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a b s t r a c t

This study presents the benefit to an operating direct methanol fuel cell (DMFC) by coating a micro-porous
layer (MPL) on the surface of anode gas diffusion layer (GDL). Taking the membrane electrode assembly
(MEA) with and without the anodic MPL structure into account, the performances of the two types of
MEA are evaluated by measuring the polarization curves together with the specific power density at a
constant current density. Regarding the cell performances, the comparisons between the average power
performances of the two different MEAs at low and high current density, various methanol concentrations
icro-porous layer (MPL)
irect methanol fuel cell (DMFC)
embrane electrode assembly (MEA)

lectrochemical impedance spectroscopy
EIS)

and air flow rates are carried out by using the electrochemical impedance spectroscopy (EIS) technique. In
contrast to conventional half cell EIS measurements, both the anode and cathode impedance spectra are
measured in real-time during the discharge regime of the DMFC. As comparing each anode and cathode EIS
between the two different MEAs, the influences of the anodic MPL on the anode and cathode reactions are
systematically discussed and analyzed. Furthermore, the results are used to infer complete and reasonable
interpretations of the combined effects caused by the anodic MPL on the full cell impedance, which

tical
correspond with the prac

. Introduction

The liquid feed direct methanol fuel cell (DMFC) has received
uch attention as a leading candidate power source for portable

lectronic devices and light vehicles because of its unique advan-
ages such as high energy conversion efficiency, easy delivery and
torage of liquid fuel, ambient temperature operation and sim-
le construction [1–5]. The cell performance critically depends on
he core component of the membrane electrode assembly (MEA),
hich consists of a polymer electrolyte membrane, the catalyst of

he electrode, and gas diffusion layers. So far, investigations have
laborated on the improvement of the membrane material, the
ncrease of the active area of the catalyst and the optimal operating
onditions to enhance the efficiency and performance of MEA in
DMFC system. However, the key problems of the lower electro-

atalytic activity, methanol crossover and questionable long-term
urability of MEA still prevent the widespread commercial appli-
ation of DMFC [5].
Compared with the use of hydrogen in PEMFCs, the use of liquid
ethanol solution will result in more complex transport dynamic

n the anode side of DMFCs. As the liquid methanol solution dif-
uses through the gas diffusion layer (GDL) and electro-oxidizes

∗ Corresponding author. Tel.: +886 3 4227151x34562; fax: +886 3 4255830.
E-mail address: kalodolum@anet.net.tw (S.-H. Yang).
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cell performance.
© 2009 Elsevier B.V. All rights reserved.

on the anodic catalyst surface, the product of CO2 must be quickly
removed from the active area of the catalyst surface to avoid a low
efficiency of catalyst utilization [6]. Hence, the transport of CO2
gas and aqueous methanol solution move counter currently, which
causes the two phase transport in the GDL. Consequently, the phys-
ical parameters of the GDL such as the thickness, pore size and pore
distribution, which affect the dynamics of two phase transport, had
been researched in several literatures [6–11]. Theoretically, these
flows on the anode side should be isolated such that discrete paths
for gas transport and for liquid flow exist, rather than a two phase
flow with gas bubbles moving against a liquid flow. To realize this
ideal, the simplest way was to make the GDL surface hydropho-
bic, thereby creating a greater region for free gas movement. Thus,
adding PTFE to the surface of the anode GDL, which was based on
carbon cloth or carbon paper, had been studied [6,8–10,12–18].
However, the use of a PTFE-treated GDL would result in a lower lim-
iting current density due to the increased mass transport resistance
and ohmic losses [8–10]. To tailor mass transport properties and
ohmic losses, a thin micro-porous layer (MPL), consisting of carbon
power and PTFE or Nafion, was coated on the GDL surface [18–20].
The use of a MPL could reduce the voltage drop in-plane direction

of electrode due to the low contact resistance and provide a bar-
rier to methanol and water crossover [15,18,21–24]. On the anode
side the structure provided more secondary pores to facilitate the
gas evolution and had to ensure efficient supply of the active sites
with methanol to avoid mass transfer limitations under operation

