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bstract

The effects of Pt loading, Nafion content in the cathode and membrane–electrode assembly (MEA) preparation techniques (CCScathode/CCSanode

nd CCMcathode/CCSanode) on the performance of MEAs for direct methanol fuel cells (DMFC) were studied. The MEA performance was analyzed
ith polarization curves, electrochemical impedance spectroscopy and scanning electron microscopy data. It was shown, that the cathode prepared
y the catalyst coated membrane (CCM) method forms a mainly microporous and mesoporous structure, whereas the catalyst coated substrate
CCS) method generates macroporosity together with micropores and mesopores. The power density of the CCMcathode/CCSanode typed MEAs
trongly depends on the CCM-cathode composition: Pt loading and Nafion content in the cathode. Nafion (10.7 wt.%) was found to be an optimum

−2
or DMFC performance, and at this composition, the power density gradually increased with the Pt loading up to 6.0 mg cm . At higher Nafion
ontents, a significant mass transfer limitation at high Pt loadings occurs. Comparing the CCM and CCS methods of the cathode fabrication, the
atter revealed a higher power density, which reached 104 mW cm−2 at 0.4 V and 70 ◦C owing to the lack of significant mass transfer limitations.
his behavior indicates that in addition to Pt loading and Nafion content, the cathode pore structure is critical to DMFC MEA performance.
2006 Elsevier B.V. All rights reserved.
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. Introduction

While the power efficiencies of polymer electrolyte mem-
rane fuel cells (PEMFC) continue to show improvements, there
re some problems with the use of hydrogen as the fuel. In this
ase, hydrogen has to be produced by reforming of hydrocar-
ons or supplied from a pressurized hydrogen tank. So there
re increased engineering complexities and safety concerns.
herefore, it remains highly desirable to develop a fuel cell that
ould feed liquid fuel directly to the anode. From this point of
iew, the direct methanol fuel cell (DMFC) is a promising alter-
ative to PEMFC for mobile fuel cell applications. Methanol
as a number of advantages: (1) it is liquid and can be eas-
ly transported and stored; (2) it is relatively cheap; (3) the
nly products of methanol oxidation are water and CO2, and

here is no production of NOx; (4) DMFC usually operates at
ow temperature, which significantly simplifies the engineering
roblems. Because of these advantages, DMFC is very attractive
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E-mail address: hee-tak.kim@samsung.com (H.-T. Kim).

m

l
h
h
t
t

378-7753/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2006.02.058
EIS

s a portable power source for small mobile devices such as cell
hones and notebooks [1–5].

The anode and cathode reactions occurring in DMFC MEA
re described below:

H3OH + H2O → CO2 + 6H+ + 6e− (anode)
3
2 O2 + 6H+ + 6e− → 3H2O (cathode)

ven though the thermodynamic cell voltage corresponds to
.21 V [6], DMFCs generally show a much lower open circuit
oltage due methanol crossover [6,7]. In addition to methanol
rossover, the low reaction rate is major huddle for perfor-
ance improvement. Previous researchers have reported about

evelopments of a membrane with low crossover [8–10], elec-
rocatalysts for anode and cathode [7,3,11–13] and control of

ass-transfer.
With respect to the catalyst layer, parameters such as catalyst

oading and ionomer loading affect the MEA performance and

ave to be controlled [3,5,22,14–17]. Due to the slow kinetics, a
igh metal loading is necessary for acceptable performance, but
his can result in increasing the DMFC cost. So, there is a need
o find an optimum amount of Pt and Pt–Ru black catalysts for

mailto:hee-tak.kim@samsung.com
dx.doi.org/10.1016/j.jpowsour.2006.02.058
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ffective DMFC operation. Some work on the effect of Pt black
oading on the cathode have been reported [5,22,14–16]. Chen et
l. [5,14] found that the maximum power density was achieved
t a Pt loading of 6.2 mg cm−2. On the other hand, it was reported
hat Pt black with content more than 4 mg cm−2 Pt did not affect
he cell performance [16]. Though many papers have reported
he effect of Pt content on the cathode, the optimum has been
bserved to be different.

