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here is currently a great interest in

developing different kinds of green

technologies to power portable de-
vices such as cell phones, computers, and
cam recorders. With the constant rise in gas
prices, the search for alternate fuels has
also triggered an unrelenting search for sus-
tainable energy. Whether the goal is to de-
velop a cleaner source of energy, or simply
just an alternate to petroleum, fuel cells
have emerged as one of the most promis-
ing candidates. To this end, precious met-
als have continually proven to be the elite
materials for fuel cell applications. Most no-
tably, Pt and its alloys have been most
widely used as the catalysts because of
their excellent properties in the adsorption
and dissociation of hydrogen, oxygen, and
various other molecules.’ Direct methanol
fuel cell (DMFC) has recently attracted much
attention and has been identified as a
promising candidate to compete with con-
ventional batteries for powering portable
electronic devices.? For the standard DMFC
device, Pt-based catalysts are employed as
the anode because of their excellent perfor-
mance in catalyzing the dehydrogenation
of methanol, a key step in the direct oxida-
tion of methanol to CO,.2 The active surface
area of the catalyst can be greatly increased
by reducing the size of the Pt nanoparti-
cles and therefore creating a larger num-
ber of catalytically active centers for metha-
nol oxidation reaction (MOR).* The
efficiency of MOR can also be improved by
changing the morphology of the Pt nano-
structures from nanoparticle to nanowire,
whose large side surface can provide addi-
tional catalytic active facets.”

The selection of a support for the Pt

nanostructures is of critical importance to
both the catalytic activity and durability.® In
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ABSTRACT This paper describes the preparation of Pt- or W-supported Pt nanowires by directly growing
them on the surface of Pt or W gauze. The growth direction of the nanowires was determined to be along the
<111> axis. Electrochemical measurements were performed to investigate their catalytic performance toward
methanol oxidation. It was found from cyclic voltammetry that the Pt nanowires supported on Pt gauze had the
largest electrochemically active surface area with the greatest activity toward methanol oxidation reaction. They
also exhibited a slightly slower current decay over time, indicating a higher tolerance to C0-like intermediates.
Furthermore, electrochemical impedance spectroscopy measurements showed that the catalytic performance of
the supported Pt nanowires prepared with a H,PtCl, precursor concentration of 40 mM is significantly better for
methanol oxidation than the samples prepared at a concentration of 80 mM. This was due partially to the
incomplete removal of poly(vinyl pyrrolidone) (PVP) from the more concentrated sample. In contrast, the Pt
nanowires supported on W gauze performed the worst.

KEYWORDS: platinum nanowires - platinum and tungsten support - high surface
area - electrochemistry - methanol oxidation reaction

a conventional system, Pt is deposited on a
conductive substrate such as carbon black
or carbon nanotubes.”? This system is in-
trinsically limited in terms of life span, and
the catalytic surface area of the electrode
may decrease with time.® To avoid the
drawback of using carbon as a conductive
support, we have demonstrated that Pt
gauzes can just as easily be used as a con-
ductive support to alleviate the issue of cor-
rosion. Furthermore, the Pt support can
contribute to enhancing the catalytic activ-
ity. Another issue that can potentially be
solved by using functional supports is the
poisoning by CO-like intermediates. It is
well-documented that the Pt nanostruc- *Address correspondence to
tures are vulnerable to poisoning from CO-  xia@biomed.wustl.edu.
like intermediates formed during the oxida- . )
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catalytically inactive over time.® To im-

prove the CO tolerance of Pt-based cata- Published online September 26,
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lysts, various techniques have been devel- 10.1021/nn800458p CCC: $40.75
oped, among which utilization of W as a

cocatalyst has been shown with great ©2008 American Chemical Society
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Figure 1. SEM images of (A) Pt and (B) W gauzes prior to Pt nanowire growth,

with insets showing the detailed surface morphology. The scale bars in the in-
sets are 200 nm. (C, D) SEM images of Pt nanowires on Pt and W gauzes, respec-
tively, obtained as the final products of an iron-mediated polyol process by using .
a 1 mL solution of H,PtCl, (80 mM). (E, F) SEM images of Pt nanowires grown on ~ Nanowires released from the surface of Pt or W metal

the surface of Pt and W gauzes, respectively, with the concentration of H,PtClg
being reduced to 40 mM.

promise.'® For this reason, we also used W gauzes as
supports to take advantage of the cocatalytic effect of
W on the oxidation of CO during MOR.

