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bstract

The cathode catalyst layer (CL) in direct methanol fuel cells (DMFCs) has been optimized through a balance of ionomer and porosity distributions,
oth playing important roles in affecting proton conduction and oxygen transport through a thick CL of DMFC. The effects of fabrication
rocedure, ionomer content, and Pt distribution on the microstructure and performance of a cathode CL under low air flowrate are investigated.
lectrochemical methods, including electrochemical impedance, cyclic votammetry and polarization curves, are used in conjunction with surface
orphology characterization to correlate electrochemical characteristics with CL microstructure. CLs in the form of catalyst-coated membrane

CCM) have higher cell open circuit voltages (OCVs) and higher limiting current density; while catalyzed-diffusion-media (CDM) CLs display

etter performance in the moderate current density region. The CL with a composite structure, consisting both CCM and CDM, shows better
erformance in both kinetic and mass-transport limitation region, due to a suitable ionomer distribution across the CL. This composite cathode is
urther evaluated in a full DMFC and the cathode performance loss due to methanol crossover is discussed.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

An effective cathode catalyst layer (CL) must serve multiple
unctions simultaneously: electron and proton conduction,
xygen supply and product water removal. Nafion ionomer in
he CL provides protonic conduction, and helps to maintain
tructural integrity and robustness. An optimized cathode CL
tructure has a good balance between electrochemical activity
nd oxygen transport capability with effective water removal.
here are many experimental studies on the optimization of CL
ompositions in H2/air fuel cells. Most of these efforts were
ocused on optimization of cell performance as a function of
afion content. Lee et al. [1] evaluated the effect of Nafion

oading on charge-transfer resistance and mass transport.

chida et al. [2,3] investigated the gas-supplying network

ormed by Nafion colloids. The optimum Nafion weight
raction was reported to be in the range of 30–40% [4–8].

∗ Corresponding author. Tel.: +1 814 863 4762; fax: +1 814 863 4848.
E-mail address: cxw31@psu.edu (C.-Y. Wang).
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The same half-cell reaction and characteristics are also impor-
ant for an effective DMFC cathode, but with a few differences.
here is significantly more water at the DMFC cathode due to
ater crossover from the liquid-fed anode [9,10], in addition

o ORR-produced water. On the other hand, a requirement for
he DMFC cathode is low air flowrate operation, since water
oss from the cell must be controlled and less auxiliary power

ay be used for portable applications. Under this circumstance,
owever, removal of product water is inefficient and the cath-
de catalyst layer must perform well in the presence of slight
ooding. The other key difference relates to methanol crossover
nd the associated cathode voltage loss. In order to mitigate
he crossover effect, the cathode catalyst loading has to be
ncreased several times higher than that of a H2/air cell, corre-
ponding to a much thicker cathode CL. Although the crossover
ethanol is almost completely oxidized at the DMFC cath-

de [11], the oxidation reaction not only produces a mixed

otential, but also consumes oxygen. Both result in additional
xygen transport limitation through a thick cathode CL, which
ust be carefully designed in order to optimize the perfor-
ance.

mailto:cxw31@psu.edu
dx.doi.org/10.1016/j.electacta.2006.08.003
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and ionomer distribution in cathode catalyst layers, as summa-
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So far, little attention has been paid to thick cathode CL
tructure optimization for portable DMFC application. For high-
oading cathodes operated at low air stoichiometry, the existing
ptimum structure in hydrogen PEM fuel cells must be modified.
n this paper, influences of fabrication techniques and ionomer
istributions in DMFC cathode CLs are investigated. Various
lectrochemical methods are combined with surface morphol-
gy characterization to closely examine CL structures.

. Experimental

.1. Preparation of membrane electrode assembly

Carbon cloth (EC-CC1-060T, ElectroChem Inc.) was used
s the cathode backing and carbon-supported Pt catalyst (40%
t/Vulcan XC72; E-TEK) was used as catalysts. A mixture of
ulcan XC72R carbon black and PTFE emulsion (TFE 30,
upont) was coated on the carbon cloth to form a microporous

ayer (MPL). Cathode CLs were made in two configurations:
CM and CDM; while anodes were made in CCM configuration
nly. The CDM cathodes were prepared by spraying catalyst inks
nto the surface of a carbon cloth GDL, and CCM was prepared
y the decal method [9]. MEA was obtained by hot-pressing two
atalyst-coated PTFE decals (in some cases CDM cathode was
sed) onto a piece of pretreated Nafion 112 membrane at 125 ◦C
nd 100 atm for 3 min.

