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The Pt-like behavior and synergistic effect of tungsten carbides (WCs) are increasedwith decreased size and

affected by their morphology. However, achieving high specific surface areas of nanostructured WCs with

a small size and controlled morphology remains a considerable challenge. In the present studies, WC

nanorods with a diameter and length of approximately 50 and 100–300 nm, respectively, were prepared.

The morphology of the obtained WO3$H2O was controlled by adding citric acid to the reaction solution.

The secondary growth of WO3$H2O crystals was efficiently restrained because double-walled carbon

nanotubes were homogenously dispersed in the solution. When the WO3$H2O nanorods were heated in

air and carbonized in a nitrogen atmosphere, small-sized WC nanorods with a high specific surface area

(32.2 m2 g�1) were obtained. Furthermore, the obtained catalysts displayed improved electrocatalytic

activity and stable anti-poisoning performance when the WC nanorods were used as a support for

loading platinum nanoparticles. All these results indicate the potential application of WC nanorods in

electrochemistry and related fields.
1 Introduction

The commercialization of fuel-cell technologies is hindered by
the dependence on platinum (Pt). Thus, reducing Pt loading by
either increasing the utilization of Pt or replacing it with non-
precious metals in fuel-cell applications is desired.1–3 Accord-
ingly, Pt loaded on different supports4 or binary and ternary
alloys with lower noble metal loading5,6 have been developed.
One such alternative catalyst is tungsten carbide (WC),7,8 which
displays Pt-like behavior.9 WC also exerts a synergistic effect on
noble metals as electrocatalysts during methanol oxidation,10,11

the oxygen reduction reaction (ORR),12,13 and hydrogen evolu-
tion.14,15 Notably, the Pt-like behavior and synergistic effect of
WC are increased with decreased size.16

Several methods of preparing small-sized WC, including
conventional furnace methods,17 program-controlled reduction
carburization,18 microwave-assisted methods,19 and ion
exchange,20 have been adopted. Studies have shown that the WC
particle size can be reduced to no more than 5 nm. However, the
currently available methods oen result in a low specic surface
area and uncontrollable morphology. The specic surface areas of
ring, Jiangxi University of Science and
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commercial WC andWC prepared by other methods rarely exceed
10 m2 g�1. Controlling the nanostructure is critical to tuning the
electrochemical performance when using WC as a support for
loading catalysts.21 Studies on preparing WC nanorods are
limited. The obtained nanostructures are usually restricted to low
specic surface area and large-sized particles.22 Indeed, achieving
high specic surface areas and controlled morphology remains
a considerable challenge in preparing nanostructured WC.

In the present study, small-sized WC with a high specic
surface area of 32.2 m2 g�1 was prepared. The rod morphology
of the WC was controlled by adding organic citric acid (CA). The
specic surface area of the obtained WC was higher than that of
other prepared samples with a sheet or spherical
morphology.18,23 The morphology of the WO3$H2O was also
regulated by adding CA to the reaction solution. The secondary
growth of crystals of the obtained WO3$H2O nanorods was
efficiently restrained by adding a double-walled carbon nano-
tube (DWCNT)/ethylene glycol (EG) suspension. Consequently,
small-sized WC nanorods (SWCRs) were prepared aer the
carbonization of WO3$H2O, which enabled adequate interac-
tion between tungsten and the carbon sources. When the
SWCRs with a high specic surface area were used as a support
for loading Pt, homogenous nanoparticles uniformly scattered
on or surrounding the nanorods were obtained. These features
endowed the SWCR–Pt composite with improved electro-
catalytic activity and stable anti-poisoning performance.
RSC Adv., 2017, 7, 56713–56720 | 56713
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2 Experimental
2.1 Synthesis of tungstic acid (WO3$H2O) nanorods

A homogeneous DWCNT/EG suspension (0.1 mg ml�1) was
synthesized according to a previous report.24 Approximately
3.96 g of sodium tungstate (Na2WO4) and 2.0 g of CA were mixed
with 100 ml of DWCNT/EG suspension. Aerwards, the solution
was transferred to a hydrothermal reactor. The complex solu-
tion was subsequently sealed, heated at 140 �C, and kept at this
temperature for 4 h aer adding 8 ml of HCl to the reactor. The
obtained samples were cooled, ltered, washed with deionized
water, and dried at 100 �C for 2 h in a low-vacuum system. The
DWCNT/EG suspension and CA were not added to the complex
to analyze their effects on the growth morphology of the ob-
tained samples. Furthermore, EG in the reaction was replaced
with deionized water.
2.2 Preparation of WC nanorods

