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Despite significant recent advances, the long-term durability
of Pt catalyst at the cathode is still being recognized as one of
the key challenges that must be addressed before the
commercialization of proton exchange membrane fuel cells
(PEMFCs)."? The loss of Pt electrochemical surface area
(ECSA) over time, because of corrosion of the carbon
support and Pt dissolution/aggregation/Oswald ripening, is
considered one of the major contributors to the degradation
of fuel cell performance.”! Up to now, highly dispersed Pt
nanoparticles (NPs, 2-5 nm) on carbon supports are still being
widely used as the state-of-the-art commercial catalysts, and
most reported studies are focused on nanoparticles of Pt.[
However, Pt with nanosized particle morphologies has high
surface energies, thereby inducing severe Oswald ripening
and/or grain growth during fuel cell operation.

One-dimensional (1D) nanostructures of Pt, such as
nanowires (NWs) and nanotubes (NTs), have been demon-
strated to overcome the drawbacks of NPs in fuel cells,
owning to their unique 1D morphologies." ! Yan et al.l'!l
reported that unsupported Pt nanotubes exhibit much
enhanced catalytic activity and durability as fuel cell cathode
catalyst. Sun et al.’! and Zhou et al.'" reported the improved
oxygen reduction reaction (ORR) activities of Pt NWs at the
cathode under fuel cell operating conditions. However, up to
now, the durability of Pt NW-based electrocatalysts has never
been reported in the literature.

Here we describe a new approach to address, for the first
time, both the activity and durability issues by using carbon-
supported multiarmed starlike Pt nanowires (starlike PtINW/
C) as electrocatalysts. Interestingly, the durability can be
further improved by eliminating the carbon support, that is,
using unsupported Pt nanowires as the cathode catalyst. As a
result of their unique 1D morphology, the starlike Pt nano-
wire electrocatalyst can provide various advantages. First, the
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interconnected network consists of multiarmed, star-shaped
1D NWs with arm lengths of tens of nanometers which makes
the Pt less vulnerable to dissolution, Ostwald ripening, and
aggregation during fuel cell operation compared to Pt nano-
particles.'!! Second, this network structure reduces the
number of embedded electrocatalyst sites in the micropores
of the carbon supports relative to those in nanogrannular Pt.
Third, the mass transfer within the electrode can be effec-
tively facilitated by networking the anisotropic morphol-

[12]
ogy.

Carbon-supported multiarmed starlike platinum nano-
wires were synthesized by the chemical reduction of a Pt
precursor with formic acid in aqueous solution at room
temperature and under ambient atmosphere.” No surfac-
tant, which is usually harmful for catalytic activities, was used
in the experiments.

Figure 1A and B show the representative scanning
electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) images, respectively, of carbon-supported Pt
nanowires at 40 wt % loading of Pt. It can be seen that the as-
synthesized Pt is nanostar-shaped, being composed of several
short arms of Pt nanowires. The number of arms of each
nanostar is found to vary ranging from several to over ten.
Occasionally, single-armed nanowires standing on the carbon
surface can also be observed. Diameter and length of the arms
of starlike Pt nanowires are about 4 nm and 15 nm, respec-
tively. More interestingly, from the connected atomic arrange-
ment shown in the high-resolution TEM (HRTEM) images
(see Figure S1 in the Supporting Information and the inset in
Figure 1B), the nanostar is found to be a single crystal. The
fast Fourier transform (FFT; see inset in Figure S1) of the
original HRTEM image shows a dotted pattern, further
proving that the nanostar is a single crystal. This indicates that
the formation mechanism of the nanostar involves seeded
growth rather than an aggregation of seeded particles or an
assembly process of the nanowires."¥! The X-ray diffraction
(XRD) pattern (Figure S2) confirms that the carbon-sup-
ported Pt nanowires are crystallized in a face-centered-cubic
(fcc) structure similar to bulk Pt,"™! which is consistent with
the HRTEM investigations.

We believe that the growth of the multiarmed starlike
PtN'Ws on carbon black supports follows a similar process to
that for Pt NWs on other supports.'*! Typically, Pt nuclei are
first formed in solution through the reduction of H,PtCly by
HCOOH, and they deposit on the surface of carbon spheres.
The freshly formed nuclei act as the sites for further
nucleation through the continual absorption and reduction
of Pt(IV) ions leading to the formation of particle seeds. For
fce structures, the sequence of surface energies is y;i11; < Yjio0)
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Figure 1. A) SEM and B) TEM image of carbon-supported multiarmed
starlike Pt nanowire catalyst.