.2. TEM micrographs

Cross-sectional TEM specimens of CCM MEAs were pre-
ared by ultramicrotomy. MEAs were first embedded into a
uitable resin for 24 h at 60 ◦C. Low embedding temperatures
revent catalyst grain growth and impose less impact on the
icrostructure of the catalyst layer. Ultra-thin sections were

ut with glass knives in floating water and then transferred
o specimen support grids. In this work, TEM observation of
ross-sectional specimens was done on a JEOL 2010 operated
t 200 kV (LaB6).

.3. Electrochemical characterization

A fuel cell fixture with active area of 12 cm2 was used. The
owfield, consisting of machined two-pass serpentine grooves
n graphite blocks, was identical for both anode and cathode.
uel cell polarization curves were recorded at a quick-scan rate
f 20 mA/s. CV measurement was conducted at room tempera-
ure with a scan rate of 5 mV/s from 0 to 1.2 V versus DHE, by
eeding humidified N2 and H2 to the cathode and anode, respec-
ively. The surface roughness of the electrode was evaluated
y the amount of charge required to oxidize atomic hydrogen
bsorbed on Pt electrocatalysts, after correcting the double layer
harge (at 0.4 V versus DHE). Assuming a value of 210 �C cm−2

or the oxidation of atomic hydrogen on a smooth Pt surface, sur-

ace roughness factor (RF) is obtained by

F = S

v × 210 �C cm−2 × A
109 (1)

r
H
g
c

Acta 52 (2006) 1417–1425

here v is the voltage scan rate (5 mV s−1), S the integration area
f the hydrogen desorption peak (unit in AV), and A is the elec-
rode geometric area. Electrochemical impedance spectra (EIS)
ere conducted using a Solartron 1278 electrochemical interface

n conjunction with a Solartron 1260 frequency response ana-
yzer, by applying a 10 mV sine wave in the frequency range of
.1 Hz–10 KHz. Data points were recorded by a software pack-
ge Zplot.

. Results and discussion

.1. Electronic micrographs of cathode catalyst layers

The surface morphologies of a carbon cloth GDL with a
re-coated MPL, a low-loading CDM (0.6 mg Pt cm−2) and a
igh-loading CDM (1.2 mg Pt cm−2) are shown in Fig. 1a–c,
espectively. Scanning electron microscopy (SEM, FEI-Philips
L-20) was used to obtain the images. The cracks on the sur-

ace of the MPL provide a path for gas transport to the CL. In
ig. 1b, there are some small cracks and voids scattered on the
urface of the catalyst layer. The area between these cracks and
oids forms a non-defective layer. Higher catalyst loading and
hicker CL would induce higher surface tension, thus causing

ore severe surface roughness and cracks, commonly referred
o as mud cracking, as shown in Fig. 1c.

Fig. 2a and b show the surface morphologies of a low-loading
0.6 mg Pt cm−2) and a high-loading (1.2 mg Pt cm−2) catalyst-
oated decal prepared by tape casting, before they are hotpressed
nto Nafion membranes. The catalyst and ionomer composite
ayers form cake-like structures on a Teflon decal. Some uniform
nd small cracks can be easily identified on the surface of the
ow-loading decal, while for the high-loading one, although their
umber declines, the cracks widen and deepen, and the Teflon
ecal is visible at the bottom of the cracks.

Fig. 3a and b display the TEM images of the CL/membrane
nterface and bulk of cathode CL in a used CCM MEA, respec-
ively. Recast Nafion in the catalyst layer integrates perfectly
ith the membrane, and there is an intimate binding between the
L and membrane. The catalyst particles and ionomer are well
ixed and uniformly distributed at the microscale. However at

he large scale, catalyst particle agglomeration and macro-pores
with diameter about 100 nm) are visible in the bulk of the CL.
he agglomeration and macro-pores are defects, which are intro-
uced into the CL during MEA fabrication due to insufficient
ixing. The influence of macro-pores on oxygen concentration

istribution and cell performance will be theoretically analyzed
n Part II of this study.

