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Preface

Fuel cell energy generation is one of the fundamental electrochemical discoveries
of the nineteenth century (William Grove 1839), which became a technology
reality at the middle of the twentieth century mainly due to the development of
alkaline fuel cells for the aerospace industry. All the fuel cells developed during the
last century, from the low-temperature proton exchange membrane (PEM) fuel
cells to the high-temperature solid oxide fuel cells, are fueled with hydrogen,
although the high-temperature fuel cells can electrooxidize hydrocarbons, such as
methane.

Low-temperature PEM fuel cells have reached a certain degree of maturity, and
they are nowadays commercialized for some specific applications and are thought
to compete with advanced batteries for powering future electric vehicles. One of the
major drawbacks in the massive utilization of PEM fuel cells is associated with the
storage and distribution of hydrogen, both as compressed gas and as a liquid at very
low temperatures. The use of hydrogen-containing room-temperature liquids is an
interesting alternative that has been proposed since long ago, alcohols being the
best candidates to replace hydrogen due to their availability and low cost. However,
the electrooxidation of the simplest alcohol, methanol, in a PEM fuel cell is still far
from the electrochemical efficiency obtained with hydrogen. Thus, the direct
methanol fuel cells technology is still in its early development stage, and the use
of higher alcohols, such as ethanol or glycerol, is restricted to laboratory prototypes.

Several books and book chapters dealing with components of direct methanol
fuel cells, mainly electrocatalysts and membranes, have been written during the last
decade, some of them providing excellent revisions of the state of the art of the
research and technology in the area. This book intends to cover a gap existing in the
fuel cell literature, including not only the new electrocatalyst and ionomeric
membranes developed in the last 5 years for direct methanol fuel cells, but
extending the survey to materials for fuel cells fed with higher alcohols. We include
recently developed anodic electrocatalysts for alcohol oxidation, alcohol- and
CO-tolerant cathodes, and low alcohol permeability membranes, along with other
relevant components of direct alcohol fuel cells, such as catalyst supports, gas
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diffusion layers, and bipolar plates with flow fields adapted to the two-phase fluid
dynamics present in a direct alcohol fuel cell.

In the first chapter, we introduce the concept of methanol economy, as an
alternative to the most popular but still elusive hydrogen economy, and we also
provide a brief historical description of fundamental research on electrochemical
oxidation of methanol and the development of the first alkaline direct methanol fuel
cells more than 60 years ago. The operating principles of PEM and alkaline direct
alcohol fuel cells are analyzed, as well as their components, configuration, and
operation modes, with a final remark on the state of the art of the technology.

The second chapter is dedicated to analyzing the mechanism of methanol
electroxidation on platinum, bi- and tri-metallic platinum materials, with a special
emphasis on the effect of CO and formic acid oxidation on these electrocatalysts.

The electroxidation mechanism of ethanol and ethylene glycol is discussed in
Chap. 3, along with an analysis of the use of these alcohols in fuel cells, and the
search for tolerant cathodes. Chapter 4 is devoted to the electroxidation of 3-carbon
alcohols (mainly glycerol), including fundamental studies and a comparison of
direct glycerol fuel cells with hydrogen and direct ethanol fuel cells. The recent
developments of platinum and non-platinum-based catalysts as methanol- and
ethanol-tolerant oxygen reduction catalysts for direct alcohol fuel cells are
described in Chap. 5.

Chapter 6 deals with the description of different membranes used in direct
alcohol fuel cells. Firstly, the properties of Nafion and its inorganic and organic
composites are analyzed, focused on the proton conductivity and alcohol perme-
ability, which determine the alcohol selectivity of the modified Nafion membranes.
Then, a number of alternative non-fluorinated proton conducting membranes,
including sulfonated polyimides, poly(arylene ether)s, polysulfones, poly(vinyl
alcohol), polystyrenes, and acid-doped polybenzimidazoles, are described in rela-
tion to their selectivity in comparison to Nafion. The chapter includes a compre-
hensive summary of the relative selectivity of these membranes and their
performance in direct alcohol fuel cells. Anion exchange membranes for alkaline
direct alcohol fuel cells are also reviewed.

The analysis of carbon materials used as catalyst support, gas diffusion layer,
and current collector and bipolar plates is performed in Chap. 7. A number of
carbon materials including carbon blacks, nanotubes, nanofibers, and structured
porous carbon materials are analyzed and compared as catalyst support in direct
methanol fuel cells. Commercial and non-commercial gas diffusion layers are
described along with the role of the mesoporous layer on the fuel cell performance.
Finally, synthetic graphite and carbon composites used as current collector and
bipolar plates are discussed, focusing on their mechanical and electrical properties
and production costs.

The physical modeling for fundamental understanding, diagnostics, and design
of new materials and operation conditions of direct alcohol fuel cells is addressed in
Chap. 8. The modeling of mechanisms and processes at atomistic and single-cell
levels is critically reviewed, as well as the theoretical challenges. A multiscale
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model developed by the author is described, and a possible extension to direct
alcohol fuel cells is discussed.

Last but not least, fundamental issues for the deployment of direct alcohol fuel
cells—application niches, costs, and durability—are introduced in Chap. 9. The
major drawbacks for commercialization, such as miniaturization, product balance,
cost reduction, and lifetime extension, are addressed.

It is our expectation that this book will provide updated information on the direct
alcohol fuel cell principles, materials, and performance for students,
electrochemists, chemical engineers, and material scientists, as well as public
interested in cleaner energy sources.

A major contribution of this book has been to collect the results of many
experimental studies cited in more than 1,400 references, and partially reflected
in 140 figures selected. We salute all the researchers who have contributed to the
advancement of our knowledge in this field of fuel cell science and technology.

We would like to express our gratitude to Springer for inviting us to lead this
book project, particularly to Sonia Ojo and Karin de Bie for their support and
guidance in the preparation and editing phases. Finally, it is a great pleasure to
thank all the young coauthors that have enthusiastically contributed in seven
chapters of the book, providing their reliable expertise and critical views. H.R.C
dedicates this book to Catalina and Martin, his grandchildren born this year, who
hopefully will grow up in a more sustainable world.

Buenos Aires, Argentina Horacio R. Corti
Sao Carlos, Sao Paulo, Brazil Ernesto R. Gonzalez
August 2013
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Chapter 1
Introduction to Direct Alcohol Fuel Cells

Horacio R. Corti and Ernesto R. Gonzalez

Abstract Fuel cells are strongly linked to renewable energies, particularly to the
so-called “Hydrogen Economy”. For decades the development of fuel cells able to
convert hydrogen and oxygen in electrical energy with water as unique byproduct
has motivated huge activity in fundamental and applied electrochemistry.

In this chapter we introduce the concept of methanol economy and discuss its
status and perspectives. To be a reality the methanol and other alcohol economies
depend on the development of alcohol feed fuel cells, whose components, operation
modes and general performance are analyzed.

1.1 World Energy Consumption: Current Status
and Tendencies

The Stone Age did not end for lack of stone, and the oil age
will end long before the world runs out of oil.
Sheikh Ahmed Yamani (former Saudi Arabia’s Oil Minister)

The world energy consumption at the beginning of this decade was 12 billion
tonnes of oil equivalent (toe),' and 87 % is generated by burning fossil fuels (oil
33.7 %, natural gas 23.6 % and coal 29.7 %) [1], which are non-renewable and
increase the CO, content of the atmosphere, considered as the major man-made

"Toe is defined as the amount of energy released when one tonne of crude oil is burned. It is
equivalent to 41.87 GJ or 11.63 MWh.
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Fig. 1.1 Power demand in billions toe by region (left), primary use (middle), and fuel (right)
(Adapted from Ref. [2])

cause of global warming. Nuclear and hydro contributed with almost 12 %, while
renewable accounted for only 1.3 % of the energy global demand. Certainly, there
are countries with an energy matrix having a significant lower dependence of fossil
fuel, like France with more than 80 % nuclear or Brazil with 35 % hydro.

Around a half of the world energy demand corresponds to developed countries
that originally signed the Convention on the Organisation for Economic
Cooperation and Development (OECD), including United States, Canada, Japan
and European Community. An important fraction of the other half is consumed by
Russia and the fast-developing countries; particularly China and India, being coal,
the worst fossil fuel in terms of CO, emissions, and the most vastly employed in
these highly populated regions.

An important fraction, close to 40 % of the fuel resources is used for power
generation, while industry and transport demand around 30 % and 20 %, respec-
tively [1, 2]. Projections of energy demands for the next decades is a subject that
concerns oil-related industries [2—4], governments and energy planners. British
Petroleum projections till 2030 [2] are summarized in Fig. 1.1, where the growth
in energy demand is basically modulated by the growth of the population and gross
domestic product (GDP), mainly due to the contribution of the non-OECD
countries. By 2030, 1.3 billion more people will need energy; and the world income
is expected to roughly double the 2011 level.

The raise of fossil fuel prices to record levels in real terms over the past decade
inevitably lead to supply responses, by development and deployment of new
technologies across a range of energy sources. Thus, the “shale revolution”, first
for gas and then for oil, will allow account for almost a fifth of the increase in global
energy supply to 2030 [2]. Simultaneously, high prices for fossil fuels will also
support the expansion of biomass renewable energy supply, accounting for 17 % of
the increase in global energy supply by 2030. Hydro and nuclear together will
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contribute for another 17 % of the growth. Nevertheless, conventional fossil fuel
supplies are still required to satisfy expanding energy demand, providing almost
half the growth in energy supply till 2030. It is worth remarking that energy demand
would increase almost three times if the projections had not taken into consider-
ation a declining of the energy intensity (the amount of energy consumed per unit of
GDP), probably in response to the statement by Serge Latouche? that “anyone who
thinks that infinite growth is consistent with a finite planet is either crazy, or an
economist”.

The projections till 2050 [3] show a decline in the use of oil and gas after 2030,
compensated by a large contribution from coal, biomass and renewables. It is
expected that by 2050 the global coal industry be two and a half times as large as
in 2000. But intensive coal use by USA, China and India in the next decades could
face restrictions due to environmental pressure groups, which are very active in
developed countries and protest’s pockets started to be visible in China, the main
user of coal in the world and, consequently, the major emissor of CO,.

The increasing use of biofuels to follow demand growth is not free of problems.
First-generation of biofuels compete with food production, driving up world market
prices, especially in those countries that use maize as a staple [3]. The demand of
biofuels by developed countries indirectly encouraged poorer nations to destroy large
areas of rainforests and habitats in order to grow palm oil and sugar cane. Moreover,
the potential benefits of the use of biofuels on the environment is compensated because
these land use produce significant releases of CO, stored in the soils, and because the
extra N,O entering the atmosphere as a result of using N-fertilizers to produce crops
for biofuels. As a source for NO,, N,O plays a major role in stratospheric ozone
chemistry (296 times more greenhouse effect than CO,). Crutzen et al. [5] have
concluded that the use of N-fertilizers to grow crops for the production of biofuels
could exacerbate the already huge challenge of getting global warming under control.

A second generation of biofuels, produced from the woody parts of plants,
including waste products such as stalks and leaves from plants grown for food
production, could help to avoid partially the above-mentioned problems and it is
estimated that this second generation of biofuels contribution will surpass the first
generation beyond 2030 [3].

1.2 Methanol Versus Hydrogen Economy

Hydrogen is thought as the fuel of the future. Although it is the most abundant
element in cosmos, it is not available in Earth in its stable elementary form, H,.
That means one have to spend energy to obtain it from water or fossil fuels.

The way we produce H, determines if it is “green” or “black” hydrogen. Green
hydrogen refers to that obtained from renewable energy sources, like wind or solar,

2 French economist and sociologist born in 1940, author of “Degrowth Economics”.
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by splitting water in its components. Black hydrogen, on the other hand, is that
obtained from hydrogen-containing hydrocarbons or biomass by chemical reactions
(reforming). Nowadays reforming of natural gas is the less expensive and preferred
method to produce molecular hydrogen.

Therefore, a really zero-emission hydrogen economy would be true once the cost
of splitting water in electrolysers could compete with the actual reforming pro-
cesses. Obviously, the economical balance will depend not only on technical issues
such as increasing the efficiency of photovoltaic conversors or wind-power
generators, and developing new water electrolysis technologies, but on political
and environmental factors.

With this in mind a “methanol economy” has been proposed by Olah and
coworkers [6] as an alternative, or a previous step, to a future “hydrogen economy”.
Methanol (CH50H), is the simplest, safest, and easiest way to store and transport
hydrogen as a liquid hydrocarbon. It is prepared almost exclusively from a mixture
of CO and H, (syn-gas) resulting from the incomplete combustion of natural gas or
coal. Methanol economy involves not only the use of methanol as a fuel and
gasoline additive, but also its conversion to synthetic hydrocarbons and their
products and materials, which are essential part of our life [6].

In fact, the use of methanol as additive for gasoline has attracted interest over a
number of years during times of critical shortage. However, much more attention is
paid to the use of ethanol obtained from corn and sugar cane which, for instance,
satisfy a small part of the transportation fuel requirements in United States and
Brazil. The fundamental difference between the production of bioethanol and
biomethanol is that the latter does not rely on agriculture or on diminishing fossil
fuels [6].

As quoted by Carl Winter [7]: technologies compete not fuels!. In relation to
methanol economy, the associated technologies are: (1) new and more efficient
ways of producing methanol, such as the oxidative conversion of natural gas, or the
hydrogenative recycling of CO, to methanol from industrial exhausts (including
power plants) or even from the air itself; (2) use of methanol in a new generation
of direct methanol fuel cells (DMFC) (mainly for transportation); (3) the use of
methanol as the raw material for producing synthetic hydrocarbons and their products.

The production of methanol by recycling excess CO, (from fossil power plants
or atmospheric) will contribute to mitigate global warming due to the greenhouse
effect.

The price of methanol produced from syn-gas is shown in Fig. 1.2. The peaks
observed in 2009-2010 are attributed to the global financial crisis. Increasing
methanol worldwide demand during the last years (55 million metric tons in
2011) determines the averaged raise in price.

The use of methanol or ethanol as fuels started with the replacement of steam
engines for farm machinery and train locomotives and, at the end of the nineteenth
century, alcohols were used in internal combustion engines (ICE). During the first
decade of the twentieth century, alcohols lost the race against gasoline-powered
automobiles, even when they released less contaminants, a fact that deserved not
concern at that time. The main reason for that was economic: alcohols could not
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Fig. 1.2 Evolution of the methanol price during the last 12 years (Source: Methanex)

compete with gasoline, especially in U.S., where its price was much lower since it
was obtained from the abundant reserves of oil.

Despite the energy density of methanol is half than that of gasoline, it has a
higher octane rating and its mixture with air can be compressed to a smaller volume
before ignition. As a result methanol as a fuel for ICE is more efficient than
gasoline. Methanol higher heat of vaporization, along with a faster and more
complete combustion in an ICE, as compared to gasoline, compensates in part its
lower energy density.

Regarding the use of methanol as a fuel for transportation in DMFC, it could
have the same driving distance as gasoline in an ICE because the fuel cell works
with an efficiency that is twice that of the ICE or diesel engine [8].

Plausibly and perspectively, during twenty-first century will take place the
transition toward the “second solar civilization”.® The first civilization, when
mankind used exclusively renewable energies, end at the beginning of the industrial
revolution. During the second solar civilization, starting this century, mankind
would benefit from efficient and sustainable energies, employing all sort of solar-
based renewable technologies. Probably there will be no silver bullets in terms of
fuels or energy technologies, but a combination of new technologies currently
under development (including fuel cells).

3 This concept was introduced in 1975 by M. K. Hubbert, who claims that the fossil era (coal, oil,
gas) is just a “blink of eyes between the first and second solar civilizations”.
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1.3 Fuel Cells Technology

Fuel cell technology is one of the key issues for the development of hydrogen or
methanol economies, as claim several authors [6, 7]. While fuel cell is a nineteenth
century invention by William Grove (1839), its evolution toward a technology
starts in the twentieth century.

Alkaline fuel cells (AFC) using aqueous KOH as electrolyte were the first type
of fuel cells with practical applications at the beginning of the last century [9] but
the formation of carbonate in the liquid electrolyte due to the CO, contamination in
the oxidant gas stream has limited its application to systems running with pure
oxygen, such as the fuel cells used by the NASA in the 1960’ Apollo space
program, and currently used in the shuttle missions [10].

Other types of cells emerged also in the past century, classified mainly for the
electrolyte used to conduct current inside the cell. Phosphoric acid fuel cells
(PAFC), which operate at about 200 °C, reached its technology maturity at the
end of twentieth century but the cost per kW is higher than the target expected by
the developers, so its applications are restricted to the military sector in units of
200 kW. Higher temperature fuel cells using molten carbonates (MCFC) and solid
oxide (SOFC) electrolytes are attractive for stationary uses because they could use
low purity hydrogen as a fuel (CO is a reactant in these cell, not a catalyst poison)
and the waste heat can be used for cogeneration, yielding higher efficiencies.

