
Journal of Power Sources 137 (2004) 222–227

Short communication

Highly-optimized membrane electrode assembly
for direct methanol fuel cell prepared by

sedimentation method

Jing Hua Liu, Min Ku Jeon, Won Choon Choi, Seong Ihl Woo∗

Department of Chemical& Biomolecular Engineering, Korea Advanced Institute of Science and Technology,
373-1, Kusong-Dong, Yusong-gu, Taejon 305-701, South Korea

Received 19 March 2004; accepted 28 May 2004
Available online 12 August 2004

Abstract

An electrode for a direct methanol fuel cell (DMFC) is prepared by means of the sedimentation method. A suspension containing Pt black,
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TFE and water was filtered through a polycarbonate film and a thin catalyst layer remains on this film. This catalyst layer is then
o a gas-diffusion layer by applying a pressure to the assembly and then peeling off the filter film. For the anode catalyst layer, the
ontained Pt–Ru black and water. The preparation process is optimized and single-cell performance is examined under differen
onditions. Operated at 60◦C, the output power density of the membrane electrode assembly (MEA) fabricated by the sedimentatio
s 70% higher than that for an assembly prepared by the conventional brushing technique.

2004 Elsevier B.V. All rights reserved.
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. Introduction

The direct methanol fuel cell (DMFC) is attracting atten-
ion due to its flexibility of application[1–10]. The efficiency
f the DMFC must be improved, however, for commercial
ealization to be achieved. This requires finding more active
lectrodes, decreasing methanol cross over, and by devis-

ng a more effective membrane electrode assembly (MEA)
11]. While extensive research has been conducted on MEAs
or hydrogen–oxygen proton-exchange fuel cells (PEMFCs),
ewer studies of MEAs for DMFCs have been reported. The
ethods of fabricating MEAs for H2–O2 PEMFCs include a
rushing method[12], a doctor-blade technique[13], screen
rinting [14,15], rolling method[16–18], a spraying method

19,20], and a decal method[21]. The requirements for the
lectrode structure of a DMFC are quite different, however,
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than those for a H2–O2 PEMFC. The electrode of the DMF
usually contains more platinum, sometimes ten times hi
than that of H2–O2 PEMFC because of the low activity
methanol electrooxidation[22] and the crossover of methan
to the cathode side[23–25]in the case of a liquid-fed DMFC
Thus, the thickness of the catalyst layer of the DMFC e
trode is much higher than that of the H2–O2 PEMFC elec
trode. When conventional methods are used to fabricat
DMFC anode, it is difficult to produce a perfectly homo
neous catalyst layer due to the fact that large systematic
exist in the preparation process.

In this study, a DMFC electrode is fabricated using
sedimentation method in which the manual work is redu
to a minimum. A planar and homogeneous catalyst lay
obtained. The systematic errors are reduced and thus
reproducibility is achieved. Several parameters in the m
ufacturing of the electrode are optimized and the resu
performance of the resulting electrode is compared with
prepared by the conventional brushing method.

378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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2. Experimental

2.1. Fabrication of membrane electrode assemblies
(MEA) by sedimentation method

The substrate for the catalyst layer was wet-proofed Toray
carbon paper with a gas-diffusion layer. The gas-diffusion
layer for the cathode and for the anode comprised XC-72
carbon and 20 wt.% PTFE, and XC-72 carbon and 7 wt.% of
Nafion ionomer, respectively. Pt and Pt–Ru black (Johnson
Matthey Co.) were used as the cathode and anode catalyst,
respectively. The electrode preparation method reported by
Sun et al.[26] was modified and the sedimentation method
for fabricating the electrode is as follows.

The catalyst powder was suspended in water in an ultra-
sonic bath until a homogeneous ink was formed. Using a
vacuum-filtering device, the suspension was filtered through
a polycarbonate filter film that had an average pore size of
1�m and thus an even and planar layer of catalyst remained
on one side of the filter film. The catalyst-loaded filter film
was then removed from the filtering device and a thin layer of
glycerol was applied to the backside of the film. The catalyst
layer was then transferred from the filter film to the gas-
diffusion layer by compacting the assembly with a hydraulic
press, and then the polycarbonate filter film was peeled off.
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Fig. 1. Power density curves for single cell at various temperatures. Pt
and Pt–Ru loading: 5 mg cm−2; PO2: ambient pressure; O2 flow rate =
500 ml min−1; CH3OH: 2.0 M; CH3OH flow rate = 2 ml min−1.

the MEA fabricated by a sedimentation method and that by
the conventional brushing method. At a cell temperature of
40◦C, the power density of MEA prepared by the sedimen-
tation method is only 10% higher than that by the brushing
method. At higher temperatures of 60 and 80◦C, the power
densities of the MEA prepared by sedimentation method are
70 and 180% higher than those prepared by the brushing
method, respectively.