It is well known that in order to provide proton transfer
hrough the catalyst layer, an ionomer like Nafion is added to the
atalyst layer [15,17,18]. Nafion enables the catalyst particles
o be integrated with formation of three-dimensional network,
nd the optimum Nafion loading mostly depends on the cata-
yst type: black or supported [15,17,19,20]. It was shown that in
he case of the Pt black, the optimum amount of the ionomer is
0.5 wt.% [15]. However, systematic and detailed studies of the
afion loading effect appear to be not sufficient.
Another important issue for the MEA of a DMFC would be

ontrol of the MEA structure by fabrication procedure [21–24].
he catalyst layer can be formed on the surface of the diffusion

ayers having suitable polytetrafluoroethylene (PTFE) contents
y various coating techniques. The catalyst coated diffusion
ayer is denoted as catalyst coated substrate (CCS) [25,26]. A
ve-layered MEA is prepared by hot-pressing the CCS anode
nd the CCS cathode with the proton conductive membrane.
ilson and Gottesfeld [27] suggested fabricating MEAs by a

ecal method, where catalytic ink is applied to a PTFE blank and
ubsequently transferred to the membrane. In another approach,
he catalyst layer is formed by coating both sides of the mem-
rane with the catalyst material, leading to three-layer structure,
hich is called as catalyst coated membrane (CCM) [25]. The

extural properties of the catalyst layer are expected to vary with
he MEA preparation method even when the catalyst ink and

oating method are the same. For CCS, the catalyst layer would
e coupled with a diffusion layer structure, however, for CCM,
he gas diffusion layer does not affect the catalyst layer texture.
herefore, the effect of the MEA preparation method on perfor-

l

g
m

able 1
ain characteristics of the MEA samples

ample Anode

Pt–Ru
(mg cm−2)

MPL
(mg cm−2)

Nafion
(wt.%)

Carbon
paper

CM1c-20 6.28 0.26 10.7 SGL10A
CM2c-20 6.28 0.26 10.7 SGL10A
CM3c-20 6.28 0.26 10.7 SGL10A
CM1c-16 6.28 0.26 10.7 SGL10A
CM2c-16 6.28 0.26 10.7 SGL10A
CM3c-16 6.28 0.26 10.7 SGL10A
CM4c-16 6.28 0.26 10.7 SGL10A
CM5c-16 6.28 0.26 10.7 SGL10A
CM1c-10 6.1 0.26 10.7 SGL10A
CM2c-10 6.1 0.26 10.7 SGL10A
CM3c-10 6.1 0.26 10.7 SGL10A
CM4c-10 6.1 0.26 10.7 SGL10A
CM5c-10 6.1 0.26 10.7 SGL10A
CS 6.28 0.26 10.7 SGL10A
er Sources 160 (2006) 925–932

ance may be analyzed considering the textural characteristics
f the catalyst layer.

Considering the above-mentioned issues in catalyst layer
esign, our group has optimized a cathode structure with vary-
ng Pt loadings, Nafion contents and also the MEA preparation

ethod. In this paper, we report how these design variables
ffect MEA performance and discuss the relationship between
he cathode structure and MEA performance.

. Experimental

.1. MEA preparation

All investigated MEAs were prepared with Nafion 115
DuPont). Pt–Ru (1:1) black (HiSpec 6000, Johnson Matthey)
nd Pt black (HiSpec 1000, Johnson Matthey) were used for the
athode and anode, respectively. We used carbon paper 10DA
SGL, Germany) which contains 20 wt.% PTFE and 10AA
SGL) which does not include any PTFE for the cathode and
node, respectively. On the surface of the anode diffusion layer,
1:1 (w/w) mixture of carbon (Vulcan XC-72, Cabot) and PTFE

