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Abstract

Within the present dissertation, some alternative approaches have been investigated
for preparing catalysts for the polymer electrolyte membrane fuel cell (PEMFC).
Typically, 80-90% of the noble metal catalyst, usually platinum, contained in
PEMFC electrodes is not utilised in the electrochemical reactions. A more efficient
utilisation of catalyst should enable reductions in PEMFC cost, which is the primary
concern for the commercialisation of these systems. Electrodeposition of platinum
and ruthenium has been the focus of this work, with the intention of achieving
dispersed catalysts having high surface area-to-mass ratios. Another aim was to
place these catalyst particles at the optimal interfacial sites where reactions readily

OCCUT.

An investigation into the electrochemistry of HsPt(SO;).0H is reported. Platinum
was electroreduced from a solution of this comple acid onto glassy carbon (GC) in
preliminary experiments and then onto carbon-black (CB) based electrodes as used
in PEMFCs. During electrodeposition the platinum is thought to be poisoned by a
sulphide (or retained sulphite species) that limits the growth of platinum particles
during electrodeposition. Platinised electrodes were electrochemically cycled
between the hydrogen and oxygen evolution potentials in H.SO, solution in order to
activate the platinum and obtain a reproducible surface area. Strong oxidation and
reduction currents were observed during the potentiodynamic cycling treatments
indicating gradual removal of the poisoning species. For a comparison, the
poisoning effect of sulphite was investigated on both smooth platinum and Pt/GC
electrodes using a NaHSOQ, solution. The Pt and Pt/GC electrodes were instantly
deactivated in NaHSO; solution and were cleaned in a manner akin to the Pt/GC
electrode prepared from electroreduction of HyPt(SO,).OH. The platinum redox
behaviour and surface area of these sulphite-poisoned electrodes was fully

recoverable using the same potentiodynamic cycling treatment.
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The electrochemistry of H;Ru(SC ).0H was also investigated. Ru is an important
alloying meta] in fuel cell catal sts, particularly for operation on fuels such as
hydrogen containing carbon monoxide, or methanol. Ruthenium was
electroreduced from H3;Ru(S0;).OH solution onto GC and CB-based electrodes. It
was found that the ruthenium surface was also poisoned, probably via a sulphide or
sulphite species, in the same way as the Pt electroreduced from H;Pi(SO,),OH.
Cleaning the Ru surface proved difficult via electrochemical cycling, since the metal
electrodissolves at potentials less than those required to oxidise the poisoning
species. The electrodeposition of Ru onto Pt electrodes and the co-electrodeposition
of PtRu catalysts was also investigated.

A novel electrodeposition technique for platinising the catalyst layer of a PEMFC
was also developed. This method is believed to deposit platinum particles in the
necessary three-phase reaction zones (essential for catalysis in fuel cells), facilitating
increased utilisation of platinum in comparison to conventional systems. This
method consists of a two-step procedure involving the impregnation of platinum
ions into a preformed catalyst layer (via an ion-exchange into the Nafion polymer
electrolyte), followed by a potentiostatic reduction. The concentration of Nafion
within the catalyst layer was found to have a significant bearing on the size of the
platinum deposits. The preparation of catalyst layers containing a desired platinum
loading should also be possible using this method.
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Chapter One Introduction

As society becomes more industrialised there is an increasing need to develop
sustainable, more efficient power sources. Non-renewable sources sach as fossil
fuels provide the bulk of our present electrical energy, as they have since the
Industrial Revolution. However, not only is the eventual demise of fossil fuel
reserves inevitable, but the increasing quantity of carbon dioxide and pollutants
released from these materials in power generation has become a major concern for
the well-being of both humanity and earth’s ecosystems. Air pollution is directly
linked to respiratory disease and acid rain, whilst CO. is a major contributor to

global warming.

The development and widespread usage of efficient, environmentally sustainable
power sources, i.e. those operating on renewable energy sources, has therefore
become a significant aspiration. Renewable energy sources include hydro-electric,
geothermal, solar, wind, tidal and wave energy. The storage of surplus energy
obtained from these sources is also an important consideration. One promising;
option is the conversion of renewable energy to hydrogen, for later conversion to
electricity via a fuel cell. A fuel cell is essentially an electrochemical device that
enables the conversion of chemical energy at much higher efficiencies and in a more

environmentally acceptable manner ¢f. most conventional power sources.

Affordability is probably the main limiting factor towards the widespread
commercialisation of fuel cell technology. A considerable amount of research has
been undertaken on material cost reduction and ways of improving the operating
performance of fuel cells for everyday applications. A major area for continued
research is the reduction in the amount of expensive catalyst material (e.g.
platinum) used in the low-temperature fuel cells. For the high-temperature fuel
cells, a reduction in the operating temperature is desired (or else the development of
superior materials to withstand the corrosion and thermal expansion problems at ~
1000 °C). Once fuel cells become financially equivalent or superior (e.g. via
improved fuel efficiency) to conventional power sources, a widespread fuel

distribution infrastructure is expected to arise as a result of supply-and-demand.




Chapter One | Introduction

Over the last two decades, the capabilities of fuel cells have been improved to the
extent that many fuel cell types are now comparable to existing technology. This is
particularly true in the case of the polymer electrolyte membrane fuel cell (PEMFC)
and the internal combustion engine. In most ways, the PEMFC is comparable in

performance to the conventional car engine, and in some ways they are far superior
(particularly in fue] efficiency and lack of undesirable emissions). This fuel cell
technology is predicted to be commercially available in vehicles from as early as
2010, according to General Motors [Burns, 2002], and possibly even by 2004,
according to DaimlerChrysler [Kable, 1999]. In December 2002, Honda and Toyota
separately released the first few ‘market ready’ hybrid electric vehicles (EVs),
powered by a battery and a PEMFC, for testing under typical driving conditions in
California [Hydrogen Fuel Cell Letter, 2002]. The demonstration of such prototype
PEMFC and hybrid-powered EVs by the major auto-makers illustrates the rise of the
PEMFC as a highly viable candidate for future power generation.

This dissertation seeks to minimise the amount of platinum-based catalysts used in
PEMFCs via alternative preparation methods, to aid in making these fuel cells more
affordable. |

1.1 Energy

Energy is required by all life-forms. Plants harness solar energy. Animals obtain
energy from chemically breaking down molecules in foodstuffs. During the last 30-
40 000 years, humans have discovered how to harness an increasing number of
energy sources. Today, the global demand for energy is forever increasing due to the

continual growth in population and the technological advancement of all societies.

One of the earliest forms of energy harnessed by primitive humans was fire. The
chemical reaction between oxygen and a carbonaceous material releases heat and

light. Dried plant materials such as wood may burn’: the combined chemical energy
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of the reactants (carbon and oxygen) is higher than that of the product (C0,), and
the difference in energy is released (in this case as heat and light)., For a chemical
reaction to occur spontaneously, it is essential that the total energy of the products is
less than that of the reactants; Fig. 1-1 illustrates this general process. In more
recent centuries, energy has been extracted from more complex carbonaceous
substances, such as fossil fuels, which have much higher energy densities.

Reactani(s) Activation
eg. C+0, Energy
— A

Product(s)

Energy
e CO Released
I
—»

Reaction Coordinate

Fig. 1-1 A schematic representation of the release of energy in an exothermic
reaction. In most cases, if is preferable for the released energy to be greater than
the energy required to initiate the reaction (the activation energy).

Another form of commonly available energy is ‘potential energy’, which is derived
from the Earth’s gravitational field. Potential energy is determined from the mass of
an cbject, the gravitational force and the height of the object above the earth’s
surface (for most typical situations). The force of gravity is utilised in producing
hydro-electric power, where the natural flow of water to a lower altitude is
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harnessed by turbines. The potential energy of the water is converted to *kinetic
energy (which is deterinined from its mass and velocity) as it is allowed to flow
through the turbines. The turbines are linked to a generator that converis this
energy to electrical power. Hydro-electric power is considered a ‘renewable’ energy
souree, since its operation does not involve the consumption or conversion material
resources and it is potentially available in unlimited quantities. Of course, the use of
hydro-electric power generally involves the damming of a river valley, and this may
cause the loss of considerable land area and also destroy the habitat of many species,
so it is pot necessarily a particularly environmentally-friendly solution.
Furthermore, most dams fill up with silt after 20 to 50 years [Lomborg, 2001].

Other renewable energy sources include tidal, wave and wind energy, Table 1-1.
Power generation from these sources involves harnessing the kinetic energies of
water or wind and the subsequent conversion of these sources to electrical energy.
An increasing number of such power stations are being built in many locations
around the world. The other major renewable energy sources include solar energy
(radiation from the sun) and geothermal energy (heat from the earth in volcanically
active regions). Solar and geothermal energy may be used for either thermal or
electrical pow.r > generation. Photovoltaic arrays are used to convert solar radiation
energy to electricity. Solar radiation also plays a role in atmospheric fluctuations
(along with effects from the earth’s rotation) and thus is also partially responsible

for wind energy.

All of these renewable energies sources can be used to produce electricity (in fact,
any energy source can be converted to electricity), and this electricity may then be
used or stored in batteries or capacitors for later use. Similarly, chemical energy
may be converted in a fuel cell to electrical energy (however, so far these pcwer
sources have experienced use only in specialist applications such as in the space
industry and remote area power). Renewable electricity could be used to produce H,
and O: by the electrolysis of water for later re-conversion back to electricity via a fuel
cell. The production of H. and O could also be performed by electrolysis from
conventionally attained electricity in off-peak iimes, to be later converted back to
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electricity via fuel cells to either increase the efficiency of coal or nuclear power
plants, or to help with peak energy requirements. The storage of energy as H, is
predicted by many as the form of energy storage and transportation in the future:
the ‘hydrogen economy’. Unfortvnately, some energy is always lost during the
conversion of ‘fuels’- batteries and fuel cells can never attain 100% conversion
efficiency, although if the energy is gained from renewable resources then this
method remains advantageous. Further, for power in remote lccations (where fuel
cells are presently being utilised in small quantities) this energy loss is less than that
which would result in the transmission of electricity over several hundred

kilometers.

The conversion of chemical energy to heat, light or electricity is the other major
source of energy used globally. This includes the combustion of fossil fuels (oil,
natural gas and coal) and ‘combustible renewables and waste’ (CRW), Table 1-1.
CRW is defined by the International Energy Agency as comprising a range of various
substances such as solid and liquid biomass (including plant matter and animal

waste) to municipal and industrial waste, Table 1-2 [JEA, 2002].

Atomic or nuclear energy is utilised in some countries, which harnesses some of the
energy within atomic nuclei (by the splitting of e.g. uranium nuclei). The heat
generated in nuclear fission is used to create steam, which then rotates turbines,
creating electrical power. There are presently more than 420 nuclear reactors
around the world, in particular ~ 104 in the US, ~58 in France, ~52 in Japan, ~35 in
the UK, and ~29 in the former USSR [Commons et al., 1999].
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ENERGY ADVANTAGES DISADVANTAGES

SOURCE

Coal Large Australian Reserves; Low Non-renewable; Higher
ﬁ?st; Easily Mined; Export Pollution ¢f. Oil and Natural Gas

come

Oil Some Australian Reserves; Ease Non-renewable; Limited Global
of Transportation; Many Uses  Supply; Pollution

Natural Gas Some Australian Reserves; Non-renewable; Pollution (but
Moderate Cost; Efficient Source Least of all Fossil Fuels)
of Domestic Heat

Nuclear Large Australian Reserves; Non-renewable; Radioactive
High Energy Qutput per Fuel Waste Disposal; Severity of
Mass; Low Accident Rate; Accidents; Security Risks
Export Income

Hydro- Renewable; Low Operating Limited Sites; Dam Construction

Electricity _ Costs; Minimal Pollution Destroys Local Habitats

Solar Renewable; Low Operating Weather Dependency; Need for
Costs; Efficient Heating; Large Collector Areas (Low
Minimal Pollution Utilisation of Solar Rays: 10-

14% efficient)

Wind Renewable; Low Operating Weather Dependency (> than 5
Costs; Minimal Pollution m s needed; Limited Sites

Tidal/Wave Renewable; Low Operating Weather and Tidal Time
Costs; Minimal Pollution Dependency; Limited Sites

Geothermal Renewsable; Low Cost; No Limited Sites; Deep Digging
Pollution; Heating at 30- 80 °C  required

CRW* Renewable; Biogas uses Waste  Limited Supply; Low Efficiency

Table 1-1 Advantages and disadvantages of a range of energy sources; taken
Jrom Commons et al., 1999 and James et al., 2000.
*CRW (combustible renewables and waste) is defined in Table 1-2.

CRW FUEL DEFINITION

CATEGORY

Solid Biomass and Wood, vegetal waste, animal materials/wastes, sulphite lyes

Animal Products  (black liquor), and other solid biomass including charcoal.

Gas/Liquids fromn  Combustible biogas derived from the anaercbic

Biomass fermentation of solid wastes.

Municipal Waste  Wastes produced in the residential, commercial and public
service sectors, including hospital waste.

Industrial Waste  Solid and liquid products e.g. tyres that are combusted

directly in specialised plants.

Table 1-2 The fuel sources constituting combustible renewables and waste (CRW);
definitions taken from the International Energy Agency [IEA, 2002]. 97% of CRW
is considered as biomass, both commerctal and non-commercial [IEA, 2002]. All
categories of CRW may be combusted directly to produce heat and/or power, in
some cases the fuels may be converted into other forms before combustion.
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1.1.1 Global Energy Use

The combustion of non-renewabie fossil fuels to provide heat and/or electricity
accounted for nearly 80% of the World Total Primary Energy Supply (TPES) in the
year 2000, Table 1-3. Oil comprises more than one-third of the global energy use.
“Constituting 1.6% of global GDP, o1l is today the most important and most valuable
commodity of international trade” [Lomborg, 2001]. Nuclear energy is the other
major non-yenewable energy source used globally, accounting for ~ 7% of the global
TPES, Table 1-3. In the countries with nuclear power, around 20% of energy is
obtained froin this source [ibid.].

Fuel Share of World Share of World Electricity
TPES (%) Production (%)

0il 34.8 8.0

Coal 23.5 39

Gas 21.1 17

Renewables 13.8 19

Nuclear 6.8 17

Table 1-3 The fuel shares of the global Total Primary Energy Supply (TPES) and
of the global electricity production during the year 2000; data taken from the
International Energy Agency [IEA, 2002].

Rerewable fuels constitute a considerable proportion of global energy sources
{~ 14%, Table 1-3), and of these, CRW represents almost 80%, Table 1-4. Hydro-
electric power also makes up a large amount of globally used renewable energy, at
16.5%. The remaining renewables (geothermal, solar, wind and tidal power)
constitute less than 0.5% of the global TPES (or 3.7% of all renewables).
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For global electricity production, coal is the main source, at 39%, followed by
renewables (19%), and gas and nuclear (both at 17% each), Table 1-3. Of the
renewables accouuting for electric power, 92% of all renewables was generated from
hydro-electric sources, 5% from CRW and less than 3% from geothermal, wind and
solar combined [IEA, 2002]. Oil is used much more heavily in transportation, hence
the difference in TPES and electricity production with oil.

Breakdown of Share of Renewable  Share of World TPES* (%)
Renewables TPES (%)

CRwW* 79.8 11.0

Hydro-Electric 16.5 2.3

Geothermal 3.27 0.44

Solar 0.298 0.039

Wind 0.192 0.026

Tide 0.030 0.004

Table 1-4 The breakdown of renewable energy sources and the share of each in
terms of total renewables and of the global Total Primary Energy Supply (TPES)
during the year 2000; data taken from the international Energy Agency [IEA,
2002].

* CRW= combustible renewables and waste.

The annual growth in the global TPES has been at 2.1% over the last 30 years, which
is identical to the growth in the total renewables supply [IEA, 2002]. However, over
this time scale, the annual global growth of CRW was slightly lower, at 1.8%, and
that of hydro-electric power a little higher, at 2.7% [{EA, 2002]. For the remaining
‘new’ renewables (viz. geothermal, solar, wind and tidal power) the accumulated
annual global growth was recorded at 9.4%, a considerable increase in comparison

[IEA, 2002]. Of these new renewables, wind and solar power experienced the fastest
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development, with 52,1 and 32.6% anaual growthi, respectively [IEA, 2002). These
last figures are promising for the proliferation of future ‘clean’ power sources,
however for this to occur, the price of energy from these sources will need to be
competitive with that from fossil fuel and nuclear power. This may be realised via
either governmental subsidies of these new sources, or higher costs placed on energy
derived from fossil fuels (e.g. similar to carbon taxes, to penalise the causes of
pollution), and the efficiencies resulting from the greater development of these new
technologies.

Already the cost of wind and solar power has decreased by 94- 98% over the last 20
years [Lomborg, 2001] however, even by 2020 wind may remain 20% more
expensive cf. the least expensive electricity available from gas. Lomborg believes
that half of the world’s energy needs could realistically be covered by windmills
(about 100 million required). Windmills are viewed by some as noisy, and of poor
aesthetics, however these problems are solved if placed out at sea, where windmills
may become 50% more efficient [ibid.]. A Greenpeace-related website even claims:
“There is enough wind resource spread across the six continents to meet the entire
energy consumption of the world roughly four times over” and that “enough sunlight
strikes the earth each hour to meet all human needs for a year” [Choose Positive
Energy URL). Lomborg suggests that solar radiation is equivalent to about 7000
times our global energy consumption, and that a 220 000 km? area (e.g. 2.6% of the
Sahara Desert) could harvest all of our global energy needs using the conventionally
available 15- 20% efficient solar cells. Unfortunately, despite the fact that the wind
and solar energy are ‘free’ sources, the energy source does not constitute the bulk of
the cost. For example, in 1995, the fuel price of fossil fuels only constituted about
16% of the electricity cost [Lomborg, 2001]. Additionally, fossil-fueled power
sources have been in use for a much longer time, and have been highly refined and

made more efficient over time.

i it should be noted that this growth remains a great deal less ¢f. the slower percentage growth of
conventional energy use, e.g. oil expanded at 2% between 1990-8 (¢f. 22% for wind) however, the
energy derived from oil was ~ 320 times greater than that of wind in 1998 [Lomborg, 2001).

10

S BT A R T el YT o sl e e e

o ¥

A e P R P S 2




Chapter One Introduction

Over the next 30 years, the International Energy Agency predicts that if the QECD#
governments implement a “new range of energy and environmental policies now
under consideration,” that non-hydro renewables could grow at an annual growth of
4% (in the IEA’s ‘alternative policy scenario’) [IEA, 2002]. The share of renewables
in the TPES would be 40% greater than without governmental intervention nor
technological breakthroughs (i.e. cf. the ‘reference scenario’) [IEA, 2002]. By 2030,
the ‘reference scenario’ fr-:casts that the world share of total renewables could drop
from 13.8% (in Table 1-3; . - 12.5%, largely due to a shift from the use of biomass in
developing countries to fossil fuels [IEA, 2002]. There is no doubt a large amount of
energy is available in renewable sources- the question is whether the driving forces

are strong enough to promote such a dramatic change in our energy infrastructure.

Developing countries account for 73% of renewables at present; by 2030 the use of
these renewables (mostly biomass for cooking and heating) may have decreased by
12%. The growing use of power derived from fossil fuels in developing countries is
not necessarily a concern in itself, since pollution resulting from biomass can also be
considerable for a given amount of energy. However, once a strong fossil fuel
infrastructure is implemented in developing countries it will be difficult to change
and increased energy usage {and thus more pollution) may more readily eventuate.
It raay be worthwhile for e.g. the OECD nations to help instigate renewable power
(other than CRW and hydro-electric) in the developing world. This could be greatly
beneficial to all- while the developed nations phase out their usage of fossil fuels,
they could alse help other nations in bypassing the ‘fossil fuel stage’.

% Organisation for Economic Couperation and Development. 30 nations including: Australia, Austria,
Belgium, Canada, Czech Republic, Denmark, Findand, France, Germany, Greece, Hungary, Iceland,
Ireland, Italy, Japan, Korea, Luxembourg, Mexico, Netherlands, New Zealand, Norway, Poland,
Portugal, Slovak Republic, Spain, Sweden, Switzerland, Turkey, United Kingdom, and the United
States.

11
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1.1.2 Energy Use in Australia

In the year 2000, Australia’s energy supply was about 2.1% of the TPES for the rest
of the OECD pations (and ~ 1.1% of the global TPES), Table 1-5. 6.3% of our total
energy supply was derived from renewable sources, which is roughly equivalent to
the OECD average but under half that of the world’s total. However, the share of
‘renewables excluding CRW" of the TPES in Aunstralia was half that of either the
global or OECD average iz 2000. This last statistic shows that Australia is lagging
behind the majority of the OECD nations in the use of non-CRW derived renewable
energy, and as a result a higher proportion of our renewable energy is contributing
to pollution. However, the proportional usage of non-CRW renewables in Australia
is roughly equivalent to the combined global usage (of the total renewables).

Region TPES (Mtoe)* Renewables (%)  Renewables-CRW (%)
Australia 110.2 6.3 1.4
OECD 5316.9 6.2 2.8
World* 9957.5 13.8 2.8

Table 1-5 A comparison of the Total Primary Energy Supply (TPES), the share of
renewables, and the share of renewables excluding combustible renewables and
waste (CRW) during the year 2000 in different regions; data taken from the
International Energy Agency [IEA, 2002].

*Mtoe stands for ‘million tonnes of oil equivalent’ (1 toe = 41.868 GJ).

#* The world includes all nations (i.e. OECD also).

The Australian Bureau of Agricultural and Resource Economics (ABARE) has
predicted that over the next 20 years, “Australia’s reliance on imported crude oil is
expected to increase significantly” (in the absence of major discoveries), and that
coal and oil will continue to supply the bulk of Australia’s energy needs [Dickson et
al, 2001]. The consumption of fossil fuels provided most of the energy and
electricity in Australia during 1998-99 (with shares greater than 90% for each) and

12
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this is not expected to change significantly by 2020, Table 1-6. This share of fossil
fuel derived power in Australia is considerably higher than that in the global TPES
(compare Tables 1-3 and 1-6). In particular, almost twice the amount of coal is used
in Australia (both in overall energy consumption and in electricity generation),
reflecting our large coal reserves (8% and 15% of the global black and brown coal
known world reserves, respectively [ABS, 2001]). In addition, the lack of nuclear
power in Australia helps to account for the comparatively large share of fossil fuel

derived power.
Fuel Primary Energy Electricity Generation (95)
Consumption (%)
1998-99 2019-20 1998-99 2019-20
Black Coal 28.2 24.8 54.8 52.3
Brown Coal 13.2 9.4 24.5 18.8
0il 34.8 35.6 11 1.2
Natural Gas 18.0 23.9 10.7 18.3
Renewables 5.9 6.3 8.9 0.4
Biomass 4.5 4.8 0.6 2.0
Biogas 0.2 0.3 0.2 0.6
Hydro-Eiectric 1.2 0.9 81 5.9
Solar 0.1 0.1 0.0* 0.8*
Wind 0.0 0.1 0.0 0.1

Table 1-6 The primary energy consumption and electricity generation by fuel in
Australia over 1998-99 and a 2o-year prediction; data taken from the Australian
Bureau of Agricultural and Resource Economics [Dickson et al., 2001].

*Numbers missing from the ABARE conference paper [Dickson et al., 2001],
determined here from the remaining percentage.
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On 1 April 2001 the Australian government’s Mandatory Renewable Energy Target
comrzenced, requiring ap additional generation of 9500 GWh of renewable
electric'y per year by 2010 [Dickson et al, 2001]. Interim targets were
implemented (e.g. 300 GWh required in 2000). 9500 GWh (or 0.82 Mioe)
corresponds to about half of the renewable electricity generated in 1998-99, or about
one-third of that predicted by the ABARE study for 2019-20. This is a promising
initiate, although the actual forecast for renewable electricity growth (2.6% p.a.)
trails the large annual growth forecast for natural gas (4.9%). Some compensation
may be found in the fact that nataral gas is responsible for much less pollution cf.
coal, and electricity generation from both black and brown coal is predicted to
decrease in Australia over the next 20 years, Table 1-6. In 2009-10, blomass (mainly
bagasse) is forecast to constitute ~ 42% of the renewable electricity, with wind
(26%), new hydro (17%) and biogas (11%) comprising the remainder [Dickson et al.,
2001). The major increase in renewable energy use in Australia over the next 20

years is therefore expected to take place in the electricity generation sector.

A brief overview of the breakdown of energy use in different sectors is also useful. In
1998-99, the largest energy consuming sectors in Australia were transport (40.5%)
and manufacturing (31.7%), followed by residential (12.6%) [Dickson et al.,, 2001].
These were not forecast to change sigrificantly by 2020. Around 97% of the fuel mix
in transportation comprised liquid fuels derived from oil products [Dickson et al.,
2001], as is the case in the US [Kreith et al,, 1999). Road transport (65% passenger
cars, 35% road freight) accounted for 78% of the total transportation energy
consumption; air transport was the second largest consumer at 14%. The high share
of energy consumption by the transportation sector is very important in terms of
total pollution. In fact, as Section 1.1.3.2 illustrates, a large proportion of the air
pollution in major cities originates from vehicular exhaust, particularly particulate
matter from diesel engines. Many other dangerous toxins are also produced from
vehicles, for example, in the US automobiles account for nearly 80% of the CO
emissions [Kreith et al., 1999), a toxic gas that has recently been linked to asthma in
children.

14
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1.1.3 Reasons for Alternative Power Generation Technologies

Energy security, pollution and global warming are the most significant issues that
may be solved by the use of renewable energy scurces and alternative technologies

such as fuel cells. These issues are discussed in the following sections.

1.1.3.1 Renezwable Fuels and the ‘Hydrogen Economy’

Indeed, the reserves of fossil fuels are limited, just like all material resources on
earth. It is unlikely that the global fossil fuel supply will ever be completely
depleted, rather, supply will eventually fall, forcing prices to rise and allowing
alternative energies to become competitive. Alternative fuels, particularly renewable
fuels are the logical energy progression for the fossil free age’, but whether these
fuels will be required due to a dwindling fossil fuel supply, or from other driving
forces (e.g. pollution and/or global warming effecis- see the next section) is yet to be
observed.

It has been widely predicted that the current oil reserves will be depletedii in the
next 40-60 years, and this will have a significant impact, particularly oun
transportation. Some studies have even estimated that the world oil~supply will fail
to meet demand as early as 2010 [Hatfield, 1997 and Kerr, 1998], causing a
dramatic increase in the price of petroleum. In a recently published book {Kreith et
al., 1999], 12 oil experts provided estimates of when the global oil supply will peak,
and all estimates (imade between 1995 and 1999) were in the range 2000- 2025, with
the average year being 2012. Reserves of coal are expected to last a great deal longer
(~ 240 years, ¢f. only ~ 60 more years for natural gas) at present rates [Commons et
al., 1999]. Thus, there is little concern in the electricity generation sector, with coal

remaining relatively plentiful. Coal may continue to comprise a large share of

' Many people qQuestion predictions of this nature, due to poor forecasting in the past. A group of
scientists in the 1970s forecast that oil would be depleted by around the year 2000. However, the
scientists responsible (whom worked in the solar energy field) were not experts in the oil or gas
industries and may have had a conflicting 1nterest in promoting solar energy [Kreith et al., 1999].
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electricity generation both globally (~ 40%) and in Australia (~ 80%). However,
since such a high percentage of oil is used in the transportation sector, research into
alternative power generation technologies such as fuel cells (which may readily

operate on renewable fuels) has increased considerably in recent years.

The commonly-held belief that the global cil supply is in rapid decline has been
recently challenged by Bjern Lomborg®. Lomborg argues that the scarcity of a
substance is usually determined from its price, and the price of oil has remained
roughly constant over the last 100 years (aside from a few anomalies, including the
OPEC oil crisis in the 1970s). Rising oil prices have merely increased prospecting,
and correspondingly, more reserves have been found. Mining technology is
continually being improved, but nevertheless more than half of the oil remains in
the ground with today’s techniques [Lomborg, 2001]. Lomborg believes that oil will
last for a long time yet. Tar sands and shale oil also contain a vast amount of the
world’s oil. It is possible to increase the global oil reserves if the price of oil rises: a
50% increase could be achieved if the price rises to US$30 barrel* (up from $27 in
2000); if the price increased to US$4s barrel, this conld enable the exploitation of
~ five times the present oil reserves [ibid.]. It is actually estimated that there exists
~ 240 times more shale oil ¢f. conventional oil reserves, which at our present energy
consumption could last for more than 5000 years [ibid.]. Of cowrse, the cost of
extracting oil in more difficult minerals and regions may be the deciding factor, and
the cost of other energy sources will become more comparable. Lomborg also
believes there is sufficient coal resources for “well over 1500 years,” and that the
amount of natural gas remaining at present consumption rates (60 years) could be

doubled by the exploitation of methane in coal beds.

In fact, if the price of il rises too high research into extracting fuel sources from
other reserves, e.g. oil shales and tar sands, will be increased, along with promotion

of renewable energy sources. Eventually, as the price of oil rises to an uneconomic

¥ Whilst it is noted that Lomborg was accused of scientific dishonesty and use of selective data [Pianin,
2003; McMichael, 2002), Lomborg was not found to be grossly negligent by the Danish Committees
on Scientific Dishonesty and has not formally found to be scientifically dishonest [Pianin, 2003).
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level a new energy source will take its place. The transition may well be seamless.
As Shetk Ahmed Zaki Yamani, the former oil minister for Saudi Arabia said in June
2000, “The Stone Age came to an end not because we had a lack of stones, and the
0il Age will come to an end not because we have a lack of 0il” [Yamani, 2000]. Even
the Greenpeace organisation appears to agree: “...we are in a seccad world oil crisis.
But in the 1970s the problem was a shortage of oil. This time round the problem is
that we have too much” [Greenpeace URL]).

Yainani also told Britain’s Sunday Telegraph newspaper that he believed “...that
after five years there will be a sharp drop in the price of oil. The price will stay high
for the moment because of high demand”. Successful oil exploration and the
development of new technologies that did not use oil, such as fuel cells, were cited by
Yamani as the main reasons for the predicted fall in cil prices. In addition, oil-
derived fuels are being utilised at much higher efficiencies with advancing
technologies, enabling the extraction of more energy from an equivalent amount of
fuel. “The hybrid engines will cut gasoline consumption by something like 30
percent,” Yamani was quoted as saying. In the past, the “average US car has
improved its mileage by 60% since 1973 [Lomborg, 2001).

Additionally the possibility of political instability in the Middle East, where more
than half of known oil reserves are located [Lomborg, 2001], is concerning for most
governments due to the cil reliance of most developed nations. The US is one of the
world’s largest oil users and relies heavily on oil imports (around 56% of oil
consurned in 2000 was estimated to have been imported- over US$50 billion [Kreith
et al., 1999]), which is not only an issue for energy security, but also represents a
large cost to the US economy. Australia has a similar reliance on oil imports, with
estimates that by 2020, 52% of all the oil consumed in Australia will originate from
imports [Dickson et al, 2001]. However, considering the range of other energy
options beirig developed, including a great deal of renewable power, this ‘reliability’
point may be valid only in the short term.
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Regarding nuclear power, enough uranium-235 (U235) is estimated to remain for
about 100 years, however, with fast breeder” reactors, Lomborg believes there could
be enough for 14000 years. Aside from the production of radioactive waste (some
materials with half-lives of more than 100 000 years), the safety of nuclear reactors,
and security concerns (e.g. th: use of plutonium in nuclear weapons), the actual
energy efficiency of nuclear power is around double that of fossil fuels [Lomborg,
2001]. The development of fusion remains a future possibility, and if it eves proves
to be successful, fusion could drastically alter the energy picture. The hydrogen
isotope deuterium (H?) is a likely fusion fuel, and is economically avzilzlle in sea-

water.

Any rise in oil prices or reduction in reliability will act to promote more research
into (and greater use of) renewable fuels. Renewable fuels such as CRW or
renewable electricity (from solar, hydro, CRW, geothermal, tidal/wave sources etc.),
do not necessarily have to be utilised within alternative power generation
technologies such as fuel cells. It is conceivable that conventional power stations
and the internal combustion engine could be modified to operate on the combustion
of many different fuels (or else these fuels could be modified to suit the power
stations/engines). Any electricity zenerated could, of course, be stored in batteries
for later use. However, by far the most promising alternative is the conversion of
these renewable fuels or electricity to hydrogen for later re-conversion back to
electricity via fuel cells. The PEMFC is the most promising candidate of the various
fuel cell types, being particularly suited for either vehicular power and also for
localised combined-heat-and-power generation in residential situations. Fuel cells
will be discussed in more detail later.

¥ In the operation of these reactors, the more commonly available uranium-238 isotope is also placed in
the reactor core. Some «f the radiation produced during the fission of uranium-235 converis the
uranium-238 to plutonium-239, another nuclear fuel,
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1.1.3.2 Air Pollution

Air pollution (from all sources) is believed to cause about 5% of all annual deaths
[WHO, 2001]. Health effects such as respiratory diseases, asthma and lung cancer
are also related to air quality. Air pollution is by far the most serious type of
pollution in the interests of human health. One of the simplest ways to express the
degree of air pollution on health has beer: to estimate the cost of air pollution per
capita. In both the US and the UK, the most significant of the pollutants is
particulate matter (i.e. smoke and soot) constituting ~ 82% of the present cost
[Lomborg, 20013. PM,, and PM.; refer to small particles of less than 10 or 2.5
microns in diameter respectively, which are believed to pass deep into the lungs and
alter normal functioning [ibid.]. Other air pollutants with a significant bearing on
health include svlphur dioxdde (SO.), ozone {03), lead, nitrogen oxides (NO and
NO,, collectively ‘NOx’) and carbon monoxide (CO) [ibid.]. Appendix B outlines the
adverse health effects of comimon air pollutants.

A considerable amount of energy is consumed by transportation, and
correspondingly, vehicles produce a significant proportion of pollution. In fact, the
World Health Organisation (WHO) believe tiat “motor vehicles account for about
30% of emissions of nitrogen oxides, 50% of hydrocarbons, 60% of lead and 60% of
carbon inonoxide in cities of developed countries” [WHO, 2001]. Around 14% of the
total CQ. present in the atmosphere is believed to have been contributed by vehicles
£IPCS, 1992]. Polycyclic aromatic hydroearbons (PAHs), ozone (O;), and particulate

matter are also released from diesel and internal co.nbustion engines.

Pioneering governmental actions in California during the 1990s have proved
groundbreaking in both increasing air pollution restrictions and in encouraging
cleaner vehicular technologies. In 1990, the US Federal “Clean Air Act” provided a
number of programs requiring cleaner fuels and also paved the way for the
Californian air restrictions [US EPA, 1094]). The California Air Resources Board
(CARB) passed regulations in 1990, requiring carmakers to put small demonstration

fleets of zero-emission vehicles (ZEVs) on the road in the 1990s, and then begin
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major ZEV production and marketing by 2003 [CARB, 2001]. It was mandated
under the CARB regulations that 2% of the biggest selling car manufacturers’ fleets
(General Motors, Chrysler, Ford, Toyota, Nissan, Honda and Mazda) be zero-
emitting by 1998 [Kreith et al., 1099]. Following CARB studies and reports from
auto-makers, in 1995 CARB recognised that the “current battery technology and
vehicle technology fall short of that necessary to produce a car that meets consumer
expectations and acceptanee,” and the 1698 ZEV target was suspended [Kreith et al.,
1999). However, the mandate for 10% of new car sales be zero-emitting by 2003
remained. The CARB regulations also anticipate that the requirement for ZEVs will
be raised gradually to 16% by 2018 [CARB, 2001].

Los Angeles, in particular, has been notorious for high levels of smog (a
petrochemical haze formed from the reaction of hydrocarbons and NOx with
sunlight) in past decades. During the 1970s, Los Angeles commonly had 100 or
more Stage 1 smog alerts per year. These alerts were greatly reduced over time-
there were no Stage 1 smog alerts in 1999 nor in 2000, yet imore than 95% of
Californians lived in areas that failed to meet federal or state air quality standards
[CARB, 2001]. About 50% of smog-forming pollutants still come from petrol and
diesel fuelled vehicles [CARB, 2001}, and auto emissions account for go% of the
state’s CO and 77% of its NO, [Motavalli, 2000]. Although cars currently sold in
California are 98% cleaner than those sold 30 years ago [CARB, 200z}, the CARB
regulations were implemented in response to air pollution levels that may get out of

control again due to continued population growth and increased driving rates.

Incentives for purchasing/leasing and using ZEVs in California and many other US
states [EVAA, 2002] have been provided, since these are not as affordable as
conventional vehicles. Such incentives have included the use of carpool lanes, free
parking in certain places, discounts towards electricity used to recharge ZEV
batteries and services to help with the use and maintenance of ZEVs [CARB, 2002].
Federal initiatives include the elimjuation of a Iuxury tax nn alternative fuel vehicles
and tax credits.
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Chapier One Introduction

Electric vehicles such as battery and fuel cell-powered cars are generally considered
ZEVs. At present, ali ZEVs are battery-powered (excluding a very small number of
fuel cell prototypes- refer to Section 1.3.5). A PEMFC operating on pure hydrogen
produces water as the only emission, and is consider: ~ a ZEV. For an EV to really
be ‘zero-emitting’ the origination of the electricity or hydrogen needs to be produced
from a non-polluting source (e.g. nuciear, hydroelectric, solar, wind, etc.).

1.1.3.3 Global Warming

A phenomenon known as ‘global warming’ is generally believed to be occurring,
although the future possibilities of this are very difficuit to predict. Generally, most
scientific reports suggest that the global temperature has increased over the last
1000 years, and especially during the last 100 (by 0.4- 0.8 °C [Lom¥urg, 2001]).
Rajendra K. Pachauri, the Chairman of the UN’s Intergovernmental Panel on
Climate Change (IPCC), recently delivered a kevnote address on giobal warming at
the recent World Summit on Sustainable Development (Johannesburg, 2002).
Pachauri outlined some of the main findings from the IPCC’s Third Assessment
Report, with predictions that global warming might have on agricultural practices.
“Increasing global surface temperatures are very likely to lead to changes in
precipitation and atmospheric moisture,” Pachauri said, which is expected to cause
“an increase in annual precipitation in high- and mid-latitudes and most equatorial
regions” and “a general decrease of annual precipitation in the sub-iropics”
[Pachauri, 2002). The sub-tropics, where more droughts are likely to be achieved,
include areas such as the Sahel, the Middle East, China and Western Australia. In
addition, Pachauri said the report forecast an “increased frequency of heavy rainfall
events” are expected with global warming, however, even the changes in annual
precipitaticn are expected to be small up to 2080 “when compared with natural
multi-decadal variability.”
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The difficulties in predicting future changes in weather patterns, global
temperatures and other related phenomena such as ocean levels has made such
forecasts either very broad in outcomes (such as thie 40 possible scenarios presented
in the IPCC repori [IPCC, 2001]), or highly unreliable with so many unknown
factors and interrelated systems. Some of the main findings of IPCC’s Third
Assessment Report are presented in Table 1-7.

The main issues, in terms of huinan prosperity, are (i} to what extent have recent
industrial practices affected global warming? (i.e. how much effect does CO. have on
the temperature) and (1i) what may be done to alleviate any future global! warming?
Additionally, modeling the possible greenhouse scenarios is important, although
such forecasting is very complicated and potentially unreliable.

The influence on temperature’ of the man-made ‘greenhouse gases’ (which trap
heat, thus contributing to global warming) have been apportioned by the IPCC as
follows: 60% CO., 20% methane, 14% halocarbons such as CFCs, and 6% N,O (as
reported in [Lomborg, 2001]). Carbon dioxide is by far the most significant of these
gases, and ~ 80% of the additional COs: is believed to arise from the combustion of
fossil fuels (the remainder from e.g. deforestation) [ibid.]. Oceans and forests re-
absorb ~ 55% of this extra CO,, with the rest remaining in the atmosphere {ibid.].
Since pre~industrial times, the atmospheric concentration of CG, is believed to have
increased by about 31% [ibid.].

The IPCC’s Summary for Policymakers (taken from the IPCC’s Third Assessment
Report, 200" states the following in regards to future opportunities for reducing
vulnerabilities 7 climate change [IPCC. 2601]: “Greenhouse gas emissions, as well
as local and regiowal pollutants, could be reduced through mcre efficient use of

energy and increasing the share of lower carbon-emitting fossil fuels, advanced

¥i In fact, the extent of global warming that may be directly attributed to greenhouse gases is difficult to
ascertain. Substantial fluctuations in the global temperature are believed to have occurred throughout
the last 10 000 years, with possible swings of up to 8 °C over a 1500 year time-scale [ Lomborg, 2001].
Ir addition, other factts including sunspot activity, clouds, water vapour, and sulphate particle. are
also considered to have a significant bearing on global temperature modeling {ibid.].
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Chapter One Introduction

fossil-fuel technologies (e.g., highly efficient combined cycle gas turbines, fuel cells,
and combined heat and power) and renewable energy technologies (e.g., increased

use of environmentally sound biofuels, hydropower, solar, wind- and wave-power).”

IPCC Robust Finding*

The 1990s was very likely the warmest decade in instrumental record.
CO0., CH,, N0 and tropospheric O, increased substantially since the year 1756.
Some greenhouse gases have long lifetimes (e.g. CO,, N.O and halocarbons).

Most of the observed warming over the last 50 years is likely due to increases in :
{ greenhouse gas concentrations due to© human activities. 4

CO. concentrations increasing over 21 century are virtually certain to be mainly
due to fossil fuel emissions.

Nearly all land areas are very likely to be warm more than the global average, with
more hot days and heat waves.

Rise in sea level during 21% century that will continue for further centuries.

The adverse impacts of climate change are expected to fall disproportionately
upon developing countries and the poor persons within countries.

Ecosystems and species are vulnerable to climate change and other stresses, and 3
some will be irreversibly damaged or lost. P

In some mid- to high-latitudes, plant productivity would increase with smail
increases in temperature. Plant productivity would decrease in most regions of
the worlG for warming beyond a few °C.

Many physical systems are valnerable to climate change (e.g. the impact of coastal
storm surges will be exacerbated by sea-level rise, and glaciers and permafrost
will coutinue to retreat).

e kil R

Greephouse gas emission reduction (mitigation) actions would lessen the P
pressurzs on natural anc _uman systems from climate change. b

Table 17 Some selected robust’ findings of climate change by the IPCC, taken __.
Jrom the Summary for Policymakers [IPCC, 2001]. E
* The term ‘Robust Findi~g’ is used by the IPCC to denote a finding that “holds ]
under a variety of appre.- +hes, methods, models and assumptions and one that is b
expected to be relatively unaffected by uncertainties.” :
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1.2 Fuel Cells

The fuel cell is an alternative power technology that may operate on a wide range of
fuels. As mentioned before, fuel cells may operate on fuels from renewable energy
sources including, inter alia, methanol or hydrogen produced from biomass and
hydrogen electrolysed from water (using renewable electricity). Fuel cells also
enable increased power generation efficiencies from fossil fuels. Fuel cells offer
increased versatility compared with battery technologies in many applications,
particularly via flexibility in fuel type and fuel storage, greater longevity and higher
power densities. At present fuel cell technologies are not economically competitive
with existing power sources, and are undergoing considerable development. The
following section will outline the operation, components, types and potential uses of
{uel cells.

1.2.1 Fuel Cell Technology

A fuel cell is an electrochemical power source, similar in operation to a battery,
except with an external reactant supply. Hydrogen is the simplest fuel and oxygen
the simplest oxidant (but air is commercially more feasible). Unlike a battery, a fuel
cell does not require recharging, and will continue to produce power (direct current)
as long as the reactants are supplied. Sir William Grove demonstrated the first fuel
cells in 1239, consisting of platinum electrodes in an aqueous acid electrolyte,
operating on hydrogen and oxygen'i. However, little fuel cell development
transpired over the next one-hundred years, until the potential of fuel cells in space

applications was realised.

vil Francis Bacon is recognised for building the first practical fuel cell unit in the 1950s, incorporating
aqueous KOH electrolvte between porous nickel electrodes [Austin, 1967]. The Bacon cell could
generate ~ 6 kW of power [Kreith et al., 1999].
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The typical electrochemical process of fuel cell operation is shown in Fig. 1-2. In this
case the electrolyte is an acid (a polymer membrane; a liquid acid could also be
used). Hydrogen is oxidised into protons and electrons at the anode, Eq. 1-1. The
protons migrate through the polymer electrolyte to react with oxygen at the cathode,
along with the electrons passing through the external circuit, Eq. 1-2. These
electrons may be used for electric power. The overall reaction of a fuel cell operating
on these simple reactants is shown by Eq. 1-3.

POLYMER ELECTROLYTE

CATHODE CATALYST LAYERS
FEED, O,

GAS DIFFUSION BACKING

Fig. 1-2 The electrochemical operaticn in a PEMFC. Modified from Gotiesfeld
[Los Alamos National Laboratory URL].

H, » 2H* + 2¢ (1-1)
0. + 4qH* + 4e- —» 2H,0 (1-2)
2H2 + 02 —> 2H20 (1—3)
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Chapter One Introduction

The general electrochemical process s similar for all types of fuel cells, except for in
fuel cells with alkaline electrolyte or with anionic conducting species, the main
charge carriers move in the opposite direction through the electrolyte (towards the
anode). Fuel cell operation and catalysis is described in more detail later, with an
emphasis on the PEMFC (Section 1.3).

The five main types of fuel cells, are normally distinguished by electrolyte: Polymer
Electrolyte Membrane Fuel Cells (PEMFCs), Alkaline Fuel Cells (AFCs), Phosphoric
Acid Fuel Cells (PAFCs), Molten Carbonate Fuel Cells (MCFCs) and Solid Oxide Fuel
Cells (SOFCs). Table 1-8 illustrates the main properties of these devices.

Characteristic | PEMFC AFC PAFC MCFC SOFC

Electrolyte Polymer 30% H,PO, Na/K/Li Y203 and
Electrolyte Aqueous Carbonates  ZrO,

KOH

Conducting & e OH- H+ COy* 0=

Species

Operating 80 90 220 ca. 650 ca. 1000

Temperature

°C

Fuels Ha, Pure H> Natural Any Hydro- H,, Any
Methanol Gas Carbon Hydrocarbon

Efficiency® 55%* Upto55% 55%* 55-65%* 55-65%%

(%)

Present Cost* | ~ 2500~ ~ 1500~ ~ 2000 N.A. N.A,

(£ kKW-) 5000 2500

Table 1-8 Characteristics of the five main types of fuel cells.

* Figures from Hamman ei cl., 1998. Efficiency is of the cell alone.
* Both Toyota [Kreith et al., 1999] and DaimlerChrysler [DaimlerChrysler URL]
report up to 60% efficiency for their PEMFC EVs.
# PAFC drops to 40% efficient with a reformer; MCFC and SOFC units may still
attain 5554 efficiency with reformers [Hamman et al., 1998].
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A subset of the PEMFC (somctimes also called PEFC, ‘proton-exchange fuel cell’) is
the Direct Methanol Fuel Cell (DMFC). The DMFC, as the name implies, operates
or. - methancl solution (without conversion to He, as may be performed for use in a
PEMFC). It should also be noted that PEMFCs are sometimes referred to as DHFCs
(or ‘Direct Hydrogen Fuel Cells). H. wiay be prepared from a large number of
sources, such as electrolysis from renewable (e.g. wind, solar, etc.) or non-renewable
sources such as conventional coal or nuclear power stations. Hydrogen may also be
prodaced frcra the ‘reforming’ (i.e. conversion) of other fuels, e.g. via the ‘water-gas
shift’ reaction of methanol at ca. 300 °C, Eq. 1-4. Methanol may be produced from
biomass (e.g. the fermentation of wood pulp) or from conversion of methane (e.g.

from biomass or from natural gas).

CH,0H + H.0 —» 3H. + CQ, (1-9)

As may be observed in Table 1-8, the various fuel cells may 1:se a range of different
reactants, the type of which depends largely on the operating temperature of the cell.
AFCs are the most limited fype, since they may only operate on pure reactants. In
particular, AFCs are intolerant to carbon and sulphur oxides, thus excluding the
direct use of air (unless the air is scrubbed free of CO, CO. and SQO.), since these
species form insoluble precipitates in the alkaline electrolyte. The SOFC, in
contrast, can operate on just about any carbonaceous fuel (bypassing the need for
reforming), enabling utilisation at higher efficiencies ¢f. conventional power sources
(due to both the higher operating temperatures, and the efficiency of

electrochemical processes).

