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ABSTRACT: Highly ordered hierarchical Pt and PtNi
nanowire arrays were prepared using CdS hierarchical
nanowire arrays (HNWAs) as sacrificial templates and
demonstrated high electrochemical active surface areas. For
the resulting Pt HNWAs sample, the peak current for
methanol oxidation at +0.74 V was almost 1 order of
magnitude higher than that of Pt solid nanowire arrays
prepared in a similar manner but without the use of CdS
template, and the addition of a Ni cocatalyst effectively
enhanced the tolerance against CO poisoning. The results
demonstrated that highly ordered Pt and PtNi HNWAs may
be exploited as promising anode catalysts in the application of
direct methanol fuel cells.
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1. INTRODUCTION

Direct methanol fuel cells (DMFCs) have gained extensive
attention as a promising technology in powering portable
electronic devices due to the high energy density of methanol,
low operating temperature, the abundance of methanol, and
ease of handling liquid fuels.1−7 Pt-based nanomaterials have
been used extensively as the anode catalysts for methanol
oxidation.8 However, the widespread applications of DMFCs
have been hampered by the low natural abundance, high costs,
and susceptibility to poisoning of Pt.9 Thus, substantial efforts
have been devoted to the structural engineering of nano-
structured Pt catalysts, in particular, with regard to
composition, morphology, and dimension, so as to improve
the utilization efficiency of Pt and enhance the electrocatalytic
performance.10−12 Toward this end, one effective approach is to
synthesize Pt-based catalysts with high surface areas and
surface-to-volume ratios.13−16 In fact, in recent studies, a wide
range of Pt-based nanostructures have been produced,
including spherical particles, nanoclusters, nanorods/wires,
star-shaped particles, branched multipods, dendritic nanogar-
lands, etc.,17−28 and dispersed on appropriate supporting

materials.29−33 For instance, Pt-nanoparticle (NP) catalysts
have been deposited on carbon nanotubes, carbon fibers,
fullerene, graphene, and nanoporous graphitic carbon materi-
als,8,16,21,28,34−37 and the use of these lightweight, high-surface-
area catalyst supports leads to good dispersion of the Pt NPs,
which facilitates surface accessibility and electron-transfer
kinetics. The effective electrochemical surface areas may also
be enhanced by the formation of hierarchical platinum
nanostructures. For instance, ordered nanowire arrays have
been readily prepared by utilizing anodic aluminum oxide
(AAO) template with tunable pore diameter and channel
length, and mesoporous Pt fibers have been prepared by
photoreduction or electrochemical reduction of metal pre-
cursors dissolved in the aqueous solution.38,39 The formation of
a large number of edge and corner Pt atoms plays an essential
role in enhancing the electrocatalytic activity toward methanol
oxidation.
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In addition, it has been demonstrated that in contrast to
monometallic Pt catalysts, which are prone to poisoning during
methanol oxidation reaction, alloying of Pt with a second
transition metal significantly can enhance the resistance against
poisoning species.40−47 For instance, marked enhancement has
been observed with Pt−Ru and Pt−Pd alloys, and cocatalysts,
such as Ni, Cu, Mo and Co, actually have also been used due to
their high abundances and low costs.46−52 The formation of
such Pt−M alloy structures leads to weakened Pt−CO binding
interactions and the formation of OH species at a reduced
potential that is reactive with intermediates on the catalyst
surfaces.53−55 That is, the incorporation of cocatalysts reduces
the loading of expensive Pt, enhances resistance against
poisoning, improves catalyst stability and durability, and
ultimately the overall energy conversion efficiency.
In the present study, Pt and PtNi hierarchical nanowire

arrays (HNWAs) were prepared by a facile procedure based on
CdS HNWAs templates and used as effective catalysts toward
methanol oxidation. The CdS HNWAs were prepared by the
deposition of CdS NPs into nanoporous AAO template and
then served as a sacrificial template for the preparation of Pt or
PtNi HNWAs. The simultaneous dissolution of CdS NPs and
electrochemical deposition of Pt (or PtNi) HNWAs in aqueous
solution were conducted at ambient temperature. The as-
prepared nanostructured Pt and PtNi HNWAs were charac-
terized by a wide range of spectroscopic measurements.
Electrochemical measurements showed that in comparison to
Pt solid nanowire arrays (SNWAs) that were prepared without
the use of CdS HNWAs as sacrificial templates, Pt HNWAs
demonstrated remarkably enhanced electrocatalytic activity for
methanol oxidation. Further improvement of the electro-
catalytic activity was achieved by the preparation of PtNi
alloy HNWAs where CO poisoning of the catalysts was
considerably reduced.

