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Abstract

Technological improvements in direct methanol fuel cells (DMFCs) are fuelled by their exciting possibilities in portable, transportation
and stationary applications. In this paper, a synopsis of the worldwide efforts resulting in inventions of a plethora of DMFC prototypes with
low, medium and high power capacities by a number of Companies, Research Institutions and Universities is presented. The most promisin
short term application of DMFCs appears to involve the field of portable power sources. Recent advances in the miniaturization technology
of DMFCs devices make these systems attractive to replace the current Li-ion batteries. In the field of electrotraction recent demonstratio
of DMFC stacks with specific power densities and efficiencies approaching those of the combined system methanol reformer-polymet
electrolyte fuel cell (PEMFC) have stimulated further investigation on the development of materials with higher performance and lower
cost. The most appropriate range of operation temperatures for applications in transportation appears to lie between 100D, ditn 460
operating conditions may be sustained by using new high temperature electrolyte membranes or composite perfluorosulfonic membrane
containing inorganic materials with water retention properties at high temperature. The most challenging problem for the development of
DMFCs is the enhancement of methanol oxidation kinetics. At present, there are no practical alternatives to Pt-based catalysts. High nobil
metal loading on the electrodes and the use of perfluorosulfonic membranes significantly contribute to the cost of these devices. Critica
areas include the design of appropriate membrane electrode assemblies for specific DMFC applications and the reduction of methan
cross-over. This latter aspect is strictly related to the use of membrane alternatives to Nafion, but it may also be conveniently addressed &
the development of methanol-tolerant oxygen reduction catalysts.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Reduced levels of transportation related pollution may be
achieved by replacing a significant number of internal com-
Most of the world energy requirements are presently bustion engine vehicles with electric cars in the near future.
addressed by burning fossil fuels in low efficiency thermal In this regard, polymer electrolyte fuel cells (PEMFCs) and
processes. Related consequences in terms of atmospheridirect methanol fuel cells (DMFCs) have been envisaged
pollution, global warming, green house effect etc. are the as suitable power sources for electric cars. DMFCs which
objects of many debates between developed countries thatirectly employ methanol as fuel have good potentialities
are searching for a common legislation to properly re- since they eliminate the need of a complex reformer unit in
strict the polluting emissions and protect the environment. the systenfl]. Furthermore, since methanol is fed with large
Transportation represents a significant portion of world amount of water to the anode it also avoids complex humid-
energy consumption and contributes considerably to theification and thermal management problems associated to
atmospheric pollution. Although modern cars emit a lower PEMFCs. DMFCs provide the advantage of smaller system
amount of toxic gases and particulate than their older pre- sizes and weight in relation to other fuel systems and the
decessors, their increasing number result in growing levels concept of the DMFC device may be extended to alternative
of pollution from transportation sources. fuels obtained from natural gas (e.g., dimethylether) or from
biomasses as well as fermentation of agricultural products
such as ethanol reducing the dependence on insecure energy
* Corresponding author. Tekt39-090-624237; fax:-39-000-624247.  resources. DMFC devices presently suffer from methanol
E-mail address: arico@itae.cnr.it (A.S. Aria). crossover across polymer electrolyte membranes (crossover
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affects the performance of the cathode as well as fuel ef-rechargeable batteries in the US$ 6-billion portable elec-
ficiency) and poor methanol electro-oxidation kinetjit$. tronic devices market. Theoretically, methanol has a superior
Other relevant aspects are the cost of materials (noble metakpecific energy density (6000 Wh/kg) in comparison with
catalysts, perfluorosulfonic membranes) and the cost of pro-the best rechargeable battery, lithium polymer and lithium
duction of the various components of the device which are ion polymer (theoretical, 600 Wh/kg) systems. This perfor-
presently higher than conventional energy conversion sys-mance advantage translates into longer conversation times
tems. Automation and large-scale production, however, may using cell phones, longer times for use of laptop computers
significantly reduce the latter. Although DMFC systems have between replacement of fuel cartridges and more power
been primarily investigated for their potential use in portable available on these devices to support consumer demand.
power and electro-traction applications, fundamental re- In relation to consumer convenience, another significant
search into distributed power sources for residential appli- advantage of the DMFC over the rechargeable battery is its
cations have shown exciting progress. Different applications potential for instantaneous refueling. Unlike rechargeable
imply different system design characteristics, operation pa- batteries that require hours for charging a depleted power
rameters as well as materials employed in the device. Thepack, a DMFC can have its fuel replaced in minutes. These
aim of the present DMFC review is to provide an overview significant advantages make DMFCs an exciting develop-
on the international state of the art, recent progress, R&D fo- ment in the portable electronic devices market. Noteworthy
cal areas and current problems to be solved for the differentaccomplishments in these areas are reported below and in
applications. Table 1

Motorola Labs—Solid State Research Center (US),

in collaboration with Los Alamos National Laboratory

2. Current status of technology and potential ((LANL), US), is actively engaged in the development

applications of low power DMFCs (greater than 300 mW) for cellular
phone applicationf’]. Motorola has recently demonstrated

2.1. Portable power a prototype of a miniature DMFCF{g. 1) based on a

membrane electrode assembly (MEA) set between ceramic
Several organizations are actively engaged in the devel-fuel delivery substrates. Motorola utilized their proprietary
opment of low power DMFCs for cellular phone, laptop low temperature co-fired ceramic (LTCC) technology to
computer, portable camera and electronic game applicationscreate a ceramic structure with embedded microchannels
[2—6]. The initial goal of this research is to develop proof for methanol/water mixing and delivery to the MEA and,
of concept DMFCs capable of replacing high performance exhausting by-product CO In addition, processing of the
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Fig. 1. Schematic of Motorola’s miniature DMFC prototyp8.
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Table 1

Portable power

Number of cells/surface area

Cathode catalyst

Membrane electrolyte

Anode catalyst

Methanol
concentration (M)

Temperature Oxidant

Q)

Power density

Single cell/stack developer

4/13-15cf planar stack

6-10 mg/cr?n

Pt

Nafion 117

Pt/Ru alloy, 6-10 mg/@m

Pt/Ru alloy

1 (0.45ml/min)

1 (pure)

Ambient air

12-27 mWich
3-5mwW/ém

6-10 mW/én

300WI/I

Motorola Labs

planar stack
6/6-8cnf flat-pack

5/45 cn?

Nafion

Ambient air

Energy Related Devices
Jet Propulsion Lab

Pt, 4-6 mg/c%

Nafion 117
Nafion

Pt/Ru alloy, 4-6 mg/gm
P/Ru, 0.8-16.6 mg/chn

Ambient air

20-25

Pt, 0.8-16.6 mg/ch

0.5

Air flowed at 3-5

times

60

Los Alamos National Labs

stoichiometry
3atm @

R. Dillon et al.

40/100 cn? bipolar plate

Pt, 2 mg/c%

Nafion 115

Pt/Ru, 2 mg/cr%

50-70
25

45-55 mWfem

Forschungszentrum Julich GmbH

12/2420mmon0polar

Pt

Hybrid membrane

Pt/Ru

Ambient air

10-50 m\/cm

(single cell)

Samsung Advanced Institute of Technology

6/5§cbipular

Pt-black

Nafion115 & 117

Pt/Ru/C metal powder

25

Ambient pressure,
Oy (300 cc/min)

Ambient air

25-50

121-207 mWcm

Korea Institute of Energy Research

15/90 cnf monopolar

Pt, 8mg/c§1

Nafion 117

Pt/Ru, 8 mg/c?n

Pt/Ru

3-9mwWA&m
60-100 mW/cfn

Korea Institute of Science & Technology

More Energy Ltd.
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/2@cm

Pt

Liquid Electrolyte

30-5% methanol

Ambient air

25

ceramic material into a grid screen design facilitated the
delivery of ambient air to the MEA. Substrates are processed
in multiple layers after aligning, tacking and laminating at
approximately 315x 10° Pa. The final monolithic integrated
ceramic substrate is formed after sintering at 850

