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Abstract Dramatic technological advances for the pro-
ton exchange membrane fuel cell have focused attention
on this technology for motor vehicles. The fuel cell ve-
hicles (FCVs) have the potential to compete with the
petroleum-fueled internal combustion engine vehicles
(ICEVs) in cost and performance while effectively ad-
dressing air quality, energy insecurity, and global
warming concerns. Methanol being a liquid can be easily
transported and can be supplied from the existing net-
work of oil company distribution sites. Recently, com-
bining improved catalysts with fuel cell engineering, it
has been possible to overcome some of the difficulties
that have frustrated previous research and development
efforts in realizing a commercially viable direct methanol
fuel cell. Direct methanol fuel cells (DMFCs) with power
densities between 0.2 and 0.4 W/cm® at operational
temperatures in the range 95-130 °C have been devel-
oped. These power densities are sufficient to suggest that
stack construction is well worth while. This paper re-
views recent advances and technical challenges in the
field of DMFCs.
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Introduction

Deteriorating urban air quality, growing dependence on
insecure energy sources and global warming are major
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challenges forcing reexamination of petroleum-fueled
internal combustion engine vehicles (ICEVs) as the basis
for road transportation throughout the world. To meet
the air quality goals in the face of continuing growth in
transport fuel demand, tailpipe emission standards have
been progressively tightened in many countries. But
tailpipe emission control devices have been getting even
more complicated, expensive, and difficult to maintain.
The spectre of energy insecurity that haunted energy
planners in the 1970s is re-emerging. Energy input
dependence is rising, and the share of world oil pro-
duction coming from the middle east is growing. While
soft oil prices may persist for a few years, supplies will
eventually tighten because of rapidly growing transport
energy demand, more so in the developing countries.
The deleterious effect of oil imports on our economy is
too well known to be recounted here [1].

Methanol and hydrogen derived from bio-mass offer
the potential for making major contributions to trans-
port fuel requirements by addressing competitively all of
these challenges, especially when used in fuel cell vehicles
(FCVs). In a fuel cell, the chemical energy of a fuel is
converted directly into electricity without first burning
the fuel to generate heat to run a heat engine. Since fuel
cells operate without a thermal cycle, they offer a
quantum leap in energy conversion efficiency and virtual
elimination of air pollution without the use of emission
control devices [2].

Research toward the development of fuel cells for
vehicular application has primarily relied on the use of
proton-exchange membranes such as Nafion as the
electrolyte. Figure 1 shows the basic design of a typical
H;-O; fuel cell employing Nafion electrolyte. The key
components of the fuel cell are an anode to which hy-
drogen is supplied, a cathode to which oxygen is sup-
plied and the Nafion electrolyte which permits the flow
of protons between the anode and cathode. Two chem-
ical reactions take place at the same time. At the anode,
gaseous hydrogen fuel undergoes oxidation following
the reaction: Hy — 2H" +2e¢ (E, =0.0 V vs SHE),
while, at the cathode, gaseous oxygen is reduced to
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Fig. 1 A solid-polymer electrolyte hydrogen-oxygen fuel cell

produce water following the reaction: 2H™' + 2e~
+10, — H,0 (E. = 1.23 V vs SHE). Accordingly, the
net cell reaction is: Hj +%Oz — Hy0 (Eeel = E. — Ea
= 1.23 V) [3-6]. When the cell is connected to an ex-
ternal circuit (load), the excess electrons flow from the
anode through the circuit and back to the cathode. As
the electrons move through the circuit, they lose energy.
This energy may be used to create heat or light as in an
electrical heater or light bulb, or to do work as in a
motor. The flow of electrons results in a current, and by
convention the direction of flow of current is taken as
opposite to the direction of flow of electrons. The energy
difference per unit charge while electrons flow through
the circuit is called voltage. The product of the current
and voltage is the power delivered to the circuit.

The performance of the H;-O, proton-exchange
membrane electrolyte fuel cell, particularly under a few
bar pressure, is quite remarkable where power densities
in excess of 1Wem™2 have been achieved [7]. These
performances should not, however, disguise the fact that
if the application of such fuel cells to transport is con-
sidered, particularly if methanol is used as the fuel and
the reformer is used, there are several additional sources
of loss. Operation of the fuel cell at 5 bar leads to an air-
compressor loss of ca. 12% of stack output, and re-
former losses of 10-15% based on the heating value of
the input methanol fuel are to be expected. Further
losses to ancillary units and in power converters, etc.,
can lead to overall power efficiencies from methanol
chemical energy to wheels of ca. 15%. Hydrogen can as
well can be carried on the vehicle (a) as liquefied hy-
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Fig. 2 A solid-polymer electrolyte direct methanol fuel cell

drogen, (b) as absorbed gas within certain alloys, and (c)
as compressed gas. The last option is favoured at pres-
ent, though it has obvious safety hazards. Ballard have
recently designed and constructed a bus that uses com-
pressed hydrogen in cylinders as the fuel, and have been
testing this for city driving in Vancouver [8]. By contrast,
methanol being a liquid can be easily transported and
can be supplied from the current network of oil com-
pany distribution sites.