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:kalodolum@anet.net.tw
dx.doi.org/10.1016/j.jpowsour.2009.12.043
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18,19,25]. Nevertheless, the high level of carbon loading in the MPL
ossibly restricted the agglomerate diffusion on the anode side,
hereby decreasing the performance of the cell [15,19,21]. More-
ver, which types of the anode MPLs (hydrophobic or hydrophilic)
enefit the performance of DMFCs had been investigated. The
ydrophilic MPL with Nafion as binding agent yielded a smaller
hrough-plane mass transport resistance than did the hydrophobic

PL using PTFE as the binding agent [14,18,19]. Notably, higher cell
erformance at high current density was observed by using PTFE
s binder because PTFE bonded blacking structure provided better
O2 removal than that of Nafion [18]. However, a negligible effect
n methanol transport by using a hydrophobic MPL was reported
23]. In addition, the pore-distributions of MPL in DMFCs had been
iscussed [20,25–27].

However, most of the previous studies, which focus on the
ydrophobic or hydrophilic degree of MPL and the distribution of
ores in MPL, point out that adding anode MPL increases the mass
ransfer resistance, reducing the cell performance. In terms of cell
rinciple, anode MPL is not an indispensable one; but in practice,

f without anode MPL, the cell performance will be suppressed to
degree [20,23,26–28]. Then, the anode MPL is an important unit

or DMFCs but the function is obscure. Moreover, the influences of
node MPL on DMFCs are mostly evaluated by the electrochemical
mpedance spectroscopy (EIS) during the half cell reaction or by
unning polarization experiments. Only few studies elaborated on
he combined effect caused by the use of MPL on the anode or cath-
de in an operating DMFC [19,28]. Hence, in this paper, the benefits

f the anode GDL surface coated with MPL to the performance of
n operating DMFC are studied. Regarding the polarization curves
nd the specific performance at various constant current densi-
ies, in situ EIS measurements, differing from conventional half
ell impedance measurements, are utilized to resolve the anode

Fig. 1. SEM images of the hydrophobized carbon paper (a) 30×, (b)
urces 195 (2010) 3536–3545 3537

and cathode impedance from the full cell impedance for the whole
reaction. By adjusting the parameters of current density, methanol
concentration, and air flow rate, the influences of the anode MPL on
the anode and cathode reaction are respectively demonstrated. Fur-
thermore, the results are compared with those of the MEA without
anodic MPL, and then an analysis and discussion of the combined
effect of MPL on the interaction between anode and cathode are
offered systematically.

2. Experimental

2.1. Preparation of the membrane electrode assembly

The MEAs consisting of electrodes and the electrolyte mem-
brane were prepared by the procedure reported in our previous
work [29,30]. The catalysts were purchased form Johnson Matthey,
Inc. The electrode inks were fabricated from a mixture of Nafion
solution (DuPont) and Pt-Ru/C or Pt/C catalysts. A thin layer of
electrode with this catalyst was then coated on each surface of
the cleansed Nafion 117 membrane by a screen-printing technique.
Pt–Ru and Pt were deposited onto the anode and cathode, respec-
tively, both at a loading rate of 2 mg cm−2. After hot-pressing at
120 ◦C and 50 kg cm−2 for 2 min, the active area of the MEA was
aligned to 25 cm2 using a laser-ablation process [31,32]. Two types
of diffusion layers were used: (1) the hydrophobized carbon paper
(SGL SIGRACET 10BA, 10 wt.% PTFE) and (2) the MPL-coated carbon
paper (SGL SIGRACET 10BB, 10 wt.% PTFE). The MPL-coated woven

carbon cloth (E-Tek LT 1400-W) was the only type of GDL used
for the cathode side throughout the experimental program. The
details of these GDL were listed in Table 1. The surface morpholo-
gies of the two different carbon papers were demonstrated in Fig. 1
by using the scanning electron microscopy (Hitachi S-4800 SEM,

100× and the MPL-coated carbon paper (a) 30×, (b) 10,000×.
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Table 1
Properties of gas diffusion materials.

