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a b s t r a c t

This communication described the fabrication of a hierarchy carbon paper, and its application to the gas
diffusion layer (GDL) of proton exchange membrane (PEM) fuel cells. The carbon paper was fabricated by
growing carbon nanotubes (CNTs) on carbon fibers via covalently assembling metal nanocatalysts. Surface
morphology observation revealed a highly uniform distribution of hydrophobic materials within the
carbon paper. The contact angle to water of this carbon paper was not only very large but also particularly
vailable online 21 November 2008

eywords:
EM fuel cells
elf-humidifying

even. Polarization measurements verified that the hierarchy carbon paper facilitated the self-humidifying
of PEM fuel cells, which could be mainly attributed to its higher hydrophobic property as diagnosed by
electrochemical impedance spectroscopy (EIS).

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane (PEM) fuel cells are very promising
lternative energy conversion devices for portable and station-
ry applications due to the advantages of high efficiency and low
mission. To achieve high performance of PEM fuel cells, the reac-
ant gases are usually humidified through an external humidifying
ystem before entering into the fuel cells, because the proton
onductivity of the PEM, usually Nafion®, depends highly on the
ater content of the membrane. However, the external humidify-

ng system increases weight, volume and complexity to the system.
herefore, operation of PEM fuel cells without external humidifying
ystem is highly desirable [1,2]. Theoretical calculation has revealed
hat PEM fuel cells might be operated without external humidi-
cation by delicately self-humidifying the membrane with water
roduced from the cathode [3,4].

To self-humidify the membrane, many studies were focused
n the fabrication of self-humidifying membranes by incorporat-
ng well dispersed nano-sized Pt or hydrophilic oxide particles
n the membranes [5–8]. Although some positive results were
btained, this method increased the thickness or decreased the

roton-transfer channels of the membranes. Actually, gas diffusion

ayer (GDL), which usually consists of a carbon paper or carbon
loth sublayer and a PTFE/carbon black sublayer, is also a crucial
omponent in PEM fuel cells [9–13]. It has been found that, by

∗ Corresponding author. Tel.: +86 451 86403216; fax: +86 451 86413720.
E-mail address: cydu@hit.edu.cn (C. Du).

378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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optimizing the composition and structure, the PTFE/carbon black
sublayer could increase the water content of the membrane, and
thus the performance of PEM fuel cells [14,15]. However, to the
best of our knowledge, the carbon paper or cloth sublayer still
receives not much attention for self-humidifying the membrane of
PEM fuel cells. The effect of the carbon paper or cloth sublayer on
self-humidifying the membrane depends highly on its hydrophobic
property. Hydrophobic property of the conventional carbon paper
or cloth sublayer is not desirable, because the carbon paper or cloth
is often wetproofed by impregnating in suspension of hydropho-
bic materials (e.g., FEP [15] or PTFE [16]) and then sintering at
300–350 ◦C [17,18]. This wetproofing procedure leads to a problem
that the hydrophobic materials may migrate and agglomerate via
capillary force during the drying and sintering process. The migra-
tion of hydrophobic materials not only reduces hydrophobicity of
the carbon paper or cloth sublayer but also increases the mass trans-
port resistance by blocking the pores. In the present paper, mainly in
order to depress the migration of hydrophobic materials during the
wetproofing process, a novel hierarchy carbon paper with carbon
nanotubes (CNTs) uniformly grown on carbon fibers is presented for
GDL of PEM fuel cells. By the conventional wetproofing procedure,
this remarkable carbon paper showed excellent hydrophobic prop-
erty and significantly facilitated self-humidifying the membrane of
PEM fuel cells.
2. Experimental

The hierarchy carbon paper was fabricated by a gas phase
thermal decomposition method. At first, carbon paper (TGP-H-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cydu@hit.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.11.046
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ig. 1. (a) SEM image of the hierarchy carbon paper with CNTs grown on carbon fib
ber.

90, Toray) was ultrasonically cleaned in ethanol solution for
0 min. Then, Ni-Co nanocatalysts for CNT growth on carbon fibers
ere loaded onto the carbon paper. Specifically, the carbon paper
as covalently modified with 4-aminobenzoic acid in anhydrous

thanol solutions containing 3 mM 4-aminobenzoic acid and 0.1 M
iClO4 by electrochemically scanning between 0 and 0.9 V (vs
g/Ag+) at a scan rate of 100 mV s−1 for 200 cycles. After sufficient
insing, the 4-aminobenzoic acid modified carbon paper was placed
n 0.3 M Co(NO3)2 + 0.3 M Ni(NO3)2 solution for 20 h, resulting in
xchange of Co2+ and Ni2+ in solution with H+ in 4-aminobenzoic
cid. The Co2+ and Ni2+ were then reduced to metal particles by
eating the carbon paper in a tube furnace at 500 ◦C in the pres-
nce of hydrogen for 5 min. Finally, CNTs were grown on carbon
bers by the carbon paper at 800 ◦C for 5 min with a gas mixture of
0% Ar, 5% H2, and 5% ethylene fed into the tube furnace.

