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ABSTRACT

KEYWORDS: Platinum-tin; Methanol resistant; Polyol method; Cathode catalyst; ORR; MOR

Direct methanol fuel cells (DMFCs) are attractive power sources as they offer high conversion
efficiencies with low or no pollution. One of the major advantages DMFCs has over PEMFCs is that
methanol is a liquid and can be easily stored where in the case for PEMFCs storing hydrogen
requires high pressures and low temperatures. However, several challenging factors especially the
sluggish oxygen reduction reaction (ORR) and the high cost of Pt catalysts, prolong their
commercialization. With the aim to search for more active, less expensive more active ORR catalysts
and methanol tolerant catalysts than pure Pt, this dissertation focuses on the development of low
loading Pt electrocatalyst and the understanding of their physical and electrochemical properties.
Pt-Sn/C electrocatalsyts have been synthesized by a modified polyol reduction method. The effect of
temperature, pH, water, sonication and addition of carbon form were studied before a standard polyol
method was established. From XRD patterns, the Pt-Sn/C peaks shifted slightly to lower 26 angles
when compared with commercial Pt/C catalyst, suggesting that Sn is alloying with Pt. Based on HR-
TEM data, the Pt-Sn/C nanoparticles showed small particle sizes well-dispersed onto the carbon
support with a narrow particle distribution. The particle sizes of the different as-prepared catalysts
were found to be between 2-5 nm. The Pt-Sn/C HA Slurry pH3 catalysts was found to be the best as-
prepared catalyst and was subjected to heat-treatment in a reducing atmosphere at 250-600 °C which
led to agglomeration yielding nanoparticles of between 5-10 nm. The Methanol Oxidation Reaction
(MOR) on the as-prepared Pt-Sn/C HA Slurry pH3 catalyst appeared at lower currents (+7.11 mA at
860 mV vs. NHE) compared to the commercial Pt/C (+8.25 mA at +860 mV vs. NHE) suggesting
that the Pt-Sn/C catalyst has ‘methanol tolerance capabilities’. Pt-Sn/C HA Slurry pH3 and Pt-Sn/C
250 °C catalysts showed better activity towards the ORR than commercial Pt/C with specific and
mass activities higher than Pt/C at +0.85 V vs NHE. The Tafel slopes of Pt-Sn/C HA Slurry pH3
catalyst was -62 and -122 mV dec™ for the low and high current regions respectively and suggests
that the ORR mechanism is similar to that of commercial Pt/C indicating that the ORR kinetics was
not negatively influenced by the addition of tin. It was found that the electrochemical oxidation
reduction reaction follows first order kinetics of a multi-electronic (n=4€) charge transfer process
producing water. All the Pt-Sn/C catalysts showed resistance towards MOR and it was found for the
heat-treated catalysts that an increase in temperature resulted in an increase in methanol tolerance.
The synthesized Pt-Sn/C HA Slurry pH3 catalysts were also tested in a fuel cell environment.

Electrodes were prepared by either spraying on Toray carbon paper with the Asymtek machine or by



spraying directly on the membrane with a hand spray gun the catalysts coated membrane (CCM)
technique. Polarization curves obtained in DMFC with CCM showed superior performance than
electrode prepared by spraying on the carbon paper with the machine. In our study, the Pt-Sn/C
catalyst appears to be a promising methanol tolerant catalyst with activity towards the ORR in the
DMFC.

Vi
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Chapter 1

1.1 INTRODUCTION

The world’s increasing demand for energy and the rapid depletion of fossil fuels together
with the increase in levels of greenhouse gasses have directed large scale research efforts into
the development of alternative clean green energy sources. Energy technologies like wind
power, solar cells and nuclear power have received enormous attention in the recent past.
However, most of these non combustion power generation forms have limitations to provide
the prescribed levels of power consistently and on demand. Nuclear power generation is
currently in a state of flux since many countries are in fact downscaling their dependence on
this type of controversial energy source. These drawbacks have prevented the wide spread
use of these alternative technologies as a primary source of energy. Solar energy for instance
depends on sunlight and with the change in the global weather pattern extended days of
cloudy skies can severely limit the generation of energy and power availability. In this regard
fuel cells that employ hydrogen or methanol as a fuel are becoming more appealing as an

alternative energy source [1-2].
1.2. Basics of fuel cells.

A fuel cell is an electrochemical device which consumes fuel and oxidant with the help of
electrocatalyst to produce energy. Like other electrochemical devices a fuel cell consists of a
positive electrode (cathode), a negative electrode (anode) and an ion-conducting electrolyte.
The production of energy involves the oxidation of a fuel and the reduction of an oxidant
which is fed to the anode and cathode compartments. This process generates an ion flow
through the electrolyte resulting in the flow of electrons through the external circuit. In a fuel
cell, electricity can be produced continuously as long as the reactant is available and supplied
into the system. Additionally, fuel cells have very little or low emission compared to
traditional combustion systems. When hydrogen and oxygen are used as fuel and oxidant
respectively, zero emission is possible to be achieved as water is the only by product in the
reaction. In the case where methanol or any other carbon containing fuels are used, CO;
emission is reduced due the high efficiency of the fuel cell and the absence of combustion

avoids the production of NOy and other pollutants.



The discovery of fuel cells can be dated back to 1839 by Sir William Grove and in his
prototype fuel cells sulphuric acid was used as electrolyte. Although high efficiency and
environmental benefits were promised by the fuel cell concept, developing the early
prototype into a commercial product turned out to be much more challenging than
anticipated. The main problem associated with the development of fuel cells is to develop
appropriate materials and manufacturing techniques to enable fuel cells to become more

competitive with existing power generation methods in terms of cost per kwh.

1.3. Basic elements and materials
1.3.1 Electrodes

The electrodes are the elements or reaction sites at which the electrochemical reaction takes
place inside the fuel cell. Fuel is oxidized at the anode and the oxidant (usually oxygen or
air) is reduced at the cathode. The electrodes are normally constructed out of porous material
(graphite) to facilitate a high area to volume ratio. The catalyst (mainly Pt or any other rare
earth metallic element) is then coated on the electrodes inner surface in order to reduce the
activation energy of the electrochemical reaction. Electrodes are usually the most expensive
element of a fuel cell due to the high cost of the catalyst. The most important functions of the

electrodes are:

e To provide physical active sites for the electrochemical reaction to occur.
e To separate the gas phase (H, or O,) from the electrolyte.
e To transport the ionic species to complete the chemical reaction (mass and charge
transport).
Electrodes are seriously affected by poisoning mainly due to impurities existing in the gasses.

As a result of this, before use, the fuels need to undergo a cleaning and reforming process.

1.3.2 Electrolyte

The electrolyte is an integral part of the fuel cell that separates the anode from the cathode in

order for the reduction and oxidation reaction (redox) to occur at different sites of the cell.
The electrolyte must inhibit the flow of reactants from one side to the other side of the cell
and in addition need to be impermeable to electrons since they have to flow through an



external circuit. To balance the electrochemical reactions, the electrolyte must be able to
transport ionic species (H+, OH) from the cathode to the anode or vice versa. The most

important functions of the electrolyte can be summarised as follows:

e To separate the anode from the cathode.
e To avoid fuel cross-over from the anode to the cathode.

e To avoid electrical conduction.

1.3.3 Gas Diffusion Layers (GDL)

Gas diffusion layers (GDL) are used in low temperature fuel cells to distribute and supply the
fuel and air to the surface of the electrodes. They can also be used to remove the exhausted
reactants and the reaction products. The GDL are usually made of carbon cloth or carbon
paper and can be modified with Teflon sheets or other hydrophobic materials to increase their

hydrophobic character and avoid water flooding.

1.3.4 Bipolar plates

One individual cell (one electrolyte sandwiched between two electrodes) usually provides
low voltages (~1 V). To increase the electrical power output, single cells can be connected in
series or parallel configuration in so called fuel cells stacks. The bipolar plates are the
elements used to separate adjacent fuel cell units.

The main functions of the bipolar plates are:

e To deliver the reactant gasses to the electrodes.
e Toremove waste heat.

e To conduct electrons within an internal circuit as part of the electrochemical reaction.

Bipolar plates are commonly made from graphite due to its high electrical conductivity and
high resistance to corrosion. They can also be made from metal to increase their conductivity

and reduce their size.



1.4 Classification of fuel cells

During recent years fuel cell development underwent important changes and improvements.

Earlier, fuel cells prototypes required operation at high temperatures in order to achieve high

performances and this required very resistant and expensive materials. Nowadays there are a

huge variety of fuel cells being employed in different application areas. Fuel cells with

different composition, capabilities and working principles were investigated and could be

classified under groupings viz., electrolyte materials and operating temperatures. Table 1

illustrates several different types of fuel cells commonly found today [1-4].

Table 1. Different types of fuel cells commonly found.

Fuel Cell Electrolyte Application Operating
Temperature
Alkaline fuel cell KOH solution Space, military <120°C
(AFC)
Phosphoric acid fuel | H3PO, Stationary, 180~200°C
cell (PAFC) transportation
Molten carbonate Immobilized liquid Stationary ~650°C
fuel cell (MCFC) molten carbonates
Solid oxide fuel cell | ceramics Stationary, auxiliary | 550~1000°C
(SOFC) power
Proton exchange lon exchange Portable, stationary, | <120°C
membrane fuel membranes transportation
cell (PEMFC)
High temperature Polybenzimidazole Portable, stationary, | ~180°C
proton exchange (PBI)-H3PO, transportation
membrane fuel cell
(HT-PEMFC)
Direct Methanol Fuel | lon exchange Portable, stationary, | 50-90°C

Cell (DMFC)

membranes




1.4.1 Alkaline Fuel Cells (AFC)

Alkaline fuel cells were one of the first cell technologies developed and used in the US space
program. AFC make use of a solution of potassium hydroxide in water as the electrolyte and
a variety of non-precious metals as catalysts for the cathode and anode. High temperature
AFC operate between 100 — 250 °C and low temperature AFCs at roughly 23 -70 °C. In AFC
the ionic charge is compensated for by the transport of OH- groups from the cathode to the
anode through the electrolyte. The high performance of AFCs is due to the rate at which
chemical reactions takes place in the cell and have shown efficiencies near 60% in
applications. The disadvantage of AFCs is that they are easily poisoned by carbon dioxide

which even in low concentration influences the performance of the fuel cell [1-3].

1.4.2 Phosphoric Acid Fuel Cells (PAFC)

Phosphoric acids fuel cells are commercially the most advanced fuel cell system due to its
relatively simple construction and a combination of the thermal and chemical stability. These
types of fuel cells use liquid phosphoric acid as an electrolyte. The acid is stored in a Teflon
silicon carbide matrix and a porous carbon electrode containing a platinum catalyst is
employed due to the highly corrosive nature of H3PO,4. The PAFC is considered as the first
generation of modern fuel cells and is typically used for stationary power generation although
some PAFCs have been used to power large city busses. PAFCs are more tolerant to
impurities then PEM cells (see 1.3.5 below) which are easily poisoned by CO that binds to
the catalyst at the anode thereby decreasing the cell efficiency.

The fact that PAFCs requires an expensive platinum catalyst raises the cost of the fuel cell.
Another problem associated with PAFC is electrode flooding and drying and this has been
recognized as the major cause of the declining cell performance. Migration of H3PO,
between the matrix and the electrodes during cell load cycling is a further contributing factor
responsible for these problems. Recent studies have shown that by introducing H3PO4 into
polymer bearing functional groups like alcohols, amides, imines or ethers the cell
performance can be improved. The acid-base system not only exhibits a high conductivity but
also mechanical stability at elevated temperatures (>100°C), for example the
polybenzimidazole (PBI)/H3PO, systems [3-5].



1.4.3 Molten Carbonate Fuel Cells (MCFC)

Molten Carbonate Fuel Cells were developed for natural gas and coal based power plants and
to be employed for industrial and electrical utility applications. MCFCs are high temperature
fuel cells that use a molten carbonate salt mixture suspended in a porous chemically inert
ceramic lithium aluminum oxide (LiAIO,) matrix representing the electrolyte. At these
extremely high temperatures, non precious metals can be used as catalysts for both anode and
cathode thereby reducing the cost dramatically. Unlike alkaline, phosphoric acid and PEM
fuel cells, MCFCs do not require an external reformer to convert more energy dense fuels to
hydrogen. These fuels are converted into hydrogen due to the high temperature at which
MCFC operates. This process is known as internal reforming which further reduces the cost.
MCFCs are not affected by CO or CO; poisoning. They can use CO, as fuel making MCFCs
suitable for fuelling with gasses made from coal. Another big advantage is that MCFCs are
more resistant to impurities than any other fuel cell. However, the main disadvantage of
MCEFCs is their durability. The extremely high temperature at which these cells operate and
the corrosive electrolyte used accelerates breakdown and corrosion thereby decreasing the
cell life [1-3].

1.4.4 Solid Oxide Fuel Cells (SOFC)

Solid oxide fuel cells (SOFCs) use a hard ceramic compound as the electrolyte. SOFCs
operate at temperatures around 1000 °C and there is therefore no need for precious metal
catalysts to reduce costs. SOFCs also have similar abilities to the MCFCs to reform fuels
internally. SOFCs are also the most sulphur resistant fuel cell type. Additionally they are not
poisoned by CO which can then be used as a fuel. Operating at these high temperatures does
however have certain disadvantages. It results in a very slow start up and requires enormous
thermal shielding to protect personnel and retain heat. It is therefore not suitable for
transportation and portable devices. The high operating temperatures also place strict

requirements on materials used for SOFC [1-3].

1.4.5 Polymer Electrolyte Membrane (PEM) Fuel Cells

Polymer electrolyte membrane (PEM) fuel cells also known as proton exchange membrane

fuel cells operate at relatively low temperature (around 80 °C), have high power density and



are thus suitable for automobile applications. PEMFCs use solid polymer membranes which
are able to conduct protons in the electrolyte. The electrolyte is sandwiched between two
electrodes, which contain Pt-based catalysts to speed up the oxidation and reduction
processes taking place. PEMFCs require only hydrogen, oxygen from the air and water to
operate and involve no corrosive fluids like some fuel cells. These cells are fuelled with pure
hydrogen supplied from storage tanks. PEMFCs are used for transportation and some
stationary applications. Hydrogen storage is however, a big stumbling block in using these
fuel cells in vehicles. Hydrogen must be stored onboard in pressurized tanks as a compressed
gas and due to the low energy density of the gas it creates problems when it comes to
powering vehicles over long distances. Recent work on PEMFCs has been mainly focusing
on developing high temperature ion exchange membranes so that fuels can be operated at
higher temperatures. This new development provides the benefit of decreasing or even
replacing loading of noble metals which enables the fuel cells to be self-sustainable and

avoids the requirements of cooling and purifying systems [1-5].

1.4.6 Direct Methanol Fuel Cell (DMFC)

The DMFC is also a PEMFC as it uses a proton exchange membrane as electrolyte. The only
difference between the PEMFC and the DMFC is that the latter uses methanol as a fuel
instead of hydrogen. Fig. 1 is a schematic drawing of a fuel cell which demonstrates the basic
principles in the operation of a DMFC. The DFMC works by oxidizing methanol to CO, and
water. Methanol releases 6 protons and electrons per molecule during its oxidation and its
high energy density makes methanol a suitable fuel for fuel cells. DMFC works at low and
intermediate temperatures (60 — 90 °C) and are fed a dilute aqueous solution of methanol and
water. The hydrogen ions flow through the PEM to the cathode where air or oxygen is
introduced. At the cathode the hydrogen ions react with oxygen to form water and the
movement of the free electrons through an external circuit from the anode to cathode creates
a current that can be used to power an electrical device. The maximum voltage attainable
from the overall reaction in the DMFC in theory is 1.18 V. In practice this maximum output

is not achieved due to poor electrode kinetics and ohmic losses of the electrolyte [5-7].



Fig. 1 Schematic Diagram of DMFC operating principal [2].

The relevant electrode reactions are:

Anode: CHsOH + H,O0 — CO,+6H" +6e E°=0.046V (1)
Cathode: 3/20, +6H" + 6e —  3H,0 E°=123V (2
Overall: CH30H + 3/20, — CO; +H;0 E,=1.18V

1.5 Advantages of DFMCs

There are several advantages in using methanol as a fuel. Methanol is a liquid and can be fed
directly into the fuel cell. Steam reforming of the fuel is not necessary, methanol is easier to
store when compared to hydrogen which needs low temperature and high pressures. Also the
energy density of methanol is much higher than that of compressed hydrogen. The DMFC
operates at moderate temperatures and therefore does not need sophisticated cooling systems
to remove excess heat formed as a result of the reactions occurring in the fuel cell. Because of
this advantage DMFCs can be used as portable systems and is ideally suitable for applications

in laptops, cellular phones and other small items [8-9].

1.6 Issues involving the DMFC.

There are still some problems involved in DMFC technologies which need to be addressed

before the commercialization stage. One problem associated with the anode is the sluggish



methanol oxidation reaction. During methanol electro-oxidation various surface intermediates
(COqgs, COHags, CHOO,qs) are formed which poison the catalyst. The intermediate species are
not easily oxidized and are adsorbed strongly onto the catalyst surface preventing fresh
methanol molecules from adsorbing and undergoing further reaction. The switch from Pt to a
bimetallic Pt/Ru as anode catalyst provided some improvement in the methanol oxidation
rates and is currently being used as anode catalyst for DMFC systems. Another big challenge
for DFMC development is the methanol cross-over problem which leads to decreased overall
cell lifetime and efficiency. In this case methanol diffuses (permeates) through the membrane
from the anode to the cathode side which negatively influences the ORR taking place on the
cathode side. The reaction of methanol at the cathode results in a loss of fuel and cathode
voltage and is referred to as a mixed potential. Methanol that crosses over reacts with oxygen
at the cathode resulting in a loss of current. Besides, the cathode catalyst, which comprises of
pure platinum, is fouled by methanol oxidations intermediates similar to the anode.
Therefore, typically, low methanol concentrations (1-2 M; 4-8 VVol.%) are used to combat this
problem. If methanol cross-over was not an issue, much higher methanol concentrations
could be used [1,9].

There is therefore a need for the development of a cathode catalyst with high methanol
resistance capabilities as well as selectivity towards the Oxygen Reduction Reaction (ORR)

to overcome the challenges faced with the commercial deployment of DMFC.

1.7 Aims and Objective of this Study

The oxygen reduction reaction (ORR) takes place on the cathode side of the DMFC and is
currently the area of biggest concern for DFMC development. Therefore, considerable time
and R&D funding have been channelled unto the development of a new cathode electro
catalyst as is evident by the increased number of publications appearing on DFMC focusing
on the cathode [10]. At present Pt/C is mostly used as cathode catalyst for oxygen reduction
in DMFC’s but due to several problems viz., high over potential under typical experimental
conditions (300-400 mV), corrosion at high potentials of 0.8 V vs NHE, high cost of Pt and
sluggish kinetics for oxygen reduction on Pt, its practical application have been rather
limited. One of the possible ways to overcome these challenges is to alloy Pt with suitable
metals supported on carbon [1,11]. Several reports exist in literature were Pt has been alloyed
with metals such as Cu, Ni, Fe, Pd, Cr for ORR as cathode catalyst and have been studied

extensively. However, very few reports are available where the Pt-Sn/C system has been



used as a cathode catalyst in fuel cells [11,12]. Jeyabharathi et al. [12] reported that the as-
prepared Pt-Sn/C catalyst shows a mixed behaviour when compared to the catalyst subjected
to heat treatment. The methanol tolerance increases with increase in temperature whereas the
ORR activity remains intact. They clearly demonstrated that heat treatment of the catalyst has
a significant outcome on the ORR activity as well as a resistance of the Pt-Sn/C catalyst
towards methanol. Because of this finding, it is of interest to our research group to extend and
investigate the possibility of using the Pt-Sn alloy system as a possible methanol tolerant
cathode catalyst.

The main objectives of this PhD study were to develop an improved Pt-Sn/C catalyst for the

oxygen reduction reaction and may be divided into the following sections.
e Synthesis of a range of Pt-Sn/C cathode catalysts via the polyol reduction method.
e Study the influence of temperature, change in pH, addition of water, sonication, Pt:Sn
ratio and addition of the carbon matrix support either as is, or in slurry form to

generate a large number of synthetic protocols.

e Heat treatment of the catalyst under inert conditions in a tube furnace from 250-
600°C.

e Evaluate all the synthesized catalysts electrochemical and physical properties by
means of X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM),
Energy Dispersive X-Ray (EDX), Cyclic Voltammetry (CV), Methanol Oxidation

Reaction (MOR), Oxygen Reduction Reaction (ORR).

e Compare the activities of the synthesized catalysts with the 20%, 40% commercial
Pt/C (JM) and 46% Pt/C (TKK).

e Test the catalyst in a working fuel cell.
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Chapter 2

Literature Overview

2.1 INTRODUCTION

Chemical reactions require a specific amount of energy to able them to proceed to completion
at a reasonable rate. This energy barrier is described as the activation energy and can cause
potential problems for some reactions if it is too high. Catalysts are substances that lower this
activation energy, thus causing an increase in the rate at which the reaction occurs [1]. The
general definition for a catalyst is that it is a substance that can cause a change in the rate in a
chemical reaction without itself being consumed in the reaction. Changing the reaction rate
by use of a catalyst is called catalysis. Fig. 2.1 gives a schematic representation of how the
catalyst influences the activation energy of a chemical reaction. The activation energy, which
is the minimum amount of energy needed for a specific reaction, is lowered when a catalyst is
added. A new mechanism or reaction pathway is provided by which the reaction may then
proceed when a catalyst is employed in a reaction. There are several different types of

catalyst that can be used in a variety of chemical reactions [1-4].

Eg {(no catalyst)

Energy

E, (with catalyst)

Reaction Progress

Figure 2.1: Diagram displaying the activation energy pathways with and without a catalyst [2].
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2.2 Catalysis
2.2.1 Homogeneous Catalyst

Homogeneous catalysts function in the same phase as the reactant. These types of catalyst are
typically dissolved in a solvent and added to the substrate which is also in liquid form. For
example the hydrolysis of esters is catalyzed by the presence of a small amount of base (KOH
or NaOH). In this reaction, it is the hydroxide ion, OH" that reacts with the ester and the
concentration of the hydroxide ion is greatly increased over that of pure water by the addition
of the base. Although some of the hydroxide ions provided by the base are used up in the first
part of the reaction, they are regenerated in a later step from water molecules. This in fact
ensures that the net amount of hydroxide ion present is the same at the beginning and end of
the reaction and for this reason the base is considered to be a catalyst [3-5].

2.2.2 Heterogeneous Catalyst

A heterogeneous catalyst functions in a different phase to that of the reactant. The most
common heterogeneous catalyst occurs as a solid catalyst and liquid reactants. An example of
this type of catalyzed reaction is the hydrogenation of vegetable oil in the presence of a nickel
catalyst. In this reaction, vegetable oil is in a liquid form and the Ni catalyst is in the solid
phase. Heterogeneous catalysts are normally supported which means the catalyst is dispersed

on a secondary material to increase its surface area of contact that enhances the effect [3-5].

2.2.3 Enzymes

Enzymes are a special type of catalyst that lowers the activation energy for a variety of
important biological and physiological processes. They are usually proteins which are
composed of a chain of amino acids. Enzymes largely act as homogeneous catalysts although
there are some that may act as a heterogeneous catalyst as well [6].

2.2.4 Electrocatalyst

Electrocatalysts are metal based catalysts that are used in half reactions in fuel cells. These
substances reduce the activation energy required for the reduction or oxidation of molecules

allowing energy to be generated. One common type of fuel cell electrocatalyst is based upon
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nanoparticles of platinum that are supported on slightly larger carbon particles (Pt/C). An
electrocatalyst is unique in that it does not only lower the activation energy but goes a step
further than other catalysts by lowering the excess energy consumed by a redox reaction
activation barrier [3-5].