.2. Evaluation of different MEAs

In this portion of the work, different MEAs were fabricated
ith varying catalyst loading, I/C (ionomer to carbon) ratio
ized in Table 1. The cathode performance was evaluated in an
2/air fuel cell instead of a DMFC, since it is difficult to sin-
le out the cathode over-potential from a DMFC polarization
urve.
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ig. 1. Surface morphologies of: (a) a carbon cloth GDL; (b) a low-loading
DM (0.6 mg cm−2); (c) a high-loading CDM (1.2 mg cm−2).

.3. Influence of fabrication techniques

The cell polarization curves for different MEAs are plot-
ed in Fig. 4a and b. The hydrogen flowrate is 100 ml min−1,

orresponding to a stoichiometry of ca. 7.3@150 mA cm−2, so
he cell performance is only limited by the cathode. Compar-
ng the cell performance of different MEAs at the same Pt

a
o

ig. 2. Surface morphologies of: (a) the low loading (0.6 mg cm−2) and (b) high
oading (1.2 mg cm−2) catalyst-coated decals.

oading, i.e., comparing MEA-B and MEA-D, or MEA-A and
EA-C, it is interesting to note that CCM MEAs show better

erformance than CDM MEAs at low current density regime
40–70 mA cm−2), while the situation is reversed at high cur-
ent density regime (100–400 mA cm−2). MEA-C has a lower
imiting current density, indicating poorer mass transport in the
L. MEA-E, with a composite structure, shows better character-

stics than MEA-C and MEA-A at low and high current density
egimes, respectively. CDM cathodes have lower open circuit
oltage (OCV), only 0.91 and 0.89 V for MEA-C and MEA-

(see Fig. 4a), respectively. This is probably because CDM
EAs do not have intimate CL/membrane interface as CCM
EAs do, since it is difficult for the solid polymer membrane to

enetrate into the cracks on the CL surface (Fig. 1). The corre-
ponding Tafel slopes of different MEAs, also indicated in the
gure, are obtained by fitting the data points under the current
ensity of 100 mA cm−2. The CDM MEAs (MEA-C and MEA-
) have smaller Tafel slopes than the CCM MEAs (MEA-A and
EA-B), with MEA-E between them.

As a diagnostic tool, the performance of H2/O2 cells was

lso measured. The difference in cell voltage between a pair
f H2/air and H2/O2 performance curves is often termed as the
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Fig. 3. TEM image of the cathode CL in a used CCM MEA: (a) the interface
between the catalyst layer and the polymer membrane and (b) the bulk of the
catalyst layer.

Fig. 4. iR-corrected polarization curves of different MEAs. The flowrate of fully
humidified H2 and air was 100 and 97 ml min−1 at the anode and cathode, respec-
tively. The air flowrate corresponds to a stoichiometry of 3@150 mA cm−2. The
cell was operated at 60 ◦C and ambient pressure at both anode and cathode.

Table 1
Summary of different MEA specifications

MEA Anode Membrane Cathode

Catalyst layer configuration and loadings I/C ratio Catalyst layer configuration and loadings I/C ratio