Dupont) dispersed in isopropyl alcohol was deposited to form a
icroporous carbon layer (MPL). The carbon loading level was

ontrolled to be 0.26 mg cm−2.
Catalyst inks, consisting of appropriate amount of unsup-

orted catalysts, Nafion solution and isopropyl alcohol, were
omogenized to disperse the catalyst. To prepare anode elec-
rodes (CCSanode) the anode ink was sprayed to the microporous
arbon layer coated 10AA. The cathode electrodes (CCMcathode)
ere produced by spraying of the cathode ink onto one side of
afion 115. Also we produced a CCScathode electrode by apply-

ng the catalyst ink to 10DA with MPL. The catalyst loading
nd the Nafion content of the electrodes studied in this work are

isted in Table 1.

Morphological characteristics of the electrodes were investi-
ated by scanning electron microscopy using JEOL JSM-6700F
icroscope.

Cathode

Pt
(mg cm−2)

MPL
(mg cm−2)

Nafion
(wt.%)

Carbon
paper

A 1.25 – 20.6 SGL10DA
A 2.28 – 20.6 SGL10DA
A 3.92 – 20.6 SGL10DA
A 0.83 – 16.7 SGL10DA
A 1.84 – 16.7 SGL10DA
A 2.9 – 16.7 SGL10DA
A 3.71 – 16.7 SGL10DA
A 4.7 – 16.7 SGL10DA
A 0.9 – 10.7 SGL10DA
A 1.8 – 10.7 SGL10DA
A 3.0 – 10.7 SGL10DA
A 4.4 – 10.7 SGL10DA
A 5.7 – 10.7 SGL10DA
A 5.6 1.3 10.7 SGL10DA
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In this paper, the ionomer content in the electrode was defined
s follows:

afion content (wt.%) = MNafion

(Mcatalyst + MNafion)
× 100%,

here MNafion is the mass of dry ionomer and Mcatalyst is the
ass of bulk catalyst.
CCMcathode/CCSanode MEAs were obtained by pressing the

tack of 10DA, CCMcathode and CCSanode at 125 ◦C and at
00 kgf cm−2. CCScathode/CCSanode was prepared by pressing
CScathode Nafion 115 and CCSanode at the same conditions.
he cell active area was 10 cm2.

.2. Electrochemical characterization

Polarization curves were recorded by Wonatech Fuel Cell

est Stations. The MEAs were sandwiched between two plates
ith serpentine flow channels. Electrical heaters and thermocou-
le were embedded in the plates for controlling the desired oper-
ting temperature. A pump was employed to supply 1 M aqueous

t
t
t
m

ig. 1. Polarization curves for the samples with different cathode loadings (T = 50 ◦C
afion.
er Sources 160 (2006) 925–932 927

ethanol solution (anode stoichiometry = 3) to the anode. In the
uel cell mode the cathode was fed by air at atmospheric pressure
cathode stoichiometry = 3). The cell temperature was varied in
he range 50–70 ◦C. As a preconditioning step, we operated the
ell at 0.4 V and at 50 ◦C for 2 h, and then measured the I–V
olarization curve. It was repeated for several days. We have
ound that the cell performance stabilized within three days.
he I–V polarization curves presented here were measured after
3-day preconditioning procedure.

Electrochemical impedance spectroscopy investigations
ere carried out using IM-6 (Zahner, Germany) at 50 ◦C in the

requency range from 100 kHz to 1 mHz. Impedances were mea-
ured under galvanostatic control of the cell. The amplitude of
he sinusoidal voltage signal did not exceed 5 mV. In order to sep-
rate the anode and cathode impedances we recorded the anode
mpedance by supplying hydrogen and 1 M MeOH solution to

he cathode and anode compartments, respectively [28,29]. In
his configuration, the cathode acts as reversible hydrogen elec-
rode. Since proton reduction at the cathode is much faster than

ethanol oxidation at anode, the impedance contribution from

, 1 M MeOH): (a) 10.7 wt.% Nafion, (b) 16.7 wt.% Nafion and (c) 20.6 wt.%
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he cathode can be neglected. The anode impedances are sub-
racted from the total cell impedances measured under air/1 M

eOH feed, resulting in the cathode impedance spectrum.

