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High-loading carbon supported Pt nanowire electrocatalysts are
successfully synthesized in a mild one-pot template- and
surfactant-free route. The high electrocatalytic activity, Pt
utilization, and long-term stability toward methanol are ascribed
to the anisotropic structural properties, exposure of specified
planes, and the role of support on good dispersion.

Direct methanol fuel cells (DMFCs) show a great potential as power
sources for vehicles and portable electronic devices due to their high
power densities, low operating temperature, and the ease in handling
using a liquid fuel." However, for its large-scale commercialization,
great improvements are urgently needed, with the top of the list being
catalyst performance.” To this end, intensive efforts have been
directed toward improving the activity and stability of the Pt-based
catalysts by tuning the size, shape, structure, and/or composition of
the active component® as well as its interaction with the support.*
Among them, compared to its isotropic counterpart, nanowires
(NWs) possess a higher catalytic efficiency thanks to their anisotropic
structures which are largely encircled by particular planes with higher
catalytic activities.>**> And for a 1D nanostructure, the aspect ratio
is an important parameter to decide the ratio of a continuous surface
and the exposed edge planes.® On the other hand, in order to
effectively reduce the thickness of the electrode catalyst layer and
thus shorten the mass transport length of the fuel, further increasing
the Pt loading while retaining the high mass activity is of great
importance,***” while this is still a challenge because high Pt
loading on carbon nanospheres tends to severely aggregate.*’>
Therefore, synthesis of a high-loading high-performance Pt NWs/C
catalyst is of great importance toward the large-scale application of
DMFCs.
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Besides their use as an electrocatalyst, NWs are also broadly
applied in sensing technology, optics, electronics ezc.,® and thus many
physical’ and chemical®' strategies have been developed for its
synthesis. Among them, various templates or surfactants are
employed in chemical methods,'%*!! which inevitably complicate
the synthesis procedure and also don’t ensure the purity of the
product even after a strict post-treatment process.'%%!1
Alternatively, anisotropic growth can be achieved by deliberately
introducing foreign ions to tune the supersaturation of Pt atoms,
slowing down the reduction reaction, whereas the NW growth
happens only when the precursor concentration is low enough,'®
which has hindered its extensive application. Furthermore, the
remaining ions would poison the sample surface which is vital for
catalytic applications where surface active sites are urgently needed.
On the other hand, most of the synthetic methods reported to date
rely heavily on organic solvents, which is mainly due to the
hydrophobicity of the capping agents used. However, this will be
poisonous or cause pollution in large-scale production.'®*!! Some
facile syntheses of carbon supported Pt NWs in aqueous solution
without templates, surfactants or exotic ions have been reported,3d’e
but the parameters of the 1D Pt nanostructure which are important
for an application and catalytic mechanism study have not been
discussed. Therefore, further discussion of the effect of the support
on the morphology and the dispersion of Pt NWs, and confirmation
that their catalytic activity is controlled by the topography and aspect
ratio is of great interest.

Herein, highly-dispersed high-loaded (60 wt%) Pt NWs in situ are
grown on carbon black (Vulcan XC-72R and XC-72) and are
successfully obtained via a simple and mild quasi-steady-state
reduction process, wherein the carbon support also plays an
important role on the morphology and dispersion of the Pt NWs.
Unexpectedly, the resultant catalyst is far more active (up to 322% in
specific activity) for methanol oxidation than that of the commercial
Pt/C catalyst.

In a typical synthesis, the Pt* ions were reduced using a weak
reducing agent, formic acid (HCOOH), and grown in situ on Vulcan
carbon nanospheres which have been well-dispersed in ultrapure
water.* Under such conditions, Pt atoms are generated significantly
slowly and are accumulated according to the lowest energy principle
to grow along <111> direction. The schematic steps for the
preparation are shown in Fig. 1.
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Fig. 1 Schematic illustration of the synthesis of Pt NWs/C catalyst.

Fig. 2 shows the scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of a representative
sample. The SEM images with a higher resolution are in Fig. S2.
It is found that, upon adding 60 wt% of Pt, the surface of the pristine
carbon spheres (Vulcan XC-72R, Fig. 2a) is thoroughly covered by a
large quantity of Pt NWs which are approximately 100 nm in length
(Fig. 2b), which is also confirmed by the TEM image (Fig. 2¢). These
densely packed arrays of Pt NWs ensure an effective high loading of
Pt on the carbon support, which would accordingly improve its
activity and stability (vide infra). The selected-area electron diffrac-
tion (SAED) pattern (Fig. 2¢ inset) shows several bright concentric
rings assignable to {111}, {200}, {220}, and {311} crystal planes of
fee Pt, indicating that the obtained Pt NWs are crystallized in a phase
similar to bulk Pt, which is consistent with the X-ray diffraction
(XRD) result [see the ESL, T Fig. S6]. These Pt NWs/C nanostructures
are further characterized by a high-resolution TEM (HRTEM)
image (Fig. 2d) which shows that the Pt NWs are 3.3 nm in diameter
on average. The crystallographic alignment of these NWs reveals
that all of the NWs are one single crystal with a lattice spacing
0.226 nm, indicating that the NWs grow along the <111> direction.
This anisotropic growth may be attributed to the very slow reduction
rate at room temperature and the lowest energy principle.'?

b

\

Fig. 2 SEM images of Vulcan XC-72R carbon nanospheres (a) before, (b)
after growth of Pt NWs (60 wt%), (c) low and (d) high magnification TEM
micrographs of the Pt NWs/XC-72R. The inset in (c): SAED of the Pt NWs.

