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a b s t r a c t

The fascinating heterostructure of carbon nanotube-supported metal nanoparticles continues to attract
interest for developing electrocatalysts for energy sciences. Here, we report the fabrication of noble
metal nanocubes carbon nanotube nanocomposites through an electroless deposition route. The as-
synthesized carbon nanotubes-supported Pt nanocubes with high active and selective {1 0 0} surfaces
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display excellent electrocatalytic activities towards the oxygen reduction reaction, which can/will replace
current/state of the art cathode catalysts in fuel cells, and thereby improve the catalytic performance
and utilization efficiency. The methodology presented here could be further extended to fabricate other
one-dimensional materials/noble metal nanostructures.

© 2010 Elsevier B.V. All rights reserved.

uel cell
atalyst

. Introduction

In recent years, noble metallic nanostructures have been widely
sed as electrocatalysts in fuel cell [1]. Especially, Pt and its alloy
anostructures have been found as the key electrocatalyst in poly-
er electrolyte membrane fuel cells (PEMFCs) and direct methanol

uel cells (DMFCs) [2]. Previous research has demonstrated that the
atalytic activity of Pt nanostructures depends highly on their mor-
hology and sizes, which is crucial for their applications in the field
f electrocatalysis for fuel cells [3]. However, before achieving their
ommercial application in fuel cells, some major problems must be
esolved, such as low electrochemical active surface area and low
tilization efficiency of cathode catalysts [4].

In order to improve catalytic efficiency, and reduce cost, differ-
nt kinds of carbon materials, such as black carbon (BC), carbon
anotubes (CNTs), and graphene have been used as supports to
isperse noble metallic nanoparticles [5]. In particular, CNTs are an

mportant support which have been extensively used as support
aterials for dispersing noble metal nanoparticles [6]. However,
ost of the previous studies mainly involved spherical noble metal
anoparticles or nanoparticles with an undetermined shape. Cur-
ent investigations indicate that the reactivity and selectivity of
oble metal nanoparticles can be tailored not only by controlling
he size of the nanoparticles, but also by adjusting their morphol-

∗ Corresponding author. Tel.: +86 553 5991196; fax: +86 553 3869303.
E-mail address: bygeng@mail.ahnu.edu.cn (B. Geng).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.06.035
ogy, which will determine the structure of crystallographic facets
exposed on the surfaces of a nanocrystal and impact their potential
applications [7].

Very recently, fabrication of noble metallic nanocrystals with
specific shapes has attracted extensive interests because of their
unique optical, magnetic, and catalytic properties and their poten-
tial applications in many fields, such as biodiagnostics, plasmonics,
catalysis, and so on [8–12]. As a key catalyst for fuel cells, the mor-
phologies of Pt nanostructures have received increasing attention
[13]. Many researches have found that specific shapes of Pt nanos-
tructures exhibit much superior catalytic action [14,7f]. Therefore,
cubic Pt-based nanoparticles have drawn much attention owing to
their unique structure and surface properties, as well as excellent
electrocatalytic activities [15]. However, Pt nanocubes are gen-
eral fabricated through a complicated process and the complex
between Pt nanoparticles and supports often leads to the unwanted
aggregation of the nanoparticles. Therefore, the fabrication of Pt
nanocubes/CNTs composite catalysts with high dispersions is still
a challenge.

In this paper, we report a facile room temperature wet chem-
ical approach toward single-crystal platinum nanocubes/CNTs
heterostructures with high dispersions. The as-synthesized CNT-
supported Pt nanocubes with high active and selective {1 0 0}

surfaces [16] display excellent electrocatalytic activities towards
the oxygen reduction reaction (ORR) [17], which will replace
current cathode materials in fuel cells, and thereby improve the cat-
alytic performance and utilization efficiency. The obtained material
is a promising fuel cell electrode material.

dx.doi.org/10.1016/j.jpowsour.2010.06.035
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:bygeng@mail.ahnu.edu.cn
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ig. 1. Structure characterization of the Pt nanocube/CNT heterostructures. (a and b
f Pt /CNT heterostructures. (e) HRTEM image of the Pt nanocube. (f) EDX spectrum

. Experimental

.1. Chemicals

Multi-walled carbon nanotubes (MWNTs, CVD method,
urity > 95%) were purchased from Nanotech Port. Co. Ltd. (Shen-
hen, PR China) and were used as received. H2PtCl6·6H2O was
urchased from the Shanghai Chemical Factory (Shanghai, PR
hina). Other chemicals were of analytical grade and were
sed without further purification. Water used throughout all
xperiments was purified with the Millipore system.
.2. Nanotube processing

Polymer wrapping was performed by means of a variation of the
ethod reported by O’Connell et al. [18]. A controlled amount of
cal SEM images of Pt/CNT hybrids at different magnifications. (c and d) TEM images
products.