. Results and discussions

.1. Effect of the cathode composition

The current–voltage curves of the MEAs with 10.7, 16.7 and
0.6 wt.% Nafion content in the cathode layer and various Pt
oadings are presented in Fig. 1a–c. The cell performance was
ound to increase as the Pt loading was increased from 0.9 to
.7 mg cm−2 at 10.7 wt.% Nafion content in the cathode layer
Fig. 1a). This result is in good accordance with published data
n the optimal platinum loading [14,16]. When the Nafion con-
ent was increased up to 16.7 wt.%, it showed different behavior
Fig. 1b). Inspections of the I–V curves showed that the current
ensity increased with raising of the Pt content to 2.9 mg cm−2,
owever, further increase of Pt loading resulted in a decrease of
he current density at a cell voltages lower than 0.45 V. Polar-
zation curves for samples containing 20.6 wt.% Nafion given in
ig. 1c show a maximum performance for the sample CCM1c-20
1.25 mg cm−2). The increase of Pt loading resulted in decrease
f the cell performance especially in the high current density
egion. CCM1c-20 and CCM2c-20 did not show discernible dif-
erences at high voltages 0.4 V, however, they had a different
ower density in the high current density region. At the highest
t loadings (CCM3c-20), there was a large over-potential over

he entire voltage range.
The dependence of power density at 0.4 V on Pt loading is

resented in Fig. 2a and b and Table 2. The power density of
he samples was found to decrease as the Nafion content in
he cathode layer increases at a catalyst loading higher than
bout 2.0 mg cm−2, which is in agreement with the published

esults [15,17] and close to the data obtained for the PEMFC
18,30–32]. For electrodes with a 10.7, 16.7 and 20.6 wt.%
afion content, the maximum performances are observed at
.25, 2.9 and 5.7 mg cm−2 Pt, respectively. The comparison of

F
w
p
a

able 2
he power density of the studied MEA samples

ample Pt–Ru (mg cm−2) Pt (mg cm−2) Nafi

CM1c-20 6.28 1.25 20.6
CM2c-20 6.28 2.28 20.6
CM3c-20 6.28 3.92 20.6
CM1c-16 6.28 0.83 16.7
CM2c-16 6.28 1.84 16.7
CM3c-16 6.28 2.9 16.7
CM4c-16 6.28 3.71 16.7
CM5c-16 6.28 4.7 16.7
CM1c-10 6.1 0.9 10.7
CM2c-10 6.1 1.8 10.7
CM3c-10 6.1 3.0 10.7
CM4c-10 6.1 4.4 10.7
CM5c-10 6.1 5.7 10.7
CS 6.28 5.6 10.7
ig. 2. The dependence between power density at 0.4 V and Pt loading at dif-
erent Nafion contents: (a) T = 50 ◦C and (b) T = 70 ◦C.
ig. 2a and b shows that optimum Nafion content and Pt loading
ere not changed with the operation temperature. The maximum
ower density attainable in this optimization was 56 mW cm−2

t 50 ◦C and 92 mW cm−2 at 70 ◦C for CCM5c-10.

on (cathode) (wt.%) Power density at 0.4 V, mW cm−2

50 ◦C 60 ◦C 70 ◦C

28 40 48
24 33 36

4 5 5
10 11 12
30 33 40
40 56 68
33 44 47
28 36 39
28 37 44
40 53 64
54 72 84
48 64 76
56 76 92
68 88 104
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CM cathode and (c) CCS cathode (Pt black catalyst).
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Fig. 3. SEM images of the electrodes: (a and b) C

Introduction of Nafion into the electrode can extend the three-
hase contact between reactant gases, electrolyte and the catalyst
urface and make the layer more active in three dimensions
ince protons can move throughout the entire layer, which would
mprove the cell performance. It was shown for PEMFCs that
he specific ionic conductivity of the catalyst layer is approxi-

ately proportional to the volume fraction of Nafion, and ionic
onductivity limits the active layer thickness to 20–25 �m [33].
ntolini et al. [18] had assumed an empirical relationship to cal-

ulate the optimal Nafion loading for PEMFC in the electrode
ayer in the case of Pt/C supported catalyst.

