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a  b  s  t  r  a  c  t

Porous  Pt-graphene/multiwalled  carbon  nanotube  (MWCNT)  composite  cathodes  were  fabricated  for
proton exchange  membrane  fuel  cells  and  their  electro-chemical  performances  were  examined.  Rod-
like MWCNTs  with  a high  aspect  ratio  induced  a  porous  network  structure  and  Pt-graphene  was  bound
homogeneously  to  the  porous  network  structure  of  MWCNTs  in  the  form  of  a very  rough surface,  which
facilitated simultaneous  access  between  the  Pt  electro-catalyst  and  reactant.  In  addition,  the  porous
vailable online 11 October 2011

eywords:
athodes
arbon nanotubes
raphenes

MWCNT  network  enabled  the  Pt-graphene  electrode  to overcome  the  deficiency  induced  by high  electri-
cal  resistance  by  providing  an  electrical  pathway  for  the  oxygen  reduction  reaction  (ORR).  Therefore,  the
ORR charge  transfer  resistance  of the  Pt-graphene/MWCNT  composite  cathode  was  much  smaller  than
that of  the  Pt-graphene  cathode,  and  the  maximum  power  density  of the  Pt-graphene/MWCNT  composite
cathode  was  four  times  higher  than  that of  the  Pt-graphene  cathode.
roton exchange Membrane fuel cell

. Introduction

Proton exchange membrane fuel cells (PEMFCs) utilizing hydro-
en as a fuel are being developed to replace batteries in portable
lectronic devices and internal combustion engines in automo-
iles on account of their high energy efficiency, low pollutant
mission and low working temperature. In PEMFCs, Pt-based
lectro-catalysts are widely used as anode and cathode electro-
atalysts for hydrogen oxidation and oxygen reduction reaction
ORR), respectively. One important goal for the commercializa-
ion of PEMFCs is to reduce the amount of Pt electro-catalysts
equired without sacrificing the performance. To effectively uti-
ize the Pt electro-catalysts, the Pt must have simultaneous access
o the gas, electron-conducting medium, and proton-conducting

edium. Therefore, the catalyst layers must be relatively thin to
inimize the losses due to the rate of proton diffusion within the

atalyst layer and the rate of mass transfer of the chemical reac-
ants and products to and from the active sites. The latter can
ontribute to a significant overpotential or polarization of the elec-
rodes, which can limit the cell performance, particularly at high
urrent densities [1].  A range of methods, such as modified thin film

ethods [2],  sputter deposition [3],  electrodeposition [4],  electro-

pray techniques [5] and Pt sol methods [6],  have been used to
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achieve high Pt utilization and better performance. However, many
challenges still remain [7].

Various carbon materials with different nanostructures and
morphological characteristics have been used as the electro-
catalyst supports in PEMFCs [8–12]. The catalytic activity of the Pt
based electro-catalysts is strongly dependent on the catalyst sup-
port, which plays a very important role in determining the size
and degree of catalyst dispersion as well as the distribution and
stabilization of catalyst particles [12]. Instead of traditional carbon
supports for the electro-catalysts, nano-sized carbon supports can
be used effectively to reduce the Pt loading.

Graphene, which is a one-atom-thick two-dimensional layer
of sp2-bonded carbon, has attracted considerable attention owing
to its unique physical, chemical and electrical properties [13–15].
The unique nanostructure and properties have potential applica-
tions in electro-chemical devices [16–18].  Graphene sheets used
for electro-catalytic ORR showed higher performance and electro-
chemical surface areas (ESAs) than the commercial catalyst, E-TEK
[19]. However, electrodes prepared by graphene have an obsta-
cle in mass transfer of the chemical reactants and products to and
from the active sites due to graphene’s morphological characteris-
tics [20]. Therefore, a new strategy for mass transfer of graphene
electrodes is required when a thin catalyst layer using graphene
sheets is fabricated.
Carbon nanotubes (CNTs) are some of the most promising
materials for the design of functional thin films, including those
for catalytic membranes [21,22] and for a range of electro-
chemical energy conversion and storage devices [23–25] owing to

