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ABSTRACT

Carbon-coated tungsten oxide nanowires were grown directly on carbon fiber of a carbon
paper (C—W;5049 NWs/carbon paper) by chemical vapor deposition method and Pt nano-
particles were deposited on the nanowires (Pt/C—W;3049 NWs/carbon paper) to form
the composite electrode. The microstructure and electrochemical behavior of the resultant
Pt/C—W 13040 NWs/carbon paper composites are characterized by a transmission electron
microscope (TEM) and cyclic voltammetry, respectively. The electrocatalytic activities of
these composite electrodes for oxygen reduction reaction (ORR) were investigated and
higher mass and specific activities in ORR were exhibited as compared to commercial Pt/C
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have received
considerable attention in recent years as alternative energy
devices for transportation and portable power generation
applications [1-3]. However, two main challenges limit the
application of fuel cells in transport [4]: (i) the sluggish kinetics
of the oxygen reduction reaction (ORR) on the cathode side
which reduces the efficiency of PEMFCs; and (ii) the cost of
the membranes and precious metal-based electrocatalysts is
too high for mass production and marketing. In order to
reduce cathode-activation losses due to the comparably
sluggish kinetics of the oxygen reduction reaction, more active
catalysts should be used [5,6]. One way to improve cathode

performance is to use supported Pt catalysts that have higher
surface area and lower platinum loading [7—9]. Further
improvement, related to the reduction of the activation
potential of the cathode and at the same time to lowering its
price, can be achieved by using Pt-based alloys with transition
metals. It has been reported that the alloying of Pt with non-
precious-metals such as Co [10,11], Cr [12,13], Ni [10,12], Fe [14],
Mn [15] and V [16] shows higher activity for the ORR than Pt-
alone. The improvement in the ORR electrocatalysis has been
ascribed to different factors such as a decrease in the Pt—Pt
distance and therefore a more favorable adsorption of O, [11],
the lowering of the Pt oxidation state [17], the suppression of
Pt oxide formation [17,18], the formation of a new electronic
structure with 5d-orbital vacancies [10,11] and the formation
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of a catalytic and thin Pt skin on the surface of the alloy
[10,19,20].

The most widely used conventional support of the Pt
catalysts is higher surface area carbon black (Vulcan XC-72).
However, the carbon black is known to undergo electro-
chemical oxidation to surface oxides, and to CO, under fuel
cell conditions [21]. As carbon corrodes, noble metal
nanoparticles on carbon black will detach from the electrode
or aggregate to larger particles resulting in Pt surface area
loss, which subsequently lowers the performance of PEMFCs
[22]. Therefore, many efforts have been made to search new
catalyst supports [23].

Metal-metal oxide catalysts have been investigated as
possible co-catalysts that are believed to operate via the bi-
functional mechanism [24—26]. Specifically, tungsten oxide
(WOs) has been the subject of interest in this role and has been
used as a support material for fuel cell catalysts [25,27—29]. It
was reported that Pt nanoparticles supported on WOj3 cata-
lysts exhibited excellent CO tolerance [29,30] and higher
catalytic activity. According to Savadogo and Beck, the elec-
trocatalytic activity of Pt/WOs-based electrode toward the
oxygen reduction reaction in phosphoric acid was twice as
high as that of Pt on carbon [31].

One-dimensional nanostructures such as nanowires,
nanobelts, nanotubes, and nano-cables have attracted re-
markable attention because of their novel electric, magnetic,
optical and mechanical properties and their wide range of
potential applications in nano-devices [32]. In our previous
studies, we proposed the idea of growing NWs directly on
carbon paper (fuel cell backing) as catalyst support [33—35].
The unique advantage of this approach is that all the
deposited catalyst particles are in electrical contact with the
external electrical circuit and much improved Pt utilization
has been achieved [33—35].

As a continuation of our interest on metal oxide nanowires
as catalyst supports, we report here the growth of carbon-
coated W;5049 NWs directly on carbon paper (C—W ;3049 NWs/
carbon paper). The Pt nanoparticles were deposited on the
C—W ;3049 NWs/carbon paper by the reduction of Pt precursor
with glacial acetic acid. The Pt nanoparticles supported on
the C—W,3049 NWs/carbon paper were characterized using
TEM and the electrocatalytic activities of these composite
electrodes for oxygen reduction reaction were investigated.

