

Condition | 0.66 Co/Pt/C - Calculated Parameters (Co K edge)

200°Cin | Shell N R/A 26’/ A’ E;/ eV | Rewss !/ %

air Co-O 24+£02|1.84+0.02 0.011+£0.002 | 16.3 423

Co-Co 0.6+0.2 |2.45+0.02 0.014+0.005 | +£2.2

Co-Co 1.6+0.3 | 3.14+0.02 0.016 £0.004
200 °C in Co-O 1.4+0.1 | 2.04+0.02 0.011+0.003 | -5.2 349
H, Co-Pt(unl) | 2.6+0.2 | 2.685+0.009 | 0.013+0.001 | £1.6

Co-Pt 23+09 |4.75+0.03 0.014 +0.006

Co-Pt-Pt 2.6+0.2 | 550+0.02 0.017 £0.005

(unl)
750 °C in Co-O 1.0+ 0.1 | 2.00+0.02 0.016 £0.005 | -4.0 25.7
air Co-Pt(unl) |3.9+£0.3 | 2.707+0.005 | 0.011+0.001 | £1.0

Co-Co 0.5+0.2 |2.64+0.02 0.011 £0.004

Co-Pt 59+09 | 4.74+0.01 0.010 £ 0.002

Co-Pt-Pt 39+03 | 551 £0.01 0.010+0.002

(unl)
750 °C in Co-O 0.8+0.2 | 2.06 +0.02 0.015+0.008 | -5.1 26.6
H, Co-Pt(unl) | 4.6+0.4 | 2.713+0.006 | 0.012+0.001 | =0.92

Co-Co 0.7+0.2 | 2.63+0.02 0.011 £0.004

Co-Pt 6.8+1.1 | 474 £0.01 0.011+0.002

Co-Pt-Pt 4.6+0.4 | 5.52+0.01 0.013 +0.002

(unl)
900 °C in Co-O 09+0.2|2.04+0.02 0.016 £0.007 | -4.5 25.2
air Co-Pt(unl) | 4.0+0.3 | 2.715+0.006 | 0.012+0.001 | £0.9

Co-Co 0.7+0.2 ) 2.65+0.02 0.008 + 0.003

Co-Pt 6.6+1.0|4.76 =0.01 0.012 = 0.002

Co-Pt-Pt 40+0.3 | 553+0.01 0.015+0.002

(unl)
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Table 16... (continued)Structural parameters for 0.66 Co/Pt/C at different annealing
temperatures acquired in atmospheres of air and H, by fitting the Co K
edge EXAFS data. Unl refers to unit 1 and designates both scattering
processes taking place in the same shell.

900 °C in Co-O 1.1+£0.2 | 2.04 £0.01 0.013+£0.004 | -5.2 22.3

H, Co-Pt(unl) | 4.0+ 0.3 | 2.708 £0.005 | 0.012£0.001 | £0.8

Co-Co 0.5+0.2 | 2.64+0.02 0.009 £+ 0.004
Co-Pt 6.4+0.9 | 4.76 £0.01 0.012 £0.002
Co-Pt-Pt 4.0£03 | 5.53+0.01 0.016 £0.002
(unl)
Ik E_ MJ\A/\A\___
: 4 € ) A.‘B 10 12 Or 2‘ " A 6 8 '0

: | Aljf\/\/\xw

() '

I | J\V\x&*

‘A‘ Sl < A“B |Iﬂ 12 0. 2' e 6 o

Figure 29 Pt L; edge (left) k* weighted experimental data and fit along with (right)

the Fourier transform for 0.66 Co/Pt/C annealed at 750 °C acquired in air

and H, (a & b), annealed at 900 °C acquired in air and H, (¢ & d). Data
(black line) and fit (red line).
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Table 17 Structural parameters for 0.66 Co/Pt/C at different annealing
temperatures acquired in atmospheres of air and H, by fitting the Pt L;
edge EXAFS data. Unl refers to unit 1 and designates both scattering
processes taking place in the same shell.

Condition | 0.66 Co/Pt/C - Calculated Parameters (Pt L3 edge)

750°Cin | Shell N R/A 26" / A’ E;l eV | Reas ! %

air Pt-O 0.7+0.1 | 2.00+0.02 0.008+0.002 | -13.1 15.2

Pt-Pt(unl) | 5.5+0.3 | 2.739+0.003 | 0.011 £0.000 | £0.7

Pt-Co 0.5+0.2 | 2.67+0.02 0.010£0.002

Pt-Pt 1.2+0.5 | 3.87+0.02 0.011 +0.002

Pt-Pt 4.0+1.0 | 479+0.01 0.012£0.002

Pt-Pt-Pt 55+0.3 | 5.515+0.008 | 0.026 = 0.003

(unl)
750 °C in Pt-Pt(unl) | 7.7+0.4 | 2.744+£0.003 | 0.011 =0.000 | -12.1 17.2
H, Pt-Co 0.7+0.2 | 2.69+0.02 0.010+0.002 | £0.7

Pt-Pt 1.9+0.7 | 3.89+£0.02 0.011 £0.002

Pt-Pt 59+1314.78+0.01 0.011 +0.001

Pt-Pt-Pt 7.7+0.4 | 5.505+0.007 | 0.023 + 0.003

(unl)
900 °C in Pt-O 0.6+0.1 |2.01+£0.02 0.018+0.006 | -14.2 15.5
air Pt-Pt(unl) | 59+0.0 | 2.740+0.003 | 0.011 £ 0.000 | £ 0.6

Pt-Co 0.5+0.1 | 2.70 £ 0.02 0.008 £ 0.002

Pt-Pt 1.1+£0.5 |3.87+0.02 0.010+0.003

Pt-Pt 4.4+1.0|4.78+0.01 0.012 +0.001

Pt-Pt-Pt 59+0.0 | 5.521 £0.008 | 0.023 £ 0.003

(unl)
900 °C in Pt-Pt(unl) | 7.7+ 0.4 | 2.745+0.003 | 0.011 +0.000 | -12.4 17.8
H, Pt-Co 0.8+0.2  2.70+0.02 0.010+0.002 | £0.7

Pt-Pt 2.0+0.7 | 3.89 £ 0.02 0.011 +0.002

Pt-Pt 7.0+ 1.3 | 4.779+0.009 | 0.012+0.001

Pt-Pt-Pt 7.7+04 | 5.511£0.007 | 0.022 £ 0.002

(unl)
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One of the most notable differences between the EXAFS of the Cr/Pt/C samples
and the Co/Pt/C samples is the ability to fit Co-Pt neighbours at the Co K edge
for the 200 °C annealed sample when acquired in H,. Assuming the modification
procedure proceeds by the same pathway in both instances this shows that Co is
more mobile than Cr and is able to alloy with Pt at lower temperatures. Thus it
was expected that when annealing temperatures of 750 and 900 °C were
employed well alloyed materials would be produced. For the 750 °C and 900 °C
annealed samples looking from the Co K edge perspective there are Co-Pt
coordination shells around 2.7 and 4.7 A and a Co-Pt-Pt contribution at around
5.5 A. In the Pt L3 edge data a Pt-Co shell can also be fitted around 2.7 A. These
alloys also show the same lattice contraction and have a distance of around
2.745 A. For the EXAFS of the 200 °C annealed Co/Pt/C catalysts at the Co K
edge acquired in air the Co-O bond distance is 1.84 A, which is remarkably small
for Co-0 and corresponds to the Co-O bond distance for the unstable Co (IV)
oxidation state. Although this value seems peculiar the Rexass value is

dramatically increased if the Co-O bond distance is set to 2 A.

There are other differences which can be observed in the EXAFS data. From the
Co K edge it can be seen that there are Co-Co neighbours in the fits of the data
for both the 750 and 900 °C annealed samples. When looking at the Cr samples it
was not possible to fit any Cr-Cr interactions. This indicates that there is more
Co clustered into the same regions than is the case with the Cr/Pt/C samples.
Also from the Pt L; edge it can be seen that there are less Pt-Co neighbours than
there were Pt-Cr neighbours. Taking the 900 °C annealed sample in air as an
example, there are 0.5 + 0.2 Pt-Co neighbours opposed to 1.2 + 0.2 for the
equivalent Pt-Cr sample. For the same sample there are also more Pt-O
neighbours in the Co case than the Cr, 0.6 + 0.1 compared to none. All these
factors combined, suggest that there couid be some segregation of Pt towards the
surface of the particle for the Co/Pt/C alloys. Thus more Pt-O neighbours are
observed and the bulk has a higher proportion of Co, so a reduced number of Co-

Co neighbours are seen.
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3.6 Catalytic Activity Towards the ORR

The slow kinetics observed for Pt based catalysts towards the ORR make it a
difficult catalytic process to assess. [nitial studies used a similar half cell set-up
to that described in chapter 2, section 3.2.2, with the ability to flow different
gases to the back of the electrode surface. Oxygen reduction polarisation curves
from this set-up offered very poor reproducibility. Water produced from the ORR
accumulates in the catalyst layer and the pores of the carbon paper backing,
thereby, affecting the mass transport of O, to the catalyst surface. Using an RDE
assembly overcomes the problems of flooding of the catalyst layer and enables

control over the rate of mass transport.

3.6.1 ORR Testing Using the RDE

Cyclic voltammograms were acquired between 1.0 V and 0.05 V vs. RHE with a
scan rate of 2 mV s™ whilst flowing Oa(g) over the surface of the previously O,
saturated electrolyte for rotation rates of 900, 1600, 2500, and 3600 RPM. In
between measurements, the electrolyte was purged with O,(g) whilst rotating the
electrode at 1000 RPM. Different rotation rates were employed to check that the
relationship between the limiting current and the rotation rate as described by the
Levich equation, was shown to be upheld (figure 30). The value for J; was
extracted from the data (as detailed in chapter 2, section 3.3) and used to create

Tafel plots by plotting Potential against Log [/;].
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Figure 30 (left) Cyclic voltammograms of 20 wt % Pt/C from 1.0 t0 0.05Vin 1 M

H,SO, with a scan rate of 2 mV s at different rotation rates. (right) The
limiting currents at each rotation rate plotted against >, The line of best
fit is also included, with the straight line indicating good mass transport
control.

The forward scan of the CVs acquired at 2500 RPM was used in each case to
assess the performance of the catalysts. The data were normalised by the

available Pt surface area, calculated using the CO area. Whilst preparing the thin
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catalyst layer, it became apparent that the appearance of the catalyst layer varied
greatly. The small volume of dilute catalyst solution deposited onto the electrode
surface gives rise to a large amount of uncertainty in the amount of catalyst
deposited. Thus it was deemed that there was too much error in calculating the
mass of Pt added to the electrode surface and as such mass normalised data was

considered to unreliable.
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Figure 31 Oxygen reduction Tafel plots for 20 wt% Pt/C, untreated and annealed at

750 °C and 900 °C.

Figure 31 shows the Tafel plots for the Pt/C samples annealed at different
temperatures. The most notable difference between the Tafel slopes is the noise
observed for the heat treated samples at the higher potentials. At these potentials
there are smaller currents passed and as a consequence the background noise has
a greater effect. One reason for the smaller currents is the decrease in Pt area as a
result of the heat treatments. Due to the large noise levels it is hard to comment
on the performance for the different Pt/C catalysts at the higher potentials. By
0.90 V vs. RHE the noise is much reduced and it can be seen that the catalysts all
exhibit a similar performances. The 900 °C annealed sample has a slightly larger
specific activity of 7.8 pA cm™ Pt compared to 5.6 pA cm Pt for the untreated
Pt/C at 0.90 V vs. RHE. This agrees well with work by Kinoshita [2], who

showed a correlation between increase in Pt particle size and specific activity

128



Chapter Three Cr and Co Modified Pt/C Catalysts for the ORR

towards the ORR.
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Figure 32 Oxygen reduction Tafel plots for 20 wt% Pt/C, and 0.66 Cr/Pt/C prepared

by the Cr(Cp), route annealed at 750 and 900 °C.

Figures 32 and 33 show the ORR Tafel plots for the 0.66 Ct/Pt/C catalysts
prepared by the Cr(Cp), and Cr(Ph), routes, respectively. Data for the untreated
20 wt % Pt/C catalyst is included for comparison. The differences in the physical
characteristics of the 0.66 Cr/Pt/C catalysts prepared by the two preparatory
routes have been identified using XRD, TEM, and XAS and can now be
correlated to the catalytic activity towards the ORR. The Cr(Cp), prepared series
of catalysts showed no signs of alloying until they were annealed at 900 °C. In
this series of catalysts only the 900 °C annealed catalyst shows an enhancement
towards the ORR compared to the Pt/C substrate catalyst as evidenced by figure
32. The Tafel plots of 750 °C annealed sample and Pt/C almost have near
identical specific activities at 0.90 V of 5.3 and 5.6 uA cm™ Pt respectively,

showing that there is no performance advantage for this catalyst.
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Figure 33 Oxygen reduction Tafel plots for 20 wt% Pt/C, and 0.66 Cr/Pt/C prepared

by the Cr(Ph), route annealed at 750 and 900 °C.

The 0.66 Cr/Pt/C catalysts prepared by the Cr(Ph), route were shown to form a
PtCr alloy phase by 750 °C. This difference in structure is mirrored in the
performance of the catalysts towards the ORR (figure 33) as the 0.66 Cr/Pt/C
catalysts annealed at 750 and 900 °C prepared by the Cr(Ph), route show a
significant enhancement and have specific activities at 0.90 V vs. RHE of 11.8
and 13.2 pA cm™ Pt respectively. This 2 to 3 fold enhancement is typical for
Pt;Cr alloys [7]. The XRD data show that the 750 °C annealed sample can not
simply be described as a Pt3Cr alloy, as there are also Pt and Cr,O3 crystalline
phases present in the sample. Whereas the XRD data shows that the 900 °C
annealed sample has only the Pt3Cr phase present. It is of interest then that these
samples possess the same enhancement. One way to envisage the 750 °C
annealed sample is of a surface consisting of some Cr,O; and Pt;Cr with the core
being crystalline Pt. At 900 °C more of the Cr is driven into the bulk of the
particle. It can be concluded from this study that it is the Pt;Cr alloy phase which
offers increased activity towards the ORR. The presence of unalloyed Cr at the
surface does not aid the performance of the catalysts towards the ORR. It appears
that the 900 °C annealed sample prepared by the Cr(Cp), route is slightly more

active than that prepared by the Cr(Ph), route. Repeat measurements were taken
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in all cases, and although there was in general a good agreement between the
measurements, there were occasional differences. The small difference in activity
observed between the two 900 °C annealed samples is therefore, within the

confidence limit of the measurement.
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Figure 34 Oxygen reduction Tafel plots for 20 wt% Pt/C, and 0.166 and 0.66 Cr/Pt/C

prepared by the Cr(Ph), route annealed at 900 °C.

The effect of Cr loading can be seen by comparing the 0.66 and 0.166 Cr/Pt/C
catalysts prepared by the Cr(Ph), route (figure 34). The Tafel plots show that the
0.166 monolayer catalyst has a slight enhancement towards the ORR compared
to Pt/C, of 8.1 pA cm™ Pt compared to 5.6 pA cm™ Pt at 0.90 V. However, the
catalyst is not as active as the 0.66 monolayer catalyst. In this case increasing the
Cr fraction increases the performance of the catalyst towards the ORR. A much
larger study would be needed to truly assess how the Cr content affects the
performance towards the ORR. Initial work by Qian [29] assessed the
performance of a range of Cr/Pt/C catalysts prepared by the Cr(Cp), route. The
0.66 monolayer catalyst was found to be the most active and hence was chosen
as the fraction which was extensively studied in this work. Qian found that the
catalysts annealed at 750 °C gave the best enhancement, whilst in this report they
were found to offer no enhancement towards the ORR compared to Pt alone.

Qian’s testing was carried out in a flooded half cell environment, and it can only
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be assumed that the deficiencies of such a testing method, highlighted earlier,

have led to the discrepancy.

If it is the presence of the Pt;Cr phase which offers the increased performance
then it would appear there would be little advantage in adding any more Cr than
the stoichiometry demands, which is approximately equal to the 0.66 monolayer
catalyst. Comparing the Cr/Pt/C catalysts to the conventionally prepared 20 wt %
and 40 wt % PtCr(3:1)/C (figure 35) it can be seen that the 20 wt % PtCr(3:1)
offers a similar performance to the Cr/Pt/C catalyst annealed at 900 °C of 13.1
A cm™ Pt at 0.90 V vs. RHE. The 40 wt% PtCr (3:1)/C catalyst has a greater
performance than the other alloys so far studied in this work and has a specific
activity of 19.2 pA em™ Pt at 0.90 V vs. RHE. The EXAFS of the 20 wt%
PtCr(3:1)/C has shown that the local structure around both alloying elements is
similar to those in the Cr/Pt/C systems annealed at 900 °C. As the catalysts are
similar in structure then it follows that the performance should also be similar.
The 40 wt% PtCr(3:1)/C may have increased performance because of the greater
degree of alloying that this system is believed to possess, but, as with the EXAFS
analysis, the reason for the differences observed could also be to do with the
increased particle size of this catalyst. In terms of the cost of the catalyst in a fuel
cell, the mass activity will be important. Unfortunately the errors associated with

loading the catalyst on the RDE make such a comparison impossible.
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Figure 35 Oxygen reduction Tafel plots for 20 wt% Pt/C, 0.66 Cr/Pt/C prepared by

the Cr(Ph), route annealed at 900 °C, 20 wt % PtCr(3:1)/C, and 40 wt %
PtCr(3:1)/C.