In the current design as representedrig. 1, the MEA is
mounted between two porous ceramic plates. Thin films of
electrocatalysts were applied in a proprietary process using
carbon cloth gas diffusion layers. For the anode, an unsup-
ported Pt/Ru (1:1) alloy at a high loading of 6-10 mgfcm
and for the cathode Pt black were used as electrocatalysts.
Nafion 117 membranes were used as the electrolyte and were
hydrated by running deionized (DI) water through the cell
for 18 h. The active electrode area for a single cell is approx-
imately 3.5-3.6crf In the stack assembly, four cells are
connected in series in a planar configuration with a MEA
area of 13—-14 cf the cells exhibited average power densi-
ties between 15—-22 mW/cmFour cells (each cell operating
at 0.3V) are required for portable power applications be-
cause DC-DC converters typically require 1V to efficiently
step up to the operating voltage for electronic devices. The
fuel cell consumed oxygen from ambient air (Z1and 30%

RH) and the fuel from 1.0 M methanol pumped at a rate of
0.45 ml/min using a peristaltic pump. Variations in time of
operation, temperature, fuel mixing, flow rate and humid-
ity gradually led to improved performance characteristics
of the system. In addition, improved assembly and fabrica-
tion methods have led to peak power densities greater than
27 mW/cn?t. Motorola is currently improving their ceramic
substrate design to include micro-pumps, methanol concen-
tration sensors and supporting circuitry for second genera-
tion systems.

Energy Related Devices Inc. (ERD, US) is working in al-
liance with Manhattan Scientific Inc., US) to develop minia-
ture fuel cells for portable electronic applicatiof2s8]. A
relatively low-cost sputtering method, similar to the one used
by the semiconductor industry for production of microchips,
is being used for deposition of electrodes (anode and cath-
ode) on either side of a microporous plastic substrate; the
micropores (15nm to 2@m) are etched into the substrate
using nuclear particle bombardment. Micro-fuel arrays, with
external connections in series, are precisely fabricated and
have a thickness of about a millimeter. The principal advan-
tages of the cell include the high utilization of catalyst, con-
trolled pore geometry, low-cost materials and minimum cell
thickness and weight. A MicroFuel CEY was reported to
have achieved a specific energy density of 300 Wh/kg us-
ing methanol and water and, air as the anodic and cathodic
fuels, respectively.

Fig. 2 describes the schematic cross section of the fuel
cell. The anode design is a critical new advance in the de-
velopment of a cost-effective pore-free electrode that is only
permeable to hydrogen ions. This increases the efficiency
of a methanol fuel cell because it blocks the deleterious ef-
fect of methanol crossover across the membrane. The first
layer of the anode electrode forms a plug in the pore of the
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Fig. 2. MicroFuel CellM schematic cross sectional vig®,8].

porous membrane; an example is a 20 nm thick palladium the air electrodes. ERD developed a novel configuration to
metal film on a Nuclepore filter membrane with 15nm di- utilize their fuel cell as a simple charger in powering a cel-
ameter pores. The second layer (platinum) is deposited tolular phone. The fuel cell is configured into a plastic case
mitigate the hydration induced cracking that occurs in many that is in close proximity to a rechargeable battery. Methanol
of these films. The third layer is deposited over the struc- is delivered to the fuel cell via fuel needle and fuel ports,
tural metal film and is the most significant layer because it which allow methanol to wick or evaporate out into the fuel
needs to be catalytically active to methanol and capable of manifold, and is delivered to the fuel electrodes.
accepting hydrogen ions. An alternate method of forming The Jet Propulsion Laboratory (JPL, US) has been
the electrode is to include on the surface of the metal films actively engaged in the development of “miniature” DMFCs
powder catalyst particles (Pt/Ru on activated carbon) to en-for cellular phone applications over the last 2 yegr9].
hance the catalytic properties of the electrode. Between theAccording to their analysis, the power requirement of cel-
anode electrode and the cathode electrode is the electrolytdular phones during the standby mode is small and steady
filled pore, the cell interconnect and the cell break. In the at 100-150 mW. However, under operating conditions the
pores of the membrane the electrolyte (Nafion) is immo- power requirements fluctuates between 800-1800 mW.
bilized and ERD claims this collimated structure results in In the JPL DMFC the anode is formed from platinum-
improved protonic conductivity. Each of the cells is electri- ruthenium alloy particles, either as fine metal powders
cally separated from the adjacent cells by cell breaks, uselesgunsupported) or dispersed on high surface area carbon.
space occupying the central thickness of the etched nuclearAlternatively, a bimetallic powder made up of submicron
particle track plastic membrane. platinum and ruthenium particles was reported to give better
The cathode is formed by first sputter depositing a con- results than the platinum-ruthenium alloy. Another method
ductive gold film onto the porous substrate followed by a describes the sputter-deposition of platinum-ruthenium cat-
platinum catalyst film. The electrode is subsequently coated alyst onto the carbon substrate. The preferred electrolyte is
with a Nafion film. Alternatively, platinum powder catalyst Nafion 117; however, other materials may be used to form
particles were added to the surface of the electrode via anproton-conducting membranes. Air is delivered to the cath-
ink slurry of 5% Nafion solution. A hydrophobic coating ode by natural convection and the cathode is prepared by
was then deposited onto this Nafion layer in order to pre- applying a platinum ink to a carbon substrate. Another com-
vent liquid product water from condensing on the surface of ponent of the cathode is the hydrophobic Teflon polymer
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air made it possible to use a dry air blower for operation
of the cathode at three to five times stoichiometry. The
stack temperature was limited to 80 and the air pressure
Interconnect was 0.76 atm, which is the atmospheric pressure at Los
Alamos (altitude of 2500 m). To reduce the cross-over rate,
methanol was fed into the anode chamber at a concentration
+————— Methanol feed of 0.5 M. Since water management becomes more difficult
at such low methanol concentrations, a proposed solution
was to return water from the cathode exhaust to the anode
Fig. 3. Schematic of JPL's interconnected cells in a flat-pack DMFC inlet, while using a pure methanol source and a methanol
design[4,9]. concentration sensor to maintain the low methanol concen-

tration feed to the anode. The peak power attained in the
utilized to create a three-phase boundary and to achievestack near ambient conditions was 80 W at a stack potential
efficient removal of water produced by electro-reduction of of 14V and approximately 200 W near 90. From this re-
oxygen. Sputtering techniques can also be used to apply thesult, it was predicted that this tight packed stack could have
platinum catalyst to the carbon support. The noble metal a power density of 300 W/I. An estimate of an energy den-
loading in both electrodes was 4—6 mgfcrithe MEA may sity of 200 Wh/kg was made for a 10 h operation, assuming
be prepared by pressing the anode, electrolyte and cathodehat the weight of the auxiliaries is twice the weight of the
at 862 x 10° Pa and 146C. stack.

