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bstract

The effect of the dispersion methods for an unsupported Pt-Ru (1:1) black anode catalyst on the power performance of a direct methanol fuel cell
as been studied. The anode catalyst inks were fabricated by ultrasonicating or ball-milling the catalyst in two different types of dispersion solvent,
amely deionized water (DI) and isopropyl alcohol (IPA). To fabricate an anode, the inks were sprayed onto the gas diffusion backing electrode,
onsisting of microporous layer (MPL) and carbon paper. Scanning electron microscopy (SEM) of the cross-sectional morphology of the anode
atalyst layers revealed that the layers fabricated by ultrasonicating the catalyst in DI or IPA, ball-milling in DI and ball-milling in IPA consisted
f granular-shaped, granular + flake-shaped and flake-shaped agglomerates, respectively. The anode catalyst layer fabricated by ball-milling in IPA

xhibited the most porous structure and correspondingly represented the best power performance of 0.13 W cm−2 (0.45 A cm−2, 0.3 V) at 90 ◦C
ith 1 M aqueous methanol and atmospheric air. Control of the morphology and porosity in the catalyst layer by means of the catalyst dispersion
ethod is suggested.
2006 Elsevier B.V. All rights reserved.
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. Introduction

A liquid-feed direct methanol fuel cell (DMFC) based on a
afion proton exchange membrane (PEM) has attracted much

nterest due to its simplicity in system design, e.g., no need
or hydrogen storage or a fuel reformer, or humidification of
he hydrogen and air. However, direct methanol fuel cells have
emonstrated much lower peak power density than H2-fueled
EMFC because methanol oxidation kinetics in the anode cata-

yst are sluggish, leading to a relatively large loss in cell voltage.
he cell voltage is further lowered by methanol permeating

hrough the membrane toward the cathode.
Although the catalyst loadings have been quite high, e.g.,

bove 2 mg cm−2, the power output using an unsupported Pt-

u catalyst in the anode have been reported to be higher than
sing a carbon supported Pt-Ru [1–6]. It has been shown, as a
esult of simulation studies in a methanol/air polymer electrolyte
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uel cell [7], that high concentrations of CO2 are encountered
eep inside the catalyst layer and can induce mass transport
imitations. The unsupported catalyst seems to mitigate the CO2
ransport problem because the catalyst layer is much thinner
sing the unsupported catalyst than using the carbon supported
atalyst with a similar catalyst loading. Significant efforts have
een made to synthesize unsupported PtRu alloy catalysts that
re as fine as possible to find optimum compositions of the cat-
lyst for electrochemical methanol oxidation [3,5,8]. Recently,
here have been a few studies on how dispersion methods [9]
nd dispersion solvents [10] for processing the nanocatalyst
ffect the morphology of the resulting catalyst layer and there-
ore the polarization behaviour of the electrode towards the
ethanol oxidation reaction. It is believed an understanding of

he phenomena during the ink processing of the catalyst might be
mportant to increasing utilization of the catalyst layer in com-
ination with compositional controls of the catalyst and catalyst

ayer.

The objective of this study is to survey morphological
hanges in the catalyst layer and to increase the power output of
MFC-MEA by using different types of dispersion methods and

mailto:to-chan-lim@hanmail.net
dx.doi.org/10.1016/j.jpowsour.2006.02.101
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ispersion media with a commercial unsupported Pt-Ru black
node catalyst based upon Nafion 117.

. Experimental

In this study, a spray-coating technique was used to fabri-
ate both the anode and cathode catalyst layers on microporous
ayer-coated gas diffusion backing electrodes. A paste for the

icroporous layer was formulated by dispersing Vulcan XC72R
Cabot) carbon black and Teflon (33 wt.% emulsion, Fluon) into
water and alcohol mixture, and was spread on a commercial
0 wt.% wet-proofed carbon paper (Toray 090, E-Tek) by a gap-
djustable knife-blade (Sheen Instruments), followed by drying
t 100 ◦C and sintering at 360 ◦C in atmospheric air for 30 min.