Fue} cells and batteries convert the chemical energy of a fuel intu electrical energy
and high efficiencies may be attained, since these devices do not have to obey the
‘Carnot Cycle’. The Carnout Cycle is a measure of the efficiency of a thermo-
mechanical system such as the internal comibustion engine, where only part of the

obta::=2 energy is converted into mechanical work. For example, in z coal-fired
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power plant the standard steam temperature at the turbine inlet is 540 °C, and the
exhaust is at 150 °C [McEvoy URL]. Thermodynamics describes the limiting
efficiency of such a system, by Eq. 1-5, where T, and T. correspond to the initial and
final (exbaust) temperatures, respectively. The steam cycle is more closely
represented by the Rankine formulation, Eq. 1-6, from which the typical conversion
efficiency (&) of a coal-fired power plant (35%) is obtained [McEvoy URL).

Eaarmot = 1-{TafT1) =1-(423 K/ 813K) =48% (z-5)

€ rankine = 1- {mean condenser temp (K)/mean boiler temp (K))

=1-(361/557) = 35% (1-6)

The electrochemical processes within fuel cells are essentially isothermal (a small
amount of heat is produced during the electrochemical reactions) and also, due to
entropy constraints, not all of the available energy is transferred to electrical energy.
‘The efficiency of the process will therefore be given by Eq. 1-7 [McEvoy URL), where
AGr is the free anergy of the fuel oxidation process at the operating temperature of
the cell, and AH, is the standard reaction enthalpy value. The maximum theoretical
efficiency of a fizel cell is typicallv considered to be ~ 90%. At present, most of the
fuel cell types are achieving almost two-thirds of this maximum efficiency, due to
polarisation losses (explained later, in Section 1.3.1.2). Further, since it is
impossible to operate a fuel cell to exact stoichiometry, not all the fuel in the gas
stream is oxidised (up to 10% is often combusted in an afterburner (McEvoy URL],
which may be used to power other components). On comparison, an internal
combustion engine may achieve up to ~ 20- 25% (and can fall to 10% in normal city
driving), a diesel engine ~ 30~ 45% and a steam turbine ~ 30- 40% conversion
efficiency [Oniciu, 1976).
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Chapter One Introduction

£ fusi ol = (AGT/AH,) (z-7)

1.2.2 The Present Status of Fuel Cells

Currently PAFCs are the most highly developed of the fuel cell types with several
hundred PAFC units in operation worldwide. By 1985 around fifty 40 kW PAFCs
had been tested around the world, and two 4.8 MW power stations were established
in New York and Tokyo [UNESCO, 1985]). PAFCs are known to have a very high
reliability, and are often marketed for applications requiring un-interruptible power
generation {Cameron, 1697], and are used in hospitals, office buildings and schools
in the US. These units are most commonly sold in 200 XW units (enough power for
about 40 houses) [Kreith et al., 1999), although prototypes of up to 11 MW have
been constructed [Hamman et al., 1908]. PAFCs, along with PEMFCs, are the most
likely candidates for vehicular power, resulting from their low operating
temperatures (and PAFCs have been used to power fuel cell buses {Xreith et al,,
1999]). However, PAFC components are more expensive ¢f. PEMFCs and reforming
is expensive, but nevertheless, efficiencies of 40- 45% are expected (refer to Table 1-
8- PAFC drops to 40% efficient with a reformer [Hamman et al., -1998)), cf.
efficiencies of 36- 39% for small diesel engines [Kreith et al., 1999].

Several demonstration units of MCFCs have been tested over the last five years in a
number of stationary applications, but material selection must be considered for
these systems (corrosion is significant at the high operating temperatureé with the
alkaline electrolyte). MCFCs promise high fuel efficiencies and also the ability to
operate on coal-based fuels and prototypes of up to 1 MW are in construction
[Hamman et al., 1998]. CO. is required in the MCFC cathode reaction, and is
normally re-circulated from the anode waste gas. ‘The higher operating
temperatures of MCFCs increase their ‘start-up’ time, but much less expensive

catalysts are required at such temperatures.
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SOFCs are presently the least developed and are undergoing considerable research.
Commercialisation is presently limited by the high operational temperatures and
expznsive production of the ceramic electrolytes. Along with corrosion problems at
these elevated temperatures, problems with thermal expansion are significant. In
fact, some SOFCs may not be cooled or stopped onez started, due 10 delamination of
components. Prototype (experimental) stacks are currently in the order of only a
few kW [Hamman et al., 1998]. However, SOFCs promise the potential of achieving
the highest operational efficiency of all the fuel cell types and could be used in large
high-power applications. These may be used in stationary power applications for
large buildings, and possibly even as power scurces for trucks and trains.

PEMFCs and AFCs were developed for the American Space Program (their
development dating from the early 1950s). The PEMFC (developed for the Gemini
Spacecraft by General Electric) was superseded by the AFC (ix 1ir: Apollo missions
by Pratt and Whitney Aircraft) for increased power levels [Hamman et al., 1998 and
Austin, 1967] (AFCs have faster oxygen reduction kinetics due to the alkaline
conditions, enabling higher power densities). These systems were very expensive,
relying on pure hydrogen and oxygen (cryogenically stored), but they had superior
power-to-weight characteristics ¢f. batteries, and the product water was available for
astronaut consumption. Through the 1950s to the 1980s, PEMFC cell fabrication
technologies were steadily improved. Liquid electrolytes were contained more
effectively and some polymer electrolytes (such as polystyrene-divinylbenzene
sulphonic acid) were developed. A particularly important development was the use
of porous electrodes (or ‘gas diffusion’ electrodes) to help increase the electrolyte-
catalyst contact. In addition, the manufacturing of fuel cell ‘stacks’ (i.e. a number of
cells connected in series, like a battery) was improved, using thin bipolar

interconnecting plates with enhanced corrosion resistance.

Recently, PEMFC techuiology has recently received a large investment by most
international auto-makers, and a wide range of prototype systems have been
developed (refer to the following section). This has occurred particularly in recent

years, following increasing restrictions on vehicular pollutants in certain areas,
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particularly in the US (refer to Section 1.1.3.2). AFCs have not undergone
widespread commercial development (other than in space, and in small units of up
to ~ 100 kW [Hamman et al., 1998]), largely due to their inability to run on air
(carbon dioxide intolerance) and requirements for high-purity hydrogen. In
addition, the soiid polymer in a PEMFC is both a lighter and safer electrolyte for
vehicular and other applications ¢f. the corrosive potassium hydroxide in an AFC.
However, AFCs can utilise Jess expensive catalysts such as nickel (although normally
platinum is used), and may also use low cost electrolytes (e.g. potassivm hydroxide).
AFCs and PEMFCs are also ideal for military traction, h<iag silent and having a low
thermal signature. On comparison with the internal combustion engine, the PEMFC
is more than twice as fuel efficient (in typical city traffic- at high speeds there is not
as much difference), and both PEMFCs and AFCs have the advantage of fewer
moving parts, potentially reducing any maintenance required ¢f. internal
combustion engines. Further, the low operating temperature of these cells enables
fast starting, which is important for vehicular power. Small commercial PEMFC
units (of up to 500 kW) are available [Hamman et al., 1998].

For the commercial viability of fuel cells, a number of factors must be considered.
Issues such as weight and cold-start time are not as big a concern when the
application is for stationary power generation. These systems (e.g. PAFCs, MCFCs,
and SOFCs) may be built to any volume, have large amounts of fuel stored on-site
(or transported via pipeline), and run at high temperatures. The oxidant is typically
oxygen from the atmosphere. The major concerns are the expense ard lifetime of
materials. At lower temperatures the cost of materials remains an issue, but the
lifetime is generally much longer. For small-scale power generation (e.g. PEMFCs,
DMFCs) the cost of materials is quite high (in particular the polymer electrolyte
membrane and the noble metal catalysts). The polymer membrane is expected to
substantially reduce in price with increased levels of production (i.e. by ‘economies
of scale’). The cost of platinum is limited by world supply, and if a large number of
low temperature fuel cells with acidic electrolytes (i.e. PEMFCs and DMFCs, the
most likely candidates for vehicular traction) are produced the price of Pt and Pt

group metals may rise.
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Weight and volume are very important issues for vehicular power and these
considerations will affect decisions in terms of the type and amount of fuel stored on
board, and the type of system used (e.g. PEMFC-battery hybrid vehicles, H, stored
in cylinders, or converted from methanol, ete.). If reformers are used (e.g. to
convert methanol or ethanol to hydrogen on board), then parasitic power losses
must be taken into account. Parameters such as the operational temperature and
reactant pressure also have a significant impact on the performance of the fuel cell
(and hence commercial acceptability), but the resulting energy penalties must be

evaluated.

The modularity of fuel cell stacks is a big advantage ¢f. other power sources- similar
to batteries, fuel cell stacks may be added together for greater power, e.g. “from 10
kW for a house to a 1000 kW for a locomotive” [Burns, 2002]. Fuel cell stacks may
also be made into any shape to suit the application (for best use any available space).
Generalily, on-board EVs, stacks consist of several hundred very thin cells, each of
maximised area (voltage is increased by the number of cells in series, and the
current density is increased by large electrode surfaces). These PEMFC stacks can
be situated beneath the seats of the EV, or could even consist of several separate
stacks distributed in different areas where space is less important.

1.2.3 Recent Developments: Tewards the ‘Fossil Free Age’

Other than the PAFC, which has experienced only limited commercial success so far,
the PEMFC appears to be initiating a new energy infrastructure, referred to by some
people as the ‘hydrogen economy’. This is an area in which significant
improvements may be made in the health of the average citizen, whilst helping to
limit the dependence on the dwindling oil supply and also possibly limit the global
warming phenomenon. However, as with the introduction of most new
technologies, acceptance by society is paramount for the snccess of the product. The
abovementioned issues are expected to facilitate the widespread integration of fuel

cells, initially in vehicles and eventually in other areas of power generation.
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The presence of PEMFC technology in prototype vehicles from most of the major
auto-mpakers is a very promising sign for their continued development and
integration. The general public is becomwing increasingly aware of these new
developments in hybrid, battery and fuel cell-powered vehicles through a
considerable amount of positive publicity. Most auto-makers are endeavouring to
either meet strict emissions levels, or increase fuel efficiency (or both) whilst
maintaining typical vehicle expectations such as acceleration, top speed, and driving
range. For widespread acceptance, it is likely that other than being
environmentally-friendly, PEMFC-powered EVs must also drive like conventional
vehicles. Larry Burns (GM's vice president of R&D) believes, “to make fuel cell cars
attractive they must match current lifetime expectations of 150 000 miles or more.”
Burns is optimistic of this aspect: “the only moving parts wili be the wheels, the
suspension and the compressor, so it should have a pretty good life” [Burns, 2002].
PEMFCs and the closely related DMFCs may also be used as remote power sources,
or in small portable electronics, however the driving force for these fuel cells is in the
transportation sector. Burns believes that the 55 million cars produced each year
may increase to 7¢ million by 2010 [Burns, 2002]), so even if a small proportion of
new cars are powered by PEMFC or PEMFC-hybrid systems, this would represent a
considerable breakthrough in the technology (and promote further reductions in
fuel cell cost and also a greater understanding in the community).

Ballard Power Systems of Vancouver {one of the world leaders in PEMFC
technology) have had their PEMFC stacks integrated into most fuel cell and hybrid
EV prototypes. DaimlerChrysler, Ford, GM and Toyota have invested ~ US$750
million in a partnership with Ballard Power Systems {Kreith et al,, 1999] (and all
four auto-makers have announced plans to have fuel cell EVs commercially available
by 2004 [CARB URL, 2002])vi. Three Ballard PEMFC-powered buses are presently
operating in a demonstration program in Chicago [Kreith et al., 1999}, others have

been operating in Vancouver since 1997 [Cameron, 1997].

vill Refer te Appendix C for a more detailed description of the present status of PEMFC-powered
prototype EVs from the main auto-makers.
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Partmerships between governmental bodies and companies arbund the world are
encouraging fuel cell vehicle trials. 160 European cities are involved in the ‘CUTE
{Clean Urban Transport for Europe} project, with 30 fuel cell buses linking the
cities. CUTE commenced in November 2002 [Hydrogen Fuel Cell Letter, 2002]. In
the US the most significant program is the California Fuel Cell Partnership- a
collaboration between the major auto-makers, fuel providers, fuel cell
mapnufacturers and governmental bodies (founded by the California Air Resources
Board, CARB). This partnership is actively demonstrating fuel cell EVs under
normal driving conditions and demonstrating the viability of an alternative fuel
infrastructure. The partnership plans to place “up to 70 fuel cell vehicles on the road
by 2003” [CARB URL, 2002].

An increasing number of hydrogen refueling stations have opened up around the
world. As at November 2002, eight H. stations were in existence in North America.
The stations typically use electric power to generate hydrogen from water via
electrolysis [Hydrogen Fuel Cell Letter, 2002].

1.3 Polymer Electrolyte Membrane Fuel Cells (PEMFCs)

1.3.1 PEMFC Operation
1.3.1.1 Choice of Fuel: Hydrogen or Methanol?

Hydrogen is the fuel of choice for PEMFCs in the short term, since it undergoes an
extremely facile oxidation reaction at a platinum surface, yielding high energy
densities. However, the on-board storage of H, in cylinder form presents two
serious issues in terms of weight and safety. The mass of pressurised hydrogen in a
cylinder may be only ~ 1% of the total cylinder weight, which is an unnecessary
weight addition to a vehicle, and results in a lower vehicle range compared to
vehicles using liquid fuels. Higher storage densities are being developed, including
storing the hydrogen as an adsorbed species (e.g. metal hydrides).
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The use of methanol as a fuel in PEMFCs has created considerable interest, dating
back to the beginnings of fuel cell research for the NASA space program. Methanol
is a relatively plentiful fuel, which is easily handled, stored, and transported. It is
also a potentially renewable fuel source which may be produced from hydrocarbons
such as methane {e.g. from biomass) and natural gas. The energy density of
methanol approaches that of hydrogen, and methanol does not require heavy
pressurised cylinders for storage. A further advantage of methanol-fueled vehicles
(compared to using hydrogen) is the safer storage of methanol on-board a vehicle,
and also the potential use of the existing petrol station infrastructure.

A petrol reformer was developed in late 1997, by the Boston-based Arthur D. Little,
New York’s Plug Power and the US Department of Energy [Motawalli, 2000]. This
could enable a more rapid integration of PEMFCs, using the existing petrol
infrastructure. Sulphur is removed from the fuel before it gets to the cell, with a
device similar to a catalytic reformer. However petrol is a very complex fuel, and the

exira weight and cost this reformer could add to an EV may yet make this unfeasible.

Pure hydrogen remains the best fuel for maximum PEMFC performance, and unless
significant improvements in DMFC performance ensue, Hy-powered PEMFCs will
most likely be the chosen power source for EVs. Whether this hydrogen is generated
on-board from methanol or stored in cylinders at high pressure is uncertain.
DMFCs may find niche applications in portable electronics (e.g. battery

replacement), where simplicity is important and low power is not an issue.

If carbon monoxide is present in the fuel stream (e.g. from reformed methanol or
other hydrocarbons), the platinum catalyst may become poisoned. Typically, CO is
adsorbed onto the platinum surface, forming intermediate Pt-CQu4s species that
block the catalyst surface, Poisoning is a major problem on platinum catalysts, due
to the slow kinetics of CQ-oxidation, and high potentials are normally required fo
oxidise CO on a Pt catalyst. For PEMFC operation, reformed H, mixtures must have
a CO concentration well below 100 ppm [Hamman et al., 1998], and generally less

than 10 ppm is preferred for CO-poisoning not to have a detrimental effect. The
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presence of €O, in reformate is of minimal concern for PEMFC operation, other

than diluting the fuel stream by around a quarter.

Platinum-ruthenium catalysts are often used in PEMFCs to enable operation on
reformed mixtures having CO concentrations of up to 250 ppm (without
degradation of cell performance, other than that resulting from the diluted fuel
stream). Sometimes a small amount of 0. or H.0. may be introduced into a
reformed fuel stream, to allow toleration of CO levels of up to 500 ppm, but these
oxidants also consume some of the hydrogen. Bifunctional PtRu catalysts are also
used in the anodes of DMFCs, to lower the potential of methanol oxidation.
Methano] is oxidised in a few steps, passing through a stage where an adsorbed COH
or similar species remains. This COHaas species poisons a Pt catalyst in a similar
fashion to CO. The Ru metal helps to adsorb oxygen-containing species at low
potentials, facilitating the oxidation of the COHags or CO.4s species, Eq. 1-8.

Pt-COups + RuOH —» Pt + Ru + CO, + H* + e (2-8)

DMFCs operate in a similar fashion to PEMFCs and often consist of the same basic
cell materials. The methanol in aqueous solution reacts directly at the PtRu catalyst
(at the anode), Eq. 1-9. Product CO: is liberated from the anode as a gas. The
cathode reaction (Eq. 1-10) is similar to that in a PEMFC (Eq. 1-2), except that three

moles of oxygen are required per two moles of methanol.

CH,0H + H:0 — CO. + 6H* + be (2-9)
1.50. + 6H* + 6 —» 3H.0 (2-20)
CH;0H + 1.50; - 2H.0 + CO. (2-11)
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The thermodynamic reversible cell potential for DMFC operation, E° = 121 V
(Eg. 1-11}, is close to the 1.23 V for the hydrogen/oxygen fuel cell (Eq. 1-3).
Complete methanol oxidation (Eq. 1-9), however, is considerably slower than the
oxidation of hydregen (Eq. 1-1), due to the requirement for a six-electron transfer
per mole of methanol, and the slow nxidation of intermediate carbonaceous species.
Consequently, much lower power densities are obtainable from DMFCs ¢f. PEMFCs
at present. However, apart from decreased fuel processing issues (and less concerns
with methanol safety and weight on-board a vehicle), DMFC operation has an
important advantace over PEMFCs- external humidification is not required. The
high level of water production in a DMFC (Eq. 1-11) combined with the aqueous
methanol solution supplied to the anode is adequate for maintaining the membrane
moisture content, enabling power savings. This allows for a much simpler system cf.
the PEMFC, with DMFCs not requiring humidifiers or fuel reformers. Additionally,
DMFCs may operate at temperatures as low as 1 °C, promoting their use in low
power applications at room temperature, where compressed H. or reforming is not

practical.

However, DMFCs are not nearly as developed ¢f. PEMFCs. The power outputs of
DMFCs are around 30% of a PEMFC system at best. Other than slow methanol
oxidation kinetics, performance is also limited in DMFCs due to a phenomenon
known as ‘methanol crossover’, This occurs when polymer electrolytes (such as
Nafion®<) allow a high rate of methanol to pass through the membrane to the
cathode, where it is oxidised. For motion within Nafion, protons need to be
bydrated (hence the ‘humidification’) and typically, 2~ 5 water molecules pass over
to the cathode with each proton [Ren and Gottesfeld, 2001}; this is known as

‘electro-osmotic drag’. Methanol molecules are similarly taken across to the

i Humidification of the gas streams is usually required in PEMFCs (particularly at the anode) to
prevent the polymer membrane from drying and the associated reduction in ionic (proton) conductivity
this causes. To achieve this, the gas streams (especially hydrogen) are usually bubbled through water at
an elevated temperature, e.g. 60- 80 °C, so that water vapour is supplied to the PEMFC, along with the
reactant gases.

X Nafion is a registered trademark of DuPont de Nemours.
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cathode, often severely poisoning the platinum-based catalyst and resulting in
considerable efficiency and power losses. For continued development of DMFCs, a
new polymer membrane is required, which would ideally be conductive and stable at
higher temperatures, and also have a2 low permeability to methanol. Higher
operating temperatures (e.g. up to 200 °C) are known to enhance reaction kinetics
and depress platinum poisoning (by adsorbed CO and related species), but at
present, higher operating temperatures require more complicated pressurised
systems {due to water eveporation within membranes such as Nafion). At present,
achievable power densities in experimental DMFCs have been reported in the range
0.2~ 0.4 W cm (at operating temperatures between 95- 130 °C) [Ren et al., 1096;
Shukla et al., 1998). Some studies continue to investigate the use of a liquid
sulphuric acid electrolyte (a return to original designs), to move away from using
expensive Nafion membranes that also have significant methanol-crossover

problems [McNicol et al., 10901,

1.3.3.2 Polarisation

Polarisation {or overpotential} is the magnitude of potential loss from the ideal
thermodynamically reversible voltage upon drawing current. There are three
principle types of polarisation in fuel cell operation, each dominating a section of the
curve in Fig. 1-3. At Jow current densities ‘activation polarisation’ dominates due to
slow electron transfer reactions, particularly at the cathode (oxygen reduction
reaction). ‘Ohmic polarisation’ arises from electrical resistances across the
electrolyte and electrodes, and is apparent in the central region of the polarisation
curve (by the linear slope). At high current densities ‘concentration polarisation”
occurs where reactants are unable to move to the catalyst sites fast enough to sustain
the high rates of reaction- a sharp decrease in voltage is typically observed due to
this mass-transfer limitation of reactions (this phenomenon is not shown in
Fig. 1-3). Concentration polarisation is also exacerbated by the slow removal of
products (e.g. water) and other species (e.g. N from air), which limits the reaction
rate, particularly at the cathode. Cathodes are usually designed to minimise ‘water
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flooding’ by wet-proofing agents. For the hydrogen/oxygen PEMFC, the ideal
situation would be to attain a voltage of 1.23 V at all current densities (i.e. the open
circuit potential, Fig. 1-3).
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Fig, 1-3 PEMFC Polarisation [Thomas and Zalbowitz, from Los Alamos
National Laboratory URL].

Power density (W cm™) is the first indication of fuel cell performance, which is
dependent on the current density (A cm2) at a particular voltage (power being the
product of current and voltage). Vehicular applications require high power densities
at low costs, which is usually obtained at high current densities. For stationary
power generation, lower current densities are preferable (higher cell voltages)
allowing higher efficiencies (and less heat losses). The current at which the power
density is 2 maximum is somewhere between these two extremes. The maximum
power obtainable from a cell is iE°, where E° is the reversible cell potential at 20 °C.
The electrochemical or voltage efficiency is calculated from E./E°. The overall
potential of the cell, may be expressed by Eq. 1-12, where iR is the potential drop
across the electrolyte, 1) is the polarisation, and Ej is the equilibrium cell voltage,
given by the Nernst equation, Eq. 1-13. In Eq. 113, R is the universal gas constant
(8.314 J Kt mol), T is the absolute temperature, z is the number of electrons
transferred in the reaction, F is the Faraday constant (96485 coulombs per mole
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electrons), a; is the activity of reactant gas dissolved in water, and a. is the activity of
reactant gas ions. When the polarisation losses are large (greater than 50- 100 mV
at room temperature} the polarisation is given by Eq. 1~14, where i is the current
density, i, is the exchange current density, and o is the transfer coefficient (a

number between o and 1).

E,=Es-n-ik (z-12)
E, = E° + (R,T/zF)In[a,/a;] (1-13)
n = (2.3 RT/azF)log i - (2.3 RT/ozF)log i» (1-24)

The power density of a fuel cell may be improved by reducing the individual
polarisation losses. For example, if activation polarisation is found to be extreme,
both electrodes could be compared to a reference electrode to determine which one
is being heavily polarised. Operating the cell at higher temperatures, increasing the
reactant concentration, or increasing the catalyst surface area may then reduce these
activation losses. Ohmic polarisation can be tested using an AC-bridge or a current-
interruption method. These losses may then be minimised by increasing the
electrode-electrolyte interfacial area, and by using thinner or more conductive
electrolytes. When mass-transfer processes are causing polarisation losses, the
diffusion of reactant species into the affected electrode may be improved through
redesigning the electrode or by increasing the reactant concentration (if in solution)

or partial pressure (if gaseous).

1.3.1.3 Cell Components

The basic apparatus for a single-cell PEMFC or DMFC is shown in Fig. 1-4. The
membrane-electrode assembly (MEA) is shown in the centre of the figure,
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incorporating the polyrner membrane and both electrodes (in a ‘sandwich-type’
structure). The catalyst layers may be applied to either the membrane or the gas-
diffusion electrodes (GDEs).

GAS DIFFUSION
BACKINGS

1

GRAPHITE TEFLON CATALYZED TEFLON GRAPHITE
BLOCK MASK NEMEBRANE MASK BLOCK

Fig. 1-4 The componenits of a single PEMFC, including the membrane-
electrode assembly (MEA) in the centre (from LANL URL).

The GDE typically consists of two parts- an outer carbon paper (or cloth) and an
inner layer of carbon-black. The inner diffusion layer acts as a micro-porous
support for the catalyst layer and prevents penetration of the catalyst into the
macro-porous carbon paper [Jordan et al., 2000]. The outer carbon paper consists
of long, interwoven carbon fibres that provide a rigid support for the inner ditfusion
and catalyst layers. Both gas diffusion layers are commonly wet-proofed, e.g. with
Teflon® (PTFE)S. The combined diffusion layers act to enhance the inward diffusion
of fuel cell reactants into the catalyst layer and aid in the removal of any products
such as water or carben dioxide (wet-proofing also helps to prevent bubble

formation).

X PTFE is chemically inert and helps to maintain a hydrophobic gas pathway to the catalyst layer. In
addition, PTFE helps to bind the gas-diffusion layer and provides structural integrity.
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Carbon-black (most commonly Vulcan) is used in the gas-diffusion and catalyst
layers of PEMFCs. These high surface area carbon powders have both macroscopic
and microscopic porosity, and may be made into thin Jayers with very high internal
areas available for catalysis. Additionally, carbon-black is electrically conducting
(essential for supporting electrochemical catalysis), chemically stable, lightweight
and inexpensive. Acetylene blacks (with more open structures than the Vulcan
‘furnace blacks’) have also been used in catalyst layers, and these allow higher
efficiencies at higher eurrent densities [Appleby, 1996].

The ion-exchange or polymer electrolyte membranes used in PEMFCs are normally
those containing strong acidic or basic end groups, as these will have the least ion
association (and therefore the highest ionic conductivities). The choice of polymer
backbone is also of vital importance, in terms of its mechanical strength, thermal
and chemical stability, and porosity. The thickness of the membrane needs to be
sufficient to reduce gas diffusion and provide strength, whilst remaining thin

enough to minimise internal resistance.

The most common polymer used inn PEMFCs is Nafion, which is a polymeric
perfluorosulphonic acid. Nafion has both hydrophilic (SO;H) and hydrophobic (C-
F) functionalities (as represented in Fig. i-5). Complete fluorination is required for
chemical stability. When solvated, the proton in the sulphonic acid (SO;H) group
becomes mobile and may readily pass through the polymer as H O+, H50.*, etc. (the
proton is typically hydrated by between two to five water molecules, at temperatures
of 15 and 130 °C, respectively [Ren and Gottesfeld, 2001]). Apart from exhibiting
high ionic conductiﬁties, it is also essential for the polymer membrane to be free of
pores, to maintain separation of reactants, The membrane also acts as an electrical

insulator between the anode and cathode.

Due to the hydrophobic/hydrophiiic nature of Nafion, a complex network of inverse
micelles joined by channels develops on hydration (see Fig. 1-6). The Teflon
backbone of the polymer exists outside these micelles, whilst the -SO3 groups line

the insides. Hydrated protons (or other cations) may readily pass from one micelle
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to the next, however a similar transport of anions is prevented by repulsion from the
-80," groups within the channels. (The transport number for protons, tu*, is almost

1.0, i.e. essentially all of the ionic conductivity is due to proton conduction).

—{(CF>-CF2):«(CF-CFy)y—
|
[0-CF>-CF],-O-(CF,),-SO;H
I
CF; where x=6-10,and y=z= 1

Fig. 1-5 The structure of DuPont's Nafion® [Savadogo, 1698].
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Fig. 1-6 The internal structure of Nafion (taken from Hamann et al., 1998).
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In PEMFCs, the commonly used membranes are Nafion 117 (175 um) and Nafion 112
(50 pm), both with an equivalent weight of 1100 (ratio of the polymer mass to the
moles of -SO;~ sites), and a specific conductance (conductivity/film thickness) of
0.081 (Q cmj?. The 112 form is preferred in PEMFCs, being thinner and therefore
allowing higher power densities (less ohmic resistance), but it is more fragile than
Nafion 117. In DMFCs the 117 film is generally used, because it is thicker and does
not allow as much methanol crossover. The major disadvantages with Nafion
electrolytes are the moisture requirements, limiting the operating temperature range
to ca. 5-90 °C (the fuel and oxidant gases are usually humidified by passing these
through water at an elevated temperature), and the high cost.

Currently the cost of a PEMFC power system is largely dominated by the cost of the
PEMFC stack (i.e. the collection of cells joined in series; the stack expense
constitutes ca. 80% of a typical 50 kW system [ADL, 2000]). In turn, the price of a
typical PEMFC stack is dominated by the cost of the MEA materials and prepa:ation
(ca. 76% of the stack [ADL, 20001). In 2000, the cost of 2 MEA (materials and
production) was ca. US$ 236 m2, [ADL, 2000]. The Arthur D. Little study was
based on high-volume production estimates (500,000 units per year) and assumed a
cost of US$ 55 m2 for the Nafion PEM, whereas the priée of Nafion in 1999 was
around US$ 750 m=. Almost half of the MEA cost is from the platinum-based
catalysts on each electrode (around 47% of the MEA cost in 2000).

1.3.2 The Catalyst Layer: The Heart of the PEMFC

The catalyst layer is the region where the fuel cell reactions take place. Reactant
species pass into this layer and react at the surface of a catalyst particle, in the so-
called ‘three-phase reaction zone’ (explained in Section 1.3.2.2). To achieve fast
rates of reaction a high catalyst surface area is generally desirable. At the same time,
the catalyst layer should be as thin as possible to facilitate quick diffusion of reactant
gas (and removal of any products); thinner layers are also less resistive, The nature

of the various components in this layer (e.g. hydrophobicity or hydrophilicity,
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catalyst type and particle size) is also very important, and may significantly affect
fuel cell performance.

Typically, PEMFC and DMFC catalyst layers are largely comprised of 1- 2 nm sized
platinum particles ‘supported’ on ~ 30 nm carbon-black particles (Pt/C). Polymer
electrolyte is usually used to bind these layers and alss provide a H* pathway to
most of the catalyst particles. Sometimes PTFE is also used for binding the catalyst
layer; PTFE may also be useful e.g. for increasing the hydrophobicity of the cathode
to minimise flooding. The preparation of these layers is extremely important for
maximised catalyst utilisation- typical preparation methods are outlined later (in
Section 1.3.3).

1.3.2.1 Catalysis

A catalyst is a material that enhances the rate of a particular reaction without
appearing in the final products. It accelerates both the forward and reverse
reactions equally, by lowering the activation energy required for a reaction. A
catalyst has no effect on the position of equilibrium (e.g. platinum or nickel may be
used as both hydrogenation and dehydrogenation catalysis). The Pt-based catalysts
used in fuel cells enable the hydrogen and oxygen reactions to readily occur at low
temperatures (e.g. ~ 80 °Cin a PEMFC).

The catalysis within fuel cells is called ‘heterogeneous catalysis’ (sometimes called
‘contact’ or ‘solid’ catalysis), since the reaction occurs at the interface of two phases.
Five elementary steps usually describe a heterogeneous reaction [Moore, 1983]: (i)
diffusion of reactants to the catalyst surface, (ii) surface adsorption, (iii) chemical
reaction (i.e. transfer of electrons), (iv) desorption, and (v) diffusion of products
away from the catalyst surface. The chemical reaction step is normally rate linsiting,
The rate of reaction is proportional to the surface fracticn covered by reactant. In
catalysis, chemisorption is generally the type of reactant adsorption on a substrate
(as opposed to physisorption).
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The exchange current density, jo, is the rate of electron transfer across an electrode
at equilibrium, where the current densities of anodic and cathodic (j, and j.) reaction
directions are equal, Eq. 1-15 [Moore, 198g]. Platinum electrodes typically have a
high j, for most reactions, allowing a high flow of charge between the electrode and
solution for an increased potential difference across the electrode (i.e. a shift in
equilibrium). Such electrodes may exhibit very little polarisation.

Jo = ja = jc (1-15)

Platinum is the most abundant of the noble metals (or the ‘platinum group metals’-
Pt, Pd, Rd, Ru, Ir, Os) and has been studied the most exiensively; uses of platinum
range from applications where corrosion resistant surfaces are required (including,
inter alia, electrochemistry and medicine) to applications in catalysis (e.g. catalytic
converters in vehicles and hydrogenation/dehydrogenation reactions). For
hydrogen oxidation, platinum, gold, nickel, and even tangsten carbide are suitable
catalysts; platinum and nickel are also reasonably effective catalysts for the
reduction of oxygen, as is silver [Hamann et al., 1998). For PEMFCs however, the
only suitable catalyst materials found to date are platinum and allays of some of the
platinum-group metals (including ruthenium in particular). Platinum is chemically
stable in acid solution, and readily catalyses fuel cell reactions at low temperatures
{yielding much higher current densities than any other catalyst). The main
disadvantage in using platinum for catalysis is the high cost, but at present this is
unavoidable. Many studies have therefore atiempted to reduce the total amount of

platinum required in PEMFCs.
As outlined in Section 1.3.1.1, platinum surfaces become poisoned during operation

on fuels containing CO (or during the direct electrochemical oxidation of methanol,

which breaks down to a similar carbonyl species). The alloying of a second metal (or
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an ‘ad-atom’) with platinum can greatly enhance catalysis, and ruthenium is
typically used in such situations.

Generally, PtRu has been the best performing catalyst system for CO and methanol
oxidation. A number of other catalyst formulations have been investigated,
including binary, ternary and quaternary systems using the elements of tin,
tungsten, molybdenum, osmium, iridium, rhodium, and nalladium. Recently, a Pt-
Ru-Os-Ir system has been shown to perform slightly better ¢f. PtRu for methanol
oxidation [Reddington et al, 1998). However preparation of termary and
quaternary systems is often more complicated and likely to be more expensive due
to the additional elements, so a significant improvement in catalysis is necessary for
these systems to be commercially viable. OQther catalyst alternatives have been
attempted by inteccalating platinum into perovskites { White and Sammells, 1993],
and incorporating platinum into polyacrylonitrile foams [Ye, 1996] and conducting
films such as polypyrrole {Hepel, 1998].

For DMFCs operating on a typical methanol solution concentration of 5 molar, the
optimal catalyst ratio is 7-30% Ru:Pt, with higher Ru content necessary at low
temperatures {Fujiwara et al., 1996). In the case of PEMFC operation on CO/H;

mixtures, a 50-50 ratio of Ru to Pt is often preferable.

The Langmuir-Hinshelwood surface reaction (or the ‘bifunctional mechanism’) is
generally the accepted oxidation mechanism for methanol and earbonaceous species
at the binary PtRu catalyst. This mechanism (i.e. Eq. 1-8) involves the adsorption of
oxygen-containing species on the ruthenium surface (at lower potentials than on the
platinum surface)}, which aid in the oxidation of Pt—COHags species, thus fastening
the rate-determining step. Ru adsorbs OH- species at ~ 0.2 V (vs. RHE), possibly
even from 0.16 V [Szabé and Bakos, 19871, cf. ~ 0.4 V for platinum. There may also
be a small electronie, or ‘ligand’ mechanism occurring (from the overlap of platinum
and ruthenium electron orbitals) that also gives rise o the enhanced catalysis of
PtRu ¢f. catalysis on either metal. [Tremiliosi-Filho et al., 1999].
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It follows that PtRu deposits situated in the electrochemically active regions of fuel
cell electrodes (i.e. at the ‘three-phase reaction zones’) should, as in the case of
platinum catalysts, ideally be prepared as small as possible. For platinum deposits,
1 nm has been calculated as the smallest ‘energetically stable’ particle size
[Stonehart, 1000). Generally PtRu particles can be prepared at a smaller size ¢f.
pure platinum particles, and thus PtRu catalysts < 1 nm in diameter may be feasible.

1.3.2.2 Catalyst Utilisation

A major challenge for the cost reduction (and improved performance) of PEMFCs is
to increase the utilisation of the noble metal catalysts within the electrodes. For a
high catalyst utilisation (i.e. the amount of platinum surface area available for
reactions relative to the mass of platinum) it is essential to prepare platinum
deposits of maximum specific surface area. Accordingly, platinum particles are
usually deposited onto a high surface area carbon-black to limit particle

agglomeration.

A highly utilised catalyst is the most desirable from a cost perspéctive, and also since
using less catalyst generally allows thinner catalyst layers with better gas diffusion
properties. A high utilisation requires most of the catalyst atoms to be actively
involved in the reaction of interest. It is well known that suiface area is inversely
proportional to particle size (for a given mass of substance). Eq. 1-16 illustrates how
the platinum particle diameter, d (in m), may be calculated, if homogeneously
dispersed, spherical particles are assumed [Kinoshita, 1988; Gloaguen, 1997]
(where the density of platinum, p, is 21.4 x 10° g m3, and specific surface area, 5, is
in m2 g units). In general, the highest specific surface area (surface area per mass
of catalyst) is preferred. In fact, an ‘ideal' platinum catalyst could be imagined as
consisting of 1 nm (10 A) supported particles (with a specific surface area of ca.

280 m? g1 Pt), where every atom is a surface atom and is available for catalysis (i.e.

xi L argely Pt and Pt-based catalyst systems.
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100% utilisation) {Kinoshita and Stonehart, 1977). One of the most commonly used
catalysts, 20 wt% Pt/C from E-TEK Inc., has a particle size range of 2- 5 nm.
However, the actual surface-area available in a PEMFC may be a lot less, resulting in
a low platinum utilisation. To date, the best platinum utilisations have been
typically no more than ~ 20% [Appleby, 1995), which also takes into account
platinum particles lacking ionic contact.

d=06/5 (1-16)

Gas piase
S ekt r -

Zona of high current density
{Three-phasse zone)

Eleclrade walt

Fig. 1-7 The three-phase reaction zone. The electrolyte must
come info contact with the catalyst (in the electrode), but be thin
enough to allow rapid mass transport [from Hamann et al,
1998].

For a high platinum utilisation it is essentis! that ihese small catalyst particles are
located in particular regions of the catalyst layer. Ideally, the whole platinum
surface-area within a PEMFC catalyst layer would be active for the hydrogen
oxidation and oxygen reduction reactions. For this to be the case, the fuel or oxidant
must react at the interfacial region between the polymer electrolyte (eg. Nafion) and
the platinum catalyst. This is known as the three-phase reaction zone (3PRZ},
Fig. 1-7. The electrode should be suitably fashioned to allow fast access of the

reactant into this zone and furthermore, for a reaction to occur, the
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electrolyte/catalyst interface must enable the transfer of both protons and electrons.
Fig. 1-8 illustrates two possible routes for low catalyst utilisation- catalyst lacking
either proton or electrical conduction pathways.
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Fig. 1-8 A schematic diagram illustrating the active and non-active platinum
particles in a PEMFC catalyst layer. The cathode catalyst layer is used as
an example.  The polymer electrolyte is Nafion which is typically
impregnated into the catalyst layer (refer to the text).

Hence, it is necessary for the polymer electrolyte (in the catalyst layer) to be ionically
connected to the membrane between ancde and cathode, to facilitate proton
passage. It is also necessary for the catalyst to be electrically connected (through the
carbon particles) to the current collectors, so that the electrons riay pass through
the external circuit. If these 3PRZ conditions are not satisfied then reactions will not
take place (i.e. the catalyst will not be active for PEMFC catalysis).
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1.3.3 Catalyst Layer Preparation

This discussion will focus on platinum catalysts, since they have been primarily used
in PEMFCs. The PtRu binary system has, until more recently, been used almost
exclusively with DMFCs (and these fuel cells have had less commercial focus).
Nevertheless, the same issues of catalyst utilisation remain for PtRu catalysts (i.e.
catalyst size and placement are equally important). A section outlining Ru and PtRu
catalyst preparation methods follows (Section 1.3.3.5).

1.3.3.1 Historical Development

The initial PEMFC catalysts developed for the Space Program used high loadings
(4 mg cm?) of platinum-black (finely divided platinum particles, without carbon
support) for the catalyst layer. This platinum had a very low utilisation, about 0.1%
{Appleby, 1996], and resulted in very expensive electrodes (ca. US$ 400 kw=
{Taylor et al, 1992]). The platinum-supported-on-carbon (Pt/C) technology
developed for PAFCs (to enable the preparation of smaller platinum particles) was
then adopted for use in PEMFCs. The Teflon-bound Pt/C catalyst layer used in
PAFCs was not entirely suited to a solid polymer electrolyte, which could not flood
throughout the catalyst layer. Appleby (in 1986), and Raistrick (in 1989) patented
techniques, describing methods for incorporating Nafion ionomer into PAFC and
PEMFC catalyst layers, respectively*i. This addition of Nafion into the catalyst layer
(via brushing/spraying ionomer solution onto the electrode surface} enabled
equivalent performance with one-eighth of the platinum loading (0.5 mg em®)
compared to state-of-the-art Pt-black electrodes. However, platinum utilisation
remained low (at only ca. 10%) in the early 1990s [Appleby, 1995; Wilson et al,,

1995; Srinivasan, et al., 1991].

xii Op drying, the Nafion ionomer is recast, and helps to bind the catalyst layer, removing the need for
using a Teflon binder.
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The next major advancement involved mixing Nafion ionomer with the Pt/C
particles before forming the catalyst layer. This technique was developed by Uchida
et al. in 1995, to extend the interfacial area of polymer electrolyte throughout the
catalyst layer (i.e. to increase the three-phase reaction zone). This method enabled
further improvements in fuel cell performance, and is now the most commonly used
method for preparing the catalyst layer. Platinum loadings of about 0.5 mg Pt cm-2
are conventional, but Joadings down to 0.05 mg Pt cm2 (i.e. 50 ug cm-?) have been
reported, usually at the hydrogen anode (although these ultra-low loadings can

prove limiting at high current densities).

1.3.3.2 Conventionasl Preparation

The preparation of very small platinum particles has been extensively investigated in
other work, particularly via chemical or colloidal precipitation technigues. For
example, platinum particles with a diameter of 2.5- 3 nm, supported on carbon, are
commercially available in the commonly used 20 wt% Pt/Vulcan XC-72R (from
E-TEK, Inc. [E-TEK, 19963). Supporting Pt nanoparticles onto high surface-area
carbons was found to limit Pt particle agglomeration (and thus helped maintain
small Pt particle sizes). Yet, the utilisation of such particles also depends on the
fabrication of the catalyst layer (i.e. whether the 3PRZ conditions are satisfied).

A common method for platinising electrodes is via the chemical reduction of readily
available platinum salts such as H,PtCls or Pt(NH,),Cl; by NaBH,. Platinum has
been deposited onto or into the polymer electrolyte membrane to produce Pt/PEM
electrodes using the impregnation-reduction method [Deliiie et al., 1998; Sheppard
et al., 1998; Millet et al., 1995; 1989; Liu et al., 1992); generally, large platinum
particles and films are produced using this method. NaBH, has also been used to
reduce H:PtCls [Rogers, 1083] and reduce thermally decomposed H.Pt(ls [Shukla,
1992] onto activated carbon surfaces. Unsupported platinum alloy particles have
also been prepared by borohydride reduction [Ley et al., 1997], whereby the
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particles are precipitated out of solution and may be made into an electrode using
the decal transfer process [Wilson and Gottesfeld, 1992, in J. Appl. Electrochem.].

Another common way of preparing platinum-supported-on-carbon (Pt/C) with a
high specific surface area is via a colloidal method such as the ‘sulphite route’
[Sionehart, 1990; Petrow and Allen, 1977]. In an eatly stage of this method,
chloride is removed from H.PtCls by converting this platinum salt into NasPt(SO,)s.
The removal of chloride species from PEMFC catalysts is necessary since chloride is
known to poison platinum and decrease the adsorption of oxygen, methanol
[Bagotzky et al.,, 1970], and glucose [Skou, 1973]; chloride is even believed to
corrode platinum in acidie media [Chemodanov and Kolotyrkin, 1070). Meta-stable
platinum oxide colloids are then prepared from NagPt(SO;),, which precipitate onto
suspended carbon-black particles, followed by chemical reduction, e.g. by H,, to
produce the supported Pt/C catalyst [Petrow and Allen, 1977]. An average platinum
particle diameter of 1.5- 1.8 nm may be prepared via the suiphite route, although
even with particles this small only half of the platinum atoms are at the surface
[Stonehart, 1990] and available to participate in reactions. Furthermore, for high
utilisation the 3PRZ conditions must be satisfied, i.e. proper fabrication of the

catalyst layer is paramount.

Wilson and co-workers modified the procedure of catalyst layer fabrication to
maintain high performance with low platinum loadings [Wilson et al., 1995; Wilson
and Gottesfeld, 1992, in J. Appl. Electrochem; 1992 in J. Electrochem. Soc.]. The
Los Alamos group impregnated phosphoric acid-style electrodes with solubilised
polymer electrolyte {(usually Nafion®) [Raistrick, 1989), and eventually replaced all
the PTFE in the catalyst layer with Nafion [Wilson and Gottesfeld, 1992, in J. Appl.
Electrochem; 1992 in J. Electrochem. Soc.]. The procedure involved mixing with
the supported Pt/C catalyst particles, and then drying this ‘ink’ onto the polymer
membrane; this remains the most commonly used method today. Nafion actsasa
binder for the catalyst layer and more importantly, increases the 3PRZ area
throughout the layer. Before polymer electrolyte was mixed throughout the catalyst

layer the 3PRZ was restricted to the approximately two-dimensional region where
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the catalyst layer connects to the polymer membrane (eg. Nafion). This was not
problematic in phosphoric acid fuel cell (PAFC) systems because the hot H,PO,
electrolyte was able to penetrate the Teflon-bound catalyst layers.

1.3.3.3 Shortcomings of Conventional Catalyst Layers

The utfilisation of platinum within conventional Nafion-modified catalyst layers
often remains low (e.g. up to 20% [Appleby, 1995]), largely due to poor ionic
contact. However, the maximisation of ionic conductivity and 3PRZ area
throughout catalyst layers is in direct conflict with the overall fuel cell performance.
It is usually preferable to minimise the amount of Nafion within the catalyst layer,
typically to about 10- 20 wi%*, since high concentrations increase the iR-drop
across the cell (and can also decrease the transport of reactant/product gases).
Additionally, minimisation of Nafion usage is desirable for reduced electrode cost. A
certain percentage of platinum particles will thus exist in catalyst layer regions
lacking access to the sulphonic acid (SO;H) groups of Nafion (depending on the
amount of Nafion used). This platinum will not be accessible.

1.3.3.4 Alternative Preparation Methods

A number of different preparative approaches for fuel cell catalyst layers have been
explored. The electrodeposition of catalysts has been investigated the most
extensively, although other methods (generally involving a chemical reduction step)

have also been investigated.

Electrodes have been successfully platinised via the chemical reduction of readily
available platinum salts such as H2PtCls or Pt(NH;3),Cl. by NaBH,. For example,
NaBH, was used to reduce H.PtCls [Rogers, 1983]) and reduce thermally

X¥ Loadings of up to 25 wit% are sometimes used, but whether these will be economically feasible is
uncertain,

54




C@ﬁfé’?‘ Orne Introduction

decomposed H.PtCls [Shukla, 1992] onto activated carbon surfaces. Unsupported
platinum alloy particles were also prepared by borohydride reduction [Ley et al.,
1997], whereby the particles were precipitated out of solution and made into an
electrode using the ‘decal transfer’ process [Wilson and Got. 2sfeld, 1992).

Platinum has also been deposited onto or intn the polymer electrolyte membrane to
produce Pt/PEM electrodes using an impregnation-reduction method [Delime et al.,
19098; Sheppard et al., 1998; Millet et al., 1995; 1989; Liu et al., 1992], There are a
number of variations of the impregnation-reduciion method, but essentially Pt/PEM
electrodes were prepared by cation-exchanging Pt{(NH;)2+ for the protons in Nafion,
followed by an in situ chemieal reduction with e.g. NaBH,. Low platinum loadings
were possible in some of these methods (ca. 0.5 mg cm-2), but a small proportion of
platinum was lost as isolated particles within the Nafion membrane. In these
studies [Delime et al., 1998; Millet et al., 1995; Liu et al., 1992], platinum particles
were generally deposited into the surface 0.5 pm of the polymer, forming a porous
conducting layer, and in most cases large platinum particles and films are produced

using these methods.

