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Direct Growth of Single-Crystal Pt Nanowires on Sn@CNT Nanocable: 3D
Electrodes for Highly Active Electrocatalysts
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Abstract: A newly designed and fabri-
cated novel three dimensional (3D)
nanocomposite composed of single-
crystal Pt nanowires (PtNW) and a co-

by the direct growth with PtNWs
through a facile aqueous solution ap-
proach at room temperature. Electro-
chemical measurements demonstrate
that the PINW—Sn@CNT 3D electrode

exhibits enhanced electrocatalytic per-
formance in oxygen reduction reaction
(ORR) for polymer electrolyte mem-
brane fuel cells (PEMFCs), methanol

axial nanocable support consisting of a
tin nanowire and a carbon nanotube
(Sn@CNT) is reported. This nanocom-
posite is fabricated by the synthesis of
Sn@CNT nanocables by means of a

. platinum
thermal evaporation method, followed

Introduction

Platinum is the key electrocatalyst in polymer electrolyte
membrane (PEM) fuel cells'™ where it catalyzes oxygen
reduction reaction (ORR) at the cathode and fuel (including
hydrogen and methanol) oxidation reaction at the anode.*’!
Interestingly, it has been established that the catalytic reac-
tivity of Pt nanostructures depends highly on their morphol-
ogy (including dimensionality and shape), and therefore the
design and synthesis of well-controlled shapes and sizes of
Pt nanostructures is crucial for their applications, especially
in the field of electrocatalysis for fuel cells.*”

To date, considerable efforts have been devoted to the
synthesis of Pt nanostructures; however, most of these stud-
ies focused on spherical nanoparticles or nanoparticles with
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oxidation (MOR) for direct methanol
fuel cells (DMFCs), and CO tolerance
compared with commercial ETEK Pt/C

B — catalyst made of Pt nanoparticles.

an undetermined shape.’'” Very recently, one dimensional
(1D) Pt structures, such as nanowires, have drawn much at-
tention owing to their unique anisotropic structure and sur-
face properties, as well as excellent electrocatalytic activi-
ties."""l Platinum nanowires have been synthesized by tem-
plating against the channels of hard or soft templates, how-
ever, polycrystalline nanowires were normally obtained.™!
The first attempt to generate single-crystal Pt nanowires was
accomplished by Xia and coworkers through a polyol pro-
cess, combined with the introduction of a trace amount of
iron species; poly(vinyl pyrrolidone) was used as a surfac-
tant, and the reaction was carried out at 110°C.I" It still re-
mains a grand challenge to synthesize single-crystalline Pt
nanowires through surfactant-free routes under mild condi-
tions.

To improve the Pt utilization and enhance their catalytic
activity, Pt catalysts are often dispersed onto a variety of
carbon supports, including carbon black (CB),' carbon
nanofibers (CNFs),!'” and carbon nanotubes (CNTs)."!
Among these supporting materials, CNTs are considered to
be one of the most attractive candidates, owing to their out-
standing mechanical characteristics, such as high tensile
strength coupled with high surface area, high electric con-
ductivity, and thermal conductivity."*? Indeed, CNTs sup-
ported Pt nanoparticles showed enhanced ORR and metha-
nol oxidation (MOR) activities in fuel cells.'** Moreover,
the addition of tin (Sn) or its oxide to Pt/CNT catalysts can
further enhance their performance according to the bi-func-
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tional mechanism.”?" Despite the progress made in the
past, the production of Pt catalyst with great catalytic per-
formance and utilization efficiency is still costly and far
from being trivial.

In this study, through a facile surfactant-free aqueous so-
lution method, we synthesized ultrathin single-crystal Pt
nanowires, at room temperature, on a Sn@CNT nanocable
support directly grown on carbon paper fuel cell backing to
form a novel 3D fuel-cell electrode (PtNW—Sn@CNT). Such
a Sn@CNT 3D nanocable support holds many advantages,
including enhancing effect of tin, higher gas permeability,
improved metal-support interactions, and enhanced mass
transport. This approach allows us to combine the advan-
tages of both a PtNW catalyst and a Sn@CNT 3D nanocable
support for fuel cell applications. The PINW—Sn@CNT 3D
electrodes showed greatly enhanced electrocatalytic activi-
ties for oxygen reduction, methanol oxidation and improved
CO tolerance than commercial ETEK Pt/C catalyst made of
Pt nanoparticles.