2.3 Electrocatalyst materials

DMFC and PEMFC catalysts are often based on expensive metal material like Pt and it is
therefore most desirable to find new catalysts in order to reduce their costs as much as
possible. A very small amount of Pt nanoparticles supported on carbon is needed for the
facile hydrogen oxidation reaction in PEMFC. In contrast, in the case of DMFC a much
higher Pt loading is needed for both anode and cathode catalyst. This is necessary due to the
very poor reaction Kkinetics and poisoning caused by the high methanol crossover. The
strategy involved to reduce catalyst loading and minimize cost has followed three basic

principals which are: [7-10].

e Optimize the current Pt/C catalyst by improving the dispersion/distribution and by
also decreasing Pt particle size.

e Develop new Pt-alloy catalysts that are more active than pure Pt and also resistant
towards methanol crossover in the case of DMFC.

e Develop new Pt-free catalysts that are less expensive than Pt even if they are less

active than the current Pt catalyst.

Several research groups have successfully achieved the one strategy of increasing Pt
dispersion by reducing the Pt particle size. In some cases these improved Pt nanoparticles are
smaller than the best commercial catalyst. It has been found that maximum dispersion is
achieved at around 1.1 nm and any further decrease in diameter will have no improved effect
on the Pt dispersion. At these small particle sizes, agglomeration seems to have manifested
itself as a problem because of the large surface area and surface energy of the nanoparticles
which will negatively influence the catalyst activity. So, there is a compromise between
dispersion and durability [1].

The second strategy to reduce the Pt loading, namely by developing novel Pt-alloy catalysts
will be discussed in detail in the following section with the specific focus on cathode
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electrocatalysts which is the main topic of this thesis. The discussion will include mechanistic
and application of these novel electrocatalysts for the oxygen reduction reaction in which the
alloying metal is Sn.

The third strategy where Pt-free catalysts are prepared won’t be looked at for this study
although it is an important aspect concerning future catalyst development. With the
increasing price of Pt, Pt-free catalysts will play an ever increasing and important role in fuel
cell development in the future. However, South Africa is considered to be the world’s largest
producer of precious metals (PGM's) supplying 75% of the world’s Pt [11]. It is therefore
more beneficial for us to develop Pt/C and Pt-alloy catalysts since it is clear that exporting Pt
is considered a huge financial benefit for the economy and for the South African hydrogen

and fuel cell plan.

2.4 Electrocatalyst for ORR
2.4.1 ORR Kinetics

Even although the oxygen reduction reaction (ORR) appears to be relatively simple, it is in
fact quite complex. Hund's rule states that in the ground-state, O, possesses 2 unpaired
electrons located in a doubly degenerated n* antibonding orbital corresponding to a triplet
state. When O, undergoes reduction, the additional electrons occupy anti-bonding orbitals,
decreasing the bond order of O-O bond and thus the bond distance increases while the
vibrational frequency decreases. For his reason the O, molecule is very stabile and has
relatively low reactivity in spite of its high oxidizing power [12,13]. The various adsorbed
states for oxygen are represented in Fig. 2.2 and the resulting possible reaction pathways are
shown in Fig. 2.3. The generally accepted 1:1 and 2:1 metal-dioxygen complex structures
shown below by representative geometries 1 and 2 have been shown to give similar bonding
patterns in which each exhibits one ¢ and one 7 interaction. Geometry 1 which is known as
the Griffiths model, involves a side on interaction of oxygen with the metal. This type of
bonding can be viewed as arising from two contributions. In the first case ¢ type bonding
may be formed by mainly overlapping between the 7 orbitals of oxygen and the d, orbitals
on the metal. The second contribution is where m backbond interaction between the metal d z-

orbitals and the partially occupied ©n* antibonding orbital on O, arises [14].
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Fig. 2.2 Models for the adsorbed states of oxygen on the catalyst surfaces [18].

The Pauling model (Geometry 2) can be seen as an end-on interaction of O, with the metal.
In this model a o-bond is formed by the donation of electron density from the o-rich orbital
of dioxygen to an acceptor d,2 orbital on the metal. The metal’s two d-orbitals viz., dy, and
dy,) then interacts with the n* orbitals of dioxygen, with a corresponding charge transfer
from the metal to the O, molecule. The preference for either of the geometries 1 and 2 is
determined by the donating abilities of the filled = and ¢ orbitals of the dioxygen molecule
respectively [15].

Geometry 3 also known as the bridge model, is a 2:1 complex of metal-dioxygen where the
bonding arises from the interaction between the d-orbital on the metal with n* and & orbitals
combinations on O, [15,16]. This gives rise to a singlet or triplet nature of dioxygen orbitals
and determines the bridge or trans mode of interaction of dioxygen with the metal [16].
Yeager proposed this bridge-like model where two bonds interacts with two sites. This type
of interaction is likely to occur on noble metals such as Pt and organic phorphyrins where O,
is reduced to water with little or no peroxide being formed [17]. The different mechanistic
steps are dependent on the mode of adsorption of the oxygen molecule onto the metal surface.
Depending on the mode of adsorption of the oxygen molecule on metal surface, different
mechanistic steps become possible and therefore the reduction to water might occur

according to pathway | or 11l which is desired [16-18] [Fig. 2.3].
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Fig. 2.3 Different reaction pathways for the reduction of oxygen in acidic medium [18].

The ORR reaction pathway in acidic media may be illustrated as follows:

Direct 4 electron reduction

O, + AH" + 4e — 2H,0

Indirect reduction

O, + 2H" +2¢ —H-50,

Further reduction

H,O, + 2H" +2¢ —2H,0

Or chemical decomposition

2H,0, —-2H,0 + O,
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E° (Oo/H,0) = 1.23V

E° (O2/H,05) = 0.682V

E° (H,0,/H,0) = 1.77V



Based on these facts several authors have proposed different schemes for the ORR pathway
[19-21]. Damjanovic et al., came up with the first proposed scheme and later Wroblowa et al.,
modified their proposed scheme, making it easier to understand the complicated reaction
pathway for the reduction of O, on the metal surface which is presented in Figure 2.4 [19,20].

kl
k. 3 '
2,bulk " Oz,ad = - Hzoz,ad e Hzo
»
k4 ! k.
Y D
2 2.,bulk

Fig. 2.4 Simplified schematic of the ORR pathway based on the scheme of Wroblowa [20].

This scheme holds true for both basic and acidic environments and all the electrode materials.
The above Fig. 2.4 illustrates that pre-adsorbed oxygen can be electrochemically reduced to
either H,02,4 With rate constant k; (the 2e” pathway) or directly to water with rate constant k;
(the 4e” pathway). The adsorbed H,0O, can subsequently undergo further changes and can be
electrochemically reduced to water with rate constant ks, desorbed into the bulk of the
solution (ks) or catalytically decomposed on the electrode surface (k4). The different reaction
pathways are influenced by the different adsorption rates, the pH of the electrolyte, the
presence or absence of adsorbing anions and on the catalyst material [20-24]. Reduction of
oxygen on the electrocatalyst takes place by the formation of a high energy intermediate,
H,0,. This intermediate gets further reduced to H,O and can probably be attributed to the
high stability of the H-O bond which has a dissociation energy of 494 kJ mol™. In contrast,
the O-O bond in H,0, only has a value of 146 kJ mol™. In fuel cells in order to avoid
corrosion and obtain maximum efficiency of carbon supports and other materials by
peroxide, a four electron reduction is desired. The two electron reduction is of interest for the
production of hydrogen peroxide. It is therefore important to find suitable electrocatalyts that

can promote the direct four electron reduction of oxygen [21,22].
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2.4.2 Criteria for suitable electrocatalysts for ORR

Electrocatlysts used in fuel cells for ORR are normally comprised of noble metals

immobilized on a conductive support and should have the following characteristics:

e high electronic conductivity

e chemical and structural stability under operating conditions (high temperature, low
and high pH)

o ability to decompose intermediate species formed during the reduction process

e chemical and thermochemical compatibility to electrolyte

e tolerant to contaminants e.g halide ions, methanol, NO,, CO, SOy and have a low

cost.

The literature is full of reports where noble and non-noble metal based electrodes have been
investigated for the reduction of oxygen [25-27]. Pt and Pd based metal catalysts still appear
to be the best noble metals, whereas in the case of non-noble metal electrocatalysts, transition
metal chalcogenides and pyrolyzed macrocyclic compounds are two of the most widely

studied electrocatalysts for oxygen reduction [28].

2.4.3 Pt Metal as Electrocatalyst

Platinum exhibits good activity and chemical stability under fuel cell operating condition and
is therefore a promising electrocatalyst for ORR. However, Pt is very expensive and not that
easy to obtain in large quantities [1]. The ORR consists of several processes namely; oxygen
diffusion, adsorption, charge transfer, desorption and back diffusion. One of the key factors
of the charge transfer process is the work function, because the work function is the minimum
energy needed to remove an electron from the material surface. However the work function
of Pt with high catalytic activity for the ORR is higher than other transition metals and
therefore makes Pt a suitable electrocatalyst for ORR in fuel cells [29]. Oxygen reduction
generally takes place at high positive potentials and at these high potentials most other metals
will dissolve and give rise to similar situations to that prevailing at the cathode and
consequently only noble metals and some of their alloys offer realistic possibilities among

metallic systems to overcome these challenges. Pt is the most familiar oxygen reduction
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catalyst used in fuel cells and has been investigated extensively as the pure metal [30], as
nanoparticles [31], alloys [32,33], and as polycrystalline and single crystal surfaces [34,35].
To date, Pt/C is the most efficient electrocatalyst for oxygen reduction but, the cost associated
with the Pt/C electrocatalyst is the main quintessential hurdle for the commercialization of
electrochemical devices. To reduce the Pt loading at the cathode, thereby reducing the cost
has lead to various synthetic approaches being adopted to disperse Pt on suitable supports to
increase the surface area of catalytic interaction [1-3]. Among the various support materials
currently available, carbon is the most attractive because of several unique features. Carbon
has good electronic conductivity, is chemically and mechanically stable, is abundant and has
a low cost [36-38]. Several methods were developed for synthesizing Pt supported catalysts
and those include the impregnation method [39,40], electrodeposition [41-43], the use of
reducing agents such as borohydride to reduce Pt salts [44,45], formaldehyde [46], colloidal
route [47], polyol reduction [48,49], microwave-assisted polyol reduction method [50] and
sputtering techniques [51]. For the past few years Pt supported on conducting polymers,
carbon nanotubes (CNT) [52,53], and carbon nanofibers (CNF) [54] have received enormous
attention in the search for an efficient electrocatalyst. However, the preparation of CNTs and
CNFs in bulk quantities and stability of polymers at high potentials remain a matter for
concern for commercialization. The overall observations made from the ORR measurements
on Pt/C catalyst are: Sluggish kinetics for ORR on Pt. Formation of the OH" species at +0.8
V due to water oxidation as well as corrosion under acidic condition on the Pt hinders the
oxygen reduction in such a way that the kinetics is not facile. The OH" species also influences
the availability of molecular oxygen thereby reducing the ORR activity [55,56]. Studies have
shown that the optimum particle size of Pt for ORR should be between 3- 5 nm [56-58]. A
debate however still exists in literature regarding the optimum particle size. What is clear
however is that the ORR is structure sensitive and that particle size, distribution and
structural effects are key components in the Pt/C catalyst activity [56]. Pt catalysts are
sensitive towards contaminants [59]. Strongly adsorbing halides (CI, Br, I'), air borne
contaminants of both an organic (benzene) and an inorganic (CO, NO;, SO;) nature,
significantly reduce the Pt catalyst activity in the operational potential window. Water is the
exclusive reaction product of the ORR on Pt at the cathode at potentials of between +0.6 V -
+1.0V and in the presence of strongly adsorbing halides or any other contaminants, the ORR
pathway changes and ample amounts of H,O, are formed. This product leads to the reduction

in cell voltage, degrades the Pt sites and also the Pt catalyst life span [58-60].
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2.4.4 ORR mechanism

Oxygen reduction on Pt occurs by a parallel mechanism with direct four-electron reduction as
the dominant step. However, due to the large number of possible steps and some remaining
uncertainties regarding the correct mechanism, a detailed mechanism still defies formulation.

The main steps in the mechanism of oxygen reduction on Pt are given below [61].

0, +2Pt — Pt,0,

Pt,0, + H +¢ — Pt,-O,H (rate-determining step)
Pt,-OoH — Pt-OH + Pt-O

Pt-OH + Pt-O + H" + &© — Pt-OH + Pt-OH

Pt-OH + Pt-OH + 2H" + 2e° — 2Pt + 2H,0

It was found that there is a direct relationship between the binding ability of O and OH and
the oxygen reduction activity. Further investigations showed that at high potentials adsorbed
oxygen is stable and that proton and electron transfer was impossible. It was therefore
proposed that the origin of the overpotetntial for Pt was the O and -OH adsorption and that
both dissociative and associative path may contribute to the ORR depending on the metal and
the electrode potential [62]. Pt shows two Tafel slope regions which is in good agreement
with the reports by Yeager [17]. A Tafel slope of 120 mV dec™ below +0.8 V vs NHE may be
attributed to Langmuir kinetics, while a Tafel slope of 60 mV dec’ can be explained
assuming Temkin conditions in the presence of surface Pt-OH, a surface poison to the O,
adsorption [63]. Reports have shown that the formation of Pt-OH beyond +0.8 V is caused
by the reaction of H,O with Pt causing inhibition of the O, reduction thereby resulting in a
low Tafel slope of and not due to the interaction of O, with Pt as previously assumed [64].
So taking these facts into consideration a significant improvement of ORR electrocatalyst
could be possible if certain changes were made to the Pt catalyst. Firstly, by inhibiting the
formation of adsorbed oxygenated species (primarily Pt-OH) beyond +0.8 V, which is a
known surface poison and secondly, by changing the electronic and short-range atomic order
around Pt to induce alternative lower energy pathways for improved ORR Kinetics. Pt alloy

catalysts could offer a solution to all the challenges faced with Pt/C as electrocatalyst for
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ORR at the cathode seeing that by adding a second metal the geometry and electronic effect

of the catalyst will be changed which will influence the ORR mechanism [17,63-65]

2.5 Pt Alloy Catalysts

High surface Pt alloys for ORR in PAFC were originally developed by United Technology
Corporation (UTC) in the 1980s. The development started with binary Pt-V/C alloys and later
accumulated to ternary alloys with reported mass activities 2-3 times higher than that of Pt/C
[66]. Later, other commercial companies such as TKK and Johnson Matthey (JM) also
patented a number of binary, ternary and quaternary alloys that were claimed to have better
catalytic activity and improved performance and stability over the standard Pt/C [67].
Mukerjee etal., was the first to apply Pt-alloys in PEMFC in the early 1990s and several other
groups also reported improved performance of Pt alloy catalyst vs Pt/C but in all these cases
the overpotential of about 300 — 400 mV was problematic [68]. Therefore to continue the
search for improved oxygen reduction catalyst the focus should be on the development of Pt
alloys with better stability and greater activity than Pt. Several Pt-alloy systems have been
investigated as oxygen reduction catalyst for their use in fuel cells. In Table 2.1, various
preparation methods and ORR activity of Pt-alloys are given as an overview. The results
obtained through these studies are however, not consistent as several different groups
reported different findings when the same Pt alloy catalysts were studied. For instance
Landsman et al. [69] found an increase in mass activity of a factor of 1.5 to 2.5 at +0.9 V
whereas Beard et al., [70] could not find an increased activity for Pt-Co and Pt-Cr alloys. On
the other hand Mukerjee et al. [68] and Capuana et al. [71] found similar activity
enhancements factors of 2 to 4 when using Pt-Mn, Pt-Cr, Pt-Fe, Pt-Ni and Pt-Co alloys. In all
the cases of ORR measurements reported for Pt-Ni and Pt-Co catalyst an activity

enhancement of factor 3 in comparison to Pt/C catalyst was revealed [72].
2.5.1 Pt Alloy Mechanism
Various authors have suggested possible mechanisms for the enhancement of the ORR

kinetics on Pt-alloy compared to pure Pt. Jalan and Taylor [74] where the first to study the
ORR on Pt-alloy systems supported on carbon black.
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Table 2.1 Preparation methods, selectivity and activity towards oxygen reduction of Pt-alloys compared to Pt.

Catalyst Preparation Electrolyte | Catalytic activity | Reference
Method Medium towards O;
Pt-Fe (3:1)/C Polyol reduction Acid Excellent Lietal.,
method (fuel cell) 2004
Pt-M (3:1)/C; Incipient wetness Acid Excellent Min et al.,
M=Ni, Co, or Cr method (fuel cell) 2000
Pt-Co (1:1)/C Incipient wetness Acid Comparable Hwang et al.,
method 2007
Pt;0C030/C Formic acid Acid Comparable Salgado et
reduction method al., 2005
Ptg5C015/C Borohydride Acid Comparable Salgado et
reduction method al., 2005
Pt3,V14Fess/C Polyol reduction Acid Comparable Luoetal.,
method 2006
Pt(100-x)Nix/C Sputtering Method Acid Excellent Toda et al.,
1999
Pt-Fe/C Alloying Acid Comparable Shukla et al.,
2004
Pt-Cr/C Carbonyl Route Acid Good Yang et al.,
2005
Pt-Ni/C; Pt/Ni = Microemulsion Acid Good Santos et al.,
3:1,3:2and 9:1 method 2006

They claimed that due to the shorting of the Pt-Pt interatomic distances by alloying, the ORR

improvement was possible [73]. Appelby et al., claimed that dissociative adsorption of O,

was possible due to lattice contraction as a result of alloying giving more favourable Pt-Pt

distances [74]. Paffet et al., proposed that the enhancement could be attributed to surface

roughening brought about by an enhanced corrosion [75]. However, further studies proved

that these findings were incorrect and that the enhancement does not result from surface

roughening [70]. Mukerjee et al., used in-situ X-Ray adsorption spectroscopy (XAS) studies

to explain the enhance electrocatalyst performance on the basis of the interplay between the
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electronic (Pt d vacancy) and geometric factors (Pt-Pt interatomic distances and Pt
coordination number) and their effect on the chemisorption behaviour of OH species from the
electrolyte [76]. From the electrocatalytic activity vs the electronic and geometric parameter
plots they observed a volcano shape behaviour from the different metals studied alloyed with
Pt. They investigated the alloy catalysts (Pt-Co, Pt-Fe, Pt-Ni and Pt-Cr) and found that Pt-Cr
is located on top of the volcano based on the best combination of both Pt d-band vacancies
and the Pt-Pt bond distances.
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Fig 2.4 Proposed mechanism of the ORR of alloying Pt with Fe-group metals [78].

It was concluded that the optimum distance between Pt-Pt determined by XRD corresponding
to the maximum performance lies between 2.71 and 2.75 A [75-77]. Figure 2.4 shows the
proposed mechanism for the enhancement of the ORR on the Pt-Fe alloy. By adding more Fe
the 5d vacancies of the surface would increase seeing that Fe has 5d vacancies that Pt may
interact with. The increase of 5d vacancies leads to an increased 2& donation from O, to the

Pt surface, resulting in increased [O,] and a weakening of the O-O bond. Splitting of the
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bonds should occur simultaneously as € back donated from 5d-orbitals of the surface Pt to the
2 7* orbitals of the adsorbed O, which is the first electron transfer, is then accompanied by
H+ binding. The first step is followed by the back donation of 3& and by the additional
introduction of 3 H+ ions. The Pt-O bonding becomes stronger as the 5d vacancies of the
electrode increase resulting in a lower O, reaction rate as back donation becomes difficult.
When the content of the second metal becomes too large, the d-band vacancy may contribute
to the enhancement of O-O bond splitting. Therefore the volcano shape electrocatalytic
behaviour of Pt alloys can be explained as a result of the increased second element content
[78]. What is evident from these studies is the role of morphology, crystallographic and
electronic structural change brought about by alloying on the electrocatalyst surface for ORR.
After theoretical and experimental data on Pt alloys are taken into account, it can be
concluded that the Pt-M (Fe, Cr, Ni, Cu, Co) alloys have shown good activities among the
various investigated bimetallic alloys compared to Pt. Particle size, Pt d-band vacancy,
changes in the short range atomic order and Pt-OH inhibition are some of the reasons given

for the enhanced performance by these alloys [76-78].

2.6 Pd and other non- Pt electrocatalysts

Pd has a similar electronic configuration and lattice constant to that of Pt and is consequently
expected to perform similarly as Pt also bearing in mind that Pd is a row above Pt on the
periodic table. Pd also has a four electron pathway for ORR similarly to Pt.  Pd is
additionally more abundant than Pt and less expensive viz., Pt $1500 per ounce and Pd $650
per ounce. Pd additionally has little or no electrocatalytic activity for methanol oxidation in
acid medium [80]. All these properties strongly suggest that Pd may be a more suitable
candidate as an ORR selective electrocatalyst. It was also reported that the reduction of
oxygen on Pd takes place in a similar manner as that of Pt [81,82]. However, when compared
to Pt, the ORR activity for Pd was less and at high potentials of about +0.8 V vs NHE.
Unfortunately, Pd shows poor stability which hinders its commercial exploitation. Savagado
et al., studied Pd-alloy catalysts and found that there are vast improvements when elements
like Co, Fe, Cr, were added when compared to Pd/C [83].

Metal containing Macrocyclic derivates of transition metals are also a unique class of
compounds that can be used as electrocatalyst for ORR. Transition metals like Fe and Co are
used predominantly [84]. Studies conducted on these type of ORR catalyst have shown that a

number of metal chelates will chemisorb oxygen and that the most chemically stable of this
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group of compounds are metal porphyrins [85], metal phathalocyanines [84] and metal
tetraanzannulenes [86]. Although these reported catalysts show favourable ORR activity and
high methanol tolerance these type of materials unfortunately, demonstrate very poor stability
in acidic conditions. They decompose either via hydrolysis in the electrolyte and attack of
the macrocycle rings by peroxide was found to be the main cause of poor performance and
stability [84-86]. Heat treatment of these macrocyclic materials above 800 °C has shown to

improve the stability and overall catalytic activity [87].

2.7 Metal Oxides

Metal oxides may in the current context, be considered as unique in that this group of
compounds posses appreciable chemical and electrocatalytic activity which thus makes them
suitable for chemical and electrochemical reactions. Transition metal oxides are able to exist
in various valency states and thus may act as metal-like conducting agents providing that
half-filled d-bands are present. Various metal oxides have been investigated in the past but
studies have been mainly been focused on pyrocholers [88], perovskites [89], amorphous [90]
and spinels [91] since these materials can provide reversible pathways for oxygen reduction.
Metal oxides such as IrO,, NiO, CeO,, ZrO, TiO, SnO, were also investigated for oxygen
reduction [92-95]. Most transition metal oxides have been found to be unstable in the acidic
environment of PEMFC and DMFC operations [96]. Oxygen reduction studies performed on
spinels, pyrochorles and perovskites indicated that the intrinsic activity as well as stability of
these metal oxides is less than that of Pt based materials in acidic medium. Although these
materials do not exhibit significant activity, from these studies valuable experience was
gained that led to the search for new materials for oxygen reduction of metal nitrides which

were observed to give superior activity [93-96].