Proton exchange membrane fuel cells (PEMFC) are low temperature fuel cells,
operating at temperatures below 100°C, being Nafion the sulfonated perfluo-
polymer commonly used as electrolyte. The development of low temperature fuel
cells (AFC and PEMFC) showed periods of exponential growth, measured in terms
of publications, as described by Lamy et al. [8]. The space era, during the 1960s,
marked the maturity of the AFC technology, while the energy era, stimulated by the
energy crisis in 1973, was the starting of the PEMFC technology. Then it follows
the military era in 1980s and 1990s, where the drop in the oil price shifted the
interest of PEMFC applied research toward specific military applications. Finally at
the early 1990s the incentives for fuel cells were triggered by the need to reduce
environmental pollution.

1.4 Research History of the DMFCs

Miiller reported the first detailed studies of the electrochemical oxidation of methanol
and other organic compounds at platinum anodes in aqueous alkaline electrolytes in
1922 [11]. Some years later Tanaka [12] extended these studies for methanol
electroxidation on Pt, Pd, Rh, and Au in a sodium hydroxide electrolyte. Based on
these studies Kordesch and Marko [13] first recognized in 1951 the possibility of
building an alkaline DMFC, as that schematized in Fig. 1.3, whose major trouble was
that the cross-leakage of the methanol to the air cathode damages the noble metal
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Fig. 1.3 Left: Scheme of the first alkaline DMFC built by Kordesch and Marko showing Can (—)
(1), Pt-fuel electrode (2), Screen (3), Pt-cat. Carbon Tube (4), Separator (5), CH;0H + KOH (6),
Filler (7), Metal Cap (+) (8). Right: part of a 60-W methanol-air battery with cylindrical air
diffusion electrodes built by Brown Boveri (Reproduced from Refs. [13] and [18] with permission

catalysts. Several prototypes of alkaline DMFC were reported during the 1950s,
using porous nickel [14], platinized porous carbon impregnated with Ag-Co-Al
mixed oxides [15] anodes, yielding maximum power below 3 mW.cm 2. The first
methanol-fed PEM fuel cell was that reported by Hunger [16] with MEAs built by
pressing porous catalysts on an anionic exchange membrane.

During the 1960s, alkaline DMFC were built with powers in the range of
60-750 W [17-19]. Vielstich [17] reported some laboratory cells fed with 10N
KOH + 4.5 M methanol using Pt as anodic catalyst and polyethylene
hydrophobized active carbon electrodes as cathode. It was the base of the alkaline
DMEFC built by Brown Boveri at Switzerland. The 6 V-10 A cell (Fig. 1.3), that
powered a flashing sea buoy, contained ten cylindrical cells, each cell had 18 pairs
of electrodes connected in parallel [18]. Murray and Grimes [19] at Allis-Chambers
built a 40-cell DMFC stack having nickel sheet anode coated with a Pt-Pd catalyst
and a porous nickel cathode impregnated with Ag, and it was fed with 5 M KOH.
The cell deliver a maximum power of 750 W at 9 V and 83 A. Exxon-Alsthom in
France developed alkaline and buffer electrolyte DMFC technology during the
1960s, but the problems associated with carbonation of the electrolyte, due to the
complete methanol oxidation to CO,, forced to pulled out the research in the late
1970s [20, 21].

Pioneering studies of the methanol oxidation reaction (MOR) were conducted
under acidic conditions since the late 1960s and 1970s probing that the kinetics of
the MOR is slower in acid media compared with the alkaline electrolyte [21]. Cathro
[22] studied bimetallic Pt-Sn catalyst, while Janssen and Moolhuysen [23]
recognized Sn and Ru ad-atoms on Pt as promising anodic catalyst for DMFC.
Finally, Watanabe and Motoo [24] showed that Pt-Ru solid alloys were the catalysts
with larger potentialities.
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Shell Research Centre (England) and Hitachi Research Laboratories (Japan)
developed DMFC with concentrated sulfuric acid in the late 1950s and early
1980s, respectively. The interest of Shell in methanol fuel cells was focused on
its application to road transportation [20], and the first approach was to use new thin
electrodes in alkaline media and then they operated a 5 kW stack which run with
hydrogen generated by methanol reforming. In the 1960s Shell researchers realized
that direct oxidation of methanol in sulfuric acid would be a better option and
discovered that Pt-Ru electrodes were much more active than pure Pt. By using high
Pt loading (10 mg.cm ™) they were able to construct in 1963 a 300 W stack having a
quite low performance and an excessive cost per kW.

During the 1970s the efforts of Shell were devoted to reduce costs by increasing
catalysts efficiency. Thus, improved electrodes were developed, two orders of
magnitude more active, reaching maximum power densities of 25 mW.cm 2.
Hitachi built larger stacks, up to 5 kW, with similar maximum power densities. In
1981, after the oil industry recovered from the 1973 crisis, Shell abandoned the
development of DMFC because the drop of the oil prices moved the costs target for
DMFC even further.

Other acid DMFC systems have been investigated during the late 1970s and
early 1980s for different applications, such as military communication systems
(US Army) and electric wheelchairs (Royal Institute of Technology, Stockholm),
and golf carts driven by DMFC in conjunction with lead acid batteries (Hitachi,
Japan) [25].

After that, advances in DMFC mostly hibernated until 1992, when DuPont’s
Nafion™ solid polymer electrolyte membrane was found to be an excellent proton
conducting media [26]. Thus, in 1994, a collaborative work involving the Jet
Propulsion Laboratory, University of Southern California, and Giner Inc.,
demonstrated a Nafion-based DMFC [27], which could deliver power outputs up
to 150 mW.cm™* at 90 °C.

The aim of this book is to discuss the development, characterization, fuel cell
performance, and applications of the PEM direct methanol fuel cells. Regarding the
last issue, the lower power density and higher costs of DMFCs compared to
conventional hydrogen-feed PEM fuel cells, have reoriented their short-term
applications towards portable electronics.

The change of paradigm due to the development of efficient proton-exchange
membranes is well documented by the exponential increases in the number of
publications related to DMFC and other others alcohols since 1994, as illustrated
in Fig. 1.4.

The growth of interest in DMFC and DEFC seems to have reached a steady state
during the last years; with almost a factor 5 more works on methanol respect to
ethanol. It can be also observed an incipient interest for ethylene glycol and
propanol as a direct fuel in PEM fuel cell since 2000, and a small but raising
number of studies exploring glycerol as a new liquid fuel since 5 years ago.
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Fig. 1.4 Number of publications on DAFC according to Scopus database. From bottom to
top: methanol (gray), ethanol (dark gray), ethylene glycol (white), propanol (crossed gray),
glycerol (black)

1.5 Operating Principle of DAFCs

1.5.1 Thermodynamics of Alcohol Oxidation

The general hemi-reactions for a C,H,,,;OH mono-alcohol that oxidizes
completely to CO, in a DAFC employing an acid electrolyte are:

Anode : CyHy, iOH + +2n — 1 H,O — n CO, +6nH" 4+ 6ne”
Cathode : 3n/2 O, + 6n H" + 6ne~ — 3n H,O

and the global reaction is: C,H,, . 1OH + 3n/2 O, — nCO; + n + 1 H,0. In the
case of C,H4(OH), (ethylene glycol) and C3Hs(OH); (glycerol) the number of
electrons involved in the reaction are 10 and 14, respectively.

The standard potential of the cell, E’, can be calculated by resorting to Nernst’s
equation:

AG°

E'=-——-
nF

(1.1)

where AG” is the Gibbs free energy of the reaction with pure oxygen at 1 bar.
Table 1.1 summarizes the values of the standard potential of DAFCs at 25 °C

(referred to the NHE), which are close to the values for the hydrogen/oxygen fuel
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Table 1.1 Number of electrons, standard potential, theoretical specific energy and density energy,
pure compound capacity, and theoretical energy conversion efficiency for alcohol oxidation
in DAFC

Fuel n E°(V) W, (kWhkg™") W.kWhl") C(Ahkg™") # (%)
Hydrogen 1 123 32.80 0.18% 26,668 83
Methanol 6 121 6.07 4.82 5,019 97
Ethanol 12 115 8,03 6.28 6,981 97
1-Propanol 18 1.13 9.07 7.28 8,027 97
2-Propanol 18 1.12 8.99 7.07 8,027 97
Ethylene glycol 10  1.22 5.27 5.87 4,318 99
Glycerol 14 125 5.09 6.42 4,074

“H, storage at 70 bar and 25 °C

cell, and it does not change significantly in the operating range 20-130 °C and
1-3 bar (O, pressure) for methanol [21] and other alcohols.
The specific energy is defined with respect to the mass of fuel, that is,

AG°

where M is the molecular weight of the alcohol. The values of Egp,, shown in
Table 1.1, are higher for more energetic (high n or AG®) and light alcohols [28],
leading to the order 1- and 2-propanol > ethanol > methanol > ethylene glycol >
glycerol. Eg, for hydrogen is much higher than for alcohols, but this advantage
disappears when energy density, storage and distribution issues are considered.
Energy density is defined as the energy per unit of volume,

_ pAG°

W, = i

(1.3)

p being the alcohol density. All the alcohols exhibit energy densities much higher
than that of natural gas compressed at 200 bar, hydrogen storage as a liquid or in
metal hydride systems (= 2 kWh.I™'), and the state of the art Li-ion batteries
(= 0.3 kWhkg™ "), although they lie below the energy density of gasoline and
diesel (between 7 and 9 kWh.I™h).

The pure compound capacity accounts for the amount of charge that can be
released by the fuel, it is independent of E° and proportional to the ratio n/M.
Therefore exhibits the same trend as E,. The theoretical energy conversion effi-
ciency is the ratio between the reversible (maximum) electric work that can be
obtained by electrochemical oxidation of the fuel and the heat released by direct
combustion with oxygen, that is:

AG°

N7 (1.4)

Eth =
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where AH" is the standard enthalpy of combustion of the fuel. The average ey, for
alcohols is 97 %, much higher than the value for the energy conversion using
hydrogen in a PEM fuel cell.

1.5.2 Anatomy of a PEM DAFC and Alcohol Crossover

Figure 1.5 schematizes a DAFC using a proton exchange membrane (PEM) as
electrolyte. Both sides of the proton conducting membrane (1) are in contact with a
thin layer of the catalysts (2, 3) supported on a electron conducting carbon material.
The gas diffusion layers (GDL) (4) allow the liquid fuel and the oxygen (air) to
distribute homogeneously over the whole catalyst area, while it should permit the
vent of CO, in the anode and water in the cathode. Graphite current collector plates
with flowing channels (5) are used to collect the electrons generated in the anode
and inject electrons to the cathode, and direct the fuel/oxidant to the corresponding
GDL. Adequate seals (6) avoid fuel and oxidant leakage from the cell and a load
(7), which limit the current circulation through the cell, completes the system.

One of the main differences of DAFC with H,/O, PEM fuel cells is the biphasic
flow in the anode exhaust due to the feed of aqueous alcohol and the production of
CO,, which is only partially soluble in the liquid.

The flow of protons and the crossover of alcohol (ROH) from the anode to the
cathode are also indicated in Fig. 1.5. Alcohol crossover decreases the current
through the cell because part of the fuel permeates through the membrane without
reacting in the anode. Thus, a fuel efficiency (or fuel utilization) can be defined as:

i
[+ icr

Ef (15)

where i is the actual current density in the fuel cell, and i, is the crossover current,
that is the current which is not generated because of the alcohol crossover. In other
words, i + i, represents the theoretical total current calculated from the Faraday
law on the basis of complete alcohol consumption, that is » = 6 for methanol or
n = 12 for ethanol.

The actual current could be lower than the theoretical one if the alcohol
oxidation does not proceed completely toward the CO, formation. Thus, the
electrooxidation of methanol could stop at the formaldehyde stage:

CH3;0H — HCHO +2H" +2~ (n=2)
or at the formic acid stage:

CH;OH — HCOOH +4H" +4e~  (n=4)
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ROH O,, air

Fig. 1.5 Scheme of a PEM direct alcohol fuel monocell showing: (1) proton conducting mem-
brane: (2) anodic catalyst layer; (3) cathodic catalyst layer; (4) gas diffusion layers; (5) current
collector with flow channels; (6) seals; (7) electric load

Therefore, the experimental number of electrons involved in the methanol
(or any other alcohol) oxidation, 7.y, can be lower that the theoretical, 7,,, and a
Coulombic efficiency is defined as [8]:

£ = Lo (1.6)
Hip

In practice is not simple to determine whether the current reduction in the cell is
due to alcohol crossover, incomplete oxidation, or both. A way to quantify the
contribution of both effects is to measure the methanol concentration in the anode
exhaust (for determining the amount of methanol oxidized and permeated), and
the concentration of methanol and CO, in the cathode exit. Part of the CO, at the
cathode exhaust is due to parasitic oxidation of methanol at the cathode, while the
rest is a consequence of CO, crossover from the anode. The last can be determined
by a half-cell experiment by flowing hydrogen through the cathode, to avoid
methanol oxidation, in such a way that all the CO, measured in the cathode outlet
stream must have crossed the membrane from the anode [29].

1.5.3 Alkaline DAFC

As mentioned above the primitive direct methanol fuel cells were built with
aqueous alkaline hydroxide solutions as electrolyte, but the production of CO,
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ROH O,, air

Fig. 1.6 Scheme of a AEM direct alcohol fuel monocell. The numbers have the same meaning
that in Fig. 1.5

leading to carbonate/bicarbonate formation can be a problem in this kind of alkaline
direct alcohol fuel cells (ADAFC). The use of anion exchange membranes (AEM)
could be a solution for the development of alkaline direct alcohol fuel cells
(ADAFC), considering that the anodic oxidation of methanol and other alcohols
and the oxygen reduction is more feasible in alkaline media than in acidic ones [30].

Figure 1.6 shows a DAFC using an anion exchange membrane as electrolyte,
where the hemi-reactions are:

Anode : C;H,.1OH + 6n HO™ — n CO; +4n+ 1H,O + 6ne™
Cathode : 3n/2 O, + 3n H,O + 6ne” — 6n HO™

and the global reaction is: C,H,, , {OH + 3n/2 O, — nCO, + n + 1 H;0, as in the
case of DAFC in acidic media. In this case the charge through the membranes is
transported by the hydroxide ions from the cathode to the anode and, consequently,
there is no electro-osmotic flow of alcohol, and the only contributions to alcohol
crossover are diffusion and hydraulic permeation due to concentration and pressure
gradients, respectively.

The less corrosive nature of an alkaline environment ensures a longer durability
of the ADAFC, and the faster kinetics of the ORR allows the use of non-noble,
low-cost, metal electrocatalysts. Thus, ADAFC meets a number of potential
advantages compared to PEM DAFC, which in turn triggers the resurgence of
interest in this kind of fuel cell technology.
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1.5.4 Membrane Electrode Assembly and Three
Phase Region

The membrane-electrode assembly (MEA) comprises the PEM and both catalyst
layers deposited on it, as shown in Fig. 1.7 (left). Some authors include the GDLs as
part of the MEA when this is prepared by depositing the catalysts on the GDL,
forming the so-called gas diffusion electrodes (GDE), as shown in Fig. 1.7 (right).*

When the MEA is prepared by fixing the catalyst ink (containing Nafion as a
binder) directly on the membrane, several procedures have been described [31],
including rolling [32], spraying [33] or printing [34]. The final hot-pressing is
essential to get a good contact between the electrode and the membrane or between
the electrode and the GDL, according to the preparation procedure, in order to
minimize resistance losses. The “three phases region” (TPR), that is, the boundaries
where reactant (alcohol in the anode and oxygen in the cathode), electrolyte (PEM),
and supported metallic catalyst are in contact is the hearth of the cell, because these
three phases should be in contact for allowing the electrochemical reactions.

Figure 1.8 shows a scheme of the microstructure of the catalyst layer, where the
presence of TPRs allows the simultaneous flows of H* and electrons toward the
PEM and GDL, respectively. Note that the thickness of the proton conducting
membrane covering the carbon-supported catalyst nanoparticles is of the order of
nanometers, depending of the concentration of proton conducting binder (usually
Nafion) in the ink used to prepare the MEA.

The effective electro-catalytic area of the electrode is the sum of all the nano-
sized TPRs in the catalyst layer, and it should be as large as possible in order to
obtain an optimal relation between the current and the load of catalyst (usually
expressed as mA/mg Pt).

1.5.5 Operation Modes and Cell Efficiency

There are different kinds of DAFC operation conditions depending of the way the
fuel and the oxidant (oxygen/air) are fed into the cell. In complete “active” fuel
cells the liquid fuel (neat alcohol or aqueous solution) is pumped and gas is
compressed, using auxiliary pumps and blowers, in order to improve mass transport
and reduce concentration polarization losses in the system. On the other hand, in
complete “passive” DAFC the alcohol reaches the anode catalyst layer by natural
convection and the cathode breathes oxygen directly from the air. A number of
intermediate options have been also studied and tested.

While the applications of DAFC in transportation is not so critical in relation to
the use of auxiliary components for active operation, micro-DAFC aiming to

“In this book we use both definitions for MEA, according to the authors preferences.
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Fig. 1.7 Preparation of MEA by depositing the catalyst layers directly on the membrane (/eff) or
on the GDL (right), followed by hot pressing of the components

Nafion binder
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Fig. 1.8 Scheme (not at scale) of the catalyst layer showing TPRs where coexist fuel (alcohol),
PEM and catalyst

replace Li-ion battery packs require the minimization of any auxiliary component in
order to optimize the energy density of the fuel + fuel cell + auxiliaries pack.