Results and Discussion

The approach and schematic illustration for the synthesis of
Pt nanowires on Sn@CNT nanocable supports is demon-
strated in Scheme 1. The actual synthetic procedure is very
simple, and only two chemicals (H,PtCly and HCOOH)
were used throughout the whole synthesis process, which
did not require a stabilizing agent. Further, the reaction was
conducted at room temperature in environmentally friendly
aqueous solution.

Typical scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images of the pristine
Sn@CNT nanostructures grown on a commercially-available
carbon paper fuel cell backing are shown in Figure 1. The
carbon paper substrate is made of many graphite fibers with
a diameter between 5 and 10 um. As shown in Figure 1a
and inset, after the growth of Sn@CNT, the surface of
carbon fibers was completely covered with dense rod-like
structures, approximately 5-10 um in length and 150-200 nm
in diameter. The TEM image of a coaxially integrated nano-
cable structure that consists of a Sn core and CNT shell with
void space between the two is shown in Figure 1b. The
carbon shell is about 60 nm thick and the diameter of the Sn
core is about 70 nm. Energy dispersive X-ray spectroscopy
(EDS) and selected area electron diffraction (SAED) of the
core-shell structure confirmed the presence of metallic Sn
and amorphous carbon.” The less graphitic form of carbon
could promote H* diffusion into the Sn core through the
“gaps” in the carbon shell.”*”

Typical SEM images of the PtNWs grown on Sn@CNT
nanocables, at two magnifications, are shown in Figure 2a
and b, respectively. They reveal that, after the complete sur-
face coverage with hundred-nanometer long PtNWs, the
Sn@CNT nanocables still maintain their “free-standing” 3D
structures. The TEM image (Figure 2¢c, and Figure S1) fur-
ther confirms the SEM investigation, showing that PtNWs
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Scheme 1. a) Schematic representation of the approach in the synthesis
of PINW—Sn@CNT nanocomposites. b) Schematic image depicting the
growth of PtNWs on Sn@CNT nanocable support.

Figure 1. a) SEM and b) TEM images of pristine Sn@CNT nanocables,
before the growth of Pt NWs.
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Figure 2. a) SEM, b) HRSEM, and c¢) TEM images of PINW—Sn@CNT
heterostructures, d) HRTEM image of Pt NWs grown on Sn@CNT nano-
cables.

grow uniformly over Sn@CNT surface with lengths of up to
hundred nanometers. High-resolution (HR) TEM examina-
tion (Figure 2d) shows that the Pt nanowires are ~4 nm in
diameter and they grow along the (111) direction. The crys-
tallographic alignment of nanowires reveals that the entire
nanowire is one single crystal with a lattice spacing between
the {111} planes of 0.226 nm, which is in agreement with the
value of bulk Pt crystal.l'”! The fast Fourier transform (FFT)
of the atomic-lattice fringing, apparent in the inset of Fig-
ure 2d, further confirms the single crystallinity of Pt nano-
wires.