MEA-A CCM, 0.6 mg Pt cm−2 1:2.4 NF 112 CCM, 1.2 mg Pt cm−2 1:2.4
MEA-B CCM, 0.6 mg Pt cm−2 1:2.4 NF 112 CCM, 0.6 mg Pt cm−2 1:2.4
MEA-C CCM, 0.6 mg Pt cm−2 1:2.4 NF 112 CDM, 1.2 mg Pt cm−2 1:2.4
MEA-D CCM, 0.6 mg Pt cm−2 1:2.4 NF 112 CDM, 0.6 mg Pt cm−2 1:2.4
MEA-E CCM, 0.6 mg Pt cm−2 1:2.4 NF 112 Composite structure, MEA-B + MEA-D, 1.2 mg Pt cm−2 1:2.4
MEA-F CCM, 0.6 mg Pt cm−2 1:2.4 NF 112 CCM, 1.2 mg Pt cm−2 1:2.1
MEA-G CCM, 0.6 mg Pt cm−2 1:2.4 NF 112 CCM, 1.2 mg Pt cm−2 1:1.8
MEA-H CCM, 0.6 mg Pt cm−2 1:2.4 NF 112 CCM, 0.6 mg Pt cm−2 1:1.8
MEA-I CCM, 0.6 mg Pt cm−2 1:2.4 NF 112 Composite structure, MEA-H + MEA-D, 1.2 mg Pt cm−2 –
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Fig. 5. Oxygen gains of different MEAs at 60 ◦C.

xygen gain [12] and can be expressed as

EO2/air = EO2 − Eair (2)

Fig. 5 displays the oxygen gains of different MEAs at 60 ◦C
nd cathode stoichiometry ξc = 3@150 mA cm−2. Higher oxy-
en gain is a qualitative indicator of mass-transport loss in a
L structure that, for instance, floods easily. Between 50 and
50 mA cm−2, CDM cathodes show higher oxygen gain, and
hus more severe mass-transport resistance than CCM cathodes.
he high-loading CCM MEA (MEA-A) also shows high mass-

ransport resistance at higher current densities.
The different behaviors of CCM and CDM MEAs are proba-

ly caused by their different Pt distributions in the CLs. After the
atalyst-coated decals (Fig. 2) are hotpressed to the membranes
o form CCMs, catalysts are distributed uniformly between the

embrane and GDL. In CDM, part of the catalysts sprayed on
he GDL surface may settle internally, thus the catalysts are
ocated preferentially near the GDL. When a current is applied,
specially at low air stoichiometry, the oxygen concentration
rofile in the CL may not be uniform, starting to decline from
he catalyst layer/GDL interface and reaching the lowest value
oward the CL/membrane interface. In the presence of an oxygen

oncentration gradient, all the catalytical sites are not equally
ccessed by the oxygen; that is, the catalysts near the membrane
ontribute less to the overall electrochemical reaction than those
ear the GDL. Thus, CDM MEAs, with more catalyst near the

able 2
ata obtained from EIS results

EA Oxygen operation

R� (� cm2) Rp (� cm2)

EA-A 0.280 0.867
EA-B 0.196 1.025
EA-C 0.183 0.524
EA-D 0.167 0.639
EA-E 0.207 0.715

a
l
R
T

ig. 6. EIS results of different MEAs using air (at 0.8 V). The operating condi-
ions were the same as in Fig. 4.

DL/CL interface, probably have higher catalyst utilization and
igher performance at moderate current density.

Fig. 6 displays the EIS results of different MEAs at 0.8 V
ell voltage for H2/air fuel cells. The high-frequency portion is
hown in the inset. As expected, semi-circular loops that corre-
pond to ORR are observed. Higher Pt loading reduces the ORR
esistance, as indicated by smaller semi-circles. At high frequen-
ies, a Warburg-like response (45◦ slope) is observed, especially
or high-loading CCM (MEA-A), which corresponds to the ion
igration and capacitance between agglomerates within the cat-

lyst layer. The intercept of EIS spectra with the real axis at high
requency corresponds to the internal ohmic resistance of the
ell, R�, which represents the sum of uncompensated resistance
n the CL, membrane, backings, graphite end plates and the con-
act resistance between them. Another important parameter that
an be derived from the EIS results is Rp, which corresponds to
he charge-transfer resistance of ORR [13]. The values of R� and
p of different MEAs are listed in Table 2. Low-loading MEAs
ave a thinner catalyst layer, and thus low R�. However, their Rp
alues are higher than high-loading MEAs. At the same catalyst
oading, CCM has slightly larger R� than that of CDM. High-
oading CDM (MEA-C) shows the smallest Rp value, 0.524
Air operation Ratio of Rp under
oxygen and air

R� (� cm2) Rp (� cm2)

