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a b s t r a c t

The introduction of a carbon nano-fiber (CNF) interlayer to the interface between the carbon paper and
the catalyst layer was investigated for providing a highly active catalyst layer with PtRu nano-particles on
it for the direct methanol fuel cell (DMFC) anode. A precipitation method was used for applying the CNF
layer and the catalyst layer. The effects of the loadings of the CNF and the catalyst on the DMFC power
vailable online 22 August 2008

eywords:
NF
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generation were evaluated. The CNF interlayer covered the large openings of the carbon paper resulting
in a dense and smooth surface. The PtRu black catalyst prepared on the surface of the CNF layer provided
a higher power density of DMFC than that obtained by using carbon black, suggesting that the dense and
crackless surface of the CNF layer reduced the catalyst loss that leaks into the crack and increases the
active reaction sites on the anode surface.
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. Introduction

The direct methanol fuel cell (DMFC) is expected to be a promis-
ng power source with a high energy density and a compact volume
hat is suitable for portable and mobile use. However, the power
utput of the conventional DMFC is still unsatisfactory because of
he methanol crossover [1] and the large electrode overvoltage. To
educe the overvoltage at the electrode, not only the catalyst activ-
ty itself, but also the morphology and the structure of the catalyst
ayer are important factors for the catalyst utilization [2] and the

ass transport [3,4]. In the case of a polymer electrolyte fuel cell,
here are some standard fabrication methods for the preparation
f the catalyst layer on the polymer electrolyte. One of the general
ethods begins with the catalyst layer preparation by coating a

atalyst ink on the supporting layer of a porous gas diffusion layer
GDL) like carbon paper [5] and carbon cloth. As a catalyst of the
MFC anode, unsupported PtRu exhibits a higher performance with
lower overvoltage in relation to the carbon-supported catalyst [6].
he noncatalyzed carbon particle layer, sometimes called a micro-
orous layer (MPL), is often introduced between the catalyst layer

nd the gas diffusion layer, [7–11] in order to reduce the loss of
he catalyst that leaks into the large pores of the GDL and increases
he contact of the catalyst to the membrane by preparing a thin and
ense backing surface for the catalyst layer. MPL is also used to con-
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rol the water and methanol transport at the electrode in the PEFC
8–11] and DMFC [7]. For this purpose, the effect of the carbon par-
icle size and the PTFE content have been reported [11]. However,

any cracks appear on the MPL and part of the catalyst leaks into
hese cracks that reduces the catalyst utilization. A carbon nano-
ber (CNF) which has a smaller diameter and shorter length than
hat of the carbon fiber used for the carbon paper and carbon cloth
ould be appropriate for preparing a thin and dense surface on the
acking diffusion layer.

In this study, we used a carbon nano-fiber with a several
undred nanometers diameter and several micron length as the
aterial for the interlayer between the PtRu black catalyst layer and

he carbon paper to increase the catalyst utilization in the DMFC.
NF is expected to provide an interlayer with a thin and dense sur-

ace on the carbon paper with large openings by covering them. The
MFC performance with the CNF interlayer was compared to that
ith a carbon black interlayer.

. Experimental

.1. MEA preparation

The carbon nano-fiber layer, a support layer of the catalyst nano-

articles, was prepared on carbon paper (CP) (TGP-H-060, Toray
o., Ltd.) by a precipitation method. The CNF used in this study was
upplied from Gun Ei Chemical Industry Co., Ltd., and was produced
rom phenol resins by a polymer blend spinning method [12]. A
ber of the CNF having about a 200–500 nm diameter and several

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:nakagawa@bce.gunma-u.ac.jp
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Fig. 1. Schematic procedure of the sedimentation met

undred micrometer length, was produced as small bundles with
any nano-fibers. Hence, the bundles were milled with a mortar

nd then used. The ground CNF was dispersed in 2-propanol to
orm a 10 wt% dispersion by treating it in a bath with a ultrasonic
enerator for 30 min. A certain amount of the dispersed solvent
as uniformly dropped on the surface of the carbon paper, then

t was dried at room temperature and next at 370 K in an oven to
orm the CNF interlayer. Since the dried CNF layer was very bulky,
hen it was pressed at 33 kgf cm−2, resulting in a dense CNF layer.

agnitude of the pressure to the surface smoothness of the CNF
ayer was not sensitive between 33 kgf cm−2 and 150 kgf cm−2, and
hen 33 kgf cm−2 was used as a smallest one. The procedure for the
NF layer preparation followed by the application of the catalyst is

llustrated in Fig. 1.
As a reference, a layer of carbon black, CB, that is similar to

PL, was also prepared by the screen printing method using an
nk with homogenized carbon black (Ketjen black EC) and 5.0 wt%
afion solution (Wako Pure Chemical Industries, Ltd.), 2.4 ml mg−1-
, and 2-propanol, 20 mg mg−1-C. In contrast to the CNF layer, the
B layer was not pressed excepting the hot press for MEA prepara-
ion mentioned later, because the prepared CB layer looked already
ense.