The three main barriers to the reduction of superior energy density of existing
DMFC have been [35]: (1) high methanol permeability of the commonly used
ionomeric membranes; (2) the balance of water challenge, due to the need of
removing water produced in the cathode and needed in the anode; (3) the moderate
power density of the DMFC, due to the slow kinetics of methanol oxidation.

The first barrier, related to methanol permeation across the membrane, can be
quantified by the fuel utilization (Eq. 1.5). Thus, for a Nafion membrane, the rate of
methanol permeation is equivalent to 100—200 mA.cm 2, which is similar to the
current density normally achievable, meaning that fuel utilization could be as low
as 0.5. Higher fuel utilization can be obtained with less permeable membranes, but
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usually the price to be paid is a higher membrane resistance, which reduce the
voltage efficiency defined by:

(1.7)

where E(i) is the cell potential under working conditions, which is lower than
the reversible cell potential, E,, due to the cathodic and anodic overpotentials and
the ohmic drop as a consequence of the cell resistance, R., mainly due to the
membrane:

E(i) = Er — (Inc| + Ina| + Rei) (1.8)

It has been pointed out [35] that the crossover current density in Eq. 1.5 is not a
constant, but it is rather sensitive function of the cell current density, decreasing at
higher cell current due to the lowering of methanol crossover. This can be explained
by resorting to the methanol concentration profiles in the anode, as shown in Fig. 1.9.

Methanol (alcohol) concentration gradient through the membrane when current is
close to zero is much higher than the gradient at current close to the limiting current,
and methanol crossover due to diffusion will be lower the higher the cell current.
However, part of the methanol crossover is due to the electro-osmotic flux of methanol
due to proton solvation. At high cell current the amount of methanol in the anode-
membrane interface is low, but the amount of proton transporting toward the anode is
proportional to the current, hence it is expected that the electro-osmotic contribution to
alcohol crossover be less sensitive to the cell current than diffusive crossover.

There is no single definition of the overall cell efficiency. Thus, Lamy et al. [8]
defined the cell efficiency, &1, as the product:

Ecell = Eh€cEE (1.9)

while Aricé et al. [21], consider the overall cell efficiency in terms of the fuel
utilization, instead of the Coulombic efficiency:

€1 = EnEcEE (1.10)
Indeed, a more complete definition of overall cell efficiency should include the
four efficiencies defined by Egs. 1.4, 1.5, 1.6 and 1.7. An additional term should be

included for active cells accounting for the amount of energy consumed by
auxiliaries, such as pumps, blowers, etc., if the system efficiency is calculated.

1.5.6 Other DAFC Configuration and Operation Modes

If catalysts can be developed that are active only for the MOR and ORR then a
mixed-reactants DMFC (MR-DMFC) could be designed where aqueous methanol
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Fig. 1.9 Methanol concentration profile at zero cell current (solid line), and close to the anode
limiting current (dashed line) (Adapted from Ref. [35])

fuel and oxygen or air are mixed together before entering the cell, and the oxidation
of methanol and oxygen reduction take place on the respective electrodes due to
catalyst selectivity [36, 37], as shown in Fig. 1.10a. The advantage of MR-DMFCs
is that can use a simple porous electrolyte instead of Nafion membranes, and
simplify the sealing of reactants/products delivery structure [38].

Shukla et al. [39] developed a MR-DMEFC using carbon supported RuSe cathode
and PtRu anode, which reached 45 mW.cm 2 at 0.2 V. However, there were little
efforts in the open literature reporting improvements in this type of cells, probably
because of the difficulty of obtaining selective catalysts for ORR and MOR and also
for the oxidation of higher alcohols.

Wilkinson and coworkers [40, 41] introduced the concept of a mixed-reactant
direct liquid fuel cell where the air cathode was substituted with a metal-ion redox
couple. This type of cell, which in the case of methanol is called mixed-reactant
direct methanol redox fuel cell (MR-DMRFC) has the advantage of cathode
selectivity, avoiding Pt group metals as cathodic catalysts, minimize flooding in
the cathode and allows the use of larger fuel concentrations.

A scheme of the MR-DMRFC is shown in Fig. 1.10b, where the redox couple is
Fe?*/Fe**, which is mixed with methanol and water and feed to the cathode, while
supplying nothing to the anode.

The cathodic reaction in the MR-DMRFC is: 6 Fe>* + 6 e~ — 6 Fe?", and the
overall reaction: CH;0H + H,O + 6 Fe** — CO, + 6 H" + 6 Fe®*. The redox
couple could be regenerated electrochemically by flowing oxygen through the
cathode to oxidize Fe** to Fe**, while forming water.

Wilkinson and coworkers also tested a membraneless direct methanol fuel cell,
built by replacing the PEM by an open spacer filled with liquid electrolyte (aqueous
H,SO,). Reasonable power densities (close to 10 mW.cm ) were reached, and the
main aim of the new architecture, to control the total power output of the cell, was
achieved by disrupting the TPR with a physical guard on or within the electrode
assembly [42].
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a b
CH;0H CH;0H + H,0
+ air + Fet/Fed*
Selective cathode Selective cathode
[T} Porous membrane Nafion [
Selective anode Selective anode

CH;O0H
l l + air l l CO,

Fig. 1.10 Scheme of a MR-DMFC (a) and a MR-DMREFC (b)

1.6 DAFC Components

This section is devoted to a brief description of the main components of DAFC as
an introduction to the most exhaustive analysis in Chaps. 2, 3, 4, and 5 for electro-
catalysts for methanol, ethanol, and higher alcohols, in Chap. 6 for proton exchange
and alkaline membranes, and Chap. 7 for carbonous materials used as catalysts
support, gas diffusion layers and bipolar plates.

1.6.1 Catalysts

The catalysts used to oxidize alcohols take as a first consideration the mechanism of
the oxidation reaction. The mechanism will be illustrated with reference to the
methanol oxidation on platinum but, with different stoichiometries, the principles
can be extended to other alcohols. The first step is believed to be the adsorption of
the alcohol:

CH;0H + Pt — Pt-CH30H 4
followed by platinum catalyzed dehydrogenation reactions leading to:
Pt-CH30H,4s — Pt-CO,4s + 4 Hf +4e”

On the same catalyst, but at different potential, the dissociative adsorption of
water takes place with the formation of oxygenated species:

Pt-H,O — Pt-H,0,4s — Pt-OH,q4s + H" +e”


http://dx.doi.org/10.1007/978-94-007-7708-8_2
http://dx.doi.org/10.1007/978-94-007-7708-8_3
http://dx.doi.org/10.1007/978-94-007-7708-8_4
http://dx.doi.org/10.1007/978-94-007-7708-8_5
http://dx.doi.org/10.1007/978-94-007-7708-8_6
http://dx.doi.org/10.1007/978-94-007-7708-8_7
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this is followed by a Langmuir-Hinshelwood type of mechanism leading to the
formation of carbon dioxide:

Pt-CO,gs + Pt-OH,qs — 2Pt + CO, + H" + ¢~

The problem with this mechanism is that the formation of Pt-OH,4, requires a
high anodic potential (>0.75 V) which reduces significantly the potential difference
between anode and cathode. In order to overcome this problem, several approaches
have been investigated but the most common is to use alloys Pt with other metals to
form bimetallic or even multimetallic materials.

Two modes of action are expected from metals alloyed to platinum: (1) the
so-called bifunctional effect. When the second metal is more oxophilic it will form
the oxygenated species from water at lower potentials, thus diminishing the opera-
tional potential of the anode and (2) the intrinsic effect. The second metal may
diminish the electron density of the 5d band of platinum weakening the adsorption
strength of poisonous species (like CO) and making them easier to oxidize.

The oxidation of methanol on platinum has been widely studied for several decades.
In acid media platinum is still the preferred catalyst, although it is seldom used alone.
In order to increase the benefits of the two effects just discussed nanostructured catalysts
usually involve one or two other metals besides platinum. These metals are chosen to
increase the bifunctional effect by forming oxygenated species from water at lower
potentials or to increase favorably the intrinsic electronic effect. However, in order that
this last effect is present the second metal must form an alloy with platinum, a fact that
is disregarded in many works in electrocatalysis. This is an important consideration
because many works study the effect of submonolayers of foreign metals or device
screening methods to test quickly a large number of combinations leaving undetermined
the question of whether there is, or there is not, alloy formation. The bottom line is
that many works give the atomic metal composition of the catalysts without giving
information on the formation of alloys and/or segregated phases, which is essential to
discuss the activity of the catalyst. Needless to say, if an alloy is not formed it will be
difficult to observe the benefits of the intrinsic mechanism.

Concerning bimetallic platinum based catalysts platinum-ruthenium has been
the most investigated material for the oxidation of alcohols and other small
molecules. Since the early work by Watanabe and Motoo [24] Pt-Ru has been
widely investigated in all possible physical forms from bulk alloys to nanoparticles.
Despite the fact that most works attribute the highest activity for oxidation to a
50 at.% composition it is important to bear in mind that other factors may be crucial
in determining the activity. Among these it may be mentioned the degree of alloy,
the homogeneity in the distribution of the nanoparticles on the support and the
nature of the support itself. The main effect of the presence of ruthenium seems to
be lower potential needed to form oxygenated species in comparison to platinum.
But it is interesting to remark that the kinetics of the reaction to form those
oxygenated species is slower on ruthenium.

One important aspect that must be considered is the meaning of activity of
a catalyst used for the oxidation of alcohols. Very often the current obtained with a
given electrochemical technique, or even in fuel cell experiments, is taken as
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indicative of the activity of the catalyst. However, other aspects must be considered.
It is crucial that the electrode potential at which the current is evaluated be sufficiently
low so that, when combined with the cathodic reaction the resulting potential is
meaningful for fuel cell operation. Another important consideration is that of the
products formed in the oxidation reaction particularly for the oxidation of alcohols
containing two or more carbon atoms. The oxidation of ethanol is a good example of
this problem. Ideally, the oxidation should proceed to carbon dioxide as final product
with the production of 12 electrons. However, several catalysts for ethanol oxidation
give acetic acid as the final product with the production of only 4 electrons. Even if
these catalysts are considered good because they produce high enough current
densities it remains the problem that it will be difficult to implement an operational
fuel cell that produces acetic acid as the final product. The problem becomes even
more complex when the oxidation of higher alcohols is considered, glycerol being a
good example of this. The variety of oxidation products may become too large. True,
a justification for the R&D of these systems may be to use the fuel cell to obtain
products that may be of interest in several applied areas. Thus, the fuel cell becomes
at the same time an energy converter and a chemical reactor.

Although electrocatalysis is a very important factor in determining the feasibility
of a direct alcohol fuel cell a problem of the same magnitude, if not bigger, is the
crossover of the alcohol through the membrane to the cathode side. Due to the high
potential of the cathode the crossover alcohol gets oxidized and this creates a mixed
potential lower than the normal cathode potential. So efficiency is reduced because
part of the anodic reagent is lost and also the cathode operates at a lower potential.
To this we may add that the crossover alcohol may interfere with the cathodic
reaction. This effect depends on the magnitude of the crossover and the nature of
the alcohol, so generalizations cannot be made. But as a general rule, metals that
when alloyed to platinum reduce the performance for alcohol oxidation are good
candidates to reduce the effect on the cathode of the crossover alcohol.

The faster kinetics of alcohol oxidation and oxygen reduction reactions in
alkaline direct alcohol fuel cells opens up the possibility of using less expensive
Pt-free catalysts, as nickel, gold, palladium and their alloys [30]. Thus, the cost of
ADAFC could be potentially lower compared to the acid DAFC technology if
non-precious metal alloys are used for the alcohol electrooxidation, being the
nanoparticulated Ni-Fe-Co alloys developed by Acta (Italy) with the trade name
of HYPERMEC a good example.

1.6.2 Catalysts Support

Another aspect that has emerged in the last few years in the electrocatalysis of alcohol
oxidation is a consideration of the support used for the catalyst nanoparticles. The
support may influence the electrocatalysis of the reaction through more than one effect.
The support may influence the dispersion of the catalyst nanoparticles and usually an
increase in the dispersion will increase the current density because of the increase in the
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catalyst utilization. The support may also have an effect on the electronic density of the
catalyst, affecting the adsorption strength of poisons and intermediates of the reaction. If
the support is an oxide it may take part directly in the electrocatalytic process by
providing oxygenated species that will act through the bifunctional mechanism. Tradi-
tionally, carbon black has been the preferred support used almost universally. It has a
sufficiently small particle size, it disperses well the catalyst nanoparticles and it is
relatively cheap. However, it has some problems, the most important of which is
perhaps the fact that it suffers oxidation and degradation, particularly under the high
potential of the cathode. Various treatments have been proposed to improve the
properties of carbon black supports. Usually, the treatments are oxidative, seeking an
increase of the oxygenated species on the surface. Alternative supports usually involve
oxides or carbides, but these may have less electrical conductivity than the carbon
blacks, so often a mixture of the alternative support and carbon black is used.

Considering that the electrocatalysis of the oxidation of low molecular weight
alcohols in acid media on platinum and platinum group metals has been studied for
almost a century it may be said that dramatic improvements in this area should not
be expected. However, further studies are necessary because even incremental
improvements may have a significant impact on the pursue of making direct alcohol
fuel cells a practical reality.

1.6.3 Membranes

Nafion, a sulfonated perfluorinated polymer developed by Dupont, which triggered
the development of PEM fuel cells fed with hydrogen was also the PEM used in all
the first generation of DMFC and DEFC. Very early in the development of DAFC it
was recognized that alcohol crossover due to the relatively large permeability of
Nafion to alcohols was a severe limitation to be overcome. In the case of methanol
the high permeability can be understood by the preference of Nafion for sorbing
methanol instead of water in the binary mixtures.

The first efforts aimed to reduce the methanol permeability of Nafion using
inorganic and organic fillers. Among the most common inorganic fillers in Nafion
composite membranes are Pd, Pt and Pt/Ru nanoparticles, SiO, and functionalized
silica, zeolites, clays, and zirconium phosphate. The composites are prepared by the
recast method, dispersing filler nanoparticles and Nafion in an appropriate solvent
and casting on a plane surface. Alternatively, nanoparticles can be incorporated by
in situ sol-gel reaction, where the Nafion membrane is swollen in water and
methanol and immersed in a methanol solution containing the nanoparticle precur-
sor, for instance silicon tetraetoxysilane (TEOS) in the case of SiO,. Less common
is the use of layered Nafion membranes where films or nanoparticles are deposited
on the surface of a Nafion membrane by in situ reduction of a metal salt precursor,
colloid adsorption or by sputtering.

The most studied Nafion composite membranes with organic fillers include blends
of Nafion with polypyrrole, polybenzimidazole, poly(vinyl alcohol), polyvinylidene
fluoride, polyaniline, sulfonated poly(ether ether ketone), and poly(tetrafluoroethylene).
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The strategy of adding inorganic and organic fillers to Nafion was to retard the
methanol (alcohol) diffusion by blocking the water channels with nanoparticles or
by reducing the alcohol solubility with polymer units with less affinity for alcohols.
Nevertheless, as it will be discussed in Chap. 6, although the alcohol relative
permeability, that is the ratio between the alcohol permeability (P) through the
composite and pristine Nafion is reduced in same cases for a factor greater than
10, this effect is in most of the cases linked to a corresponding reduction in the
relative proton conductivity (o). Therefore, the alcohol membrane selectivity, f,
defined as the ratio between the proton and alcohol mobility, that is § = o/P [43],
for the composites is usually close to the selectivity of Nafion.

The decrease of alcohol permeability and, consequently, of alcohol crossover,
even if accompanied by a reduction of the proton conductivity, open the possibility
to new strategies of MEAs preparation by choosing the optimal membrane thick-
ness and alcohol concentration, among several parameters, in order to increase
DAFC performance. Other beneficial effect of incorporating fillers in Nafion-based
membranes, is the chance of increasing the operation temperature of the fuel cell,
due to the retention of water, avoiding the dramatic drop of proton conductivity
taking place in Nafion above 100 °C.

In the search for PEMs with lower alcohol permeability than Nafion and other
perfuorinated membranes, without degradation of the proton conductivity, a num-
ber of new polymeric membranes were synthetized and characterized, such as
sulfonated polyimides, poly(arylene ether)s, polysulfones, poly(vinyl alcohol),
polystyrenes, and acid-doped polybenzimidazoles. A comprehensive discussion
of the properties of these alternative membranes is given in Chap. 6, along with
those of Nafion and Nafion composites.

It should be mention here that even when the alcohol membrane selectivity of
many of the alternative membranes are higher than that for Nafion, the correlation
between this parameter and the DAFC performance using those membranes is very
poor. The reason for this could be found in the complex mass and charge transport
processes taking place in the three phase region, where ion proton conduction
through thin films of the PEM is essential for a good electrochemical efficiency.

Anion-exchange membranes are also discussed in Chap. 6 because of the facile
electro-oxidation of alcohols in alkaline media and because of the minimization of
alcohol crossover in alkaline direct alcohol fuel cells.

