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Abstract

ABSTRACT

Fuel cells convert chemical energy from a fuel into electricity through chemical reaction with
oxygen. This possesses some challenges like slow oxygen reduction reaction (ORR),
overpotential, and methanol fuel cross over in a direct methanol fuel cell (DMFC). These
challenges cause inefficiency and use of higher amounts of the expensive platinum catalyst.
Several binary catalysts with better ORR activity have been reported. In this study we investigate
the best catalyst with better ORR and MOR performances and lower over-potentials for PEMFC
and DMFC applications by comparing the in-house catalysts (10%Pt/C, 20%Pt/C,
30%Pt15%Ru/C, 40%Pt20%Ru/C, 30%PtCo/C, 20%Pt20%Cu/C and 20%PtSn/C) with the
commercial platinum based catalysts (10%Pt/C, 20%Pt/C, 20%Pt10%Ru/C, 20%PtCo/C,
20%PtCu/C and 20%PtSn/C) using the cyclic voltammetry and the rotating disk electrode to
determine their oxygen reduction reaction and methanol tolerance. HRTEM and XRD techniques
were used to determine their particle size, arrangement and the atomic composition. It was
observed that the 20%Pt/C in-house catalyst gave the best ORR activity and higher methanol
oxidation current peaks compared to others catalysts followed by 20%Pt10%Ru/C commercial
catalyst. The 20%PtCo/C commercial, 30%PtCo/C in-house and 20%PtSn/C in-house catalysts
were found to be the most methanol tolerant catalysts making them the best catalysts for ORR in
DMFC. It was observed that the ORR activity of 20%PtCo/C commercial and 30%PtCo/C in-
house catalysts were enhanced when heat treated at 350 °C. From XRD and HRTEM studies, the
particle sizes were between 2.72nm to 5.02nm with little agglomeration but after the heat
treatment, the particles were nicely dispersed on the carbon support.
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CHAPTER 1

INTRODUCTION: MOTIVATION AND OBJECTIVES OF THE STUDY

1.1. Background to fuel cell technology
The world energy demand is increasing every day as households, transportation and

industries that use these energy increases. 86% of the energy sources that are used are fossil
fuels and they are not environmental friendly [1]. Examples of such fossil fuels are coal,
petroleum, and natural gases. These fossil fuels are available worldwide in one form or
another. They release oxide gases into the atmosphere that causes ozone layer depletion and
consequently global warming, rising sea levels, spills, leaks, and strip mining. Therefore
there is a need to focus on renewable energy sources that do not pollute the environment, and
reduce or stop the use of fossil fuels as energy source. Fuel cells have been found to be one of
the technologies that are environmentally friendly as it produces only water and carbon
dioxide as by-product and this is not poisonous to the environment because any carbon

dioxide released is taken from the atmosphere by photosynthetic plants [1].
The use of fuel cells has a number of benefits including:

Clean Electricity —Fuel cells uses pure hydrogen and oxygen, as a result pure water is
produced as a by-product. In some fuel cells carbon dioxide is produced but it is
concentrated and can be readily recaptured, as opposed to being emitted into the
atmosphere.

Distributed generation — Fuel cells are compatible and come in small sizes and can be
placed in places where electricity is needed such as, commercial, industrial, and even
transportation settings.

Dependability — Fuel cells have no moving parts or complicated machinery and so they are a
source of electricity capable of operating for thousands of hours. In addition, they are
very quiet and safe sources of electricity.

Efficiency — Fuel cells convert the energy stored within fossil fuels into electricity much
more efficiently than traditional generation of electricity using combustion. This means
that less fuel is required to produce the same amount of electricity [2].

Reliability & Maintenance — When compared to internal combustion engines, there are
considerably less moving parts and these require less maintenance (no oil changes every
150 hours).
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Very low noise and vibrations — few moving parts means all you will ever hear of a fuel cell
is a compressor, blower or pump (think of the fan in a desktop computer).

Fuel flexibility — Different types of fuel cells can operate on a range of different fuels, e.g.
Direct methanol fuel cell which uses methanol as the fuel.

Safety — Hydrogen is a safe fuel as long as appropriate safety procedures are followed, as

they should with any fuel, [3].

The generation of energy is a challenge but if new energy sources can be investigated the
energy generation is expected to change dramatically in the next twenty years. Fuel cells are
the best energy devices for energy generation.

1.2. Rational for the research

The energy demand is increasing and fuel cells are found to be one of the devices that can
help resolve the energy crisis and are environmental friendly [1]. However, there are some
problems that are encountered in the use of fuel cells such as the high content of the
expensive platinum (Pt) catalyst that is used for the fuel cell cathode electrodes due to the
slowness of the reaction at the cathode side which results in overpotential losses of 0.3-0.4V
under typical operating conditions. Pt supported on carbon black is widely used as an electro-
catalyst for the ORR in fuel cells due to its high catalytic activity, selectivity, excellent
durability and excellent chemical stability in the fuel cell environment. The cathode catalysts,
also suffer from serious intermediate tolerance, anode crossover, poor stability in an
electrochemical environment and the slow kinetics of oxygen reduction reaction on the best
available Pt-based catalysts.

Fuel cells use a variety of fuels that are oxidized at the anode, such as hydrogen, methanol
etc. Oxygen from air is used as an oxidant. They consist of three basic components namely
the anode, cathode and the membrane. At the anode a fuel is oxidized to produce protons and
electrons. The electrons migrate through the external circuit towards the cathode and the
protons pass through the membrane towards the cathode. At the cathode oxygen adsorbs onto
the Pt surface (see reaction 1.1) and is reduced. Oxygen adsorption breaks the O=0 bond
following the consecutive step (see reaction 1.2) on the Pt surface and forms adsorbed atomic
O (see reaction 1.3), which further gains electrons in the consecutive steps (see reaction 1.4

and 1.5) forming water.

0, + Pt — P{(Oy) (1.1)
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Pt(O,) + H" + & — Pt(HO,) (1.2)
Pt(HO,) + H* + & — H,0 + Pt(O) (1.3)
Pt(O) + H" + e — Pt(OH) (1.4)
Pt(OH) + H" +¢" — H,0 + Pt (1.5)

The O=0 bond may not be broken in the steps above, resulting in the formation of H,0; as

shown in reaction 1.6. The H,O, could further be reduced to water or be a final product [4].
Pt(HO,) + H" + & — H,0, + Pt (1.6)

There are two possible reactions that can occur as follows; the four-electron transfer which is
the electro-reduction of oxygen to water (see reaction 1.7), and the two-electron transfer,
which is the electro-reduction of oxygen to hydrogen peroxide (see reaction 1.8). The two-
electron transfer is less desirable because it is low in efficiency and generates hydrogen
peroxide that is corrosive.

0 +4e” + 4H" & 2H,0 E=1.23V (1.7)
0, + 2"+ 2H" & 2H,0, E°=0.67V (1.8)

The reduction potential of the four-electron transfer is higher than that of the two-electron
transfer and this provides a thermodynamic driving force for the four-electron reaction. Even
though the reduction potential of the four-electron transfer reaction is higher, the reaction is
kinetically slow. The sluggish kinetics of the oxygen reduction reaction (ORR) are typically
attributed to the strength of the O=0 bond (498kJ/mol) that must be broken in the course of
the reaction. Thus, a catalyst must be used, as it will lower the activation energy giving
higher current densities at lower overpotentials increasing the ORR Kinetics. It has been
stated earlier that the formation of H,O, is not desirable for the oxygen reduction reaction
since it is low in efficiency and it is corrosive. Therefore, new catalysts are needed that will
give higher ORR performances and reduce the platinum (Pt) amount used in order to reduce
the cost associated with it. It is necessary to develop ORR catalysts more active than Pt to
deal with the cost of Pt as well as the voltage losses. Platinum binary catalysts, Pt-M/C (M
being the metal supported on C i.e. carbon black) for cathode catalysts have to be
investigated for ORR. Incorporating a second metal to the Pt could contribute to the

decreasing of the cost of Pt and also give better ORR activities.
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1.3 Objectives for the study

The main objective of this study is to investigate the best cathode catalyst for ORR that will
give better performances and activity as well as to study the catalysts of a PEMFC and

DMFC, looking at the effect of fuel crossover on the activity of the catalysts.
The aims of this study include:

» Studying the effect of heat treatment on the morphology of the catalysts using the
TEM and XRD physical characterization techniques.

» Studying the effect of alloying on the activity and fuel tolerance of the catalysts using
the electrochemical means of characterization such as cyclic voltammetry and
Rotating disk electrode.

1.4. Research outline
Chapter 2: Literature review

This chapter focuses on fuel cells as renewable energy devices. The types of fuel cells are
discussed. It also gives emphasis on the oxygen reduction reaction occurring at the cathode
and the electro-catalysts for ORR. The preparation and supports for these electro-catalysts is

also reviewed.
Chapter 3: Methodology

This chapter describes the methods and materials used in this study. It describes in detail the

physical and electrochemical characterization methods used in this study.
Chapter 4: Results and discussion

The physical and electrochemical characterizations of the catalysts focusing on the ORR
activity of the catalysts are discussed in this chapter. The results for direct methanol fuel cells

(DMFC) electro-catalysts as anode and cathode are also discussed.
Chapter 5: Conclusions and recommendations

This chapter concludes the overall work and gives future recommendations for the fuel cell

catalysts.
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CHAPTER 2

LITERATURE REVIEW

2.1 Overview of fuel cells

In 1838 Sir William Robert Grove developed a device which would combine hydrogen and
oxygen to produce electricity called a fuel cell [5]. This device converts chemical energy
from a fuel into electricity through a chemical reaction with oxygen as an oxidizing agent and
will continue to produce electricity for as long as the fuel and an oxidant inputs are supplied.
The fuel cells are classified according to the name of the fuel they use. The hydrogen fuel is
the widely used fuel in fuel cells.

The fuel cell consists of three basic components, the anode which oxidizes the fuel into
protons and electrons, cathode where oxygen is reduced and an electrolyte or membrane that
allows charges to move between the two sides of the fuel cell. The electrons and protons are
drawn from the anode to the cathode, producing direct current electricity, pure water and very
small amounts of carbon dioxide. Fuel cells come in a variety of sizes and produce very small
amounts of electricity, about 0.7 volt and so are placed in a series or parallel circuits called
stacks, to increase the voltage and current output to meet an application’s power generation
requirements [6]. The energy efficiency of a fuel cell is generally between 40-60%, or up to

85% efficient if waste heat is captured for use. Figure 2.1 shows a schematic diagram of a

fuel cell.
| 0.
— &~ e~ — L 2 from air
Electric Circuit =) /
e e- Oz
0,

T o 0.
I\H 2 H "_ H H + H -+ 2

S0 Polymer H &

Electrolyte
Anode Chtalyst Membrane N Cathode Catalyst
H.O

Exhaust

Figure 2.1: Basic fuel cell operation
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There are different types of fuel cells. They are divided into low temperature fuel cell systems
(Proton Exchange Membrane Fuel cell, Direct Methanol Fuel Cell, Alkaline Fuel Cell) and
high temperature fuel cell systems (Molten Carbonate Fuel Cell, Solid Oxide Fuel Cell,
Phosphoric acid fuel cell). Given below are the names and brief description of the types of
fuel cells. This research focuses mainly on two different types of low temperature fuel cells
namely; proton exchange membrane fuel cell (PEMFC) and direct methanol fuel cell
(DMFC).

2.2 High temperature fuel cells

Solid Oxide Fuel Cell (SOFC): The SOFCs were first developed by Emil Baur and H Preis
in 1930. They used zirconium, yttrium, cerium, lanthanum, and tungsten oxide as the
preparation material [7]. The SOFC uses hydrogen and hydrocarbons such as natural gas and
carbon monoxide as the fuel and uses air as an oxidant [8].Water is produced as the by-
product in this fuel cell which means that it meets the requirements of an environmental
friendly energy source. The SOFC operates at temperatures between 700 and 1000 °C. The
high temperature of these fuel cells results in the use of solid materials for this fuel cell not
liquid, more especially the electrolyte as it separates the two electrodes, ceramics are used.
SOFC have a power output from 1kW to 2MW. The large amount of heat generated by the
SOFC is usually utilized to drive secondary gas turbine in order to increase the efficiency.
This fuel cell reaches efficiencies of up to 70% [9]. One of the challenge for the use of this
fuel cell is the hydrogen storage which is a problem because hydrogen is a light gas and the

hydrogen storage is still under research.

Molten Carbonate Fuel Cell (MCFC): The use of coal is no longer supported as it is not
good for the environment but in the 1960s it was found that the fuel cells from coal are
capable of working successfully. MCFCs are prepared directly on coal. Like the SOFC,
MCFCs operate at high temperatures and due to that non-precious metals can be used as
cathode and anode electro-catalysts [10]. The fuel that is used in this fuel cell is a ceramic
due to the high temperatures. MCFCs have efficiencies reaching up to 50-60%. Because
MCFCs operate at higher temperatures, around 650 °C, they are candidates for combined
cycle applications, in which the exhaust heat is used to generate additional electricity. When

waste heat is used, total thermal efficiencies can approach 85% [11].

Phosphoric Acid Fuel Cell (PAFC): This fuel cell uses Pt electro-catalysts as the anode and

cathode catalysts. The fuel that this fuel cell uses is phosphoric acid which is contained in
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Teflon-bonded silicon carbide matrix and porous carbon electrodes containing the platinum
catalyst. This fuel cell is a high temperature fuel cell and it operates at temperatures in the
range of 205 °C. PAFCs are used mainly for stationary power generation, but some have
been applied in large vehicles such as city buses. It is said to be the first fuel cell to be
commercially available [12]. PAFCs give 40% efficiency. The steam produced by this fuel
cell is used for co-generation. These fuel cells are typically large and heavy and as a result are
less powerful compared to other fuel cells and are expensive. The use of the Pt catalyst is a
problem for this fuel cell because the catalyst is expensive.

2.3 Low temperature fuel cells

Alkaline Fuel Cell (AFC): There are three types of AFCs namely, mobile electrolyte, static
electrolyte and dissolved fuel. The mobile and the static electrolyte are being used in the
space programme. This fuel cell uses an alkaline solution as a fuel (OH" ion moving across
the electrolyte). This fuel cell has several advantages such as the low activation overpotential
at the cathode, high operating voltage (0.875), the use of non-precious metals, do not need
bipolar plates and there is not much water management problem as compared to the Proton
exchange membrane fuel cell (PEMFC). The major disadvantages of the AFCs are, low
power density, and CO; is poison to the fuel cell. The first real application of the fuel cells
started with the space program. The mobile electrolyte system was used in the first AFCs in
1940s and is used in terrestrial systems. The shuttle orbiter uses a static electrolyte system
[13].

Proton exchange membrane fuel cell (PEMFC): A Proton Exchange Membrane Fuel Cell
(PEMFC) is a fuel cell that uses a thin ion conducting solid electrolyte, a polymer electrolyte
membrane (PEM). The PEM is a proton permeable but electrical insulator barrier. This
barrier allows the transport of the protons from the anode to the cathode through the
membrane but forces the electrons to travel around the conductive path to the cathode. A
solid electrolyte, the Polymer Electrolyte Membrane has its advantages over liquid
electrolytes in that it has high power density and reduced corrosion. This fuel cell uses
hydrogen as the fuel and oxygen as the oxidant. It is a low temperature fuel cell which
operates at 70-80 °C. Because of the low temperature, noble metal catalysts can be used. The
use of the Pt catalyst hinders the use of this fuel cell because of the cost of this catalyst [14].
PEMFCs are used for transport because they can start quickly due to a low operating

temperature. Also there are no corrosive fluid hazards and the fuel cell can work in any
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orientation. This fuel cell produces zero emissions and so is an environmental friendly energy
source. The problem encountered in the use of a PEMFC is the use of a contaminated
hydrogen gas stream that enters the anode, the carbon monoxide (CO) then adsorbs onto the
active sites of the Pt thus blocking them and this decreases the performance of the PEMFC
[15]. Figure 2.2 shows a schematic diagram of a PEMFC.
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Figure 2.2: Diagram of a proton exchange membrane fuel cell (PEMFC)

Direct methanol fuel cell (DMFC): The use of a hydrogen fuel is a challenge for fuel cell
applications because it is difficult to store and handle since it is a light metal. The DMFC
uses methanol as its fuel without a reformer. It produces power by direct conversion of liquid
methanol to hydrogen ions on the anode side of the fuel cell. The DMFC has all fuel cell
components such as the anode, cathode, membrane and catalysts the same as those of a
PEMFC. The anode catalyst oxidizes the methanol fuel and at the cathode oxygen reduction
occurs, carbon dioxide gas, water and heat are produced as the by-products in the course of
the reaction at the cathode [16]. The low temperature fuel cells have higher energy density
compared to conventional energy sources such as batteries or combustion engines [17, 18].

Figure 2.3 gives a schematic diagram of a DMFC.


http://en.wikipedia.org/wiki/File:Fc_diagram_

Chapter 2

Figure 2.3: Diagram of a direct methanol fuel cell (DMFC)

Challenges facing the use of direct methanol fuel cells

This fuel cell faces major challenges such as the cost of the platinum (Pt) catalyst that it uses
and the poor kinetics of the anode and cathode reactions associated with it.

The electrochemical oxidation of methanol on the Pt at the anode involves the methanol
dehydrogenation, chemisorption of methanol residues (such as CO) and the dissociative

chemisorption of water [19, 20].

Pt + CH30H — Pt-(CH30H)ags 2.1)
Pt-(CH30H)4gs — Pt-(CO)ags + 4H" + 4¢” (2.2)
Pt + H,O — Pt(OH)ags + H' + € (2.3)
Pt-(CO)ags + Pt(OH)ags — CO, + 2Pt + H + ¢° (2.4)

Methanol is electrochemically oxidised on the Pt surface at the anode (see reaction 2.1). The
carbon monoxide (CO) which is by-product of the methanol oxidation strongly adsorbs onto
Pt (see reaction 2.2) and occupies all the active sites of the catalyst, resulting in Pt poisoning
and this can be solved by oxidising the CO to carbon dioxide (CO,) as shown in reaction 2.3
and 2.4. The electrochemical potential of reaction 2.4 is high (0.7V) and this is a problem. It
is thus essential to develop a catalyst that can easily form M(OH)ags (M being the metal)
species at a low electrode potential. A more active catalyst than Pt for methanol oxidation
should result in H,O discharging to form M(OH),gs (See reaction 2.5 and 2.6) species at low
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potentials and then weaken CO chemisorption or catalyse the oxidation of adsorbed CO (see

reaction 2.7) [21].

M + Ho0 — M-(H20)ags (2.5)
M'(HZO)ads - M'(OH)ads + H+ +e (2.6)
Pt‘(CO)ads + M'(OH)ads — Pt + M + COZ + H+ + e- (2.7)

PtRu/C has been proved to be a better anode catalyst than Pt alone [22].

Another problem facing the use of a direct methanol fuel cell is when methanol crosses over
from the anode towards the cathode and at the cathode it interferes with the oxygen reduction
reaction giving mixed potentials [23] as shown in Figure 2.4. Catalysts that can be methanol
tolerant, reduce the cost of Pt or find other alternative catalysts and most importantly giving

higher current densities have to be investigated [1].
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Figure 2.4: Methanol crossover phenomenon

2.4 Catalysts

A catalyst is a compound that increases the rate of a reaction but is not consumed during the
overall reaction. The catalyst’s role in a reaction is to make the rate of the reaction fast such
as to lower the energy needed for the reaction place, this will be explained more thoroughly
later on. Catalysts are classified as heterogeneous and homogeneous. A heterogeneous

catalyst does not dissolve in the solution, and hence the catalysis takes place in a phase
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separate from the solution (typically the surface of the catalyst). A homogeneous catalyst
dissolves in the solution, and hence normal spectroscopic and chromatographic techniques
can be employed to explore the mechanism and identify intermediates. Acids, bases, enzymes
and most organometallic species are used as homogeneous catalysts. The energy that is
needed by a reaction to take place is called activation energy and reactions need this
activation energy in the course of the reactions. A catalyst can lower the activation energy
without itself being changed or consumed during the reaction. All catalysts operate by the
same general principle, that is, the activation energy of the rate-determining step must be
lowered in order for a rate enhancement to occur [24]. Figure 2.5 shows the activation plots

of a catalysed and an un-catalysed reaction.
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Figure 2.5: Diagram displaying the activation energy pathways

for a catalysed reaction and an un-catalysed reaction

The blue plot (the un-catalysed reaction) and the red plot (the catalysed reaction) indicate the
higher activation energy and lower activation energy, respectively. The catalyst reaction (the
red plot) lowers the activation energy by providing an alternative pathway for the reaction to

occur. The catalyst makes the rate of the reaction faster [25].

2.4.1 Preparation methods of catalysts

Different methods are used for catalyst synthesis, and they include impregnation method, Pt
precursor and precipitation method, colloidal method, sol-gel method, Bonnemann method
and micro-emulsion method. A good method for making electro-catalysts should provide:

> Highly dispersed catalyst on support

» Narrow particle size distribution

11



Chapter 2

» Uniform particle composition
» Multi-metal catalyst structure with preferred atomic ratio
> Preferred crystallite structure

The synthesis methods of catalysts are discussed below and the Bonnemann method was used
for this study.

Impregnation reduction method: The impregnation method is widely used for the
preparation of the Pt-based catalyst. In the Impregnation method the metallic catalyst
precursor is soaked into a support before it is reduced into metallic nanoparticles. There are
two possible reduction steps such as chemical and electrochemical reduction and these
reduction steps can be conducted in a liquid phase or gas phase. The metallic catalyst
precursors used in this method are chloride salts (H,PtClg and RuCls) because they are easily
available. The hydrogen (H.) flowing at high temperatures greater than 300 °C is used for
gas-phase reduction and the reducing agents such as NayS;03, NasS;0s, NoH4, NaBH,,
HCOOH, ethylene glycol and formaldehyde are used for liquid-phase reduction [26]. The
catalyst precursor is mixed with the catalyst support (porous or nanostructured carbon), and
penetrates into pores, the catalyst support helps in penetration and wetting of the precursor
and during the reduction step the carbon support confines the growth of the particle size. The
challenge about this method is the use of the chloride precursors that might lead to chloride
poisoning, resulting in lower catalytic activity and stability of the chloride-salt derived
catalyst. Impregnation methods that could use chloride free precursors have been investigated
using metal nitrate/nitrite salts such as Pt(NH3),(NO,), and RuNO(NO3)x [27], carbonyl
complexes such as Ru3(CO);, [28] and metal sulphite salts such as NagPt (SOs3); and
NagRu(SO3)4 [29] as metal precursors in the impregnation method, respectively. These
chloride-free routes give higher dispersion and better catalytic activity as compared to the

conventional Cl-containing route.

Pt precursor and precipitation method: This method uses a chemical precipitation route at
low temperatures. In this method the reducing agent is added to a metal precursor salt
solution. Metal precursor salts such as Pt (H,PtClg) and Ru (RuCls) are used and hydrogen is
used as the reducing agent. The metal precursor salt is reduced to the metallic state and
precipitates out of the solution, forming unsupported electro-catalysts that can be filtered and
washed. The problem that is encountered in this preparation method is the use of the chloride

metal precursors and so the use of carbonyl precursors that decompose at low temperatures
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has been under investigation and has been reported to be good for the method [30, 31]. The
carbonyl precursors are used by bubbling a CO gas through a solution of e.g. Platinic acid
(H2PtClg) and this results in the formation of a Pt(CO), precipitate that can be washed,
filtered and dried [31].

The catalyst is then supported before the reduction step to enhance the surface area of the

catalysts giving a possibility to good activity and stability of the catalyst [32].

Sol gel method: The sol gel method uses an aged gel, metal salts and a reducing agent. In
this method the gel is formed and then calcified to change the physical and chemical
properties of the gel. After calcification a mesoporous solid or powder is formed [33]. Metal
salts are added during gel formation or after the mesoporous structure has formed followed
by the reduction step [34]. Metallic nanocatalysts can be incorporated into the mesoporous
structure by a variety of methods. The challenge facing this method is that the catalytic
nanoparticles may be buried within the structure rather than near the pores. If the particles are
not located near the pores they will not be efficient catalysts but adding nanoparticles after
the mesoporous structure has formed, i.e. after calcination, ensures that the particles forms in
the pores provided that the particle size or pore ratio is suitable. The aging and calcination
steps allow for fine control of the pore size distribution and volume by controlling

experimental parameters like time, temperature, heating rate, and pore liquid composition.