2.8 Methods for the synthesis of supported metal nanoparticles

A crucial consideration in choosing an electrocatalyst for DFMC application is the method by
which the nanoparticles are prepared. It is well known that the activity of the electrocatalyst
strongly depends on the particle size, particle distribution and morphology. Thus, during the
synthesis of supported metal nanoparticles, control of the metal particle size and with a size
distribution as narrow as possible is of the utmost importance. Furthermore, the metal

dispersion needs to be stable as well. The generally regarded desired range for nanoparticles
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used as electrocatalysts are between 1-10 nm. It is further known that relatively small
changes in size can be accompanied by significant morphological changes and also influence
changes on the valence band density [97]. Different methods have been used in the synthesis
of supported metal catalysts where the major focus has been on catalytic activity and catalyst
morphology [98]. For the synthesis of metal nanoparticles there are four commonly employed
liquid-phase precursor methods that are used viz., ion exchange, precipitation, impregnation
and colloidal. The fundamental mechanism of each method is not yet fully understood
although a general understanding of the differences between each method has been presented
by Li et al., as depicted in Figure 2.5 [99].

Briefly, the impregnation method involves adding the liquid metal precursor into the catalyst
support which upon drying leaves the metal catalyst salt and upon pyrolising this under
reducing condition generates the Pt catalyst.
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Fig. 2.5 Schematic Depiction of Various Methods for Producing Supported Metal Catalysts (a) Impregnation (b)
Precipitation (c) Colloidal (d) lon-Exchange Methods [99].

This is a simple one step preparation method, but it provides a poor control over particle size

and size distribution. A variation of this method is known as incipient-wetness impregnation.
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In this method a certain volume of the impregnating metal solution is chosen to match the
pore volume of the carbon support. The advantage of this method is that metal is only
deposited in the pore structure of the carbon support but, the particle size cannot be controlled
[100]. In the precipitation method the carbon support is introduced into a liquid medium
containing the Pt precursor to form a suspension. The precipitant, which is usually a
hydroxide (KOH or NaOH), is added slowly to the suspension to precipitate out the metal
containing complex which is subsequently subjected to a reduction step to generate the metal
particles. Although higher performances than typical catalyst were observed in catalysts
synthesized by this method, when compared against other deposition methods however, this
method was found to be not such a reliable fabrication method [99,101]. In the ion exchange
method, platinum nanoparticles are deposited on a carbon matrix without the aid of either a
reducing or protective agent. Here, a Pt cation complex [Pt(NHs)s]** interacts with the
protons of the acid groups on the surface of the CNTs. Consequently, the dispersion of the Pt
nanoparticles is dependent on the interaction between the Pt cation and acid group. Once this
process is complete the Pt cation complex is reduced in a H, atmosphere. Yin et al.,
successfully used this method to prepare Pt nanoparticles on CNTs. They electrochemically
functionalized CNTs and then immersed the CNTSs in a solution of a Pt cation for 48 hours
and thereafter introduced the product into a flowing stream of H, gas [102]. The idea behind
the colloidal method is to generate the catalyst metal colloids which are stabilized by the
addition of stabilizers such as polyvinyl propylene (PVP) [103]. By using ethylene glycol
(EG) as reducing agent the reduction process is achieved simultaneously and in-situ. The
stabilizer can act as a bridge between the catalyst support and the precipitated catalyst.
Recent studies have shown that EG may be employed as a stabilizer since it breaks down to
form acetate at high temperatures which is believed to stabilize the metal colloid. In this case
no addition of stabilizer is desired [100,103].

2.9 Polyol Reduction Method

In the last few years the polyol reduction method has been chosen by many researchers due to
it being a versatile method to generate metal colloids or clusters on the nanoscale with great
uniformity and controllable composition [104,105]. This approach is also commonly known
as the “Bottoms Up” method and was developed by Fievet et al., using ethylene glycol (EG)
both as solvent and reducing agent [106]. It has been found that the metal precursors and

carbon support co-exist in the suspension medium. It is still not clear whether the metal
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particles form as a colloid and are then deposited on the support surface or alternatively form
and stabilize on the surface. It has been found that EG is well able to support colloidal metal
particles in solution thereby creating a well dispersed solution. EG has a relatively high
viscosity and this unique property prevents the Pt from being transported too quickly to the
reaction sites resulting in smaller Pt particle sizes [107]. This method has additionally been
used to successfully prepare bimetallic catalysts, metal oxides and metal sulfides with narrow
particle size distributions, controllable composition and alloy structures [108]. The reduction
of metal precursors by the polyol method is depicted in Fig. 2.6 below.

-H,0 H M (1)
H, 2 H,c—c< H,C—C—C—CH, + M

Fig. 2.6 Chemical reaction for the polyol reduction method [109].

EG is a vicinal alcohol and also a very weak acid (pKa = 15™) and can easily be oxidized to a
dialdehyde or dicarboxylic acid. For these intermediates to form, the -OH groups of EG
interact with the d-orbitals of Pt and facilitates the alcohol in its oxidation. As a result of this
the aldehyde that is formed is very unstable under the conditions and is further oxidized to
glycolic and eventually oxalic acid [108]. The electrons required for the oxidation of the -OH
to the carbonyl groups are derived from the metal which thus reduces these precursors to their
zero valent oxidation state. Binary metallic alloys can be prepared by the reduction of the
corresponding metal precursors either with the polyol (EG) protocol or by reduction of one of
the metal precursors with the polyol protocol while the second metal is decomposed at high
temperature in solution. The size and shape of the nanoparticles can be controlled by
changing the reducing agent, reaction temperature and capping agent [106-109]. Propylene
1,2-glycol and butylene 1,4-glycol were investigated previously as an alternative reducing
agent to EG but it was found that when these solvents were used the metal colloids that
formed were not very stable [110]. Several modifications were also performed on the polyol
method. Optimum EG:Water ratios, i.e solution viscosities have been studied and it was
found that 20% water in EG results in the smallest sized catalyst particles. At high
temperatures the EG/Water solution breaks down to form formaldehyde which acts as a
reducing agent for Pt. This method has produced small sized Pt nanoparticles down to 2 nm

which is smaller than the Pt particle sizes of the commercial catalyst which is typically in the
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region of 4 nm. It has been generally accepted that a higher pH leads to smaller Pt particle
size but a systematic study on the influence of pH in this method has not been
comprehensively studied [112].

A modified polyol method has been reported wherein the deposition and reduction step
occurs in a microwave. At high pH conditions for depositions, promising results were
reported with an average Pt size of 2.7 nm. However it should be noted that in these
experiments the pH was not controlled throughout the duration of the reaction since it
occurred in a closed system and thus the full scope of the reaction under these conditions is
not very well known [113].

Based on the results gathered in studies thus far, it would be beneficial to study the effect of
different aspects of the deposition procedure. Since the EG method shows promising results,
it is important to study the effect of pH on this deposition procedure before and after the
completion of the reaction [110-113].

2.10 Other methods to prepare nanoparticles

Various other methods have also been used to synthesize Pt nanoparticles [30] Other
commonly used methods include the sulfite complex route, the Bonneman method, Adams
fusion method and micro-emulsion method.

Briefly the Sulfite complex route involves the synthesis of Pt sulfite complexes in aqueous
solutions. Platinum hexachloride (H,PtClg) is used as metal precursor and suspended in
aqueous NaHSOg3. Hydrogen peroxide is then use to oxidatively decompose the suspension
on the carbon support. Monomodal Pt nanoparticles with a mean particle size of <3 nm can
be achieved when using this method [114]. In the Bonneman method, PtCl; is suspended in
tetrahydrofuran (THF) which is then treated with tetra-alkyl ammonium hydro-tri-
organoborate which leads to the formation of a Pt metal colloid solution. High vacuum is then
use to dry the colloidal suspension and evaporate all the solvent and the resulting waxy
residue is mixed with ether. Ethanol is then added to precipitate the colloid. The average
particle size obtained when using the method is between 1 -5 nm. This method is renowned
for the preparation of bimetallic catalysts which require a narrow particle size distribution.
However a major disadvantage of using this method is that it involves several complicated
steps which involves a fair amount of time and the reagents and apparatus used are very
expensive [115,116].
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For the synthesis of metal catalysts without making use of a support, the Adams fusion
method is typically used. This method is based on the oxidation of the metal precursors in a
molten nitrate melt. The metal precursors are mixed with a solvent and heat treated and the
resulting metal oxide evaporated to dryness. For the synthesis of metal powders with small
particle sizes this method is suitable. The disadvantage of using this method is that during
synthesis impurities in the forms of salts can easily be generated and can only be removed
with a great amount of difficult [117]. The micro-emulsion method generally involves the use
of 2 immiscible liquids like water and cyclohexane followed by the addition of a surfactant
and reducing agent, e.g. hydrazine into the micro-emulsion. After the reduction step the
nanoparticles are stabilized from agglomeration by the added surfactant molecules [118]. The
control of particle size and distribution in the mirco-emulsion method appears to be tolerant
of small variation in process parameters such as amount of surfactant and concentration of

precursors solutions as proved by Barnickel and coworkers [119].
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Chapter 3
Experimental Methods and Background Theory

This chapter presents the details of the experimental methods and relevant background theory
for the synthesis of Pt-Sn nanoparticles deposited on a carbon matrix and characterization

thereof.
3.1 Catalyst Synthesis

All Pt-based electrocatalysts investigated for this study were synthesized via a modified
polyol reduction method. In a typical experiment to a mixture of H,PtClg-6H,0, a calculated
amount of SnCl,.2H,0 and Vulcan XC-72R carbon was suspended in ethylene glycol in a
Shlenck tube. The pH of the solution was adjusted to about 13 with 1 M NaOH solution
followed by stirring and purging with N2, The solution was then heated at 150°C for 4 hours
and then set aside to cool to room temperature and stirred overnight. The catalyst was filtered
and the filter cake thoroughly washed with ultra pure water and dried in a vacuum oven at

80 °C overnight and subsequently heat treated at various temperatures under an Argon
atmosphere in a tube furnace. The as prepared Pt-Sn/C catalyst powders typically had a total
weight of approximately 125 mg with a metal loading of 30 wt. % (20% Pt and 10% Sn).
This procedure was noted as the standard method (STD) and several changed were performed
on the STD method and will be discussed in the following chapter. The chemicals used in this

study are listed below.

Table 3.1 Chemicals used for this study.

Chemicals Company
H,PtCle.6H,0 Sigma Aldrich
EG Sigma Aldrich
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NaOH Sigma Aldrich

SnCl,.2H,0 Sigma Aldrich
32 % HCI KIMIX
Isopropanol KIMIX

98 % H,SO, KIMIX

20% Pt/C HiSPEC ™ 3000 Alfa Aesar

40% Pt/C HiSPEC ™ 4000
20%Pt-10%Ru/C
46% Pt/C TKK Japan

Carbon black Vulcan XC-72R Carbot ™

3.2 Material Characterization
3.2.1 Electron Microscopy (EM)

Electron microscopes use electron beams to create a highly magnified image of a specimen.
These types of instruments can give a direct and detailed description concerning
morphologies, particle size and composition of a specimen. EM has demonstrated its value in
different domains of science such as chemistry, biology and material science. One of the
main advantages EM has over conventional light microscopes is in terms of resolution and
depth of field. The resolution of a light microscope can hardly go down to ca. 400 nm. This is
due to the limitation of visible light which covers wavelengths of 400 — 800 nm. By using
electron beams which have much smaller wavelengths that light, one is capable to view
samples in the range of nanometers. Transmission Electron Microscopy (TEM) is performed
by applying a beam of electrons transmitted through a ultra thin specimen. The electron
beams that pass through will interact with the specimen and the emerging beam will contain

valuable information regarding the electronic structure and crystal orientation of the sample.
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The electron beam is generated in an electron gun by heating a LaBg or tungsten filament in a
vacuum. After the electrons are accelerated in the gun (cathode) they are then rapidly moved
towards the anode by applying a high voltage of 200 kV. A series of condensers is then used
to focus and align the beams on the specimen which is mounted on a specimen grid [1].
Particle size and morphology of the samples in the current study were determined by TEM
using a HRTEM Technai G2 F20 X-Twin MAT operating at 200 kV. Samples were prepared
as follows: A spatula tip of the sample was suspended in ethanol. The mixture was then
sonicated for approximately 30 minutes to ensure efficient dispersion. A micropipette was
then used to extract some of the sample from the suspension which was then deposited on a
S147-4 holy carbon film or 400 mesh copper grids. The copper grid was then left to dry in
air. The sample was then placed in the sample tray of the microscope for analysis. The
average particle size was calculated based on 150 particles.

Instrument setup :

HRTEM Technai G2 F20 X-Twin MAT 200 kV Field Emission Transmission Electron
Microscope

Gunlens used: Gunlens 1

Spot size: 3

C2 aperture: 3

Objective aperture: 1

Accelerating voltage: 200 kV

3.2.2 X-Ray Diffraction (XRD)

Structural properties of Pt-Sn/C electrocatalysts obtained were investigated by XRD on a
Bruker AXS D8 Advanced instrument operating with a copper tube with Cu-K, (4 = 1.5406
A) generated at 40 kV and 40 mA. Scans were performed at 0.05° min™ for 26 values between
10° and 90°. XRD patterns were recorded in the range 10 — 80° (20) with a scan step of 0.02°.
The average crystallite size (<D>, A°) was calculated from line broadening analysis using the
Debye-Scherrer formula. For this purpose, the (2 0 0) peak of the Pt fcc structure around 26 =
70° was selected as well as to calculate the lattice parameter (asc) values for all the Pt-Sn/C
catalysts and is shown in Equation (1) and Equation (2). The Debye-Scherrer equation was

used as shown in Equation (1) to estimate the crystallite size from the XRD data [2].

39



0.94
s cosé (3.1)

ﬁﬂ’Kal

a
e Sin@

(3.2)

where d is the crystal size, 0.9 is the shape factor, A is the x-ray wavelength, g is the peak
width at half peak height (FWHM) and & is the angle of reflection.

3.2.3 Energy dispersion spectroscopic analysis (EDS) in transmission electron

microscope

Enenergy dispersive X-Ray spectroscopy (EDS or EDX) was used to determine the atomic
ratios of Pt and Sn in the electrocatalysts synthesized and also to confirm the presence of Pt
and Sn on the catalyst support. EDS analysis was performed on a HRTEM Technai G2 F20
X-Twin MAT. The incident electron energies were kept constant at 20 keV for all the

samples.
3.2.4 Inductively coupled plasma — atomic emission spectroscopy

A Thermo ICap 6300 ICP-AES spectrometer was used to measure the concentrations of Pt
and Sn in solutions using the general ICP conditions listed in Table 3.1. For the determination
of metal loadings 40-50 mg of all the catalysts were decomposed by Aqua regia
(3HCI:1HNO3 ) and diluted with water to a total volume of 50 mL. After filtration of the
residual carbon black support, the samples were analyzed by ICP-AES. Standards (traceable
to NIST) were matrix matched to acid concentrations of the samples. After calibration and
quality check analysis to verify accuracy of standards, samples were analyzed, without

dilution.
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Table 3.2. ICP-AES operating conditions for the determination of Pt and Sn in

electrocatalysts.

Parameter Setting
Generator power 1300 W
View mode Radial
View height 15mm
Plasma Argon
Shear gas Argon
Gas flow: plasma 15 ml min™*
Gas flow: auxillary 1.5 ml min-1
Gas flow: nebulizer 1.5 ml min-1
Sample aspiration\rate 2 ml min-1
Detector PMT
Emission line: Pt 214.423 nm
Emission line: Sn 284.009 nm
Rinse delay 155
Read Peak area
Replicate read time 25S
Number of replicates 3

3.3 Electrochemical Characterization

3.3.1 Glassy carbon (GC) preparation

A glassy carbon (GC) electrode (5 mm diameter, Ay = 0.196 cm?) was polished to a mirror
like image with different grades of alumina suspension, then washed with distilled water and
sonicated for 5 min to remove any residual alumina. This cleaning procedure was done before
each experiment. Typically 10 mg of catalyst was ultrasonicated (45 min) in a mixture
consisting of 2.3 ml of water, 200 ul isopropanol and 20 ul of 5 wt. % Nafion solution until a
homogeneous ink was formed. A known volume of the catalyst ink was then transferred via a
syringe onto a freshly polished (mirror finish) GC electrode to give the desired Pt loading of
20 pge cm™?as required. After the solvents were evaporated in a vacuum oven at 30°C the

prepared electrode served as the working electrode.
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3.3.2 Cyclic Voltammetry (CV)

Cyclic votammetry (CV) is a versatile electroanalytical technique for the study of
electroactive species. CV monitors the behaviour of chemically active species within a wide
potential range. In CV a potential is applied to the system and the faradaic current response is
measured (a faradaic current is the current due to a redox reaction). The current at the
working electrode is monitored as a triangular excitation potential. The resulting
voltammogram can be analyzed for fundamental information regarding the redox reaction at
the electrode. It also provides information about the rate of electron transfer between the
electrode and analyte and also the stability on the analyte in the oxidation states. For
electrocatalysts, CV is typically used to characterize electrocatalytic activity in more detail.
Fig 3.1 shows a typical CV plot of the standard Pt/C catalyst in 0.5 M H,SO,.

0.8 o
o e Pt +H0 — PtOH+H" +e

0.6 o

0.4 +
0.2 —-
0.0 —-
0.2 _-

-0.4 4

j/mA cm”®

-0.6 +
-0.8 4

-1.0 . PtO + 2H" +2e° — Pt+H0

| H +e — H_,_ 2

-1.2 T T T T T T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

E(V vs NHE)

Fig. 3.1 Cyclic voltammogram of Pt/C (Alfa Aesar) in N, saturated 0.5 M H,SO,at 20 mV s™.

The current response below +0.3 V vs NHE is due to the adsorption/desorption of hydrogen
and the current response above +0.4 V vs NHE is due to hydroxide and oxide
reduction/formation. The hydrogen adsorption/desorption region plays an important role in
calculating the electrochemical surface area (ECSA) for Pt and Pt-alloys. The ECSA is an
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important property which needs to be determined in order to compare current densities of
different catalyst to each other.

The ECSA is an indication of the surface area available for electron transfer and can be
calculated by using equation 3 below:

ECSA(m? gp}) = [Qy/210-L- A4]10° (3.3)

where Qy = (Q' + Q")/2 is the average of the integrated areas of the hydrogen
desorption/adsorption peak which gives the total charge passed during H* adsorption, 210 puC
cm™ is the required charge for the formation of a monolayer of H, on a smooth platinum
surface, L is the loading of catalyst in mge cm™ and Ay the geometric surface area of the
electrode (5 mm in diameter, Ay = 0.196 cm?) [5].0n polycrystalline Pt surfaces, hydrogen
desorption/adsorption occurs at different potentials on the (1 0 0), (1 1 0) and (1 11)
vertices. This leads to the characteristic voltamogram as depicted above which is indicative of
surface cleanliness [5-7]. In this study electrochemical measurements were performed using
an Autolab PGSTAT 30 potentiostat/galvanostat and a conventional three-electrode
electrochemical cell. A platinum foil and a Ag/AgCl (3 M KCI) electrodes served as the
counter and the reference electrodes respectively. The electrolyte used for the half-cell
measurements was either 0.5 M H,;SO; or 0.5 M methanol + 0.5 M H,SO,. Before
electrochemical testing commenced the electrodes were cycled 25 times at a scan rate of 20
mV s ' between 0 V and +1.2 V vs. NHE until reproducible cyclic voltammograms were
obtained in order to remove any impurities. For the MOR experiments the CV scans were
carried out in the potential range of +0.2 V to +1.4 V vs. NHE at a scan rate of 20 mV s,
Unless otherwise stated, all half-cell tests were performed at room temperature. During the
electrochemical measurements a blanket of oxygen or nitrogen was maintained above the
surface. All potentials were recorded vs. Ag/AgCI reference electrode but were referred to the

normal hydrogen electrode (NHE) in this study.
3.3.3 Rotating disc electrode (RDE) experiments
Rotating disc electrode studies are a hydrodynamic techniqgue commonly used for the

guantitative evaluation of an electrocatalyst. The working electrode is rotated to induce

forced convection and obtain a diffusion limited current (ig) [5]. On a RDE the overall current
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density (i) is related to the diffusion limited current density (ig) and the true Kinetic current
density (ix), is determined by the mass transport properties of the RDE in a relationship

described by the Koutecky-Levich equation (Equation 4):

b g (3.4)

For an RDE the Levich equation (Equation 4) relates the diffusion limited current iq to the

rotation rate, ®

s 2/3 /2, ,-1/6
i, =0.62nFAD,?*w"?vV°C (3.5)

by substituting equation 4 into 5, it gives a more useful form of the Koutecky-Levich
equation for RDE:

11 1 r1nd

1
Uiy ER G 3.6
i i 062nFD wl/2vVeg, ik Vw (36)

where i is the kinetic current density, B is the Levich slope, n the number of electrons
involved in the ORR per oxygen molecule, C is the saturation concentration for oxygen in the
electrolyte (1.26x10°mol 1Y), F is the Faraday constant (96485 C/mol). D is the diffusion
coefficient (1.93x107° cm?s™Y), v the kinematic viscosity of the solution (1.009x10% cm?s™)
and w is the rotation speed in rpm. The number of electrons involved in the ORR can be
calculated using the Koutecky—Levich equation, which relates the current density i to the

Y2 should give parallel straight lines in

rotation rate of the electrode, ® and a plot of i™vs @’
the mixed kinetic-diffusion controlled region(s) with intercepts equal to 1/ix [5].

In this study, RDE experiments were conducted with the catalyst coated on a GC RDE in
oxygen saturated 0.5 M H,SO, solution. The polarization curves were recorded at different

rotating speed rates from +0.2 to +1.0 V vs NHE at a scan rate of 5 mV s,
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3.3.4 Brief theory of electrochemical kinetics

One of the objectives of this thesis is to characterize the Pt-Sn/C catalyst for their
electrochemical performance of the oxygen reduction reaction. An electrode (Pt) in contact
with an electrolyte (ion conductor) saturated with reactant (oxygen) develops an equilibrium
potential difference between the electrode (electron conducting) and electrolyte (ion
conducting) phases when no net current flows. For conditions of net current flow and under
conditions where no mass transport and ohmic losses exist, the electrode-electrolyte potential
difference is altered from the equilibrium potential by a certain amount called the ‘activation
overpotential’. The activation overpotential is the difference above the equilibrium value
required to produce a current. A generalized relationship between current and overpotential is
given by the Butler-Volmer equation:

I=A-ig[exp {“‘;‘l“'F (E - Eeq)} = exp{=a= + (E - Eeq) ] (3.7)

where, | is the electrode current, A is the active surface area of the electrode, i, is the
exchange current density, E is the electrode potential, Eeq is the equilibrium potential, « is
the symmetry factor, F is the Faraday constant (96485 C/mol); R is the universal gas
constant, T is the system temperature, and n is the number of electrons involved in the
reaction. At higher overpotential, the second term on the RHS becomes insignificant
compared to the first term, under such conditions, the so-called Tafel approximation can be
applied and the resulting equation can be rearranged the following equation, commonly

referred to as the Tafel equation:
i
Nact = Bln(g) (3.8)

where, 1, 1S the activation overpotential (in Volts), B is the Tafel Slope, and i is the current
density (in A cm®). The exchange current density, io, is the equilibrium current which
describes the rate at which both oxidized and reduce species react at the electrode. It can be
thought of as the electrochemical reaction rate constant. A larger exchange current density

indicates that the reaction catalyst surface is more active and a current is likely to flow in the
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forward reaction direction. Since this exchange current density is controlling the rate of the
sluggish ORR and ultimately the fuel cell performance it is important to make it as high as

possible. The constant B (also known as the Tafel slope) is given by:

RT
= SaF (3.9

In the above equation the charge transfer coefficient, «, depends on the reaction that is
occurring. When examining the exchange current density in the region limited by the
kinetics, the ORR can be- examined. For oxygen reduction the kinetic current for the mixed
activation-diffusion controlled area, where the current is a product of both kinetic and
diffusion contributions can be calculated as follows:

1 1 1
S=—+ =

1 ik iL

Rearranging the Koutecky-Levich equation for iy gives:

1 i-i
— = 1t (3.10)
ik ip—i

The diffusion limited current can be found from the polarization curve and used to convert
the total current to kinetic current for the kinetically controlled region of the curve as seen
below in Fig. 3.2. This kinetic current can then be used in the Tafel equation to create a plot
of log (ix) vs. potential. From the Tafel equation the exchange current and Tafel slopes can

then be determined to evaluate the kinetics of the catalyst being examined [5,7,8].
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Fig. 3.2 illustration of polarization curve corrected to obtain Kinetic current in activation controlled region [6].