2. EXPERIMENTAL SECTION
2.1. Chemicals. All reagents in this work, such as sublimed sulfur

(S), dimethyl sulfoxide, cadmium acetate (Cd(CH3COO)2), tetra-
chloroethylene, octylamine, potassium hexachloroplatinate (K2PtCl6),
nickel chloride (NiCl2), sulfuric acid (H2SO4), and methanol were
purchased from Beijing Chemical Works and used as received without
further purification. AAO templates were prepared by two-step
anodization of aluminum plates in oxalic acid solution.31 The pore
diameter of AAO template was about 60−80 nm.
2.2. Preparation of CdS HNWAs. CdS HNWAs were prepared

according to a previous procedure with some modifications.56 First,
one side of AAO template was deposited on a Pt film and then heated
in air for 5 min. Second, the AAO template was immersed in a
tetrachloroethylene solution containing CdS colloids for 24 h at 20 °C
and then an ethanol/tetrachloroethylene mixed solvent (v/v = 1:6)
was added dropwise into the CdS colloid solution to induce deposition
of CdS NPs into the AAO channels.31 Finally, excess CdS NPs on the
top of the AAO template were removed by polishing.
2.3. Preparation of Pt and PtNi HNWAs and Pt SNWAs. In a

three-electrode system, the CdS HNWA-loaded Pt disk prepared
above was used as the working electrode, a Pt wire as the counter
electrode, and Ag/AgCl as the reference electrode. The working
electrode was biased at −0.4 V in a solution containing 1 mM K2PtCl6
and 0.1 M H2SO4 over different periods of time. PtNi HNWAs were
fabricated in a similar fashion in a 0.1 M H2SO4 solution containing 1
mM K2PtCl6 and 1 mM NiCl2. The Pt and PtNi SNWAs samples were
also prepared using the AAO template but without CdS HNWAs as
sacrificial templates. The mass of Pt in HNWAs and SNWAs was well
controlled by the electric quantity during the electrodeposition
process.

2.4. Characterization. The morphology and size of the as-
prepared samples were investigated by scanning electron microscopy
(SEM, Hitachi S4800) with energy-dispersive X-ray (EDX) and
transmission electron microscopy (TEM, JEOL2011 and F20). X-ray
diffraction (XRD) measurements were performed on a Shimadzu
XRD-6000 using Cu Kα radiation (1.5406 Å) and operated at 40 kV
and 20 mA. X-ray photoelectron spectroscopy (XPS) data were
obtained with an ESCALab220i-XL electron spectrometer (VG
Scientific) using 300 W Mg Kα radiation. The data were referenced
to the C 1s line at 284.8 eV from adventitious carbon. Electrochemical
experiments were conducted using a CHI 660 analyzer (CH
Instruments) with the nanowire arrays prepared above as the working
electrode, Ag/AgCl as the reference electrode, and a platinum wire as
the counter electrode. The measurements were conducted at 20 °C.
For each measurement, the geometric area of the working electrode
was fixed to be 1 cm2.

3. RESULTS AND DISCUSSION
The preparation of Pt HNWAs is schematically depicted in
Figure 1. The AAO template with CdS HNWAs was immersed

into a K2PtCl6/H2SO4 solution, leading to dissolution of the
CdS NPs and generation of Pt NPs in the void space between
adjacent CdS NPs by electrochemical deposition. After the
removal of the AAO template, highly ordered Pt (or PtNi)
HNWAs were obtained.
The formation of CdS HNWAs was shown in the SEM

measurements (Figure S1), which entailed the aggregated
assembly of CdS NPs.56 Part of the CdS HNWAs was broken
during sample preparation due to limited mechanical strength.
Representative SEM images of Pt HNWAs with a deposition
time of 3600 s are presented in Figure 2a−c. It can be seen that
after the removal of the AAO template, the Pt HNWAs
remained vertically aligned on the substrate surface and the
mechanical strength of Pt HNWAs was markedly enhanced
compared to that of CdS HNWAs. The diameter of the
obtained hierarchically structured Pt nanowires is approx-
imately 50 nm, which is close to the pore size of the original
AAO template. The inset to Figure 2c shows a high-
magnification SEM side-view image, which further unveils the

Figure 1. Schematic illustration of the formation process of Pt
HNWAs. (a) Synthesis of CdS HNWAs in AAO template; (b)
dissolution of CdS NPs and electrodeposition of Pt NPs; (c)
formation of Pt HNWAs in AAO template, and (d) removal of AAO
template.
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distinctive hierarchical characteristics of individual Pt nano-
wires. For comparison, Pt SNWAs were directly electro-

deposited into a CdS-free AAO template and exhibited a
markedly different surface morphology as compared to that of

Figure 2. SEM top-view images of Pt HNWAs at (a) low- and (b) high-magnification, side-view image of (c) as-synthesized Pt HNWAs and (d) Pt
SNWAs; the inset of (c) shows a higher magnification view.