MWNTs was dispersed in a 0.5 wt% aqueous solution of an anionic
polyelectrolyte, polystyrene sulfonate (PSS, MW = 70,000), to a con-
centration of 150 mg L−1 by a combination of strong stirring and
sonicating to ensure that well-dispersed individual MWNTs were
present in the dispersion. Excess PSS was removed by three cen-
trifugation/redispersion cycles.

2.3. Preparation of CNTs/metal heterostructures

The dispersion of polymer-wrappered MWNTs was then spun-
coated onto a copper foil (25 mm2) and subsequently immerged
into an aqueous solution of 3 mM H2PtCl6 in the presence of

1.25 mM CoCl2 at room temperature. The copper foil was taken out
after reacting with solution for 1 min and thoroughly washed with
distilled water. The size and loading control of metal nanoparticles
were realized by changing the concentration of the metal salt ions
and the reaction time.
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.4. Characterization

SEM imaging was performed on a Hitachi S-4800 field emis-
ion scanning electron microscope. TEM images were obtained
sing a transmission electron microscope (JEM 2010 F). An energy-
ispersive X-ray spectroscopic (EDS) detecting unit was used for
he element analysis. Cyclic voltammetry (CV) scans were recorded
sing a CHI660 electrochemical workstation (Shanghai, China)
ith a conventional three-electrode system composed of a plat-

num wire as counter electrode, KCl-saturated Ag/AgCl as reference
lectrode, and a glass-carbon (GC) electrode (3 mm diameter) as
orking electrode. All potentials reported here refer to the Ag/AgCl

sat. KCl) reference electrode. Cyclic voltammetric experiments
ere performed in a quiescent solution.

.5. Electrocatalytic experiment

The GC electrode (3 mm) was loaded with Pt/CNT (3 �L). Elec-
rocatalytic oxygen reduction measurements were carried out in
0.5 M H2SO4 aqueous solution at a scan rate of 100 mV s−1. For

he RRDE voltammetry experiment, 10 �L (Pt loading of 40 wt%)
f hybrid nanomaterial solution was dropped onto the GC elec-
rode (3 mm) and allowed to dry at room temperature. Then, 10 �L
f Nafion (0.2%) solution was placed on the surface of the Pt/CNT
eterostructures-modified GC electrode.

. Results and discussion

The Pt nanocubes/CNTs heterostructures were prepared by
lectroless deposition technology. The main procedure of our
xperiments was illustrated in Supporting Information Scheme S1.

The morphology of the obtained products is shown in Fig. 1a and
. As shown in Fig. 1a, well-dispersed and isolated Pt nanocubes
re strung by the CNTs to form necklace-like nanostructures. No
ggregation took place during the generation of the Pt nanocubes,
ndicating that homogeneous nucleation is suppressed. The high-

agnification SEM image (Fig. 1b) indicates that the obtained Pt
anocubes are uniform with an average size of about 30–40 nm
nd the composite are formed in high yield. The corresponding
EM image (Fig. 1c) clearly displays that the CNTs are decorated
y numerous Pt nanocubes. Few unsupported nanocubes could be
bserved in the background of TEM image, which demonstrates

hat Pt nanocubes have strong interaction with CNTs. Fig. 1d shows
he high-magnification TEM of single Pt nanocube, which clearly
xhibits that a CNT threads through the nanocube, as marked
ith the arrows. The high-resolution TEM (HRTEM) image (Fig. 1e)

eveals the single-crystal nature of the nanocube; the lattice spac-

ig. 3. Electrocatalytic properties of CNT/Pt nanocomposites. (a) Cyclic voltammograms (C
nd (II) CNT/Pt heterostructures-modified glass-carbon electrode in an air-saturated 0.5
he reduction of O2 at a rotating platinum ring GC electrode with CNT/Pt composition ads
f the ring electrode was maintained at 1.0 V (rotation rate 500 rpm, scan rate 50 mV s−1)
Fig. 2. Cyclic voltammograms (CVs) of (I) commercial Pt/C catalyst and (II) CNT/Pt
heterostructures in 0.5 M H2SO4 aqueous solution saturated with nitrogen (scan rate
20 mV s−1).

ing of 0.226 nm is indexed as {1 1 1} of fcc Pt, which illustrates that
the as-synthesized Pt nanocubes are bounded by {1 0 0} surfaces.
The presence of Pt in the product is confirmed by energy-dispersive
X-ray spectroscopy (Fig. 1f).

To better understand the selective deposition of noble metal
nanocubes on CNTs, the following aspects should be addressed, as
shown in Supplementary Scheme S2. Firstly, salt effects (CoCl2)
increase the barrier towards homogeneous nucleation and het-
erogeneous nucleation becomes more favorable. Secondly, the
autocatalytic growth of the particles rapidly depletes the noble
metal-monomer concentration in the solutions, consequently
effectively suppressing homogeneous nucleation. Therefore, a high
density of uniform Pt nanocubes decorated CNTs could be obtained.
We have extended this method to other noble metals and found
that Au nanocube/CNT and Pd nanocube/CNT could also be fabri-
cated with the similar conditions (see Supporting Information Fig.
S2).