GDL Thickness Area weight Porosity
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SGL 10BA 402 �m 85 g m−2 88.6
SGL 10BB 423 �m 125 g m−2 84.2
E-Tek LT 1400-W 409 �m 210 g m−2 83.1

apan). The hydrophobized carbon paper was a microscopically
omplex fibrous structure (Fig. 1(a)) with the pore size distribution
anging from a few microns to twenties of microns (Fig. 1(b)). The
PL-coated carbon had uniform cracks (mud cracking), induced

y volume shrinkage of carbon/PTFE slurry during annealing in
ig. 1(c) and provides a larger pore distribution due to much smaller
ore size (∼100 nm), as shown in Fig. 1(d). All gas diffusion materi-
ls were used for evaluation as received. There were two different
EAs prepared for the anode GDL evaluation in our experiment.
ne anode GDL was the MPL-coated carbon paper, and the other
as the hydrophobized carbon paper without MPL. Subsequently,

he MEA was installed in a test block with the current collectors
ositioned at each end and then sandwiched between gas-diffusion

ayers. The gasket thickness of both anode and cathode side was
.3 mm. Channels with parallel geometry (1 mm wide, 1.2 mm
eep, with ridges 1 mm high) were machined in the plates.

.2. Operating conditions and electrochemical measurement

Before the test, the cell was preheated to 60 ◦C at the anode
ow rate of 2 cm3 min−1 for 1 h without air supply. Then, a load of
0 mA cm−2 was applied at the cathode flow of 100 ml min−1 for
h to insure a steady state. Testing was performed by a computer-
ontrolled Medusa RD Fuel Cell Test station (Teledyne Energy
ystems, Inc.) with a 50A/100W Model 890CL electronic load (Scrib-
er Associates, Inc.) and Model 880 Frequency Response Analyzer
Scribner Associates, Inc.). Three methanol concentrations of 0.5,
.0, and 2.0 M were used here. Both the methanol and air flows were

oad controlled to achieve the required stoichiometry at each test.
or all impedance measurements, the range of measured frequen-
ies was set from 1 kHz to 0.05 Hz with 10 steps per logarithmic
ecade. The amplitude of the sinusoidal modulation voltage did

ot exceed 10 mV. To resolve the anode and cathode impedance,
n Ag/AgCl electrode (MF-2052, BAS Inc.) was placed at the region
f constant potential (RCP) [32–36] of the membrane as a reference
lectrode. The detailed description of the setup of reference elec-
rode was proposed and demonstrated in our previous work [32].

ig. 3. Specific cell performance of a DMFC with different anode GDL under various meth
0 ◦C, methanol flow is 6-stoichiometry.
Fig. 2. Polarization curves of a DMFC with different anode GDLs under various
methanol concentration. Cell temperature is 60 ◦C, both the air and methanol flow
are 6-stoichiometry.

All the impedance spectra were measured under the galvanostatic
mode.

3. Result and discussions

The polarization curves of the MEA with the different anode
GDL at different concentrations of methanol solution (0.5, 1.0, and
2.0 M) were demonstrated in Fig. 2. Both the stoichiometric flow
of methanol and air were set to six at a cell temperature of 60 ◦C.
Obviously, the MEA which used a MPL-coated carbon paper as an
anode GDL always presented a higher performance than that with
the hydrophobized carbon paper on the anode side, especially in a
high current density region with 2.0 M methanol. It is worth noting
that the open circuit potential (OCP) of the MEA with anodic MPL
did not vary with a change of methanol concentration. However,
a continuous decrease of the OCP with increasing methanol con-

centration [15,37] was distinguished from the polarization test of
the MEA without anodic MPL in Fig. 2. The results can be explained
with that the MPL provided a barrier to methanol diffusion and
thereby reduced methanol crossover [15,24]. Regarding the polar-
ization curves, the short-term tests at a constant current density

anol concentrations at air stoichiometric flow of (a) 3 and (b) 6. Cell temperature is
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ig. 4. Combined EIS measurements of a DMFC with different anode GDLs at 1.0 M
ell, (e) anode, and (f) cathode at 100 mA cm−2. Cell temperature is 60 ◦C, both the a

f 20 mA cm−2 and 100 mA cm−2 were carried out by varying the
ethanol concentration together with the air flow. The average

ower density of each short-term test between the two differ-
nt MEAs under various operating conditions was shown in Fig. 3.
t different methanol concentrations, the MEA with anodic MPL
lways performed a better performance than that without anodic
PL at a high current density of 100 mA cm−2. However, no signif-

cant differences in performance between the two different MEAs
ere observed at a low current density of 20 mA cm−2. Further-

ore, at high current density and high methanol concentration, the

ariation in air flow had negligible influence on the performance of
he MEA with anode MPL but clearly caused a performance drop of
he MEA without anode MPL. According to the polarization curves
r the specific performance at various constant current densities, it
anol concentration: (a) full cell, (b) anode, and (c) cathode at 20 mA cm−2, (d) full
methanol flow are 6-stoichiometry.