The electrodeposition of platinum has been studied by a number of researchers, with
the main intention of depositing small platinum particles at the polymer
electrolyte/electrode interface; increased platinum utilisation in PEMFC electrodes
was also a typical objective. The most common method of electrochemical reduction
(for PEMFC catalysts) employs the electroreduction of catalyst ions from an
electrolytic solution into the catalyst layer. The other alternative is an
electroreduction of catalyst ions that have been impregnated into either the polymer
electrolyte, or the surface groups on the carbon support. Electrochemical reduction
is commonly performed potentiostatically (at a constant potential), but galvanostatic
reduction (constant current) has also been used. Reducing potentials have been
applied in pulses, enabling greater ion diffusion to the deposition sites. Potential
sweeping (e.g. via cyclic voltammetry) has also been used for depositon. In
addition, the surface activities of electrochemically-deposited platipum are known to
be similar to those of chemically-reduced platinum [Hogarth ei al., 1994].
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Platinum has been electroreduced from solution onto glassy carbon substrates
[Mikhaylova et al., 2000; Ye and Fedkiw, 1996; Shimazu, et al., 1988; 1987; Lin-
Cai and Pleicher, 1983], at carb¢a/Nafion interfaces [Gloaguen et al., 1997;
Verbrugge, 1994; Taylor, et al., 1992; Vilambi et al., 1992; Itaya et al., 1086}, and
into PEMFC electrodes [Choi et al., 1998; Glnaguen et al., 1997; Verbrugge, 1994;
Hogarth et al., 1994; Taylor, et al, 1992; Viilambi et L, 1992]. Under certain
conditions, electrodeposition may enable accurate control over the platinum loading
deposited onto an electrode. Loadings of 10 pg cm or lower [Mikhaylova et dl,,
2000; Gloaguen et al., 1997; Shimazu et al., 1988; 1987; Itaya et al., 1986] and
loadings of up to 750 pg cm-? [Mikhaylova et al., 2000; Gloaguen et al., 1997; Ye
and Fedkiw, 1996; Verbrugge, 1994; Taylor et al., 19092; Vilambi et al., 1992;
Shimazu et al., 1088; 1987; Itaya et al., 1086] have been successfully prepared.

Platinum particle size may also be limited during electrodeposition; particles of less
than 20 nm have been electrodeposited from PiCls# solutions [Mikhaylova et al.,
2000; Chol et al., 1998; Gloaguen et al., 1997; Ye and Fedkiw, 1996; Shimazu et al.,
1088; Itaya et al., 1986]). Most notable of these studies is the work of Choi et al.
[Choi et al., 1008], who reported the deposition of ~ 1.5 nm platinum particles into a
preformed electrode, using a pulse electrodeposition technique. However, similar to
the case of conventionally prepared electrodes, these pulse-platinised electrodes

may face the same problem of poor polymer contact.

The cationic platinum salt, Pt(NH;).2*, has been used by a few researchers for
selectively depositing platinum. Verbrugge [Verbrugge, 1994] investigated
platinum electrodeposition from dilute Pt{NH;),Cl. solutions into preformed
catalyst layers and succeeded in depositing most platinum in a cg. 10 pm region at
the Nafion membrane/electrode interface. Verbrugge attempted to utilise the
unique chemistry of the carbon/Nafion interface in order to electroreduce platinum
only at carbon particles in the vicinity of Nafion (i.e. in the 3PRZ areas). An
indication of platinum particle size or dispersion was not given, so the possible

utilisation of the platinum deposited via this method is uncertain. Taylor et al.
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[Taylor, et al., 1992; Vilambi et al., 1992] electrodeposited a cationic platinum
species into electrodes from solution through a Nafion film, and a particle size of
2- 3.5 nm was achieved. A tenfold increase in mass activity was reported on
comparison to an E-TEK platinum colloid, which was believed to result from an

increase in platinum utilisation.

In another variation on the use of ion-exchanged platinum, Kinoshita [Kinoshita
and Stonehart, 1977; Kinoshita, 1988] impregnated Pt(NH;),2* into the surface
oxide species of a pre-oxidised carbon-black. The highly alkaline Pt{NH3),(OH).
platinum species was used to adjust the pH of solution and increase the extent of
ion-exchange. The electrode was then heated in air to produce platinum oxide
particles. The PtO. was subsequently electroreduced, resulting in high surface-area
platinum deposits (ca. 100 m? g*). However, if polymer electrolyte contact is
insufficient low platipum utilisation may still result in PEMFC electrodes platinised
via this method.

1.3.3.5 PtRu Catalyst Preparation

Further to the above, a brief cutline of PtRu electrode catalysation is provided here.
Generally, the most common methods used to prepare PtRu/C are extensions of
Pt/C preparation methods. As outlined in Section 1.3.1.1, alloying Pt with other
elements (usually Pt group metals) can improve the catalysis of certain fuels. For
operation on methanol or CO-containing H. (in a DMFC or PEMFC respectively),
the PtRu binary catalyst system is typically used.

Similar to Pt/C preparation, PtRu/C supported catalysts are usually prepared via
chemical deposition. The ‘sulphite route’ is a well-known example (see Section
1.3.3.2), where NagPt(S05), and NagRu(SOg), species are prepared [Stonehart, 1990;
Petrow and Allen, 1977), then oxidised into an unstable colloid which then
precipitates onto suspended carbon-black particles. Other variations on this method

have been investigated [Castro Luna et al., 2000]. Reduction of Pt and Ru species
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from solution has also been studied, with either a slow addition of NaBH,, or via
formic acid-treated carbon powder [Castro Luna et al., 2000].

Again, as in the case of preparing Pt/C catalysts and platinising electrodes,
electrodeposition of PtRu/C has probably been the major alternative to conventional
preparation approaches. Co-electroreduction of PtRu from a mixed sclution of Pt
and Ru species is generally the most common approach. In addition, a number of
more fundamental studies have investigated the electrodeposition of Ru onto a
range of electrode surfaces. The commonly available RuCl; species is predominantly

used.

Ru has been electrodeposited onto Pt [Vigier et al., 2001; Lin et al., 1999; Cramm et
al., 1997; Vukovic, 1990; Lezna et al., 1983), Au [Souza et al., 1997], glassy carbon
[O'Connell, 1998] and at a Nafion-Pt interface {Shiroishi et ai., 2001]). Koponen et
al. investigated the potentiostatic depositicn of RuCl, onto a Pt/C + Nafion layer on
a gold electrode [Koponen et al., 2000). The Pt-Hygs region was found to decrease
and the double-layer charging response increase with higher Ru loadings (i.e. Ru
was electroreduced onto Pt sites). Koponen also found that Ru was deposited onto
carbon, since some Pt crystallites were less accessible. Ru is known to preferentially
reduce onto Pt sites of a smooth Pt electrode, rather than onto deposited Ru
particles [Koponen et al., 2000].

Some researchers have investigated the ‘spontaneous’ or ‘electroless’ deposition of
Ru from RuCl, solution, where an electrode such as Pt [Szabé and Bakos, 1987] or
Au [Strbac et al., 2001}, is immersed in the ruthenium solution and is ruthenised at
the open circuit potential (i.e. without the application of potential). Sometimes a Pt
electrode is first cathodically polarised and then allowed to stabilise under open
circuit conditions before introducing the RuCly solution [Szabé and Bakos, 1987).
Ruthenium species are adsorbed onto the Pt electrode, displacing adsorbed H
species. Care must be taken to avoid the deposition of ruthenium oxide at higher
potentials (for fuel cell catalysts). Another method investigated for depositing Ru
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has involved impregpating RuCl, solution into graphite cloth before drying and
heating in either N, or H. at 500 °C [Williams and Mahmood, 1980].

A pumber of researchers have co-electrodeposited binary PtRu alloys onto Pt
[Frelink et al., 1995; Beden et al.,, 1981] and Au [Cattaneo et al., 1999; Richarz et
al., 1995; Lopez de Mishima et al., 1995} substrates, for fundamental investigations
(e.g. surface/bulk fractions and electrocatalysis). To date, no studies have
investigated the electrodeposition of PtRu binary catalysts into ‘fuel cell type’
electrodes. It is expected that the utilisation of such catalysts might be improved in
a similar fashion to that of Pt, as was described in Section 1.3.3.4.

1.4 Summary & Aims

As outlined in Section 1.2, PEMFCs and DMFCs have candidate applications in
portable electronics, stationary power and, most significantly at present, in electric
vehicles. However, cost has been the primary limitation to any widespread
commercialisation of PEMFCs and DMFCs (even despite significant cost reductions
since the use of PEMFCs in space).

Eventually, automation of PEMFC cell and stack construction is anticipated, and
with this a large reduction in PEMFC fabrication costs is expected. High-volume
PEMFC (and DMFC) production is eﬁpected to facilitate a significant reduction in
the fabrication costs of individual components [ADL, =2000]. However, the
platinum-based catalysts are expected to constitute a significant propourtion of the
MEA cost, even in high-volume production estimates- these catalysts may constitute
around 50% of the total MEA cost (i.e. ~ 36% of the total PEMFC cost) [ADL, 2000].

This work has investigated new methods for the catalysation of DMFC and ¥£MFC
electrodes. The main objective was to enhance the utilisation of the Pt and PtRu
catalysts in the catalyst layers of these electrodes. As discussed in Section 1.3.2.2,
the utilisation of a catalyst may be improved via either preparing smaller catalyst
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particles (i.e. with a higher specific surface area), or by increasing the proportion of
platinum in the 3PRZ regions of the electrode (where fuel cell reactions are known

to occur).

It was hypothesised that catalyst utilisation within fuel celi electrodes might be
improved if the catalyst is electrodeposited directly into the electrode. Under certain
conditions, the clectrodeposition of catalyst ions into pre-formed fuel cell electrodes
may enable the selective deposition of small platinum particles at the three-phase
reaction zones (refer to Section 1.3.2.2). Placement of catalysts in 3PRZ regions of
the electrode is difficult using conventional methods. Other methods were
investigated to prepare small catalyst particles.

1.5 Outline of the Dissertation

Chapter Two provides a background to general electrochemical theory, since
electrocatalysis and electrochemical analysis of catalysts are a major focus in the
present work. In particular, the technique of cyclic voltammetry (CV) is outlined. In
Chapter Three, the chemicals and materials used are provided, along with
descriptions of experimental apparatus and methods.

An investigation into the poisoning of platinum deposits during electrodeposition is
presented in Chapter Four as a potential electrode catalysation method. In Chapter
Five a similar poisoning approach is trialled during the electrodeposition of
ruthenium. Chapter Six investigates the selective electrodeposition of platinum into
fuel cell electrodes following platinum-impregnation. Conclusions and some
recommendations for future work in each of the three areas of investigation are then

provided in Chapter Seven.
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2.1 Chapter Overview

Chapter Two outlines general electrochemical theory and concepts. Section 2.2 is
provided to help familiarise the reader with electrochemical cells and basic electrode
phenomena in solution. General aspects of electrodeposition are discussed in
Section 2.3. Section 2.4 outlines cyclic voltammetry (CV), a common electro-
analytical tool (CV is a major analytical technique employed in this work).

2.2 Electrochemistry

2.2.1 Electrochemical Cells

The mobility of electrons in a metal and ions in an electrolyte may be utilised for
transferring charge, such as in an electrochemical cell. A simple example of an
electrochemical cell comprises two dissimilar metals (electrically connected) in an
electrolyte. Fig. 2-1 shows a diagram of such a cell, consisting of a zinc electrode
immersed in a zinc sulphate solution connecied to a copper electrode in a copper
sulphate solution. The electrical (or external) circuit is completed via a resistor
(which could be e.g. a light bulb).

In the case of Fig. 2-1, zinc is more reactive than copper so zinc atoms lose electrons
(i.e. are oxidised), and Zn?* ions pass into solution, Eq. 2-1. The electrons pass
through the external circuit to the copper electrode. To balance charge, a net motion
of cations develops between the zinc and copper electrodes. The salt bridge may be
an electrolyte, such as K.S0,, contained within an agar gel, cloth or filter paper. A
salt bridge allows the migration of ions between ‘half-cells’ to balance charge. In
Fig. 2-1, X* ions move towards the Cu|CuSO, half-cell. Eq. 2-2 describes the
reaction occurring at the copper electrode, where the Cu2* cations accept electrons

and are ‘electrodeposited’ (or ‘electroplated’ or ‘electroreduced’) as copper atoms.
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—_—
Zn Cu
Anode . Cathode
Salt
Bridge
ZnSO, CuSOy4

Fig. 2-1 A simple electrochemical cell.

Zn — Zn> + 2e (2-1)
Cuz* + 2 » Cu {2-2)
Zn +Cu2t — Zn?* +Cu (2-3)

In this Fig. 2-1, the zinc electrode is called the anode, since it is where oxidation
occurs (the anode is sometimes defined as the electrode towards which anions
travel). The copper electrode is the cathode, where reduction occurs. In a ‘galvanic’
celli, such as Fig. 2-1, the cathode becomes positively charged, and it accepts
electrons. Eq. 2-3 describes the overal! ‘redox’ reaction of Fig. 2-1 (Eqs. 2-1 and 2-2
are the two half-equations and occur simultaneously). Redox reactions involve the
transfer of electrons. The word ‘redox’ is derived from reduction and oxidation. The

chemical energy stored in the reactants is transformed into electrical energy. A

" ie. a type of electrochemical cell, sometimes called a ‘voltaic’ cell; apparatus used to generate
electricity from a spontanecus chemical reaction,
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series of such cells could be connected (by joining oppositely charged terminals) to
form a battery.

‘Potential difference,” ‘voltage’ or ‘electromotive force’ are often used to describe the
output of an electrochemical cell, which is the amount of electrical energy passing
between two points of a circuit per unit of charge. The potential difference, E, is
measured in volts (V), and is defined as the passages of one joule (J) of energy per
coulomb of charge. Electrical current, i, is defined as the amount of charge, Q, (in
coulombs, C) flowing for a given time, {. An ampere (A) is the standard unit of
current and is equivalent to a coulomb of charge per second. The relationship
between i and E is described by Ohm’s Law (Eq. 2-4), where R is the resistance of
the conductor (in Ohms, ).

E=iR (2-4)

2.2.2 Standard Potentials and the Electrochemical Series

Electrode potential may be considered as the ability of a galvanic cell to produce an
electric current. Between two half-cells, this potential arises from competition for
electrons. The half-cell with the stronger affinity for electrons (i.e. that with the
greater reduction potential) will undergo reduction. ‘Reduction potential’ is defined
as the tendency of an oxidant (i.e. species being reduced) in a half-cell to accept

electrons.

The reduction potentials of half-cells are measured in comparison to the standard
hydrogen half-cell, or the Standard Hydrogen Electrode (SHE). The SHE consists of
a high surface-area platinum electrode in a 1.0 M H* solution, with H. gas bubbling
across the electrode. The SHE is assigned a reduction potential, E®, of 0.0 V under
standard conditions (25 °C, 1.0 M H* ion concentration and 1.0 atmosphere of H.).
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Eq. 2-5 describes ihe equilibrium between proton reduction and hydrogen

oxidation.
2H* + 20 & H. E°®=0.0V (by definition) (2-5)

The standard cell potential (E°.) is the potential difference between two half-cells,
under standard conditions (i.e. 1.0 M concentrations of reacting ions, pressures of
1.0 atm, and at 25 °C). E°e may be calculated using Eq. 2-6 and a Table of
‘Standard Reduction Potentials’ such as Table 2-1. These tables are sometimes
known as ‘The Electrochemical Series’. Half-cells with high E° values are likely to

undergo reduction reactions.
E°n = E%xigant — ECreducianm (2-6)

In the galvanic cell example of Fig. 2-1, Zn is oxidised (the ‘reductant’) and Cu is
reduced (the ‘oxidant’). A possible cell voltage of 1.1 V may thus be generated (0.34
+ 0.76 V, Table 2-1). In the case of the hydrogen-oxygen fuel cell (with acidic
electrolyte), 0. is the stronger oxidant, being reduced and oxidising H.. This yields a

maximum E%. of 1.23 V.

2.2.3 The Electrelytic Double-Layer

When a metal is immersed in an electrolytic solution the chemical equilibrium is
altered and a chemical reaction must occur to minimise the free energy of the
system. All systems {(solutions, interfaces, etc.) will internally adjust into the lowest
possible energy state. For example, if a copper electrode is brought into contact with

a solution containing Cuz* ions, then the equilibrium described by Eq. 2-7 will be set
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up. Either the forward reaction (dissolution of copper ions into the solution) or the
reverse reaction (deposition of copper ions onto the metal) must occur at the
surface,

Reduction Reaction E* (V)
F. + 2¢° & 2F +2.87
H.0: + 2H* + 2¢ & 2H0 +175
I Cl: + 2¢ & 2CI +1.36
0.: + 4H* + 4 < 2H,0 +1.23
'g" 0: + 2H* + 2¢ < Ha0; +0.68
c'a 0: + 2H.Q + g4¢ & 40H- + 0.40
;_ga Cuzt + 2¢ & Cu +0.34
g S + 2H* + 2¢ & H:S +0.14
'%a 2H* + 2¢ < H, 0.00*
§  Zn 420 o Zn -0.76
~ 2H0 + 2¢ < H. + 20H- -0.83
Li* + ¢ & Li -3.05

Table 2-1 Standard reduction potentials for selected species.

*By definition.

Cu « Cuz* + 2¢ (2-7)

The dissolution of copper will occur if the chemical potential of the copper metal
exceeds that of the Cu?* ions and electrons [Hamman et al., 1998]. Conversely,
deposition of copper will occur if the chemical potential of Cu?* ions and electrons
exceeds that of the copper metal. Both reactions involve the passage of electrical
charge, and this is accompanied by the formation of a potential difference between
the electrode and electrolyte [Hamman et al., 1998].
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Coptinuing with the example above, the surface of the electrode will acquire a
negative charge if the forward reaction occurs, as electrons are lost by Cu?¢ ions
passing into solution. Cations will then be attracted to the negatively charged
electrode surface, setting up a charged ‘double-layer’. The potential difference
across the double-layer then prevents further dissolution of the Cu. Similarly, the
surface of the electrode will acquire a positive charge if the reverse reaction occurs,
as electrons are accepted by Cu?* ions (via 2lectrodeposition onto the metal). Anions
are then attracted to the positively charged electrode surface, producing a double-
layer and inhibiting further copper deposition.

The double-layer at the electrode/electrolyte phase boundary may be considered as
two paraliel charged layers of opposite polarity. This simple model is known as the
‘Helmbholtz layer’, and it acts as a capacitor. The distance between the layers is taken
as half the diameter of the ions (which may be larger solvated species) in the
solution layer. Beyond the Helmholtz layer (i.e. passing further away from the
electrode) is a region known as the ‘diffuse’ or ‘Golly-Chapman’ double-layer, which
takes into account thermal motions of ions [Hamman et al., 1998]. Again,
oppositely charged ions are found in excess within this ‘diffuse’ layer region (moving
between the Helmholtz and diffuse layers). These layers are shown schematically in

Fig. 2-2.

If an electric current is passed between this electrode (known as the working
electrode, WE) and a counter electrode (CE) immersed in the same solution, the
equilibrium potential at the WE will be disturbed. Correspondingly, the double
layer charging in the WE will be altered. The term ‘overpotential’ (or ‘overvoltage’)
is defined as “the difference between the equilibrium potential and the potential at
an electrode at which en appreciable current flows” [Hamman et al, 1998]. An
electrode potential may be ‘polarised’, by foreing it beyond the equilibrium potential
until the desired reaction occurs (or appreciable current flows) and/or a substance is

decomposed.
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Fig, 2-2 A schematic representation of the double-layer at an
electrode/electrolyte interface (from Hamman et al., 1998).

2.3 Electrodeposition

If a galvanic cell such as that shown in Fig. 2-1 is operated in reverse, i.e. if a

sufficient voltage is applied between the electrodes to force electrons to travel in the

opposite direction, an ‘electrolytic’ cell is achieved. The Zn electrode will then
become the cathode (negative in this case) and will be electroplated by Zn?* cations
from solution. The Cu electrode (anode, positive) will be oxidised, releasing Cuz+
cations into solution. This is similar to the recharging process of a battery, i.e.
applying electrical energy to convert chemicals back to a reactive state (in the
context of the cell). Hence, electrical energy may be stored ‘chemically’.

Electrodeposition is a commonly used industrial technique (where it is usually called
“‘electroplating’). Materials may be electrochemically coated with a thin metal layer
for corrosion protection (e.g. zinc galvanisation of steel roofs, or tin coating of iron

in cans), improved electrical contact (e.g. gold plating) and also to improve an item’s
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appearance (e.g. silver plating of kitchenware). Electrodeposition is also commonly
used to recharge batteries. In addition, electrodeposition is widely used in metal
processing, such as purification of copper and in the extraction of reactive metals

(such as sodium and aluminium) from their ores.

In catalyst electrodeposition it is generally desirable that E° or E. is greater than
that of hydrogen evolution (0.0 Vsue) so that the amount of electroreduced metal
may be estimated from coulometry. Coulometry is an electroanalytical technique
that is founded on the direct relationship between the mass of a substance
undergoing an electrochemical reaction and the amount of charge passed. If the
current yield is 100% then Eg. 2-8 defines this relationship [Hamman et al., 1998],
where m and M are the mass and molar mass of a substance, n is the number of
electrons transferred per mole of substance and F is the Faradav constant (96485
coulombs per electron)]. Side reactions (e.g. hydrogen evolution and oxygen
reduction, at the low potentials typical of electrodeposition) should be avoided for

efficiencies approaching 100%.

Q = [idt = m/(M/nF) (2-8)

2.4 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is the major technique used for electrode characterisation
in this work. CV is a versatile electroanalytical technique that enables the study of
chemical reactions at an electrede-solution interface, Essentially, the potential of
the electrode being studied (the working electrode) is cycled over time, and the
current response is measured. Particular reactions take place on the WE surface at
certain potentials, and these may be monitored from the resulting currents
produced.
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The amount of charge passed in a given reaction and reaction kinetics may be
calculated from CV scans. By convention, the current density produced during an
anodic reaction (i.e. oxidation) is taken as positive. Electrons from an oxidation
reaction at the WE pass through the external circuit to the counter electrode, CE, at
the surface of which a cathodic (i.e. reduction) reaction occurs with an equal and
opposite charge. Conversely, during a cathodic reaction at the WE, electrons pass
irom CE to WE, and a negative current is recorded on the CV scan. For example,
during platinum electroreduction from a Pt2+ species, the most likely reaction on the
CE to balance the charge of the WE is the electro-oxidation of water, yielding oxygen
(assuming experiments are performed under nitrogen). In this case the reaction at
the WE (Pt2* reduction to Pt) consumes the electrons produced at the CE.

Cyclic voltammeograms are usually performed by scanning the WE potential from an
initial value (E;) to an upper or lower potential (E, or E;) and then back to E;, which
in this case is also the final potential (E;). The WE potential is scanned linearly and
the limits between scanning directions are known as the ‘switching potentials’
{Mabbott, 1983]; a triangular E-t waveform is thus imposed on the WE. In this way
any number of CV scans may be performed. More complex CV experiments are
possible where several switching potentials are used, and Ef does not necessarily
have to be equivalent to E;. In aqueous electrolyte the switching potentials are
usually chosen to lie between the hydrogen and oxygen evolution potentials, so that
a wide potential range is obtained and also because these j»rocesses help to remove

any adsorbed impurities from the WE surface [Hamman et al., 1998].

Platinum Electrodes

Platinum electrodes are widely used in electrochemistry due to the high stability of
platinum in a range of electrolytes and pH extremes. Platinum exhibits a wide
electrochemical ‘window’ (i.e. voltage range) between the hydrogen and oxygen
evolution regions where the metal is chemically stable. The strong catalytic nature

of platinum is another reason for its use as a WE, enabling the study of reactions in a
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convenient potential range and aqueous electrolyte. Moreover, the platinum WE
surface is usually completely recoverable (e.g. by potentiodynamic cycling the
electrode between the potentials of hydrogen and oxygen evolution).

The cyclic voltammograms in Fig. 2-3 illustrate the typical surface electrochemistry
of platinum between the potentials of hydrogen and oxygen evolution in acidic
electrolyte (0.5 M H.S0,4)i. By definition, the hydrogen evolution reaction (HER, i.e.
the forward reaction of Eq. 2-5) occurs at 0.0 V vs. SHE. The oxygen evolution
reaction (OER), Eq. 2-9, occurs at 1.23 V vs. SHE. The potentials reported in Fig.
2-3 are relative to the saturated calomel electrode (SCE), on which Egs. 2-5 and 2-9
occur at - 0.242 V and + 0.988 V, respectivelyii, The SCE is a commonly used
reference electrode, containing a Hg|Hg.Cl.]KCl(sat.) half-cell. Since the SCE
reference electrode is used in this work, all potentials will be given in this scale.

2H.0 — 0. + qH* + 4e (2-9)
Pt + H* + & » Pt-Hags | (2-10)
Pt-Hags —» Pt + H* + ¢ (2-11)
Pt + 2H, 0 — PtO: + 4H* + 4¢ {2-12)
PtO, + 4e + gH* —» Pt + 2H.O (2-13)

il The present dissertation is concerned only with electrodes in acidic electrolyte, primarily 0.5 M
H=S04. This concentration of sulphuric acid provides high ionic conductivity and has a pH of 0.0. This
pH value is commonly used in electrochemistry, being equivalent to 1.0 mol L* of H* ions. Other
commonly used electrolytes (in other work) include 1.0 M HCl or 1.0 M HCIO4 (both 1.0 M H*
equivalents).

i# 1n Fig, 2-3, strong current densities from the OER are not observed until much higher potentials due
to the large overpotential for this reaction on Pt in acidic media. By comparison, the HER on Pt is
facile at Jow pH, as is evidenced by the small overpotential.
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Fig. 2-3 Potentiodynamic analysis of a polycrystalline platinum electrode in
0.5 M H,SO4 (at 20 °C, under N3). Cyclic voltammograms of Pt performed
over a typical potential range (Curve I} and across a widzr potential range
(Curve II). Scan rate: 0.05 Vs”.

A number of reactions take place on the platinum surface in the potential range
between the HER and OER regions, in acidic medja. Curve I in Fig. 2-3 was
recorded after ca. 150 scans over a similar range. Pt CV scans arc normally
reproducible after ca. 10 consecutive scans between an E; of — 0.232 V and an upper
potential, E,, of + 1.2 V (such as in Curve I)¥. If the Pt electrode is scanned over a
wider potential range (e.g. Curve II) strong anodic current densities, ja, for the OER.
and strong cathodic current densities, j., for the HER will be observed at *i
potential extremes. The kinetics of these reactions increase as the potential «+{ t#:
WE is swept to more extreme values (i.e. to greater overpolentials). C ; II
commenced from an E; of — 0.26 V to illustrate this point. Following the evolution
of H, at low potentials, an additional anodic spike is observed on forward scanning

(towards more positive potentials) at ca. — 0.25 V, representing the oxidation of H..

" In the case of a platinum electrode in 0.5 M H2S0, electrolyte, an E; slightly above the HER onset by
0.01to 0.05 V (i.e. - 0.232 t0 - 0.292 V vs, SCE) is usually employed.
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This phenomenon is only observed in sufficiently fast scans, where molecular
hydrogen (produced by Eq. 2-5, at low potentials) close to the platinum surface is
oxidised.

Nitrogen is usually bubbled through the electrolyte and a nitrogen atmosphere
maintained during electrochemical experiments tc remove any gases (especially
oxygen) from solutions. If dissolved oxygen is present, the oxygen reduction
reaction (ORR, i.e. the reverse of Eq. 2-9) is likely to occur at the WE at low
potentials and the cathodic currents produced may interfere with currents resulting
from other reactions of interest. Usnally solutions are ‘degassed’ for at least 15 min

before experimentation.

In the potential region — 0.242.to + 0.15 V, the platinum electrode has a surface
layer of adsorbed hydrogen atoms, where 1 H atom is chemisorbed to each surface
platinum atom (Pt-Hags). The j for this process, Eq. 2-10, may be observed by two or
three steps in the cathodic shoulder, before the HER onset. This hydrogen
monolayer is oxidised, Eq. 2-11, on scanning the Pt WE potential to more positive
values, (and the anodic current response may be observed by two or three steps in
the range - 0.242 to + 0.15 V) at slightly more positive potentials ¢f. the cathodic
steps for Pt-Hags formation. The region between ~ + 0.15 V and + 0.3 Vis known as
the “double-layer” region, where no chemical reactions take place on the platinum
surface. The current densities observed in this region result from the capacitance of
the platinum-electrolyte electrical double-layer, Ca.

When scanning the Pt WE to more positive potentials, the formation of a 'hydrated-
platinum-oxide' surface layer occurs, Eq. 2-12. This is essentially a thin, surface
layer of platinum oxide. On continuing the positive potential CV sweep, the oxygen
evolution reaction (OER, Eq. 2-9) takes place, On the reverse CV sweep (towards
negative potentials) the platinum oxide layer is electroreduced, Eq. 2-13, in the
region + 0.8 V to + 0.4 V. Finally, on scanning the WE potential back through the
double-layer region towards the E; (- 0.232 V), Pt-Hags forms again, Eq. 2-10.
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The scanning rate of 0.05 V s is quite commonly used since it provides a reasonably
rapid indication of both the roughness and cleanliness of the platinum surface. The
surface of platinum is susceptible to the adsorption of minute traces of impurities
such as organic species (particularly CO), sulphur-containing species (especially
sulphide and sulphite) and certain anions (especially halogen ions, but also HSO,
and others to a lesser extent). For this reason, platinum electrodes are usually
scanned between the HER and OER onset potentials several times to acguire a
reproducible, clean electrode surface; generally scans are considered reproducible if
constant over 10 min of potential cycling (i.e. roughly 10 CVs between the HER and
OER onset potentials at 0.05 V ) [Will, 1065].

Since there may be only one hydrogen atom adsorbed per surface platinum atom
(and bridging of hydrogen atoms over two platinum atoms is unlikely) it is possible
to calculate the surface area of a platinum eiectrode from the charge passed during
either the formation (Eq. 2-10) or oxidation (Eq. 2-11) of Pt-H.as. This is sometimes
called the electrochemical surface-area (ESA) of platinum, and may be ealculated
using Eq. 2-14, where i is the current (A) excluding the electric double-layer (i-in),
dE is the polential interval (V) between current data points in the CV scan and v is
the scanning rate (V s7). [ i.dE is the integration of the area under the Pt-Haq;
formation/oxidation current peaks and Qu is the charge of forming/oxidising Pt-Haas
(210 pC cm?). The specific surface area, S {m? g), of a platinum electrode may be
caleulated from the ESA:Pt-loading ratio, Eq. 1-16 (Chapter One).

PtESA = [{dE/v.Qu (2-14)
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3.1 Chapter Overview

Chapter Three is primarily concerned with the methods ﬁsed in this work to prepare
electrode substrates, deposit catalysts and analyse catalysed electrodes. A
description of all chemicals and materials used is provided in Section 3.2. The
preparation of reproducible working electrodes (platinum, glassy carbon and
carbon-black based) is discussed in Section 3.3. Section 3.4 outlines the general
methods used in this work to electrodeposit catalysts and the electrochemical
apparatus and conditions typically employed. The more specific methods of
catalysation developed in this work are explained in Chapters Four, Five and Six.
Section 3.5 pertains to the instramental methodology used to analyse the catalysed
electrodes.

3.2 Chemicals and Materials

HoPtCle.xH.O (hydrogen hexachloroplatinate (IV) hydrate, 99.995%),
Pt(NH3),Cl..xH.O (tetraammineplatinum (II) chloride hydrate, 99.99%) and
RuCl;xHzO (ruthenium (III) chloride hydrate) were Ipurchased from Aldrich.
0.01 M solutions of these platinum and ruthenium species were prepared by
dissolution in 0.5 M H.SO, (A.R. Grade)} in the fume cupboard for electrodeposition

experiments.

NaePt(SO3); was prepared from H,PtCls.xH.O according to US Patent 4,044,193
{Petrow and Allen, 1977]. Eq. 3-1 illustrates the overall reaction in the commonly
called 'sulphite-complex’ route for the preparation of NasPt(SO3), [Ravikumar and
Shukla, 1996]. Essentially, NagPt(SO,), is produced with careful adjustments of the
pH of solution in a fume cupboard (SO. in particular is released). The insoluble
white salt was copiously rinsed with warm Milli-Q water to remove any probable
impurities such as chloride ions [Stonehart, 1990]). NagPt(50;)4 was then dissolved
in 0.5 M H,80, producing the complex platinum sulphite acid, H;Pt(S0;).0H
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[Petrow and Allen, 19771. A solution of 6.01 M H;Pt(S0,),0H in 0.5 M H.50, was
thus prepared.

H.PtCls + Na2C03 + NaHSO3 - Na.6Pt(SO3)4 (3‘1)

RUCI;J, + HCl + N32003 + NaHSO3 — Naf,Ru(SO3)4 (3—2)

NagRu(S0,); was prepared from RuCl,xH,O in a similar way to NagPt(SO3),, using
US Patent 4,044,193 [Petrow and Allen, 1077]. Again, NagRu(SQ3), is prepared in
the fume cupboard, Eq. 3-2 [Ravikumar and Shukla, 1996]. A solution of .01 M
H3Ru(S04).0H in 0.5 M H,S0, was also prepared. The confirmation of the chemical
formulae of these ruthenium species is further discussed in Chapter Five.

Ultrapure water (resistance of ~ 18.2 M) was prepared by filtration through a
Milli-Q water treatment system and was used throughout for all solutions and

rinsings.

A carbon-black (Vulcan XC-72R), commonly used in both the gas-diffusion and
catalyst layers of PEMFCs, was purchased from Multichem. Vulcan has a primary
particle size of ~ 30 nm, and comes in aggregates with diameters of ~ 250 nm (about
79 particles per aggregate) [Kinoshita, 1988). The Vulcan particles have many

surface irregularities and defects, and have a surface area of 254 m2g [ibid.].

Toray TGPH-120 carbon-paper (25 wt% wetproofed carbon fibres, thickness
0.3 mm) was purchased from E-TEK, Inc. This provides a rigid backing for the
electrode, and also acts as part of the gas-diffusion component. A 20 wi% Pt/C
'standard’ catalyst (commonly used in PEMFCs) was purchased from E-TEK for
comparing catalysts. This has a platinum particle size range of 2- 5 nm supported
on Vulean XC-72R.
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A 5 wi% Nafion ionomer solution (in low molecular weight alcohols and water) was
purchased from Aldrich. A Nafion 117 polymer membrane was also purchased (from
DuPont Australia Ltd.) and has a thickness of ~ 175 um. Both Nafion varieties had
an equivalent weight of 1100 (grams polymer/moles SO;H groups).

Most electrochemical apparatus was obtained from Bioanalytical Systems (BAS
Inc.), including 3 GC electrodes (3 mm diameter, embedded in a CTFE! cylinder) and
2 platinum elecirodes (2 mm diameter, also embedded in CTFE). Felt polishing
pads, 1, 3 and 15 pm diamond suspensions, 0.05 pm Al.O; suspension, a support
tube (similar to a Luggin capillary) and a glass electrochemical cell (~ 20 cm
diameter) with a Teflon sealing lid to house the electrodes were purchased from BAS
Inc. 2 saturated calomel reference electrodes (SCEs, Hg/HgCl,) were purchased
from Radiometer Pacific Pty Ltd.

Other chemicals used in this work include A.R. Grade HCl solution, NaHSO;,
isopropyl alcohol (isopropanol), methanol, cyclohexane and a 601 % PTFE
suspension in water (Aldrich). High purity nitrogen, oxygen and hydrogen were
purchased from BOC Gases; nitrogen was used in all electrochemical de-aeration.

3.3 Electrode Preparation

3.3.1 Platinum Electrodes

The platinum working electrodes were polished with a series of grits, e.g. from a
2 pm diamond suspension down to the 0.05 um alumina suspension. The electrode
surface was held flat on the polishing felt and circular or ‘figure of 8 polishing
patterns were carried out. Electrodes were then ultrasonically cleaned in Milli-G
water for 1-2 minutes at room temperature before each experiment. Sometimes

electrodes were also rinsed with methanol before the ultrasonication step. The

' Chlorotrifluoroethylene fluoropolymer.

78




Chapter Three Experimental Methodology

typical platinum redox behaviour was confirmed via cyclic voltamipetry (as
described in Section 2.4) and used to determine the surface purity of the electrode.
Electrochemical cycling (or polarising) was used in most cases to clean the Pt surface
{Section 2.4).

3.3.2 Glassy Carbon (GC) Electrodes

GC electrodes were used in preliminary platinum electrodeposition investigations,
since GC allows the preparation of a readily reproducible, low surface-area carbon
support. GC electrodes were polished in a similar fashion to the Pt working
electrodes (often only requiring the 0.05 um Al:Q, suspension) and the typical GC
redox behavior was confirmed via cyclic voltammetry.

Baseline cyclic voltammograms of the polished GC electrodes were then recorded in
0.5 M H,80, to ensure a smooth, reproducible surface (i.e. unchanged over 10 cyclic
voltammograms at 50 mV s%) without any evidence of platinum or surface oxide
functionalities. These electrodes were extensively scanned in the range — 0.23 to
+ 1.2 Vi and repolished, if necessary. The GC electrodes were then repolished and
ultrascnically cleaned before checking via cyclic voltammetiry. At this final stage
only 5 baseline CV scans were performed so as to avoid oxidation of the GC surface

(and the upper voltage was not allowed to exceed + 0.4 V for the same reason).

3.3.3 Carbon-Black (CB) Based Electrodes

‘Fuel cell type’ electrodes consisting largely of carbon-black (CB) were prepared
using the present state-of-the-art PEMFC electrode design, as described in Section

1.3.3. The electrodes ranged from 1 to 5 cm? in geometric area.

it Al) potentials are reported on the SCE scale (refer to Chapter Two), unless otherwise stated.
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These electrodes consist of a catalyst layer supported on a diffusion layer, which is in
turn supported on porous carbon paper (Section 1.3.1.3). The catalyst layer is
essentially a thin, composite film of polymer electrolyte and carbon-black, which, in

the \ase of the present elecirodeposition work, is uncatalysed.

A backing layer paste or ‘ink’ was prepared by suspending 10 wt% PTFE (from a
60.1 wt% PTFE dispersion in water) and Vulean XC-72R carbon-black in
cyclohexane, Care was required in preventing drying of the Teflon dispersion, and
water was usually added quickly after weighing the desired amount. This 10 wt%
PTFE/C ink was ultrasonically homogenised for ~ 30 minutes, and . oading of
0.7 mg cm2 was applied to the wet-proofed carbon paper sToray TGPH-120). The
electrodes were dried at ~ 75 °C to constant weight, and then sintered at 350 °C for

30 minutes.

Catalyst layer inks were prepared from a 5 wit% Nafion solution and Vulcan XC-72R
carbon-black. The ink comprised 10 wt% Nafion(dry mass)/C in isopropy! alcohol
and water, and was ultrasonically homogenised (at 50 Hz) prior to application.
2.3 mg cm-2 of this ink was applied via pipette to the sintered backing layers, beiore
drying the electrodes to constant weight. The electrodes were allowed to éry at room
temperature and were then heated at go °C for 1.0 = (in air) to ensure that all the
solvent had evaporated. Baseline CV scans of the CB electrodes were performed in
0.5 M H.SO, {presented later, in Section 2.4;.

Some ‘conventional’ electrodes were alse prepared for comparison. These were
prepared in the same fashion, using either a commercially available 20 wt% Pt/C
catalyst (from E-TEK Inc.), or by an in-house preparation of Pt/C or PtRu/C
supported catalysts (see below). The carbon-black support for these catalysts is of
the Vulcan XC-72R variety. These catalysed carbon particles are, of course, used in
place of the uncatalysed carbon-black in the electrodeposited electrodes.
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3.4 Catalyst Electrodeposition
3.4.1 Three-Electrode Cell Arrangement

All electrochemical experiments were performed in a three-electrode cell at room
temperature. The cell consisted of a working electrode (Pt, GC or CB), a Pt wire
counter electrode (immersed ~ 2 ¢m in solution), and a saturated calomel reference

electrode (SCE).

The SCE was separated from the cell by a support tube similar to a Luggin capillary,
which was filled with the supporting electrolyte, usually 0.5 M H.SO,. Luggin
capiliaries are used to prevent any ions from the reference electrode from interfering
with reactions at the WE. The capillary is similar to a salt bridge, allowing the
transfer of ions, and thus determination of ithe potential difference between the WE
and RE (in this case the SCE). Current flows between the WE and CE, and thus the
end of the Luggin capillary is placed immediately in front of the WE. The RE is
generally at a very high impedance so that most current flows between the WE and
CE (the potential drop between capillary tip and RE is negligible, since only

extremely low currents pass, e.g. less than 102 A [Hamman et al., 1998]).

The highly concentrated electrolyie helps to minimise conductivitjr variations (ie.
the non-uniformities in current flow) throaghout the solution. The glass frit at the
base of the SCE tube was spaced at a distance roughly twice its diameter from the
working electrode surface, since distances of less than this can cause

inhomogeneous current distributions due to screening of the WE [Hamman et al.,

1908].

All potentials are reported in the SCE scale (~ 0.242 V vs. SHE) unless otherwise
stated. High purity nitrogen was used to flush gases from all solutions for at least 15
minutes before use and usually remained bubbling for the duration of each
experiment (to minimise diffusion limitations and maintain an oxygen-free

solution).
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E-~Chem software (version 1.3.2, AD Instruments) was used for cyclic voltammetry
and linear-sweep experiments; Chart {version 3.6, AD Instruments) was used for all
potentiostatic experiments. All experiments were nrogramimed via a Macintosh
computer platform, interfaced with a ML500 (8 channel) Powerlab Recorder (AD
Instruments), connected to a ML160 Potentiostat (AD Instruments).

3.4.2 General Electrodeposition of Catalysts

Before any noble metal electrodeposition was studied, the electrochemical
characteristics of the working electrodes were investigated in 0.5 M H.80, solution.
The reproducibility in producing new surfaces on the GC and Pt electrodes by the
polishing procedure and in preparing clean CB-based electrodes (refer to Section
3.3) was also investigated.

The electrochemistry of each platinum and ruthenium species was first studied on
GC electrodes using CV and/or linear potential sweeps. Scans/sweeps were usually
performed in the range - 0.232 V to + 0.4 V (vs. SCE); in some cases potential
extremes of up to + 1.0 V were used. Generally for electrodeposition, E;, was chosen
as 0.4 V and scans proceeded towards more negative potentials (to monitor the
electroreduction onset for the noble metal species). Since oxidation of the GC
surface occurs readily at potentials positive to + 0.4 V, scanning above this potential
was avoided if possible. Higher catalyst loadings were usually produced
potentiostatically, where a suitable potential was chosen to readily enable the
reduction of the noble metal. In most cases, catalyst elecirodeposition was
investigated onto all three types of working electrodes, from 0.01 M solutions of the
noble metals in 0.5 M H2S0,.

The analysis of these electrodeposited catalysts was then carried out (as is outlined
in the next section), particularly via electrochemical means.
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3.5 Catalyst Analysis

Cyclic voltammetry is the major technique used for characterising the electrodes in
this work. Refer to Section 2.4 for a more detailed ouiline of CV theory. Atomic
absorption spectroscopy (AAS) was used to determine the platinum loadings
deposited into the CB-based electrodes. Morphological evaluation of the catalyst
layers was achieved via scanning electron microscopy (SEM). Energy dispersive X-
ray analysis was also used to help confirm the composition of the noble metal
deposits,

3.5.1 Cyclic Voltammetry (CV)

In most cases following the catalyst deposition experiments, the
platinised/ruthenised electrodes were rinsed in Milli-Q water and placed in 0.5 M
H.SO,4 for an initial investigation. The same three-electrode cell described in
Section 3.4.1 was used for all electrochemical analyses (primarily CV) of the
catalysed electrodes. The conditions were also again at room temperature, and
under a nitrogen atmosphere (all experiments following de-aeration of solutions for
at least 15 min). Again, all potentials reported in this dissertation are with reference
to the SCE (- 0.242 V SCE = 0.0 V SHE).

A few cyclic voltammograms of the catalysed electrodes were performed at 0.05 V s
from - 0.232 to + 1.2 V to check for any presence of platinum or ruthenium. In
some cases, especially with ruthenised electrodes, lower upper potentials were used
(Chapter Five}. The E;of — 0.232 V was used to avoid any current interference from

the evolution of hydrogen on hoth Pt and Ru electrodes at potentials < — 0.242 V.,

The electrodes were then potentiodynamically cycled from — 0.232 to + 1.4 V at
0.05 V s {or occasionally up to 0.5 V s1) for 10-50 scans. Again, in the case of Ru-

containing electrodes, care was taken to use lower E, values, Following these cycling
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treatments, electrodes were again investigated. This two-step procedure was
repeated until reproducible platinum or ruthenium surfaces were acquired (i.e. from
observiag the redox characteristics of the catalyst metal).

High flow rates of nitrogen were used to purge solutions of any possible gases
produced during either the deposition or electrochemical analysis stages. In
situations where the catalysed electrodes appeared highly poisoned, the 0.5 M
H:S0, solution was changed and the electrodes and cell were rinsed at several stages
throughout the cycling procedures.

3.5.2 Scanning Electron Microscopy (SEM) and Energy Dispersive
X-Ray Spectroscopy (EDXS)

The platinised CB-based electrodes were also investigated by scanning electron
microscopy (SEM) on a JEOL-840A instrument at an acccierating voltage of 20 kV,
The dispersion of the platinum nuclei was evident from this analysis, and an average
platinum particle size estimated. An X-ray source was connected to the SEM,
enabling the energy dispersive X-ray spectroscopy (EDXS) technique. EDXS was

used to confirm the platinum or ruthenium composition of the deposits.

The high atomic masses of platinum and ruthenium (195.1 and 101.1 g mol?,
respectively) cause these elements to appear as bright regions during secondary
electron derived SEM images, relative to the carbon-black substrate [Passalacgua et
al., 1998). The other typical elements contained in the Nafion-bound CB electrodes
have relatively low atomic masses in comparison, e.g. 1, 12, 16 and 32 g mol* for
hydrogen, carbon, oxygen and sulphur, respectively. Thus a high contrast between
catalysed and non-catalysed electrode regions is typically observed.
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3.5.3 Atomic Adsorption Spectroscopy (AAS)

Quantitative elemental analysis is possible by using Atomic Absorption Spectroscopy
(AAS). In this technique, icnised atoms absorb light of a certain wavelength
characteristic of that element. An accurate solution is prepared from a known mass
of sample, and this is introduced into the ionising flame at a temperature adequate
for ionising the element of interest. An elemental lamp for the particular element
under analysis is used. For quantitative analysis, the instrument must be calibrated
using solutions with known concentrations of the element to be analysed. Exact
concentrations of an element are thea calculated from refative absorption

intensities.

AAS was used to quantify the amount of platicum present in the platinised CB-based
elecirodes prepared. Electrodes were extensively washed with water and heated in
0.5 M H;S0, (at 80 °C for 1.0 h) before AAS analysis, to ensure that any remaining
platinum ions, if any, were removed. AAS analyses were performed externally by

Global Environment Corporation Pty Ltd (Melbourne).

3.5.4 PEMFC Test Station

4 cm? CB-based electrodes (2 cm x 2 ¢cm) were prepared, as described in Section
3.3.3, either conventionally with Pt/C catalysts, or platinised via an
electrodeposition methed. A thin layer of Nafion was applied to the catalysed
electrode surface by pipette from a 1 wt% Nafion solution {diluted in water or
isopropyl alcohol from a 5 wt% solution) onto the surface in stages, drying (at
80- 90 °C) to constant weight. In this way, 0.5 mg cm? of dried Nafion film was

applied to each electrode surface.

The reasons for applying this additional Nafion are two-fold. Some of the Nafion
electrolyte penetrates into the catalyst layer, further increasing the three-phase

reaction zone and thus increasing the utilisation of the noble metal catalyst particles.
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The second benefit is that the thin Nafion film enables physical bonding of the
electrode ' ~ the Nafion membrane (e.g. 122 or 117) during the hot-pressing stage,
which enhances the ionic conductivity between the anode and cathode.

The membrane-electrode assembly (MEA) was prepared by hot pressing two Nafion-~
coated CB-bas2d electrodes cnto either side of a clean Nafion membrane (the
membrane was previously cleanzd by hoiling in 30% H20: for 1 h followed by boiling
in 0.5 M H.SO, for 1-2 i to remove any impurities). The MEA was placed between
grease-proof paper ar.d laminated at 110 °C (between two thin aluminium sheets,
with roughly 3- 4 passes through the laminator). The MEA was then pressed (under
~ 50 kg cm?) at 125 °C under for 2 min. The MEA was slowly cooled (e.g. 5 °C min-1)

under load, then removed.