The structure of the electrode layer is composed of Pt agglom-
rates coated by a Nafion film. It was reported that the catalytic
ayer usually has a dual pore distribution: the smaller pores
primary pores) have been attributed to pores in the agglomer-
tes and the larger pores (secondary pores) are located between
he agglomerates [34]. According to Uchida’s suggestion, the

afion should be localized in the secondary pores and coat
t agglomerates [18,35]. In this model we can expect that the
eaction of oxygen (electroreduction) would be controlled by
he following transport processes: (1) oxygen diffusion into the

Fig. 4. Effect of Pt and Nafion loadings on performance of DMFC tested with
1 M MeOH at 50 ◦C.
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Fig. 5. Nyquist plots of MEAs under the study (T = 50 ◦C, i

ore space of the electrode and dissolution into Nafion; (2) oxy-
en diffusion through Nafion layer; (3) proton transfer in the
afion layer. So, a low Nafion content (less than 10 wt.%) is
ot desirable since it could not ensure a good contact between
he catalyst, electrolyte and reagents, so integrity of the catalyst
ayer and membrane and the proton conductivity would be not
ufficient. At high ionomer loadings, the proton conductivity is
nhanced, but it should be expected to limit catalyst utilization
ue to formation of a thick Nafion layer on the catalyst surface
herefore the electroconductivity of the Pt layer would decrease
15,18,19]. We observed that the mechanical integrity of the cat-
lyst layer is not sufficient below a 10.7 wt.% Nafion content. It

eans that the incorporated Nafion cannot properly bind catalyst

articles. At 16.7 and 20.6 wt.% Nafion content, the decrease of
ower density at a high loading level indicates that a thick Nafion
ayer limits catalyst utilization in spite of enhanced proton con-

t
p
2
e

mA cm−2): (a) total, (b) anode and (c) cathode impedance.

uctivity in the catalyst layer. According to our results, it can be
oncluded that the 10.7 wt.% of Nafion content is acceptable for
roton transfer within the catalyst layer without limiting oxygen
iffusion.

.2. Effect of cathode structure

According to the scanning electron microscopy images
Fig. 3) it seems reasonable that the CCM method of MEA man-
facturing predominantly provides a microporous and meso-
orous structure for the electrode layer, whereas the CCS tech-
ique produces a macroporous electrode. It should be noted

hat pores with an effective size up to 2 nm are called micro-
ores; mesopores correspond to pore diameters in the range of
–100 nm; whereas macropores are more than 100 nm [36]. The
ffective pore size is the maximum diameter of a circle that can
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Table 3
EIS characterization of the MEAs (T = 50 ◦C, i = 90 mA cm−2)

Parameter CCM5c-10 CCM5c-16 CCM1c-20 CCS

RS (m� cm2) 17.5 19.7 18.7 18.4
OCV (V) 0.602 0.595 0.610 0.655
Total (V) 0.425 0.363 0.408 0.472
Anode (V) 0.378 0.384 0.362 0.361
C 0.74

R
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athode (V) 0.803

S, ohmic resistance; OCV, open circuit voltage.

e fitted into a plane section of a randomly shaped pore. It is rea-
onable to suggest that the morphological characteristics of the
CS catalyst layer are affected by that of the diffusion layer. The
00 �m sized large pores shown in the CCScathode correspond
o the pores of the diffusion layer. Since mass transfer processes
ould play a significant importance and seem to be dominant on

he cathode electrode, as deduced from Fig. 2, it is necessary to
tudy the effect of the cathode texture on the MEA performance.
e compared the CCS cathode and the CCM5c-10 cathode,
hich showed a maximum performance in the previous section,

o elucidate the effect of the large pores on MEA performance.
hese two cathodes are the same in Nafion content and Pt load-

ng. Comparison of the polarization curves for the CCM5c-10
nd CCS MEA reveals that the CCS demonstrates a high perfor-
ance over the whole current density region (Fig. 4 and Table 2).
he power density of the CCS MEA reaches 68 mW cm−2 at
0 ◦C and exceeds the power density of the CCMcathode MEAs.
n order to explain such behavior, we performed electrochemical
mpedance analysis for few selected MEAs including CCM5c-
0 and CCS.