is difficult to interpret the influence of the anode MPL on the anode
and whether cathode reaction was affected as well. Then, the in situ
EIS measurements were used as a tool to observe the influences of
the anode GDL with and without MPL on anode and cathode reac-
tions based on various current densities, methanol concentrations
and stoichiometric flows of air.

3.1. Effect of operating current density
After setting both the stoichiometric flow of air and 1.0 M
methanol to 6, the in situ EIS of the anode, cathode and full cell
of the two different MEA were simultaneously carried out. Tak-
ing the operation at a low current density of 20 mA cm−2 and a
high current of 100 mA cm−2 into consideration, the EIS measure-
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ig. 5. Combined EIS measurements of a DMFC with different anode GDLs at 20 mA cm
t 1.0 M methanol concentration. (c) Anode and (f) cathode at 2.0 M methanol conc

ents were demonstrated in Fig. 4. At a low current density of
0 mA cm−2, the full cell impedance of the MEA with anodic MPL
xhibited a lower high frequency resistance (HFR) and charge trans-
er resistance (CTR) than the MEA without anodic MPL. Dividing
he full cell impedance into two parts, the in situ impedance of
he anode and cathode were illustrated in Fig. 4(b) and (c), respec-
ively. In Fig. 4(b), the MEA with anodic MPL presented a lower HFR
f anode impedance since the MPL effectively reduced the con-
act resistance of the electrode [14,21,38–44]. However, due to a

ower kinetics of MOR, no significant differences in the CTR of the
node impedance between the two types of MEA were observed.
orresponding to the anode EIS at a 1.0 M methanol concentra-
ion, the cathode EIS at a low current density of 20 mA cm−2 was
hown in Fig. 4(c). Obviously, the MEA with anodic MPL had a
a) anode and (d) cathode at 0.5 M methanol concentration. (b) Anode and (e) cathode
ion. Cell temperature is 60 ◦C, both the air and methanol flow are 6-stoichiometry.

lower CTR of cathode impedance than the one without MPL. This
is because the thicker and lower porosity of anodic MPL, as listed
in Table 1, effectively reduces the methanol permeation and water
crossover [14,15,19,21–24]. Thus, the influence of methanol and
water crossover on the cathode impedance of the MEA with anodic
MPL was declined as compared with that of the MEA without anodic
MPL. Nevertheless, the reduction of methanol and water crossover
did not critically affect the cell performance at a low current density
because of a slower kinetics.
When the current density was increased to 100 mA cm−2, the
kinetics of interaction of a DMFC was enhanced along with the
charge transfer process [45–47]. Therefore, all the EIS results of
the full cell, anode and cathode of the two MEA were smaller
than the EIS measurements at 20 mA cm−2 as compared in
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igs. 3(d–f) and 4(a–c). In the anode reaction, Fig. 4(e) shows that
he anode impedance of the MEA with anodic MPL not only exhib-
ted a lower HFR but also presented a lower CTR than the one

ithout anodic MPL. This is because that the MPL structure pro-
ided a larger pore distribution than the hydrophobized carbon
aper in Fig. 1 and then results in more uniform transportation
f gas and solution due to a large pore distribution [16,19]. Fur-
hermore, the carbon surface hydrophobicity resulting from PTFE
reated more regions for the gas removal, which accelerated the
jection of CO2 from the catalyst surface into the fluid channel [22].
s a result, the anode catalyst utilization efficiency was increased
nd so was the kinetics of the methanol oxidation reaction (MOR)
6–8,10,12,18]. Thus, the MEA with anodic MPL presented a lower
TR of anode impedance. However, the use of carbon paper without
PL led more CO2 bubbles or slugs to cover the catalyst surface and

