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Graphene supported Pt nanostructures have great potential to be used as catalysts in electrochemical energy
conversion and storage technologies; however the simultaneous control of Pt morphology and dispersion,
along with ideally tailoring the physical properties of the catalyst support properties has proven very
challenging. Using sulfur doped graphene (SG) as a support material, the heterogeneous dopant atoms could
serve as nucleation sites allowing for the preparation of SG supported Pt nanowire arrays with ultra-thin
diameters (2-5 nm) and dense surface coverage. Detailed investigation of the preparation technique reveals
that the structure of the resulting composite could be readily controlled by fine tuning the Pt nanowire
nucleation and growth reaction kinetics and the Pt-support interactions, whereby a mechanistic platinum
nanowire array growth model is proposed. Electrochemical characterization demonstrates that the
composite materials have 2-3 times higher catalytic activities toward the oxygen reduction and methanol
oxidation reaction compared with commercial Pt/C catalyst.

he synthesis of platinum nanostructures with various morphologies has been extensively investigated over

the last decade owing to their widespread applicability in different catalytic reactions such as the oxygen

reduction reaction (ORR) and methanol oxidation reaction (MOR) in polymer electrolyte membrane fuel
cells (PEMFCs)' . For fuel cell applications, conventional state-of-the-art catalysts generally consist of Pt and Pt
alloy nanoparticles (diameters of 2-5 nm) supported on high surface area, conductive carbonaceous materials in
order to facilitate effective mass transport in the catalyst layer and ensure high surface areas and good dispersion
of the expensive active materials Despite promising fuel cell performance achieved for this class of catalyst
materials, the Pt loading is still too high from an economic standpoint, and durability issues such as Pt dissolu-
tion/agglomeration and carbon support corrosion limit the long-term operational stability. These technical
challenges can be addressed by the development of improved catalyst support materials>®, and by deliberate
control of catalyst nanostructures”®.

Recently, graphene has been recognized as a promising support for fuel cell catalysts™'® owing to its immense
surface area (with theoretical specific surface areas as high as ~2600 m*g™")"', high conductivity (10°~10* S/m)",
good chemical and electrochemical stability, and availability in bulk amounts'®. For fuel cell catalyst application,
graphene supports are most commonly prepared by subjecting graphene oxide (GO) to a chemical reduction
method®"*. Inevitably, chemically reduced GO (RGO) still maintain a portion of un-reduced surface functional
groups that can serve as nucleation sites for Pt nanoparticle growth; however their conductivity is often much
lower than their thermally treated counterparts'®. Conversely, thermal exfoliation of GO produces relatively
defect-free graphene with excellent conductivity; however the deposition of uniformly sized, well dispersed
catalyst nanoparticles is very difficult™>'?. It is thus very challenging to simultaneously control the support
functionality along with the catalyst morphology and distribution. Recently, doping graphene with other atoms
such as nitrogen', or functionalization by a non-covalent approach'>'¢ have opened up the possibility of growing
catalytically active metals with controllable nanostructures and dispersion on the surface of highly conductive
graphene supports.

While appropriate selection of the catalyst support can improve the dispersion and performance of the
composite electrocatalyst materials, deliberate control of the deposited Pt nanostructures provides further oppor-
tunity to improve the catalytic activity and stability by tuning the arrangement of surface active Pt atoms. Among
the different morphologies investigated, nanowires'”*° or structures consisting of interconnected nanowires such
as dendrites*"**, networks®, and nanoporous structures**** are particularly sought after because the relative
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amount of low-coordinated platinum atoms on their surface is sig-
nificantly lower than spherical nanoparticles, resulting in higher
catalytic activity and durability towards the ORR***. As most of
the methods to make Pt nanostructures with tailored morphologies
rely on the delicate control of Pt reduction kinetics and protection of
different crystal surface with surfactants, it is not easy to grow these
distinct Pt nanostructures directly on the surface of carbon sup-
ports>*. To address this, Pt nanostructures are often made separately
and then physically mixed with carbon supports which limits cata-
lyst-support “tethering” and may introduce stability issues for fuel
cell applications. This highlights the importance of growing Pt nano-
wires directly on the surface of catalyst supports*~', whereby the
particular method developed by S. Sun et al.**** which uses formic
acid as a reducing agent to grow Pt nanowires is very attractive for its
simplicity and ease of control.