JPL opted for a “flat-pack” instead of the conventional Forschungszentrum Julich GmbH (FJG, Germany) has
bipolar plate design, but this resulted in higher ohmic developed and successfully tested a 40-cell 50 W DMFC
resistances and non-uniform current distribution. In this stack[11]. The FJG system consists of the cell stack, a
design the cells are externally connected in series on thewater/methanol tank, a pump and ventilators as auxiliaries.
same membrane, with through membrane interconnect andThe stack is designed in the traditional bipolar plate config-
air electrodes on the stack exterior. Two “flat packs” can uration, which results in lower ohmic resistances but heavier
be deployed in a back to back configuration with a com- material requirements. To circumvent the weight limitations
mon methanol feed to form a “twin-packFig. 3). Three current collectors are manufactured from stainless steel
“twin-packs” in series will be needed to power a cellular (MEAs are mounted between current collectors) and are in-
phone. In the stack assembly, six cells are connected inserted into plastic frames to reduce stack weight. The 6 mm
series in a planar configuration, which exhibits average distance between MEAs (cell pitch) reveals very tight pack-
power densities between 6—-10 mW/rThe fuel cell was aging of the stack design. Each frame carries two DMFC
typically run at ambient air, 20—-2% with 1 M methanol. single cells that are connected in series by external wiring
Improvements of configuration and interconnect design (Fig. 4). MEAs are fabricated in house with anode loading
have resulted in improved performance characteristics of of 2mg/cnf PtRu black, catalyst loading of 2 mg/éniPt
the six cell “flat-pack” DMFC. Based on the results of the black and cell area of 100 cnfior each of the 40 cells. At the
current technology, the JPL researchers predict that a 1 Wanode a novel construction allows the removal of,Gy
DMFC power source, with the desired specifications for convection forces at individual cell anodes. The conditions
weight and volume and having an efficiency of 20% for fuel for running the stack were 1 M methanol, 8D and 3 bar
consumption, can be developed for a 10 h operating time, O, which led to peak energy densities of 45-55 m\WJcm
prior to replacement of methanol cartridges. The cathode uses air at ambient or elevated pressures, when

As stated earlier Los Alamos National Laboratory the stack operates at temperatures aboveC6the air is
(LANL) has been in collaboration with Motorola Labs— fed into the cathode by convection forces. Further evalu-
Solid State Research Center to produce a ceramic basedtion of the system revealed that current collectors made
DMFC, which provides better than 10 mW/émower den- of stainless steel showed an inhomogeneous distribution of
sity. LANL researchers have also been engaged in a projectcontact resistance and as a result single cells displayed fluc-
to develop a portable DMFC power source, capable of re- tuating power densities. It was postulated that the pressure
placing the “BA 5590” primary lithium battery, used by the of the current collectors on the MEAs is not high enough
US Army in communication systenfi$0]. A 30-cell DMFC to prevent delamination of the electrocatalyst layer. Recent
stack, with electrodes having an active area of 45cm developments include a three-cell short stack design which
was constructed, an important feature of this stack being has reduced the cell pitch to only 2 mm. The individual cell
a narrow width (i.e., 2mm) of each cell. MEAs are made area of this design is larger, 145 €nthan the previous pro-
by the decal method; that is, thin film catalysts bonded totype and although it is not air-breathing it works with low
to the membrane resulting in superior catalyst utilization air stoichiometric rates (more efficient cathodic flow distri-
and overall cell performance. Anode catalyst loading of Pt bution structure). The short stack was tested under ambient
between 0.8—16.6 mg/chin unsupported PtRu and carbon pressure (a low power-consuming compressor provided air
supported PtRu are used. A highly effective flow field for to the cathode) and operated at°45

-
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Methanol electrode
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Samsung Advanced Institute of Technology (SAIT, South using Nafion 115 and 117 were formed by hot pressing
Korea) has developed a small monopolar DMFC cell pack and the electrodes were produced from carbon supported
(2cn?, 12 cells, CQ removal path, 5-10 M methanol, air- Pt-Ru/C metal powders and Pt-black for anode and cathode
breathing and room temperature) of 600 mW for mobile electrodes, respectively.
phone application$12]. Single cell are constructed with Korea Institute of Science and Technology (KIST, South
a PtRu black anode electrode (a methanol flow field and Korea) has developed a 15-cell monopolar stack of 9% cm
a capillary wicking structure are part of the anode struc- total electrode area and a maximum power density of
ture), a hybrid membrane material (ionomer/ZrO(HPQO 3.2mW/cn? [14]. The MEAs were fabricated by hot press-
ionomer/BaTi@ or ionomer laminated material) and a Pt ing catalyst layered carbon paper and Nafion 117 mem-
black cathode electrode with an air flow field (breathing brane, catalyst layers were formed by spray-coating catalyst
structure). The catalyst layers have been fabricated by mag-ink. Anode electrocatalyst loading of 8 mg PtRufcand
netron sputtering methods on Nafion membrane surfaces.cathode electrocatalyst loading of 8 mg Ptfcane utilized
Single cell experiments at room temperature utilizing 2-5M in this system. The performance tests were conducted at
methanol and ambient air result in power densities on the or-room temperature under static feed conditions: air was fed
der of 10-50 mW/crh (air-breathing and air blowing). The  only through natural convection and the methanol solution
cellular phone used to test the DMFC prototype is reported was stored in the engraved plate that contacted the MEA on
to be functional for up to 40 days on standby and 20 h of the anode side. Single cell tests at various methanol concen-
talk time. trations resulted in maximum power density of 9 mW#cm

The Korea Institute of Energy Research (KIER, South The poor performance of the stack power density was at-
Korea) has developed a 10W DMFC stack (bipolar plate, tributed to the poor air diffusion into the cathode with a
graphite construction) fabricated with six single cells of resulting mass transfer limitation at that electrode.

52 cn? total electrode are§l3]. The stack was tested at More Energy Ltd. (MEL, ISRAEL) a subsidiary of Medis
25-50°C using 2.5M methanol supplied without a pump- Technologies Ltd. (MDTL, US) is developing a direct liquid
ing system and at ambient pressure & a flow rate of methanol (DLM) fuel cells (a hybrid PEM/DMFC system)
300 cc/min. The maximum power densities obtained in this for portable electronic devicd&5]. The key features of the
system were 6.3W (121 mW/&nat 87 mA/cn? at 25°C DLM fuel cell are as follows: (i) the anode catalyst extracts
and 10.8W (207 mW/cR) at 99 mA/cn? at 50°C. MEAs hydrogen from methanol directly, (ii) the DLM fuel cell uses
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Table 2
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Single cell/stack developer  Power/powerTemperature Oxidant

Methanol

Anode Membrane Cathode  Number of cells/

density (°C) concentration catalyst electrolyte catalyst surface area (cf)
(M)
Ballard Power Systems Inc. 3Kw 100 Air 1 (pure) Pt/Ru Nafion Pt -
IRD Fuel Cell A/S 100mwi/crh  90-110 1.5atm air - Pt/Ru Nafion Pt 4/154%hipolar
Thales CNR-ITAE 140mWicn? 110 3atm air 1 Pt/Ru Nafion Pt 5/225 &rhipolar
Nuvera Fuel Cells
Siemens AG 250 mWi/cf 110 (80) 3atm @ 0.5 (0.5) Pt/Ru Nafion 117  Pt-black, 3cn? per cell
(90) (1.5atm air) 4 mglcn?
Los Alamos National Labs 1kWI/I 100 3atm, air 0.75 Pt-Ru Nafion 117 Pt 30/45aipolar

a proprietary liquid electrolyte that acts as the membrane in
place of a solid polymer electrolyte (Nafion) and (iii) novel
polymer and electrocatalyst enable the fabrication of more
effective electrodes. The company’s fuel cell module deliv-
ers approximately 0.9V and 0.24 W at 60% of its nominal
capacity for eight hours. This translates into energy densi-
ties of approximately 60 mW/cfwith efforts under way to
improve that result to 100 mwW/cmThe high power capac-
ity of the cell is attributed to the proprietary electrode abil-
ity to efficiently oxidize methanol. In addition Medis claims

opment of DMFCs for transport applications. The most
remarkable results achieved in this field are summarized
in Table 2 These institutions have directed their resources
toward improving every facet of the DMFC in the quest for
competitive balance with PEMFCs, as stated below.
Ballard Power Systems Inc. (BPSI, Canada) in collabo-
ration with Daimler—Chrysler (Germany) recently reported
the development of a 3kW DMFC system that is at a
very preliminary stage in comparison to Ballard’'s PEMFC
products[16]. Daimler—Chrysler (Germany) demonstrated