In a fuel cell, methanol can be directly oxidized to
carbon dioxide and water at the anode following the
reaction [9]:

CH;0H + H,O — CO, T + 6H" + 6e~

(E, =0.04 V vs SHE) (1)

The reduction of oxygen takes place at the cathode:

30, + 6H" + 6e~ — 3H,0 (E. = 1.23 V vs SHE)

(2)
Accordingly, the net cell reaction is:
CH;0H + 30, — CO, T +2H,0
(Ecellec_Ea:1-19V) (3)

A direct methanol fuel cell (DMFC) with a Nafion
electrolyte is shown schematically in Fig. 2. The funda-
mental limitation in the practical realization of such a
DMFC has been the existence of electrochemical losses
at both the anode and cathode leading to poor overall



conversion efficiencies. One of the reasons is the meth-
anol crossover via the electrolyte to the cathodes.
Besides, the direct oxidation of methanol to carbon
dioxide at platinum-based catalytic electrodes requires
six electrons and there is little probability of all being
transferred simultaneously. Moreover, it is not possible
to devise a mechanistic route for methanol oxidation
solely involving low-energy solution intermediates, and
low-energy routes through CO, require surface-bound
intermediates. In the literature, considerable effort has
been expended in studying the details of this mechanism,
and in understanding the role of promoters such as ru-
thenium, which has led to rapid advances in catalyst
performance [10-14].

Electrocatalysis and electrode performance

The performance of a fuel cell is represented by the
current density vs voltage (or polarization) curve shown
in Fig. 3. Ideally a single DMFC could produce 1.19 V
(d.c). In practice, however, it produces voltage outputs
that are somewhat less than the ideal value, which de-
creases with increasing load current-densities, as shown
in Fig. 3. The losses or reduction in voltage from the
ideal value are referred to as polarization or over-
potential. The polarization curve comprises three distinct
regions. The first region (I) belongs to the voltage loss at
low currents, is due to the interface resistance, and is
termed the activation polarization region. The second
region (II) is characterized by a linear drop with in-
creasing current, is due to the intrinsic ohmic resistance,
and is termed the ohmic polarization region. The third
region (I1I) is termed the diffusion-limited or concentra-
tion-polarization region and is represented by a final
additional drop at high currents arising because of the
depletion of acceptors at the interface for the transitory
species [15].

Polarization losses in the activation polarization re-
gime are usually circumvented by the use of an active
catalyst. To expand further, for an electrochemical
process [16],

ke
O +ne” R (4)
ke
the net rate of the reaction is,
I
— = kCo — kpC 5
=Ko — kyCr 5)

where k¢ and &y, are rate constants for the forward and
backward reactions, respectively, Co and Cr are con-
centrations of the O and R species, 4 is the area of the
electrode, F is the faraday constant, kr = k%" and
ky = k°eP" k° is the standard rate constant, 5 is the
associated polarization, and « and f§ are energy-transfer
coefficients that are indicators of the form of the reaction
barrier. Even though the net reaction is zero at equi-
librium, one still envisages balanced faradaic activity
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Fig. 3 The polarization curves for a direct methanol fuel cell and its
constituent electrodes

that can be expressed in terms of the exchange current,
I,, and is equal to nFAk°C, where Co = Cr = C.

If the solution is well stirred or the current is kept so
low that the surface concentration does not differ ap-
preciably from the bulk values, then Eq. 5 takes the form

1
Z—emfn _ obnfn (6)

I,

Equation 6 is called the Butler-Volmer equation. The
first and second terms on the right-hand side of Eq. 6
represent the cathodic and anodic components, respec-
tively. At larger exchange currents /, tends to oo, mak-
ing f — 0.

Consequently, Eq. 6 takes the form,

e~ — obnfn (7)

In Eq. 7 o, §,n and f are not equal to zero, and hence, at
1, tending to oo, would tend to 0. Therefore, the pur-
pose of employing a catalyst is to make n — 0 at low
current densities.