0.248 0.955 0.830
0.198 1.033 0.993
0.178 0.578 0.853
0.162 0.703 0.873
0.195 0.755 0.906

nd 0.578 � cm under oxygen and air, respectively; while low-
oading CCM (MEA-B) has the largest Rp values. The ratios of
p values between oxygen and air operation are also listed in
able 2. For the same MEA under air and oxygen operation, the
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nly differences are oxygen concentration and diffusion. There-
ore, the ratio has the same characteristics as the oxygen gain. A
arger ratio (approaching unity) represents more favorable oxy-
en transport through the CL. MEA-B (low-loading CCM) has
he biggest Rp ratio, and MEA-C (high-loading CDM) has the
mallest Rp ratio. It seems that CCM is a good choice for low-
t-loading MEA, but high-loading CCM may result in large cell

nternal resistance and mass transport limitation.
The above experimental observation is consistent with the

L thickness measurement, conducted by a Mitutoyo electronic
ial indicator. Measurements were performed for at least five
ifferent locations and the averaged thickness of MEA-A, B,

and D are 23.2, 12.7, 22.6 and 10.4 �m, respectively. The
orosities can thus be evaluated by the following equation

CL = 1 −
[

1

ρPt
+ 1.5

ρc
+ 1.5 × SW × RI/C

ρNafion

]
LPt

�XCL
(3)

here εCL is the porosity, RI/C is the I/C ratio, SW is the swelling
egree of dry ionomer upon hydration by weight (120%), and LPt
s the Pt loading. In the above equation, 1.5 corresponds to the
eight ratio of carbon to Pt in 40% Pt/C catalyst. The porosities

re estimated to be 0.38, 0.44, 0.37 and 0.31, for MEA-A, B, C
nd D, respectively. Small porosities in cathode CLs of MEA-

and D may cause severe oxygen transport resistance when
perated at small air stoichiometry.

.4. Influence of ionomer content and distribution

Fig. 7 compares the iR-corrected polarization curves of H2
EM fuel cells of MEA-A, MEA-F and MEA-G at 60 ◦C using

ifferent oxidants. I/C ratios of these MEAs are 1:2.4, 1:2.1 and
:1.8, respectively; that is, MEA-G has the largest ionomer con-
ent, while MEA-A has the smallest. MEA-F and MEA-G have
igher OCV than MEA-A in both air and oxygen. The three

ig. 7. iR-corrected polarization curves of different MEAs using air and oxygen.
he flowrate of fully humidified H2 and oxygen was 100 and 97 ml min−1 at the
node and cathode, respectively. The air flowrate is 97 ml min−1. The cell was
perated at 60 ◦C and ambient pressure at both anode and cathode.

c
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e
t
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EAs produce almost identical performance in oxygen. When
ir was used as the oxidant, different MEAs have almost identi-
al performance at lower current density region (<100 mA/cm2),
ith MEA-F and MEA-G showing slightly higher cell voltages.
t higher current densities, their behaviors differ markedly. The

ell voltage of MEA-G bends downwards dramatically with
urrent density and the limiting current density is smaller than
00 mA/cm2. MEA-A, which has the smallest Nafion content,
an extend current density to higher values, ca. 500 mA/cm2,
hile the limiting current density of MEA-F is slightly lower,

lthough it shows the best performance in the moderate cur-
ent density. Porosity in the CL is inversely proportional to its
onomer content. MEA-G has the smallest porosity, thus the
orst mass transport. MEA-A has the largest porosity; however,

t the same time, the effective proton conductivity of the CL
s sacrificed. This analysis agrees well with the EIS results as
hown in Fig. 6. MEA-G has the smallest R�, while MEA-A
as the largest R� and Rp. MEA-F has the smallest Rp, which
s consistent with its superior performance. MEA-F seems to
ave the best compromise between the oxygen mass transport
nd proton conduction. Nafion weight fraction is only 22% in
he cathode CL of MEA-F, much smaller than that in H2/air
ells.