As noted above, various methods have been developed to
prepare electrode for H2–O2 PEMFCs and, DMFC. There
are common disadvantages with these methods, namely, the
requirement for skilled hands and the inevitable large sys-
tematic errors. Therefore, a fabrication method without the
influence of manual work is required. Using the sedimen-
tation method developed in this study, the catalyst layer is
formed under the force of gravity and vacuum suction. As
a result, a very homogenous and planar catalyst layer can
be produced with the least systematic errors. In addition, the
diffusion of methanol, whose molecular size is larger than
hydrogen, into the catalyst layer and the removal of car-
bon dioxide away from the catalytic sites require a DMFC
anode with an ‘open’ structure[27]. During the sedimenta-
tion process, a perpendicularly-oriented network of pores in
the catalyst layer is generated through the spontaneous ac-
cumulation of the catalyst particles and the filtering process,
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he resulting electrode was vacuum dried at 110C for 24 h.
Nafion 115 membrane was treated with 3% H2O2 and

.5 M H2SO4 and then sandwiched between the prepare
de and cathode assembly. The assembly was hot pres
30◦C for 90 s under a pressure of 100 atm. The Pt–Ru a

oadings of both the anode and the cathode were 5 mg c−2.

.2. Single-cell test

Polarization curves were obtained using a single cell
working area of 4 cm2. Unless otherwise specified, Pt–

nd Pt blacks were used as the anode and cathode cataly
pectively. The MEA was sandwiched between two grap
lates with straight channel flow-fields. Two pieces of rub
asket were used to seal the MEA. The single cell was h

o the required temperature by two electrical heaters atta
o the outer surface of the end plates. 2 M aqueous met
olution was fed to the anode side using a peristaltic pum
ow rate of 2 ml min−1. Oxygen was supplied to the catho
hamber under ambient pressure.

. Results and discussion

.1. Comparison of power densities of ME As prepared
y sedimentation and brushing methods

The power density curves of a single cell operated at
ous temperatures are presented inFig. 1. Peak values o
he power densities appear at a cell voltage (Ec) of 0.4 V.
n Table 1, a comparison of power densities is made betw
hich facilitates the mass transport of both reactants an
roducts.

able 1
omparison of power densities (mW cm−2) of a MEA fabricated by a sed
entation or brushing method operated at a cell voltage of 0.4 V

40◦C 60◦C 80◦C

edimentation 30 68 123
rushing 27 40 44

t and Pt–Ru loading = 5 mg cm−2; PO2: ambient pressure; O2 flow rate =
00 ml min−1; CH3OH = 2.0 M; CH3OH flow rates = 2 ml min−1.
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Fig. 2. Durability test of single cell at 0.16 A cm−2. Pt and Pt–Ru loading =
5 mg cm−2; T= 60◦C;PO2: ambient pressure; O2 flow rate = 500 ml min−1;
CH3OH: 2.0 M; CH3OH flow rate = 2 ml min−1.

The results of a durability test of the MEA prepared by
the sedimentation method when operated at a constant cur-
rent density of 0.16 A cm−2 are given inFig. 2. The cell volt-
age increases from 0.396 to 0.406 V after 6.33 h of operation.
This behaviour is due to the fact that the Nafion membrane
and the Nafion ionomer contained in the catalyst layer are
hydrated by the methanol solution fed to the anode side and
the water produced at the cathode side. After a future 24 h of
operation, the cell voltage decreases from 0.406 to 0.4 V. The
degradation in cell voltage is 0.25 mV h−1, which is smaller
than the 0.3 mV h−1 reported by Waidhas et al.[28] and the
2.5 mV h−1 reported by Sukla et al.[29]. Therefore, the MEA
prepared by the sedimentation method displays good stabil-
ity in long-term operation. After 32 h of operation, the test
was stopped for 15 min. During this time, the circulation of
methanol solution and the flow of oxygen were continued.
When the operation was resumed, the cathode potential (ϕc),
anode potential (ϕa) and Ec was 0.64, 0.209 and 0.431 V,
respectively, which is 40, 31 and 9 mV higher than before
the rest time. The cathode potential is increased because the
excess water produced during the 32 h of operation is re-
moved by the oxygen flow during the rest time, which re-
sults in a good condition of humidity in the cathode catalyst
layer.