1.6.4 Gas Diffusion Layers and Two Phase Flow Phenomena

The role of the gas diffusion or backing layers5 (DL) in a DAFC (see Fig. 1.5) is to
provide current transport from the catalyst layer to the ribs of the current collector
as well as optimize the fuel and oxidant distribution to the catalysts. As discussed in

5 The anode GDL in a DAFC should be named DL because the alcohol is usually fed as an aqueous
solution.
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Chap. 7, this task is achieved by the use of non-woven carbon paper or woven
carbon cloth with very good electronic conductivity.

However, CO, is produced in the anode of a DAFC as final product of the alcohol
electro-oxidation and, if the CO, bubbles cannot be efficiently removed from the
surface of the DL, they block the access of alcohol to the catalyst layer decreasing
the cell efficiency. On the cathode, the formation of water on the catalyst layer and the
electro-osmotic drag of water through the membrane can lead to GDL flooding if the
excess water cannot be eliminated, reducing the transport of oxygen/air to the catalyst.

To avoid the problems associated with the biphasic (gas + liquid) flow in the
backing layers it is common to form on them a micro-porous layer (MPL), having
thickness around 10-30 pm. The purpose of the MPL is to improve the mass
transport in the MEA by modifying is hydrophobicity/hydrophilicity, which
becomes one of the fundamental parameters to achieve an appropriate mass trans-
port in the DAFC, along with other characteristics such as morphology, porosity,
and gas/liquid permeability. Thus, the CO, bubble growth and detachment from the
DL is strongly correlated with the surface wettability and it has been visualized
using transparent DAFC and digital cameras [44, 45].

The elimination of water from the cathode GDL is facilitated by adding a coating
of poly(tetrafluoroethylene) to the DL The hydrophobicity of PTFE can expell
excess water from the GDL to the air/oxygen flowing inside the channels, avoiding
flooding. Park et al. [46] have also shown that the MPL in the cathode DL could
contribute to decrease methanol crossover, probably as a consequence of inducing
hydraulic pressure on the cathode size [47].

The role of MPL in the anode of DMFC is no so clear. Several authors have
tested wet-proofed PTFE and hydrophilic MPL on the anode GDL and attributed
the improved performance to enhanced gas transfer in the liquid phase and metha-
nol transport, respectively [48]. Zhang et al. [48] analyzed the effect of hydrophobic
MPL (Vulcan carbon black + PTFE) and hydrophilic MPL (Vulcan carbon black +

Nafion) on Toray carbon papers, concluding that in low-temperature DMFC the
higher power are reached with the hydrophilic MPL, in agreement with the direct
visualization of smaller and uniform CO, bubbles on the hydrophilic GDLs. On the
other hand, Kang et al. [49] reported a high-performance DMFC (78 mW.cm 2 at
60 °C) working at high methanol concentration with a hydrophobic (Vulcan carbon
black + PTFE) anodic MPL and cathode air humidification.

The pore size distribution of the mesoporous carbon used to fabricate anode
GDL play a fundamental role on the enhancing of mass transport. Xing et al. [50]
suggested that the significant improvement of the cell performance using a GDL
fabricated with mesoporous carbon having hydrophilic small pores and hydropho-
bic middle pores is the result of benefit the liquid and gas transport simultaneously.

1.6.5 Current Collectors and Flow Fields

Current collector plates in large DMFC stacks are commonly designed and
fabricated following the same strategies as for hydrogen fed PEM fuel cells,
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using graphite as substrate [51, 52], although stainless steel anode and cathode
current collectors are used in passive stacks [53—55]. However, the main interest in
the current collector materials and flow fields design is triggered during the last
decade due to the increasing interest for the development of micro direct alcohol
fuel cells (WDAFC), after Kelley et al. fabricated a miniature DMFC [56].

The miniaturization of DMFC is much easier than hydrogen fed PEMFC,
because of the lack of fuel storage limitations, and it has a lot a advantages derived
from the so-called scaling law. Assuming a characteristic scaling factor, L, the
surface/volume ratio scales as L', meaning that miniaturization (low L) enhances
surface effects. Moreover, at constant flow rate, the pressure drop scale as L™
leading to a high pressure gradient upon miniaturization, which improves the
transport of fuel and oxygen to the MEA. The Peclet number, Pe, defined as the
ratio of convective and molecular diffusive flows, scales as L, assuming that
the fluid mean velocity and diffusion coefficient are constants. A relatively large Pe
in a phDAFC may prevent fuel from diffusing toward the MEA, while a small Pe may
lead to insufficient water removal in the cathode [57]. Thus, for a given pDAFC
design there is an optimal channel dimension for fuel/air transport, which according
to Cha et al. [58] corresponds to a cross section around 100 pm x 100 pm.

The current collector is probably the most important component of the pDAFC
because not only include the flow channels for the transport of reactants, but also
collect electrical charges and provides the structural support for the MEA. The
choice of the material for the current collector of small DAFC is crucial due the fact
that accounts for about 80 % of the total weight and it must exhibit high electronic
conductivity, good chemical stability, high thermal conductivity, high-mechanical
strength, and it should be fabricated in large scale at low cost [59]. Three kinds of
materials are currently being investigated for use as current collectors in pDAFC:
silicon, metals and polymers [44, 59], although low-temperature co-fired ceramic
(LTCC) has also been used in pDMFC prototypes [60].

Silicon-based pDMFC and pDEFC first prototypes were fabricated using MEMS
micromachining technology, which allows micro flow channels having width and
deepness in the order of 100-200 pm and deliver a maximum power density of up to
14 mW.cm 2 for active methanol feed [61], and 8 mW.cm 2 for passive ethanol
feed [62] at room temperature.

Due to the fragility of the silicon substrate there is a severe limitation to
compress the cell for sealing and minimize contact resistance between MEA and
current collectors. For this reason, Lu and Chang have also used photochemical
etching of stainless steel to replace silicon in the fabrication of flow plate/current
collector [63], reaching a power density of 34 mW.cm ™2 at room temperature in an
active phDMFC. A 8-uDMFC air-breathing stack feed with pure methanol could
deliver up to 20-25 mW.cm ™ at room temperature for more than 10 h.

Zhang et al. [59] also used stainless steel to generate current collectors by
micro-stamping technology, followed by a deposition of a 500 nm thick TiN layer
by magnetron sputtering ion plating technology. A maximum power density of
66 mW.cm  was obtained at 40 °C in an active pDMFCoperating with 1.5 M
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Fig. 1.11 Typical flow field designs: (a) direct supply, (b) pillars, (¢) parallel, (d) serpentine,
(e) parallel/serpentine, (f) spiral, (g) interdigitated, (h) spiral/interdigitated (Reproduced from
Ref. [57] with permission)

methanol solution. More recently, Yuan et al. [64] reported an active pDMFC
fabricated with gold-coated Al current collectors, which exhibited lower weight
and excellent conductivity and corrosion resistance. A 6-cell mono-polar DMFC
stack with a total volume of 13 cm® and a weight of 24 g. delivers 568 mW (33 mW.
cm %) at room temperature for several days.

Litterst et al. [65] developed a phDMFC using poly(methyl methacrylate) (PMMA)
and graphite-filled polypropylene as substrates. The authors used an original
T-shaped channel design, with defined tapering angles over their cross section and
along their axes, which facilitates the removal of CO, bubbles. At room temperature a
maximum power density of 8 mW.cm ™ was achieved in passive mode.

The fuel delivery system reported for pDAFC are similar to that used in larger
DAFC and are summarized in Fig. 1.11 [57].

The most used flow field design is the parallel microchannels (c), because it
reduce the supplying pressure and decrease the fuel velocity, which leads to longer
residence time and better fuel distribution. The serpentine microchannels (d) have
large lengths which increase the pressure drop and allows a better fuel permeability.
However, the high fuel consumption at the entrance induces fuel starvation and
poor current density distribution at the end of the channel. The parallel/serpentine
design (e) reduce the pressure drop and mitigate that problem. The spiral
microchannel (f) keeps the fuel starvation region at the end of the channel close
to the fuel entrance, allowing a better current distribution. The interdigitated
microchannels (g) is a dead-ended design, so the fuel is almost depleted while
permeating through the exit side. Other flow field designs have been analyzed by
Sundarrajan et al. [66].
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The state of the art regarding mass transport in DMFC has been discussed by
Zhao and coworkers in two recent reviews, including the effect of operating
conditions, flow field design and diffusion layer morphology on the transport of
methanol and water [67], and the transport of methanol, water and oxygen in small
DMEFC with passive supply of reactants [68].

1.7 State of the Art of DMFC and Other DAFCs

Several reviews on DMFC have been written since 2000, dealing with several
aspects of their fundamentals and technology [8, 21, 66, 69, 70]. More recent
reviews focused on certain aspects of DMFC, such as catalysts [71], catalysts
support [72], durability [73], modeling [74], and technology and applications
[75]. These last three subjects will be addressed in detail in Chaps. 8 and 9.

Reviews on DEFC become available since 2006, describing the state of the art of
catalysts for ethanol oxidation [31, 76, 77], while more recent works focused on
alkaline DEFC [78-80]. A comprehensive review on alkaline direct alcohol fuel
cells was recently published by one of us [30] over viewing catalysts, membranes
and cell performance of ADAFC fuelled with methanol, ethanol, and ethylene
glycol.

Tables showing the main characteristics of DMFC, including type and load of
anodic and cathodic catalyst, membrane type, methanol concentration, reactants
flowrates, and maximum power density (MPD) have been provided in previous
works [8, 38, 57, 69, 75], for stacks made by companies or laboratories, and for
micro fuel cells. The summary of DMFC and DEFC performances shown in
Table 1.2 is just a brief upgrading of all the previous literature data [27, 81-102].

Finally, it is worth mentioning the microfluidic fuel cells concept [103]
introduced by Whitesides in 2002 [104], based in a membraneless fuel cell design
which exploit the laminar flowl that occurs in liquids flowing at low Reynolds
number to eliminate convective mixing of fuels. Using this concept on-chip,
membraneless, air-breathing monolithic phDAFC has been constructed by Osaka
and coworkers [105, 106] which operate with methanol, ethanol and 2-propanol
solution containing sulphuric acid or phosphate buffer. The cell consists of two
cathodes at the top of the channel, and the liquid fuel is supplied by capillary force
to the anode formed on the bottom of the channel, as indicated in Fig. 1.12a, b.

One single cell can generate only power in the range of few pW, but integration
based on silicon microfabrication would permit stacking the integrated cells (see
Fig. 1.12c¢) for application as power sources for portable electronics. According to
the authors, methanol is the fuel suitable for applications requiring long life, while
neutral ethanol is preferred for safety operation, and 2-propanol for applications
prioritizing power.
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Table 1.2 Summary of DMFC and DEFC electrical performance for commercial and laboratory
prototypes feed with oxygen

MPD

Company/Res.  Type of Catalysts/load Calcohol (MW,

group FC* (mg.cmfz) Electrolyte T (°C) (M) cm?) Refs.
Esso M-active Pt H,SO, 60 0.5 40 [81]
Hitachi M-active PtRu/8 H,SO4 60 1 24 [82]
Siemens M-active PtRu/4 Nafion 117 130 Vapor 210 [83]
Univ. Newcastle M-active PtRu/5 Nafion 117 98 Vapor 200 [84]
JPL/Giner M-active PtRu/2.5 Nafion 117 90 1 150 [85]
LANL M-active PtRu/2.2 Nafion 112 110 1 230 [86]
IFC M-active PtRu/4 Nafion 117 77 1 75 [87]
Arico et al. M-active PtRu/2 Nafion 112 130 2 390 [88]
Baldauf-Preidel M-active PtRu/0.7 Nafion 117 110 1 380 [89]
Ren et al. M-active PtRu/2.2 Nafion 112 130 1 380 [90]
Scott et al. M-active PtRu/1 Nafion 117 80 1 210 [91]
Shukla et al. M-active PtRu/1 Nafion 117 90 1 180 [92]
Surampudi et al. M-active PtRu/2.5 Nafion 117 95 2 135 [27]
Witham et al. M-active PtRu/0.9 Nafion 117 90 1 100 [93]
Arico et al. M-active PtRu/2 Nafion/SiO, 145 2 350 [94]

Nafion/ZnO, 320
Yang et al. M-active PtRu/2.3 Nafion/ZrPO, 145 2 375 [95]
KIER M-active PtRu/ Nafion 115 50 2.5 207 [96]
KIST M-passive  PtRu/ Nafion 115 25 4 40° [97]
Kim et al. M-passive  PtRu/ Nafion 115 25 4 40 [98]
Yen et al. M-active PtRu/ Nafion 112 25 1 47 [61]
Wong et al. M-active PtRu/ Nafion 60 2 100 [99]
Kelley et al. M-active PtRu/ Nafion 117 70 0.5 90 [56]
Lu et al. M-active PtRu/ Nafion 112 60 2 100 [100]
Hou et al. E-active PtRu/ PBI/KOH 90 61 [101]
Fujiwara et al. E-active PtRu/ AAEM 20 58 [102]
(Tokuyama)

#Cathode feed with air
*M-active: DMFC active mode; M-passive: DMFC passive mode; E-active: DEFC active mode
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Fig. 1.12 Scheme of the air-breathing, membraneless on-chip fuel cell: (a) layout of current
collectors and a microchannel, (b) cross-sectional view of the electrodes and the microchannel
filled with a fuel solution, (c¢) integration of a single cell into multiple cells and snack ((a) and (b)
reprinted from Ref. [105] with permission of The Royal Society of Chemistry; (c) reprinted from
Ref. [106], copyright (2009) American Chemical Society)

References

—_

. BP Statistical Review of World Energy (2011). Available in: bp.com/statisticalreview

2. The BP Energy Outlook 2030 (2013). Available in: http://www.bp.com/liveassets/bp_inter
net/globalbp/globalbp_uk_english/reports_and_publications/statistical_energy_review_
2011/STAGING/local_assets/pdf/BP_World_Energy_Outlook_booklet_2013.pdf

3. Shell energy scenarios to 2050 (2008). Available in: http://s08.static-shell.com/content/dam/
shell/static/future-energy/downloads/shell-scenarios/shell-energy-scenarios2050.pdf

4. Riihl C, Appleby P, Fennema J, Naumov A, Schaffer ME (2012) Economic development and
the demand for energy: a historical perspective on the next 20 years. Energy Policy
50:109-116, Smith Bits S.T.A.T.S

5. Crutzen P, Mosier AR, Smith KA, Winiwarter W (2007) N,O release from agro-biofuel
production negates global warming reduction by replacing fossil fuels. Atmos Chem Phys
Discuss 7:11191-11205

6. Olah GA, Goeppert A, Surya Prakash GK (2006) Beyond oil and gas: the methanol economy.
Wiley-VCH, Weinheim

7. Winter CJ (2000) In: Winter C-J (ed) On energies-of-change, the hydrogen solution: policy,
business, and technology decisions ahead. Gerling Akademie Verlag, Munich

8. Lamy C, Léger JM, Srinavasan S (2001) Direct methanol fuel cells: from a twentieth century

electrochemical’s dream to a twenty-first century emerging technology. In: Bockris JO'M

et al (eds) Modern aspect of electrochemistry, vol 34. Kluwer/Plenum, New York, pp 53-118


http://bp.com/statisticalreview
http://www.bp.com/liveassets/bp_internet/globalbp/globalbp_uk_english/reports_and_publications/statistical_energy_review_2011/...
http://www.bp.com/liveassets/bp_internet/globalbp/globalbp_uk_english/reports_and_publications/statistical_energy_review_2011/...
http://www.bp.com/liveassets/bp_internet/globalbp/globalbp_uk_english/reports_and_publications/statistical_energy_review_2011/...
http://s08.static-shell.com/content/dam/shell/static/future-energy/downloads/shell-scenarios/shell-energy-scenarios2050.pdf
http://s08.static-shell.com/content/dam/shell/static/future-energy/downloads/shell-scenarios/shell-energy-scenarios2050.pdf

1

11.

12.
13.
14.
15.

16
17

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Introduction to Direct Alcohol Fuel Cells 29

. Reid J (1903) Process of generating electricity. US Patent 736,016

. Kordesch KV, Simader GR (1995) Environmental impact of fuel cell technology. Chem Rev

95:191-207

Miiller E (1922) Die elektrochemische oxydation organischer verbindungen. Z Elektrochem

28:101-106

Tanaka S (1929) Z Elektrochem 35:38-42

Kordesch K, Marko A (1950) Oesterr Chem Ztg 52:125-130

Justi EW, Winsel AW (1955) British Patent 821,688

Wynn JE (1960) Proc Ann Power Sources Conf 14:52-57

. Hunger HE (1960) Proc Ann Power Sources Conf 14:55-59

. Vielstich W (1965) In: Baker BS (ed) Hydrocarbon fuel cell technology. Academic,
New York, p 79

. Koscher GA, Kordesch KV (2003) Alkaline methanol-air system. J Solid State Electrochem

7:632-636

Murray JN, Grimes PG (1963) Fuel cells. American Institute of Chemical Engineers,

New York, pp 57

McNicol BD, Rand DAJ, Williams KR (1999) Direct methanol-air fuel cells for road

transportation. J Power Sources 83:15-31

Aricd AS, Baglio V, Antonucci V (2009) Direct methanol fuel cells: history, status and

perspectives. In: Liu H, Zhang J (eds) Electrocatalysis for direct methanol fuel cells. Wiley,

Weinheim, pp 1-78

Cathro KJ (1969) The oxidation of water-soluble organic fuels using platinum-tin catalysts.