the use of high concentrations of methanol (30%) in its fuel this system for the transportation application in a small
stream with plans for increasing that concentration to 45% one-person vehicle at its Stuttgart Innovation Symposium
methanol. The increased concentration of methanol in thein November 2000. The DMFC go-cart weighed approx-
feed stock results in concentration gradients that should leadimately 100 kg, required an 18 V/1 Ah battery system for
to higher methanol crossover rates. However, this technicalstarting the electric motor on its rear wheels, and had a
concern is not mentioned in the company’s literature. range of 15km and a top speed of 35km/h. The stack used
0.51 methanol (the concentration of methanol was unclear)
as fuel and operated at approximately?@0 In January
2001 our private communication with Ballard revealed that
DMFC technology offers a solution for transportation ap- they have built and operated a 6 kW stack (60 V) based on
plications in the transition towards a zero emission future. the same stack design as the prototype shown in Stuttgart.
Using methanol as a fuel circumvents one of the major hur- No details are available at this time with respect to the stack
dles plaguing PEMFC technology, that is, the development design and performance of the DMFC power source. How-
of an inexpensive and safe hydrogen infrastructure to replaceever, the patent literature indicates fabrication techniques
the gasoline/diesel fuel distribution network. It has been well for producing DMFC electrodefd 7].
established that the infrastructure for methanol distribution The anode was prepared by first oxidizing the carbon
and storage can be easily modified from the current gasolinesubstrate (carbon fiber paper or carbon fiber non-woven) via
intensive infrastructure. Another drawback in using PEMFC electrochemical methods in acidic aqueous solution (0.5M
technology is the need to store hydrogen (at very high pres-sulfuric acid) prior to incorporation of the proton-conducting
sures) or carry a bulky fuel processor to convert the liquid ionomer. Oxidation results in the formation of various
fuel into hydrogen on board the vehicle. Methanol is an at- acidic surface oxide groups on the carbonaceous substrate
tractive fuel because it is a liquid under atmospheric condi- and can be achieved by constructing a simple electrochem-
tions and its energy density is about half of that of gasoline. ical cell comprising the carbonaceous electrode substrate as
Despite the compelling advantages of using DMFCs in the working electrode. During the treatment of the carbon
transportation applications, major obstacles to their intro- substrate a voltage of greater than 1.2V and more than
duction remain. These barriers include the high costs of 20 coulombs/criwas used in the process. The second step
materials used in fabricating DMFCs (especially the high involves the impregnation of a proton-conducting ionomer
cost of platinum electrocatalysts), the crossover of methanolsuch as a poly(perfluorosulfonic acid) into the carbon sub-
through the electrolyte membrane from the anode to the strate and then drying off the carrier solvent; the amount
cathode and, the lower efficiency and power density per- impregnated into the substrate was usually greater than
formance of DMFCs in comparison to PEMFCs. Despite 0.2mg/cnf. The anode preparation is completed by ap-
these obstacles a number of institutions (particularly in the plying aqueous electrocatalyst ink to the carbon substrate
last 5 years) have become actively engaged in the devel-without extensive penetration in the substrate. This method

2.2. Transportation
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ensures that less electrocatalyst is used and, the catalyst is

applied to the periphery of the electrode where it will be
utilized more efficiently. The performance enhancements

associated with the treatment of the carbonaceous substratez

may be related to the increase in the wettability of the
carbonaceous substrate. This may result in the more inti-
mate contact of an ionomer coating with the electrocatalyst
thereby improving proton access to the catalyst. Another
theory concludes that the presence of the acidic groups on
the carbon substrate itself may improve proton conductivity
or, the surface active acidic groups may affect the reaction
kinetics at the electrocatalyst sites. The assembly of the
MEA and single cell occurred via conventional methods,

thatis, hot pressing the anode and cathode to a solid polymer
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membrane electrolyte. Oxygen and methanol flow fields are Fig. 5. Galvanostatic polarisation and power density for a five-cell air-feed
subsequently pressed against cathode and anode substrate@yIFC stack at 110C. Electrolyte: Nafion 117. Catalysts: 85% Pt-Ru/C
respectively but details of this assembly have not been and 85% Pt/C; 2mg Ptcnd; methanol 1M, electrode surface 225¢m

forthcoming.

IRD Fuel Cell A/S (Denmark) has developed DMFCs
primarily for transportation applications (0.7 kWL8].
The stack was constructed with separate water and fuel
circuits and the bipolar flow plates are made of a special
graphite/carbon polymer material for corrosion reasons.
The MEAs have an active cell area of 154<mith cell
dimensions of 125 mf The air pressure was 1.5 bar at the
cathode. A nominal cell voltage of 0.5V was observed for
IRDs stack at a current density at 0.2 Akmand electric
power was generated at 15W per cell.

A consortium composed of Thales-Thompson (France),
Nuvera Fuel Cells (Italy), LCR (France) and Institute
CNR-ITAE (ltaly) has developed a five-cell 150 W stain-
less steel based air fed DMFC stack with financial support
of the European Union Joule Progrdf®]. Bipolar plates
were utilized in the stack design and MEAs were fabricated
using Nafion as the solid polymer electrolyte and high sur-

face area carbon supported Pt-Ru and Pt electrocatalyst for

methanol oxidation and oxygen reduction, respectively. The
electrode area was 225 érand stack was designed to op-
erate at 110C, using 1 M methanol and 3 atm air achieving
an average power density of 140 mW/rRig. 5shows the
overall stack performance. A comparison of the polarization
curves for single cells in the stack and a prototypal cell is
shown inFig. 6. The different diffusion characteristics of
the cells in the stack indicate that the stack fluidodynamics
should be enhanced in terms of homogeneity of distribution
of reactant over the electrodes.

Siemens Ag (Germany) optimized its DMFC system
(high oxygen pressure operation) for a niche market and,
examined DMFCs in the low temperature, low pressure air
operation for more general purpog@9]. MEAs in single
cells experiments are constructed using a Nafion 117 mem-
brane, Pt-black with a catalyst loading of 4 mgfcfar the
cathode and a high surface area Pt-Ru alloy (either unsup-
ported or carbon supported) for the anode (2 mgjcrA
maximum power density 0f250 mW/cn? is achieved for
operating conditions of 11GC, 3 bars @, 0.5 M methanol

[19].
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Fig. 6. Galvanostatic polarisation data and power densities at@¥0r

two 225cn? cells along a 150 W air-fed DMFC stack section (from the
reactant inlet) and comparison with a 5¢graphite single cell operating
under same conditions and equipped with the same M&E assembly.
Electrolyte: Nafion 117. Catalysts: 85% Pt-Ru/C and 85% Pt/C; 2mg