The catalyst ink was prepared by the dispersion of PtRu black
HiSPEC 6000, Johnson Matthey Fuel Cells) in a mixture of 5.0 wt%
afion solution (Wako Pure Chemical Industries, Ltd.) 2.4 ml mg−1-
at, distilled water 1.2 ml mg−1-cat and 2-propanol 1.2 mg mg−1-cat
n an ultrasonic generator for 15 min. The catalyst layer was applied
y uniformly dropping the ink on the CNF layer in a manner similar
o the preparation of the CNF layer. The sheet of catalyst/CNF/CP
as then used the anode.

Nafion 112 (Dupont) was used as the polymer electrolyte in
his experiment. The polymer membrane was sandwiched between
he anode and Pt(1 mg cm−2)/C electrode (Electro Chem, Inc.) after
praying the 5.0 wt% Nafion solution on the surface of their catalyst
ayers, then it was hot pressed at 408 K, and 50 kgf cm−2 for 3 min

o form the MEA.

The thickness of the CNF layer and the catalyst layer was
easured with a micrometer. For observation of the surface mor-

hology, a SEM observation of the surfaces of the CNF layer and the
atalyst layer with JSM-5310 (JOEL) at 20 kV was conducted.

t
i
t

f

r the preparing of CNF interlayer on the carbon paper.

.2. Electrochemical measurement

A single DMFC cell was constructed by fixing the MEA in a cell
older with flow channels at both the anode and cathode (FC-005-
1SP, Electro Chem Co., Ltd.). 2 M methanol was fed to the anode
t 4.8 ml min−1 and oxygen at atmospheric pressure was fed from
cylinder to the cathode at 1.0 L min−1. The current–voltage curve
nd cell impedance were then measured at 353 K using an elec-
rochemical measurement system (HZ-3000, Hokuto Co., Ltd.). The
mpedance measurement was conducted by applying a 10 mV sinu-
oidal voltage at a frequency ranging from 20 kHz to 1 mHz, and
sed to obtain the ohmic resistance of the cell from the Cole–Cole
lot that cut the real axis on the high frequency side.

. Results and discussion

.1. Morphology of the CNF layer

Fig. 2 shows SEM photographs of the surface of the CNF layer
repared on the carbon paper with different amounts. It includes
he surface of the carbon paper, Fig. 2(a), as a reference. It could
e seen that the nano-fibers covered the openings of the surface
f the carbon paper and closed the openings thus reducing the
ize down from several hundreds to several tens of micrometers or
maller. When the CNF amount was 0.9 mg cm−2, small holes with
everal tens of micrometers were still observed on the surface. This
s because the bundles of CNF remained in the layer. The grinding
f CNF was not sufficient in this case. However, when the amount
as increased to 2.1 mg cm−2 or more, the entire surface was cov-

red with the nano-fibers and the large holes disappeared from the
urface. Once the entire surface was covered by it, the surface mor-
hology was similar to each other even if the amount was further

ncreased. It was confirmed that the CNF was quite effective to cover
nd close the large openings of the surface of the carbon paper and
rovide a thin and dense layer on the carbon paper. The density of

he CNF interlayer was calculated to be 0.40 g cm−3 based on the
ncrease in the thickness after the addition of a certain amount of
he interlayer.

Fig. 3 shows the SEM photographs of the catalyst layer with dif-
erent catalyst amounts prepared on the 2.6 mg cm−2 CNF layer. It
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ig. 2. SEM photographs taken of the surface of the carbon paper, (a) and that of th
.6 mg-CNF cm−2, and (e) 3.0 mg-CNF cm−2.

as found that the PtRu nano-particles formed agglomerates with
few micrometer diameter as shown in the figure as white dots.
hen the catalyst loadings were 1.0 mg cm−2 and 1.8 mg cm−2, the

mount of the catalyst was not sufficient to cover the entire sur-
ace, and the uncovered CNF layer could be seen in this figure. The
gglomerates of the catalyst tended to gather at the hollow part like
esides the bundles of the CNF. When the loading was increased
o 3.7 mg cm−2, almost the entire surface was covered with the
atalyst agglomerates. The catalyst agglomerates accumulated and
ormed a deep layer on the surface, when the loading was further
ncreased to 6.0 mg cm−2.