3.4 Single Cell DMFC experiments
3.4.1 MEA preparation

Two types of proton exchange membranes (PEMSs): Nafion 115 membrane (thickness ~127
um, Du Pont, USA), and Nafion 212 membrane (thickness ~50 um, Du Pont, USA), were
used as the polymer electrolyte membrane for MEA preparation. Before use, the membranes
were pre-treated in hydrogen peroxide solution (5 wt.%) at 80 °C for approximately 1 h; then
thoroughly rinsed with deionized water, then transferred into a 0.5 M sulfuric acid solution
and boiled at 80 °C for an additional 1 h and finally washed with deionized water. The
catalyst inks were prepared by dispersing catalyst powders into a mixture of isopropanol and
Nafion solution. The catalyst used for the anode was, Pt-Ru/C (20 wt. % Pt and 10 wt. %
Ru, Johnson Matthey) and cathode layers were HiSpec Pt/C (20 wt.% Pt, 40 wt.% Pt,
Johnson Matthey), and Pt-Sn/C in-house catalyst respectively; 5% Nafion solution was
purchased from Sigma Aldrich. The mixture was ultrasonically dispersed for 30 min before
being used. The prepared catalyst ink was machine sprayed (Nordson ASYMTEK, USA)
onto the top of a commercial gas diffusion layer (Freudenberg, Germany) followed by drying

under infra red lamps. Thereafter, 40 mg 5 wt. % Nafion was sprayed additionally for better
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adhesion between the membrane and the catalyst-coated gas diffusion layer. Unless specified,
the catalyst loadings for all the cathodes and the anodes were 0.5 mg cm 2 of Pt for DMFC

test. The active area of the prepared MEAs was 5 cm?.

3.4.2 Single cell testing

The prepared MEAs with an active area of 5 cm? were assembled with 3-channel serpentine
flow fields (Poco graphite blocks) and gold-coated current collectors and then tested in a Fuel
cell station (FuelCon Evaluator C-70189, Germany). A 1 M methanol solution was fed to the
anode at a flow rate of 50.0 ml min from a methanol container with a pump and preheated
to the operating temperature which was 70 °C for all the fuel cell testing. O, was humidified
(100%) by passing through the humidifier built in the test station and then fed to the cathode
at the flow rate of 5 ml min™* without backpressure. The performance of the fuel cell was
monitored by a data acquisition system, and the current-voltage polarization curves were
recorded only after the operation of at least for 3 h. A thermocouple was used to monitor and
control the desired cell temperature.
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Chapter 4

Results and Discussion |

Synthesis of Pt-Sn/C catalysts via the polyol reduction method

4.1 INTRODUCTION

As noted earlier, the polyol reduction method was chosen to prepare the Pt catalyst series due
to the fact that this was one of the criteria for this project and also since it appeared to be the
most convenient method for our laboratory setup. Presented here are the synthetic protocols
of the Pt-Sn/C catalysts by a modified polyol reduction process, followed by heat treatment at
various temperatures. The synthesized Pt-Sn alloys were all characterized by XRD, EDX,
TEM and metal loading by ICP-AES.

4.2 Experimental

4.2.1 Synthesis

The experimental procedure as reported by Jeyabharathiet. al., [1] for the synthesis of their
Pt-Sn/C catalysts was repeated in our laboratory. The procedure was as follows:

Pt-Sn (70%:30%)/C nanoparticles samples were prepared by a polyol reduction process. In
this process, to a mixture of 9.28 mg of H, PtClg -6H, O, 28.51 mg of SnCl, -:2H,0 and 125
mg of Vulcan XC72R carbon, 40 mL of ethylene glycol was added and stirred well to obtain
a homogeneous mixture. This was then heated at 85 "C for 4 h and set aside to cool to room
temperature after which the black residue was centrifuged and washed three times with
Millipore water. The residue was kept under vacuum for drying at room temperature. The
carbon- supported metal nanoparticles were then subjected to heat-treatment in an argon
atmosphere at various temperatures, viz., 250, 500, 600 and 800 'C separately for 4 h in a
tubular furnace. The above procedure was repeated several times and the results are given in
Fig.4.1. From the XRD data only the Pt (100) peak at around 41° # was visible and so one
would expect a catalyst having very poor performance and bad catalytic activity. No alloying
with tin was observed in the XRD pattern. The CVs obtained also showed very poor activity
in the hydrogen adsorption/desorption region. The TEM images showed very poor particle
loading and a very broad particle size distribution was found. The average particle size was
found to be 7-9 nm which is not sufficient to be used as an electrocatalyst for DMFC
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application. Using the exact amount of starting material as describe above the Pt loading on
the catalyst was calculated and was found to be 5 wt.%. From these results it was clear that
this synthetic procedure had several flaws and that drastic changes needed to be implemented
to prepare far better catalysts with an improved performance.
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Fig. 4.1 Preliminary results of Pt-Sn/C catalyst synthesis.

The first parameter which was changed involved the temperature which at which the
reduction was performed and this was increased from 85 to 130 °C and later to 150 °C under
a nitrogen atmosphere. Ethylene glycol (EG) has a boiling point of 198 °C and thus
increasing the temperature was a viable option to pursue seeing that we were still operating
well below the boiling point of EG and there was no obvious reason to reflux the reaction
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mixture. The temperature was increased to in turn, increase the oxidation rate of EG which in
turn would reduce the metal precursors in better ways since EG acts as both solvent and
reducing agent. The temperature in our view not only plays an important role in the reduction
potential of EG but also determines the rate of the reaction. The second parameter which was
changed was the pH of the reaction and this was adjusted to above 12 with 1 M NaOH
before the carbon black was added to the EG solution in which the metal precursors were
dissolved. When both metal precursors were dissolved in the EG the pH was measured as
being 5.6. Thus on average between 1-2 ml of NaOH was added to adjust the pH to the
desired value of 12-13. Several other groups have also reported on the advantages of
changing the pH at this stage as it plays an important role in controlling the growth and
particle size of the nanoparticles that are formed during the reduction phase [2]. The final
changes effected were that after all the above changes were implemented, the EG suspension
was sonicated for 30 — 60 min before the suspension was heated and after the reaction was
heated for 4 hours, the reaction mixture was stirred overnight. The results, after these changes
were implemented in the modified polyol method, are presented in Fig. 4.2. In all the cases
there were significant improvements found in the activity of the catalyst. It was interesting to
note that stirring the reaction mixture overnight and adjusting the pH with NaOH was found
to have had the biggest improvement on the catalyst as noted from Fig. 4.2a The XRD pattern
shows two new low intensity peaks which can be attributed to different phases of SnO, which
were not visible before the method was modified. The Pt (2 0 0) peak is also visible in the
modified polyol method. Also the effect of the operating temperature on the electrochemical
activity of the catalyst can be seen in graph (b) where (a), is 150 °C and (b) 130 °C and (c) 85
°C. Higher temperatures viz., >150 °C were also investigated but no real improvement was
found and thus the temperature chosen for all catalyst synthesis was kept at 150 °C. From the
TEM images, graph (c), it is clear that there was a big improvement on the metal loading and
nanoparticle size distribution on the carbon support. EDX, graph (d), also confirmed the
presence of only Pt and Sn metal on the carbon support. The presence of Cu is due to the Cu-
grid used and is thus not surprising. After these preliminary tests, our modified standard
method for the preparation of Pt-Sn/C catalysts was established. The polyol STD method is
shown schematically below. The STD method was used as the benchmark method for the
synthesis of the Pt-Sn/C catalyst and all new changes made to the polyol method were
performed using the STD method as the basic protocol.
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Fig. 4.2 Preliminary results of polyol method after changes were made.

The STD method may be described as follows:

To a mixture of H,PtClg-6H,0 (66 mg, 0.161 mol) a calculated amount of SnCl,.2H,0 and
Vulcan XC-72R carbon ( 125 mg) was suspended in 100 ml ethylene glycol in a Shlenck
tube. The pH value of the solution was adjusted to about 13 by addition of 1 M NaOH
solution followed by stirring and purging with N, The solution was then heated at 150°C for
4 hours with stirring and set aside to cool to room temperature while being stirred overnight.
The catalyst was filtered and the filter cake thoroughly washed with ultra pure water and
dried in a vacuum oven at 80 °C overnight. The nominal Pt loading was 20 wt% and the
nominal atomic ratio of Pt to Sn was 3:1. The STD method was also repeated several times
before being scaled up to give the desired Pt loading of 20 wt.%. Although there was a vast
improvement in the catalyst performance after the method was modified, there were still
several worrying factors when the Pt-Sn/C catalyst was compared to the commercial 20%
Pt/C catalyst regarding performance and particle size. The problem manifested itself by the
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fact that although our Polyol STD method yielded excellent Pt-Sn/C nanoparticles, the
desired Pt loading was not achieved. ICP studies showed that the Pt loading using the STD
method was less than 10 wt.%.

H,PtClg, SnCl,, Carbon black

l EG/NaOH pH>12,sonication
Metal colloid
l 150 °C under a flow of N, gas

Metal nanoparticels in
colloidal solution

l Filter and wash with water, dry in oven 80 °C

XRD, EDX, TEM, ICP

During the filtration stage after the reaction, it was observed that the filtrate had a bright
yellow colour indicating that there was Pt remaining in the EG solution. This implied that the
STD method had to be again altered in such a manner so as to improve the metal loading
problem. The fact that not all of the Pt and Sn introduced in the beginning of the reaction was
reduced and deposited onto the carbon support which meant that the remainder of the metals
were either not fully reduced or if reduced, still suspended in solution. Therefore, the

following modifications were incorporated into the STD method to overcome this problem.

4.2.2 Acid Method
After the reaction mixture was cooled down to room temperature the pH of the colloidal

suspension was adjusted to either 3 or 5 with 32% HCI or 65% HNO;3; and then stirred

overnight. In this instance, the acid acted as a sedimentation promoter and improved the
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overall metal loading of the catalyst. After preliminary testing, HCI was chosen as the better

sedimentation promoter.

4.2.3 Slurry Sonication Method

In this variation the carbon was added in a slurry form. Carbon Black was dissolved in either
20 ml ethylene glycol or a mixture of EG and water with different ratios, sonicated
(ultrasonic bath) for 30 minutes then added to the reaction mixture and sonicated further for 1

hour before the reaction started.

4.2.4 Metals Boiled Method (HA Method)

In this variation the metal precursors were boiled for 1 hour in EG after which the carbon
was added either as is or as a slurry, heated for a further 3 hours after which the pH was

adjusted to 3 or 5 and stirred overnight.

4.3 Standard acid dropped method (STD)

Fig 4.3 illustrates the first of a series of new methods developed for the preparation of Pt-
Sn/C nanoparticles. The 3 different catalysts synthesized with this method are annotated as
STD, STD pH5 and STD pH3 respectively. The diffraction peak at around 25°is attributed to
diffraction at the (0 0 2) plane of the hexagonal structure of Vulcan XC-72R carbon. The
diffraction peaks at around 39°, 46°, 68°and 81° are due to diffraction at the Pt (11 1), (20
0), (2 20)and (311) planes, respectively. These diffraction peaks represent the typical
character of a crystalline Pt face, that is face centred cubic or fcc. This indicates that the in-
house supported Pt-Sn/C catalysts has the Pt (fcc) crystal structure [3,4]. In addition, some
other peaks at around 34°, and 52°,were also observed, which can be related to SnO; (1 0 1)
and SnO; (2 1 1) diffraction peaks. The 20 of all the Pt-Sn/C STD catalyst shifted slightly to
lower values indicating that alloying has occurred. The mean Pt particle diameters of the Pt-
Sn/C catalysts were calculated from the Pt (2 2 0) diffraction peak via the Scherrer equation,
assuming spherical metal particles. The results are listed in Table 4.1. This result agrees well
with recent reports [5,6]. Fig 4.4 presents the low- and high magnification TEM images of the
as prepared Pt-Sn/C catalyst using the STD method. A good distribution of mostly spherical
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shaped Pt-alloy particles on the carbon support with a narrow particle size distribution was

observed.
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Fig 4.3 XRD patterns of Pt-Sn/C synthesized with STD method, b) comparison of Pt-Sn/C STD pH3 with 20%
Pt/C.

For the Pt-Sn/C STD pH3 catalyst the average particle size was found to be 3.77 nm +0.74
which was the lowest of the 3 catalyst synthesized with the STD method. Fig 4.5 shows the
particle size distribution histograms of the Pt-Sn/C STD method catalyst. These histograms
are based on the observation of 150 particles. The mean particle diameter (d) is calculated

according to equation 4.1.

Znidi

n

d (4.2)

Where nj is the frequency of occurrence particles of the size d;
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Fig. 4.4 TEM images of high and low magnification of a) Pt-Sn/C STD pH3, b) Pt-Sn/C STD pH5 and c) Pt-
Sn/C STD.

The average particle size for all the 3 prepared catalysts using the STD method was found to
be very close to each other despite adding the sedimentation promoter. It can therefore been
concluded that adding HCI as sedimentation promoter is more beneficial towards the overall
metal loading and that the average particle size is less effected by the addition of HCI.
Several studies were also performed where the pH was adjusted to 2, 1 and even less than 1
with HCI. However, no improvement in either the metal loading or particle size of the
catalyst was found. Therefore we conclude that pH 3 is the optimum pH to prepare the best
possible catalyst for the STD method system. During the filtration step after completion of
the reaction, it was observed that the Pt-Sn/C STD pH5 catalyst filtrate still had a slight
yellowish colour indicating the presence of Pt-Sn colloids in the filtrate. The metal particles
which thus were not deposited on the carbon, remained in solution and thus be considered to

be a huge waste since Pt is a precious and very expensive metal.
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Fig. 4.5 Histogram of Pt-Sn/C STD method catalyst particle size distribution, (a) STD pH5, (b) STD and (c)
STD pH3.

When the Pt-Sn/C STD pH3 catalyst was filtered, the filtrate was clear which suggested that
all or most of the Pt and Sn salts used in the beginning were reduced and deposited onto the
carbon support. By using concentrated HCI as the sedimentation promoter, formation of
smaller particles as well as a narrower particle size distribution was observed when the pH
was adjusted to between 3-5 and stirring continued overnight. This finding was confirmed
by the work done by Oh et al., for their Pt/C system and who explained these phenomena in
terms of the Zeta potential [7]. Zeta potential may be defined as the potential difference
measured in a liquid, between the shear plane and the bulk of the liquid beyond the limits of
the electrical double layer. The magnitude of the Zeta potential gives an indication of the
potential stability of the colloidal solution [7-9]. In our preliminary Zeta potential studies it
was found that in alkaline solutions both the carbon support and Pt-Sn colloids possessed

strong negative surface charge which resulted in an electrostatic repulsive force. During the
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polyol reaction, the surface charge originates from the adsorption of a hydroxide ion and
glycolate anion due to the oxidation of EG. Therefore the concentration of both ions was
found to be dependent on the pH of the solution as seen in Fig. 4.6 and is based on Zeta
potential studies. The surface charge of the carbon and the Pt-Sn colloid were measured

individually as a function of pH in the polyol process.
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Fig. 4.6 Change in zeta potential of Pt-Sn colloid and carbon support on changing the pH from acidic to alkaline

and vice versa.

For the initial stage of the reaction the pH was adjusted to 13 and once the reaction was
completed the pH was varied by either adding HCI or NaOH. For carbon the zeta potential
moved from an initial positive to a negative value when the pH was changed from 2 to 12.
When the pH was reversed, the zeta potential changed to a positive value again. However, for
Pt-Sn colloid no significant change in the zeta potential was observed when the pH was
changed from alkaline to acidic and vice versa, which implies that the glycolate anions are
adsorbed on the surface of Pt-Sn colloid more strongly than that of the carbon support. After

completion of the polyol reaction at pH 13, the glycolate anions are at a saturation
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concentration. If the pH is then adjusted to either 5 or 3 it should provide the carbon surface
with a positive charge. During this stage, the stabilized Pt-Sn colloid which also possesses a
negatively charged surface remains constant.The reason being, that after complete reduction
of the metal salts, the nanoparticles are suspended in solution by the glycolate anions which
act like a chelating type complex and thus hinder the nanoparticles from being deposited onto
the carbon support. By adding HCI, the glycolate concentration will be reduced by
neutralisation and consequently freeing the nanoparticles suspended in solution and making
them available for deposition onto the support. This therefore implied that the adsorption of
Pt onto the carbon support would be higher at a lower pH due to the increased electrostatic
attraction between carbon and the Pt-Sn colloid thereby resulting in a higher metal loading
without concomitantly increasing the particle size. Fig 4.7 shows the difference in solution
colour providing further evidence that the suspended Pt-Sn colloidal particles concentration
in solution decreases as the solution became more acidic and therefore the metal loading was

increased in the process.

Fig. 4.7 Filtered solution of polyol reaction (a) without pH adjustment (b) with pH adjustment to pH5 and (c)
with pH adjustment to pH3.

The effect on the as-prepared catalyst by adding HCI to adjust the pH was further confirmed
by ICP studies which showed an increase in metal loading for Pt and Sn as more HCI was
added to the reaction. Thus addition of HCI affected a big and positive difference in the metal
loading for the 3 catalysts. However, the particle size remained relatively constant and thus
no real big difference was observed for this aspect of catalyst synthesis. The particle size
appears to be constant throughout the pH adjustment stage which may be explained by the
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fact that the surface charge of Pt-Sn nanoparticles was not affected by the pH adjustment step
as illustrated in the zeta potential experiment. Consequently, the electrostatic repulsive forces
existing between Pt-Sn particles prevent any aggregation. The Zeta potential experiment
therefore explains why the metal loading for the Pt-Sn/C STD catalyst is so low and why
there was a big improvement in the metal loading for the Pt-Sn/C STD pH3 catalyst. Table
4.1 summarizes the findings of the polyol STD method. The particle size estimated by XRD
is in all cases lower than that estimated by TEM. There are several reasons for this
observation. To begin with, one is only able to detect the crystal lattice structures from XRD
and it is therefore possible that some of the Pt present is deposited as larger particles with
crystal imperfections making them undetectable by XRD and thus leading to lower particle
size that what is actually present. Furthermore, with XRD the actual crystal size is estimated
and it is therefore possible for some of the crystals to agglomerate forming bigger particles
which in turn will manifest themselves as larger particles in TEM observations. Secondly,
when preparing the samples for TEM a solvent (MeOH, EtOH) is used to make a suspension.
Although the solvent is left to evaporate, the particles could swell and therefore appear bigger
when analyzed with TEM. Thus there is a type of solvent effect caused by the solvent used
that might well influence the particle size while in the case for XRD this factor is not an

issue.

Table 4.1.Values of lattice parameters and particle size for Pt-Sn/C catalyst.

Crystallite
Catalyst Pt;5Snys phase Size Particle Size  Sn loading Pt loading
Lattice

parameter (nm) XRD (nm) TEM (nm) (wt.%0) (Wt.%)
20 % Pt/C (M) 0.3923 3.56 3.88 20.43
PtSn\C (STD pH3) 0.3927 3.64 3.77+£0.74 8.32 17.63
PtSn\C (STD pH5) 0.3929 3.79 3.86.+0.78 8.24 13.85
PtSn\C (STD) 0.3933 3.87 3.99+£0.96 7.81 10.06

The compositions of the Pt-Sn/C catalysts were evaluated by EDX analysis. Fig. 4.8 shows
the typical EDX spectrum. It was found that there were no foreign elements apart from for Pt,
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Sn, C, and Cu (due to the grid). In our study EDX confirms the presence of Pt and Sn in all
the catalysts prepared by the STD method.
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Fig. 4.8 EDX spectra of as prepared Pt-Sn/C catalyst, a) STD, b) STD pH5, ¢) STD pH3.

4.4 Slurry method

With this variation on the polyol method we were investigating what effect sonication and
addition of the carbon support would have on the particle size, distribution and metal loading.
Carbon black was added to EG to form a suspension and then sonicated for 30 min. To this
suspension was added the EG solution containing the metal precursors and sonication was
applied to the mixture for a further 30 min. After this pre-treatment the STD method
procedure was followed. Solvent mixtures of water:EG (1:1), (1:2) and (1:4) were also
investigated and used as solvent systems for the formation of the carbon slurry or to dissolved
the metal precursors. In the polyol process water is believed to act as a stabilizer which in
turn would assist to control the growth of nanoparticles [6]. The water:EG mixtures of (1:1)

and (1:2) gave very poor results when used for the slurry formation and metal precursors
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solution. The water:EG (1:4) mixture was found to give results comparable to those of pure
EG when used for both systems. For our systems studied, it was found that including too
much water into the synthetic protocol apart from decreasing the relative amount of EG also
decreased the catalyst performance. The H,O:EG (1:4) solvent results were better due to
relatively less water being used and therefore more EG was readily available to reduce the
metal precursors. Reports in literature regarding improvements to the protocol all described
adding water but most of these catalyst studied were single systems and not bi-metal systems
as in our case and in most of the reported studies the water composition was between 10-
20% [6,7]. Another reason for the decrease in performance when adding too much water
could be due to the addition of aqueous NaOH when adjusting the pH. Addition of NaOH is
known to act as a stabilizer too, playing an important role in particle growth. The stabilizing
effect of NaOH in our system could be greater than that of water and therefore there is little
or no improvement when water is used. The role of water was not further investigated in this
study and thus all the catalysts reported were synthesized by mixing the carbon black in EG
to only obtain a carbon slurry. The catalysts synthesized using this variation was noted as
Slurry STD, Slurry pH5 and Slurry pH3. The corresponding XRD patterns are shown in Fig.
4.9.
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Fig 4.9 XRD patternsof Pt-Sn/C synthesized with Slurry method, b) comparison of Pt-Sn/C Slurry pH3 with
20% Pt/C.

63



All 3 catalysts show peaks at 2 © values around 39°, 46°, 66° and 79° corresponding to the (1
11),(200),(220)and (311) planes of face centred cubic (fcc) structures of Pt. The broad
peaks indicate that the particles are in the nanocrystalline range. As seen previously the
diffraction peak at 20 value of 25° correspond to the (0 0 2) plane of the carbon structure.
TEM images and EDX spectrum of the Slurry method catalyst are shown in Figs 4.10 and
4.11. For this variation a very narrow distribution of metallic nanoparticles of average size 3-
4.5 nm on the carbon support can be seen from the TEM images. When compared to the STD
method the particles are smaller. Elemental analysis performed by EDX confirms the
presence of respective elements Pt, Sn and very small quantity of oxygen. The calculated
metal loading (wt. %) of all the catalysts are given in Table 4.2. It was observed that the Pt
loading increased from Slurry STD to Slurry pH3.

Fig. 4.10 TEM image and EDX spectrum of Pt-Sn/C Slurry STD.
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Fig 4.11 (a) Low and high magnification TEM images of Pt-Sn/C Slurry pH3, (b) histogram of particle size
distribution of Pt-Sn/C Slurry pH3 catalyst.

Table 4.2 Values of lattice parameters, metal loading and particle size for Pt-Sn/C Slurry catalyst.