Four different inks for the anode catalyst layer were pre-
ared by dispersing unsupported Pt-Ru black (HiSPEC 6000,
t:Ru = 1:1 atomic ratio, Alfa Aesar) and 20 wt.% (in catalyst

ayer) of Nafion solution (5 wt.% Nafion solution, EW: 1100,
ldrich Chemical) into de-ionized water (DI) or isopropyl alco-
ol (IPA) by using ultrasonication or ball-milling methods, as
ummarized in Table 1. The ultrasonication was done for 1 h and
he ball-milling process was done for 2 h after inserting zirconia
eads (diameter 3 mm) into a glass bottle of the catalyst layer
nk in a volume ratio of ball to ink 1:3 and subjecting it in a
ask shaker (Stuart Scientific, Inc.). The inks were applied onto

he microporous layer-coated gas diffusion backing electrode by
sing a spray gun (Model 100 LG, Badger), followed by drying
t 80 ◦C for 30 min in an atmospheric air oven. In working with
he DI-based ink, the GDL substrate was heated up to 80 ◦C
uring the spray-coating process due to the low volatility of DI,
acilitating evaporation of the solvent in droplets of the ink. The
mount of Pt-Ru catalyst loading was controlled to be 2 mg cm−2

total weight of Pt and Ru per geometric area of electrode). An
nk for the cathode catalyst layer was consistently made by dis-
ersing Pt supported on carbon (60 wt.% Pt on Vulcan XC72,
-Tek) and 30 wt.% (in catalyst layer) of Nafion solution into

sopropyl alcohol by ball-milling for 2 h, followed by the same
rocedure as that of the anode. The amount of Pt loading was
ontrolled to be 4.5 mg cm−2.

A Nafion 117 membrane (EW 1100, Dupont) was prelim-
narily subjected to a cleaning procedure. After trimming the
atalyzed electrodes for the anode and cathode respectively,
hese were positioned on both sides of the pre-cleaned mem-

rane and hot-pressed to form a MEA at 125 ◦C and 70 kg cm−2

or 3 min. The MEA was installed into a single cell fixture (con-
isting of graphite plates with an active area of 9 cm2) having
traight parallel flow channels with a width of 1.5 mm, a depth

t
o
i
t

able 1
reparation methods of inks using two different dispersion solvents and two different

ample classification Main composition

ltrasonication-processed in DI Pt-Ru black: 1 g, Nafion solution:
all-mill-processed in DI Pt-Ru black: 1 g, Nafion solution:
ltrasonication-processed in IPA Pt-Ru black: 1 g, Nafion solution:
all-mill-processed in IPA Pt-Ru black: 1 g, Nafion solution:
Sources 161 (2006) 11–18

f 2 mm and a rib width of 0.5 mm for both the anode and cath-
de. A dilute methanol solution was fed to anode inlet at a flow
ate of 12 cm3 min−1 by a peristaltic pump (101U/R, Watson)
ithout pre-heating and back-pressurization. Non-humidified,

oom temperature air was fed to the cathode inlet at a flow rate
f 1 dm3 min−1 without pre-heating and back-pressurization.
olarization curves were obtained after voltages were stabi-

ized for at least 10 min after onset of galvanostatic currents.
he anode polarization behaviour, including the ohmic voltage
rops through the electrodes and the membrane, was measured
n the single cell hardware with respect to a hydrogen-evolving
athode acting as a dynamic hydrogen electrode (DHE).