The as-received samples were carbonized with ethanol/
methanol solution through a single-step method. The ob-
tained samples were heated at 600 �C, and then oxygen ow was
introduced into the reaction at a rate of 300 ml min�1 for 1 h.
Subsequently, two anges were placed on both ends of the
furnace to seal the chamber. The reaction system was further
heated to 950 �C as oxygen was entirely removed from the sealed
chamber. Aerwards, an ethanol/methanol solution with
a volume ratio of 10 : 90 was supplied into the reactor by using
a squirming pump at a supply rate of 3 ml h�1 and high-purity
N2 ow at a rate of 300 ml min�1 for 1 h. Three hours later, the
sealed chamber was cooled to room temperature. The carbon-
ization process is shown in the ESI, Fig. S1.† The as-received
samples were collected aer the chamber was opened.
2.3 Pt deposition on WC nanorods

Chloroplatinic acid (H2PtCl6) with EG solution was heated to
140 �C in a three-necked ask (500 ml) in a reux system for
about 5 h. Aer cooling the ask to room temperature, the
obtained samples were ltered, washed with deionized water,
and dried in a low vacuum device at room temperature. The Pt
particle loading on the supports was controlled to about
15 wt%.
2.4 Material characterization

High-resolution transmission electron microscopy (HRTEM,
JEOL 2100F, the accelerating voltage is 200 kV) and eld-
emission scanning electron microscopy (SEM, Zeiss Supra55
Sapphire) were used to examine the microscopic structures of
the prepared samples. Selected area electron diffraction anal-
ysis (SAED) and energy-dispersive X-ray spectroscopy (EDS) were
used to measure the chemical composition of the sample from
a selected area. X-ray diffraction (XRD, Bruker, D8 Advance) was
used to analyze the crystal structure of the as-received samples.
A BELSORP instrument (BEL Inc., Japan) was used to obtain N2

adsorption/desorption isotherms of the prepared samples at 77
K (details of the analytical processes are presented in ref. 25).
56714 | RSC Adv., 2017, 7, 56713–56720
Pore-size distributions were determined from the desorption
branch of the N2 isotherms through the Barrett–Joyner–
Halenda method.26
2.5 Measurements of electrochemical performance

All electrochemical measurements were conducted in a three-
electrode cell using an EG and G potentiostat (CHI 760E). The
working electrode (diameter 3 mm) was the catalyst and 5%
Naon mixed in ethanol and spread on a glass carbon cylinder.
The catalyst loading on the electrode was controlled to be about
0.2 mg cm�2. The counter electrode was a graphite rod, and the
reference electrode was a saturated calomel electrode (SCE). The
electrolyte was prepared from H2SO4 (0.5 M) or H2SO4 (0.5 M)/
CH3OH (1.0 M) solution. Methanol electrooxidation activity was
measured in a mixed N2-saturated solution containing H2SO4

(0.5 M) and CH3OH (1 M). Cyclic voltammetry (CV) proles were
obtained at a scan rate of 100 mV s�1 for potentials against the
SCE ranging from �0.3 V to 0.999 V. Linear sweep voltammetry
at a scan rate of 5 mV s�1 was conducted in H2SO4. The working
electrode was mounted onto a rotating ring disc at different
rotating speeds during the test. To study the tolerance to CO
toxicosis, CO stripping experiments were performed in a 0.5 M
H2SO4 solution. At the beginning, the electrolyte was purged
with N2 and then the electrode potential was xed at �0.2 V vs.
SCE for CO adsorption, along with continuous CO bubbling for
30 min. Finally, the stripping test was performed aer purging
the solution with N2 for 30 min to remove the dissolved CO.
Before all the measurements, the working electrodes were
cycled in N2-saturated 0.5MH2SO4 solution from�0.3 V to 1.0 V
at a scan rate of 100 mV s�1 in order to remove surfactant
residues from the surface. A commercial Pt–C catalyst from
Johnson Matthey with the same Pt loading was also used for
comparison with the obtained samples.
3 Results and discussion

Our group has recently prepared WO3 and WC nanosheets in
a round ask with a reux device by using an in situ DWCNT
template.18 With an increased molar ratio of tungsten precursor
and DWCNTs, the sheet morphology of the obtained samples
transformed into spherical particles.23 The results indicated
that DWCNTs in the solution signicantly inuence the size
andmorphology of the deposited samples based on the reaction
of Na2WO4 and HCl, but the specic surface area of the ob-
tained samples was insufficiently high. In the present study, the
prepared solution with added CA was transferred into a hydro-
thermal reactor.