The testing of the 0.66 Co/Pt/C (figure 36) gives similar trends to the Cr/Pt/C
systems. By the annealing temperature of 750 °C, a Pt3Co alloy has been formed
as shown by the XRD data. So like the Cr/Pt/C catalyst prepared by the Cr(Ph),
route, the 750 and 900 °C annealed samples both show the same level of
enhancement towards the ORR of 12.8 and 13.0 nA ecm™ Pt respectively. The as
prepared (no additional annealing temperature) Co/Pt/C shows a slight
improvement in performance over Pt/C of 7.7 pA cm™ Pt. This is in agreement
with the EXAFS data which shows that Co-Pt interactions are present (when the
sample was acquired in an atmosphere of H;). Neither the EXAFS nor XRD

show any signs of extensive alloying, so a large enhancement would not be

expected.

The equivalent 40 wt % PtCo (3:1)/C catalyst has a performance advantage

compared to that of the Co/Pt/C with a specific activity of 20 pA cm™ Pt. As
mentioned before the much larger particle size of the 40 wt% catalyst may be
responsible for this increase in specific activity. The EXAFS of this 40 wt %

PtCo(3:1)/C catalyst have been acquired and showed signs of a large amount of
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Co being at the surface, as there are a large number of Co-O neighbours in the
Co K edge EXAFS data. Thus, there is nothing to suggest that this increase in

performance can be related to a greater degree of alloying.
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Figure 36 Oxygen reduction Tafel plots for 20 wt% Pt/C, 0.66 Co/Pt/C route

annealed at 200 °C, 750 °C and 900 °C, and 40 wt % PtCo(3:1)/C.

The table below summarises the performance of the catalysts assessed towards
the ORR (table 18). The Pt/C catalysts annealed at different temperatures all
have Tafel slopes of 60 mV decade which are consistent with the value reported
for the ORR on Pt in this potential region [37]. The gradient of the Tafel slope
reflects the reaction mechanism. Thus the results for the other catalysts where
Tafel slopes between 70 to 90 mV decade™ are reported may indicate that the

ORR is proceeding through another reaction mechanism.
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Table 18 Electrochemical parameters derived from the RDE measurements.

Catalyst Specific activity I at Tafel Slope /

0.9 V/pA ecm™Pt mV decade™
Pt/C 5.6 63.2
Pt/C 750 °C 6.2 63.5
Pt/C 900 °C 7.8 60.1
0.66 Cr/Pt/C Cr(Cp)2 750 °C 53 79.6
0.66 Cr/Pt/C Cr(Cp), 900 °C 16.7 85.9
0.66 Cr/Pt/C Cr(Ph), 750 °C 11.8 93.4
0.66 Cr/Pt/C Cr(Ph), 900 °C 13.2 82.3
0.17 Cr/Pt/C Cr(Ph), 900 °C 8.1 69.3
20 wt % PtCr(3:1)/C 13.1 73.4
40 wt % PtCr(3:1)/C 19.2 84.4
0.66 Co/Pt/C 200 °C 7.7 71.4
0.66 Co/Pt/C 750 °C 12.8 86.8
0.66 Co/Pt/C 900 °C 13.0 84.3
40 wt % PtCo(3:1)/C 20.0 78.2
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4. Conclusions

From the results gathered in this chapter, several observations can be made
regarding the success of the controlled surface modification procedure. For the
catalysts made using the Co(Cp), and Cr(Ph), precursors the characterisation
tends to suggest that the secondary metal is deposited solely on the Pt particles
and is finely dispersed. Further thermal treatment can then be employed to
incorporate the additional metal into the bulk of the particle. For the Cr(Cp),
system the picture is not as straight forward. The precursor is inherently unstable
in the presence of air and moisture and as a consequence is added to the reduced
Pt surface as a suspension, rather than dissolved in solution. The characterisation
presented herein implies that rather than forming a well dispersed Cr layer on the
Pt surface, it forms Cr or Cr oxide clusters as it is deposited. These clusters are
suitably large that on annealing at 750 °C, a distinct Cr,O3 phase is formed. For
the Cr(Ph), precursor at the same temperature there is evidence of a Pt;Cr phase.
However, the data for the Cr(Cp), precursor catalysts suggest that these clusters
are still targeting the Pt sites and if the heat treatment is large enough, then the Cr

can be driven into the bulk of the particle.

The aim of this work was to prepare these model systems and relate their
structural properties to their performance towards the ORR. The results reported
here show that a PtCr or PtCo alloy phase is needed to provide an enhancement
towards the reduction of oxygen. When the Pt;M phase is present, the specific
activity of the catalyst is 2 to 3 times more than that of a conventional Pt/C
catalyst. When the secondary metal is present at the surface of the catalysts but
not part of an alloy phase then no enhancement towards the ORR was observed.
The formation of an alloy phase is also linked to a reduction of Pt-Pt bond
distance and as a consequence the electronic properties of the catalysts. This is
in contradiction to recent work presented by Koffi ez al. [11] In their work a
series of non-alloyed Pt-Cr/C catalysts have been prepared and an enhancement
towards the ORR is reported. They report the absence of an alloy phase as a
reduction in lattice parameter on increasing Cr content was not observed.

However, the report makes no mention of any annealing temperature used in the
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preparation of the catalysts, and no XAS data were obtained. As illustrated in this
chapter the XRD data only gives a picture of the extended structure of the
catalyst and does not offer as much detail as EXAFS in assessing the local
structure of the catalysts. The characterisation of the catalysts reported in this
section is more thorough and provides a more detailed picture of the system
under study. As a consequence it is felt that the link between catalyst structure

and activity reported here is more reliable.
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Chapter Four: Pt and Pd Surface Modified Catalysts for
the Oxygen Reduction Reaction.

1 Introduction

Chapter 3 dealt with the problems surrounding the ORR for Pt based cathodes in
PEMECs, focussing on the use of Pt alloyed with first row transition metals as
improved ORR catalysts. Due to the prohibitive economics governing the use of
Pt it is also desirable to reduce the Pt loading required, whilst also increasing the
activity of catalyst towards the ORR. A target of 0.44 A mg™' Pt (at 0.9 V vs.
RHE) has been set as an economically viable target for Pt based catalysts
towards the ORR with conventional PtCo/C catalysts only achieving 0.28 A mg™
Pt [1].

One method of reducing the Pt loading and to retain / enhance the catalytic
properties is the preparation of Pt surface modified supported metal
nanoparticles. The desired aim is to have nanoparticles with a surface composed
solely of Pt, and a core composed of another metal which has less economic
constraints. Adzic et al. [2] initially looked at Pt deposited on Ru for hydrogen
oxidation, and Pt, Pd, and Ag, deposited onto Aw/C for the ORR. The PtRu
material was prepared by a spontaneous deposition route involving the
immersion of a Ru single crystal in a Pt ion containing solution [3]. The M/Au/C
catalyst was prepared by the redox replacement of a previously deposited Cu
underpotential deposition (upd) adlayer on Au. The Cu upd adlayer undergoes a
spontaneous irreversible redox process, where the Cu is oxidised by the more

noble metal cations, which are reduced and simultaneously deposited [4].

Conventionally, PtPd alloy catalysts have been prepared by surface redox
reactions [5] or organometallic routes [6]. The surface redox process involves the
modification of a supported monometallic Pd catalyst prepared by impregnation.

The monometallic Pd catalyst can then directly reduce a solution of a Pt salt
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added as the Pt**/Pt couple has a higher electrochemical potential than the
Pd**/Pd couple. These bimetallic catalysts are then annealed at 400 °C to form a
conventional alloy. The organometallic route [6] involves the co-impregnation of
a support using a co-dissolved mixture of Pt(acac), and Pd(acac),, eventually

ending in an annealing step of 500 °C.

Adzic and co-workers also applied the same Cu upd displacement method to
prepare Pt/Pd(111) and Pt/Pd/C [7]. These catalysts offered improved kinetic
performance for the ORR compared to a Pt (111) surface and a Pt/C catalyst,
respectively. The Pt/Pd/C catalysts prepared were shown the have a mass activity
5 to 8 times higher and a specific activity 2 times higher than conventional Pt/C
catalysts. The observed specific activity enhancenient was attributed to a
decrease in the formation of Pt-OH groups at the surface, which act to block the
reactive sites for the ORR to proceed through. The kinetic improvement offered
by the Pt/Pd(111) catalyst shows that not only can the Pt loading be decreased by
placing the Pt solely at the surface but the inherent activity of the catalyst can
also be improved. The affect of different substrates was then studied [8] to see if
the catalytic activity could be enhanced further. Ru(0001), Ir(111), Rh(111),
Au(111), Pt(111), and Pd(111) were all studied as substrates for a Pt monolayer
with only Pty /Pd(111) offering improved kinetics over the Pt (111) surface. The
activity of the Pt monolayer catalyst on the different substrates exhibits a volcano
type behaviour with respect to the position of the d band centre. A large value for
d band centre correlates to the catalyst binding intermediates more strongly and
enhances the kinetics of dissociation reactions producing these adsorbates. A
surface with a lower d band centre conversely binds these adsorbates more
weakly and thus acts to facilitate the formation of bonds between these
adsorbates more readily. An intermediate value for the d band centre is therefore
required and hence explains the volcano type behaviour exhibited. Further work
on these Pt modified substrates [9] including XANES studies carried out in an in-
situ electrochemical cell at potentials around 1.15 V vs. RHE showed that there
was reduced —OH adsorption at these potentials. The study also showed that

additional work was required to increase the durability of the catalysts.
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The link between OH adsorption and ORR performance was studied further by
preparing ternary systems where the Pd(111) surface was modified with a
monolayer consisting of Pty sMg, where M was Au, Pt, Pd, Rh, Ru, Ir, Re, and
Os [10]. A linear correlation is reported between the kinetic current at 0.8 V vs.
RHE and the OH-OH / OH-O repulsion energy calculated between OH adsorbed
on Pt and OH adsorbed on M. As OH binds more strongly to the M component
the repulsion between this and neighbouring OH adsorbed on Pt increases. Thus,
this tertiary system acts to reduce the overall OH coverage on Pt. The use of
metals such as Ir, Re, and Os were most successful in promoting the ORR with
only Au having a negative influence. This negative effect can be rationalised by
the very weak binding interaction between OH and Au. The Ptg glrp o mi/Pd(111)
catalyst has an observed current density around 3 times larger than Pt/Pd(111),

and a Pt mass specific activity 21 times larger than a 10 wt % Pt/C catalyst.

The inverse system of Pd on the surface of Pt has also received attention as an
active oxygen reduction catalyst [11-14]. Ross et al. [12] prepared epitaxial thin
films of Pd on a Pt(111) crystal. The pseudomorphic monolayer of Pd produced
had a two fold decrease in the performance towards the ORR, compared to
Pt(111) alone, with the decrease being even more pronounced in the presence of
a specifically adsorbing anion such as bisulfate. Similar catalysts were then
studied by Markovic ef al. [14] in both acidic and alkaline environments. The
same reduction in performance was noted for experiments conducted in
perchloric acid. However, when the experiment was performed in 0.1M KOH a
three fold improvement was noted for a single monolayer of Pd on the Pt (111)
crystal. The performance strongly depended on the Pd loading at the Pt surface,
with a partial monolayer coverage resulting in only a slight enhancement and a

reduction in activity noted for an increased monolayer coverage of 1.5.

Adzic et al. [11] have used their same Cu displacement method to prepare Pd
films on different substrates e.g. Pt (111), Rh (111), Au (111) The same volcano
type behaviour for ORR performance with respect to d band centre was found.

The studies were performed in 0.1 M perchloric acid with the most active
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catalyst being the Pd / Pt(111) system although it failed to achieve the same
activity of the Pt(111) single crystal substrate.

Xu and Zhao [15] have looked at increasing the utilisation of Pt by decorating Au
nanoparticles with small amounts of Pt. The catalysts prepared had extremely
high utilisation, in some cases mass normalised areas in excess of 230 m? g' Pt
were reported. Despite this increase in utilisation the overall catalytic activity has
a maximum value of 0.16 A mg'1 Pt, which is less than that observed for the

conventionally prepared PtCo/C catalysts [1].

Elsewhere, Adzic ef al. [16] have used their Cu displacement procedure to
produce a monolayer of Pt on AuNij, PdCos, and PtCos cores. The core particles
are first subjected to high annealing temperatures (up to 850 °C) where the
results of DFT calculations predict that the noble metal components should
segregate towards the surface [17]. The Cu displacement method, was then used
to add a monolayer of Pt to the surface. The mass activity enhancements noted so
far have been reported on the basis of the Pt content with the total noble metal
loading still remaining high. The preparation of such systems, reduce the noble
metal loading, with the Pt/PtCos/C catalyst having a noble metal mass activity 5

times greater than that of a conventional Pt/C catalyst.

There is also a drive to produce entirely Pt free catalysts for the ORR. PdCo alloy
catalysts have been shown to be very active towards the ORR [11, 18] and are
reported to exhibit the same noble metal mass specific activity as Pt, in some
instances. At the time of writing, the Johnson Matthey Base price for Pt was
1173 $/0z compared to 336 $/0z for Pd [19]. If a Pd based catalyst can achieve
the same noble metal mass specific activity as Pt it represents a 3 to 4 times
reduction in cost. The estimated amounts of Pt and Pd in the Earth’s crust vary
but are around 0.01 and 0.015 ppm respectively [20]. Due to the limited
resources of precious metal catalysts and their high cost it is desirable to prepare
active non-precious metal catalysts for the ORR. One of the major issues
regarding the use of non-precious metal catalysts is their stability [1]. It is not in

the scope of this thesis to carry out a comprehensive review of all the
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non-precious metal catalysts studied, but one recent example of an interesting
system is a cobalt-polypyrrole-carbon catalyst. The catalyst exhibits promising

activity towards the ORR and good long term stability [21].

In the study reported in this chapter the controlled surface modification
procedure developed by Crabb et al. [22-26] and detailed in chapter 2, section 2,
is to be used to prepare Pt/C catalysts modified with Pd and Pd/C catalysts
modified with Pt. For future reference the catalytic systems will be denoted as
Pd/Pt/C and Pt/Pd/C, respectively. It is believed that the controlled surface
modification procedure offers advantages in comparison to the Cu
electrochemical displacement method. The controlled surface modification
procedure does not introduce Cu into the system and offers greater control in the
deposition. The Pt/Pd/C and Pd/Pt/C catalysts have been characterised using
electrochemistry, XRD, ICP-AES, TEM EDX and EXAFS techniques. The most

promising catalysts have been tested for their performance towards the ORR.

2  Experimental Details

2.1 Catalyst Preparation

Pd/Pt/C and Pt/Pd//C catalysts were prepared as detailed in chapter 2, section 2.2.
Modifications were made to a 20 wt % Pt/C (XC-72R) catalyst and an 18.8 wt %
Pd/C (XC-72R) with calculated dispersions of 0.48 and 0.45, respectively. The
organometallic precursors used for the controlled surface modification were

Pt(acac), and Pd(acac),. Table 1 below gives details of the catalysts prepared.
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Table 1 Details of catalysts prepared
Catalyst Equivalent Precursor Heat Initial colour End
monolayers treatment  of solution colour of
/1°C filtrate
Pd/Pt/C 0.5 Pd(acac), 200 Yellow colourless
Pd/pt/C 1.0 Pd(acac), 200 Yellow colourless
Pd/Pt/C 1.5 Pd(acac), 200 Yellow colourless
Pt/Pd/C 0.5 Pt(acac), 200 Yellow colourless
Pt/Pd/C 1 Pt(acac), 200 Yellow colourless
Pt/Pd/C 1.5 Pt(acac), 200 Yellow colourless

Control reactions were also carried out on the carbon support to indicate whether
the precursor would solely target the supported metal. No reaction between
Pt(acac); and the carbon support was observed. However, the Pd(acac), was
found to react with all the surfaces present in the reactor vessel, the glassware,
the magnetic stirrer, and the carbon support. However, this deposition onto the
other surfaces was not observed when Pt/C was used for the reactions. Thus, it is
likely that the Pt offers a preferential reactive site and thus the reaction still
solely takes place at the metal surface. The characterisation of the catalysts using
EXAFS enabled confirmation of whether the Pd is present at the Pt surface or on
the carbon support.

2.2 Electrochemical Characterisation

2.2.1 Cyclic Voltammetry

The electrochemical properties of the catalysts were characterised using the
standard 3 electrode half cell detailed in chapter 2, section 3.2.2, with button
electrodes prepared according to chapter 2, section 3.2.1. The button electrodes

prepared used an overall metal loading (Pt and Pd) of 0.35 mg cm™ M.

2.2.2 Oxygen Reduction Testing

The performance of the catalysts towards the ORR was assessed in the mini cell

as described in chapter 2 section 3.4. The mini cell was used in preference to the
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RDE for testing the electrocatalysts, as it is a more accurate method for
determining mass activities, and is more representative of the ultimate fuel cell

performance of a catalyst.