dx.doi.org/10.1016/j.synthmet.2011.09.030
http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:hjjin@inha.ac.kr
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Fig. 1. The structures of the Pt-graphene cath

heir unique morphological characteristics and physical properties,
ncluding one-dimensional high aspect ratio, large surface area,
igh electrical conductivity, and superior chemical and mechanical
tability [26,27].  Nano-structured membranes fabricated by CNTs,
hich allow fast mass transfer, were prepared using several meth-

ds, such as layer by layer assembly [28], templated growth [29,30],
acuum filtering [31,32] and spinning technology [33].

In this study, porous Pt-graphene/multiwalled carbon nan-
tubes (MWCNTs) composite cathodes were prepared for PEMFCs
nd their electro-chemical performance was examined. A porous
etwork structure of a Pt-graphene/MWCNT composite cathode
as formed by spray coating from a Pt-graphene and MWCNT
ispersion. The porous network structure induced by the MWC-
Ts acted as a pathway for mass transfer of the chemical

eactants and products and as an electrical bridge. Therefore,
t-graphene/MWCNT composite cathodes showed higher perfor-
ance for PEMFC than did Pt-graphene cathodes. Fig. 1 shows a

chematic diagram of the structures of the Pt-graphene cathode
nd the Pt-graphene/MWCNT composite cathode.

. Experimental

.1. Fabrication of acid treated MWCNTs and graphene oxides
GOs)

The as-received MWCNTs (NCT, Japan) were treated with acid
sing a procedure reported elsewhere [32]. Briefly, the MWCNTs
ere treated in an acid mixture (sulfuric acid/nitric acid = 3:1 (v/v)

t 60 ◦C for 18 h.
The GOs were prepared from natural graphite (Sigma–Aldrich)

sing the Hummers method. Aqueous GO suspensions were frozen
n liquid nitrogen and then freeze-dried using a lyophilizer (LP3,
ouan, France) at −50 ◦C and 0.045 mbar for 72 h. After lyophiliza-
ion, low density, loosely packed GO powders were obtained.

.2. Fabrication of the Pt-graphene

The graphene supported Pt catalysts were prepared by the
odified microwave-assisted polyol process described by Fang

t al. [12]. In particular, 5.0 mL  of an aqueous solution of 0.05 M
2PtCl6·6H2O was mixed with 150 mL  of ethylene glycol in a
50 mL  beaker. A total of 1.75 mL  of 0.4 M KOH was then added

ropwise to a vigorously stirred solution to adjust the pH to approx-

mately 8–9. The required amount of GOs was added to the mixture
nd ultrasonicated for 30 min. The beaker containing the mixture
f Pt salts and GOs was heated in a household microwave oven
nd Pt-graphene/MWCNT composite cathode.

(SAMSUNG RE-C20DV, 2450 MHz, 700 W)  for 100 s. The result-
ing suspension was stirred vigorously overnight and filtered. The
residue (mainly graphene-supported Pt catalyst) was washed thor-
oughly with deionized water and dried overnight at 80 ◦C.

2.3. Preparation of the Pt-graphene cathode and the
Pt-graphene/MWCNT composite cathode

The fabricated Pt-graphene was dispersed in isopropyl alco-
hol by an ultrasound treatment for 30 min  and then mixed with
a 5 wt%  Nafion solution. The mixture was  then ultrasonicated for
another 30 min  and sprayed onto a carbon cloth. In the case of
the Pt-graphene/MWCNT composite cathode, both the fabricated
Pt-graphene and MWCNTs were dispersed in isopropyl alcohol
by ultrasound treatment for 30 min  and then mixed with a 5 wt%
Nafion solution. The mixture was  then ultrasonicated for a further
30 min  and then sprayed onto a carbon cloth. A 50 wt%  Pt loaded
carbon black catalysts (J&M) was  also prepared using a similar
method.