The microstructures of the received WO3$H2O aer heating
were examined using SEM and HRTEM. Fig. 1 depicts the
morphology of the as-prepared WO3$H2O. The results indicated
the presence of a chemical reaction between Na2WO4 and HCl,
and the formation of WO3$H2O nanorods (Fig. 1a and b). In the
absence of the CA and DWCNT/EG suspension in the reaction,
random particles were obtained, as shown in Fig. 2a. Complex
molecules were formed upon adding CA to EG.27,28 When the
complex molecules were deposited onto the crystal seeds, the
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The morphology of the WO3$H2O nanorods prepared by the
addition of CA (a) and CA in a DWCNT/EG suspension (b), and TEM (c)
and HRTEM (d) images of the obtained sample in (b).

Fig. 2 Schematic of the formation of small-sized WO3$H2O by the
addition of CA in a DWCNT/EG suspension.
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growth of WO3$H2O nanorods could be controlled. Subse-
quently, the obtained crystal seeds of the WO3$H2O nanorods
grew along the complex molecules (Fig. 2b). Consequently,
WO3$H2O with a nanorod morphology was prepared, as shown
in Fig. 1a. When the CA and DWCNT/EG suspension was added
to the reaction, the crystal seeds grew along the complex
molecules. Furthermore, the dispersed nanotubes prevented
the union of the crystal grains of the WO3$H2O nanorods
(Fig. 2c). As a result, the secondary growth of crystal grains of
theWO3$H2O nanorods was efficiently restrained. Fig. 1b shows
that the small-sized nanorods and DWCNT bundles were
randomly distributed.
This journal is © The Royal Society of Chemistry 2017
The sample morphology was also studied by TEM and
HRTEM. Large quantities of nanorods are shown in Fig. 1c. The
morphologies of the nanorods with a diameter and length of 20
and 100 nm, respectively, were clearly observed in themagnied
image. The lattice fringes displayed in Fig. 1d indicated that the
obtained sample possessed a highly crystalline structure. The
lattice spacing was 0.35 nm, which corresponds to the (111)
interplanar distance of WO3$H2O, thereby indicating the
occurrence of the reaction Na2WO4 + 2HCl / WO3$H2OY +
2NaCl.

In addition, multi-walled CNTs (ESI Fig. S2†) dispersed in EG
with the same concentration were also added into the reaction.
The results displayed that a rod morphology can be prepared,
but the distribution of the rod diameter is not homogenous.
The reason for this may be due to their large diameter and low
aspect ratio, and less nanotubes are distributed in a similar
space compare to CNTs with a small diameter. This result
means that the secondary growth of the crystal grains of the
WO3$H2O nanorods could be restrained, but other areas could
not be restrained. If the multi-walled CNTs were replaced with
DWCNTs in the study, the rod morphology of WO3$H2O was
more homogenous, as shown in Fig. 1a and b. The results
demonstrate the DWCNTs are key for the preparation of the
WO3$H2O nanorods.

Fig. 3 shows the morphology of the WO3$H2O sample aer
heating in air at 600 �C and carbonizing in N2 with ethanol and
methanol solution in a sealed reaction chamber at 950 �C. The
typical SEM images of the carbonized WC with added CA
(Fig. 3a) and CA in DWCNT/EG suspension (Fig. 3b) display
different morphologies. The sample obtained without DWCNT/
EG suspension addition showed a morphology in which the
nanorods conglomerated with one another. When the DWCNT/
EG suspension was added to the reaction solution, small-sized
samples were clearly observed, as shown in Fig. 3b.

These samples were further characterized by SEM and TEM.
As shown in Fig. 3c, the image of the received samples indicated
that the sample possessed a rod morphology with a diameter
and length of approximately 50 and 100–300 nm. Additionally,
the rods became thicker and longer than those of the sample
before carbonization. The large size of the carbonized samples
may be attributed to the growth of small rods at the carbon-
ization temperature. The lattice fringes displayed in Fig. 3d
indicate the high crystallinity of the rod samples. The lattice
spacing is 0.28 nm, corresponding to the (001) interplanar
distance of WC. This result indicates that WO3 can be obtained
aer heating WO3$H2O and when the 2WO3 + 5C / 2WC +
3CO2 reaction occurred. Thus, the WC nanorods (WCRs)
conglomerated with one another, and SWCRs were obtained.