The colloidal method: This method uses a metal colloids followed by the reduction step.
The synthesis occurs in an organic or aqueous medium where the metal precursor is reduced
chemically in the presence of a protective agent (i.e. NR41, PPhz, PVP, SB12 or PVA).The
catalyst is supported with a catalyst support to enhance the surface area and the dispersion of
the catalyst. The colloidal metal nanoparticles are stabilized by steric hindrance or by
electrostatic charges to obtain a narrow size distribution. . Steric stabilization can be provided
by coating the metal core with organic chain molecules [35, 36]. The electrostatic repulsion
of like charges limits the agglomeration of charged colloids or adsorbed ions. The challenge
facing this method is the use of protecting agents, which may affect the catalytic activity of
the nanoparticles and it may be removed by washing in an appropriate solvent or by
decomposition at temperatures in an inert atmosphere. There are some other challenges
facing this method such as its complexity, time consuming and high cost, which will bring
difficulty for scaling up. The colloidal method prepares catalysts with nanoparticle size and a

narrow size distribution
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Microemulsion method: This method has been widely used for the preparation of Pt and
PtRu nanoparticles as electro-catalysts for fuel cells [37, 38]. In this method a reducing agent
is added to the micro-emulsion system to reduce the metal salt or the microemulsion system
that contains a reducing agent can be added with a microemulsion system that contains a
metal salt [39, 40]. A carbon support powder with tetrahydrofuran solvent is added to the
microemulsion system to support the catalyst nanoparticles [40]. The role of the solvent is to
destabilize the microemulsion system by competing with a surfactant such as (sodium 2-bis
(2-ethylbexyl) sulfosuccinate (Na(AOT)) to adsorb onto the particles, and in the destabilized
system the particles will adsorb onto the support. There is another route used that does not
involve the solvent for the deposition of the support material, the emulsion and the support
material are simply mixed and stirred [37, 38]. After deposition, residual surfactant molecules
are typically removed by heat treatment [39]. Emulsion systems are very sensitive to

temperature and therefore the oil and surfactant must be carefully selected [40].

Bonnemann method: This method is one of the colloidal methods. The synthesis process is
carried out under anhydrous and inert gas conditions. The anhydrous metal chlorides, MeCl,,
are dissolved in tetrahdrofuran (THF) based on the metallic atomic ratio in total. The
tetraoctylammonium triethylhydroborate N(Oct),HB(Et); is then added drop wise to the
dissolved metal chloride(s) in THF to produce metal colloids (Me*). The obtained colloid
solution is then added to carbon paper suspension (Vulcan carbon XC-72R form Cabot corp)
in THF. The supported metal colloid suspension is filtered and washed with ethanol and dried
under high vacuum. Excess protective surfactants surrounding the catalyst surface are
eliminated by placing the product into a Lindberg tube furnace and heat treated at 350 °C
with the flow of Nitrogen. The catalyst synthesized by this method has the advantages of
small average particle size and narrow particle distribution. Moreover, this method is very
suitable to produce metal alloys with any atomic ratios as long as the physical solubility is

allowed for the prototype of metal chloride(s) in solution [41].

2.4.2 Catalysts used in fuel cells

Fuel cells consist of two electrodes. These electrodes contain catalysts so as to speed up the
electrochemical reaction that takes place on these electrode surfaces. The most widely used
catalyst is platinum and research on platinum alloys and other noble metals has been done.

There are many factors that affect the rate of the reaction such as bigger particle size, lower
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surface area, low temperature, low pH etc. which necessitate the use of a catalyst. In a fuel
cell the anode catalyst oxidises the fuel and the cathode catalyst reduces the oxygen which is
the oxidant and this results in the formation of water and carbon dioxide. The oxygen
reduction reaction which is catalysed by a cathode catalyst is a slow reaction due to the
higher energy that is needed for the reaction to occur and so the use of a catalyst is needed to
lower the activation energy and give good ORR performance [42]. In a DMFC the cathode
catalyst is poisoned by the methanol fuel which crosses over from the anode to the cathode
and the catalysts of this fuel cell has to be methanol resistant and not allow their performance
to be affected by the methanol crossover.

The platinum (Pt) catalyst has the best activity for both the anode and the cathode electrodes
of a fuel cell however, this catalyst is expensive. In this study the ways of reducing the
amount of the Pt catalyst used were investigated. The Pt catalysts use catalysts supports so as
to lower the amount of the catalyst that is used and also to provide with higher surface area
and give higher catalyst performances [43]. Incorporating another metal with Pt helps reduce

the amount of Pt that is used and so Pt binary catalysts are used as ORR catalysts nowadays.

Oxygen reduction reaction

A fuel cell consists of two electrodes, the anode and the cathode. At the cathode oxygen from
air is reduced and the reaction is named oxygen reduction reaction (ORR). The
electrochemical reaction at the cathode involving oxygen is a kinetically slow reaction. The

overall reaction for the oxygen reduction reaction is given below:
O, + 4H" + 4¢ — 2H,0 (2.8)

The oxygen reduction reaction can take place through two pathways, that is the four-electron
pathway which is the electro-reduction of oxygen to water and there’s also the two-electron
transfer which is the electro-reduction of oxygen to hydrogen peroxide [44-46]. The first
pathway is the direct four-electron pathway and it takes place via the reaction pathway above
(see reaction 2.8). The second pathway is the peroxide pathway, which is a two-step process
involving the two-electron electrochemical reaction creating hydrogen peroxide (see reaction
2.9) and then the subsequent two-electron decomposition (see reaction 2.11) or reduction (see
reaction 2.10) of peroxide to water or hydroxide ions. These steps follow the reaction
pathway below:

O+ 2H" + 2¢ = H,0, E=0.67V (2.9)
Reduction of peroxide:
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H,0, + 2H" + 2" = 2H,0 E=1.77V (2.10)
Or decomposition of peroxide:
2H,0,=2H,0 + O, (211)

This pathway results in the presence of hydrogen peroxide in the solution, before it is either
reduced or decomposed into hydroxide ions or water. Nonetheless, the overall reaction is still
the four-electron pathway [44]. The peroxide that is produced in this path is low in efficiency
and is also corrosive and the reaction itself is a slow reaction.

Due to the slow kinetics of the oxygen reduction reaction, catalysts have been investigated
and it has been found that platinum has the highest catalytic activity for oxygen reduction
reaction more especially when the catalyst is supported with a catalyst support material [47].
The Pt catalyst is the widely used catalyst for ORR but it is expensive. Higher amounts of the
catalyst are being used because the reaction is kinetically slow and so ways to lower the
amount and the cost of Pt have been investigated and the Pt binary catalysts have been
reported as ORR catalysts. The fuel cell also suffers from anode crossover which leads to
mixed potentials at the cathode, resulting from the oxygen reduction reaction and the fuel
oxidation occurring simultaneously and this reduces the cell voltage. These problems
ultimately results in instability as well as a reduction in cell performance. These problems
could be solved by developing new cathode catalysts with higher activity for the ORR than
Pt.

2.5 Catalysts for Oxygen reduction reaction

2.5.1 Platinum a catalyst for fuel cell

Platinum is a silvery-white, lustrous, ductile, and malleable pure metal [48]. It is more ductile
than gold, silver and copper, thus being the most ductile of pure metals, but gold is still more
malleable than platinum [49-50]. Platinum does not oxidize at any temperature, although it is
corroded by halogens, cyanides, sulfur, and caustic alkalis. It is insoluble in hydrochloric
acid, but dissolves in hot aqua regia to form chloroplatinic acid, H,PtClg [51]. The metal has
an excellent resistance to corrosion and high temperature and has stable electrical properties.
It has been used for industrial applications [52].Platinum is mostly used as a catalyst in
chemical reactions, as platinum black. This metal also catalyses the decomposition of
hydrogen peroxide into water and oxygen gas [53]. Pt is used as a catalyst in fuel cells for
both electrodes. The reaction occurring at the anode, hydrogen oxidation is faster but the

oxygen reduction occurring at the cathode is very slow and so higher amounts of Pt at the
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cathode are used. The Pt catalyst is supported with a catalyst support for the oxygen reduction
catalysts giving good catalyst dispersion on the catalyst support and also high surface area,
which results in reasonable cell performances. Research is being done to find ways of
reducing the cost of Pt. The move from platinum black to carbon supported platinum
catalysts has significantly cut platinum requirements. Typical loadings in the electrode today
are about 0.4-0.8mg platinum/cm?, which is significantly lower than 25mg/cm? with early

platinum black catalysts [54].

2.5.2 Platinum binary catalysts as cathode catalysts for fuel cells

In this fuel cells electrodes (i.e. the anode and the cathode), platinum (Pt) is used as the
catalyst. In the case of the anode the reaction is so fast that the amount of Pt catalyst, and
hence the cost, is still a concern but not as so as in the case with cathode catalysts. In the case
of cathode, where O, is reduced (ORR), the ORR reduction kinetics are sluggish, so the
amount of Pt and hence the cathode catalyst costs are high. Another problem experienced in
ORR is the fuel crossover in a DMFC, in this fuel cell methanol crosses through the
membrane from the anode towards the cathode and this interferes with the ORR activity
giving mixed potentials as a result of methanol oxidation and oxygen reduction occurring
simultaneously. There is a need to look at a catalyst that will reduce the amount of Pt that is
used at the same time reducing the cost but giving good activity, as well as a catalyst that will
not be affected by the fuel crossover. Incorporating Pt with another metal would be a solution
as it would reduce the amount of Pt used and the cost. Much research has been done on the Pt
binary catalysts and they have been found to give enhanced catalytic activity [55]. PtCr/C
electro-catalysts were prepared using the colloidal method from the Bonnemann method. The
catalyst gave better ORR activity than the Pt/C catalyst. It was observed that the addition of
chromium to Pt does not alter the mechanism of ORR which involves four-electrons [56].
The use of Pt binary catalysts was further investigated and Pt-Pd/C catalyst was synthesized
for the ORR studies. The effect of Pt-Pd atomic ratio in this catalyst coated membrane on the
activity of ORR was also studied, the results demonstrated that the atomic ratios had an effect
on the electro-catalyst and performance in a fuel cell. The particle size was increased due to
the decrease in Pt:Pd atomic ratio and the particle dispersion, electro-active surface area,
current density, activity and mass activity decreased [57]. The Pt:Pd atomic ratio of 1:2
exhibited maximum activity towards ORR and RDE studies showed that the electro-catalyst
involved a four-electron pathway [57].
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It has been found that the metallic character has an effect on the electro-catalytic activity of
ORR and this was proved by preparing a Pt3Co/C catalyst by the colloidal method and
studied the catalyst for the ORR in a DMFC. The catalyst showed good ORR activity but was
not methanol tolerant, this was attributed to the enhanced metallic character of Pt in the Pt;Co
catalyst due to an intra-alloy electron transfer from Co to Pt, and to the adsorption of oxygen
species on the more electropositive element (Co) that promotes methanol oxidation according
to the bi-functional theory [58]. It was also reported that Pt-WC/C catalyst gives enhanced
ORR activity compared to the commercial Pt/C catalyst. He also noted that catalyst
dispersion on the support and particle size distribution plays a huge role in the activity
enhancement [59]. This was further proved by the preparation of Pt;oCo30/C nanoparticles by
a polyol method, the nanoparticles were found to have very small particle and narrow
distribution homogeneously dispersed on the carbon support and having a high degree of
alloying. The catalyst showed enhanced catalytic activity giving mass activity higher than
that of commercial catalyst. The catalyst showed to be a better cathode electro-catalyst than
Pt/C [55].

An ethylene glycol method was modified for the preparation of nanostructured Pt-Fe/C
catalyst with varying Pt:Fe ratio. It was observed that the electro-active surface area increased
with increasing atomic percentages of Fe from 0 to ca. 50%, and decreased with more Fe in
the Pt-Fe/C catalyst. RDE studies showed that the Pt-Fe/C catalyst with a Pt:Fe ratio 1.2:1.0
showed high mass activity and specific activity to ORR [60]. Carbon supported Polypyrrole
modified with Cobalt and/or Platinum catalyst was also studied for ORR and the results
showed that the catalysts have better electro-catalytic activity for ORR. When C-PPy was
added this resulted in more positive potentials for ORR than when Co was added alone, but
when both metals were added the results were similar to the catalyst where only Pt was added
(C-Ppy-Pt). The C-Ppy-Co-Pt catalyst showed the highest exchange current density, it is
assumed that the presence of the metallic particles play an important role in the high electro-
catalytic activity [61].

PtCo/C catalyst was also reported to have shown better ORR kinetics than commercial Pt/C
catalyst and it was found that these catalysts were undergoing a four-electron pathway [62].
Pt-Fe/C, PtRh/C, and PWA-Pt/C catalysts were studied as cathode catalysts for DMFC. The
catalyst exhibited high ORR activity than Pt/C and it showed resistance towards methanol
while the Pt/C was poisoned by methanol [63-65].

It has been found that electron transfer from Pt to M (metal) within an alloy is responsible for

the synergistic promotion of the ORR on a Pt-M electrode. Varying compositions of an alloy
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catalyst were prepared to investigate the ORR activity of this catalyst. It was then concluded
that the electron transfer form Pt to Au within the alloy is responsible for the synergistic
promotion of the ORR on a Pt-Au electrode [66]. Tungsten carbide nanocrystal and tungsten
carbide nanocrystal modified Pt electro-catalysts were prepared by the IMH method for the
ORR study. It was found that these catalysts were both active for ORR [67]. The Pt-decorated
with PdFe nanoparticles were also investigated as ORR catalysts. The catalyst was compared
with the Pt/C catalyst and it was found that the Pt-decorated PdFe catalyst has an activity four
times better than that of Pt/C in-terms of ORR, cost and methanol tolerance [68].

The nanostructured platinum-bismuth catalysts supported on carbon (Pt3Bi/C, PtBi/C and
PtBi3/C) were synthesized by the micro-emulsion method to study them as cathode catalysts
in a DMFC. The catalysts showed higher ORR activity and methanol tolerance than Pt/C. The
platinum-bismuth catalysts showed higher mass activities for ORR, 1-1.5 times better than
Pt/C [69].

2.6 Heat treatment effect on catalysts

The heat treatment process has been reported to have an effect on the activity of electro-
catalysts and thus it is called thermal activation. Heat treatment is considered a necessary step
for fuel cell electro-catalysts as it removes undesirable impurities from the preparation stages
and the heat treatment allows better metal particle size, size distribution, particle surface
morphology and metal dispersion on the support [70]. These effects help to increase the
electrochemical surface area (ECSA) of the catalytic metal and generally improve the
performance of these types of catalysts. There are different types of heat treatment methods
used such as the oven/furnace heating, microwave heating, plasma thermal heating, and
ultrasonic spray pyrolysis. Among all these the oven/furnace heating method is widely used.
Catalysts using carbon black as support for the catalytic metal, the heat treatment process is
understood to provide two main functions for the stability, the removal of oxygenated
functional groups and graphitization of the carbon support surface. The carbon surface of
most carbon blacks is functionalized with various oxygen-containing functionalities which
affect the surface chemistry of the carbon support [71].

The carbon black (Vulcan XC72R)-supported palladium—vanadium electro-catalysts were
heat treated at a range of temperatures in 10% H, in Ar and the effect of heat treatment on
particle morphology was studied and the results showed that the particle size increased at
high temperatures. It was also found that the catalyst showed enhancement in the electro-

catalytic activity after heat treatment [72]. The polyol reduction process was employed to
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synthesize the Pt-Sn/C catalyst for the ORR study. It was observed that the size of the
particles obtained was very small but the size slightly increased with the temperature of heat-
treatment and the particles were found to be well distributed on the carbon support. XRD
confirmed the alloying of Sn with Pt and as the temperature of heat-treatment increased.
Lattice parameter value of Pt—Sn/C electro-catalysts increased from that of Pt indicating the
increasing Pt—Pt distance on increasing heat-treatment. The increased Pt—Pt bond distance
creates unfavourable situation for adsorption/dehydrogenation of methanol. The catalysts
showed increased ORR activity and methanol resistance as the heat temperature increased
[73]. It is considered that the specific crystalline structure and work function have an
influence on the catalytic activity for the ORR.

Ti oxide catalysts were heat treated from 600-1000 °C under various conditions for the ORR
study as cathode catalysts. The catalysts heat treated at 900 °C showed higher electro-
catalytic activity. It was found that the heat-treatment condition changed the oxidation state,
crystalline structure and work function of the catalysts. In particular, the crystalline structure
of the Ti oxide catalysts changed with the heat-treatment temperature and the catalytic
activity for the ORR increased with the TiO, (rutile) (1 1 0) plane [74]. FelCol-TPTZ
complex and Fe-TPTZ complexes were also heat-treated to optimize ORR activity. It was
found that 700 °C heat-treatment yielded the most activeFelCol-N/C catalyst for the ORR
and 800 °C for the (Fe-N/C) catalyst [75, 76].

2.7 Particle size and structural effects on the electro-catalytic activity

Fuel oxidation and oxygen reduction reactions are both affected by the particle size of
electro-catalysts. If the particle size of the electro-catalyst is smaller than 3 nm, the catalyst
activity for ORR will be lower [77]. Thus, the best compromise is to control the structure and
the particle size in order to increase ORR [77]. Studies show that the particle size has an
effect on the kinetics of ORR and MOR [78-85].The kinetics of methanol oxidation on Pt is
not only affected by the particle size but also by the particle shape which may modify the
distribution of methanol adsorption sites on the Pt surface [86, 87]. ORR Kinetics of a Pt/C
catalyst were investigated to study the effect of particle size on the ORR activity. The results
showed that the utilization of the catalyst with narrow size distribution provided evidence for
a particle size effect on the ORR activity and methanol tolerance. It was found that the mass
activity for ORR increased with a decrease in particle size. An addition of a second metal was
also investigated, based on the particle size PtCr/C catalyst appeared to be more active than

Pt/C alone for both ORR and MOR [88]. The crucial electro-sorption properties of the metal
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electro-catalysts were observed to be dependent on the particle size [89]. It was suggested
that the change in the fraction of surface atoms on the (100) and (111) crystal faces of Pt
particles, which are assumed to be cubo-octahedral structures, can be correlated to the mass
activity (A/g Pt) and specific activity(~AJcm 2 Pt) of highly dispersed Pt catalysts. The
maximum in mass activity that is observed at 3.5 nm in several studies is attributed to the
maximum in the surface fraction of Pt atoms on the (100) and (111) crystal faces, which
results from the change in surface coordination number with a change in the average particle
size. The reduction of oxygen on supported Pt particles in acid electrolytes is classified as a
demanding or structure-sensitive reaction; the specific activity increases with an increase in
particle size [90].

Carbon-supported Pt-based binary alloy catalysts (Pt-Co, Pt-Cr and Pt-Ni) were prepared and
compared with Pt for ORR study. Pt-alone and Pt-based alloy electro-catalysts showed
increasing specific activities with decreasing surface area. This indicates that oxygen
reduction on platinum surface is a structure-sensitive reaction and the Pt-based alloy catalysts
showed significantly higher specific activities than Pt-alone catalysts with the same surface
area. This comes from the reduced Pt—Pt neighbouring distance as the catalysts were alloyed.

The reduced Pt—Pt neighbouring distance is favourable for the adsorption of oxygen [91].

2.8 Supports for catalysts

Platinum based catalysts are deposited on catalyst supports to enhance their surface area [92].
The catalyst supports prevent the electro-catalysts from aggregation but also play a
significant role in transporting the electrons generated from and consumed by the electrical
reactions [93]. It has been reported that catalyst supports have great influence on the
performance and durability of electro-catalysts. An ideal catalyst support should meet these
requirements:

» High surface area to improve the catalytic dispersion
Low combustion reactivity

>
» High conductivity
» High electrochemical and thermal stability
Currently, the most popular support material is porous carbon black (XC-72) but there are

various studies conducted on other types of carbon support material, e.g. carbon nanotubes

and non-carbon materials e.g. metal oxides etc.
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2.8.1 Carbon black as the support material

The catalyst supports plays a huge role in the performance of the electro-catalysts used in the
fuel cells in terms of the activity and reducing the amount of the catalyst that is used in order
to reduce the cost. The widely used catalyst material is carbon black. There are different
types of carbon blacks, such as Acetylene black, Vulcan XC-72, and Ketjen black. The
physical and chemical properties, such as specific surface area, porosity, electrical
conductivity and surface functionality are reported to have an effect on the performance of
the carbon black supported catalysts but the parameter that has a major effect on the catalytic
performance is the specific surface area [94, 95]. Ketjen blacks provides higher surface area
and thus provides high catalyst dispersion but this high surface area results in high ohmic and
mass transport limitations for fuel cell catalysts [95]. The vulcan XC-72 carbon black has a
specific surface area around 230 m?/g and thus is the most widely used carbon support for the
preparation of fuel cell catalysts because of its good compromise between electronic
conductivity and the BET surface area [96, 97]. The Carbon blacks are now commercially
available at low costs. Pt or other Pt based alloy electro-catalysts are prepared by using
Vulcan XC-72 carbon black as support.

There are some drawbacks concerning the use of Vulcan XC-72 carbon. Vulcan XC-72
carbon have pores which are too small to be filled by the electrolyte polymer and, thus, many
Pt particles are trapped in the micropores (less than 1 nm) of the carbon black are not
involved in the electrochemical reactions on electrodes due to the absence of the triple-phase
boundaries (gas-electrolyte-electrode). There are other factors that affect the preparation and
performance of carbon-black-supported catalysts, such as pore size and distribution and
surface functional groups of carbon blacks [98-102]. The metal catalyst utilization is
determined by an electrochemical accessible active area rather than carbon specific surface
area. Because of the low cost and availability the carbon blacks are still the most widely used
catalyst support materials.

The next chapter will be discussing the methods that were used in this study.

22



Chapter 3

CHAPTER 3

METHODOLOGY

This chapter provides a detailed description of the preparation methods used in this study and

the physical and electrochemical characterization techniques used. Various physical

characterization techniques and electrochemical characterization techniques are used and will

be further discussed in this chapter.

3.1 MATERIALS AND METHODS

3.1.1 Materials

Table 3.1 gives the catalysts that were used in this study. In-house catalysts used, are the

catalysts that were prepared using the Bonnemann method. The commercial catalysts were

also studied to compare with the in-house catalyst. The 20%PtCo/C commercial and
20%PtCo/C and 30%PtCo/C both in-house catalysts were characterized with and without

heat treatment at 800 °C and compared.

Table 3.1: In-house and commercial Platinum based catalysts used in this study

Catalysts Supplier
10%Pt/C In-house
20%Pt/C In-house
30%Pt15%Ru/C In-house
40%Pt20%Ru/C In-house
30%PtCo/C In-house
20%PtCo/C In-house
Sintered at 800°C
20%Pt20%Cu/C In-house
20%PtSn/C In-house
10%Pt/C Johnson Matthey ™
20%Pt/C Johnson Matthey
20%Pt10%Ru/C Johnson Matthey
20%PtCo/C BASF
20%PtCu/C BASF
20%PtSn/C BASF
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Table 3.2: Material used for preparing the electrode

Chemical Supplier
Nafion® Aldrich
Iso-2-propanol Johnson Matthey™
Carbon paper Carbot

The materials which were used to prepare the electrode are shown in Table 3.2. In addition,
other equipments that were used include; the analytical weighing balance, the ultra-sonicating
bath, spraying gun, puncher, tube furnace, an oven and the Zeener power water purification

system.

3.1.2 Heat treatment of catalysts

The 30%PtCo/C In-house catalyst was heat treated at different temperatures under controlled
temperature. The heat treatment of the catalysts affects the morphology of the catalysts and
the activity of the catalysts and allows uniform dispersion on the catalyst support. The tube
furnace was pre-purged with dry nitrogen gas flowing at 500 ml/min for 45 min to suppress
possible surface oxidation of Pt particles due to the remaining oxygen within the tube during
the heat treatment. The tube furnace was pre-heated to the target temperature. An alumina
boat was loaded with the catalyst and inserted into the centre of the tube furnace. The catalyst
was heated at several target temperatures such as 350 °C, 650 °C and 800 °C for 3 hours
under nitrogen flowing simultaneously at a rate of 5ml/min. When the heating time was over,
the tube was cooled down with the nitrogen gas still constantly flowing at a rate of 5ml/min

and the catalyst was taken out of the furnace after it had cooled down.