2.4. Preparation of membrane electrode assembly (MEA)

The 50 wt%  Pt loaded carbon black catalysts (J&M) were used
as the anode catalysts. The electrodes had a geometric area of
4 cm2 with a Pt loading of 0.2 mg/cm2. The Pt-graphene cathode
and Pt-graphene/MWCNT composite cathode had geometric areas
of 4 cm2 with a Pt loading of 0.13 mg/cm2. The MEA  was  prepared
by hot-pressing a pretreated Nafion 212 (DuPont) sandwiched by
the anode and cathode.

2.5. Characterization

The morphologies of the MWCNTs and electrodes were observed
by field emission scanning electron microscopy (FESEM, S-4300SE,
Hitachi, Japan) at an accelerating voltage of 15 kV after precoat-
ing the samples with a homogeneous Pt layer by ion sputtering
(E-1030, Hitachi, Japan). The morphologies of GO and Pt-graphene
were observed by transmission electron microscopy (TEM, CM200,
Philips, USA) and atomic force microscopy (AFM, a Digital Instru-
ment Nanoscope IVA). X-ray diffraction (XRD, Rigaku DMAX
2500) of the Pt-graphene was  carried out using Cu K� radiation
(wavelength � = 0.154 nm)  operated at 40 kV and 100 mA.  X-ray

photoelectron spectroscopy (XPS, PHI 5700 ESCA) was  performed
using monochromated Al K� radiation (h� = 1486.6 eV). To estimate
the ESA of Pt in the carbon-supported Pt catalysts, a three-electrode
electrochemical cell was employed, and cyclic voltammetry (CV)
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Fig. 2. SEM images of (a) pristine M

easurements were taken at room temperature with a scan rate
f 50 mV/s over the potential range, 0.1–1.4 V (vs. NHE), under a
0 cm3/min H2 flow in the anode and 50 cm3/min O2 flow in the
athode. Polarization performance tests were conducted at 70 ◦C
ith a constant current and with a fuel cell test station. H2 and O2
ere supplied to the anode and cathode at a flow rate of 200 and

00 mL/min, respectively.

. Results and discussion

MWCNTs would have a straight shape because the MWCNTs
onsist of rolled graphene layers. However, heptagon–pentagon
air and other pairs, which are generated during the MWCNT syn-
hesis process, bend the tube permanently. Therefore, MWCNTs
ave a range of morphologies with respect to their degree of bend-

ng [34,35]. Rod-like MWCNTs with a high aspect ratio were used
o prepare porous Pt-graphene composite membranes [34,35]. The

WCNTs were treated with strong acid to disperse in hydrophilic
edia and to purify the carbonaceous impurities and metallic cat-

lysts. The acid treatment also induces morphological changes as a
esult of a cutting process [32,36]. Fig. 2 shows the morphologies
f the pristine and acid treated MWCNTs. The pristine MWCNTs
ere entangled with each other and contained carbonaceous impu-

ities and metallic catalysts. Although pristine MWCNTs have a
igh aspect ratio, they exhibit a relatively short end-to-end dis-
ance compared to their contour lengths and high bending ratio.

n contrast, the acid treated MWCNTs have a relatively long end-
o-end distance and low bending ratio due to the cutting process
y acid attack [36]; most carbonaceous impurities and metallic
atalysts were also removed by the acid treatment. As a result,

Fig. 3. (a and b) AFM data and (c) T
Ts and (b) acid treated MWCNTs.