The membrane electrode assembly (MEA) for evaluating the
ierarchy carbon paper was fabricated as follows. At first, carbon
aper was wetproofed by soaking in a 20% PTFE suspension for
min and then drip-dried at room temperature. This process was

epeated several times until 20% PTFE content was obtained. An ink
f PTFE and carbon black mixture containing 25% PTFE was applied
o the wetproofed carbon paper and dried at room temperature.
he GDL was then obtained by drying the carbon paper at 110 ◦C,
80 ◦C and sintering at 350 ◦C for 30 min, respectively. After that, an

nk of 40% of Pt/C electrocatalyst (Johnson Matthey) and 5% Nafion
olution (Du Pont) was sprayed onto the cathode and anode GDLs
hat used the hierarchy and conventional carbon papers, respec-
ively. The platinum loadings for the anode and cathode were 0.1
nd 0.2 mg cm−2. Finally, the MEA was formed by hot-pressing the
lectrodes and a Nafion 112 (Du Pont) membrane at 135 ◦C and
MPa for 3 min. For comparison, the MEA for the conventional car-
on paper was also fabricated by the same procedure as described
bove.

The morphology of the hierarchy and conventional carbon
apers was recorded by a filed-emission scanning electron
icroscope (FESEM, HITACHI S-4100). The hydrophobicity of the

ierarchy and conventional carbon papers was characterized by its
ontact angle to water determined by a contact angle goniometer
Solon Tech. Inc. SL200A).

The electrochemical performances of the MEA were measured
t 65 ◦C under an atmospheric pressure by using the single cell fix-
ure composed of a MEA and a pair of graphite bipolar plates with
erpentine flow channels of 1 mm width and 1 mm depth (Electro-
hemistry Corp.). Hydrogen without humidification was fed to the

node as the fuel at a flow rate of 100 mL min−1, and air humidified
t 75 ◦C was supplied to the cathode as the oxidant at a flow rate of
00 mL min−1. Before measurement, the single cell was activated
ccording to the procedure in Ref. [19]. Polarization behavior of the
ingle cell was recorded by a Fuel Cell Testing System (Arbin Instru-
y covalently assembling nanocatalysts, (b) close-up of the grown CNTs on a carbon

ment Corp.). Electrochemical impedance spectroscopy (EIS) was
measured using an electrochemical analysis instrument (model CHI
604b) in a frequency range from 100 kHz to 0.1 Hz with AC voltage
amplitude of 5 mV.

3. Results and discussion

Fig. 1a presents an SEM image of the hierarchy carbon paper.
Clearly, a large amount of CNTs grown from the covalently assem-
bled Co-Ni particles uniformly covered the carbon fibers and no any
visible fraction of bare fibers was observed. It was difficult to accu-
rately estimate the length of these CNTs because they were quite
tortuous, but some tubes were at least 1 �m long. A close-up of
the CNTs (Fig. 1b) showed that the obtained CNTs were curly with
uniform diameters of about 30–40 nm. According to Dodelet and co-
workers [20], under our experimental condition, the growth of CNTs
followed mainly a tip-growth mechanism and the dimension of the
catalyst particles controlled the CNTs’ diameters, which indicated
that the Co-Ni particles be evenly deposited on the surface of car-
bon fibers in our case. This might be ascribed to the method of our
depositing the Ni-Co nanoparticles on carbon fibers. In our experi-
ments, the Ni-Co particles were deposited on carbon fibers through
forming a 4-aminobenzoic acid monolayer, followed by an ion
exchange and reduction process. The monolayer was stable because
4-aminobenzoic acid was covalently grafted on carbon paper fibers
by electrochemically inducing amine cation radicals and subse-
quently forming a strong carbon–nitrogen linkage. In addition, the
monolayer was much even because the carbon paper was highly
conductive and easily wetted by ethanol solution, which led to the
even electrochemical oxidation of 4-aminobenzoic acid on the sur-
face of all carbon fibers. This method, therefore, resulted in much
more uniform Ni-Co particle distribution on carbon fibers than that
in Ref. [20], where a physically attached silicate gel was used for
anchoring the Ni2+ and Co2+ and no uniform contact between the
gel and carbon fibers was guaranteed.

The surface morphology of the hierarchy and conventional car-
bon papers wetproofed by PTFE was compared in order to find out
the effect of growing CNTs on improving the PTFE distribution on
the surface of carbon fibers. Fig. 2 shows the SEM images for the
hierarchy and conventional carbon papers wetproofed by 20% PTFE.
Apparently, after PTFE wetproofing, no visible CNTs were observed
on fibers of the hierarchy carbon paper, indicating that PTFE was
evenly covered on the surface of all carbon fibers, due to the anchor-
ing effect of grown CNTs on PTFE during wetproofing procedure.

