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One-dimensional metallic nanostructures, particularly those
composed of noble metals, have sparked great scientific
interest for practical applications, owing to their uniquely
anisotropic structure.[1] Recent advances in energy conversion
materials have shown that 1D materials are particularly
effective as electrocatalysts for the methanol oxidation
reaction (MOR) and oxygen reduction reaction (ORR) at
low costs.[2] The facile synthesis of 1D Pt nanocatalysts (e.g.,
nanorods,[3] nanowires,[4] nanotubes,[5] and others[6]) with
noteworthy enhanced electrocatalytic activity and durability
is becoming increasingly important.

On the other hand, the formation of well-defined nano/
mesoporous structures[7] of metals affords electrocatalysts
showing a superior performance because of their high
porosity, large area per unit volume, and excellent activity–
structure relationship. Therefore, the successful synthesis of
1D mesoporous Pt motifs can be expected to be a new
direction in the fabrication of superior electrocatalysts. The
traditional hard-templating method, which is widely used to
synthesize mesoporous carbon materials,[8] metal oxides,[9]

and metals,[10] cannot easily be used for the synthesis of 1D
mesoporous metal motifs, because this method involves
several steps: the formation of an original template followed
by deposition of metals within the mesopores and subsequent
removal of the template. Lyotropic liquid crystals (LLCs)
made of highly concentrated surfactants have also been used
as soft templates.[11] However, due to the high viscosity of the
LLCs, it is not so easy to deposit selectively metals in the
target area. The method using LLCs cannot be applied as
a general electrochemical method for shape-controlled syn-
thesis of mesoporous metals. As another way, the alloy–
dealloying approach, in which a less noble metal is selectively
dissolved from a bimetallic alloy, is an attractive and much
used strategy to synthesize porous metals.[12] However, it is

hard to control the sizes of the mesopores and to construct
robust mesopore walls.

Herein, we report a general “all-wet electrochemical
approach” to synthesize novel self-supported 1D Pt nanorods
(NRs) with a high density of mesopores (which are denoted as
“mesoporous Pt nanorods, MPNRs”) by using the assembly of
micelles[13] in the confined space of a polycarbonate (PC)
membrane. The MPNRs with various aspect ratios can be
synthesized by simply controlling the electrodeposition times.
The fabrication procedure of 1D MPNRs is schematically
illustrated in Figure 1. A Pt thin film serving as conductive

layer was deposited on one side of the PC membrane with
a pore size of 50 nm (see Figure S1 in the Supporting
Information). The electrolyte solution containing K2PtCl4

and 1.0 wt % Brij 58 (C16H33(OCH2CH2)20OH) was used to
prepare 1D MPNRs at a constant potential of �0.2 V vs. Ag/
AgCl at room temperature. After the electrodeposition, the
PC membranes were soaked in NaOH and ethanol solutions
to dissolve the PC membranes and the surfactants, respec-
tively.

Figure 2 displays the representative SEM images of the
obtained 1D MPNRs. The obtained nanorods are straight and
the mesopores are highly dispersed in each nanorod. The
diameter of the obtained rods ranged from 50 to 120 nm,
which was a little larger than the pore size of the channels of
the original PC membranes. The same results were previously
reported when PC filter membranes were used as templates to
prepare 1D nanorods.[14] This is caused by the non-uniformity
of the PC channels in the surface and the inner side. When the
deposition time changed from 100 to 600 s, the lengths of the
1D MPNRs changed from 0.6 to 3.2 mm without any differ-
ence in the mesoporous structures (Figure S2), giving
a growth speed of 5.3 nm s�1 (Figure S3; the measurements

Figure 1. Electrochemical assembly of micelles in confined space for
the preparation of 1D mesoporous Pt nanorods (MPNRs).
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were also done at various times and the rate was established
from these measurements.). All the data prove the successful
preparation of 1D MPNRs with different aspect ratios.

Careful observation of the 1D MPNRs confirmed that
there were lots of open mesopores all over the entire area
(Figure 2). The size and wall thicknesses of the mesopores
were statistically measured to be approximately 6–8 nm and
2–3 nm, respectively. A mesoporous structural feature was
also clearly visualized by high-angle annular dark-field
scanning TEM (HAADF-STEM; Figure S4). From the
cross-sectional images (Figure 2c–d), it was clear that the
mesoporous structures were well-developed even at the inner
parts of the rods. Thus, the same mesoporous structure with
uniform pore sizes was observed all over the rods, from
bottom to top, from the surface to the inner side. Our MPNRs
with open mesopores and thin wall thickness were well-
assembled to be self-supported arrays (Figure S5). Such
a successful formation of mesopores all over the entire rods
can drastically increase the accessible specific surface area. As
shown in Figure S4 b, the d spacing (0.23 nm) for the adjacent
fringes and the dihedral angle (708) in the pore walls
corresponded to the (111) planes of the Pt face-centered
cubic (fcc) crystal structure. The selected-area electron
diffraction (ED) patterns (Figure S4c) can be indexed as
(111), (200), (220), and (311) planes of the Pt fcc crystal. The
discrete diffraction spots indicate that the pore walls are
composed of lots of nanosized Pt crystals. The broadening
diffraction peaks of the wide-angle XRD profile (Figure S6)
could be assigned to be Pt fcc crystals of a very small
crystalline size, which was consistent with the TEM data
(Figure S4 c).