the MWCNTs obtained by the acid treatment had a high aspect
ratio, low sheet resistance, contour length and bending ratio of 127,
7.6 × 10−1 �/�, 4747 nm and 0.85, respectively [32,34,35].  Fig. 3
shows the morphology of the GO prepared from graphite using the
Hummers method. GO has wrinkles and folds on the edges with a
thickness of 1.6 nm,  which corresponds to a few layers of graphene
with functional groups [37]. Pt nano-particles were incorporated
onto the graphene surfaces (Fig. 4). All the graphene sheets were
coated uniformly with the nano-sized Pt nano-particles with lit-
tle aggregation, even at a high metal loading of 50 wt%, indicating
a strong interaction between the graphene support and particles.
These Pt nanoparticles attached to the graphene surface can pre-
vent the graphene from aggregating and restacking. The mean Pt
nano-particle sizes on graphene sheets estimated from the TEM
images were 2–3 nm.  Fig. 5(a) shows XRD patterns of Pt-graphene.
The mean Pt nano-particle size, which was estimated from the
isolated Pt (2 2 0) peak using the Scherrer equation (Eq. (1)), was
2.2 nm,  which was consistent with the typical TEM images of the
Pt-graphene samples.

L = 0.9 �K�1

B(2�) cos �max
(1)

where �K�1 is the X-ray wavelength; �max is the maximum angle of
the (2 2 0) peak; B(2�) is the half-peak width for Pt (2 2 0) in radians.

Fig. 5(b) shows the high-resolution C 1s XPS spectra of GO
and Pt-graphene. The C 1s XPS spectrum of GO clearly shows a

considerable degree of oxidation. The peak of oxygenated func-
tional groups was decreased after reducing GO by ethylene glycol
with chloroplatinic acid [38]. Graphene reduced by ethylene gly-
col recovered its electro-conductivity, from 108 �/� to 104 �/�.

EM image of graphene oxide.
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Fig. 4. (a and b) TEM images and (c) EDX data of Pt-graphene (Pt loading: 50 wt%).

Fig. 5. (a) XRD pattern of Pt-graphene and (b) typical C 1s XPS spectra of graphene oxide and Pt-graphene.

Fig. 6. SEM images of the surface morphology of (a and b) Pt-graphene electrode and (c and d) Pt-graphene/MWCNT composite electrode.
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F MWCNT composite cathode at a scan rate of 50 mV/s over a potential range of 0.1–1.4 V
( 50 wt% Pt-graphene/MWCNT composite cathode (0.13 mg Pt/cm2), frequency range from
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Fig. 8. (a) Polarization and power density plots at 70 ◦C of the PEMFCs
ig. 7. (a) Cyclic voltammograms of 50 wt% Pt-graphene cathode and Pt-graphene/
0.13  mg  Pt/cm2) and (b) Nyquist plots for the 50 wt% Pt-graphene cathode and the 

000  Hz to 0.05 Hz with an amplitude of 1 mA  at 70 ◦C in OCV condition.

owever, this level is not enough to apply to electrodes. Fig. 6 shows
he morphologies of Pt-graphene electrode (Fig. 6a and b) and Pt-
raphene/MWCNT composite electrode (Fig. 6c and d). In the case
f the Pt-graphene electrode, Pt-graphene is densely packed and
ppears to be non-porous. In contrast, the MWCNT-incorporated
t-graphene electrode has a porous structure because of the inter-
onnected MWCNTs. Pt-graphene is bound homogeneously to the
etwork structure of MWCNTs and has a rougher surface, which

acilitates simultaneous access among the Pt electro-catalyst, reac-
ant and Nafion. The extension of three-phase boundary results
n an enhancement of the ORR electrocatalytic activity. In addi-
ion, the MWCNT network provides an electrical pathway for ORR.
his enables the Pt-graphene electrode to overcome the deficiency
nduced by the high electrical resistance. Fig. 7(a) shows the cyclic
oltammograms of the Pt-graphene and Pt-graphene/MWCNT
omposite cathode at a scan rate of 50 mV/s over the potential range
f 0.1–1.4 V. ESAs of the Pt in the supported Pt (50 wt%) catalysts
ere determined from the integrated charge (after subtracting the

apacitance contribution) in the hydrogen absorption region of the
teady-state cyclic voltammograms in a supporting electrolyte.