Samples before and aer carbonization were analyzed by
XRD based on our previous thermoanalysis results to clarify the
carbonization process of WO3$H2O.18 Fig. S3a in the ESI† shows
the diffraction peaks indexed as different planes of WO3$H2O.
The lattice spacing shown in Fig. 1d is consistent with the XRD
data. The XRD results shown in Fig. S3b in the ESI† further
indicate that WO3$H2O was carbonized, consistent with the
HRTEM image in Fig. 3d. Therefore, the DWCNTs in the
received WO3$H2O were completely burned. Subsequently,
RSC Adv., 2017, 7, 56713–56720 | 56715
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Fig. 3 Typical SEM images of the carbonized WC with a small size by the addition of CA (a) and CA in a DWCNT/EG suspension (b), and SEM (c)
and HRTEM (d) images of the sample from (b).

Fig. 4 N2 adsorption–desorption isotherms (a) and pore radius
distributions (b) of the obtained SWCRs and WCRs.
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a full carbonization reaction occurred when a sufficient number
of carbon atoms diffused from the surface to within the
WO3$H2O sample, and thereby pure SWCRs (Fig. 3c) were
obtained.

The specic surface areas and corresponding pore-size
distribution of the WCRs and SWCRs are illustrated in the N2

adsorption–desorption isotherms shown in Fig. 4. The specic
surface areas of the WCRs and SWCRs from the Brunauer–
Emmet–Teller method were 15.5 and 32.2 m2 g�1. The total pore
volumes of the samples were 3.6 and 7.4 cm3 g�1 (P/P0 ¼ 0.966),
suggesting that the high specic surface areas and pore
volumes of the WCRs and SWCRs were due to CA addition.29

The results demonstrate that the WC nanorod morphology was
inuenced by CA, which signicantly increased the specic
surface areas and pore volumes, which both further increased
with the homogenously dispersed DWCNTs that restrained the
crystal grain growth. This effect beneted the loading of nano-
particles when the nanorods were used as electrocatalyst
supports.

The TEM and HRTEM images of the SWCR–Pt composites
obtained from the homogeneous EG systems are shown in
Fig. 5. The nanoparticles (diameter, 3–5 nm), whose growth was
accelerated uniformly on the SWCR supports, were homoge-
neously distributed as shown in Fig. 5a. Isolated nanorods
approximately 50 nm in diameter, which are larger than the
other particles, were also observed. Almost all nanoparticles
were scattered on or around the nanorods.

Moreover, the SAED result in Fig. 5b (the selected area in
Fig. 5a) indicated that the small-sized particles were Pt nano-
particles, which decomposed from the H2PtCl6 precursors. The
large-sized rods were SWCRs. The selected area in Fig. 5a was
magnied to describe in detail the isolated SWCRs and Pt
nanoparticles, as shown in Fig. 5c and d. Various lattice fringes
were clearly observed, and SWCRs were conrmed by the lattice
56716 | RSC Adv., 2017, 7, 56713–56720 This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Typical TEM (a) and HRTEM (c and d) images and the SAED (b), EDS (e) and XRD (f) of the obtained SWCR–Pt catalyst.
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spacing of approximately 0.25 nm. In addition, the small-sized
nanoparticles were Pt nanoparticles, as demonstrated by the
lattice spacings of approximately 0.23 and 0.2 nm. WC and Pt
phases (Fig. 5c and d) with highly crystalline structures were
also observed.

EDS (Fig. 5e) and XRD (Fig. 5f) data indicated that the small
dots were Pt nanoparticles, and that the Pt loading was
approximately 15 wt% (the selected area in Fig. 5a). The diam-
eter of the Pt nanoparticles was similar to that calculated from
the Scherrer formula30 according to the XRD data (Fig. 5f). WC
and Pt were evidently conrmed by the XRD patterns, and the
results corresponded to the HRTEM images shown in Fig. 5.

The electrocatalytic performance in fuel-cells can be
improved by excellent electrochemical activity and high power
This journal is © The Royal Society of Chemistry 2017
density. The obtained catalysts' electrochemical activities in
H2SO4 are illustrated in Fig. 6a. The SWCR–Pt catalysts
demonstrated obviously stronger peaks (0.036 A cm�2) of
hydrogen desorption/adsorption and higher electrochemical
activity than WCR–Pt (0.017 A cm�2). In addition, the electro-
chemical activity of the SWCR–Pt catalyst is much higher than
that of a commercial Pt–C catalyst from Johnson Matthey.