The chemical state of PtNWs growth on Sn@CNT nano-
cable supports were determined by X-ray photoelectron
spectroscopy (XPS). High resolution Pt 4f spectrum was de-
convoluted into asymmetric doublet (Figure 3a) peaks cen-
tered at 71.4 and 74.7eV, which can be attributed to
Pt° 4f,,, and Pt° 4f;,, respectively. These are in good agree-
ment with those of pure bulk platinum.”” In addition, no
obvious shoulders at higher binding energies, representing
Pt** and Pt**, were found. Based on these analyses, we be-
lieve that the Pt NWs grown on Sn@CNT nanocable sup-
ports are pure metallic Pt. The X-ray diffraction (XRD) pat-
tern, shown in Figure 3b, reveals that the Pt nanowires
grown on Sn@CNT nanocable 3D supports were 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 PtNWs on Sn@CNT sup-
ports follows the similar process to that for Pt NWs on
MWCNTSs.'?! Typically, Pt nuclei are first formed in solu-
tion through the reduction of H,PtCl; by HCOOH, and they
deposit on the surface of Sn@CNT nanocables. The freshly
formed nuclei act as the sites for further nucleation, through
the continually absorption of Pt** ions, leading to the for-
mation of clustered particles. As the reaction is conducted
at room temperature, the reduction rate is very slow, and
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Figure 3. a) Pt4f XPS spectrum separation, and b) XRD patterns of Pt
NWs grown on Sn@CNT nanocables. The * in b) represents the XRD
patterns originated from Sn.

the anisotropic growth is favored because, for fcc structures,
the order of surface energies is (111)<(100)< (110).0"!
Therefore, according to the lowest energy principle, the
growth rate along the closed-packed (111) direction is en-
hanced. We believe that the key to synthesize the Pt nano-
wires is to reduce the rate of Pt ion reduction, favoring the
growth of {111} planes, and therefore leading to the forma-
tion of 1D nanowires.

We evaluated the electrochemical properties of the
PINW—Sn@CNT composite and, for comparison, pristine
Sn@CNT nanocable structures and 30 wt% Pt/C (ETEK)
catalysts, using cyclic voltammetry (CV). The CVs recorded
between —0.25 and 095V vs SCE in a deaerated 0.5M
H,SO, solution are shown in Figure 4. Before Pt deposition,
only background currents representing characteristic of
carbon electrodes, are observed (solid line a). After the
growth of Pt nanowires, clear and characteristic Pt surface
electrochemistry is observed (solid line b), with hydrogen
adsorption and desorption between 0.05 and —0.25 V, and Pt
oxidation in the range of 0.55 to 0.95 V with reduction peak
at 0.59 V. Multiple peaks for hydrogen adsorption and de-
sorption, rather than a single broad peak, were observed, in-
dicating that the reaction involved multiple exposed Pt crys-
tallographic planes. The electrochemically active surface
areas (ECSA) of the samples were calculated based on the
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Figure 4. Cyclic voltammograms of a)pristine Sn@CNT; b) PtNW—
Sn@CNT; and c) 30 wt%Pt/C commercial catalysts (ETEK). Measured
at a scan rate of 50 mV's, " in degassed 0.5m H,SO,.

hydrogen adsorption wave capacity (Qy) according to the
following [Eqn. (1)]:?

Ag. = 04/ (210 uCem™ x Pt loading) (1)

The obtained value of Ag; for the PINW—Sn@CNT is
17.2 m*g '(Pt), which is 50 % of that for the ETEK Pt/C cat-
alyst [34.5 m*g '(Pt)] made of Pt nanoparticles on carbon
black (CB). This can be attributed to the intrinsic 1D mor-
phology of nanowires compared to that of nanoparticles.']

The ORR activities of PINW—Sn@CNT composite elec-
trode and commercial Pt/C catalyst (ETEK) are shown in
Figure 5. Both CVs were obtained in an O,-saturated aque-
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Figure 5. CVs for oxygen reduction reaction in O-saturated 0.5m H,SO,
at PINW—Sn@CNT (——) and commercial Pt/C electrode (ETEK)
(-----). Potential scan rate 50 mVs.™!

ous electrolyte solution containing 0.5m H,SO,. It can be
seen that a 60 mV positive shift of the onset potential for
oxygen reduction at the PEINW—Sn@CNT composite was ob-
served as compared to commercial Pt/C electrode. The
oxygen reduction peak current, normalized on the basis of
Pt loading, is 10.9 A g~!(Pt) for the PINW—Sn@CNT compo-
site, which is 1.2 times that for the ETEK Pt/C catalyst
[9.0 Ag~'(Pt)]. Interestingly, this improvement occurred in
spite of a 50 % lower Pt active surface area for the Pt nano-
wire catalyst. Taking into account both effects, a specific
ORR activity for PINW—Sn@CNT of 0.63 A m~*(Pt) was ob-