RESULTS AND DISCUSSION

Synthesis and Characterization of Pt Nanowires on Pt and W
Gauzes. Figure 1 shows SEM images of typical samples
before and after growing Pt nanowires on Pt and W
gauzes. It is proposed that the highly irregular and
rough surfaces (insets of Figure 1A,B) of the Pt and W
gauzes serve as primary nucleation sites for the growth
of Pt nanowires due to the higher surface energies as-
sociated with irregularities such as indentions, step
edges, or protrusions, which significantly lower the bar-
rier for nucleation."™'? A dense array of Pt nanowires
could be directly grown on the surfaces of both Pt and
W gauzes (Figure 1A,B, respectively) by following the
iron-mediated polyol process, in which ethylene glycol
(EG) serves as both a reducing agent and a solvent.'® In
this synthesis, Pt(ll) species were formed by reducing
H,PtClg with EG at 110 °C in the presence of poly(vinyl
pyrrolidone) (PVP), which serves as a stabilizer. By add-
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ing 20 mM of FeCl; or FeCl,, the Pt(ll) species were
reduced at an extremely slow rate, resulting in a ki-
netically controlled process that directs the growth
of Pt atoms into uniform nanowires.

The samples in Figure 1C,D were prepared by in-
jecting 1 mL of H,PtCl, (80 mM) after preheating
an EG solution for 1 h at 110 °C. In these cases, re-
gardless of the gauze type, a supersaturation of Pt
atoms, resulting from the reduction of the Pt(ll) spe-
cies, initially caused the nucleation and growth of
Pt nanoparticles at the surface of the Pt or W gauze,
which further evolved into agglomerates and larger
structures until the concentration of Pt atoms fell
to a critical level. At this point, the growth mecha-
nism of the Pt atoms switched to a highly anisotro-
pic mode to form uniform Pt nanowires. In order
to bypass the nucleation of Pt nanoparticles and to
utilize the Pt most efficiently for nanowire growth,
the concentration of H,PtCl, was reduced by one-
half to 40 mM, resulting in the nucleation and
growth of Pt atoms into nanowires directly on the
surfaces of the Pt and W gauzes. Figure 1E,F shows
SEM images of the samples verifying that the Pt
nanowires indeed grew from the Pt and W gauzes
without a layer of aggregated Pt nanoparticles. By
lowering the concentration of H,PtCl,, the concen-
tration of Pt atoms fell below the critical level at
an earlier stage, thereby promoting the highly
anisotropic growth and formation of Pt nanowires.

To assess the quality of the Pt nanowires and con-
firm that their growth direction is in fact along the
<111> axis, high-resolution TEM images of single Pt

gauze were obtained (Figure 2). The Pt nanowires

were prepared from 1 mL solution of 40 mM H,PtCl,.

The fringe spacing of 0.23 nm corresponds to the in-
terplanar separation between the {111} planes, indicat-
ing that the growth direction of the nanowires is along
the <111> axis. This mechanism for the growth of Pt
<111> nanowires on Pt agglomerates has been explored
by our group in previous studies.'* Both samples (Figure
2A,B) showed the same crystallographic characteristics in-
dicating that the crystal growth of Pt nanowires is not af-
fected by the substrate from which they grow.

Electrochemical Measurements. The electrochemically ac-

tive surface area (ECSA) was studied based on hydro-
gen adsorption using cyclic voltammetry (CV). Note that
the samples had only been washed by chloroform, eth-
anol, and distilled water and without any heat treat-
ment, typically required for carbon-supported Pt cata-
lysts. Figure 3 shows CV curves of four different samples
in 0.5 M H,SO, at a scan rate of 50 mV/s. It was found
that Pt nanowires prepared on Pt gauze with a 1 mL so-
lution of 40 mM H,PtClg had an active surface area
that was almost four times greater than the pristine
gauzes. For the case of Pt gauze (Figure 3A), the ECSA
increased from 0.762 cm? for the pristine gauze to 3.01
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Figure 2. HRTEM images of individual Pt nanowires recorded
along [011], prepared with a 1 mL solution of H,PtCl (40
mM), which were released from (A) Pt and (B) W gauze sup-
ports, respectively, via sonication. The fringe spacing of 0.23
nm corresponds to the interplanar separation between the
{111} planes, implying that the growth direction of the nano-
wire is along the <111> axis.

cm? for the nanowire-coated sample. The H adsorption/
desorption features at ~0.12 V (vs RHE) are similar to
what is observed for Pt(110) crystal faces reported in
literature.” "7 The more positive H adsorption peaks
at ~0.23 V (vs RHE) can be attributed to the Pt(100)
facets.' 7 Since the H adsorption/desorption region
observed for Pt(111) facets is essentially featureless (no
peaks at potentials <0.12 V vs RHE), this suggests that
there is a low presence of (111) facets."”