< Y10 Which implies the single-crystal seeds are expected to
exist finally as truncated octahedrons enclosed by a mix of
{111} and {100} facets in order to maximize the expression of
{111} facets and minimize the total surface energy.'® As the
reaction is conducted at room temperature, the reduction rate
is very low; therefore, according to the lowest-energy
principle, the anisotropic growths along the closed-packed
<111> directions are enhanced.'* Finally, multiarmed
starlike PtNWs are formed based on the truncated octahe-
dron seeds which have several {111} facets. The exact
formation mechanism is still under investigation. However,
we believe that the key is to reduce the reduction rate of Pt
ions, which favors the growth of {111} planes and therefore
leads to the formation of 1D nanowires.

We benchmarked the electrochemical properties of star-
like PtNW/C against a commercial catalyst made of Pt
nanoparticles on carbon support (E-TEK, 30 wt% Pt).
Figure 2A shows the cyclic voltammetry (CV) curves of
these two catalysts recorded at room temperature in an Ar-
purged H,SO, solution (0.5m) with a sweep rate of 50 mVs™.
Both CV curves exhibit strong peaks associated with hydro-
gen adsorption/desorption and Pt oxide formation/reduction.
Well-defined multiple hydrogen adsorption and desorption
peaks on different Pt low-index surfaces became more
definable for the carbon-supported Pt nanowire catalyst.
The electrochemical surface areas (ECSA) were calculated by
measuring the charge associated with the H, 4 (Qy) between 0
and 0.4 V and assuming Q,;=0.21 mCcm™ for the adsorp-
tion of a hydrogen monolayer,!'"! corresponding to a surface
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Figure 2. A) CV curves and B) hydroxy surface coverage (@) for Pt/C
(E-TEK, blue curve) and starlike PtNW/C (40 wt % Pt; red curve)
catalysts. C) Polarization curves for ORR of Pt/C (E-TEK; blue curve)
and starlike PENW/C catalysts (red curve) in O,-saturated 0.5m H,SO,
solution at room temperature (1600 rpm, sweep rate 10 mVs™).

D) Mass activity and specific activity at 0.9V (vs. RHE) for the two
catalysts.

density of 1.3x 10" Pt atoms per cm?, which is generally
accepted for polycrystalline Pt electrodes. The specific ECSA
of the starlike PINW/C was 22.1 m?g~! Pt, which is about half
(51 %) of that of commercial E-TEK Pt/C catalyst (43.3 m*g "
Pt). Interestingly, the dimensional change of Pt nanostruc-
tures from particle (0D) to wire (1D) also greatly altered the
ability to adsorb hydroxy species (OH,y, E>0.6 V) (Fig-
ure 2B). Both the onset and peak potentials for the starlike
PtNW/C show positive shifts compared with E-TEK carbon-
supported Pt nanoparticles on the backward sweep, indicating
the fast hydroxy desorption from the Pt nanowires surface.

Figure 2C shows typical ORR polarization curves of
starlike PtNW/C and Pt/C (E-TEK) catalysts obtained at
room temperature in oxygen-saturated 0.5m H,SO, by using a
glassy carbon rotating disk electrode (RDE) at 1600 rpm. The
half-wave potentials for the starlike PtNW/C and Pt/C
catalysts were 0.848 and 0.813 V, respectively, indicating that
the catalytic activity of carbon-supported starlike PtNWs was
higher than that of the commercial Pt/C catalyst made of Pt
nanoparticles. Mass activity and specific activity are good
indicators of the quality of an electrocatalyst. As shown in
Figure 2D, starlike PINW/C exhibited a mass activity of
0.135mApg™ Pt at 0.9V (vs. RHE), which is 1.5-times
greater than that of the Pt/C (E-TEK) catalyst (0.09 mA ug™
Pt). Interestingly, this improvement occurred in spite of about
a 50% lower Pt active surface area for starlike PINW/C
catalyst. Taking into account both effects, a specific ORR
activity for the starlike Pt NW/C of 0.611 mAcm? Pt was
obtained at 0.9 V, which was nearly three times that for E-
TEK Pt/C catalyst (0.207 mAcm~ Pt). This improvement
agrees well with those reported for Pt NWs obtained under
full cell operating conditions.”!