Crystallite
Catalyst Pt;5Snys phase Size Particle Size  Sn loading Pt loading
Lattice
parameter (nm) XRD (nm) TEM (nm) (wt.%0) (Wt.%)
20 % Pt/C (IM) 0.3923 3.56 3.88 20.43
PtSn\C (Slurry pH3) 0.3931 3.23 3.32£0.57 8.45 18.17
PtSn\C (Slurry pH5) 0.3924 3.52 3.86.+0.74 8.13 12.53
PtSn\C (Slurry STD) 0.3930 3.77 3.88+0.87 7.28 10.43
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4.5 Metals heated first (HA Method)

In the HA method the aim was to investigate what the effect on the catalyst activity would be
if the metal precursors were heated first (together or first heating the SnCl, and then adding
the Pt salt) and then adding the carbon black after an hour. In a typical experiment the normal
STD method procedure was followed but the metal precursors were firstly dissolved in EG
and heated at 190 °C for 30 -60 min under constant stirring, cooled down to room
temperature while stirring before the carbon black was added and then reheated at 150 °C for
another 3 hours under nitrogen. We found that the color of the mixture changed from a slight
yellowish to slight brown-blue. When SnCl, was heated alone first the solution turned blue
indicative of colloidal tin hydroxide formation after 20 min. The slight blue color of the
colloid may be due to the very small particles of tin hydroxide in the colloid. It is believed
that the particles reflect different colors when the particle sizes decrease to nanometer scale.
The preferred variation used for the HA method was that both metal precursors be heated
together for all future syntheses. The catalysts synthesized using this variation were
designated as Pt-Sn/C HA STD, HA pH5 and HA pH3 respectively.
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Fig. 4.12 XRD patterns of Pt-Sn/C HA pH3 compared to commercial 20% Pt/C (JM).
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The XRD pattern of the as-prepared Pt-Sn/C HA pH3 catalyst was collected and is illustrated
in Fig. 4.12.For the as-prepared Pt-Sn/C catalyst the diffraction peaks at around 39 °, 44 °,66 °
- and 79 ° correspond to the Pt (1 1 1), (2 00), (2 2 0) and (3 1 1) planes respectively.
Compared with the 40% Pt/C catalyst the 26 values shift to slightly lower values confirming
that the alloying process of Pt with Sn occurred, since Sn enters the fcc lattice of Pt. In
addition, the low intensity peaks around 34 ° and 52 ° respectively can be attributed to that of
the SnO, (1 0 1) and SnO; (2 1 1) diffraction peaks. These peaks are observed to be much
lower in intensity than the previous catalyst (STD and Slurry method) and a reason for this
could be due to the preparation method used for the nanoparticles
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Fig. 4.13 TEM, EDX and particle size histogram of Pt-Sn/C HA pH3 catalyst.
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The intensity and broad peak shapes point to a relatively close Pt-Pt distance and thus very
small particle size. The primary crystallite size calculated by the Sherrer formula for Pt-Sn/C
HA pH3 was about 2.9 nm. Fig 4.13 illustrates the comparison between the TEM images, the
corresponding particle size distribution and EDX spectra of the as-prepared Pt-Sn/C HA pH3
catalyst. As may be noted, the nanoparticles demonstrate spherical morphology with a
uniform dispersion on carbon. The Pt-Sn/C HA pH3 has a particle size of 3.02 nm +0.37 with
a narrow particle size distribution. The particle sizes obtained by using the HA method is
summarized in Table 4.3. It was found that for the catalysts synthesized using the HA method
the TEM data are satisfactorily consistent with the crystallite size obtained from the XRD

data.

Table 4.3 Values of lattice parameters, metal loading and particle size for Pt-Sn/C Slurry

catalysts.
Crystallite
Catalyst Pt75Sn,s phase Size Particle Size  Sn loading Pt loading
Lattice
parameter (nm) XRD (nm) TEM (nm) (wt.%0) (wt.%0)

20 % Pt/C (JM) 0.3923 3.56 3.88 20.43
PtSn\C (HA pH3) 0.3930 2.90 3.02 £0.57 8.75 18.86
PtSn\C (HA pH5) 0.3927 3.25 3.39.+0.43 8.13 12.22
PtSn\C (HA STD) 0.3932 3.42 3.55+0.47 7.05 9.41

4.6 Metal heated first and then carbon added in slurry form (HA Slurry method)

In this variation a combination of the Slurry and HA method was used. Both these methods
showed improvements on the STD polyol method and thus it was of interest to investigate
how the catalyst would perform after using these methods in their syntheses. The HA method
was followed as described earlier but after an hour the carbon was added in slurry form. The
advantage of using this method is that essentially the best of both worlds regarding the

properties would be incorporated into the new catalysts. The catalysts synthesized using this
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variation were designated as Pt-Sn/C HA Slurry STD, HA Slurry pH5 and HA Slurry pH3
respectively. The X-ray diffractograms of the Pt-Sn/C HA Slurry catalysts are shown in Fig.
4.14. As seen previously in all the other Pt-Sn/C catalysts the electro catalyst showed peaks at
approximately 26 = 40°, 47°, 67° and 81°, which are associated with the (11 1), (200), (22
0) and (3 1 1) planes respectively of the fcc structure of platinum and platinum alloys. The
peaks associated with the SnO, phases were only present in the HA Slurry STD and HA
Slurry pH5 catalyst and then only in low intensities. . When compared to commercial Pt/C
there was a clear shift of the fcc peaks to lower angles for the Pt-Sn/C catalyst and this
therefore implies the alloying of tin with platinum. The fcc lattice parameters were evaluated
from the angular position of the (2 0 0) peaks and the calculated value for Pt-Sn/C HA Slurry
pH3 (0.3935 nm) was larger than the one obtained for pure Pt (0.3923 nm). This is due to a
lattice expansion after alloying, indicating that part of the Sn was incorporated in the fcc
structure of Pt therefore indicating interacting between Sn and Pt. The XRD analysis implies
that Pt alloyed with Sn in the Pt-Sn/C HA Slurry pH3 catalyst, while separate Pt and SnO,
phases exist in the Pt-Sn/C HA Slurry STD and HA Slurry pH5 catalyst.

20% Pt/C
Pt-Sn/C HA Slurry pH3

12000 (1 11)
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T T T T T T T T 1
20 40 60 80 100
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Fig. 4.14 XRD patterns of Pt-Sn/C HA pH3compared to commercial 20% Pt/C (JM).

Table 4.4 summarizes all the physical characterization data of the as prepared Pt-Sn/C HA
Slurry catalysts. The TEM photographs of Pt-Sn/C HA Slurry pH3 electro catalyst are shown

in Fig. 4.15, in which the morphology and dispersion of Pt and Sn over the carbon support is
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clearly illustrated. Most of the metal particles were found to be less than 3.5 nm and the
nanoparticles show homogeneous dispersion with similar particle sizes. Most of the
nanoparticles had a spherical shape of approximately 1.5 — 3.5 nm in size with a very sharp
size distribution, which is in good agreement with the XRD results.
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Fig. 4.15 Low and high TEM images of Pt-Sn/C HA Slurry pH3

A STEM micrograph of the as prepared Pt-Sn/C HA Slurry pH3 catalyst is displayed in Fig.
4.16a. Platinum and Sn signals were detected for a single nanoparticle in spot O,. This means
that in the as prepared catalysts, Sn and Pt nanoparticles are not separated from each other.
They are alloyed but importantly, do not form a core shell structure. In STEM images Sn
particles appear darker and deviate often from the spherical shape.
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Fig. 4.16 a) HAADF-STEM image of Pt-Sn/C HA Slurry pH3 b) corresponding EDX spectra of area O,
analyzed with STEM.

On the other hand, Pt nanoparticles appear brighter and are on average smaller than Sn
particles. Finally XRD and TEM results jointly indicate that the catalysts investigated with
the HA Slurry method are alloyed, have similar mean particle sizes with good dispersion and
thereby demonstrating the suitability of the HA Slurry method to prepare nanometer catalysts

having a high metal loading.

Table 4.4 Values of lattice parameters, metal loading and particle size for Pt-Sn/C HA Slurry catalysts

Crystallite Pt
Catalyst Pt;5Snys phase Size Particle Size  Sn loading loading
Lattice
parameter (nm)  XRD (nm) TEM (nm) (wt.%0) (wt.%)
20 % Pt/C (M) 0.3923 3.56 3.88 20.43
PtSn\C (HA Slurry pH3) 0.3938 2.30 2.49 £ 0.47 9.07 19.35
PtSn\C (HA Slurry pH5) 0.3947 2.98 3.29 £ 0.65 8.97 14.04
PtSn\C (HA Slurry STD) 0.3932 3.37 3.48 £0.79 7.55 10.54
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4.7 Heat-treatment of Pt-Sn/C HA Slurry pH3 catalyst.

The Pt-Sn/C HA Slurry pH3 catalyst was identified as the best as prepared catalyst
synthesized and was therefore chosen to undergo heat-treatment at various temperatures. It is
well known that the catalyst performance strongly depends on the preparation procedure, the
addition of metal precursors, the type of support as well as the heat-treatment strategy
followed. Heat-treatment has been recognized as an important and necessary step for catalytic
improvements of especially the cathode catalyst used to promote the ORR. Several heat-
treatment techniques exist such as oven/furnace heating [10] plasma thermal heating [11] and
microwave heat-treatment [12] have all been applied to prepare PEM/DMFC fuel cell electro
catalysts. The most widely used of the curing techniques still remains the oven/furnace
heating technique where the catalyst is heated under an inert atmosphere (Ar, He, Nj) or
reducing (H,) atmosphere in the temperature range of 100 — 900 °C for 1-4 h [13]. Heat-
treatment for Pt based electro catalysts has been found to be a necessary step, which has a
significant impact on the surface morphology, particle size and distribution and metal
dispersion on the support. The advantages of heat-treatment are to remove any impurities
resulting during the early preparation stages and to allow a uniform dispersion and stable
distribution of metal on the support, and therefore, improve the electro catalytic activity [11-
15]. Thus the Pt-Sn/C HA Slurry pH3 catalyst was treated at different temperatures (250 -600
°C) under an Ar atmosphere. An alumina boat was thus loaded with 50 -100 mg of catalyst
and inserted into the center of a quartz tube. The tube was pre-purged with Ar for 30 min to
remove any oxygen that might cause possible surface oxidation of Pt-Sn particles. The quartz
tube was placed into the tube furnace which was heated to the desired temperature. Samples
were heated for 4 hours under Argon and after the elapsed time were left to cool down under
Ar. Fig 4.17 (a-d) shows XRD spectra of Pt-Sn/C HA Slurry pH3 heated at different
temperatures. All the heat-treated catalysts showed the characteristic diffraction peaks of

(111),(200), (220) and (3 1 1) associated with the fcc structure of Pt. The Pt-Sn alloy
samples after heat-treatment were slightly shifted to higher angles with increasing
temperature when compared to that of the as prepared Pt-Sn/C catalyst, hence indicating a
contraction of the lattice and an insertion of smaller Sn for larger Pt particles which further
supported alloy formation. The degree of angle shifting increases with increasing
temperature, suggesting an increasing degree of alloying between Sn with Pt. In addition it is
noticeable that the degree of crystallanity increases with increasing temperature. However,

when the heat-treated catalysts were compared to that of the commercial Pt/C catalyst there
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was a shift to lower 26 angles for the heat-treated catalysts. No peaks corresponding to Sn or
its oxides were observed. For the 500 and 600 °C heated catalyst several new peaks were
observed as shown in Fig. 4.18. These new peaks can be attributed to the formation of the
cubic PtzsSnpsalloy phase along with hexagonal PtsoSnsy alloy formation [1]. The average

crystallite size calculated from the (2 0 0) peak showed an increase with temperature.

a Pt-Sn/C HA Slurry pH3°C b Pt-Sn/C HA Slurry pH3 350 °C
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Fig 4.17 (a-d) XRD patterns of Pt-Sn/C HA Slurry pH3 showing the effect of heat treatment at different

temperatures on the catalyst crystalline character.
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Fig. 4.18 XRD pattern of Pt-Sn/C HA Slurry pH3 heated at 600 °C indicating some of the new peaks formed

due to heat-treatment.

Fig. 4.19 presents the TEM images of the heat treated Pt-Sn/C catalysts at 250 and 350 °C.
Spherical shaped Pt-Sn nanoparticles on the carbon support with uneven particle sizes can be
seen for both catalysts. The particle sizes obtained by TEM are given in Table 4.5. Heat
treatment has a big effect on the particle size and particle size distribution. For the Pt-Sn/C
250 °C the particles were generally between 2.3 to 10 nm with an average particle size of ca.
5.2 nm. When compared to the particle size for the as-prepared Pt-Sn/C HA Slurry pH3
(which was 2.5 nm), an increase in particle size of over 50% was found for the Pt-Sn/C
catalyst heated at 250 °C. When heat treating catalysts at high temperatures the particles tend
to agglomerate. For both catalysts only small portions of agglomeration were visible.
However, it was observed that heat-treatment had no negative impact on the overall metal

loading on all the catalysts as seen in Table 4.5.
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Fig. 4.19.(a) Low and high TEM images of Pt-Sn/C HA Slurry pH3 250 °C and corresponding particle size
distribution histogram (b) Low and high TEM images of Pt-Sn/C HA Slurry pH3 350 °C and corresponding

particle size distribution histogram.

The catalysts heated at 500 °C led to particle agglomeration and an increase in particle size

when compared to catalysts heated at lower temperature as seen in Fig. 4.20.
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Fig 4.20. Low and high TEM images of Pt-Sn/C HA Slurry pH3 500 °C and corresponding particle size

distribution histogram.

Fig 4.21 illustrates the Pt-Sn/C HA Slurry pH 3 600 °C catalyst. The nanoparticles are
uniformly dispersed on the carbon support with very little particle agglomeration found. The
catalyst had a very wide particle size distribution and a average particle size of ca. 8.68 nm.
The catalysts heated at 600 °C shows the crystal lattice fringes of the Pt-Sn nanoparticles
marked. It was observed that with increasing temperature the amount of particles showing the
crystal lattice fringes increased when studied under high magnification with TEM. As the
temperature increased the crystal lattice fringes of the Pt-Sn nanoparticles became visible at
lower magnification indicating an increase in crystallinity of the catalysts. From the TEM
images we can conclude that the degree of crystallinity increases with increasing temperature
and this data corresponds well with the XRD where the intensity of the diffraction peaks of

the different Pt phases increased with increasing temperature.
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Fig. 4.21 Low and high TEM images of Pt-Sn/C HA Slurry pH3 600 °C indicating crystal lattice fringes and

corresponding particle size distribution histogram.
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Table 4.5Values of lattice parameters, metal loading and particle size for Pt-Sn/C HA Slurry catalysts heated at

different temperatures.

Crystallite Pt
Catalyst Pt75Sn,s phase Size Particle Size  Snloading  loading
Lattice

parameter (nm)  XRD (nm) TEM (nm) (wt.%0) (wt.%0)
20 % Pt/C (IM) 0.3923 3.56 3.88 20.43
PtSn\C (HA Slurry pH3) 0.3938 2.30 2.49 £ 0.47 9.07 19.35
PtSn\C (250 °C) 0.3959 5.06 52+1.44 9.32 18.87
PtSn\C (350 °C) 0.3950 6.02 6.08 £ 1.86 9.02 19.24
PtSn\C (500 °C) 0.3947 7.74 7.34 £ 2.64 8.78 19.22
PtSn\C (600 °C) 0.3941 9.05 8.68 £ 3.59 8.65 19.03

4.8 Comparison of Pt-Sn/C with other Pt-Sn/C catalysts used as cathode catalyst.

As mentioned earlier, the literature has many reports where Pt-Sn/C catalysts have been used
as anode catalysts for MOR or EOR applications. However, only a few reports are available
where the Pt-Sn/C or Pt-SnO,/C systems have been used as cathode catalysts or where SnOx
has been used as support as an electrocatalyst for the cathode electrode. Table 4.6 shows data
for these findings compared with the data of our in-house Pt-Sn/C catalysts. Comparison of
our in-house catalysts on the basis of physical characterization to those synthesized by the
group of Jeyabharathi [1] revealed that our in-house Pt-Sn/C catalysts were superior in many
ways. In the first place our catalysts all had a smaller particle size, demonstrated small
portions of agglomeration and had a narrower particle size distribution. Furthermore, our
catalysts were comparable to those synthesized for DEFC applications which indicate that our
modified poyol method is quite suitable for the synthesis of Pt-Sn nanoparticles with small
particle sizes. A comparison of the electrochemical properties of the different Pt-Sn/C
catalysts will be reported in the following chapter.
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Table 4.6 Comparison of different Pt-Sn/C catalyst physical properties used for fuel cell applications

Catalyst Method of Crystallite size | Particle size Reference
preparation (nm) (nm)
Pt-Sn/C Polyol 5.79 6+£0.6 Jeyabharathi et.
al., 2008
Pt-Sn/C 250 °C Polyol 5.63 5+£07 Jeyabharathi et.
al., 2008
Pt-Sn/C 500 °C Polyol 16.68 6.+0.9 Jeyabharathi et.
al., 2008
Pt-Sn/C 600 °C Polyol 20.73 - Jeyabharathi et.
al., 2008
Pt-Sb- SnO, Polyol 35 2.5 You et.al., 2009
Pt-SnO,/C NaBH,4 Reduction - - Parrondo et.
al.,2010
Pt-Sn/C (3:1) Carbonyl complex 2.4 3.1+ 1.6 Boucher et.
route al.,2003
used in DEFC
Pt-Sn/C (4:1) Polyol 1.6 22%0.6 Jiang et.al., 2007
used in DEFC
Pt-Sn/C (3:1) Polyol 2.0 2605 Jiang et.al., 2007
used in DEFC
Pt-Sn/C Polyol 2.3 2.49 £0.47 This work
Pt-Sn/C 250°C Polyol 5.06 5.20 £1.44 This work
Pt-Sn/C 350°C Polyol 6.02 6.08 +1.86 This work
Pt-Sn/C 500 °C Polyol 7.74 7.34 £2.64 This work
Pt-Sn/C 600 °C Polyol 9.05 8.68 £3.59 This work
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4.9 Conclusions

Pt-Sn/C catalysts were synthesized using a modified polyol reduction method employing
sonication and using HCI as sedimentation promoter. The average particle size distributions
were found to be in the range of 2.3 — 4 nm for the different as-prepared catalysts from HR-
TEM results. 26 values shifted to lower angle values in the XRD confirming that the alloying
process between Sn and Pt had indeed occurred. Of the twelve catalysts studied thePt-Sn/C
HA Slurry pH3 was identified as the best as-prepared catalyst. The pH adjustment step had
the benefit of an increase in metal loading of 30-45% and importantly, without affecting the
particle size. This result is attributed to a change of electrostatic forces. Pt-Sn/C HA Slurry
pH3 catalysts were subjected to curing by heat-treatment in order to study the changes on the
morphology and physical properties of the catalyst. The lattice parameter value of the heat-
treated catalysts increased with increasing temperature when compared to that of Pt/C (ag =
0.3923 nm) indicating an increasing Pt-Pt distance. This increased Pt-Pt distance for the
heat-treated catalysts could be advantageous in our search for a methanol tolerant catalyst for
DFMC application. Heat treatment of the Pt-Sn/C HA Slurry pH3 led to increase in particle
size, broader particle size distribution as well as particle agglomeration. As the temperature

increased the crystallinity of the catalysts also increased.
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Chapter 5

Results and Discussions I

Electrochemical Characterization of Pt-Sn/C electrocatalysts

5.1 Introduction

The structural and physical properties of the Pt-Sn/C catalysts were presented in Chapter 4.
The electrochemical characterization of prospective methanol tolerant Pt-Sn/C catalysts and
their comparison to the commercial Pt/C (HiSPEC3000, HISPEC4000 JM and TEC10V50E
form TKK) is presented in this Chapter. The Pt-Sn/C electrocatalysts prepared as mentioned
in the previous chapter were electrochemically characterized in a half-cell configuration
using different electrolytes to determine their electrochemical surface areas, measure their
catalytic activity towards the ORR, investigate their resistance towards MOR and their
durability for possible use in a DMFC. The subsequent electrochemical properties can be

correlated to the physical properties of the catalysts established in the previous chapter.

5.2 Test protocol for the electrocatalyst

Prior to electrochemical characterization of commercial and in-house prepared catalysts, it
was important to design the appropriate electrochemical experiments needed to attain
relevant results of the catalysts that were both reproducible and accurate. For this reason
different parameters such as electrode preparation, catalyst loading and experimental setup
were investigated before electrochemical characterization commenced. For EC
characterization two methods were used for the preparation of the electrode. The first
approach was to specially design an EC cell that could accommodate the fabricated electrode.
The cell had to accommodate purging by various gasses, be completely sealed from external
contaminants which could negatively influence the results and also be temperature controlled
if necessary. The electrode for this cell was not the conventional GC electrode which is
normally used for CV studies but rather an electrode fabricated from highly conductive
carbon paper, similar to the carbon paper used in a fuel cell for the MEA. The catalyst ink
was prepared by dissolving 25 mg catalyst in 10 ml isopropanol, 100 mg water and sonicated

for 45 minutes. To the ink 75 mg 5 wt.% Nafion was added sonicated for a further 30 minutes
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before a specific amount of catalyst was sprayed onto the carbon paper with a hand spray
gun. A round hole counter (10 mm in diameter, Ag = 0.786 cm?) was then used to press out
the working electrode. The advantage of using the in-house EC cell is that the working
electrode was always fixed at the same position and the counter and reference electrode were
inserted in a special fitting for the B14 opening to ensure that the electrodes were kept intact
at the same position for every experiment. Figure 5.1 shows a picture of the in-house EC cell
as well as the electrodes prepared from the carbon paper. Another advantage of the in-house
EC cell setup was that when doing RDE on a GC where O, is supplied to the electrode
surface through rotation of the electrolyte ensuring fresh reactants reach the electrode surface,
the in-house EC cell allows for the O, to be fed directly to the surface of the electrode
through its unique design. The Teflon holder of the electrode has a special stainless steel tube

fitted from the fabricated electrode.

Fig. 5.1(a) In-house EC cell (b) electrodes fabricated for the EC cell by spraying on Torai carbon paper.

This allows for “true” ORR results obtained due to the fact that the EC cell resembles
conditions the actual catalysts would be exposed to in a fuel cell when a MEA is tested.
However, upon further investigations a problem arose when the catalysts activity towards
oxygen needed to be investigated. In our EC cell the carbon sprayed working electrode was
kept fixed in a stationary position so the EC cell was not fitted for an electrode rotation
feature needed to extract important catalyst activity information. Therefore with our EC cell it
was not possible to gain Kinetic information regarding KL-plots, number of electrons
transferred in ORR and Tafel data which is important information regarding catalyst activity
which would be otherwise possible if a RDE was used. Although the in-house EC cell gave
satisfactory results for CVs (Fig. 5.2) to calculate ECSA values and MOR data, the EC cell
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had limitations when compared to the GC RDE. The catalysts in this study were
characterized (for CVs, MOR and ORR) by using a GC electrode by drop-casting the catalyst
ink on the electrode surface to achieve a homogeneous film that covers the entire electrode

area as explained previously in chapter 3.
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Fig. 5.2 CV of Pt/C using the EC cell and modified Teflon electrode for catalyst testing [1]

5.3.1 Electrochemical method validation of Pt disc.

Prior to conducting experiments with supported Pt catalysts, the CV, MOR and RDE methods
were validated using a polycrystalline Pt disc. A 3 mm Pt disc electrode (Ag = 0.07 cm?) was
polished to a mirror finish with different grades of alumina. It was further washed with ultra

pure water and sonicated for 2 minutes to remove any residual alumina.
5.3.2 Electrochemical Surface Area (ECSA)

A typical CV scan recorded in the anodic direction at a polycrystalline Pt surface in acid
medium is shown in Figure 5.3. The peaks in this picture are labeled in their order of
appearance with increasing potential. At cathodic potentials (0 - 0.3 V), reversible H, peaks
due to the adsorption and desorption of hydrogen on different crystallographic planes of the
Pt surface are observed (region 1). The following flat plateau can be attributed to the double

layer region during which water is adsorbed on Pt (region 2). Increasing anodic potentials
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results in the formation of O, peaks indicative for the formation of different Pt oxides (region

3).In the reverse scan Pt oxides are reduced during a unique and irreversible process [2,3].
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Fig. 5.3 Typical CV for a Pt electrode showing H desorption/adsorption region. The red lines are baselines set
so0 as to eliminate contributions to current from charge/discharge of the electrochemical double layer

(Coulombic current).