In this paper, we demonstrate the synthesis of a high density of
ultra-thin single crystal Pt nanowire arrays on the surface of sulfur
doped graphene (SG) supports using formic acid as a reducing agent
at room temperature. SG was selected as this material can be pre-
pared in large quantities by a simplistic high temperature treatment
procedure, resulting in sulfur dopant species dispersed homoge-
neously throughout the entirety of the graphene materials®.
Despite the possibility to control the composite catalyst functionality
by capitalizing on the high affinity between sulfur groups and metal
atoms*, SG has not been previously investigated as a catalyst sup-
port. To investigate the growth mechanism in detail, pure graphene
(G) was used as a comparison and variations of the synthesis para-
meters were systematically investigated. Different growth modes of
Pt nanostructures on the surface of SG was found in comparison with
G, ascribed to the enhanced Pt-support interactions caused by the
presence of sulfur groups on the SG surface. This represents for the
first time a detailed investigation into the preparation technique of Pt
nanowire arrays supported on graphene-based materials, whereby
deliberate catalyst nanostructure control can be provided by tailoring
the specific catalyst-support surface interactions and offers a new
and highly pertinent strategy to synthesize nanocomposite structures
with integrated functionality. With favored one-dimensional struc-
tures, the electrocatalytic activities of SG supported Pt nanowire
arrays (SG-PtNW) towards the ORR and MOR were significantly
higher in comparison to commercial Pt/C catalyst which shows great
application potential in energy conversion and storage technologies
such as PEMFCs.

Results

The Pt loadings of SG-PtNW samples could be easily controlled by
changing the ratio between Pt precursor and SG. Specifically, the Pt
loadings of SG-PtNW-1, SG-PtNW-2, SG-PtNW-3 and SG-PtNW-4
samples are calculated to be 66.1, 79.6, 88.6, and 96.5% on the basis of
ratio between H,PtCls and SG (see Methods). TGA was conducted
on the SG-PtNW-3 sample and the results are shown in Figure S1.
Almost no weight loss occurred between room temperature and
300°C, after which obvious weight loss could be observed up until
500°C and ascribed to the oxidation of SG. The residual mass
remaining for SG-PtNW-3 (88.5 wt.%) was consistent with the
desired platinum loading from the precursor ratios, demonstrating
a nearly 100% Pt yield by the formic acid reduction technique. It
should be noted that the main weight loss of pure SG was observed
between 600 and 750°C, indicating that the presence of Pt catalyzes
the combustion of SG at significantly reduced temperatures.

The microstructure of the SG-PtNW-3 sample was characterized
using SEM and TEM. As shown in Figure 1 a and b, platinum nano-
wires with lengths of several tens of nanometers and diameter of
several nanometers are seen grown uniformly on the surface of SG.
The density of the Pt nanowires is so high that the whole surface of
SG was totally covered. Although the orientations of the Pt nano-
wires are random, these structures can still be considered an array

Figure 1| (a, b) SEM, (c) TEM and (d) high resolution TEM images of
SG-PtNW-3 catalyst. Insets in (d) are the Fourier filtered high resolution
TEM images of the areas highlighted by the dashed yellow squares.