X-ray diffraction data for the anode catalyst powder and
lectrode were obtained using Philips Xpert Pro diffractome-
er operating at 40 kV accelerating voltage and 40 mA of beam
urrent, and using Cu K�1 radiation. Analysis of the XRD data
as carried out using Philips Xpert High Score. The surface and

ross-sectional morphologies of the anode catalyst layers were
urveyed by a JEOL 6300 scanning electron microscope (SEM),
quipped with computerized digital image software. The parti-
le size distribution was obtained from the catalyst layer inks by
alvern Master Sizer 2000 using laser beam scattering method.
CO-stripping voltammetry was performed in a three-

lectrode jacketed glass cell, using an MMS reference electrode
0.64 V versus RHE) and a Pt mesh counter electrode. All elec-
rode potentials throughout this paper are referred to the RHE
cale. The working electrode was enveloped in a titanium mesh
urrent collector, which showed negligible contribution of cur-
ent to the voltammetry. The cell temperature was maintained
t 60 ◦C during the experiment. The potential was scanned at
mV s−1 by using an EG&G Model 363 Scanning Potentiostat
nd Sycopel Scientific software Version 3.60 for data collection.
he dry electrode sample was placed in an N2-purged and N2-
lanketed cell at 60 ◦C and was subsequently cycled between
0.06 and 0.66 VRHE at 5 mV s−1 every 30 min until a stable

oltammogram was obtained. Following this hydration period,
O was adsorbed on the electrode surface at 0.04 VRHE by bub-
ling CO gas through the 0.5 M H2SO4 solution for 1 h. The
O, which was dissolved in the electrolyte, was subsequently

emoved by bubbling N2 throughout the electrolyte for 30 min.
he solution was stirred with a magnetic bar during both the
O-adsorption and the N2-purging periods to increase the dis-

ribution of gas. The potential was then scanned at 5 mV s−1 in

he anodic direction from the holding potential. The peak area
f CO oxidation, taking place in the first cycle, was obtained by
ntegrating the current density versus time in order to evaluate
he charge and then active area of the anodes.

dispersion methods for the anode

Dispersion solvent Dispersion method

5 g DI: 104.4 g Ultrasonication for 1 h
5 g DI: 104.4 g Ball-milling for 2 h
5 g IPA: 79.1 g Ultrasonication for 1 h
5 g IPA: 79.1 g Ball-milling for 2 h
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Fig. 1. Effect of the activation method of a single cell on the polarization
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by Dinh et al. [14] representing a typical face-centered cubic
(fcc) structure consisting of PtRu bimetallic alloy. The XRD
patterns taken from the fuel cell electrode involved (0 0 2) and
(0 0 4) peaks at interspacing distances d of 0.34 and 0.17 nm,
ehaviour of the MEA measured at 90 C in 2 M CH3OH; anode catalyst
ayer: 2 mg cm−2 of unsupported Pt-Ru; cathode catalyst layer: 4.5 mg cm−2

f 60 wt.% Pt/C.

. Results and discussion

To evaluate the polarization characteristics of the membrane
lectrode assemblies, it is essential to obtain an activation proce-
ure that ensures a steady-state and reproducible power output.
he effect of the activation methods on the single cell power
erformance of DMFC-MEA is demonstrated in Fig. 1. A gen-
ral method of DMFC cell activation has been by circulating
mol m−3 (M) aqueous methanol through the anode compart-
ent of the single cell at 90 ◦C for at least 24 h [11,12]. Even

hough the MEA was conditioned for 2 days by circulating aque-
us methanol through the anodic compartment of the cell, it did
ot approach a steady-state polarization curve representing the
haracteristics of the MEA. After circulating de-ionized water
nto the cathode compartment additionally for 1 h, the MEA
howed higher performance and more reproducible polarization
urve. Hereafter, we consistently carried out a standard pro-
edure of DMFC single cell activation in which 1 M aqueous
ethanol and de-ionized water were circulated for 12 h through

he anodic and the cathodic compartment of the single cell,
espectively, whenever a fresh MEA was installed into the single
ell fixture. After that, the MEA was conditioned for 10 min at
he cell voltage of 0.3 V in order to establish an equilibrium state
t the experimental operating condition.