In the CV results shown in Fig. 8, the charge required
or hydrogen desorption (below 0.4 V) is used to evaluate the
oughness factor of the electrodes according to Eq. (1), namely
90, 381, and 349 cm2 cm−2 for MEA-A, MEA-F and MEA-G,
espectively. When increasing the ionomer content in the cata-
yst layer, the roughness factor or electrochemically active area
ECA) seems to increase at first, but it then starts to decrease
hen the ionomer content is beyond a certain point. When fabri-

ating CL by mixing the catalyst with ionomer solution, some Pt

ctive area is not available for the electrochemical reaction due to
ither insufficient contact with the electrolyte, or electrical isola-
ion of catalyst particles from each other by the non-conducting
afion film. MEA-F seems to possess a good balance.

ig. 8. Cyclic voltammetry (CV) curves of different MEAs. The results were
btained at room temperature and fully humidified H2 and N2 were fed into the
node and cathode, respectively. The surface roughness factors are also shown.
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uate its performance in DMFCs.

One MEA using the same cathode as MEA-E was fabricated.
The anode is in the configuration of CCM with a PtRu loading of
about 4.5 mg/cm2. Fig. 11 shows the quick-scan performance of
ig. 9. Hydrogen/oxygen performance curves corrected for ohmic losses at
0 ◦C. The current densities are normalized to the surface roughness of different
EAs.

Fig. 9 shows the iR-corrected H2/O2 cell performance curves
ith the current density normalized to the surface roughness.
he thermodynamic open circuit potential (Erev) at 60 ◦C and
mbient pressure is estimated to be ∼1.19 V using the following
quation [14]:

rev = 1.23 − 0.9 × 10−3(T − 298) + RT

4F
ln(p2

H2
pO2 ) (4)

The exchange current densities, obtained by extending the
tted Tafel slopes to 1.19 V, are 5.29 × 10−10, 6.85 × 10−10

nd 3.84 × 10−9 A cm−2
ECA for MEA-A, MEA-F and MEA-G,

espectively. It seems that higher Nafion loading in the CL
ncreases the exchange current density, probably due to the
ncreased oxygen solubility and hence higher concentration at
he ionomer/catalyst interface [15,16].

The effect of ionomer distribution in the CL on cell perfor-
ance is demonstrated in Fig. 10. Both MEAs have composite

athode structures but different ionomer distributions: MEA-E
as identical I/C ratio throughout its catalyst layer; while MEA-I
as non-uniform ionomer distribution, with higher I/C ratio near
he membrane and lower I/C ratio near the GDL. The two com-
osite MEAs were made by hotpressing a CDM to a CCM at
25 ◦C and 100 atm for 1 min. The two MEAs have almost iden-
ical performance using oxygen. However, MEA-I shows better
eatures using air, i.e., higher OCV and higher cell voltage in
oderate current density regime, although its limiting current

ensity is slightly lower than that of MEA-E.
Appropriate pore size and distribution in the CL are very

mportant to reduce the mass transport resistance and realize uni-
ormly high catalyst utilization. Large porosity facing the GDL
n the CL facilitates gas access to the catalytic sites, increasing
he limiting current density; small porosity (or higher density

f Nafion and Pt composite) near the membrane/CL interface
ncreases the oxygen solubility and hence the ORR kinetics.

EA-E and MEA-I show better characteristics than MEA-A
nd MEA-C because they have better pore distribution in the

F
s
fl
c

ig. 10. Polarization curves of different MEAs using air and oxygen. The oper-
ting conditions were the same as in Fig. 7.

athode CLs, so that the porosity variation across the CL favors
oth oxygen solubility and oxygen transport, resulting in better
RR kinetics and higher limiting current density.

.5. Cathode performance evaluation in DMFCs

As discussed earlier, the polarization curves of the MEA with
omposite CL structures show better features in both kinetic and
ass-transport regimes than those with pure CDM and CCM