Fig. 5a–c shows the Nyquist plots of the total, anode and
athode impedance with various Nafion contents in the cathode
ayer measured at 50 ◦C and current density of 90 mA cm−2.
able 3 presents the main electrochemical parameters detected
rom the measurements. It can be seen that the total impedance
urves for the studied samples are made up of approximately
wo semicircles which correspond to the oxygen reduction reac-
ion and the methanol oxidation reaction. The larger semicircle
pproximately relates to the larger reaction resistance. Compari-
on of the anode impedance curves reveals that anode resistances
re very close (Fig. 5b), which is reasonable because the anode
omposition was the same in these MEAs. The main differences
re observed in the cathode impedances (Fig. 5c). The sizes of
he semicircle in cathode impedance plot are in good agreement
ith the power density. The larger the size of the semicircle, the

ower the power density at 90 mA cm−2. The sample CCS shows
he smallest semicircle among the MEAs, which can explain its
ighest power density.

Based on the impedance spectroscopy data (Fig. 5c) it can
e seen that oxygen electroreduction rate is low for the samples
ith a high Nafion loading (16.7 and 20.6 wt.%). In this case,

he ionomer in the cathode acts as an electrical resistance and

barrier to mass transfer either by retarding the oxygen access

o the catalyst surface or by blocking desorption of products of
he electroreduction, desspite the surface of the cathode layer
eing not very dense (Fig. 3a and b). The slight increase in

R

7 0.770 0.833

hmic resistance with increase of Nafion content (see Table 3)
ould result from increased electronic resistance of the catalyst
ayer. However, the difference in ohmic resistance is quite small
ompared to the difference in cathode reaction resistance. Thus,
t is reasonable that the performance change with Nafion content

ainly comes from decreased mass transfer.
The smaller cathode resistance for CCS compared to that for

CM5c-10 also suggests the importance of oxygen transfer in
he catalyst layer. Even though microporosity and mesoporosity
re the same between the two MEAs, the existence of large pores,
hich could act as a transport pores for the reagent, significantly

ccelerates the oxygen reduction reaction. The comparison of
CVs also supports this consideration. The OCV values for
CS and CCM5c-10 was 0.655 and 0.602 V, respectively. Since

he same anode and membrane were employed, the amount of
ethanol crossover should be the same. The oxygen in the cath-

de is continuously consumed due to methanol oxidation, and
he relative rate of oxygen diffusion through catalyst layer over
xygen consumption determines equilibrium oxygen concentra-
ion at catalyst surface. Thus, the higher OCV for CCS would
ndicate faster oxygen transfer to the catalyst surface.

. Conclusions

In the present paper, the effects of the catalyst layer composi-
ion and the MEA preparation technique (CCScathode/CCSanode
nd CCMcathode/CCSanode) on the performance of a DMFC were
tudied. It was shown, that the CCM method for electrode man-
facturing generates a microporous and mesoporous texture,
hereas the CCS method ensures formation of macroporosity.
he performance of the combined CCMcathode/CCSanode MEAs
epends on the CCMcathode composition: Pt loading and Nafion
ontent in the cathode. For the CCM designed cathode, the opti-
al Nafion loading in the cathode layer is 10.7 wt.%, which is a

easonable balance between ionic and oxygen transfers. On the
ther hand, the performance of the CCScathode, which includes
arge as well as small pores, reached 104 mW cm−2, due to the
nhanced oxygen transport through the macropores. This result
ndicates that the pore structure should be carefully designed for
he CCMcathode where only small pores predominate.
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