To understand the importance of hydration in the fuel cell
lectrode, cyclic voltammetry was carried out on an electrode
ample before and after fully hydrating by immersion in de-
onized water at 80 ◦C, and the results are shown in Fig. 2. As the
ample was fully hydrated in hot water, the hydrogen desorption
harge increased from 64 to 121 mQ cm−2 and correspond-
ngly the methanol oxidation kinetic current density markedly
ncreased, indicating that more catalytic sites become available
or electrochemical charge transfer reactions as a result of the
ydration of the electrode. From the water uptake experiments
f Nafion 117 membrane, Zawodzinski et al. [13] reported that
he membrane, once dried at an elevated temperature of 105 ◦C,

howed a lower water uptake upon rehydration than the one
ried at room temperature, and that the amount of water uptake
n the membrane dried at the elevated temperature increased with

F
u
a

ig. 2. Effect of pre-treatment hydration on the cyclic voltammogram of an
node electrode obtained at 60 ◦C and a scan rate of 20 mV s−1 in 0.5 M

2SO4 + 2 M CH3OH; catalyst layer: 2 mg cm−2 of Pt-Ru black and 20 wt.%
afion.

he rehydration temperature. As the proton conductivity in the
afion membrane linearly increases with water content in the
embrane, it can be explained that the catalyst layer subjected

o rehydration at a higher temperature would have higher proton
onductivity and therefore achieve higher catalyst utilization, as
hown in Fig. 2. In these reasons, the new activation procedure
hat circulates the methanol solution and the de-ionized water
hrough the anodic and the cathodic compartment, respectively,
ould effectively hydrate both electrodes and enables a reliable

valuation of the power performance of MEA for the DMFC.
To survey the crystallographic changes in Pt-Ru black as a

esult of three different dispersion methods of anode catalyst, X-
ay diffraction (XRD) patterns were taken from an as-received
ample of Pt-Ru black and three different fuel cell anodes from
he inks prepared by ultrasonication in de-ionized water, ball-

illing in de-ionized water and ball-milling in isopropyl alcohol,
espectively, and are presented in Fig. 3. The as-received Pt-
u back exhibited very similar XRD patterns to those obtained
ig. 3. XRD patterns of: (a) as-received Pt-Ru black, (b) anode fabricated by
ltrasonication in DI, (c) anode fabricated by ball-milling in de-ionized water
nd (d) anode fabricated by ball-milling in IPA.



14 C. Lim et al. / Journal of Power Sources 161 (2006) 11–18

Table 2
Mean particle size and metal surface area of the anode samples calculated from
XRD patterns in Fig. 3

Sample classification Mean particle
size, Å (±2 Å)

Metal surface
area* (m2 g−1)

As-received Pt-Ru black 38 98
Ultrasonication-processed in DI 45 78
Ball-mill-processed in DI 50 70
Ball-mill-processed in IPA 44 80

1

r
b
r
a
p
a
c

l
f
e
i
a
a
d
s
o
s
l
s
t
b
c
e
s
r
i
p
t
P

t
t
s
p
a
i
(
o
w
t
d
S
t
[

F
i

s
d

m
b
o
s
t
i
l
t
p
p
c
a
c
t
i
c
t

* Calculated from XRD data assuming spherical particle and density of
7 g cm−3 [14].

espectively, resulting from the highly graphitized carbon paper
acking electrodes. Comparing the XRD patterns from the as-
eceived Pt-Ru black and the fuel cell electrodes, there was no
ppreciable shift in the d-spacings of (1 1 1), (2 2 0) and (3 1 1)
lanes, indicating that there is no change in lattice parameter
nd correspondingly bulk composition of PtRu bimetallic alloy
atalysts.

As the anode catalyst powder is processed to the anode cata-
yst layer via the dispersion/drying procedure, the XRD patterns
rom all electrode samples presented a (2 2 2) peak which was not
xplicitly observed in the as-received powder sample. Therefore,
t is believed that the catalyst particles in the catalyst layer have
more crystallographically ordered structure than those in the

s-received powder, probably originating from agglomerations
uring the catalyst layer fabrication process. The mean particle
izes in all samples were estimated from the line-broadening
f the (2 2 0) peaks using the Scherrer formula [15,16] and are
ummarized in Table 2, including the metal surface area calcu-
ated from the XRD mean particle size [5]. The mean particle
ize was evaluated to be slightly bigger in the fuel cell electrodes
han in the as-received Pt-Ru black powder, also indicating the
eneficial effect of agglomeration of catalyst particles during
atalyst layer fabrication process. However, it is noticed that the
stimation of particle size using the XRD pattern might not be
o sensitive to the particle agglomeration because the method
eflects only the changes in the size of component crystallite
n the original unsupported Pt-Ru black particles and the dis-
ersion methods in this study might not have enough energy
o induce changes the size of the crystallite in the unsupported
t-Ru particles.

