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Abstract

An air-breathing direct methanol fuel cell (DMFC) is attractive for portable-power applications. There are, however, several barriers that
must be overcome before DMFCs reach commercially viability. This study shows that the cell power density is strongly affected by the
fabrication conditions of the membrane electrode assembly (MEA) and by the technique used for assembly of the cell components. The
results indicate that reducing the pressure and the thickness of catalyst layer in the MEA fabrication process can significantly improve power
density. The production of water at the cathode, especially at a high power density, is shown to have a strong impact on the operation of an
air-breathing DMFC since water blocks the feeding of air to the cathode. The power d&&tynV cn2) of an air-breathing DMFC is
found to drop to nearly half of its initial value after 30—40 min of operation in a short-term stability test. This appears to be one of the major
limitations for potable electronic applications. Despite the many practical difficulties associated with an air-breathing DMFC, an attempt
is also made to highlight the importance of the component assembly technique using a small cell pack with four integrated unit cells.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction 150, + 6H" + 66~ — 3H,O (cathode reaction (2)

Fuel cell technology has been generally recognized as aWhich can be combined as the overall reaction:

key 21st-century energy source with a wide variety of appli- CH3OH + 1.50, — 2H,0 + CO, 3)
cation that include power stations, road transportation, and
small power-supply unit§l—4]. This is because fuel cells
have a higher efficiency of fuel utilization and are more
environmentally clean than combustion engines. In small
power-supply units, a direct methanol fuel cell (DMFC)
that uses liquid methanol directly without a reformer is
considered to be a promising candidate for portable power
sources because methanol has a higher specific energ
(about 3000 Whkg?) than lithium-ion batteries (approxi-
mately 200 Whkg?) [5] and can be operated at ambient

Thus, the overall cell reaction is the electro-oxidation of
methanol to carbon dioxide and water.

The thermodynamic reversible potential (289 of the
overall reaction is 1.21V, which is close to 1.23V for the
hydrogen—oxygen fuel ceb]. Furthermore, DMFCs do not
require any fuel-processing equipment and can be operated
at ambient temperature and pressure. Air-breathing DMFCs
¥1ave thus attracted interest as alternative power sources for
next-generation power units for portable electronics since the
air compressors can be simply removed, which reduces the

conditions. These advantages are important for portablev lum ts and ener nsumption of th term. Nev
electronic applications such as mobile phones, notebooks, olumée, COsLS and energy consumption of the system. Ne
ertheless, investigations of this type of DMFC in ambient

and other advanced mobile electronic devices, whose powerenvironments are feyb,7]. Thus, whether an air-breathin
requirement is increasing as the battery market grows. DMFC is a practical d’ev.ice rer'nains undetermined Whgille
A DMFC has an anode at which methanol is electrochem- P '

cally oxidized to CQ and a cathode at which oxygen is SO {echnical barriers exist such as poor methanol oxida:
reduced to water. The cell reactions are: 0 etics, methanol cross-ove € electrol@k a

there are other engineering issues concerning peripherals

CH30OH + H,0 — CO, + 6H" + 66~ (anode reaction such as fuel-storage tanks, power conditioning devices, and
) fuel circulation system that have to be miniaturized, work
reported here concerns a series of tests on an air-breathing
DMFC. The effect of operating conditions on the power
* Corresponding author. Fax:886-3-4711409. density of an air-breathing DMFC is examined. This inves-
E-mail addresscychen@iner.gov.tw (C.Y. Chen). tigation includes stability tests for assessing the effects of
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the ambient air supply on the performance of a cell over a

yd

short life-time. MEA fabrication process parameters, which / Fuel iplefand ot Current
. . collector
include the hot pressure, the thickness of the electrode layer /
and the amount of Pt catalyst, as well as the performance of
a small pack of four cells are also evaluated. o

OOOOOOO

0000
2. Experimental ® o ®
2.1. Catalyst preparation and characterization @—Bolt /