It should be noted that the density and length the Pt NWs on the
carbon nanospheres could be controlled by the morphology of the
carbon supports. Contrary to Vulcan XC-72R, when the com-
pressed-type (Vulcan XC-72) is employed, only shorter Pt NWs (ca.
50 nm) can be obtained (Fig. S1b-df). This might because the
carbon nanospheres in Vulcan XC-72 agglomerate much more
severely (Fig. S1at), which means there is an inadequate space for the
growth of the Pt NWs. These differences are expected to have a
significant effect on their activity and stability. In addition, the
control experiments under different reaction temperatures and times
(Fig. S4 and Fig. S57) show that dense and long Pt NWs can only be
obtained at a lower temperature and after a prolonged reaction time,
implying that the necessary quasi-steady-state reduction process for
Pt NW growth can only be ensured at low temperature.

To compare the activity of the above described two types of Pt
NWs/C and commercial Pt/C catalyst, we evaluated the electro-
oxidation reaction of methanol. Fig. 3 shows their linear sweep
voltammetry (LSV) in deaerated 0.5 M CH;OH and 0.5 M H,SO,
solution. Unexpectedly, both the Pt NWs/XC-72R and Pt NWs/XC-
72 catalysts exhibit considerably enhanced catalytic activities in terms
of normalized current per unit electrochemical surface area (ECSA)
(from Table S1f) of Pt (Fig. 3a-b). Specifically, the maximum
current (forward scan) of the former one is more than three times (up
to 322%) that of the commercial Pt/C catalyst (Fig. 3c). Considering
the chemical similarity of the carbon support, the superior catalytic
activity of Pt NWs/C catalysts indicates that, contrary to isotropic Pt
(spherical Pt in commercial Pt/C, Fig. S37), the anisotropic structure
endows the Pt NWs with particular planes which allow a higher
catalytic activity toward the electrooxidation of methanol as well as
its intermediate, CO. This is further supported by the CO stripping
results (Fig. S8t), showing a negative shift of the CO oxidation peak
potential by about 80 mV for both Pt NW samples compared with
the commercial one, demonstrating that the nano-structure is of the
CO tolerance potential, which is significant for practical applications.
Furthermore, compared to Pt NWs/XC-72, the much higher
catalytic activity of Pt NWs/XC-72R with relatively longer Pt
NWs reminds us that the aspect ratio, which was controlled by the
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Fig. 3 Comparison of specific catalytic activity (i.e., current per unit ECSA
of catalyst) of (a) Pt NWs/XC-72R, (b) Pt NWs/XC-72, and (c) commercial
Pt/C catalyst. Electrolyte: 0.5 M H,SO4 and 0.5 M CH;OH deaerated
solution; sweep rate: 20 mV s '; temperature: room temperature. Inset:
comparison of the mass activity derived from Fig. S9.7
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carbon support of the Pt NWs, also plays an important role on the
catalytic activity. It should be noted that, when using mass activity as
the indicator of electrocatalytic quality (Fig. 3 inset), the Pt NWs/
XC-72R catalyst still exhibits a greatly enhanced catalytic activity
compared to the commercial one. This result further confirms the
power of the anisotropic structure and the high aspect ratio of Pt
NWs for electrooxidation of methanol, which might be thanks to the
larger pristine surfaces with long segments of crystalline planes'? and
better path-directing effects to reduce the resistance.'?

The stability is of great importance for the practical application of
a catalyst. In this sense, we tested the CVs for each type of the above
described catalysts over 1000 cycles (Fig. S101) and chronoampero-
metry curves over 4 h (Fig. S117). It is found that there are fewer
decreases in the current density (catalytic activity) with the NW-type
catalysts, especially Pt NWs/XC-72R with a higher aspect ratio. This
might because the 1D nanostructure possesses fewer lattice bound-
aries and surface defect sites when the aspect ratio is higher, which
are susceptible to oxidation, decomposition,'** dissolution and subse-
quent Ostwald ripening.'*” 1D architecture is thus considered to be a
promising choice for designing a stable DMFC anodic catalyst.

In summary, we report the synthesis of Pt NWs with controlled
aspect ratios on two kinds of carbon support via a facile and mild
quasi-steady-state reduction approach. Surprisingly, the resultant
high-loading Pt NWs/C catalyst combines excellent electrocatalytic
activity, high Pt utilization, and long-term stability toward methanol
oxidation, wherein the 1D nano-structure and its high aspect ratio
play a key role. The obtained catalyst is believed to open new and
exciting possibilities to improve the performance of DMFCs, and
these encouraging findings about the power of anisotropic structure
and aspect ratio could be expanded to other systems or reactions and
could open up a new direction in catalysis. Besides as catalysts, it
could be used for optical, sensor and electrical applications.
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