Particle size distribution was measured by using laser diffrac-
ion method from catalyst layer inks prepared by the ultrasonica-
ion and ball-milling methods in DI and IPA, and the results are
hown in Fig. 4. First of all, two main peaks were observed in the
article size distribution, i.e., one (P1) in the region 0.03–1 �m
nd another one (P2) in the region 1–30 �m. Kim et al. [10] stud-
ed changes in size distribution of perfluoro-sulfonated ionomer
PFSI) agglomerates using the laser light scattering method and
bserved changes in a peak position in the region 0.04–2 �m,
hich corresponds to the particle size region of the peak P1 in

his study. Therefore, it is suggested that the peak P1 comes from

istributed sizes of PFSI agglomerates in the dispersion solvent.
ubsequently, the peak P2 is reasonably assigned to a size dis-

ribution of catalyst particle agglomerates, based on the result
9] that measured size distributions of carbon black catalyst

t
p

t

ig. 4. Particle size distribution in inks prepared by different dispersion methods
n different dispersion media: (a) de-ionized water; (b) isopropyl alcohol.

upporter in the region 0.4–20 �m depending on nano-particle
ispersion methods using the same light diffraction method.

In Fig. 4(a), the ball-milling process in the DI dispersion
edia explicitly made the catalyst particles form agglomerates

igger than those processed with ultrasonication, due to vig-
rous mechanical collisions between the nano-particles in the
olvent provided by the ball-milling process. It is noteworthy
hat the peak intensity of P1 in the ink processed with ultrason-
cation in DI as shown in Fig. 4(a) was observed to be much
ower than that in the IPA-based ink shown in Fig. 4(b). Fur-
hermore, the peak P1 disappeared as a result of the ball-milling
rocess in DI. Uchida et al. [17] suggested that PFSI ionomer
articles tend to precipitate in solvents having a low dielectric
onstant (ε < 3), and become colloidal in solvents (3 < ε < 10)
nd dissolve in solvents (ε > 10). Considering the high dielectric
onstant (ε = 78.5) of DI, the PFSI particles seem to dissolve into
he DI solvent as a result of the ball-milling agitation as shown
n Fig. 4(a). Contrary to the result [9] that a ball-milling pro-
ess made carbon-supported catalyst agglomerate less, it forced
he unsupported Pt-Ru catalyst agglomerates to be bigger due to

he face-centered cubic structure of Pt-Ru being susceptible to
lastic deformation upon mechanical impacts.

To survey the macroscopic changes in the morphology of
he catalyst layer with the dispersion methods of Pt-Ru black,
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ig. 5. Surface view of SEM micrographs of anodes prepared by spray-coating f
ater, (b) processed by ball-milling in de-ionized water and (c) processed by bal
afion.

he surface and the cross-sectional surface of the sample elec-
rodes were examined by scanning electron microscopy and the
esults are shown in Figs. 5 and 6, respectively. From the surface
iew of SEM micrograph in Fig. 5(a), the catalyst layers pre-
ared by the ultrasonication method in IPA or DI both showed
dentical surface morphologies, consisting of granular-shaped
articulates from several to 5 �m in diameter corresponding
ith the result from the particle size distribution measurements.
he anode catalyst layers fabricated by ultrasonicating the cat-
lyst powder in IPA or DI appear to be 10–15 �m thick in the
ross-sectional view of SEM micrograph presented in Fig. 6(a).
ig. 5(b) represents a surface morphology of the anode catalyst