8§32 —— www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tained, which is 2.4 times better than for the ETEK Pt/C
catalyst [0.26 Am 2(Pt)]. The higher specific activity of the
PINW—Sn@CNT as compared to Pt nanoparticles on CB
(ETEK) might be owed to the preferential exposure of cer-
tain crystal facets of the Pt NWs, %3 and/or the unique 3D
structure of Sn@CNT-based electrode, which facilitates the
O, diffusion to Pt surface. These results indicate a significant
improvement of electrocatalytic activity for ORR in PtNW—
Sn@CNT composite.

The electrocatalytic activity of the PEINW—Sn@CNT com-
posite for methanol oxidation, which is the heart of direct
methanol fuel cell (DMFC) application in the anodic half-
cell reaction, was also demonstrated by using a well-used
electrochemical reaction in a solution containing 1M MeOH
and 0.5m H,SO,. For comparison, the pristine Sn@CNT and
the commercial ETEK Pt/C catalyst (30 wt% Pt) were also
tested under the same experimental conditions. From the
voltammograms shown in Figure 6, no obvious oxidation
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Figure 6. Cyclic voltammograms for methanol oxidation (1M methanol in
0.5m H,SO,). Trace a) before growth of PtNWs; trace b) after growth of
PtNWs on Sn@CNT; trace ¢) ETEK commercial catalyst of Pt nanoparti-
cles on carbon black.

peaks could be observed from the CV curve of the pristine
Sn@CNT electrode, indicating the support itself is catalyti-
cally inactive for methanol oxidation (curve a). Two typical
oxidation peaks appear for the CV curves of the PINW—
Sn@CNT (curve b) and Pt/C catalysts (curve c), which arise
from the oxidations of methanol and their intermediates.
Obviously, the peak potential for methanol oxidation in the
forward scan on PtNW—Sn@CNT composite (0.66 V vs.
SCE) is much lower than that (0.70 V vs. SCE) for Pt/C cat-
alyst. This indicates that the PtNWs supported on Sn@CNT
nanocables are able to significantly reduce the overpotential
in methanol oxidation. The methanol oxidation peak cur-
rent, normalized on the basis of Pt loading, for PtNW—
Sn@CNT is about 91.0 A g '(Pt), which is 1.35 times higher
than for the ETEK Pt/C catalyst [66.9 Ag'(Pt)]. In terms
of the activity per unit active surface area, =~2.8 times
higher specific activity for PINW—Sn@CNT composite
[5.3 Am™2(Pt)] than that for the ETEK Pt/C [1.9 Am~*(Pt)]
were obtained. Goodenough etal. suggested the anodic
peak in the reverse scan might be attributed to the removal
of the incomplete oxidized carbonaceous species, such as
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CO, HCOO™ and HCO", accumulated on catalyst surface
during the forward scan. Consequently, the ratio of current
densities for these two anodic peaks, Ii/I,, can be used to
infer the CO tolerance of the catalyst.® The low I,/I, value
usually indicates poor oxidation of methanol to CO, during
the forward anodic scan and excessive accumulation of re-
sidual carbon species on catalyst surface. On the other hand,
a higher I/, ratio is indicative of improved CO tolerance.
In our study, the observation of a much higher I{/I, value on
PINW—Sn@CNT composite (2.2 vs. 1.3 on ETEK Pt/C) sug-
gests that methanol molecules can be more effectively oxi-
dized on PINW—Sn@CNT during the forward scan, generat-
ing relatively less poisoning species as compared to commer-
cial Pt/C catalyst, indicating the better CO tolerance. To fur-
ther explore the observed enhancement of CO tolerance, we
carried out a CO electrostripping experiment. From
Figure 7, we can see, for both catalysts, that a sharp peak ap-
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Figure 7. CVs of a) PPINW—Sn@CNT/carbon paper 3D electrode and b) a
commercial Pt/C electrode in the presence of CO in 0.5m H,SO, aqueous
solution at room temperature. Potential scan rate: 50 mVs.”' For both
catalysts, a sharp peak appears during the first scan (solid line) and disap-
pears in the subsequent scan (dash line).