because all of the nanowires project outwards from the support sur-
face. Figure 1 ¢ shows an edge area TEM image of the SG-PtNW-3
sample. From the TEM image it can clearly be seen that the nano-
wires are grown directly on and perpendicular to the SG surface,
possessing relatively uniform diameters of 2-5 nm. From the high
resolution TEM images shown in Figure 1 d, it is demonstrated that
the Pt nanowires are comprised of single crystals with continuous
lattice fringes from the bottom to the top of the nanowires. The Pt
nanowires are grown along the <111> direction without exception
after examining several nanowires. The observed growth direction is
consistent with previously reported results using the polyol process,
whereby the formation of single crystal Pt nanowires is associated
with the slow growth kinetics of this technique'®. The lattice spacing
between the {111} planes was measured to be 0.225 nm, in direct
agreement with that of bulk Pt. The face-centered cubic (FCC) struc-
ture of the Pt nanowires was also confirmed by the XRD pattern
shown in Figure S2.

Interestingly it was observed that the resulting structures of the
SG-PtNW catalysts were highly dependent on the Pt loadings used
during preparation. At a lower Pt loading of 66.1 wt.% (SG-PtNW-
1), only short Pt nanowires were grown on the surface of SG
(Figure 2a and Figure S3), albeit with good distribution indicating
the uniform nucleation of Pt (see Figure 2a). Longer Pt nanowires
could be obtained by increasing the Pt loading to 79.6 wt.% (SG-
PtNW-2, Figure 2b), with even longer lengths observed at a loading
of 88.6% (SG-PtNW-3, Figure 2¢). A further increase in the Pt load-
ing to 96.5 wt.% (SG-PtNW-4) however resulted in large Pt aggre-
gates formed in the presence of the Pt nanowire arrays (Figure 2d).
The coverage of the entire SG surface by short Pt nanowires, along
with the absence of any long nanowires on the low Pt loading sample
(SG-PtNW-1) indicates that the Pt nanowire growth begins only
when the Pt nucleation has occurred on the whole surface of SG.
These results demonstrate that the nucleation of Pt on the vacant
surface anchoring sites of SG is favorable in comparison to sub-
sequent Pt nanowire growth. Contrastingly, a previous investigation
using carbon black supports found that Pt nanowires could be
formed at Pt loadings as low as 10 wt.%, illustrating the important
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Figure 2 | SEM images of (a) SG-PtNW-1, (b) SG-PtNW-2, (c) SG-
PNW-3 and (d) SG-PtNW-4.

impact of the catalyst support properties and surface species on the Pt
nanowire deposition and growth technique. On the other hand, it is
well known that the rate of Pt nucleation is controlled by the con-
centration of zero-valent metal atoms in the growth solution, which
is determined directly by the competition between the formation and
consumption kinetics>. When the growth induced consumption of
the metal atoms lags behind their formation, new nuclei are continu-
ously formed regardless of the difference of support materials. Thus
the reactant concentrations should also be investigated in order to
modulate the rates of nucleation and to fully understand the under-
lying growth mechanism.

To properly investigate the SG supported Pt nanowire preparation
technique, we investigate both the effect of the support materials

utilized and of the reactant concentrations/reaction kinetics on the
process. For the latter, although it is not possible to control the
Pt nucleation and subsequent nanowire growth processes separately,
we can decrease the nucleation rate by using lower precursor
concentrations.

Figure 3 a and a’ show SEM images of G-PtNW-1 with a Ptloading
of 66.1 wt.%. It is surprising that even on un-doped G, Pt nucleation
is very uniform over the entirety of the support surface, similar with
that of SG. Moreover, as shown in Figure S 4a and a’, long Pt nano-
wires together with some Pt aggregates could be grown on G by
increasing the Pt loading to 95 wt.% (G-PtNW-4), which is also
similar with that of SG. Therefore, under these growth conditions
it appears that the differences between the G and SG supports have a
minimal effect on the Pt nucleation and subsequent nanowire
growth. This might be caused by the fast nucleation process at rela-
tively high reactant concentrations.