Tie MEA was inserted into the PEMFC test station and allowed to equilibrate for
several hours. During equilibration the fuel cell was usually maintained at around
60 °C, and the humidifiers (through which N; or O. bubbied) were set toc ~ 80 °C,
The general operating conditions invelved the fuel cel} at ~ 80- 85 °C, the hydrogen
humidifier at ~ 60 °C and the oxygen humidifier at ~ 20 °C. Gas flow rates were
around 100 cm3 min. An HP Electronic Load controlled the desired potential and

consumed the current generated.
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4.1 Introduction

The utilisation of platinum in a PEMFC or DMFC electrode depends on both the
placement and size of the platinum particles, as ouilined in Chapter Ore. In this
chapter, the inhibition of the growth of electrodeposited platinum (during
electrodeposition) was investigated for the preparation of small platinum particles.

Electrodeposition has been shown to enable selectivity in the placement of platinuin
deposits in desired areas of carbon-black (CB) based electrodes used in these lower
temperature fuel cells (refer to Chapter One). However, maintaining a small
particulate size is an issue with this technique, since platinum will preferentially
reduce onto a platinum surface rather than carbon. Particulate growth may be
inhibited by the adsorption of substances or ‘poisons’ on the surface of an
electrodeposited metal during electrodeposition- thus discouraging any further

reduction of metal ions orito the metal deposit.

In this chapter, the electrodeposition of a platinum precursor in the ‘sulphite route’,
H3Pt(S0O;):0H, was investigated. The resulting electrochemical behaviour of the Pt
deposits proved interesting and electrodeposition from this species was thus
explored for possible benefits in preparing fuel cell catalysts. The HzPi(SO;).0H
compound was initially chosen for platinising electrodes because all chloride ionsi
are removed during its preparation [Petrow and Allen, 1977] and this should enable
the preparation of a ‘cleaner’ platinum catalyst with a higher chemical stability.
Surprising results were found, however, in preliminary H,P(SC;).0H
electrodeposition experiments, where the resulting platinum deposits appeared to be
poisoned. It was then postulated that the spectes adsorbing on the platinum
deposits might, in fact, limit the growth of these particles during the

electrodeposition step.

i Chloride is a known Pt poison [Bagotzky et al., 1970, refer to Section 1.3.3.2 of Chapter One.
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4.2 Platinum Deposited from H;Pt(SO3).0OH Solution

4.2.1 Potentiodynamic Studies of H;Pt(S0;).0H

The electroreduction of HzPHS0;):0H onto glassy carbon from a o0.01 M
H,Pt(80;3).0H + 0.5 M H.SO, solution is shown by Curve II in Fig. 4-1. The
platinum sulphite acid reduces onto GC at potentials negative to - 0.4 V when
sweeping the electrode potential towards more negative values (Curve II). For
comparison, Curves IIf and IV illustrate GC platinisations from 0.01 M selutions of
Pt(NH),4Cl; and H.PtCls in 0.5 M H.SO, via similar potentiodynamic sweeps. The
existence of platinum deposits on the electrodes was confirmed in later analysss
from the typical platinum CV ‘fingerprint’ scans in sulphuric acid [Will, 1965] and
also by EDXS, as described later in this chapter.
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Fig, 4-1 Linear-sweep electroreduction of platinum from agueous solutions onio
glassy carbon (GC) electrodes. Curve I is the GC baseline in 0.5 M H>SO..
Curves II to IV show the initial sweeps of platinum electroreduction onto GC from
0.01 M solutions of H;Pt(SQ3),0H, Pi(NH3,Cly; and HPtCls in 0.5 M H;SO,
respectively. Swezp rate: 0.001 Vs,
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H3Pt(S03).0H appears to be very stable in comparison with the other two platinum
species. PtClg* is readily electroreduced onto GC at potentials negative to + 0.2V
(Curve IV in Fig. 4-1), in agreement with the literature [Itaya et al., 1086; Ye and
Fedkiw, 1996). The Pt(NH.),2* species has not been studied as extensively as
chloroplatinic acid and the electroreduction of this species is known to be slow
[Penven et al., 1992] but Pt{NH,),** appears to reduce at potentials below 0.0 V
(Curve III). The substitution of ammonia ligands for chlorides is known to increase
the stability of platinum species [Bard, 1976]. The complexing ability of sulphite
probably contributes to the high chemical stability observed for HsPt(S03).OH.

Numerous studies reported in the literature have investigated the electroreduction
of platinum from PtCle> solutions onto carbonaceous substrates [Itaya et al., 1986;
Ye and Fedkiw, 1996]. It is well documented that once platinum nuclei have been
deposited, further platinum deposition will take place onto existing platinum nuclei
since this facilitates reduction at a lesser overpotential in corr: rison with the
carbon substrate. This leads to a positive shift in the onset . .ential for PtCle>
reducticn in CV sweeps following the initial reduction swe -, s 2emonstrated by
Curves II to IV in Fig, 4-2. In this Figure, the onset for PtC’ < reduction in the
second sweep (Curve III) has shifted positively by ~ 0.15 V cf. that in the initial
reduction sweep (Curve II). Curve IV in Fig. 4-2 was performed after 10 CV
reduction scans to — 6.2 V, during which time a considerable amount of platinum
was deposited on the electrode (PtCls> reduction current densities as low as — 16 mA
cm-2 were obtained). Curve IV displays an increase in the PtCls? electroreduction
onset potential of ~ 6.4 V ¢f. the initial sweep (Curve II), This shift in the onset
potential is comparable to the ~ 0.3 V positive shift reported elsewhere [Itaya et al.,
1986; Ye and Fedkiw, 1996]. It is likely that, in Curve IV, PiCls> predominantly
reduces onto the existing platinum deposits, whereas in Curve III PtCle> was
probably electroreduced onto both platinum deposits and the remaining GC surface
(i.e. the platinum deposited during Curve II is likely to be much less than a

monolayer).
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Fig. 4-2 Consecutive linear-sweep electroreduction curves on a GC electrode in

a 6.01 M HHPtCls + 0.5 M HSOq solution. Curve I is the GC baseline in 0.5 M
H,SOy. Curves Il and Il are the first and second sweeps in H>PtCls solution.
Curve IV was performed after many linear-sweeps and considerable platinum
deposition. Sweep rate: 0.001 Vs

In contrast to platinum electroreduction from PtCles?- solutions, no significant shift in
the onset potential is observed when platinising GC from HPt(S03).OH solution, as
is illustrated by Curves II to IV in Fig. 4-3. In Curve III, the second sweep,
H,Pt(S04).:0H electroreduction commences at a potential roughly 0.03 V more
positive ¢f. the onset observed in the initial electroreduction sweep (Curve II). The
shift in the electroreduction onsets of Curves III and IV is again positive, but of a
lesser magnitude {~ 0.015 V). Purthermore, the electroreduction onset potential
was not observed to change significantly regardless of the number of sweeps
performed in the HyPt(SO,).0H solution. Instead, a scatter of ~ 0.05 V is typically
observed across consecutive electroreduction sweeps, which is likely to have arisen
from currents produced by other reactions on the surface of the electrodes during

the sweeps. The relatively constant onset potential for consecutive electroreduction
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sweeps suggests that H,Pt(SO,),OH does not reduce onto platinum deposits formed

from the same platinum species.
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Fig. 4-3 Consecutive linear-sweep electroreduction curves on a GC electrode in
a 0.01 M H;Pi(SO3),0H + 0.5 M H.SO4 solution. Curve I is the GC baseline in
0.5 M H:SOs. Curves 1T, Il and IV are the first, second and third respective
sweeps in HzPt(SO3),OH solution. Sweep rate: 0.001 V s™.

In another experiment, the electroreduction of H3Pt(S0;).0H onto pure platinuin
was attempted. Curve I in Fig. 4-4 shows the first CV of a smooth platinum
electrode in 0.01 M H, Pt(S03).0H + 0.5 M H.53™, solution. As the electrode was
scanned from + 0.4 V towards — 0.25 V (bs . 2 5 ¢::0ing back to + 0.4 V), a strong
cathodic current density, J., is observed below 5.0 V. In comparison with the CV
scans of the cleaned platinum electrode hefore or after the scans in HyPt(SO;).0H
solution, this j. occurs in the same potential region for Ft-Haqs formation, and with
greater magnitude (¢f. Curve IV, the cleaned platinum electrode scanned in 0.5 M
H.S0, after Curves I to III were performed). The j. may correspond to charg:
passed for the reduction of H;Pt(S03).0H in addition to that passed during Pt-Hags

92

T Al




Chapter Four Platinum Poisoning During Electrodeposition

formation. However, as Fig. 4-5 illustrates, the smooth plaiinum electrode does not
appear to have been further platinised by the scans in H;Pt(S03).OH solution. Note
that the anodic current density, j,, at iow potentials is greater for the scans in the
platinum sulphite solution ¢f. Curve IV. This is most likely due to the lower
potentials used in Curves I to IIf, enabling hydrogen evolution and oxidation on

some of the platinwn surface, coutributing to a larger j..

4.2.2 Activation of Poisoned Platinum

The CV scans in Fig. 4-5 were performed at the usual 0.05 V s, which allows greater
clarity of the Pt-Haqas region cf. scans performed at lower speeds (such as the scans in
Fig. 4-4); refer tc Section 2.4 of Chapter Two for a more detailed explanation. In
contrast, greater accuracy in the obtained j; is achieved when scanning at slower
rates, such as those in Fig. 4-4. Curve I in Fig. 4-5; shows a scan of the platinum
electrode in 0.5 M H.SO, before the attempted platinisation, with the well-defined
CV shape typical of a clean platinum electrode [Will, 1065]. Curve II is the first scan
in 0.5 M H.SO, which was performed immediately after the scans in H,Pt(80,).0H
solution. This scan is clearly lacking the typical platinum CV shape, in particular not
exhibiting any Pt-Oa¢s reduction at around + 0.5 V (¢f. the strong cathodic peak in
Curve 1V of Fig. 4-5). The current densities in the Hags region (below 0.1 V) are also
reduced on comparison with those in Curve IV. This provides strong evidence that
the electrode is ‘poisoned’ (i.e. that the electrode has a species strongly adsorbed to
the surface preventing normal reactions on the platinum surface) following the scans
in H,Pt(SO;)-OH solution.
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Fig. 4-4 An attempted platinisation of a smooth platinum electrode via HsPt(S03),0OH
electroreduction. (a) Curves I to IIl show CV scans in 0.01 Mf H;Pt(SQ3),0H + 0.5 M
H>S0, solution. Curve IV is a CV scan of the same Pt electrode in 0.5 M H,S0;
Jollowing Curves I to HI (and following potentiodynamic cycling in the HSOy
solution). The entire potential range is displayed for two of the scans, Curves I and
IV, in (b). Scanningrate: 0.02V's™,
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Fig. 4-5 Cyclic voltammograms of a platinum electrode before, during and afier
scans in a 0.01 M H3Pi(SO3),OH + 0.5 M H»SOq solution. Curve I is the Pt
baseline in 0.5 M H:SO4 Curve Il is a scan of the Pt electrode in H3Pt(SO3),;0H
solution following an attempted platinisation in the same solution (see text).
Curve IIl shows the restored platinum surface (in 0.5 M H.SO4 following
considerable eiectrochemical cycling of the electrode. Scanning rate: 0.05 Vst

After a number of ‘analysis’ scans similar to Curve 1 of Fig. 4-5, the scans appeared
more typical to those of a platinum CV, and finally the electrode was completely
‘cleaned’ of impurities, as shown by Curve III of Fig. 4-5. It is a common practice to
cycle platinum electrodes between the hydrogen and oxygen evolution potentials in
0.5 M H.S0, to remove any undesired species (e.g. adsorbed from the laboratory
atmosphere), until a reproducible CV is obtained [Will, 1965]. Normally, only 10 to
20 scans are required to achieve this, but in the case were platinum is immersed in
H3Pt(S0,).0H sovlution, a great number of CV scans appear necessary before the
usual platinum behaviour is observed. Hence, from the lack of increased platinum
surface area (as observed in Fig. 4-5 by the nearly equivalent areas of the Pt-Hgas
formation and oxidation peaks in Curves I and III), the j. in Curves I to III of Fig. 4-4
does not appear to have corresponded to any significant H,Pt(SO;).0H
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electroreduction. This difficulty in electroplating platinum from the HPt(SO3),0H
species onto a platinum substrate could prove to be useful in the electrodeposition of
fuel cell catalysts. For example, once a platinum particle is deposited onto a non-
platinum surface, such as a carbon fuel cell electrode, any further reduction of

platinum atoms from the HyPt(SO;)OH species onto this particle may be prevented,
or at least limited.
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Fig. 4-6 Potentiodynamic sweeps of three GC electrodes in sulphuric acid and
platinum sulphite solutions. Curve Iis a GC baseline in 0.5 M H;SO4 Curves II
to IV show the initial linear-sweeps of separately prepared GC electrodes, GC-1,
GC-2 and GC-3, respectively, in a 0.01 M H3Pt(SO3),0H + 0.5 M H>504
solution. Sweep rate: 0.001 Vs

A small degree of scatter (~ 0.12 V) was observed between the H,Pt(SO;).0H
electroreduction onset potentials on different GC electrodes. Curves II to IV in
Fig. 4-6 show the initial platinum reduction sweeps onto three separately prepared
GC electrodes in 0.01 M H;Pt(S04).0H + 0.5 M H,S0, solution. Curve II in Fig. 4-7
shows H;Pt(S05).0H electroreduction onto a CB based electrode, on which the

reduction commences at potentials negative to — 0.4 V, similar to the reduction
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onsets of Curves IT and III in Fig. 4-6. Stronger current densities are observed in
Fig. 4-7 because the rough CB-based electrode has a considerably larger real surface
area ¢f. that of the smoothly polished GC surface. The scatter in the H,Pt{SO,).0H
electroreduction potentials may be explained by the effects of other reactions
occulTing simultaneously with the reduction in both the initial GC sweeps (Fig. 4-6)
and in the subsequent GC sweeps (Fig. 4-3). The hydrogen evolution reaction, HER,
is expected to cause the most significant interference, since a strong j. is typically
observed on pure platinum electrodes in acidic solutions at these reduction
potentials. Hydrogen evolves at potentials negative to — 0.242 Vscg (i.e. versus SCE)
on platinum in 1.0 M H* solutions (e.g. in 0.5 M H.S0,} and any hydrogen evolution
on the initial platinum deposits could significantly obscure the HiPt(S0.).0H
electroreduction currents. Similarly, the by-products of H,Pt(S04).0H
electroreduction might cause other interfering reactions. If the electroreduction of
the platinum sulphite species is described by Eq. 4-1, sulphite ions (S0,27) would be
liberated. At potentials negative to — 0.011 V sulphite ions are reduced to sulphide
(S?) in accordance with Eq. 4-2 [Valensi et al, 1975]. Since Eq. 4-1 occurs at
potentials much more negative (Curve II in Fig. 4-1) ¢f. Eq. 4-2, any liberated
sulphite ions from Eq. 4-1 would be immediatgly reduced (Eq. 4-2), thus
contributing to the j, observed in HyPt(SQ;).OH electroreduction sweeps.

Sulphide is a known platinum poison [Chin and Howard, 1986; Gerischer, 1975;
Loucka, 1971), and the production of sulphide or other sulphur-containing species
during platinisation may lead to the poisoning of platinum nuclei. In addition to
possibly causing an interfering j., the concomitant reduction of sulphite to sulphide
could poison platinum immediately after deposition. Poisoning may help to explain
the relatively constant onsets for H,Pt(S0;3).OH reduction in consecutive sweeps, as
illustrated in Fig. 4-3, if the H;Pt(SO3).0H species are unable to reduce onto
poisoned platinum deposits.
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Fig. 4-7 Potentiodynamic sweeps of carbon-black (CB) based electrodes in
sulphuric acid and platinum sulphite solutions. Curve [ is a baseline sweep of a
CB-based electrode in 0.5 M H;SO4 Curve II shows the initiui linear-sweep of a
CB-based electrode, CB-1, in a 0.01 M H;Pi(SO3),0H + 0.5 M H:SO4 solution.
Sweep rate: 0.001 Vs™.

Pt(803)22' + 2¢ - Pto + 28032' (4-1)

8052 + 6e” + 6H* - 8> + 3H.0 (4-2)

It was also found that the electroreduction onset potential was very sensitive to
minute traces of platinum remaining on the GC electrodes after polishing. Even if
CV scans of polished GC electrodes displayed no platinum oxidation/reduction
behaviour nor hydrogen adsorption/desorption reactions, linear-sweep baselines
such as Curve. I, Fig. 4-1 were performed in 0.5 M H:S0, Trace amounts of
platinum will result in a strong j. most likely due to hydrogen evolution, and if
H,Pt(S0,).0H is reduced onto such electrodes slightly higher onset potentials are
observed. This most likely results from a slight catalysis of both the H3Pt(SO3).0H
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and sulphite electroreduction reactions by the remaining Pt deposits. This is similar
to the scans of Fig. 4-4, where a greater j, was observed in the H;Pt(SO,).0H
solution, ¢f. the Pt electrode in sulphuric acid, and since the platinisation of
platinum surfaces is negligible (see discussion for Fig. 4-4) it is probable that a large
proportion of this j. results from other reactions such as the electroreduction of
sulphite to sulphide.

In the case of platinum electrodeposition oento GC from H,Pt(S0;3).0H solution,
electrochemical features typical for platinum were only cbserved when scanning to
low potentials. For example, in Fig. 4-4 peaks in the Pt-H,qs region appeared after
scanning the poisoned electrode from potentials below — 0.242 V, where the
evolution of hyurogen evolution may have cleaned some of the platinum surface
enabling the adsorption and subsequent oxidation of protons. In contrast, during
platinisation from K.PtCls + H.SO, solution, Pt-Hags oxidation peaks were observed
on the return sweep of all CV scans [Itaya et al., 1986; Ye and Fedkiw, 1996].

Decreased redox behaviour for platinum was also observed in the initial analyses (in
0.5 M H,S0,) of Pt/GC electrodes prepared from the electroreduction of
H,Pt(S0O,;).0OH. Fig. 4-8 displays the post-platinisation analysis of a Pt/GC electrode
that was platinised by five sweeps similar to those shown by curves II and III in
Fig. 4-6. Curve L is the first CV which scans to 1.4 V (starting at ~ 0.232 V), and does
not show any Pt-H.s oxidation nor reduction currents as observed in typical
platinum CV scans (e.g. Fig. 2-3 in Chapter Two). Instead, Curve I exhibits a strong
Jaaround 1.4 V and also a strong j. at — 0.1 V, but neither is indicative of the presence
of any platinum on the electrode. In the third consecutive scan (Curve II), the strong
current densities at the potential extremes have decreased slightly, and a slight
shoulder is observed in the positive sweep at ~ 1.2 V in the region for the formation
of platinum surface oxides (Pt-Oaas). On the return sweep, a small cathodic peak is
observed at + 0.35 V, in the region for the reduction of Pt-O.a;. Curve II also exhibits
Je between + 0.25 and - 0.23 V, representing the reduction of some species. A
cathodic peak is observed at — 0.08 V, in the region for the formation of Pt-Haas. The
peaks in the potential regions for the formation and reduction of Pt-O,4; may be seen
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with more clarity by the sixth consecutive scan (Curve III in Fig. 4-8), and finally
appear typical of a platinum electrode CV in Curve IV (after around one hundred
further scans over the same potential range). The anodic peak representing the
oxidation of Pt-Has becomes significant only after the extensive potentiodynamic
cycling which results in Carve IV. The behaviour of CB-based electrodes is discussed
later since a large electrical double layer dominates the electrochemistry of such high
surface-area electrodes (and higher platinum loadings are consequently necessary).
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Fig. 4-8 Typical potentiodynamic cleaning in 0.5 M H-SO; ¥ a Pt/GC
electrode platinised in H3P1(SO3)>0H solution. This electrode was platinised
by 5 linear-sweeps (similar to those shown in Fig. 4-6) in a 0.01 M
H;Pi(SO3),0H + 0.5 M HSOy solution. Curve I shows the initial CV scan of
the poisoned Pt/GC electrode scanning to an upper potential, E, of 1.4 V.
Curves II and 111 show the third and sixth consecutive CV scans of the Pt/GC
electrode following Curve I. Curve IV was Iperformed afier approximately 100
similar CV scans. Scanning rate: 0.05 Vs,
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4.2.3 Potentiostatic Pt/GC and Pt/CB Elecirode Preparation

Figs. 4-9 and 4-10 show current density-time (j-t) transients for the potentiostatic
reduction of HyPt(S0,).OH onto both GC (Curves I and I, Fig. 4-9) and CB based
(Curve 1, Fig. 4-10) electrodes at ~ 0.45 V. This relatively low potential was used
because at this potential the reduction of H;Pt(S03)-OH appears significant (i.e.
compare Curves I and II in Fig. 4-1). The three j-t curves in Figs. 4-9 and 4-10 (in
H3Pt(S0;).OH solution) have an unusual appearance on comparison with previous
studies of PtCle¢* electroreduction [Gloaguen et al., 1997; Hogarth et al., 1994],
where the long term reduction current has been shown to be constant over time. On
the other hand, a marked increase in j. over time is displayed in the j-t transients in
Figs. 4-9 and 4-10, which suggests other reactions are occurring simultaneously with
the platinum electroreduction. Additional j. may have arisen from hydrogen
evolving on the deposited platinum (whereas in the work of other researchers
[Gloaguen et al., 1997; Hogarth et al., 1994], more positive potentials were used,
avoid.ing hydrogen evolution). Another likely reaction at — 0.45 V is the reduction of
sulphite o sulphide (Eq. 4-2), which could contribute to the cathodic currents along
with platinum reduction and hydrogen evolution. Again, the CB based electrode
(Fig. 4-10) exhibits stronger current densities (by a factor of ~ 20) as a result of the
much greater surface area of this electrode ¢f. the GC electrode.

Fig. 4-11 shows the CV analysis of Electrode Pt/GC-5 that was platinised as shown by
Curve II in Fig. 4-9. Longer reduction time was allowed compared with Curve I to
facilitate a higher platinum loading. Curve I in Fig. 4-11 shows the second cyclic
voltammograrﬁ in 0.5 M H.S0, which was scanned to an upper potential, E,, of
+ 1.4 V. Several scans were performed prior to the measurement shown in Curve I
with E, less than + 1.4 V but these did not show any evidence of characteristic
platinum surface reactions (apart from a sharp cathodic spike followed by an anodic
peak when scanning into the hydrogen evolution region, as observed in curves I to
III of Fig. 4-4). Curve I (in Fig. 4-11) appears similar to Curves II and IIl in Fig. 4-8,
exhibiting clear signs of Pt-Oag reduction (at + 0.4 V) and a strong anodic peak
between + 0.6 and + 1.3 V, in the potential range for Pt-Oags formation. The strong
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Ja > 0.8 V is believed to represent the oxidative removal of the poisoning species,
which occurs in the range of oxide formation on the platinum surface, Pt-Oaas. The
decrease in j, in Curve I to Curve III in Fig. 4-11 appears to be related to the decrease
in j. of the Pt-Oy4 reduction peak at ~ 0.4 V. This reduction peak may comprise of je
from the reduction of Pt-Ous species and also the reduction of remaining adsorbed
species and/or partially oxidised adsorbed species. Curve I also exhibits a strong j.
between + 0.25 and — 0.23 V (similar to those in Curve II of Fig. 4-8).
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Fig. 4-9 Current density-time (j-t) transients for the potentiostatic reduction of
platinum at — 0.45 V from a 0.0] M HzPt(SO3)20H + 0.5 M H.S0y solution
onto GC-4 (Curve 1) and GC-5 (Curve II). Curves I and Il were obtained
under identical conditions onte separately polished GC electrodes, and
highlight the reproducibility issues of H3Pt(SO;3);OH electrodeposition.

Curve 11 in Fig. 4-11 displays the fifth consecutive cyclic voltammogram scanned to
an upper potential of + 1.4 V of Electrode Pt/GC-5. The magnitude of the strong
oxidation and reduction current densities observed in Curve I have somewhat

receded in subsequent scans (i.e. in Curve II) and the Pt-Hq4: formation/oxidation
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peaks between - 0.23 and + 0.1 V are also visible at this time. Curve I in Fig. 4-12
shows a CV scan of the completely cleaned Pt/GC-5 which was performed after a
further 50 scans (the final 10 scans of which were performed the following day after
the electrode was rested for ~ 12 h in mQ water). Curve III was considered to be
completely free of poisoning species since it exhibits the typical platinum CV
‘fingerprint’ and all of the hydrogen and oxygen reactions on the platinum surface
are clearly visible (and no additional peaks were observed). Further, after continued
cycling of Pt/GC-5, no further increase in the platinum surface area was observed (in
comparison with Curve III). Instead, during this cycling procedure, the current
density due to the electrical double-layer charging on the electrode (ja) gradually
increased along with anodic and cathodic peaks at around + 0.35 V, representing the
oxidation and reduction of surface functionalities on the glassy carbon.
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Fig. 4-10 Current density-time (j-t) transient for the potentiostatic reduction of
platinum at — 0.45 V from a 0.01 M H;Pi(SO3),0H + 0.5 M H:50, solution
onto a CB-based electrode, CB-2 (Curve ).
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Fig, 4-11 Analysis and potentiodynamic cleaning (in 0.5 M H2S04) of Electrode
PYGC-5. Pt/GC-5 was previously platinised at — 045 V from a 001 M
H3;P1(S03),0H + 0.5 M H>SO4 solution, as shown by Turve I in Fig. 4-9.
Curve I shows the second CV scanned to an E, of 1.4 V; Curve Il shows the fifth
consecutive scan. Curve III was performed after ca. 50 similar CV scans, and
afier resting in mQ water for 12 h, and shows the cleaned Pt surface of Pt/GC-5.
Scanning rate: 0.05 Vs,

The behaviour of CB-based electrodes, e.g. Pt/CB-2 (platinised as shown by Curve I
in Fig. 4-10) was also investigated. Curve I in Fig. 4-12, scanned to + 1.2 V in
sulphuric acid, displays negligible platinum redox features. Only the j. at potentials
negative to 0.0 V and the j, at potentials greater than about + 0.8 V suggest any
platinum presence. In the second CV scanned to + 1.4 V (Curve II), j. peaks in the
regions for Pt-O,¢ formation and reduction are apparent, and small peaks in the
Pt-Haas formation and oxidation regions are just visible. Curve IlI in Fig. 4-12 shows
the cleaned Pt/CB electrode after 25 similar scans. The faster cleaning of Pt/CB-2
compared with that of Pt/GC-5 may be explained by less time for the potentiostatic
deposition and possibly less time for the deposited platinum to be poisoned in the
case of Pt/CB-2. The different carbon substrates may also have had an effect- the
greater surface-area and possibly the less ordered, graphitic nature of the CB-based
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electrode, ¢f. GC, may have also led 1o enhanced oxidative removal of the poisoning
species. Continued cycling was again performed on Pi/CB-2 after Curve III {¢f. the
previous discussion for Pt/GC-5) but no further increase in the platinum surface
area was observed; the additional scans merely caused an inecreased ja and large
carbon oxidation and reduction peaks at about + 0.35 and + 0.25 V, respectively.
The platicum electrochemicat ‘fingerprint’ is shown in Curve III of Fig. 4-12 (slightly
obscured by the large ja of the CB-based substrate). The Pt-Oads reduction peak at
+ 0.4 V merges with the reduction peak of the oxidised GC surface groups in Curve
III. These separate cathodic peaks ~zn be seen with more clarity in a CV scan of
another Pt/<.4 electrode, Pt/CB-3 (Curve IV, Fig. 4-12). Pt/CB-3 was platinised
from HzPt(SO3).0H solution in the same fashion as Pi/CB-2 (ie. 600 s of
potentiostatic reduction at ~ 0.45 V), except this electrode experienced a 2 h
immersion time in the same 0.01 M HyPt(S03).0H + 0.5 M H.SO, solution prior to
the reduction.

Fig. 4-13 displays a typical SEM micrograph of the cleaned Pt/CB-2. The bright
particles throughout this image -:<~¢ confirmed to be platinum by EDXS analysis.
The average platinum particle diameter is approximately 50 nm, which is
considerably larger than desired. However, it may be possible to reduce this particle
size under optimised conditions. These particles observed in the SEM micrograph
may ectually be aggregates of smaller platinum particles as found by Ye and Fedkiw
in similar work using Nafion-coated GC electrodes [Ye and Fedkiw, 1996].
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Fig, 4-12 Analysis and potentiodynamic cleaning (in 0.5 M H>SOy4) of Pt/CB electrodes.
(a) Elecirode Pt/CB-2, whicl: was previously platinised at — 0.45 V in a 0.01 M
H;P(SO;3),0H + 0.5 M H)SOy solution, as shown by Curve [ in Fig 4-10. Curve ]
shows the second CV scanned to an E, of 1.2 V; Curve Il shows the second CV scanned
to 1.4 V. Curve IIl was performed dfier ca. 25 similar CV scans and shows the cleaned
Pt/CB-2 electrode. (b) Electrode Pt/CB-3, which was platinised in a similar fashion to
Pt/CB-2, apart from experiencing 2 h of immersion in the 0.01 M HsPt(SO3),0H + 0.5
M H,SOy solution prior to the 600 s potentiostatic reduction at — 0.45 V. Curve IV
shows a CV scan of the cleaned Pt/CB-3. Scanning rate: 0.05 Vs,
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Fig, 4-13 SEM image of Electrode Pt/CB-2. This electrode was previously
platinised in a 0.01 M H3Pt(SO3),0H + 0.5 M HaSOy solution, at — 0.45 V for
600 s, as shown by Curve I in Fig. 4-10. The electrochemical analysis of this
electrode is shown in Fig. 4-12 (Curves I to Ill). The highly dispersed, bright
particles are platinum as determined by EDXS.

Table 4-1 shows the characteristics of the GC and CB based electrodes which were
platinised potentiostatically from a H3Pt(SO;).OH solution at — 0.45 V. As one can
observe in this table, the specific surface areas (S) are quite low, and the estimates of
the platinum particle diameters (d) are very large. In fact, the estimated platinum
particle size for Pt/CB-2 is around 20 times greater than the 50 nm approximate size
observed in the SEM image of Fig. 4-13. On comparison with the Pt/GC electrodes,
the d esﬁmateé appear up to two orders of magnitude greater than these particles
observed in the CB based electrode. Unfortunately, SEM analysis was not possible

with these platinised GC electrodes since removing such small deposits proved
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impossible (and cutting the electrodes shattered the GC surface). As discussed
before, the deposition charge, Q. is thought to contain significant contributions
from parasitic processes such as sulphite reduction and hydrogen evolution, and this
may account for the large discrepancy. If an average platinum particle size of 50 nm
is assumed, then an S value of 5.6 m2 g would be more representative of these
electrodes. This value is still low compared to e.g. 180 m? g (i.e. around 1.6 nm Pt
particles) possible in commercially available catalysts [Stonehart, 1990].

Electrode | A, bred Q- W A Ry S d
(cm?) (s) ©) (pg) (cm?) (m2g?Y) (um)
Pt/GC-4 0.071 720 0.008 8.0 0.022 031 0.28 1.0

Pt/GC-5 |0.071 4450 0.8 180 0.082 12 0.046 6.1
Pt/CB-2 1.0 600 1.8 1870 6.2 6.2 0.33 0.85

Table 4-1 Characteristics of the electrodes platinised from a 0.01 M HyPt(S03).0H
+ 0.5 M H.S0, solution at — 0.45 V, where Ay is the geometric area of the
electrodes; twd is the time for potentiostatic reduction; Q- is the charge passed; W is
the platinum loading determined from the charge transferred (assuming a
2 electron transfer per platinum atom deposited); A- is the electrochemical surface
area of the cleaned platinum determined from the charge passed in oxidising a full
monolayer of adsorbed hydrogen, Pt-Hggs (assuming Qu = 210 pC cm2); Ryis the
roughness factor of the platinum deposits (i.e. the ratio of Ar to Ag); S is the specific
surface area (i.e. the ratio of Ar to W); d is the estimate of the platinum particle
diameter, assuming homogeneously dispersed spherical deposits, Eq. 1-16 in
Chapter One.

On comparing the platinised GC electrodes, the particle size does appear to increase
with an increase in the platinum loading, which suggests the poisoning process may
not completely prevent particle growth (although the calculation of d is dependent
on W which is unlikely to be accurate given the above discussion). Indeed, from
Fig. 4-13 some particle growth is evident. The lower 8 value for Pt/GC-5 compared
to Pt/GC-4 is also uncertain, since one cannot be sure how much of the deposition

charge is from platinum reduction. The platinum surface area (4:) of Pt/GC-5 is not
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much larger than that of Pt/GC-4. It is possible that if Pt/GC-5 was well platinised
and poisoned, and could therefore not facilitate further platinum reduction, then the
remaining charge could have arisen largely from other reactions such as hydrogen

evolution.

Since the platinum loadings calculated from the j-f transients are prome to
overestimation, the roughness factor provides more information on the platinum
deposits. The Ry of 6.2 for Pt/CB-2 compares favourably with the work of Gloaguen
et al. [Gloaguen et al., 1997], where platinum loadings into Nafion-bound CB
electrodes ranged between 3 and 39 ug cm2 with roughness values between 1.9 and

5.9 respectively.

Attempts were made to deposit HyPt(S03).CH onto botli GC and CB electrodes at
more positive potentials, without much success. Potentials chosen were + 0.1, 0,
— 0.1, ~ 0.2 and - 0.35 V. The Pt/CB prepared from potentiostatic deposition at
- 0.35 V was similar to the electrode shown in Fig. 4~12, although even less evidence
of platinum redox behaviour was observed. Again the j-t curve displayed an increase
in the j, (towards more negative current densities) with time. Of more interest is the
possibility of depositing platinum from the H,Pt(S03),OH species at potentials more
positive ¢f. the HER. Only very minor evidence of deposited platinum was found on
electrodes held at + 0.1, 0 and - 0.1 V in H3Pt(SO;3).0H solution; ro Pt-Haggs
adsorption/oxidation peaks were visible, but j. similar to that of hydrogen evolution

was observed on scans to potentials as low as - 0.3 V.

Fig. 4-14 shows the potentiostatic deposition of platinum onto Electrode GC-6 at
- 0.2 Vfor 1 h, from a 0.01 M H;Pt(505).0H + 0.5 M H.SO, solution. At this
potential, the observed j. is very low (in pA) and, as was discussed earlier for
Figs. 4-9 and 4-10, not all the current passed necessarily results from the
electroreduction of H,Pt(S0s).0H. In Fig. 4-14 however, the possibility of any
current produced by the HER has been eliminated (the potential being more positive
than ~ 0.242 V), so the electroreduction of H,Pt(S03).0H and/or S04 are the most
significant possible causes of the j.. A very slight increase in current density
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{towards more negative values) is observed in this figure, but it is not as significant
as the gradients in Curves I to HI of Figs. 4-9 and 4-10. This slight increase in
current may have arisen from the reduction of sulphite to sulphide, after some
platinum had been reduced.
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Fig. 4-14 Current density-time (j-t} transient for the electroreduction of
platinum onto Electrode GC-6 from a 0.01 M H3P{SO3):0H + 0.5 M H»SOy
solutionat — 0.2 V.

Fig. 4-15 displays the analysis of this electrode in 0.5 M H.SO,, at 2 number of
scanning rates. At a fast scanning rate such as 0.5V s, the typical platinum surface
réacﬁon characteristics may be observed with some clarity (Curve III). The lack of
strongér current densities for the platinum surface reactions at lower scanning rates
is suggestive of low platinum loading. However, it appears possible to electrodeposit
at higher pbtentials, where the HER is not a competing reaction. Longer
electroreduction times would be expected for an equivalent mass of deposited
platinum. In addition, avoiding the evolution of hydrogen on the deposits may
prove to be beneficial in further limiting particulate growth during
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electrodeposition. Hydrogen evolution may actually aid in the removal of poisoning
species, if they are reducible (e.g. by reducing sulphur to H.S). Conversely, evolving
hydrogen on deposits during electrodeposition may act to inhibit further reduction
onto deposits; a sponge-like deposit of high surface-area may form under such
conditions. [Moore, 1983].
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Fig. 4-15 Analysis of Electrode Pt/GC-6 in 0.5 M H,SOy4 solution. Pt/GC-6
was platinised as shown in Fig. 4-14 and cleaned via potentiodynamic cycling.
Curve I was performed afier 130 CV scans over the same range and shows the
cleaned electrode, scanning rate: 0.05 V 5. Curves II, Ill and IV were
performed at a rate of 0.1V s, 05V s' and 1.0 V s respectively, and
Hlustrate the effect of scanning rate.

The g;'adual increase in the platinum surface area (as represented by the Pt-Hyq,
oxidation peak during the potentiodynamic cycling between — 0.23 and + 1.4 V)
indicates the activation of the platinum surface. In addition, the strong j. and j; in
the regions of + 1.0 and + 0.2 V, respectively, in Figs. 4-8 and 4-11 were observed to
decrease with further potential cycling and this is also representative of the gradual

cleaning of the platinum surface. Similar oxidation and reduction currents have
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been observed with sulphide-poisoned platinum electrodes in both H.SO, and
H,PO, solutions [Chin and Howard, 1986; Loucka, 19071]

4.2.4 Piatinum Poisoning with NaHSO; Solution

Hence, from the various phenomena observed throughout this H;Pt(S0;3).OH
electrodeposition study and, in particular, the unaltered onset for reduction and the
required activation of the deposited platinum via potential cycling, we can conclude
that a passivation process occurs on the platinum deposited from HgPt{(SOz)-0H
solution. It is suggested that the deposited platinum retains some sulphite ligands
or has adsorbed these after reduction. According to Eq. 4-2 and with the platinum
deposition being undertaken at these low potentials, the adsorbed species is likely to
be sulphide. To confirm this hypothesis, the effect of sulphite ions on both smooth
platinum and Pt/GC electrodes was investigated in separate experiments using a
1.0 M NaHSO; solution. Platinum poisoning was evident in the first CV scans of
each electrode by the complete lack of hydrogen adsorption and oxidation peaks, as
shown by Curves II and III of Fig. 4-16. The electrodes remained passivated after

rinsing in Milli-Q water and being transferred to sulphuric acid solution for analysis.

Curves III and IV in Fig. 4-17 show the first and second analysis scans towards
negative potentials in 0.5 M H.SO, foliowing a number of scans in the NaHSO,
solution similar to Curves I in Figs. 4-16 and 4-17. The j; in the initial sweep
(scanning towards negative potentials) of Curve III appear strong compared to the
clean platinum baseline (Curve I), and it is interesting to note the similarity between
this eurrent density and that also observed in the negative-potential sweeps of
Curves I and H in each of Figs. 4-8 and 4-11. In all three figures this probably
repreéents the reduction of an adsorbed sulphur-based species. The cathodic peak
between - 0.05 and — 0.1 V is common to both Fig. 4-8 (Curves I and II) and
Fig. 4-17 (Curve III), and is in the potential region where weakly-bound protons are
adsorbed on the platinum surface (Pt-Haas). This could be a coincidence, and the
peak may have instead resulted from the reduction of sulphite to sulphide, according
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to Eq. 4-2. Any pumber of reactions, including possibilities such as Egs. 4-3 or 4-4
may have caused the cathodic peak.
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Fig. 4-16 Fassivation of platinum in sulphite solution. Curve I shows a typical CV
of a clean Pt electrode in 0.5 M H.SO4 Curves II and IIl show CV scans of the
same platinum electrode in 1.0 M NaHSOj solution. Scanning rate: 0.05 Vs™.

Again, the reduction of sulphite to sulphide is likely to have occurred during these
experiments in NaHSO; solution where the electrodes were scanned to ~ 0.23 V.
Whilst cycling the poisoned electrodes in 0.5 M HaSO,, oxidation and reduction
current densities similar to those in Figs. 4-8 and 4-11 were observed. However,
after 10 sweeps in the ~ 0.23 to + 1.2 V range, the platinum surface had almost
completely recovered as observed from the restoration of the typical platinum CV
“fingerprint’. Similar to the previous discussion, the additional j. and j. is believed to
correspond to the oxidative/reductive removal of the adsorbed species which in this
case is enher sulphite or sulphide ions.
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Fig. 4-17 Analysis of a platinum electrode passivated in a 1.0 M NaHSO;
solution. Curve I shows a typical platinum CV scan in 0.5 M H.SQOy (identical
scan to Curve 1 of Fig. 4-16). Curve Il shows a scan of the passivated electrode
in NaHSOj; solution. Curves III and IV show the first and second CV scans of
the poisoned platinum electrode in 0.5 M H;SO, following many scans in the
NaHSO; solution. Scanning rate: 0.05 Vs

Pt-Sags + 3H* + 2¢° = Pt-Hugs + H.S (4-3)

Pt-S-ags + 2H* + e = Pt + H.S (4-4)

Flg 4-18 illustrates the potentiodynamic cleaning of another platinum electrode
which was also poisoned by scanning in 1.0 M NaHSO, solution, except without any
scanning to potentials negative to + 0.4 V. This was performed in order to
determine whether sulphite ions could adsorb onto the clean platinum surface and
passivate the electrode, without converting sulphite to sulphide (a known platinum
poison [Chin and Howard, 1986; Gerischer, 1975; Loucka, 1971]), at potentials

below - 0.11 V, according to Eq. 4-2. Curve I shows the second CV scan in 0.5 M
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H:80;, in which the platinum electrode has clearly been passivated. The electrode
was again cleaned in a similar fashion to the other NaHSOQ; poiscned platinum
electrodes and the Pt/GC and Pi/CB electrodes prepared from H;Pt(S03).0H
electroreduction (i.e. via potentiodynamic cycling). Again strong current densitics
are observed at the potential extremes in the CV scans. It appears that sulphite does
in fact adsorb onto, and passivates, the surface of platinum. Whether sulphite is
convzrted to sulphide and whether electrodes platinised by the electroreduction of
H3Pt(S03).OH are passivated by sulphide or sviphite has not been ascertained, but it
is clear that a sulphur-containing species is responsible.

02 0 02 04 06 08 1 12 14
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Fig. 4-18 Analysis of a platinum electrode passivated in a 1.0 M NaHSO;
solution. Curve I shows the second CV scan in 0.5 M H)SO,; following
passivation in sulphite solution by scans similar to Curve Il in Fig. 4-16.
Scans were limited to potentials > 0.4 V. Curve II shows an initial cleaning
scait of the passivated platinum electrode (in 0.5 M H,504), the first CV to be
scanned to 1,2 V. Curve HI shows the cleaned platinum electrode after ca. 90
potentiodynamic cycles similar to Curve II. Scanning rate: 0.05 Vs
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The potentiodynamic cycling of the electrodes platinise¢ from H,Pt(SO,).0H
solution was found to be the most effective method for platinum activation,
compared with either static potential approaches or heating the platinised
electrodes. A minor improvement was observed in the Pt-H.as oxidation peak area
after applying potentials of + 1.0 or + 1.2 V to the Pt/GC electrode for 5-10 minutes.
However, sweeping from - 0.23 to + 1.2 V at 0,05 V s? for the same duration
appeared to clean platinum more rapidly. Potentiostatic holds at~ 0.2 or— 0.3 V for
the same time yielded negligible improvement. Similar findings have been observed
in the work of Loucka [Loucka, 1971] who attempted to oxidise a poisoning sulphur
species from platinum by holding the electrode potential at 1.35 V for 10 minutes,
Loucka found that the sulphur was not completely removed from the electrode even
though the currents for sulphur oxidation had fallen to zero and cycling was required
for complete platinum activation. Alternating polarisation approaches have also
been used to activate platinum, e.g. switching the potential of a platinum electrode
between + 0.07 and + 1.27 V in presence of sulphite ions [Rosental’ and Veselovskij,
1953). In addition, no effect was found in this work from heating Pt/GC electrodes
poisoned in NaHSOQ, solution, even when electrodes were heated for up to 15 h in air

at 100°C.

Furthermore, cleaning was observed to occur more rapidly when an upper potential
of + 1.4 V was used whereby the maximum oxidation of the poisoning species is
attaines in each cycle. The oxidation probably proceeds via the formation of Pt-O,g,,
where strong j. are observed at potentials positive to + 0.6 V (e.g. Curve I in
Fig. 4-11). It is known that sulphide adsorbs onto platinum and may be removed by
being initially oxidised to elemental sulphur followed by further oxidation by oxygen
evolution to 80,2, S:0¢?, and S.0,> ions [Gerischer, 1975] or to S04+ and SO,
species [Loucka, 1971]. The Ptelectrode remains passivated due to a thin oxide layer
and must then be reduced. At high surface coverages of adsorbed sulphur, it is
nécessary to repeat these oxidation and reduction steps, i.e. to cycle the electrode

potential in order to completely remove all of the poisoning species.
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Faster scanning rates, e.g. 0.5 V s2, were found to slightly enhance the cleaning time
of the platinised electrodes (most probably since a greater number of oxidation-
reduction cycles could be performed in a given time). However, scanning at rates
faster than 0.5 V s or to potenitials greater than + 1.4 V was avoided since this
resulted in an apparent loss in the platinum surface area, i.e. a decrease in the
Pt-Haas oxidation peak area, In the work of Loucka [Loucka, 1971] the rate of
potential scanning was found to have no effect on the cleaning of sulphide-poisoned
platinum, where scanning rates were varied between 6.7 x 103 V s and 30 V 5,
Cycling to potentials cathodic to —~ 0.3 V was also avoided in this work since this
merely resulted in a large amount of evolved hydrogen and negligible improvement
in activating the platinum deposits. It should also be noted that these activated
Pt/GC and Pt/CB electrodes were analysed again a day later and several weeks later
after resting in Milli-Q water and the final platinum surface area was reproducible.
Any faceting or roughening caused by the electrochemical cycling is therefore
discounted and the increase in platinum surface area is believed to be wholly due to

the cleaning process.

4.3 Summary

Hence, platinum was successfully electrodeposited from the HsPt(S0;).0OH species
onto both GC and CB-based electrodes. The resulting platinum deposits were found
to be poisoned, possibly by a sulphide or similar species. 1t was possible to remove
the strongly-bound poisons from the deposited platinum surface via
potentiodynamic cycling. This platinum ‘poisoning’ technique could be utilised in
the catalysation of PEMFC electrodes if further optimised. Refer to Chapter Seven
for more extensive conclusions of this chapter and also possibilities for future

studies on related work.
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Chapter Five Ruthenium and PtRu Electrodeposition

5.1 Introduction

Whether methanol or hydrogen produced from reformed methanol is eventually
used as the fuel of choice in PEMFCs or DMFCs, the catalytic requirements are
similar. As outlined in Chapter One, fue] cell operation on either methanol or a Ha +
CO (reformate) mixture requires the use of a slightly more advanced catalyst, due to
poisoning of platinum by CO,qs species. The PtRu catalyst system has been proven
to be the most active for both methanol and CO-containing hydrogen fuels. The
conventional preparation of these catalysts is similar to that of the platinum
catalysts (i.e. by chemical reduction or colloidal precipitation), and the resulting
PtRu particles suffer from a similar low utilisation in the fuel cell electrodes.

The majority of work in this dissertation is based upon the central idea that catalyst
utilisation in PEMFC and DMFC electrodes may be improved via the
electrochemical preparation of such electrodes. The electrochemical deposition of a
known amount (or ‘loading’) of catalyst into fuel cell electrodes is readily achievable,
and the placement of these deposits may be manipulated under well-controlled
conditions. It is possible that smaller PtRu catalyst particles could be prepared via
electrodeposition, thus increasing the surface area-to-mass ratio of the particles and
enabling greater ‘catalyst atom’ utilisation. More significant improvements in
cﬁtalyst utilisation could even be achieved if PtRu particles were selectively
depusited at the necessary places throughout the electrode (i.e. at the three-phase
reaction zones where fuel cell reactions take place). Electrodeposition has a much
greater potential in the ability to selectively place catalyst atoms in these desired
zones within preformed fuel cell electrodes compared to conventional preparaiion
methods (where the Pt/C and PtRu/C supported catalysts are made first and then
formed into an electrode- refer to Chapter One). Following improvements in
catalyst utilisation, iower noble metal loadings are required in electrodes, ﬂ1us
reducing electrode cost and enabling the manufacture of more compact electrodes
and correspondingly thter DMFC stacks.
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In the previous chapter, a catalyst-poisoning process was observed during
electrodeposition of platinum from the H;Pt(SO;).OH species. The poisoning of the
Pt deposits by a sulphite or related species was believed to limit the growth of Pt
particles from further H,Pt(S0O3).OH electroreduction. Since ruthenium exhibits
similar electrochemistry to platinum, electroreduction of the H;Ru(S0,).0OH species
may result in poisoned Ru particles onto which further Ru deposition is limited or
even prevented. If the particulate growth of Ru is limited during H;Ru(SO;).0H
electroreduction, then growth of PtRu particles during co-electroreduction (e.g.
from a binary solution containing one or both of the sulphite species) might also be
limited, which is highly desirablé in the preparation of catalyst particles with a high
surface area : mass ratio. Co-electrodeposition of PtRu particles into preformed fuel
cell electrodes may also lead to higher catalyst utilisations under certain conditions.
Additionally, as in the case of the H,Pt(S04).OH studies, the H;Ru(SO4).OH species
was initially trialled in electrodeposition experiments because chloride is removed in

its preparation.