40 wt.% Pt-20 wt.% Ru and 50 wt.% Pt catalysts both sup-
ported on a conductive carbon black with a high surface area, Fig. 1. Schematic diagram of experimental DMFC.
together with 60 wt.% Pt-30wt.% Ru and 100 wt.% Pt cat-
alysts were obtained from Johnson Matthey Inc. The meanpower density in the polarization curves. In the stability
particle sizes of the catalysts range between 2.5 and 4 nmtest, the cell was connected to a simple flow rig, which
The anode catalyst was prepared from a mixture of 40 wt.% consisted of a Eyela MP-3N peristaltic pump, to supply the
Pt-20 wt.% Ru, 60wt.% Pt-30wt.% Ru and 5% Nafion so- aqueous methanol solution from a reserveib( cn?) at a
lution (DuPont) to enable the electrodes of the MEA to be rate of 10 mlmir®. This process eliminated the influence
fabricated at various Pt concentrations. The cathode catalystof changes and heterogeneity in the methanol concentration.
was prepared from a mixture of 50 wt.% Pt, 100 wt.% Pt and A schematic diagram of the experimental DMFC is shown
5% Nafion solution. The catalysts were rigorously stirred in Fig. 1 Tests on air-breathing and air-blown DMFCs were
until the mixture became a smooth paste. The microstruc- carried out at various temperatures by a test station equipped
tures of the as-received Pt catalysts and of the Pt catalysts orwith a Chroma 63030 electronic load.
MEAs were examined by means of a JOEL 2000FX trans-
mission electron microscope (TEM).

3. Results and discussion
2.2. Fabrication of the membrane electrode assembly
A preliminary study of the effects of MEA fabrica-

Nafion 117 membranes (DuPont) were cleansed by boil- tion process conditions, operating conditions (including
ing in deionized water, 3 wt.% 0D, 3wt.% H,SOy, deion- cathode-side air flow, methanol concentration, tempera-
ized water and deionized water again for 1 h in each step. Ature), and the component assembly technique on the power
thin layer of electrode was then coated on each surface ofdensity of a DMFC is described as follows.
the membrane by screen printing with the prepared cata-
lysts. The MEA was obtained by hot pressing at 12Gand 3.1. Effect of MEA fabrication process conditions
5-100 kg cnm2 for 1-2 min. The active area of the MEA was
4 cn? with a Pt loading of 0.7—6 mg cn? in each electrode. The variation of the peak power density with time for
Here, the screen printing process was adopted to achieve air-breathing DMFCs with various amounts of Pt at room
high performance, low cost, effective manufacturing process temperature (23C) and ambient pressure is showrtig. 2

suitable for mass production. The peak power density of each MEA was determined from
the fifth cycle of the polarization curves to avoid the insta-
2.3. Single-cell testing bility of the first few cycles. Each MEA was tested over sev-

eral days (1-2 tests per day) to assess the effects of time and
The MEA was sandwiched between carbon cloths (pur- environment on cell performance. The data indicate that the
chased from ElectroChem. Inc. and used as diffusion standard errors of the power densities for air-breathing DM-
layers) and then installed in a single-cell test with two FCs at 23C range from~8 to ~14%. For changes in the
current-collectors. The current-collectors were made from fabrication process conditions such as the hot pressure, the
1.2mm stainless-steel plates which had a series of 3 mmthickness of the electrode layer, Pt and Pt-Ru concentrations,
diameter holes to allow the passage of fuel or ambient air. the power densities of the MEAs were evaluated to determine
The cell was held together between acrylic plates by meanshow the MEA manufacturing process could be improved to
of a set of four retaining bolts positioned at the periphery increase the power density and optimize the utilization of the
of the cell. catalyst. The variation of peak power density with Pt loading
The peak power density was determined from voltage— on fuel electrodes under different fabrication process condi-
current (polarization) curves. When the cell was operated tions is shown irFig. 3. The power density increases with in-
over an extended period (2 h in the stability test), the power creasing Pt concentrations for a given electrode thickness, as
density was obtained at a constant voltage from the peakshown by each line (L1-L4). By contrast, the power density
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Fig. 2. Variation of peak power density with time for air-breathing DMFCs
with various amounts of Pt at room temperature @3 and ambient
pressure.
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Fig. 3. Variation of peak power density with amount of Pt on fuel
electrodes under various manufacturing process conditions.