3.2 PHYSICAL CHARACTERIZATION OF CATALYSTS

3.2.1 High Resolution Transmission electron microscopy (HRTEM)

The transmission electron microscopy was developed in 1932 by Max Knoll and Ernst Ruska
in Germany, 35 years after J.J. Thompson’s discovered an electron. It was discovered that the
technique improved the light transmission microscope because in this technique a focused
beam of electrons is used unlike in a light transmission microscope that uses a light to see
through the specimen. This technique offers increased magnification and resolution. The
main use of the HRTEM is to examine the structure, comparison, or properties of a specimen

in sub-microscopic detail. One can see objects to the order of a few Angstroms (10° m). The
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instrument was first commercialized in 1938 by the Siemens-Halske Company in Berlin
[103].
An accelerated beam of electrons passes through a sample (50-300A) and some of the
electrons are scattered by the atoms in the sample. An image is created as a result of a phase
distortion that is formed or created which results in a phase contrast that is used to create the
image. As it has been stated earlier that electrons pass through a sample so those electrons
that pass through form the image, while those that are stopped or deflected by dense atoms in
the specimen are subtracted from the image. In this way a black and white image is formed.
The much lower wavelength of electrons makes it possible to achieve a resolution a thousand
times better than that of a light microscope. In HRTEM the operator sees inside the sample
not the surface.
The HRTEM analysis was done by first preparing the sample. A very small amount of the
sample was added into a vial containing about 5ml of ethanol and the solution was put in a
sonic bath for about 10minutes until the sample was nicely sonicated. A drop of the solution
was then deposited on the copper grid which was copper coated carbon or formvar® mesh
with a diameter of about 3mm. The sample was then left at room temperature for about 10
minutes to allow the ethanol to evaporate and then the grid was placed in the sample holder
and introduced in the shaft for analysis (HRTEM Technai G2F20X-Twin MAT 200kV Field
emission Transmission electron microscope). The metal surface area can be obtained from
TEM data by using the equation below:

SAp= 6 x 10° (dp) (3.1)
where d=density of Pt (21.4g/cm®) and p=particle size in nanometers (nm).
The experimental parameters are given as follows: accelerating voltage (200 kV), current (20

MA), condenser aperture (1), objective aperture (3) and exposure time (3 s).

3.2.2 X-ray diffraction (XRD)

X-ray diffraction is a technique that is used to physically characterize materials and it gives
information about the chemical composition and crystallographic structure of natural and
manufactured material. Wilhelm Conred Rontgen discovered X-rays in 1895. X-rays interact
with electrons in matter and these electrons scatter the X-rays in various directions. Each
crystalline substance has a characteristic arrangement of atoms which diffracts X-rays in
unique patterns. X-rays reflections takes place from lattice planes according to Bragg’s Law:
nA=2d Sina (n=1, 2, 3.....) (3.2)
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where A is the wavelength of the X-rays, d is the lattice spacing, a is the half value of the
diffraction angle and n is the order of the reflection and can be any whole number. The
wavelength () is determined by the type of X-ray tube, typical wavelengths used for X-ray
experiments lie between 0.6 and 1.9A [24]. A detector is used to scan a range of angles of
reflections and this therefore gives a pattern of peaks with certain spacings and intensities.
Planes with high electron density will yield strongly intensities whereas planes with low
electron density will yield weak intensities. Due to the presence of polycrystalline diffracting
domain aggregates, crystallite size may be the same thing as particle size. Scherrer first
observed that small crystallite size would give rise to peak broadening. He derived a well-
known equation for relating the crystallite size to the peak width, which is called the Scherrer
formular:

k1

~ pBCosé (3.3)

where D is the average dimension of crystallites; k is the Scherrer constant, a somewhat

arbitrary value that falls in the range 0.17-1.0 (and is usually assumed to be 1); A is the
wavelength of the X-rays; and f is the intergral breadth of a reflection (in radians). B is often
calculated relative to a reference solid (with crystallite size 7500 nm) added to the sample,
%= p%- B°r (Where % and p% are peak widths of the sample and standard in radians). Several
factors could change XRD reflections, eg crystallite size, ovelap of peaks, microstrain, lattice
structure, and stacking faults [104].
In addition to the information provided, the lattice parameter (o) can be calculated by the
following equation:

ap=d (h?+k? + 132 (3.4)
where h, k, and | constitutes the Miller indices of a crystal facet, and d is the interplanar
spacing determined by Bragg’s Law.
In XRD analysis, the dry electro-catalyst samples were mounted in plastic sample holders and
the surface was flattened to allow maximum X-rays exposure. XRD analysis was done at
iThemba LABS, diffractograms were recorded using Bruker AXS D8 Advance
measurements X-ray diffractometer.
The XRD parameters for the analysis are given as follows: tube (copper), detector (sodium
iodide), monochromator (graphite), generator operation (40kV and 40mA), electron intensity
(40 kV), X-ray source (Cu K, (A=1.5418A)), current (30mA), scan range-26° (5-100) and

scan rate-"/min (0.05).
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3.3 ELECTROCHEMICAL CHARACTERIZATION OF SUPPORTED
ELECTRO-CATALYSTS

3.3.1 Cyclic Voltammetry (CV)

Cyclic voltammetry is the most widely used technique in electrochemistry. It provides
information about catalysts and electrochemical reactions, such as the electrochemical
response of catalysts and the catalytic activity of the catalysts with respect to some
electrochemical reactions [105]. It offers a rapid location of redox potentials of the electro-
active species. In cyclic voltammetry the voltage is swept between two values at a fixed rate,
resulting in a forward and reverse scan (anodic and cathodic, respectively) however now
when the voltage reaches the forward scan (anodic), the scan is reversed and the voltage is
swept back to where the scan started (cathodic). The solution contains only a single
electrochemical reactant. The electrolysis product is converted back to the reactant when the
scan is reversed. The current flow occurs in the opposite way to the forward sweep, it is now
from the solution species back to the electrode but otherwise the behaviour can be said to be
identical [106].
The platinum active surface area Ar (in cm?) is estimated by integrating the charge Q in the
adsorption-desorption region of hydrogen in the potentials range between -0.2 and 0.1V/SCE.
Then, the adsorption charge is evaluated as follows:
_ (Qagsorption T Qeesorpion)

2 (3.5)
where Qadsorption aNd Quesorption are the absolute values of the charge corresponding to the

Qx

anodic and cathodic parts of hydrogen region expressed in C (coulomb). Electrochemical
surface area measurements (ECSA) of platinum are calculated from both integration of the
hydrogen adsorption and desorption peaks. Assuming a correlation value of 210puC/cm? [107,
108].

A Qo
" 2104C/cm? (3.6)

where A, is the real or electro-active in surface area cm?, Qn (Qn=(Qaq*+Ques)/2) is the
hydrogen adsorption/desorption peak, 210uC/cm? is the theoretical charge for full monolayer
coverage of hydrogen adsorption/desorption on platinum.

The evaluation of the platinum surface area available for the electrochemical reaction allows
the total platinum surface area/geometric surface area ratio to be obtained. Since the Pt
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loading is known, it is possible to estimate the electro-chemical surface area of Pt. The
electro-chemical surface area is calculated from the real surface area and the platinum
loading [109, 110].

100A,

‘mAg @3.7)

where Ay is the real surface area, m is the platinum loading, and Ag is the geometric surface

ECSA —

area.
In an electrochemical reaction, the exchange current density defines the activity of a catalyst
and is given by:

_ i

oasy =09 (3.8)
where | is the current and Ag is the geometric surface area.
Alternative ways of defining catalyst activity have emerged, the parameters for determining
the activity include mass activity and specific activity. All current densities were calculated

from the geometric disk area. Mass activity was calculated from the equation below:

MA = Josv. (3.9)
m

where MA is the mass activity in A/g, io4sv is the current density in A/cm? at 0.45V, and m is
the loading of Pt in mg/cm? The value of 0.45V is chosen to avoid inclusion of any
concentration polarization [111]. The specific activity (A/cm?) is defined as:

_ A

om (3.10)
where SA is specific activity of the catalyst, MA mass activity and m is the loading of Pt in
mg/cm? [111].

In this study Cyclic voltammetry, was used to evaluate the electrochemical activity of the

SA

electro-catalysts at room temperature using the Autolab PGSTAT 30. The experiments were
conducted in a three electrode cell with a gas diffusion electrode as a working electrode. The
platinum basket and a saturated calomel electrode (SCE) were used as counter and reference
electrodes, respectively. 0.5M H,SO, was used as the electrolyte in all experiments. For the
preparation of the electrode 75mg of Nafion® and 75mg of ultra-pure water were added to
25mg of the catalyst and the mixture was sonicated for 30minutes, and after that time has
elapsed 10ml of Iso-2-propanol was added and the solution was sonicated for a further one

and a half hour. The solution was then sprayed using a spray gun onto a 4x2 cm? area carbon
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paper until the calculated amount of 0.25mg/cm? Pt loading was reached. A 12mm puncher
was used to cut the gas diffusion electrode which was then assembled in a half cell system.

Prior to the measurements the 0.5M H,SO, electrolyte solution was purged with nitrogen for
an hour to remove dissolved oxygen. The working electrode potential was cycled for 20
cycles between -0.2 and 1.2V vs. SCE at 50mV/s scan rate to remove all contaminants that
may be on the electrode surface and to obtain a stable cyclic voltammogram. For oxygen
reduction reaction experiments the electrolyte was bubbled with oxygen for 30minutes and
after that the electrode was purged with oxygen while the experiment was running. Then the
electrode was screened between 1.2 and -0.2V at 20mV/s. This technique was also used to
study the behaviour of the electro-catalysts in the presence of methanol. 0.5M of methanol
was used to monitor which of these catalysts tolerated the poison in a better way. The 0.5M
of methanol and 0.5M H,SO, solution was purged with nitrogen and the working electrode
potential was cycled between -0.2 and 1.2V vs. SCE at 20mV/s scan rate. All the gases used
were from Afrox Company. The specifications were as follows: Voltammetric assemble
AUTO LAB (Metrohm (Eco Chemie BV, Netherlands)), Working electrode: (Gas diffusion
electrode (Pt)), Reference electrode (Saturated calomel electrode) and Counter electrode

(Platinum wire mesh).

3.3.2 Rotating disk electrode (RDE)

The Rotating disk electrode is the most common hydrodynamic technique for the evaluation
of electro-catalysts. The oxygen reduction reaction is a complex combination of charge and
mass transport processes by which the low concentration of oxygen in acid environment is
usually studied under hydrodynamic conditions [110]. The RDE technique has been used
extensively to study electrode kinetics of oxidation and reduction reactions. The variation of
the mass transport can be analysed as a function of the rotation speed. This was first solved
mathematically by Levich who showed a relationship between current and the rotation speed,
for a reversible electron transfer reaction. Analysis of data from the RDE is commonly done
by applying the Koutecky-Levich equation [112]. However, the current measured in an
electrochemical environment contains kinetic and diffusion limited components according to

the Koutecky-Levich equation [113]:

1 1 1 1 1 (3.11)

_=_+—=

: - - Ct
J Jk Io J Bw'?
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where j is the limiting current produced by the oxidation or reduction of electro-active species
at the electrode surface. For an RDE, jp can also be expressed in terms of the Levich slope, B
by the following equation:

jo= 0.62nFA Cg, D0 0 ¥2 = B (3.12)
K-L method substituting equation 3.11 and 3.12 gives a useful form of the K-L equation for
the RDE experiments:

1 1 1

- =—+ -
i jx 0.062nFA[C]y,« D70 0" (3.13)

where j is the limiting current produced by the oxidation or reduction of electro-active
species at the electrode surface, n is the number of electrons transferred per O, molecule, F is
the Faraday constant, o is the disk rotation speed, Co; is the bulk O, concentration, Do is the
O, diffussion coefficient, and v is the solution kinematic viscosity [114]. For cathodic
reactions governed by mixed transport-kinetic controls, plots of 1/j vs 1/w"? are predicted to
generate straight lines having slopes proportional to 1/n [114]. The slope of the straight lines
in K-L plot, allows the evaluation of the number of electrons involved in ORR. Values lower
than 4.0 are attributed to the formation of hydrogen peroxide. The four-electron transfer is
critical for the development of practical PEMFCs. Note that the slopes of the plots are
independent of applied overpotential, but the rate constant may be dependent on potential.
According to electrode Kinetic theory [115], the kinetic current density (ix) can be expressed
as a Tafel form:

2.3RT . . (3.14)

where 1 is the overpotential, a is an exchange current density related constant, R is the gas
constant, T is the temperature, F is the faraday constant, n is the electron transfer number in
the determining step of the ORR, and a is the electron transfer coefficient. The plot of n and
log jk gives a linear relationship, and the slope is 2.303RT/anF. This slope is called the Tafel
slope. The higher the Tafel slope, the faster the overpotential increases with the current
density. Thus, for an electrochemical reaction to obtain a high current density at low
overpotentials, the reaction should exhibit a low Tafel slope. For ORR usually two Tafel
slopes are obtained, 60mV/dec and 120mV/dec, respectively, depending on the electrode
materials used and on the potential range. The transfer coefficient is a key factor determining
the Tafel slope. For ORR, the transfer coefficient depends on temperature. The Tafel slope

can be used to calculate the exchange current from the y-intercept of the Tafel regions.
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According to the relationship of n and log (jk) at different potentials, the Tafel slopes can be
calculated.

All electrochemical measurements were conducted on an AUTOLAB PGSTAT 30 with a
rotating disk electrode, in a standard three-electrode cell at room temperature, adopting a
saturated calomel electrode (SCE) and a platinum mesh as the reference electrode and the
counter electrode, respectively. A glassy carbon (GC) disk electrode, polished to a mirror-
finish with a 0.05um alumina suspension before each experiment, was used as substrate for
the electro-catalyst thin film in the electrochemical measurements. The thin film catalyst
layer as the working electrode was prepared by adding 10mg of catalyst in 4ml of water
mixed with 5w/o Nafion solution (DuPont) followed by sonication for five minutes. The
electrode was dried at room temperature (~25 °C) for about 15 minutes [116]. 10 pl of the
catalyst ink was then quantitatively transferred onto the surface of the glass carbon electrode
by using a micropipette, and dried in an oven for about 15minutes to obtain a catalyst thin
film. An aqueous solution containing 0.5M H,SO, was used as the electrolyte for ORR
studies and the same solution containing 0.5M methanol was used as the electrolyte for the
study of methanol tolerance of the catalysts. For the experiments, the electrolyte was
saturated with oxygen for 30minutes. Hydrodynamic voltammograms (at rotation speed
varied from 500 to 2500 in 0.5M H,SO, solution saturated with O, for about 30 minutes) for
ORR were recorded between 1.0 and 0.0V versus SCE and vise versa for methanol tolerance
studies, at a scan rate of 5mV/s.

The next chapter will be discussing the results from the analysis of the catalysts employing
the methods discussed in this chapter.
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CHAPTER 4

RESULTS AND DISCUSSION: STRUCTURAL AND
ELECTROCHEMICAL CHARACTERIZATION OF NANOPHASE
ELECTRO-CATALYSTS

In this chapter the results of the platinum based catalysts physical characterization will be
presented. This chapter evaluates the investigation of structural and electrochemical
properties of such catalysts by using the experimental tasks formulated in the literature
review and the methodologies given in chapter 3. The results in this section start with
morphological characterization of the platinum based catalysts using optical microscopy such
as, high resolution transmission electron microscopy followed by crystallinity and
graphitization characterization using X-ray diffraction.

The electrochemical characterization of the catalysts is also presented in this chapter. The
electrochemical characterization will be done using the cyclic voltammetry (CV) and
Rotating disk electrode (RDE) techniques introduced in section 3.3.1 and section 3.3.2,
respectively. The RDE and CV will be used to investigate cathode catalysts which have
enhanced or better activity for ORR in a PEMFC and DMFC. For a DMFC a better cathode
catalyst is a catalyst that its ORR activity will not be affected by the methanol crossover and
this will be studied using the RDE. The CV will also be used to study the methanol oxidation

reaction of the catalysts as anode catalysts for a DMFC.

4.1 PARTICLE SIZE AND PARTICLE DISTRIBUTION STUDY OF
SUPPORTED CATALYSTS (HRTEM)

HRTEM was used to study the morphology of the catalysts. It was also used to determine the
particle size and the particle distribution of the catalysts on the carbon support. The carbon
support is observed in the HRTEM images as large grey particles with small black Pt
particles distributed upon them. Micrographs of HRTEM analysis for the platinum based

catalysts are presented in the Figures below.
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(a) (b)
Figure 4.1: HRTEM images of a) 10%Pt/C Commercial and b)
10%Pt/C In-house electro-catalysts

Figure 4.1 compares the HRTEM images of 10%Pt/C commercial and in-house catalysts and
the particle distribution on the catalyst support. As it can be seen, the particles are nicely
dispersed on the catalyst support showing no agglomeration. The average particle sizes of the
10%Pt/C commercial and in-house catalyst were found to be 3.54 nm and 3.11 nm,
respectively as shown in Table 4.1. The 10%Pt/C in-house catalysts was observed to have
smaller particle size than the 10%Pt/C commercial catalyst.

Table 4.1: Particle sizes of 10%Pt/C electro-catalysts

Catalysts 10%Pt/C Commercial | 10%Pt/C In-house
Particle size (nm) 3.54 3.11

Figure 4.2: HRTEM images of a) 20%Pt/C Commercial and b) 20%Pt/C
In-house electro-catalysts

33



Chapter 4

The HRTEM images in Figure 4.2 show that the particles are homogeneously dispersed on
the surface of the carbon support with less agglomeration on some parts of the image. The
average particle sizes of these catalysts were found to be 3.43 nm for the 20%Pt/C
commercial catalyst and 3.02 nm for the 20%Pt/C in-house catalyst (see Table 4.2).

Table 4.2: Particle sizes of 20%Pt/C electro-catalysts

Catalysts 20%Pt/C Commercial | 20%Pt/C In-house

Particle size (nm) 3.43 3.02

Figure 4.3: HRTEM images of a) 20%Pt10%Ru/C Commercial, b) 30%Pt15%Ru/C In-
house and c) 40%Pt20%Ru/C In-house electro-catalysts

Representative HRTEM images of the catalysts in Figure 4.3 shows less agglomeration in
some parts of the 20%Pt10%Ru/C commercial catalyst but the 30%Pt20%Ru/C and
40%Pt20%Ru/C in-house catalysts show very much agglomeration, the particles are very
much agglomerated compared to the commercial catalyst. The average particle sizes of the
20%Pt10%Ru/C commercial, 30%Pt15%Ru/C in-house and 40%Pt20%Ru/C in-house
catalysts were found to be 2.75 nm, 2.98 nm and 2.96 nm, respectively as shown in Table 4.3

and this shows that there is no particle size growth of PtRu/C catalysts.
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Table 4.3: Particle sizes of PtRu/C electro-catalysts

20%Pt10%Ru/C 30%Pt15%Ru/C | 40%Pt20%Ru/C
Catalysts .
Commercial In-house In-house
Particle size (hnm) 2.75 2.98 2.96

(a) (b)
Figure 4.4: HRTEM images of a) 20%PtCo/C Commercial and b)
30%PtCo/C In-house electro-catalysts

Figure 4.4 shows typical images of 20%PtCo/C commercial catalyst and 30%PtCo/C in-
house catalyst. The particles of the 20%PtCo/C commercial catalyst are well dispersed on the
catalyst support in a good uniformity and the particles show spherical shape and the particles
are well defined and easy to identify. The particles of the 30%PtCo/C in-house catalyst are
observed to be very much agglomerated so much that it is very much difficult to identify the
particles. The average particle size for the 20%PtCo/C commercial catalyst was obtained as
3.14 nm and that of the 30%PtCo/C in-house catalyst was obtained as 3.89 nm as shown in

Table 4.4.

Table 4.4: Particle sizes of PtCo/C electro-catalysts

Catalysts 20%PtCo/C Commercial | 30%PtCo/C In-house
Particle size (nm) 3.14 3.89
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20 m

(b)
Figure 4.5: HRTEM images of a) 20%PtCu/C Commercial and b)
20%Pt20%Cu/C In-house electro-catalysts
The HRTEM micrographs of 20%PtCu/C commercial catalyst and 20%Pt20%Cu/C in-house
catalyst are presented in Figure 4.5. It is observed that the particles are well dispersed on the
support of the 20%PtCu/C commercial catalyst and well separated spherical fringes are
observed. The particles are well defined and easy to identity with no agglomeration observed.
In Figure 4.5b it is noted that the 20%Pt20%Cu/C in-house catalyst particles are nicely
dispersed on the catalyst support with less agglomeration on some portion of the image but,
though there particles are less agglomerated. The average particle size of the 20%PtCu/C
commercial catalyst was found to be 2.88 nm and that of the 20%Pt20%Cu/C in-house

catalyst was found to be 4.18 nm as shown in Table 4.5.

Table 4.5: Particle sizes of PtCu/C electro-catalysts

Catalysts 20%PtCu/C Commercial | 20%Pt20%Cu/C In-house
Particle size (nm) 2.88 4.18
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(@) (b)
Figure 4.6: HRTEM images of a) 20%PtSn/C Commercial and b)
20%PtSn/C In-house electro-catalysts

In Figure 4.6 HRTEM images of 20PtSn/C commercial and in-house electro-catalysts are
given. Figure 4.6a shows the TEM image of the 20%PtSn/C commercial catalyst and in this
image it is observed that the particles are nicely dispersed on the carbon support and the
particles are agglomerated on some parts of the image. With the in-house catalyst, the
particles are nicely dispersed onto the carbon support and the image doesn’t seem to show
any agglomeration. The particles size of the 20%PtSn/C commercial and in-house catalysts
were found to be 3.42 nm and 4.72 nm, respectively as shown by Table 4.6.

Table 4.6: Particle sizes of PtSn/C electro-catalysts

Catalysts 20%PtSn/C Commercial | 20%PtSn/C In-house
Particle size (nm) 3.42 4.72
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(a) Effect of heat treatment on the morphology of the 20%PtCo/C commercial and
30%PtCo/C in-house electro-catalysts

Figure 4.7: HRTEM images of a) 20%PtCo/C Commercial (un-
sintered), b) 20%PtCo/C Commercial (350°C), ¢) 20%PtCo/C
Commercial (650°C) and d) 20%PtCo/C Commercial (800°C)
electro-catalysts

The 20%PtCo/C commercial catalyst was heat treated at different temperatures. The HRTEM
images for the catalyst heat treated at different temperatures are given in Figure 4.7. In Figure
4.7a, the image of the un-sintered 20%PtCo/C commercial catalyst, the particles are nicely
dispersed onto the carbon support and the particles are easy to point out. It is observed that
with the un-sintered catalyst the particles are quite big compared to the sintered catalyst at
different temperatures. The particles are nicely dispersed on the carbon support for the
catalysts heat treated at different temperatures and shows a bit of agglomeration on some
parts of the image observed in Figure 4.7d, the 20%PtCo/C commercial (800°C). The particle
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sizes of the commercial catalyst was found to be 3.30 nm for the 20%PtCo/C commercial
(350°C), 3.45 nm for the 20%PtCo/C commercial (650°C), and 3.67 nm for the 20%PtCo/C
commercial (800°C). The particles size of the un-sintered 20%PtCo/C commercial was found
to be 3.14 nm and it is observed that the particle size slightly increased when the catalyst was
heat treated with increasing temperature as illustrated in Table 4.7 and this shows that there is
particle size growth with increasing temperature.

Table 4.7: Particle sizes of heat treated 20%PtCo/C Commercial electro-catalysts

20%PtCo/C 20%PtCo/C 20%PtCo/C 20%PtCo/C
Catalysts Commercial Commercial Commercial Commercial
(Un-sintered) (350°C) (650°C) (800°C)

3.14 3.30 3.45 3.67

Particle sizes
(nm)

(d) ()
Figure 4.8: HRTEM images of a) 30%PtCo/C In-house (un-
sintered), b) 30%PtCo/C In-house (350°C), ¢) 30%PtCo/C In-
house (650°C), d) 30%PtCo/C In-house (800°C) and e)
20%PtCo/C In-house (800°C) electro-catalysts
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Figure 4.8 portrays the HRTEM images of the heat treated 30%PtCo/C in-house catalysts.
From Figure 4.8a which represents the image of the un-sintered 30%PtCo/C in-house
catalyst, the particles are very much agglomerated but when this catalyst was heat treated at
350 °C and 800 °C the particles showed less agglomeration. The particles are also observed to
be agglomerated when this catalyst was heat treated at 650 °C. The particle sizes of the
30%PtCo/C in-house (350 °C), 30%PtCo/C in-house (650 °C), 350%PtCo/C in-house (800
°C) and 20%PtCo/C in-house (800 °C) were found to be 3.00 nm, 5.02 nm, 4.50 nm and 2.98
nm, respectively (see Table 4.8). The particle size of the 30%PtCo/C un-sintered catalyst was
found to be 3.89 nm and when this catalyst was heat treated at 650 °C and 800 °C the particle
size increased and decreased when heat treated at 350 °C. The 20%PtCo/C in-house (800 °C)
catalyst particle size decreased compared to that of the 30%PtCo/C in-house (800 °C)
catalyst. The particle size growth is increasing with increasing the temperature for the PtCo/C

catalyst.