2.3 XAS Studies

2.3.1 Pt L3 and Pd K edge Investigations

Pt L; and Pd K edge XAS spectra were acquired on station 16.5 at the SRS,
Daresbury Laboratory. Station 16.5 is on a 6T Wiggler line, and utilises a double
crystal Si(220) monochromator to acquire EXAFS in the range of 7 KeV to 40
KeV. EXAFS of the catalyst material were acquired in transmission mode where
possible otherwise, using fluorescence mode with a liquid nitrogen cooled 30
element Ge solid state detector. EXAFS of metal foils and oxide standards were
also acquired in transmission mode. All catalysts were prepared as BN pellets for

XAS measurements.

2.4 XRD, TEM, and ICP-AES Analysis

All samples were submitted to Johnson Matthey Technology Centre, Sonning

Common, where the analyses were performed.

The XRD analysis used a Bruker AXS D-500 diffractometer with a 40 position
sample changer, a Ni filtered Cu K, X-ray source, a scan range of 15 to 95° 26

with a 0.02° step size, and a scan rate of 0.25° 26 per minute.

Powder samples for TEM EDX were crushed between two glass slides and
samples positioned onto a lacey carbon coated copper ‘finder’ grid with the aid
of a micro manipulator. The samples were examined in a Tecnai F20
Transmission Electron Microscope. Both bright field and high resolution electron

microscopy modes were used.
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3 Results and Discussion

3.1 ICP-AES Analysis

Elemental analysis of the prepared catalysts was carried out using ICP-AES. The
experimental values along with the theoretically calculated values are detailed in

table 2.

Table 2 Elemental analysis of prepared Pd/Pt/C and Pt/Pd/C catalysts

Sample Wt % Pt Wt % Pt Wt % Pd Wt % Pd

Theoretical Experimental Theoretical Experimental

0.5 Pd/Pt/C 19.1 19.1 2.5 2.5
1.0 Pd/Pt/C 18.0 19.4 5.0 4.9
1.5 Pd/Pt/C 17.2 18.5 7.3 6.5
0.5 Pt/Pd/C 7.6 7.0 17.4 17.3
1.0 Pt/Pd/C 14.2 13.6 16.5 16.3
1.5 Pt/Pd/C 19.9 18.3 15.0 15.0

The ICP-AES results for the Pt/Pd/C catalysts are in good agreement with the
theoretical values suggesting that the entirety of the secondary metal introduced
in the form of the organometallic precursor was deposited onto the catalyst. The
Pt content of the Pd/Pt/C catalysts are generally higher than expected; the Pt
content increases to 19.4 wt % for the 1.0 Pd/Pt/C catalyst compared to a value
of 19.1 wt % for the 0.5 Pd/Pt/C. This discrepancy can only be explained by
errors in the testing procedure. All the analyses are performed in triplicate which

should negate any differences that arise due to any heterogeneity in the systems.

3.2 XRD Analysis

The XRD patterns of the Pd/Pt/C catalysts can all be interpreted in the same way
and are shown in figure 1a. The diffraction patterns indicate that the sample is
mainly composed of a poorly crystalline cubic platinum phase, supported on
XC-72R. There is no evidence to suggest the presence of either a PtPd or Pd

crystal phase. However, there is some evidence of the presence of an amorphous
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phase as there is a broadening of the characteristic platinum peak, giving rise to a
non-Gaussian crystallite size distribution. As there is a non-Gaussian
distribution, two different Gaussian particle size distributions were fitted to the
data, and are shown in table 3. Although there is not any evidence of PtPd alloy
formation, the data is not necessarily inconsistent with a monolayer of Pd present
on the surface of Pt. The XRD only looks at the long range order of materials and
thus with the majority of Pt being in the interior of the particle the Pd monolayer
may not be observed. The EXAFS analysis presented in section 3.5 gives a more

accurate assessment of the structure of the catalyst materials.

Table 3 Lattice parameters and particle size for Pd/Pt/C catalysts determined
using XRD.
Catalyst Crystallite size /nm Lattice parameter / A

Distribution 1 Distribution 2  Distribution 1  Distribution 2

0.5 Pd/Pt/C 23 10.3 3.93 3.93
1.0 Pd/Pt/C 24 9.3 3.93 3.92
1.5 Pd/Pt/C 25 9.9 3.93 3.92

The Pt/Pd/C XRD patterns (figure 1b) can also be interpreted in the same way as
each other. The catalysts are composed entirely of a poorly crystalline platinum
palladium alloy phase, supported on carbon. There is no evidence to suggest any
other crystalline phases are present. The XRD data confirms that there is a higher
degree of alloying for the Pt/Pd/C catalysts compared to the Pd/Pt/C catalysts.
Thus, it can be inferred that the Pt is not found exclusively at the surface. The

calculated parameters for the Pt/Pd/C catalysts are presented in table 4.

Table 4 Lattice parameters and particle size for Pt/Pd/C catalysts determined
using XRD.
Catalyst Lattice parameter / A Particle size / nm
0.5 Pt/Pd/C 3.91 2.0
1.0 Pt/Pd/C 3.91 2.5
1.5 Pt/Pd/C 3.91 2.5
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Figure 1 XRD patterns of (a) Pd/Pt/C and (b) Pt/Pd/C catalysts. JCPDS reference
data are included for comparison.

150



Chapter Four Pt and Pd Surface Modified Catalysts for the ORR

3.3 TEM EDX Analysis
Particle size distributions and TEM micrographs of the Pd/Pt/C and Pt/Pd/C

catalysts are shown below in figures 2 and 3, respectively.
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Figure 2 Particle size distributions of (a-c) 0.5, 1.0 and 1.5 Pd/Pt/C and (d-f) 0.5, 1.0,

and 1.5 Pt/Pd/C catalysts.
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In this report the main application of the TEM technique is to assess the particle
size distribution of the different catalysts and to use the EDX function to study
the proportion of the metallic components across a range of particles. The TEM
micrographs of the Pd/Pt/C samples gave evidence of small (1-1.5 nm) and large
particles (10-15 nm). The particle size estimations performed are biased towards
the smaller particles as the areas chosen for the analysis had very few of the
larger particles in view. The average particle size of the 0.5, 1, and 1.5 Pd/Pt/C
catalysts are 2.1, 3.2, and 2.5 nm, respectively. The increase in particle size
observed when the monolayer fraction is increased from 0.5 to 1 is in agreement
with additional amounts of Pd being deposited onto the surface of the Pt. The
particle size for the 1.5 Pd/Pt/C catalyst is smaller in comparison to the 1.0
Pd/Pt/C. This result is not in agreement with the modification procedure. This
discrepancy could be associated with statistical error in the particle size
determination, or as a result of the larger particles being excluded from the

analysis.

The average particle size of the 0.5, 1, and 1.5 Pt/Pd/C catalysts are 2.0, 3.3, and
3.4 nm, respectively. An increase in particle size is observed with increasing Pt
content, in agreement with the desired controlled surface modification. Again the
1.5 monolayer catalyst has a smaller average particle size than would be
expected in comparison to the increase observed for the 0.5 and 1 Pt/Pd/C
catalysts. Although only a small particle size increase is observed, figure 2f
shows that the particle size distribution of 1.5 Pt/Pd/C is shifted towards larger
particles in comparison to that of the 1.0 Pt/Pd/C displayed in figure 2e. The
TEM EDX analyses of the Pd/Pt/C and Pt/Pd/C samples are shown in figures 4 to
9.
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Figure 4 TEM EDX Line profile analysis for 0.5 Pd/Pt/C. The upper left box shows

the TEM image of the area under investigation. The EDX response for the
red box labelled 1 is shown below the TEM image. The EDX response
across the red line labelled one are shown on the right hand side and in
descending order show total counts, counts from Pt, and counts from Pd (
the counts for the background alone are included for comparison).

The TEM EDX line profile data (figure 4) for the 0.5 Pd/Pt/C catalyst primarily
show that the Pt and Pd are found in the same areas. The data needs to be treated
with a certain amount of caution as the intensity that arises due to Pd is of a
similar level as the background counts. The TEM line profiles show that the Pt
and Pd distributions do not follow each other across the particle, with the
intensity if the Pd line scan being localised at the centre of a mainly Pt composed

particle. This could indicate a localised Pd coating or a central nucleation site.
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Figure 5 TEM EDX Line profile analysis for 1.0 Pd/Pt/C. The upper left box shows

the TEM image of the area under investigation. The EDX response for the
red box labelled 1 is shown below the TEM image. The EDX response
across the red line labelled one are shown on the right hand side and in
descending order show total counts, counts from Pt, and counts from Pd (
the counts for the background alone are included for comparison).

The TEM EDX line profiles (figure 5) for the 1.0 Pd/Pt/C catalyst primarily
show that the Pt and Pd are found in the same areas across different particles.
Unlike the 0.5 Pd/Pt/C catalyst the counts arising from Pd are far larger than the
background counts. The TEM line profiles show that the Pt and Pd distributions
do not follow each other across the particle. In this instance there is evidence of a
wider Pd distribution, this could be interpreted as Pd being present

predominantly at the exterior of the particle.
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Figure 6 TEM EDX Line profile analysis for 1.5 Pd/Pt/C. The upper left box shows

the TEM image of the area under investigation. The EDX response for the
red box labelled 1 is shown below the TEM image. The EDX response
across the red line labelled one are shown on the right hand side and in
descending order show total counts, counts from Pt, and counts from Pd.

The TEM EDX line profiles (figure 6) for the 1.5 Pd/Pt/C catalyst primarily
show that the Pt and Pd are found in the same areas, and is consistent with the
interpretation for the 1 Pd/Pt/C catalyst, showing evidence of a wider Pd
distribution, and thus that Pd is enriched on the exterior of the particle. The TEM
EDX line profile analysis for the Pd/Pt/C samples supports the presence of Pd at
the surface of a Pt particle, inferring that the controlled surface modification

procedure has been successful.
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Figure 7 TEM EDX Line profile analysis for 0.5 Pt/Pd/C. The upper left box shows

the TEM image of the area under investigation. The EDX response for the
red box labelled 1 is shown below the TEM image. The EDX response
across the red line labelled one are shown on the right hand side and in
descending order show total counts, counts from Pd, counts from Pt, and
the ratio of Pd to Pt counts.

The TEM EDX line profiles (figure 7) for the 0.5 Pt/Pd/C catalyst primarily
show that the Pt and Pd are found in the same areas across different particles.
The TEM line profiles show that the Pt and Pd distributions do not follow each
other across the particle. However, it is not possible to establish whether there is

any Pt enrichment on the exterior of the particle.
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Figure 8 TEM EDX Line profile analysis for 1.0 Pt/Pd/C. The upper left box shows

the TEM image of the area under investigation. The EDX response for the
red box labelled 1 is shown below the TEM image. The EDX response
across the red line labelled one are shown on the right hand side and in
descending order show total counts, counts from Pd, counts from Pt, and
the ratio of Pd to Pt counts.

The TEM EDX line profiles (figure 8) for the 1 Pt/Pd/C catalyst primarily show
that the Pt and Pd are found in the same areas across different particles. There is
sufficient broadening of the Pt distribution with respect to the Pd distribution
such that it can be inferred that there are increased levels of Pt on the exterior of
the particle. It can also be seen that there are small fragments of Pd on the
support just outside the particle. The evidence of Pd in isolation may be as a
result of small Pd particles not being as active towards the controlled surface
modification procedure, or due to small clusters of Pd breaking off the main Pd:

particle during the reaction.
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Figure 9

TEM EDX Line profile analysis for 1.5 Pt/Pd/C. The upper left box shows
the TEM image of the area under investigation. The EDX response for the
red box labelled 1 is shown below the TEM image. The EDX response
across the red line labelled one are shown on the right hand side and in
descending order show total counts, counts from Pd, counts from Pt, and
the ratio of Pd to Pt counts.

The TEM EDX data for the 1.5 Pt/Pd/C catalyst (figure 9) can be interpreted in

the same way as the 1 Pt/Pd/C catalyst. Again there is evidence of a broader Pt

distribution, suggesting Pt is present at the surface of the Pd particle, and also

evidence of small Pd particles found in isolation on the support. As with the

Pd/Pt/C samples, the TEM EDX data are consistent with a successful controlled

surface modification, showing evidence of the secondary metal being present on

the exterior of the particle.
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3.4 Electrochemical Characterisation

3.4.1 Cyclic Voltammetry — Half Cell Studies

The electrochemical properties of Pd are somewhat different from that of Pt,
most notably Pd has the ability to absorb hydrogen within its lattice. The

characteristics of Pd voltammetry are demonstrated in figure 10 below.

1——20 wt % Pd/C
0.004
! 3

g 0.002
< 2
2
€ 0.000
@
o°
L
c
e
5 -0.002 -
© Electrolyte: 2.5 M H,SO,

0.004 Pd loading: 0.35 mg cm™

-0.004 | ! Sweep rate: 10 mV' s™

I ' I M 1 ! [} ! I ' ! ' 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential / V vs. RHE
Figure 10 CV of 20 wt % Pd/C highlighting the hydride features. Peak (1) oxidation

of B - hydride phase (2) oxidation of c - hydride phase (3) removal of
adsorbed hydrogen (4) adsorption of hydrogen (5) formation of a - hydride
phase (6) formation of B - hydride phase

Although there are differences in the oxide region of the voltammogram the key
differences are in the hydrogen region and these processes have been labelled in
figure 10. Peaks 4 and 3 labelled above correspond to the formation and removal
of adsorbed hydrogen on the Pd surface, respectively. When hydrogen is
absorbed into the Pd lattice two hydride phases are formed, an o phase and a 3
phase. The formation and removal of the a hydride phase correspond to the
peaks labelled 5 and 2, respectively. The a hydride phase represents only a small

contribution to the currents observed, as it is only stable up to H / Pd ratios of
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0.05 [27, 28]. The predominant amount of hydrogen is absorbed into the 8 phase,
the formation and removal of which are denoted as peaks 6 and 1, in figure 10. It
should be noted that the Pd/C used for the modification with Pt was different

from that shown above, which had a much larger particle size.

Voltammetric investigations of both the unmodified Pt/C and Pd/C used in this
section along with the Pt/Pd/C and Pd/Pt/C are detailed in figures 11-13, with the

key determined parameters reported in tables 5-7.
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Figure 11 Cyclic voltammograms (left column) and CO stripping voltammetry (right
column) for 20 wt % Pt/C (red) and 18.8 wt % Pd/C (blue). Carried out in
2.5 M H,SO, with a scan rate of 10 mV s™".
Table 5 Electrochemical parameters taken from CVs in figure 11.
Sample M loading / Oxide reduction/  CO oxidation /
mg cm™ V vs. RHE V vs. RHE
20 wt % Pt/C 0.349 0.749 0.821
18.8 wt % Pd/C 0.334 0.632 1.014
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Figure 12 Cyeclic voltammograms (left column) and CO stripping voltammetry (right
column) for 0.5 (red), 1 (blue), and 1.5 (green) Pd/Pt/C. Carried out in
2.5 M H,SO, with a scan rate of 10 mV s\,
Table 6 Electrochemical parameters taken from CVs in figure 12.
Sample M loading / Oxide reduction’ / CO oxidation /
mg cm’ V vs. RHE V vs. RHE
0.5 Pd/Pt/C 0.480 0.787 0.894
1.0 Pd/Pt/C 0.482 0.783 0.945
1.5 Pd/Pt/C 0.496 0.771 0.942

“the upper potential limit used was 1.15 V vs. RHE, opposed to 1.20 V vs. RHE

used in the other measurements.
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Figure 13 Cyclic voltammograms (left column) and CO stripping voltammetry (right
column) for 0.5 (red), 1 (blue), and 1.5 (green) Pt/Pd/C. Carried out in
2.5 M H,SO, with a scan rate of 10 mV s™.
Table 7 Electrochemical parameters taken from CVs in figure 13.

Sample M loading / Oxide reduction/ CO oxidation /
mg cm’ V vs. RHE V vs. RHE
0.5 P/Pd/C 0.323 0.680 0.990
1.0 P/Pd/C 0.359 0.711 0.972
1.5 Pt/Pd/C 0.401 0.734 0.954
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The Pd/C used for the modification has a different voltammetric response
compared to the other Pd/C voltammogram described in figure 10. These
differences are attributable to the relative particle sizes of the supported Pd/C
catalysts. The Pd/C voltammogram shown in figure 10 has a much larger Pd
particle size and thus more defined Pd crystal facets which give rise to the
distinct Pd features observed. The electro-oxidation of CO on Pd surfaces is less
favoured than on Pt surfaces, as observed by the potential of the CO oxidation
peak which is 0.82 V vs. RHE for Pt and 1.01 V vs. RHE for Pd.