J Electrochem Soc 116:1608-1611

Janssen MMP, Moolhuysen J (1976) Platinum-tin catalysts for methanol fuel cells prepared

by a novel immersion technique, by electrocodeposition and by alloying. Electrochim Acta

21:861-868

Watanabe M, Motoo S (1975) Electrocatalysis by ad-atoms: Part III. Enhancement of the

oxidation of carbon monoxide on platinum by ruthenium ad-atoms. J Electroanal Chem

60:275-283

Cameron DS, Hards GA, Harrison B, Potter RJ (1987) Direct methanol fuel cells. Recent

developments in the search for improved performance. Platinum Metals Rev 31:173-181

Apanel G, Johnson E (2004) Direct methanol fuel cells — ready to go commercial? Fuel Cells

Bull 2004:12-17

Surampudi L, Narayanan SI, Vamos F, Frank H, Halpert G, LaConti A, Kosek J, Surya

Prakash GK, Olah GA (1994) Advances in direct oxidation methanol fuel cells. J Power

Sources 47:377-385

Demirci UB (2007) Direct liquid-feed fuel cells: thermodynamic and environmental

concerns. J Power Sources 169:239-246

Eccarius S, Garcia BL, Hebling C, Weidner JW (2008) Experimental validation of a methanol

crossover model in DMFC applications. J Power Sources 179:723-733

Antolini E, Gonzalez ER (2010) Alkaline direct alcohol fuel cells. J Power Sources
195:3431-3450

Song S, Tsiakaras P (2006) Recent progress in direct ethanol proton exchange membrane fuel

cells (DE-PEMFCs). Appl Catal B Environm 63:187-193

Bever D, Wagner N, Von Bradke M (1998) Innovative production procedure for low cost

PEFC electrodes and electrode/membrane structures. Int J Hydrogen Energy 23:57-63

Giorgi L, Antolini E, Pozio A, Passalacqua E (1998) Influence of the PTFE content in the

diffusion layer of low-Pt loading electrodes for polymer electrolyte fuel cells. Electrochim

Acta 43:3675-3680

Ralph TR, Hards GA, Keating JE, Campbell SA, Wilkinson DP, Davis H, St. Pierre J,

Johnson MC (1997) Low cost electrodes for proton exchange membrane fuel cells: perfor-

mance in single cells and Ballard stacks. J Electrochem Soc 144:3845-3857

Gottesfeld S, Minas C (2008) Optimization of direct methanol fuel cell systems and their

mode of operation. In: Kaka¢ S, Pramuanjaroenkij A, Vasiliev L (eds) Mini-micro fuel cells.

Springer, Dordrecht, pp 257268



30

36

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

H.R. Corti and E.R. Gonzalez

. Barton SC, Patterson T, Wang E, Fuller TF, West AC (2001) Mixed-reactant, strip-cell direct
methanol fuel cells. J] Power Sources 96:329-336

Priestnall MA, Kotzeva VP, Fish DJ, Nilsson EM (2002) Compact mixed-reactant fuel cells.
J Power Sources 106:21-30

Scott K, Shukla AK (2007) Direct methanol fuel cells: fundamentals, problems and
perspectives. In: White RE (ed) Modern aspects of electrochemistry, vol 40. Springer,
New York, pp 127-227

Shukla AK, Raman RK (2003) Methanol-resistant oxygen-reduction catalyst for direct
methanol fuel cells. Annu Rev Mater Res 33:155-168

Ilicic AB, Wilkinson DP, Fatih K, Girard F (2008) High fuel concentration direct-liquid fuel
cell with a redox couple cathode. J Electrochem Soc 155:B1322-B1327

Ilicic AB, Wilkinson DP, Fatih K (2010) Advancing direct liquid redox fuel cells: mixed-
reactant and in situ regeneration opportunities. J Electrochem Soc 157:B529-B535

Lam A, Wilkinson DP, Zhang J (2009) Control of variable power conditions for a
membraneless direct methanol fuel cell. J Power Sources 194:991-996

Kim YS, Pivovar BS (2007) Chapter 4: Polymer electrolyte membranes for direct methanol
fuel cells. In: Zhao TS, Kreuer KD, Van Nguyen T (eds) Advances in fuel cells. Elsevier, San
Diego, pp 187-234

Lu G, Wang CY (2005) Chapter 9: Two-phase microfluidics, heat and mass transport in direct
methanol fuel cells. In: Sundén B, Faghri M (eds) Transport phenomena in fuel cells. WIT
Press, Southampton/Boston, pp 317-358

Liao Q, Zhu X, Zheng X, Ding Y (2007) Visualization study on the dynamics of CO, bubbles
in anode channels and performance of a DMFC. J Power Sources 171:644—651

Park YJ, Lee JH, Kang S, Sauk JH, Song I (2008) Mass balance research for high electro-
chemical performance direct methanol fuel cells with reduced methanol crossover at various
operating conditions. J Power Sources 178:181-187

Pasaogullari U, Wang CY, Chen KS (2005) Two-phase transport in polymer electrolyte fuel
cells with bilayer cathode gas diffusion media. J Electrochem Soc 152:A1574-A1582
Zhang J, Yin GP, Lai QZ, Wang ZB, Cai KD, Liu P (2007) The influence of anode gas
diffusion layer on the performance of low-temperature DMFC. J Power Sources 168:453—458
Kang K, Lee G, Gwak G, Choi Y, Ju H (2012) Development of an advanced MEA to use
high-concentration methanol fuel in a direct methanol fuel cell system. Int J Hydrogen
Energy 37:6285-6291

Xing LH, Gao YZ, Wang ZB, Du CY, Yin GP (2011) Effect of anode diffusion layer
fabricated with mesoporous carbon on the performance of direct dimethyl ether fuel cell.
Int J Hydrogen Energy 36:11102-11107

Aricé AS, Creti P, Baglio V, Modica E, Antonucci V (2000) Influence of flow field design on
the performance of a direct methanol fuel cell. J Power Sources 91:202-209

Vijayakumar R, Rajkumar M, Sridhar P, Pitchumani S (2012) Effect of anode and cathode
flow field depths on the performance of liquid feed direct methanol fuel cells (DMFCs).
J Appl Electrochem 42:319-324

Martin JJ, Qian W, Wang H, Neburchilov V, Zhang J, Wilkinson DP, Chang Z (2007) Design
and testing of a passive planar three-cell DMFC. J Power Sources 164:287-292

Chan YH, Zhao TS, Chen R, Xu C (2008) A self-regulated fuel-feed system for passive direct
methanol fuel cells. J] Power Sources 176:183—-190

Chan YH, Zhao TS, Chen R, Xu C (2008) A small mono-planar direct methanol fuel cell
stack with passive operation. ] Power Sources 178:118-124

Kelley SC, Deluga GA, Smyrl WH (2000) A miniature methanol/air polymer electrolyte fuel
cell. Electrochem Solid State Lett 3:407—409

Nguyen NT, Chan SH (2006) Micromachined polymer electrolyte membrane and direct
methanol fuel cells — a review. J] Micromech Microeng 16:R1-R12

Cha SW, O’Hayre R, Prinz FB (2004) The influence of size scale on the performance of fuel
cells. J Power Sources 175:789-795



1

59

60.

61.

62.

63.

64.

65.

66

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
7.

78.

79.

80.

81.

82

83.

84.
85.

Introduction to Direct Alcohol Fuel Cells 31

. Zhang B, Zhang Y, He H, Li J, Yuan Z, Na C, Liu X (2010) Development and performance
analysis of a metallic micro-direct methanol fuel cell for high-performance applications.
J Power Sources 195:7338-7348

Pavio J, Bostaph J, Fisher A, Hallmark J, Mylan BJ, Xie CG (2002) LTCC fuel cell system for
portable wireless electronics. Adv Microelectr 29:1-8

Yen TJ, Fang N, Zhang X, Lu GQ, Wang CY (2003) A micro-methanol fuel cell operating at
near room temperature. Appl Phys Lett 83:4056—4058

Aravamudhan S, Rahman ARA, Bhansali S (2005) Porous silicon based orientation indepen-
dent, self-priming microdirect ethanol fuel cell. Sens Actuat A 123-124:497-504

Lu GQ, Wang CY (2006) Development of high performance micro DMFCs and a DMFC
stack. J Fuel Cell Technol 3:131-136

Yuan Z, Zhang Y, Fu W, Li Z, Liu X (2013) Investigation of a small-volume direct methanol
fuel cell stack for portable application. Energy 51:462—467

Litterst C, Eccarius S, Hebling C, Zengerle R, Koltay P (2006) Increasing uDMFC efficiency
by passive CO, bubble removal and discontinuous operation. J Micromech Microeng 16:
S248-S253

. Sundarrajan S, Allakhverdiev SI, Ramakrishna S (2012) Progress and perspectives in micro
direct methanol fuel cell. Int J] Hydrogen Energy 37:8765-8786

Zhao TS, Xu C, Chen R, Yang WW (2009) Mass transport phenomena in direct methanol fuel
cells. Prog Energy Comb Sci 35:275-292

Zhao TS, Chen R, Yang WW, Xu C (2009) Small direct methanol fuel cells with passive
supply of reactants. J Power Sources 191:185-202

Garcia BL, Weidner JW (2007) Review of direct methanol fuel cells. In: White RE
(ed) Modern aspects of electrochemistry, vol 40. Springer, New York, pp 229-284
Kamarudin SK, Daud WRW, Ho SL, Hasran UA (2007) Overview on the challenges and
developments of micro-direct methanol fuel cells (DMFC). J Power Sources 163:743-754
Zhao X, Yin M, Ma L, Liang L, Liu C, Liao J, Lu T, Xing W (2011) Recent advances in
catalysts for direct methanol fuel cells. Energy Environ Sci 4:2736-2753

Sharma S, Poleet BG (2012) Support materials for PEMFC and DMFC electrocatalysts — a
review. J Power Sources 208:96—119

Kim YS, Zelenay P (2009) Direct methanol fuel cell durability. In: Biichi FN et al (eds)
Polymer electrolyte fuel cells durability. Springer, New York, pp 223-240

Bahrami H, Faghri A (2012) Review and advances of direct methanol fuel cells: Part II:
Modeling and numerical simulation. J Power Sources 230:286-296

Dillon R, Srinivasan S, Aricé AS, Antonucci V (2004) International activities in DMFC
R&D: status of technologies and potential applications. J Power Sources 127:112-126
Antolini E (2007) Catalysts for direct ethanol fuel cells. J Power Sources 170:1-12

Friedl J, Stimming U (2013) Model catalyst studies on hydrogen and ethanol oxidation for
fuel cells. Electrchim Acta 101:41-58

Zhao TS, Li YS, Shen SY (2010) Anion-exchange membrane direct ethanol fuel cells: status
and perspective. Front Energy Power Eng China 4:443-458

Brouzgou A, Podias A, Tsiakaras P (2013) PEMFCs and AEMFCs directly fed with ethanol:
a current status comparative review. J Appl Electrochem 43:119-136

Kamarudin MZF, Kamarudin SK, Masdar MS, Daud WRW (2013, in press) Review: direct
ethanol fuel cells. Int J Hydrogen Energy. doi:10.1016/j.ijhydene.2012.07.59

Heath CE (1964) Proc Ann Power Sources Conf 18:33

. Tamura K, Tsukui T, Kamo T, Kudo T (1984) Hitachi Hyoron 66:49

Waidhas M, Drenckhahn W, Preidea W, Landes H (1996) Direct-fuelled fuel cells. J Power
Sources 61:91-97

Hogarth MP, Hards GA (1996) Direct methanol fuel cells. Platinum Metal Rev 40:150-159
Narayanam SR, Halpert G, Chun W, Jeffries-Nakamura B, Valdez TI, Frank H, Surampudi S
(1996) Proceedings of 37th Power Sources Conference, Cherry Hill, NJ (USA), pp 96-99


http://dx.doi.org/10.1016/j.ijhydene.2012.07.59

32

86

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

H.R. Corti and E.R. Gonzalez

. Gottesfeld S, Cleghom SJC, Ren X, Springer TE Wilson MS, Zawodzinski T (1996) In:
Courtesy Associates (ed) Fuel cell seminar. Washington, DC, pp 521-524

Fuller TF, Murach BL, Maricle DL (1997) 191th meeting of the electrochemical society, vol
97-1, abstract 620. The Electrochemical Society, Pennington, p 812

Aricd AS, Antonucci PL, Modica E, Baglio V, Kim H, Antonucci V (2002) Effect of Pt-Ru
alloy composition on high-temperature methanol electro-oxidation. Electrochim Acta
47:3723-3732

Baldauf M, Preidel W (2001) Experimental results on the direct electrochemical oxidation of
methanol in PEM fuel cells. J Appl Electrochem 31:781-786

Ren X, Wilson MS, Gottesfeld S (1996) High performance direct methanol polymer electro-
lyte fuel cells. J Electrochem Soc 143:L12-L15

Scott K, Taama W, Cruickshank J (1998) Performance of a direct methanol fuel cell. J Appl
Electrochem 28:289-297

Shukla AK (2002) An improved-performance liquid-feed solid-polymer-electrolyte direct
methanol fuel cell operating at near-ambient conditions. Electrochim Acta 47:3401-3407
Witham CK, Chun W, Valdez TI, Narayanan SR (2000) Performance of direct methanol fuel
cells with sputter-deposited anode catalyst layers. Electrochem Solid State Lett 3:497-500
Antonucci PL, Aric6 AS, Creti P, Ramunni E, Antonucci V (1999) Investigation of a direct
methanol fuel cell based on a composite Nafion-silica electrolyte for high temperature
operation. Solid State Ion 125:431-437

Yang C, Srinivasan S, Aricé AS, Creti P, Baglio V, Antonucci V (2001) Composite Nafion/
zirconium phosphate membranes for direct methanol fuel cell operation at high temperature.
Electrochem Solid State Lett 4:A31-A34

Jung DH, Jo YH, Jung JH, Cho SH, Kim CS, Shin DR (2000) Proceedings of fuel cell
seminar, Portland, pp 420423

Kim D, Cho EA, Hong SA, Oh IH, Ha IH (2004) Recent progress in passive direct methanol
fuel cells at KIST. J Power Sources 130:172-177

Kim C, Kim YJ, Yanagisawa T, Park KC, Endo M (2004) High-performance of cup-stacked-
type carbon nanotubes as a Pt-Ru catalyst support for fuel cell applications. J Appl Phys
96:5903-5905

Wong CW, Zhao TS, Ye Q, Liu JG (2006) Experimental investigations of the anode flow field
of a micro direct methanol fuel cell. J Power Sources 155:291-296

Lu CQ, Wang CY (2005) Development of micro direct methanol fuel cells for high power
applications. J Power Sources 144:141-145

Hou H, Sun G, He R, Wu Z, Sun B (2008) Alkali doped polybenzimidazole membrane for
high performance alkaline direct methanol fuel cell. J] Power Sources 182:95-99

Fujiwara N, Siroma Z, Yamazaki S, Ioroi T, Senoh H, Yasuda K (2008) Direct ethanol fuel
cells using an anion exchange membrane. J Power Sources 185:621-626

Kjeang E, Djilali N, Sinton D (2009) Chapter 3: Advances in microfluidic fuel cells. In: Zhao
TS (ed) Micro fuel cells. Academic, Burlington, pp 99-139

Ferrigno R, Stroock AD, Clark TD, Mayer M, Whitesides GM (2002) Membraneless
vanadium redox fuel cell using laminar flow. J Am Chem Soc 124:12930-12931

Tominaka S, Nishizeko H, Ohta S, Osaka T (2009) On-chip fuel cells for safe and high-power
operation: investigation of alcohol fuel solutions. Energy Environ Sci 2:849-852

Tominaka S, Ohta S, Obata H, Momma T, Osaka T (2008) On-chip fuel cell: micro direct
methanol fuel cell of an air-breathing, membraneless, and monolithic design. J Am Chem Soc
130:10456-10457



Chapter 2
Catalysts for Methanol Oxidation

Ernesto R. Gonzalez and Andressa Mota-Lima

Abstract Methanol electroxidation proceeds via a multistep reaction. Herein,
mechanisms of reaction and reaction rates of sub-set of the mechanism on different
surfaces are discussed. Platinum is a reasonable catalyst for the first methanol
electroxidation steps (dehydrogenation), but not for the last (CO electroxidation).
Hence, alloying Platinum with a second metal was used as a strategy to enhance the
rate of the last step. Accordingly, enhanced rates of CO electroxidation are attained
by modifying the bonding energy of the adsorbate to the catalyst or by promoting
the formation of oxygenated species at lower overvoltage. Finally, new
perspectives on the field of methanol catalysts are commented including the search
for catalysts that promote early onset of oscillations, i.e. under lower overvoltage.