pears during the first scan (solid line) and disappears in the
subsequent scan (dash line), indicating that the adsorbed
CO is completely oxidized during the first forward scan.
When comparing the onset potential and the peak potential
for CO electro-oxidation, significant differences between
the two catalysts can be observed. The onset potential of
CO oxidation on PINW—Sn@CNT composite is at 0.11 V
(vs. SCE), which is about 290 mV lower than that on com-
mercial Pt/C catalyst (0.4 V vs. SCE). Further, the oxidative
CO-stripping peak potential centers at 0.62 V for the com-
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mercial Pt/C catalyst, whereas on PINW—Sn@CNT, it is lo-
cated at 0.55 V. The significant negative shifts for the onset
and peak potentials of 290 mV and 70 mV, respectively, indi-
cate that the adsorbed CO can be more easily removed
from PINW—Sn@CNT catalyst than from ETEK commercial
Pt/C catalyst. All these results indicate that PtNW-—
Sn@CNT is much more tolerant to CO poisoning.

As to the origin of the enhanced electrocatalytic perfor-
mance on PtINW—-Sn@CNT catalysts, several explanations
can be suggested. In previous studies of Pt-based nanoparti-
cle catalysts, the activity and CO tolerance enhancements
were also observed on PtSn or PtSnO, nanostructures,
which was attributed to the fact that tin (Sn) or its oxide
could supply an oxygen containing (e.g. -OH groups) surface
to remove strongly absorbed species like CO, according to a
so-called bi-functional mechanism.®*>! Therefore, the im-
proved catalytic activity and CO tolerance observed in our
study may originate partially from the unique core-shell
nanocable supports containing a Sn core. In addition, the
“free-standing” nanocable supports and Pt nanowires pro-
vide excellent electron conductivity, which might facilitate
the reaction kinetics on the electrode surfaces, and improve
the O, and methanol diffusion rate. Furthermore, the prefer-
ential exposure of certain crystal facets along with the less
surface defects bearing characteristics of Pt nanowires pro-
motes their catalytic activities.'"¥! More importantly, the
unique 1D anisotropic morphology of Pt nanostructures can
improve mass transport and catalyst utilization for the elec-
trocatalytic reactions. Recently, Sun et al.'™¥ found that Pt
nanowires on carbon black showed much enhanced specific
catalytic activity for oxygen reduction than those of the
state-of-the-art Pt nanoparticle catalyst. Meanwhile, Chen et
al®"! and Bi et al® reported that 1D Pt nanostructures ex-
hibited improved both activity and stability for oxygen re-
duction and methanol oxidation, respectively. Based on
these arguments, it is expected that by growing 1D Pt nano-
structures on various metal oxide nanowire supports and
forming 3D network structures, the full advantage of several
combining factors can be taken. These factors include the
enhanced performance of Pt nanowire catalyst, excellent
properties of catalyst support, and enhanced mass transport.
This approach may open new and exciting possibilities for
further improving the performance of PEMFC and DMFC.

Conclusions

In summary, a facile aqueous solution procedure has been
successfully developed to grow single-crystal Pt nanowires
on Sn@CNT heterostructured nanocables at room tempera-
ture, forming a 3D nanocomposite electrode. The PtNW—
Sn@CNT composite shows, for ORR, 1.2 times higher mass
activity and 2.4-fold better specific activity, and for MOR,
1.35 times higher mass activity and 2.8-fold better specific
activity, than those of the commercial catalyst made of Pt
nanoparticles on carbon black. This novel structure has the
potential to possess high Pt utilization, high activity, and
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high durability for fuel cell applications. Further optimiza-
tion of the dimensional control, the preparation and evalua-
tion of membrane electrode assemblies based on PINW—
Sn@CNT catalysts are underway. This simple and unique ap-
proach can be extended to grow Pt nanowires on other 1D
nanostructures, such as CNT, SnO,, WO,, TiO, etc., for
wider applications.