The improved activity for the starlike nanowires com-
pared with nanoparticles of Pt could be due to several factors,
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including 1) the changes in morphology (1D vs. 0D) because
the 1D shape could facilitate the reaction kinetics and
improve the O, diffusion to Pt surface; 2) fewer surface
defects borne by the nanowires which have a closer resem-
blance to the surface of large single Pt crystals that exhibit
even higher ORR specific activities; and 3) the preferential
exposure of certain crystal facets of Pt nanowires since the
different low-index surfaces have markedly different activ-
ities.11¥ In addition, the adsorbed OH,, species on the Pt
surface could block the active surface for O, adsorption and
thus have a negative impact on the ORR. Pt NWs bear
comparatively smooth atomic surfaces, which have a small
number of low coordination atoms, thus they are more active
than surfaces with a high concentration of such sites because
of the reduced interaction with OH species. Therefore, the
low OH,, coverage on the surface of carbon-supported
starlike Pt NW catalyst helps to improve the ORR kinetics,
resulting in enhanced activities.!'")

The accelerated durability tests (ADT) of the catalysts
were conducted by potential cycling between 0.6 and 1.2 V vs.
RHE in O,-purged H,SO, solution (0.5M) at room temper-
ature, with scan rate of 50 mVs™'. After 4000 cycles, the
starlike PtNW/C catalyst had lost 40 % of the Pt initial ECSA
(Figure 3B and D) and showed a degradation of 20 mV in the
half-wave potential (Figure S3B), while the degradation of E-
TEK Pt/C catalyst was quite severe, with 67.5% loss of the
initial Pt ECSA (Figure 3 A and D) and a large decrease of
88 mV in the half-wave potential (Figure S3A). Interestingly,
the durability of Pt nanowire catalyst could be further
improved by removing the corrosion effect of the carbon
support. The ADT tests (Figure 3 C and D) showed that the Pt
ECSA of the unsupported Pt NWs decreased about 13 % after
4000 cycles, which was 5.2- and 3.1-times better than that of E-
TEK Pt/C and carbon-supported PtNW catalysts, respec-
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Figure 3. CV curves for A) Pt/C (E-TEK), B) starlike PtNW/C, and

C) unsupported PtNW catalysts before (black curves) and after 4000
cycles (blue, red, and green curves). D) Loss of electrochemical surface
area (ECSA) of Pt/C (E-TEK; blue), starlike PtNW/C (red), and
unsupported PtNW catalysts (green) as a function of cycling numbers
in O,-purged 0.5M H,SO, solution at room temperature (0.6-1.2V vs
RHE, sweep rate 50 mVs™').
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tively. In addition, it showed a quite small negative shift of
9 mV in the half-wave potential (Figure S3C).

The morphology changes of the E-TEK Pt/C, carbon-
supported starlike Pt NWs, and unsupported Pt NWs were
investigated by TEM before and after ADT cycling (Figure 4
and Figure S4). The Pt nanoparticle size in the E-TEK Pt/C
commercial catalyst increased from 2-5 nm to 5-25 nm (by a
factor of up to 5). In addition, the density of Pt particles on

Figure 4. TEM images of unsupported Pt NW A) before, and B) after
accelerated CV test. Insets of (A) and (B) show the corresponding
HRTEM images, respectively.

carbon became much less, confirming that the major cause for
the Pt ECSA loss of Pt/C catalyst was by Pt nanoparticle
ripening, the aggregation and falling off of Pt because of
corrosion of the carbon support. By contrast, there were no
obvious morphological changes for the carbon-supported Pt
NW catalyst after ADT cycling. Their star shape and 1D
morphology remained the same, with slight aggregation,
which might be a result of the corrosion of the carbon support.
Meanwhile, the unsupported Pt NWs maintained their 1D
morphology and the (111) growth direction after 4000 cycles
of ADT test. The diameters of Pt NWs decreased slightly and
their surfaces (especially the edges) became rough because of
the possible mild dissolution of Pt. This might be the main
reason for the small drop in Pt ECSA of unsupported PtNWs.
As shown in the schematic illustration of morphology changes
that occurred in Pt during accelerated electrochemical cycling
(Figure 5), the Ostwald ripening and aggregation of Pt, as well
as corrosion of the carbon support in the case of the absence
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Figure 5. Schematic of morphology changes that occur in Pt during
accelerated electrochemical cycling. A) Pt NPs/C (E-TEK), B) Pt NWs/
C, and C) unsupported PtNWs.

of carbon, can be significantly mitigated by introducing 1D
and the starlike network Pt morphology.!'!

In summary, we have demonstrated a promising electro-
catalyst based on starlike Pt nanowires with both good
catalytic activity and durability. The novel starlike Pt nano-
wire structure may also be used in other industrial applica-
tions.