The voltammograms obtained for the Pd/Pt/C catalysts show strong Pd
characteristics as demonstrated by a variety of features. The removal of adsorbed
hydrogen occurs around 0.24 V vs. RHE, and this peak becomes more prominent
as the fraction of Pd is increased at the catalyst surface. The peak at 0.15 V vs.
RHE for Pt/C associated with the removal of weakly adsorbed hydrogen appears
to be minimal for all of the Pd/Pt/C catalysts, with the appearance of any
shoulder in this region diminishing with increasing levels of Pd. The 1 and 1.5
Pd/Pt/C catalysts also exhibit a pair of peaks around 0.07 V vs. RHE. The shape
and symmetry of these peaks suggest that they could be the result of Pd hydride
formation and removal. As the Pd monolayer fraction increases the position of
the oxide reduction peak shifts to more negative potentials. These values cannot
be compared directly to the Pt/C and Pd/C monometallic catalysts as less time is
spent in the oxide region as the potential was only cycled to an upper limit of
1.15 V vs. RHE for the Pd/Pt/C catalysts. However, this trend still shows that the
characteristics of the oxide peak are becoming more Pd like in nature as the
potential is shifting to lower values. Also the shape of the oxide removal peak is
more defined and pronounced in comparison to the standard Pt/C peak which is
much broader. The potential of the CO oxidation peak is shifted to more positive
potentials for the Pd/Pt/C catalysts compared to Pt/C. The 0.5 Pd/Pt/C catalyst
exhibits the smallest increase in CO oxidation potential, with the 1 and 1.5
Pd/Pt/C catalysts having a similar CO oxidation potential around 0.945 V vs.
RHE. The increase in CO oxidation potential is another indicative feature of Pd
characteristics. From the similarity of the CO oxidation peak potential for the 1

and 1.5 Pd/Pt/C catalysts it can be inferred, that by the addition of 1 monolayer
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of Pd the surface is completely saturated with Pd as the additional Pd coverage

does not result in a shift to more positive potentials.

The voltammograms obtained for the Pt/Pd/C catalysts similarly show signs of
increased character of the modifying metal, compared to Pd/C. The peak
associated with the removal of weakly adsorbed hydrogen on Pt appears as a
shoulder at more positive potentials than the large Pd hydrogen adsorption peak,
for all the Pt/Pd/C catalysts. The charge associated with this peak increases with
Pt coverage. A peak at 0.11 V vs. RHE in the reverse sweep can be seen for the
1.5 Pt/Pd/C catalyst and is associated with the formation of weakly adsorbed
hydrogen on Pt. In both systems any sign of the strongly bound hydrogen on Pt is
masked by the large hydrogen adsorption / desorption features associated with
Pd. The oxide removal peak also shifts to more positive potentials as the Pt
loading is increased. The peak associated with the removal of oxide is 0.734 V
vs. RHE for the 1.5 Pt/Pd/C catalyst which is close in comparison to that of Pt/C,
occurring at 0.749 V vs. RHE. The position of the CO oxidation peak decreases
from 0.99 V — 0.97 V — 0.95 V vs. RHE as the monolayer fraction of Pt is
increased from 0.5, to 1, and then to 1.5, also indicating increased Pt character.
Unlike the Pd/Pt/C catalysts the 1 and 1.5 Pt/Pd/C catalysts do not have the same
performance for the electrooxidation of CO. These characteristics combined with
the strong hydrogen adsorption / desorption regions associated with Pd indicate
that the surface is a mixture of both Pt and Pd. The control reactions show that
the Pt is targeting the Pd sites and not the support, so this observation could be a
result of Pt clustering, Pd segregating to the surfaée, or Pt targeting only a

proportion of the Pd particles.

An important feature associated with Pd electrochemistry is the dissolution that
occurs at positive potentials. The dissolution of Pd in PdPt alloys has been
studied previously [29] and it was shown that the dissolution of Pd occurs
initially at a slow rate at 1.0 V vs. RHE. However, when the upper potential limit
is increased to 1.5 V vs. RHE it took only 50 scans at 50 mV s™ to yield an
electrochemical profile of a pure Pt surface. A change in surface properties as a

result of cycling was also observed in these studies (figure 14).

165



Chapter Four Pt and Pd Surface Modified Catalysts for the ORR

(2) (b)
0.004 - 0,004
NE 0.002- " o002
< <
0.000
% 0.000 4 %‘
€ <
o o
E 's -0.002
E 0002 H
5 5 0004
o o PdiC
004 - 1 P/PC ——S8can1
o —Scan 1 -0.008 4 Scan 15
———Sc¢an 30 Scan 30
0.006 -—r T T T T T 1 -0.008 ~— T T T T T 1
0.0 02 04 06 08 10 12 0.0 0.2 0.4 06 0.8 10 12
Potential / V vs. RHE Potential / V vs. RHE
Figure 14 Cyclic voltammetry studies of (a) 1 Pd/Pt/C and (b) 18.8 wt % Pd/C

supplied by Johnson Matthey. Scans were taken at a sweep rate of
10 mV s in 2.5 M H,SO,. The metal loading was 0.35 mg em™

The cyclic voltammograms of 1 Pd/Pt/C show that after cycling between the
potential limits of 0.05 and 1.2 V vs. RHE the surface becomes more Pt like in
character indicating that the surface composition has changed. The dominant
hydrogen adsorption / desorption characteristics of Pd disappear, and the two
peaks associated with adsorption of weakly and strongly bound hydrogen on Pt
are present. However, there is also an increase in the peaks associated with the
formation and removal of the Pd-hydride phase. The change in surface properties
can therefore not simply be described solely by a dissolution process. A
reduction of surface area and increased definition of the Pd hydride features are
also apparent in the voltammograms of Pd/C catalyst on cycling. The initial
voltammogram of Pd/C show that the voltammetric features associated with Pd
are broad. As the electrode is cycled between the potential limits the area under
the hydrogen region diminishes and the peaks become more defined. This could
be as a result of either dissolution or particle sintering at high potentials. This
poor stability of Pd makes it an unsuitable choice of electrocatalyst for fuel cell
applications, regardless of its activity towards the catalytic processes. It is
important that the Pt/Pd/C catalysts show increased stability under these
conditions if they are to be useful. The same cycling experiment was used to

assess the stability of the 1.5 Pt/Pd/C catalyst and is shown in figure 15.
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Figure 15 Cyclic voltammetry studies of 1.5 Pt/Pd/C carried out with a sweep rate of

10 mV s'in 2.5 M H,SO,, the metal loading was 0.35 mg cm’™,

The cyclic voltammograms of the 1.5 Pt/Pd/C catalyst show that the surface is
stabilised by the modification with Pt. There are some signs of a change in
surface structure with cycling, as there is a decrease in the charge associated with
the Pd hydride adsorption / desorption characteristics. It should be noted that the
1.5 Pt/Pd/C electrode has been subjected to 70 cycles in comparison to the 30 for
the analysis of the Pd/C catalyst, demonstrating the enhanced stability of the

modified catalysts.

3.4.2 Hydride Storage Properties
The extent of hydride formation of the Pd and 0.5 Pt/Pd/C catalysts was

investigated by holding the electrode at a potential in the region of the B -
hydride formation (but not in the hydrogen evolution region) until the current
associated with this process had decayed to zero. Linear sweep voltammograms
were then obtained over the hydride range and the experiments repeated for a

range of sweep rates. Figure 16 shows the hydride storage voltammograms of

Pd/C and the 0.5 Pt/Pd/C catalysts.
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Figure 16 Linear sweep voltammograms of (a) Pd/C and (b) 0.5 Pt/Pd/C. The metal

loading was 0.35 mg cm’, the initial holding potential was 0.01 V vs. RHE,
and the electrolyte was 2.5 M H,SO,.

Work by Bartlett ef al. [27, 28] on nano-architectured Pd films showed two
distinct well resolved peaks for a similar experiment. Peaks around 0.05 V vs.
RHE, corresponding to the oxidation of the B - hydride phase, and another
around 0.2 V vs. RHE for the removal of adsorbed hydrogen, were found.
Additional work by Rose et al. carried out on Pd/C detailed two broad peaks
overlapping in the range from 0.05 to 0.4 V vs. RHE when a sweep rate of 10
mV s”' was used. The data presented in figure 16 show that as the sweep rate is
decreased it is possible to identify two peaks between 0.01 and 0.15 V vs. RHE,
as well as the peak for removal of adsorbed hydrogen around 0.25 V vs. RHE.
Work by Rose et al. [30, 31], looked at the extent of hydrogen storage within the
Pd lattice using in-situ XAS and electrochemical methods. They found that the
electrochemical methods suggested a larger amount of stored hydrogen
compared to the XAS studies, and attributed this to adsorbed hydrogen, hydrogen
which has spilled over onto the carbon support, or hydrogen trapped in the
porous electrode structure. The secondary peak in the 3 - hydride phase region
between 0.05 and 0.15 V vs. RHE is not noted in the other studies, and could be
a result of hydrogen trapped in the porous electrode structure or on the carbon
support. However, if either of these peaks were due to oxidation of stored
hydrogen in the pores or on the support it would be expected to be small
compared to the large amount of hydrogen that can be stored within the Pd

lattice. Qualitatively, it can be seen that both the peaks in the B - hydride phase
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region are of similar area, suggesting that this is not the case. At these potentials
the Pd surface sites should have a layer of adsorbed hydrogen present, as the
oxidation of adsorbed hydrogen occurs at higher potentials. Thus, it is valid to
assume that any hydrogen oxidised at these potentials correlates to hydrogen
trapped in the lattice. A more detailed figure of the voltammogram with slowest

sweep rate for the Pd/C catalyst is shown below in figure 17.
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0.000 <
v I v I v ] d I v ]
0.0 0.1 0.2 0.3 0.4 0.5
Potential / V vs. RHE
Figure 17 Linear sweep voltammogram of Pd/C. The metal loading was 0.35 mg em?,
the initial holding potential was 0.01 V vs. RHE, and the electrolyte was 2.5
M H,SO,

The ratio of peaks I and II detailed in figure 17 change with sweep rate. As the
sweep rate is decreased the area of peak I becomes greater than peak II, and the
separation between the two peaks increases. The changes observed in the peak
ratio may be due to the relative kinetics of the processes. The oxidation giving
rise to peak I may be sufficiently slow that at fast scan rates, the process
occurring has not reached completion by the time process II begins. Thus, at fast

scan rates the area peak II is greater than that of peak I.
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It can also be seen that there are differences between the voltammograms
observed for Pd/C and 0.5 Pt/Pd/C. However, it has proved difficult to acquire
consistent data for different Pt/Pd/C samples and therefore any firm conclusions

cannot be drawn.

3.5 EXAFS Analysis
EXAFS data were collected as BN pellets in atmospheres of air and H,. The &
weighted EXAFS data along with the associated Fourier transform and the fitting

parameters determined for the Pd/Pt/C catalysts are detailed below in figures 18
and 19 and tables 8 and 9.
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Figure 18

Pd K edge (left) k® weighted experimental data and fit along with (right)
the Fourier transform for 0.5 Pd/Pt/C acquired in air and H, (a & b), 1

Pd/Pt/C acquired in air and H, (¢ & d), and 1.5 Pd/Pt/C acquired in air

and H; (e & f). Data (black line) and fit (red line).
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Table 8 Structural parameters for Pd/Pt/C catalysts acquired in atmospheres of air
and H, obtained by fitting the Pd K edge EXAFS data.

Condition | Pd/Pt/C - Calculated Parameters (Pd K edge)
0.5 Pd/Pt/C | Shell N R/A 267/ A? Ef/ eV | Reas | %
In air Pd-O 1.5+£0.0 | 2.003 + 0.005 | 0.004 £ 0.001 | -1.0 17.3

Pd-Pt 1.2+0.2 | 2.751£0.001 | 0.012+0.005 | £0.7

Pd-Pd 0.7+0.1 | 2.742+£0.007 | 0.009 = 0.003

Pd-Pd 0.7+0.3 | 3.92+0.03 0.023 £ 0.003
0.5 Pd/Pt/C | Pd-Pt 3.4+£0.2 | 2770 £ 0.001 | 0.009 +0.002 | -0.6 24.7
In H, Pd-Pd 2.0+0.2 | 2.762+0.007 | 0.009+£0.001 [ £0.4

Pd-Pd 1.3+0.6 | 3.85£0.02 0.028 +£0.012
1 Pd/Pt/C Pd-O 1.0+ 0.1 | 1.980+0.007 | 0.004 £ 0.001 | -3.0 22.0
In air Pd-Pt 23+£0.2 [ 2.714+0.009 | 0.013+£0.001 | £0.6

Pd-Pd 1.7+ 0.1 | 2.707 = 0.008 | 0.011 £0.001

Pd-Pd 0.9+0.3 | 3.85+£0.02 0.017 £0.007
1 Pd/Pt/C Pd-Pt 3.0+ 0.3 | 2.764+0.009 | 0.012+0.002 | -0.1 20.4
In H, Pd-Pd 3.0+0.2 | 2.765+0.008 | 0.012+0.002 | £0.4

Pd-Pd 1.5+£0.5 | 3.90+0.02 0.021 £ 0.006
1.5 Pd/Pt/C | Pd-O 0.8+0.1 | 2.00£0.05 0.004 + 0.002 | -0.6 25.6
In air Pd-Pt 1.1£0.4 | 2.749+£0.009 | 0.023 £0.011 | £0.6

Pd-Pd 2.7+0.1 | 2.747+0.005 | 0.012 £ 0.001

Pd-Pd 1.1+0.3 | 3.90 £ 0.02 0.021 £ 0.006
1.5 Pd/Pt/C | Pd-Pt 2.0+£0.2 | 2.77£0.01 0.009 £0.002 | -0.1 £ | 23.1
In H, Pd-Pd 3.6+0.2 | 2.783 £ 0.005 | 0.009 £ 0.001 | 0.4

Pd-Pd 0.6+0.6 | 3.93+0.03 0.018 = 0.012
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Figure 19 Pt L; edge (left) k® weighted experimental data and fit along with (right)
the Fourier transform for 0.5 Pd/Pt/C acquired in air and H, (a & b), 1
Pd/Pt/C acquired in air and H, (¢ & d), and 1.5 Pd/Pt/C acquired in air
and H; (e & f). Data (black line) and fit (red line)
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Table 9 Structural parameters for Pd/Pt/C catalysts acquired in atmospheres of air
and H; obtained by fitting the Pt L; edge EXAFS data.

Condition | Pd/Pt/C - Calculated Parameters (Pt L; edge)
0.5 Pd/Pt/C | Shell N R/A 26’/ A’ E;/ eV | Reas ! %
In air Pt-O 1.1+0.1 | 2.00+0.01 0.014 £0.002 | - 134 16.3

Pt-Pt (unl) | 5.7+0.2 | 2.754+£0.003 | 0.011+0.000 | £ 0.6

Pt-Pt 2.0+ 0.5 | 3.90+£0.01 0.014 £0.002

Pt-Pt 41+0.9 | 479+0.01 0.010 +£0.001

Pt-Pt-Pt 57+0.2 | 5.522+£0.007 | 0.021 £ 0.002

(unl)
0.5 Pd/Pt/C | Pt-Pt (unl) | 8.6+ 0.4 | 2.757+0.003 | 0.011 +0.000 | -12.9 17.7
In H, Pt-Pd 0.7+£0.2 | 2.74+£0.02 0.014+0.004 | £0.6

Pt-Pt 24+0.8 |3.90+0.02 0.011 £0.002

Pt-Pt 6.7+1.4 |4.79+0.01 0.012 +£0.001

Pt-Pt-Pt 8.6+ 0.4 | 5.548+0.006 | 0.023 = 0.002

(unl)
1 Pd/Pt/C Pt-Pt (unl) | 7.3+0.3 | 2.750+0.003 | 0.011 £0.001 | -9.3 27.6
In air Pt-Pd 0.5+£0.2 | 270+ 0.02 0.011+£0.004 | 0.5

Pt-Pt 24+0.8 | 3.88+£0.02 0.010 = 0.003

Pt-Pt 6714 |4.78%0.01 0.009 = 0.002

Pt-Pt-Pt 8.6+04 | 543 +0.01 0.012 +0.002

(unl)
1 Pd/Pt/C Pt-Pt (unl) | 8.2+0.5 | 2.761 £0.005 | 0.010+ 0.001 | -12.7 33.9
In H, Pt-Pd 0.5+0.2 | 2.74+0.03 0.006 = 0.002 | +0.7

Pt-Pt 25+1.3 |3.89+0.03 0.014 £ 0.006

Pt-Pt 6.7+1.1 | 4.78+0.02 0.010 £+ 0.002

Pt-Pt-Pt 82+0.5|545+0.02 0.011 £0.003

(unl)
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Table 9... (continued) Structural parameters for Pd/Pt/C catalysts acquired in
atmospheres of air and H, obtained by fitting the Pt L; edge EXAFS data.