For the case of the pristine W gauze (Figure 3B), the
ECSA for the adsorption/desorption of hydrogen over
pristine W gauze was not observed; there is no obvious
adsorption of hydrogen on W.'%'® However, for the W
gauze prepared with Pt nanowires, H adsorption/de-
sorption activity was observed, but with rather unusual
peaks. Instead of two peaks at ~0.12 and ~0.23 V (vs
RHE), representing the (110) and (100) facets of Pt, there
is one distinct large peak at ~0.26 V (vs RHE). Nagel
and co-workers studied a similar case on W-modified,
sputter-deposited Pt electrodes and observed that the
more cathodic hydrogen adsorption peak was sup-
pressed by W, resulting in the evolution of a new peak
at 0.26 V (vs RHE) in the anodic sweep and at 0.21 V (vs
RHE) in the cathodic sweep. This response was deter-
mined to be due to the oxidation of W, which over-
lapped with the hydrogen adsorption peaks.'® On the
basis of their findings, the W gauze may be oxidized
during the potential scan, and therefore, the calculated
ECSA value of 5.39 cm? does not give the exact active
surface area of the sample (as the oxidation/reduction
of W also occurs in the range of hydrogen adsorption/
desorption). As a result, even though it is clear that the
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Figure 3. CV curves of pristine metal gauzes and metal gauzes covered
with Pt nanowires grown from a 1 mL solution of H,PtCl, (40 mM). The
CVs were recorded in Ar-protected 0.5 M H,SO, with a 50 mV/s scan rate.
(A) Pristine Pt gauze and a Pt gauze covered by Pt nanowires, (B) a pris-
tine W gauze and a W gauze covered by Pt nanowires. For all samples,
the ECSA values were calculated from the backward potential curve (0.05
to 0.4 V vs RHE).

Pt nanowires supported on W gauze display active sur-
faces, an exact active surface area of the sample based
on hydrogen adsorption cannot be determined.

The electrocatalytic activity of the Pt nanowires sup-
ported on Pt gauze was further measured by CV and
chronoamperometry and benchmarked against an
E-TEK 20 wt % Pt/C catalyst. Figure 4A shows the CV
curves of methanol oxidation under acidic conditions
(0.5 M CH50H and 0.5 M H,SO,) catalyzed by two
samples prepared on Pt and W gauze, a pristine Pt
gauze sample, and an E-TEK catalyst. Voltage sweeps
were scanned in the range of 0—1.2 V at a rate of 50
mV/s. The voltammetric features are consistent with lit-
erature reports and are typical of the oxidation of
methanol."”® 2" The Pt nanowires supported on Pt and
W gauzes were prepared with a 1 mL solution of H,PtCl,
(40 mM), which corresponds to the samples seen in Fig-
ure 1EF, respectively. The methanol oxidation peaks
for the Pt nanowires supported on Pt and W gauzes and
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Figure 4. (A) CV curves for MOR in acidic solution. The Pt
nanowires were prepared with a 1 mL solution of H,PtClg
(40 mM) on Pt and W gauze. Electrolyte: 0.5 M H,SO, + 0.5
M MeOH; scan rate = 50 mV/s. (B) Chronoamperometry
curves at 0.85 V vs RHE in acidic solution. Electrolyte: 0.5 M
H,SO, + 0.5 M MeOH.