3

ayer
w e in-
v sion
b d im-
p fab-
r first
m pen-
s s re-
m fion
s e of

Fig. 3. Comparison of methods of adding Nafion to cathode catalyst layer,
(a) Nafion added to catalyst suspension before sedimentation process; (b)
impregnation of the Nafion into a catalyst layer prepared by sedimentation
method Pt loading = 5 mg cm−2 T = 28◦C; PO2: ambient pressure; O2 flow
rate = 500 ml min−1; electrolyte = 2.0 M H2SO4 + 2.0 M CH3OH; electrolyte
flow rate = 2 ml min−1.

the catalyst layer and dried in air under ambient tempera-
ture. The Nafion loadings of both methods were 20 wt.%. As
shown inFig. 3, the cathode gave better performance with
the second method than with the first. When Nafion is ho-
mogeneously mixed with the catalyst, some portion of pores
in the catalyst layer is blocked by the Nafion ionomer af-
ter the electrode is prepared by the sedimentation method.
Consequently, the are not sufficient passages for the reac-
tant agents to access the active sites of the catalyst parti-
cles. Furthermore, Nafion ionomer remains between some
catalyst particles and thus prevents electronic conduction be-
tween these particles, as shown inFig. 4. When using the
impregnation method, Nafion solution flows through the net-
work of pores in the catalyst layer in a direction perpendic-
ular to the surface of the electrode and does not block the
pores that are situated far from the outer surface of the cat-
alyst layer. Thus, there exists sufficient diffusion pathways
for the reactant agents. Electronic conduction among the cat-
alyst particles is not affected by the impregnation of Nafion.
Furthermore, a very thin layer of Nafion forms on the surface
of the catalyst layer and improves the bonding between the
catalyst layer and the Nafion membrane after the hot-pressing
process.

3.3. Optimized amount of PTFE

ance
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.2. Order of adding Nafion to catalyst layer

The order of adding Nafion to the cathode catalyst l
as studied. Two methods were prepared of which on
olved dissolving Nafion solution into the catalyst suspen
efore the sedimentation process and the other involve
regnating Nafion solution after the catalyst layer was
icated by the sedimentation method. To perform the
ethod, the amount of Nafion added to the catalyst sus

ion was calibrated because some portion of Nafion wa
oved during filtering. In the second method, 5% Na

olution was dropped directly onto the horizontal surfac
The effect of PTFE content on the cathode perform
as studied. The emulsion of PTFE was added into the

yst suspension and then the catalyst layer containing P
as prepared by the sedimentation method. The amou

esidual PTFE in the prepared catalyst layer was also
brated and an accurate amount of PTFE was added t
atalyst suspension. Experiments optimizing the conte
TFE were carried out in a half-cell, is which the electro
as 2 M H2SO4 or 2 M H2SO4 + 2 M CH3OH. As shown
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Fig. 4. Schematic of Nafion distribution in fee catalyst layer, (a) Nafion
added to catalyst suspension before sedimentation process; (b) impregnation
Nafion into catalyst layer prepared by sedimentation method.

in Fig. 5, a cathode containing 15 wt.% PTFE in the catalyst
layer shows better performance than one that without PTFE
when 2 M H2SO4 was used as the electrolyte at 28◦C. The
cathode containing 30 wt.% PTFE exhibits the worst perfor-
mance. When 15 wt.% PTFE is added to the catalyst layer,
an optimum network of pores in the catalyst layer is formed
due to the hydrophobic property of PTFE, which makes the
mass transport of oxygen and water more efficient without
flooding. As the PTFE content is raised further to 30 wt.%,
the insulation effect of PTFE increases the inner resistance

F ng =
5
e

Fig. 6. Effect of PTFE content on cathode performance. Pt loading =
5 mg cm−2 T = 28◦C; PO2: ambient pressure; O2 flow rate = 500 ml min−1;
electrolyte = 2.0 M H2SO4 + 2 M CH3OH; electrolyte flow rate = ml min−1.

of the cell, which suppresses the favourable effect of PTFE
and degrades cell performance.