Ptcnm2; methanol 1 M[19].
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and an electrode surface area of Fci8ingle cell exper- laboratories in the USA, England, Russia, France, Germany
iments exploring operating conditions at lower tempera- and Japan starting as early as the 1960s. Two recent reviews
tures, lower pressures and air being supplied to the cathodecover in detail the analyses of the reaction mechanisms as
electrode utilize similar MEA components as described Well as the conflicting views that still exist on reaction path-
previously. A maximum power density of£90 mW/cn? ways and rate determining stef@5,26] Thus, only a sum-
is achieved for operating conditions of 80, 1.5bar air ~ mary of the present status of knowledge and a survey of
and 0.5 M methanol. These conditions result in a maximum the current international activities is presented in this sec-
power density that is significantly lower than results ob- tion. The electrooxidation of methanol to carbon dioxide
tained for previous experiments using @s the cathodic IS @ six-electron transfer reaction; due to the slow kinetics
fuel. We should also note that there is a positive correlation Of this reaction (even on the best possible electrocatalysts)
between the air flow rate (25-100 standard cubic centimeterand poisoning by adsorbed intermediates, partial oxidation
per minute (sccm)) and the cell performance. to products such as formaldehyde, formic acid and methyl
Siemens AG in Germany, in conjunction with IRF A/S formate occurs. A generally accepted schematic for the re-
in Denmark and Johnson Matthey Technology Center in action pathways leading to the partial or complete oxidation
the United Kingdom has developed a DMFC stack with Of methanol on Pt-Ru catalysts is reported below:
an electrode area of 550énunder the auspices of the _
European Union Joule Prograf21-23] The projected CHsOH + Pt— Pt-CHOH + H™ + 1¢
cell performance is a potential of 0.5V at a current den- pt—CH,OH + Pt— Pt—-CHOH+ HT + 1e~
sity of 100 mA/cn?, with air pressure at 1.5atm and the
desirable stoichiometric flow raté 3 cell stack has been ~Pt-CHOH+ Pt— PtCHO+ H™ + 1e” 3)
demonstrated by operating at a temperature of°Cland
a pressure of 1.5atm and using 0.75 M methanol, this stack
exhibited a performance level of 175 mA/érat 0.5V per
cell; at 200 mA/cri the cell potential was 0.48V. These
performances were obtained at a high stoichiometric air PtCHO— Pt-C=0+ H™ + 1e~ 4)
flow rate (factor of 10) but in order to reduce auxiliary
power requirements, one of the goals at Siemens is to im-
prove the design to lower the air stoichiometric flow to the
desired value of about a factor of two. A 0.85kW air-fed
stack composed of 16 cells and operating at XD3vas Ru+ H,0 — RUOH+ H* + 1e” (5)
successively demonstrated with maximum power density of ) ) ) _ )
100 mW cnt2. The final step is the reaction of Ru-OH groups with neigh-
Los Alamos National Laboratory (LANL) is also actively ~Pering methanolic residues to give carbon dioxide:
pursuing the design and development of DMFC cell stacks RyOH+ PtCO— Pt-Ru+ CO, + Ht + 1e~ (6)
for electric vehicle applications. According to the latest
available information, a five cell short stack with an active ~ On the better electrocatalysts, such as a Pt-Ru allog, CO
electrode area of 45 (ﬁmer cell has been demonstrated is the main product, while on an inferior electrocatalyst
[24]. The cells were operated at 10D, an air pressure of ~ such as Pt small amounts of formic acid and formaldehyde
3atm and a methanol concentration of 0.75M. The max- have been detected. In situ product analyses have been
imum power of this stack was 50 W, which corresponds carried out by on-line gas or liquid chromatography by
to a power density of 1kW/l. At about 80% of the peak Lamy and coworker$27] and differential electrochemical
power, the efficiency of the cell stack with respect to the mass spectrometry by Vielstich et al., Bonn Univer§2§].
consumption of methanol was 37%. Another method used by Lamy and coworkers is in situ
fourier transform infrared reflectance spectroscopy, used
as single potential alteration infrared spectrosc$p9].

A surface rearrangement of the methanol oxidation inter-
mediates gives carbon monoxide, linearly bonded to Pt sites,
as following:

In presence of Ru as promoter, water discharging occurs
at low anodic overpotentials on Ru with formation of Ru-OH
species at the catalyst surface.

3. Status of knowledge in basic research areas A similar technique, electrochemically modulated infrared

and needed breakthroughs spectroscopy, was used by this group to identify interme-
diate species strongly adsorbed on the electj@8¢ The

3.1. Electrode kinetics and electrocatalysis of strongly adsorbed CO species was identified as the main

methanol oxidation poisoning species, blocking the electrode sites for further
intermediate formation during methanol oxidation. The vital

3.1.1. Overall reaction, intermediate steps step appears to be the formation of tA€KO),4s Species,

and rate determining step which facilitates the overall reaction; it subsequently forms

Since methanol is the most electroactive organic fuel for the strongly adsorbed CO species. The rate determining
fuel cells, extensive, fundamental studies have been carriedstep is the oxidation of adsorbed CO with adsorbed OH
out to elucidate the reaction mechanism in a multitude of species, according to the publications of Swathirajan and
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Fig. 7. Galvanostatic polarisation data for a DMFC equipped with CNR-ITAE Pt-Ru (anode) and E-TEK 30% Pt/C (cathode) catalystss@H CH
oxygen feed.

Mikhail at General Motorg30], Bockris and Kahn, Texas monoxide needs the presence of OH species on adsorbed
A&M University [31] and Kauranen et aJ32]. Ru sites. According to work at Los Alamos National Labo-
Increase of operation temperature produces a significantratory by Dinh et al[33], the above processes are acceler-
increase in DMFCs performance. This effectis nearly related ated by the presence of low index planes; (ii) a ruthenium
to the faster CO removal from electrocatalyst surface as content of 50% is optimal for methanol oxidation; (i)
revealed by CO stripping analy$23]. Fig. 7shows DMFC X-ray absorption spectroscopic studies by McBreen and
polarization curves in presence of a Pt-Ru anode catalyst andViukerjee at Brookhaven National Laboratof$4] have
Nafion 112 membrane at various operating temperatures. shown that an increase in d band vacancy is produced by
alloying Pt with Ru and this modifies the adsorption energy
3.1.2. Electrocatalysis of methanol residues on Pt. Thus, the reaction rate is not
The interest in the electrocatalytic oxidation of methanol only influenced by the bifunctional mechanism but also by
is only surpassed by investigations of the hydrogen and oxy- electronic effects; (iv) promotional effects of Ru and Sn
gen electrode reactions. Platinum and platinum ruthenium with Pt have also been extensively analyzed—Arico et al.
alloys have been the most investigated electrocatalysts. Fof35], at the CNR-TAE Laboratory in Italy observed a shift
a more complete review of electrocatalyst studies and theby 1.1eV in the X-ray near edge spectrum (XANES) of
conclusions reached, the reader is referred to the aforementhe Pt-Sn/C electrocatalyst, which suggests that Sn atoms
tioned review articles. Highlights of recent and ongoing in Pt-Sn donate electrons to Pt atoms and are thereby oxi-
investigations may be summarized as follows: (i) with a dized. A charge transfer from Sn to Pt was also shown using
Pt-Ru alloy electrocatalyst, the water discharge occurs atXPS analysis by Shukla and coworkers in an International
low potentials on Ru sites while methanol chemisorption Collaboration with  CNR-ITAE in Italy, Indian Institute
requires three neighboring Pt sites. The removal of carbonof Science and Seoul National University Korg®]; (v)
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Iwasita et al., Bonn Universitj37] have attributed the shift  the anode to the cathode is extremely high (corresponding
towards higher frequencies for CO stretching in their FTIR to an equivalent current loss larger than 100 mAf/am-
experiments to a lower chemisorption energy for CO on the der open circuit conditions). This should be compared with
Pt-Ru alloy; (vi) in a related study at Eindhoven University a diffusion rate that results in an equivalent current loss of
in The Netherlands, Frelink et 488] have observed a shift a few mA/cn? or less for hydrogen or oxygen in a pro-
to higher frequencies at various coverage’s due to changegon exchange membrane fuel cell. Investigations in several
in binding energies to the alloy surface, induced by Ru laboratories in the USA, Japan, Canada, Korea and Ger-
through a ligand effect on Pt; (vii) a combinatorial catalytic many have examined the extent of methanol cross-over in
approach was used at Pennsylvania State University and theOMFC's as a function of operating temperatures and current
lllinois Institute of Technology39]; and (viii) several stud-  density using electrochemical on-line gas chromatographic
ies have been carried out and are ongoing as well to elucidateand mass spectrometry techniqyé8-50] Apart from the
the morphologic aspects of electrocatalysts. Significant in- high rate of diffusion transport from anode to cathode, one
formation has also been obtained on the behavior of ternaryencounters the electroosmotic transport whereby methanol
as well as multifunctional catalysts which aided the inter- is carried with the proton (ion—dipole interaction) as in the
pretation of the role of the various promoting elemda. case of a water molecule being strongly bound to a pro-
Watanabe et a[41], Yamanashi University reported that ton. The rate of cross-over decreases with increasing current
the electrocatalytic activity for methanol oxidation does not density, due to the higher rate of methanol consumption at
increase with particle size above 20 A. This means that thethe anode. This induces a concentration gradient in the ac-
mass activity increases with the increasing dispersion of thetive layer of the anode electrode and a considerably lower
electrocatalyst. Wieckowski and coworké4®] at the Uni- methanol concentration at the interface of the active layer
versity of Illinois found that the (111) Pt crystallographic with the membrane. Higher operating temperatures and a
plane, partially covered with Ru ad-atoms performs better lower methanol concentration in the feed stream reduces the
than when Ru is adsorbed on any other plane; and (ix) stud-rate of methanol cross-over in DMFCs. As a compromise
ies to investigate the role of carbon black have shown, in the for optimizing performance and reducing cross-over, most
work of Kaurenan and Sko[#3], Ravikumar and Shukla researchers are using a concentration of 1M methanol. Apart
[44] from the Indian Institute of Science, and Goodenough from the crossover problem reducing the coulombic effi-
et al.,[45] New South Wales that (a) a low surface area car- ciency of a DMFC, its voltage efficiency is also decreased
bon black (e.g., acetylene black) does not yield a high dis- because of a lowering of the open circuit potential (OCV)
persion of metal phase, (b) a high surface area carbon black(caused by the depolarizing of the oxygen electrode under
(e.g., Vulcan XC-72, Ketjen Black) accommodates a high open circuit conditions) and the poisoning effects of the Pt
amount of metal phase with a high degree of dispersion dueelectrocatalyst by methanol derived species at this electrode.
to the significant amount of micropores. However, there will
be no homogeneous distribution of the electrocatalyst—this 3.2.2. Methods for inhibition of methanol cross-over
leads to mass transport limitations of reactant and limited The cross-over of methanol is due to its high rate of per-
access to inner electrocatalytic sites; and (x) several alterna-meability through the membrane, caused by the high con-
tives to Pt or Pt alloy electrocatalysts have been investigatedcentration gradient of methanol from the anode to the cath-
worldwide. These include transition metal alloys and transi- ode. Several projects have been and are being carried out to
tion metal oxide/metal combinations. The latter are attractive minimize the permeation rate. Researchers at LABI] in
because they could assist the decomposition of water and fathe USA have shown that the permeation rate is markedly
cilitate a redox route for electrooxidation of metal. To date, reduced at current densities above 300 mA/dResearchers
problems encountered with the stability’s of these materi- at CNR-ITAE [52] have also shown reduced methanol
als in acid electrolytes have arisen. However, this approachcross-over rates with thinner membrane electrolytes and
needs further examination in the state of the art DMFC with higher temperature operations when the DMFC cell is work-