2.1 Introduction

Methanol is the typical fuel with one carbon (C1) atom for fuel cells. Methanol was
one of the first small molecules chosen to study the oxidation on platinum group
metals in the very early beginning of electrocatalysis. In that time, the oxidation of
other C1 molecules such as formic acid and formaldehyde (interest in CO oxidation
came latter with the oxidation of reformatted gases) were investigated as a model
oxidation because their elementary steps were supposedly present in the mechanism
of methanol oxidation. From the point of view of CO, emission, methanol has,
among the other small molecules, the highest energy production per unit of produced
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CO, considering the complete reaction. The complete oxidation of methanol
proceeds anodically in acid medium according to the reaction:

CH;0H + H,O — CO, + 6H" + 6e~ 2.1

Which is normally a multistep reaction, as discussed below. The interest in methanol
as a fuel may have been generated because of its much larger energy density
(4.82 kWh.1™" or 6.1 kWhkg ') than hydrogen.

In the following, the catalysts that have been investigated for the methanol oxida-
tion reaction (MOR) will be presented. No attempt will be made to be exhaustive
neither in terms of all the materials that have been studied nor in terms of the historical
development of those materials. Most of the initial studies of the electrocatalysis of the
MOR were carried out on massive electrodes and using electrochemical techniques.
Later, the feasibility of the direct methanol fuel cell (DMFC) precluded the use of
massive electrodes. Electrochemical reactions are surface reactions, so it is apparent
that there is much to be gained by using large surface area electrodes, which led to the
development of diffusion electrodes where the catalyst is in the form of nanoparticles.
These electrodes have large specific surface areas which not only favor intrinsically
the reaction but also allow for the use of minimal amounts of catalyst metals, usually
rather expensive and, in some cases, scarce.

There are many challenges to produce an ideal DMFC, but it may be said that the
electrocatalytic aspects of both MOR and oxygen reduction reaction (ORR) are
emphasized in order to increase the power density. Also, much effort is devoted to
reduce the crossover, i.e. the methanol from the anode crosses the electrolyte,
migrates to the cathode and thus promotes both the diminution of potentially useful
fuel and the creation of a mixed potential at the cathode. Because of the high
potential of the cathode the methanol that reaches this electrode is oxidized and the
consequence is a mixed potential, lower than the normal cathode potential, which
contributes to the reduction of the power density. Obviously, this issue is a
technological challenge specific for the PEMFCs which are not relevant for other
sorts of fuel cell. Despite the development of MOR catalysts had been done together
with the development of methanol tolerant ORR catalysts, this chapter is mainly
concerned with the catalysts and mechanism of the MOR widely investigated in the
last five decades as well as the recent findings which could drive this field forward.

2.2 Methanol Electroxidation

2.2.1 Mechanism of Methanol Electroxidation

The complete oxidation of methanol is given by the reaction:

CH;0H + 3/2 0, — CO, + 2 H,0 2.2)
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For which AG® = —702 kJ.mol .. Therefore, the standard reversible potential
for this reaction is

. 702-10°

E
Y nF

=121V (2.3)

This value is very near the value of the standard reversible potential for the
reaction H, + %2 O, = H,O (1.23 V).

The literature before 1989 on the oxidation of methanol and other small organic
molecules has been covered in the excellent review of Parsons and Vander Noot
(1988). The complete oxidation of methanol on platinum involves six electrons,
which indicates that the mechanism has multiple elementary steps, as shown in a
relatively recent study [1].

In fact several products or intermediates have been identified like CO,
HCOOCH;3, HCOOH and H,CO, but eventually, and depending on the potential,
the final product is CO,.

Presently, it is believed that the first step is the adsorption of methanol:

CH;OH + Pt — Pt-CH30H,4, (2.4)

followed by platinum catalyzed electrochemical dehydrogenation reactions
leading to:

Pt-CH30H,qs — Pt-COuqs + 4H' + de™ 2.5)

The oxidation of CO,q, requires the participation of oxygenated species formed
from the dissociative adsorption of water:

Pt + HyO — Pt-H;O,4; — Pt-OH,qs + H + ¢~ (2.6)

Finally, the two adsorbed species react in a Langmuir-Hinshelwood (LH) type of
mechanism:

Pt-CO,qs + Pt-OH,qs — 2Pt + CO, + H" 4+ ¢~ 2.7)

The problem with this mechanism is that Reaction (2.6) requires a high potential
(>0.75 V vs. SHE on platinum). If the objective of oxidizing methanol is to run a
methanol/oxygen fuel cell, an anode potential so high makes the cell impractical
because the potential approaches the potential necessary to reduce oxygen.

In this context, it is not surprising to find that most work in electrocatalysis is
devoted to reduce the anodic potential and to increase the potential of the cathode at
current densities of practical interest.

By far the most widely explored approach to decrease the anodic potential has
been the formation of bimetallic, trimetallic or multimetallic platinum based
catalysts. In a bimetallic platinum based catalyst, the second metal will be chosen
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to favor one (or both) of two effects: (1) the second metal is an oxophilic element,
with which Reaction (2.6) proceeds at a lower potential than on platinum (some-
times called a promoted mechanism) or (2) the formation of an alloy with the
second metal modifies the electronic structure of platinum so that the adsorption of
CO attached to an adjacent platinum becomes weaker (sometimes called an intrin-
sic mechanism). Another effect claimed in the literature is the (3) third body effect
which is of less importance for the MOR.

In spite of all the efforts to reduce the anodic overpotential of the methanol
oxidation, the success has been modest, so major advances are still necessary in
order to achieve significant power densities with a DMFC. In part, this is the reason
for still large number of papers dedicated to this issue found in the literature
nowadays.

2.2.2 The Oxidation of Methanol on Platinum

The oxidation of methanol on platinum has been studied for more than 50 years.
Most studies have been devoted to the identification of adsorbed species and the
nature of intermediates [2]. Detailed pathways for methanol oxidation in acid and
alkaline electrolytes were compiled by Cohen et al. [3] and depicted in Fig. 2.1. On
platinum, methanol oxidation is a slow reaction that proceeds through multiple
parallel mechanisms. Reaction (2.5) was written as global reaction to elucidate that
the set of dehydrogenation elementary steps leads to dual pathways. So far,
formaldehyde (HCHO), formic acid (HCOOH), formate (HCOO™) and methyl
formate (HCOOCH;) were identified as soluble intermediates which conduct the
discussion on the pathways of methanol oxidation. In case the first stripped hydro-
gen of the adsorbed methanol originates from the hydroxyl, the resulting adsorbed
species, H3CO,q (methoxide), eliminates a second hydrogen from methoxy,
forming formaldehyde which then desorbs [4]. In case the first eliminated hydrogen
proceeds from methoxy group, CH,OH,4 (hydroxymethyl) is the adsorbed inter-
mediate whose further dehydrogenation would lead to formaldehyde and formic
acid formation. The other soluble intermediates derive from further interaction of
adsorbed formic acid, for instance, methyl formate is formed via chemical reaction
with the bulk MeOH.

According to the current understanding, methanol oxidation proceeds via a dual-
path mechanism: formaldehyde and formic acid routes. Due to short lifetime most
methanolic intermediates are invisible to the current surface spectroscopy
techniques; however, adsorbed CO and adsorbed formate are well confirmed
by IR spectroscopy studies [5, 6]. With that, all weakly adsorbed intermediates
(therefore, soluble) and stronger adsorbed intermediates (carbon monoxide) seem
to be recognized. Using a special approach to quantify simultaneously all soluble
intermediates by DEMS [7], Zhao et al. [8] confirmed undoubtedly that only three
soluble intermediates account for all the faradaic current observed. Hence, in the
potential region from 0.65 to 0.80 V (vs. RHE), CO, formation accounts for about
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Fig. 2.1 Detailed pathways for methanol oxidation in acid (pH < 7) and alkaline (pH > 7)
electrolyte. Dashed lines represent pathways that have been suggested in the literature, but are
unlikely to occur under typical experimental conditions

half of the overall reaction products, while methanol conversion to formic acid and
formaldehyde is only a quarter of the overall amount, or in other words, product
yields of 53 £ 5 % for CO,, 23 &+ 2 % for formic acid, and 24 £ 2 % for
formaldehyde formation.

The main soluble intermediates could be readsorbed and oxidized to form CO,
or extracted from the surface under configuration of continuous flow rate. The last
situation represents a loss of energy due to an incomplete methanol oxidation. This
is well elucidated in the experiments where the extraction of solution in front of the
electrode results in lower current than in experiments without sample collection [9].
For supported platinum, Jusys et al. [10] observed that an increasing conversion
to CO, would be attained with increasing Pt load by the cost of faster consumption
of formaldehyde; facts that are attributed to an increased readsoption rate on
electrodes with enlarged electrochemical surface area.

Presently, the oxidation of methanol on pure platinum has more academic
interest than practical application once DMFC universally employs platinum
based materials having two or more metals as an anodic catalyst. In absence of
methanolic intermediate readsorption, the maximum reaction rate for CO oxidation
is 100-fold smaller than maximum reaction rate for CO adsorption from methanol
dehydrogenation steps [11]. Indeed, the mechanism of methanol oxidation on
platinum is expected to be equal to that on its alloys despite different kinetics
which would result in a selection of pathway. In terms of complex activation theory,
“alloyed Pt” is intend to lower the Ea barrier for CO adsorption, thus driving
methanol oxidation to completion. As previously established [3], there are several
factors that affect the calculated activation energy for the MOR at a given potential,
such as coverage of methanolic intermediates and anion adsorption from the
electrolyte as well as pH and oxide formation processes.

The MOR is surface sensitive [12, 13], reflecting either the behavior of carbon
monoxide oxidation [14] or the active intermediate reaction path [13] on Pt single
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crystal electrodes. On Pt(110), dissociative chemisorption occurs primarily at low
potential on defect sites such as steps [15], and yields initial currents much higher
than on any other low index planes, but the decay is also fast due to the strong
adsorption of CO [16-18]. Nevertheless, only low CO coverage (Bco < 0.3) was
obtained on all three Pt faces from methanol dissociative chemisorptions according
to FTIR spectroscopy [19]. Moreover, terminally bonded (i.e., on-top) CO is the
major form of this adsorbate detected under most conditions from the characteristic
C-O0 stretching frequencies at ca. 2,030-2,060 cmfl, although bridging CO was
also observed in some cases. More recently, oriented nanoparticles, i.e. prepared
from processes able to control the nanoparticle shape and orientation, demonstrated
to have the same surface sensitive activity [20].

Another aspect is the effect of the adsorbing sub-monolayers of ad-atoms on the
oxidative current of the MOR, the targeted issue in the scientific research mainly in
the second half of the twentieth century [21-23]. In essence, the sub-monolayer of
an adsorbed atom does not form a bulk alloy with platinum but actually a surface
segregated phase such as in the case of an upd (under potential deposition) layer.
Moreover, this deposit might be unstable toward potential cycling and the ad-atom
is gradually desorbing by cycling which creates a multiple scenario to evaluate the
impact of ad-atoms toward the MOR. The oxidation of methanol is inhibited by
both tin and bismuth adsorbed on all sorts of electrodes, i.e. single-crystal, poly-
crystalline and nanoparticle platinum [22] given that the anodic current increases
according to the evolution of ad-atom desorption. Conversely, the enhancement of
methanol oxidation on any ad-atom modified platinum is discussed based in three
effects: (1) the electronic effect which modifies the adsorption properties of plati-
num, (2) the bifunctional mechanism promotion (the second metal is more oxidiz-
able than Pt which increases the oxidation rate of adsorbed carbonaceous
intermediates) and (3) third body effect (decreasing of the electrode poisoning by
preventing the formation of a strongly bonded intermediate). Nevertheless, an
additional interpretation which comes from the necessity to keep the upd metallic
ion in the solution is that a chemical step between the dissolved metal and the
surface is possible as argued for experiments with tin [23].

In the very beginning, the upd sub-monolayers of ad-atoms were used as a first
approach to measure the impact of the bimetallic materials. However, these plati-
num modified surfaces do not predict fully the behavior of the bulk bimetallic
material.

2.2.3 The Oxidation of Methanol on Bimetallic
Platinum Materials

As discussed above, there is much to be gained by using bimetallic platinum
materials for the methanol oxidation. Nevertheless, electrochemists preparing
Pt-alloys are facing the challenges of the material science field with respect to the
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preparation of the metal mixture in nano-scale range. Very frequently, the literature
is misleading concerning the term “alloys”. The metal mixture is a macrostate
(physical mixture) which may be composed of a variety of microstates (segregated
pure metals, oxides, different intermetallic phases, etc.) and a given metal mixture
is rarely found as a unique solid solution, i.e. forming a solely 100 % alloyed state.
For this reason, great care must be taken when discussing electro-activity in terms
of the composition effect. Actually, these compositions are usually given in terms
of the global composition, i.e. atoms%, which are not useful for characterizing a
surface unless the composition in each of the different microstates is given.

This scenario calls for a deep characterization of Pt based materials in terms of
how many alloyed phases and segregated phases are present in the mixture as well
as their composition. The more accurately the bulk of the Pt based materials is
characterized the more precise the characteristics of surface are because the bulk
and surface should not be so dissimilar, above the micrometric dimension, in terms
of phases and composition. However, the same should not be strictly expected for
nanoscale dimensions. Platinum nanoparticle based materials may not form a true
alloy but a surface composition much dissimilar from the core given the equalized
quantity of both the bulk and surface’ free energy. To complicate the picture even
more, the electrochemical results often depend on the technique used to evaluate the
activity of the catalysts.

2.2.3.1 The Oxidation of Methanol on Platinum-Ruthenium

Many studies carried out with bimetallic materials show that Pt-Ru is today one of
the best options to oxidize methanol. Thus, a simple way to prepare active Pt-Ru
catalysts involves the deposition of metallic nanoparticles from a suspention onto
the carbon microparticles by the method known as formic acid method [24]. Con-
sidering that the crystal structures of Pt and Ru are different, Pt being fcc and Ru
hcp, the final crystal structure of the alloy depends on the composition. For Ru
atomic fractions up to 0.6-0.7, the two metals form solid solutions in which Ru
atoms replace Pt lattice points in the fcc structure. The opposite situation, Pt atoms
replacing Ru atoms in the hcp structure is found for Ru atomic fractions higher than
about 0.7. However, the crystal structure seems to depend also on the physical state
of the material. When nanoparticles are prepared by reduction of ionic metal
species, there is at least one report [25] claiming that the fcc structure prevails up
to 80 at.%Ru. On the other hand in sputtered films the hcp structure is predominant
even at low Ru fractions [26].

Pt-Ru materials have been studied as bulk alloys, dispersed nanoparticles, etc.
and Watanabe et al. presented the first report pointing to the practical applications
[27]. Independently of the physical state there seems to be agreement that the best
composition in terms of activity is 50 at.%Ru. However, this may not be the case in
an actual fuel cell [28] where the homogeneity of the nanoparticle distribution on
the support seems to be more important. Early works with Pt-Ru materials tried to
establish a correlation between activity and composition, as in the work of Chu and
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Gilman [29] where they examined a wide range of compositions. Notwithstanding,
and in view of the discussions above, it may be risky to draw conclusions from
results obtained with materials that have not been fully characterized.

As mentioned above, the morphology of the Pt-Ru catalysts plays an important
role in the activity toward methanol oxidation [30]. To give a global overview
concerning this, we recall the work of Villullas’ group that describes with great
detail the link between microstructure (dispersion, degree of alloying and the
second phase formation) of catalysts prepared by different methods and the
catalytical properties. For instance, synthesis of PtRwC nanocatalysts with con-
trolled particle sizes was attained using a microemulsion method that simply
manipulates values of water/surfactant molar ratio [31]. Even with similar particle
size, significant differences during the oxidation of CO-monolayer and methanol
were observed for different-atmospheres-heating-treated PtRuw/C catalysts [32]. For
the CO-monolayer oxidation, the peak potentials are shifted to lower values as the
amount of the alloyed phase increases; however, the same tendency is not observed
for methanol oxidation. Godoi et al. [32] ascribed this fact to different amounts of
residual oxides and alloyed phases, i.e. when preparing a Ru-alloyed Pt, neither all
ruthenium content is introduced into the Pt lattice and the residual amount remains
segregated as oxide. Godoi et al. observed higher methanol oxidation current for
catalysts that combine segregated residual oxide with low-degree-of-alloyed metal.

On the one hand, the Ru presence helps the oxidation of the last and strongest
adsorbed intermediate, the carbon monoxide. Ru helps the bifunctional mechanism
because the formation of oxygenated species (Reaction (2.6)) takes place at lower
potentials than on Pt [33]. However, Reaction (2.6) has slower kinetics on Ru than
on Pt as proven by electrochemical impedance spectroscopy [34]. For this reason,
the currents for Pt-Ru in potential scan techniques are larger than for Pt below
0.65 V, but become smaller above 0.65 V [34].