SA [cm2/g of Pt] = Charge [QH, �C/cm2]

210 [�C/cm2] × electrode loading [g of Pt/cm2]
(2)

According to Eq. (2),  the ESA was calculated to be 38.2 m2/g for Pt
n the Pt-graphene/MWCNT composite cathode, which was  slightly
arger than the 34.5 m2/g for Pt in the Pt-graphene cathode, indi-
ating the higher utilization efficiency of the Pt-graphene/MWCNT
omposite cathode due to the effects induced by the MWCNTs.
owever, there were no significant differences between the two
lectrodes. Since the two electrodes were manufactured to have
he same Pt mass and used the same catalyst supports, the electro-
hemical surface areas of the Pt electro-catalysts could be similar
espite the presence of MWCNTs in the cathode. The ORR elec-
rocatalytic activities of the Pt-graphene and Pt-graphene/MWCNT
omposite cathode were evaluated by Nyquist plots, as shown in
ig. 7(b). The Nyquist plots in Fig. 6(b) conform to the ORR elec-
rocatalytic activity in the cathode because the components of the
ingle cell are the same except for the cathode. The semicircular
iameter of the Pt-graphene/MWCNT composite cathode plot was
uch smaller than that of the Pt-graphene cathode plot. This sug-

ests that the ORR charge transfer resistance was  much smaller
t the Pt-graphene/MWCNT composite cathode catalysts. Fig. 8
hows the polarization curves of the Pt-carbon black cathode, Pt-
raphene/MWCNT composite cathode and Pt-graphene cathode.
n the very low current density region, a rapid voltage drop in

he potential–current curve, which is generally known as activa-
ion polarization, reflects the sluggish kinetics intrinsic to the ORR
t the cathode surface. The polarization voltage drop of the Pt-
raphene/MWCNT composite cathode was slightly smaller than
using the 50 wt%  Pt-carbon black cathode (0.2 mg  Pt/cm2), (b) the 50 wt%
Pt-graphene/MWCNT composite cathode (0.13 mg  Pt/cm2) and (c) the 50 wt%  Pt-
graphene cathode (0.13 mg Pt/cm2).

that of the Pt-graphene cathode. However, the Pt-graphene cath-
ode exhibited a rapid voltage drop induced by both an ohmic drop
and the mass transfer limitation at a relatively low current density
region. The porous network structure in the Pt-graphene/MWCNT
composite cathode provides a fast pathway to the active sites
through which the reactant and products can be transported readily
from the active sites, and by which they can avoid the mass trans-
port limitation. In addition, the ohmic drop of the cathode induced
by the high electrical resistance was decreased by the electrical
bridge of the MWCNT network. Therefore, the performance of the
Pt-graphene/MWCNT composite cathode is much higher than that
of the Pt-graphene cathode. The maximum power densities for the
Pt-graphene/MWCNT composite cathode and Pt-graphene cathode
were 303 mW/cm2 and 73 mW/cm,  respectively. The maximum
power density of the Pt-graphene/MWCNT composite cathode
(0.13 mg  Pt/cm2) was  only 17% lower than that of the Pt-carbon
black cathode with a 35% higher Pt loading (0.2 mg  Pt/cm2). In
addition, the maximum power density of the Pt-graphene/MWCNT
composite cathode was increased four fold compared to that of the
Pt-graphene cathode.

4. Conclusion

Porous Pt-graphene/MWCNT composite cathodes were pre-

pared for PEMFCs and their electro-chemical performances were
examined. Rod-like MWCNTs with a high aspect ratio of 127,
low sheet resistance of 7.6 × 10−1 �/�, contour length of 4747 nm
and bending ratio of 0.85 were used to make a porous network
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