a proton conductive membrane electrolyte. ing at high current density. Modified composite membranes
(Nafion-silica), with SiQ particles entrapped in the poly-

3.2. Methanol cross-over meric structurg53], serves as a physical barrier for methanol
crossover; even though the ohmic resistance is increased

3.2.1. Mechanism and its effects on DMFC performance (depends on the concentration of silica). Low crossover rate

The cross-over of methanol from the anode to the cath- (equivalent to 40 mA/crf at a DMFC operating current den-
ode in a DMFC has serious consequences of reducing itssity of 500 mA/cnf) have been demonstrated in presence of
coulombic and voltage efficiencies. The main reason for the Nafion-Silica composite membrangst]. At Pennsylvania
cross-over is that the methanol fuel is soluble in water over State University in the USA, Allcock and coworkdis5]
the full range of composition from 0 to 100%. This is un- are investigating phosphazene membranes, prepared by thin
like the case of gaseous hydrogen and oxygen fuels oxidizedfilm casting of a poly(aryloxy) phosphazene from a solution
and reduced at the anode and cathode electrodes, respeof tetrahydrofuran, phosphorus oxychloride and water. The
tively. As a consequence, the diffusion rate of methanol from microporous membrane contained either phosphoric acid
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Fig. 8. Polarization curves for DMFC equipped with different composite Nafion membranes and operating @t Céfalysts: 60% Pt-Ru/C and 30%
Pt/C (E-TEK); oxygen feed, methanol 2 M.

entrapped in the membrane or the acid coordinately boundfor methanol Fig. 8). Yet, larger ohmic resistances were
in the polymer backbone. Another type of membrane was observed up to 150C due to the reduced proton/water mo-
prepared by treating benzenoid side groups (the side groupsility inside Nafion channelsHig. 9). The resulting effect
are attached to a polyphosphazene mainchain) with sul-is a better performance for zirconium hydrogen phosphate
fonating agents such as concentrated sulfuric acid, fumingbased membrane in the activation controlled region and a
sulfuric acid and sulfur trioxide. Although lower cross-over lower performance in the ohmic and diffusion controlled re-
rates (by a factor of five), as compared with Nafion mem- gion of the polarization curve with respect to the Sliased
branes, were reported the ohmic resistances were highermembraneKig. 8). Further, increase of performance for the
Savinell and coworker$56,57] at Case Western Reserve Nafion-SiQ membrane is achieved by adsorbing a strong
University imbibed polybenzimidazole membranes with a acid on the surface of colloidal SiOparticles indicating
large amount of phosphoric acid (about 400% content) and that the surface acidity of the inorganic oxide is probably
found low cross-over rates at a temperature of 1502200  governing the conductivity and water retention properties
Such a membrane in a DMFC environment exhibited a at high temperatureFHg. 9). The highest conductivity for
crossover rate of 5 to 10%. This membrane is akin to a sil- the Nafion-SiQ membrane is achieved at 14G; at higher
icon carbide matrix impregnated with phosphoric acid in a temperatures water losses determine an increase of cell re-
phosphoric acid fuel cell. International Fuel Cells, in USA sistance. As opposite, the Nafion 115-zirconium hydrogen
had evaluated a fuel cell with the latter type of membrane phosphate membrane shows a progressive decrease of cell
and found that some methanol was consumed to form methylresistanceKig. 9. In fact, in presence of ZrH(P£p); which
phosphate and dimethyl ether. Researchers at Samsungs a protonic conductor at intermediate temperatures, the
Advanced Institute of Technology, Kor¢a8] are evaluat- proton mobility inside the system is strongly activated by
ing inorganic-organic hybrid polymer membranes—mainly temperature in presence of reduced water content inside the
composites of Nafion with silica, Ti®and zirconyl phos- membrane.
phate, prepared by hydrolysis or sol-gel reactions.