Table 4.8: Particle sizes of heat treated 30%PtCo/C In-house electro-catalyst

30%PtCo/C | 30%PtCo/C | 30%PtCo/C | 30%PtCo/C | 20%PtCo/C
Catalysts In-house In-house In-house In-house In-house
(Un-sintered) (350°C) (650°C) (800°C) (800°C)
Particle 3.89 3.00 5.02 4.50 2.98
size (nm)

4.1.1 Summary of particle size and particle distribution of supported catalysts
(HRTEM)

From the HRTEM analysis above, it is observed that the catalyst with small particle size was
found to be 20%Pt10%Ru/C with a particle size of 2.75 nm. The particles were nicely
dispersed on the carbon support with other catalysts but with the PtRu/C and PtCo/C in-house
catalysts the particles were agglomerated. The PtCo/C commercial and in-house catalysts
were heat treated and it was observed that with the in-house catalyst the particle size
decreased for the catalyst heat treated at 350 °C and was smaller compared to the un-sintered
PtCo/C in-house and commercial catalysts .The particle size of the commercial PtCo/C

catalyst was observed to increase as the heating temperature increased.
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4.2 PARTICLE SIZE AND CRYSTALLINITY STUDY OF SUPPORTED
CATALYSTS (XRD)

The XRD technique reveals information on the crystallinity of the catalysts, particle size,
degree of alloying and lattice spacing of platinum based catalysts. This section presents the

results based on the above mentioned parameters.
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9000 (- (111) — 10% Pt/C Commercial
— 10% Pt/C In-house
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\ (220) (311
WZ)

2000 ' ! L '
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8000

7000 m
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Intensity (a.u)

5000
4000

3000

2theta (degrees)

Figure 4.9: X-ray diffraction patterns of 10%Pt/C Commercial
and 10%Pt/C In-house electro-catalysts

The XRD results in Figure 4.9 show a peak (002) at 20 approximately 25° corresponding to
the carbon support. The peaks at 40°, 46°, 68°, 82° and 90° are attributed to Pt (111), (200),
(220), (311) and (222) crystal facet, respectively. This graph shows a peak at 40° (26)
corresponding to Pt(111) with 26 values not far from the expected 40 degrees . These peaks
indicate that Pt is present in the face centred cubic (fcc) structure. From the extent of the line
broadening of Pt(111) peak of the 10%Pt/C commercial and in-house catalysts the particle
sizes were estimated to be about 3.50 nm for the 10%Pt/C commercial and 3.06 nm for the
10%Pt/C in-house catalysts, the results agrees with the HRTEM results with a slight
difference (see Table 4.9). The peaks are almost similar in broadness and intensity which
could mean that the crystallinity of these samples doesn’t differ much just like it is observed

that the particle size does not differ much.
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Table 4.9: XRD analysis of 10%Pt/C electro-catalysts

Catalysts D (nm) a (nm) ( digrgzs) o (degrees)
0
10%PUC 3.50 3.21 39.72 19.86
Commercial
0,
PR 3.06 32 39.8 19.79
12000
(111) (’\
10000 - 20% Pt/C Commercial
20% Pt/C In-house
= 8000 \ (200)
s 1
2 6000 (2200 (1
§ /\ (222)
- 4000 /
2000

60 80

2theta (degrees)

100

Figure 4.10: X-ray diffraction patterns of 20%Pt/C Commercial
and 20%Pt/C In-house electro-catalysts

Figure 4.10 compares the XRD patterns of 20%Pt/C commercial and in-house catalysts.

Similar trends to Figure 4.9 were observed for these catalysts where the XRD patterns of
these catalysts were found to be without any additional peaks. The XRD patterns of these
catalysts show narrow and more intense peaks, suggesting that the particles are more
crystalline. The particle size of the 20%Pt/C commercial catalyst was found to be 3.40 nm

and that of the 20%Pt/C in-house catalyst was found to be 2.97 nm, respectively (see Table

4.10) and the results agree with the TEM results with a slight difference.
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Table 4.10: XRD analysis of 20%Pt/C electro-catalysts

2emax
Catalysts D (nm) a (nm) (degees) o (degrees)
0
20%PU/C 3.40 3.20 39.75 19.88
Commercial
0,
20%Pt/C 2.97 3.21 39.70 19.85
In-house

12000

—— 20% Pt/C Commercial

—— 20% Pt10% Ru/C Commercial
30% Pt15% Ru/C In-house

——40% Pt20% Ru/C In-house

10000

8000

6000

Intenisty (a.u)

4000

2000

20 40 60 80 100
2theta (degrees)

Figure 4.11: X-ray diffraction patterns of 20%Pt/C Commercial,
20%Pt10%Ru/C Commercial, 30%Pt15%Ru/C In-house and
40%Pt20%Ru/C In-house electro-catalysts

The first peak at 25° in Figure 4.11 is attributed to the carbon support as observed for
previous catalysts. The other peaks are characteristic reflections of Pt corresponding to the
fcc crystalline structure of Pt. The lattice parameters obtained for these catalysts in Figure
4.11 are smaller than that of Pt/C catalyst indicating a lattice contraction upon alloying. The
Pt(111) peak increases in intensity as the Pt and Ru content increases suggesting high current
densities of (111) orientated crystals. A degree of alloying was found for the platinum binary
catalysts as indicated by the shift of the reflection peaks to higher 20 values and to the
decrease of the lattice parameter (see Table 4.11) as it is previously mentioned. The particle
size D and the lattice parameter were calculated from the Pt(111) peak position. For the
20%Pt10%Ru/C commercial the particle size was found to be 2.72 nm, for 30%Pt15%Ru/C

in-house was found to be 2.94 nm and 40%Pt20%Ru/C in-house was found to be 2.98 nm.
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Table 4.11: XRD analysis of PtRu/C electro-catalysts

D a 26max e
Catalysts (nm) | (nm) (degrees) (degrees)
20%Pt/C Commercial 3.40 3.20 39.75 19.88
0, [0)
20%Pt10%Ru/ 272 | 3.16 40.36 20.18
Commercial
30%Pt15%Ru/C In-house 2.94 3.16 40.32 20.16
40%Pt20%Ru/C In-house 2.98 3.17 40.23 20.11
16000 |- /\
14000 — / ‘
ol e
10000 I 30% PtCo/C In-house
< aooo| 200
é 6000 |- (002) \ (220) (222)
- 4000 _ m‘tw | \
- | N IR
2000 oo \‘*w )\‘f‘ \h'b M WH Wy
[

20 30 40 50 60 70 80 90 100
2theta (degrees)

Figure 4.12: X-ray diffraction patterns of 20%Pt/C
Commercial, 20%PtCo/C Commercial and 30%PtCo/C In-
house electro-catalysts

Figure 4.12 clearly shows the characteristic diffraction peaks of the fcc Pt and this implies
that a successful reduction of Pt precussor to metallic form has been achieved with the
commercial catalyst. The commercial catalyst show well defined peaks compared to the in-
house catalyst. The commercial catalyst reveals the peaks characteristic of the fcc Pt without
any additional peaks and that is not the case for the in-house catalyst as this catalyst does not
show clear peaks and was repeated but did not seem to show clear peaks, that could be due to
experimental error.. It is observed that the peaks of commercial catalyst shift to more positive
values and this indicates alloy formation between Pt and Co, and indicates a lattice
contraction, which is caused by the incorporation of Co into the Pt fcc structure. The lattice
parameter (see Table 4.12) obtained for the 20%PtCo/C commercial catalysts is smaller than

that of the Pt/C catalyst, indicative of a lattice contraction upon alloying but that is not the
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case for the in-house catalyst since its lattice parameter is the same as that of the Pt/C
catalyst. The particle size of the 20%PtCo/C commercial catalyst was found to be 3.11 nm
and that of the 30%PtCo/C in-house was found to be 4.81 nm and was calculated from the

peak at 40 degrees, the Pt(111) facet.

Table 4.12: XRD analysis of PtCo/C electro-catalysts

29max
Catalysts D (nm) a (nm) (degrees) | © (dearees)
[0)
20 /oPt/(? 3.40 3.20 39.75 19.88
Commercial
[0)
20 /OPtCO(C 311 3.09 41.32 20.66
Commercial
[0)
30%PtCo/C 481 3.20 39.86 19.93
In-house

12000

20% Pt/C Commercial
20% PtCu/C Commercial
~—— 20% Pt20% Cu/C In-house

10000

8000
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Intensity (a.u)

\%m/ NN
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4000
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Figure 4.13: X-ray diffraction patterns of 20%Pt/C
Commercial, 20%PtCu/C Commercial and 20%Pt20%Cu/C In-
house electro-catalysts

With the 20%PtCu/C commercial catalyst given in Figure 4.13, the peaks characteristic of the
fcc Pt are observed. The peaks of the commercial catalyst are more intense and narrow
compared to the in-house catalyst suggesting that the particles of the commercial catalyst are
more crystalline. The Pt fcc peaks are well defined for the commercial catalyst without any

additional peaks compared to that of the in-house catalyst with additional peaks. The peaks of
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the commercial catalyst shift to more positive values indicating alloy formation and this is in
good agreement with the smaller values of the lattice parameter compared to the Pt/C catalyst
and this is observed with the in-house catalyst as the lattice parameter also decreases. The
particle size of the 20%PtCu/C commercial catalyst and that of the 20%Pt20%Cu/C in-house

were found to be 2.85 nm and 4.62 nm, respectively as shown in Table 4.13.

Table 4.13: XRD analysis of PtCu/C electro-catalysts

29max
Catalysts D (nm) a (nm) (degrees) | ° (degrees)
0
20%Pt/C 3.40 320 39.75 19.88
Commercial
[0)
20 /OPtCU(C 285 3.12 40.90 20.45
Commercial
[0) 0,
In-house

12000

20% Pt/C Commercial
20% PtSn/C Commercial
20% PtSn/C In-house

10000

8000

6000

Intensity (a.u)

4000

2000

20 30 40 50 60 70 80 90 100
2theta (degrees)

Figure 4.14: X-ray diffraction patterns of 20%Pt/C
Commercial, 20%PtSn/C Commercial and 20%PtSn/C In-house
electro-catalysts

It is observed (see Figure 4.14) that the 20%PtSn/C commercial catalyst XRD patterns are
similar to that of the 20%Pt/C commercial catalyst indicating alloy formation. The peaks
characteristic of a Pt fcc are slightly observed with the 20%PtSn/C in-house catalyst but the

peaks are not clear and are observed at very small intensities. The particle sizes of the
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20%PtSn/C commercial and in-house catalyst were calculated and found to be 3.39 nm and
4.62 nm, respectively (see Table 4.14). It is observed that the in-house catalyst has a bigger

particle size than the commercial catalyst.

Table 4.14: XRD analysis of PtSn/C electro-catalysts

20max
Catalysts D (nm) a (nm) (degrees) | ° (degrees)
0
20%Pt/C 3.40 3.20 39.75 19.88
Commercial
0,
20%PtSn/C 3.39 3.26 39.01 19.50
Commercial
0
20%PtSn/C 462 3.82 39.13 19.57
In-house

(a) Effect of heat treatment on the morphology of the 20%PtCo/C Commercial and
30%PtCo/C In-house electro-catalysts

30000
20% Pt/C Commercial

20% PtCo/C Commercial (un-sintered)
25000 |- 20% PtCo/C Commercial (350°C)
(111) 20% PtCo/C Commercial (650°C)
20% PtCo/C Commercial (800°C)
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Figure 4.15: X-ray diffraction patterns of 20%Pt/C Commercial,
20%PtCo/C Commercial (un-sintered), 20%PtCo/C Commercial
(350°C), 20%PtCo/C Commercial (650°C), and 20%PtCo/C
Commercial (800°C) electro-catalysts

Figure 4.15 represents the XRD patterns of the heat treated 20%PtCo/C commercial catalyst.
It is clear from the Figure that the catalyst heat treated at 650 °C and 800 °C shows more

intense and narrow peaks and this suggests that the particles are more crystalline. The particle
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sizes of the 20%PtCo/C commercial (350 °C), 20%PtCo/C commercial (650 °C), and
20%PtCo/C commercial (800 °C) were found to be 3.15 nm, 3.28 nm and 3.59 nm,
respectively. It is observed that the particle size increased drastically when the catalyst was
heat treated at 650 °C and 800 °C but did not increase that much when heat treated at 350 °C.

Table 4.15: XRD analysis of heat treated PtCo/C Commercial electro-catalysts

Catalysts D (nm) a (nm) ( dig;‘;zs) o (degrees)
20%Pt/C Commercial 3.40 3.20 39.75 19.88
20%PtCo/C Commercial 311 3.09 4132 20.66
(un-sintered) ' ' ' '
20%PtCo/C Commercial
(350°C) 3.15 3.16 40.34 20.17
20%PtCo/C Commercial
(650°C) 3.28 3.20 39.76 19.89
20%PtCo/C Commercial
(800°C) 3.59 3.20 39.75 19.88
50000
I : ggz//z S;/CCOICCO mngg' (un-sointered)
40000 - (111) erig it i Y
Ry St rots Goc'c)
R 30000 | (200)
g (311)
%‘ 20000 (222)
£ (002)
10000 =
S
or 2 ”‘uu’u”“'”“‘WWWw

20 30 40 50 60 70 80 90 100 110
2theta (degrees)

Figure 4.16: X-ray diffraction patterns of 20%Pt/C Commercial,
30%PtCo/C In-house (un-sintered), 30%PtCo/C In-house (350°C),
30%PtCo/C In-house (650°C), 30%PtCo/C In-house (800°C) and
20%PtCo/C In-house (800°C) electro-catalysts

The 20%PtCo/C in-house (800 °C) and 30%PtCo/C in-house (350 °C) catalysts show peaks
similar to the 20%Pt/C commercial catalyst when heat treated at 350°C (see Figure 4.16). The
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lattice parameter (see Table 4.16) decreased for the 20%PtCo/C in-house (800 °C) and
30%PtCo/C in-house (350 °C) catalyst indicating alloy formation. It can be seen in Figure
4.16 that the un-sintered catalyst gave several peaks but the 20%PtCo/C in-house (800 °C)
and 30%PtCo/C in-house (350 °C) catalysts gave peaks characteristic of the Pt fcc but when
the 30%PtCo/C in-house catalyst was heat treated at 650 °C and 800 °C few small peaks were
still observed. The particle size of the un-sintered 30%PtCo/C in-house catalyst was found to
be 4.81nm and that of the 20%PtCo/C in-house (800 °C) and 30%PtCo/C in-house (350 °C)
was found to be 2.92 nm and 2.79 nm, respectively. 30%PtCo/C in-house (650 °C) and
30%PtCo/C In-house (800 °C) were found to have particle sizes of 4.96 nm and 4.20 nm,
respectively. It is observed that the particle size of the 30%PtCo/C in-house (650 °C)
increased slightly whereas for other heat treated catalysts the particle size decreased and it
very much decreased for 30%PtCo/C In-house (350 °C) and 20%PtCo/C In-house (800 °C).

Table 4.16: XRD analysis of heat treated PtCo/C In-house electro-catalysts

20max

(degrees)
3.40 3.20 39.75 19.88

Catalysts D (nm) a (nm)

20%Pt/C
Commercial
30%PtCo/C
In-house 4.81 3.20 39.86 19.93
(un-sintered)
30%PtCo/C
In-house 2.79 3.18 40.01 20.01
(350°C)
30%PtCo/C
In-house 4.96 3.20 39.77 19.88
(650°C)
30%PtCo/C
In-house 4.20 3.20 39.74 19.87
(800°C)
20%PtCo/C
In-house 2.92 2.78 46.20 23.10
(800°C)

o degrees)

4.2.1 Summary of Particle size and crystallinity study of supported catalysts
(XRD)

The XRD study shows that the 20%Pt10%Ru/C commercial catalyst has a smaller particle

size compared to other catalysts with a particle size of 2.72 nm which is in good agreement
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with the HRTEM results. The 30%PtCo/C in-house catalyst was found to have a bigger
particle size compared to other catalysts. This catalyst was observed to have additional peaks
compared to the Pt/C fcc peaks together with the 20%Pt20%Cu/C in-house catalysts with

similar trends.

4.3 CYCLIC VOLTAMMETRIC STUDY OF THE ACTIVITY AND
OXYGEN REDUCTION ON SUPPORTED ELECTRO-CATALYSTS

The Cyclic voltammetry technique was used to electrochemically characterize the electro-
catalysts in terms of their electrochemical surface area and their activity towards ORR. The
Cyclic voltammograms were screened at -0.2 and 1.2V vs SCE for a normal CV and screened
at 1.2 and -0.2V for ORR studies at 20mV/s.

4.3.1 Electrochemical study of the Pt based electro-catalysts

0.006 |-
—— 10% Pt/C Commercial

0.004 L ——— 10% Pt/C In-house

0.002 -

0.000

1(A)

-0.002

-0.004

-0.006 -

-0.008 PR [ S N I — E— E—— E—
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

E (V vs SCE)

Figure 4.17: Cyclic voltammograms of 10%Pt/C Commercial
and 10%Pt/C In-house electro-catalysts in N, saturated 0.5M
H,SO, at a scan rate of 20mV using a SCE +0.250V reference
electrode

The cyclic voltammograms in Figure 4.17 show well defined peaks. Hydrogen desorption,
where hydrogen is desorbed from the platinum surface, the double layer region, Pt oxide
formation, Platinum reduction and hydrogen adsorption onto Pt surface [118]. The Pt-hydride
desorption peak potential appears from -0.2-0.1V for all catalysts, the double layer region
appears at the potential of 0.15-0.56V, the Pt-oxide formation appears at 0.6-1.2V, the peak at
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0.1 to -0.2 may be attributed to hydrogen adsorption onto the Pt surface [118]. In Figure 4.17
it is observed that 10%Pt/C Commercial has significantly large activity compared to the in-
house catalyst and this is also shown by the electrochemical surface area (ECSA) of these
catalysts with 10%Pt/C commercial having the ECSA value (see Table 4.17) of 14.7m?/g
compared to 10.7m?/g for the in-house catalyst and in literature was found to be 14.0m?/g for
the 10%Pt/C commercial catalyst [119].

Table 4.17: Electro-active and electrochemical surface area of 10%Pt/C electro-catalysts

Catalysts 10%Pt/C Commercial | 10%Pt/C In-house
Electro-chemlczal 14.7 10.7
surface area (m“/g)
Electro-active 36.7 26.7

surface area (cm?)

0.006 |-

—— 20% Pt/C Commercial
— 20% Pt/C In-house

0.004 -

0.002 |-

0.000
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-0.002 -
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Figure 4.18: Cyclic voltammograms of 20%Pt/C Commercial and
20%Pt/C In-house electro-catalysts in N saturated 0.5M H,SO, at a
scan rate of 20mV

Similar trends seen in Figure 4.17 are observed in Figure 4.18, the catalysts exhibit the
features of the hydrogen adsorption-desorption region followed by the double layer region
and this region is a bit flat or steep compared to the one observed in Figure 4.17. The oxide
peak is also observed. The hydrogen adsorption-desorption peaks for the 20%Pt/C
commercial catalyst are observed to be smaller than that of the 20%Pt/C in-house catalyst.

The ECSA derived from the hydrogen adsorption-desorption peaks was found to be 41.3m?/g
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for the 20%Pt/C in-house catalyst and 34.9 m?/g for the commercial catalyst (see Table 4.18)
and in literature was found to be 56.5 m%g for the 20%Pt/C commercial catalyst [119].
Figure 4.18 shows an enhancement in the activity of the 20%Pt/C in-house catalyst and there
is a slight shift of the reduction peak towards positive values observed in the in-house

catalyst.

Table 4.18: Electro-active and electrochemical surface area of 20%Pt/C electro-catalysts

Catalysts 20%Pt/C Commercial | 20%Pt/C In-house
Electrochemlcgl 349 413
surface area (m/g)
Electro-active
surface area (cm?)

87.4 103

0.016

0.014 - ——— 20% Pt 10% Ru/C Commercial

0.012 - 30% Pt 15% Ru/C In-house
0.010 — 40% Pt 15% Ru/C In-house /)
0.008 /
0.006
0.004
0.002

1 (A)

0.000
-0.002 -
-0.004
-0.006 -

-0.008

04 -02 00 0.2 04 06 0.8 1.0 1.2 1.4
E (V vs SCE)

Figure 4.19: Cyclic voltammograms of 20%Pt10%Ru/C Commercial,
30%P1t15%Ru/C and 40%Pt20%Ru/C In-house electro-catalysts in N,
saturated 0.5M H,SO, at a scan rate of 20mV

The CV curves for all the electro-catalysts in Figure 4.19 exhibit typical cyclic
voltammograms with hydrogen adsorption (-0.2-0.1V) and hydrogen desorption (0.1 to -
0.2V), no well-defined hydrogen adsorption/desorption peaks are observed for
30%Pt15%Ru/C and 40%Pt20%Ru/C in-house catalysts, suggesting the high dispersion of
the catalysts with disordered surface structure was obtained [120]. The Pt-oxide peak was not
observed for the 30%Pt15%Ru/C and 40%Pt20%Ru/C in-house catalysts and this absence of
the Pt-oxide peak demonstrated that these catalysts are reasonably stable in acidic medium in
the applied potential range [69]. The activity enhancement of the catalysts (20%Pt10%Ru/C
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commercial, 40%Pt20%Ru/C in-house and 30%Pt15%Ru/C in-house) was found to be with
ECSA values of 21.0m?/g, 4.52m?/g and 12.6m?%/g, respectively as shown in Table 4.19. The
ECSA of 20%PtRu/C catalyst in literature was found to be 91.4 m?/g which is much higher
than the one obtained in this work and this could be attributed to the agglomeration observed
in HRTEM for these catalysts [121]. The ECSA increased as the Pt-Ru content increased.

Table 4.19: Electro-active and electrochemical surface area of PtRu/C electro-catalysts

20%Pt10%Ru/C | 30%Pt15%Ru/C | 40%Pt20%Ru/C
Catalysts .
Commercial In-house In-house
Electrochemlcgl 210 457 126
surface area (m/g)
Electro-active , 55 113 316
surface area (cm®)
0.020
0.015 | — 20% PtCo/C Commercial

— 20% PtCo/C In-house

0.010 -

0.005 -

1 (A)

0.000 -
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Figure 4.20: Cyclic voltammograms of 20%PtCo/C Commercial and

30%PtCo/C In-house electro-catalysts in N, saturated 0.5M H,SQO, at

a scan rate of 20mV
Figure 4.20 shows the cyclic voltammograms of 20%PtCo/C commercial catalyst and
30%PtCo/C in-house catalyst. The CV’s show clear hydrogen adsorption-desorption peaks.
The 30%PtCo/C commercial catalyst shows a strong oxidation peak in the potential range
between 1.0 and 1.2V and it is also observed for the in-house catalyst but it is not that strong.
There is a peak at about 0.75 V for Pt-O. The reduction peak for the 20%PtCo/C commercial
catalyst shifts to the positive value. The 30%PtCo/C in-house catalyst is observed to be the
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catalyst with the lowest activity compared to the commercial catalyst due to its lower ECSA
value compared to the commercial catalyst. This may be attributed to the high particle size
and the agglomeration observed in the previous chapter using HRTEM. The ECSA of the
30%PtCo/C in-house catalyst and the 20%PtCo/C commercial catalyst was found to be
12.44m?/g and 39.2m?/g, respectively (see Table 4.20).

Table 4.20: Electro-active and electrochemical surface area of PtCo/C electro-catalysts

Catalysts 20%PtCo/C Commercial | 30%PtCo/C In-house
Electrochemlczal 392 12.44
surface area (m/g)
Electro-active
surface area (cm?)