In contrast, for conventional carbon paper, there were still many
bare carbon fibers uncovered by any PTFE, which meant that PTFE
was not uniformly distributed in the conventional carbon paper,
and therefore, a more number of pores formed by intersecting car-
bon fibers would be blocked by PTFE because the same amount of
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% PTFE: (a) hierarchy carbon paper, (b) conventional carbon paper.
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Fig. 2. SEM images of the carbon papers wetproofed with 20

TFE was applied to the two carbon papers. From this morphology
nalysis, it was believed that the hierarchy carbon paper would be
ppreciably beneficial to hydrophobicity and gas transport of the
DL.

Fig. 3 presents the contact angles to water of the wetproofed
ierarchy and conventional carbon papers. Apparently, the contact
ngle value for the hierarchy carbon paper was higher than that
or the conventional carbon paper. Moreover, the variation of the
ontact angle at different positions of the hierarchy carbon paper
as significantly lower than that of the conventional carbon paper,

ndicating that the hierarchy carbon paper had much more uni-
orm distribution of hydrophobicity. As has been demonstrated by
im and Wang [15], contact angle of the wetproofed carbon paper
epends not only on the PTFE content, but also on the uniformity
f the PTFE distribution. Therefore, although the two carbon papers
ad almost the same PTFE content, the hierarchy carbon paper had
igher and more uniform hydrophobicity than the conventional
arbon paper, due to its evener PTFE distribution as observed in
ig. 2.

Fig. 4 presents the single cell performance of the MEA with the
ierarchy and conventional carbon papers at 65 ◦C under dry H2 and
ir atmosphere. In this operating condition, the membrane must
e self-humidified by the water from the cathode. The MEA with
he cathode GDL from the hierarchy carbon paper showed a current
ensity of 750 mA cm−2 at 0.5 V, whereas the MEA with the cathode
DL from the conventional carbon paper recorded a current density
f 600 mA cm−2 at 0.5 V, i.e., only about 75% compared to the case
f the hierarchy carbon paper. As to the power density, a maximum

ower density of 377 mW cm−2 was obtained for the case of the
ierarchy carbon paper, representing 0.25 times increase from the
ase of the conventional carbon paper. These results showed that
he hierarchy carbon paper was significantly useful to enhancing

Fig. 3. Water contact angles at different positions of the carbon papers.
Fig. 4. Single cell voltages and power densities of the MEAs with hierarchy and
conventional carbon papers as a function of current density.

the electrochemical performance of the self-humidifying PEM fuel
cells.

To give a more detailed diagnosis to the performance difference
of the two single cells with the hierarchy and conventional carbon
papers, EIS were measured and shown in Fig. 5. Basically, two semi-
circles were observed on each spectrum, one in the high frequency
domain and the other in the low frequency domain. Similar spec-
tra have been widely reported in the literature for PEM fuel cells
[21,22]. The intercept on the real axis in the high frequency domain
represents the membrane resistance. The first semicircle represents
fuel cell reaction kinetics, and the second semicircle represents the

mass transfer process with the major contributions coming from
the diffusion of reactants within the GDL. It could be observed in
Fig. 5 that the resistances of the membrane and the mass transport
were significantly lower, whereas the reaction kinetics resistance
in the GDL was slightly higher for the hierarchy carbon paper than

Fig. 5. Electrochemical impedance spectra of the MEAs with hierarchy and conven-
tional carbon papers at a current density of 700 mA cm−2.
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[

08 C. Du et al. / Journal of Pow

hose for the conventional carbon paper. This observation could
nly be ascribed to the difference of the cathode carbon paper
ecause the other parts of the two MEAs were the same. Compared
ith the conventional carbon paper, the hierarchy carbon paper
ith higher hydrophobicity facilitated, on the one hand, the back
iffusion of water produced at the cathode to the anode, and on the
ther hand, water removal from the GDL to the channel. The back
iffusion of water humidified the membrane, which resulted in a

ower membrane resistance because more water was available for
roton electro-osmotic drag. The quick water removal from the GDL

owered the mass transport resistance. The slight larger resistance
f the reaction kinetics for the hierarchy carbon paper was proba-
ly due to the higher cell voltage as presented in Fig. 4, although a
nhanced reaction kinetics had been observed in the well humid-
fied catalyst layers because of the increase of electrochemical Pt
urface area [22,23].

. Conclusions

This paper provides a new method of fabricating a hierarchy
arbon paper with CNTs uniformly grown on carbon fibers, and
rstly applies this carbon paper to the GDL of PEM fuel cells. Mea-
urements of morphology, contact angle value and electrochemical
ehavior indicate that this hierarchy carbon paper could improve
ffect of the wetproofing treatment, which is significant to water
anagement and thus polarization performance of PEM fuel cells.

ompared with the conventional carbon paper, the hierarchy car-
on paper not only facilitates the stability of wetproofing treatment

ecause of the anchoring effect of the grown CNTs on PTFE, but also
avors controlling the PTFE content during the wetproofing treat-

ent by adjusting the length and density of the grown CNTs. In
ddition, the grown CNTs help reduce the electric contact resis-
ance due to the PTFE deposition at intersecting positions of the

[
[

[

rces 187 (2009) 505–508

carbon fibers. Therefore, the hierarchy carbon paper is particularly
attractive to the self-humidifying PEM fuel cells.
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