In an international cooperation between Princeton Uni- 3.3. Electrode kinetics and electrocatalysis of oxygen
versity and CNR-ITAE[59], a composite Nafion 115 zir-  reduction
conium hydrogen phosphate (23%, w/w) membrane was
investigated for application in DMFC at high temperatures ~ Worldwide research activities to elucidate the mechanism
(150°C). This membrane shows lower methanol cross-over of the complex electrode reaction (both evaluation and re-
with respect to recast Nafion-SiO2 (3%, w/w) membrane duction) of oxygen and to find the best electrocatalysts for
due to the higher content of inorganic compound inside low and intermediate temperature fuel cells have been very
the polymer electrolyte channels acting as diffusion barrier extensive—second most to the hydrogen electrode reaction.
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There have also been excellent reviews on these aspects asensitive to the presence of methanol, when functioning
relevant to proton exchange membrane, alkaline and phos-as oxygen electrodd$3—-66] These electrocatalysts were
phoric acid fuel cell$60-62] Thus, this sub-section will fo-  supported on a high surface area carbon (Vulcan XC 72R)
cus on mechanistic and electrocatalytic aspects, as relevanand thermally treated at 80C. An alternative approach,
to DMFCs. The most significant effect of using methanol as used by these workers was to disperse these metal-organic
a fuel in a fuel cell on the oxygen electrode Pt electrocata- macrocyclics in a film of a conducting polymer (poly aniline
lyst is the significant decrease in its open circuit potential, or polypyrrole)[67].
caused by the cross-over of methanol from the anode to this
electrode; loss of OCV could be as high as 0.2V when us-
ing 1-2 M methanol as the fuel. Taking into consideration 4. Conclusions
that the oxygen electrode has an open circuit potential about
0.2V lower than the theoretical value of 1.23Vina PEMFC,  An analysis of the international activities carried out over
because of its high irreversibility and competing anodic re- the last 2 years in the field of DMFC stack and system
actions (Pt oxide formation, organic impurity oxidation), the development technology has been made. It is widely recog-
efficiency loss under these conditions is as high as 30%. Thenized that to reduce greenhouse gases and obey recent en-
second effect of methanol cross-over is in the kinetics of the vironmental laws it is necessary to develop highly efficient
electroreduction of oxygen. To date, there is no clear under-and low-cost energy conversion systems. Direct methanol
standing of the mechanism of this effect, which slows down fuel cells possess good potentialities in this regard due to
the rate of reaction, as evidenced by an increase of the Tafelintrinsically low polluting emissions and system simplicity.
slope and a decrease of the exchange current density. Recent results on DMFC stacks in terms of power density
In some cases low crossover values were recorded byoutput &1 kW/l) and overall conversion efficiency (37% at
operating the DMFC at higher temperatures—as illus- the design point of 0.5V per cell) indicate that these systems
trated by the LANL[51] (USA) and CNR-TAE[52] (ltaly) are quite competitive with respect to the reformer-H2/air
researchers. This effect is mainly related to the higher PEMFC units for application in electrotraction as well as
achievable current densities which produces a fast methanolin distributed power generation. Yet, significant progress is
consumption at the anode/electrolyte interface and thusnecessary to further decrease the gap that still exists with
a lower methanol concentration gradient across the elec-respect to conventional power generation systems in terms
trolyte. As stated in the preceding subsection, the crossoverof power density and costs. The major hurdles concern
can be reduced by use of alternate or composite membranesthe reduction of noble metal loading, methanol cross-over
Apart from the as-mentioned effects of these methods to drawbacks and fabrication costs. At present, the most ap-
increase the coulombic efficiencies, other benefits are thepealing application for DMFCs is in the field of portable
increase of the open circuit potential of the oxygen electrode power sources where device costs are less critical and power
and the improvement of the kinetics of oxygen reduction. densities are close to those of Li-batteries. The present
The latter is probably due to the decreased concentrationanalysis indicates that the targets for each application may
of organic species (derived from methanol) adsorbed on be achieved through a thoughtful development of materials
the electrode. Research studies have revealed that Co andevice design as well as through an appropriate choice of
Fe porphyrins and phthalocyanins electrocatalysts are in-operating conditions.



R. Dillon et al./Journal of Power Sources 127 (2004) 112-126

Acknowledgements

We would like to thank V. Baglio, P. CretA. Di Blasi,
E. Modica, G. Monforte, F. Urbani of CNR-ITAE, P.L.
Antonucci (University of Reggio Calabria, Italy) and C.
Yang (Princeton University, US) for their cooperation. We
would also like to thank Mai Pham-Thi (Thomson-LCR
France), E. Ramunni (De Nora, Italy), R. Ornelas (Nuvera
Fuel cells-Europe), R. Gille, D. Buttin, M. Straumann, M.

Dupont and E. Rousseau (Thales, France) and all other

members of the Nemecel EU Joule project.

References

[1] K. Kordesch G. Simader, Fuel Cells and their Applications,
Wiley-VCH, Weinheim, 1996.

[2] R.G. Hockaday, M. DeJohn, C. Navas, P.S. Turner, H.L. Vaz L.L.
Vazul, in: Proceedings of the Fuel Cell Seminar, Portland, Oregon,
USA, 30 October—2 Novenmber 2000, p. 791.

[3] S.C. Kelley, G.A. Deluga, W.H. Smyrl, Electrochem. Solid-State
Lett. 3 (2000) 407.

[4] S.R. Narayanan, T.l. Valdez, F. Clara, in: Proceedings of the Fuel
Cell Seminar, Portland, OR, USA, 30 October—2 November 2000,
p. 795.

[5] X. Ren, P. Zelenay, S. Thomas, J. Davey, S. Gottesfeld, J. Power
Sources 86 (2000) 111.

[6] D-H. Jung, Y-K. Jo, J-H. Jung, S-Y. Cho, C-S. Kim, D-R. Shin,
in: Proceedings of the Fuel Cell Seminar, Portland, OR, USA, 30
October-2 November 2000, p. 420.

[7] J. Bostaph, R. Koripella, A. Fisher, D. Zindel, J. Hallmark, in:
Proceedings of the 199th Meeting on Direct Methanol Fuel Cell,
Electrochemical Society, Washington, DC, USA, 25-29 March 2001.

[8] R.G. Hockaday, US Patent No. 5,759,712 (1998).

[9] C.K. Witham, W. Chun, T.I. Valdez, S.R. Narayanan, Electrochem.
Solid-State Lett. 3 (2000) 497.

[10] S. Gottesfeld, X. Ren, P. Zelenay, H. Dinh, F. Guyon, J. Davey,
in: Proceedings of the Fuel Cell Seminar, Portland, OR, USA, 30
October—-2 November 2000, p. 799.

[11] H. Dohle, J. Mergel, H. Scharmaan, H. Schmitz, in: Proceedings of
the 199th Meeting Direct Methanol Fuel Cell Symposium, Electro-
chemical Society, Washington, DC, USA, 25-29 March 2001.

[12] H. Chang, in: The Knowledge Foundation’s Third Annual Interna-
tional Symposium on Small Fuel Cells and Battery Technologies for
Portable Power Applications, Washington, DC, USA, 22-24 April
2001.

[13] D.-H. Jung, Y.-K. Jo, J.-H. Jung, S.-H. Cho, C.-S. Kim, D.-R. Shin,
Proceedings Fuel Cell Seminar, Portland, OR, USA, 30 October—2
November, 2000, p. 420.

[14] H.Y. Ha, S.Y. Cha, I.-H. Oh, S.-A. Hong, in: Proceedings Fuel Cell
Seminar, Portland, OR, USA, 30 October—2 November 2000, p. 175.

[15] R.F. Lifton, The Knowledge Foundation’s Third Annual Interna-
tional Symposium on Small Fuel Cells and Battery Technologies for
Portable Power Applications, Washington, DC, USA, 22-24 April
2001.

[16] D. Harris, Ballard Power Systems Inc. News Release, 9 November
2000.

[17] 3. Zhang, K.M. Colbow, D.P. Wilkinson, US Patent No. 6,187,467
(2001).

[18] http://www.ird.dk/product.htm

[19] D. Buttin, M. Dupont, M. Straumann, R. Gille, J.C. Dubois, R.
Ornelas, G.P. Fleba, E. Ramunni, V. Antonucci, V. Arico, P. Creti, E.
Modica, M. Pham-Thi, J.P. Ganne, J. Appl. Electrochem. 31 (2001)
275.

125

[20] M. Baldauf, W. Preidel, J. Power Sources 84 (1999) 161.

[21] M. Baldauf, M. Frank, R. Kaltschmidt, W. Lager, G. Luft, M. Pop-
pinger, W. Preidel, H. Seeg, V. Tegeder, M. Odgaard, U. Ohlen-
schloeger, S. Yde-Andersen, M.H. Lindic, T. Drews, C.V. Nguyen, I.
Tachet, E. Skou, J. Engell, J. Lundsgaard, M.P. Hogarth, G.A. Hards,
I. Kelsall, B.R.C. Theobald, E. Smith, D. Thompsett, A. Gunner,
N. Walsby, Publishable Final Report of The European Commission
Joule Il Programme, 1996-1999.

[22] M. Baldauf, W. Preidel, Book of Abstracts, in: Proceedings of the
Third International Symposium on Electrocatalysis: Workshop, Elec-
trocatalysis in direct and indirect methanol PEM fuel cells, Portoroz,
Slovenia, 12-14 September 1999.