hen enhanced the diffusion resistance of the two phase transport
5–7,13,18]. Thereby, the depressed MOR caused a higher CTR of
node impedance spectrum at low frequency, as shown in Fig. 4(e).
n the cathode side, increasing the current density reduced the
ux of methanol crossover and water permeation [5,21]. Obviously,
ig. 4(f) shows that the use of MPL-coated carbon paper performed
smaller cathode impedance arc than that of hydrophobized car-
on paper. This result could be explained with the combined effect
f each electrode in DMFCs [28,32,46]. Since the MPL-coated carbon
aper yielded the faster kinetics of MOR, the sufficient protons and
lectrons transported fast to cathode side. Therefore, the kinetics of
athode oxygen reduction reaction (ORR) was reinforced together
ith the increased kinetics of MOR in the whole reaction by using

f the MPL-coated anode GDL.

.2. Effect of methanol concentration

Taking the influence of methanol concentrations into consid-
ration, the in situ EIS of the full cell, anode and cathode of the
wo different MEA were carried out at different current densi-
ies of 20 mA cm−2 and 100 mA cm−2. At a low current density
f 20 mA cm−2, a comparison of anode EIS in Fig. 5(a–c) shows
hat both the two different MEAs revealed an increase of CTR and
nductive parts in a low frequency region. This is because the inter-

ediate adsorption quantity of CO on the anode catalyst surface
aries with a change of methanol concentration [8,37,38]. Notably,
t a same methanol concentration, no obvious variation in the
node EIS between the two different MEAs are observed even if the
ethanol concentration was increased to 2.0 M. This result reveals

hat the MPL structure did not benefit the anode reaction at a low
urrent density. Nevertheless, the comparisons of different cathode
IS in Fig. 5(d)–(f) indicate that the different anode GDLs of MEA
esulted in a clear variation in cathode impedance especially at a
igh methanol concentration of 2.0 M. The result could be inter-
reted in light of the efficiency of MPL to reduce the methanol
rossover as mentioned above. Therefore, increasing methanol con-
entration yielded minor effects on the cathode impedance of the
EA with anodic MPL, as displayed in Fig. 5(d–f). In contrast with

he MEA with anodic MPL, the use of carbon paper as anode GDL
aused a violent change in both the CTR and inductive parts of the
athode impedance by increasing the methanol concentration. This
s because the use of carbon paper could not efficiently decrease
he methanol permeation into cathode side and thereby decreased
he kinetics of ORR with increasing methanol concentration [21].
egarding the in situ EIS of each electrode, it is worth of notic-

ng that although the methanol concentration was up to 2.0 M,

he coating MPL on anode GDL seemed to have no effect on the
node reaction at a low current density except for the reduction
f the contact resistance of the electrode. However, the effective
uel management of the anodic MPL could reduce the influence of

ethanol crossover on the cathode ORR so that the MEA with the
Fig. 6. Full cell EIS of a DMFC with different anode GDLs at 20 mA cm−2 and various
methanol concentrations: (a) 0.5 M, (b) 1.0 M, and (c) 2.0 M. Cell temperature is 60 ◦C,
both the air and methanol flow are 6-stoichiometry.

anodic MPL presented the minor variations in the cathode EIS with
changing methanol concentrations, as shown in Fig. 5(d–f). As a
result, in the whole reaction, Fig. 6 shows that the variations in the
full cell impedance of the MEA with anodic MPL caused by different
methanol concentrations was smaller than that of the MEA without
anodic MPL.