The most effective and common catalyst employed
with fuel cells is platinum. Because of the high work
function of platinum, the kinetic window for the electron
transfer can be varied widely both for anodic and ca-
thodic reactions to proceed favourably. But platinum is
not particularly active for methanol oxidation. Platinum
poisons easily, and cell performance degrades with time
both at low and high over-potentials. In the literature,
the mechanism of methanol oxidation on platinum
particles remains controversial, a fact that makes ratio-
nal catalyst design substantially difficult. It is widely
accepted that methanol undergoes chemisorption onto
the platinum surface by stepwise stripping of the three
methyl-group protons as follows [17]:

CH;0H % Pt—CH,OH + H* + ¢ (8)
Pt—CH,OH 2 PL=CHOH + H* + ¢ 9)
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PL=CHOH > PCOH + H' + e~ (10)

where k; < k; < k3 makes Pt3COH a predominant spe-
cies. Further oxidation of the intermediate Pt;COH to
linearly bonded Pt;CO is known to occur, although
whether there is a true intermediate or simply a surface
poison is a matter of debate. Oxidation of either
Pt3COH or Pt;CO is thought to take place by absorbed
OH species. At potentials (below 450 mV vs SHE) the
surface of platinum is heavily covered with CO,q4s [18].
Although the rate of chemisorption of methanol is cer-
tainly fast enough to replace any CO,q4s that might be
lost by further oxidation, turnover of the surface CO
species is insignificant. The most likely mechanism is
then that water adsorbs on vacant sites close to active
sites, to which it can migrate and turnover to CO,. These
steps can be written as:

Pt;COH — Pt3CO + H" +e”
Pt;CO + H,O — Pt + CO, T + 2H' + 2e”

(11)
(12)

The evidence for the presence of active sites comes from
the observation that the activity of Pt/C catalyst is
critically dependent on the strength of the reducing
agent [19].

Studies on promotion by co-reducing platinum with
other noble metals suggested that ruthenium markedly
increases the catalytic activity of platinum at all poten-
tials but particularly in the high-potential region, the
optimum composition being 5S0Pt-50Ru. Methanol oxi-
dation on Pt-Ru particles proceeds through the follow-
ing steps [20].

3Pt + CH;0H — Pt;COH + 3H" + 3¢~

Ru+ H,O — RuOH + H' + ¢~

RuOH — RuO + H' 4 e~

RuO + Pt3COH — Ru+3Pt + CO, 1+ H" + e~

13
14
15
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(
(
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)
)
)
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Efforts have also been expended to explore Pt-M al-
loys where M can be leached. The best known of these is
Pt-Sn [21]. Optimization of this catalyst showed that the
optimum ratio of Pt-Sn lies in the region 1:1-1:2, which
coincides with the formation of Pt-Sn (hexagonal) and
PtSn;, (cubic) alloys [22]. It is known that Sn leaches
from these alloys and the promotion is seen in the low-
potential regions. The methanol oxidation on Pt-Sn al-
loys can be envisaged as follows:

Sn Sn

1|>t +CH;3;0H — ll)t—CHO +3H" 4 3¢~ (17)
Sn Sn-OH

P|t—CHO +H,0 — Pt—CHO + H" + ¢~ (18)

Sn—OH Sn—OH

1|>t—CHo —Pt—CO+H' +e” (19)
Sn—OH Sn

I|>t—CO — 1|>t +COy 1 +H" +e” (20)

Further studies on this family of alloy catalysts have
been carried out on Pt-Cr, Pt-Fe and Pt-Cu alloys. These
studies suggested that more active catalysts might be
made by combining two metals that promote in different
ways. The obvious pair was Sn and Ru, but severe dif-
ficulties were experienced with this. Since Sn and Ru are
quite miscible, formation of Pt-Sn alloy led to expulsion
of Ru. Recently, however, the ternary system Pt-Ru-Sn
has proved to be extremely active [18].

In an electrochemical cell, the operating voltages are
necessarily low, so high power (/V) requires a high
current. A low internal-loss (/?R) requires in turn a small
resistance (R) of L/oA, where L is the thickness of the
electrolyte separator, A4 its area and o its conductivity.
For low R, in addition to large o, it is necessary to have a
large-area-thin-membrane electrolyte to circumvent
ohmic polarization. Usage of Nafion, a perfluoro-
sulphonic acid polymer electrolyte with high H'-ion
conductivity, is considered a major step forward in
the development of polymer electrolyte membrane fuel
cells. Nafion, being water-insoluble, has no volume
management problems and automatically rejects pure
product water, giving a benign corrosion environment in
the fuel cell. Polymer-electrolyte-membrane fuel cells
employing Nafion as the electrolyte cannot be operated
at low humidity because they become dry and non-
conducting. The practical operating temperature limit is
about 90 °C unless very high partial vapour pressures
are used for humidification. Nafion is also permeable to
methanol, and hence efforts are being expended to re-
duce methanol crossover in DMFCs using it. For
example, copolymers of perfluorodimethyldioxole and
tetrafluoroethylene (PDD-TFE) are compatible with
Nafion solution, can be fabricated into ultra-thin
membranes, and have good methanol crossover resis-
tance [23].