Figure 3b and b’ show the SEM images of the G-PtNW sample
with a Pt loading of 66.1 wt.% prepared under the same conditions
except for the concentrations of G and the Pt precursor are half of the
typical synthesis condition. It is obvious that the Pt nanowires are
much longer, however present in much lower density in comparison
to the G-PtNW-1 sample prepared at higher reactant concentrations
(Figure 3a and a’). Both of these observations reveal that at reduced
precursor concentrations, nanowire growth becomes more favorable
than the formation of new nuclei, similar with previous results
reported for carbon black supports®. The same trends could also
be seen on 95% (Figure S4b and b’) and 50.6% (Figure S5a and a’)
Pt loading samples. These results demonstrate that the nucleation of
Pt on G can be inhibited when lower Pt reactant concentrations are
utilized, whereas the growth process of nanowire structures was not
affected greatly. In contrast to the non-uniform growth of Pt nano-
wires on G in dilute solutions, very uniform Pt nanowire arrays could
still be grown on SG under the same dilute conditions (Figure 3¢, ¢
and Figure S4c, ¢’). From these results, it appears that the primary
difference between the two support materials is the higher density of
anchoring sites on SG in comparison to G that remain favorable for
Pt nucleation under lower reactant concentrations. This is most
likely caused by the strong metal-support interactions between SG
and Pt. To further support our hypothesis, we investigated the sulfur
distribution on the SG sample using EDS elemental quantitative
analysis and mapping. The overall EDS spectrum is provided in

Figure 3 | SEM images of Pt nanowires grown on G or SG with Pt mass loading of 66.1%. Sample in a and a’ was synthesized using G as support under
the typical synthesis conditions. Sample in b, b’ and ¢, ¢’ were synthesized using G and SG as support, respectively; with both the concentrations of
graphene materials and Pt precursor are half of the typical synthesis conditions.
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Figure S6, whereby the overall sulfur content is ca. 2.1 at.% which is
similar with reported results using a similar sulfur precursor®. As
shown in Figure S7, the sulfur distribution is quite uniformly dis-
tributed both on the graphene sheets and outer edges.

Discussion

It is well known that sulfur species have strong binding energy with
Pt surfaces, commonly causing implications in terms of surface poi-
soning for catalytic application®. This strong SG-Pt interaction
offers reasonable explanation for the propensity of Pt ions to form
new nucleation sites as opposed to nanowire growth at lower Pt
loadings. In fact, only uniformly distributed Pt nanoparticles were
observed on SG when the Pt loading is lower than 50%, while Pt
nanowire growth on G has already begun at similar Pt loading
(Figure S5a and @) . These sulfur sites were believed to interact with
Pt atoms and facilitate the initial nucleation despite the precursor
concentration. Comparing the results of SG-PtNW-3 and the catalyst
materials prepared using identical platinum loadings but lower react-
ant concentrations, it is observed that the only difference in terms of
catalyst nanostructure is that the density of Pt nanowire formation is
slightly higher under the dilute conditions. The increased nucleation
density on SG in dilute solution is most likely caused by the com-
petition between nucleation and growth which is still not clear and
needs further investigation.

The preparation process and proposed growth mechanism of G
and SG supported Pt nanowires is summarized in Figure 4, high-
lighting the impact of support type and Pt loading/concentration. In
general, the Pt nanowires grow longer with an increase in Pt loading,
although non-uniform aggregates form when the loading is too high.
Sulfur doping of graphene increases the metal-support interactions
and facilitates favorable nucleus formation, although the difference
between SG and G supported Pt nanowires could not be distin-
guished when grown with high precursor concentrations, most likely
due to the rapid kinetics of Pt nucleation.