The ECSA was measured by integrating the shaded area found on the CV shown in Fig.5.3
by using equation 3.3 For the 3 mm Pt disc, the ECSA measured was 0.043 + 0.002cm?.

5.3.3 Methanol oxidation reaction (MOR)

A typical CV for methanol electro-oxidation on Pt is shown in Figure 5.4 ; its unusual shape
can be explained when looking at the different surface transitions that occur at Pt (see above),

and from which it can be concluded with some simplification that methanol oxidation only

0 . . .- .
occurs on Pt surfaces when water is activated [4]. Data describing the electrocatalytic
properties of Pt and Pt-based surfaces, such as the maximum oxidation current density or the
onset of oxidation, were extracted from these experiments. For the 3 mm Pt electrode the

oxidation current density was 0.103 mA cm™ at +0.83 V vs NHE.
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Fig. 5.4 CV for methanol oxidation at Pt electrode in 0.5 M H,SO, + 0.5 M MeOH at 20 mV s™.

5.3.4 Oxygen reduction reaction (ORR)

In the measurement of electrocatalyst activity our aim was to obtain a value for the
synthesized Pt catalyst activity that is as free as possible from mass-transport effects. To
obtain an accurate value of the catalyst’s activity it was important to measure the current in a
regime where ORR kinetics dominate and any other factors present (mass-transport) can be
calculated and used to make corrections to obtain the precise kinetic current ix. Fig. 5.5 shows
the methodology used for measuring and analyzing the ORR activity of Pt-based catalysts.
This method involves acquiring linear sweep voltammograms (LSVs) under O, at different
rotation speeds. The scan rate selected for all ORR experiments was 5 mV s™. A background
scan using N, purged electrolyte instead of O, was carried out before ORR experiments were
performed and subtracted from O, I-V curves to eliminate and correct for the effect of
pseudo-capacitive currents. The current is measured during an anodic scan rate (0 to +1.0 V
vs NHE) at various rotation speeds. The direction of the sweep is important since during a
cathodic scan (+1.0 - 0.V) the Pt surface is covered in adsorbed oxide species which decrease
the ORR rate [5-7].
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Fig. 5.5 (a) Polarization curves recorded in O, saturated electrolyte on Pt electrode (b) Levich plot

demonstrating linear dependence of limiting current on and theoretical values for i,

The Levich plot in Fig. 5.5 (b) shows a linear relationship between the limiting current for the
Pt electrode measured at ca.+0.1 V vs NHE and the square root of the rotation rate ™ as
predicted by the Levich equation. The experimental data correspond well with the theoretical
values. Using the slope, the O, diffusion coefficient was calculated experimentally by using
the values in Table 5.1 [2,7]. The experimental O, Diffusion coefficient calculated for the Pt
electrode was 1.25 x 10°cm? s, which is in reasonable agreement with the accepted value of
1.4 x 10° cm? s[5]

Table 5.1 Parameters in the Levich equation.

Levich Equation liim = 0.62nFCD? v ° !
Faraday Constant F 94685 C mol™
Concentration O 1.1x10° mol cm™
Kinematic viscosity v H,O 0.01 cm’s™
0, Diffusion coefficient D for 0.5 M H,S0,(25°C) 1.4x10°cm?s™
Number of electrons n 4

The small difference is probably due to the cell not being fully sealed off from the
atmosphere. On completion of the CVs, 1-Vs and background experiments we plot i'vs o™
(Koutecky-Levich or K-LPlot) as shown in Fig 5.6. The intercept extrapolated to infinite
rotation speed is then extracted and finally a plot of log ik vs V, known as the Tafel plot, is
derived.
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Fig. 5.6 K-L Plots used to calculate i from intercept and number of electrons from the slope.

The K-L Plots shown are linear over the range of rotation rates used indicating mixed Kinetic
—diffusion control with a very slow electron transfer. From the slopes of the K-L plots the
number of electron was calculated [2,5]. The values for n were constant over the potential
range of 0.65 — 0.75 V with n = 3.82. The Tafel slope was found to be around -60 mV dec™
and -120 mV dec™ for lower potentials. These values are in good agreement with previous
work done [7]. However, there are still several controversies regarding reporting the Tafel
slope in the high current density regime which researchers refer to as the “double Tafel
regime.” From the Tafel graphs the exchange current densities (i) are the most fundamental
intrinsic kinetic parameter and these values can only be obtained by extrapolating the
measured currents over ca. four orders of magnitude, which may result in large errors on the
obtained values [7].

Table 5.2 Electrochemical parameters found for crystalline Pt electrode.

3 mm Pt electrode

ECSA 0.043 cm*

MOR 0.103 mA cm™ @ +0.82 V vs NHE.
Tafel slopes -60 /-120 mV dec™

SA@ 0.75V 9.14pA cmp?

Number of electrons

3.82
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It has therefore become something of a convention to report specific activities is (SAs) and
the mass activities i, (MA) for Pt/C catalysts from ORR activity at +0.85 or +0.9V vs NHE
instead of the exchange current densities (i) [5-7]. By doing so the data can be measured and
reported with no extrapolation required. Table 5.2 summarizes all the kinetic data for the 3
mm Pt electrode obtained during the method validation test. We can therefore conclude the
validity of the RDE method used on the Pt disc and will be used when performing RDE
studies on thin-films.

5.4 Electrochemistry studies of commercial Pt/C thin-films

For this study different commercial Pt/C catalysts supplied by Johnson Matthey UK and
Tanaka Kikinzoku Kogyo (TKK Japan) were used as benchmark. Numerous reports are
available were the catalytic activities of these state of the art Pt/C were tested, many of which
are in good mutual agreement [7]. However there are still several controversies regarding
certain data published in literature by different groups and it was therefore important to
validate the commercial Pt/C using our method and then to compare the synthesized Pt-Sn/C
catalysts against it. All electrodes prepared in this study were done by using the drop-casting
method followed by drying under an infra red lamp forl hour or in a vacuum oven at max 35
°C for 30 min. However the films produced by this method were found to vary in their
performance as the quality of the film was dependant on several factors such as Pt dispersion,
ink formulation, drying conditions and GC surface [6]. It was also observed that when
dropping the required amount of catalyst ink on the electrode, better results were achieved
when all the ink was deposited on the electrodes at once and left to dry rather than dropping
the ink on the electrode bit by bit and then left to dry in between. A small ink quantity (10 ul)
was chosen to achieve a uniform disperse film with a Pt loading of 20 pge; cm™. 1t’s been
reported that when larger quantities of ink are used it leads to complications when doing
calculations, thereby producing incorrect data. This was also done to avoid excessive mass-
transport loses in overlay thick catalysts agglomerates deposited on the RDE [6,7]. Each
experiment was carried out in triplicate with a new electrode to eliminate bad results due to
bad films. A difference of up to 25% in ECSA values were found for a bad film compared
with a good film prepared for an experiment with the same catalyst ink. The ECSA for 20%
Pt/C (JM) was 53.98 m2ge’, for 40% Pt/C 56.08 m? ge; tand 68.21 m? ge* for TKK. Figure
5.7 shows the CVs of the 3 mm Pt electrode and the GC modified thin -film electrode for
commercial 20% Pt/C. It is evident that by modifying the GC electrode with Pt/C catalyst an
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increase in ECSA was observed when compared to the blank Pt electrode which indicates that

Pt/C might be a very active electrocatalyst.

20% Pt/C (IM)
3 mm Pt Electrode
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Fig. 5.7 CV for 3 mm Pt electrode 20 wt.% Pt/C commercial catalysts showing the difference in ECSA.

For high quality ORR measurements a uniform thin film was required that covers the entire
surface area of the GC electrode. ORR measurements for Pt/C thin-films were carried out
using a RDE in 0.5 M H,SO, saturated with O, as described in chapter 3. However, when
doing RDE studies on thin-films the measurement of the solution resistance was found to be
an important factor when reporting accurate data [8-10].Therefore, for all RDE experiments
conducted the raw ORR RDE data was corrected for background currents by subtracting a
LSV scan performed under N, atmosphere at 5 mV s™ with no rotation. The solution
resistance was then measured by measuring the high-frequency impedance at operating
conditions. In ORR studies the electrolyte concentration usually is 0.1 M or higher so the
Ohmic resistance is not expected to change during measurement [7].The solution resistance
was then measured and the solution resistance was found to be an important factor when
reporting accurate data [8-10].The mean potential was chosen to be within the diffusion
limiting regime for the ORR in an oxygen saturated solution to include any resistance
induced by the measurement of the ORR. The potential amplitude was chosen as 5 mV s™
with frequencies starting at 10 kHz and ending with 1 Hz on a logarithmic scale. The IR- drop
was calculated by using AE = IR where | is the current at each data point and R is the ohmic

resistance between the working and the reference electrode, determined by Electrochemical
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Impedance Spectroscopy (EIS) at 10 kHz. Fig. 5.8a shows the effect of the background
corrections on the measured data. The raw RDE data shows a positive current above +1.10 V
vs NHE which is due to Pt oxide formation. However, by subtracting the background scan the
increase in current disappears. By doing the IR-drop correction, the curve in the mixed
controlled region is shifted towards more positive potentials (Fig 5.8b). The shift seems to be

very subtle but is of great importance to measure accurate data [10].

N, background

Raw ORR Data Background Corrected
19 IR Drop Corrected
04
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Fig 5.8 (a) Linear sweep voltammograms under N, showing the effect of subtracting background scan for 20%
Pt/C (b) polarization curve of 20% Pt/C showing the effect of IR drop corrections on RDE.

After correcting all the ORR data the limiting current densities at each rotation speed were

obtained and a Levich plot (limiting current vs "2

) based on the ORR values were created.
The limiting current observed for all the Pt/C thin films were found to be close to the
theoretical value as predicted by the Levich equation for a 5 mm diameter RDE in O,
saturated solutions [2,5-7].The limiting current at1500 rpm should be ca. -5.4 mA cm™ and
the experimental values were -5.12 mA cm™ for 20% Pt/C,-5.32 mA cm™ for 40% Pt/C and -
5.35mA cm™ for TKK which are within 10% of the theoretical value. From the slope of the
Levich plots in Fig 5.9, the diffusion coefficients (Do) for the commercial 20% Pt/C catalyst
was found to be 1.29 x10° cm? s™. A summary of the data collected during RDE experiments

for the 3 commercial catalysts is presented in Fig. 5.10.
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Fig 5.9 Levich plot for thin film 20% Pt/C RDE showing linear relationship between limiting current and .

The kinetic current i, can be calculated by using Equation 5.1

. Iiim(A)- 1 (A
if(A) = 1w BT (5.1)

Where iy is the kinetic current (A) and I,y is the measures limiting current (A). After
correcting the ORR polarization curves then, i is the value of the curve at E = +0.85 vs NHE
and iy, is that E = ca. +0.2 V vs NHE or, alternatively, the kinetic current may also be
calculated using the ORR polarization curves for at least five different rotation speeds (500 —
3000 rpm) by which the current at infinite speed can be determined by extrapolating from the
K-L Plots shown in Fig 5.10. This method of calculating ix is more rigorous but time
consuming. After establishing that the ORR of the Pt/C thin-film catalysts obeyed first order
kinetics, Tafel plots for mass transport corrected mass-specific current densities for O,
reduction were obtained at 1500 rpm. The Tafel slopes were fitted at low and high
overpotential regions in order to facilitate the comparison with literature data [11]. The
resulting Tafel slopes for the commercial Pt/C catalysts are summarized in Table 5.3. They
are in good agreement with Tafel slopes for polycrystalline Pt electrodes and other carbon
supported Pt catalyst [7,11], with values around -60 mV dec™ at low overpotentials (E >
+0.85 V vs NHE) and values of -120 mV dec™ for high overpotentials (E < +0.8V vs NHE).
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Fig 5.10 (left) iR corrected background subtracted RDE data at various rotation speeds for commercial Pt/C (a)
20% JM, (b) 40% JM and c) 46% TKK, (centre) K-L Plots;(right) mass-transported corrected Tafel plots in O,
saturated 0.5 M H,SO,.

To compare different catalysts activities the kinetically controlled current densities were

taken and compared at +0.85V vs NHE. This potential was chosen as the influences of mass

transport are negligible at this region. At this potential the Pt specific area (SA) were

estimated by the calculation of ix and normalizing to the Pt electrochemical surface at +0.85

V vs NHE using Equation 5.2

_ Ik(A)
IS(ArnPtZ) = E=

ECSA
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and the Pt mass specific activities (MA) were estimated at +0.85 V vs NHE by Equation 5.3

N P2
Iy (AgPt )= Ptloading (mg) ”

Another important value to report when comparing different catalysts activities is the half
wave potential Ey,. This term is defined as the potential at which the current due to the
reduction/oxidation of a substance is equal to one half of the diffusion current (ig). The Ey,
permits to assess further information regarding the different catalysts electro-activity towards
the ORR [2,4]. All the kinetic data for the Pt/C commercial catalysts are summarized in Table
5.3. The thin-film RDE method for the electrochemical characterization of Pt/C catalysts
proved to be a valid method as the experimental results obtained were found to be in good
agreement with previous studies [5-7]. Therefore the thin-film method was used to
characterize the Pt-Sn/C catalysts synthesized via the polyol method. All parameters used for
Pt-Sn/C analysis were the same as when we established the electrochemical testing protocol

for Pt/C catalyst.

Table 5.3 Electrochemical properties of commercial Pt/C catalyst.

Catalyst | Particle | ECSA D Eip SA@ MA @ Tafel
size | (m?glp) | (10°cm?sY) | (V) 0.85V 0.85V Slope
(hm) (Amp2) | (Agle) |/mV dec
1
20% Pt/C 3.94 53.98 1.29 0.79 3.87 289 -59/-119
40 % Pt/C 3.80 56.08 1.23 0.80 3.92 297 -60/-121
46% TKK 2.97 64.35 1.27 0.86 5.06 421 -62/-121

5.5 Electrochemical characterization of Pt-Sn/C STD catalysts

Figure 5.11 shows the cyclic voltammograms obtained in 0.5 M H,SO,4. CV plots of Pt/C
catalyst is typical of unalloyed Pt with clearly defined and resolved hydrogen
adsorption/desorption peaks in the region of 0 — +0.30 V vs NHE. The CV of the Pt-Sn/C
catalysts showed no well resolved hydrogen desorption/adsorption peaks as seen in the case

for the Pt/C catalyst. Colmati et al., tested their Pt-Sn/C catalyst in similar conditions (0.5 M
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H,SO, at a scan rate of 50 mV s at RM) They found that the well alloyed Pt;sSn,s sample
had no well defined hydrogen adsorption/desorption peaks and double layer behavior [12].
Therefore, this implied that our Pt-Sn/C simply demonstrated a low degree of alloying with
Sn, the presence of a high portion of tin oxide phase and low ECSA [12,13]. This is
consistent with the XRD results discussed earlier. By comparing the CVs obtained for pure Pt
and bi-metallic Pt-Sn, it was observed that the peak potential corresponding to the reduction
of Pt-oxide has shifted towards lower potentials (AE= -120mV).This can be explained by
either the strengthening of the Pt-O bond or by the effect of tin on the reaction kinetics of the
reaction or to the formation of an alloy. From the CVs it is evident that the incorporation of
Sn  “blocks” some of the Pt active sites having an effect on the hydrogen

adsorption/desorption properties of Pt-Sn/C catalysts as opposed to Pt/C catalysts [14,15].

—— Pt-Sn/C STDO
—— Pt-Sn/C pH5|
Pt-Sn/C
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Fig. 5.11 CV of 20% Pt/C and Pt-Sn/C catalysts synthesized with the Polyol STD method recorded in 0.5 M
H,SO, at a scan rate of 20 mV s™ at room temperature.

5.5.2 Methanol Oxidation of Pt-Sn/C STD catalysts
In order to evaluate the as-prepared Pt-Sn/C catalyst for MOR, all data were compared to

20% Pt/C in solutions of 0.5 M sulfuric acid + 0.5 M methanol as shown in Figure 5.12.The
figure shows that the methanol oxidation current at a potential of +0.85 V vs. NHE for Pt-
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Sn/C STD catalysts were less than that of the commercial 20% Pt/C which was 8.28 mA cm™
at the same potential. It was observed that all the Pt-Sn/C STD catalysts showed lower
methanol oxidation currents indicating that the Pt-Sn/C system do have methanol tolerant
capabilities. These results are in good agreement with work recently published by Antolini
et.al. [18].They found that alloying Pt with Sn to any extent significantly reduces the MOR
activity which was also observed in this study. The Pt-Sn/C catalyst synthesized using the
STD method showed the lowest oxidation current indicating that not changing the pH after
the reaction is complete has an effect on the MOR activity. However for the Pt-Sn/C STD
pH3, that showed a Pt loading of 17.63 wt. %, a corresponding current of 5.8 mA cm™? was
observed which is far less than the MOR current observed for 20% Pt/C catalyst indicating
that the Pt-Sn/C catalyst has increased methanol tolerance capabilities. Further methanol
oxidation studies were performed to investigate how small amounts of methanol may
influence the MOR current if methanol cross-over should occur at the cathode which is a
huge concern in the development of DMFCs. Data in figure 5.13a for Pt-Sn/C STD pH3
catalyst were obtained after adding aliquots of methanol to the electrochemical cell
containing 50 ml of 0.5 M H,SO,.

20% Pt/C
— Pt-Sn/C STD pH5

=
N
|

— Pt-Sn/C STD pH3
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) o N
P B ]

Currrent Density (mA cm?)
(o))
1

E(V vs NHE)

Fig. 5.12 CVs of methanol oxidation obtained on a Pt-Sn/C electrode and compared with that of 20% Pt/C in 0.5
M H,S0, solution containing 0.5 M methanol; scan rate 20 mV s, Pt loading 20 pg cm™.
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The amount of methanol was increased with each scan to investigate the ability of the catalyst
to show resistance towards methanol oxidation if small amounts of methanol permeate
through the membrane. Small changes were observed when the methanol concentration was
low. As the amount of methanol increased (Fig 5.13a) , so the shape of the CV changed until
the expected form for a MOR CV was seen when 100 ul methanol was added. For the 20%
Pt/C catalyst a change was immediately visible as soon as the methanol (10 pl) was added to
the solution where in the case for the Pt-Sn/C STD pH 3 catalysts, activity towards methanol

oxidation was only observed after 30 pl methanol was added.
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Fig. 5.13 (a) CV of MOR tolerance obtained on a Pt-Sn/C electrode after adding various amounts of methanol
(b) CV of MOR tolerance obtained on different Pt-Sn/C electrodes after adding 50 ul methanol and compared to
Pt/C in 0.5 M H,SO,solution; scan rate 20 mV s™.

For the Pt-Sn/C STD catalyst even after adding 500 pl methanol, no methanol oxidation
peaks were observed. The results after adding 50 ul methanol to all the Pt-Sn/C catalysts are
shown in Fig. 5.13b All of the synthesized Pt-Sn/C catalysts performed better when
compared with Pt/C generating a lower methanol oxidation current at ca. +0.81 V vs. NHE

for the same amount of methanol added.
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5.5.3 Oxygen Reduction Kinetics of Pt-Sn/C Catalyst

To obtain kinetic information for the various catalysts, rotating disc electrode (RDE)
experiments were performed under steady-state conditions as mentioned earlier. The LSV
was recorded between +0.2 - +1.0 V vs NHE at a scan rate of 5 mV s™. Fig 5.14 shows the
LSVs of Pt-Sn/C STD catalysts and 20% Pt/C in O, saturated 0.5 M H,SO;,. It shows that the
ORR on all the Pt-Sn/C catalysts is diffusion controlled when the potential is less than +0.50
vs NHE and under mixed diffusion control (or surface reaction control region) in the potential
region between +0.55 - +0.85 V vs NHE. The Ej/, for Pt-Sn/C STD was +0.71 V vs NHE and
for Pt-Sn/C pH3 +0.73 V vs NHE. A gradual reduction of half wave potential was observed
when going from Pt-Sn/C STD pH 3 to Pt-Sn/C STD. The difference in ORR half wave
potentials are caused by differences in the surface activation of the various catalysts, which

are related to the size, metal loading and distribution of the metal nanoparticles.

Pt-Sn/C STD
Pt-Sn/C pH3
Pt-Sn/C pH5
20% Pt/C

Current Density (mA cm'z)

0.2 0.4 0.6 0.8 1.0
E(V vs NHE)

Fig.5.14 Polarization curves obtained with a RDE for O, reduction on Pt-Sn/C electrodes and compared with
that of Pt/C in 0.5 M H,SO, solution at 1500 rpm; scan rate 5 mV s™.

Table 5.4 summarizes the electrochemical properties of the Pt-Sn/C STD catalysts. The ORR
activity of all the STD Pt-Sn/C catalysts were low when compared to 20% Pt/C catalyst.
From the kinetic data of Pt-Sn/C STD catalysts we can conclude that although the STD
method produced nanoparticles with very small sizes and relatively even size distribution the
poor performance of the catalysts in the kinetic controlled region when compared to
commercial Pt/C catalyst makes it insufficient for use in DMFCs. The Pt-Sn/C showed
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methanol tolerant properties but performed poorly when promoting the ORR. In order for the
STD method to be considered to synthesize Pt-Sn/C nanoparticles for DMFC use, further test
needs to be done to improve the ORR capabilities of the catalysts synthesized using this
method which was found to be a very quick and easy method of preparing Pt-Sn/C

nanoparticles.

Table 5.4 Electrochemical properties of Pt-Sn/C and Pt/C catalysts from ORR data.

Catalyst Particle Eip ECSA SA@ MA @ Tafel
Pt-Sn/C Size (V) (m? g™ 0.85V 0.85V Slope
(nm) (Amp2) | (AgTe) | (MV dec™)
STD 3.99+0.96 | +0.705 24.32 0.67 87 -83/-196
STD pH5 3.86+0.78 | +0.726 15.05 0.85 95 -70/-144
STD pH3 3.77+0.74 | +0.735 18.16 1.32 102 -69/133
20% Pt/C 3.42+0.31 | +0.79 53.98 3.87 289 -59/-119

5.6 Electrochemical characterization of Pt-Sn/C HA, Slurry and HA Slurry method

catalysts.

The electrochemical properties of Pt-Sn/C Slurry,Pt-Sn/C HA and Pt-Sn/C HA Slurry STD
and pHS5 catalysts are summarized in Table 5.5 based on CVs and MOR results conducted on
the various catalysts. There was a gradual increase in ECSA as the metal loading increased
and as the particle size decreased on the different catalysts. The Pt-Sn/C Slurry pH3 and Pt-
Sn/C HA pH3 catalysts showed well defined hydrogen adsorption/desorption peaks at 0 —
+0.25V vs NHE. All of the catalyst samples showed the Pt-oxide formation reduction peaks
at around +0.60 — +0.75 V vs. NHE. As seen previously for the Pt-Sn/C STD catalysts, when
comparing the CVs for pure Pt and Pt-Sn, it was observed that the peak potential
corresponding to the reduction of platinum oxide (PtO) has shifted slightly towards lower
potentials. For this series the shift was less as noticed before for the Pt-Sn/C STD catalysts
series (AE= -50mV). This slight shift in reduction potential confirms the alloying character of
all the Pt-Sn/C catalysts. Improvements in ECSA for this series of catalysts suggest that
fewer Pt sites are “blocked” by the incorporation of Sn and that smaller particle sizes are
beneficial towards achieving a higher ECSA. For the MOR, all the catalysts showed
resistance towards methanol oxidation. When compared to commercial Pt/C (with same metal
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loading) the corresponding methanol oxidation currents found were lower for MOR and for
the methanol permeation test if small quantities of methanol should cross-over from anode to

cathode side.