On the other hand, the Ru presence would lead to specific characteristics of the
surface toward the adsorption and oxidation of other CO-like intermediates. In this
regard, alloying degree and amount of residual oxides would be employed to alter
selectively different reaction rates of the two parallel pathways of methanol oxida-
tion: the formic acid and the formaldehyde route. The first pathway was confirmed
for PtRu surface given the presence of prominent DEMS signal m/e = 60
(methylformate) [35]. And the second pathway confirmed by the huge production
of formaldehyde observed in aliquots analyzed by HPLC [36]. It is known that the
increase in the Pt 5d-band vacancy can be promoted by the incorporation of Ru into
the Pt lattice as well as by the presence of oxide species. The contribution of the
oxide species to emptying the Pt band is more pronounced than the effect of the
Ru-alloyed Pt. As a result, catalysts that combine residual oxides with lower-
degree-of-Ru-alloyed Pt enhance the Pt 5d-band vacancy leading to increased
CO; production. Presumably, the enhanced Pt 5d-band vacancy affect both parallel
pathways by respectively changing the adsorption energy of formaldehyde and
methoxy intermediates [36]. This evidences would be extended to explain the
enhancement of methanol oxidation observed for PtRu nanoparticles supported
on TiO, [37, 38] as well as Pt supported on RuO, [39].
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2.2.3.2 The Oxidation of Methanol on Platinum-Tin Catalysts

Early in 1989, Kuznetsov et al. [40] suggested that nearly all alloys between Pt and
Sn are possible. However, the situation is complicated because Pt and Sn also form
the intermetallic phases Pt3Sn, PtSn, Pt,Sns, PtSn, and PtSny. These intermetallic
phases are identified by definite crystalline structures as revealed by X-ray diffrac-
tion. Therefore, according to Radmilovic et al. [41] lattice parameters determined
from DRX may be the result of mixtures of different phases containing Pt and Sn.

As shown by Gonzalez et al. [42], carbon supported nanocatalysts have been
studied for the oxidation of methanol and other fuels. There is, however, a problem
in the comparison of results, because the catalysts have been prepared by a variety
of different methods.

At this point, a general comment is relevant. It is common to find in the literature
that different methods of preparation lead to catalysts with different activities and
almost continuously new methods of preparation, or modifications of methods
already used, are being proposed. This may be classified as a bad scientific approach.
What determine the activity of a catalyst are intrinsic properties like the atomic
composition, the presence of residual oxide, electronic effects, etc., but not something
undefined as the method of preparation. Therefore, it is not surprising that several
works report an enhancement of the activity for methanol oxidation due to the
presence of Sn [43-48] while others report that there is a very small enhancement
or even no effect of the presence of Sn [21-23, 49-52]. It may be concluded that the
effect of incorporating tin to the Pt catalyst for methanol oxidation varies from strong
to moderate to mild or even negative and, for the time being, this will have to be
attributed to the “method of preparation”, although the real reason lies on the intrinsic
properties of the improperly characterized nano-surface.

Actually, those controversies in technological nanocatalysts could partially be
clarified by investigations with well characterized surfaces. To give the reader an
idea, ordered alloy Pt;Sn was securely created by using the Bridgeman technique and
the faces of Pt;Sn single crystal investigated toward the MOR. Astonishingly, none of
the alloy surfaces were more effective catalysts than any of the pure platinum
surfaces under the conditions of measurement employed in that work [23]. Translating
the discussion to the field of nanoparticle catalyst, it is assumed that the “method of
preparation” is, actually, a procedure to generate nanosurfaces with different
reproductivity concerning the amount of segregate oxide, type of intermetallic phases
and its relative proportion. In review [53], the presence of tin oxide/hydrodyde and
the degree of alloying are all factors that have impact on MOR.

On the evaluation of alloyed degree at nanoscale range, X-ray diffraction is used
to measure the interplanar distance (ID) and correlate the increasing ID to the
extension of incorporating-alloying atom to the Pt lattice. Thus, Colmati et al. [54]
observed a positive correlation between the MOR activity and the Sn-Pt alloying
degree, and pointed Pt;5Sn,5/C (or Pt3Sn/C) as slightly better catalyst for MOR than
PtooSn;o/C or Pt/C; Further increasing in Sn-alloying content from Pt3Sn/C to PtSn/
C, however, does not increase activity toward MOR [55] because it leads to a phase
change from fcc (Pt3Sn) to hep (PtSn) being hep phase less active toward MOR.
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All types of in situ techniques are of great interest to infer about how the surface
affects the mechanism of the MOR. In particular, the techniques which probe the
local structure of the catalyst open a perspective unexplored so far: the structural
changes of the catalyst during the progress of the reaction. Here is a brief example.
Very fresh investigations [56] with in situ time-resolved energy-dispersive X-ray
Absorption Fine Structure (DXAFS) and quick XAFS (QXAFS) techniques dis-
cover structural changes of the Pt,Sn nanocatalyst during the progress of the
oxidation reaction. The oxidation of Pt to PtO in Pt;Sn/C proceeded via two
successive processes, while the oxidation of Sn to SnO; in Pt3Sn/C proceeded as
a one step process. Accordingly, the authors proposed the structural changes which
include an oxide formation whose density depends on the nanoparticle composition.
The SnO, on Pt3Sn/C is porous which allows a second oxidation of the Pt located in
the core while the compact SnO, layer on PtSn/C precludes further oxidation of the
Pt-core and preserves, in this way, a metallic core.

On the methanol pathways, there is no information unless that the formic acid is
neglectfully formed on Sn-alloyed Pt while CO, is largely produced [55].

2.2.4 The Oxidation of Methanol on Trimetallic
Platinum Materials

On a basis of trial and error it was noticed that a practical fuel cell attains higher
performance employing ternary platinum based materials than employing the
binary catalysts. During the last decade, the global observation reveals an increas-
ing of performance for the H,/CO oxidation as well as for the MOR when a third
element was added to the best bimetallic catalyst, the Pt-Ru [57] or Pt-Sn [58] based
material. An overview of the preparation and structural characteristics of Pt-based
ternary catalysts [59] and their electrochemical performance [60] was presented by
Antolini. Therein, all the relevant works before 2007 are found. In summary, many
ternary Pt—-Ru—M catalysts M = W;,Wq, or W,C form, Mo, Ir, Ni, Co, Rh, Os, V)
perform better than commercial standard Pt—Ru catalysts and/or Pt—Ru catalysts
prepared by the same method than the ternary.

So far, the role of the third metallic additive is not clear. While a significant
enhanced catalytic activity for MOR is attributed to the presence of hydroxyl Ru
oxide, as discussed in the Sect. 2.2.3.1, a further activity increase due to the third
additive (M) is only to some extension discussed in the literature and most of the
time with controversy [61]. For instance, the promotion effect of Ni would be on the
Pt—Ni electronic interaction rather than on the ability of the sample to nucleate OH
species. Conversely, Ni is claimed to act as an agent which promotes the more
proper physical dispersion of the ternary catalyst but the electrocatalytic effect still
remains attributed to the hydroxyl Ru oxide [62].
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2.2.5 Catalysts for Methanol Oxidation
in Alkaline Environment

So far, kinetics of MOR were discussed throughout this chapter considering the acid
medium, however the kinetics are, in average, halffold faster in alkaline medium.
The same reads for ORR. Concisely, the enhanced activity in alkaline media results
from the lack of specifically-adsorbed spectator ions in alkaline solutions, and the
higher coverage of adsorbed OH at low potential [63]. The fastest kinetics allows to
use low catalyst loadings and to select Pt-free catalysts.

The beneficial effect of catalysis by Pd addition to Pt is ascribed to the facile
adsorption of OH™ on this surface which is further reflected by the high yield of
formate as well as low yield of carbonate obtained during the oxidation of methanol
on Pt e Pd/C catalyst [64]. An overview of catalysts and membranes for alkaline
DAFC is found in Ref. [65].

2.3 Electroxidation of Methanol Intermediaries

In Sects. 2.1 and 2.2 of this chapter the mechanism of methanol oxidation on
platinum was discussed. This section is dedicated to clarify the impact of the
main Pt-alloys, as already mentioned in Sects. 2.2.3 and 2.2.4, on the kinetics of
the most relevant oxidative steps belonging to the MOR mechanism. Baring this in
mind, the CO oxidation, the last step for complete methanol oxidation, is analyzed
as well as the oxidation of other MOR intermediates such as formic acid and
formaldehyde.

2.3.1 Residues of Methanol Adsorption: Dehydrogenation

The presence of an adsorbed COH was detected as a residue of the methanol
adsorption using in situ infra-red spectroscopy [66], hence confirming the threefold
dehydration in methanol oxidation. However, the precise pathway remains on
debate, partially because the stretching frequencies of many postulated
intermediates are similar and therefore the precise path cannot be fully elucidated
by in situ infra-red spectroscopy. Facing this scenario, the most promising way to
gain insights comes from theory. On pure platinum, the dehydrogenation of surface-
adsorbed methanol, CH3;0H,4s, is energetically favorable, with a hydrogen atom
first stripped off the carbon and further decomposition goes mainly through a
hydroxymethyl (CH,OH,4s) intermediate as predicted from quantum chemical
theory [67, 68]. Figure 2.2 depicts all possible geometries of fragments of methanol
adsorbed on platinum during the dehydrogenation.
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Fig. 2.2 Geometries of the possible intermediate fragments involved in CH30H dehydrogenation
on metal surface: intermediates for (I) CH;OH dehydrogenation, (II) H,O dissociation, and
(IIT) CO oxidation (Reprinted from Ref. [67], Copyright (2011), with permission from Elsevier)

Conversely, the gas/solid surfaces present essential differences regarding
methanol adsorption [69]. There are three pathways in UHV, a simple deco-
mposition via a methoxonium (CH;0-,4s) intermediate, an SN1 pathway via a
methoxoniumcation ([CH;OH,]*), and an SN2 pathway via a methoxonium
intermediate.

The adsorption energy of CO on Pt(111)/C is relatively higher than the
adsorption energy of CH,OH on the same surface [70]. Therefore, Pt(111)/C is
favorable for the oxidation but loses the activity by continuous CO poisoning.
This scenario is depicted in Fig. 2.3. There, a potential energy diagram is shown
for each elementary step involved in the dehydrogenation as well as the water
splitting and CO oxidation by LH mechanism. All stages of dehydrogenation are
exothermic, i.e. spontaneous, and therefore the complete dehydrogenation pro-
ceeds till the production of CO attached on the surface. Afterward, the barrier to
the proceeding reactions demands an endothermic oxide formation followed by
the exothermic CO oxidation. The main intend of alloying a metal to platinum is
exemplified also here for the case of Ru as a decreasing endothermic free energy
for the oxide formation. However, a less commented effect is the alloying effect
on the methanol dehydrogenation. For PtRu cluster this step is slightly favorable
compared to the pure platinum. Similarly, PtMo(111)/C was found to facilitate
methanol decomposition compared to Pt(111)/C [70]. Moreover, a top-Pt site is
predicted to be the favorite adsorption site for methanol on Pt-Ru and Pt-Mo
alloy [70].
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Fig. 2.3 Potential energy diagram for the CH3OH dehydrogenation, water dissociation and
CO,q + OH,q combination on pure platinum and mixed Pt-Ru surfaces (Reprinted from
Ref. [67], Copyright (2011), with permission from Elsevier)

2.3.2 CO Oxidation

2.3.2.1 CO Oxidation on Palladium and Pt-Pd

Palladium is a preeminent catalyst for many catalytic reactions given its ability to
oxidize carbon monoxide. However, the carbon monoxide electroxidation reaction
on pure palladium as well as palladium based materials was mainly studied recently
in the context of the catalysts for fuel cells. So, most part of the experimental
knowledge about the CO oxidation mechanism is found for this technological
device, especially in the context of binary/ternary platinum based materials.
Among other interesting aspects about palladium, its ability to solubilize hydrogen
into its lattice network [71] rendered it, in the earliest times, technological applica-
tion as membrane to separate hydrogen out of gaseous mixtures [72]. Its fast
hydrogen permeation is, however, an aspect which plays roles in the mechanism
of CO oxidation which, so far, had been hypothesized as suffering impact only from
species dissolved in the liquid phase.

The sparse investigation of CO oxidation on pure palladium surfaces before
2000 is compiled in the work of Yépez and Scharifker [73]. These authors argue
about the possibility of assisting the oxidation of C1 molecules to CO, by reaction
of CO with hydrogen occluded in the Pd lattice. Indeed, this proposal is based on
infrared reflectance spectroscopy (IRS) results shown in Fig. 2.4a for oxidation of a
CO monolayer which displays the intensity of the peak due to CO, as a function of
electrode potential. For a palladium hydrogen free surface, the onset potential of
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Fig. 2.4 (a) Amount of CO, produced as a function of electrode potential on palladium loaded
with 0.0 (circles), 0.1 (solid circles) and 2.2 Coulombs (triangles) of Hydrogen (With kind
permission from Springer: Ref. [74], Fig. 4”). (b) CO stripping scan for anodes formed by:
(1) PdysPtysRuso/C, (1) PdgsPtysRuyo/C, (UII) Pt/C, (IV) PdsoPtao/C, (V) PdgoPt;o/C,
(VD) Pd/C. Others details: electrosorption at 100 mV sec”! (vs. RHE), Nafion 115 membrane,
T = 85 °C (Reprinted from [75], Copyright (2011), with permission from Elsevier)

CO, production is very low, ca. 0.25 V (vs. SHE), and the rate of CO, production
increases with the potential up to a maximum, ca. 0.68 V (vs. SHE). The two main
impacts of different amount of sub-surface hydrogen on the CO oxidation on
palladium are the decrease of the onset CO oxidation potential and the increase
of the CO oxidation rate at a given potential. Additionally, oxygenated species
seem to inhibit this CO oxidation mechanism once the oxidation rate decreases after
the oxide formation potential around 0.8 V (vs. SHE) as seen in Fig. 2.4a. Taking
this insight into consideration, the effect predicted for PtPd alloy compared to Pt
toward the MOR mechanism should not be based on the bifunctional mechanism
but rather in the electronic effect. Also, it may be based in lowering the fraction of
poisoned surface as a result of further CO oxidation in the palladium sites which
should have higher amounts of subsurface hydrogen originated from the step 5, the
methanol dehydrogenation.

With this background, the CO oxidation mechanism on palladium in the pres-
ence of sub-surface hydrogen is assumed to be

COuqs + 2H® — HyCOyqs (2.8)
followed by the reaction
H,COygs + H,O — COp + 4HT + de™ (2.9)

Note that Reaction (2.9) is not an elementary step and for this reason formalde-
hyde is a candidate for such molecule whose oxidation mechanism could be
employed to gain insights over CO oxidation on palladium.

Considering the technological device, the CO bonding on Pd is stronger than on
Pt considering that the main peak potential moves to more anodic values in a CO
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stripping CV [75, 76], see Fig. 2.4b. As a consequence, a much larger activation
energy for the CO oxidation on Pd compared to Pt should be predicted, which in
turn, indicates that the current of CO oxidation on Pd is much less sensitive to the
variation of temperature than on Pt.

There are several experimental indications which support the hypothesis that the
palladium surface admits low CO saturation coverage compared to platinum.
Therefore this could be the reason behind the CO tolerant effect of the palladium-
platinum based materials [77]. For instance, bimetallic Pt-Pd based materials
prepared as nanoparticles supported on carbon [75] admit a high level of current
at the same potential in a fuel cell when exposed to poisoned hydrogen (with
100 ppm of CO) which is explained by the lower CO coverage on palladium
containing platinum compared to pure platinum. Pd/C has CO saturation coverage
5 % smaller than Pt/C when comparing the reduction charge in the hydrogen region
due to the CO carpet [76].

2.3.2.2 CO Ocxidation on Pt-Ru

According to the bifunctional mechanism at least three Pt atoms are needed to
adsorb one methanol molecule and activate it to form a Pt-(CO),4 while only one Ru
atom is needed to activate one water molecule to form Ru—OH. Thus, the best
atomic ratio of Pt to Ru should be 4:1. However, as mentioned above, the best MOR
activity is found for 1:1 Pt-Ru atomic ratio. Actually, the proportion 1:1 Pt-Ru
provides the smaller CO oxidation onset potential [78]. Therefore, this scenario
indicates that the CO oxidation is the rate determining step of MOR on Pt-Ru
catalyst. So, it is not a surprise to find the best Pt-Ru proportion for MOR being
equal to the best Pt-Ru proportion for the CO oxidation.

The role of Ru species within the Pt—Ru system is to form hydrous Ru oxides at
smaller potentials than hydrous Pt oxides. However, the alloying of Pt should also
exhibit a certain impact on the CO binding energy. So, both effects, the ‘bifunc-
tional mechanism’ and ‘ligand effect’, should be present in an alloy although with
different relative importance. Experimental data with temperature programmed
desorption (TPD) taken by adsorbed CO on Pt(110) show a reduction in the binding
energy of CO equivalent to 2 kcal/mol [79] in the presence of a Ru-deposit which
only produces a 1 kcal/mol change in the activation barrier of Reaction (2.6).
However, the barrier for OH recombination was reduced around 3-5 kcal/mol in
the presence of ruthenium. Taken both effects together, the Reaction (2.7) is
predicted to have a 4—6 kcal/mol reduction in the activation energy for the electro-
chemical CO removal; only about 1 kcal/mol is associated with the ligand effect,
whereas 3-5 kcal/mol are associated with the bifunctional mechanism showing that
the bifunctional effect is four times larger than the ligand effect.