5.2 Ruthenium Electrodeposition and Analysis

A ruthenium sulphite species was prepared (from RuCly) in a similar way to the
H,Pt(S03)-:0H species investigated in Chapter Four, according to US Patent
4,044,193 [Petrow and Allen, 1977). Refer to Chapter Three for a more detailed
description of the preparation. Again, in a similar fashion to HyPt(S0,).0H, a
important benefit in using the ruthenium sulphite species for fuel cell catalystsis the
removal of chloride ions during its preparation. For PtRu catalyst preparation the
removal of Cl- is essential since Cl- acts as a complexing species to Pt [Bagotzky et
al., 1970], causing dissolution in acidic conditions [Chemodanov and Koloiyrkin,
1970). Ruthenium is also known to corrode in chloride-containing solutions, at low
pH [Bard, 1976]. Additionally, to the knowledge of this author the electroreduction
of the ruthenium sulphite species has not been published before,
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In the preparation of the ruthenium sulphite species, the chlorides in RuCl; are
replaced with sulphite (SO3>) ligands, most probably forming the NasRu(SOa3),
species. The grey-blue NagRu(S03), powder is then dissolved in 0.5 M H,SO,,
producing a dark blue solution. The chemical structure of the ruthenium sulphite
species is believed to be H;Ru(S0;),0H, being prepared in an almost identical
fashion to HjPt(504).0H (refer to Chapter Three); ruthenium and platinum
exhibiting similar chemistry. This would signify a valence of Ru", which is a rare
form of ruthenium. The most common oxidation state for ruthenium is IV
[Pourbaix, 1066], and in acid media the usual valences are Ru™ and RuV [Bard,
1976). However, aqueous solutions of Rull and Ru'V are yellow and red-brown in
colour respectively, whereas divalent ruthenium {or ‘ruthenous’) solutions appear
blue {Bard, 1976; Pourbaix, 1966]). No other ruthenium valences reporied in
literature yield blue solutions; the less common RuYl, Ru"® and RuV! species
dissolve to form orange or green (Ru0O,*, RuQ.2+), green (RuQ,") and golden yellow
(H:RuO;, HRuOs) solutions respectively [Pourbaix, 1966). Since blue is also the
colour of the 0.01 M H;Ru(S03).0H + 0.5 M H.SO, solution used in this work it is
likely that H;Ru(S0,).0H is indeed the correct chemical formula.

Ru'! solutions are reported to be barely stable and easily oxidised to Ru! or Ru'
[Bard, 1976], however the sulphite ligands are thought to stabilise the Ru! in this
species. Furthermore, the coordination number of Ru!! species is usually 6 [Bard,
1976), which is in agreement with the six ligands in the H3Ru(S03).OH structure.
Only Rul species and lower valences may be cathodically deposited [Bard, 1976).
Complexing agents have been used before in ruthenium electrodeposition to prepare
deposits of high quality and thickness. Amine sulphonic acid, nitrosyl chloride and
niti‘osyl- sulphamate solutions have been used to successfully complex and
electroplate ruthenium [Bard, 1976]. The sulphite ligands in the H3Ru(803)zOH
species may also enable the formation of high quality Ru electrodeposits.

Initially, the ruthenisation of glassy carbon electrodes in HyRu(SO;):0H solution
was studied, despite the fact that ruthenium alone is not a suitable catalyst for

PEMFCs or DMFCs. These Ru/GC electrodes were prepared to gain some insight
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into the electrodeposition of the sulphite species (in comparison to platinum species
with which it may eventually be alloyed). The preparation of Ru/CB electrodes was
briefly pursued to determine whether it was possible to electrodeposit this
ruthenium species into ‘fuel cell type’ electrodes, and also for surface analysis (SEM
and EDXS) purposes. After establishing the electrodeposition conditions of
HiRu(50,;).OH, preparation of the binary PtRu catalyst was investigated.

5.2.1 Potentiodynamic Studies of H;Ru(S0;).0H

The electroreduction of H3zRu{SO;3):0H onto glassy carbon from a 0.0t M
H3Ru(S0,).0H + 0.5 M H,80, solution is shown by Curves II to IV in Fig. 5-1. The
current density for the reduction of the ruthenium sulphite species becomes
significant at potentials negative to + 0.2 V. The deposition potential for
H;Ru(S0,)-0H has not been quoted in literature, however the reduction potential of
the Rul! species has been calculated from thermodynamic data, Eq. 5-1 [Bard, 1976;
Pourbaix, 1966]. Ruthenium {(from a 0.01 M Rull soluticn) is therefore expected to
be electroreduced at ~ 0.154 Vscs (0,396 Vi) and lower potentials. This is in close
agreement with the electroreduction of the Ru!! sulphite species in this work; there
may be a small amount of H;Ru(S03);OH reduction at potentials slightly above this.
For comparison, the electroreduction potential of the commonly available
ruthenium chloride species has been theoretically calculated as 0.438 Vscg, Eq. 5-2
{Bard, 1976], suggesting greater chemical stability of the H;Ru(S0;),0H species
compared to RuCl,, This higher stability is believed to result from the sulphite
ligands in the HyRu(S0,).0H complex.

Rull + 2¢- - Ru ‘ E® = 0.213 + 0.0295log(Ru**) Vscg ~ (5-1)

RuCly; + 3¢ - Ru + 3CI E® =0.438 Vsce (5-2)
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Fig. 5-1 Linear-sweep electroreduction of ruthenium from a 0.01 M
H;Ru(SO3),0H + 0.5 M H)SO; solution onto glassy carbon. Cwrve 1is a
GC baseline in 0.5 M H.SO. Curve II shows the first ruthenium
electroreduction sweep onto Electrode GC-7. Curves Il and IV show the
second and third reduction sweeps. Sweep rate: 0.001 V's™.

In Fig. 5-1, the linear sweep illustrated by Curve II commenced at 0.4 Vscz and then
scanned towards lower potentials. An initial upper potential (Ei) of 0.6 Vscg was
used in the second and third electroreduction sweeps (Curves I1I and IV) to ensure
that the electroreduction onset was observed (i.e. in case the Ru¥ reduction onset in
these second or third sweep increased). Higher potentials were avoided to prevent
the production of irreversible ruthenium oxides such RuQ, that form at potentials
above 0.7 IVscg [Szab6é and Bakos, 1987]. However, some irreversible ruthenium
oxides may form at potentials as low as 0.56 Vsce [Strbac et al., 2001]; the

irreversible Ru.0, species may even form at 0.5 Vsce [Lezna et al., 1983].
The gradient of curves II to IV appears similar to that of the linear-sweep

electroreduction of Pt(NH;),Cl. (Fig. 4-1 in Chapter Four). It is possible that the
sulphite ligands in H3;Ru(S03)0H slow the reduction kinetics of this species in a
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similar fashion to the amine ligands in Pt(NH3),Cl., as reported by Penven et al.
[Penven et al., 1992]. The eleciroreduction of ruthenium in the second and third
sweeps (Curves II1 and IV in Fig. 5-1) appears to commence at the same potential as
that for the initial sweep in H;Ru(S0;).0H solution (Curve II), and the reduction
current densities appear progressively stronger with each consecutive sweep (albeit
only slightly). This is likely to indicate the formation of new ruthenium deposits
during each reduction sweep (as opposed to the growth of ruthenium deposits). Rul!
reduction onto Ru is likely to occur with a lower overpotential (i.e. at a higher
potential, the formation of Ru-Ru bonds being energetically favoured) ¢f. reduction
onto GC, as in the case of PiCle> electroreduction onto Pt° (refer to Fig. 4-2 in
Chapter Four). The increase in the cathodic current density, j., from Curve II to
Curve IV most probably results from the increase in electrode surface area (and
therefore in the current density due to charging of the electrical double layer, ja)

with more ruthenisation.

The slight increase in j.between Curves II and IV in Fig. 5-1 might also be explained
by the reduction of ruthenium surface oxides. Apart from irreversible oxides such as
RuO. and Ru.0; (the production of which is considered negligible in this potential
range), hydroxide species are generally known to adsorb (reversibly) at around 0.2
Vsce and higher potentials. These species form a non-stoichiometric Ru{OH) and
Ru(OH). oxide layer, approximately represented by Egs. 5-3 and 5-4. It is difficult
to determine at what potential ruthenium adsorbs hydroxide species dﬁe to
hydrogen adsorption/desorption behaviour on ruthenium at these potentials. Some
researchers believe Ru(OH), begins to form at 0.16 [Szabé and Bakos, 1987] or even
as low as 0.11 Vsce [Watanabe and Motoo, 1975]. At any rate, some Ru(OH), species
will form on the surface of the Ru deposits during the initial high potentials of
Curve III (Fig. 5-1), and these will be reduced at lower potentials, thus contributing
to the cathodic current densities observed. A similar argument can explain the
increased j. observed in the linear sweep shown by Curve IV. The high initial
potential of Curves III and IV (0.6 Vscg) also increases the likelihood of significant
Ru(OH), formation, and at the slow sweep rate employed, 0.001 V s, the ruthenised

GC-7 electrode is held at potentials above 0.2 Vsce for 400 s, considerable time to
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allow adsorption of OH- species. Since Ru(OH),species may form at potentials close
to, or even lower than the commencement of HyRu(S03);OH electroreduction, it is

difficult to completely avoid the formation of Ru(OH), species'.

Ru + H.0 » Rw(OH) + H* + & (5-3)

Ru + 2H:0 — Ru(OH). + 2H* + 2¢ (5-4)

Furthermore, ruthenium is known to adsorb hydrogen (in similar fashion to
platinum in acid media), and this reaction will also contribute to the cathodic
current densities. The ‘hydrogen region’ on ruthenium, where Ru-Hag forms (Eq.
5-5) and is oxidised (Eq. 5-6), occurs in roughly the same potential range as on
platinum, from -~ 0.24 to 0.0 Vscz (i.e. 0.0 to 6.24 Vrie). The effects of both H
adsorption and Ru(OH), reduction may also be respensible for the j. fluctuations
observed in the electroreduction sweeps (Curves I1 to IV). The roughness of j. in the
sweeps appears to increase with more ruthenisation (from Curve II to IV), further
supporting this possibility. At any rate, it is probable that the increase in j. from
Curve II to IV results from the increased ruthenisation of the GC surface, and that
" HsRu(S0;).:0H does not preferentially reduce onto Ru deposited from the same
species, in comparison with the GC surface (otherwise the electroreduction onset

would increase with further ruthenisation).

Ru + H* + e — Ru-Hags (5-5)

Ru-Hags > Ru + H* + ¢ (5-6)

11t may be possible, however, that these surface species limit the growth of ruthenium particles due to
the higher electrical resistance of the oxide film (refer to the Future Work section- Section 7.3.2).
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Between 0.0 and - 0.15 Vscg (in Curves II to IV of Fig. 5-1) a decrease in the linear-
sweep gradient is observed, suggesting diffusion limitations in the HaRu(S0,).0H
electroreduction. At potentials negative to — 0.15 V the gradient increases again,
probably due to greater adsorption of protons (and this might also be supported by
the increase in the j. fluctuations). Sweeping to even lower potentials was avoided
since the evolution of hydrogen on the ruthenium deposits would cause a significant
increase in the cathodic current densities, obscuring the H;Ru(S0,).CH
electroreduction currents.

Curves II and III in Fig. 5-2 illustrate the slight scatter in the current densities of
H3Ru(S03).0H electroreduction onto separately prepared GC electrodes. Curve II is
a reproduction of Curve II in Fig. 5-1 (Electrode GC-7}, and commenced from
0.4 Vsce. The linear sweep shown by Curve III in Fig. 5-2 (Electrode GC-8)
commenced from 0.5 Vscg. The onsets for electroreduction are roughly equivalent,
and the variation in current densities may have arisen from a slight difference in the
initial surface areas of the GC electrodes (most likely caused by the preparation of
new GC surfaces via polishing). This scatter of ~ 0.035 mA c¢cm= at 0.0 V is
negligible, especially in comparison with the large scatter in onset potentials
observed for the HaPt{S0,).OH species, as discussed in Chapter Four (Fig. 4-6).

Curve III in Fig. 5-2 also shows H;Ru(S0;}.0H electroreduction at potentials within
the region of hydrogen evolution (i.e. below — 0.24 Vscg, or 0.0 Vgue). Strong
current densities resulting from this reaction may be observed at even higher
potentials, (e.g. close to — 0.2 Vsce). The hydrogen evolution reaction (HER) is
known to occur more strongly at higher potentials on electroplated ruthenium
compared with platinum [HadZ-Jordanov et al., 1977].

Additional potentiodynamic experiments in the ruthenium sulphite solution were
performed to further investigate the electrochemistry of this ruthenium species, as
shown in Fig. 5-3. GC-8 was initially ruthenised during the linear sweep shown by
Curve III in Fig. 5-2 (shown again by Curve II in Fig. 5-3) and then experienced 5

more similar sweeps in the same H3Ru(SO3),OH solution at different rates as shown
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in Fig. 5~3 (a). A slight decrease in the reduction slope is observed below ~ 0.05V,
possibly resulting from diffusion limitations in the electroreduction of
H,Ru(S0,).0H. This is particularly evident in the faster sweeps (Curves V to VII).
At potentials below about — 0.2 V strong j. is observed, originating from the
hydrogen evolution reaction. Following the reduction sweeps shown in Fig. 5-3 (a),
GC-8 was cycled in the ruthenium solution with a progressively increasing upper
potential, Fig. 5-3 (b). For clarity, only two electroreduction CV scans (Curves IX
and X) are shown in Fig. 5-3 (b) however, before Curve X was performed CVs
scanned up to 0.5, 0.6, and 0.7 V. The reduction current densities progressively
increased following these scans to higher potentials. 0.8 V was the highest upper
potential used, and strong cathodic current densities may be observed below 0.2 V
(Curve X). Some of this j. is expected to arise from the reduction of surface oxides
{in addition to further H;Ru(SO;).0H reduction). Surface oxides may also form
during the initial (higher potential) part of the ¥+ . ar-sneps shown in Fig. 5-3 (a),
and some of the j. observed in these sweep: :nay resolt from oxide reduction in

addition to ruthenium electroreduction.
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Fig. 5-2 Initial potentiodynamic sweeps of GC electrodes in 001 M
HiRu(SO3),0H + 0.5 M H,SOy solution. Curve 1is a GC baseline in 0.5 M
H>SO,. Curves I and I illustrate the first ruthenium electroreduction sweeps
onto Electrodes GC-7 and GC-8 respectively. Sweep rate: 0.001 Vs,
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Typical cyclic voltammograms of HiRu(S03).OH-ruthenised glassy carbon
electrodes, are shown in Fig. 5-4. The GC-7 electrode was lightly ruthenised as
shown in Fig. 5-1. The GC-8 electrode was ruthenised as shown by the linear-sweeps
and CV scans in Fig. 5-3. Curves If and III are the second analysis CV scans of
Ru/GC~7 and Ru/GC-8 in 0.5 M H,504 The ruthenjum loading on Ru/GC-8
appears significantly greater than that on Ru/GC-7 (by at least a factor of 10, from a
rough comparison of the Ru(OH). current densities at ~ 0.3 V), as is expected from
the greater electroreduction time experienced by Electrode GC-8. However, these
ruthenised electrodes do not exhibit all the electrochemical features compared to
electrodes prepared from RuClg solution, for example the ruthenised platinum of
Hadzi-Jordanov et al. in Fig. 5-5. Nevertheless, in later SEM/EDXS analyses of
similarly ruthenised CB-based electrodes (from H3;Ru(S03).0H solution), the
existence of Ru deposits was confirmed (refer to Section 5.2.4).

Current densities for the adsorption and desorption of atomic H on the ruthenium
surface, Eqs. 5-4 and 5-5, may be observed at low potentials (i.e. below 0.2 Vpug) in
Fig. 5-5. However, in Fig. 5-4 no definite evidence of these processes is observed,
apart from relatively minor cathodic current densities around — 0.1 Vsce. In Fig. 5-5
increased j. is obséwed following scans to potentials above ~ 0.6 Vgue as Ru(QH),

species (formed above 0.2 Veug)} are reduced. This was not observed on Electrode

Ru/GC-8, which was scanned to 1.2 V as shown by Curve IV in Fig. 5-4 (b). '

However, slight increases in j. were observed on similarly HyRu(SO.).OH-

ruthenised GC electrodes in scans over smaller potential ranges (e.g. Curve X in
| Fig. 5-3), most probably arising from Ru(OH), reduction. A very sirong oxidation
process occurs at potentials above 0.15 Vsce on the Ru/GC-8 electrode that is not
observed in Fig. 5-5. At lower potentials, a cathodic spike may be observed in
Fig. 5-4 that probably represents the evolution of hydrogen, although this reaction
does not appear as strongly on the ruthenised electrode in Fig. 5-5.
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Fig, 3-3 Potentiodynamic investigation of H3Ru(SO3);0H and ruthenisation of
GC-8 in H:Ru(SO3),0H solution. (a) Linear-sweep study. Curve 1 is the baseline
scan of GC-8 in 0.5 M HxSOq at 0.001 V 5. Curves Il to VIl show sweeps in 0.0l
M H3Ru(SOj)20H + 0.5 M HS04 solunon at different rates; C‘urves II'to IV at
0.001 Vs Curves V and Vi at 0.02 V 5'; Curve Vil at 0.05 V' s*. (b) Further
ruthenisation of RwGC-8 and study of H3Ru(SO3):0H solution via cyclic
voltammetry. Curve VIII is the baseline scan of GC-8 in 0.5 M H>SO4. Curves IX
and X show CV scans of Rw/GC-8 in 0.01 M H3;Ru(SO3);OH + 0.5 M HxSOy
solution. Curve XI is the second analysis scan of RwGC-8 in 0.5 M HSO,
Scanning rate (for Curves VIl to XI): 0.05 Vs,
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Fig. 5-4 Potentiodynamic analyses of Electrodes Ru/GC-7 and Rw'GC-8, which
were ruthenised as shown in Figs. 5-1 and 5-3 respectively. (a) Curve Iis a GC
baseline CV in 0.5 M H.SO,. Curves I and IIT show the second analysis scans of
Ruw/GC-7 and RW/GC-8 in 0.5 M HSO4 solution. (b) Further potentiodynamic
analysis of Ru/GC-8. Curve Il is displayed again for comparison. Curve IV was
the first CV to be scanned to an upper potential of 1.2 V. Curve V was the next
scan following Curve 1V. Scanning rate: 0.05 V5™,
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Fig. 5-5 Potentiodynamic analysis of a ruthenised Pt electrode, by Hadzi-
Jordanov et al. [HadZi-Jordanov et al., 1977]. Cyclic voltammograms of
Ru/Pt electrode in 0.5 M H.S04 at 25 C, with progressively increasing
upper potentials. Note: SHE scale. Scanning rate: 0.008 Vs

Initially, the lack of a clear Ru-Hags oxidation peak on the Ru/GC-7 electrode was
thought to arise from the low ruthenium loading deposited on the glassy carbon.
However, electrodes with higher ruthenium loadings (i.e. electrodes which had
experienced longer electroreduction times) did not exhibit any H-oxidation
behaviour either. A similar lack of the Pt-Has oxidation peak was noticed on
electrodes platinised from H,P(S0;),0H (which resulted from a poisoned Pt
surface, as discussed previously in Chapter Four). Since platinum and ruthenium
exhibit similar chemistry (being ‘platinum group metals’), this lack of a ‘H-region’ in
CV scans was not surprising, especially considering the identical ligands in both Py
and Ru sulphite species). However, the surface chemistry of the two metals can be
significantly different, e.g. Ru adsorbs OH- at much lower potentials (~ 0.4 V lower)
cf. Pt, and Ru does not appear to adsorb methanol (or at least not at potentials below
0.5 Vsce [Gasteiger et al., 1993]). Ruthenium is known to adsorb chloride ions
[Hadi-Jordanov et al., 1977] and so it is possible that other complexing species
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such as sulphite may be adsorbed on Ru. Thus, as in the case of platinum
electroreduction from HsPi(SO;).0H, ruthenium electroreduced from
H;Ru(S0,):0H may also be poisoned by sulphite or related species.

The strong oxidation current densities observed at potentials above 0.15 Vgcg in
Curve I1I of Fig. 5-4 suggest the possibility of rutheniwm surface poisoning. HadZi-
Jordanov et al. {HadZi-Jordanov et al., 1977] studied the adsorption of chleride
onto ruthenised electrodes and found that, similar to platinura electrodes, the
adsorbed Cl prevented the surface oxide formation from occurring until higher
potentials, obtaining a double-layer region (within which there was no overlap
between Hags oxidation and Ru{OH), formation). A similar surface poisoning of the
Ru/GC-8 electrode shown in Fig. 5-4 has probably occurred. The oxidation process
at potentials above 0.15 Vscg also coincides with that on the chloride-poisoned Ru
[HadZi-Jordanov et al., 1977], which, in the latter work, was believed to represent
OH- replacement of adsorbed Cl- species.

Further potentiodynamic scans of the Ru/GC-8 electrode were performed over a
wider potential range as shown in Fig. 5-4 (b). This analysis was undertaken to
determine whether electrochemical activation or ‘cleaning’ of the deposited
ruthenium was possible (as it was for platinum electroreduced from H;Pt(SO3).OH
solution in Chapter Four). Scanning to higher potentials also provides an indication
of the electrochemical stabiiity of the Ru depnsits. Curve IV in Fig. 5-4 shows the
first CV scanned to an upper potential of + 1.2 V. A strong oxidation reaction is
observed with a peak current density at around 1.0 V. These anodic current
densities appear considerably stronger than those resulting from scanning over a
similar range (e.g. 0.0 to 1.4 Vrug) in Fig. 5-5. The scanning rate, v, used by HadZi-
Jordanov et al. [Had¥i-Jordanov et al., 1977] in Fig. 5-5 is not as fast, however
current densities generally vary in proportion to v. Some electro-dissolution of Ru is
expected from the scans passing to high potentials in Fig. 5-5, although most of the ja
results from formation of Ru.0; and RuQ, surface species (as is suggested by the
approximately similar j. area on the reverse sweep, resulting from the reduction of

ruthenium surface oxides). In contrast, very little j. is observed in Curve IV of
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Fig. 5-4. Curve V of Fig. 5-4 immediately follows Curve IV and exhibits no features
apart from the GC baseline. Hence it is likely that the Ru deposited onto GC-8 was
completely electro-dissolved during Curve IV in Fig. 5-4 (possibly passing through
higher oxide states). Since this is significantly different to the CV-analysed Ru in
Fig. 5-5, the Ru electro-dissolution from Ru/GC-8 may have been enhanced by the
poisoning species, similar to the increased corrosion of Ru observed in HCl solution
[HadZi-Jordanov et al., 1977]. I a sulphite or related species is adsorbed to the Ru
then it may facilitate more rapid Ru electro-dissolution via comaplexing the Ru. On
platinum (as described in Chapter Four) the formation of the surface oxide layer is
believed to help in the oxidation of adsorbed sulphide species and repeated scanning
over a wide potential range, up to the region where oxygen evolution commences,
greatly accelerates the cleaning process. However, ruthenium is known to be less
stable at higher potentials ¢f. platinum, so a similar ‘oxidative removal’ of poisoning
species from the Ru surface is probably not viable. Scans were also performed at low
potentials (passing to potentials as low as — 0.5 Vscg), to investigate whether the Hz
evolution reaction (HER) on the Ru surface could aid in removing the poisoning
species (e.g. via a ‘reductive cleaning’ process), without any apparent change in CV

characteristics.

No improvements were found following ca. 20 similar CV scans on the electrode,
and the only remaining features were the current density peaks for the oxidation and
reduction processes of the GC surface functionalities (at around 0.4 and 0.3 Vsce
respectively) which increased with continued scanning. Time was also allowed for
reduction of any ruthenium oxides using slow CV scans and potentiostatic hold- z:
low potentials (e.g. 0.0, -0.2, -0.4 Vsce), with no change in the CV feature.. i
electrochemical cycling proved unsuccessful for cleaning Ru electrodeposii :© .om
H3Ru(S03).0H, the effect of heating was studied. Another Ru/GC electrode was
prepared in similar fashion, and then heated at 95°C for 20 h in air. Again, no
change was observed in the resulting Ru/GC CV scans. Higher temperatures were
not feasible due to concerns regarding the GC electrode thermal stability {e.g.
possible delamination of the CTFE casing).
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5.2.2 Potentiostatic Ru/GC Electrode Preparation

Reduction at a constant potential provides a straightforward electrodeposition
method that bypasses the need to determine potential limits in potentiodynamic
reduction and simplifies the tailoring of a desired metal loading. A brief
investigation into ruthenium deposition from H;Ru(S03).0H solution under
constant potential was performed. By electroplating ruthenium at one potential (as
opposed to the Ilinear-sweeps and CV scans performed in Section 5.2.1) greater
control over the charge passed (which is related to the ruthenium loading deposited)
may be achieved. Potentiostatic electrodeposition is also more likely to be used in
electrode fabrication commercially, in large-scale processes. For -catalyst
electrodeposition into PEMFC and DMFC electrodes very low metal loadings are
desired (as opposed to the films in common industrial electroplating). Furthermore,
passing a desired amount of charge at a certain potential is preferred cf.
galvanostatic methods for reproducible deposition (e.g. during galvanostatic
deposition the electrode potential can drop to low voltages where hydrogen

evolution may oceur and affect the deposition).

According to Figs. 5-1, 5-2 and 5-3 it should be possible to potentiostatically reduce
ruthenivm from H,;Ru(SO43):0OH solution at potentials negative to + 0.2 V. The rate
of reduction will increase as the potential is decreased, as a greater overpotential is
applied to the electrode, and the equilibrium of Eq. 5-1 will shift to the right (i.e.

~ towards Ru deposition). However at low potentials, especially less than — 0.23 V,

the HER takes place on the ruthenium surface and the cathodic current densities
resulting from this vigorous reaction will interfere with those from the ruthenium
reduction. If an estimate of the ruthenium loading is desired from the total charge
passed in electrodeposition then these HER contributions should be avoided. The
effects of H adsorption onto ruthenium (and also absorption into ruthenium) during
reduction may also contribute to the cathodic current densities, although to a lesser
extent. At potentials greater than 0.1 or 0.15 V, some anodic current densities may
arise from the formation of Ru-OH,gs, although reduction at these potentials from
the H;Ru(S0,).0H species is unlikely due to low reduction rates.
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Fig. 5-6 Current density-time transients for the potentiostatic reduction of
ruthenium from a 0.01 M H;:Ru(SO3),0H + 0.5 M H,S0, solution onto GC
electrodes. Curve I shows the attempted ruthenisation of GC-9 at 0 V. Curve I
shows the ruthenisation of GC-10 at - 0.2 V.

Fig. 5-6 shows the current density-time (j-f) transients for Electrodes GC-9 and
GC-10 in a 0.01 M H;Ru(S0,).0H + 0.5 M H.S0, solution at different potentials.
Curve I shows the attempted ruthenisation of GC-9 at 0.0 V. In Figs. 5-1 and 5-2,
some HiRu(S80;).0H reduction appears to occur at this potential (with reduction
current d_ensi_ﬁes of around — 0.03 to ~ 0.06 mA cm2, under linear sweep conditions
at 0.001 V s1), A comparable current density of — 0.045 mA em-2 was obtained in
Curve I of Fig. 5-6. However, no traces of ruthenium were found during the
subsequent CV analysis of GC-9 in 0.5 M HzS0,, even though this electrode was held
at a potential of 0.0 V for 1 h. It is possible the amount of ruthenium deposited onto
GC-9 was so little that the GC electrode ja obscured any ruthenium electrochemical

features,
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Curve II in Fig. 5-6 displays the ruthenisation of Electrode GC-10 at a lower
potential (- 0.2 V). After about 5 min, the current density reaches a value of
ca. — 0.15 mA cm?, which is roughly equivalent to the j. observed at — 0.2 Vin the
linear-sweep reductions of HyRu(S0;).0H (Curves II to IV of Fig. 5-1). The
fluctuations in the j over time may again be explained by the
H-adsorption/desorption behaviour on the deposited ruthenium surfaces at these
potentials. The slight decrease in the reduction current density over time in Curve II
may have resulted from a slight decrease in the ruthenium ion concentration (in the

electroplating solution) over the hour.

The potentiodynamic analysis of Ru/GC-10 is shown in Fig. 5-7. Ru/GC-10 exhibits
similar electrochemical features to Ru/GC-8; the larger ja most probably indicates a
higher Ru loading. The CV scan of Ru/GC-10 also exhibits greater current densities
in the ‘H region’, but no strong H-adsorption/descrption peaks were found. A
cathodic shoulder may be observed at — 0.1 V (which is less obvious on Ru/GC-8)
which may represent some H.as formation, but may have also arisen from the
reduction in surface oxides. Again, the ruthenium on GC-10 is readily electro-
dissolved on scanning to higher potentials (Curves Il and IV in Fig. 5-7), but more
scans were required before all of the Ru was removed, probably due to the higher
ruthenium loading. After sweeping the electrode potential to 1.0 V for the first time
(Curve III), strong cathodic current densities are observed in the reverse sweep,
particularly at potentials below + 0.2 V. These are believed to result from the
reduction of Ru.O, and RuO. formed at high potentials, as was observed by Hadzi-
Jordanov et dl. in Fig. 5-5.
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Fig. 5-7 Potentiodynamic analysis of RwGC-10 in 0.5 M H>S50; following
potentiostatic ruthenisation as shown by Curve II in Fig. 5-6. (a) Curve I is the
GC-10 baseline CV. Curve II shows the first analysis scan of the ruthenised
electrode. (b) Curve Il shows the seventh analysis scan of Rw/GC-10 and the
first CV 10 scan to an upper potential of 1.0 V. Curve IV is the fifth CV to scan
fo an upper potential of 1.0 V. Curve Il is displayed agcin for comparison.
Scanning rate: 005 Vs~
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5.2.3 Electrodeposition Comparison with RuClg

The electrodeposition of ruthenium from the commonly available RuCl; species was
investigated for comparison with both HzRu($0:),0H electroreduction and the
unusual potentiodynamic scans of HaRu(80,).0H-depcsited ruthenium. The
cleaning and electro-dissolution behaviour of RuCl;-ruthenised GC electrodes was
then studied.

Curves II and II in Fig. 5-8 illustrate the electroreduction of RuCl; onto GC
electrodes. RuCl; electroreduction appears to commence at a higher potential cf.
H;Ru(80,).0H, at around 0.6 Vscg, which is surprising because this potential is
higher than 0.438 Vscg which was calculated for the RuCls - Ru reaction (Eq. 5-2
[Bard, 1976)). This discrepancy is probably explained by a higher valence of the
ruthenium species in solution. The RuCl; dissolved to form a red-brown solution in
0.5 M H.S0,, indicative of a Rulv species according to Pourbaix [Pourbaix, 1966]
and Bard [Bard, 1976]. This is further supported by the work of Chrzanowski and
Wieckowski, who found that RuCl; formed the [RuVO(H.0),]2* species in solution
[Chrzanowski and Wieckowski, 1997]. The theoretically calculated E° for RuCl,, Eq.
5-2, was probably based on the Rul™ species. Unfortunately, the electroreduction of
RuCl; and Ru!v species has not been extensively studied before. The general
appearance of Curves Il and III in Fig. 5-8 is similar to that of HzRu(S03)>OH
reduction (Curve IV), with an initial steep j, gradient which then decreases at lower
potentials, suggesting diffusion limitations (possibly with simultaneous j. processes,
such as Ru(OH): formation). The gradient then increases at lower potentials,
probably due to Ru(OH), reduction and H adsorption processes at the deposited Ru
surface. The initial j. gradients of the first electroreduction sweeps (Curves I1 and
IV) are not as steep ¢f. that of other species (e.g. H.PtCls, which is readily reduced at
around 0.1 Vscg - see Fig. 4-1 in Chapter Four). The initial electroreduction
gradients are similar to those during electroreduction sweeps of the Pt(NH;)?*
species, which is known to have slow reduction kinetics [Penven et al., 1992]. It is

highly likely that the reduction kinetics of both ruthenium species may also be slow.
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Fig, 5-8 Linear-sweep electroreduction of ruthenium from a 0.01 M RuCl; +
0.5 M H>S80y4 solution onto glassy carbon, Curve I is the GC-11 baseline in
0.5 M H>SO4 Curves II and III show the first and fifth ruthenium
electroreduction sweeps from RuCls solution onto Electrode GC-11. For
comparison, Curve IV shows the first reduction sweep of ruthemum Jrom
H3Ru(SO3),0H solution onto Electrode GC-8. Sweep rate: 0.001 V 57,

In the subsequent CV-analysis of the RuClj-deposited Ru/GC-11 (ruthenised as
shown by the linear-sweeps in Fig. 5-8), typical Ru electrochemical features such as
those illustrated in Fig. 5-5 were not observed. This was surprising at first, however
it transpires that the surface chemisiry of Ru is highly sensitive to electroreduction
potential.  Strong H.as behaviour (particularly the Ru-Hags oxidation peak) is
apparently only observed on Ru surfaces that have been electroplated at potentials
where hydrogen evolves on Ru. The ruthenised electrode in Fig. 5-5 was actually
deposited at a very low potential, — 0.2 Veue (i.e. — 0.44 Vsce), at which potential
hydrogen will evolve vigorously on Rui, HadZi-Jordanov et al. suggested that Ru

i Incidentally, the majority of electrodeposited ruthenium reported in the literature was
ga]vanostatlca]ly deposited (during which the WE potential may be forced to very low potentlals to
maintain the desired plating current - for example 100 mA cm"“), well-defin<i 3.2, regions are
typically exhibited by such electrodes.
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deposited within the HER region may have “a more disordered or expanded
ruthenium structure...that is capable of admiiting atomic H with increased facility”
[Had#i-Jordanov et l., 1977].
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Fig. 5-9 Potentiodynamic ruthenisation of GC electrodes at — 0.45 V. Curve |
shows the j-t behaviour of Electrode GC-12 in 0.01 M RuClz + 0.5 M H S0y
solution. Curve II shows the ruthenisation of Electrode GC-13 in 0.01 M
H;3;Ru(S03)0H + 0.5 M H>S04 solution.

GC electrodes were ruthenised from RuCls and H;Ru(SO;),OH solutions again, at
potentials within the HER region (~ 0.45 Vsce, Fig. 5-9). In Fig. 5-9, the j. may be
observed to rapidly increase with time during both electroreductions (for the first
100 s) followed by a rapid decrease in reduction current density. The initial increase
in j. was believed to result from rapid Ru electroreduction combined with vigorous
H. evolution on thie WE surface at these low potentials. During the first minute of
electroreduction, significant numbers of bubbles (most probably H.) were observed
to evolved from the WE surfaces. Some of these bubbles became trapped beneath
the electrode surfaces (due to the configuration of the electro~hemical cell}, even
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with high flow rates of N, purging. Eventually, these bubbles coalesced to form a
large bubble on each electrode that covered the entire WE surface. The increase in
trapped bubble size (and thus decrease in WE surface area in contact with solution)
correlates with the decrease in electroreduction current densities shown in Fig. 5-9.
The fluctuations in the j-t behaviour of the electrodes were observed to be related to
bubble formation and removal of trapped bubbles. Ru electroreduction ceased
following ca. 440 s (GC-12) and ca. 260 s (GC-13), when the electrochemical circuits

were broken.

The potentiodynamic analysis of Electrodes GC-12 and GC-13 is shown in Fig. 5-10.
Only the Ru deposited from the RuCl, species exhibited a Ru-Ha¢s oxidatior: peak
(Curves IV-VI). The Ru-H. oxidation peak was observed following 15 sczns of
Ru/GC-12 over the same potential range {Curve IV); it is likely that the Ru surface
was inhibited by adsorbed impurities in earlier scans (e.g. Curve III). The Ru
deposited from H,Ru(S0;).0H appeared to be poisoned again, regardless of the low
reduction potential used (and deposition within the HER region). As in previous
experiments, electrochemical cycling was unable to clean the Ru/GC-13 surface, and
scans to high potentials again caused the dissolution of Ru. In another interesting
comparison, the greater stability of the RuCly-ruthenised electrode {Ru/GC-12) is
apparent in Fig. 5-10, since Ru loss via electrodissolution occurs more gradually

during scans to high potentials (see Curves V and V1in Fig. 5-10).
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Fig. 5-10 Potentiodynamic analysis (in 0.5 M H.SOy of RwGC electrodes
prepared potentiostatically at — 0.45 V as shown in Fig. 3-9. Curve I is a GC
baseline. Curve If shows a typical CV scan of the Ru/GC-13 electrode that was
ruthenised from H3Ru(SO3),0H solution (Fig. 5-9). Curves Il to VI show CV
scans of the Rw/GC-12 electrode thar was ruthenised from RuCls solution
(Fig. 5-9). Curve Il is the second scan of Ru/GC-12 and Curve IV shows a scan of
the same electrode following 15 cleaning scans (over the same polential range).
Curves V and VI show the electrochemistry of Ru over a wider potential range.
Scan rate: 0.05 Vs
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5.3 Ru/CB Preparation

The ruthenisation of carbon-black (CB) hased electrodes was also investigated using
the H;Ru(SO3).0H species, for completion and also for SEM/EDXS analyses.
Electroreduction of HsRu{S03).OH onto Electrode CB-4 was found to commeirce at
a slightly higher potential (~ 0.1 V more positive) ¢f. electrorecuction of the same
species onto GC (e.g. Curve Il in Fig. 5-11). CB-4 was furtiter ruthenised in the same
HsRu(S80;).0H solution (potentiostatically at — 0.45 V, i.e. within the HER region),
as shown by Curve IIl in Fig. 5-11. Again, strong j. was observed (with similar j.
values to those in Curve II of Fig. 5-9). However, the cathodic current density was
not observed to similarly decrease, since the evolved H. could easily escape from the
high surface-area CB-based electrode positioned vertically in the electrochemical
cell. Fluctuations in the j. may also be observed in Curve III of Fig. 5-11 as the

electrode-solution interfacial area was altered by H, evolution.

Curve II in Fig. 5-12 shows a typical CV scan ¢: tne Ru/CB-4 electrode. Aside from
larger current densities, this CV appears similar to the ruthenised GC electrodes in
Figs. 5-3, 5-4 and 5-7. Thus, the Ru appears to be peisoned in a similar fashion to
the GC-ruthenised electrodes. No potentiodynamic cleaning was attempted on this
electrode, since it appeared similar to the Ru/GC electrodes previously prepared
(and any Ru electrodissolution was undesirable prior to SEM/EDXS analyses).

An SEM micrograrh of the freshly deposited Electrode Ru/CB-4 is shown in
Fig. 5-13. The image was recorded using ‘back scattered’ electrons, which highlight
changes in compositional differences across a sample surface. Similar to ‘secondary
electron’ mode, the brighter regions represent elements of higher atomic mass;
darker regions indicate either elements of lower atomic mass, or pores in the surface

(from which backscattered electrons are not emitted).
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Fig. 5-11 Linear-sweep and potentiostatic electroreduction of H3Ru(SO3),0H
onto a carbon-black (CB) based electrode. (a) Curve 1 is a baseline sweep of
Electrode CB-4 in 0.5 M H»>SOy. Curve II shows a linear-sweep of CB-4 in
0.01 M H;Ru(SOy,0H + 0.5 M H>SO, solution. Sweep rate: 0.001 V 57,
(b) Curve Il shows a current density-time transient for the potentiostatic
reduction of ruthenium at — 0.45 V (from the same H3Ru(SO3)>0H solution) onto
Electrode CB-4, following the linear-sweep shown by Curve Il in (a).
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Fig. 5-12 Potentiodynamic analysis of the Rw/CB-4 electrode prepared as
shown in Fig. 5-11. Curve 1 is the CB-based electrode baseline CV scan in
0.5 M HxSO, Curve II shows the third analysis scan of the ruthenised
electrode. Scan rate: 0.05 Vs~

Fig. 5-13 SEM micrograph (backscattered electron image) of the Ru/CB
electrode ruthenised from H3;Ru(SO3),0H solution as shown in Fig. 5-11.
The highly dispersed, bright particles are platinum as determined by
EDXS (see Fig. 5-14).
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The brighter regions of the Ru/CB-4 electrode (in Fig. 5-13) were found to be rich in
Ru and S, as determined from EDXS analysts, Curve I of Fig. 5-14. No Ru was found
by EDXS in the darker electrode regions (Curve II); these areas displayed the
presence of carbon and sulphur, although at low levels. The relative intensity in the
darker region is considerably less, most probably due to the reduced electron
scattering abilities of the lighter elements in these areas. The carbon and oxygen
peaks do not show up as strongly as expected, since these lighter elements are iess
stable in the eleciron beam (even at the relatively low accelerating voltage of 20 kV).
The Ru particle size is difficult to ascertain from the SEM micrograph, however it
appears that the particles are up to 500 nm in diameter. Whether these particles are
in agglomerate form and/or have highly roughened surfaces (e.g. in a ‘sponge-like’
foom [HadZi-Jordanov et al., 7977}), resulting from the low electrodeposition
potential is unknown.
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Fig. 5-14 EDXS analysis of the Ruw/CB-4 electrode ruthenised jfrom
H;Ru(S03)20H solution as shown in Fig. 5-11. Curve I was recorded in an
electrode region with a high density of ‘bright’ particles, cf. Curve I which was
recorded in a region lacking bright particles.
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5.4 PtRu Preparation

The preparation of PtRu binary catalysts was investigated via a number of different
methods. Initial experiments were undertaken to deteimine whether the
H3Ru(S0,).0H species could be electroreduced onto platinum and supported
platinum electrodes, i.e. the preparation of Ru/Pt and Ru/Pt/GC. These multi- and
partial-ruthenium monolayers were then characterised electrochemically. Co-
electrodeposition of PtRu catalysts onto GC electrodes was then investigated and the
resulting metailised electrodes electrochemically analysed. Additionally, the

oxidation of methanol solution was also investigated on some catalysts.

The dispersion of Ru atoms across a platinum or supported platinum electrode
surface provides a useful model surface, and presumably has nearly identical
properties to the surface of a PtRu alloy. The fractional coverage of ruthenium and
platinum surface sites is of major importance since it effectively determines the
catalytic activity for a given reaction (at a particular catalyst loading and
temperature). Some researchers [Fujiwara et al, 1999; Souza et al., 1997;
Gasteiger et al., 1994; 1993] have co-deposited FtRu or ruthenised platinum
electrodes to differing extents to investigate the optimal Ru surface coverage for
Pt-CQOags or methanol oxidation reactions. A partially ruthenised surface exhibits
similar electrochemistry to a PtRu alloy- i.2. the electrochemical features of both

metals are apparent using potentiodynamic techniques.

For the successful co-electrodepositicn of PtRu, reduction of both metal ions onto
either a Pt, Ru or carbon surface site is essential, so a simple way to determine
whether the deposition of a PtRu co-deposit is possible (by using the H;Ru(SO3).OH
species and a Pt species) is to test the success of HaRu{S03).0%! electroreduction
onto a Pt surface, Moreover, a Pt substrate may aid in the cleaning of the poi: vning
species on the Ru surface. A 2.0 mm diameter Pt disc electrode (embedded in a
CTFE cylinder) was used for the readily reproducible, well-characterised Pt surface.
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Fig. 5-15 shows the electroreduction of H;Ru(S0,)-0H onto a Pt electrode, Pt-1, and
the subsequent electrochemical analysis of the ruthenised electrode. Curve I shows
the first of three linear-sweeps of Pt-1 in H;Ru(SO;).0H + H,S0, solution, between
0.4 and ~ 0.3 Vsce. The electroreduction onset appears to commence immediately
on scanning towards negative potentials, and is ~ 0.2 V higher cf. the reduction
onset observed for this Ru species on a GC electrode (Figs. 5-1 and 5-2). In the
analysis of the Ru/Pt-1 electrode, electrochemical evidence of Ru is observed at
potentials greater than ~ 0.2 V (siznilax to that in Fig. 5-4). The platinum surface
appears to be poisoned (as observed in the Hags region), which is expected since it is
partially covered by a ruthenium deposit. However, this ruthenium layer was
electrochemicaily unstable (even without scanning to potentials more positive than
0.4 V) and these features are short-lived.

Similar results were found with the ruthenisation of Pt/GC electrodes from
H3Ru(S04).0H solution. No difference in electrochemical features were observed
with higher Ru-loadings, except that higher loadings dominated the
electrochemistry of the electrode- a typical example is shown in Fig. 5-16. Again, the
ruthenium remained in a poisoned state (unchanged by the platinum substrate). No
evidence of platinum surface electrochemisiry was observed until all of the Ru had
been electrodissolved. This was surprising, since in other work the surface
electrochemical features of both Ru and Pt were observed in binary PtRu deposits
[Frelink et al., 1995; Gasteiger et al., 1993]; surface fractions may e¢ven be estimated
from CV curves [Souza et al., 1997]. For example, Fig, 5-17 illustrates the effect of
Ru surface coverage on PtRu catalysts [Gasteiger et al., 1993].
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Fig. 5-15 Ruthenisation of a platinum electrode and analysis. (a) Curve I shows
the Pt-1 baseline sweep in 0.5 M H»SOs Curve Il shows the linear-sweep
electroreduction of ruthenium from a 0.01 M H3;Ru(SO3),0OH + 0.5 M H:SO4
solution onto Pt-1. Sweep rate: 0.00] V s, (b) Curve IV shows a cyclic
voltammogram of the resulting RwPt-1 electrode, in com?arison to a CV of Pt-]
prior to ruthenisation, Curve I1l. Scanning rate: 0.05 V5™,
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Fig. 5-16 Cyclic voltammograms of Electrodes Pt/GC-14 and Ruw/PY/GC-14.
Curve I is a baselize «an of P/GC-14 in 0.5 M H:SO,  This electrode was
ruthenised in a 0. *° M H;Ru(SO;),0H + 0.5 M HsSOq solution at — 0.2 V for
600s. Curve I’ i:usfrates a CV scan of the resulting electrode (RwPl/GC-14)
in 0.5 MH,SC . "ra:dngrate: 0.05 Vs,

The oxidation of methanol was investigated as a rapid way to determine whether the
catalyst was in fact ‘alloy-like’ at the surface. For example, higher current densities
and/or a lower overpotential for methano! oxidation should be observed if both Pt

and Ru surface sites exist (and are connected on the electrode surface).

In Fig. 5-18, CV scans of Electrode Ru/Pt/GC-14 are shown in sulphuric acid and
methanol solution before and after ruthenisation in H;Ru(S0;).CH solution. The
presence of Ru on the Pt/GC-14 surface was not found to enhance methanol electro-
oxidation, as is shown by Curve IV. In fact, the onset for methanol oxidation did not
change and the oxidation current densities were actually lower ¢f. those in the non-
ruthenised electrode (Curve II). The reduction in j. could possibly be explained by
the loss of Pt surface area following ruthenisation (i.e. by Ru coverage). Electrode

Ru/Pt/GC-14 was gradually scanned in a methanol + sulphuric acid solution over
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the same potential range, until the CV scan shown by Electrode Pt/GC-14 (Cw.ve II)
was restored. At no point did the ruthenium appear to be cleaned, and the oxidation
of methanol was not enhanced beyond the behaviour shown in Curve IL

a
3

o

current density [,uA/cmz]

Fig. 5-17 Cyclic voltammograms of sputtered PtRu alloy electrodes (on
Pt), by Gasteiger et al. In each of (a) to (d) a background Pr CV scan is
shown (broken curve) and a CV scan of a PtRu electrode with a Ru surface

coverage of 100, 46, 33 and 7 at%, respectively [Gasteiger et al., 1993].
Scanning rate: 0.03 V s,

Essentially, these studies show that the ruthenisation of a platinum-based electrode
is reasonably complicated. These experiments were intended to illuminate suitable
conditions for use ii: PtRu co-electrodeposition, and also aid in the electrochemical
analysis of the mixed metal surface. In any case, it was shown that H;Ru(80,).0H
could be electroreduced onto platinum, which is important for the preparation oi the
binary catalyst system (provided the Ru surface can be successfully cleaned).
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ig. 5-18 Cyclic voitammograms of Elecirodes Pt/GC-14 and Ru/Pi/GC-14 in
methanol and acid solutions. (a) Curve I is a baseline scan of Pt/GC-14in 0.5
M H,80, Curve Il shows a CV scan of the same Pt/GC-14 in a 0.5 M H250;
+ 5.0 M methanol solution. (b) Curve Iil is a baseline scan of the ruthenised
Pt/GC electrode (i.e. RuW/PY/GC-14) in 0.5 M H:SO4  Curve IV shows a CV
scan of the same RuwPY/GC-14 in a 0.5 M HSO; + 5.0 M methany solution.
Curve 11 is shown again for compi:: "son. Scanning rate: 0.05 V s,
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Theoretically, the co-electrodeposition of the two sulphite species, H;Ru(S05).0H4
and H,Pi(S03):0H could produce an ideal catalyst, since this avoids PtRu
contamination with chloride species. The co-electrodeposition of these two sulphite
species was attempted because the mixture of both metal complexes may affect the
electrodeposition behaviour. It was also thought possible that H,yPt(SQ;).0H
electroreduction might occur at more positive potentials onto the Ru deposits, since
the reduction of platinum onto ruthenium should take place at a lower overp&enﬁd
¢f. the GC substrate.