Concentration polarization represents the energy
losses associated with mass-transport effects. In partic-
ular, the performance of an electrode may be inhibited
by the inability of the reactants to diffuse to products or
products to diffuse away from the reaction site. In fact,
at some current value, namely the limiting current value,
i1, a situation will be reached wherein the current will be
completely limited by the diffusion process. Taking the
diffusion constant for the reacting species as D, Cy, as the
bulk concentration, C. as the concentration at the elec-
trode surface, and ¢ as the diffusion-layer thickness, the
rate of flow can be written as [16]

I AD(Cy — C.)

nF 5 @)
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I 22
ik 5 (22)
At i — i, C. — 0 with 6 — 0;. Accordingly,

DnF(
i = DnFGy (23)

)
Dividing Eq. 22 by Eq. 23, we have
i Cy — Ce\ 0
- hd 24
i < Gy ) 0 24
when 6 — J;, Eq. 24 can be written as
Cy, —

P = ( be C“) i (25)
From the Nernst relationship, we can express

RT  C.

=" In= 26

1 nF n Cb ( )
Substituting from Eq. 25 in Eq. 26, we have

RT i

=—In(1-—- 2

= n< i|) @7

From Eq. 27 it is obvious that as i} tends to oo, n would
tend to 0.

In order to increase ij, the reacting species have to be
made available to the electrode surface even at very high
operational currents.

Fuel cell electrodes demand specifically designed
electrode structures and electrocatalyst morphologies.
The development of materials and production technol-
ogies of electrocatalysts, electrodes and cells is far from
finished. The issue of fuel cell development today is more
a matter of materials science than of fundamental
electrochemical research. In the context of electrode
morphology, optimization modelling of electrode per-
formance is an indispensable tool [24].

Recent developments in DMFCs

The rapidity of progress in the development of DMFCs
within the last two years has been astonishing. Pro-
ton-exchange-membrane-electrolyte DMFCs with (a)
vapour and (b) liquid-feed configurations have been
constructed and tested [25-29]. The current-voltage
characteristics reported for vapour-feed DMFC are
shown in Fig. 4. The data show that a current density of
300 mA cm~2 can be derived at a cell voltage of 550 mV,
which is equivalent to a power density of ~0.16 W cm ™2
at the operational temperature of ~90 °C.

The schematics of a liquid-feed DMFC is shown in
Fig. 5. This configuration is more attractive since it
avoids the evaporator. The current-voltage characteris-
tics reported [28] for the liquid-feed DMFC is shown in
Fig. 6. The data show that a power density of
~0.18 W cm™2 can be derived from this type of DMFC
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at an operational temperature of ~90 °C. The endurance
test carried out on this DMFC suggested that the cell
can be operated continuously for ~100 h with little de-
terioration (Fig. 7). We have extended these studies to
stack construction. The performance data for a 5 W
DMFC stack at an operational temperature of 90 °C are
shown in Fig. 8 [29]. Recently, it has been shown that
power densities as high as 0.4 Wem ™2 can be achieved by
operating the cell at about 130 °C [27].

There is no reason to believe that the cell engineering
is fully optimized, and further improvements are highly
likely. Nevertheless, these power densities are sufficient
to suggest that stack construction is well worth while. A
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fuel cell of this type, if perfected, will have many at-
tractions for FCVs. The energy density of methanol fuel
in such a fuel cell would be about 6 kWh/kg. Methanol-
fueled FCVs will be about 2% times more energy efficient
than ICEVs. For hydrogen-fueled FCVs, air pollution
from the vehicle would be zero, while for methanol fu-
eled FCVs these emissions would be non-zero but mi-
nuscule as compared to ICEVs.

The problems that remain to be solved are: (1) to find
electrocatalysts that would (a) enhance the electrode
kinetics of methanol oxidation, and (b) minimize the
poisoning caused by strong adsorption of CO-type in-
termediates, (2) find electrocatalysts for oxygen reduc-
tion which are not depolarized by the methanol
crossover from the anode to the cathode via the mem-
brane by optimizing the structure of the electrodes and
the operating conditions or by finding membranes which
inhibit the methanol transport, and (3) the engineering
design and construction of the electrochemical multi-
stack.

Conclusions

For transportation, the proton-exchange membrane
DMFCs offer the greatest advantage in terms of envi-

ronmental factors, but there remains much develop-
mental work to do. Nevertheless, the overall picture is a
positive one, and indeed the extraordinary progress
made over the past few years has placed DMFCs firmly
on energy-forcasting panels the world over.
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