the pristine Pt gauze fully developed at 0.85 V (vs RHE)
in the forward sweep and at 0.70 V in the backward
sweep. The peak current densities associated with
methanol oxidation in the forward scan were 1.02 mA/
cm? for Pt nanowires supported on Pt gauze, 0.78 mA/
cm? for pristine Pt gauze, and 0.47 mA/cm? for Pt
nanowires supported on W gauze. However, it should
be pointed out that the current density for Pt nanow-
ires on W gauze is underestimated. As discussed earlier,
the ECSA for Pt nanowires supported on W gauze (5.39
cm? from Figure 3B) is superficially determined from the
adsorption/desorption of hydrogen and the oxidation/
reduction of W. This results in an overestimation of the
ECSA, and because the ECSA is used to normalize the
area current density, 0.47 mA/cm? is an underestimated
value. As a reference, the carbon-supported E-TEK 20
wt % Pt/C catalyst was tested, which had a peak cur-
rent density of 0.61 mA/cm?. The high activity of the Pt
nanowires supported on Pt gauze, over 1.5 times the ac-
tivity compared to that of E-TEK and over 1.3 times the
activity compared to that of pristine Pt gauze, can be
partially attributed to the different exposed facets of Pt.
The rate of methanol oxidation has been found to be
the highest on the Pt(110) facets among the low-index
surfaces when using H,SO,, as the supporting
electrolyte.?' ~%* As indicated in Figure 3A, there are

IN() voL.2 = No.10 + LEEET AL

more exposed (110) facets on the Pt nanowires sup-
ported on Pt gauze as compared to the pristine Pt
gauze (monitoring the peaks at ~0.12 V vs RHE), which
will thereby lead to a higher activity.

Chronoamperometry data were recorded at 0.85 V
(vs RHE) for 2000 s as a measure of the catalyst deacti-
vation (Figure 4B). We observed that the Pt nanowires
supported on Pt gauze exhibited a slower current decay
over time in comparison to the pristine Pt gauze, indi-
cating a larger catalytically active surface area and per-
haps higher tolerance to CO-like intermediates. The en-
hancement may be partially attributed to a faster
removal rate of the poisoning species on (110) facets
of the Pt nanowires.?? On the other hand, Pt nanow-
ires supported on W gauze showed a faster current de-
cay, indicating a negative effect of the W support for re-
moval of the CO-like poisoning intermediates, which is
contrary to what was observed by Nagel and co-
workers.'® After 2000 s of continuous operation, the
current densities from the Pt nanowires supported on
Pt gauze, pristine Pt gauze, E-TEK, and Pt nanowires
supported on W gauze decayed to about 8.4, 9.4, 9.5,
and 6.4%, respectively, of their initial values. These mea-
surements indicate that all four samples exhibit com-
paratively similar responses to catalytic poisoning after
extended continuous runs.

Electrochemical Impedance Spectroscopy Measurements. To
further elaborate on the electron transfer kinetics of
methanol oxidation on the Pt nanowire electrode, se-
lected electrochemical impedance spectroscopy (EIS)
measurements were then carried out. Figure 5 shows
the representative Nyquist complex-plane impedance
spectra of Pt nanowires supported on Pt gauze pre-
pared with 1 mL of H,PtCl, at concentrations of (A—C)
80 mM and (D—F) 40 mM (denoted with Pt-80 and Pt-40
nanowires, respectively) in 0.1 M CH;O0H and 0.1 M
H,SO, at varied electrode potentials from 0.00 to +1.20
V (shown as figure legends). At the Pt-80 electrode,
the features are quite rich in the EIS study, as com-
pared to the voltammetric profiles (Figure S1 in Sup-
porting Information). At potentials more negative than
+0.70 V (Figure 5A), the diameter of the impedance
arcs increases with increasing electrode potential. This
may be attributed to the increasing accumulation of CO
on the surface of the Pt nanowires (as a result of the
nonfaradaic dissociation of methanol), probably be-
cause of the incomplete removal of the PVP protecting
layer that impedes the oxidative removal of surface-
adsorbed CO. At more positive potentials, +0.75 to
+0.85 V (Figure 5B), the impedance arcs start to ap-
pear in the second quadrant instead of the conven-
tional first one. Such negative impedance behaviors
have been observed in previous studies of the electro-
oxidation of methanol and formic acid on Pt and other
Pt-based alloy electrodes and are ascribed to the oxida-
tive removal of CO from the catalyst surface and the re-
covery of the catalytic active sites.?*~2” With a further
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Figure 5. Complex-plane (Nyquist) impedance plots of the oxidation of methanol over Pt nanowires supported on Pt gauze
prepared with 1 mL solutions of H,PtCl, at concentrations of (A—C) 80 mM and (D—F) 40 mM in 0.1 M CH;OH and 0.1 M
H,S0,. The electrode potentials are shown as figure legends. Solid lines are representative simulations based on the equiva-

lent circuits shown in Figure S2 in Supporting Information.