Fig. 4. TEM images of Pt catalysts: (a) as-received catalysts; (b) catalysts on

pressure. The scale bar in (a) refers to all images.

decreases from line L1 to L2 as the electrode layer thickness
increases for the same Pt loading. Notably, the power den-
sity increases as the hot pressure is decreased from L2 to L3.
Finally, the power density with optimum catalyst utilization
is obtained by reducing electrode layer thickness from L3
to L4. Apparently, the power density depends not only on
the amount of Pt catalyst but also on the pressure applied.
The above findings have shown that reducing the pres-
sure and the thickness of the electrode layer in the MEA
fabrication can significantly increase the power density.
Consequently, if the pressure is excessive or the electrode
thickness is too thick, the power density is suppressed even
at a higher Pt loading. This phenomenon may be associ-
ated with Pt aggregation, grain growth, or other effects
such as the porosity of electrodes. TEM results indicate no
appreciable difference between the microstructures of the
as-received catalysts and those on MEAs made with a low
or a high hot pressure, as shownFiy. 4. Clearly, no dis-
cernible changes of Pt morphology can be identified from
the TEM images. Thus, the improved MEA performance at a
lower hot pressure can be attributed to the higher porosity of
carbon.

3.2. Effect of cathode-side air flow

A short-term stability test on an air-breathing DMFC
with 3wt.% MeOH was conducted at 0.23V and room
temperature (22C) and the results compared with those of
a test on an air-blown DMFC, as shownhiyg. 5, to under-
stand whether oxygen supplied by the natural convection
of the atmospheric air is sufficient for operation over long
periods. The test results indicate that the power density de-
clines rapidly because water blocks almost entirely the air
fed into cathode side. Surprisingly, after 40 min, the power
density falls to a constant value (10 mWtf) at which
the diffusion of air through water reaches a steady state. If
most of water is removed by supplying sufficient air to the
cathode side using a blower at 30, then the power density
can be maintained at a high level and declines only slowly.

MEA with a low hot pressure; (c) catalysts on MEA with a high hot
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Fig. 5. Two-hour stability test at 0.23V and room temperature® (@2

; . . - Fig. 7. Performance of air-breathing DMFC at various methanol solution
for air-breathing and air-blown DMFCs tested with 3wt.% MeOH. 9 9

temperatures tested with 3wt.% MeOH.

This decline in power density during the test may be due 10 explained by an increase of methanol cross-over through the
methanol cross-over and the gradual accumulation of wa- membrang8] and an increase in the coverage of the poi-
ter at the cathode sites. This observation demonstrates thagoning methanolic residues on the anode suf@d®]. The
insufficient removal of the cathode reaction product (wa- resylts indicate that 3—4 wt.% methanol yields the best com-

ter) will degrade the power density of the cell. The data in promise between power density and energy efficiency for
Fig. 5also indicate that, at room temperature, operation of the pt and Pt-Ru catalysts used in this study.

an air-breathing DMFC above 10 mW ctis hard to sus-

tain; the magnitude of this power density depends on the de-3 4 - £ffect of temperature of methanol solution and air
sign of the flow field, the characteristics of the gas diffusion

layer and the environmental conditions such as temperature, e temperature of methanol on the anode side also affects
humidity and ventilation. the cell performance of an air-breathing DMFC, as can be
observed from the typical polarization curvesHig. 7. The
3.3. Effect of methanol concentration effect of methanol solution temperature on the peak power
density as determined from the polarization curveBigm 7
DMFCs with five different methanol concentrations (0.5, g given inFig. 8 Although methanol transport to the cath-
1.5, 3.0, 6.0, 9.0wt.%) were subjected to stability tests at ode side may increase with temperature, and thereby signifi-
30°C. In each case, the power density was determined with cantly reduce cell performance, the power density increases
flowing air at the same temperature as the methanol solu-with temperature because the methanol oxidation rate in-
tion. The typical variation of power density with methanol creases with temperature. When a blower is used to supply
concentrations at 3@ is presented iffrig. 6. Notably, the 4 to the cathode side at the same temperature as that sup-

peak power density increases until the methanol concentra-plied to the anode side, a higher power density is obtained.
tion reaches about 3.0wt.%. Then, the power density de-

clines as the methanol concentration is increased from 3 to

. . . Q0
9wt.%. The problem of the high methanol concentration is __ . —e— Air-Blown DMFC
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Fig. 8. Effect of methanol solution temperature on peak power density

Fig. 6. Variation of power density with methanol concentration &tC30 for air-breathing and air-blown DMFCs tested with 3wt.% MeOH.
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Fig. 9. Two-hour stability test at 0.28V and %0 for air-breathing and
air-blown DMFCs tested with 3wt.% MeOH.
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Fig. 10. Effect of methanol concentration on power density at various
temperatures.