The bifunctional mechanism assumes the formation of the oxygenated species,
by Reaction (2.6), at a lower potential than for pure platinum. However, the
elementary steps involved in the CO oxidation are



48 E.R. Gonzalez and A. Mota-Lima

CO,s + OHyg — COOH,qs (2.10)
COOH,4 — CO, + H' + e~ @2.11)

Given the relevance of the oxygenated species formation for the bifunctional
mechanism, the fundamental knowledge of this process is a crucial issue. Much of
the actual belief about this concern comes from the assumption made in a Conway
paper [80] which in summary established that any charges passed between 0.4 V and
0.7-0.8 V (vs. SHE) are solely due to the double layer and that hydroxyls are typically
formed on the Pt surface after 0.7-0.8 V which in turn become irreversibly adsorbed
above about 0.95 V, with a coverage of approximately 0.25, as well as reaches the
monolayer limit of one hydroxyl per Pt at 1.1 V. Beyond this value, oxide formation
is supposed to take place. For a comprehensive review of oxide formation up to the
mid-1990s the reader is referred to Conway and references therein [81]. More
recently, a concise investigation discusses the formation of hydroxyl at potential
lower than 0.7-0.8 V [82] supporting a collection of other papers.

2.3.2.3 CO Oxidation on Pt-Sn

The single crystal, Pt3Sn(110) alloy surface [49] is very effective catalyst for CO
electroxidation which does not reflected in an expressive enhancement for methanol
electroxidation as compared to Ru-alloyed Pt, shown in Fig. 2.5. The potentiostatic
current from MOR is one-order magnitude smaller for Pt3Sn(110) than those
observed for Pt-Ru alloys. Conversely, Pt3Sn(110) is very active for CO-bulk
oxidation given that Pt;Sn(110) has approximately 300 mV lower potential for
current onset than the most active Pt-Ru alloy surface, and more than 500 mV lower
than polycrystalline Pt, as seen in Fig. 2.5b. The superior CO oxidation ability can
be ascribed to the facile formation of Sn—OH,4. However, the relative inactivity of
Pt;Sn for methanol oxidation was explained by Wang et al. [49] based on a
“crowding” state of CO on Pt;Sn, i.e. the low potentiostatic current found for
methanol oxidation is due to a much lower CO coverage formed by the dehydroge-
nation of methanol than formed by CO bulk adsorption, since the required Pt
clusters for methanol dehydrogenation are already blocked by CO at low coverage.

On nanoparticle catalysts CO electroxidation develops faster charge transfer rate
on Pt;Sn/C than on Pt/C or Pt;Ru/C [83] on solution free of methanol. Moreover,
Ciapina and Gonzalez [83] suggest that Pt;Sn/C should have adsorbed or activated
water on the surface rather than the simple oxygenated species given the dominant
capacitive behavior down to 10 mHz on EIS experiments.

2.3.2.4 CO Oxidation on Pt-Pb

Among the several intermetallic phases (PtPb, PtBi, Pt;Ti, Pt;Zr, Pt;Ta and Pt,Ta)
PtPb and Pt,Ta exhibited CO stripping potentials less positive than bulk Pt whereas
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Fig. 2.5 (a) Potentiostatic methanol oxidation current densities at 500 mV in 0.5 M methanol and
(b) Potentiodynamic (20 mV/s) CO oxidation current at rotation rate of 1,600 rpm. Others: 0.5 M
H,SO,4 (Reprinted from [49], Copyright (2011), with permission from Elsevier)

PtBi exhibited virtual immunity to CO poisoning, i.e., CO probably does not adsorb
[84]. Globally, the other intermetallic phases exhibited little or no improvement
over Pt.

2.3.2.5 DFT Theoretical Prediction

A periodic density-functional theory study of the adsorption of CO and hydroxyl
(OH) on different clusters of metal was computed to evaluate the binding energies
of these adsorbates [85]. Alloying Pt with Mo leads to weakly adsorbed CO on both
Pt and Mo sites, and OH strongly adsorbed only on Mo sites. In the case of alloying
Pt with Ru, a weaker bond of both CO and OH to the Pt sites occurs whereas
alloying Ru with Pt causes a stronger bond of CO and OH to the Ru sites. This
suggests that PtMo could be a better bifunctional catalyst for CO oxidation than
PtRu. On Pt3Sn(111) the calculations show that CO binds only to Pt and not to the
Sn, whereas OH has an energetic preference for the Sn sites. This also implies that
PtSn should be a better CO oxidation catalyst than PtRu.

Concerning the alloying of platinum with Pb and Bi, the CO adsorption energies
show stronger surface orientation dependence [86]. The CO adsorption energy
decrease due to downward shift of the Pt d-band center (electronic effect) in the
sequence: PtBi (100)B and PtBi (110) <PtPb (100)B and PtPb (110) << Pt(111).
The same global trend was observed for other orientations, for instance, CO binding
energies on Pt;Pb(111) are computed to be generally smaller than binding energies
on Pt(111) [87].
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Additionally, Christoffersen et al. [88] observed that a weaker CO-Pt bond also
makes the CO more reactive at higher overpotentials, i.e. the LH mechanism is
favorable. The effect of the alloying atom (M) on mixed Pt-M metals is to promote
the formation of OHs combined with a favored oxidative removal of COs and
formation of COOHs. The relative contributions of ligand effect and bifunctional
effect are discussed in several quantum chemistry calculations [67, 89]. A ligand
effect plays some role in the oxidation of CO on Pt-Ru, but it is unimportant on
Pt-Sn [67].

2.3.3 Formic Acid Oxidation

The interest in formic acid oxidation (FAO) rose up in the 1970s with the aim of
shedding light on the mechanism of methanol oxidation beyond the commercial
interest in direct formic acid oxidation in fuel cells [90]. The FAO in acid solution
was extensively investigated on surfaces of platinum [91-100]; The FAO on other
pure metallic surfaces seems to have been restricted to the palladium surface [98,
101-104]. In the 1980s, the remarkable contribution was done by the studies on the
influence of the ad-atom in the activity of the platinum electrode [91-94]. In the
1990s, superficial spectroscopic techniques were employed to describe the electro-
chemical mechanism on palladium surface [98, 101-103] as well as platinum
surface [97, 98, 105]. In the last 10 years, there was a triplication of publications
about the FAO, specially driven by the use of nanoparticles.

A generally accepted dual-path mechanism for formic acid oxidation on plati-
num was proposed by Capon and Parsons [90] and continuously revised by the new
spectroscopic insights mainly due to the discussion of the nature of the poison
species. According to the current accepted mechanism, the direct path of FAO
occurs via a reactive intermediate described

HCOOH—*COOH + H" +e~ (2.12)

*COOH — CO, + H" +e~ (2.13)

where * indicates the number of platinum sites bonded to the carbon atom of the

organic species. Surface-blocking residues, the poisons, are formed respectively by
the parallel reaction

*COOH + HCOOH—""*COH + CO, + H,0 (2.14)

and by the indirect pathway

*COOH +"H—"CO 4+ H,0 + e~ (2.15)
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The adsorbed carbon monoxide is assumed to be the strongly adsorbed
intermediate and the formate the weakly adsorbed which belong respectively to
the direct pathway (active species) and indirect pathway (assumed to occur via
poisonous species).

Prediction from DFT calculation shows that HCOOH oxidation under a water-
covered surface behaves substantially differently than in the gas phase or using a
solvation model involving only a few water molecules [106].

2.3.3.1 Formic Acid Oxidation on Palladium

An astonishing aspect of formic acid oxidation on palladium is the formation of
CO, at potentials of hydrogen oxidation and oxygen evolution. On-line mass
spectroscopy analysis of volatile products reveals the production of CO, not only
in the double-layer region but also near 0.25 and 1.75 V [101]. The fact that the
current and the CO mass signal during a potential scan do not follow the same
pattern indicates that HCOOH oxidation proceeds through parallel mechanisms.

Another aspect is the several experimental indications that palladium admits a
fast reaction rate for the direct pathway of small molecules oxidation, specially the
C1 molecules. Experiments with IR spectroscopy on Pd-Au alloy detected the lack
of CO signal during formate electroxidation [102]. Anodic stripping voltammetry
of adsorbed formic acid on Pt ad Pd nanoparticles indicated a presence of a sharp
peak due to CO oxidation in the former and a lack in the latter [107]. Actually,
adsorbed CO is confirmed to be the strongly adsorbed residue for FAO on platinum
single crystals [108]. Taken all together, these results suggest two interpretations.
First that CO saturation coverage is low under FAO more for matter of peculiar
condition of palladium surface (such type of “tolerance”) than solely because the
presence of the fastest direct way. And second, the CO oxidation rate is faster than
the direct oxidation rate that the latter turns into rate determining step, and in turn,
make room for other parallel reactions. Despite this concerns, the original proposal
[101] of the so called catalytic mechanism under the peak 0.25 V

HCOOH — CO; + 2 Hygs (2.16)
followed by
2Hus — 2H" +e (2.17)
explains the CO, production at the hydrogen region and a homogeneous reaction
HCOOH + Pd** — Pd + CO, + 2 H* (2.18)

explains CO, production beyond ca. 1.4 V. Baring in mind that Pd has a relevant
electrochemical corrosion rate [109], for instance 5 pg cm 2h!at 750 mV, then an
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analytical amount of palladium complex should be present in the solution during
the electrochemical experiments.

Investigations with Surface-enhanced infrared absorption spectroscopy in the
attenuated total reflection mode (ATR-SEIRAS) give great detail of the poisoning
species on FAO on palladium [98]. They reported the presence of different poisons:
adsorbed CO and bridge-bonded formate as well as carbonate (CO5>7), bicarbonate
(HCO3_) and supporting anions. Globally, poisoning of the Pd surface by CO
formed by step (2.13) is very slow and scarcely affects formic acid oxidation.
According to the results, formate should be a short-lived reactive intermediate in
formic acid oxidation and is hence detected when its decomposition yielding CO, is
suppressed.

2.3.3.2 Formic Acid Oxidation on Pt-Sn

The effects of antimony, tin, and lead additions to the palladium black catalyst was
analyzed [110]. Accordingly, each adatom strongly promotes formic acid oxidation
in an electrochemical cell and reduces the amount of CO poison that develops on
the catalyst surface after 1 h of oxidation. The authors attributed this effect to the
third body effect (steric effect) but did not discard an electronic effect regarding that
a decrease in the CO binding energy on palladium due to the presence of the
adatoms, using XPS technique, was observed.

2.3.3.3 Formic Acid Oxidation on Pt-Pb

Stabilized upd lead on platinum was prepared and employed as electrode to measure
simultaneously the rate of CO, production from both bulk and adsorbed formic acid
[111]. In the experiments of Fig. 2.6, the strongly adsorbed residue is formed
previously in a solution with '*C-labeled formic acid by applying 0.25 V per
3 min, then the solution is replaced by '*C-formic acid and the potentiodynamic is
recorded simultaneously with the mass signals (using the DEMS system). Hence the
CO, molecules coming from bulk formic acid oxidation (m/e = 44) and resulting
from the oxidation of the strongly adsorbed residue (m/e = 45) are distinguished. On
pure platinum, the surface is poisoned by the previously adsorbed *C residue and the
V-I profile is in good agreement with the mass signal. In the presence of lead, the bulk
HCOOH oxidation starts at 200 mV (monitored by m/e = 44) while the onset of
residue oxidation occurs at the same potential as in pure platinum. Despite the
100 mV displacement of the peak to lower potentials in the case of the residue
oxidation on upd-Pt compared to on pure platinum, the residue is oxidized by the
platinum oxide. These results clearly demonstrate that the direct oxidation of bulk
formic acid is accelerated by the presence of updPb adatoms even though in the
presence of stuck residues on the surface. Experiments with electrochemical quartz
crystal microbalance (EQCM) reveal that the majority of the current is delivered by
formic acid oxidation but that the mass response is dominated by the changes in UPD
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Fig. 2.6 Oxidation of bulk formic acid on sputtered platinum previously modified with 0.005
M!3C-formic. (a) Cyclic voltammetry as well as (b) CV mass signal/potential (MSCV) for CO,
from bulk H>2COOH, m/e = 44 and (c¢) for CO, from adsorbed '>C residue, m/e = 45. Others: the
dotted lines show the results without Pb and solid line with updPb (®p, = 0.36) (Reproduced by
permission of The Electrochemical Society)

coverage [94]. Thus examination of mass responses reveals both variations in UPD
coverage and the manner in which the underpotential deposits are affected by
adsorbates derived from formic acid. At low concentrations of formic acid there is
some suppression of the underpotential deposit and data suggest that strongly
adsorbing intermediates form most rapidly in the hydrogen adsorption region of
potential. The high current efficiency of CO, formation for methanol and formalde-
hyde oxidation at a PtPb electrode can be ascribed to the complete dehydrogenation
of formaldehyde and formic acid due to electronic effects [86].

Several authors [111, 112] suggest two catalytic effects: third-body effect and
electronic effect. However, the third-body effect cannot account solely for the
observed catalytic effects. Thus, an electronic interaction between the updPb and
the Pt substrate is likely as well. Other aspect concerning the lead deposits is the
microstructural change during electrochemical experiments. Electrodeposited layers,
near stoichiometric PtPb, yields a smooth compact surface that suffers microstructure
changes after cyclic electrochemical experiments [113]. The dealloyed structure
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exhibited significant electrocatalytic behavior which was presumably related to Pby,g
on the available Pt surface.

Beyond the investigations with thin films, the study with nanodendritic materials
suggest that nanoparticle morphology is responsible for the significant improve-
ment of electrocatalytic activities toward the FAO mainly because PtPbnano-
dendrites could expose preferential crystalline planes from the intermetallic phase
evolution from a Pt-based face-centered cubic to a PtPb hexagonal [114]. With
respect to the fractal dimension of the dendritic surface, an improvement of surface
area could be achieved.

In agreement with the flat surfaces, the PtPb nanoparticles exhibited significantly
CO tolerance and a stable oxidation current for FAO was observed over 9 h,
compared to a large decrease in oxidation current, ostensibly due to CO poisoning,
on Pt, Pd, and Pt-Ru/Vulcan alloy nanoparticles [115].

2.4 Methanol Oxidation Far from Equilibrium:
An Outlook

Standard investigations evaluate electrochemical proprieties of a given surface
according to its steady stationary state; however, CO oxidation undergoes kinetic
instabilities in the catalytic environment [116—120] whose electrochemical version
were, so far, identified [121-123] even that sparsely. Among the kinetic instabilities
the most broadly report in the electrochemical field are bistability and oscillations.
It happens that theoretical approach treats oscillating CO oxidation [124] as part of
the mechanism for the oscillating methanol oxidation [125] as well as the
oscillating formic acid oxidation [126]. Predictions that match fair agreement
with experimental reports on oscillating electroxidation of methanol [127-131]
and formic acid [95, 132-134] using a conventional-three-electrode cell. In this
section, two new perspectives concerning catalysts for DMFC are commented:
(a) evaluation of kinetics and mechanism on different catalysts by analyzing its
far from equilibrium behavior, and (b) taking advantages of the better conversion
exhibited by the oscillatory state [135].

The mechanism of the methanol oxidation defines the time evolution of species
coverage on the electrode surface, hence, defines also the set of ordinary differential
equations which describes the time evolution for each coverage species [136] which
is known as chemical network stability analyses (SNA). Accordingly, the unique
instability which allows for oscillatory behavior is the Hopf bifurcation (HB) which
most of the time is proofed by numerical solution. However, the methodology to
solve analytically the set of differential equations was very recently applied to
chemistry [137].

Figure 2.7 joins information from theory and experiments. The stationary CV in
potentiostatic sweep is shown during the methanol oxidation. Conversely, under
galvanostatic sweep mode, a region of instabilities appears with the beginning at the
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Hopf bifurcation point and the ending on Saddle-node bifurcation point, just as
predicted by analytical solution of the set of EDOs as well as numerical simulations.
Both saddle point and hopf bifurcation point are defined for a certain electrochemical
mechanism as a function of a set of kinetic rate constants belonging to the given
mechanism. Therefore, the location of the HB as well as SN is defined by a set of
kinetic parameters which are mainly determined by the sort of catalyst. The time
scale of poisoning process could be evaluated, for instance, by analyzing different
current sweeps as well as by the corresponding time series. The lack or the appear-
ance of the instability region at different range of current leads to a direct way to
evaluate the rate constants for a given surface. Likewise, the feasibility of a certain
mechanism could be evaluated leading to new perspectives or proposition to under-
stand with more detail the aspects behind an electroxidation of small molecules.
Finally, oscillatory state render better conversion than stationary state considering
the electrochemical class of oscillator in which the methanol is included [135]. The
promise of lunching more efficient methanol conversion using oscillations is in its
infancy, but there are evidences that point toward good prospects. Current oscillation
on DMFC emerges [138] depending on the flow rate of methanol at the anode side
and on the fixed potential. Another possibility for oscillations in the practical DMFC
operation was reported by Du et al. as a result of the methanol crossover; in this case,
the presence of methanol at the cathode led to superposition of the anodic MOR on
the cathodic ORR [139]. Together, both evidences reinforce the parallel between
findings using a conventional-three-electrode cell and practical fuel cells. On the
bases of our experience, the feasibility of using the benefits from oscillations will run
a searching for methanol catalysts that promote oscillation onset at lower overvolt-
age. To elucidate this we recall the understanding gained with the electroxidation of
CO-containing hydrogen [123] which works as mimetic for the methanol
electroxidation mechanism [140]. Kadyk et al. [141] reported an anodic overvoltage
around 600 mV for the oscillations onset on Pt/C which is around 300 mV larger than
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oscillations onset on PtRu/C [142]. According to the energy balance

recommended in reference [135] that 300 mV higher overvoltage represents dispel
of energy conversion.
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