Table 5.5 Electrochemical properties of Pt-Sn/C Slurry and HA catalysts constructed from CVs and MOR

experiments.

Catalyst Particle Size ECSA MOR current MOR current after 50
Pt-Sn/C (nm) (m*g*e) | @0.85 V(mA cm™) | pl methanol @0.85
V(mA cm™)
Slurry STD 3.88 16.23 2.88 1.23
Slurry pH5 3.86 16.90 3.03 1.44
Slurry pH3 3.32 27.43 4.15 1.53
HA STD 3.55 16.88 3.98 1.89
HA pHS5 3.39 22.05 3.56 1.96
HA pH3 3.02 31.12 5.05 2.12
HA Slurry STD 3.48 bl 4.69 1.80
HA Slurry pH5 3.29 24.65 5.13 2.03
20% Pt/C 3.94 53.98 5.98 2.77
40% Pt/C 3.80 56.08 6.87 3.43
46% TKK 2.97 64.35 9.24 4.87

The Pt-Sn/C HA pH3 catalysts (18.86 wt. % Pt) showed that although an increase in ESCA
and MOR current was observed even with the catalyst loading close to that of Pt/C (20.43 wt.
%), that by alloying the Pt with Sn, this catalyst displays important methanol oxidation
tolerant capabilities. Haner and Ross [17] studied the effect of tin atoms on the Pt surface by
using single crystal faces of the Pt3Sn alloy. They found that the non alloy surfaces were
more effective catalysts than any pure Pt surface and that alloying Pt with Sn to any extent
reduced the activity (as seen in the low ECSA values for our Pt-Sn/C series compared to
Pt/C). In their conclusion they found that the effect of Sn is primarily an electronic effect and
voltammetry data supported their findings that there is a very strong “ligand effect” on the
way methanol adsorbs on the Pt surface due to the alloying with Sn and that this effect is not
beneficial towards the catalyst’s MOR activity [17,18]. Summarizing, Pt-Sn/C HA and Slurry
alloy catalyst surfaces are not that suitable for the MOR. Alloying Pt with Sn to any extend
significantly reduced the MOR activity thus giving the Pt-Sn/C methanol resistant properties
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which is be beneficial when Pt-Sn/C catalysts are used as a cathode catalyst. Since the
oxygen reduction reaction (cathode reaction) is significantly more sluggish than the methanol
oxidation reaction (anode reaction) it was of interest to further investigate the Pt-Sn/C HA
and HA Slurry catalysts behavior for ORR seeing that the above catalysts series already
fulfilled one of the criteria for a cathode catalyst which is to suppress the MOR. The ORR
data for the above Pt-Sn/C catalysts series are summarized in Table 5.6. Fundamentally, the
ORR electrochemical kinetics for Pt-Sn/C should be no different than Pt/C catalysts. As
discussed in Chapter 3 and above, the two important parameters of interest are exchange
current density (i) and Tafel slope. A high exchange current density results in faster reaction
kinetics which is desirable for the ORR. Therefore this means that a high SA will also imply
faster reaction kinetics. The kinetic values obtained for the Pt-Sn/C series catalysts showed
mixed results. The HA pH5 and HA pH3 catalysts were the only two catalysts that showed
kinetic values close to that of commercial 20% Pt/C. Although there was a big improvement
in this series of catalysts synthesized with the different polyol methods as compared to the Pt-
Sn/C STD catalysts series (evident by E1, MA and SA), the kinetic values obtained were not
that satisfactory. The Pt-Sn/C showed superior performance for MOR tolerance in
comparison to the commercial Pt/C catalysts but, the fundamental reaction for the cathode
catalyst is the promotion of the ORR in a fuel cell and in this regard the Pt-Sn/C catalysts
performance were not quite up to the desired standard despite showing good resistance
towards the MOR.

Table 5.6 Electrochemical properties of Pt-Sn/C and Pt/C catalysts from ORR data.

Catalyst E12(V) SA @ 0.85V MA @ 0.85V Tafel Slope

Pt-Sn/C (nAcm;2) (A gley) (mV dec™)
Slurry STD +0.70 1.19 95 -80/-177
Slurry pH5 +0.71 1.66 127 -73/-160
Slurry pH3 +0.72 1.94 189 -67/-132
HA STD +0.70 1.35 163 -86/-195
HA pH5 +0.72 2.01 213 -65/-125
HA pH3 +0.73 2.12 225 -63/-126
HA Slurry STD +0.71 1.46 117 -73/-150
HA Slurry pH5 +0.72 1.80 176 -63/-125
20% Pt/C +0.79 3.87 289 -59/-119
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The Tafel slopes of the Pt-Sn/C HA pH3 and HA pH5 were almost the same to that of
commercial Pt/C. This could be explained in terms of the coverage of the electrode surface by
adsorbed oxygen which follows a Langmuir isotherm (low coverage) at high overpotential
and a Temkin isotherm (high coverage) at lower overpotentials [5-7,11,15]. However, Tafel
slope values calculated by ORR for the other Pt-Sn/C catalyst suggest a rather more complex
reaction mechanism, indicating that the ORR Kkinetics was negatively influenced by the
addition of tinand that the variation used on these catalysts during synthesis is not suitable for
Pt-Sn/C to be used as possible ORR catalysts. A shift to higher positive potentials for E1j,
was also observed from Slurry STD to HA pH3 catalyst. This improvement is due to the
lessened coverage of oxide/hydroxide on the Pt surface at high potential resulting in a larger
number of reaction sites available to promote ORR. However, when compared to the
commercial catalyst this series of catalysts also did not perform satisfactory. The activity
towards ORR was found to be as follows: Pt-Sn/C (HA pH3), >Pt-Sn/C (HA 5pH), >Pt-Sn/C
(Slurry pH3), >Pt-Sn/C (HA Slurry pH5), >Pt-Sn/C (Slurry pH5), > Pt-Sn/C (HA slurry
STD), Pt-Sn/C (HA STD) >Pt-Sn/C (Slurry STD).

5.7.1 Electrochemical characterization of Pt-Sn/C HA Slurry pH3 and HA Slurry pH3

heat-treated samples.

From the physical and structural properties investigated in the previous chapter the Pt-Sn/C
HA Slurry pH3 catalysts was found to be the best synthesized as prepared catalyst and was
subjected to heat-treatment. Electrochemical measurements were performed at room
temperatures in 0.5 M H,SO,. Prior to recording experimental data the CV was cycled 25
times at 100 mV s™ between 0 and +1.0 V vs NHE in order to produce a clean electrode
surface. The Pt-Sn/C catalysts were first characterized electrochemically by CV. Fig 5.15
shows the CV plots of Pt-Sn/C HA Slurry pH3 series catalysts. During the initial scan (before
recording CV) it was observed that the peak current densities for the as-prepared catalyst
increases initially with cycle, which could be attributed to surface roughing and removal of
contaminants from the catalyst surface. Although the as-prepared sample (Fig. 5.15) showed
a large PtO reduction peak (E = +0.65 V vs NHE comparable to Pt/C) during the early cycles,
the peak current density decreased slightly after 20 cycles, indicating possible instability of
the catalyst. For the heat-treated 500 °C and 600 °C catalysts the peak current densities
remained the same after the initial surface cleaning stage, indicating much improved stability

due to alloying and larger particle size as seen with TEM and XRD data. For the as-prepared
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Pt-Sn/C HA Slurry pH3 catalysts well defined hydrogen adsorption/desorption peaks were
not observed, suggesting the high dispersion of the catalyst with disordered surface structure
[19].

Pt-Sn/C as-prepared
— 600 °C
Pt/C
———500°C
350 °C
———250°C

Current Density (MA cm?)

— :
0.0 0.2 0.4 0.6 0.8 1.0
E(V vs NHE)

Fig.5.15 Cyclic voltammograms obtained on a Pt-Sn/C HA Slurry pH3 electrode and compared with that of
Pt/C0.5M H,SO, solution; scan rate of 20 mV/s™.

For the different heat-treated Pt-Sn/C catalysts it was observed from the CVs that the
hydrogen adsorption/desorption current decreases with increasing temperature. Therefore, the
incorporation of Sn appears to block the active sites affecting the catalyst hydrogen
adsorption/desorption properties of the heat-treated Pt-Sn/C catalyst contrary to Pt/C [15].
The decrease in ECSA for the heat-treated catalysts can therefore be attributed to increase in
particle size and higher degree of alloying as the temperature increased.

The ORR were performed in O, saturated 0.5 M H,SO, solution with a 5 mm GC RDE
between +0.2 — 1.0 V vs NHE at a scan rate of 5 mV s™. Fig. 5.16 shows the LSVs of as-
prepared and heat-treated Pt-Sn/C HA Slurry pH3 and commercial Pt/C catalyst. It is evident
that the oxygen reduction on the as-prepared Pt-Sn/C, Pt-Sn/C 250 °C and Pt/C catalysts is
diffusion controlled when the potential is less than +0.7 V vs NHE and is under mixed
diffusion-kinetic in the potential region between +0.7 V — +0.90 V vs NHE. Oxygen
reduction activity of the catalysts were calculated by taking the activity at +0.85 V vs NHE
after subtracting the background scan and performing the IR-Drop correction are given in
Table 5.7. The results of LSV indicated that the as-prepared Pt-Sn/C catalysts exhibited
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higher ORR activity than the commercial 20% Pt/C (JM). The increase in ORR activity is

attributed to the inhibition of formation of hydroxy species on the Pt surface.
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Fig. 5.16 Polarization curves obtained with a RDE for O, reduction on a Pt-Sn/C electrode and compared with
that of Pt/C in 0.5 M H,SO, solution at 1500 rpm; scan rate 5 mV/s.

Moreover, oxygen reduction proceeded in a relatively positive potential region for the as-
prepared Pt-Sn/C catalyst compared to Pt/C. The half wave potential for ORR of the Pt-Sn/C
alloy is higher compared to that of the 20% Pt/C catalyst. This could be due to differences in
the surface activation which is related to the size and distribution of the metallic
nanoparticles. The similar shape of LSVs and high current density of the as-prepared Pt-Sn
catalyst to that of the Pt/C catalyst indicates that the oxygen reduction takes place in the same
manner with the catalysts but with facile kinetics on the Pt-Sn alloy [19]. For the Pt-Sn/C
heat-treated catalysts a decrease in SA was observed going from the as-prepared sample to
the 500 °C heat-treated sample and then with an increase for the 600 °C annealed catalyst.
This jJump can be attributed to the large sections of agglomeration of the nanoparticles found
for Pt-Sn/C 500°C catalyst when investigated with TEM. Only the Pt-Sn/C 250 °C showed
higher MA and SA values for the heat-treated samples proving that the alloying effect is an
important factor affecting the catalytic activity towards ORR and that the temperature of
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250 °C is the optimum temperature to achieve the best possible performance for the heat
treated Pt-Sn/C catalyst compared to Pt/C. The heat-treated catalysts showed that a bigger
particle size and particle distribution does not necessary implies a decrease in ORR activity as
seen for the as-prepared catalysts that showed a particle size distribution of 2.49 nm and Pt-
Sn/C 250 °C a particle size of 5.08 nm but whose ORR performance was comparable to 20%
Pt/C and Pt-Sn/C HA Slurry pH3 catalysts. The relatively higher oxygen reduction activity
for the as-prepared and 250°C Pt-Sn/C catalysts compared to 20% Pt/C catalyst, can be
correlated to the distribution of nanoparticles and orientation of surface atoms in the crystal
planes, altering the redox energy levels as a function of particle size, particle distribution and
the metal loading effect. The fact that the Pt-Sn/C 250 °C catalyst showed slightly higher SA
than the commercial 20% Pt/C catalyst is encouraging, and showed that the ORR reaction is
not inhibited by the alloying with Sn when heat-treated although, the same cannot be said of
the other heat-treated Pt-Sn/C catalysts where a decrease was observed as the temperature

was increased.
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Fig.5.17(left) Polarization curves obtained with a RDE for O, reduction on Pt-Sn/C HA Slurry pH3electrode in
0.5 M H,SO,solution at 1500 rpm; scan rate 5 mV/s, (right )Koutecky — Levich plots prepared from as prepared
Pt-Sn/C HA Slurry pH 3 data at different potentials in mixed kinetic-diffusion controlled region.

The higher MA for as-prepared and 250 °C Pt-Sn/C catalysts indicated that these 2 catalysts
are possibly suitable for application in DMFC. Further kinetic information regarding the
electron transfer reaction was gained when constructing KL-plots for the Pt-Sn/C HA Slurry

pH3 shown in Figure 5.17. The K-L Plot (plot of i*vs.o™?) gave parallel straight lines at
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various potentials in the range of +0.8 V — +0.85 V vs NHE in the mixed diffusion controlled
region. The K-L plots showed linearity in the selected potential range confirming that the
oxygen reduction reaction follows first order kinetics. The number of electrons calculated
from the slopes of the KL-Plot for as-prepared Pt-Sn/C HA Slurry pH3 was 3.43. The K-L
plots of all the Pt-Sn/C HA Slurry pH3 catalyst series showed linearity confirming that the
oxygen reduction reaction follows first order kinetics with respect to molecular oxygen. From
the number of electrons calculated for Pt-Sn/C HA Slurry pH3 catalysts series, we can
conclude that oxygen reduction on all the Pt-Sn/C catalysts occurred via the direct reduction
of oxygen to water which is supported by the desired 4¢€ transfer path for ORR. However, we
cannot exclude the notion that a certain percentage of hydrogen peroxide could have been
formed during the ORR. Rotating Ring Disc Electrode (RRDE) experiments need to be
conducted to evaluate if H,Oais in fact formed during the ORR. For this dissertation, RRDE
experiments were not conducted as we did not have the necessary equipment in our
laboratory to perform these tests or to perform ORR experiments at elevated temperatures to
match DMFC conditions as the reaction kinetics of ORR will differ when performed at higher
temperatures used for DMFC operations.

Table 5.7 ORR kinetic properties of Pt-Sn/C HA Slurry pH3 catalysts series.

Catalyst Ewp ECSA Number é | SA @ 0.85V MA @ Tafel

Pt-Sn/C V) | (m*gtm) (n) (MAcm;?) 0.85V Slope
HA Slurry pH3 (Agls) | (mV dec?)
as-prepared 0.81 26.24 3.44 3.84 323 -62/-122
250°C 0.79 20.98 3.52 3.08 297 -61/-123
350°C 0.73 16.69 3.34 2.17 225 -59/-121
500 °C 0.71 11.32 3.23 1.18 109 -67/-125
600 °C 0.72 9.84 3.08 1.22 82 -63/-130
20% Pt/C 0.79 53.98 3.58 3.87 289 -59/-119
40 % Pt/C 0.82 56.08 3.43 3.92 327 -60/-121
46% TKK 0.86 64.35 3.54 5.06 421 -62/-121

Furthermore, kinetic information on the electron transfer reaction mediated by the Pt-Sn/C

HA Slurry catalysts were compared to Pt/C and is illustrated in Fig. 5.18. This illustrated E
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vs log ix curves or Tafel plots (obtained using Eq. 5.1). Table 5.7 summarizes the data
obtained at room temperature in 0.5 M H,SO, saturated with oxygen at 1500 rpm based on an
anodic scan from +0.2 V to + 1.0. V vs NHE at a scan rate of 5 mV s™in the range of +0.72<
E< +0.88 V vs NHE for Pt/C and Pt-Sn/C. Two Tafel slopes i.e. ca. -62 and —59 mV dec™ in
the low current region and —122 and —119 mV dec™ for the high current region were observed
for Pt/C and the as-prepared Pt-Sn/C HA Slurry pH3 catalysts respectively. For Pt/C the low
and high Tafel slopes were in good agreement with values found in the literature [5,7,15].
The Tafel slopes of the Pt-Sn/C HA Slurry pH3 and heat-treated catalysts were almost the
same as that of commercial Pt/C. This could be explained in terms of the coverage of the
electrode surface by adsorbed oxygen which follows a Langmuir isotherm (low coverage) at
high overpotential and a Temkin isotherm (high coverage) at lower overpotentials. This
implies that the rate determining step for the ORR is unchanged for Pt-Sn/C HA Slurry pH3
catalysts despite some differences in their electrocatalytic and physical properties [5,15]. The
as-prepared Pt-Sn/C HA Slurry pH3 and Pt-Sn/C 250 °C catalysts showed similar catalytic
activity towards ORR and gave an indication that the catalytic mechanism for ORR might be
the same as that of Pt/C indicating that the ORR kinetics was not negatively influenced by the
addition of tin, heat-treatment at 250 °C and difference in particle size for Pt-Sn/C 250°C
catalysts. The activity towards ORR was found to be as follows: Pt-Sn/C (HA Slurry pH3)
>Pt-Sn/C (HA Slurry pH3) 250 °C >Pt-Sn/C (HA Slurry pH3) 350 °C >Pt-Sn/C (HA Slurry
pH3) 600°C >Pt-Sn/C (HA Slurry pH3) 500°C. These findings are in good agreement with
work done by Jeyabharathi and co-workers [15] where they also observed that the as-
prepared Pt-Sn/C catalyst showed better performance than the different heat-treated Pt-Sn/C
catalysts. However, they could not fully explain why their as-prepared catalyst showed better
performance than the heat-treated catalysts. They observed a minimal decrease in particle
size when moving from the as-prepared catalyst (which was reported as 5.79 nm based on
their TEM results) to Pt-Sn/C 250 °C (reported as 5.63 nm). On the other hand, in our case
the particle size doubled (from 2.49 nm) when moving from as-prepared to Pt-Sn/C 250 °C
(5.08 nm) based on TEM experiments the as-prepared and heat-treated catalyst results were

comparable to each other.
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Fig. 5.18 Mass transfer Tafel polarization curves of Pt/C and Pt-Sn/C electrodes for ORR (R.T, 1500 rpm, scan

rate of 5mV s™ in 0.5 M H,SO, solution saturated in oxygen.

5.7.2 Effect of particle size on ORR for Pt-Sn/C HA Slurry pH3 catalysts

Considering the ORR mechanism (discussed in Chapter 2) the first step would involve
oxygen adsorption onto the surface of the Pt. The oxygen can dissociate into oxygen atoms
followed by an electron transfer reaction. What is also possible is that the electron transfer
can occur with the adsorbed molecular oxygen. Irrespective of the above steps, the final step
of the ORR mechanism is the formation of water. The water formed during the ORR must
leave the surface and thus a fine balance is required for the strength of the bonding of oxygen
to the Pt surface. If the bond is too weak the oxygen will not adsorb and if it’s too strong the
water produced will not leave the surface of the Pt thus blocking further sites for the reaction
to continue and thus in a sense, the oxygen then acts as a poisoning agent in the process. It is
therefore believed that the size of the platinum particle may affect this oxygen bond strength
and several groups have reported that for maximum ORR performance a particle size of
between 3-5 nm is desirable as the SA decreases as the particle size decreases and thus slower
reaction kinetics are observed [20-22]. However these claims did not take into account the

influence of the capacitive current by subtracting the background scans and performing IR-
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drop correction on the raw ORR data when reporting values for SA and MA based on particle
sizes. Therefore, findings made during these studies could be considered to be inaccurate.
Recently Nesselberger et. al., [23] reported (after subtracting background scans) that there
was little variation in SA for Pt particles with sizes ranging from 2-8 nm, and the results
obtained for the as-prepared Pt-Sn/C HA Slurry pH3 and Pt-Sn/C 250 °C catalysts are in

good agreement with this findings.

5.7 3 Methanol oxidation and methanol tolerant studies of Pt-Sn/C HA Slurry pH3 and
HA Slurry pH3 heat-treated samples.

In order to evaluate the Pt-Sn/C catalyst series for MOR, all data were compared to 20% Pt/C
in solutions of 0.5 M sulfuric acid + 0.5 M methanol as shown in Figure 5.19. The figure
shows that the methanol oxidation current density of 7.11 mA at a potential of +0.86 V vs.
NHE for Pt-Sn/C HA Slurry pH3 is less than that of the commercial current density for Pt/C
which was 8.25 mA at the same potential. It was observed that the as-prepared Pt-Sn/C
catalysts activity was 15% less than that of Pt/C. It was also interesting to note that the
methanol oxidation current decreases drastically as the temperature increased from 250 — 600
°C and that the methanol oxidation peak shifted to higher positive potentials. For the Pt-Sn/C
350 -600 °C catalysts, the methanol oxidation peak was observed at ca. +0.9 V vs NHE. This
shows (as seen with CV data) that the degree of alloying of Pt with Sn increases as the
temperature of the heat-treatment increases. More Pt active sites are blocked thus causing a
reduction in the methanol oxidation current. Methanol oxidation permeation studies were also
conducted on the Pt-Sn/C HA Slurry pH3 catalysts series. Figure 5.20 shows CVs obtained
after adding aliquots of methanol to the electrochemical cell containing 50 ml of 0.5 M
H,SO,4. The amount of methanol was increased with each scan to investigate the ability of
the catalyst to show resistance towards methanol oxidation if methanol should cross-over
through the membrane during DFMC testing. All the Pt-Sn/C HA Slurry pH3 catalysts
showed lower methanol oxidation current densities for the same amount of methanol added.
The results after adding 50 and 200 pl methanol to all the Pt-Sn/C catalysts are shown in
Table 5.8. All of the synthesized Pt-Sn/C HA Slurry pH3 catalysts performed better when
compared with Pt/C generating a lower methanol oxidation current at ca. +0.86 V vs NHE for
the same amount of methanol added. Methanol tolerant properties of Pt-Sn/C pH3 catalysts

were gained in an electrolyte solution containing 0.5 M H,SO4 + 0.5 M methanol using a
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polarization technique. The potentials were scanned from +0.2 - +1.0 V vs NHE at a scan rate

of 5 mV s™ under an oxygen atmosphere and the polarization curves are shown in Fig. 5.21.
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Fig. 5.19CV of methanol oxidation obtained on a Pt-Sn/C electrode and compared with that of Pt/C in 0.5 M
H,SO, + 0.5 M methanol solution scan rate 20 mV s (b)
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Fig. 5.20 CV of methanol oxidation obtained on a Pt-Sn/C electrode after adding 50 pl methanol to 0.5 M
H,S0, and compared to Pt/C; scan rate 20 mV s, room temperature.
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Table 5.8 MOR properties of Pt/C and Pt-Sn/C HA Slurry pH3 series catalysts.