2. Experimental
2.1. Synthesis of carbon-coated W;3049 NWs

The synthesis of carbon-coated W,3049 NWs directly on carbon
paper (C—W;304 NWs/carbon paper) was carried out in
a horizontal tube furnace as described previously [36]. Carbon
paper with a layer of 450 nm thick W film was placed in the
middle of the furnace. A carrier gas of high purity argon
(99.999%) was passed through the quartz tube at a rate of
300 sccm (standard cubic centimeters per minute) through
warm water bubbler. After 20 min, the furnace was heated
up to 750 °C and kept at that temperature for 1 h. In the last
30 min of the experiment along with argon gas a carbon gas
(CoHg) with a flow of 2—3 scem was introduced into the

chamber. Then the furnace was allowed to cool to room
temperature in the flowing carrier gas.

2.2. Deposition of Pt nanoparticles on C—W;3049 NWs

Pt nanoparticles were deposited on the C—W;g0,9 NWs/
carbon paper by the reduction of Pt precursors with glacial
acetic acid as described previously [37]. In a typical procedure,
required amount of Pt precursor was added into 25 ml of
glacial acetic acid and it was agitated in an ultrasonic bath
for 10 min. The C—W;3049 NWs/carbon paper was placed
into the solution and maintained at a temperature of
110 + 2 °C for around 5 h under constant stirring. Afterward,
the Pt nanoparticles supported C—W,3049 NWs/carbon paper
composites were washed with deionized water and dried at
85 °C over night in a vacuum oven.

2.3. Characterization

The morphologies of composites were characterized using
a scanning electron microscope (SEM) (Hitachi S-2600 N)
and transmission electron microscope (TEM) (Philips CM10).
X-ray diffraction (XRD) analysis was also carried out with an
X-ray diffractometer (Rigaku-MiniFlex) using Cu K, radiation
at 30 kV. The Pt loading in the Pt/C—W;304 NWs/carbon
paper composites was determined to be 0.18 mg/cm? by
inductively coupled plasma-optical emission spectroscopy
(ICP-OES).

Cyclic voltammetry (CV) was conducted at room temper-
ature using an Autolab potentiostat/galvanostat (Model,
PGSTAT-30, Eco Chemie, Brinkmann Instruments) with
a three-electrode, two-compartment configuration. Pt wire
and a reversible hydrogen electrode (RHE) were used as the
counter and reference electrodes, respectively. Purified Ar
(99.9998%) and O, (<99.5%) gases were purchased from Praxair
Canada Inc. For comparison purpose, a conventional electrode
made with commercially available 30 wt.% Pt/C obtained from
E-TEK, USA was also evaluated by applying a catalyst layer
composing Pt/C catalyst, Nafion solution and iso-propanol to
the gas diffusion layer. The ratio of dry Nafion to Pt/C was 1:3
by weight and the Pt loading was 0.20 mg/cm? on the elec-
trode. For the measurement of hydrogen electrosorption
curves were measured in Ar-purged 0.5 M H,SO, aqueous
solution with the potential cycling between —0.0 and +1.2 V at
a scan rate of 50 mV/s to obtain the voltammograms of
hydrogen adsorption. The catalytic activities for oxygen
reduction reaction were carried out in O,-saturated 0.5 M
H,S0, solution. Note that the current was normalized to the
mass of platinum.

3. Results and discussion

Fig. 1 shows the typical SEM and TEM images of C—W;g04
NWs grown on carbon fibers of carbon paper by thermal
evaporation method. SEM image reveals the bulk yield
growth of the nanowires on the carbon fibers as shown in
Fig. 1(a). Further, TEM images reveal that the diameter of the
nanowires is mostly ranging from 30 nm to 60 nm with
a typical size of 50 nm as shown in Fig. 1(b) inset.
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Fig. 1 — SEM and TEM images of C—W;3049 NWs grown on
carbon fibers of carbon paper by thermal evaporation
method. (a) SEM image showing full coverage of NWs on
fibers of carbon paper. (Inset): Higher magnification.

(b) TEM image showing individual C—W;3049 NWs.
(Inset): Single NW.

To identify phase structure of the obtained C—W;g04
NWs, XRD of the nanowires was performed as shown in Fig. 2.
The sharp diffraction peaks in Fig. 2 were identified as
monoclinic W1g049 (JCPDS No. 05-0392). Further, the high
relative intensity of the peak at 26 = 23.5° indicates oriented
growth of the nanowires along the (010) crystal direction. On
the other hand, no obvious tungsten peaks were observed,
indicating that the reaction from tungsten to tungsten
oxide was more complete because of the introduction of
C,H,s. Therefore, XRD analyses indicate that the resultant
nanowires are composed of single-crystalline W;g049 NWSs.