3.4. Effect of amount of PTFE on methanol tolerance

When the electrolyte is 2 M H2SO4 + 2 M CH3OH, cath-
odes containing 15 or 30 wt.% PTFE both gave better per-
formance than cathode without PTFE, as shown inFig. 6.
When operated at a current density of 0.075 A cm−2, theϕc
of the cathode without PTFE is 0.572 and 0.64 V with and
without methanol in the electrolyte, respectively as shown
in Figs. 5 and 6. Therefore, the difference inϕc with and
without methanol (denoted as�E) is 0.068 V for a cathode
without PTFE. The�E is 0.06 and 0.007 V for a cathode
with 15 and 30 wt.% PTFE, respectively, i.e., values that are
smaller than that for a cathode without PTFE, and the�E
for a cathode with 30 wt.% of PTFE is the smallest. This
shows that the PTFE in the cathode catalyst layer acts not
only as a hydrophobic agent, but also as a methanol-proof
agent. Therefore, addition of an optimum amount of PTFE to
the cathode catalyst layer is necessary for increasing the cell
performance.

3.5. Single-cell performance at various temperatures
and methanol concentrations
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ig. 5. Effect of PTFE content on cathode performance. Pt loadi
mg cm−2 T = 28◦C; PO2: ambient pressure; O2 flow rate = 500 ml min−1;
lectrolyte = 2.0 M H2SO4; electrolyte flow rate= 2 ml min−1.
Polarization curves for a MEA prepared by the sedim
ation method at various cell temperatures are present
ig. 7. The open-circuit potential of anode (ϕoa) decrease

rom 0.24 to 0.18 V when the cell temperature is raised f
0 to 80◦C. This observation is consistent with the res
eported by Kuver[22]. Operated at 40◦C and 0.1 A cm−2,
he overpotential of the anode (denoted asηa andηa = ϕa

ϕoa) is 0.205 V. While theηa is only 0.1 and 0.102 V a
0 and 80◦C, respectively. The data inFig. 7also show tha
hen the cell is operated at 40◦C, theϕa increases by 0.13
n increasing the current density from 0.1 to 0.125 A cm−2.
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Fig. 7. Current–voltage curves of single-cell cathode and anode at various
temperatures. Pt and Pt–Ru loading = 5 mg cm−2; PO2: ambient pressure; O2
flow rate = 500 ml min−1; CH3OH: 2.0 M; CH3OH flow rate = 2 ml min−1.

While at 60 and 80◦C, theϕa increases by only 0.013 and
0.004 V, respectively. This sharp increased inϕa at 40◦C is
due to the diffusion limit of methanol.

When the cell temperature is increased from 40 to 80◦C,
the open-circuit potential of the cathode (ϕoc) decreases from
0.86 to 0.852 V. Kauranen and Skou[30] have reported that
the methanol crossover increases with the increase with cell
temperature, which accounts for the decrease inϕoc observed
in this experiment. In addition, an increase of temperature de-
creases the solubility of oxygen in the water, that is the prod-
uct of the oxygen reduction reaction (ORR) and is attached
to the surface of the catalyst particles in the form of a very
thin layer. As the consequence, the access of oxygen to the
cathode catalyst sites becomes more difficult as the cell tem-
perature is increases. Simultaneously the catalytic activity of
the cathode increases. In the current density range between
0 and 0.075 A cm−2, ϕc changes little with increase in tem-
perature from 40 to 80◦C, due to the fact that the increase of
catalytic activity is cancelled by the methanol cross over and
the so diffusion limit of oxygen. In the current range from
0.075 to 0.3 A cm−2, ϕc increases with increase in cell tem-
perature, because the increase in catalytic activity now plays
a dominant role. At 40◦C,ϕc decreases by 0.103 V when the
current density is raised from 0.1 to 0.125 A cm−2. While at
60 and 80◦C, ϕc decreases by only 0.017 and 0.006 V, re-
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Fig. 8. Current–voltage curves of single-cell cathode and anode operated
with various methanol concentrations. Pt and Pt–Ru loading = 5 mg cm−2;
T = 60◦C; PO2: ambient pressure; O2 flow rate = 500 ml min−1; CH3OH:
2.0 M; CH3OH flow rate: 2 ml min−1.