A H3Ru(S0,).0H and HyPt(S0;).OH solution (0.005 M concentrations of each
species in 0.5 M H:80,) was electrodeposited onto Electrode GC-15 electrode via
three linear-sweeps in the range + 0.4 t0 — 6.5 V. The CV analysis of the resulting
GC-15 appeared very similar to the ruthenised glassy carbon electrodes prepared in
Figs 5-4 and 5-7. In addition, on scanning this electrode to higher potentials large
oxidation current densities were observed (especially at potentials > 0.6 V), strongly
suggesting the dissolution of ruthenium, as was observed in Figs. 5-4 and 5-7. No
electrochemical evidence of platinum was found on GC-15, either throughout the
potenticdynamic analysis, or following the eventual ruthenium removal (via electro-
oxidation). The lack of platinum evidenve was surprising, but it is possible that not
enough time was allowed at lower potentials (where the electroreduction of

H, Pt(S0,).0OH is significant).

5.5 Summary

Ruthenium was successfully electrodeposited from the H;Ru(SO3).OH species onto
both GC and CB-based electrodes. The resulting ruthenium deposits were found to
be poisoned, possibly by a sulphide or related species, in a similar fashion to the
platinum deposited from HzPt(SO,).0H solution. However, it was not possible to
remove poisons from the HzRu(S(»;);OH-deposited Ru via the potentiodynamic
cycling method used in Chapter Four., Refer to Chapter Seven for more extensive

conclusions of this chapter and also possibilities for future studies on related work.
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Chapler Six Catalyst Deposition via Impregnation/Electroreduction

6.1 Chapter Overview

A major problem in PEMFC and DMFC electrodes is the low utilisation of noble
metal catalysts (as was outlined in Section 1.3.2.2 of Chapter One). This may result
in reduced fuel cell performance (e.g. thicker catalyst layers may be required, which
increases the iR-drop across the cell). In addition, low catalyst utilisation is
certainly not cost effective. |

As described in Chapter One, low utilisation of Pt and PtRu catalysts may arise in a
couple of ways. If the noble metal catalysts are deposited as large particles onto the
carbon-black support, then a high proportion of catalyst atoms will be contained
within the particle, and will thus be unable to participate in the fuel cell reactions
(which occur at the catalyst surface). Ideally, these expensive catalysts will have a
maximised specific surface area, S (i.e. a high surface-area per mass of catalyst
particle). Low catalyst utilisation may also result from the positioning of catalyst
particles throughout the catalyst layer. It is essential for the catalyst particles to be
located in the ‘three-phase reaction zones’ (or 3PRZs) for the catalyst surface to be
utilised. Chapter One offers a more thorough explanation of fuel cell catalysis.

Catalyst electroreduction has been investigated by a number of researchers and
shown to be promising for the fabrication of fuei cell electrodes (Section 1.3.3.4 .of
Chapter One). The H.PtCls and RuCl; species have been studied the most
extensively, In some cases, the unique chemistry of the within Nafion-bound
catalyst layers has been utilised to preferentially deposit catalyst particles in 3PRZ
regions, such as in work by Taylor et al. [Taylor et al, 1992]. The size of the
electrodeposited particle however, is another issue, and alternative approaches may

be required.

In Chapter Four, a catalyst deposition technique was investigated which showed the
poteniial to limit the growth of platinum particles during electroreduction. It was
called the ‘poisoning’ method, since the deposited platinum surface appeared to be

covered by a strongly adsorbing species, or poison, during the electroreduction of

155

P B




Chapler Six Catalyst Deposition via Impregnation/Electroreduction

H3Pt(S0O3).OH. Very few electrochemical features of the resulting Pt/GC and Pt/CB
electrodes prepared in this manner correlated with those of typical Pt electrodes.
The Pt particles were eventually cleaned via extensive electrochemical cycling,

oxidatively removing the impurities. This poisoning method was then trialled on a
similar ruthenium species, H;Ru(S0;):0H, but without any conclusive success
(Chapter Five).

AR AT a4

In this Chapter, the catalysation of fuel cell electrodes was approached from a
different perspective. Catalyst utilisation should be greatly enhanced if small Pt
(and PtRu) particles are deposited only in the 3PRZ regions. A couple of methods
were investigated to achieve this. Catalyst was impregnated into ‘fuel cell type’
electrodes by mixing a platinum salt into the catalyst layer ink (Section 6-2), and
also via an ion-exchange of platinum cations into the Nafion within the catalyst layer
(Section 6.3).

6.2 The Impregnation and In Situ Electroreductien
(IISE) Method

6.2.1 Introduction

The “Impregnation and In Situ Electroreduction” (IISE) method was developed in

an attempt to maximise the proportion of catalyst contained within the 3PRZ

regions of fuel cell electrodes. The ‘impregnation’ step involved mixing a known
amount of catalyst solution into the catalyst layer ink before application to the
electrode. The catalyst ions are then expected to be contained within the hydrophilic
Nafion ‘inverse micelles’ (see Fig. 1-6 in Chapter One) in the catalyst layer. The
electroreduction of these catalyst ions was then carried out in situ in the Fuel Cell
Test Station (refer to Chapter Three). The objective was to use Nafion as the only
electrolyte (i.e. the Nafion contained within both electrodes and also the separating
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Nafion membrane). In this way, electroreduction of catalyst ions is expected only at
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carbon surfaces with -SO3H group access (the ionic pathway is required in order to
conserve charge, i.e. to complete the electrochemical circuit). The carbon particles
would also have to be electrically connected to the electrode in order for catalyst
electroreduction to occur.

This IISE method is expected to be superior to catalyst electroreduction in a
platinum-impregnated electrode immersed into e.g. H;SO,; solution, since it is
possible for platinum ions to be electrodeposited onto carbon surfaces without
Nafion contact (the charge being conserved by the liquid electrolyte). This could
occur if sufficient time is allowed in the H,S0, solution before reduction, enabling

the diffusion of platinum ions out of the Nafion micelles.

6.2.2 Preliminary Experiments and Conditions

Initially, the deposition of platinum from H.PtCls solution was investigated using
the IISE method. A CB-based electrode, CB-5, was prepared with a Nafion:Vulean
ratio of 1:8.5. The Nafion/Vulcan catalyst layer also contained ~ 38 wt% H.PtCls, to
approximate a commouly used supported platinum loading of 20 wt% Pt/Vulcan.
The catalyst layer ink was applied to the electrode and dried until 0.5 mg cm2 of the
H,PtCl¢-containing catalyst layer had been applied (ie. an equivalent loading of
~ 90 ug cm-2 platinum metal).

The membrane-electrode assembly (MEA) was prepared next. The working
electrode (WE, i.e. CB-5 containing the H.PtCle), was placed on one side of a cleaned
Nafion 117 membrane, and a counter electrode (CE) was placed on the opposite side.
The CE was prepared as a conventional fuel cell electrode, using ~ 0.5 mg em Pt
catalyst (using a 20 wt% Pt/Vulcan commercial catalyst, from E-TEK, Inc.) mixed
with g wt% Nafion ionomer; this ink was applied to the Toray carbon-paper base of

i The Nafion amount is always given in ‘dry mass’ (using the 5 wt% Nafion ionomer solution- refer to
Chapter Three).
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the electrode. Refer to Chapter Three for a more detailed description of fuel cell
electrode preparation.

The platinised nature of the CE was important for two main reasons. This electrode
was used as a reference electrode (RE) in addition to a CE, since achieving adequate
electrolyte contact with a typical reference electrode such as the SCE is not ensured
with the thin (125 pm) solid, Nafion membrane electrolyte. The other reason for
utilising a conventional PEMFC electrode as the CE (and RE) was to enable
calculation of the platinum surface-area in CB-5 (the WE) during subsequent
potertiodynamic analysis. The available platinum surface-area under PEMFC
conditions (i.e. using the Nafion electrolyte throughout the catalyst layer and MEA)

is effectively the most useful measure of catalyst utilisation.

The MEA was next sandwiched between the graphite flow field blocks in the Test
Station (e.g. similar to Fig. 1-3 in Chapter One), foregoing the normal hot-pressing of
the two electrodes to the membrane. The hot-pressing stage was avoided to prevent
any possible decomposition of the PtClg* species at higher temperatures. Kinoshita
and Stonehart [Kinoshita and Stonehart, 1977] describe a commonly used
‘impregnation technique’ to prepare supported catalysts, which involved soaking a
carbon support in a platinum solution followed by heating at 260°C in air for 3
hours to decompose the platinum ions, forming metallic Pt on the carbon surface.
Although it seems unlikely for PtCls*> decomposition to oceur under the usual hot-
pressing conditions (temperatures of up to 125°C, applied for ~ 2 min), this stage
was nevertheless avoided. The strong clamping of the MEA inside the Fuel Cell Test
Station was expected to enable sufficient electrolytic contact between the catalyst

layer and the Nafion 117 membrane.

Humidified nitrogen and hydrogen were supplied to the WE (Electrode CB-5) and
the CE/RE, respectively, for 15 min to allow Nafion hydration (to ensure ionic
transport through the membrane and both electrodes all three components must be
hydrated). Longer humidification times were avoided since this may allow time for
diffusion of platinum ions from CB-5 into the Nafion 117 membrane (due to the high
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concentration gradient of platinum jons). A potential of — 2.0 V (versus the CE/RE)
was applied for 60 s to the CB-5 WE via a potentiostat. The potential of the CE/RE
was expected to be at that for the standard hydrogen electrode (SHE), since at this
electrode H. was supplied under ambient conditions and the platinised electrode is
present in a strong acidic electrolyte. Hence a potential of ca. ~ 2.2 Vg (0.0 Veue
equates to ca - 0.24 Vscg) was applied to the WE to facilitate platinum
electroreduction. This low potential was used with the intention to rapidly
electrodeposit the PtCls* species without allowing time for diffusion of any PtCle*

ions to more ‘favourable’ reduction sites (e.g. deposited platinum particles).

In the subsequent analysis of the WE (CB-5), no voltage-current performance was
observed in the Fuel Cell Test Station. CB-5 was used as the anode with humidified
H. reactant, and the CE/RE as the cathode with humidified O. (flow rates were
approximately 100 mL min~). It was not possible to draw any current from the cell.
This indicates that the cell was not actually operating, i.e. no H* or electron flow
occurred. The cell was probably limited either through poor ionic conductivity or

lack of reactions occurring at the electrodes.

Following the fuel cell performance test using CB-5 as the anode, a potentiodynamic
analysis was performed on the electrode in the Test Station. Again, similar to in the
electroreduction step, humidified N, was passed through the CB-5 WE
compartment, both to hydrate the Nafion and to degas the electrode (mainly to
purge oxygen from the electrode). The CE/RE was maintained under a stream of
humidified H,. Gas flow rates were again ~ 100 mL min-. In situ CV scans were at
first scanned over the normal range, e.g. between 0.0 and 1.2 Vegme (i.e. using a
voltage scale with respect to the Pt/C CE/RE under H. flow, which approximates to
Vsue), but no electrochemical evidence of platinum was observed. The initial
potential, E;, was moved to progressively more negative values, until Curve I in
Fig. 6-1 was obtained. Curve I shows the initial CV scan from an E; of - 1.5 Veere,
and displays possible signs of O, evolution at high potentials, possible Ha evolution
at low potentials and a cathodic shoulder at ca. - 0.5 Vegre. Curves II and III in
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Fig. 6~1 are the 5™ and 6 scans following Curve I, and show a slight oxidation peak

arising at ca. ~1.4 Vegsre.

At an E; of — 1.5 Vsug a clean, platinised electrode will evolve considerable amounts
of H. in acidic media (and accordingly, strong cathodic current densities, j., are
observed around the E; in Fig. 6-1). In a positive-potential scan at this scanning rate
(0.1 V s7), an E; of even say — 0.01 Veug will produce significant anodic current
densities for the oxidation of evolved H. at the Pt surface. This might explain the
stight oxidation peak (or step) observed at ~ —1.4 Vcg/re in Curves 11 and III,
however at such an extreme low potential much stronger current densities would be
expected. This peak appears to be overwhelmed by cathodic current densities,
possibly from continued PiCls* reduction or the reduction of other species, e.g. O..
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Fig. 6-1 Potentiodynamic analysis of the IISE-platinised electrode, CB-3. In
situ CV scans were performed in the Fuel Cell Test Station, using the pre-
platinised cathode as the CE and RE. Curve I is the first scan over this range,
Curve I the fifih and Curve III the sixth. The voltage scale used in this figure is
with respect to the CE/RE (see text). Scanning rate: 0.1V s,
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The cathodic shoulder occurring at ~ — 0.5 Vegge {(0F Vsye) in Curves I and I of
Fig. 6-1 appears similar to the electroreduction of PtQ,. The j. for PtO. reduction are
observed most significantly between 0.9 and 0.5 Vsur on a typical Pt electrode,
however, in Curves I and III of Fig. 6-1, the cathodic shoulder occurs at much lower
potentials, between ca. - 0.3 and — 0.7 Vgre.  Another interesting observation is
the lack of such a shoulder in Curve II. Curve II is not scanned to as high an upper
potential ¢f. Curves I and IIl and the missing cathodic shoulder is probably best
explained by the formation of very little PtO, during the positive-potential sweep
(and thus the negligible PtO. reduction observed in the negative sweep).

Al any rate, these observations suggest the presence of metallic platinum deposits in
the CB-5 electrode. Further analyses were not performed in the Fuel Cell Test
Station due to a number of concerns, including in particular, uncertainty in the exact
potential of the CE/RE. Electrochemical ‘cleaning’ of the electrode is also more
likely to be successful in aqueous solution, where any impurities such as Cl- ions may
be easily removed from the CB-5 electrode (into the bulk solution). Another concern
was the cause of the cathodic spikes that appeared at low potentials (in the Test
Station). Determining whether this j. was arising from further PiCls? reduction or
from O, reduction is easiest performed in a well-degassed aqueous solution (without

possible interactions from other fuel cell componentst).

The CB-5 electrode was then potentiodynamically investigated in 0.5 M H.SO,.
Since the electrode was not designed for analysis in aqueous solution, part of the
4 cm? square-shaped electrode was held between two pieces of Toray carbon-paper
which were connected to the potentiostat. The blank Toray pieces were used to
provide a ‘non-wettable’ electrical connection to the electrode (to maintain the whole
electrode in solution whilst keeping the potentiostat connection above solution).
Curve I in Fig. 6-2 illustrates a CV scan of CB-5 in acid solution.

i Electrochemical analysis of the CB-5 electrode in H.S80, solution was perceived to be simpler than
fuel cell testing, where other MEA components may interfere with the fuel cell performance. Typically,
in analysing fuel cell MEAs, i several hours of operation is performed whilst monitoring the voltage-
current density characteristics before steady state eonditions are achieved. ‘Cleaning’ of the catalysts in
the electrodes and equilibration of other electrode components may occur in this initial testing period.
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Fig. 6-2 Potentiodynamic analysis of the lISE-platinised electrode, CB-5.
(a) Analysis in 0.5 M H)SQy solution. The CV scan shown by Curve I was
performed after ca. 30 similar scans. SCE scale used. (b} Comparison of CV
scans in acid solution and in the Fuel Cell Test Station. Curve I is shown
again for comparison. Curve Il shows an In situ scan performed in the Test
Station, using the pre-platinised cathode as the CE and RE (a reproduction of
Curve Il from Fig. 6-1). The voltage scale of Curve 11 has been adjusted for
clarity of comparison (see text). Scanning rate: 0.1V st
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Curve I in Fig. 6-2 is a reproduction of Curve III presented already in Fig. 6-1, and
is provided for a comparison of CB~5 CV scans in the different electrolytes. The
voltage scale shown for this scan was adjusted for easier comparison with Curve I, by
increasing the whole voltage scale of Curve Il by 1.0 V. The electrochemical features
of platinum in Curves I and II appear to be in roughly the same potential regions.
The most striking difference between the two curves is the hydrogen
adsorption/desorption characteristics.

It was previously considered that perhaps other reactions occurring at the low
electroreduction potential in the Test Station (especially the evolution of H., and
also the reduction of any O left in the porous CB-5) could have dominated at the
expense of PtCls> reduction. However, the initial CV scans in H,SO, soliiion were
actually similar to the scan shown by Curve I in Fig. 6-2. The Pt-Haqs oxidation peak
area increased with further scanning, until Curve I was recorded, at which point the
peak area was relatively constant. Apart from this typical cleaning of the platinised
electrode, no evidence of additional platinum ion reduction (e.g. strong j.) was
observed in the initial scans in H280, solution. This suggests that all the PtCl¢* ions
had been electroreduced whilst in the Test Station. The lack of fuel cell performance
and platinum activity observed in the in situ CV scans might then be attributed to
poisoning of the catelyst with chloride and possibly other species, which could
presumably only be removed in the bulk H,S0,4 sulution.

6.2.3 Summary of the IISE Method

The IISE method appears to have been successful as far as performing PtCle*
electroreduction in situ within the Fuel Cell Test Station. However, the subsequent
operation of the IISE-platinised CB-5 electrode in the Test Station proved
inconclusive. Some electrochemical evidence of platinum was found on the CB-5
electrode during in situ CV scans, and this was later confirmed in potentiodynamic

experiments in 0.5 M H.SO,.
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Due to the complicated nature of this experiment, a rumber of possibilities were
considered to help explain the lack of fuel cell performance. Typical causes of fuel
cell failure are poor ionic contact or poor reaction kinetics at the electrodes (either
may limit the whole ceil). Since CV scans were successfully performed in the Test
Station, it may be concluded that H* transport between the WE and CE/RE
occurred, and thus the Nafion electrolyte throughout the MEA was hydrated (at least
to some extent). The CE/RE is unlikely to have been a significantly limiting cell
component {excluding typical polarisation losses), especially at the high platinum
Joading of 0.5 mg cm2. Hence the most likely explanation for the observed poor fuel

cell performance is that the CE-5 anode was not completely operational.

The CB-5 electrode was then either insufficiently platinised, or the platinum within
CB-5 was poisoned. The platinum loading of 9o pg cm= applied to CB-5 (in the
catalyst layer ink) is relatively low, however loadings as low as 50 pug cm2 have
yielded kigh performance in PEMFCs [Appleby, 1995]. The H. oxidation reaction at
the anode (where CB-5 was being trialled, following electroreduction) ic extremely
facile on Pt. The possibility of some PtCle> ions remaining after the electroreduction
step was also considered. 60 s at ca. — 2.2 Vsce should have been more than
sufficient for the electroreduction of this species (cf. the strong reduction current
densities observed at much higher potentials, e.g. Curve IV in Fig. 5-11). Nor was
any evidence of further platinum electroreduction found during the initial CV scans

in HSQ, solutionit,

Therefore, the poisoning of platinum deposits by the by-product chloride ions and
other species is the most likely cause of cell failure (and the minimal platinum
electrochemical evidence observed during the in situ CV scans). During the initial
scans in H,50, solution the platinum in CB-5 was found to be poisoned. but no more
than is typical for a platinum electrode in e.g. adsorbing species from a normal

laboratory at nosphere. Following 10- 20 CV scans over the potential range used in

il 1t {5 also possible that PtCle* ions might have been trapped in regions with poor ienic transport, or
possibly even in regions lacking an electronic pathway (e.g. if ions had diffused into the Nafion
membrane during the 15 min of MEA humidification). However, the lack of strong j. to represent
further platinum electroreduction in the initial acid solution analyses undermines this possibility.
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Fig. 6-2 (a) the Pt-H.4s oxidation peak area appeared relatively constant, indicating
the platinum surface was free from impurities. The same platinum deposits in CB-5
appear to have remained poisoned throughout the in situ experiments and were

cleaned much more readily in H.SO, solution.

During the in situ CV scans, the lack of any current densities for either Pt-Hags or Ho
oxidation processes suggests that the platinum surface was affected by adsorbed
impurities. A Pt electrode is typically ‘cleaned’ of impurities by cycling between the
H; and Q. evolution potentials for at least 10 min, if a rate of 0.1 V s1is used (i.e.
after 20 scans) [Will, 1965]; see also Section 2.4 in Chapter Two. No improvement
was observed following this procedure during the in situ CV scans. Cl ions will be
present in the CB-5 electrode following PtCle> reduction, and chloride has been
shown to strongly adsorb onto the Pt sur’ace, preventing the adsorption of oxygen-
containing species at low potentials [Skou, 1973; Bagotzky et al.,, 1970). This is
known as ‘chloride blocking’, and results in decreased Pt-Hags oxidation. Other
species such as sulphide are also known to poison platinum surfaces [Chin and
Howard, 1986; Gerischer, 1975; Loucka, 197 »+! reduce the Pt-Hus oxidation
peak area. During the in situ experiments, it mauy nave been impossible for complete
Pt cleaning without a bulk liguid solution to remove the poisoning ions, particularly
given that the poisons are likely to be anions and are expected to be excluded from
the Nafion cation-exchange electrolyte.

The surface-area of platinum in Electrode CB-5 was calculated from a CV performed
at 0.05 V st in the 0.5 M H.S0, solution, the scan recorded ca. 30 scans following
Curve [ in Fig, 6-2 (to ensure platinum surface cleanliness and stability). From the
area under the Pt-Hq4s 0xidation peak, a surface-area of 14.5 cm? Pt cm-2 was found
(i.e. 14.5 cm? Pt per square centimetre of electrode). A platinum specific surface-
area (8) was estimated at 16.1 m2 g Pt, using the platinum loading of ~ 96 pig ¢rm-2in
CB-5 (as determined from the amount of H.PtCl¢-containing catalyst layer ink
applied to the electrode). A platinum particle diameter of 17.4 nm was then
estimated from the Pt specific surface-ar:. and Eq. 1-16 (Chapter One), assuming
homogeneously dispersed, spherical particles. This particle size is not ideal for use
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in PEMFC electrodes (values of the order of 1-2 nin are preferred) but nevertheless
this illustrates a potential method of electrochemical catalyst deposition. In the
following section an alternative electrodeposition method is described.

6.3 The Ion-Exchange and Electroreduction (IEE)
Method

6.3.1 Introduction

Due to the complications with the ‘IISE’ method a new direction was investigated.
CB-based electrodes were again ‘impregnated’ with platinum ions, but the
electroreduction of these ions was performed in H.SO, solution. This was expected
to enable the rapid deposition of all platinum ions, without the Nafion-electrolyte
concerns (ie. whether the Nafion was sufficiently hydrated). Electroreduction in
solution also enabled the use of a known, reliable RE potential (using the saturated
calomel electrode, SCE). Furthermore, instead of impregnating PtCls> species and
assuming that these will predominantly exist in the hydrophilic electrode regions, a
cationic species, Pt(NH;),2*, was used which is known to undergo an ion-exchange
for the protons in the -SO;H groups of Nafion [Delime et al., 1998; Sheppard et al.,
1998; Millet et al., 1995; 1989; Liu et al., 1992].

6.3.2 IEE Concept

The Pt(NH,),Cl. species dissociates to form the Pt(NH;),2* cationic species in
aqueous media which may be ion-exchanged for the sulfonic acid protons in Nafion,
Eq. 6-1, as shown by [Millet and Delime]. Platinum cations may thus be ion-
exchanged into the Nafion electrolyte within a preformed catalyst layer of a CB-
based electrode, and subsequently electroreduced onto nearby carbon particles,

Eq. 6-2 (where R represents a Nafion poiymer segment). In this process, it is
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expected that the platinum deposits that form will be available for fuel cell catalysis,
as explained below.

R‘(SOaH)z + Pt(NH3)42+ —_> R"(SOS)QPt(NH3)4 + 2H+ (6‘1)

R-(80,).Pt(NH), + C + 2¢° + 2H* — Pt/C + R-(SO;H). + 4NH;  (6-2)

To satisfy the electroreduction step, the platinum particles deposited in this
procedure must be electrically connected through the carbon particle network to the
porous carbon (gas diffusion) backing of the electrode. It is believed that any such
platinum deposited would be accessible to the Nafion electrolyte from which it was
reduced, thus forming the three-phase reaction zones required for fuel ecell

operation.

A reasonably high concentration of Pt(NHj)2* solution (0.1 M) is used in this
procedure, to ensure an equilibrium shift towards significant ion-exchange. An
immersion time of 1.0 h is used to ensure maximum ion-exchange. Furthermore, a
low voltage (- 1.0 Vgcg) is applied to the electrode during the electroreduction (for
60 s) to increase the reduction kinetics and inhibit diffusion of platinum ions

through the Nafion to any existing platinum nuclei (i.e. to limit particle growth).

It is also possible to achieve a desired platinum loading using this IE method by
repeating the ion-exchange/reduction process any number of times. Once the
platinum has been electroreduced in H.S0,, the Nafion is returned to its original
protonated form and may be ton-exchanged again, as shown by Millet et al. [Millet
etal., 1989).

Providing a small platinum particle size can be maintained, high platinum
utilisations should be realised in PEMFC catalyst layers prepared via this method.
On achieving higher platinum utilisations, cost reductions in fuel cell stacks may be
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envisaged through the use of less platinum, or improved fuel cell performances may
result under certain conditions, e.g. by preparing thinner catalyst layers.

This IE method was only studied on CB-based electrodes, since Nafion is required
for the ion-exchange and preparing reproducible Nafion coatings on GC electrodes
(i.e. with accurate weights and thicknesses) was difficult. Pt(NH,),Cl, was the only
noble metal species investigated for the ion-exchange, but this method is expected to

be suitable for any cationic species.

The concentration of Nafion throughout the catalyst layer was varied to investigate
the effect this had on the extent of platinisation and also the size of the resulting
platinum particles. Additional Nafion ionomer was applied to the catalyst layers to
increase the amount of platinum ion-exchanged into the electrodes (i.e. to enhance
the overall effect of the method). This additional Nafion was also applied in
differing amounts to investigate the effect of Nafion Joading on the specific surface
area, S (in m2 g1) of the resulting platinum deposits. The solvent was again removed

from the electrodes.

6.3.3 Comparison of IEE and IISE Methods

The benefits of this ‘ion-exchange and electroreduction’ (IEE) method appear
superior to those of the ‘IISE’ approach. Neither method can theoretically prevent
the diffusion of Pt ions from the catalyst layer into either Nafion or H.SO,
electrolytes, since equilibrium dictates the diffusion of platirum ions towards the
less-concentrated medium (and the tendency for diffusion will commence once the
electrode and electrolyte come into contact). However, the IEE method has a great
potential to limit any Pt ion diffusion if the reduction potential, Ereq, is applied
immediately after electrode immersion into H.SO, solution. The liquid eleetrolyte
will rapidly contact all of the hydrophilic Nafion and Pt ion regions after electrode
immersion (allowing for the rapid application of the Erg), whereas in the case of the
1ISE method, the Nafion electrolyte in all three MEA components require hydration
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in order for any electroreduction to take place. Hence the 15 minutes allowed for
humidification in the IISE attempt®.

The main advantage of the IISE method (if complications with electrolyte hydration,
RE potential and degassing are ignored) is that, in theory Pt ions without -SO;H
group access cannot be electroreduced. Thus all Pt reduced this way should
automatically exist in 3PRZ regions. However, this does not necessarily yield high
utilisations since large platinum particles may yet form and, furthermore, any
platinum existing in regions lacking -SO3H access will be ‘wasted’ (and the platinum
ion will not be able to migrate). In the IEE method, it is possible that Pt might be
ion-exchanged into an -SQ3H ionic group that exists in an isolated portion of Nafion
{(and having no Nafion ionic contact, this platinum would also be ‘wasted’ under fuel
cell conditions). However, the likelihood of this occurring appears very small: the
10 wt% Nafion is thoroughly mixed throughout the catalyst layer suspension,
sufficient to adequately bind the fine carbon-black particles on drying.

More practical advantages of the IEE method include greater flexibility, such as in
performing simple electrochemical-analyses (and potentiodynamic cleaning or
electrode washing, if necessary) of the platinised CB electrode. Performing further
1EE platinisation processes is also more straightforward with the IEE method. In
comparison with the IISE method, considerable care is required in dismantling the
Test Station and MEA, and even so the catalyst layer may have adhered to the
Nafion 117 membrane during experimentation¥. The HSE-prepared electrode may
then be CV-analysed in solution (providing an additional section of electrode exists
for potentiostat connection) and any Cl- ions may be removed via electrochemical

¥ Tt might be possible to circumvent this [ISE drawback by applying the desired reduction voltage once
the MEA is connected and held within the Test Station, during the degassing/humidification of the
MEA- refer to the Future Work section (Section 7.4.2 of Chapter Seven). In this way, the Erd could be
applied for as long as mpecessary to electroreduce all Pt jons. However, during the
degassing/humidification stage a significant proportion of current may be consumed by e.g. O:
reduction at the WE and, perhaps more worryingly, the reference potential of the CE may alter as the
air is gradually replaced with N.. In the YEE method, degassing (of both the WE and Ha80, soluticn} is
easily performed and the constant reference potential of the SCE is assured.

¥ Of course, if a desired platinum loading was initially applied to the electrode, further platinisation via
the IISE-method would not be necessary.
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cycling”.  CV-analysis may be performed in the Test Station, but the
electrochemistry of the WE may be obscured by low performance of other fuel cell
components (e.g. poor gas diffusion into electrodes, Nafion hydration, temperature,
CE/RE operation and potential, etc.).
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6.3.4 IEE-Platinised Electrodes

I A A D T 1

The initial objective was to verify the operation of the IEE method (refer to Section
6.3.2 for detailed theory and conditions). Assuming that all platinum cations are
exchanged into the ~-SO3H groups, and the electroreduction step is sufficiently rapid
(to prevent significant Pt diffusion), small particles of platinum are expected to be
deposited. Depending on the desired platinum surface-area, further IEE
platinisation processes may be performed to increase the platinum loading on the
electrode (as outlined in Section 6.3.2). The success and viability of such additional
platinisations is another feature of the IEE method to be investigated.

The process of platinum ion-exchange inte fuel cell electrodes is expected to be

e e e Y P T T P O R i AP SR

affected by the amount of Nafion electrolyte within the electrodes. If the
Pt(NH,),Cl. solution concentration is maintained constant, more platinum cations

are expected to be ion-exchanged into the Nafion sulphonic acid groups (in an

S e K i b G S

electrode) if a high loading of Nafion is used, This may be one method of controlling

—

the extent of Pt(NH;)>* impregnation into the fuel cell electrodes. Moreover, it

e e, e

should be possible to illustrate the operation of the IEE method by platinising
electrodes of varying Nafion loading.

Hence the effect of the Nafion electrolyte on the IEE process was studied. Three
electrodes were prepared with high catalyst layer loadings (applying an additional
milligram of the 10 wt% Nafion/Vulcan ink, not containing platinum) cf.

¥ Tt may be feasible to soak the Nafion 117 membrane in, for example, 0.5 M H-SO, and then water to
help remove other ions (including CI-) without dismantling the delicate MEA.
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conventional fuel cell electrodes, to allow a greater extent of Pt(NHgj).2* ion-
exchange and thus higher Pt loadings, to enable easier characterisation of the Pt CV
features. Additional Nafion ionomer solution was also applied to each of the
electrodes, in differing amounts, Table 6-1. The total amount of Nafion is expected
to effectively determine the quantity of exchanged Pt=+ ions, and consequently the
resulting platinum loading on the electrode. The concentration of Nafion (in wt%)
in each electrode is also given in Table 6-1.

Characteristic CB-6 CB-7 CB-8
Geometric Area (cm?) 4.8 4.8 4.8
Catalyst Layer (mg cm=)" 3.2 3.2 3.2
Total Nafion (mg cm-2) 0.50 0.71 1.17
Total Nafion (wt%) 15 20 29

it

7 A TR

Table 6-1 Characteristics of Electrodes CB-6, CB-7 and CB-8 prior to platinisation
via the IEE method.
‘Loading excluding the mass of platinum.

The cyclic voltammograms in Fig. 6-3 illustrate the platinum electrodeposited after
one IEE process. These CVs were recorded after ca. 25 cycles over a similar range.
For clarity, only Electrodes CB-6 and CB-7 are shown in Fig. 6-3. A larger double-
layer capacitance is observed for Electrode CB-7, due to the higher Nafion loading in
this electrode (and possibly also from a greater mass of platinum deposited).

Negligible hydrogen adsorption/oxidation behaviour was observed when sweeping
the potential of the IEE-platinised Electrodes CB-6, CB-7 and CB-8 from
- 0.232 Vsce to more positive values (the current from these reactions is most likely
to have been obscured by the large double-layer charging in each electrode).
Therefore, to illustrate the presence of platinum in the electrodes, the cyelic

voltammograms were scanned from — 0.25 Vscg. The anodic peaks at ca. — 0.15 Vscg
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are not seen in the electrode baseline scans before platinisation, and have most
probably resulted from the oxidation of molecular hydrogen (formed at —0.242 Vsce

and below) on the platinum nuclei. The strong current densities observed at the

potential extremities in Fig. 6-3 (presumabiy representing the evolution of H; and
0.) also suggest the presence of Pt in the electrodes, as does the slight peak at
~ 0.2 Vgce, possibly indicating the reduction of PtQ..

e e iy e
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Fig. 6-3 Potentiodynamic analysis of electrodes CB-6 and CB-7 in 0.5 M
H>S0; following one IEE platinisation process. Curve I shows a CV scan of
CB-6, Curves II and IIl are scans of CB-7. Hydrogen was bubbled under
Electrode CB-7 before and throughout the CV shown by Curve IIl. The initial
potential, E, used for all scans was — 0.25 V. Scanning rate: 0.05 Vs!

As further evidence to support the platinum content of the electrodes, CB-; was
scanned over the same range in the 0.5 M H.SO, solution with hydrogen gas
bubbling under the electrode surface (Curve III in Fig, 6-3, performed after
Curve II). The hydrogen was bubbled at a high rate of ~ 100 mL min* and a great
proportion was probably not oxidised (e.g. by passing around the electrode)
however, from a qualitative viewpoint the electrode may be observed to readily
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Chapter Six Catalyst Deposition vig Impregnation/Electroreduction

catalyse the oxidation of H,. Strong anodic current densities, j,, for H. oxidation are
observed initially, as CB-7 is scanned from ~ ©.25 V. At potentials greater than
~ 0.6 Vgcg the additional j, (i.e. ¢f. Curve II) becomes negligible, most likely due to
the formation of PtO, on the platinum surface at around 0.6 Vsce and higher
potentials (¢f. Fig. 2-3 in Chapter Two). On the reverse sweep (towards lower
potentials) H, oxidation commences again below 0.6 Vscg, concomitant with PtO.
reduction. This last observation provides further evidence for the presence of
platinum in Electrode CB-7, and the ill-defined cathodic peaks at ca. 0.2 Vs in
Curves I and II of Fig. 6-3 are therefore indeed believed to represent the
electroreduction of surface PtO. species. The gradual decrease in j. in both the
forward and reverse sweeps {(below 0.6 Vscg) following the initial H. oxidation peak
is most probably explained by diffusion limitations of the H. transport into the
electrode.

Since very litile platinum appeared to be deposited in one IEE process (judging from
the negligible Pt surface-area obtained) further IEE-platinisations of the CB-6,
CB-7 and CB-8 electrodes were performed. Fig. 6-4 illustrates a series of IEE-
platinisations of Electrode CB-6. Curve II shows a CV of Pt/CB-6 after the second
IEE-platinisation, in which liftle change in the Pt~H,g; region is observed. The
electrode electrochemistry appears to remain dominated by the large ja of the

carbon-based electrode.

The Pt/CB-6 electrode appears more platinised followiné 5 IEE processes (Curve III
of Fig. 6-4). The Pt-Hua. oxidation peak increased with the additional platinisation
stages, as was expected. The surface-area is expected to increase at low levels of
platinisation as small particles grow and more particles are formed. It is not until
higher platinum loadings that particles reach a size where a substantial number of Pt
atoms are contained within the particle with respect to those on the surface (and Pt

utilisation decreases).

vil 1.8, estimated from the area under the Pt-Hads oxidation peak, which is directly related to the Pt
surface-area when scanned from an E; of - 0.232 Vsce.

]
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Fig., 6-4 Potentiodynamic analyses of Electrode P/CB-6 following a series of IEE
platinisation processes. Curves I to V represent CV scans of the Pt/CB-6
electrode following 1, 2, 5, 10 and 20 IEE platinisation processes, respectively.
Curves VI shows a scan of the same electrode following 20 IEE processes and
Jurther electrochemical cycling (i.e. recorded after ~ 60 scans following
Curve V). Note that the initial potential, E, in Curves I to IIl was — 0.25 Vscg,
and the E; in Curves IV to VIwas ~ 0.232 Vscg. Scanning rate: 0.05 V5™,
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Curves I to III of Fig. 6-4 were scanned from an jnitial potential of — 0.25 Vs to
qualitatively illustrate the increase in platinum surface-area with more IEE
processes. Very little electrochemical evidence of plaiinum was observed when
scanning from — 0.232 Vscg, even following 5 platinisation stages (Curve II), so the
lower E; was used. The large double-layer charging of the electrodes at these low Pt
loadings is believed to have obscured the platinum features, as has been observed in
other high surface-area fue! 221 electrodes containing low Pt loadings [Gloaguen et
al., 1997]. Increased Pt surface-area is expected to produce a greater peak area for
the combined oxidation of both H. and Pt-Hags (since a greater amount of H, will be

evolved on a larger Pt surface).

Curves IV and V of Fig. 6-4 represent scans of the Pt/CB-6 electrode following 10
and 20 IEE-platinisation processes, respectively. These were scanned from a higher
E; of — 0.232 Vsce (¢f. the — 0.25 Vsce used in Curves I to III) and show significant
Pt-Hags regions with respect to the electrode ja. No H. oxidation current densities
are involved in these peaks'ii, At platinisation levels above ~ 5 IEE processes, scans
commencing from - 0.25 Vsce were found to produce very large j. {the oxidation
peak predominantly consisting of H. oxidation). Fig. 6~5 illustrates this effect for all
three IEE-platinised electrodes, with comparisons of the j, peak area following 5 and
10 IEE processes (all scans commenced from an E; of ~ 0.25 Vscg). The basic trond
of increasing j. peak area with a greater number of IEE processes still holds true
even from this low initial potential, regardiess of the additional oxidation current
densities generated. Hence, the level of platinisation of the electrodes (as roughly
judged by the surface-area) appears to have increased with each additional IEE
processes. In addition, Fig. 6-5 illustrates the improvement in definition of the
Pt-Hqa; region, with the peak representing the oxidation of the more strongly
adsorbed protons, at ca. 0.0 Vscg, developing superior definition with higher levels

of platinisation (from 5 to 10 platinisation processes).

vili Tt should be noted that some of the results presented in a paper related to this work [S.D.
Thompson, L.R. Jordan, M. Forsyth, Electrochim. Acta. 46 (2001) 1657-1663; Appendix A] incorrectly
calculated Pt surface-areas from CV scans using an F; of - 0.25 V. The possibility of conflicting anodic
current densities for the oxidation of evolved H. (following scans to potentials more negative than
- 0.24 Vscg) was not initially expected. The basic trends reported remain the same.
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Fig, 6-3 Potentiodynamic analyses of Elecirodes Pt/CB-6, Pt/CB-7 and Pt/CB-8
following 5 and 10 IEE platinisation processes. Scans commenced from — 0.25 V.
Curves I, Il and IIl represent CV scans of the Pt/CB-6, Pt/CB-7 and Pt/CB-8
electrodes following 5 IEE processes; Curves IV, V and VI of the same electrodes
after 10 IEE processes. Only a segment of the CV scans are illustrated to
enhance the clarity in the Pt-Hyq; region, however these were scanned over the
typical voltage range, such as used in Fig. 6-4. Scanning rate: 0.05 vst

There appears to be a slight decrease in the area of the Pt-Haus oxidation peaks
between Curves V and VI of Fig. 6-4 (both at 20 IEE processes). Curve VI displays
more defined features ¢f. Curve V, especially in the Pt-Hags region. Additionally, a
cathodic peak at ~ 0.5 Vscg may be observed in Curve VI, which most probably
results from PtO, reduction (there is slight evidence for this in Curve V). The larger
peaks (anodic at ~ 0.4 Vscg, cathodic at ~ 0.3 Vsce) in both curves most likely
represent the formation and reduction of surface oxide functionalities on the
carbon-black surface. The potential ranges for these carbon surface
oxidation/reduction peaks are in agreement with those reported by Gloaguen et al.
using €lectrodes containing the same carbon-black (Vulcan XC-72R). By the time
Curve VI was performed, the Pt/CB-6 electrode would have experienced a
considerable amount of potentiodynamic scanning, gradually increasing the number

of e.g. carboxylic and phenol-type surface zroups [Kinoshita, 1988].
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Interestingly, the double layer charging of Pt/CB-6 appears to have decreased
between Curves I and OI in Fig. 6-4. The ja decreases further between Curves III
and IV, before increasing by Curve V and again by Curve VI. This fluctuation might
be explained by insufficient wetting of the electrode (and therefore less electrode
surface-area for the H.SQ, solution to contact, i.e. less charging capacitance).
Alternatively, the continued wetting and drying of the electrodes may lead to
internal rupturing of the catalyst layers (e.g. from the expansion/contraction of the
hygroscopic Nafion electrolyte). Similar Nafion-bound carbon-black electrodes
prepared by Wilson and Gottesfeld [Wilson and Gottesfeld, 1992, in J. Appl.
Electrochemn.] were found to swell when used as the cathode in a PEMFC,
presumably as water was produced in the 0. reduction reaction, causing
discontinuities in the electronic and ionic pathways. The layers used by Wilson and
Gottesfeld contained ca. 25 wt% Nafion (cf. 15 to 29 wi% used in this IEE method).
However, the production of water within the catalyst layer is different to the
absorption of water from immersing the catalyst layer in aqueous solution (and the
former may cause greater localised swelling, so rupturing may have been a more
siguificant issue in their work). With regards to the possible catalyst layer
rupturing in this IEE work, if this was indeed the case, parts of the electrode may
lose electronic contact, and be held together by the Nafion binding electrolyte.
However, once an electrode is placed in the Test Station, significant pressure is
applied to seal the reactant compartments against the electrodes, and under
compaction all the plrtinum within the catalyst layer may be electrically accessible.
At any rate, in Curves I to VI of Fig. 6-4, the features representing platinum surface
elecirochemical processes may be observed to gain definition following more IEE

processes, regardless of the ju of the electrode.

ix Another preparation [Wilson and Gottesfeld, 1992, in J. Appl. Electrochem.] involved the melt-
processing of Nafion-bound catalyst layers to the Nafion membrane prior to PEMFC tests. Elevated
temperatures were used (e.g. 125-135 °C) and in later work the Nafion components were changed from
the H* form to a Na* or tetrabutylammonium [Wilson et al., 1995] form, to withstand temperatures of
up to 210 °C. The melt-processed catalyst layers with Nafion in the H* form were found to experience
enhanced long term performance in the PEMFC Test Stations, but as a consequence of the higher
temperature processing the number of sulphonic acid groups in Nafion were reduced from acid-
catalysed degradation. Improved interfacial ionic bonding [Wilson and Gottesfeld, 1992, in J.
Electrochem. Soc.] was thought to have been achieved in the MEAs utilising the alternative Nafion
forms. Such adaptions should be possible with the IEE method (although the loss of sulphonic acid
groups in Nafion would limit the extent of ion-exchange processes), refer to Chapter Seven.
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Fig. 6-6 The relationship between the electrochemical surface-area of Pt in
Electrodes CB-6, CB-7 and CB-8 at varying degrees of platinisation (between 1
and 20 IEL processes). Note that the ‘real’ surface area is represented by data
points using azs £; of — 0.232 Vsce; the other data points represent estimates of the
surface area calculated from CV scans using a lower E; value (— 0.25 Vscg). A
second order polynomial fit is included to guide the eye over the Electrode CB-6
ESA estimates (open circles) which were calculated from an E;of — 0.25 Vscg.

The relationship between the electrochemical surface-area (ESA) of platinum and
the nunrber of 1EE platinisation processes performed on each of the three electrodes
is shown in Fig. 6-6. Calculating the Pt surface-area at the low levels of platinisation
(from an E; of — 0.232 Vsce) was not feasible in some cases. Instead, Fig. 6-6
contains some over-estimates of the Pt surface-area from CV scans using an E; value
of — 0.25 Vsce. Although the jan peak area of a CV scanning from an E; more negative
than ~ ©.232 Vsce cannot be used to calculate the ‘real’ Pt surface-area (due to the
additional j, from H, oxidation), these ovér-estimates are provided to show the
gradual increase in the Pt surface-area between 1 and 10 IEE platinisation processes.

The ‘real’ Pt ESA is shown by measurements with E; = — 0.232 V.

The trends in Fig, 6-6 clearly show the increase in Pt ESA with additional IEE-

platinisation processes, up to around 10 processes. At the low platinisation extents
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(below 10 IEE processes) the gradual increase in the estimated Pt surface-area may
be observed from the polynomial fit provided for Electrode CB-6 (which is sirnilar to
the ESA trends of the other two electrodes from E; values of — 0.25 Vscg), even if the
actual ESA values are arbitrary. The ESA values for the fit were calculated from CV
scans using an E; of — 0.25 Vscg (since these data points exist over the whole IEE
range). It should again be noted that the actual Pt ESA will be lower than that

plotted from scans using E; = - 0.25 Vsce.

The platinum ESA in each electrode appears to have stabilised (e.g. between 10 and
15 IEE processes) and then gradually decreased up until 20 IEE processes, Fig. 6-6.
In fact, given the scatter in the ESA values, the ESA for each electrode appears
relatively stable above ca. 10 IEE processes. A gradual stabilisation (or a lessening
of the increase in Pt ESA with each IEE processes) was expected, since continued
platinum electrodeposition will eventually lead to particulate growth, and at a
certain point the increase in ESA relative to the total ESA may be negligible. In fact,
it may be possible to experience a reduction in the total Pt ESA (e.g. by the

agglomeration of smaller particles causing a loss in surface-area).

It is difficult to determine an obvious distinction between the ESA trends for the
three electrodes shown in Fig. 6-6. Higher Nafion-loadings would be expected to
yield greater amounts of platinum at a given number of IEE processes performed,
since more Pt{NH.),2* ions may be ion-exchanged into the electrodes in each IEE
process. Platinum loadings cannot be determined from the ESA values, although
generally, lower surface-areas will be obtained from electrodes with higher Pt
loadings (above a certain loading) due to more particle agglomeration and growth.
This is highlighted by commercially available Pt/C, where a 10 wt% Pt/C catalyst has
an average particle size of ~ 1.5- 1.8 nm, ¢f. a particle size of 2.2 nm for a 30 wi%
supported Pt loading [Stonehart, 1990]. At the higher loaded carbon support,
greater agzglomeration of Pt particles occurs, reducing the overall Pt surface-area
[ibid.). This effect may be observed for Electrode CB-8 in Fig. 6-6, where the
platinum ESA is generally lower irrespective of the number of IEE processes cf. that
found in the other electrodes with lower Nafion-loadings.
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From the discussion above, the ESA of Pt in Electrode CB-8 would be expected to
reach a maximum at a lower number of IEE processes, cf. the other electrodes. A
reasonable trend cannot be extracted from the data presented in Fig. 6-6.
Nevertheless, the lower Pt ESA in Electrode CB-8 after 20 IEE processes suggests
this could be the case.