This is because the oxygen reduction rate increases withwas made to evaluate the performance of a small pack of

temperature at the cathode side.
A short-term stability test of a DMFC with 3 wt.% MeOH

four unit cells, which were electrically connected in series
to meet the voltage requirement of power conditioning for

was also conducted at 0.28V and at an elevated temperamobile phones. A small air-breathing DMFC cell pack is

ture of 50°C, as shown irFFig. 9. Again, without air blown

into the cathode side, the power density declines dramat-

ically to 15-20mW cm? in the presence of water at the

shown inFig. 11 The outer dimensions of the pack are
only 50mmx 70 mmx 14 mm. The cathodes are on both
sides of the pack and are simply exposed to ambient air at

cathode, even when the methanol solution is at an elevatedroom temperature (ZXC). The 3.0 wt.% methanol solution

temperature of 50C. The fluctuation of power density be-
tween 15 and 20 mW cnf is caused by the intermittent
falling of water from the cathode side, which disturbs the
natural convection of the atmospheric air at that side. As
would be expected from the previous results atGpre-
moving most of the water by blowing sufficient air toward
the cathode side at 5C can sustain a high power density.
Notably, after 30—40 min of operation at either 30 or&)
the power density drops to almost half its initial value (i.e.
from ~40 mW cm 2 falls to 15-20 mW cm? at 50°C, and
~20mW cnt? falls to ~10 mW cnT2 at 20°C). Based on
all of these facts, the flooding of water at the cathode ap-
pears to be a main weakness of an air-breathing DMFC.
The effect of methanol concentration on cell power den-
sity at various temperatures is showrFiy. 10 The power
densities at three different methanol concentrations (3.0,
6.0, 9.0wt.%) were obtained from stability tests at a con-
stant voltage with flowing air at the same temperature as
the methanol solution. The variation of power density with
methanol concentration changes little with temperature. At
an elevated temperature of 80, the power density is de-
creased more at a high methanol concentration (9 wt.%)
due to the methanol cross-over effect. Although methanol
cross-over at 20 and 3C is less significant than that at
50°C for 9wt.% MeOH, the power density using a high
methanol concentration must still be improved.

3.5. Effect of cell component assembly

Despite the problems encountered in the evaluation of
the cell performance of an air-breathing DMFC, an attempt

is stored between the two sub-modules. Each sub-module
consists of two unit cells and each cell has an active
area of 8crA. The power performance of this pack with

a 3.0wt.% methanol concentration at “8D is shown in
Fig. 12 The maximum power output is 342mW at 1.0V
and the power density is 10.7mW cf which is lower
than the single-cell test result of 21.3 mWtobtained
under the same MEA fabrication process conditions. This
observation implies that a small cell tends to suffer from
loss of power density due to component assembly problems
such as contact resistance loss. Accordingly, in addition to
other engineering problems associated with the reduced vol-
ume and weight required for portable-power applications, a
proper cell design for a component assembly that does not
reduce the power density is an important issue for DMFC
systems.

50 x 70 x 14mm

Fig. 11. Small air-breathing DMFC cell pack with four unit cells.
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371 7 400 operating the cell at an elevated temperature. On the other

1 350 hand, applying an air compressor (or mini-fan) and a heater

25 7 to a small DMFC would increase cost, volume and weight,

1 300 which restricts commercial viability. Alternatively, a break-
= 2y {250 I through in airflow field design may remove most of water
o E at the cathode side, but this is a challenging task. Testing a
215 f 1200 5 . :
= g small air-breathing cell pack has also revealed that proper
> 1150 @ cell design in a component assembly is important when the

1 100 volume and weight of the cell pack are substantially reduced.

05 - Overall, in addition to many technical considerations, wa-
150 ter management appears to be one of the major limitations
0 : : : : : 0 of air-breathing DMFCs which must be overcome before
0 01 0.2 0.3 0.4 0.5 06 such devices can become the next-generation power units
Current [A] for portable electronic devices.

Fig. 12. Power performance of cell pack with 3.0wt.% MeOH at@0
and in ambient air at 21C.
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