Experimental Section

Sn@CNT nanocables synthesis: The synthesis of Sn@CNT nanocable
structures was carried out by a thermal evaporation method.” In a typi-
cal process, pure Sn powders (2 g, —325 mesh, 99.8 %) were placed in an
alumina boat located at the center of a quartz tube in a horizontal tube
furnace. A small piece of commercially available carbon paper (ETEK,
0.17 mm thick, 81% porosity) was placed aside of the metal powder,
acting as the substrate. The reaction chamber was first heated to 850°C
rapidly (in about 15 min) from room temperature under an atmosphere
of flowing Ar and 2% ethylene (200 sccm), and then kept at 850°C for
2 h. After the furnace was cooled down to room temperature, a gray
dark thin film was observed on the surface of the carbon paper substrate.

Growth of Pt nanowires on Sn@CNT/carbon paper: The growth of Pt
nanowires on Sn@CNT support was conducted by the chemical reduction
of Pt precursor with formic acid."” In a typical procedure, 0.032 g hexa-
chloroplatinic acid (H,PtCl¢6H,0, Aldrich) and 1mL formic acid
(HCOOH, Aldrich) were added simultaneously into 20 mL H,O at room
temperature to form a golden orange solution. The Sn@CNT/carbon
paper was immersed into the solution, acting as the growth substrates,
and then the reaction proceeded at room temperature without stirring
for up to 3 days until the solution color gradually changed to colorless.
After the completion of the reaction, PENW—Sn@CNT/carbon paper was
washed with deionized water and dried at 80°C over night in a vacuum
oven. The Pt loading was determined to be 0.4136 mgcm ™ by using in-
ductively coupled plasma-optical emission spectroscopy (ICP-OES) (the
total amount of Pt divided by the geometric surface area of the compo-
site electrode). The morphology of the prepared catalyst were character-
ized by using SEM (Hitachi S-5200) and TEM (JEOL 2100F).

Electrochemical measurements: The electrochemical properties of the
PINW—Sn@CNT/carbon paper composites were evaluated by using cyclic
voltammetry (CV) in a standard three-electrode cell at room tempera-
ture. A Pt wire was used as the counter electrode and a saturated calomel
electrode (SCE) was used as the reference. CV measurements were car-
ried out by using an Autolab potentiostat/galvanostat (Model, PGSTAT-
30, Ecochemie, Brinkman Instruments), using 0.5m H,SO, solution
purged with N, at a sweep rate of 50 mVs.™' The electrochemical surface
areas (ECSA) of Pt were calculated from the hydrogen adsorption peak
of the CV. For methanol oxidation reaction, the CVs were measured in
an air-free aqueous solution containing 1M MeOH and 0.5m H,SO,. For
CO stripping voltammetry, pure CO (99.5%) was purged into the solu-
tion at a position close to the working electrode for 1 h, with the elec-
trode polarized at 0.05 V versus RHE in a fume hood. The electrode was
then purged with pure Ar for 1 h under potential control followed by vol-
tammetric stripping.

For comparison, a conventional electrode made with commercial 30 wt %
Pt/C catalyst from ETEK (USA), was also evaluated. The electrode was
prepared with a procedure similar to the one reported previously.*” Typi-
cally, 10 mg catalyst was sonically mixed with 1 mL H,O/isopropanol (1/1
in volume ratio) to make a suspension. GC disk electrodes (5 mm diame-
ter, Pine Research Instrument) that serve as the support were polished to
a mirror finish before using. 20 pL of catalyst suspension was pipetted
onto the GC disk substrate, leading to a Pt loading of 0.3058 mgcm 2,
which is similar to that for PINW—Sn@CNT composite electrode. The
catalyst films were dried under flow N, at room temperature. Finally, a
10 pL Nafion (0.05 wt%) solution was pipetted onto the catalyst film,
and then dried. The currents were normalized on the basis of Pt loading.
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