1.5 Pd/Pt/C | Pt-Pt (unl) | 6.5£0.2 | 2.757+0.002 | 0.011 +£0.001 | -13.7 17.6
In air Pt-Pd 0.3+0.1 | 2.73+0.03 0.011£0.005 | £0.5

Pt-Pt 22+04 |3.90+0.01 0.012 £0.002

Pt-Pt 2.8+0.4 | 4798+ 0.007 | 0.008 £ 0.001

Pt-Pt-Pt 6.5+0.2 | 5.55+0.01 0.022 +0.002

(unl)
1.5 Pd/Pt/C | Pt-Pt(unl) | 8.3£0.4 | 2.759+£0.003 | 0.011 £0.000 | -12.2 16.7
In H, Pt-Pd 0.6+0.3 | 2.76 +0.03 0.008 £0.002 | £ 0.6

Pt-Pt 3.0+0.8 | 3.91 £ 0.01 0.014 + 0.002

Pt-Pt 46=+1.4 | 4.80=+0.01 0.009 £+ 0.001

Pt-Pt-Pt 8.3+0.4 | 5.541+0.006 | 0.023 +=0.002

(unl)

The Pd K edge data confirm the presence of 1% shell Pd-Pt neighbours at ~

2.74 A, and this is the primary indication of the success of the controlled surface
modification. The Pd K edge data are also consistent with the Pd being present at
the surface of the particle, as the data in air show the presence of Pd-O
neighbours. As the monolayer fraction of Pd is increased from 0.5 through to 1.5
the number of Pd-O 1% shell neighbours decreases from 1.5 to 1.0 to 0.8.
Assuming that the Pd is evenly distributed on the Pt surface, as the monolayer
fraction of Pd is increased the available amount of Pd surface decreases and thus
a reduction in the average Pd-O contribution is expected. Although this trend is
consistent with the idea of an even monolayer on Pt, it is also in agreement with
Pd clustering on the Pt surface as it is deposited. Figure 20 illustrates how the
models of clustering and an evenly deposited Pd monolayer can both reduce the

average Pd surface area, and thus the number of Pd-O neighbours.
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Clustering Even Pd distribution

Figure 20 Schematic diagram to illustrate how Pd can cluster on a Pt surface or form
an evenly distributed monolayer

The metal neighbour contributions were assessed by examining the data obtained
in H, as this facilitated removal of the oxide and more accurately represents the
maximum number of metal neighbours possible. As the monolayer fraction of Pd
is increased the number of Pd-Pd neighbours increases from 2.0 to 3.0 to 3.6.
These values are consistent with Pd being evenly distributed on the Pt surface
and Pd clustering as it is deposited. The amount of Pd-Pt interactions decreases
from 3.4 to 3.0 to 2.0 for the 0.5,1, and 1.5 Pd/Pt/C catalysts, respectively.
Within the error estimates the 0.5 and 1 Pd/Pt/C catalysts have the same number
of Pd-Pt contributions, which is consistent with the model of Pd evenly
distributed over the Pt surface. As the Pd loading is increased above the
monolayer level the amount of Pd-Pt neighbours decreases. The addition of Pd in
excess of a monolayer results in Pd atoms with no immediate Pt neighbours and
the average Pd-Pt coordination number therefore decreases. The data agree with

. the model that Pd is being deposited evenly over the Pt surface and not with Pd
clustering. A much reduced number of Pd-Pt interactions would be expected if

the Pd was clustering as it was deposited.

The contraction of the Pd-Pt distance provides evidence that the Pd forms a

pseudomorphic monolayer on the Pt surface. Only the bond distances for the data
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obtained in air will be considered due to the formation of Pd-hydride phases
which may occur in the presence of H,, which will be discussed below. For the
0.5 and 1.5 Pd/Pt/C catalysts in air the Pt-Pd bond distances are 2.751 and

2.749 A, respectively. The 1 Pd/Pt/C displays a radial contraction from ~ 2.75 to
2.71 A. Renouprez et al. [32] have looked at the EXAFS of Pd-Pt aggregates and
also demonstrated a 0.04 A contraction for a thin film of Pd on Pt. Another
confirmation of this is the contraction of the Pd-Pd distance, which is 2.742 and
2.747 A for the 0.5 and 1.5 Pd/Pt/C catalysts, respectively, but decreases to 2.707
A for the 1 Pd/Pt/C catalyst in air. These contractions are confirmation of the
pseudomorphic monolayer as the Pd-Pd and Pd-Pt distances become constrained,
so that the Pd can adopt the same positions on the surface that the analogous Pt

atoms in the next layer would occupy.

When the data was acquired in H, the Pd-Pd and Pd-Pt distances show a
considerable increase which can be attributed to the absorption of hydrogen into
the Pt lattice. Looking at the Pd-Pd distance the value increases from

2.742 —2.762 A, 2.707 — 2.765 A, and 2.747 — 2.783 A for the 0.5, 1, and
1.5 Pd/Pt/C catalysts, respectively. A near identical increase is mirrored for the
Pd-Pt distance. Rose et al. [30, 31] looked at the Pd-Pd distance in an in-situ
electrochemical environment and noted that the Pd-Pd distance increases from

2.73 to 2.82 A when the Pd lattice is saturated with H.

The Pt L3 edge data are also in agreement with the Pd being deposited solely
onto the Pt surface. This is illustrated by the small contribution of Pt-Pd
neighbours in the first shell. As the Pd is exclusively at the surface, the Pt in the
interior of the particle has no Pd neighbours and, thus, the average number of Pt-
Pd interactions is minimal. For the 0.5 Pd/Pt/C catalyst the average contribution
is sufficiently small that Pt-Pd neighbours cannot be detected when the EXAFS
was collected in an atmosphere of air. However, this is not the case for the
EXAFS data of the 0.5 Pt/Pd/C catalyst acquired in an atmosphere of H, as 0.7
Pt-Pd neighbours are reported. When the environment was switched from air to
H, the surface oxide species are reduced and the Pd at the surface can become

incorporated into the particle and there are more Pt-Pd interactions. Within the
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error limits the number of Pt-Pd neighbours does not vary for the 0.5, 1, and

1.5 Pd/Pt/C catalysts. The number of Pt-Pd neighbours in H; for the 0.5, 1, and
1.5 Pd/P/C catalysts are 0.7, 0.5, and 0.6 respectively. These small coordination
numbers are much less than the Pd-Pt coordination number seen from the Pd K
edge, which supports the theory that the Pd is found on the exterior of the
particle.

After the addition of 1 monolayer of Pd to the Pt surface it is no longer possible
to fit any Pt-O contributions (in air) at the Pt L edge, which is confirmation that
the Pd is completely saturating the Pt surface. The Pt-Pd bond distance also
changes on switching the gas environment from air to hydrogen. For the 1 and
1.5 Pd/Pt/C catalysts the Pt-Pd distance increases from 2.697 — 2.742 A, and
2.730 — 2.760 A respectively. Unlike data collected at the Pd edge, the errors
associated with this bond distance are much larger, and thus the distances are not
significantly different. It is therefore not possible to confirm that the Pt-Pd

distance is increasing on exposure to hydrogen.

EXAFS data, along with the associated Fourier transform and the fitting
parameters determined for the Pt/Pd/C catalysts, are detailed below in figures 21
and 22 and tables 10 and 11.
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the Fourier transform for 0.5 Pt/Pd/C acquired in air and H, (a & b), 1

Pt/Pd/C acquired in air and H, (¢ & d), and 1.5 Pt/Pd/C acquired in air
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Table 10 Structural parameters for Pt/Pd/C catalysts acquired in atmospheres of air
and H, obtained by fitting the Pd K edge EXAFS data.

Condition | Pt/Pd/C - Calculated Parameters (Pd K edge)
0.5 Pt/Pd/C | Shell N R/A 26’/ A’ E;1eV | Rewss! %
In air Pd-O 1.1£0.1 | 2.03+0.01 0.009+0.002 | -1.5 27.1

Pd-Pd 23+0.1 |2.737£0.007 | 0.012+£0.001 | £0.9

Pd-Pt 04+02 |2.76+0.05 0.015+0.007

Pd-Pd 0.5+03 | 3.87+0.04 0.014 = 0.009
0.5 Pt/Pd/C | Pd-Pd 3.5+04 | 2.732£0.009 | 0.012+0.001 | -2.2 £ |32.2
In H, Pd-Pt 0.7+02|2.73+£0.04 0.013+0.008 | 1.1

Pd-Pd 0.7+0.3 | 3.85+0.09 0.016+0.010
1 Pt/Pd/C Pd-O 1.0£0.1 | 2.02£0.01 0.009 + 0.003 | -1.0 26.6
In air Pd-Pd 2.8+£0.2 | 2.726 £0.007 | 0.011 £0.001 | £0.9

Pd-Pt 1.0+ 0.1 | 2.70+0.02 0.008 = 0.004

Pd-Pd 20+£0.7 | 4.76 £0.02 0.010 £ 0.003
1 Pt/Pd/C Pd-Pd 3.8+£0.2 | 2.783£0.005 | 0.011 £0.001 | -0.5 19.9
In H, Pd-Pt 1.4+0.1 | 2.76 £ 0.02 0.006 + 0.002 | £0.6

Pd-Pd 1.4+0.7 | 4.85+0.03 0.010+ 0.004
1.5 Pt/Pd/C | Pd-O 0.7+0.1 | 2.01 £0.01 0.005+0.002 | -4.7 22.6
In air Pd-Pd 2.4+0.1 | 2.747+0.006 | 0.011 +£0.001 | £0.6

Pd-Pt 0.6+0.2 |2.78+0.03 0.009 £+ 0.004

Pd-Pd 1.7+ 0.5 | 4.80+0.02 0.010 = 0.003
1.5 Pt/Pd/C | Pd-Pd 34+£02|2.792+£0.006 | 0.011 £0.001 | -5.8 =+ |23.5
In H, Pd-Pt 1.2+0.3 [ 2.79+£0.02 0.009 + 0.004 | 0.7
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and H, (e & f). Data (black line) and fit (red line).
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Table 11 Structural parameters for Pt/Pd/C catalysts acquired in atmospheres of air
and H, obtained by fitting the Pt L; edge EXAFS data.

Condition | Pt/Pd/C - Calculated Parameters (Pt L; edge)
0.5 Pt/Pd/C | Shell N R/A 26" / A’ E;/ eV | Reass | %
In air Pt-O 0.8+0.1 | 1.99+0.01 0.011+0.003 | -9.8 24.0

Pt-Pt 3.6+ 0.2 | 2.741 £0.006 | 0.012+0.001 | £0.6

Pt-Pd 1.9+£0.1 | 2.726 £ 0.007 | 0.011 £ 0.001

Pt-Pt 1.4+0.4 | 3.88+0.02 0.013 +£0.004

Pt-Pd 0.7+0.3 | 4.47+0.03 0.014 +0.008
0.5 Pt/Pd/C | Pt-Pt 5.1+02|2.755+0.005 | 0.011+0.001 |-9.8 20.1
In H, Pt-Pd 29+0.2 | 2.758+0.005 | 0.011 £0.001 | £0.5

Pt-Pt 2.1+0.5 | 3.89£0.01 0.011 +0.003

Pt-Pd 1.5+0.4 | 4.50%0.02 0.013 +£0.004

Pt-Pd 3.1+0.7 | 5.48+£0.01 0.010 +0.002
1 Pt/Pd/C Pt-O 0.7+0.1 | 1.98+0.01 0.012+0.003 | -10.1 22.7
In air Pt-Pt 42+0.2 |2.747+0.006 | 0.012+0.001 | £0.6

Pt-Pd 1.6 0.1 | 2.736+0.007 | 0.012 £ 0.001

Pt-Pt 1.8+0.4 [ 3.90+0.01 0.013 +0.003

Pt-Pd 09+03 |4.50+0.02 0.015+0.006

Pt-Pt 23£0.9 | 543+0.02 0.014 +0.006
1 Pt/Pd/C Pt-Pt 57+£0.2 | 2.759+0.005 | 0.011 +£0.001 | -10.0 20.0
In H, Pt-Pd 260.2 | 2.762+0.006 | 0.011+0.001 | £0.5

Pt-Pt 26+0.5 |3.90=+0.01 0.012 £ 0.002

Pt-Pd 1.7£1.4 [ 451£0.01 0.013 +0.004

Pt-Pt 4.6+1.9 | 544+0.03 0.012 +0.007

Pt-Pd 26+1.3 |546+0.03 0.009 £+ 0.006
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Table 11... (continued) Structural parameters for Pt/Pd/C catalysts acquired in
atmospheres of air and H, by fitting the Pt L; edge EXAFS data.

1.5 Pt/Pd/C | Pt-O 0.8+0.1 | 1.99+0.01 0.011+0.002 | -10.3 17.1
In air Pt-Pt 44£02 | 2.747+0.005 | 0.012+0.001 | £0.5

Pt-Pd 1.4+£0.1 | 2.737+£0.007 | 0.012 £ 0.001

Pt-Pt 1.3+0.3 | 3.89+0.01 0.013 +0.003

Pt-Pt 22+0.5 | 4.75+£0.01 0.012 £ 0.003

Pt-Pt 3.0£0.7 | 5.40+0.01 0.013 +0.004
1.5 Pt/Pd/C | Pt-Pt 6.5+0.3 | 2.756 £0.004 | 0.011+0.001 | -10.2 23.7
In H, Pt-Pd 2.0+0.2 | 2.76 £ 0.03 0.011£0.001 | £0.5

Pt-Pt 2.0+0.5 | 3.89+0.01 0.011 £ 0.003

Pt-Pt 3.8+£09 | 476+ 0.01 0.012 £ 0.003

Pt-Pt 48+1.2]540+0.01 0.013 +0.003

Analysis of the 1% shell coordination numbers allows several conclusions to be
drawn. The Pd-K edge analysis of the Pt/Pd/C samples in air demonstrates that it
is possible to fit a Pd-O coordination shell for each of the catalysts. This shows
that there are still Pd sites at the surface as suggested by the CO stripping
voltammetry. The Pt L3 edge analysis shows that all the Pt/Pd/C samples also
have contributions resulting from Pt-O interactions. Thus, the surface has a
mixed composition of both Pt and Pd, which is in agreement with the CVs and
TEM EDX data. The average number of Pd-O neighbours decreases from 1.1 to
1.0 to 0.7 for the 0.5, 1, and 1.5 Pt/Pd/C catalysts, respectively. When taking into
account the error in these values there is only a marginal difference observed and
it is hard to confirm that increasing the Pt loading decreases the available Pd
surface sites. This could be due to agglomeration of Pt on the surface. After Pt is
deposited onto the surface of the catalyst, it represents an alternative reaction
site. Subsequent Pt atoms could be deposited around these alternative Pt sites
creating Pt clusters. However, this model of the deposition process does not
agree with the number of Pt-O neighbours. The 0.5, 1, and 1.5 Pt/Pd/C catalysts
have 0.8, 0.7, and 0.8 Pt-O neighbours, respectively. It would be expected that

the average Pt-O contribution would decrease, with increasing the Pt loading, if
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the Pt was clustering on deposition. Looking at the fitting parameters of the 1
Pt/Pd/C sample in Hy, at the Pt L; edge there are 2.6 1* shell Pd neighbours, and
at the Pd K edge there are 1.4 1% shell Pt neighbours. If there were any Pt
agglomeration on the surface of the Pd/C catalyst then there should be limited
amounts of Pt-Pd and Pd-Pt interactions, which is not the case. The TEM EDX
data have shown there are small unmodified particles of Pd, which will give rise
to a Pd-O contribution. As EXAFS is an averaging technique it makes it difficult
to accurately describe the local structure of the catalysts for such a complex

arrangement as is apparent for the Pt/Pd/C catalysts.

The Pt L; edge data show that the 1% shell has a greater proportion of Pt
neighbours than Pd with the inverse also being found for the Pd K edge. This
shows that the catalyst is not a PtPd solid solution, and there are regions rich in
Pt and regions rich in Pd. Norskov et al [17] have reported that in a PtPd system
where Pd is the host Pt has a positive segregation energy, and prefers to be in the
interior of the host. For a system where Pt is the host and Pd is the impurity there
is no segregation energy driver for the Pd to stay at the surface or in the interior.
These segregation properties could explain the coordination numbers being
observed. The Pt may react at the surface and then move towards the interior,
leaving behind a surface with a mixture of Pt and Pd. The segregation energy
towards the centre is only small so it is expected that some Pt remains at the
surface. Underneath this surface there will be a layer predominately consisting of
Pt, and a core predominantly consisting of Pd. This theory is in agreement with
the 1% shell coordination numbers observed. Subsequent shells have been fitted,
and the error values generated are reasonable. However, in reality either Pt or Pd
could have been fitted in some of these additional shells, so it is hard to use these

values to deduce the structural composition of the catalysts.

The EXAFS data suggest that the presence of Pt may affect the hydride storage
properties of the Pt/Pd/C catalysts. For the 0.5 Pt/Pd/C catalyst the Pd-Pd
distance does not increase on exposure to hydrogen, the value changes from
2.737 t0 2.732 A, which taking into account the error limits can be assumed to be

the same value. The 1 and 1.5 Pt/Pd/C catalysts have a Pd-Pd distances which
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increase from 2.726 to 2.783 A, and 2.747 to 2.792 A on exposure to hydrogen,
respectively. This increase in Pd-Pd distance suggests that the presence of Pt aids
the storage of hydrogen in the Pd lattice as increased levels of Pt correlate to an

increased Pd-Pd distance.

3.6 Mini Cell Testing

One of the objectives of depositing Pt onto a Pd core is to reduce the required Pt
loading whilst retaining the same activity of the catalyst. It is imperative in this
situation to be able to present the data as mass activities. The deficiencies of the
RDE method in accurately predicting the loading placed on the electrode surface
leads to large errors in the estimation of mass activities. Thus, the mini cell
testing environment has been chosen as it offers a more accurate means of mass
activity determination. The Pd/Pt/C catalysts have not been assessed towards the
ORR due to the instability encountered on cycling, highlighted in section 3.4.
The Pt/Pd/C catalysts have been tested according to the procedure described in

chapter 2, section 3.4.

The mini cell was operated under high reactant stoichiometries with flows of H;
and O, of 60 cm® min™ for the anode and cathode, respectively. The catalyst
loading used was 0.4 mg M cm™ (M = Pt and Pd) for both the anode and cathode.
In each case the anode was a 40 wt % Pt/C standard. The cathode loading was set
relative to the entire metal contribution rather than just Pt to reduce thickness
effects. Current interrupt measurements were performed to take into account the
effects of cell resistance. The potentials reported in the polarisation curves and
Tafel plots are the iR corrected values. Figures 23 to 26 show the polarisation
curves and the associated Tafel plots for the Pt/Pd/C catalysts normalised to the
available metal area (as discussed in chapter 2, section 3.2.4) and the mass of Pt.