As mentioned previously, nanowire structures are desirable in
terms of ORR activity due to the lower percentage of low-coordi-
nated surface atoms in comparison with Pt nanoparticles. Compared
with high-coordinated terrace Pt atoms the low-coordinated surface
atoms have higher binding energies with oxygenated species that are
believed to be active site blocking species®. In addition to the nano-
wire structure, high temperature derived graphene supports can pro-
vide excellent conductivity that ensures the rapid transport of
electrons to the catalytically active sites, a very important considera-
tion for electrocatalysis applications such as PEMFC technologies'.
We have investigated the electrochemical properties of SG-PtNW-3
catalyst, along with its electrocatalytic activity towards the ORR and
MOR, two important electrochemical reactions. CV curves of SG-
PtNW-3 are shown in Figure 5a, along with commercial Pt/C catalyst

Precursor Pt Loading
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Figure 4 | Schematic illustration of the nanostructural evolution of Pt
nanowire arrays grown on G and SG supports with different precursor
concentrations as a function of Pt loading.

for comparison. The different shapes of the hydrogen under-poten-
tial adsorption and de-sorption (H-UPD) peaks observed between
0.06 and 0.36 V reveal the different Pt crystal exposure between the
two catalysts. Compared with Pt/C, SG-PtNW-3 shows a sharp Pt
oxide reduction peak at a higher potential (0.76 versus 0.73 V),
revealing a weakening of the bond between oxygen containing spe-
cies and the Pt surface, a property linked to increased ORR perform-
ance®. By determining the charge transfer for hydrogen adsorption/
desorption, the electrochemical active surface area (ECSA) could be
determined assuming a charge transfer of 210 uC cm™ Pt surface™?.
Based on the Pt loading on the electrode, the ECSA of Pt/C and SG-
PtN'W-3 were found to be 53 and 40 m? gp, ™', respectively, indicating
that the utilization of SG-PtNW-3 is approaching that of commercial
Pt/C catalyst.

The ORR activities of Pt/C and SG-PtNW-3 were investigated in
O,-saturated 0.1 M HCIO, solution at 30°C, with the results shown
in Figure 5b-e. As shown in Figure 5b, the geometric area specific
ORR polarization curves exhibit the characteristic profile of two
different potential regions, the first, a mixed kinetic/diffusion con-
trolled region above 0.8 V, and the second, a well defined diffusion
controlled region below 0.8 V. Although the ECSA of SG-PtNW-3
sample is a little lower than Pt/C catalyst, it exhibits a much higher
half-wave potential (0.885 versus 0.866 V), indicating a significant
enhancement in the ORR activity. Figure 5c show the ORR polariza-
tion curves obtained for SG-PtNW-3 at different rotation speeds, and
the corresponding Koutecky-Levich (K-L) plot (Figure 5d) was
derived from the K-L equation (1):

11, M
j - Jk Bwl/2
where j is measured current density, ji is kinetic current density, © is
rotation speed, B is a constant. From equation (1) and Figure 5d the
constant B was experimentally measured to be 0.096 mA/s'. The
constant B could be also calculated using equation (2):

B=0.62nFAD’ v~ '/°C,, )

where F is Faraday constant, A is electrode geometry area, Do, is the
experimental measured diffusion coefficient of O, (1.93 X 107° cm?
s™"), v is kinetic viscosity of the solution (1.009 X 107* cm®s™'), and
Co, is the concentration of dissolved O2 in solution (1.26 X
107* mol L™")*°. The excellent agreement of the experimentally mea-
sured value of B (0.096 mA/s'?) with the calculated value by assum-
ing n = 4 (0.092 mA/s"?) indicates the dominant 4 electron
reduction process of ORR on SG-PtNW-3 catalyst. The ECSA spe-
cific kinetic current densities as a function of potential are shown in
Figure 5e. It is obvious that the kinetic current densities of SG-
PtNW-3 are higher than that of Pt/C throughout the entire potential
range investigated (for example 2 times higher at 0.9 V vs. RHE),
highlighted the improved ORR kinetics on highly coordinated Pt
atoms existent on the surface of the nanowire arrays. We moreover
believe the performance could be improved further if the residual
low-coordinated Pt atoms were removed using post treatment
procedures™.