[23] M. Baldauf, W. Preidel, J. Appl. Electrochem. 31 (2001) 781.

[24] X. Ren, P. Zelenay, S. Thomas, J. Davey, S. Gottesfeld, J. Power
Sources 86 (2000) 111.

[25] C. Lamy, J.-M. Leger, S. Srinivasan, Modern Aspects of Electro-
chemistry, J.O'M. Bockris, B.E. Conway, R.E. White (Eds.), vol. 34,
2001, p. 53.

[26] A.S. Arico, S. Srinivasan, V. Antonucci, Fuel Cells 1 (2001) 133.

[27] B. Beden, C. Lamy, J.-M. Léger, Electrocatalytic oxidation of oxy-
genated aliphatic organic compounds at noble metal electrodes,
in: J.O'M. Bockris, B.E. Conway, R.E. White (Eds.), Modern As-
pects of Electrochemistry, vol. 22, Plenum Press, New York, 1992,
p. 97.

[28] T. Iwasita-Vielstich, Advances in Electrochemical Science and En-
gineering, H. Gerischer, C.W. Tobias (Eds.), vol. 1, VCH Verlag
(Weinheim), 1990, p. 127.

[29] B. Beden, C. Lamy, in: Spectroelectrochemistry, theory and practice,
R.J. Gale (Ed.), Plenum Press, New York, 1998, p. 189.

[30] S. Swathirajan, Y.M. Mikhail, J. Electrochem. Soc. 138 (1991)
1321.

[31] J.O’'M. Bockris, S.U.M. Khan, Surface Electrochemistry, A Molec-
ular Approach, Plenum Press, New York, 1993.

[32] P.S. Kauranen, E. Skou, J. Munk, J. Electroanal. Chem. 404 (1996)
1.

[33] H.N. Dinh, X. Ren, F.H. Garzon, P. Zelenay, S. Gottesfeld, J. Elec-
troanal. Chem. 491 (2000) 222.

[34] J. McBreen, S. Mukerjee, J. Electrochem. Soc. 142 (1995) 3399.

[35] A.S. Aricod, V. Antonucci, N. Giordano, A.K. Shukla, M.K. Raviku-
mar, A. Roy, S.R. Barman, D.D. Sarma, J. Power Sources 50 (1994)
295.

[36] A.K. Shukla, A.S. Arico, K.M. el-Khatib, H. Kim, P.L. Antonucci,

V. Antonucci, Appl. Surf. Sci. 137 (1999) 20.

[37] T. Iwasita, F.C. Nart, W. Vielstich, Ber. Bunsenges Phys. Chem. 94
(1990) 1030.

[38] T. Frelink, W. Visscher, J.A.R. vanVeen, Langmuir 12 (1996) 3702.

[39] E. Reddington, A. Sapienza, B. Gurau, R. Viswanathan, S.
Sarangapani, E.S. Smotkin, T.E. Mallouk, Science 280 (1998)
1735.

[40] K. Lasch, L. Jorissen, J. Garche, in: Proceedings of the Workshop
on Electrocatalysis in Indirect and Direct Methanol PEM Fuel Cells,
C. Lamy, H. Wendt (Eds.), 12-14 September, Portoroz, Slovenia,
1999, p. 104.

[41] M. Watanabe, S. Saegusa, P. Stonehart, J. Electroanal. Chem. 271
(1989) 213.

[42] W. Chrzanowski, A. Wieckowski, Langmuir 14 (1998) 1967.

[43] P.S. Kaurenan, E. Skou, J. Electroanal. Chem. 408 (1996) 189.

[44] M.K. Ravikumar, A.K. Shukla, J. Electrochem. Soc. 143 (1996)
2601.

[45] J.B. Gooodenough, A. Hamnett, B.J. Kennedy, S.A. Weeks, Elec-
trochim. Acta. 32 (1987) 1233.

[46] H. Dohle, J. Divisek, J. Mergel, H.F. Oetjen, C. Zingler, D. Stolten,
in: Proceedings Fuel Cell Seminar, Portland, OR, USA, 30 October-2
November 2000, p. 126.

[47] A. Heinzel, V.M. Barragan, J. Power Sources 84 (1999) 70.

[48] M. Walker, K.M. Baumgartner, M. Kaiser, J. Kerres, A. Ullrich, E.
Rauchle, J. Appl. Polym. Sci. 74 (1999) 67.


http://www.ird.dk/product.htm

126 R. Dillon et al./Journal of Power Sources 127 (2004) 112-126

[49] A. Kuver, K. Potje-Kamloth, Electrochim. Acta 43 (1998) 2527. [58] H. Kim, C. Lim, H. Chang, in: Proceedings of 199th Meeting Direct
[50] J. Cruickshank, K. Scott, J. Power Sources 70 (1998) 40. Methanol Fuel Cell Symposium, Electrochemical Society, Washing-
[51] X. Ren, P. Zelenay, S. Thomas, J. Davey, S. Gottesfeld, J. Power ton, DC, USA, 25-29 March 2001 (Abstract 66).
Sources 86 (2000) 111. [59] C. Yang, S. Srinivasan, A.S. Arico, P. Gre¥. Baglio, V. Antonucci,
[52] A.S. Arico, P. Creti, V. Baglio, E. Madica, V. Antonucci, J. Power Electrochem. Solid-State Lett. 4 (2001) 31.
Sources 91 (2000) 202. [60] J. Maruyama, M. Inaba, T. Morita, Z. Ogumi, J. Electroanal. Chem.
[53] A.S. Arico, P. Creti, P.L. Antonucci, V. Antonucci, Electrochem. 504 (2001) 208.
Solid-State Lett. 1 (1998) 66. [61] D. Chu, Electrochim. Acta 43 (1998) 3711.
[54] P.L. Antonucci, A.S. Arico, P. Creti, E. Ramunni, V. Antonucci, [62] S.B. Lee, S.I. Pyun, J. Appl. Electrochem. 30 (2000) 795.
Solid State lonics 125 (1999) 431. [63] G. Faubert, G. Lalande, R. Cote, D. Guay, J.P. Dodelet, L.T. Weng,
[55] S.N. Lvov, X.Y. Zhou, E. Chakova, M.V. Fedkin, H.R. Allcock, M.A. P. Bertrand, G. Denes, Electrochim. Acta 41 (1996) 1689.
Hofmann, in: Proceedings of the 199th Meeting Direct Methanol [64] S. Gupta, D. Tryk, S.K. Zecevic, W. Aldred, D. Guo, R.F. Savinell,
Fuel Cell Symposium, Electrochemical Society, Washington, DC, J. Appl. Electrochem. 28 (1998) 673.
USA, 25-29 March 2001 (Abstracts 69). [65] R.Z. Jiang, D. Chu, J. Electrochem. Soc. 147 (2000) 4605.
[56] J. Wang, S. Wasmus, R.F. Savinell, J. Electrochem. Soc. 142 (1995) [66] O. ElMouahid, C. Coutanceau, E.M. Belgsir, P. Crouigneau, J.M.
4218. Leger, C. Lamy, J. Electroanal. Chem. 426 (1997) 117.

[57] D. Weng, J.S. Wainright, U. Landau, R.F. Savinell, J. Electrochem. [67] C. Coutanceau, P. Crouigneau, J.M. Leger, C. Lamy, J. Electroanal.
Soc. 143 (1996) 1260. Chem. 379 (1994) 389.



	International activities in DMFC R&D: status of technologies and potential applications
	Introduction
	Current status of technology and potential applications
	Portable power
	Transportation

	Status of knowledge in basic research areas and needed breakthroughs
	Electrode kinetics and electrocatalysis of methanol oxidation
	Overall reaction, intermediate steps and rate determining step
	Electrocatalysis

	Methanol cross-over
	Mechanism and its effects on DMFC performance
	Methods for inhibition of methanol cross-over

	Electrode kinetics and electrocatalysis of oxygen reduction

	Conclusions
	Acknowledgements
	References