Table 12 details the electrochemical properties of the Pt/Pd/C catalysts.
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been normalised to the available metal area. A 40 wt% Pt/C standard has
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iR corrected Tafel plots for the Pt/Pd/C catalysts, corresponding to the

data in figure 23. The current has been normalised to the available metal
area. A 40 wt% Pt/C standard has been included for comparison.
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Figure 25 iR corrected polarisation curves for the Pt/Pd/C catalysts. The current has
been normalised to the mass of Pt. A 40 wt% Pt/C standard has been
included for comparison.
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Figure 26 iR corrected Tafel plots for the Pt/Pd/C catalysts. Corresponding to the

data in figure 24. The current has been normalised to the mass of Pt. A 40
wt% Pt/C standard has been included for comparison.
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Table 12 Electrochemical and electrokinetic properties of Pt/Pd/C catalysts, the
parame.ters of the 40 wt % Pt/C standard is included to facilitate a
comparison.

Catalyst M 0.C./ Specific activity Mass activity ~ Tafel Slope
loading/  Vvs. at 0.9V / at 0.9V / / mV
mg cm™ SHE HA cm? M mA g'1 Pt decade™

40 wt% Pt/C 0.40 0.972 393 175 72
0.5 Pt/Pd/C 0.42 0.949 19 58 62
LOPYPA/C  0.40 0.936 21 41 77
1.5 Pt/Pd/C 0.41 0.966 46 72 67

The specific activities of the Pt/Pd/C catalysts are considerably smaller than
those of the 40 wt % Pt/C standard. The 1.5 Pt/Pd/C catalyst is the most active of
the series and has a specific activity of 46 pA cm™ M, compared to 393 pA cm™
M for the 40 wt % Pt/C standard. The TEM EDX analysis has shown the
presence of unmodified Pd particles, with the EXAFS and cyclic voltammetry
investigations also identifying that the surface of the catalysts consists of both Pt
and Pd. Thus, the normalised surface takes into account both the Pt and Pd
surface area. Pd has a much poorer performance towards the ORR than Pt and as
this contribution is taken into consideration for the specific activity
determination, a much reduced specific activity is expected. The specific
activities of the Pt/Pd/C catalysts show that the 1.5 Pt/Pd/C catalyst is
considerably more active than the 0.5 and 1 Pt/Pd/C catalysts, which have
specific activities of 19 and 21 pA em™ M, respectively. The EXAFS and cyclic
voltammetry investigations suggest that the average surface bears close
resemblance to the 1 Pt/Pd/C catalyst, so the difference in specific activity is
unlikely to be an effect of decreased Pd at the surface. The TEM EDX data
confirms that there are some unmodified small Pd particles. If these small
particles remain unmodified throughout the series of Pt/Pd/C catalysts the
average surface composition may appear the same. The increased activity of the

1.5 Pt/Pd/C catalyst may be associated with the formation of Pd particles with a
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complete overlayer of Pt, which benefit from the increased intrinsic performance

of these systems as reported in the literature [7, 10].

The specific mass activities of the Pt/Pd/C catalysts are also less than the
standard 40 wt% Pt/C catalyst. The 1.5 Pt/Pd/C catalyst is again the most active
from the series and has a specific mass activity of 72 mA g™’ Pt compared to

175 mA g Pt for the 40 wt % Pt/C standard. These mass activities are
normalised to the Pt loading and this negates any contribution towards the ORR
from the Pd present in the catalyst. This may explain why the 0.5 Pt/Pd/C
catalysts has a greater mass activity than the 1 Pt/Pd/C catalyst of 58 mA g Pt
compared to 41 mA g Pt. It is also reasonable to assume that the differences
observed between these two catalysts are comparable to the error associated with
the experiment. The small Pt mass activities reported are disappointing as large
enhancements for Pt monolayers on Pd have been reported [7, 10]. The particle
size of the catalysts may contribute towards this. Kinoshita has shown [33] that
particles below 3 nm do not have the required number of Pt 100 and 111 facets
and have a considerable drop in performance. The particle size distribution of all
the Pt/Pd/C catalysts (figure 2) have a significant amount of particles around the
2 nm mark and these may contribute to the small mass activities observed. The
small particle size of the Pd catalyst also means that that the proportion of bulk to
surface Pd is reasonably small, with relatively large amount of Pt required for a
complete monolayer coverage. Thus, the Pt loading is not significantly reduced,
with the 1.5 Pt/Pd/C catalyst consisting of 18.3 wt % Pt. It is proposed that a true
Pt mass advantage would be achieved if the modifications were performed on a

much larger Pd core.
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5 Conclusions

The results presented in this chapter suggest that the controlled surface
modification procedure has successfully been employed to prepare Pd/C and Pt/C
catalysts modified with Pt and Pd, respectively. For the Pd/Pt/C catalysts the
XRD analysis shows no signs of PdPt alloy formation, whereas the TEM EDX,
EXAFS, and cyclic voltammetry investigations suggest that the surface is rich in
Pd. The EXAFS analysis unambiguously confirms that the Pd is exclusively at
the surface. Despite the success of the preparation method the cyclic
voltammograms illustrated that the Pd/Pt/C catalysts were unstable in the
electrochemical environment. The surface properties of the catalyst changed,
most likely as a result of dissolution of Pd. However, the cyclic voltammograms
also show evidence of Pd-hydride formation after the surface loses its Pd
characteristics. It appears that the change in characteristics that are observed
cannot solely be explained by the dissolution of surface Pd and the situation is far
more complex. Regardless of the origin of the instability observed, it was
decided that as the surface properties changed so readily it would be hard to
accurately relate the structure to the activity of the catalyst and as such the
catalysts were not tested towards the ORR in the mini cell. Also, with regards to
improved specific Pt mass activities, the results indicate that there would be little

promise in the Pd/Pt/C system.

The results suggest that the controlled surface modification procedure has been
successful for the Pt/Pd/C catalysts. The TEM EDX analysis shows that the Pt is
found on the exterior of the particle with small particles of Pd appearing in
isolation on the support. This is in agreement with the cyclic voltammograms and
EXAFS analysis, which show that the surface is a mixture of both Pt and Pd. The
EXAFS analysis highlights that the local structures around Pt and Pd are Pt and
Pd rich, respectively. This evidence is consistent with there being some Pt and Pd
segregation. The XRD analysis shows that each Pt/Pd/C catalyst is formed
entirely of poorly crystalline PtPd cubic phase. The XRD analysis failed to show
any evidence of PtPd phase formation for the Pd/Pt/C catalyst, which is

consistent with the Pd being exclusively at the surface and the majority of the
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sample being bulk Pt. The XRD data therefore suggests that there is an improved
mixing of the Pt and Pd in the Pt/Pd/C system compared to that of Pd/Pt/C. The
EXAFS and cyclic voltammograms are consistent with a catalyst structure which
has a surface consisting of a mixture of Pt and Pd, a Pt rich underlayer, and a Pd
rich core. Therefore it is not possible to confirm with any certainty the structure

of the Pt/Pd/C catalysts.

The specific and mass activities of the Pt/Pd/C catalysts towards the ORR were
found to be very poor compared to the 40 wt % Pt/C standard. As the surface is a
mixture of both Pt and Pd, it was expected that the specific activity observed
would be reduced in comparison to the Pt standard. The poor mass activities
observed can be attributed to the small particle size of the Pd/C catalyst,
requiring a large amount of Pt to be added to the surface. It is believed that
improved mass activities would be observed if larger Pd particles were used for

the controlled surface modification procedure.
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Chapter Five: CeO, Modified Pt/Al,O; Catalysts

1 Introduction

Decreasing the level of CO found in PEMFC H, fuel streams derived from
reformed hydrocarbons is a major challenge. Levels of CO as low as 10 ppm act
as a poison towards Pt based catalysts used within the fuel cell. One of the ways
to reduce the amount of CO in the fuel stream is by a cleanup process utilising

the water gas shift (WGS) reaction:

CO+H,05 CO, +H, AH?S,, =-41.1kJ mol™ Equation 1

At present a multi-stage cleanup process involving preferential oxidation
(PROX), low temperature WGS (LTS), and high temperature WGS (HTS) are
employed to achieve levels of CO less than 10 ppm. LTS and HTS steps are used
in conjunction as the exothermic nature of the WGS reaction leads to an 80 fold
increase in the equilibrium constant when the temperature is reduced from 600 to
200 °C [1]. A typical set-up exploits the kinetics of the process by employing an
initial HTS step, in turn helping to decrease the required catalyst load.
Subsequently, the gas stream is cooled before entering the LTS stage where the
favourable thermodynamics are then exploited. The combination of HTS and
LTS steps can reduce CO levels to less than 2000 ppm [2]. The PROX reaction
refers to the preferential oxidation of CO in H; rich environments and is used
after the WGS steps to achieve high CO conversion to CO,. The PROX catalysts
need to be able to achieve a reduction of CO levels to less than 10 ppm [2]

without any excessive oxidation of hydrogen to water.

Conventionally, Fe/Cr and Cu/Zn catalysts are used for the HTS and LTS
processes, respectively [1-3]. These catalysts are not suitable for use in

conjunction with fuel cell applications for several reasons. The catalysts need to
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be activated before operation to control the reduction of surface oxides to
produce the catalytic active states. The exothermic nature of the reduction means
the activation in a reducing gas must be carried out with a slow heating rate. This
is impractical in areas in which low temperature fuel cells are expected to be
employed, such as the automotive sector. For such an application, the sintering of
the catalysts that would be encountered for a rapid activation step, would lead to
poor mechanical stability as a result of start-up / shut down cycles [1, 2, 4].

When in operation, the active reduced surface of the catalyst is pyrophoric. If the
catalyst is exposed to air as a result of an accident, an exothermic reaction

resulting in temperatures in excess of 650 °C would be typical [2].

Ceria supported metal catalysts are known to promote the WGS reaction. Early
mechanistic work regarding the promotion was carried out by Shido and
Iwasawa [5, 6]. They proposed that bridging —OH groups on the surface of the
ceria support react with CO to form bidentate formates. These bidentate formates
then decompose in the presence of water to yield H, and CO; (figure 1). It was
suggested that the role of the promoter metal was to aid the reduction of surface

CeO; sites to form the active bridging —OH groups.

Unidentate
carbonate
0,0
oo Active bridging —OH
c P%du‘:t S groups on reduced
Bt CO, i{OH ™. ceria surface
by . S -
/O— H
H ; CO Reactant
Product Hz N .
- - | SR
e ; p
0 § H ! E\ i Bidentate formate

H 20 Reactant

Figure 1 Schematic diagram for the WGS reaction proceeding through the surface
formate mechanism. The cycle begins with the formation of the active
bridging —OH groups [7].

195



Chapter Five CeOx Modified Pt/Al,03; Catalysts

The exact mechanism by which the promoter aids the formation of bridging

—OH groups is unclear. One possibility is that the removal of surface oxygen by
H, or CO is followed by dissociative adsorption of water. Another possibility is
that the H, is dissociated directly over the promoter metal, with hydrogen spilling

over onto the ceria surface leading to the formation of the bridging —OH groups.

Another mechanism based on a surface redox process has also been put forward
as a possible pathway for the WGS reaction on ceria supported precious metal

catalysts. The surface redox mechanism proceeds as described in equations 2 to 4

and figure 2:
Pt+ CO — Pt-CO Equation 2
Pt-CO + 2Ce0y — Cey05 + CO, + Pt Equation 3
Ce,05 + H,O — 2Ce0O, + H, Equation 4
H,O
CO L
/\ /—5 C6203 \
Pt Pt-CO, 4,
\% N CeO, (
CO, H,
Figure 2 Schematic diagram illustrating the principles of the surface redox process.

The process starts with the formation of Pt-CQ,g,, a ceria redox process
occurs with CeO; converting to Ce,0s, and CO, expelled as a product. The
Ce,0; can then be oxidised by water, and the CeO, surface is reformed as
well as yielding H, as a by product.
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Jacobs et al. have put forward the case for the formate mechanism as shown in
figure 1 [7-16]. They used in-situ DRIFTS measurements to confirm the presence
of bridging —OH and surface formate groups adsorbed on ceria [7-9, 17]. In situ
XANES studies of Pt/CeO; in a 23% H, / He gas mix at elevated temperatures
confirmed the formation of Ce (II) species [7, 9]. Only a small change in overall
Ce valency was observed, as the XANES technique provides the per-atom
average oxidation state of the ceria at the surface and in the bulk. The XANES
showed no evidence of ceria re-oxidation by water in a H; rich environment as
predicted by the surface redox process. Further XANES studies, again carried out
in a 23% H,/He environment at elevated temperatures, showed a correlation
between the Pt loading and the reducibility of the Pt/CeO; catalysts [13]. As the
Pt loading was increased the catalysts exhibited more Ce (III) character
indicating that the metal promoter is linked to the formation of Ce (III) species.
Kinetic isotope studies [10-12] were conducted on Pt/ceria using HO and D,O.
The thermal decomposition of D-formate was slower than that of H-formate, and
this step was linked to the reaction rate of the WGS reaction. Thus the
decomposition of H-formate was proposed to be the rate limiting step for the

WGS reaction on Pt/ceria catalysts.

The redox mechanism (equations 2 to 4 and figure 2) proposes that CO adsorbs
on the surface of reduced metal sites and reacts with oxygen from ceria to form
CO,. Work by Gorte et al. has strongly supported the surface redox mechanism
[18-20]. Studies of a Pd/ceria catalyst carried out in a pulse reactor, where the
catalyst was initially oxidised in water, and then subsequently exposed to pulses
of CO and H,O gas at 723 K, have been used to study the reaction mechanism
[19]. The composition of the exit gas stream was followed by mass spectrometry.
The pulse experiments showed that an initial pulse of CO was followed by the
formation of CO; and H,, with a secondary pulse of CO yielding no additional
products. A subsequent H,O pulse resulted in a release of CO; and H,. This
release of CO; on pulsing with H,O is in agreement with the redox mechanism as
it implies that H,O reoxidises the Ce surface, allowing for the further

decomposition of adsorbed Pt-CO species. Investigations into the reaction order
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with respect to CO and H, were also investigated and a zero order dependency
with respect to CO and a first order dependency with respect to H,O were found
[20]. The zero reaction order with respect to CO is to be expected for strong CO

adsorption on precious metal catalysts.

There is much debate regarding both mechanisms with a lot of conflicting
evidence being reported. DRIFTS work by Hilaire et al. [18] reports the presence
of carbonate species on the ceria surface that are removed by the reoxidation of
water. This has been challenged as it is claimed that is unclear whether bands in
this region of the IR spectrum correlate to formates or carbonates and that other
bands present elsewhere in the spectrum can be used to clarify the situation [8]. It
is claimed that the zero reaction order for CO could equally relate to the
saturation of ceria by either the carbonates or formates at the high CO/H,0 ratios
utilised [7]. At high H,O/CO ratios the reaction orders change and the process
becomes first order with respect to CO and zero order with respect to H,O [21].
These reaction orders could then apply to the formate mechanism where the zero
order observed for water relates to the ceria surface being saturated with bridging
—OH groups. The formate mechanism has been challenged as it is suggested that
formates have minimal thermal stability and that maximum reaction rates should
be found at lower temperatures than those observed [19]. The pulse response
temporal analysis of products technique has been used to show that for the
reverse WGS reaction the formate mechanism dominates [22]. This was shown
as the conversion of CO, to CO was maximised when CO; and H, were pulsed
sequentially with a minimal time lag. As both reactants are needed at the same
time to achieve a maximum conversion this finding is in agreement with the
formate mechanism. What is clear is that the mechanism for the WGS reaction is

highly contested and that further research is required to clarify the situation.

Typical catalysts for the PROX reaction include a precious metal component
(e.g. Pt, Au, Rh) on an oxide support (ceria, alumina, titania) [23-26]. In most
cases the role of the metal is to adsorb CO with the oxide promoter binding and
dissociating the O, molecule [2]. This process is mirrored in the reaction orders

with respect to CO for different catalysts. The near saturation of Pt with CO
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under reaction conditions leads to a negative reaction order, whereas Au catalysts
have an upper adsorption limit of CO around 8co = 0.2, so a positive reaction

order is observed [24].

One of the problems with the Pt/CeO, system is the deactivation of the catalyst
over time. This deactivation has been linked to carbon deposits on the ceria
surface and poor mechanical stability as a result of sintering [27, 28].
Consequently ceria supported precious metal catalysts are doped with other metal
oxides to help prevent sintering and also to promote the reduction of Ce(IV) to

Ce(1II) species [4, 29-31] .

In this study, the controlled surface modification procedure developed by Crabb
et al. [32] and detailed in chapter 2, section 2, was used to prepare Pt/Al,Os
catalysts modified with Ce. It is expected that the Ce will be present at the
surface in oxide form. Thus, the catalysts prepared are denoted as CeO/Pt/AL,0;.
The objective of preparing these catalysts was to investigate how the presence of
CeOy at the surface of Pt/Al,O; influences the performance of the catalyst
towards the WGS reaction. Ideally, the aim was to exploit the catalytic
properties of the Pt/CeO, system whilst utilising the advantageous properties of a
more stable Al,Os support. The performance of the catalysts towards the
oxidation of CO was also assessed. The reaction order with respect to CO was

studied to assess the impact of having CeOy species present at the surface.