98.1 26.11

0.004

20% PtCu/C Commercial 1
0.003 - 20% Pt20% Cu/C In-house /

0.002 -
0.001 |-

0.000

1(A)

-0.001 -

-0.002 -

-0.003 -

-0.004

1 1 1 1 1 1 1 1
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Figure 4.21: Cyclic voltammograms 20%PtCu/C Commercial and
20%Pt20%Cu/C In-house electro-catalysts in N, saturated 0.5M H,SO,4
at a scan rate of 20mVv

The characteristic peaks associated with Pt-supported on carbon catalysts are displayed in
Figure 4.21. In the anodic scan hydrogen is desorbed (-0.2-0.09V) vs SCE and upon further
scanning Pt oxides are formed beyond 0.6V for both these catalysts. During the cathodic scan
hydrogen was then adsorbed at potentials between 0.09 to -0.2V vs SCE. The 20%PtCu/C
commercial is found to be the catalyst with enhanced activity than the in-house catalyst with
electrochemical surface area (ECSA) values of 8.76m?/g and 3.29m%/g, respectively (see
Table 4.21). The ECSA of the 20%PtCu/C catalyst in literature was found to be 22 m?/g and
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is higher than the one found for this work and this could be attributed to the preparation of the

catalysts [122].

Table 4.21: Electro-active and electrochemical surface area of PtCu/C electro-catalysts

surface area (cm?)

Catalyst 20%PtCu/C Commercial | 20%Pt20%Cu/C In-house
Electrochemlczal 8.76 3.29
surface area (m“/g)
Electro-active 21.9 8.23

0.012
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0.008
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0.004

0.002
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Figure 4.22: Cyclic voltammograms 20%PtSn/C Commercial and
20%PtSn/C In-house electro-catalysts in N, saturated 0.5M H,SQO, at
a scan rate of 20mV

The Cyclic voltammograms in Figure 4.22 show well defined peaks, the Pt-hydride
desorption peak -(0.2-0.1V), the double layer region (0.15-0.56V), the Pt-oxide formation
(0.6-1.2V) except for 20%PtSn/C in-house there is no Pt-oxide formation. The absence of

oxidation peaks in these catalysts demonstrated that they are reasonably stable in acidic

medium in the applied potential range. The peak at 0.1 to -0.2 may be attributed to hydrogen

adsorption onto the Pt surface [119]. It is observed that the 20%PtSn/C in-house catalyst has

a strong oxidation peak between 1.0 and 1.2V but was absent for 20%PtSn/C commercial

catalyst. The ECSA of these catalysts was found to be 18.7m%g and 3.00m%g for the

20%PtSn/C commercial catalyst and 20%PtSn/C in-house catalyst, respectively (see Table
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4.22) and the ECSA of the 20%PtSn/C in-house catalyst being low could be attributed to the

sample preparation.

Table 4.22: Electro-active and electrochemical surface area of PtSn/C electro-catalysts

Catalysts 20%PtSn/C Commercial | 20%PtSn/C In-house
Electrochemlcgll 18.7 3.00
surface area (m/g)
Electro-active
surface area (cm?)

46.6 7.50

(a) Effect of heat treatment on the electrochemical activity of the 20%PtCo/C

Commercial and 30%PtCo/C In-house electro-catalysts

0.015 |- 20% PtCo/C Commercial (un-sintered)
20% PtCo/C Commercial (350°C)
20% PtCo/C Commercial (650°C)
0.010 20% PtCo/C Commercial (800°C)

0.005 |-
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Figure 4.23: Cyclic voltammograms of 20%PtCo/C Commercial (un-
sintered), 20%PtCo/C Commercial (350°C), 20%PtCo/C Commercial
(650°C) and 20%PtCo/C Commercial (800°C) electro-catalysts in N

saturated 0.5M H,SO, at a scan rate of 20mV

Figure 4.23 compares the cyclic voltammograms of 20%PtCo/C commercial catalyst heat
treated at 350°C, 650°C and 800°C as well as it shows the electrochemical finger print
associated with Pt based electro-catalysts. It is observed that the 20%PtCo/C commercial
catalyst heat treated at 350°C gave better activity compared to when this catalyst was heat
treated at other temperatures. The hydrogen adsorption-desorption peaks observed between
0.2-0.1V for the 20%PtCo/C commercial catalyst heat treated at 350°C are quite bigger than
those of the other catalysts. A strong oxidation peak is observed for the 20%PtCo/C
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commercial 800°C at potentials between 1.0 and 1.2V. The activity of the heat treated
catalyst was found to be in the order of 20%PtCo/C commercial (350°C), 20%PtCo/C
commercial (800°C) and 20%PtCo/C commercial (650°C) with the ECSA values of 15.0m?/g,
11.2m?/g and 7.96m?/g, respectively (see Table 4.23). It is observed that the ECSA decreased
when the catalyst was heat treated, the 20%PtCo/C commercial un-sintered having an ECSA
of 39.2m?%/g. The heat treatment did not improve the ECSA of this catalyst as it was seen with
HRTEM results. The catalyst’s activity decreased as the temperature increased.

Table 4.23: Electro-active and electrochemical surface area of heat treated PtCo/C

commercial electro-catalysts

20%PtCo/C | 20%PtCo/C | 20%PtCo/C | 20%PtCo/C
Catalysts Commercial | Commercial | Commercial | Commercial
(Un-sintered) |  (350°C) (650°C) (800°C)
Electrochemical
Surface area 39.2 15.0 7.96 11.2
(m’/g)
Electro-active
surface area 98.1 37.6 19.9 28.1
(cm?)
0.020
30% PtCo/C In-house (unsintered)
——— 30% PtCo/C In-house (350°C)
0.015 - 30% PtCol/C In-house (650°C)
30% PtCo/C In-house (800°C)
0.010 L 20% PtCo/C In-house (800°C)
0.005

1(A)

0.000

-0.005 -

-0.010

04 -02 00 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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Figure 4.24: Cyclic voltammograms of 30%PtCo/C In-house (un-
sintered), 30%PtCo/C In-house (350°C), 30%PtCo/C In-house (650°C),
30%PtCo/C In-house (800°C) and 20%PtCo/C In-house (800°C) electro-
catalysts in N saturated 0.5M H,SQO, at a scan rate of 20mV
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The cyclic voltammograms of 30%PtCo/C in-house catalyst heat treated at 350°C, 650°C and
800°C and 20%PtCo/C in-house catalyst heat treated at 800°C are displayed in Figure 4.24.
The hydrogen adsorption is observed at 0.1 to -0.2V. The Pt-hydride desorption peak
potential is from -0.2-0.1V for all the catalysts, the double layer region is observed at the
potential of 0.15-0.56V, the Pt-oxide formation appears at 0.6-1.2V. The hydrogen
adsorption-desorption peaks and other electrochemical peaks are suppressed in the case of the
30%PtCo/C in-house (650°C) and 30%PtCo/C in-house (800°C). The ECSA (see Table 4.24)
of the catalysts was found to be 28.9m?/g for 30%PtCo/C in-house (350°C), 2.00m%/g for
30%PtCo/C in-house (650°C), 10.3m%g 30%PtCo/C in-house (800°C) and 10.94m?/g for
209%PtCo/C in-house (800°C). It was found that the 30%PtCo/C in-house (350°C) gave better
ECSA compared to other catalysts heat treated at other temperatures followed by the
209%PtCo/C in-house heat treated at 800°C. The 30%PtCo/C in-house un-sintered catalyst
was found to have an ECSA of 12.44m°(g. The ECSA decreased dramatically for the
30%PtCo/C in-house (650°C) and decreased a bit less for the 30%PtCo/C in-house (800°C).
With the 30%PtCo/C in-house (350°C) the ECSA improved and enhanced indicating that the
heat treatment had an effect on the ECSA of this catalyst at this particular temperature. This
observation where heat treatment increases the ECSA of a catalyst can also be found in the
literature. The catalyst when heat treated at 650 °C the activity dropped and this could be
attributed to the higher particle size observed with HRTEM.

Table 4.24: Electro-active and electrochemical surface area of heat treated PtCo/C in-house
electro-catalysts

30%PtCo/C | 30%PtCo/C | 30%PtCo/C | 30%PtCo/C | 20%PtCo/C
Catalysts In-house In-house In-house In-house In-house
(Un-sintered) |  (350°C) (650°C) (800°C) (800°C)
Electro-active
surface area 12.44 28.9 2.00 10.3 10.94
(m’/g)
Electrochemical
surface area 26.11 72.3 5.00 25.6 34.9
(cm?)
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4.3.2 ORR study of platinum based electro-catalysts
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Figure 4.25: Cyclic voltammograms for ORR of 10%Pt/C
Commercial and 10%Pt/C In-house electro-catalysts in O, saturated
0.5M H,SO0O; at a scan rate of 20mV

From Figure 4.25 the cyclic voltammograms of the catalysts are displayed in order to the
catalyst that will give better ORR activity. The 10%Pt/C commercial catalyst gives a better
ORR activity. It can be noted that the 10%Pt/C commercial has a current enhancement than
10%Pt/C in-house catalyst with a current densities of 3.36 A/cm? and 2.44 Alcm?
respectively tabulated in Table 4.25. The mass activities (MA) of the 10%Pt/C commercial
and 10%Pt/C in-house were found to be 13.4A/g and 9.74A/g, respectively and the specific
activities (SA) were found to be 0.054A/cm? and 0.039A/cm?, respectively as shown in Table
4.25.

Table 4.25: Current density, mass activity and specific activity of 10%Pt/C electro-catalysts

Catalysts 10%Pt/C Commercial | 10%Pt/C In-house
Cun(’;r}ér(:l](za;sity 336 2 44
Mz?sAs/ ggstFi)\t/ity 134 9.74
Spt(ezi/fgtr:n g;:tFi)\éity 0.054 0.039
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Figure 4.26: Cyclic voltammograms for ORR of 20%Pt/C
Commercial and In-house electro-catalysts in O, saturated 0.5M
H,SO, at a scan rate of 20mV

Figure 4.26 shows the ORR activity of the 20%Pt/C commercial and in-house catalysts. The

20%Pt/C in-house catalyst has enhanced ORR activity than 20%Pt/C commercial catalyst

which was found at lower current densities than the 20%Pt/C in-house catalyst. This is
confirmed by the HRTEM and XRD results given that the 20%Pt/C in-house has small
particle size. The 20%Pt/C commercial catalyst gave the current density of 3.15 A/cm? and
the 20%Pt/C in-house catalyst gave the current density of 3.96 A/cm?. The MA of 20%Pt/C
commercial and 20%Pt/C in-house catalyst were found to be 12.6A/g and 15.8A/g,

respectively and the SA were found to be 0.060 A/cm? and 0.063A/cm?, respectively (see

Table 4.26).

Table 4.26: Current density, mass activity and specific activity of 20%Pt/C electro-catalysts

Catalysts 20%Pt/C Commercial | 20%Pt/C In-house
Curl(’Zr/l;t: r?]g;lsity 3.15 3.96
Ma-s(s :/;t)iv-it-y 12.6 15.8
SpeC(I;\I/(; ;czt)wlty 0.060 0.063
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Figure 4.27: Cyclic voltammograms for ORR of 20%Pt10%Ru/C
Commercial, 30%Pt15%Ru/C In-house and 40%Pt20%Ru/C In-house
electro-catalysts in O, saturated 0.5M H,SOy, at a scan rate of 20mV

Figure 4.27 indicates that the 20%Pt10%Ru/C commercial with a current density of
3.78A/cm? is better than the other two catalysts. This means that it is a better cathode catalyst
compared to the other two catalysts.. The current densities of the 30%Pt15%Ru/C in-house
and the 40%Pt20%Ru/C in-house are almost the same, as depicted by the CV curves which
lie almost on one another, the current densities were found to be 2.78A/cm? and 2.88A/cm?,
respectively. The MA of the 20%Pt10%Ru/C commercial, 30%Pt15%Ru/C in-house and
40%Pt20%Ru/C in-house were found to be 15.1A/g, 11.1A/g and 11.5A/g, respectively and
the SA were found to be 0.050A/cm?, 0.045A/cm”and 0.046A/cm?, respectively (see Table
4.27).

Table 4.27: Current density, mass activity and specific activity of PtRu/C electro-catalysts

Catalysts 20%Pt10%RU/C | 30%Pt15%RU/C [ 40%Pt20%Ru/C
Commercial In-house In-house
CurEZr)ér?]ezz;sity 3.78 2.78 2.88
Mat':,?:/;t)iv-it-y 15.1 11.1 115
Speigllcc ;Czt)IVIty 0.050 0.045 0.046
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Figure 4.28: Cyclic voltammograms for ORR of 20%PtCo/C
Commercial and 30%PtCo/C In-house electro-catalysts in O, saturated
0.5M H,SO, at a scan rate of 20mV

It can be seen in Figure 4.28 that the 20%PtCo/C commercial catalyst gives better
performances of ORR than the 30%PtCo/C in-house catalyst. The inactivity towards ORR of
the 30%PtCo/C in-house catalyst may be due to the big particle size observed with HRTEM
and XRD and due to the fact that the particle of this catalyst were very much agglomerated.
The in-house catalyst gave very low current density than the commercial catalyst with current
density values of 1.49A/cm? and 3.79A/cm? respectively. The MA of the 20%PtCo/C
commercial and 30%PtCo/C in-house catalyst were found to be 15.1A/g and 5.96A/g,
respectively and the SA were found to be 0.061A/cm? and 0.024A/cm?, respectively (see
Table 4.28).

Table 4.28: Current density, mass activity and specific activity of PtCo/C electro-catalysts

Catalysts 20%PtCo/C Commercial | 30%PtCo/C In-house
Curzzr/\;?]g)nsity 3.79 1.49
Majc,(s:/(;t)iv-it-y 15.1 596
Speiiﬁ; r?]%t)lwty 0.061 0.024
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Figure 4.29: Cyclic voltammograms for ORR of 20%PtCu/C
Commercial and 20%Pt20%Cu/C In-house electro-catalysts in O,
saturated 0.5M H,SO, at a scan rate of 20mV

At the mixed control zone at potentials of 0.3V the current density of the 20%PtCu/C

commercial catalyst is lower than that of the 20%Pt20%Cu/C in-house meaning that the

20%Pt20%Cu/C in-house is a better cathode catalyst than the commercial catalyst as shown

in Figure 4.29. The current density of these catalysts was found to be 2.41A/cm? for the

commercial catalyst and 3.44A/cm? for the in-house catalyst (see Table 4.29). It is also

observed (Figure 4.29) that the catalysts have similar diffusion control zone currents. The
MA of the 20%PtCu/C commercial and 20%Pt20%Cu/C in-house catalyst were found to be
9.66A/g and 13.7A/g, respectively and the SA were found to be 0.039A/cm? and 0.055A/cm?,

respectively.

Table 4.29: Current density, mass activity and specific activity of PtCu/C electro-catalysts

Catalysts 20%PtCu/C Commercial | 20%Pt20%Cu/C In-house
Curzzzr?]g)nsity 241 3.44
Matc,(s-pizt)iv-it-y 966 13.7
Spec(l';l/% ;gt)'v'ty 0.039 0.055
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Figure 4.30: Cyclic voltammograms for ORR of 20%PtSn/C Commercial

1.0

and 20%PtSn/C In-house electro-catalysts in O, saturated 0.5M H,SO, at a

scan rate of 20mV

Figure 4.30 shows the cyclic voltammograms for ORR of 20%PtSn/C commercial and in-

house electro-catalysts. The commercial catalyst has a better ORR activity than 20%PtSn/C

in-house catalyst. =~ Moreover, the 20%PtSn/C commercial with a current density of

2.32A/cm? is higher than that of 20%PtSn/C in-house catalyst. The in-house catalyst was
found to have a current density of 1.53A/cm® The MA of the 20%PtSn/C commercial and
20%PtSn/C in-house catalyst were found to be 9.26A/g and 6.10A/g, respectively and the SA
were found to be 0.037A/cm? and 0.024A/cm?, respectively (see Table 4.30).

Table 4.30: Current density, mass activity and specific activity of PtSn/C electro-catalysts

Catalysts 20%PtSn/C Commercial | 20%PtSn/C In-house
Curt(’;% r?]?;suy 2.32 153
Mas(s :/;t)lwty 9.26 6.10
spec(;:i/% ;czt)ivity 0.037 0.024
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(a) Effect of heat treatment on the ORR activity of the 20%PtCo/C Commercial and
30%PtCo/C In-house electro-catalysts
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Figure 4.31: Cyclic voltammograms for ORR of 20%PtCo/C Commercial
(un-sintered), 20%PtCo/C Commercial (350°C), 20%PtCo/C Commercial
(650°C) and 20%PtCo/C Commercial (800°C) electro-catalysts in O,
saturated 0.5M H,SO, at a scan rate of 20mV

Figure 4.31 shows the cyclic voltammograms for PtCo/C commercial catalyst heat treated at
different temperatures. At the mixed control region that is at a potential of 0.3V the
20%PtCo/C commercial (350°C) has a better ORR activity compared to when the catalyst
was heat treated at 650°C and 800°C followed by the 20%PtCo/C commercial 800°C. The
current densities of this catalyst heat treated at different temperatures was found to be
4.13A/cm? for the 20%PtCo/C commercial (350°C), 2.65A/cm® for the 20%PtCo/C
commercial (650°C) and 2.97A/cm? for the 20%PtCo/C commercial (800°C) as shown in
Table 4.31. It is observed that the ORR activity decreased slightly for the 20%PtCo/C
commercial (650°C) and the 20%PtCo/C commercial (800°C) but increased for the
20%PtCo/C commercial (350°C). The current density of the un-sintered 20%PtCo/C
commercial was found to be 3.79A/cm?. Heat treating the catalyst at 350°C enhanced the
ORR activity of this catalyst. The MA of the 20%PtCo/C commercial (350°C), 20%PtCo/C
commercial (650°C) and 20%PtCo/C commercial (800°C) were found to be 16.5A/g, 10.6A/g
and 11.9A/g, respectively and the SA were found to be 0.066A/cm? 0.042A/cm?and
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0.048A/cm?, respectively and these results are in good agreement with HRTEM and XRD as

the activity decreases with decreasing temperature.

Table 4.31: Current density, mass activity and specific activity of heat treated PtCo/C

Commercial electro-catalysts

Chapter 4

20%PtCo/C 20%PtCo/C 20%PtCo/C 20%PtCo/C
Catalysts Commercial Commercial Commercial Commercial
(Un-sintered) (350°C) (650°C) (800°C)
Current
density 3.79 4.13 2.65 2.97
(Alcm?)
Mass activity
15.1 16.5 10.6 11.9
(A/g)
Specific
activit 0.061 0.066 0.042 0.048
(Alcm®)
0.02
0.00 R e ———
0.02 |-
0.04 |-
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Figure 4.32: Cyclic voltammograms for ORR of 30%PtCo/C In-house (un-
sintered), 30%PtCo/C In-house (350°C), 30%PtCo/C In-house (650°C),
309%PtCo/C In-house (800°C), and 20%PtCo/C In-house (800°C) electro-
catalysts in O, saturated 0.5M H,SOy, at a scan rate of 20mV

The cyclic voltammograms of 30%PtCo/C in-house catalyst heat treated at different
temperatures are depicted in Figure 4.32. It can be noted that the 30%PtCo/C in-house
(350°C) gives better ORR activity than when heat treated at other temperatures followed by
the 20%PtCo/C in-house (800°C) and then the 30%PtCo/C in-house when heat treated at
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800°C. From the literature the PtCo/C catalyst was heat treated at different temperatures and
it was found that the heat treatment of the catalyst at 800°C leads to enhanced ORR activity
[120]. This was not the case in this work and this may be due to the fact that in the literature
the heat-treatment was done for 1hour and in this work it was done for 3hour. The ORR
activity of the 30%PtCo/C (350°C) in-house catalyst increased compared to the PtCo/C un-
sintered in-house and commercial catalysts after heat treatment. The current densities of the
catalyst at these different temperatures are as follows, 4.07A/cm? for 30%PtCo/C in-house
(350°C), 1.60A/cm?® for 30%PtCo/C in-house (650°C), 3.18A/cm? 30%PtCo/C in-house
(800°C) and 2.59A/cm? for the 20%PtCo/C in-house (800°C) (see Table 4.32). The heat
treatment of this catalyst enhanced the ORR activity as it is observed that with all the
temperatures the current density increased compared to when it was un-sintered (1.49 A/cm?).
This enhancement is more clear with the 30%PtCo/C in-house (350°C) compared to when
this catalyst was heat treated at other heat treatment temperatures used in this study. The MA
of the 30%PtCo/C in-house (350°C), 30%PtCo/C in-house (650°C), 30%PtCo/C in-house
(800°C), and 20%PtCo/C in-house (800°C) were found to be 16.3A/g, 6.40A/g, 12.7A/g and
10.4A/g, respectively and the SA were found to be 0.065A/cm?, 0.026A/cm?, 0.051A/cm?and
0.041A/cm?, respectively.

Table 4.32: Current density, mass activity and specific activity of heat treated PtCo/C In-
house electro-catalysts

30%PtCo/C | 30%PtCo/C | 30%PtCo/C | 30%PtCo/C | 20%PtCo/C
Catalysts In-house In-house In-house In-house In-house
(Un-sintered) |  (350°C) (650°C) (800°C) (800°C)
Current
densit%/ 1.49 4.07 1.60 2.59 3.18
(Alcm?)
Mass
activity 5.96 16.3 6.40 10.4 12.7
(A/g)
Specific
activit 0.024 0.065 0.026 0.041 0.051
(A/lcm”?)
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4.3.3 Summary of cyclic voltammetric study of the activity and oxygen reduction
reaction on supported electro-catalysts

The study above shows that the catalyst with higher ECSA was found to be 20%Pt/C in-
house catalyst and the catalyst with the lowest ECSA was found to be 20%PtSn/C in-house
catalyst. It is also observed that the heat treatment of the 20%PtCo/C commercial decreased
the ECSA but increased for the 30%PtCo/C in-house heat treated at 350°C. From the ORR
study results above it is observed that 20%Pt/C in-house catalyst has higher ORR activity and
30%PtCo/C in-house has lower activity but after heat treatment of this catalyst the activity
increased when heat treated at 350°C and 800°C and was even better than the un-sintered

PtCo/C commercial catalyst.

4.4 ROTATING DISK ELECTRODE STUDY OF THE ACTIVITY OF
OXYGEN REDUCTION ON SUPPORTED ELECTRO-CATALYSTS

In this study electro-catalysts are characterized in terms of their activity towards ORR using
the rotating disk electrode. Hydrodynamic voltammograms were studied at rotation speed
varied from 500 to 2500rpm for ORR and recorded between 1.0 and 0.0V versus SCE, at a

scan rate of 5mV/s.

(1) 10%Pt/C Commercial and In-house electro-catalysts

0.0001

5 0.0000 - I A/

0.0000

-0.0001

-0.0002
-0.0002

1(A)
1(A)

-0.0003
-0.0004

-0.0004

-0.0005 -0.0006

-0.0006

L L L L L L L L L L L L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
E (V vs SCE) E (V vs SCE)

(a) (b)
Figure 4.33: Oxygen reduction polarization curves for 500, 1000, 1500, 2000, 2500 rpm
speed rates of a) 10%Pt/C Commercial and b) 10%Pt/C In-house electro-catalysts in O,
saturated 0.5M H,SO, at a scan rate of 20mV
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Figure 4.34: Polarization curves for the ORR on 10%Pt/C Commercial and
10%Pt/C In-house electro-catalysts in O, saturated 0.5M H,SQO, at a sweep
rate of 5SmV/s, rotating velocity of 1500rpm, at room temperature

Figure 4.34 shows the polarization curves (see 1500rpm from Figure 4.33) for the oxygen
reduction reaction of the 10%Pt/C commercial and in-house catalysts. The in-house catalysts
are better cathode catalyst for ORR when compared to the commercial catalysts. It was found
that the curve obtained for 10%Pt/C in-house was similar to that of 10%Pt/C commercial. At
the mixed control zone that is at potentials of 0.5V, it can be seen that there is a possibility
that the activities of the catalysts are the same or very close to one another. The half wave
potentials of both these catalysts were found to be about 0.5V. This indicated that the
10%Pt/C in-house has an activity toward ORR similar to that of 10%Pt/C commercial. It was
also observed that diffusion limited current density of 10%Pt/C commercial catalyst since it
was bigger than that of 10%Pt/C in-house and this agrees with the HRTEM results. The
diffusion current densities were 0.06 A/cm? and 0.047A/cm?, respectively. The ORR activity
current densities of these catalysts was calculated and it was found that the 10%Pt/C
commercial catalyst exhibited a current density (see Table 4.33) of 0.042A/cm? and the
10%Pt/C in-house catalyst exhibited a current density of 0.037A/cm?. It is clear that the
catalysts exhibit an ORR activity close to one another with a very small difference. The MA
of the 10%Pt/C Commercial and 10%Pt/C in-house catalyst were found to be 0.168A/g and
0.148A/g, respectively and the SA were found to be 0.067A/cm? and 0.059A/cm?,
respectively.
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Table 4.33: Current density, mass activity and activity of 10%Pt/C electro-catalysts at

i=0.45V
Catalysts 10%Pt/C Commercial | 10%Pt/C In-house
Current density
(Alem?) 0.042 0.037
Mass activity
0.168 0.148
(A/g)
Specific activity
(Alem?) 0.067 0.059
0.85
l\.‘\~x
0.80 lk-?.“

E (V vs SCE)
o
3
T

—&— 10% Pt/C Commercial
—&— 10% Pt/C In-house

-7.0 -6.5 -6.0

logl (A/cm?)