The electrochemical active surface (EAS) area and electro-
chemical performance of the Pt nanocube/CNT composites and
commercial Pt/C catalyst (E-TEK) were investigated, with metal
loadings of 40 wt%. Fig. 2 shows a cyclic voltammogram of (I)
commercial Pt/C catalyst-modified glass-carbon electrode and (II)

CNT/Pt hybrids-modified glass-carbon electrode in 0.5 M H2SO4
saturated by nitrogen at a scan rate of 20 mV s−1. The current
densities in the hydrogen adsorption/desorption and oxide forma-
tion/reduction regions of the Pt nanocube/CNT composites (Fig. 2II)

Vs) of O2 reduction at (I) commercial Pt/C catalyst-modified glass-carbon electrode
M H2SO4 aqueous solution (scan rate 50 mV s−1). (b) Current–potential curves for
orbed on the disk electrode in an air-saturated 0.5 M H2SO4 solution. The potential
.



1 wer S

a
c
c
w
p

o
o
F
P
t
0
o
g
0
t
r
e
i
t
i
n
n
N
s
P

w
a
i
r
c
c
r
p
p
e
c
c
b
w
e
m
t
f

4

t
d
o
C
p
s
t
n
h
i
n
f

94 Q. Wang et al. / Journal of Po

re much larger than that of commercial Pt/C catalyst (Fig. 2I), indi-
ating a larger area of electrochemical activity for Pt nanocube/CNT
omposites, which is believed to be a result of the presence of
ell-dispersed, Pt nanocubes and the unique structure and electric
roperties of MWNTs.

Activity for the ORR is an important criterion in the assessment
f novel catalysts for fuel cells. The electrocatalytic performances
f the catalysts for the ORR were tested by CV, as shown in Fig. 3.
ig. 3a shows typical CVs of oxygen reduction at (I) commercial
t/C (0.5 mg Pt cm−2, E-TEK) catalyst-modified glass-carbon elec-
rode and (II) CNT/Pt hybrids-modified glass-carbon electrode in a
.5 M H2SO4 aqueous solution in the presence of air. Compared the
btained CVs, we can clearly find that the CNT/Pt hybrids-modified
lass-carbon electrode exhibits a more positive potential (about
.55 V) and higher current for dioxygen reduction than that of
he commercial Pt/C catalyst-modified glass-carbon electrode. The
esults reveal that the obtained Pt/CNT heterostructures-modified
lectrode shows good electrocatalytic activity toward ORR. Most
mportantly, we also find that the reduction potential (0.55 V) for
he Pt nanocube/CNT electrode possesses significantly more pos-
tive than those of previously reported catalysts, such as CNT/Pt
anocubes (6.2 nm) [19], CNT/Pt nanoparticles [20], core/shell Pt/C
anoparticles embedded in mesoporous carbon [21], and 6 nm Pt
Ps [22]. The superiority of the catalyst may be attributed to the

pecial cubic morphology of Pt nanoparticles and presence of the
t nanocube and CNT heterostructure.

To better understand the superiority of the obtained materials,
e studied its catalytic activity by rotating disk electrode (RDE)

nd rotating ring disk electrode (RRDE) experiments. In this exper-
ment, we scanned the disk potential from +0.75 V to 0.15 V while
ing potential was kept at +1.0 V during this experiment. The typi-
al ring current and disk current responses at 500 rpm (see Fig. 3b)
learly shows a large disk current is obtained whereas almost no
ing current is observed, thereby which illustrates that the as-
repared Pt/CNT heterostructures-modified electrode reduces O2
redominantly by a four-electron process to H2O. The collection
fficiency (N) of the ring electrode obtained by reducing ferri-
yanide at a disk electrode was 0.139. Here, from Fig. 3b, we also
alculated the number of electrons (n) closed to 4 (3.96) involved
ased on RRDE data through the equation: n = 4Idisk/(Idisk + Iring/N),
here Idisk and Iring are the limiting currents for disk and ring

lectrodes, respectively [23,24]. The above results indicate that
ost oxygen molecules participating in the reaction are reduced

o water. These features make the obtained catalyst attractive for
uture application in fuel cells.

. Conclusion

In summary, we have fabricated Pt nanocube/CNT heterostruc-
ures through a simple, efficient, and economical electroless
eposition processes. The metallic Pt nanocubes are well-dispersed
n the surface of CNTs. The in situ fabrication of Pt nanocubes on
NTs eliminates the need for complicated sorting, washing, and
ost processing required for most CNT-electrode immobilization
chemes. This method could also be used to prepare heterostruc-
ures composed of other noble metals and CNTs. The obtained Pt

anocube/CNT heterostructures exhibit good electric conductivity,
igh electroactive surface area, and high electrocatalytic activ-

ty toward the reduction of O2. The obtained Pt nanocube/CNT
anocomposites could be a promising heterogeneous catalyst or

uel cell electrode material.
ources 196 (2011) 191–195
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