There appears a great deal of scatter in Fig. 6-6, which is probably accounted for by
the susceptibility of platinum ESA on electrochemical cycling. Initially, atleast 5- 10
CV scans (at 0.05 V s) are required to clean the platinum surface of any adsorbed
impurities [Will, 1065]. Once a clean Pt surface is obtained, further scanning over a
reasonable potential range, e.g. between the hydrogen and oxygen evolution regions,
will graduaily cause roughening and faceting (the promotion of certain
crystallographic faces with respect to others) of the platinum surface, possibly from
the electrodissolution/re-deposition of surface atoms [Egli et al., 1993; Triaca and
Arvia, 1990; Visintin et al., 1989; Chialvo et al., 1983]. These processes will thus
affect the platinum ESA calculated.

Furthermore, the ja of the electrode may fluctuate over time, depending on the
degree of oxidation of the carbon surface. At high platinisations in Fig. 66, the
electrodes would have experienced a great deal of electrochemical cycling, and the
additional ja thus generated may obscure some of the Pt features, pessibly
contributing to the decrease in the ESA. This effect may be observed by comparing
Curves V and VI in Fig. 6-4. Both curves represent scans of the Pt/CB-6 electrode
following 20 IEE processes, however before Curve VI was recorded ca. 60 scans over

the same potential range were performed*.

Table 6-2 presents the Pt ESA and loading characteristics of the three electrodes. It
is clear from the platinum loadings, W (determined by AAS) that the amount of
Nafion in the catalyst layer does affect the platinisation of the electrodes, as

X After Curve V, but before Curve VI was performed Electrode Pt/CB-6 was immersed in hot (80-
90 °C) sulphuric acid solution (1.0 M) for 1 h. This was performed in order to ensure any remaining Pt
cations were removed before AAS analysis and also to help cleanse the electrode.
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expected. This appears to confirm the hypothesis that more Pt ions will be
impregnated in higher Nafion-loading electrodes. This finding also supports the
idea that the IEE method facilitates ‘customisation’ of the platinum loading in an
electrode.

Characteristic CB-6 C(CB-y (B8 Gr Gz G330
Geometric Area

(cm?) 4.8 4.8 4.8 - - -
Catalyst Layer

(mg cm-2)P 320 323 3.5 - - -
Total Nafion

(wt%)™ 15 20 29 50 50 50
ESA

(cm? Pt cr2)e 579 418  4.25 - - -
W _

(pg Pt emr2)d 543 752 761 3.0 32 39
S

(m2 Pt g*)f 107 556 5.58 64 19 15
d

(nm)e 26.2 504 502 4.5 14.0 185

Table 6-2 Characteristics of the IEE-platinised elecirodes and some comparisons
with similar electrodes by Gloaguer: et al. [Gloaguen et al., 1997].

aElectrodes electrochemically platinised [Gloaguen et al.. 1997] from n.002 M
KoPtCls + 0.1 M H,S0, solution. Electrodes consisted of ~ 5 um layers of 50 wit%
Nafion/C , deposited onto a glassy carbon substrate. The carbon-black (Vulcan
XC-72) loadings in these layers ranged between 340-565 1 cm2.

bLoading excluding the mass of platinum.

¢ESA and S values are based on the best reproducible CV scans following 20 IEE-
platinisation processes. These are slightly lower cf. a paper published from this
work, as explained in Footnote viil.

4The platinum loading was determined from the amount of deposited metal on the
electrodes jollowing 20 IEE processes by AAS (the electrodes were immersed in
1.0 M H.S0, at 80- 9o < for 1 h prior to AAS analysis to ensure no platinum
cations remained in the Nafion electrolyte).

cAverage Pt particle size determined from Eq. 1-16 (Chapter One). These particle
sizes are larger than those reported elsewhere, see Footnote viii.
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Fig. 6-7 The relationship between the specific surface-area, S, and
particle diameter, d, of the platinum deposits in the IEE-platinised
electrodes.

The specific surface-area, S, values in Table 6-2 indicate that a low Nafion loading is
preferable for the IEE method of platinisation. It is believed that less platinum
particle growth is allowed at low Nafion loadings, since less platinum can be
exchanged into the electrode. This process may be imagined as an electroreduction
from a dilute solution in which the platinum cations are constrained from
widespread diffusion (by virtue of the ion-exchange followed by the rapid
electroreduction). Fig. 6-7 illustrates this effect, where smaller platinum particles
are produced at lower Nafion loadings (e.g. in Electrode CB-6).

Electrode CB-6 shows the highest level of platinum surface-area for a given mass
and is thus the most likely to achieve the higheét utilisation under fuel cell
conditions. Furthermore, lower concentrations of Nafion within the catalyst layer
may be more desirable (e.g. for achieving better cell performance)} possibly by
facilitating more rapid gas transport to the supported catalyst particles. Typically,
between 25 and 50 wt% Nafion is used in PEMFC catalyst layers [Wilson et al.,
1995]; DMFC catalyst layers may have as little as 7 wt% Nafion [Ren et al., 1996].
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Fuel cell performance is usually improved at low current densities with higher
Nafion-loadings in the catalyst layer (where contact to a greater number of Pt
particles is facilitated). However, at high current densities a lower Nafion-loading is
preferred to enable rapid gas transport and minimise any water flooding effects at
the cathode. Therefore, depending on the desired operating conditions of the fuel
cell (e.g. high fuel efficiency at low current densities, or high power at intermediate
current densities), differing concentrations of Nafion may be optimal in catalyst
layers. Thin catalyst layers could be prepared for IEE-platinisation similar to those
that have been used by other researchers {Wilson and Gottesfeld, 1992, in J. Appl.
Electrochem.], since at high current densities the majority of the current is believed
to be generated near the membrane side of the catalyst layer [Bockris and
Srinivasan, 1969]. In turn, the IEE-platinisation conditions could be adapted, to
minimise platinum particulate growth. A further point is that via the IEE method,
all deposited platinam should be in the 3PRZ regions of the electrode, thus
maximising the utilisation of the available platinum surface area. The only potential

losses in Pt utilisation would then arise from particle size.

Some promise for attaining higher platinum utilisations (i.e. depositing even smaller
platinum particles) via the IEE method is indicated in the comparison with the work
of Gloaguen et al. {Gloaguen et al., 1997). These researchers platinised electrodes of
similar oompbsition (Electrodes G-1 to G-3 in Table 6-2) from a K,PtCls solution,
and at low platinum loadings achieved very high § values. On the electrodes
containing high Pt loadings (32 and 39 pg cm2 on Electrodes G-2 and G-3), specific
surface areas of 19 and 15 m? g' were obtained respectively {ibid.}, which are
comparable fo the ~ 11 m2 Pt g achieved on Electrode CB-6 (with 54 pg Pt cmy2). At
very low Pt-W (3 ug Pt cm2 on Electrode G-1) an S of 64 m=2 g was reported [ibid.].
It is likely that if similar low Pt loadings were deposited via the IEE method much
higher specific surface areas could be attained (since the possibility of particle
growth/agglomeration is lessened).

A further point to make between the comparison of results reported by Gloaguen et
al. and those for the IEE-platinised electrodes (CB~6 to CB-8 in Table 6-2) is that in
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the former work the Pt ESA was calculated from CO.4s coulometry. This provides
greater accuracy in determining the charge passed, since a sharp peak (at ca. 0.6-
0.8 Vsce) is observed from which the double-layer charging of the electrode is easier
to subtract. In addition, a higher carbon loading was used in the IEE Electrodes (by
around a factor of 5) and the higher Ca may have obscured more of the Pt-H.a
features cf. those observed by Gloaguen et al. Accordingly, the Pt ESA for
Electrodes CB-6 to CB-8 might be considerably larger than the vaiues presented in
Table 6-2.

In most of the CV scans performed on the IEE-platinised electrodes the maximum
E, was 0.8 V, to avoid too much oxidation of the carbon surface. Significant

oxidation of the Vulcan XC-72 carbon-black occurs above ~ 0.8 Vscg [Kinoshita,

1988]. However, scans to higher potentials (up to 1.2 Vscg) were found to great]y'

improve the Pt-Hags area and definition of the whole platinum ‘CV fingerprint’ (and
were therefore performed at each IEE platinisation level, for example, observe the
potential ranges in Fig. 6-4). It is possible that given time, scanning to e.g. 0.7 or
0.8 Vscz would eventually lead to cleaned, reproducible Pt features. The formation
of PtO. on the platinum surface occurs just below this E, (at around 0.6 Vscg and
higher potentials) and the oxidation/reduction of the Pt surface layer is a well-
known electrochemical method used for cleaning platinum aud platinised electrodes
[Will, 1065). However, a full P:O., monolayer does not typically form by ~ 0.8 Vscg,
and for complete Pt surface cleaning higher E, values are required. If strongly
adsorbing species are iniroduced to the solution (e.g. sulphur-containing species,
such as those discussed in Chapter Four) then scanning to higher potentials, at least
1.2 VscE, appears necessary. Moreover, if the upper scanning potential was limited
to 0.75 Vsc, the greater number of scans reguired to fully clean the Pt deposits may
also result in considerable oxidation of the carbon surface {which occurs at ca. 0.4

Vscz, Fig. 6-4), so that no benefit would be gained over using the lower E,.
The additional exchange/reduction processes might not be necessary once an ideal

combination of the Nafion loading and the Pt(NHj3),>" solution concentration is

found. For example, higher concentrations of platinum solutions (for increased ion-
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exchange) may be used with low Nafion loadings, to achieve a desired platinum
loading. The application of a known Pt-W to electrodes for 1EE-platinisation is also
possible- refer to the Future Work section (Section 7.4.2) in Chapter Seven.
Alternatively, the use of more exchange/reduction processes may prove beneficial in

terms of producing a greater dispersion of platinum deposit.

The scanning electron micregraph in Figure 6-8 shows a high dispersion of platinum
particles in the catalyst layer of Electrode Pt/CB-6. The platinum particle size
however, appears quite large (on the order of several hundred nanometers) which
does not agree with the estimated average particle size, d, from the AAS and surface-
area analyses. This may be due to the aggregation of platinum particles into clusters
such as observed by Ye and Fedkiw [Ye and Fedkiw, 1996]. These workers found
that platinum particles observed with SEM were almost two orders of magnitude
larger than the particle size calculated from the specific surface area, and TEM was
used to show the dendritic nature of the platinum clusters.

Fig. 6-8 SEM image of Electrode Pt/CB-6. The highly dispersed, bright particles
are platinum as determined by EDXS.
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A further point to noie is that the Pt(NH3),2* species has been reported to have very
slow reduction kinetics [Penven et al., 1992], and it is possible that these electrodes
may not have received enough time to completely electroreduce all of the ion-
exchanged platinum. If this were the case, it may account for the low platinum
surface areas observed during the initial ion-exchange/reduction processes.
Alternatively, a certain amount of deposited platinum may be required in the
electrodes before the hydrogen adsorption/desorption peaks begin to appear [Lin-
Cai and Pletcher, 1983].

It is also possible that not all of the platinum deposited was impregnated into the
electrodes via ion-exchange. Some Pt(NH,)** species may have existed in the
hydrophilic Nafion micelles along with the C} counterions. Previously (in the initial
stages of this work, especially following the problems encountered in the IISE
experiment under fuel cell conditions), anions were thought to be excluded from the
cation-exchange membrane. This would effectively allow only cation impregnation
into the Nafion-bound electrode, and to maintain charge balance in Nafion, the
cations would have to be exchanged for the -SO;H protons. This is not the case, for
example, the PtCls> anion has been successfully electrodeposited onto carbon
through Nafion films [Gloaguen et al., 1997; Ye and Fedkiw, 1996; Itaya et al.,
1986). In the work of Gloaguen et al., a lower H,SO, solution concentration (0.1 M)
was used to decrease the amount of sulphate ions within the Nafion regions of
electrodes, enabling an increased PtCls2 : SO, ratio in the electrode. Hence, in this
work, a small number of Cl- ions may exist in the elecirode (and thus along with
some Pt(NH,),2* ions which are not in an ion-exchanged form) however, the actual
number of these additional ions is expected to be minimised in comparison with the
work of Gloaguen et al., due to exclusion by the higher concentration (0.5 M) of

80,2 ions.

If anions can impregnate Nafion, then the Pt(NH,),2* within the CB electrodes in
this study is not necessarily completely in the ion-exchanged form, some may exist
in ‘solution’ form (in the Nafion micelles). The higher Pt-loading found in
Electrodes CB-7 and CB-8 is then not exclusively assignable to a greater extent of
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platinum ion-exchange, it may also have arisen from greater platinum impregnation
in general throughout these electrodes. The extent of ion-exchange possible within
Nafion will depend on the platinum solution concentration, equilibration time and
the number of -SO;H groups in the electrode. The latter is most important in this
work since the first two conditions are maintained constant.

The ‘equivalent weight’ (EW) of Nafion is given as 1100 g per mole of -SO;H groups.
In 1 em? of a CB-based electrode (with a 2.28 mg Nafion/Vulcan conventional
catalyst layer loading), 0.228 mg (10 wt%) is Nafion, and in this electrolyte there is
approximately 1.25 x 107 sulphonic acid groups. Theoretically, the maximum
number of Pt(NH;)2* species ion-exchangeable into the electrodes is equivalent to
half the number of -SO,H groups, to balance charge (one Pt2* per two H+*). Thus, in
one IEE process, a maximum of 6.6 x 107 Pt(NH3),2* species may be ion-exchanged
into Electrode CB-6, i.e. 0.21 mg of metallic Pt. It is clear fron; ixw ple¥aum
loadings in Table 6-2 (CB-6 has a Pt-W of 0.054 mg cm2, i.e. ~ .06 mg of ¥t in
total} that the maximum possible number of platinum cations werz nut ez’ anged

and electroreduced in each of the 20 IEE processes.

In fact, it appears as though around one-twentieth of the maximum number of
Pt{NH;),>* species may be depositad in each IEE process, assuming a roughly equal
number exchange in each process. This is not surprising, since the number of
Pt(NH,)2* ions that may be impregnated into an electrode will be constrained by the
equilibrium that forms between ion-exchanged platinum and platinum iops in the
bulk immersion solution. At higher platinum solution concentrations, more
platinum cations are expected to diffuse into the electrode. An advantage of ion-
exchanging only a small proportion of the available -SO;H groups (e.g. about 5%, if
the above discussion is correct) is that most, if not all of the platinum cations are in

the ion-exchanged form.
Electrode CB-6 appears to have been platinised the most desirably, exhibiting the
highest S and lowest d values (Fig. 6-7). This was not surprising, since the

electrodes with higher Nafion loadings are expected to be impregnated by greater
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amounts of platinum during each IEE process, and above a certain number of IEE
processes the growth/agglomeration of Pt particles may lead to a stabilisation or loss
in Pt ESA. It is probably not feasible to use less than ea. 10-15 wt% Nafion in the
catalyst layers, predominantly because Ligh levels of ionic conductivity are desirable,
but also since the Nafion acts as a binder for the layer. In earlier PEMFC electrode
fabrication, between 25 and 50 wt% PTFE was commonly used to bind the catalyst
layer {Wilson and Gottesfeld, 1992, in J. Appl. Electrochem] and the layer was
subsequently impregnated with Nafion solution. The later replacement of PTFE by
Nafion was found to greatly enhance cell performance (as outlined in Section 1.3.3.1
of Chapter One); PTFE is occasionally used in cathode catalyst layers (to help with
water flooding at high current densities). Thus, it is possible to further reduce the
Nafion content of catalyst layers for platinisation via the IEE method, however, this
may cause a reduction in fuel cell performance, or else could allow the preparation

of very thin catalyst layers with less iR-drop polarisation.

6.4 Summary

Two methods were investigated for the direct platinisation of fuel cell electrodes.
The IISE Method (Section 6.2) illustrated the notential for electrodepositing
platinum within an assembied PEMFC. Cleaning or activation of the IISE-deposited
platinum was found to be necessary. In the second technique, the IEE Method
(Section 6.3), an ion-exchange process was used to enable selective platinum
electrodeposition within 3PRZ regions of PEMFC electrodes. The preparation of
electrodes with low platinum loadings is possible \?iél the 1EE Method, and following
further optimisation, this method could prove viable for producing PEMFC
electrodes.
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=.1 Chapter Overview

Chapter Seven summarises the main findings from the investigations pursued in this

dissertation and provides suggestions of possible experiments and related avenues

that may be explored in follow-up work. The main objective throughout this work

was 1o develop alternative methods for the catalysation of PEMFC and DMFC

electrodes, primarily through the use of electrodeposition. A few methods were

investigated, and a large number of possible future methods have been discovered

(via the relatively wide-ranging studies presented in Chapters Four to Six).

~.2 Poisoning During Pt Electrodeposition

=.2.1 Summary of Pt Poisoning Conclusions

Platinum was successfully electrodeposited from a HaPt(803).0H solution onto
both GC and CB-based electrodes. The success in platinising the Nafion-bound
‘fuel cell type’ electrodes from this species is important since (i) fuel cell
electrodes may be prepared in this direct way, and (ii) this implies that the
H,Pt(SO4).0H species (e.g. as Pt(503).>) is probably able to penetrate the thin
Nafion films binding carbon black particles (i.e. these anionic species are not

excluded from the cation-exchange membrane).

Reasonably low potentials (ca. — 0.45 Vscg) were required to facilitate the
electroreduction of platinum from HyPt(503).0H solution (¢f. ~ + 0.2 Vsce for
HthClﬁ)-

The platinum electredeposited from HzPt(SQ3).0H solution was found to be
strongly poisoned and could be ‘cleaned’ of the adsorbed species by
potentiodynamic cyclic between the potentials of hydrogen and oxygen

evolution. Faster cleaning was achieved if CVs were scanned to slightly higher




C/z'gm‘er Sever Conclusions and Future Work

potentials, up to around 1.4 Vscg (scanning to higher potentials risked the loss of
platinum via electrodissolution). With this higher upper potential, Pt deposits
were cleaned in 20- 50 CV scans, depending on platinum loading,

s Since sulphite, S0, ligands are present in the platinum complex, it is likely that
these will be released once the Pt is reduced. These ligands may adsorb onto the
platinum deposits, or more likely, will become reduced to sulphide, $%, species at
the low potentials used for Hy;Pi(S0;).0H electroreduction; these S species may
then adsorb onto the platinum deposits.

» Further evidence for the ‘sulphite/sulphide poisoning of Pt’ hypothesis was
observed in the similar poisoning of Pt in NaHSO; solution (i.e. with SO42- ions).
Following these experiments, potentiodynamic cycling was required to restore
the clean Pt surface in the same way as for Pt electrodeposited from

H3Pt(S03).0H solution.

= Pt particles electrodeposited from H;Pt($04).OH solution appear relatively small
(diameters of ~ 50 nm from SEM analysis), suggesting that this poisoning has
limited Pt particulate growth during electrodeposition to some extent. It was not
possible to confirm this particle size from the electrochemical measurements
since the charge passed during electrodeposition most probably contains
contributions from other competing reactions (such as hydrogen evolution and

sulphite reduction).

s Following these studies, the catalysation of pre-fabricated fuel cell elecirodes by
direct electrodeposition of HiP(S0,),OH (and subsequent electrochemical
cleaning), this ‘Pt poisoning’ method appears straightforward and promising for
potential fuel cell production. Increased platinum utilisation may be realised
under fuel cell conditions, if small platinum particles with a high surface
roughness could be electrodeposited into the active regions of electrodes. The
limitation of Pt particulate growth during electrodeposition could be enhanced in
further work, possibly via methods suggested in the following section.
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7.2.2 Potential Future Experiments with Pt Poisoning

i.

iii.

The extent of platinum poisoning over time could be studied. Pt could be
potentiostatically electrodeposited onto separate electrodes for different
lengths of time, and the resulting deposits could then be investigated. It would
be interesting to know whether slightly larger Pt particles were deposited over
longer electroreduction times, i.e. whether particle growth is still possible. If
this was found to be the case, smaller platinum particles might be achievable
via shorter electroreduction times. The addition of more sulphite or sulphide
to the solution (e.g. via NaHSOQ;) may also aid in the production of smaller Pt
particles.

It may prove useful to develop alternative methods for removing the suiphide
or sulphite species, such as heating at elevated temperatures in e.g. oxidising or
reducing atmospheres (where 80,, SO; or H>S products may result). This
possibility is more significant in the case of Ru electrodeposited from
H3;Ru(S0,).0H, and is discussed further in Section 7.3.2.

Further experimental work relating to the ‘Pt poisoning’ method could include
the investigation of other ions or molecules that may adsorb onto Pt surfaces
(for limiting/preventing Pt growth during electrodeposition). Unsaturated
organic melecules such as ethylene (C.H,) and acetylene (C:H.) are known to
adsorb onto gold [Hodgson et al., 1999; Zinola and Castro Luna, 1998]. These
gases oould potentially be bubbled into a solution during platinisation.
Acetykene would probably adsorb the most strongly, however great care would
be reguired with this reactive gas. The removal of any of these adsorbing
species may however prove difficult. Electrﬁchemical cycling may be successfui
for removing the adsorbed gases. Heating of ethylene or acetylene adsorbents

in air or hydrogen may also help to remove these molecules.
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iv. With electrodeposition into CB-bused electrodes, the effect of ‘pre-immersion’

time before electrodeposition could be investigated further. Greater time for
equilibration of the H,Pt(S0O;).0H species {e.g. the Pt{S0O;).,*> ions) in the
Nafion electrolyte may prove beneficial, possibly enabling more Pt
electrodeposition. The dispersion of Pt particles throughout the electrode
might also be enhanced. For example, a procedure could involve a series of

equilibration steps, separated by rapid electroreduction pulses.

7.3 Ruthenium Electrodeposition

7.3.1 Summary of Ru Electrodeposition Conclusions

Ruthenium was electrodeposited from HzRu(S0;).OH solution onto Pt, GC and
CB-based electrodes at ca. 0.2 to 0.3 V and more negative potentials. Contrary
to ruthenisation from other species (e.g. RuCl;) electrodeposition of
H;Ru(S0O3)0OH at potentials within the H. evolution regior: did not resuilt in Ru
deposits exhibiting Ru-Hads oxidation behaviour.

Unfortunately, it was not possible to clean the poisoning species from the Ru
electrodeposited from HzRu(SO;).0H solution via the elecirochemical means
investigated. The potentiodynamic cycling regime successfully used for cleaning
Pt deposited from H,Pt(SO;).,OH proved ineffective for H;Ru(SQ;).0H-
deposited Ru. This was believed to occur because the electrodissolution of Ru
occurred at potentials negative to the oxidation potential of the poison. Evolving
hydrogen on the ruthenised electrode surface during potentiostatical holds at

low potential was not found to decrease the poisoning (e.g. via H.S formation).
A CB-based electrode was successfully ruthenised from H;Ru(S03).OH solution,

however the Ru was poisoned in similar fashion to the ruthenised GC electrodes.

Thus, there is potential to prepare fuel cell electrodes from this species, provided
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an efficient cleaning method was developed. The Ru particles were found to be
highly dispersed across the CB electrode surface, although the average particle
size (up to 500 nm) was reasonably large. A number of large agglomerates were
observed in the SEM micrograph, suggesting that the smaller particles may also
exist as agglomerates. At any rate, the Ru particle size could be further reduced
with an optimisation of the electrodeposition method.

* The attempted electrodeposition of PtRu (from either both sulphite complexes,
or from H;Ru(S0;).0H and H.PtCle¢) produced mixed results. The presence of
platinum on the electrodes did not aid in the electrochemical cleaning of the
poisoned Ru (from H;Ru{S03).0H solution}. At no stage were electrochemical
featares of both Pt and Ru visible in a CV scan at the same time. It is probable
that the Ru remained poisoned whilst on the electrodes, and the large ja
(obscuring any platinum electrochemistry and representing the poisoned Ru)
was not removed until all of the Ru had dissolved. The platicum was probably
never completely cleaned (as evidenced by the lack of a Pt-Hags region in the CV

scans) until all of the Ru and poisoning species had been electrodissolved.

« Furthermore, the binary PtRu-catalysed electrodes (from the respective
platinum and ruthenium sulphite species) did not exhibit superior activity for
methancl-oxidation ¢f. Pt. In fact, the activity was lowered with the presence of

the poisoned Ru.

s Poli~ mg the ‘Ru electrodeposition from HzRu(S04).0H solution’ studies, it is
*ar that this method is not yet feasible for PtRu catalysation of fuel cell

y ? T — —_— - — i S T iyt L B s v - e em

electrodes. However, if the Ru suiface could be ‘cleaned'.in an effective manner
without loss of Ru, then this method could prove very promising (e.g. for
achieving smali P{Ru particles, possibly with a higher utilisation under fuel ceil

copditions), The Ru-loading and particle size could be optimised.
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7.3.2 Potential Future Ru Electrodeposition Experiments

i

il

The development of alternative methods for the removal of sulphides and
related species from ruthenium surfaces that do not cause Ru dissolution
would prove highly beneficial. Possible methods include reduction via
bubbling hydrogen or e.g. hydrazine (or by evolving hydrogen at Iow potentials
for a long time, or possibly even via immersion in reducing solutions such as
NaBH,). The use of ulfrasonication and/or elevated temperatures with or
without any of the above methods may also prove beneficial. Temperatures of
90-100 °C for long periods (~ 20 h} did not yield any change in poisoned
Ru/GC electrodes, but perhaps temperatures over ~ 500 °C may help to
remove the poisons. High temperatures in an H, atmosphere (similar to the
cleaning/reduction step of the PtRu/C supported catalyst produced via the
method of US Patent 4,044,193 [Petrow and Allen, 1977]) may also prove
successful. Another possibility for ruthenium cleaning is the oxidation of
poisoning species in O, or air at high temperatures, although this may risk the
production of higher Ru-oxides, e.g. RuQ. (which may be difficult to reduce
back to Ru metal).

Again, similar to (jii) in Section 7.2.2, ethylene or acetylene could be adsorbed
onto Ru surfaces (assuming these species adsorb onto Ru), during the
electroreduction of Ru from an e.g. RuCl; (or Ru(NO)(NO3); solution). These
might prove more effective blocking agents to particle-growth, whichlmight

also be removed more readily (and ideally without Ru loss).

Continued Investigations into PiRu Binary Catalyst Electrodeposition:

il

The preparation of binary PtRu electrodeposits might be possible by using the
IEE Method, following optimisation of the relative concentrations of
Pt(NHy)»2* and a Ru cationic species (to attain catalysts with the desired
surface ratio of each metal). The potential variations are discussed in Section
7.4.3.
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iv. It may also be possible that the adsorbed oxides on the Ru surface at low
potentials could limit the growth of Ru particles due to the higher electrical
resistance of the oxide film. This could be investigated by Ru reduction onto
Ru electrodes at low potentials /- 0.1 Vscg) and at higher potentials, e.g.
0.4 Vscg, where Ru(OH), species ex. . The use or formation of Ru,0; or RuQ,
surfaces is probably not useful though, since these higher oxides are difficult to

reduce (i.e. reduction potentials above ~ 0.6- 0.7 Vscg are not advisable).

~.4 IISE & IEE Methods

7.4.1 Summary of IISE Method Conclusions

Platinum was successfully electroreduced from H.PtCls directly within a
PEMFC-type electrode via the IISE Method.

= Several obstacles were encountered during the IISE process, including

uncertainty over the exact potential of the counter electrode.

» (Cleaning or activation of the IISE-deposited platinum was necessary, and was
found to be easiest once the electiode was removed from the MEA. Further

development of the method was abandoned in favour of the mere robust TEE :
Method. |

» Nevertheless, the IISE Method illustrated the possibility of electrodepositing

platinum within an assembled YEMFC(. With further optimisation, this method
could prove useful for preparing fuel cell electrodes.
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7.4.2 Summary of IEE Method Conclusions

Following 20 Ion-Exchange/ Eiectroreduction (IEE) processes, low Pt loadings
of 50-80 pg e were successfully deposited (as determined from AAS),

Increased Pt loadings were found in electrodes containing a higher Nafion wt%,
as expected. This is likely to have resulted from a greater extent of platinum
cations being ion-exchanged (and subsequently electroreduced) during each IEE

process into the electrodes containing a greater proportion of Nafion.

The average Pt particle diameters in the electrodes were found to be between
26 and 50 nm. It is expected that smaller particles could be deposited with
further optimization of the method (e.g. a higher ion-exchange per process

combined with fewer proceeses for an eguivalent platinum loading).

The smallest average Pt particle size deposited (26 nm) is a factor of 10 times
greater than a typical catalyst available from E-TEK, Inc. However, the surface
of all Pt particles deposited using the IEE method is expected to be available

under fuel cell conditions, increasing the platinum utilisation.

Hence, the IEE Method may prove a viable catalysation approach for fuel cell
electrodes. Smaller Pt deposits could probably be prepared under optimised
conditions. For example, higher solutior: concentrations combined with éhorter
immersion times and a reduced number of IEE processes. Alternatively, lower
platinum solution concentrations could be used with more IEE processes

(although this may inerease particle growth).
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=.4.3 Potential Fatere IISE & IEE Experiments

Further optimisation of the IEE Method:

i‘

1.

jid.

v.

Lower Pt loadings could be deposited, which might enable smaller Pt particles.
However, the electrochemical features and surface-area of such electrodes will
be even more obscured by the ja of the CB-based electrode. Other methods,
such as the electro-oxidation of an adsorbed carbon monoxide layer [Gloaguen
et al., 1997] may allow the estimation of Pt electrochemical surface-area (for
very low Pt loadings).

The effect of the number of IEE processes on platinum loading could be
investigated, for optimisation of the method. Establishing if a linear
relationship exists between Pt loading and the number of processes may prove
useful. If this is not the case, then a change in conditions of the IEE method
may be beneficial (e.g. by altering the Pt solution concentration, ion-exchange
time, electroreduction time, etc.).

The pH of the ion-exchanging solution could also be adjusted to manipulate the
extent of ion-exchange (by altering the equilibrium of protons in the Nafion
electrolyte). For examble, a higher pfoportion of exchanged Pt is expected with
an increased pH. Higher Pt concentrations within the electrode may be
beneficial in creating a greater number of Pt nuclei, relative to an electrode

with an equivalent Pt-loading (which has experienced more IEE processes).

The application of a desired loading (e.g. of Pt{NH3),**) onto CB electrodes
before electrodeposition is also possible. The cafalyst species could be applied,
e.g. via pipette, to the CB-based electrode (and the CB electrode could be
maintained in a hydrated form to maximise the diffusion of catalyst ions
throughout the electrode). Alternatively, the catalyst species could be applied
to the electrode in the catalyst layer ink, as in the case of the ‘In Situ’ study of
Chapter Six (with e.g. PtCls*, but this is equally possible with Pt(NH;),**).
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Combinations of Electrodeposition Methods:

v. The utilisation of the catalyst poisoning technique (Chapter Four) could also be
investigated in combination with the IEE method, to aid in limiting Pt
particulate growth. For example, the platinum deposits in the electrode could
be poisoned following each IEE process (as the electrode is further platinised),
so that growth of the existing deposits is minimised, and then the newly ion-
exchanged platinum is expected to form new nuclei throughout the electrode.
This approach may also be used with (iv) above, where known amounts of
platinum are applied in several stages (and electrodeposition and poisoning
processes are performed between each stage).

vi. A PtRu co-electrodepositicn method using the IEE technique may be possible,
with cationic Pt and Ru species. The relative concentration of each metal
species in solution would require optimisation to achieve a desired Pt:Ru ratio. éJ
Two-step IEE~-catalysation procedures could also be investigated for PiRu
deposits. For example, a CB-based electrode could be platinised, cleaned and |
analysed. Ru could be then be electroreduced onto the electrode. A large E‘
proportion of this Ru is expected to reduce onto lower overpotential Pt surfaces

cf. the carbon substrate.

e ite! E) Catalyst EI deposition M d:

vii. The IISE Method could be simplified in a DMFC Test Station, since the DMFC
typically hexperiences fewer problems with membrane hydration. Although

T i e kv bt S R AR Dy iy

methanol crossover and the effects of methanol during electroreduction (e.g.
methanol may also act as a poisoning species on platinum) would have to be
considered. It may be feasible to integrate the SCE reference electrode into the
cell, to raeasure/apply the WE potential with more accuracy. If the SCE is
inserted into the MEA, ionic contact with the Nafion may be difficult to
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maintain, This will depend on the amount of water contained within the

membrane.

viii. Catalyst ion-exchange could also be used in combination with the IISE
approach. The desired loading (of Pt or PtRu) may be tailored by applying
solution to the CB-based electrode, as described in (iv) above, or by application
in the catalyst layer ink. Cleaning of the deposited catalysts remains an issue,
but it may be possible to heat the entire MEA in e.g. sulphuric acid for an
extended period, to wash out most impurities and reaction by-products.
Alternatively, electrochemical cycling (within the MEA) may be possible, e.g.
with part of the MEA immersed in H.SQO, solution,

ix. The removal of the catalysed WE from the MEA is not an ideal approach, since

delamination of the WE may occur (onto the Nafion membrane). However,
this would allow a much simpler WE cleaning process and the Nafion
membrane/CE part of the MEA could then be washed and used again. Ideally,
the WE removal would be avoided, allowing hot pressing of the MEA (i.e. to

facilitate maximum ionic contact between the membrane and the Nafion within

the WE catalyst layer, increasing the 3-phase-reaction-zone area in the WE). If
the catalysed WE is not easily cleaned within the MEA, then careful removal of
the WE may be the only option. The WE couild then be readily
electrochemically cycled in H.$0,4 solution (and the electrochemical surface-
area of Pt could easily be calculated).

b
b
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Abstract

A novel clectrodeposition technique for preparing the catalyst layer in polymer electrolyte membrane fuel cells has
been designed, which may enable an increase in the level of platinum utilisation currently achieved in these systems.
This method consists of a two-step procedure involving the impregnation of platinum ions into a preformed catalyst
layer (via an ion-exchange into the Nafion polymer electrolyte), followed by a potentiostatic reduction. The
concentration of Nafion within the catalyst layer was found to have a significant beating on the size of the platinum
deposits. The preparation of catalyst layers containing a desired platinum loading should also be possible using this
meth:od. Surface areas of the platinum deposits were determined using cyclic voltammetry. The prepared catalyst was
compared with a conventional electrode made from E-TEK Pt/C. Scanning electron microscopy was used to
investigate the dispersion of the platinum particles. Platinum loadings were determined quantitatively by atomic
absorption spectroscopy. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Platinum utilisation; Electrodeposition; PEMFC catalyst layer; Nafion ion-exchange; Pt(NH,).Cl,

1. Introduction Ideally, all of the platintm contained within a
PEMPFC catalyst layer would be active for the hydrogen
Fuel cells are receiving increased recognition as nota- oxidation and cxygen reduction reactions, For this to

ble alternatives to our present power sources because be the case, the fuel or oxidant must react at the
they exhibit high operational efficiencies and impressive mteﬁrfama.l region between thc] polymer electrolyte (eif‘
environmemtal acceptabifity. Polymer electrolyte mem- Nafion) and the platinum catalyst. This is known as the

brane fuel cells (PEMFCs) have great potential for use thfeel;lfh?seh;mgon z;:;ne. ;I‘he °l°°tr°(fl‘e :hou}dtabe
both in stationary power generation (e.g. under com- suitably fashioned to aliow fast access of the reactant

bined heat and power operation) and as vehicular into this zone and furthermore, for a reaction to occur,

power sources. One challenge facing PEMFCs, how- the electrolyte/catalyst interface must enable the trans-
e e o . R fer of both protons and electrons,
ever, is to improve the utilisation of platinum within the

. . . The conventional platinum-supported-on-carbon

catalyst layer which should ultimately allow a reduction .
, . v talyst b red at all particulat
in the platinum loading at a given fuel cell (PY/C) catalyst may be prepared at a small particulate

size, e.g 1.5~1.8 nm via the ‘sulfito route’ {1}, but

performance. ensuring polymer electrolyte contact to all of these
platinum particles remains a major problem. The most

* Cotresponding author. Tel.: +61-35.9054930, common method for fabn'cating the PEMFC catalyst
E-mail address: maria.forsyth@spme.monash.edu,au (M. layer is to mix the Pt/C agglomerates with solubilised
Forsyth). polymer electrolyte (such as Nafion ioriomer) and apply

0013-4686/01/5 - see front matter © 2001 Flsevier Science 1.td. Al rights reserved.
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this paste to a porous ¢carbon support. However, up to
90% of the platinum atoms in such electrodes may ke
inactive [2]. Platinum particles deposited within the
porous carbon nanostructure may be inaccessible to the
polymer electrolyte (Fig. 1). For example, the sulfonic
acid micelles which facilitate proion transport through
Nafion have an approximate diameter of 4 nm [3] and
would be excluded from carbon pores with diameters
less than 4 nm. The area of the three-phase reaction
zone may be extended by increasing the amount of
polymer electrolyte throughout the catalyst layer, but
too much polymer coverage may restrict gas access to
some platinum particles (especiaily at high reaction
rates). Even il only ca. 50% of platinum atoms are ou
the surface of these 1.5-1.8 om particles [1] and are
able to participate in the fuel cell reactions, stifl a
substantial mass of platinum may be utilised.

The electrodepesition of platinum has been studied
by a number of researchers, with the main intention of
depositing sniall platinum particles at the polymer elec-
trolyte/electrode interface. Platinum has been elecirore-
duced from solution onto glassy carbon substrates
[4-6], at carbon/Nafion interfaces [7-11] and into
PEMFC electrodes {8-13]. In particular, the electrore-
duction ef platinum from chloroplatinic acid, H,PtCl,,
has been investigated most thoroughly [4,5,7,8,12,13],
Most notable of these studies is the work of Choi et al.
[13], who recently demonstrated the ability to produce

Carboa
Fibres

Carbon Black

ca. 1.5 rm platinum deposits in a preformed electrode
using a pulse electrodeposition technique. However.
these pulse-platinised electvodes may face the same
problem of poor polymer contact as in the case of
conventional electrode fabrication.

The cationic platinum salt, Py(NH,)2 + has been used
by a few researchers for depositing platinum. Ver-
brugge {9] investigated platinum electrodeposition from
dilute Pt(NH,),Cl, solutions into preformed catalyst
layers and succeeded in depositing most platinur in ca.
10 um region at the Nafien membranefelectrode inter-
face. An indication of platinum particle size or disper-
sion was not given, so the possible utilisation of the
platinum deposited via this method is uncertain. Taylor
and co-workers [10,11] electrodeposited a cationic plat-
inum species into electrodes from solution through a
Nafion film and a particle size of 2-3.5 nm was
achieved. A ten-fold increase in mass activity was re-
ported in comparison to an E-TEK platinum colloid,
which was believed fo resuit from an increase in plat-
inum utilisation.

Pjatinum has been ion-exchanged into Nafion films
from Pt{(NH,);* species and then reduced chemically
to produce platinura deposits at the film surfaces [14-
17). Low platinum loadings were possible in some of
these methods (e.g. 0.5 mgecm %), but a small propor-
tion of platinum was lost as isolated particles within the
Nafion membrane. P{NH;);* has also been ion-ex-
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changed intc the surface oxides of a carbon-black
[18,19] and then heated in air to form platinum oxides
which were subsequently electroreduced. A high surface
area resulted from this technique, ca. 100 m2g-".
However, neither of these ion-exchange methods would
be expected to enhance the contact of both carbon and
Nafion to each platinum particle deposited,

2. Concept

In the present work, platinum cations were ion-ex-
changed for the sulfonic acid protons in the Nafion
electrolyte within the preformed catalyst layer (Eq. (1))
and subsequently electroreduced onto nearby carbon
particles (Eq. (2))

R —(SO;H), + PYNH,%*
—+R —(§O4),PYNH,), +2H* )

R —(SO,),PtNH,), + C + 2~ + 2H*
—~PYC + R — (SO;H), + 4NH, @

where R = Nafion,

Te satisfy the electroreduction step, the platinum
particles deposited in this procedure must be electrically
connected through the carbon particle network to the
porous carbon (gas diffusion) backing of the electrode.
It is believed that any such platinum deposited would
be accessible to the Nafion electrolyte from which it
was reduced, thus forming the three-phase reaction
zones required for fuel zell operation.

A high concentration of Pi(NH;)Z* solution is used
in this procedure to ensure an equilibrium shift towards
significant ion-exchange. Furthermore, a reasonably
low voltage is applied to the electrode during the elec-
troreduction to increase the reduction kinetics and in-
hibit diffusion of platinum jons through the Nafion to
any existing platipum nuclei (ie. to limit particle
growth). It is also possible to achieve a desired plat-
inum loading using this method by repeating the ion-
exchange/reduction process any number of times, Once
the platinum has been electroreduced in H,50,, the
Nafion is returned to its original protonated form and
may be ion-exchanged again as shown by Millet et al.
{15).

Provided a small platinum particle size can be main-
tained, high platinum utilisations should be realised in
PEMFC catalyst layers prepared via this method. On
achieving higher platinum utilisations, cost reductions
in fuel cell stacks may be envisaged through the use of
less platinum, or improved fuel cell performances may
result under certain conditions, e.g. by preparing thin-
ner catalyst layers.

3. Experimental

PtINH,),Cl; and a2 5 wi% Naficn ionomer solution
were purchased from Aldrich. Ultrapure water (Milli-Q
water {reatment system) was used throughout, 5 cm?
clectrodes (non-platinised) were prepared for the ion-
exchange/electrodeposition experiments. Catalyst layer
loadings of 3.2 mg cm —? were applied to carbon paper
substrates from an ultrasonically homogenised ink con-
taining 10 wt% Nafion {dry massyVulcan in isopropyl
alcohol and water. Vulcan XC-72R carbon black was
purchased from Cabot and Toray, TGPH-120 carbon
paper was purchased from E-TEK Inc. The electrodes
were allowed to dry at room temperature and were then
heated at 20°C for ! h in air to ensure that all the
solvent had evaporated.

Additional Nafion ionomer was applied to the cata-
Tyst layers to increase the amount of platinum jon-ex-
changed into the electrodes (i.e. to enhance the overall
effect of the method). This additional Nafion was also
applied in differing amounts to investigate the effect of
Nafion loading on the specific surface area, § (in
m?2 g~ ') of the resulting platinum deposits. The solvent
was again removed from the electrodes. A 4 cm? elec-
trode prepared in the same fashion, with 20 wt% Pt/
Vulcan catalyst from E-TEK Inc. (in place of the
uncatalysed Vulcan in the elecirodeposited electrodes)
was also prepared for comparison.

The cation-exchange was carried out by immersing
hydrated catalyst layers in a 0.1 M Pt(NH,),Cl, solu-
tion for i h (to ensure equilibrium). Following this
process, the electrodes were rinsed with water and held
at a potential of — 1,0 V (versus the SCE) for 10 min i
0.5 M H,80,,

A number of ion-exchange/electroreduction processes
were performed on each electrode (up te 20) to increase
the platinum loading. The surface area was checked on
a regular basis using cyclic voltammetry (CV). Poten-
tiostatic deposition and CV experiments were per-
formed in a three-electrode cell under a nitrogen
atmosphere with a platinum coil counter electrode and
a saturated calomel electrode (SCE) as the reference.
CV scans for platinum surface area analyses were per-
formed between —0.232 and 4 1.0V at beth 0.05 and
0.1 Vs~ Electrochemical surface area {ESA) was
calculated from the charge passed (@) =210 pCem~3)
in oxidising a full monolayer of adsorbed hydrogen
atoms {Pt—-H,,,). Platinum loadings of the three elec-
trodeposited electrodes were determined by AAS. A
known Pt-loading was applied to the E-TEK electrode
from the 20 wit% Pt/C catalyst. The specific surface
area, S, was calculated from the ESA:Pi-loading ratio.
Platinum particle diameters, d, were calculated assum-
ing homogeneously dispersed spherical particles [8],

d= (65 x 10°(Sp)~"
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Fig. 2. Cyclic voltammograms of electrodes A and C afier one fon-exchange/electroreduction process. These scans were performed
at 005 Vs—!in 0.5 M H,S0,. The CVs commenced from — 0.3 V (versus SCE) to illusirate the presence of platinum in the
electrodes and are shown here only fiom —0.28 V (at polentials below —0.28 V the sharp cathodic spike continuves).

where p is the density of platinum, 21.4 gem ™3,

The dispersion of the platinum nuclei was investi-
guted by scanning electron microscopy (SEM) and en-
ergy dispersive X-ray spectroscopy (EDXS) was used to
confirm the platinum composition of the deposits.

4. Results and discussion

The cyclic voltammograms in Fig. 2 illustrate the
platinum electrodeposited after one ion-exchange/elec-
troreduction process. These CVs were recorded after ca,
30 cycles over a similar range. Table | shows the
characteristics of the three ¢lectrodes. For clarity, only
electrodes A and C are shown in Fig. 2. A larger

Table 1
Electrode characteristics

doubie-layer capacitance is observed for electrode C
due to the kigher Nafion loading in this electrode {and
possibly also from a greater mass of platinum de-
posited). Negligible hydrogen adsorptionfoxidation be-
haviour was observed when sweeping from —0.232 V
1o more positive potentials, and the current from these
reactions is probably obscured by the large double-
layer charging in each electrode. To illustrate the pres-
ence of platinum in the electrodes, the CVs were
scanned from - 0.3 V. The large anodic peaks at ca.
—~0.15 V are not seen in the electrode basekne CVs
before platinisation and are likely to have resulted from
the oxidation of molecular hydrogen (formed at
- 0.242 V and below, versus the SCE) on the platinum
nuclei.

Characteristic Electrodeposited electrodes® Standard 20% Pt/C
A B C E-TEK

Total Nafion (wit%) 15 ) 29 9

ESA (em? Ptem—?) 22 19 19 325

Pt-loading (pg Ptem™—?) 39 54 54 500

Sm* Ptg— " 55 36 19 65

d (nm) 5.1 18 15 43

* Measurements conducted on the electrades after 20 jon-exchange/electroreduction processes.
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Fig. 3 shows the cyclic voltammograms of the elec-
trodeposited electrodes after 26 ion-exchange/electrore-
duction processes. These CV scans all exhibit the
characteristic platinum surface reactions as observed on
single crystal platinum electrodes [20]. An additiona)
anodic peak is observed at about +0.4 V, due to the
oxidation of the surface oxide groups on the carbon, in
agreement with Gloaguen et al. {8]. This peak has
become larger throughout the nuber of platinisadon
processes, most probably resulting from the gradual
oxidation of the carbon surface during the surface area
CVs conducted after each deposition. The correspond-
ing reduction peak for these carbon surface oxides
occurs at ¢a. + 0.22 V. The cyclic voltammograms for
each of these electrodes exhibit a gradual increase in the
Pt-H, 4, oxidation peak area between 10 and 20 ion-ex-
changefreduction processes. However, an accurate de-
termination of the platinum surface area after only a
few processes was not possible due to the large amount
of double-layer charging in the electrodes.

It is clear from Table 1 that the amount of Nafien in
the catalyst layer does affect the platinum electrodepo-
sition, which was expected from the cation-exchange.
The specific surfacs area (S) values in Table 1 indicate
that a low Nafion loading is preferable. It is believed
that less platinum puiticle growth is allowed at low
Nafion loadings, since Jess platinum can be exchanged
into the electrode. This process may be imagined as an
electroreduction from a dilute solution in which the
platinum cations are constrained from widespread dif-

fusion (by virtue of the ion-exchange followed by the
rapid electroreduction). Fig. 4 illustrates this effect,
where smaller platinvm particles are produced at lower
Nafion jcadings.

The specific surface area values in Tabie | indicate
the potential for attaining high utilisations of the plat-
inum catalyst deposited via this method. Electrode A
shows the highest level of platinum surface area for a
given mass (approaching that of the E-TEK electrode)
and thus is most likely to achieve the highesi utilisation
under fuel cell conditions. Furthenncre, lower concen-
trations of Nafion within the catalyst layer may be
more desirable (e.g. for achieving better cell perfor-
mance) by allowing easier gas access to the supported
catalyst particles.

The additional exchange/freduction processes may be
unnecessary once an ideal combination of the Nafion
loading and the Py{NH,)3* solution concentration is
found. For example, higher concentrations of platinum
solutions {for increased ion-exchange) may be used with
low INafion loadings 1o achieve a desired platinum
loading. Alternatively, the use of more exchange/reduc-
tien processes may prove beneficial in terms of limiting
particle growth or in producing a graater dispersion of
the platinum deposit.