The characterisation techniques used to probe the physical structure of the
catalysts were XANES, CO chemisorption and TEM EDX analysis.

The EXAFS technique was not used as EXAFS analysis of the CeO/Pt/Al,03
samples proved to be very problematic. The low levels of Ce present in the
samples, coupled with the high degree of background absorption attributable to
the alumina support at this energy range, gives rise to a low signal to noise ratio.
The noise levels could be reduced to a suitable level by acquiring approximately
20 scans. With one scan taking 40 min, this meant that very few samples could

be assessed in the allotted beamtime. The position of the Ce L, edge also restricts
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the acquisition of EXAFS beyond 10 A™ in & space. In addition to these data
acquisition issues, Ce L; edge EXAFS analysis is inherently difficult due to the
final state mixed valence behaviour and intense multi-electron excitations. The
multi-electron excitations are responsible for the presence of strong resonant like
features superimposed on the EXAFS signal at ~ 120 eV beyond the absorption
edge. Fonda et al. [33] have developed a model to help improve the theoretical
prediction of Ce L3 edge EXAFS spectra. The model involves the simultaneous
use of two different phase shifted EXAFS signals, and was shown to be a
necessity in predicting the EXAFS signal. This model is not available using the
Daresbury suite of software, so accurate analysis of the data acquired is not
possible. EXAFS of the Ce K edge could not be acquired due to the high photon
energy required > 40 KeV.

2 Experimental Details

2.1 Catalyst Preparation

CeO4/Pt/Al,05 catalysts were prepared as detailed in chapter 2, section 2.2. The
alumina supported catalysts were dried at 110 °C overnight and calcined in air
for an hour at 350 °C before use. The first reduction step of the Pt-Al,O3 in the
reactor was carried out at 350 °C, instead of 200 °C for the carbon supported
catalysts. Modifications were made to a 4 wt % Pt/ y-Al,Os catalyst with a
calculated dispersion of 0.26. Ce(acac)s;-H,O was used as the precursor. The
reaction was first performed on a 20 wt % Pt/C catalyst as it was readily
available and to give an indication of the success of the reaction. The table below

(table 1) gives details of the catalysts prepared.

Control reactions were carried out to investigate whether the precursor was
specifically targeting Pt sites and not the carbon or alumina support. These
studies found that there was some reaction between Ce(acac);-H,O and the

alumina support, as evidenced by a change in colour of the filtrate, which was
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initially orange but turned colourless after the end of the reaction. The control
reaction between Ce(acac);-H,O and the carbon support found that no Ce

deposition occurred.

Pt/CeO, was supplied by Johnson Matthey to facilitate a comparison with the

surface modified catalysts

Table 1 Details of catalysts prepared using the Ce(acac);-H,O precursor
Catalyst Equivalent | Initial colour of solution | End colour of filtrate
monolayers
CeOy/Pt/C 1 Orange colourless

CeO,/Pt/Al,04 0.5 Orange colourless
Ce0,/Pt/Al,04 1 Orange colourless
CeO/Pt/Al;,O4 2 Orange colourless
CeO,/Pt/Al,03 4 Orange colourless
CeOy/Pt/Al,04 8 Brown-Orange Light-Orange

2.2 XAS Studies

2.2.1 Ce L3 edge Investigations

Ce L3 edge XAS spectra were acquired on station 7.1 at the SRS, Daresbury
Laboratory. Station 7.1 utilises a double crystal Si(111) monochromator for
EXAFS in the range of 4 keV to 10 keV. EXAFS of the catalyst materials were
acquired in Fluorescence mode using a liquid nitrogen cooled 9 element Ge solid
state detector. EXAFS of metal foils and oxide standards were acquired in
transmission mode. All catalysts were prepared as BN pellets for XAS
measurements. The different gas environments used in the measurements were

air, H, and CO.
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2.3 WGS and CO Oxidation testing

WGS and CO oxidation measurements were carried out using the rig described in
chapter 2, section 7.1, and the testing procedures detailed in sections 7.1 and 7.2.

The mole fractions of CO investigated were 0.167, 0.25, 0.33, 0.5, and 0.67.

2.4 TEM, CO Chemisorption and ICP-AES Analysis

All samples were submitted to Johnson Matthey Technology Centre, Sonning

Common, where the analyses were performed.

Powder samples for TEM EDX were crushed between two glass slides and
samples positioned onto a lacey carbon coated copper ‘finder’ grid with the aid
of a micro manipulator. The samples were examined in a Tecnai F20
Transmission Electron Microscope. Both bright field and high resolution electron

microscopy modes were used.
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3 Results and Discussion

3.1 ICP-AES Analysis

Elemental analyses of the prepared catalysts were carried out using ICP-AES.
The experimental values, along with the theoretically calculated values, are

shown below in table 2.

Table 2 Elemental analysis of prepared CeO,/Pt/Al,O; catalysts

Sample Wt % Pt Wt % Pt Wt % M, Wt % M,

Theoretical Experimental Theoretical Experimental

0.5CeOy/Pt/Al, 05 3.99 3.67 0.37 0.33
1 CeOy/Pt/AL, 05 3.97 3.67 0.74 0.70
2 CeO4/Pt/AlL, 03 3.94 3.60 1.47 1.30
4 CeOy/Pt/Al,04 3.88 3.56 2.90 2.33
8 CeO/Pt/AL, O3 3.77 3.40 5.64 4.29

In general, the ICP-AES results are in good agreement with the theoretical
values, confirming that all the secondary metal is deposited onto the Pt/Al,O3.
The large amounts of CeOy deposited indicate that it is unlikely that the CeOy is
present at the Pt surface alone. The control reaction with Al,O3 confirmed that
the procedure was also successful in the absence of Pt. However, this is not the
case with carbon. It is believed that this is caused by greater reducibility of the
Al,O3 support in comparison to carbon or the presence of other deposition sites
on the support. The large amount of CeOy being deposited can be rationalised by
the CeOy targeting both Pt and Al,Ojs sites or by the CeOy preferentially targeting
Pt sites before migrating onto the support.
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3.2 TEM EDX Analysis

Selected TEM micrographs and EDX analysis for the 0.5, 1, 2, and
4 Ce0,/Pt/Al;05 samples are shown in figures 3 to 7. SEM EDX maps are also
shown for 0.5 and 4 CeO,/Pt/Al,Os in figures 8 and 9.

L S P 3 14 L

Figure 3 TEM micrographs of (a) 0.5, (b)1, (¢) 2, and (d) 4 CeO,/Pt/Al,O;. The scale
bars for figures, a,b,c, and d are 5, 5, 10 and 20 nm, respectively.

The TEM micrographs confirm the presence of small Pt particles supported on
alumina. In some cases the supported particles were found in isolation on the
alumina support as is the case with figures 3a, 3b, and 3d but in some instances
dense agglomerations were found as illustrated in figure 3c. Figure 3a also shows

that some of the particles found were faceted. Due to the small size of the Pt

particles (~1-2 nm), particle size analyses were not performed. However, a

204



Chapter Five CeOx Modified Pt/Al;0; Catalysts

significant particle size was not observed on addition of even 4 monolayer

equivalents of CeQOy, as evidenced by the TEM micrographs.

EDX analysis in the TEM instrument was used in an attempt to confirm the co-
locality of Pt and Ce on the Al,O3 support. However, the method is not very
sensitive to components present at concentrations below 1 wt %; the 0.5
CeOy4/Pt/Al,0O3 sample consisted of 0.35 wt % Ce. Thus, the analysis is not
expected to be very accurate and was only used as a rough screening method. In
addition, the small size of the Pt particles (1 to 2 nm particles) does not facilitate
the accurate use of line scans across a single particle, as was possible for the

larger carbon supported Pt catalysts in chapters 3 and 4.
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Figure 4 TEM EDX studies of 0.5 CeO,/Pt/AL,O;. The top image is a TEM

micrograph of the catalyst with two areas highlighted for the EDX
analysis. The EDX profiles for the red boxes labelled 1 and 2 are shown in
the bottom left and right, respectively.

205



Chapter Five

CeOx Modified Pt/A1,0; Catalysts

HARDF Cietectnr

20009

Counts

200004

80030+

400004

4STEM HARDF Detector

A4

g

W00 200 E0o
Postion (nm)

400+

3004 /

i : / \“'\ N 7 \ ,:"'
[ A
2004 L£ = /

=Ce

:E: e v &'\
8 ! e \
V RN )
] L \'.
/ \
1004 r'/ \1
i \
i/
=/ N
o+ R
0 160 200 a0 |
Energy (keV) Postion (nmy l
Figure §

TEM EDX studies of 1 CeO,/Pt/Al,O;. The top image is a TEM

micrograph of the catalyst identifying a red line labelled 1 which is the
distance over which the EDX line profile analysis was performed. The total
EDX response is shown in the bottom left. The relative contributions of the

Pt and Ce counts across the line are shown in the bottom right, with the
total counts shown in the top right.
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Figure 6 TEM EDX studies of 2 CeO,/Pt/Al,O;. The top image is a TEM
micrograph of the catalyst with two areas highlighted for the EDX

analysis. The EDX profiles for the red boxes labelled 1 and 2 are shown in
the bottom left and right, respectively.
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Figure 7 TEM EDX studies of 4 CeO,/Pt/Al,Os. The top image is a TEM
micrograph of the catalyst with two areas highlighted for the EDX
analysis. The EDX profiles for the red boxes labelled 1 and 2 are shown in
the bottom left and right, respectively.
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- Figure 8 SEM EDX analysis of 0.5 CeO,/Pt/AL,O; Top left, SEM micrograph of the
sample. Top right, EDX analysis showing the distribution of Ce. Bottom
left, EDX analysis showing the distribution of Pt. Bottom right, overlayed
images of the EDX distributions of Ce and Pt. The red areas represent Ce
and the blue areas represent Pt. Scale 1 cm =8 pm.

Figure 9 SEM EDX analysis of 4 CeO,/Pt/Al,0; Top left, SEM micrograph of the
sample. Top right, EDX analysis showing the distribution of Ce. Bottom
left, EDX analysis showing the distribution of Pt. Bottom right, overlayed
images of the EDX distributions of Ce and Pt. The red areas represent Ce
and the blue areas represent Pt. Scale 1 cm =8 pm.

209



Chapter Five CeOx Modified Pt/Al;,O3 Catalysts

The EDX analysis is not conclusive in confirming the co-locality of the different
components of the catalyst. The TEM EDX analysis of 0.5 CeOy/Pt/Al,05 (figure
4) shows that the EDX response from the areas probed confirmed the presence of
Pt in isolation, with no Ce detected in either of the areas. Conversely, the SEM
EDX map (figure 8) shows that the Ce is present and localised in specific areas
that overlap well with the areas of dispersed Pt. The SEM EDX map of 4
CeOy/Pt/Al,03 (figure 9) also confirmed the presence of Ce in localised areas,
although in this instance, the Ce was more readily detected. The TEM EDX
analysis for the 1, 2, and 4 CeO,/Pt/Al,0; (figures 5 to 7) show that in some
places the Ce is found in the presence and others in the absence of Pt. The EDX
data that are shown in figures 5 to 7 show the regions where Ce and Pt are found
along side one another. The TEM EDX line profile analysis of 1 Cer/Pt/A_1203
(figure 5) identifies an area where Ce and Pt are found together and in similar

proportions across a particle.

3.3 CO Chemisorption

CO chemisorption was used as a means to assess blocking of the surface of Pt
particles by the deposition of CeOy, which may be observed as a decrease of the
apparent dispersion of the catalysts. It was assumed that Co only adsorbed on the
Pt sites and not the CeOy. The dispersion measurements for the CeO,/Pt/Al,0;

catalyst are detailed below in table 3.

Table 3 Pt dispersion values for CeO,/Pt/Al,O; catalysts determined using CO
chemisorption.

Catalyst Pt dispersion / %
4 wt% Pt/A1,O3 26
0.5 CeOy/Pt/A1,03 28.4
1 CeOx/Pt/ALLO3 29.5
2 CeOy/Pt/AL, 03 27.0
4 CeO,/Pt/ALLO; 25.7
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A slight decrease in the apparent dispersion is observed as the amount of Ce was
increased, with the exception of the 1 CeO,/Pt/Al,0;. However, the magnitude of
the change is within the error of the experiment, approximately + 2 %. Thus,
assuming CO is only adsorbed on Pt, the chemisorption measurements indicate
that the CeOy is located on the Al,O3 support and is not blocking the surface of
the Pt particles. However, these measurements do not provide any indication of
the mechanism of the deposition of the CeOy; i.e. whether the Ce(acac);-H,O
precursor reacted first at the Pt sites and then spilled over on to the Al,O3 support

or if it was deposited directly onto the support.

3.4 XANES Analysis

All XANES spectra were normalised as detailed in section 4.1.4. The III and IV
oxidation states of Ce give rise to very different Ce L; edge XANES spectra. The
XANES spectrum (figure 10) of CeO, (Ce IV) shows two distinct peaks b, and c,
with two shoulders a and b, also visible. The weak shoulder g is attributed as
transitions towards the Ce 6s states or as impurities (hydroxyl groups etc.) in the
system [34-37]. There is still some debate about the nature of peak b, although
peak b, has been attributed to transitions to the final state Ce [2p°4f 154" O [2p°]
and the final state configuration of peak ¢ has been widely reported as transitions
to Ce [2p°4f°5d"] O [2p%] [34-37].
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Figure 10 Ce L; edge XANES spectrum of CeO; in air.

The XANES spectrum (figure 11) of the Ce Lj edge of Ce(NOs)s (Ce III) has
starkly different characteristic from the spectrum of CeO,. Ce (III) marks the
occupation of the 4f energy levels and thus certain transitions become less
favoured. There is one observable peak by and this is due to transitions to the
final state Ce [2p5 4! 5d'] O [2p°]. These differences in XANES characteristics
for the (III) and (IV) oxidation states of Ce at the Ce L; edge, make comparison
of XANES an appropriate technique for probing the reducibility of Ce under
different conditions. In this study only a qualitative assessment of the Ce
oxidation state is employed, although there are procedures for a quantitative

determination [34].

212



Chapter Five CeOx Modified Pt/Al,O3; Catalysts

3.0 - 0

-—o

2.5 4

2.0 1

1.5 4

1.0

Normalised absorption

0.5 1

0.0 H

' I ¢ 1 ! I ! 1 M 1
5700 5710 5720 5730 5740 5750
Energy / eV

Figure 11 Ce L; edge XANES spectrum of Ce(NOs)g in air.

The XANES spectra of the CeOy modified Pt/Al,O5 catalysts are reported in
figure 12 with those of the control and CeOy modified Pt/C catalysts. They were
initially acquired in a sequential order of gas treatment of air, H, and CO,
without any purging phases in between. The experiments were repeated changing
the order of the gas treatments and purging the gas treatment cell with N,(g) after
exposure to each of the different gases. In each instance, the XANES spectra had
the same appearance as reported in figure 12. The appearance of the XANES
spectra of the CeO/Pt/Al,O; catalysts with relation to the Ce standards
illustrated in figures 10 and 11 have been used to perform a qualitative

assessment of the oxidation state of Ce.
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Figure 12 Normalised Ce L; edge XANES spectra of (a) 0.5 CeO,/Pt/Al,O;, (b) 1

CeO,/Pt/AL, O3, (¢) 2 CeO,/Pt/Al, O3, (d) 4 CeO,/Pt/Al, 03, (¢) CeO,/Pt/C
and (f) CeO,/AL,O; in gas environments of air, H,, and CO at room
temperature.

XANES studies by Jacobs et al. [13] on the Pt/CeO; system have ihvestigated
how the Pt loading affects the ratio of Ce(IV) to Ce(III) species under an
atmosphere of Hy/He at temperatures up to 300 °C. The quantitative
determination performed by Jacobs et al. involved a linear combination of fitting
Ce(IIT) and Ce(IV) reference materials. A maximum Ce(III) content of 75 % was

shown for a 5 wt % Pt/CeQ; catalyst at 300 °C. This partial reduction of the ceria
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support appeared as a slight increase of peak b, with respect to peak ¢ for the
CeO; XANES spectrum. Only a small change in Ce valency is expected due to
the large proportion of Ce in the bulk of the support in comparison to the surface.
The XANES spectra in figure 11 show that the CeO,/Pt/Al,O; catalysts
investigated in this thesis exhibit a large amount of Ce(III) character under
normal atmospheric conditions at room temperature. In general, all the
CeO,/Pt/Al, O3 catalysts show the same degree of Ce reduction in the different
gas environments. The proportion of Ce(III) present increases, as the gas
environment is changed from H; and then to CO. The XANES spectra for the
Ce0,/Pt/Al,05 catalysts in CO closely resembles the XANES spectrum of
Ce(NO;)g (figure 10) indicating that almost the entirety of the Ce in the catalyst
is present as Ce(III). This shows that the Ce is well dispersed as any
agglomeration would give rise to sub-surface Ce(IV). As the Ce is well dispersed
at the surface these catalytic systems are ideal to study the affect of Pt on the

oxidation state of the Ce as there is little bulk Ce to dilute the response.