At a high current density of 100 mA cm−2, the use of 0.5 M
methanol yielded the significant concentration polarization, reduc-
ing the kinetics of the MOR [37,48,49]. Hence, both the two MEAs

presented a large anode EIS arc with visible mass transport prob-
lems in a low frequency region, as shown in Fig. 7(a). Notably, the
MEA with anodic MPL still illustrated smaller anode impedance
than that of the MEA without anodic MPL. This is because the MPL
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ig. 7. Combined EIS measurements of a DMFC with different anode GDLs at 100
e) cathode at 1.0 M methanol concentration. (c) Anode and (f) cathode at 2.0 M
-stoichiometry.

tructure provided a higher utilization efficiency of anode catalyst
ue to a faster CO2 gas removal and thereby enhanced the kinet-

cs of MOR. Meanwhile, the more protons and electrons transported
nto cathode, yielding the faster kinetics of ORR. Therefore, Fig. 7(d)
hows that the MEA with anodic MPL presented a smaller cathode
IS than that of the MEA without anodic MPL. However, the use
f carbon paper as anode GDL lowered the kinetics of the anode
OR because slower gas removal strengthened the mass transfer

imitations caused by the low methanol concentration. With the

eduction of the kinetics of the anode MOR, the kinetics of the cath-
de ORR were depressed as well. Therefore, in contrast with the
IS of the MEA with anodic MPL, both the EIS of anode and cathode
n the MEA without anodic MPL presented a larger impedance arc

ith a low frequency irregular shape, as illustrated in Fig. 7(a) and
m−2: (a) anode and (d) cathode at 0.5 M methanol concentration. (b) Anode and
nol concentration. Cell temperature is 60 ◦C, both the air and methanol flow are

(d). By increasing the methanol concentration to 1.0 M, Fig. 7(b)
shows that both the two MEAs revealed the elimination of the
low frequency irregular parts in the anode impedance because of
the reduction of mass transport limitations. However, the slower
two phase transport caused by the use of carbon paper still limited
the anode MOR and then depressed the cathode ORR in the whole
reaction. Consequently, both the EIS of the anode and cathode in
the MEA, lacking anodic MPL, had a larger diameter than that of
the MEA with anodic MPL, as respectively displayed Fig. 7(b) and

(e). When the methanol concentration was increased to 2.0 M, the
intermediate adsorption of CO on the anode catalyst surface was
increased as well [8,37,38,49]. However, the anode impedance of
the MEA with anodic MPL at 2.0 M methanol (see Fig. 7(c)) was sim-
ilar to the one at 1.0 M methanol (see Fig. 7(b)). It can be explained
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ith a less intermediate adsorption of CO on the anode catalyst sur-
ace as more CO became CO2 and then was fast transported to the
uel channel. However, the slower gas removal of the anode GDL
ed a more amount of CO to adsorb on the anode catalyst surface,
educing the active area of the catalyst [6,7,10,13,18,37,48]. There-
ore, a comparison between Fig. 7(b) and (c) clearly indicates that
ncreasing methanol concentration yielded the obvious increase
f both CTR and inductive parts of the anode impedance in the
EA without anodic MPL. Taking the cathode reaction into con-

ideration, the comparison of cathode EIS between Fig. 7(e) and (f)
ndicates that increasing methanol concentration from 1.0 to 2.0 M
nly induced a minor effect on the cathode impedance of the MEA
ith anodic MPL. This is because the influence of the methanol

rossover on the cathode ORR was reduced by the anodic MPL.
owever, the use of hydrophobized carbon paper could not effec-

ively restrict the methanol crossover to the cathode side so that the
ctive area of the cathode catalyst was decreased together with the
inetics of the ORR at a high methanol concentration. Meanwhile,
he methanol was oxidized in the cathode by consuming oxygen,
esulting in the influence of the oxygen mass transport limitation
n the ORR. Hence, as compared with Fig. 7(e) and (f) shows that
he MEA, which lacks the anodic MPL, revealed the obvious growth
f the cathode impedance within the irregular shape in the low fre-
uency region by increasing the methanol concentration from 1.0
o 2.0 M.

In Fig. 8, the resultant effect of both anode and cathode on the
verall reaction was plotted in the form of full cell impedance.
ccording to the separated EIS of each electrode, using MPL-coated
node GDL provided higher catalyst utilization, effectively pro-
oting the stability and kinetics of anode MOR. Simultaneously,

he anode MPL structure reduced the flux of methanol crossover,
ecuring the kinetics of cathode ORR. Consequently, although the
ethanol concentration was changed, the MEA with anodic MPL

lways performed a fast and stable kinetics of both the MOR and
RR. Thereby, a comparison between Fig. 8(a)–(c) indicates that

he deviation of the full cell EIS caused by changing the methanol
oncentration in the MEA with anodic MPL was not as sharp as that
n the MEA without anodic MPL.