Experimental Section

Platinum nanowires were synthesized by the chemical reduction of Pt
precursor with formic acid."® All the experiments were conducted in
aqueous solution, at room temperature and under ambient atmos-
phere. In a typical synthesis, 0.032 g hexachloroplatinic acid
(H,PtCl;-6 H,0, 99.95%, Aldrich) and 1 mL formic acid (HCOOH,
98 %, Aldrich) were dissolved in 20 mL H,O and stored at room
temperature for 72 h. The solution turned from golden-orange to grey
and then to dark brown. All aqueous solutions were prepared with
ultrapure water from a Barnstead Nanopure water system. For the
growth of 40 wt % Pt on carbon, a suspension of 7.5 mg carbon black
(Vulcan XC72R) in 21 mL reaction solution (14.67 mg H,PtCl,-6 H,O
and 1 mL HCOOH in 20 mL of water) was sonicated for 30 min.
After this initial dispersion, the solution is stored at room temper-
ature for 72 h. The product was collected by centrifugation and
washed several times with water, and then dried in an oven at 60°C
for further use in characterization and electrochemical measure-
ments.

Scanning electron microscopy (SEM) images were taken on a
Hitachi S-4800 microscope, operating at 5 kV. Transmission electron
microscopy (TEM) observations were performed with a Philips CM10
microscope at an accelerating voltage of 100 kV. High-resolution
TEM (HRTEM) images were obtained with a JEOL 2010F micro-
scope, operating at 200 kV. The Pt loading were confirmed by
inductively coupled plasma-optical emission spectroscopy (ICP-
OES). Electrochemical properties of the catalysts were measured
on an Autolab potentiostat/galvanostat (Model, PGSTAT-30, Eco-
chemie, Brinkman Instruments) with rotation control (MSR, Pine
Instruments) using a three-electrode system that consists of a glassy
carbon (GC) rotating disk electrode (RDE), a Pt wire counter
electrode, and a Ag/AgCl (3m NacCl) reference electrode which was
separated from the working electrode compartment by a closed
electrolyte bridge. For convenience, all potentials in this study are
referenced to the reversible hydrogen electrode (RHE). The working
electrode was prepared with a procedure similar to the one reported
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previously.” Typically, the catalyst dispersions were prepared by
mixing 5 mg of catalyst in 5 mL aqueous solution containing 1 mL of
isopropyl alcohol and 30 pL of 5 wt % Nanfion solution (4:1:0.0017 v/
v) followed by 12 min ultrasonication. GC disk electrodes (5 mm
diameter, 0.196 cm® Pine Research Instrument) served as the
substrate for the support and were polished to a mirror finish. An
aliquot of catalyst suspension was pipetted onto the carbon substrate,
leading to a Pt loading of about 6 pgycm™> for all catalysts. The
catalyst films were dried under flow N, at room temperature.

The working electrode was first cycled between 0 and 1.2 V for 50
times in an Ar-purged H,SO, solution (0.5M) at room temperature, to
produce a clean electrode surface. The scan rate used was 50 mVs™.
Then the cyclic voltammetry (CV) measurements were conducted by
cycling the potential between 0 and 1.2V, with sweep rate of
50 mV s~ The electrochemical surface areas (ECSA) were calculated
by measuring the charge associated with the H,q4 (Qy) between 0 and
0.4 V and assuming Q,.;=0.21 mCcm 2, corresponding to a surface
density of 1.3 x 10" Pt atoms per cm?, which is generally accepted for
polycrystalline Pt electrodes. The ECSA of Pt was calculated based
on the relation ECSA = Qy/(Q,sm) where Qy is the charge for H
adsorption (mCcm™2), m is the Pt loading (mgcm™2) in the electrode,
and Q. is the charge required for the monolayer adsorption of
hydrogen on a Pt surface (0.21 mCem™)."’? The adsorption of
hydroxy species was calculated based on the OH,, peak in the CV
curves at the potential larger than 0.6 V. Dividing the hydroxy
adsorption area by the overall active surface area resulted in the
surface coverage of OH,, species (Oppaq).>? The oxygen reduction
reaction (ORR) experiments were performed in oxygen-saturated
H,SO, solution (0.5m) at room temperature. The RDE rotating rate
was 1600 rpm and sweep rate was 10 mVs~'. Current densities were
normalized in reference to the geometric area of the GC RDE
(0.196 cm?). The CV measurements for accelerated durability test
(ADT) were conducted by potential cycling between 0.6 and 1.2 V
(vs. RHE) for 4000 cycles in O,-saturated H,SO, solution (0.5M) at
room temperature, with scan rate of 50 mVs™'. Meanwhile, full-scale
voltammogram between 0.0 and 1.2 V in N,-saturated H,SO, solution
(0.5m) were recorded periodically to track the degradation of Pt
catalysts.
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