For the CeO,/Al,0O3 system prepared as the control sample the Ce is present as
entirely Ce(IV) in all the environments of air, H,, and CO. The absence of
Ce(III) character in these XANES spectra provides evidence that the presence of
Pt is facilitating the reduction of Ce(IV) to Ce(I1I) for the CeOy/Pt/Al,O3
catalysts. The observation of this effect is indicative that the Ce and Pt are in
close proximity to each other on the alumina surface and may indicate that the

mechanism of CeOy deposition differs in the presence and absence of Pt.

The in-situ XANES studies carried out on Pt/CeO, by Jacobs et al. [13] utilised
aggressive reducing conditions to observe a partial reduction of the ceria support.
It is of interest that a partial reduction of Ce(IV) to Ce(III) is observed in air at
room temperature for the CeOy/Pt/Al,O; catalysts, whilst no reduction was
observed for the CeOy/Al,Oj; catalyst (as discussed above) and also the
CeOy/Pt/C catalyst. Thus, the partial reduction requires the presence of both Pt
and Al,Oj;. This observation may reflect differences in the distribution of CeOy
on the two supports. On carbon the CeOx is less able to spread across the surface

of the support, resulting in larger clusters of CeOy or encapsulation of the Pt
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particles, either of which would decrease the fraction of the Ce present in the +3

oxidation state.

In a gas environment of H;, the reduction of Ce(IV) to Ce(IIl) species is more
prondunced than that in air for all of the CeO,/Pt/Al,O5 catalysts, with the
exception of the 1 CeO,/Pt/AL,O5 catalyst. As a further reduction is noted for all
the other catalysts the result for the 1 CeOy/Pt/Al,O5 catalysts seems anomalous
and may be the result of a leak in the gas cell, or insufficient purging with
hydrogen. The additional reduction observed for the other CeOy/Pt/Al,03
catalysts may be caused by the dissociation of H;, over surface Pt sites. The
resultant hydrogen could then subsequently spill over onto neighbouring Ce
atoms, causing the formation of the bridging —OH groups. Thus, creating the
proposed active sites for the WGS reaction proceeding by the formate

mechanism [13].

Experiments performed in an environment of CO, show signs of further
reduction of Ce(IV) to Ce(lII). Jacobs ef al. [13] noted a similar effect after a
reduction pre-treatment in CO for Pt/Ceria catalysts. This observation was
attributed to the ability of CO to remove capping oxygen atoms at the ceria
surface. As no partial reduction is observed for the CeO,/Al,05 this infers that
the Pt is required for the CO to reduce Ce(IV) or that previously formed Ce(III)

species at the surface are required.

3.5 WGS Testing

WGS testing was carried out in a fixed bed reactor at conditions designed for
testing LTS catalysts. The temperature was ramped at a rate of 5 °C min ', with a
total gas flow of 300 cm® min™, comprised of 5 % CO, 30 % steam, and 65 % N,
by volume, and a catalyst load of 0.45 g. The results of the WGS testing are
shown in figure 13 and the temperature at which 50 % conversion was attained

(Tso) shown in table 4.
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Figure 13 WGS testing results for different CeO,/Pt/Al,O3 catalysts. Data for 4 wt %
Pt/CeQ, is included for comparison. Data for Pt/Al,O; (not shown) gives a
zero/baseline response over this temperature range.
Table 4 Temperature at 50 % CO conversion for the WGS testing results.
Catalyst Tso/ °C
4 wt % Pt/CeO, 193.5
0.5 CeO,/Pt/AL,0; 285.1
1 CeO4/Pt/Al,04 269.3
2 CeOy/Pt/Al,04 263.5
4 CeO,/Pt/Al,04 245.5

The WGS testing results show that the modification of Pt/Al,O3 with CeOy
greatly enhances the activity of the catalyst. The response of an unmodified
Pt/Al,03 catalyst over the same temperature range gives a baseline response and
exhibits no activity towards the WGS reaction. It is of great interest that the
addition of ~ 0.35 wt % Ce, as is the case with the 0.5 CeO,/Pt/Al,O3, has such a

pronounced affect on the activity of the catalyst. As the Ce loading is increased

217



Chapter Five CeOx Modified Pt/Al,0; Catalysts

the activity of the catalyst towards the WGS rises accordingly. Looking at the
formate and the surface redox mechanism, both processes suggest that as the
number of surface Ce sites increases the amount of active sites should increase
and thus increase the performance towards the WGS reaction. However, it is only
in the surface redox process that Pt plays a direct role in the WGS reaction. The
formate mechanism claims the reaction proceeds solely on the active bridging
OH groups on the Ce, with the Pt facilitating the formation of these species. The
XANES analysis shows there is a sufficient amount of Pt present to cause similar
levels of reduction for all of the CeO/Pt/Al,O5 catalysts. It would be of interest
to see if the same modification were performed on a Pt/Al,O; catalyst with a
lower Pt loading whether the extent of Ce reduction would remain constant and

how the performance towards the WGS would be affected.

The prepared catalysts show promising activity but do not reach the performance
levels of a conventional Pt/CeQ; catalyst. The Al,O3 support should aid the
stability of the catalyst and offer a solution to the current deactivation that
conventional Pt/CeQ; catalysts suffer. Trials in WGS reactor conditions over
much larger timescales would be needed to prove this benefit. Further tailoring
of the catalyst could help to improve the activity towards the WGS reaction. This
tailoring could involve the use of mixed oxide supports or the addition of other
components to the catalyst surface. Choung et al. have shown that the use of
PtRe bimetallic particles rather than Pt alone supported on CeO, - ZrO, resulted
in an increase in the performance towards the WGS reaction [4]. It is not
documented in this work but the controlled surface modification procedure has
been successfully used in our group to deposit Re onto the surface of Pt/C, via
the use of the Re(Cp)(CO)s precursor. This method could also be used to
incorporate Re into the CeO,/Pt/AL,Oj5 catalysts to enhance the performance
towards the WGS reaction.

3.6 CO Oxidation Testing

The CO oxidation testing was carried out using the reactor described in chapter

2, section 7.1. The inlet gases were a mixture of N, 1% CO in N, and air with a
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total flow of 300 cm® min'l, A large excess of air was used and kept constant, the
flows of N and CO were adjusted to control the mole fraction of CO (Xco). The
reactor was cooled with liquid nitrogen until the CO monitor showed no signs of
CO conversion. The temperature was then ramped manually, simultaneously
heating the furnace and cooling with liquid nitrogen to facilitate a very slow
heating rate and combat the exothermic reaction conditions. The CO oxidation

testing results are shown below in figure 14.
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Figure 14 CO oxidation testing results for (a) 2 wt % Pt/Al,0s, (b) 4 wt % Pt/CeO,,

(¢) 1 CeO,/Pt/Al,03, and (d) 4 CeO,/Pt/Al,O;,
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Table 5§ Temperature at which 50 % CO conversion was attained (Tsg) for the CO
oxidation testing at different mole fractions of CO for different catalysts.
Catalyst Tso at different values of Xcg / °C
Xco=0.167 Xco=0.33 Xco=0.5 Xco =0.667
4 % Pt/CeO, 65 82 87 -
2 % Pt/AL,04 92 120 128 , 143
1 CeOy/Pt/ALLO3 83 104 - -
4 CeOy/Pt/AL,05 56 69 80 87

Figures 14 (a) and (b) show the CO conversion plots for 4 wt % Pt/CeO, and

2 wt % Pt/Al,0s. It can be seen that both plots show a characteristic light off
feature where there is a sharp increase in the conversion of CO. This light off
feature is much more pronounced for the 2 wt % Pt/Al,O5 catalyst compared to
the 4 wt % Pt/CeO; catalyst. The sharp feature associated with Pt/Al,0; is also
present in the CO conversion plots for 1 CeOy/Pt/Al,O3 (figure 13¢). The CO
conversion plots for 1 CeOx/Pt/Al,O; differ from that of the 2 wt % Pt/Al,0;
catalyst as there is a larger amount of CO conversion before the light off occurs,
and the light off takes the CO conversion close to 100 % in comparison to a
conversion of 70 % for the 2 wt % Pt/Al,03. Looking at the Tsq values for

Xco = 0.33 it can be seen that 50 % conversion occurs at 104 °C for the

1 CeOy/Pt/AL,O4 catalyst. This may be compared to 120 °C for the Pt/Al,0;
catalyst and 80 °C for the Pt/CeO, The 4 CeO,/Pt/Al,03 is the most active
catalyst and has a Tso value of 69 °C for Xco = 0.33. The CO conversion plot for
the 4 CeOy/Pt/Al,03 is more like that for the Pt/CeO, catalyst in appearance as
with a more gradual increase in CO conversion with increasing temperature than
the intense light off feature associated with Pt/Al,O3. However, the CO
conversion plots for the 4 CeO,/Pt/Al,O; catalyst are absent of any CO
conversion at temperatures lower than 20 °C, as exhibited by the Pt/CeO,

catalyst.

By performing the experiments in a large excess of O, (air) relative to CO, the
concentration of O, can be assumed to be constant despite the conversion of CO

to CO,. Thus, plots (figure 15) of Log rate against Log mole fraction CO, can be
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used to calculate the reaction orders with respect to CO. Due to the sharp light
off feature in the CO conversion plot for the Pt/Al,O; catalyst and the conversion
at low temperatures for the Pt/CeO; catalyst there were no suitable points to

choose for the reaction order assessment.
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Figure 15 Plots to determine the reaction order for the CO oxidation with respect to
CO for 1 CeO,/Pt/Al,03 and 4 CeO,/Pt/A,O;.

The reaction orders determined for 1 CeO,/Pt/Al;0; and 4 CeO,/Pt/Al,O; are
-0.27 to -0.40 and -0.27 to -0.54, respectively. The reaction order for CO
oxidation with respect to CO for unmodified Pt/Al,O3 catalysts has been reported
as -1, over the temperature range used in these experiments [25]. Thus, a
decrease in the reaction order with respect to CO for the CeO,/Pt/Al,05 catalysts
is observed in comparison to unmodified Pt/Al,Os. A change in reaction order
indicates a change in the reaction mechanism. The partial negative reaction
orders reported here are similar to those for the Pt/Ce0,/Al,0; catalysts reported
elsewhere [25]. As the change in reaction order is the same for the
Pt/Ce0,/Al,05 catalysts it can be inferred that the reaction mechanism is the
same when CeO, is present at the surface or as part of mixed oxide support.
However, the change in reaction order observed is also indicative of the CeOy

and Pt components being in close proximity to each other.
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4 Conclusions

The controlled surface modification of Pt/Al,O3 using the Ce(acac)s;-H,0O
precursor is successful in creating catalysts which exhibit good activity towards
the WGS and CO oxidation reactions. The characterisation of the catalysts
establishes an ambiguous picture of their overall structure. The control reactions
illustrate that the reaction will proceed on the Al,O3 support in the absence of Pt,
but not on a carbon support. It is proposed that the reason for this reaction
between the Ce precursor and the alumina is the reducibility of the alumina
support. The TEM is unable to produce a clear picture of the co-locality of the
different components in the system. This is not aided by the low proportions of
Ce present and the small particle size of the Pt catalysts. There is substantial
anecdotal evidence in the form of the XANES characterisation and WGS and CO
oxidation activities that the Ce is in close proximity of the Pt. The XANES
analysis of the data obtained in air, H», and CO showed there was a substantial
proportion of Ce(III) present in the catalyst. The XANES spectra in the same gas
environments for the CeO,/Al,05 catalyst showed no reduction of Ce(IV). This is
confirmation that the Pt is facilitating the reduction of Ce(IV) to Ce(III). It is
expected that the Pt and Ce sites would need to be in close proximity to one
another for this effect to be observed. The change in reaction order with respect
to CO observed for the oxidation of CO for the CeO,/Pt/Al, O3 catalysts is also

consistent with Pt and Ce sites being in close proximity.

The performance of the catalysts towards the WGS reaction, although
encouraging, do not have the same level of performance as conventional Pt/CeO;
catalysts. As the Ce loading was increased the performance of the CeOy/Pt/Al,O3
catalysts improved. However, the Ce saturated, 8 CeO,/Pt/Al,O3 was unable to
be tested as access to the rig was not possible at the point of time this catalyst
was prepared. It is unclear whether the activity of this catalyst would be close to
that of Pt/CeQ;. It is believed that further tailoring of the catalysts in the form of
using mixed oxide supports, and additional alloying components with Pt could

increase the activity still further.
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Despite not attaining the same level of performance as conventional Pt/CeO,
catalysts it is believed that the work carried out on the CeOy/Pt/Al,05 catalysts
offers valuable mechanistic information pertaining to the WGS reaction. It is
believed that the performances of the CeO,/Pt/Al,O3 catalysts are consistent with
the formate mechanism, assuming that on addition of four equivalent monolayers
of CeOy there are more Ce surface sites than Pt surface sites. With an excess of
Ce sites available it unlikely that an increase in performance will be observed
following the surface redox mechanism, as it is reliant upon the presence of both
Ce and Pt surface sites. Thus, the improved WGS activity observed on increasing

the Ce loading, reported in this work, is consistent with the formate mechanism.
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Chapter Six: Conclusions and Further work

The principle aim of this project was to use the controlled surface modification
procedure developed by Crabb et al. [1-5] to prepare model catalytic systems to
facilitate a better understanding of processes pertinent to the development of
PEMFC technology. The catalysts have primarily been characterised using

electrochemical and XAS techniques.

Chapter 3 detailed the preparation of Cr and Co modified Pt/C catalysts. The
characterisation of the catalysts found that the secondary metal component was
targeting the Pt sites, but additional heat treatments were required to form an
alloy. The oxygen reduction testing performed using the RDE found that only the
catalysts containing the Pt;M phase exhibited the 2 to 3 fold enhancement
reported for PtCr/C and PtCo/C catalysts. Thus, the presence of unalloyed Cr or
Co at the surface does not improve the performance of Pt/C catalysts towards the
ORR. Additional work should investigate the heat treatment required to form the
alloy phase. It would be of interest to confine the alloy phase to as close to the
surface as possible and see if the enhancements observed for a Pt3M phase can be

maintained.

Pt modified Pd/C and Pd modified Pt/C samples were detailed in chapter 4, with
the main focus of the research on the Pt/Pd/C system. The intention behind the
work was to retain/enhance the catalytic properties of Pt, whilst reducing the Pt
loading by placing it on the surface of a cheaper core metal. The mass activities
reported were less than that of the Pt/C standard tested as a comparison. The
characterisation is mainly supportive that the Pt is predominantly on the exterior
of the particle. Further studies should involve the modification of much larger Pd
core nanoparticles than those used in this study. The Pd particles used in this
study were ~ 2 nm diameter in size and did not facilitate a pronounced decrease

in the Pt loading as is desired.
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Chapter 5 details the preparation of CeO,/Pt/Al,03 catalysts for the WGS
reaction. The XANES studies carried out indicated that the presence of Pt
facilitates the reduction of Ce(IV) to Ce(IIl) in atmospheres of air, H,, and CO.
The activities of these catalysts are far superior to the unmodified Pt/Al,04
catalyst, but fail to attain the same performance offered by Pt/CeOs,. It is believed
that CeOy/Pt/Al,O; catalysts offer valuable mechanistic information about the
WGS reaction for Pt/CeO, systems under these conditions. It is proposed that the
improved performance of the catalysts on increasing the CeOy content is
consistent with the formate mechanism. The CeOx/Pt/Al,O5 catalysts should
offer improved stability in comparison to the Pt/CeO, system with further

catalyst testing and lifetime studies required to support this claim.

The use of the controlled surface modification procedure has branched away
from its origins of using simple alkyl-metal compounds [3, 4] and has progressed
to the use of metallocenes [1] and acac complexes. The reaction was initially
believed to proceed by the physisorption of the organometallic precursor onto the
pre-reduced metal surface, followed by cleavage of the organic fragment on
further heating under an atmosphere of hydrogen. The cleavage of the organic
fragment for the metallocene and alkyl compounds was followed using gas
chromatography [3, 4, 6]. However, such methods have not been used to gain an
insight into the reaction that occurs when using the acac complexes. Additional
studies into the reaction mechanism for the controlled surface modification
procedure would prove beneficial and improve the understanding of interaction

between the organometallic precursor and the unmodified platinum catalyst.

References

1. Crabb, E.M., M.K. Ravikumar, D. Thompsett, M. Hurford, A. Rose, and
A.E. Russell, Phys. Chem. Chem. Phys., 2004. 6(8): p. 1792.

2. Crabb, E.M., M.K. Ravikumar, Y. Qian, A.E. Russell, S. Maniguet, J.
Yao, D. Thompsett, M. Hurford, and S.C. Ball, Electrochem. Solid State
Lett., 2002. 5(1): p. AS.

227



Chapter Six Conclusions and Further Work

3. Crabb, E.M. and M.K. Ravikumar, Electrochim. Acta, 2001. 46(7): p.
1033.

4, Crabb, E.M., R. Marshall, and D. Thompsett, J. Electrochem. Soc., 2000.
147(12): p. 4440.

5. Crabb, E.M. and R. Marshall, Appl. Catal. A-Gen., 2001. 217(1-2): p. 41.

6. Qian, Y., Preparation of Platinum based bimetallic catalysts for the
oxygen reduction reaction for PEM fuel cells, PhD Thesis, 2004, The
Open University |

228