ayer, fabricated by ball-milling the catalyst powder in DI, con-
isting of the granular particles and additionally flake-shaped
articles having a diameter range of 5–30 �m and a thickness

ess than 3 �m. The thickness of the catalyst layer was evalu-
ted to be about 25 �m in Fig. 6(b). Finally, in Figs. 5 and 6(c),
he anode catalyst layer fabricated by ball-milling the catalyst
owder in IPA showed a morphology consisting of the flake-

l
s
w
k

ifferent inks: (a) processed by ultrasonication in isopropyl alcohol or de-ionized
ing in isopropyl alcohol; catalyst layer: 2 mg cm−2 of Pt-Ru black and 20 wt.%

haped particles only, having a thickness about 25 �m. It is
learly observed that the mechanical dispersion method, i.e.,
all-milling process, forced the catalyst powder to agglomerate,
artially by fusing and forming flake-shaped particles.

Fig. 7 shows the effect of the catalyst dispersion method on
he polarization curve of the MEA, obtained at 90 ◦C in 1 M
queous methanol as an anode fuel and atmospheric pressure air
s a cathode oxidant after subjecting the MEA to our new acti-
ation procedure mentioned before. The MEAs with the anodes
rocessed in IPA as a dispersion media showed much higher
ower performance than those processed in DI. First of all, this
an result from the status of PFSI dissolved in the DI-based ink
s evident in Fig. 4(a), which leads to a thinner PFSI film on
he catalyst particles in the catalyst layer and hence decreased
roton conductivity through the porous structure in the catalyst

ayer, representing a lower utilization of the catalyst particles. A
imilar result [10] has been reported when methanol (ε = 33.1)
as used as a dispersion solvent in comparison to using dipropyl
etone (ε = 12.6) or n-butyl acetate (ε = 5.0). Secondly, the low
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ig. 6. Cross-sectional SEM micrographs of anodes prepared by spray-coating f
ater, (b) processed by ball-milling in de-ionized water and (c) processed by ba
afion.

erformance of the anode using DI-based ink might be due to
he high polarity of water molecules. The high hydrophobicity

f the MPL toward the DI solvent might not allow the ink to
enetrate its surface and hence decrease the integrity between
he catalyst layer and the MPL, resulting in a high interfacial
hmic resistance at the interface.

ig. 7. Polarization curves of MEAs obtained at 90 ◦C in 1 M CH3OH and
tmospheric pressure air with anodes processed by different catalyst dispersion
ethods and dispersion media; anode catalyst layer: 2 mg cm−2 of Pt-Ru black;

athode catalyst layer: 4.5 mg cm−2 of 60 wt.% Pt/C. Anode fuel flow rate was
2 cm3 min−1, air flow rate 1 dm3 min−1 and active area 9 cm2.
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ifferent inks: (a) processed by ultrasonication in isopropyl alcohol or de-ionized
ling in isopropyl alcohol; catalyst layer: 2 mg cm−2 of Pt-Ru black and 20 wt.%

Even though the activation of the MEA is accelerated by cir-
ulating DI through the cathode compartment, in some instances,
he cell current of the MEA increased by 20% after 1 week of
ell operation due to slow activation of the anode as confirmed
y measuring the anode potential with respect to a hydrogen
volving cathode intermittently. Thereafter, it showed a stable
alue within 5% of current drift for another week of cell opera-
ion and is presented in Fig. 8. The MEA with the anode catalyst
rocessed by ball-milling in IPA showed a higher current density
n the kinetic-controlled region, from the open circuit potential
own to 0.4 V, than that processed by ultrasonication in IPA. On
he other hand, in the diffusion-controlled region below 0.35 V,
he former showed lower diffusion-limiting currents at both
emperatures examined, 60 and 90 ◦C, than the latter. A brief
omparison between the performance results obtained under
imilar conditions is presented in Table 3.