-55

-5.0

Figure 4.35: Mass transfer polarization curves for the ORR on 10%Pt/C Commercial and
10%Pt/C In-house electro-catalysts in O, saturated 0.5M H,SQO, at a sweep rate of 5mV/s,
rotating velocity of 1500rpm, at room temperature

The plot shown in Figure 4.35 is the mass Tafel polarization curve of the 10%Pt/C

commercial and in-house catalyst at 1500rpm rotating speed. The plot gives a clear analysis

of the ORR activity of the catalysts. From the plot it can be deduced that the activity of the

catalysts is similar since the curves are laying on one another. These plots gave Tafel slopes

of two regions; region one giving 656mV/dec and region two giving 189mV/dec for the
10%Pt/C commercial catalyst. Similarly, 63mV/dec and 180mV/dec for the 10%Pt/C in-

house catalyst was recorded for region one and region two, respectively (see Table 4.34).

This indicates that both these catalysts have similar ORR activity as the slopes are close to

one another.
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Table 4.34: Tafel slopes of the 10%Pt/C electro-catalysts

Catalysts 10%Pt/C Commercial | 10%Pt/C In-house
Regionl (mV/dec) 65 63
Region2 (mV/dec) 189 180
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Figure 4.36: Koutecky-Levich plots of a) Pt Bare, b) 10%Pt/C Commercial and c¢) 10%Pt/C

In-house electro-catalysts at different potentials (0.4V, 0.375V, 0.35V, 0.325V and 0.3V)
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Figure 4.37: Koutecky-Levich plots of a) 10%Pt/C Commercial and b) 10%Pt/C In-house

electro-catalysts at a potential of 0.375V

The oxygen reduction reaction that is desired is the four-electron transfer that is the electro-
reduction of oxygen to water. Figure 4.37 displays the Koutecky-Levich plot abbreviated as a
K-L plot. In Figure 4.36 we are given K-L plots at different potentials that are prepared from
data for Figure 4.33. The K-L plots at E=0.375V were taken for each catalyst and compared
to a Pt bare electrode so as to see whether the K-L plot for the catalyst will give a straight line
similar to the one of the Pt Bare electrode, the four-electron transfer line. This was done to
investigate the electron transfer of these electro-catalysts. In Figure 4.37 we observe that the
lines for both catalysts are similar to the one of the Pt bare electrode indicating that this is a
four-electron transfer reaction for both catalysts.

(2) 20%Pt/C Commercial and In-house electro-catalysts
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Figure 4.38: Oxygen reduction polarization curves for 500, 1000, 1500, 2000, 2500 rpm
speed rates of a) 20%Pt/C Commercial and b) 20%Pt/C In-house electro-catalysts in O,
saturated 0.5M H2SQO, at a scan rate of 20mV

72



Chapter 4

0.0002

0.0000 |-

-0.0002 -

1(A)

-0.0004 -

20% Pt/C Commercial
20% Pt/C In-house

-0.0006 - 7

-0.0008 -

0.0 0.2 0.4 0.6 0.8 1.0
E (V vs SCE)

Figure 4.39: Polarization curves for the ORR on 20%Pt/C Commercial and
20%Pt/C In-house electro-catalysts in O, saturated 0.5M H,SO, at a sweep
rate of 5SmV/s, rotating velocity of 1500rpm, at room temperature

The 20%Pt/C commercial and the 20%Pt/C in-house catalysts (1500rpm curves from Figure
4.38) were compared for the ORR activity (see Figure 4.39). The enhancement of ORR is
observed for 20%Pt/C in-house, especially at potentials more positive than the half wave
potential, the so-called mixed control region. The half wave potential of 20%Pt/C in-house
was found to be 0.5V and that of 20%Pt/C commercial to be 0.4V, which means that the
20%Pt/C in-house is more active than 20%Pt/C commercial. It is also observed that the
20%Pt/C in-house has higher diffusion current density, at the diffusion control zone. The
current density of 20%Pt/C in-house catalyst was found to be 0.053A/cm? and 20%Pt/C
commercial catalyst was found to be 0.036A/cm? (see Table 4.35). This shows that the
20%Pt/C in-house catalyst is more active for ORR than the commercial catalyst. The MA of
the 20%Pt/C commercial and 20%Pt/C in-house catalyst were found to be 0.144A/g and
0.213A/g, respectively and the SA were found to be 0.066A/cm? and 0.085A/cm?,

respectively.
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Table 4.35: Current density, mass activity and specific activity of 20%Pt/C

electro-catalysts at i=0.45V

Catalysts 20%Pt/C Commercial 20%Pt/C In-house
Current density
(Alem?) 0.036 0.053
Mass activity
0.144 0.213
(A/g)
Specific activity
(Alem?) 0.066 0.085
0.90
.T'\l.
_ %
L
P T e 20% PyC Commercial
4 —&— 20% Pt/C In-house
‘U>'J’ 0.75
0.70 -
0.65 1 1 1 1 1 1 1
-7.0 -6.5 -6.0 -5.5 -5.0 -4.5
logl (A/cm?)

Figure 4.40: Mass transfer polarization curves for the ORR on 20%Pt/C Commercial and
10%Pt/C In-house electro-catalysts in O, saturated 0.5M H,SQO, at a sweep rate of 5mV/s,
rotating velocity of 1500rpm, at room temperature

The Tafel plots for the 20%Pt/C commercial and in-house catalyst are given in Figure 4.40.

The 20%Pt/C in-house catalyst is observed at higher potentials than the 20%Pt/C commercial

catalyst which is observed at lower potentials. From the plot it is clear that the 20%Pt/C in-

house catalyst is more active that the commercial catalyst. It is stated in the literature that for

an electrochemical reaction to obtain a high current at low overpotential, the reaction should

exhibit a low Tafel slope. The slopes were determined for these electro-catalysts and it was

found that the 20%Pt/C in-house catalyst exhibited the low Tafel slopes with slopes of

57mV/dec and 102mV/dec for region one and two, respectively. In literature the Tafel slope
for the 20%Pt/C catalyst was found to be 60 mV/dec and 120 mV/dec [123]. On the other
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hand the commercial catalyst exhibited slopes of 68mV/dec and 191mV/dec for region one

and two, respectively (see Table 4.36).

Table 4.36: Tafel slopes of the 20%Pt/C electro-catalysts

Catalysts 20%Pt/C Commercial | 20%Pt/C In-house
Regionl (mV/dec) 68 57
Region2 (mV/dec) 191 102
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Figure 4.41: Koutecky-Levich plots of a) 20%Pt/C Commercial and b) 20%Pt/C In-house
electro-catalysts at different potentials (0.4V, 0.375V, 0.35V, 0.325V and 0.3V)
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Figure 4.42: Koutecky-Levich plots of a) 20%Pt/C Commercial and b) 20%Pt/C In-house
electro-catalysts at a potential of 0.375V
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Figure 4.42 displays the K-L plots (at 0.375V from Figure 4.41) of 20%Pt/C commercial and
in-house catalysts. The plots of the catalysts are compared to a K-L plot of a Pt bare
electrode. The comparison is done to check whether the plots of the catalysts will be similar
to the plots of the Pt bare electrode in order to investigate the possibility of the electro-
reduction of oxygen to water. From the plots it is observed that the K-L plots for both
catalysts are similar to that of the Pt bare electrode which means that this reaction follows the

four-electron transfer for both catalysts.

(3) 20%Pt109%Ru/C Commercial, 30%Pt15%Ru/C and 40%Pt20%Ru/C In-house

electro-catalysts
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Figure 4.43: Oxygen reduction polarization curves for 500, 1000, 1500, 2000, 2500 rpm

speed rates of a) 20%Pt10%Ru/C Commercial, b) 30%Pt15%Ru/C In-house and c)
40%Pt20%Ru/C In-house electro-catalysts in O, saturated 0.5M H,SO, at a scan rate of
20mV
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Figure 4.44: Polarization curves for the ORR on 20%Pt10%Ru/C Commercial,
30%Pt15%Ru/C and 40%Pt20%Ru/C In-house electro-catalysts in O, saturated 0.5M H,SO,
at a sweep rate of 5mV/s, rotating velocity of 1500rpm, at room temperature

From Figure 4.44 it is observed that the 20%Pt10%Ru/C commercial catalyst is more active
than the 30%Pt15%Ru/C in-house and the 40%Pt20%Ru/C in-house (1500rpm curves from
Figure 4.43). The half wave potential of the 20%Pt10%Ru/C commercial is the most positive
(0.5V), indicating that it is the most active among the catalysts it is comparison with |,
followed by the 40%Pt20%Ru/C in-house catalyst at 0.41V and 30%Pt15%Ru/C in-house
catalyst at 0.35V. The diffusion limiting current of 40%Pt20%Ru/C in-house and
20%Pt10%Ru/C commercial catalyst are almost similar. The 30%Pt15%Ru/C in-house
catalyst is the lowest compared to the other Ru catalysts. The activity enhancement of the
catalysts was found to be in the following order 20%Pt10%Ru/C commercial with a current
density of 0.041A/cm?, 40%Pt20%Ru/C in-house with a current density of 0.030A/cm? and
lastly 30%Pt15%Ru/C in-house with a current density of 0.006A/cm? (Table 4.37). The MA
of the 20%Pt10%Ru/C Commercial, 30%Pt15%Ru/C In-house and 40%Pt20%Ru/C In-house
catalysts were found to be 0.165A/g, 0.024A/g and 0.119A/g and the SA were found to be
0.058A/cm?, 0.010A/cm?® and 0.048A/cm?, respectively. The mass activity of the
30%Pt15%Ru/C in-house catalyst is observed to be low and this could be due to the

preparation method.
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Table 4.37: Current density, mass activity and specific activity of PtRu/C electro-

catalysts at i=0.45V

Chapter 4

20%Pt10%Ru/C | 30%Pt15%Ru/C | 40%Pt20%Ru/C
Catalysts .
Commercial In-house In-house
Current density
(Alcm?) 0.041 0.006 0.030
Mass activity
0.165 0.024 0.119
(A/g)
Specific
(Alcm?) 0.058 0.010 0.048
0.84 - - -
ol o
o8 [ ST *»
0.76 —
g 0.74
P on2[
; 070  —®—20% Pt 10% Ru/C Commercial
- —&— 30% Pt 15% Ru/C In-house
W ooes |- 40% Pt 20% Ru/C In-house
0.66
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0.62
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-7.0 -6.5 -6.0
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5.b -5.0

Figure 4.45: Mass transfer polarization curves for the ORR on 20%Pt10%Ru/C
Commercial, 30%Pt15%Ru/C In-house and 40%Pt20%Ru/C In-house electro-
catalysts in O, saturated 0.5M H,SQO, at a sweep rate of 5mV/s, rotating velocity of
1500rpm, at room temperature

A comparison of the Tafel plots (Figure 4.45) gives a clear indication of the ORR activity of
the catalysts. From the plots the 20%Pt10%Ru/C commercial catalyst is observed at higher
potentials than the in-house catalysts. This indicates that the 20%Pt10%Ru/C commercial
catalyst is the most active of all the catalysts. The Tafel slopes were determined and found to
be 63mV/dec and 179mV/dec, 66mV/dec and 189mV/dec and lastly 72mV/dec and
196mV/dec for the 20%Pt10%Ru/C commercial catalyst, 40%Pt20%Ru/C in-house catalyst
and 30%Pt15%Ru/C in-house catalyst, respectively (see Table 4.38). The catalyst with low
Tafel slopes is the most active towards ORR and in this case that catalyst was found to be
20%Pt10%Ru/C commercial catalyst.
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Table 4.38: Tafel slopes of the PtRu/C electro-catalysts

20%Pt10%Ru/C 30%Pt15%Ru/C 40%Pt20%Ru/C
Catalysts .
Commercial In-house In-house
Regionl (mV/dec) 63 66 72
Region2 (mV/dec) 179 189 196
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Figure 4.46: Koutecky-Levich plots of a) 20%Pt10%Ru/C Commercial, b) 30%Pt15%Ru/C
and c¢) 40%Pt20%Ru/C In-house electro-catalysts at different potentials (0.4V, 0.375V,

0.35V, 0.325V and 0.3V)
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Figure 4.47: Koutecky-Levich plots of a) 20%Pt10%Ru/C Commercial, b) 30%Pt15%Ru/C
and c¢) 40%Pt20%Ru/C In-house electro-catalysts at a potential of 0.375V

In Figure 4.47 K-L plots (at 0.375V from Figure 4.46) for the PtRu/C electro-catalysts are
given. It can be seen that the K-L plot of the 20%Pt10%Ru/C commercial and that of the
40%Pt20%Ru/C in-house catalyst are similar to the K-L plot of the Pt bare electrode. This

implies that the reaction occurring at these catalysts follows the four-electron transfer. This is
not the case for the 30%Pt15%Ru/C in-house catalyst, the K-L plot of this catalyst is not

similar to that of the Pt bare electrode. In this Figure a sharp straight line similar to the one

observed in the literature for a two-electron transfer is observed. This means that this catalyst

is not a good cathode catalyst as it follows the electro-reduction of oxygen to hydrogen

peroxide which is low in efficiency and very much corrosive. This may be attributed to the

agglomeration of the particles in this catalyst.
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(4) 20%PtCo/C Commercial and 30%PtCo/C In-house electro-catalysts
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Figure 4.48: Oxygen reduction polarization curves for 500, 1000, 1500, 2000, 2500 rpm
speed rates of a) 20%PtCo/C Commercial and b)30%PtCo/C In-house electro-catalysts in O,
saturated 0.5M H,SO, at a scan rate of 20mV
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Figure 4.49: Polarization curves for the ORR on 20%PtCo/C
Commercial and 30%PtCo/C In-house electro-catalysts in O, saturated
0.5M H,SO, at a sweep rate of 5SmV/s, rotating velocity of 1500rpm, at
room temperature

It is observed (see Figure 4.49) that 20%PtCo/C commercial catalyst has the highest activity
compared to the in-house catalyst (1500rpm curves from Figure 4.48). The commercial
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catalyst is observed at more positive potentials with a half wave potential of 0.5V and that of
the In-house catalyst was found to be 0.3V. The diffusion limiting current density of the
30%PtCo/C in-house catalysts is the lowest and that of 20%PtCo/C commercial is the
highest. The current densities of the 20%PtCo/C commercial and 30%PtCo/C in-house
catalysts are as follows, 0.023A/cm? and 0.003A/cm?, respectively (see Table 4.39). The
30%PtCo/C in-house catalyst is observed to have a very much lower ORR activity compared
to the commercial catalyst. The MA of the 20%PtCo/C commercial and 30%PtCo/C in-house
electro-catalysts were found to be 0.090A/g and 0.012A/g, respectively and the SA were
found to be 0.036A/cm? and 0.005A/cm?, respectively. The mass activity and the specific
activity of the 20%PtCo/C catalyst in literature was found to be MA 0.017 A/g and SA
0.0698 A/cm?® [124]. The MA of the in-house catalyst is almost the same with the one
obtained in literature but the SA is low and this could be attributed to an experimental error.

Table 4.39: Current density, mass activity and specific activity of PtCo/C electro-
catalysts at i=0.45V

Catalysts 20%PtCo/C Commercial | 30%PtCo/C In-house
Current density
(Alemd) 0.023 0.003
Mass activity
0.090 0.012
(A/g)
Specific activity
(Alem?) 0.036 0.005
0.90
085 | - g
W
0.80 |- — oo
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g 070w 20% PtCo/C Commercial
> oes | @ 30% PtCo/C In-house
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Figure 4.50: Mass transfer polarization curves for the ORR on 20%PtCo/C
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Commercial and 30%PtCo/C In-house electro-catalysts in O, saturated 0.5M

H,SO, at a sweep rate of 5mV/s, rotating velocity of 1500rpm, at room

temperature
The Tafel plot (see Figure 4.50) is in good agreement with Figure 4.49. This plot presents a
comparison of the ORR activity of these catalysts. It was found that the 30%PtCo/C in-house
is very much low in activity compared to the commercial catalyst. Note that the in-house
catalyst’s Tafel plot at the lower current region is observed at very low potentials than the
commercial catalyst. This was further confirmed by the Tafel slopes since the in-house
exhibited higher Tafel slopes compared to the commercial catalysts. The in-house catalyst
Tafel slopes were found to be 73mV/dec and 223mV/dec while the commercial catalyst Tafel
slopes were 58mV/dec and 163mV/dec (see Table 4.40). This very low activity of the in-
house catalyst could be attributed to the fact that this catalyst exhibited a large particle size
and the particles were agglomerated as seen by HRTEM Figure 4.4. The higher Pt catalyst
content of the in-house did not have any effect on the activity of the catalyst as seen by
HRTEM in section 4.1.

Table 4.40: Tafel slopes of the PtCo/C electro-catalysts

Catalysts 20%PtCo/C Commercial 30%PtCo/C In-house
Regionl (mV/dec) 58 73
Region2 (mV/dec) 163 223
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Figure 4.51: Koutecky-Levich plots of a) 20%PtCo/C Commercial and b) 30%PtCo/C In-
house electro-catalysts at different potentials (0.4V, 0.375V, 0.35V, 0.325V and 0.3V)
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Figure 4.52: Koutecky-Levich plots of a) 20%PtCo/C Commercial and b) 30%PtCo/C In-
house electro-catalysts at a potential of 0.375V
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Figure 4.51 presents the K-L plots of 20%PtCo/C commercial and 30%PtCo/C in-house

catalysts prepared from data in Figure 4.48. In Figure 4.52a the K-L plot of the commercial

catalyst is similar to that of the Pt bare electrode indicative of a four-electron transfer but for

the in-house catalyst the K-L plot is not similar to that of the Pt bare electrode. The K-L plot

of the 30%PtCo/C in-house catalyst indicates that the catalyst is inactive towards ORR. This

catalyst is not a good cathode catalyst.

(5) 20%PtCu/C Commercial and 20%Pt20%Cu/C In-house electro-catalysts
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Figure 4.53: Oxygen reduction polarization curves for 500, 1000, 1500, 2000, 2500 rpm
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speed rates of a) 20%PtCu/C Commercial and b) 20%Pt20%Cu/C In-house electro-catalysts
in O, saturated 0.5M H,SO, at a scan rate of 20mV
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Figure 4.54: Polarization curves for the ORR on 20%PtCu/C Commercial and
20%Pt20%Cu/C In-house electro-catalysts in O, saturated 0.5M H,SO, at a
sweep rate of 5mV/s, rotating velocity of 1500rpm, at room temperature

In Figure 4.54 the activity of the 20%PtCu/C Commercial and 20%Pt20%Cu/C In-house
catalysts (1500rpm curves from Figure 4.53) is observed to be the same since the curves at
the mixed control region for both catalysts is the same that is they have the same half wave
potential, 0.4V. The diffusion limiting current density of the catalysts differ in that the
diffusion limiting current density of 20%PtCu/C commercial is slightly higher than that of
20%Pt20%Cu/C in-house. The current densities of these catalysts were found to be
0.019A/cm? and 0.021 A/cm? for both 20%PtCu/C commercial and 20%Pt20%PtCu/C in-
house catalyst, respectively (see Table 4.41). The current densities of these catalysts differ
but the difference is not big and the in-house catalyst seems to have more current density than
the commercial catalyst. The MA of the 20%PtCu/C commercial and 20%Pt20%Cu/C in-
house catalysts were found to be 0.076A/g and 0.083A/g, respectively and the SA were found
to be 0.030A/cm? and 0.033A/cm?, respectively.

Table 4.41: Current density, mass activity and specific activity of PtCu/C electro-catalysts at
i=0.45V

Catalysts 20%PtCu/C Commercial 20%Pt20%Cu/C In-house
Current density (A/cm?) 0.019 0.021
Mass activity (A/g) 0.076 0.083
Specific activity (A/lcm?) 0.030 0.033
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Figure 4.55: Mass transfer polarization curves for the ORR on 20%PtCu/C
Commercial and 20%Pt20%Cu/C In-house electro-catalysts in O, saturated
0.5M H,SQO, at a sweep rate of 5mV/s, rotating velocity of 1500rpm, at room
temperature

The comparison of the ORR activity of the catalyst’s polarization curves in Figure 4.54 is not
very clear, the curves are on top of one another and the current of the in-house catalyst is
slightly higher than that of the commercial catalyst. From the Tafel plot shown the
20%Pt20%Cu/C in-house catalyst is identified as the most active catalyst when compared to
the commercial catalyst. The in-house catalyst exhibited high currents in the high current
region than the commercial catalyst. This is further emphasized by the Tafel slopes where
20%PtCo/C commercial gives a slope of 76mV/dec and 194mV/dec  while the
20%Pt20%Cu/C in-house catalyst gives a slope of 72mV/dec and 176mV/dec (see Table
4.42). This is in good agreement with the current density found in Figure 4.53 since the
difference was slightly higher in the activity of the in-house catalyst and with the Tafel slopes

also the catalyst’s slopes don’t differ much.

Table 4.42: Tafel slopes of the PtCu/C electro-catalysts

Catalysts 20%PtCu/C Commercial | 20%Pt20%Cu/C In-house
Regionl (mV/dec) 76 72
Region2 (mV/dec) 194 176
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Figure 4.56: Koutecky-Levich plots of a) 20%PtCu/C Commercial and b) 20%Pt20%Cu/C
In-house electro-catalysts at different potentials (0.4V, 0.375V, 0.35V, 0.325V and 0.3V)
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Figure 4.57: Koutecky-Levich plots of a) 20%PtCu/C Commercial and b) 20%Pt20%Cu/C
In-house electro-catalysts at a potential of 0.375V

Both catalysts follow the same trend of the four-electron transfer and this is observed by the
similarity of the K-L plots (at 0.375V from Figure 4.56) of these catalysts with that of the Pt
bare electrode. Both catalysts give a straight line, meaning that these electro-catalysts are

good cathode catalysts.
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(6) 20%PtSn/C Commercial and 20%PtSn/C In-house electro-catalysts
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Figure 4.58: Oxygen reduction polarization curves for 500, 1000, 1500, 2000, 2500 rpm
speed rates of a) 20%PtSn/C Commercial and b)20%PtSn/C In-house electro-catalysts in O,
saturated 0.5M H,SO, at a scan rate of 20mV
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Figure 4.59: Polarization curves for the ORR on 20%PtSn/C
Commercial and 20%PtSn/C In-house electro-catalysts in O,
saturated 0.5M H,SO, at a sweep rate of 5mV/s, rotating velocity of
1500rpm, at room temperature

Polarization curves (1500rpm curves from Figure 4.58) showing the ORR activity of the

PtSn/C catalysts are given in Figure 4.59. Figure 4.59 clearly shows that the 20%PtSn/C

commercial catalyst has enhanced activity than the 20%PtSn/C in-house catalyst. The

diffusion limiting current densities of these catalysts are almost the same. The half wave

potential of these catalysts proves that the 20%PtSn/C commercial (0.5V) has more activity
than 20%PtSn/C in-house (0.3V) with current densities of 0.041A/cm? and 0.006 A/cm?,
respectively (Table 4.43). The in-house catalyst is very much inactive towards ORR. The MA
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of the 20%PtSn/C commercial and 20%PtSn/C in-house catalysts were found to be 0.163A/g
and 0.025A/g, respectively and the SA were found to be 0.065A/cm? and 0.010A/cm?,

respectively.