.2. DMFC performance

Fig. 4 shows the current–voltage curves of the DMFC with differ-
nt CNF loadings at a constant catalyst loading. It was found that the
NF loading affected the current density depending on the range of

he cell voltage, i.e., the high voltage range and low voltage range.
urrent densities at the high cell voltages, over 0.35 V, were similar
o each other irrespective of the CNF loading as shown in Fig. 5. On
he other hand, the current densities at the low cell voltages, below
.35 V, were significantly affected by the CNF loading, and showed

l
c
c
b
l

interlayer with different amounts: (b) 0.9 mg-CNF cm−2, (c) 2.1 mg-CNF cm−2, (d)

maximum at a 2.6 mg cm−2 CNF loading as shown in the figure.
he current density at the high cell voltages, i.e., at low current
ensities, is dominated by the electrode reaction, and that at the

ow cell voltages, i.e., at high current densities, is usually controlled
y the mass transport resistance. It was then postulated that the
NF loading had an effect on the mass transport, but little effect on
he activity of the electrode reaction. This was quite understand-
ble from the surface morphology of the CNF layer that was similar
o each other, i.e., thin and dense, with the different amounts as
hown in Fig. 2. The surface morphology is sensitive to the elec-
rode activity because the reaction site is formed at the interface
etween the membrane and the catalyst layer. A similar morphol-
gy would provide a similar electrode activity. On the other hand,
he increase in the loading of the CNF caused an increase in the
hickness of the CNF layer resulting in the increased mass trans-
ort resistance. When the CNF loading was below 2.1 mg cm−2, the
urrent density increased with the increasing CNF loading at the

ow voltage region. This may be due to reduction of the methanol
rossover controlled by the dense CNF layer. The decrease in the
urrent density at 3.0 mg cm−2 would be due to methanol depletion
y late limiting of the methanol supply to the anode. The optimum
oading of the CNF was around 2.6 mg cm−2 in this experiment.
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ig. 3. SEM photographs taken for the surface of the PtRu black catalyst layer with d
d) 6.0 mg-PtRu cm−2, on the CNF (2.6 mg cm−2) interlayer.

The effect of the catalyst loading on the current–voltage curve
as measured at the constant CNF loading, of 2.6 mg cm−2, as

hown in Fig. 6. In contrast to the effect of the CNF loading shown
n Fig. 4, the current density was affected by the loading both at
he high cell voltages around 0.45 V and at the low cell voltages
round 0.15 V as shown in Fig. 7. At the high cell voltage, the cur-
ent density increased with the increasing catalyst loading up to

.7 mg cm−2 and it was almost similar to that at 6.0 mg cm−2. This
uggested that the active reaction sites provided at the interface
etween the membrane and the catalyst layer increased with the

ncreasing catalyst loading until the entire surface was covered with

ig. 4. Current–voltage curves for the DMFC with different amounts of CNF in the
nterlayer, but with the same catalyst amount, 3.7 mg-PtRu cm−2 for the anode. Their
athodes were similar to each other and the performance was obtained with 2 M
ethanol (4.8 ml min−1) and oxygen (1 L min−1) at 353 K.

o
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w
w

F
D

nt amounts, (a) 1.0 mg-PtRu cm−2, (b) 1.8 mg-PtRu cm−2, (c) 3.7 mg-PtRu cm−2, and

he catalyst. The SEM photos shown in Fig. 3 supported the result
hat the whole surface was covered by the catalyst at 3.7 mg cm−2,
nd it was saturated over this loading. At the low cell voltage, the
urrent density decreased when the catalyst loading increased from
.7 mg cm−2 to 6.0 mg cm−2. This decrease would be caused by the

ncrease in the mass transport resistance through the catalyst layer
ecause the catalyst layer became thick as shown in Fig. 3. Based
n the above investigations, the catalyst with a 3.7 mg cm−2 load-
ng was the optimum in this experiment. At the optimum loading,
he maximum value of the power density, the product of the cell

−2
oltage and the current density, was obtained as 133 mW cm at
.25 V. This is relatively high comparing with that of other DMFCs
ith similar catalyst loadings [13] suggesting that the catalyst layer
ith the CNF interlayer showed a high anode activity.

ig. 5. Effect of the amount of CNF for anode interlayer on the current density of
MFC at high, 0.45 V, and low, 0.15 V, cell voltages.
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Fig. 6. Current–voltage curves for the DMFC with different amounts of PtRu black
catalyst on the CNF (2.6 mg cm−2) interlayer. Their cathodes were similar to each
other and the performance was obtained with 2 M methanol (4.8 ml min−1) and
oxygen (1 L min−1) at 353 K.
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Fig. 8. Current–voltage curves for the DMFC with PtRu black (3.7 mg cm−2) cat-
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the loading of the PtRu black for the anode in Fig. 10. Not only for the
ig. 7. Effect of the amount of PtRu black catalyst for anode on the current density
f the DMFC at high, 0.45 V, and low, 0.15 V, cell voltages.