In addition to the ORR at the cathode of PEMFCs, the MOR
occurring at the anode is also of significant importance as it is critical
to the performance of direct methanol fuel cells which hold great
potential for small portable device applications*’. The electrocatalytic
activity of SG-PtNW-3 sample was measured in 0.1 M HCIO, +
0.5 M CH;OH solution and the results are shown in Figure 5f with
Pt/C as comparison. SG-PtNW-3 showed higher current densities
for both the forward and backward scans which indicate significantly
enhanced catalytic activity compared with Pt/C catalyst. Specifically,
the ECSA specific current density enhancement for SG-PtNW-3 ata
potential of 0.87 V vs. RHE is 3.2 times that of Pt/C (1.6 and 0.5 mA
cm ™, respectively), meaning that on average, every electrochemi-
cally active Pt surface atom on SG-PtNW-3 can catalyze 3 times more
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Figure 5 | Electrochemical and electrocatalytic results of SG-PtNW-3 and commercial Pt/C catalysts. (a) CV curves of Pt/C and SG-PtNW-3in 0.1 M
HCIO, solution saturated by N, at a scan rate of 50 mV s™". (b) Forward CV curves for SG-PtNW-3 and Pt/C catalysts in 0.1 M HCIO, solution
saturated with O, at a scan rate of 10 mV s~ ' and electrode rotation speed of 1600 rpm. (c) ORR polarization curves and (d) Koutecky-Levich plots of SG-
PtNW-3 at electrode rotation speeds of 400, 900, 1600, 2500 and 3600 rpm under the same conditions as (b). (e) Specific kinetic current densities (ji) of
SG-PtNW-3 and Pt/C catalysts for ORR at different potentials. (f) Specific current densities of SG-PtNW-3 and Pt/C catalysts with the function of
potentials toward MOR in 0.1 M HCIO, + 0.5 M CH3;0H mixed solution at a scan rate of 50 mV s™".

methanol molecules than Pt/C within the same period of time. It is
worthwhile to note that numerous researchers use the current den-
sity peak ratio between the forward scan and the backward scan as an
indicator of poisoning resistance. However, recently it has been
reported that this method is not suitable for measuring the poisoning
resistance of catalyst materials because the current observed in both
the forward and backward scan share the same chemical origin*', and
this analysis will not be provided herein.

In conclusion, SG supported ultra-thin Pt nanowire arrays have
been successfully synthesized by a formic acid preparation technique.
The detailed reaction parameters for catalyst synthesis have been
investigated to provide insight into the nanostructure formation
mechanism. It was found that when using high concentration pre-
cursor solutions, the fast reduction of Pt ions could ensure uniform
nucleation on both sulfur-doped and pristine graphene surfaces. This
was subsequently followed by the growth of nanowire structures
provided that the Pt loading is high enough. Conversely, in low
concentration precursor solutions, the strong Pt-S interaction is
essential in contributing to the uniform nucleation of Pt on SG,
whereas non-uniform nucleation was observed on pristine graphene
supports. Based on the rigorous investigations of the Pt nanowire
arrays grown on graphene-based support preparation technique, a
specific growth model is proposed. Moreover, effectively coupling Pt
nanowire structures with high surface area and conductive support

materials, the Pt nanowire arrays grown on SG showed significantly
enhanced catalytic activity towards both the ORR and MOR in com-
parison with state-of-the-art Pt/C catalyst. These results effectively
demonstrate the great application potential of these catalyst materi-
als for PEMFC applications, and furthermore, the detailed investiga-
tion of catalyst preparation and the growth model proposed can
provide valuable insight towards the synthesis of new composite
electrocatalyst nanostructures.