Fig. 3 shows typical TEM images of C—W;3049 NWs/carbon
paper after deposition of Pt nanoparticles. It was clearly
observed that Pt nanoparticles are distributed on the surface
of NWs uniformly without large aggregation. The histogram
of Pt particle size distribution obtained by measuring 300
randomly chosen particles in the magnified TEM images is
shown in Fig. 3(c). It can be found that the Pt particles have
a relatively narrow particle size distribution of 1-3 nm.

The electrosorption properties of Pt nanoparticles on
C—W,5049 NWs/carbon paper composite were examined by
CV shown in Fig. 4. For comparison, the commercial Pt/C
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Fig. 2 — XRD pattern of C—W;3049 NWs grown directly on
carbon paper.

electrocatalyst from E-TEK (30 wt.% Pt on carbon black) was
also examined at the same conditions. The voltammetric
features of both electrodes reveal the typical characteristics
of Pt metal [38], with Pt oxide formation in the +0.8 to +1.2V
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Fig. 3 — (a) TEM images of Pt nanoparticles deposited on the
C—W,5049 NWs/carbon paper by glacial acetic acid method
and (b) the corresponding particle size distribution.
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Fig. 4 — CVs of Pt/C—W,3049 NW/carbon paper composite
and commercial Pt/C electrodes in 0.5 M H,SO, aqueous
solution at room temperature. Potential scan rate: 50 mV/s.
Current densities normalized with respect to the

Pt loading.

range and the reduction of Pt oxide at ca. +0.78 V.
Characteristic peaks in the negative region (0.0-0.3 V) are
attributed to atomic hydrogen adsorption on the Pt surface
and reflect the electrochemical surface area of Pt. From the
integrated charge in the hydrogen adsorption/desorption
peak areas in the CV curves and the Pt poly-crystallite
hydrogen adsorptions constant 0.21 mC/cm? Pt, the
roughness factor (rr, cm?/cm3,) and the specific Pt surface
areas (Apt, m?%/ gpt) were calculated according to the following
equations [39,40]:

re(cm?/em?) = Qu/0.21 mC/cm? (1)

Api(m?/gp,) =1¢/[P] ©)

where Qy is the mean of charges exchanged during hydrogen
adsorption and desorption (mC/cm?), [Pt] is the platinum
loading (mg/cm?) on the electrode. The values of roughness
factor and mass specific surface area are listed in Table 1. In
the case of Pt/C—W;3049 NWs/carbon paper composite the
roughness factor is significantly higher as compared to
commercial Pt/C electrocatalysts (approximately 30%). The
Pt/C—W,3049 NWs/carbon paper composite has the mass
specific surface area (m?/gp, Table 1) of 63.5, about 36% higher
than that of the commercial Pt/C electrode (40.6 m%/gp). This
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Fig. 5 — CVs for oxygen reduction reaction in O,-saturated
0.5 M H,S0, solution at different electrodes. Potential scan
rate: 2 mV/s. Gurrent densities normalized with respect to
the Pt loading.

suggests that an increased Pt utilization of the Pt
nanoparticles deposited onto C—W;3049 NWs/carbon paper
that are in electrical contact with carbon paper.

The electrochemical performance of the Pt/C—W;5049
NWs/carbon paper electrode for oxygen reduction reaction
was examined. The linear polarization curves are obtained
from the linear scan voltammogram (LSV) shown in Fig. 5. For
the oxygen reduction experiments at the Pt/C—W;3049 NWs/
carbon paper and commercial Pt/C electrodes, a solution of
0.5 M H,S0, was purged with ultrapure oxygen for 30 min, so
that the solution becomes completely saturated with oxygen.
These voltammograms reveal that the Pt/C—W;3049 NWs/
carbon paper electrode is more active than Pt/C electrode.
The onset potential for the oxygen reduction reaction is
more positive potential for the Pt/C—W;3049 NWs/carbon
paper composite (0.86 V vs. RHE) than the commercial Pt/C
electrode (0.78 V). The half-wave potentials, E;;, of ORR of
the Pt/C—W,3049 NWs/carbon paper composite is 0.75 V, also
higher than 0.64 V for the reaction on commercial Pt/C
electrode. The positive shift in the ORR onset and Eq
potentials indicates that the O, reduction reaction is more
favorable on the Pt/C—W;3040 NWs/carbon paper composite
than that on commercial Pt/C electrode. There are two ways
to explain the activities of Pt-based electrocatalysts. One is
mass activity (MA) associated with the current per amount

Table 1 — Characterization of Pt/C—W ;30,9 NWs/carbon paper and commercial 30 wt.% Pt/C electrodes.