To examine whether there was a change in catalytic surface
rea of the anode depending on the type of dispersion method,
.e., ultrasonication and ball-milling, the two anodes were sub-
ected to CO-stripping voltammetry experiments. The results are
resented in Fig. 9. The anode processed by ball-milling in IPA

xhibited a sharp CO-oxidation peak at 0.343 VRHE while the
ne processed by ultrasonication in IPA showed a rather broad
eak at 0.362 VRHE. It has been known [14] that a higher tem-
erature enhances electrocatalytic activity of Pt-Ru towards oxi-
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Fig. 8. Polarization curves of MEAs, involving anodes processed by differ-
ent catalyst dispersion methods in IPA, obtained at 90 ◦C in 1 M CH3OH and
atmospheric pressure air after 1 week of cell operation; anode catalyst layer:
2 mg cm−2 of Pt-Ru black; cathode catalyst layer: 4.5 mg cm−2 of 60 wt.% Pt/C.

Fig. 9. CO-stripping voltammogram for anodes prepared by two different dis-
persion methods obtained in 0.5 M H2SO4 solution at 60 ◦C. After a hydration
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eriod, CO was adsorbed on the electrode surface at 0.04 VRHE by bubbling CO
as through the electrolyte for 1 h.

ation of adsorbed CO, resulting in lowering the CO-stripping
eak potential. In similar experimental condition, they measured
he CO-stripping peak potential of the commercial unsupported

t-Ru black catalyst to be 0.36 VRHE at 60 ◦C, which is the same
alue obtained from the ultrasonication-processed anode in this
ork. McGovern et al. [20] suggested the possibility of the CO-

tripping peak shifting to more positive potentials and also a

i
a
b

able 3
omparison of the power performances obtained under similar conditions using an u

eference Current density (A cm−2) Cell temperature
(◦C)

Oxi
(atm

at 0.5 V at 0.4 V

4] 0.13 0.31 80 Air
18] 0.12 0.28 80 Air
19] 0.13 0.32 90 Air
his work 0.12 0.32 90 Air
Sources 161 (2006) 11–18 17

ecrease in the CO-stripping peak area due to surface blockage
f catalyst particles by the Nafion film. In this work, the peak
rea for CO-oxidation on the ball-milling processed anode was
valuated to be 766 mC cm−2 almost the same as that on the
ltrasonication-processed one, resulting in an electrochemical
urface area of Pt-Ru catalyst to be 1823 Pt-Ru cm2 cm−2

MEA at
mg cm−2 of Pt-Ru loading, 191 C g−1

Pt-Ruor 45 m2 g−1
Pt-Ru based

pon a CO-monolayer stripping charge of 420 �C cm−2.
The surface area of unsupported Pt-Ru catalyst (John-

on Matthey, Pt:Ru = 1:1) was estimated to be around
0–78 m2 g−1

Pt-Ru [14,21], however, it is mentioned [14] that not
ll of the surface area would be available for methanol elec-
roxidation due to nano-porous structure within catalyst layer
nd hence approximately only an half of the total surface area
ould be active for the electrochemical reaction. Considering

his fact, the anode fabricated in this study seems to possess
igh activity toward the electrochemical methanol oxidation.
t is noteworthy that the ball-mill-processed anode shows the
ame CO-stripping peak area as the ultrasonication-processed
node although the ball-mill-processed ink involves bigger cat-
lyst agglomerates than the ultasonication-processed ink does,
s shown in Fig. 4(b). Therefore, it is concluded that the bet-
er performance of the ball-milling-processed anode is due to a

ore efficient catalytic reaction toward methanol oxidation than
hat of the ultrasonication-processed anode, and not due to the
atalytic surface area. Since there was no substantial difference
n the XRD peak positions, it is believed that the ball-milling
rocess might not induce any significant changes in the compo-
ition of the catalyst particles.