Table 4.43: Current density, mass activity and specific activity of PtSn/C electro-
catalysts at i=0.45V

Catalyst 20%PtSn/C Commercial | 20%PtSn/C In-house
Curl(’zér?]g)nsny 0.041 0.006
Ma's(s :/(;t)iv'it'y 0.163 0.025
Specziz/ci: ;czt)lwty 0.065 0.010
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Figure 4.60: Mass transfer polarization curves for the ORR on

20%PtSn/C Commercial and 20%PtSn/C In-house electro-catalysts in O,

saturated 0.5M H,SO, at a sweep rate of 5mV/s, rotating velocity of

1500rpm, at room temperature
The curves obtained as illustrated in Figure 4.60 are in good agreement with Figure 4.59.
From the curves it can be seen that the 20%PtSn/C in-house catalyst is very much inactive
compared to the commercial catalyst which is observed at higher potentials in the low current
region than the in-house catalyst. The Tafel slopes obtained were 67mV/dec and 188mV/dec
for the commercial catalyst, while the slopes for the in-house catalyst were 79mV/dec and
243mV/dec (see Table 4.44). The higher the Tafel slope the faster the overpotential increase
with the current density. This was observed for the in-house catalyst since it exhibits a high

Tafel slope than the commercial catalyst.
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Table 4.44: Tafel slopes of the PtSn/C electro-catalysts

Catalysts 20%PtSn/C Commercial | 20%PtSn/C In-house
Regionl (mV/dec) 67 79
Region2 (mV/dec) 243 243
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Figure 4.61: Koutecky-Levich plots of a) 20%PtSn/C Commercial and b) 20%PtSn/C In-
house electro-catalysts at different potentials (0.4V, 0.375V, 0.35V, 0.325V and 0.3V)
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Figure 4.62: Koutecky-Levich plots of a) 20%PtSn/C Commercial and b) 20%PtSn/C In-
house electro-catalysts at a potential of 0.375V

Figure 4.62 shows that the oxygen reduction reaction (ORR) of the 20%PtSn/C in-house
catalyst (at 0.375V from Figure 4.61) follows the electro-reduction of oxygen to hydrogen
peroxide which means that this catalyst is not good for ORR, therefore it cannot be used as a
cathode catalyst. The 20%PtSn/C commercial catalyst shows a four-electron transfer,

therefore it means that this catalyst is a better cathode catalyst than the in-house catalyst.
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(7) Effect of heat treatment on the ORR activity of the 20%PtCo/C Commercial and
30%PtCo/C In-house electro-catalysts

(a) 20%PtCo/C Commercial electro-catalyst
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Figure 4.63: Oxygen reduction polarization curves for 500, 1000, 1500, 2000, 2500 rpm
speed rates of a) 20%PtCo/C Commercial (350°C), b) 20%PtCo/C Commercial (650°C) and
c) 20%PtCo/C Commercial (800°C) electro-catalysts in O, saturated 0.5M H,SO, at a scan
rate of 20mV

91



Chapter 4

0.00030

—— 20% PtCo/C Commercial
——— 20% PtCo/C Commercial (350°C)
0.00015 - ——— 20% PtCo/C Commercial (650°C)

20% PtCo/C Commercial

L 800°C) /’J
0.00000 |- _ =

-0.00015 |-

un-sintered)

1 (A)

-0.00030

-0.00045

-0.00060 |-

-0.00075 1 . 1 . 1 . 1 L 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0

E (V vs SCE)

Figure 4.64: Polarization curves for the ORR of 20%PtCo/C Commercial (un-
sintered), 209%PtCo/C Commercial (350°C), 20%PtCo/C Commercial (650°C),
and 20%PtCo/C Commercial (800°C) electro-catalysts in O, saturated 0.5M
H,SO, at a sweep rate of 5SmV/s, rotating velocity of 1500rpm, at room
temperature

The 20%PtCo/C commercial catalyst was heat treated at different temperatures to see
whether the heat treatment will enhance the ORR activity. From Figure 4.64 (1500rpm curves
from Figure 4.63) it is observed that this catalyst heated at 350°C gives slightly better ORR
activity compared to when this catalyst is heated at other temperatures. This catalyst heat
treated at 350°C is observed at a half wave potential not too different from those of the other
catalyst that it is compared with. The current density was found to be 0.045A/cm? for the
20%PtCo/C commercial (350°C), 0.034 A/cm? for the 20%PtCo/C commercial (650°C) and
0.036A/cm?for the 20%PtCo/C commercial (800°C) as shown in Table 4.45. This shows that
there isn’t much difference in the activity of this catalyst after being heat treated at different
temperatures. The current density of the un-sintered catalyst was found to be 0.023 A/cm?. It
can be noted that the current density of the catalyst after the heat treatment shows that the
heat treatment indeed enhanced the activity of this catalyst. The MA of the 20%PtCo/C
commercial (350°C), 20%PtCo/C commercial (650°C), and 20%PtCo/C commercial (800°C)
were found to be 0.178A/g, 0.135A/g and 0.144A/g, respectively and the SA were found to
be 0.071A/cm?, 0.054A/cm? and 0.057A/cm?, respectively.
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Table 4.45: Current density, mass activity and specific activity of heat treated PtCo/C
commercial electro-catalysts at i=0.45V

20%PtCo/C 20%PtCo/C 20%PtCo/C 20%PtCo/C
Catalyst Commercial Commercial Commercial Commercial

(Un-sintered) (350°C) (650°C) (800°C)
Current
density 0.023 0.045 0.034 0.036
(Alcm?)

Mass activity 0.090 0.178 0.135 0.144
(A/g)
Specific
activity 0.036 0.071 0.054 0.057
(Alcm?)
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Figure 4.65: Mass transfer polarization curves for the ORR on 20%PtCo/C
Commercial (un-sintered), 20%PtCo/C Commercial (350°C), 20%PtCo/C

Commercial (650°C) and 20%PtCo/C Commercial (800°C) electro-

catalysts in O, saturated 0.5M H,SO, at a sweep rate of 5mV/s, rotating
velocity of 1500rpm, at room temperature

Figure 4.65 shows that the activity of the catalyst heat treated at different temperatures does

not differ much from un-sintered catalyst. This Figure is in good agreement with Figure 4.64

since it is observed that the curves are on top of one another indicating that the activity of the

catalyst heat treated at different temperatures does not differ much or the activity of the

catalyst at different temperatures are very much close to one another. The Tafel slopes for the
20%PtCo/C commercial catalyst heat treated at 350°C, 650°C and 800°C were found to be
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61mV/dec and 174mV/dec, 79mV/dec and 242mV/dec and lastly 72mV/dec and 207mV/dec,
respectively (see Table 4.46).

Table 4.46: Tafel slopes of the heat treated PtCo/C commercial electro-catalysts

20%PtCo/C | 20%PtCo/C | 20%PtCo/C | 20%PtCo/C
Catalyst Commercial | Commercial | Commercial | Commercial
(Un-sintered) (350°C) (650°C) (800°C)
Regionl
(MV/dec) 58 61 79 72
Region2
(MV/dec) 163 174 242 207
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Figure 4.66: Koutecky-Levich plots of a) 20%PtCo/C Commercial (350°C), b) 20%PtCo/C

Commercial (650°C), and c) 20%PtCo/C Commercial (800°C) electro-catalysts at different
potentials (0.4V, 0.375V, 0.35V, 0.325V and 0.3V)
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Figure 4.67: Koutecky-Levich plots of a) 20%PtCo/C Commercial (un-sintered), b)
20%PtCo/C Commercial (350°C), ¢) 20%PtCo/C Commercial (650°C) and d) 20%PtCo/C
Commercial (800°C) electro-catalysts at a potential of 0.375V

Figure 4.67 shows that for all the temperatures that the catalyst was heat treated at (data from

Figure 6.6 at 0.375V), it did not change the electron transfer or the activity of the catalyst.

The catalyst still follows the four-electron transfer reaction as it did in Figure 4.67a.
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(b) 30%PtCo/C In-house electro-catalyst
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Figure 4.68: Oxygen reduction polarization curves for 500, 1000, 1500, 2000, 2500 rpm
speed rates of a) 30%PtCo/C In-house (350°C), b) 30%PtCo/C In-house (650°C), c)
30%PtCo/C In-house (800°C) and d) 20%PtCo/C In-house (800°C) electro-catalysts in O
saturated 0.5M H,SO, at a scan rate of 20mV
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Figure 4.69: Polarization curves for the ORR on 30%PtCo/C In-house
(un-sintered), 30%PtCo/C In-house (350°C), 30%PtCo/C In-house
(650°C), 30%PtCo/C In-house (800°C) and 20%PtCo/C In-house (800°C)
electro-catalysts of in O, saturated 0.5M H,SO, at a sweep rate of 5mV/s,
rotating velocity of 1500rpm, at room temperature

From Figure 4.69 it is shown that the catalyst heat treated at 350°C gives better ORR activity
compared to the catalysts heat treated at 650°C and 800°C (1500rpm curves from Figure
4.68). The catalyst heat treated at 350°C is observed at a half wave potential more positive
than the other catalysts heat treated at 650°C and 800°C. The catalyst is followed by the
20%PtCo/C in-house catalyst heat treated at 800°C. The current densities of these catalysts
are as follows, 0.048A/cm? for the 30%PtCo/C in-house (350°C), 0.001 A/cm? for
30%PtCo/C in-house (650°C), 0.002A/cm? for the 30%PtCo/C in-house (800°C) and
0.022A/cm? for 20%PtCo/C in-house catalyst (800°C) as shown in Table 4.47. The current
density of the un-sintered 30%PtCo/C in-house catalyst was found to be 0.003A/cm?.
Comparing it to the current density after the heat treatment it is observed that the current
density increased dramatically when the catalyst was heat treated at 350°C. It decreased when
heat treated at 650°C and 800°C and the decrease in the last two heat treatment temperatures
is almost the same. The MA of the 30%PtCo/C in-house (350°C), 30%PtCo/C in-house
(650°C), 30%PtCo/C in-house (800°C) and 20%PtCo/C in-house (800°C) were found to be
0.191A/g, 0.005A/g, 0.008A/g and 0.089A/g and the SA were found to be 0.076A/cm?,
0.002A/cm?, 0.003A/cm? and 0.036A/cm?, respectively.
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Table 4.47: Current density, mass activity and specific activity of heat treated PtCo/C in-
house electro-catalysts at i=0.45V

E (V vs SCE)
o
3
T

30% PtCo/C In-house (un-sintered)
—=— 30% PtCo/C In-house (350°C)
—&— 30% PtCo/C In-house (650°C)

30% PtCo/C In-house (800°C)
—w— 20% PtCo/C In-house (800°C)

-8.0

-7.0 -6.5

logl (A/cm?)

-6.0 5.5

-5.0

Figure 4.70: Mass transfer polarization curves for the ORR on
309%PtCo/C In-house (un-sintered), 30%PtCo/C In-house (350°C),
309%PtCo/C In-house (650°C), 30%PtCo/C In-house (800°C)and

209%PtCo/C In-house (800°C) electro-catalysts in O, saturated 0.5M

30%PtCo/C | 30%PtCo/C | 30%PtCo/C | 30%PtCo/C | 20%PtCo/C
Catalysts In-house In-house In-house In-house In-house
(Un-sintered) (350°C) (650°C) (800°C) (800°C)
Current
density 0.003 0.048 0.001 0.002 0.022
(Alcm®)
Mass
activity 0.012 0.191 0.005 0.008 0.089
(A/g)
Specific
activit 0.005 0.076 0.002 0.003 0.036
(Alcm?)
0.90
0.85 |- e L
0.80 it ! 2o

H,SO, at a sweep rate of 5SmV/s, rotating velocity of 1500rpm, at room
temperature

The Tafel plots (see Figure 4.70) shows that the catalyst heat treated at 350°C gives better

ORR activity. This is observed at much higher potentials at the lower current region when it

is compared to the other heat treatment temperatures. The 20%PtCo/C in-house (800°C)
catalyst follows the 30%PtCo/C in-house (350°C) catalyst in activity. The 30%PtCo/C
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catalysts heat treated at 650°Cand 800°C are observed to have similar curves since the curves

are on top of one another. This agrees well with Figure 4.68 since it was observed that the

current densities of this catalyst heat treated at such temperatures are close. The Tafel slopes
were found to be 51mV/dec and 167mV/dec for 30%PtCo/C in-house (350°C) catalyst ,
89mV/dec and 257mV/dec for 30%PtCo/C in-house (650°C) catalyst, 76mV/dec and
227mV/dec for 30%PtCo/C in-house (800°C) catalyst and 66mV/dec and 187mV/dec for
209%PtCo/C in-house (800°C) catalyst (see Table 4.48).

Table 4.48: Tafel slopes of the heat treated PtCo/C in-house electro-catalysts

20%PtCo/C | 20%PtCo/C | 20%PtCo/C | 20%PtCo/C | 20%PtCo/C
Catalysts In-house In-house In-house In-house In-house
(Un-sintered) (350°C) (650°C) (800°C) (800°C)
Regionl
(MV/dec) 73 51 89 76 66
Region2 293 167 257 227 187
(mV/dec)
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Figure 4.71: Koutecky-Levich plots of a) 30%PtCo/C In-house (350°C), b) 30%PtCo/C In-
house (650°C), ¢) 30%PtCo/C In-house (800°C) and d) 20%PtCo/C In-house (800°C) electro-
catalysts at different potentials (0.4V, 0.375V, 0.35V, 0.325V and 0.3V)
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Figure 4.72: Koutecky-Levich plots of a) 30%PtCo/C In-house (un-sintered), b) 30%PtCo/C
In-house (350°C), ¢) 30%PtCo/C In-house (650°C), d) 30%PtCo/C In-house (800°C), and e)
209%PtCo/C In-house (800°C) electro-catalysts at a potential of 0.375V

The un-sintered catalyst in Figure 4.72a showed that the 30%PtCo/C in-house catalyst exhibit

a two-electron transfer reaction (data from Figure 4.71 at 0.375V). It is stated in the literature
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that heat treatment enhances ORR activity [72] and this was the case for heat treating the
catalyst at 350°C but when the temperature was raised the oxygen reduction reaction
remained a two-electron transfer and was expected to be a four electron transfer for the
catalyst to be a good catalyst for ORR. Also the 20%PtCo/C in-house (800°C) exhibited a

four-electron transfer reaction same as the 30%PtCo/C in-house (350°C).

4.4.1 Summary of rotating disk electrode study of the activity of oxygen
reduction reaction on supported electro-catalysts

The results above show that the 20%Pt/C in-house catalyst has enhanced ORR activity. The
30%PtCo/C in-house catalyst has the lowest activity and the activity increased when this
catalyst was heat treated at 350°C. The 20%Pt/C in-house catalyst is observed to have smaller
Tafel slopes compared to other electro-catalysts which means that this catalysts’ ORR

activity enhanced compared to other catalysts.

45 STUDY OF DIRECT METHANOL FUEL CELL ELECTRO-
CATALYSTS

This section presents the study of direct methanol fuel cell electro-catalysts. This study will
be looking at the cathode catalyst that are methanol tolerant, that won’t be affected by the
methanol crossover. Both the commercial catalysts and the in-house catalysts will be studied.
In addition these catalysts will be studied as anode catalysts for the direct methanol fuel cell,
that is looking at the methanol oxidation activity of these catalysts. The study of cathode
catalysts was done in a rotating disk electrode at a scan rate of 5mV/s and the study of anode
catalysts was done in a cyclic voltammetry at a scan rate of 20mV/s. Both these studies were
done in 05M Sulphuric acid and 0.5M Methanol.
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4.5.1 Study of cathode electro-catalysts
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Figure 4.73: Polarization curves for the MOR on 10%Pt/C Commercial
and 10%Pt/C In-house electro-catalysts in O, saturated 0.5M H,SO,4 +
0.5M Methanol at a sweep rate of 5mV/s, rotating velocity of 1500rpm,
and room temperature

In Figure 4.73 it is observed that the methanol oxidation peaks of the 10%Pt/C commercial
and 10%Pt/C in-house are almost the same. This means that both catalysts are active in the
presence of methanol, however the 10%Pt/C in-house is slightly methanol tolerant than
10%Pt/C commercial. This then shows that 10%Pt/C in-house is therefore a better cathode
catalyst in the presence of methanol with methanol oxidation current densities of 0.009A/cm?
and 0.013A/cm?, respectively. The MA of the 10%Pt/C commercial and 10%Pt/C in-house
catalysts were found to be 0.052A/g and 0.036A/g, respectively and the SA were found to be

0.021A/cm? and 0.014A/cm?, respectively (see Table 4.49).

Table 4.49: Current density, mass activity and specific activity of 10%Pt/C
electro-catalysts as cathode electro-catalysts for a DMFC

Catalysts 10%Pt/C Commercial | 10%Pt/C In-house
Curzir;(t: r?]g;lsity 0.013 0.009
Ma-s(s :/t;t)i"-it?/ 0.052 0.036
Spec&% re:]gt)IV'ty 0.021 0.014
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Figure 4.74: Polarization curves for the MOR on 20%Pt/C Commercial and
20%Pt/C In-house electro-catalysts in O, saturated 0.5M H,SO,4 + 0.5M
Methanol at a sweep rate of 5mV/s, rotating velocity of 1500rpm, and room
temperature

From Figure 4.74 it is observed that the 20%Pt/C in-house catalyst has a high methanol
oxidation peak than 20%Pt/C commercial, this proves that the 20%Pt/C in-house catalyst is
more active in the presence of methanol and is therefore not methanol tolerant. The 20%Pt/C
commercial catalyst is a better cathode catalyst than 20%Pt/C in-house in the presence of
methanol because it has a lower methanol oxidation reduction (MOR) peak than the 20%Pt/C
in-house catalyst with current densities of 0.024A/cm? and 0.060A/cm?, respectively (see
Table 4.50). The MA of the 20%Pt/C commercial and 20%Pt/C in-house catalysts were
found to be 0.096A/g and 0.240A/g, respectively and the SA were found to be 0.038A/cm?
and 0.096A/cm?, respectively.

Table 4.50: Current density, mass activity and specific activity of 20%Pt/C
electro-catalysts catalysts as cathode electro-catalysts for a DMFC

Catalysts 20%Pt/C Commercial | 20%Pt/C In-house
Curl(‘Zr;(t: r?}g;nsity 0.024 0.060
Majc,(s :/t;t)i"-it?/ 0.096 0.240
Spetz(f/% r<':]1nczt)IVIty 0.038 0.096
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Figure 4.75: Polarization curves for the MOR on 20%Pt10%Ru/C
Commercial, 30%Pt15%Ru/C In-house and 40%Pt20%Ru/C In-house
electro-catalysts in O, saturated 0.5M H,SO, + 0.5M Methanol at a sweep
rate of 5mV/s, rotating velocity of 1500rpm, and room temperature

Figure 4.75 shows that 40%Pt20%Ru/C in-house catalyst has a better methanol tolerance.
The 20%Pt10%Ru/C commercial catalyst has the highest methanol oxidation peak current
than the other catalysts which shows that this catalyst is more active in the presence of
methanol, therefore it is not methanol tolerant and not a good cathode catalyst for a direct
methanol fuel cell. The methanol tolerant catalysts were found to be 40%Pt20%Ru/C in-
house followed by 30%Pt15%Ru/C in-house and then the least methanol tolerant catalyst was
found to be 20%Pt10%Ru/C commercial catalyst, the current densities of these catalysts were
found to be 0.030A/cm?, 0.042A/cm? and 0.054A/cm?, respectively (see Table 4.51). The
MA of the 20%Pt10%Ru/C commercial, 30%Pt15%Ru/C in-house and 40%Pt20%Ru/C in-
house catalysts were found to be 0.216A/g, 0.168A/g and 0.120A/g, respectively and the SA
were found to be 0.086A/cm?, 0.067A/cm? and 0.048A/cm?, respectively.

Table 4.51: Current density, mass activity and specific activity of PtRu/C electro-catalysts as
cathode electro-catalysts for a DMFC

20%P1t10%Ru/C | 30%Pt15%Ru/C | 40%Pt20%Ru/C
Catalysts .
Commercial In-house In-house
Current density (A/cm?) 0.054 0.042 0.030
Mass activity (A/g) 0.216 0.168 0.120
Specific activity (A/lcm?) 0.086 0.067 0.048
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Figure 4.76: Polarization curves for the MOR on 20%PtCo/C Commercial and 30%PtCo/C
In-house electro-electro-catalysts electro-catalysts in O, saturated 0.5M H,SO4 + 0.5M
Methanol at a sweep rate of 5mV/s, rotating velocity of 1500rpm, and room temperature

Figure 4.76 reveals the methanol tolerance of PtCo/C catalysts. It is observed that both

catalysts that is 20%PtCo/C in-house and 20%PtCo/C commercial are methanol tolerant. The

20%PtCo/C commercial and 30%PtCo/C in-house electro-catalysts have similar polarization

curves and no methanol oxidation peaks are observed. The 20%PtCo/C commercial and

30%PtCo/C in-house are therefore inactive in the presence of methanol and are therefore

methanol tolerant. The activities of both catalysts are not affected by methanol and are thus

good catalysts for ORR. No methanol oxidation peaks were observed (see Table4.52).

Table 4.52: Current density, mass activity and specific activity of PtCo/C
electro-catalysts as cathode electro-catalysts for a DMFC

Catalysts 20%PtCo/C Commercial | 30%PtCo/C In-house
Curz,i\?ér?]g)r]Sity No MOR peak No MOR peak
'V'a-sf’ {:‘/‘;)i"-"-y No MOR peak No MOR peak
Spei';\'/i;%t)lwty No MOR peak No MOR peak
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Figure 4.77: Polarization curves for the MOR on 20%PtCu/C Commercial and
20%Pt20%Cu/C In-house electro-catalysts in O, saturated 0.5M H,SO,4 + 0.5M
Methanol at a sweep rate of 5mV/s, rotating velocity of 1500rpm, and room temperature

From Figure 4.77 it can be seen that the 20%PtCu/C commercial catalyst is more methanol
tolerant than 20%Pt20%Cu/C in-house catalyst. The latter has enhanced methanol oxidation
peak than 20%PtCu/C commercial and this shows that the in-house catalyst is more active in
the presence of methanol, consequently it is not good for a DMFC cathode catalyst. The
current densities of the 20%PtCu/C commercial and the 20%Pt20%Cu/C in-house catalyst
were found to be 0.022A/cm? and 0.042A/cm?, respectively (see Table 4.53). The MA of the
20%PtCu/C commercial and 20%Pt20%Cu/C in-house catalysts were found to be 0.088A/g
and 0.168A/g, respectively and the SA were found to be 0.037A/cm? and 0.069A/cm?,

respectively.

Table 4.53: Current density, mass activity and specific activity of PtCu/C electro-
catalysts as cathode electro-catalysts for a DMFC

0] 0, -
Catalysts 20%PtCu/C Commercial 2096Pt20%Cu/C In-house
Current density
(Alem?) 0.022 0.042
Mass activity
0.088 0.168
(A/9)
Specific activity
(Alem?) 0.037 0.069
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Figure 4.78: Polarization curves for the MOR on 20%PtSn/C Commercial and

0.8 1.0

20%PtSn/C In-house electro-catalysts in O, saturated 0.5M H,SO,4 + 0.5M Methanol

at a sweep rate of 5mV/s, rotating velocity of 1500rpm, and room temperature

Figure 4.78 shows that the 20%PtSn/C commercial has enhanced methanol oxidation peak

than 20%PtSn/C in-house which means that it is active in the presence of methanol and is not

methanol tolerant. In this case 20%PtSn/C in-house is a good catalyst for ORR because it

shows no methanol oxidation peak. It implies that it is inactive in the presence of methanol

therefore it is methanol tolerant towards methanol and the ORR activity of this catalyst will

not be affected by methanol. The 20%PtSn/C commercial catalyst was found to have a

current density of 0.029A/cm? and for the in-house catalyst no methanol oxidation peak was
observed. The MA of the 20%PtSn/C commercial catalyst was found to be 0.115A/g and the

SA was found to be 0.046A/cm? (see Table 4.54).