Electrode Pt loading (mgpy/cm?)? re( cm?/cm3,)P Apt (M?%/gpy) Current density at 0.8 V
(mA/mgpy)° (nA/cm3,)?

Pt/C—W13049 NWs/carbon paper 0.18 114.3 63.5 0.83 1.3

30 wt.% Pt/C 0.20 81.2 40.6 0.20 0.5

a Measured by inductively coupled plasma-optical emission spectroscopy.
b rg real surface area obtained electrochemically from the hydrogen desorption regions of the voltammograms.

c Current normalized on the basis of Pt loading.
d Current normalized on the basis of real surface area of Pt.
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of catalyst, and the other is specific activity (SA) related to the
real surface area of platinum calculated from the hydrogen
desorption regions of the CV. The MA (current normalized on
the basis of Pt loading) and SA (current normalized on the
basis of Pt surface area) at the potential of 0.8 V are also
shown in Table 1. The Pt/C—W;304 NWs/carbon paper
composite showed a higher ORR current, and the MA is
0.83 mA/mgp¢, which is 75% higher than the commercial Pt/C
electrode, suggesting higher catalyst utilization for ORR.
Further, it has also been shown that the SA of Pt/C—W5049
NWs/carbon paper composite (1.3 pA/cm3,) is higher than
the commercial Pt/C electrode (0.5 pA/cm2,). Based on the
above results, it can be shown that the Pt/C—W;504 NWs/
carbon paper composite exhibits a better electrochemical
activity for the oxygen reduction reaction as compared with
that of the commercial Pt/C electrode. This improvement
can be attributed to the higher dispersion of Pt nanoparticles
on the surface of C—W;3049 NWs as well as the unique
3-D structure of Pt/C—W,g049 NWs/carbon paper composite.
The catalysts made with Pt nanoparticles deposited onto
C—W,.3040 NWs exhibit a strong chemical interaction
between Pt and W;304 NWs surface, and this metal oxide-
support interaction further improved the catalytic properties
of the active metal through chemical effects. It has been
reported that the catalysts made of Pt nanoparticles
supported on WO3; exhibit excellent CO tolerance and higher
catalytic activity [29,30].

The durability of electrocatalyst has been recently recog-
nized as one of the most important issues for fuel cells [41].
We also evaluated the durability of the Pt/C—W;3049 NWs/
carbon paper electrode through repeated CV cycles with the
appropriate lower and upper potential limits in an O,-
saturated 0.5 M H,SO, solution. Fig. 6 shows the change of
peak current density for oxygen reduction reaction with
cycle number. The variation of the current density was
only about 6% after 50 cycles, which implies that the
Pt/C—W 5049 NWs/carbon paper electrode has a considerable
stable electrocatalytic activity for oxygen reduction reaction.
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Fig. 6 — Stability of the Pt/C—W;3049 NW/carbon paper
composite over 50 cycles of oxygen reduction reaction in
0,-saturated 0.5 M H,SO, solution. Potential scan rate:

2 mV/s. Current densities normalized with respect to the
Pt loading.

4, Conclusions

The composite electrodes of Pt/C—W;3049 NWs/carbon paper
were prepared by growing C—W;3049 NWs directly on the
carbon fibers of carbon paper by a thermal evaporation
method, followed by the deposition of Pt nanoparticles onto
NWs. TEM image shows that the Pt nanoparticles were
uniformly dispersed with an average particle size of 2.27 nm.
A 100 mV shift of the onset potential for oxygen reduction
reaction at the Pt/C—W;3049 NWs/carbon paper electrode was
observed as compared to Pt/C electrode. The Pt/C—W;5049
NWs/carbon paper composite electrode showed good stability
and high catalytic activity for oxygen reduction reaction in
acidic media, which could be attributed to the unique nano-
structure of the composites: highly distributed Pt nano-
particles and high surface area of the support.
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