Catalyst MOR current MOR current MOR current
Pt-Sn/C @ 0.86 V (MA cm?) (mA cm™) after 50 pl | (mAcm™) after 200
methanol pl methanol

HA Slurry pH3 7.11 4.74 13.43
250°C 6.98 3.63 10.88
350 °C 2.4 1.98 7.02
500 °C 1.76 0.53 2.12
600 °C 0.11 0.04 0.0.7
20% Pt/C 8.25 5.96 19.28
40% Pt/C 13.03 7.35 27.89
46% TKK 13.55 8.02 34.21

Compared to the ORR in pure H,SO, solutions, all the catalysts for the ORR showed an
increase in overpotential. This increase is due to the simultaneous oxidation of methanol and
oxygen reduction on the surface of the catalyst. When compared to all the catalysts the
increase of the overpotential for the pure Pt/C catalyst was the highest and such a high mixed
potential at the cathode will negatively affect the performance of the catalyst when tested in
DMFC. Fig. 5.21 showed that all the Pt-Sn/C HA Slurry pH3 catalysts are less affected by
the presence of methanol in solution than Pt/C under the same conditions. For Pt-Sn/C 500°C
and 600 °C the methanol oxidation current is completely absent. This therefore implies that
the Pt-Sn/C catalyst system might be a good potential active cathode catalyst for application
in the direct methanol fuel cell with methanol tolerant capabilities. The ability of the catalysts
to show methanol tolerant behaviour can in part be described by the so-called geometric
“ensemble” effect [15,24-26]. The second metal or metal oxide (Sn, SnO,) atoms surrounding
the Pt active sites, could potentially block methanol oxidation on the Pt sites due to the
ensemble effect. Therefore, methanol oxidation on the binary system can be possibly be
suppressed. On the other hand only two adjacent Pt sites are required for the dissociative
chemisorption of oxygen and Pt is thus less affected by the presence of Sn or SnO..
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Fig 5.21 Polarization curves for Pt/C and Pt-Sn/C HA Slurry pH3 in 0.5 M H,SO4 + 0.5 CH;OH under oxygen
atmosphere and at a scan rate of 5 mV s, rotating speed 1500 rpm.

The composition of the as-prepared Pt-Sn/C bi-metallic catalyst — is 3:1 and results in a low
activity towards methanol oxidation and therefore represents a high methanol tolerance
during ORR [15,24-26].The order of electrocatalytic resistance towards methanol is as
follows: Pt-Sn/C 600°C>Pt-Sn/C 500 °C>Pt-Sn/C 350 °C>Pt-Sn/C 250 °C>Pt-Sn/C as-

prepared.
5.8 Accelerated durability studies

Accelerated durability studies were conducted to investigate the catalyst performance over a
long period (10-12 hours) to observe how the ECSA will be effected if exposed to long hours
of operation in a DMFC. First we applied accelerated square wave potential cycling between
+0.6 and +1.10 V vs NHE in N, purged 0.5 M H,SO, solutions at room temperature for 1200
cycles after which the procedure was stopped and then the CV required for calculation of
ECSA was recorded at a scan rate of 25 mV s™ form +0.05V — +1.10V vs NHE. The cycle
was then repeated and a CV scan recorded after every 1200 cycles. The study was performed
overnight and lasted for up to 12 hours. The CVs showed a loss of 14% and 18% in ECSA for
20% Pt/C and the as-prepared Pt-Sn/C HA Slurry pH3 catalysts respectively for the first 1000
cycles suggesting the lower durability of Pt-Sn/C HA Slurry pH3 for long term operation. As
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the number of cycles increased, so the ECSA decreased for both catalysts. After 7200 cycles
the overall loss in ECSA was 49% for Pt/C and 51% for Pt-Sn/C HA Slurry pH3. The bad
performance of the Pt-Sn/C HA Slurry pH3 catalysts during the initial stages of the durability
test may be related to the incomplete alloying of Pt with Sn for the as-prepared catalyst. Also,
Sn may dissolve or leach out of the surface under the operation conditions and long exposure
in the acidic environment. Fig.5.22 shows the comparison of the different Pt catalysts after
performing the accelerated durability tests for 15 000 cycles. The 46% TKK catalysts showed

the worst durability capabilities of all the commercial catalysts with an overall lost in ECSA
of 83%.
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Fig. 5.22 CV of (a) 20% Pt/C (b) Pt-Sn/C HA Slurry pH3(c) 46% TKK and (d) 40% Pt/C before and after
accelerated durability test at 25 mV stin 0.5 M H,S0,.
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Although the initial ECSA for TKK was the highest, there was a steep drop in ECSA value
after 3000 cycles. For the Pt-Sn/C as-prepared catalyst the ECSA in the beginning was higher
than that of Pt-Sn/C 250 °C catalyst but after 15 000 cycles the overall lost in ECSA was
much lower for the heat-treated catalyst when compared to the as-prepared catalyst and
commercial Pt/C catalysts. This proves that heat-treatment of the Pt-Sn/C catalyst is
beneficial when it comes to the catalyst’s durability properties and that the catalyst is more
stable under ADT conditions in comparison with the commercial catalyst. It was observed
that after 9000 cycles a plateau appears for all the catalysts (except TKK) indicating that
after a certain amount of cycles the ECSA values do not change much as seen during the
initial stages of the test (1- 7200 cycles). After completion of the ADT runs post analysis of
selected catalysts samples by TEM revealed changes in the morphology of the catalysts. The
TEM micrographs in Fig. 5.24 show significant increase in particle size and agglomeration
for TKK and the as-prepared Pt-Sn/C.
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Fig. 5.23 Durability test of different Pt/C and Pt-Sn/C catalysts.
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(a) (b) (c)

Fig. 5.24 (top) Pre-TEM images of (a) Pt-Sn/C, (b) TKK and (c) Pt-Sn/C 250°C (bottom) post TEM images.

The increase in particle size and the widening of the particle size distributions shown in Fig.
5.25 are characteristic of Ostwald ripening and is a major degradation mechanism for Pt/C
catalysts at the cathode [27].The as-prepared Pt-Sn/C and TKK catalyst both showed the
smallest particle size distribution before cycling but the effect of Ostwald ripening was more
severe on both when compared to the other catalysts. It’s known that smaller Pt nanoparticles
are more easily subjected to dissolution than larger ones making the effect of Ostwald
ripening bigger and hence the bigger lost in ECSA for the two catalyst in comparison with the
other catalyst that showed a bigger particle size distribution [27,28]. On the other hand, there
was no significant change in particle size for the Pt-Sn/C 250 °C catalyst. This enhanced
durability is more likely due to inhibition of Ostwald ripening as a result of heat treatment of
the catalyst. Table 5.9 summarizes the data collected after the ADT run.
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Fig. 5.25 Particle size distribution of pre -and post ADT TEM images of (a) Pt-Sn/C, (b) TKK and (c) Pt-Sn/C

250°C.

Table 5.9 Summary of catalyst properties and ADT data

Catalyst Particle | Particle Size | ECSA before ECSA after | % ECSA
Size after ADT | ADT (m’g?s) | ADT (m’g ey lost
(nm) (nm)

20% Pt/C 3.94 5.32+1.87 53.98 22.34 58.61

40% Pt/C 3.80 5.67 £2.02 56.08 15.54 72.28

46% TKK 2.97 7.23 £2.62 64.35 10.76 83.27

Pt-Sn/C 2.49 4.56 +2.24 26.24 11.87 54.76

Pt-Sn/C 250°C 5.08 5.98 £1.65 20.98 10.65 49.23

5.9 Conclusions

Carbon supported Pt-Sn alloy electrocatalysts synthesized with the polyol method were
characterized electrochemically by CV, MOR and ORR. All the Pt-Sn/C catalysts showed

different degrees of resistance towards MOR and can be attributed to the alloying of Pt with

Sn. Of the as-prepared catalysts, the Pt-Sn/C HA Slurry pH3 catalyst showed superior

performance when compared to 20% Pt/C for ORR and MOR and was comparable to 40%

Pt/C. Subtracting background scans for raw ORR data and IR-Drop correction for ohmic
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resistance of electrolyte solutions proved to be an important factor in producing accurate iy
and Tafel slope values. The thin-film method proved to be a satisfactory method to screen
catalyst before DMFC testing. Heat-treatment of the Pt-Sn/C HA Slurry pH3 catalyst showed
an increase in methanol tolerance but mix performances towards ORR were observed. The
Tafel slopes of Pt-Sn/C HA Slurry pH3 heat-treated catalysts suggest that the ORR
mechanism is similar to that of Pt/C and that the alloying of Pt with Sn does not negatively
influence the catalyst kinetic properties. From the initial screening of the synthesized
catalysts, the as prepared Pt-Sn/C HA Slurry pH3 and Pt-Sn/C 250 °C fulfilled the criteria for
the search of a methanol tolerant cathode catalyst as both catalysts showed methanol
resistance as well as faster kinetics for the ORR. However, an area in which the two catalysts
performance were not up to standard was during the durability testing were it was
demonstrated that both catalysts showed a lost in ECSA of more than ca. 50% which is not
satisfactory for a cathode catalyst which needs to be operational for long hours in a DMFC.
The improvement of the durability properties is critical and further work is needed is this area

to lower the percentage lost in ECSA.
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Chapter 6
Performance of Pt-Sn/C electrocatalysts in DMFC

6.1 Introduction

As discussed in Chapter 2 the search for more active cathode electrocatalysts with reduced Pt
content is progressing in two major directions a) focusing on Pt-based catalysts and b)
focusing on non-Pt catalysts [1,2]. As mentioned before, it is more beneficial for groups in
South Africa to focus on Pt-based catalysts as South-Africa is the world’s largest supplier of
PGMs. As for real applications in PEMFC and DMFC, Pt rich catalysts have shown
significant improvement of 2-3 fold when compared to pure Pt catalysts interms of
performance based on activity [3,4].

To develop new electrocatalysts with improved activity for fuel cell applications, well
defined measurements are required to quantitatively determine and compare the
electrocatalytic activities under fuel cell relevant conditions (i.e., steady state, 60-80 °C,
continuous reactant flow). The most common method for this approach is to produce a MEA
and to measure the catalytic activity in a single cell configuration in spite of the fact that such
an evaluation of catalysts in the form of a MEA in fuel cells is a very time consuming
process. Therefore, a facile alternative was developed on the basis of the RDE method used
in the previous chapter [5]. Therefore, only the 2 catalysts with the best performance from the
thin-film RDE studies (i.e., as-prepared Pt-Sn/C HA Slurry pH3 and the Pt-Sn/C 250 °C)

were considered for DMFC testing.
6.2 Testing of Pt-Sn/C electrocatalysts in a fuel cell environment.

DMFC electrodes were fabricated using the synthesized Pt-Sn/C HA Slurry catalysts and
electrochemical performance was evaluated as described in Chapter 3. Commercial Pt/C
catalysts were also fabricated and evaluated for comparison. The polarization curves of 20%
Pt/C (Pt1 MEA) and 40% Pt/C (Pt2 MEA) (JM) of the prepared electrodes are presented in
Fig.6.1. The two cells differed only on the cathode side depending on which commercial Pt/C
catalysts were used. It is also important to point out that it was never our aim to optimize the

DFMC testing conditions. The aim was to investigate how the best synthesized Pt-Sn/C
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catalyst prepared via the improved methodology would perform under true conditions
compared to the commercial Pt/C catalysts. The reason for doing this was due to as the fact
that results and conclusions made from RDE testing could differ substantially from fuel cell
testing results since conditions are not quite the same and will thus influence the performance
of the catalyst. From Fig. 6.1 it should be noted that the open circuit voltage (OCV) for
typical DMFC catalysts is expected to be in the 0.65-0.9V range [6]. For both cases the OCV
is significantly lower than the expected value but similar to each other. However, these
typically higher OCV values were obtained with catalysts having loadings of 1.5 — 2.5 mg Pt
cm™ and frequently even up to 5 mg Pt cm™ which is much higher than the 0.5 mg Pt cmfor
our catalysts used in this study. These high catalyst loadings are needed for DMFC when
compared to PEMFC (which is normally 0.2- 0.5 mg Pt cm™) due to slow reaction kinetics
found in DFMFC operations [6,7].
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Fig. 6.1 Polarization curves of the Pt/C catalysts MEAs after conditioning cell temperature, 70-C; methanol

concentration and flow rate, 1.0 M and 20.0 ml min*; dry oxygen, 50 ml min* at ambient pressure.

Since it is of interest to compare the performance of Pt/C and the Pt-Sn/C catalysts the OCV
baseline is considered to be less important than having similar OCV. It may also be noted in
Fig. 6.1 that the cell made of 40% Pt/C cathode exhibits a higher performance although both

commercial electrodes have similar Pt loading (0.5 mg Pt cm™). At a fixed voltage of 0.35 V,
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the current density of Pt2 MEA was nearly 17.2 mA cm™ which is higher than 7.4 mA cm™
for Pt1. The polarization curves also demonstrated that the Pt2 electrode has a higher limiting
current density than Ptl and therefore the mass transport properties of the Pt2 electrode are
better than that of Ptl. To determine the exact reason for this better performance, further
electrochemistry studies need to be performed on the different MEAs. From a MEA assemble
point of view, human error can have an influence on every MEA and there is no guarantee
that every MEA assembled is done in the same manner. Therefore this could also make a
contribution and be one of the reasons why the performance of Pt2 was better. By comparing
the two commercial catalysts the importance of performing single cell fuel cell testing to
determine the real activities of the catalysts for real fuel cell applications is easy to be
understood. Additionally, we also compared the best synthesized Pt-Sn/C electrocatalysts
based on ORR using the RDE method to the commercial Pt/C catalysts and the results are
illustrated in Fig.6.2.
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Fig. 6.2 Polarization curves of the Pt/C and Pt-Sn/C catalysts MEAs after conditioning. Cell temperature, 70-C;

methanol concentration and flow rate, 1.0 M and 20.0 ml min™%; dry oxygen, 50 ml min* at ambient pressure.

The polarization curves indicated that the as-prepared Pt-Sn/C HA Slurry pH3 showed a
higher OCV than Ptl but lower that Pt2 whereas in the case of the Pt-Sn/C 250 °C a decline

in performance was observed. Table 6.1 summarizes the results gathered from single cell
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DMFC testing. The importance of single testing was noted in these results since in the RDE
testing the Pt-Sn/C 250°C catalysts showed better performance than the commercial 20%
Pt/C catalyst, whereas for the DMFC testing performed under our laboratory conditions the
opposite was observed. This decline could be attributed to several factors including the way
the catalyst ink was prepared and the manner in which the MEA was actually assembled.
However, after repeating the Pt-Sn/C 250 °C catalyst evaluations twice more, the same
observations were made where a decrease in performance was observed. This proved that in
order to make a proper conclusion of a newly prepared electrocatalyst, both RDE and fuel
cell testing is absolutely essential. The 40% Pt/C catalyst (0.5 mg Pt cm™ loading) showed
the best performance of the MEAs. From CV results (Chapter 5) it showed the highest ECSA
which means that the 40% Pt/C catalyst has a higher active surface area. Another reason for
the improved performance could be that the catalyst layer of the MEA is much thinner as
less catalysts (less carbon) is needed for the 40% Pt/C catalyst to achieve the desired loading
of 0.5 mg Pt cm™. The path that the reactants (methanol and O,) move through to come in
contact with the catalysts is much sorter due to the thinner catalyst layer on the cathode and
anode. This results in a shorter path that leads to lower resistance and therefore a higher
activity. The order of performance for DMFC testing was found to be: Pt2 >Pt-Sn/C HA
Slurry pH3 > 20% Pt/C >Pt-Sn/C 250°C.

Table 6.1 DMFC polarization data

Catalysts OCV (V) Current Density Power Density
@0.35V (MmA cm?) @0.35V (W cm?)
20% Pt/C 0.502 4.33 1.51
40% Pt/C 0.62 12.11 4.33
Pt-Sn/C as-prepared 0.54 7.25 2.84
Pt-Sn/C 250 °C 0.47 3.47 1.98

The gas diffusion electrode (GDE) catalysts were prepared by machine spray on carbon
paper. The advantage of doing this to enable different electrode sizes to be prepared i.e., 5x5,
10x10, 25x25 by the simple expedient of physically cutting out the size required from the
paper. The second major advantage of preparing the catalysts in this manner is that several
small MEAs can be prepared from the same paper sheet and also the machine sprays evenly

and it is not labour intensive. However it was found that preparing the catalysts in this way

125




for DMFC gave very low currents when the cell was polarize during fuel cell testing. It was
thus of interest to investigate how the performance would change if instead of spraying on the
Toray carbon paper we directly sprayed on the Nafion membrane. This latter method in
literature is referred to as the catalyst coated membrane (CCM) method. The catalysts
prepared for fuel cell testing were prepared the same with the only difference in the CCM

method being that we did not use the Asymtek instrument but rather the hand spray gun.

Fig. 6.3 Picture of a catalyst coated membrane (CCM).

The prepared membrane is very fragile and can easily tear and thus when preparing the
catalysts employing the CCM method one needs to be extremely careful. During the drying
process of the catalysts using the spray procedure, caution needs to be taken to ensure that the
membrane is not placed too close to the infra-red lamp as this will cause the membrane to
deform due to the heat. Fig 6.4 shows the comparative performances of the Ptl and as-
prepared Pt-Sn/C HA Slurry pH3 catalysts with the CCM method. The OCV for both
catalysts parallel each other very closely and are also close to the values observed for the
GDE technique. However the current observed with the CCM method during polarization of
the cell was much higher than before. For 20% Pt/C the limiting current at 0.2 V was 17.7
mA cm by spraying on the carbon paper and 92 mA cm™ when using the CCM technique,
which lead to 5 fold increase of current. For Pt-Sn/C HA Slurry pH3 catalyst the limiting
current was 23.60 mA cm with GDE technique and 103.2 mA cm™ when the catalysts were
directly sprayed on the membrane which led to a 4 fold increase of current. Table 6.2 shows
the values found for the CCM technique. The big improvement on the catalysts performance
can be attributed to several factors. In the CCM method the anode and cathode ink are
sprayed on opposite sides of the membrane which results in better contact between catalyst

and membrane and is thus able to provide an increase in performance.
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Fig. 6.4 Polarization curves of CCMPt/C and Pt-Sn/C catalysts MEAs after conditioning cell temperature, 70-C;
methanol concentration and flow rate, 1.0 M and 20.0 ml min™%; dry oxygen, 50 ml min™* at ambient pressure.

In the case for the GDE technique, the membrane is sandwiched between the catalyst sprayed
carbon paper that influence the contact between the catalysts and membrane seeing that the
catalysts is sprayed on only one side of the carbon paper. A further reason for the observed
increase in performance for CCM could be that the structured setup for the measurements
achieved a lower resistance. Thus by eliminating the carbon paper it ensured that there was
nothing in the path of methanol/O;, to inhibit these from coming into contact with the
electrode surface and this further would contribute in a lower resistance with concomitant
increase in current. At a potential of 0.35 V the current density of the Pt-Sn/C catalyst was
39.6 mA cm™ to the commercial catalyst which was 29.8 mA c¢m™ i.e., an improvement of
25%. Concerning the power density at 0.35 V the effect of tin was important with a power
density of 18.13 mW cm™ compared to 15.82 mW cm for pure Pt an increase of 13% for Pt-
Sn/C catalyst.

Table 6.2 DMFC polarization data of Pt/C and Pt-Sn/C with CCM

Catalysts OCV (V) Current Density Power Density
@0.35V (mA cm?) @0.35V (W cm?)
20% Pt/C 0.5 29.8 15.82
Pt-Sn/C as-prepared 0.53 39.6 18.13
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6.3 Conclusions

The Pt-Sn/C catalysts with the best physical and electrochemical properties that were
synthesized had their corresponding MEAs fabricated. For single cell DMFC testing
commercial Pt/C was used and compared to our in-house catalysts. The OCVs were measured
to be lower than what is reported in literature but were close to each other for catalysts having
a loading of 0.5 mg Pt cm™. The as-prepared Pt-Sn/C HA slurry pH3 catalyst performed
better than Ptl and Pt-Sn/C 250 °C. However, during ORR testing the Pt-Sn/C 250 °C
performed better than Pt1 but during real fuel cell testing it showed the lowest performance.
This finding highlights the fact that in order to make an informed conclusion of the improved
abilities of a new electrocatalysts, both RDE and fuel cell testing are required to observe how
the catalyst is able to perform under real conditions. The GDE technique proved to be
unsuitable for DMFC testing whereas the CCM testing technique showed that our best
catalyst viz., Pt-Sn/C HA slurry pH3 demonstrated a much better performance with an
increase in current during fuel cell studies. However, further more comprehensive

electrochemical studies on the MEAs are required before an overall conclusion can be made.
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CHAPTER 7

Conclusions and Recommendations

The thesis describes work that originally set out to achieve three different objectives — a) to
synthesize Pt-Sn/C catalysts with an improved polyol reduction method producing catalysts
with high Pt loading that will be methanol resistant and promote the ORR, b) to characterize
the Pt-Sn/C catalysts based on their physical and electrochemical properties and c) to
evaluate the best synthesized Pt-Sn/C catalysts in a DMFC and compare the results to the

commercial Pt/C catalysts.
7.1 Conclusions

Pt-Sn/C catalysts were successfully synthesized using a modified polyol reduction method.
Different variations to the STD method were implemented to establish the best synthesis of
the catalysts. It was found that adjusting the pH to above 12 initially helped with the
reduction of the particle size and distribution. The influence of an experimental parameter
viz., pH of the solution during the overnight stirring process, was explored. It was found that
adding HCI which acted as a sedimentation promoter to adjust the pH to 3 after the reaction
was completed resulted in the smaller Pt particle size and higher Pt loading. The role of
sonication was also investigated and it was found that 30 — 60 min was sufficient for the
reaction mixture to be sonicated before starting the reduction reaction procedure. The particle
size of the catalysts were determined by XRD and TEM and found to be comparable to each
other. The Pt size ranged from 2-4 nm for the as-prepared catalysts and 5-10 nm for the heat-
treated catalyst. It was concluded that adjusting the pH after completion of the reaction was a
key parameter. It was found that Pt-Sn nanoparticles were stabilized by the presence of
glycolate ions whose content is affected by the pH.

Electrochemical characterization of the synthesized Pt-Sn/C catalysts was carried out by CV,
MOR and ORR testing. From EC testing the as-prepared Pt-Sn/C HA Slurry pH3 and Pt-
Sn/C 250 °C catalysts were found to be the best performing based on ORR studies. All the
Pt-Sn/C catalysts showed resistance towards MOR. Electrochemical parameters like the
Tafel slope, specific-and mass activity were determined from ORR in H,SO,. Two Tafel

slope regions were observed in the low and high current density regions and values obtained
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for the two best catalysts were comparable to literature reported values. However accelerated
durability studies showed that improvement for long term operation still needs much attention
as the Pt-Sn/C catalysts were found to be unstable after long hours of operation when
compared to Pt/C.

As a final assessment the as-prepared Pt-Sn/C HA Slurry pH3 and Pt-Sn/C 250 °C catalysts
were tested in a fuel cell environment. The electrodes were prepared by either spraying on the
Toray carbon paper (GDE) with the Asymtek machine or by hand spraying directly on the
Nafion membrane. Polarization curves were obtained that demonstrated that the as-prepared
Pt-Sn/C HA Slurry pH3 catalyst performed better than the commercial 20% Pt/C with the
same Pt loading for the GDE technique. The CCM technique showed a big improvement
when the two catalysts were tested delivering much higher currents compared to GDE
technique when the cell was polarized from ca. 0.5 V — 0.2 V. The importance of conducting
electrochemical as well as real fuel cell studies were noted in order to make a proper
assessment of the synthesized electrocatalyst.

In conclusion the polyol method may be viewed as an effective synthetic route for the
synthesis of nanoparticles for FC applications. The strength of the method lies in its ability to
effectively control the size and distribution of nanoparticles without necessitating
complicated procedures. The Pt-Sn/C catalyst synthesized via the modified method has been
extensively characterized for relevant electrochemical and physical properties such that it can
be employed for fabrication by our research group for DMFC testing.

7.2 Recommendations:

It would be useful to investigate the influence of a third metal (Cu, Cr, Fe, Ni, Co) to observe
if there possibly can be any further improvement towards ORR and methanol tolerance. It
would also be useful to run long durability tests on the current Pt-Sn/C MEAs to determine
the exact reasons why the Pt-Sn/C 250 °C catalysts performed worst during DMFC testing
after showing enhanced performance during ORR testing. Also, more DMFC studies needs to
be conducted to find the optimum parameters for the Pt-Sn/C catalyst to be used as cathode
catalyst on a routine basis. Higher catalyst loadings for both anode and cathode should be

investigated and compared to other commercial Pt bi -metal catalysts.
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