tructures. Therefore, the subsequent research work was to eval-
ig. 11. Polarization curves of an H2/air fuel cell and DMFC at different air
toichiometries. 2 M methanol solution was used in DMFC operation and its
owrate corresponds to a stoichiometry of 2@150 mA/cm2. Other operating
onditions were the same as in Fig. 7.
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DMFC and an H2/air cell. All the polarization curves clearly
how the kinetic, ohmic and mass-transport regimes. The DMFC
erformance shows much smaller limiting current densities than
he H2/air cell, due to additional mass-transport limitation at the
node. The H2/air cell yields voltages of 0.797 and 0.786 V at
ir stoichiometries of 4 and 2@150 mA/cm2, respectively, while
he DMFC produces much lower cell voltages of only 0.406 and
.362 V at the same air stoichiometries, which corresponds to
ower densities of 60.1 and 54.3 mW/cm2, respectively. It seems
hat DMFC performance is more sensitive to air stoichiometry,
nd there is a minimum air flowrate required to sustain efficient
nd stable operation. It is believed that the crossover methanol
rom the anode is almost completely converted to carbon diox-
de and water in the presence of the cathode catalyst; however,
his reaction consumes oxygen from the air supplied to the cath-
de that would otherwise be required for the oxygen reduction
eaction [17]. It is estimated that at a methanol crossover cur-
ent of 100 mA/cm2, the air needed for methanol oxidation is
oughly 20 SCCM, which is almost 1/3 of the air flowrate at
toichiometry of 2@150 mA/cm2.

To evaluate the cathode performance in a DMFC, if the
ver-potentials of hydrogen-evolving and hydrogen-oxidizing
lectrodes are negligibly small, the following equation can be
sed [18]:

MeOH
Air (I) = E∗

MeOH/Air(I) + E∗
MeOH/H2

(I) (4)

here the asterisk designates ‘iR-free’, EMeOH
Air (I) is the air cath-

de potential at relevant DMFC conditions that contains the
ffects of methanol crossover and mixed over-potential, and
here E∗

MeOH/Air(I)and E∗
MeOH/H2

(I) are the iR-free voltages
nder DMFC and anode polarization modes. From the EIS
esults (not shown here), the cell ohmic resistances are nearly

dentical under the DMFC and anode polarization modes, ca.
.181 � cm2, so Eq. (4) can be simplified as

MeOH
Air (I) = EMeOH/Air(I) + EMeOH/H2 (I) (5)

ig. 12. Quick-scan polarization curves under different operating modes, includ-
ng DMFC, anode polarization, and the evaluated cathode performance. Refer
o Fig. 11 for operating details.
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Fig. 12 shows the quick-scan polarization curves under dif-
erent operating modes, including H2/air, DMFC, anode polar-
zation, and the evaluated cathode performance using Eq. (5).
he DMFC and anode polarization curves have almost iden-

ical limiting current densities, indicating that the maximum
MFC current is limited by the anode. The evaluated cathode
erformance approaches that of the H2/air cell at high current
ensities, where methanol crossover and hence its detrimental
ffects become trivial. At 150 mA/cm2 a potential reduction
f ∼27 mV due to methanol crossover is observed, which is
lightly larger than the value (20 mV for NF117) reported by
homas et al. [18] at the same operating temperature. Since they
sed only 0.5 M methanol solution and a much thicker mem-
rane (NF117), it is reasonable to expect a smaller methanol
rossover.

. Conclusion

Fabrication techniques have a large influence on the per-
ormance of cathode CLs of DMFCs. CCM and CDM MEAs
ave different Pt catalyst distributions in their CLs, and CCM
EAs have higher cell OCVs and produce higher cell voltages

t lower current densities (<50 mA cm−2). However, at higher
urrent densities, their performances are inferior to those of
DM MEAs. More catalysts are supposed to locate near the
DL in the CDM CL, resulting higher Pt utilization at higher

urrent density. Composite structures, consisting of both CCM
nd CDM, have better porosity distribution, thus better polar-
zation characteristics. In the CLs with appropriate ionomer
istributions, the porosity variation across the catalyst layers
avors both oxygen solubility, oxygen transport and proton con-
uction, resulting in better ORR kinetics and higher limiting
urrent density. DMFC performance is more sensitive to the air
toichiometry, and there is a minimum air flowrate required to
ustain efficient and stable operation of the cathode. The evalu-
ted cathode performance in the DMFC approaches that of the
2/air cell at high current densities, where methanol crossover

nd hence its detrimental effects become trivial. At 150 mA/cm2,
potential reduction of ∼27 mV due to methanol crossover is

bserved.
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