Figure 3. SEM images of Pt HNWAs prepared at different Pt electrodeposition times: (a) 600 s and (b) 7200 s. (c, d) Typical TEM images and (e)
SAED patterns of Pt hierarchical nanowires.
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Pt HNWAs. As demonstrated in Figure 1c,d, Pt HNWAs were
built by separated Pt NPs, whereas Pt SNWAs exhibited a
smooth surface and no individual NPs could be identified.
Therefore, it can be concluded that CdS HNWAs played an
indispensable role in synthesizing Pt HNWAs by serving as the
sacrificial templates.
Furthermore, the morphology of the Pt HNWAs also varied

with the electrodeposition time. From Figure 3a,b, one can see
that when the electrodeposition time was increased from 600 to
7200 s, the void space between Pt NPs decreased accordingly.
The structures of the Pt HNWAs were further studied by TEM
measurements. From Figure 3c,d, it can be clearly observed that
the hierarchical nanowires were indeed composed of separated
Pt NPs, and the corresponding selected area electron diffraction
(SAED) patterns were indicative of polycrystalline nature with
well-defined diffraction rings of the (111), (200), (220), and
(311) crystalline planes, in good agreement with the face-
centered cubic structure of Pt (Figure 3e).57 The EDX
measurements (Figure S2) further confirmed the presence of
platinum, cadmium, and sulfur elements due to incomplete
dissolution of the CdS scaffold in the formation of hierarchical
Pt (or PtNi) HNWAs. Although CdS has no contribution to
the electrocatalytic activity toward methanol oxidation, CdS
nanowire arrays play an essential role in designing and
fabricating efficient Pt-based electrocatalysts. Because of their
hierarchical nanoarchitecture, the employment of CdS HNWAs
can avoid the aggregation of Pt and exhibit the high catalytic
activity of Pt-based electrocatalysts. In comparison with Pt
SNWAs, Pt HNWAs can be facilely prepared via a sacrificial
template method by simultaneous dissolution of CdS NPs and
deposition of Pt NPs. Particularly, as-synthesized CdS NPs with
a size of 2−5 nm can be considered as ideal nanoscale building
blocks for the hierarchical assembly for the preparation of CdS
HNWAs.
The structures of Pt HNWAs were further examined by X-

ray spectroscopic measurements. From the XRD patterns in
Figure S3, four diffraction peaks can be identified at 2θ = 40,
46, 65, and 78°, which may be assigned to the diffractions of the
(111), (200), (220), and (311) crystalline planes, respectively,
of face-centered cubic crystal structure Pt.58,59 In XPS
measurements (Figure S4), two bands emerged at 70.9 and
74.1 eV, corresponding to the Pt 4f7/2 and Pt 4f5/2 electrons of
metallic Pt, respectively.60−62 Note that the Pt 4f binding
energies of Pt HNWAs were somewhat lower than those of Pt
SNWAs (70.9 and 74.1 eV), likely due to intimate contact and
electronic interactions between the electrodeposited Pt and
residual CdS in the former.
The electrocatalytic activity toward methanol oxidation was

then examined by electrochemical measurements. Figure S5
depicts the cyclic voltammograms of Pt HNWAs (curve 1) and
Pt SNWAs (curve 2) in 0.5 M H2SO4, where two pairs of
voltammetric peaks can be seen within the potential range of
−0.2 to +0.2 V due to the hydrogen adsorption/desorption on
the Pt surfaces. In addition, a pair of broad peaks can be seen
between +0.2 and +1.0 V, which arose from the redox reactions
of platinum oxides. From these butterfly features, the effective
electrochemically active surface area (ECSA) was estimated to
be 600 cm2/mg for Pt HNWAs, which was substantially larger
than that of Pt SNWAs (140 cm2/mg).63 This may be
attributed to the unique hierarchical nanostructure of Pt
HNWAs. The electrocatalytic activities toward methanol
oxidation were then investigated and compared. Figure 4a
shows the voltammograms of Pt HNWAs (curve 1) and

SNWAs (curve 2) in a solution containing 0.5 M H2SO4 and
0.5 M CH3OH at the same mass loading. It can be seen that on
both Pt electrodes, a voltammetric peak appeared in the anodic
scan at ca. +0.74 V, and in the return scan, an anodic peak can
also be found at +0.54 V, signifying the apparent activity of
both Pt HNWAs and SNWAs toward methanol oxidation. Yet,
one can see that the anodic peak current of Pt HNWAs was
almost 1 order of magnitude higher than that of Pt SNWAs.
This may be ascribed to the larger ECSA of the former. In Pt
HNWAs, both the exterior and interior surfaces of the
separated Pt NPs were readily accessible in comparison to
that of Pt SNWAs where the compact arrangements reduced
the accessible surface area significantly. Furthermore, the
electrochemical activity of the Pt HNWAs was found to vary
with the electrodeposition time, as depicted in Figure 4b. When
the electrodeposition time was increased from 60 to 3600 s, the
anodic peak current density of methanol oxidation increased
markedly from 65 to 190 mA/cm2. However, with a further
increase of the deposition time to 7200 s, a slight decrease of
the voltammetric peak current was observed instead. This may
be due to the overloading of Pt NPs that resulted in reduced
effective surface area.
Note that in methanol oxidation, Pt has been known to be