Methods

Preparation of G and SG. GO was made from natural graphite flakes by the modified
Hummer method*. To prepare SG, phenyl disulfide (PDS) and GO with a mass ratio
of 1:1 were mixed together in ethanol by ultrasonication for at least 30 min. After
evaporating ethanol, the solid was transferred into a quartz tube and heated in a
furnace at 1000°C for 30 min under the protection of high purity Argon®. Pure G was
made from GO under the same conditions without adding PDS.

Preparation of SG-Pt and G-Pt. To grow Pt nanowire arrays on the support
materials, G or SG was first dispersed in ultra-pure water by ultrasonication for at
least 1 h to make a suspension with a concentration of 1 mg ml™. Then, 2 ml of
20 mM H,PtCls*6H,0 solution was mixed together with the proper amount of this
suspension in a reactor vessel, and the total solution volume was adjusted to 13.32 ml
with ultra-pure water. After thorough mixing, 0.68 ml of formic acid was added to the
suspension and left undisturbed at room temperature (ca. 22°C) for more than 3 days.
Finally the catalyst was washed with ultra-pure water and ethanol several times and
dried at 60°C in an oven overnight. The Pt loading was controlled by adjusting the
amount of G or SG solution added without changing any other parameters. Pt mass
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loadings of 66.1, 79.6, 88.6, and 96.5% were achieved by using 4, 2, 1,and 0.4 ml of the
G or SG solutions, and the products are denoted as SG-PtNW-1, SG-PtNW-2, SG-
PtNW-3, and SG-PtNW-4, respectively. In order to investigate the growth
mechanism by varying the reaction kinetics, the concentration of both the support
and the Pt precursor in the reactor vessel was controlled to be half of the typical
synthesis conditions without changing other parameters.

Material characterization. The catalyst was adhered to conductive carbon tape
directly for scanning electron microscopy (SEM) characterization using a Zeiss
ULTRA plus field emission SEM with a working distance of 10 cm. For energy
dispersive x-ray spectroscopy (EDS) mapping the sample was loaded on aluminum
foil to eliminate signal interference from the carbon tape. For transmission electron
microscopy (TEM) imaging the catalyst was dispersed in methanol and loaded onto a
copper grid for characterization using a JEOL 2010F TEM at 200 kV. X-ray
diffraction (XRD) patterns were collected on an Inel XRG 3000 diffractometer using
monochromatic Cu Ko x-rays (0.154 nm wavelength). Thermogravimetric analysis
(TGA) was conducted using a Q500 V20.13 TA instrument with a heating rate of
10°C min™" in air.

Electrochemical characterization. To prepare the electrode for electrochemical
testing, the catalyst materials were first dispersed in 2 ml of ethanol containing 5 pl
(15 wt.%) Nafion solution by sonication for at least 30 min and then loaded onto the
glassy carbon electrode with a diameter of 5 mm. The loading of commercial Pt/C
and SG-PtNW-3 catalysts were controlled to be 20 and 23.6 pgp, cm 2, respectively.
For the SG-PtNW-3 sample, 20% weight percent of carbon black was added to the
suspension to increase the dispersion of catalyst on the electrode. After drying in air,
the electrode was washed thoroughly using ultra-pure water and mounted on the
rotating electrode system. The 0.1 M HClOj electrolyte solution was purged with
high purity N, for at least 30 min to remove any dissolved oxygen. Cyclic
voltammetry (CV) between 0.06 and 1.3 V vs. RHE at a scan rate of 50 mV s™' was
performed to activate the catalyst surface until a steady-state CV curve was
established. ORR polarization curves were obtained by CV cycling between 0.06 and
1.05 V at a scan rate of 10 mV s™" in oxygen saturated 0.1 M HCIO, and the positive
scan was used for ORR performance evaluation. For MOR, the activities were
monitored using CV between 0.06 and 1.3 V ina 0.1 M HCIO4 + 0.5 M CH;0H
electrolyte mixture at a scan rate of 50 mV s™'. The internal resistance (IR) drop was
compensated before the CV experiment to reduce the possible resistance in solution.
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