increase of the electrode potential, > +0.85 V (Figure
5C), the impedance changes from negative to normal
positive and the diameter of the arcs decreases with in-
creasing electrode potentials, indicating faster electron
transfer kinetics at higher potentials. At these suffi-
ciently positive potentials, CO adsorbed on the Pt sur-
face was completely removed and the surface reaction
sites occupied by CO were recovered, and hence the di-
minishment of charge transfer resistance.

The EIS behaviors are somewhat different at the
Pt-40 electrode (Figure 5D—F). First, the diameter of
the arcs decreases with increasing potential at poten-
tials lower than +0.60 V (Figure 5D), suggesting more
active sites are available for methanol oxidation. At po-
tentials higher than +0.70 V (Figure 5E), negative im-
pedance appears in the second quadrant and then re-
turned to normal at +0.85 V (Figure 5F) with the
diameter of the arcs decreasing with increasing elec-
trode potential. Note that the onset potential of nega-
tive impedance (+0.70 V) is somewhat more negative
than that with the Pt-80 electrode (+0.75 V), implying
the oxidative removal of CO is facilitated at the Pt-40
electrode as compared to that at the Pt-80 electrode.
From Figure 5, it can also be seen that the diameter of
the impedance arcs at the Pt-40 electrode is signifi-
cantly smaller than that at the Pt-80 electrode, indicat-
ing substantially lower charge transfer resistance for
methanol oxidation; that is, the catalytic activity of Pt-40
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nanowires is much higher than that of Pt-80 nanowires
for methanol electro-oxidation, as suggested in the
aforementioned voltammetric study.

Furthermore, from the fitting by the equivalent cir-
cuit (Figure S2 in Supporting Information), the varia-
tion of the charge transfer resistance (R-y) with elec-
trode potentials can be quantitatively evaluated (Figure
S3 in Supporting Information). Overall, R at the Pt-40
nanowires is about 3 orders of magnitude smaller than
that at the Pt-80 nanowires, indicating the electron
transfer kinetics for methanol oxidation at the Pt-40
electrode is much better facilitated.

The drastic difference in catalytic performance for
methanol oxidation on Pt-80 and Pt-40 nanowires can
be interpreted on the basis of the structure of the nano-
wire films. At least part of it may be ascribed to the in-
complete removal of PVP from the Pt-80 electrode sur-
face, which hinders the accessibility of the catalyst
surface by the fuel molecules as well as oxidative re-
moval of CO from the electrode surface. As a result, Pt
nanowires prepared with an H,PtCl, concentration of
40 mM on Pt and W gauze were used for electrochemi-
cal measurements to determine the catalytic activity of
the samples toward the oxidation of methanol.

CONCLUSIONS
On the basis of methanol oxidation, the electrocata-
lytic activity increases in the sequence of Pt nanowires
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supported on W gauze < pristine Pt gauze < Pt nano-
wires supported on Pt gauze. The high activity of the
sample supported on Pt gauze can be explained in part
by the greater exposure of Pt(110) facets associated with
the Pt nanowires. From CV experiments performed in
H,SO,, there is a large oxidation peak at ~0.12 V for the
Pt nanowires supported on Pt gauze, indicating a large
concentration of Pt(110) facets. While the Pt nanowires
supported on W gauze indicated the largest ECSA, its ac-
tivity toward MOR was the lowest. This is because the
large ECSA value was determined to be an overestima-
tion due to the signal overlap between the oxidation/re-
duction of W and the adsorption/desorption of hydrogen,
and the lower activity toward MOR is expected as W
does not have any catalytic contribution to the oxidation
of methanol. It was also determined that increasing the
density of Pt nanowires makes it difficult to completely re-