when the current is raised from 0.075 to 0.1 A cm−2, due to
the mass-transportation limit at low methanol concentration.
At a current density of 0.05 A cm−2, theϕa is 0.304, 0.301 and
0.308 V when the methanol, concentration is 2, 4 and 8 M,
respectively. Clearly, there is no great difference inϕa. As the
current density is further increased to 0.15 A cm−2, however,
theϕa is 0.347, 0.298 and 0.325 V, for 2, 4 and 8 M methanol,
respectively. Therefore, the optimum methanol concentration
is 4 M. In this solution, theϕa increases by only 0.033 V when
the current density is increased from 0.05 to 0.35 A cm−2

which means that mass transportation is less of a problem at
the anode side.

The cathode performance is also affected markedly by the
methanol concentrations due to the crossover of methanol.
Theϕoc decreases from 0.91 to 0.81 V as the methanol con-
centration is increased from 1 to 4 M due to the formation
of a mixed potential of oxygen and methanol at the cath-
ode. With a methanol concentration of 1 M, theϕc decreases
sharply from 0.867 to 0.773 V when the current is increased
from 0.075 to 0.1 A cm−2. At this current density, a sharp de-
crease of anode performance is also observed, as discussed
previously. Therefore, this sharp decrease in cathode perfor-
mance is due to the mass-transportation limit of protons at
the cathode, which was caused by the insufficient protons
generated by the anode. At 4 M methanol, no steep decline
i
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0 in-
fl sover
a prob-
l ates
u

pectively. The reason of this rapid decline at 40C is that
he anode performance decreases rapidly when the c
ensity is increased from 0.1 to 0.125 A cm−2, which re-
ults in less protons produced and thus the mass-diffu
imit of protons at the cathode side is reached. This
omenon can also be seen inFig. 8, which will be discusse

ater.
Polarization curves for the MEA prepared by the sedim

ation method when operated in different methanol solu
re given inFig. 8. Theϕoa decreases from 0.218 to 0.154
s the methanol concentration is increased from 1 to 4 M
M methanol, theϕa increases sharply from 0.343 to 0.45
n ϕc is observed, even for a current density of 0.35 A cm−2.
n increase in methanol to 8 M causes a further degrad

n cathode performance. As shown inFigs. 8 and 9, when the
urrent density is less than 0.075 A cm−2, the cathode pe
ormance plays a dominant role in cell performance, w
ecreases with increase in methanol concentration. A
.075 A cm−2, however both the anode and the cathode
uence the cell performance. Therefore, methanol cros
nd methanol tolerance of the cathode are prominent

ems in a micro DMFC, which in most circumstances oper
nder a relatively small current load.
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Fig. 9. Power density curves of single cell operated with various methanol
concentrations. Pt and Pt–Ru loading = 5 mg cm−2; T= 60◦C;PO2: ambient
pressure; O2 flow rate = 500 ml min−1; CH3OH = 2.0 M; CH3OH flow rate
= 2 ml min−1.

The power density curves (Fig. 9) show that the peak value
appears at a cell voltage of 0.524 V when the methanol con-
centration is 1 M, due to the rapid deteriorate of cell perfor-
mance at 0.1 A cm−2. When the methanol concentration is
4 M, the power density does not reach a peak value, even
at a cell voltage of 0.33 V. Operated at 0.4 V, the power
density is 92 mW cm−2. This value is 64% higher than the
power density obtained with 2 M methanol, which is the
solution adopted by most workers. Thus, the fewer pin-
holes and the reduced thickness of the MEA prepared by
the sedimentation method enhances the tolerance towards
methanol.

4. Conclusions

A DMFC electrode is prepared by the sedimentation
method. Reducing the manual work to the minimum, this
method greatly decreases the systematic errors and a plana
and homogeneous catalyst layer is produced. Operating at
60◦C, the power density of such a MEA is 70% higher than
that prepared by a conventional brushing method. The prepa-
ration process and the operating conditions have been opti-
mized. Using an impregnation method to introduce Nafion
into the catalyst layer, the MEA prepared by the sedimen-
t t the
a s the
t anol
c
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