To investigate the micellar structure dissolved in the
electrolyte, the solution inside the PC membrane was care-
fully characterized by small-angle X-ray scattering (SAXS;

Figure S7). From the pair-distance distribution function
(p(r)), the formation of spherical-like micelles formed in the
electrolyte solution is confirmed (Figure S7a). As shown in
Figure S7 b, the maximum radius of the micelles in K2PtCl4

solution was about 6 nm, whereas that of the micelles in water
was about 5 nm. The addition of Pt species induced a slight
expansion of the micelles. The deduced D1(r) profiles further
demonstrate that the electron density distributions with and
without Pt species are almost perfectly identical up to a r
value of about 4.0 nm from the center. The Pt species are
distributed in the outermost shell between r values of about
4.0 and 6.0 nm. In the electrolyte solution, the dissolved Pt
species are coordinated by water molecules to form metal–
water complexes. The coordinated water molecules usually
interact with ethylene oxide (EO) groups of the micelles,
which has been studied by Dag et al.[15] Therefore, the
dissolved PtCl4

2� ions adsorb inside the external EO region
of the surfactant micelles. During the electrochemical depo-
sition, the Pt species are thought to move to the working
electrode together with the surfactant micelles.[13] Thus, the
surfactant micelles dissolved in electrolyte solution can act as
structural directing agents. From the SAXS study (Fig-
ure S7b), the mesopore size after Pt deposition can be
estimated to be about 8 nm, which is almost identical to the
average pore sizes in MPNRs observed in Figure 2 and
Figure S2. As control experiments, in the absence of surfac-
tant, 1D Pt nanorods without mesopores (hereafter abbre-
viated as PNRs) were obtained (Figure S8). On the other
hand, when the concentration was over the critical micelle
concentration (CMC), lots of mesopores had formed in the
nanorods. Our method was applicable in a wide range of
surfactant concentrations from 0.1 to 1.0 wt% (over CMC), in
which the pore sizes were constant (Figure 2 and Figure S9).
Consequently, 1D MPNRs are formed by confined Pt growth
using electrochemical assembly of micelles.

The electrocatalytic performance of our self-supported
1D MPNRs toward the MOR was evaluated and compared
with PNRs, mesoporous Pt NPs[16] (abbreviated as MPNPs,
Figure S10), and commercially available Pt black (abbrevi-
ated as PtB). Two obvious anodic peaks, which are typical
features of the methanol oxidation process, were observed on
all the four samples during the positive and negative sweep in
the cyclic voltammograms (Figure 3a). As three-dimension-
ally connected mesopores can make the entire surface readily
accessible to reactants, our MPNRs demonstrated the highest
mass-normalized current densities of 209 mAmg�1 of Pt,
which is around 2.4, 1.4, and 2.8 times higher than that of
PNRs (87.6 mA mg�1 of Pt), MPNPs (152 mAmg�1 of Pt), and
PtB (75.6 mAmg�1 of Pt). The mass activity of our MPNRs
was also higher than that of state-of-art Pt-based nano-
materials reported previously, such as nanoporous Pt-Co alloy
nanowires,[12a] single-crystal Pt nanowires on a Sn@CNT
nanocable (PtNW-Sn@CNTs), commercial ETEK Pt/C cata-
lyst (30 wt % Pt),[17] Pt nanoparticles loaded on PBI-
MWCNTs (MWCNT/PBI/Pt),[18] and Pt nanoparticles assem-
bled in a poly(ethylenimine) matrix (PEI/Pt NP)[19] . (All
measurements found in the literature were done in 0.5m
methanol.) The value of If/Ib (defined as the ratio between
the forward and backward current densities) can be used as an

Figure 2. SEM images of the surface (a and b) and the cross-section
(c and d; observed at edge part) of 1D MPNRs with length of 3.2 mm.
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indicator of the CO-tolerance of Pt catalysts in the MOR. The
If/Ib values were 1.25, 1.66, 0.99, and 0.98 for MPNRs, PNRs,
MPNPs, and PtB, respectively. The higher If/Ib value of 1D
MPNRs indicates its relatively good poison tolerance.[20]

Furthermore, our 1D self-supported MPNRs and PNRs
showed a remarkably negatively shifted peak potential and
onset potential for the electrocatalytic oxidation of methanol
in comparison with MPNPs and PtB catalysts (known as 0D
nanostructures; Figure 3b). Chronoamperometry, a useful
method for the evaluation as electrocatalysts, was employed
to investigate the electrochemical performance of MPNRs
(Figure 3c). All the data nicely shows that the integration of
1D and mesoporous structures can guarantee a good catalytic
performance toward the oxidation of methanol.