.3. Effect of air flow

Two air flow rates, corresponding to cathode stoichiometric
oefficients of 3 and 6, were set for the two MEAs. A compari-
on between Fig. 3(a) and (b) indicated the indistinct influence of
hanging air flow on the cell performance (100 mA cm−2) at both
.5 and 1.0 M methanol concentration, whether the MPL had been
oated on the anode GDL or not. As the methanol concentration
ncreased to 2.0 M, the variation of air flow still resulted in a minor
ffect on the performance of the MEA with anodic MPL but yielded
sharp performance drop of the MEA without anodic MPL. How-

ver, this phenomenon did not occur at a low current density of
0 mA cm−2.

To clarify the influence of changing air flow on the performance
f the two MEAs, the in situ EIS measurement under a constant
urrent density of 100 mA cm−2 were carried out at 1.0 and 2.0 M
ethanol, as demonstrated in Fig. 9. At a methanol concentration of

.0 M, the influences of various cathode air flows on both the MOR
nd ORR of each MEA were obscure, although the use of anode GDL
as different. Thus, not only the MEA with anodic MPL but also

he one without anodic MPL revealed the imperceptible changes of
oth anode and cathode impedance at different air flows, as plotted
n Fig. 9(a) and (b), respectively. This is because the stoichiomet-
ic air flow of 3 had provided sufficient oxygen concentration for
he cathode ORR together with stable water ejection of the cathode
ow channel. Hence, the kinetics of the anode MOR, correspond-

ng to the stable ORR of the cathode, became steady as well [32].
Fig. 8. Full cell EIS of a DMFC with different anode GDLs at 100 mA cm−2 and various
methanol concentrations: (a) 0.5 M, (b) 1.0 M, and (c) 2.0 M. Cell temperature is 60 ◦C,
both the air and methanol flow are 6-stoichiometry.

Since the stoichiometric air flow was up to 6, both the two MEAs
presented minor changes in the low frequency region of the anode
and cathode impedance spectra. It can be concluded that a change
of air flow stoichiometric coefficient slightly accelerated the oxy-
gen mass transport together with the water removal and thereby
slightly affected the cathode ORR along with the anode MOR. Owing
to the illegible variations in the anode and cathode EIS of each MEA,
caused by the different air stoichiometric coefficients, Fig. 9(c) pre-
sented no significant deviations in the full cell impedance of each

MEA at various cathode air flow, whether the MEA equipped with
the anodic MPL or not. The results just corresponded to the dif-
ference in performance of each MEA at 100 mA cm−2 between air
stoichiometric flows of 3 and 6, as plotted in Fig. 3(a) and (b).
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At a methanol concentration of 2.0 M, a change in the air
toichiometric coefficient obviously affected both the real-time
node and cathode impedance of the MEA without anodic MPL,
s illustrated in Fig. 9(d) and (e). This is because the use of the
ydrophobized carbon paper induced the methanol crossover so
hat the effective active area of the cathode catalyst as well as the
xygen concentration was reduced on the cathode side. By decreas-
ng the air stoichiometry coefficient from 6 to 3 in our work, the
xygen concentration and the methanol removal on the cathode
ide decreased as well. Therefore, the mass transport limitations

ritically reduced the kinetics of the ORR so that the MEA with
he hydrophobized carbon paper revealed a larger arc of cathode
mpedance in Fig. 9(d). Meanwhile, Fig. 9(e) shows that a mixed
otential slowed the transport of protons from the anode to cath-

ig. 9. Combined EIS of a DMFC with different anode GDL at 100 mA cm−2 under various a
e) cathode, and (f) anode at 2.0 M methanol.
ources 195 (2010) 3536–3545

ode, yielding a sharp growth of the anode impedance. In contrast
with the EIS of the MEA without anodic MPL, the MEA with anodic
MPL performed similar cathode impedance by changing the air
flow at 2.0 M methanol, as demonstrated in Fig. 9(d). Correspond-
ing to the cathode EIS in Fig. 9(d), no obvious variation in the anode
impedance was observed with the different air stoichiometric coef-
ficients, as displayed in Fig. 9(e). This is because the MPL-coated
GDL effectively reduced the methanol crossover so that the pro-
tons transferred from the anode would stably react with sufficient
oxygen at the cathode side.
According to the above mentioned in situ EIS of each electrode,
it can be concluded that a methanol crossover was the prime agent
of the variation in both the anode and cathode reaction for the var-
ious air stoichiometric coefficients. Since the MPL on the anode