The SEM micrograph in Fig. 5 shows a high disper-
sion of platinum particles in the catalyst layer of elec-
trode A, The platinum particle size, however, appears
quite large (of the order of several hundred nanome-
ters) which does not agree with the calculated particle
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2, Cyclic voltammograms of the electrodeposited electrodes after 20 ion-exchangefelectroreduction processes. The txan rate was
i Vs~ and scans commenced from —0.232 V (versus SCE),
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Fig. 4. The effect of Nafion Joading on the surface area of the elecirodeposited platinum: electrode A { W); slectrode B (4); and

electrode C (@),

size from the AAS and surface area analyses. This may
be due to the aggregation of platinum particles into
clusters such as observed by Ye and Fedkiw [21]. These
workers found that platinum particles observed with
SEM were almost two orders of magnitude larger than
the particle size caleulated from the specific surface
area, and TEM was used to show the dendritic nature
of the platinum clusters.

The Pt(NH,);* species has been reported to have
very slow reduction kinesics [22] and it is possible that
these electrodes may not have received enough time to
completely electroreduce al} of the ion-exchanged plat-
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inum. If this were the case, it may account for the low
platinum surface areas observed during the initial ton-
exchange/reduction processes. Alternatively, a certain
amount of deposited platinum may be required in the
electrodes before the hydrogen adsorption/desorption
peaks begin tc appear {6].

5. Conclusions

In this work we have demonstrated the operation of
this cation-exchange/electroreduction method, Im-
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proved platinum utilisation may be eaabled in PEMFC
elecirodes prepared using this technique, via increasing
the Nafion/platinum interfacial region throughout the
catalyst layer. The high specific surface arsas of the
elecirodeposited platinum indicate the potential for
achieving high platinum utilisations. Electrode A, with
the lowest Nafion loading, exhibited the greatest plat-
inum surface area for a given mass and is thus most
likely to achieve the highest utilisation ynder fue] csli
conditions among the electrodes. This suggests that
fower Nafion foadings may limit the growth of plat-
inum particles.

The effect of the piatinum solution concendration and
its bearing on the amount of platinum exchanged and
deposited is currently under investigation. Catalvst lay-
ers containing even lower Nafion loadings are alse
being studied in conjunction with the use of additional
exchangefreduction processes. The time allowed for the
ion-exchanging process is another variable and shorzer
times are being trialed.
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Abstract

In this work, an investigation into the electrochemistry of H,PH(S0,),OH is reported. Platinum was clectroreduced from a
solution of this complex acid onto glassy carbon {GC) in preliminary experiments and then onto carbon-black (CB) based
electrodes as used in polvmer electrolyte membrane fuel cells (PEMFCs). The electredeposited platinum is believed to be poisoned
by a sulphide or retained sulphite species. Platinised electrodes were electrochemically cycled between the hydrogen and oxygen
evolution potentials in H,SO, solution in order to activate the platinum and obiain a reproducible surface area. Strong oxidatdon
and reduction currents were observed during the potentiodynamic cycling treatments indicating gradual removal of the poisoning
species. For a comparison, the poisoning effect of sulphite was investigated on both smooth platinum and P{/GC electrodes using
1 M NaHSO, solution. The Pt and PtyGC electrodes were instantly deactivated in NaHSO, solution and were cleaned in a2 manner
akin to the Pt/GC electrode prepared from electroreduction of H,P{S0O,),OH. The platinum redox behaviour and surface area
of these sulphite-poisoned electrodes was fully recoverable using the same potentiodynamic cycling treatment. Brief electrodepo-
sition comparisons with other platinum species, viz. H,PtClg and PYUNH,)C1,, are also presented. The platinised electrodes were
characterised by cyclic voltammetry, scanning electron micrescopy (SEM), and energy dispersive X-ray spectroscopy (EDXS).
© 2001 Elsevier Science B,V. All rights reserved.

Keywords: Platinum electrodeposition; HyPt(S0,),0H; Sulphito route; Glassy carbon; Carbon-black; Cydic voltammeiry

1. Introduction electrolyte membrane to produce Pt/PEM electrodes
using the impregnation-reduction method [1-4}; gener-
High surface area platinum catalysts are used in a ally, large platinum particles and films are produced
number of devices including sensors and polymer elec- using this method. NaBH, has also been used to reduce
trolyte membrane fuel cells {(PEMFCs). For a high H.PiCl; [5] and to reduce thermally decomposed
utilisation of this noble metal (i.e. the amount of plat- H.PtCl, [6] onto activated carbon surfaces. Unsup-
inum surface area available for reactions relative to the ported p]atinum a]]oy partic]es have also been p[epared
mass of platinum) it is essential to prepare platinum by borohydride reduction [7], whereby the particles are
deposits of maximum specific surface area. Accord- precipitated out of solution and may be made into an
ingly, platinum particles are usually deposited onto a electrode using the decal transfer process I8).
high surface area carbon-black to limit particle Another common way of preparing platinum sup-

agglomeration,

A common method for platinising electrodes is via
the chemical reduction of readily available platinum
salts such as H,PtCl; or Pt{NH,),Cl, by NaBH,. Plat-
inum has been deposited onto or into the polymer

poried on carbon (Pt/C) with a high specific surface
area is via a colloidal method such as the ‘sulphito
route’ [9,10]. In an early stage of this method, chloride
is removed from H,PtCl; by converting this platinum
salt into NaPt(SO;),. The removal of chloride species
from PEMFC catalysts is necessary since chloride is

* Corresponding author, Tel.: + 61-3-9905.4939; fax: + 61-3-9905- known to poison piatinum and decrease the adsorption

4240, T .
E-mail addresses: scott.thompson@spmemonash.eduau  (S.D. of oxygen, methanol [11], an.d glncose [12]’ Ch]qude 15
Thompson), maria.forsyth@spme.monash.edu.au (M. Forsyth). even believed to corrode platinum in acidic media [13).

00220728015 - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Meta-stable platinum oxide colloids are then prepared
from NagPt(SO;),, which precipitate onfo suspended
carbon-black particles, followed by chemical reduction,
e.g. by H,, to produce the supported Pt/C catalyst [9].
An average platinum particle diameter of 1.5-1.8 nm
may be prepared via the suiphito route, although even
with particles this small only half of the platinum atoms
are at the surface [10] and available to participate in
reactions.

Not only is 2 small particle size desirable for catalytic
operation in electrochemical sensors and PEMFCs, but
it is also essential for these platinum particles to be
located in the three-phase reaction zones. These zones
occur throughout the electrode where the electrically
connected catalyst (via the carbon network) is in con-
tact with the polymer electrolyte, and this catalyst must
also be easily accessed by the reacting species. Catalyst
layers are conventionally prepared by drying an ink
consisting of Pt/C mixed with a solubilised form of the
polyme: electrolyte, e.g. Nafion®, onto either the elec-
trode or the polymer membrane, however this method
does not ensure polymer contact to all of the platinum
particles.  Electrodeposition offers an  aiternative
method for preparing active Pt/C catalysts through
which greater selectivity may be exercised in the place-
ment of platinum particles into a preformed electrode.
However, maintaining a small particle size is a major
issue during electrodeposition since after the formation
of the initial platinum particles, further platinum reduc-
tion onto these is usuallv favoured.

A number of researchers have stadied the electrore-
duction of platinum from solution onto glassy carbon
(GC) substrates [14-19] and into PEMFC electrodes
[20-25). Platinum particles of less than 20 nm have
been electrodeposited from PtCIZ~ solutions [14,17~
20,25}, including the preparation of 1.5 nm sized plat-
inum particles from H,PtCl solution by Choi et al. [25]
using a puised-electroreduction method. Under certain
conditions, electrodeposition may enable accurate con-
trol over the platinum loading deposited onto an elec-
trode. Loadings of 10 pugem™* or lower
[14,15,17,18,20] and- loadings of up to 750 pgcm™?
[14,15,17-20,22-24] have been successfully prepared.
The selective electroreduction of platinum at polymer
electrolyte | carbon interfaces (to produce the three-
phase reaction zones) has also been attempted
[17,20,22-24,26). Taylor and coworkers [23,24] pre
pared 2-3.5 nm sized platinum particles by electrore-
ducing a cationic platinum salt into a Nafion®-bound
carbon-black layer. Pt(NH,);* has been ion-exchanged
into a Nafion® containing electrode followed by elec-
troreduction by Thompson et al. [26). Verbrugge [22]
also explored the selective electroreduction of
Pt(NH;)Z * into electrodes by utilising the unique chem-
istry of the carbon | Nafion® interface.

In this paper, we report the platinisation of glassy
carvon and carbon-black based electrodes irom
H;Pt(80,),0H sclution. The H,Pt(S0,),0H compound
was initially chosen for platinising electrodes because
all chloride ions are removed during its preparation [7]
and this should enable the preparation of a ‘cleancr’
platinumn catalyst with a higher chemical stability. In
addition, to the knowledge of these authors the elec-
trodeposition of this platinum species is the first ever
reported in the literature, Surprising results were found,
however, in preliminary H;Pt(SO,),OH electrodeposi~
tion experiments, where the resulting platinum deposits
appeared to be poisoned. It was then postulated that
the species adsorbing on the platinum deposits might,
in fact, limit the growth of these particles during the
electrodeposition step. Preliminary results of this poten-
tial ‘poisoning method’ are also presented. In addition,
comparisons of platinum electrodeposition from
aqueous solutions of H,PiCly; and Pt(NH,),Cl, are
provided.

2. Experimental

All electrochemical experiments were performed in a
three-electrode cell at room temperature, The cell con-
sisted of a working electrode, a courter electrode (plat-
inum wire, ca. 2 cm immersed in solution), and a
saturated calomel reference electrode (SCE, Radiome-
ter). The SCE was separated from the cell by a support
tube (Bioanalytical Systems, Inc.) similar to a Luggin
capillary, which was filled with 0.5 M H,S0,. The glass
frit at the base of the SCE tube was spaced at a
distance roughly twice its diameter from the working
electrode surface. Glassy carbon (GC, BAS Inc.}, plat~
inum (Pt, BAS Inc.), or carbon-black (CB) based work-
ing electrodes were used. All potentials are reported on
the SCE scale. High purity nitrogen was used to flush
gases from all solutions for at least 15 min before use
and bubbling was continued for the duration of cach
experiment. Milli-Q water was used throughout in all
solutions and rinsings.

GC electrodes were used in preliminary platinum
electrodeposition investigations, since GC allows the
preparation of a readily reproducible, low surface area
carbon support. These GC electrodes (3 mm diameter,
embedded in 2 CTFE? cylinder) were polished with a
0.05 um AlO, suspensien (BAS Inc.) and cleaned
ultrasonically in Milli-Q for 5 min at room temperature
before each experiment. Baseline cyclic voltaimmograms
of the polished GC electrodes were then recorded in 0.5
M H,SO, to ensure a smooth, reproducible surface (i.c.
unchanged over five cyclic voltammograms at 50
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mV s~ 1) without any evidence of platinum or surface
oxide functionalities. These electrodes were scanned
extensively in the range —*.23 to +4- 1.2 V and repol-
ished, if necessary. The GC electrode: were then repol-
ished and cleaned ultrasonically before <checking via
cyclic voltammetry. At this final stage only five baseline
CV scans were performed so as 1o avoid oxidation of
the GC surface; in addition, the uppzr voltage was not
allowed to exceed 404 V for the same reason. The
platinum working electrode (2 mm diameter, embedded
in a CTFE cylinder) was polished in a similar fashion
to the GC electrodes, and the typical platinum redox
behaviour was confirmed via cyclic voltammetry.

The CB based working electrodes were prepared with
the conventional electrods design as used in PEMFCs.
These electrodes consist of a catalyst layer supported
on a diffusion layer, which is in turn supported on
porous carbon paper. The catalyst layer is essentiaily a
thin film of polymer electrolyte and carbon-black,
which, in the case of the present work, is not platinised.
Cther than enhancing the diffusion of fuel ceil gases
into the catalyst layer, the diffusion layer actis as a
micro-porous support to the catalyst layer and prevents
penetration of the catalyst into the macro-porous car-
bon paper {27].

A backing layer ink was prepared by suspending 10
wt% PTFE (from a 60 wt% PTFE dispersion in water,
Aldrich) and Vulcan XC-72R carbon-black (Cabot) in
cyclohexane. This ink was ultrasonically homogenised
for ca. 30 min, and a loading of 0.7 mgcem~? was
applied to the wet-proofed carbon paper (Toray
TGPH-120, E-TEK Inc.). The electrode was dnsd at
ca. 75 °C to constant weight, and then sintered at
350 °C for 3¢ min. Catalyst layer inks were prepared
from a 5 wi% Nafion® solution (Aldrich} and Vulcan
XC-72R carbon-black. 1 cm?® electrodes (geometric
area) were prepared by pipetting 2.3 mgcm 2 of this
ink onto the sintered backing layers and drying the
electrodes to correct weight. The ink comprised 10 wi%
Nafion® (dry mass):Yulcan in isopropyl alcohol and
water, and was ultrasonically homogenised prior to
application. The electrodes were allowed to dry at room
temperature and were then heated at 9¢ °C for I h fo
ensure that all the solvent had evaporated.

NaPi(80,), was prepared from H,PtClg (99.995%,
Aldrich) according to US Patent 4,044,193 [9]. The
insoluble white salt was rinsed copiously with warm
Milli-Q water to remove any probable impurities such
as chloride ions. Na,Pt{SO,), was then dissolved in 0.5
M H,S0, producing the complex platinum sulphite
acid, H,P1(SO,),0H [9].

The redex behaviour of the platinum sulphite acid
was first studied by cyclic voitammetry on both types of
carbon working clectrodes using a 001 M
H,Pt(SO4),OH in 0.5 M H,SO, rolution. Potentiostatic
deposition was also performed o the GC and CB

based working electrodes from the same platinum solu-
tion at low potentials.

After deposition, the platinised electrodes were rinsed
in Mili-Q water and placed in 0.5 M H,SO, for an
initial investigation. A few cyclic voltammograms at
005 Vs~' from —0.23 to +1.2 V were performed to
check for any reduction of platinum. The electrodes
were then potentiodynamically cycled from —0.23 to
+1.4 V at 0.05 or 0.5 Vs~! for 20-50 scans. Foliow-~
ing this treatment, the platinum was again investigated.
This two-step procedure was repeated until a repro-
ducible platinum surface area was acquired, ie. by
observing the anodic current peaks resuiting from the
oxidation of the adsorbed hydrogen monolayer on the
platinum surface (Pt—-HM_,). High flow rates of nitrogen
were used to purge solutions of possible gases, e.g. SO,
H,S, formed during these cycling treatments, and the
.5 M H,S80; solution was changed and the electrodes
and cell were rinsed at several stages throughout the
cycling procedures.

in addition, a solution ¥ 1 M NaH30, was prepared
in Milli-Q water (ionic strength=1 M) for a brief
investigation into the electroch.mistry of sulphite on
both smooth Pt and Pt/GC electrodes. 0.01 M solutions
of Pt{NH;),Cl, (99.99%, Aldrich) and H,PtCl;in 0.5 M
H,80, were also prepared for electrodeposition
comparisons.

The platinised CB based electroces were also investi-
gated by scanning electron microscopy (SEM) on a
JEOL-840A instrument at an accelerating voltage of 20
kV. Energy dispersive X-ray spectroscopy (EDS) was
used to confirm the platinum composition of the
deposits.

3. Results and discussion

Potentiodynamic sweeps illustrating platinum elec-
troreduction onto glassy carbon electrodes from 0.01 M
solutions of H,Pt(SO,),0OH, Pt(NH,),Cl,, and H,PtCl,
in 0.5 M H.SQ, are shown in Fig. 1. The platinum
sulphite acid reduces onto GC at potentiais negative to
~ 0.4 V {Curve II). This onset potential is also ob-
served in the case of H,Pt(SO,),OH electroreduction
onto carbon-black based electrodies 7 »+ VI in the

- inset) and the reduction currenis -3 tv.<hly three

orders of magnitude greater (cf. . T} resulting
from the larger surface area of carton available for
platinum deposition. The existence of platinum deposits
on the electrodes was confirmed in later analyses from
the typical platinum CV ‘fingerprint’ scans in sulphuric
acid [28] and also by EDXS.

H,Pt{S0,),OH appears io be very stable in compari-
son with the other two platinum species. PtClZ~ is
readily electroreduced onto GC at potentials negative
to +90.2 V (Curve IV in Fig. 1} in agreement with the
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literature [17,19]. The Pt(NH,); * species has not been
studied as extensively as chloroplatinic acid and the
electroreduction of this species is known to be slow [29}
but Pt(NH.); * appears tc reduce at potentials below 0
V (Curve II). The substitution of ammoniz ligands for
chlorides is known to increase the stability of platinum
species [30]. The complexing ability of sulphite proba-
bly contributes to the high chemical stability observed
for HgPt(SO3)20H.

Numerous studies reported in the jiterature have
investigated the electroreduction of platinum from
PtClI2~ solutions onto carbon substrates [17,19). It is
well documented that once platinum nuclei have been
deposited, further platinum deposition will take place
onto existing platinum nuclei since this facilitates reduc-
tion at a lesser overpofential in comparison with the
carbon substrate. This leads to a positive shift in the
onset potential for PtCIZ— reduction (by 0.2-0.3 V
[17,19)) in CV scans following the initial reduction scan.
However, in conirast to platinum reduction from
PtCI2~ solutions, no significant change in the onset
potential is observed when platinising GC from
H,;Pt(80;);OH solution, which suggests that
H,Pt(80,),0H does not reduce onto platinum deposits
formed from tie same platinum species.

A small degree of scatter ( ~ 0.05 V) was observed
between the onset potentials of the initial reduction
scans of H,Pt(SQ;),0H onto freshly polished GC elec-
trodes. These minor variations in onset potentials can
probably be explained by hydrogen evolving on the
initial platinum deposits since pure platinum electrodes

in acidic solutions rapidly evolve hydrogen at potentials
negative to —0.25 V resulting in strong cathodic cur-
rents. It was also found that the electroreduction onset
potential was very sensitive to minute traces of plat-
inum rcmaining on the GC electrodes after polishing,
Even if CV scans of polished GC electrodes displayed
no platinum oxidation/reduction behaviour nor hydro-
gen adsorption/desorption reactions, baselines such as
Curve I were recorded in 0.5 M H,%0,. Trace amounts
of platinum will result in strong cathodic currents,
probably from  Thydrogen evolution, and if
11,Pt(80,),OH is r=duced onto such electrodes slightly
higher onset potentials are observed.

In a further contrast between platinum electrodeposi-
tion from H,Pt(SO.),0H and PtCli~ solutions, no
evidence of platinum was observed when GC electrodes
were cycled at 002 Vs—! in the H,Pt(SO,),OH +
H,SO, solution regardiess of the number of reduction
cycles performed. In the case of platinum electroreduc-
tion from K,PtCl, + H.80, solution, Pt—H, 4 oxidation
peaks appear on the return sweep of all CV scans
{17,19].

The electrorecuction reaction of H,Pt{SO;),OH
might be described by Eq. (1). The production of
sulphite ions (SO2~) or other sulphur-containing pe-
cies during platinisation may lead to the poisoning of
platinum nuclei by sulpkide (§*) ions, a known plat-
inum peison [31-33). Sulphide ions could result from
the reduction of sulphite in accordance with Eq. (2) at
potentials negative to — 0.01 V [24]. Since this reaction
would occur in the same potential region as Pt(SO;)5~

0.05 e S T t
ol
-0.05
e 01
[+
E
Z 015
-
0.2
~=VI et [ ]
20 ] ——m}
025 I 06 05 04 03 e
[ ]
03 [ . N L N TR i N i ]
-0.6 A4 -0.2 0 0.2 0.4
E/Vvs&CE

Fig. 1. Lincar-sweep electroreduction of platinum from aqueous solutions onto GC and CB based electrodes. Curves T and V (inset) show the
respective baselines of the GC and CB electrodes in 0.5 M H,80,, Curves 111V show platinum electroreduction onto GC from 0.01 M solutions
of H,Pt{S0;),0H, PYNH,)Cl, and HoPtClg in 0.5 M H,80,, respectively, Curve VI (inset) shows platinum electroredoction from a 0. M
H,P1(S0;),0H + 0.5 M H,S0, solution onto a CB based electrode. Scan rate: 0.001 Vs~
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Fig. 2. Current density—time transients for the potentiostatic reduction of platinum at - 0.45 V vs. §CE, from a 0.01 M H,PUSC;,0H +05 M
H,$0, solution: onto GC electrodes, *GC1” and ‘GC2’ (Curves I and II), and onto a CB based electrode, *CB1” (Curve 111 in the inset). Curves
1and II were obtained under identical conditions from separately polished GC electrodes and highlight the reproducibility issues of H,Pt(S0,),CH

electrodeposition.

electroreduction it may occur concomitantly, and plat-
inum could be poisoned immediately after deposition.

P1(SO3);~ +2e~ —Pi’+ 2503~ 4}
SO~ +6e~ + 6H* —»8%~ 4-3H,0 (2)

Fig. 2 shows the current density—time (j—¢) tran-
sients for the potentiostatic reduction of H;Pt(SO5),OH
onto both GC {Curves I and II) and CB based elec-
trodes (Curve III shown as inset) at —0.45 V. This
relatively low potential was used because at this poten-
tial the reduction of H;Pt(SO;),OH appears significant
{compare the reduction current density in Curve II of
Fig. 1 with the GC baseline, Curve I). The three curves
in Fig. 2 have an unusual appearance on CoOmparison
with previous studies of PtCIZ— electroreduction
{20,21), where the long-term reduction current has been
shown to be constant over time. On the other hand,
curves 1-I11 display a marked increase in the cathodic
current density over time, which suggests other reac-
tions are occurring simultaneously with the platinum
electroreduction. Additional cathodic current may have
arisen from hydrogen evolving on the deposited plat-
inum. Another reaction, which could contribute to the
cathodic currents along with platinum reduction and
hydrogen evolution, is the reduction of sulphite to
sulphide according to Eq. (2).

Fig. 5 shows the CV analysis of a P{/GC electrode
which was platinised as shown by Curve Il in Fig. 2. A
longer time for reduction was allowed compared with
Curves I and IiI, to enable a higher platinum loading.
Curve 1 in Fig. 3 shows the second cyclic voltam-

mogram in 0.5 M H,SO, at 0.05 Vs—' which was
scanned to an upper potential of + 1.4 V. Several scans
were performed before Curve | with upper potentials
less than -+ 1.4 V but these did not show any evidence
of characteristic platinum surface reactions. However,
when the Pt/GC electrode was scanned from — (0.3 Vto
more positive potentials, a sharp cathodic spike was
ohserved followed by an anodic peak at potentials
negative to 0 V. This cathodic spike most probably
originated from hydrogen evolution and the anodic
peak may have arisen from the oxidation of a small
amount of either evolved or adsorbed hydrogen, and
both of these anodic and cathodic currents suggest the
presence of platinum. Clear signs of the deposited
platinum are visible in Curve I (Fig. 3), in particular,
the strong anodic peak between +0.6 and +13 V
which is in the potential range for the formation of
platinum surface oxides (Pt-0Q,4), and also by the
strong cathodic peak at + 0.45 V which normally rep-
resents the reduction of Pt-O,4,. Curve I also exhibits
strong cathodic current densities between +0.25 and
-0.23 V, representing the reduction of some species. The
current density spikes at around ~0.23 and +14 V
are assigned to the evolution of hydrogen and oxygen,
respectively.

Curve II in Fig, 3 displays the fifth cyclic voltam-
mogram scanned to an upper potential of + 1.4V, ie.
three scans after Curve 1 was recorded. In Curve II, the
magnitudes of the strong oxidation and reduction cur-
rent densities observed in Curve I have decreased and
the Pt—H,,, formation/oxidation peaks between — 0.23
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Fig. 3. Cyclic voittammmograms in 0.5 M H,S0, illustrating the cleaning of the Pt/GC electrode “GC2’ platinised as sliown by Curve 11 in Fig. 2.
Curve I shows the second CV scanning to a polential of + 1.4 VY, Curve Il shows the ffth CV, Curve 11T was performed after 50 similar CV scans
after resting in mQ water for 12 h, and shows thz cleaned PyGC. Scan rate: 0.05 ¥s— .

and + 0.1 V have become visible, Curve III in Fig. 3
shows a CV scan of the completely cleaned Pt/GC
electrode which was recorded after a further 50 scans
similar to those applied to produce Curve 11, the final
10 scans of which were performed the following day
after the electrode was rested overnight (~ 14 h) in
Milli-Q water. This curve exhibits the typical platinum
CV “fingerprint’ and ail of the hydrogen and oxygen
reactions on the platinum surface are clearly visible,

After continued cycling of this Pi/GC electrode, no
further increase in the platinum surface area was ob-
served on comparison with Curve III. Instead, during
this cycling procedure, the current density due to the
electrical double-layer charging on the electrode (Jy)
gradually increased along with anodic and cathodic
peaks at around + 0.35 V, representing the oxidation
and reduction of surface functionalities on the glassy
carbon.
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Fig. 4. Cyclic voltammograms in 0.5 M H,80, illustrating the cleaning of the Py/CB electrode “CB1” plasinised as shown by Curve 111 (inset} in
Fig. 2. Curve I shows the second CV scanning to a potential of + 1.2V, Curve II shows the second CV scanning to -+ 1.4 V, and Curve HI shows
the cleaned Pt/GC, afiet 25 similar CV scans. Curve IV (inset) illusirates another cleaned Pt/CB electrode platinised in the same way. Scan rate:
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Fig. 5. SEM image of the Pt/CB elecirode ‘CB1' as shown in Fig
determined by EDXS.

Similarly, a platinised CB based elecirode (Curve 111
in Fig. 2), was investigated and cycled in sulphuric acid
as shown in Fig. 4. Curve I in Fig. 4, scanned to + 1.2
V, displays negligible platinum redox behaviour. Only
the cathodic current densities at potentials less than 0 V
and the anodic current densities at potentials greater
than about + (.8 V suggest any platinum presence. In
the second CV scanned to + 1.4 V (Curve II), current
density peaks in the regions for hydrogen and oxygen
adsorption/desorption are visible. Curve {lI in Fig. 4
shows the cleaned Pt/CB electrode after 25 similar
scans. Continued cycling was again performed on this
electrode (cf. the PYGC electrode previously discussed)
but no further increase in the platinum surface area was
observed; the additional scans merely caused an in-

. 4 (Curves J-1II}, The highly dispersed, bright particles are platinum as

creased jy and large carbon oxidation and reduction
peaks at about <+ 0.35 and + 0.25 ¥V, respectively. The
Pt-0,4, reduction peak at + 0.4 V merges with the
reduction peak of the oxidised GC surface groups in
Curve 111. These separate cathodic peaks can be seen
with more clarity in a CV scan of another Pt/CB
electrode (Curve IV, inset to Fig. 4), which was pla-
tinised from H,PtS0;),0H solution in the same way.
The faster cleaning of the Pt/CB electrode compared
with that of the Pt/GC elecirode may be explained by
the fact of less time for the potentiostatic deposition
and possibly less time for the deposited platinum to be
poisoned in the case of the Pt/CB electrode.

Fig. 5 displays a typical SEM micrograph of the
cleaned Pt/CB electrode shown by Curve 1II in Fig. 4.

Table 1

Characleristics of the electrodes platinised from a 0.01 M H,Pt{S0,),0H 4-0.5 M H.S0, solution a1t —045 V

Electrode A jem? foafS Q./C Wiug A fem? R Stmt g-! dfum
GCl 0.071 720 0.008 8.0 0.022 0.31 0.28 1.0
GC2 0.071 4450 0.18 180 0.082 1.2 0.046 6.1
CBl 1.0 GO0 1.8 1870 6.2 6.2 0.33 0.85

A, geometric area of the electrodes; f,.y, time for potentiostatic reduction: ,, charge passed; W, platinum loading determined from the charge
transferred (assuming a 2 electron transfer per platinum atom deposited); A,, electrochemical surface area of the cleaned platinum determined
from the charge passed in oxidising a full monolayer of adsorbed hydrogen, Pt-H, 4, (assuming @, = 210 pCem~2); Ry, roughness factor of the
platinum deposits (i.e. the ratio of 4, to 4,); S, specific surface area (i.e. the ratio of 4, to W), d, estimate of the platinum particle diameter,
assuming homogeneously dispersed spherical deposits (20), from the equation, o = (6 10%)(Sp)~!, where p is the density of’ platinum, 214
gem—3,
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The bright particles throughout this image were confi-
mmed to be platinum by EDXS analysis. The average
platinum particle diameter is approximately 50 nm,
considerably larger than desired. However, it may be
possible to reduce this particle size under optimised
conditions, It is also possible that these particles ob-
served in the SEM micrograph are actually aggregates
of smaller platinum particles [19].

Table 1 shows the characteristics of the GC and CB
based electrodes which were platinised potentiostati-
cally from a H,Pt(SO,),0H solution at —0.45 V. As
one can observe in this table, the specific surface areas
(S) are quite low, and the estimates of the platinum
particle diameters (d) are very large. In fact, the esti-
mated platinum particle size for the CBI electrode is
around 20 times greater than the 50 nm approximate
size observed in the SEM image of Fig. 5. On compari-
son with the GC electrodes, the J estimates appear up
to two orders of magnitude greater than these particles
observed in the CB based electrode. Unfortunately,
SEM analysis was not possible with these platinised GC
electrodes since removirg such small deposits proved
impossible, and cutting the electrodes shattered the
surface of the GC. As discussed before, the deposition
charge, Q,, is thought to contain significant contribu-
tions from parasitic processes such as sulphite reduction
and hydrogen evolution, and this may account for the
large discrepancy. If an average platinum particle size
of 50 nm is assumed, then an S value of 5.6 m?g~!’
would be more representative of these electrodes. This
value is still relatively low compared to a commercially
available catalyst from E-TEK, Inc. [26].

On comparing the platinised GCl and GC2 elec-
trodes, the particle size does appear to increase with an
increase in the platinum loading, which suggests the
poisoning process may not completely prevent particle
growth (althcugh the calculation of d is dependent on
W wkich is unlikely to be accurate given the above
discussion). Indeed, from Fig. 5 some particle growth is
evident. The lower § value for the GC2 electrode
compared to GC1 is also uncertain, since one cannot be
sure how much of the deposition charge is from plat-
inum reduction. The platinum surface area (4,) of GC2
is not much larger than that of GCI. It is possible that
if the GC2 electrode was well platinised and poisoned,
and could therefore not facilitate further platinum re-
duction, then the remaining charge could have arisen
largely from other reactions such as hydrogen
evolution.

Attempts were made to deposit Pt at higher poten-
tials, including — 0.2, 0, +0.1 V, but even when the
voltage was applied for up to 1 h no evidence of
platinum was found after the subsequent potential cy-
cling of the electrodes. Since the platinum loadings
calculated from the j— transients are prong to overesti-

mation, the roughness factor provides more informa-
tion on the platinum deposits. The R, for a 20 wi%
Pt/C E-TEK catalyst was found in other work to be
325 [26] which is considerably greater than that of 6.2
for the CB1 electrode. The R; for the CB1 electrode
compares more favourably with the work of Gloaguen
et al. {20}, where platinum loadings into Nafion®bound
CB electrodes ranged between 3 and 39 pgem—2 with
roughness values between 1.9 and 5.9, respectively.

The gradual increase in the platinum surface area as
represented by the Pt—H,,, oxidation peak during the
scanning between - 0.23 and + 1.4 V appears to indi-
cate the activation of the platinum surface. In addition,
the strong anodic and cathodic currents in the regions
of +1.0 and +0.2 V, respectively, in Figs. 3 and 4
were observed to decrease with more potential cycling
and this also appears representative of the gradual
platinum cleaning. Similar oxidation and reduction cur-
rents have been observed with sulphide-poisoned plat-
inum electrodes in both H,SO, and H,PO, solutions
[32,33).

Hence, from the various phenomena observed
throughout this H,P1(80;),0H electrodeposition study
and, in particular, the unaltered onsci for reduction and
the required activation of the deposited platinum via
potential cycling, it would appear that a passivation
process is occurring on the platinum deposited from
H,Pt(S0;),OH solution. It is possible that the deposited
platinum may have retained some sulphite ligands or
adsorbed these after reduction. According to Eq. (2)
and at these low potentials, the adsorbed species is
likely to be sulphide. The effect of sulphite ions on both
smooth platinum and Pt/GC electrodes was investi-
gated in separate experiments using a 1 M NaHSO;
solution. Platinum poisoning was evident in the first
CV scans of each electrode by the complete lack of
hydrogen adsorption and oxidation peaks. The elec-
trodes remained poisoned after rinsing in Milli-Q water
and being transferred to sulphuric acid solution for
analysis. Again, the reduction of sulphite to sulphide is
likely to have occurred during these experiments in
NaHSO, solution where the electrodes were scanned to
- 0.23 V. Whilst cycling the poisoned electrodes in 0.5
M H.SO,, oxidation and reduction current densities
similar to those in Fig. 3, Curve Il were observed.
However, after 10 sweeps in the —-0.23 10 +12 V
range, the platinum surface had almost completeiy re-
covered as is observed from the restoration of the
typical platinum CV “fingerprint’. Similarly to the previ-
ous discussion, the additional anodic and cathodic cur-
rent is believed to correspond to the oxidative/reductive
removal of the adsorbed species which in this case is
either sulphite or sulphide ions.

The potentiodynamic cycling of the electrodes pla-
tinised from H,Pt(SO;),OH solution was found to be
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the most effective method for activation, compared
with either static potential approaches or heating the
platinised electrodes. A minor improvement was ob-
served in the Pt—-H,,, oxidation peak area after apply-
ing potentials of 4 1.0 or +1.2 V to the Pt/GC
electrode for 5-10 min. However, sweeping from -0.23
to +1.2V at 0.05 Vs~! for the same duration ap-
peared to clean platinum more rapidly. Potentiostatic
holds at —~0.2 or —0.3 V for the same time yielded
negligible improvement. Similar findings have been ob-
served in the work of Loucka [33] who attempted to
oxidise 2 poisoning sulphur species from platinum by
holding the electrode potential at 1.35 V for 10 min.
Loucka found that the sulphur was not completely
removed from the electrode even though the currents
for sulphur oxidation had fallen to zero and cycling was
required for complete platinum activation. Alternating
polarisation approaches have also been used to activaie
platinum, e.g. switching the potential of a platinum
electrode between +0.07 and + 1.27 V in presence of
sulphite ions [35). In addition, no effect was found in
this work from heating Pt/GC electrodes poisoned in
NaHSO; solution, even when they were heated for up
to 15 hin air at 100 °C.

Furthermore, cleaning was observed to occur more
rapidly when an upper potential of + 1.4 V was ased
whereby the maximum oxidation of the poisoning spe-
cies is attained in each cycle. The oxidation probably
proceeds via the formation of Pt-Q,,, where strong
anodic current densities are observed at potentials posi-
tive to +0.6 V (Curve T in Fig, 3). It is known that
sulphide adsorbs onte platinum and may be removed
by being initially oxidised to elemental sulphur followed
by further oxidation by oxygen evolution to SO;—,
$;0%-, and S,03— ions [31] or to SO~ and SO,
species [33]. The Pt electrode remains passivated due to
a thin oxide layer and must then be reduced. At high
surface coverages of adsorbed sulphur, it is necessary to
repeat these oxidation and reduction steps, i.e. to cycle
the electrode potential in order to remove all of the
poisoning species completely.

Faster scanning rates, e.g. 0.5 Vs~', were found to
enhance slightly the cleaning time (i.c. the time of
cycling required until clean platinurs deposits were
obtained) of the platinised electrodes. However, scan-
ning at rates faster than 0.5 Vs~' or to potentials
greater than + 1.4 V was avoided since this resulted in
an apparent loss in the platinum surface area, ie. a
decrease in the Pt~-H,, oxidation peak area. In the
work of Loucka {33] the rate of potential scanning was
found to have no effect on the cleaning of sulphide-poi-
soned platinum, where scanning rates were varied be-
tween 6.7x10-% Vs—! and 36 Vs—'. Cwling to
potentials negative to — 0.3 V was also avoided in this
work since this merely resulted in a large amount of
evolved hydrogen and negligible improvement in acti-

vating the platinurn deposits. It should also be noted
that these activated Pt/GC and Pt/CB electrodes were
analysed again a day later and several weeks later after
resting in Milli-Q water and the final platinum surface
area was reproducible, Any faceting or roughening
caused by the electrochemical cycliag is therefore dis-
counted and the increase in platinum surface area is
believed to be wholly due to the cleaning process.

4. Conclusions

The potentiodynamic sweeping of platinum elec-
trodes between the hydrogen and oxygen evolution
potentials is a standard electrochemical procedure [28)
and provides a clean, reproducible platinum surface. In
this work, however, a greater number of potential
sweeps were required in order to obtain a reproducible
platinum surface. It is believed that this resulted from a
poisoning species (possibly sulphide or sulphite} which
was gradually removed via the cycling regime,

During the electroreduction of H;Pt(S0,),0H, the
poisoning effect may prove beneficial in limiting plat-
inum particle growth, and could result in the deposition
of very small, dispersed particles. This poisoning effect
is being investigated further by surface techniques such
as X-ray photoelectron spectroscopy. In addition, the
electrodeposition of the meta-stable platinum oxide col-
loid [9] is currently being attempted and the selective
deposition of small particles preferably less than 2 nm
at the three-phase reaction zones may yield improve-
ments in platinum utilisation.

This potentiodynamic cycling procedure for activat-
ing platinum may also be used to reactivate fuel cell
electrodes poisoned by impurities in gas streams. The
platinum may be poisoned by sulphur impurities such
as H,S in hydrogen produced from reformed fossil fuels
or, in the case of the direct methanol fuej cell (DMFC)
platinum may be poisoned by sulphur impurities in the
methanol supply. The preferred nse of ‘logistics’ fuels
such as diese! by the defence force also encounters the
issue of platinum deactivation via adsorbed sulphides
and it is possible that an electrochemical cycling proce-
dure, similar to that used in this work and elsewhere
{32,33], could be useful to reactivate fuel cell electrodes
in the field.
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Appendix B

Air Pollution Sources, Health Effects and

Possible Control Measures

Prevention and

fuel,

Poltutant Sources Effects Control
Reduce motor vehicle
reactive organic gas
Formed hen, (R00) andsirogen
gases (ROG) and oxide CIISSIOns
nitrogen oxides through emissions
react in the standards,
presence of . }'eformi:llated fuels,
sunlight. ROG B.reatingg inspections programs,
sources include d.lfﬁcultles, lung and rqdl{ced vehicle
Ozone (0y) any source that :cin,sue damage, use. L.lm]t ROG
burns fuels (.5, amage to emissions from
gasoline, natural rubber and commercial
gas woc:d oil); some plastics.  operations and
solvents: TS consumer products.
petrol eu’m Limit ROG and NO,
processing and EMISSIONS from
storage; and industrial sources
pestici de s such as power plants
and refineries.
Conserve energy
Road dust,
windblown dust,
agriculture and Increased Control dust sources,
construction, respiratory industrial particulate
| Respirable fireplaces. Also disease, lung emisgions, wood
Particulate Matter formed from qﬂler damage, cancer, burning stoves and
(PM,0) pollutants (acid premature fireplaces. Reduce
10, rain, NOy, SO, death, reduced  secondary pollutants
organics). visibility, which react to form
Incomplete surface soiling,  PM,o. Conserve energy
combustion of any




Fuel combustion

Reduce combustion

in motor vehicles, In emissions from motor
equipment, and re:rt_aas;es vehicles, equipment,
industrial sources; 5oob 20 ,  industries, and
Fine Particulate res‘%ﬁil;?aland damage, cancer, agt}gultl};f End .
Matter (PM.. ;) %gl'l . premature residential burning.
urning. Also death: reduced ~ Frecursor controls,
formed from \ﬁsibifity- like those for ozone,
reaction of other surface soili reduce fine particle
pollutants (acid aceSOLIE.  formation in the
rain, NOy, SOx, atmosphere.
organics).
Any source that
burns fuel such as
automobiles, . . Control motor vehicle
trucks, heavy  COGSUPAIID g i gugtyia]
Carbon Monoxide construction hea dapc;es *  emissions. Use
(CO) equipment and reduced mental oxygenated gasoline
farming aleriness during winter months.
equipment, Conserve energy.
residential
heating,
Lung irritation Control motor vehicle
and damage. and industrial
Nitrogen Dioxide  See Carbon Reacts in the bust
(NO2) Monoxide atmosphere to combus onc
form ozone and emgssmns. onserve
acid rain Energy-
Metal smelters, . Control metal
resource recovery, dm?ées smelters, No lead in
Lead leaded gasoline, brain and ’ gasoline. Replace
deterioration of kirgm aré leaded paint with non-
lead paint ey damage  1ead substitutes.
Increases lung
disease and .
Coal or oil burning breathing 53}1;':?“?1? ase Ofllsl;gh
Sulfir Dioxide power plantsand  problems for low sulfer &
(50.) llldUStI:leS, . asthma]lcs. reformulated diesel or
refineries, diesel Reacts in the natural gas). Conserve
engines atmosphere to a gas).

form acid rain.

energy.
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Reduces
visibility ( e.g-,
oy ope bscures
Visibility o .
Reducing See PM. 4 mountainsand o PM2g
Particles other scenery),
reduced airport
safety, lower
real estate value
Produced by the Breathing
reaction in the air  difficulties,
of SO, ( see SO, aggravates
Sulfates sources), a asthma, See SO,
component of acid reduced
rain visibility
gzitigg?ggdor Control emissions
Geothermal power smell), gg&fﬁgﬁmﬂ
Hydrogen Sulfide glgaﬁ’:gg ggfgm 1];52;13;1;; and pei&rol%ﬁa production
. : . and refining, sewers,
refining, sewer gas ((iﬁlfgﬁgiues sewage treatment
concentrations) plants

Table B.1 Air pollution sources, health effects and possible control measures. Taken
from the California Air Resources Board URL [CARB, 2003].

AT

31

7
5
.



Appendix C

PEMFC-Powered Prototype EVs

DaimlerChrysler

DaimlerChrysler unveiled the first fuel cell-powered modern vehicle in 1994. The
prototype NECAR1 (New Electric Car) was essentially a large on-board laboratory
(with ~ 800 kg of energy producing components) contained within a Mercedes-Benz
transporter. Two years later, the NECAR2 prototype was demonstrated. A 50 kW
PEMFC operating on H. powered this 6-seater Mercedes-Benz V-class vehicle. It
achieved a top speed of 110 km h and a driving range of 250 km (approximately
equivalent to the range of a typical battery-powered EV). In 1997 the NEBUS (New
Electric Bus) was demonstrated in small bus fleets. By the time the NECAR4
prototype (successor to the NECAR2) was completed in 1999, the fuel cell drive
system had been sufficiently compacted to enable locating it in the floor of the
Mercedes-Benz A-class vehicle. The NECAR4 EV operated on liquid hydrogen,
achieved a top speed of 145 km h, a range of 450 km and could accommodate up to
5 passengers [DaimlerChrysler URL]. In terms of aor:eleration,l the NECAR4 could
achieve a speed of 56 km h in 6 seconds from a stationary position [Koch, 1699].
However, the cost of the NECAR4 was estimated at more than US$ 100000 in 1999
[Koch, 1999].

To enable fuel versatility, DaimlerChrysler also demonstrated a methanol-powered
fuel cell EV, the NECAR3, in 1997. Methanol was reformed on-board to H, for
PEMFC operation. Only 2 passengers could fit in the A-class vehicle due to the
volume consumed by the 50 kW PEMFC system and large reformer, however it
could travel about 400km and achieved a top speed of 120 kin h, The NECARs5
presented in November 2000 was the technological successor to the NECAR3. In
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this modified EV, the methaxnol reformer was located beneath the car along with the
PEMFC stack and electric drive system, allowing a smaller vehicle, The NECAR5
recently established a long-distance driving record of 5250 km for a fuel cell-
powered vehicle. It was driven across the USA in 2002, from San Francisco to
Washington, passing through snowy mountainous terrain over 2600 m in elevation,
as well as through normal city traffic.

Toyota

Toyota has been involved in hybrid-PEMFC development since 1992, In 1997,
Toyota unveiled their FCHV (fuel cell hybrid vehicle) in a RAV4 model ‘SUV’ (sports
utility vehicle). Similar to DaimlerChrysler's NECAR3 (also demonstrated in 1997),
the PEMFC stack operated on hydrogen reformed from mmethanol on-board the
FCHYV [Kreith et al., 1999)]. The latest FCHV prototype consists of a 90 kW Taoyota-
developed PEMFC stack combined with a 109 hp electric motor in the RAV4 SUV.
The PEMFC operates on hydrogen stored on board in four tanks (stored at 350 bar).
The FCHV has a driving range of almost 300 km, a top speed of over 150 km h and
achieves 100 km per gallon petrol equivalent.

It is interesting that the newer PEMFC EV prototypes from both Toyota and
DaimlerChrysler are fueled by hydrogen stored on-board, after both companies
successfully displayed methanol reformate-fueled EVs in 1997 [Kreith et al., 1999].
This is possibly because EVs operating on methanol reformate are not classified as
ZEVs, or possibly because of the lower fuel conversion efficiencies of such cells
combined with a reformer- ca. 27% (cf. ~17% for the internal combustion engine)
[ibid.].
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Honda

Honda started fuel cell research in 1989 and have developed the FXC fuel cell-hybrid
prototype. The FXC is a 4-seating EV with a 78 kW PEMFC stack and an 80 hp
electric motor. The FXC also uses an ultracapacitor to store regenerative power?.
The PEMFC operates on hydrogen (3.75 kg of H. stored at 35¢ bar), which
apparently has a refueling time of only 3-5 min. The vehicle can achieve a top speed
of 150 km h and a range of 270 km. Honda also set up a solar-powered hydrogen
refueling station at their Torrance, California headquarters in August 200i.

DaimlerChrysler, Toyota and Honda have all announced trials for small fleets of
their ‘market ready’ EVs for testing under normal driving conditions around the
world. In November 2002, DaimlerChrysler announced plans for testing 60 hybrid
fuel cell cars for in the US, Europe, Japan and Singapore [Hydrogen Fuel Cell
Letter, 2002]. On the 2 December 2002, both Toyota and Honda presented
PEMFC-hybrid vehicles to the University of California (two of six EVs) and the Los
Angeles City Hall (the first of five EVs), respectively [ibid.].

Ford

In August 1999, the Ford Motor Company opened the first hydrogen filling station in
North America, in Dearborn, Michigan. The station reportedly cost $1.5 million
[Garsten, 1999). The hydrogen station is for refueling Ford’s P2000 and FCV
prototype fuel cell cars. The Focus FCV has a Ballard 900 series stack and a driving
range of 160 km. The Ford Metor Company is committed to a limited production of
FCV vehicles by 2004.

!ie.the power lost during breaking, around 50% of which may be harnessed on-board by an electric
motor. Most EVs are expected to make use of this energy-saving functionality.
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Ford have been developing their P200o vehicle, having three prototypes- two
hybrids (powered by a conventional engine and with batteries) and one PEMFC
powered EV. The LSR hybrid is reportedly 40% lighter than the average mid-sized
family sedan, and has a fuel efficiency of more than 60 miles to the gallon (using a
small high-power battery to store additional energy); the PTH hybrid has more on-
board batteries, making it heavier, but enabling an increase of 10% in fuel efficiency.
The third alternative version of the P2000 incorporates a hydrogen-fueled PEMFEC.
The fuel cell-powered P2000 has a maximum speed of over 128 ki h and a driving
range of around 160 km, powered by a Ballard Mark 700 series PEMFC stack [Ford
URL].

>eneral Motors

The Hy-Wire concept vehicle from GM is a further evolution of the Autonomy
design, in a 5-seater sedan. An eleven-inch aluminium chassis is reported io contain
the compressed hydrogen, PEMFC stack and all technical components. This
‘skateboard’like chassis will provide a low center of gravity and is believed to allow
for large ‘economies of scale’, since 2 to 3 basic platforms can be used for the whole

range of General Motors vehicles [Hydrogen Fuel Cell Letter, 2002].

The Hy-Wire is powered by a 94 kW PEMFC stack, situated near the radiator at the
rear of the vehicle. The fuel cell operates an electric motor that drives the front
wheels (future expectations include ‘hubmotors’ on each wheel, possibly enabling 4-
wheel steering). The EV achieves a 100 km range at present, on 3 hydrogen tanks
(at 350 bar; 700 bar tanks are currently under consideration). Refueling takes 5
min. The same fuel cell system achieved 160 km h- in the Zafira-based HydroGen 3
in 2001 [Hydrogen Fuel Cell Letter, 2002].
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