.3. Comparison with CB backing layer
Fig. 8 shows a comparison in the current–voltage curve of the
MFCs with the different interlayers, i.e., CNF and carbon black (CB).
he electrode with the CNF interlayer showed higher current den-

D
l
u
b

Fig. 9. SEM photographs taken of the surface of the CB (2.1 mg cm−2)
lyst prepared on the different interlayers: CNF (2.1 mg cm−2) interlayer and CB
2.1 mg cm−2) interlayer. Their cathodes were similar to each other and the per-
ormance was obtained with 2 M methanol (4.8 ml min−1) and oxygen (1 L min−1) at
53 K.

ities at all the measured voltages cell compared to that with the
B interlayer. When we observed the surface of the catalyst layer
n the CB interlayer, it was not a smooth surface and had many
racks as shown in Fig. 9. A part of the catalyst prepared on the
B interlayer would leak through the crack and be lost. Actually,
ome catalysts that got into the cracks were observed in the SEM
bservation. It was shown that the CNF layer provided a smooth and
rackless surface that is necessary for the preparation of a thin and
niform catalyst layer for the nano-particulate catalyst on the bulky
arbon paper. The calculated apparent density of the CB interlayer
ased on the increase in the thickness and the loading of the CB
as 0.19 g cm−3 that is almost half that of the CNF interlayer. This

lso confirmed that the CNF interlayer was denser and crackless
ompared to the CB interlayer.

.4. Catalyst utilization at the anode

The anode activity, defined that the maximum power densities
alculated from the I–V curve for the DMFC at a certain condition
ivided by the mass of PtRu loading for anode, were plotted versus
MFCs with the CNF interlayer but also for that with the CB inter-
ayer were plotted in the figure for comparison. Since the DMFCs
sed in the figure had the same cathode and the same membrane
ut the different anode, i.e., the interlayer, CNF or CB, and the load-

interlayer (a) and that of the PtRu black (3.7 mg cm−2) on it (b).
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[10] P. Pugazhendhi, M. Raja, G. Sakikumar, P. Sridhar, Bull. Electrochem. 15 (1999)
ig. 10. Effect of PtRu black loading, for anode, prepared on the CNF interlayer and
he CB interlayer on the maximum power density calculated as the anode activity.

ng of the catalyst on it, the difference in the power density was
ue to the anode catalyst layer including the interlayer. Then the
node activity includes the effect of the catalyst utilization and the
ass transport resistance through the layers. The anode activity

ecreased with the increase in the PtRu black loading suggesting
hat the catalyst utilization decreased with the increasing catalyst
oading. This means that the inside of the agglomerates of the PtRu
lack catalyst were less active compared to its outside, and the

ncrease in the size of the agglomerates of the nano-particle cat-
lyst and the multi-layer structure of the agglomerates reduced
he anode activity. As shown in Fig. 3, the catalyst particles tend
o gather at the hollow points formed between the thick CNF bun-
les especially when the catalyst loading was low. The detachment
f the CNF from the bundle in this experiment was not enough.
o provide a flatter and smoother surface and reduce the size of
he catalyst agglomeration, such hollow points should be reduced
rom the surface by completely detaching the CNF from the bun-
le. We need to uniformly disperse the fine particle catalyst on the
urface of the CNF interlayer to further increase the utilization and

educe the catalyst amount. In this figure, we could confirm that the
node activity for the CNF interlayer was higher than that of the CB
nterlayer at the different anode catalyst loadings, suggesting that
he catalyst utilization with the CNF interlayer was superior to that
ith the CB interlayer.
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ources 185 (2008) 711–716

. Conclusions

A thin and dense CNF interlayer was introduced between the
arbon paper and the catalyst layer of the PtRu black by the pre-
ipitation method, and its effect on the anode performance of the
MFC was investigated. The CNF interlayer provided a crackless
nd smooth surface on the carbon paper, and it was quite appro-
riate for the catalyst layer of the PtRu black with a high catalyst
tilization to reduce catalyst loss from a leak into the crack or
penings of the carbon paper. For the catalyst layer of PtRu black
n the CNF interlayer, there was an optimum loading for each
ayer. The CNF loading affected the current densities at low cell
oltages suggesting that the mass transport was affected by it.
he optimum loading of the catalyst was that required for cov-
ring the entire CNF surface. The optimized catalyst layer had a
ower density as high as 130 mW cm−2 at 353 K for a DMFC. The
node activity defined by the DMFC power density divided by the
mount of used PtRu was higher than that obtained by the CB
nterlayer.
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