As shown in Fig. 6, the catalyst layers appear to be thick
nough to consider a morphological effect on the electrochem-
cal oxidation of methanol or carbon monoxide adsorbed on
he surface of catalyst. The catalyst layer of the ball-milling
rocessed anode consisting of the flake-shaped catalyst agglom-
rates in Fig. 6(c) seems to have better connectivity between
atalyst particles and simultaneously allow simpler ionic move-
ent of proton in the catalyst layer, leading to a lower electronic

hmic drop through the catalyst layer and a lower ionic ohmic
rop through the electrolytic phase inside the pore structure of
he catalyst layer, respectively. These factors, in turn, have the
ffect of increasing the electrocatalytic activity toward methanol
xidation as shown in Fig. 8 and CO-stripping in Fig. 9.
In a simulation study on a fuel cell electrode for DMFC [7],
t has been mentioned that carbon dioxide removal from the cat-
lyst layer is particularly important to the methanol fuel cell
ecause high levels of CO2 can be formed deep inside the cata-

nsupported Pt-Ru anode catalyst and air

dant
)

MeOH concentration
(M)

Anode loading
(mg cm−2)

Cathode loading
(mg cm−2)

1 1 Pt-Ru 4 Pt 4
2 0.5 Pt-Ru 1.3 Pt 1.3
2 1 Pt-Ru 3 Pt 3
1 1 Pt-Ru 2 Pt/C 4.5
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ig. 10. Open-circuit potential methanol crossover current density measured at
athode by polarizing the cathode anodically in nitrogen atmosphere with respect
o an anode in 1 M CH3OH serving as hydrogen evolving counter electrode.

yst layer, imposing mass transport limitations on the methanol
r the CO2 via gas bubble formation inside the catalyst layer.
onsidering the Bruggemann relation [22] in a porous structure:

eff = D × ε1.5 (1)

here Deff is effective diffusivity and ε porosity, the increased
orosity in the anode catalyst layer is expected to facilitate CO2
emoval out of the catalyst layer and hence results in higher
iffusion-limiting current at the anode. However, the increase in
orosity at a certain amount of catalyst loading inevitably results
n an increase in the thickness of catalyst layer and hence a
ecrease in the diffusion-limiting current. As observed in Fig. 8,
he ball-milling processed anode having 25 �m thick catalyst
ayer represented a lower diffusion-limiting current than the
ltrasonication-processed anode having 10–15 �m thick cata-
yst layer.

As the cathode is subjected to an anodic potential in the
itrogen atmosphere with respect to the anode serving as a
ydrogen evolving counter electrode, the anodic current due to
ethanol crossover through the membrane was recorded as a

unction of the cathode potential and is presented in Fig. 10.
nterestingly, the ball-mill-processed anode represented a lower
ethanol crossover current than the ultrasonication-processed

node did, due to the thicker catalyst layer which methanol
as to pass through prior to crossing the membrane. This result
resents that the anode catalyst layer might be able to oxidize the
ethanol more efficiently as it is fabricated to be more porous

nd thicker.

. Conclusions
A new activation procedure, that circulates 1 M aqueous
ethanol and de-ionized water through the anodic and the

athodic compartment, respectively, at 90 ◦C at least for 12 h,
as successful in ensuring good hydration and hence good repro-

[

[
[

Sources 161 (2006) 11–18

ucibility of the membrane electrode assembly for the direct
ethanol fuel cell. Independent of the dispersion methods for

he anode catalyst layer ink, i.e., an ultrasonication or a ball-
illing method, the anode prepared from the ink based on

sopropyl alcohol showed a much higher electrochemical activ-
ty toward methanol oxidation than the one from the ink based
n deionized water. Although XRD patterns from the anodes
id not show meaningful differences between the electrodes,
he survey of the cross-sectional morphology by SEM on the
node catalyst layers explicitly showed that the anode catalyst
ayer, fabricated by ball-milling the catalyst in IPA, consisted of
ake-shaped agglomerates, exhibiting a higher porosity than the
thers. The MEA with the anode from the catalyst ink prepared
y ball-milling in IPA gave a higher power performance in a
inetic-controlled regime from open-circuit potential to 0.3 V
han the MEA with the anode prepared by ultrasonication in the
ame solvent.
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