EXPERIMENTAL SECTION

Synthesis of Pt- and W-Supported Pt Nanowires. In a typical proce-
dure, 4 mL of EG (J.T. Baker, Lot# A34B16) was injected into a
three-neck flask (fitted with a reflux condenser and a Teflon-
coated stir bar) and heated in air to 110 °C for 30 min. A Pt gauze
(5 mm X 5 mm, Alfa Aesar, 100 mesh woven from 0.0762 mm di-
ameter wire, 99.9% metals basis) or W gauze (5 mm X 5 mm,
Alfa Aesar, 100 mesh woven from 0.0254 mm diameter wire) was
then added to the EG along with 20 pL of a 20 mM iron species
(FeCl;®6H,0 or FeCl,®6H,0, Aldrich, predissolved in EG). The so-
lution was heated for an additional 30 min to boil off any trace
amount of water; 400 mM PVP (MW = 55 000, 0.045 g, Aldrich)
and 80 mM H,PtClg (0.033 g, Aldrich) were dissolved separately
in 2 mL of EG at room temperature. These two solutions, each of
1 mL in volume, were then added simultaneously into the flask
over a period of 1.5 min. The molar ratio between H,PtClg and
the repeating unit of PVP was 1:5. The reaction mixture was con-
tinued with heating at 110 °C in air. After the reaction had pro-
ceeded for 18 h, the final solution was colorless with black aggre-
gates on the Pt gauze and at the bottom of the flask. The Pt
gauze was washed thoroughly with ethanol and water to re-
move EG and excess PVP.

SEM and TEM Characterization. The SEM samples were prepared
by placing the as-prepared silicon substrates on a carbon tape,
washing with a large volume of water, and drying under ambi-
ent conditions. SEM images were taken using a Sirion XL field-
emission microscope (FEI, Hillsboro, OR) operated at an accelera-
tion voltage in the range of 10—15 kV. High-resolution TEM
images were performed using a JEOL JEM-2100F microscope op-
erated at an accelerating voltage of 200 kV.

Electrochemical Measurements. Prior to the electrochemical mea-
surements, the Pt and W gauze samples were thoroughly
washed with chloroform, ethanol, and finally distilled water.
The electrochemical properties were examined with a CHI 760
dual channel electrochemical workstation (CH instruments, Inc.)
using a three-electrode system, which consists of a working elec-
trode made of 5 mm X 5 mm sample gauze connected by a Au
wire, a Pt wire counter electrode, and an RHE reference electrode
(Gaskatel, HydroFlex). Hydrogen adsorption—desorption CV
data were recorded in an argon-protected 0.5 M sulfuric acid
aqueous solution. This solution was purged with argon for 30
min first to deplete dissolved oxygen. After the purge, a continu-
ous stream of argon was introduced into the cell above the lig-
uid surface to maintain an inert atmosphere over the testing so-
lution. The CV was recorded between 0.0 and 1.2 V vs RHE with
a scan rate of 50 mV/s. The region for hydrogen adsorption (0.05
to 0.4 V vs RHE on the backward potential scan) was used to es-
timate the ECSA values.

move PVP from the sample, which impedes the oxida-
tive removal of surface-adsorbed CO and hinders the ac-
cessibility of the catalytic surface by the fuel molecules.
According to EIS measurements, the catalytic perfor-
mance of Pt-40 nanowires for methanol oxidation is sig-
nificantly larger than that of the Pt-80 nanowires, due par-
tially to the incomplete removal of PVP from the later
sample. Chronoamperometry data indicated that all
samples exhibited similar responses to catalytic poison-
ing after 2000 s of continuous operation. However, the Pt
nanowires supported on Pt gauze exhibited a slightly
slower current decay over time, indicating a higher toler-
ance to CO-like intermediates. The results described in the
present work demonstrate a new type of conductive sup-
port, which can be used to grow dense arrays of Pt
nanowires for use as active components in high-power
density fuel cell applications.

For CVs and chronoamperometry of the MOR, an air-free
aqueous solution containing 0.5 M CH;OH and 0.5 M H,SO,
was used. The CV was recorded between 0.0 and 1.2 V vs RHE
with a scan rate of 50 mV/s. Before recording chronoamperome-
try curves, the potential of the working electrode (samples) was
cycled several times then preset at 0 V for 30 s to remove any
contaminants or oxidants on the surface.

Electrochemical Impedance Spectroscopy (EIS) Measurements. EIS mea-
surements were carried out using an EG&G PARC potentiostat/
galvanostat model 283 and frequency response detector (model
1025). The impedance spectra were recorded between 100 kHz
and 10 mHz with the amplitude (rms value) of the ac signal at 10
mV.
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