prone to CO poisoning. To enhance the resistance against CO
poisoning and decrease the loading of Pt catalysts, PtNi alloy
HNWAs and SNWAs were also prepared in the same manner
and the electrocatalytic activities for methanol oxidation were
quantified and compared. In comparison with Pt HNWAs,
comparable surface morphology was observed with the PtNi

Figure 4. (a) Cyclic voltammograms of (curve 1) Pt HNWAs and
(curve 2) Pt SNWAs in a solution containing 0.5 M CH3OH and 0.5
M H2SO4. The potential scan rate is 50 mV/s; (b) cyclic
voltammograms of Pt HNWAs in a solution containing 0.5 M
CH3OH and 0.5 M H2SO4, Pt HNWAs samples were prepared at
different electrodeposition times: (curve 1) 60 s, (curve 2) 600 s,
(curve 3) 3600 s, and (curve 4) 7200 s. The potential scan rate is 50
mV/s.
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alloy HNWAs, as manifested in SEM characterization (Figure
S6). The XPS studies (Figure S7) also clearly demonstrate the
presence of Pt and Ni signals in PtNi HNWAs. Furthermore,
element mapping analysis of a single PtNi nanowire, which
peeled from the PtNi HNWAs, is exhibited in Figure S8, which
demonstrates the existence of Pt, Ni, Cd, and S elements in the
as-prepared samples and their uniform distribution in the
HNWAs. In electrochemical measurements, although both
PtNi HNWAs and SNWAs exhibited a methanol oxidation
peak at ca. +0.65 V, the peak current of PtNi alloy HNWAs was
about 2 times higher than that of PtNi SNWAs, again, due to
enhanced surface accessibility of the former. Figure S9 shows
the typical voltammograms of PtNi HNWAs and SNWAs in a
solution containing 0.5 M CH3OH and 0.5 M H2SO4. For
methanol oxidation reaction, it is widely known that the ratio of
the forward anodic peak current (If) to the backward anodic
peak current (Ib) can be used to evaluate the tolerance against
carbonaceous poisoning species, where a low If/Ib value
suggests incomplete oxidation of methanol to CO2 during the
forward anodic scan and residual carbonaceous species are
accumulated on the Pt-catalyst surface. From Figure S9, the If/
Ib ratio was found to be approximately 3.0 for the PtNi
HNWAs (curve 1, Figure S9), considerably higher than that
(1.4) of Pt HNWAs (curve 1, Figure 4b), suggesting much
enhanced tolerance against CO poisoning by Ni alloying. The
electrocatalytic stability of Pt HNWAs toward methanol
oxidation reaction was investigated by a long-term current−
time (I−t) measurement technique, as shown in Figure S10. As
the electrodeposition time was increased from 60 to 3600 s, the
as-synthesized Pt HNWAs show the high-steady current density
for methanol oxidation reaction over the entire time range
(3200 s), which indicates its superior durability. However,
when the electrodeposition time was further increased to 7200
s, an obvious decrease of the voltammetric peak current was
observed instead. Their differences in stability can probably be
attributed to the different capabilities of the CO tolerance. As
shown in Figure 4b, a notable difference in their If/Ib ratio was
found from the samples prepared from 3600 s (1.38) and 7200
s (1.20) electrodeposition, respectively.

4. CONCLUSIONS

A simple, effective strategy was reported for the construction of
Pt and PtNi hierarchical nanowire arrays at room temperature
by an electrochemical deposition method, where CdS
hierarchical nanowire arrays in AAO nanochannels were
employed as a sacrificial template. In contrast with Pt solid
nanowire arrays, Pt hierarchical nanowire arrays were
composed of well-separated Pt NPs and exhibited larger
electrochemical active surface areas. Significantly, the anodic
peak current for methanol oxidation of Pt hierarchical nanowire
arrays was almost 1 order of magnitude higher than that of Pt
solid nanowire arrays. Furthermore, the formation of PtNi alloy
hierarchical nanowire arrays resulted in reducing catalyst
poisoning in the methanol electro-oxidation process. Such a
synthetic method can potentially be extended as a universal
approach to the preparation of hierarchical nanostructured
catalysts with excellent performance.
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