ir flow rates: (a) full cell, (b) cathode, and (c) anode at 1.0 M methanol. (d) Full cell,
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DL acted as a barrier against the methanol crossover at a high
ethanol concentration, a change of air flow resulted in a minor

nfluence on both the MOR and ORR in the whole reaction. Conse-
uently, Fig. 9(f) shows that no momentous variations in the full
ell impedance of the MEA with anodic MPL had been observed
t 2.0 M methanol with the air stoichiometric coefficient. How-
ver, using the hydrophobized carbon paper caused the methanol
rossover, critically affecting both the MOR and ORR of a DMFC with
change of the air stoichiometry coefficient. Therefore, given the

harp drop of cell performance at 100 mA cm−2 caused by the vari-
us air flows (see Fig. 3(a) and (b)), Fig. 9(f) shows that the full cell
mpedance of the MEA without anodic MPL varied violently with
he air stoichiometry coefficient.

. Conclusions

In this paper, the advantages of the use of a MPL-coated anode
DL for an operating direct methanol fuel cell (DMFC) are stud-

ed. Taking into account the operating conditions such as the
urrent density, methanol concentration and air stoichiometric
ow, a comparison between the MEA with and without anodic
PL was systematically carried out by measuring the polariza-

ion curves and specific performance at various constant current
ensities. Corresponding to the polarization curves and specific
erformance, the in situ EIS measurement indicates that coating
PL on the anode GDL effectively accelerates the kinetics of the

node reaction together with the kinetics of the cathode reac-
ion. Therefore, at a high current density of 100 mA cm−2, the
erformance of the MEA with anodic MPL is obviously better than
hat without anodic MPL. The conclusions are summarized as fol-
ows:

. Since the carbon powder of the MPL effectively reduces the con-
tact resistance of the electrode surface, the MEA with anodic MPL
exhibits a lower HFR of the anode impedance as well as a lower
HFR of the full cell impedance.

. At a high current density of 100 mA cm−2, the use of the MPL-
coated anode GDL performs better with MEA than a bare anode
GDL. This is because the carbon surface is hydrophobic, and the
greater micro-pore distribution of MPL accelerates the two phase
transport, improving the kinetics of the anode MOR together
with the cathode ORR. However, at a low current density of
20 mA cm−2, the effects resulting from the production of CO2,
ohmic losses and methanol crossover on cell performance can
be eliminated by slower kinetics. Therefore, the influence of the
anode MPL on the MEA performance at 20 mA cm−2 is not as
obvious as that at 100 mA cm−2 even though the in situ EIS mea-
surement clearly reveals the decrease of the methanol crossover
due to the anodic MPL.

. Coating MPL on the anode GDL not only provides a greater pore
distribution to lower the mass transport limitations at a low
methanol concentration but also effectively manages the trans-
port of methanol for the anode electrode to reduce the methanol
crossover at a high methanol concentration. As a result, the MEA
with anodic MPL yields the faster MOR and ORR, generating
higher and more stable cell performance at a high current density
with a change of methanol concentration.

. According to the in situ EIS, the influence of methanol crossover
is the prime agent of both the anode and cathode reactions,
which vary with the changing air stoichiometry coefficient (from
6 to 3 in this paper). By using the MPL-coated anode GDL, the

physical properties of MPL effectively decrease the influence of
the methanol crossover and maintain the stability of both the
MOR and ORR as well. Therefore, the performance of the MEA
with anodic MPL does not critically vary with the air stoichiom-
etry coefficient at a high methanol concentration.

[
[
[

[

urces 195 (2010) 3536–3545 3545

According to the conclusions, the influences of the MPL on the
performance of a DMFC during actual operation have been clearly
studied. In our future work, the advantages of MPL will be employed
to improve the performance and durability of fuel cells and finally
to facilitate the commercialization of full cells.
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