The electrocatalytic activity of 1D MPNRs for the ORR
was also investigated (Figure S11). The half-wave potential of
self-supported 1D MPNRs (0.78 V) was equal to that of PNRs
(0.78 V), and was higher than those of MPNPs (0.77 V), and
PtB (0.74 V), indicating that 1D structured Pt motifs were
superior in the electrocatalytic ORR. Figure S11b compares
the currents of four catalysts at 0.80 V, normalized by Pt mass
(mass activity) and Pt electrochemically active surface area
(ECSA) (specific activity). The mass activity of 1D MPNRs
was about 11.5 Ag�1 of Pt, which was 1.8, 1.7, and 2.9 times
higher than that of PNRs (6.54 Ag�1 of Pt), MPNPs
(6.82 Ag�1 of Pt), and PtB (3.92 Ag�1 of Pt), respectively,
indicating that the mesoporous architecture in the Pt nano-
rods can highly improve the utilization efficiency of Pt in the
electro-reduction of oxygen. The polarization curves of
a MPNRs-modified glassy carbon rotating disk electrode
(GC RDE) were recorded at different rotation rates. The
expected increase of the limiting diffusion current density was
observed as a function of the rotation rate (Figure S11c). The

corresponding Koutecky–Levich (K-L) plots
showed the first-order reaction kinetics
toward the dissolved O2 on MPNRs from
0.3 to 0.6 V (Figure S11d).[21] The calculated
number of transferred electrons during the
reduction of oxygen was between 4.03–4.18,
thereby indicating that the ORR from 0.3 to
0.6 V was dominated by a four-electron
(4e�) process and O2 was reduced to OH� .

Furthermore, we investigated the dura-
bility of the electrocatalysts under harsh
cycling treatment. The initial ECSAs of
MPNRs, PNRs, MPNPs, and PtB were
determined from the cyclic voltammetry
(CV) curves of these four catalysts recorded
in 0.1m HClO4 solutions at a sweep rate of
50 mVs�1 (Figure S12). The specific ECSA
of MPNRs showed a reasonably high surface
area (46.2 m2 g�1 of Pt), which was equal to
that of MPNPs (48.5 m2 g�1 of Pt). The CV
curves of four catalysts after 50–2000 cycles
were recorded for harsh accelerated dura-
bility tests with the cyclic potential sweeping
between �0.2 and 1.0 V (Figure S13). The
current densities of the peaks in hydrogen
adsorption/desorption potential region for

the MPNPs dropped dramatically with the increase of the
number of CV cycles (Figure S13c), although the original
ECSA before the CV cycles showed a value similar to that of
MPNRs (Figure S12b). The drastic loss of the ECSA was also
observed for the PtB catalyst (Figure S13d). In contrast, the
1D MPNRs and PNRs exhibited only a slight drop in the
current densities of the peaks upon cycling in the same
potential range. After careful calculation, the loss of ECSAs
with cycling was plotted in Figure S13e. After 1000 cycles, the
self-supported 1D MPNRs lost only 25% of the initial Pt
ECSA, while the PtB and MPNPs catalysts lost most of their
initial ECSAs. Even when the durability test for self-
supported 1D MPNRs was further prolonged to 2000 cycles,
the Pt ECSA dropped only 31%. This result demonstrates
that 1D MPNRs have a significantly high stability.

In summary, we successfully designed self-supported 1D
MPNRs by an all-wet electrochemical synthesis inside the
confined space of a PC membrane. The mesoporous struc-
tures with a 6–8 nm pore size and a thin wall thickness were
well-developed all over the rod surface and inside Pt NRs.
The 1D motifs exhibited high activity and CO-tolerant
performance in the electro-oxidation of methanol, and our
MPNRs showed only 31% loss of ESCA even after a harsh
accelerated durability test. Thus, the self-supported mesopo-
rous structures are highly desired in high activity and stability
for the large surface area with less aggregation and ripening of
Pt nanoparticles.[21] The 1D geometry can maintain improved
electron transport characteristics because of the path-direct-
ing effects of the structural anisotropy.[2] Also, the mesopo-
rous structures with connected thin walls can provide facile
pathways for electron and mass transfer by reducing the
interface resistance. This work demonstrates that the self-
supported, 1D, and mesoporous structures are indeed prom-

Figure 3. a) Cyclic voltammograms, b) linear-sweep voltammograms, and c) chronoampero-
metric curves (recorded at 0.6 V) for methanol oxidation reactions catalyzed by MPNRs (1),
PNRs (2), MPNPs (3), and PtB (4), respectively, in 0.1m HClO4 solution containing 0.5m

methanol. The current densities (Y axis) are normalized by the mass of Pt (mg).
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ising architectures to highly improve the catalytic activity and
durability of catalysts for the MOR. Such geometrically
favorable factors will provide a new avenue in designing
highly efficient electrocatalysts used in artificial energy
conversion systems.
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