Table 4.54: Current density, mass activity and specific activity of PtSn/C electro-

catalysts as cathode electro-catalysts for a DMFC

Catalysts 20%PtSn/C Commercial | 20%PtSn/C In-house
Curzir;zrig;ﬁty 0.029 No MOR peak
Mat%(s -Aa/c;t)iv-it?/ 0.115 No MOR peak
Spe(‘il'z\l/% ;gt)'V'ty 0.046 No MOR peak
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(a) Effect of heat treatment on the ORR activity of the 20%PtCo/C Commercial and
30%PtCo/C In-house electro-catalysts in the presence of methanol
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Figure 4.79: Polarization curves for the MOR on 20%PtCo/C Commercial (un-
sintered), 20%PtCo/C Commercial (350°C), 20%PtCo/C Commercial (650°C), and
20%PtCo/C Commercial (800°C) electro-catalysts in O, saturated 0.5M H,SO, +
0.5M Methanol at a sweep rate of 5SmV/s, rotating velocity of 1500rpm, and room
temperature

The 20%PtCo/C commercial catalyst depicted in Figure 4.79 was heat treated at different
temperatures. For all the temperatures that this catalyst was heat treated it is not methanol
tolerant as evidenced by the methanol oxidation peaks observed for this catalyst at different
heat treatment temperatures. The current densities for the methanol oxidation peaks observed
were found to be 0.042A/cm? for 20%PtCo/C commercial (350°C), 0.017A/cm? for
20%PtCo/C commercial (650°C) and 0.029A/cm? for 20%PtCo/C commercial (800°C). This
shows that the 20%PtCo/C commercial (650°C) is a better methanol tolerant catalyst since it
has a low methanol oxidation current density. The 30%PtCo/C commercial (350°C) has a
high methanol oxidation peak and current density, therefore it is not a good cathode catalyst.
The MA of the 20%PtCo/C commercial (350°C), 20%PtCo/C commercial (650°C), and
20%PtCo/C commercial (800°C) catalysts were found to be 0.170A/g, 0.067A/g and
0.115A/g, respectively and the SA were found to be 0.068A/cm? 0.027A/cm? and
0.046A/cm?, respectively (see Table 4.55).
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Table 4.55: Current density, mass activity and specific activity of heat treated PtCo/C
commercial electro-catalysts as cathode electro-catalysts for a DMFC

20%PtCo/C | 20%PtCo/C | 20%PtCo/C | 20%PtCo/C

Catalysts Commercial | Commercial | Commercial | Commercial
(Un-sintered) (350°C) (650°C) (800°C)
C“rmérﬂ‘i)”sny No MOR peak |  0.042 0.017 0.029
Ma's(s':/;t)i"'it?’ No MOR peak |  0.170 0.067 0.115
Spec(f\'/f:;%t)“"ty No MOR peak |  0.068 0.027 0.046

0.0004

oo N
0.0000 |- P />—£

-0.0002

1(A)

30% PtCo/C In-house (un-sintered)
———30% PtCo/C In-house (350°C)
———30% PtCo/C In-house (650°C)

—— 30% PtCo/C In-house (SOOGC)
——— 20% PtCo/C In-house (800°C)

-0.0004 |-

-0.0006

-0.0008 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

E (V vs SCE)

Figure 4.80: Polarization curves for the MOR on 30%PtCo/C In-house (un-

sintered), 30%PtCo/C In-house (350°C), 30%PtCo/C In-house (650°C),

30%PtCo/C In-house (800°C) and 20%PtCo/C In-house (800°C) electro-catalysts

in 0.5M H,SO,4 + 0.5M Methanol at a sweep rate of 5mV/s, rotating velocity of

1500rpm, and room temperature
From Figure 4.80 the 30%PtCo/C in-house (350°C) catalyst has high methanol oxidation
peak followed by the methanol oxidation peak of 20%PtCo/C in-house (800°C) catalyst. No
methanol oxidation peak is observed for the 30%PtCo/C in-house (650°C) and 30%PtCo/C
in-house (800°C) and this implies that these catalysts heat treated at these temperatures are
not affected by methanol in terms of their activity. The current density observed for the
30%PtCo/C in-house (350°C) catalyst and the 20%PtCo/C in-house (800°C) catalyst were
found to be 0.029A/cm? and 0.014A/cm? respectively (see Table 4.56). The MA of the
209%PtCo/C in-house (350°C) and 20%PtCo/C commercial (800°C) catalysts were found to
be 0.116A/g and 0.057A/g, respectively and the SA were found to be0.046A/cm?and
0.023A/cm?, respectively.

110



Chapter 4

Table 4.56: Current density, mass activity and specific activity of heat treated PtCo/C in-

house electro-catalysts as cathode electro-catalysts for a DMFC

30%PtCo/C | 30%PtCo/C | 30%PtCo/C | 30%PtCo/C | 20%PtCo/C
Catalysts In-house In-house In-house In-house In-house
(Un-sintered) |  (350°C) (650°C) (800°C) (800°C)
Current
density NopxSR 0.029 NoprR N%gER 0.014
(A/lcm”?)
Mass
activity | o MOR 0.116 NoMOR | No MOR 0.057
(Alg) peak peak peak
Specific
activity | o MOR 0.046 NoMOR | No MOR 0.023
(Alcm?) peak peak peak

4.5.2 Study of anode electro-electro-catalysts
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0.4

-0.2 0.0 0.2 0.4

0.6 0.8 1.0

E (V vs SCE)
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Figure 4.81: Cyclic voltammograms for MOR of 10%Pt/C Commercial and 10%Pt/C
In-house electro-catalysts in N, saturated 0.5M H,SO, at a scan rate of 20mV

In Figure 4.81 the 10%Pt/C commercial catalyst has a higher methanol oxidation peak

compared to the 10%Pt/C in-house. The methanol oxidation peak for 10%Pt/C commercial is
higher than that of 10%Pt/C in-house. The methanol oxidation current density of the 10%Pt/C
commercial and 10%Pt/C in-house were found to be 2.59A/cm?®and 1.69A/cm?, respectively.

This means that the 10%Pt/C commercial catalyst is a good anode catalyst. The MA of the
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10%Pt/C commercial and 10%Pt/C in-house electro-catalysts were found to be 10.4A/g and
6.75A/g, respectively and the SA were found to be 0.042A/cm? and 0.027A/cm?, respectively

as shown in Table 4.57.

Table 4.57: Current density, mass activity and specific activity 10%Pt/C electro-catalysts as
anode electro-catalysts for a DMFC

Catalysts 10%Pt/C Commercial 10%Pt/C In-house
Current density
(Alcm?) 2.59 1.69
Mass activity
10.4 6.75
(A/g)
Specific activity
(Alem?) 0.042 0.027
0.14
012 |
L — 20% Pt/C Commercial
0.10 | — 20% Pt/C In-house
0.08
0.06

(A

0.04 |-

0.02

0.00 -

-0.02 1 1 1 1 1 1 1 1 1
-04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

E (V vs SCE)

Figure 4.82: Cyclic voltammograms for MOR of 20%Pt/C Commercial and
20%Pt/C In-house electro-catalysts in N saturated 0.5M H,SO, at a scan rate of
20mV

Looking at Figure 4.82, the methanol oxidation peak of 20%Pt/C in-house is higher than that
of 20%Pt/C commercial therefore it means that the commercial catalyst is a good anode
catalyst for a DMFC. The current densities of the commercial and in-house catalyst were
found to be 2.87A/cm? and 12.6A/cm?, respectively (see Table 4.58). The MA of the
20%Pt/C commercial and 20%Pt/C in-house catalysts were found to be 11.5A/g and 50.6A/g,
respectively and the SA were found to be 0.202A/cm? and 0.046A/cm?, respectively.
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Table 4.58: Current density, mass activity and specific activity 20%Pt/C electro-
catalysts as anode electro-catalysts for a DMFC

Catalysts 20%Pt/C Commercial 20%Pt/C In-house
Curzzé rtrll]g)nsity 2.87 12.6
Ma's(s:/;t)iv'it'y 115 50.6
Spec?;l/c; ;czt)wlty 0.202 0.046

0.12

20% Pt 10% Ru/C Commercial
30% Pt 15% Ru/C In-house
40% Pt 20% Ru/C In-house

0.08 -

0.06

(A

0.04 -

0.02 -

0.00 |-

-0.02 -

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
E (V vs SCE)

Figure 4.83: Cyclic voltammograms for MOR of 20%Pt10%Ru/C
Commercial, 30%Pt15%u/C In-house and 40%Pt20%Ru/C In-house
electro-catalysts in N saturated 0.5M H,SOy at a scan rate of 20mV

Figure 4.83 shows that the 20%Pt10%Ru/C commercial catalyst is the most active catalyst in
the presence of methanol. The 40%Pt20%Ru/C in-house catalyst gave a lower performance
in the presence of methanol. The current densities of these catalysts were found to be
10.6A/cm? for 20%Pt10%Ru/C commercial, 7.23A/cm? for 30%Pt15%Ru/C in-house and
4.27A/cm? for 40%Pt20%Ru/C in-house catalyst as shown in Table 4.59. The MA of the
20%Pt10%Ru/C commercial, 30%Pt15%u/C in-house and 40%Pt20%Ru/C in-house
catalysts were found to be 42.4A/g, 28.9A/g and 17.1A/g, respectively and the SA were
found to be 0.169A/cm?, 0.116A/cm? and 0.068A/cm?, respectively.
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Table 4.59: Current density, mass activity and specific activity PtRu/C electro-catalysts as

anode electro-catalysts for a DMFC

Chapter 4

Catalysts 20%PtL0%RUIC | 30%Pti5%RU/C | 40%Pt209%6RU/C
Commercial In-house In-house
C“f[;r;grfg)“sity 106 7.23 4.27
Ma_S(S:/‘;t)“’_it?’ 424 28.9 17.1
Spe‘:(f/i;%t)'v'ty 0.169 0.116 0.068

20% PtCo/C Commercial
30% PtCo/C In-house

0.04 -

0.02 -

L(A)

0.00

-0.02 I I 1 1 I 1 1 1 1
-04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

E (V. vs SCE)

16

Figure 4.84: Cyclic voltammograms for MOR of 20%PtCo/C Commercial and
30%PtCo/C In-house electro-catalyst in N, saturated 0.5M H,SO, at a scan
rate of 20mV

The 30%PtCo/C in-house and the 20%PtCo/C commercial catalyst gave the lowest
performance in the presence of methanol for (Methanol oxidation reaction) MOR as it can be
seen from Figure 4.84 that small methanol oxidation peaks are observed from the CV. The
catalysts showed to be inactive in the presence of methanol and as such the catalysts were
found not to be good electro-catalysts for MOR. The 30%PtCo/C in-house and the
20%PtCo/C commercial electro-catalysts current densities were found to be 0.66A/cm?and
0.53A/cm?, respectively (see Table 4.60). The MA of the 20%PtCo/C commercial and
30%PtCo/C in-house electro-catalysts were found to be 0.31A/g and 0.12A/g, respectively
and the SA were found to be 0.023 A/cm? and 0.008A/cm?, respectively.
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Table 4.60: Current density, mass activity and specific activity PtCo/C catalysts as
anode electro-catalysts for a DMFC

Catalysts 20%PtCo/C Commercial | 30%PtCo/C In-house
Curl(rzér?lg)nsity 0.66 0.53
Ma.s(s :/c;t)iv.it?/ 0.31 0.12
Spec(lxli ;czt)wlty 0.023 0.008

0.08

0.07 |

20% PtCu/C Commercial
20% Pt 20% Cu/C In-house

0.05 -

0.04 -

LA

0.03 -
0.02 -
0.01 -
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Figure 4.85: Cyclic voltammograms for MOR 20%PtCu/C Commercial and
20%Pt20%Cu/C In-house electro-catalyst in N, saturated 0.5M H,SO, at a scan
rate of 20mV

In figure 4.85 it can be observed that the 20%PtCu/C commercial gave a lower performance
towards MOR in the presence of methanol. Higher methanol oxidation peak was observed for
20%Pt20%Cu/C in-house catalyst and this shows that the catalyst is active towards methanol,
therefore it is the best anode catalyst for MOR. The current density of 20%PtCu/C
commercial was found to be 2.59A/cm?and that of 20%Pt20%Cu/C in-house was found to be
7.23A/cm?. The MA of the 20%PtCu/C commercial and 20%Pt20%Cu/C in-house catalysts
were found to be 10.4A/g and 28.9A/g, respectively and the SA were found to be 0.042A/cm?
and 0.116A/cm?, respectively (see Table 4.61).
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Table 4.61: Current density, mass activity and specific activity PtCu/C electro-catalysts
as anode electro-catalysts for a DMFC

Catalysts 20%PtCu/C Commercial | 20%Pt20%Cu/C In-house
Current density
(Alcm?) 2.59 7.23
Mass activity
10.4 28.9
(A/g)
Specific activity
0.035 -
20% PtSn/C Commercial
0.030 20% PtSn/C In-house

0.025

0.020

0.015

LA

0.010

0.005

0.000

-0.005 |-

04 02 00 02 04 06 08 1.0 1.2 1.4
E (V vs SCE)

Figure 4.86: Cyclic voltammograms for MOR of 20%PtSn/C Commercial and
20%PtSn/C In-house electro-catalyst in N saturated 0.5M H,SO, at a scan rate of
20mV

Figure 4.86 shows the activity of 20%PtSn/C commercial and 20%PtSn/C in-house towards
MOR. It is observed that the 20%PtSn/C commercial catalyst has a higher methanol
oxidation current compared to the 20%PtSn/C in-house since it showed small methanol
oxidation peak than the 20%PtSn/C commercial catalyst. The current density of the
209%PtSn/C commercial was found to be 3.04A/cm? and that of the in-house catalyst was
found to be 0.27A/cm? as shown in Table 4.62. The MA of the 20%PtSn/C commercial and
20%PtSn/C in-house electro-catalysts were found to be 12.2A/g and 1.06A/g, respectively
and the SA were found to be 0.049A/cm?and 0.004A/cm?, respectively.
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Table 4.62: Current density, mass activity and specific activity PtSn/C electro-catalysts
as anode electro-catalysts for a DMFC

Catalysts 20%PtSn/C Commercial 20%PtSn/C In-house
Curl(’zér?%nsity 3.04 0.27
Ma's(s :/(;t)iv'it'y 12.2 1.06
Spefél/il/f;‘: ;gt)'v'ty 0.049 0.004

30%PtCo/C In-house electro-catalysts

(a) Effect of heat treatment on the MOR activity of the 20%PtCo/C Commercial and

20% PtCo/C Commercial (un-sintered)
20% PtCo/C Commercial (350°C)

——— 20% PtCo/C Commercial (650°C)
20% PtCo/C Commercial (800°C)

1 (A)

-04 -0.2 0.0 0.2 0.4

0.8

E V vs SCE)

1.0 1.2 1.4 1.6

Figure 4.87: Cyclic voltammograms for MOR of 20%PtCo/C Commercial (un-
sintered), 20%PtCo/C Commercial (350°C), 20%PtCo/C Commercial (650°C),
and 20%PtCo/C Commercial (800°C) electro-catalysts in N, saturated 0.5M

H,SO, at a scan rate of 20mV

Figure 4.87 reveals that the 20%PtCo/C commercial (350°C) catalyst has the highest
methanol oxidation current. This means that the catalyst heat treated at this temperature is the

most active in the presence of methanol with a current density of 5.18A/cm?. The 20%PtCo/C

commercial (650°C) and 20%PtCo/C commercial (800°C) were found to have current
densities of 2.38A/cm? and 3.62 A/cm?, respectively (see Table 4.63). The 20%PtCo/C
commercial (350°C) was found to be a better anode catalyst for a DMFC compared to other
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heat treated electro-catalysts. The MA of the 20%PtCo/C commercial (350°C), 20%PtCo/C
commercial (650°C), and 20%PtCo/C commercial (800°C) electro-catalysts were found to be
20.7A/g, 9.50A/g and 14.5A/g, respectively and the SA were found to be 0.083A/cm2,
0.038A/cm? and 0.058A/cm?, respectively.

Table 4.63: Current density, mass activity and specific activity of heat treated PtCo/C
commercial electro-catalysts as anode electro-catalysts for a DMFC

I(A)

04 06 08
E (V vs SCE)

20%PtCo/C 20%PtCo/C 20%PtCo/C 20%PtCo/C
Catalysts Commercial Commercial Commercial Commercial
(Un-sintered) (350°C) (650°C) (800°C)
Current
densitgl 0.66 5.18 2.38 3.62
(Alcm?)
Mass activity
0.31 20.7 9.50 145
(A/g)
Specific
activity 0.023 0.083 0.038 0.058
(Alcm?)
0.07
30% PtCo/C In-house (un-sintered)
0.06 |- 30% PtCo/C In-house (350°C)
L 30% PtCo/C In-house (650°C)
0.05 | 20% PtCo/C In-house (800°C)

Figure 4.88: Cyclic voltammograms for MOR of 30%PtCo/C In-house (un-

sintered), 30%PtCo/C In-house (350°C), 30%PtCo/C In-house (650°C),

30%PtCo/C In-house (800°C) and 20%PtCo/C In-house (800°C) electro-
catalysts in N, saturated 0.5M H,SQO, at a scan rate of 20mV
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The 30%PtCo/C in-house (350°C) catalyst is observed to have higher methanol oxidation
current than the 30%PtCo/C in-house (650°C) and 30%PtCo/C in-house (800°C) catalysts
which implies that these electro-catalysts are not active in the presence of methanol therefore
they are not good anode electro-catalysts for a DMFC. The 30%PtCo/C in-house (350°C) and
20%PtCo/C in-house (800°C) were found to have current densities of 4.08A/cm?® and
4.00A/cm? and the current densities of the 30%PtCo/C in-house (650°C), 30%PtCo/C in-
house (800°C) electro-catalysts were found to be 2.04A/cm? and 2.87A/cm?, respectively.
The MA of the 30%PtCo/C in-house (350°C), 30%PtCo/C in-house (650°C), 30%PtCo/C in-
house (800°C) and 20%PtCo/C in-house (800°C) catalysts were found to be 16.3A/g,
1.60A/g, 8.16A/g and 11.5A/g, respectively and the SA was found to be 0.065A/cm?
0.006A/cm?,0.033A/cm?and 0.046A/cm?, respectively as shown in Table 4.64.

Table 4.64: Current density, mass activity and specific activity of heat treated PtCo/C in-
house electro-catalysts as anode electro-catalysts for a DMFC

30%PtCo/C | 30%PtCo/C | 30%PtCo/C | 30%PtCo/C | 20%PtCo/C
Catalysts In-house In-house In-house In-house In-house
(Un-sintered) |  (350°C) (650°C) (800°C) (800°C)
Current
density 0.53 4.08 2.04 2.87 4.00
(Alcm?)
Mass
activity 0.12 16.3 1.60 8.16 11.5
(A/g)
Specific
activity 0.008 0.065 0.006 0.033 0.046
(Alcm?)

4.5.3 Summary of the study of DMFC electro-catalysts

From the study of the cathode catalysts of a DMFC above it is observed that the catalysts
with higher methanol tolerance were found to be 20%PtCo/C commercial, 30%PtCo/C in-
house catalyst and 20%PtSn/C in-house catalysts. They are considered to be good cathode
catalysts for a DMFC however, when the 20%PtCo/C commercial catalyst and the
30%PtCo/C in-house catalyst were heat treated it was observed that they are active in the
presence of methanol. The 30%PtCo/C in-house catalyst was active in the presence of
methanol when it was heat treated at 800°C and 350°C. The 20%Pt/C in-house catalyst was
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observed to have the highest methanol oxidation current followed by the 20%Pt10%Ru/C
commercial catalyst. It was also observed from the study of anode catalysts that the
20%PtCo/C commercial, 30%PtCo/C in-house and 20%PtSn/C in-house electro-catalysts
have very small methanol oxidation peak currents compared to 20%Pt/C in-house catalyst

which have higher methanol oxidation peak current. The 20%Pt/C in-house was found to be a
better anode catalyst.
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CHAPTER S5

CONCLUSION

Fuel cells are one of the technologies as energy devices that can meet the energy demand
facing the world because of several advantages that they possess. For example they are
environmentally friendly but their use is hindered by the disadvantages that are encountered
in the course of their operation such as; (1) the slow kinetics of the oxygen reduction reaction
occurring at the cathode, (2) the effect of the methanol crossover from the anode to the
cathode of a direct methanol fuel cell which interferes with the activity of the cathode
catalyst, and (3) the poisoning of the anode catalyst by the carbon monoxide a by-product of
the methanol oxidation which affects the methanol oxidation reaction activity of the anode
catalyst.

This study was based on finding the best cathode catalyst for a PEMFC and DMFC,
methanol tolerant cathode catalyst for a DMFC and best anode catalysts for a DMFC by
determining the electro-catalytic activities using the cyclic voltammetry technique and
rotating disk electrode. From the CV analysis (section 4.3) the 20%Pt/C in-house catalyst was
found to be the best cathode catalyst as it showed higher ORR activities compared to the
other electro-catalysts. The ORR study using the RDE (section 4.4) technique also showed
that the 20%Pt/C in-house catalyst is the best cathode catalyst for ORR due to its current
density and this is in good agreement with the cyclic voltammetry study that found this
catalyst to be the best cathode catalyst. In the methanol oxidation studies, study of anode
electro-catalysts (Section 4.5.2), 20%Pt/C In-house was observed to be a better anode catalyst
for a DMFC as it gave the highest methanol oxidation current peak followed by the
20%Pt10%Ru/C commercial. From the study of cathode electro-catalysts (section 4.5.1) for a
DMFC it was observed that the 20%PtCo/C commercial, 30%PtCo/C in-house and
20%PtSn/C in-house electro-catalysts showed no methanol oxidation peaks meaning that
these electro-catalysts are the best cathode electro-catalysts for a DMC. The 20%Pt/C in-
house was observed not be a good cathode catalyst since the methanol oxidation peak current
density was high as well as the methanol oxidation peak current for the 20%Pt10%Ru/C
commercial catalyst was also high. The Pt/C catalysts having higher activity than Pt binary
catalysts could be attributed to the preparation method of the binary catalysts as they did not

give better activity compared to the Pt/C catalysts.
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The effect of heat treatment on the activity and morphology of the 20%PtCo/C

commercial and 30%PtCo/C in-house catalyst was studied. It was found that the ORR
activity increased after heat treatment for the 20%PtCo/C commercial catalyst using both the
rotating disk electrode and cyclic voltammetry techniques. The ORR activity for the
30%PtCo/C in-house catalyst activity increased when the catalyst was heat treated at 350°C
and was better than the un-sintered 20%PtCo/C commercial and 30%PtCo/C in-house
catalysts. The XRD and HRTEM analysis showed that the particle size increased as the heat
treatment increased for the 20%PtCo/C commercial. It also increased for the 30%PtCo/C in-
house catalyst but decreased when the catalyst was heat treated at 350°C.
The 20%PtCo/C commercial after heat treatment was observed not to be a good cathode
catalyst for a DMFC but a good anode catalyst for a DMFC after heat treatment as it gave
higher MOR peaks compared to the un-sintered 20%PtCo/C commercial catalyst. When the
30%PtCo/C in-house catalyst was heat treated at 650°C and 800°C it was observed to be a
good cathode catalyst as no MOR peaks were observed and when heat treated at 350°C MOR
peaks were observed therefore it was considered to be a better anode catalyst.

Although the 20%Pt/C in-house was found to be the most active catalyst for ORR it is not
methanol tolerant and so cannot be used as a cathode catalyst for a DMFC. The 20%PtCo/C
commercial (with specific activity of 0.036A/cm? towards ORR) showed that it could be a
better cathode electro-catalysts as the activity was about half that of the 20%Pt/C (with a
specific activity of 0.085A/cm? towards ORR) in-house and the use of the 20%PtCo/C
commercial catalyst would be advantageous as it contains a second metal reducing the
amount of Pt which is expensive that is used for the electro-catalysts. The 20%Pt/C in-house
catalyst (with specific activity of 0.202A/cm? towards MOR) was observed to be the best
anode catalyst for a DMFC but the 20%Pt10%Ru/C (with specific activity of 0.169A/cm?
towards MOR) could be used as the anode catalyst as it showed higher methanol oxidation
current not much different from that obtained for the 20%Pt/C in-house and also this would
reduce the amount of the metal that is used due to the second metal that is used. This would
lead to less loss of fuel cell efficiency and also cut the cost of fuel cells due to less Pt used of
the catalyst (Pt-M) and lower the cost. From the physical characterization it was observed
that XRD data for particle size determination was in good agreement with the HRTEM

results with particle size ranging from 2.72nm and 4.18nm.
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