In direct methanol fuel-cells, methanol oxidation is the
limiting reaction step. In the present study, the methanol
oxidation of SWCR–Pt, WCR–Pt and the commercial Pt–C
catalyst from Johnson Matthey was also investigated by CV in
H2SO4 (0.5 M)/CH3OH (1.0 M) solutions (Fig. 6b). The main
methanol oxidation peak of WCR–Pt was located at 0.72 V at
a current density of 0.097 A cm�2 in the anodic sweep. The other
RSC Adv., 2017, 7, 56713–56720 | 56717
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Fig. 6 CV curves of the SWCR–Pt, WCR–Pt and commercial Pt–C catalysts at a scanning rate of 100 mV s�1 in 0.5 M H2SO4 (a) and 0.5H2SO4/
1.0 M CH3OH (b) solutions. The stability with a scan rate of 100 mV s�1 in 0.5 M H2SO4 (c). The ORR curves (d) of the different catalysts, and the
ORR curves (e) of SWCR–Pt at different rotation speeds in O2-saturated 0.5 M H2SO4 solution at room temperature with a scan rate of 5 mV s�1

and the corresponding Koutecky–Levich plots (f) at different potentials. Note: the WC–Pt material loading on the working electrode was
controlled to be 0.2 mg cm�2.
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methanol oxidation peak of the sample was at 0.48 V with
a current density of 0.076 A cm�2 in the cathodic sweep.
However, the current density of the SWCR–Pt catalyst increased
signicantly (the corresponding values were 0.160 and
0.110 A cm�2). The results demonstrate that the highly
dispersed nanorods used as supports promoted the electro-
catalytic activity of the catalyst when Pt nanoparticles were
loaded onto the SWCR surfaces. The value of the current density
of SWCR–Pt was also much higher than those of previously
prepared WC materials with different morphologies10,11 under
similar measurement conditions. The current density of the
commercial Pt–C catalyst with a similar Pt loading from John-
son Matthey has also been measured. The value of current
density is also less than that of the SWCR–Pt catalyst.

The high electrochemical activity of SWCR–Pt may be
attributed to the dispersed nanorod characteristics. The pres-
ence of small-sized SWCRs distributed in solution prevented
the union of the crystal seeds of loaded Pt. Thus, the formation
56718 | RSC Adv., 2017, 7, 56713–56720
of secondary seed growth was restricted, which resulted in the
direct deposition and growth of Pt seeds that used SWCRs as
a support. The SWCRs also signicantly inuenced the
morphology and size of the deposited Pt nanoparticles obtained
from H2PtCl6 and EG. Therefore, the catalytic and synergistic
performances of the SWCR–Pt catalyst during hydrogen
desorption, adsorption, and methanol oxidation may have
resulted from the self-regulation mechanism in the SWCRs. The
anti-poisoning performance of the SWCRs was also investi-
gated. The catalyst showed a higher ratio of If/Ib (in which If and
Ib are the forward and back current densities, respectively)
(1.45) than the WCR–Pt as shown in Fig. 6b in the rst cycle.
This nding suggested that the SWCRs affected the anti-
poisoning performance of the catalyst. The stability of the
anti-poisoning property of the SWCR–Pt was further studied.
If/Ib gradually decreased with an increasing number of cycles
(ESI, Fig. S4†) and decreased to 0.98 aer 400 cycles (ESI,
Fig. S4a and Table S1†). The reason for this may be the growth of
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra08065d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 2
:5

9:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Pt particles and oxidation of the support. The results demon-
strated that the CA and DWCNT/EG suspension in the reaction
solution increased the stability of the anti-poisoning perfor-
mance of WC.23 The anti-poisoning performance of SWCR–Pt
may be attributed to the dispersed nanorod morphology. The
presence of small-sized SWCRs distributed in the solution
signicantly inuenced the morphology, size and distribution
of the deposited Pt nanoparticles. Furthermore, methanol
molecules were effectively oxidized on the SWCR–Pt catalyst
during the forward potential scan. The If/Ib of WCR–Pt (ESI,
Fig. S4b†) and the commercial Pt–C from Johnson Matthey (ESI,
Fig. S4c†) was also explored. The If/Ib of WCR–Pt was larger than
1, demonstrating the good anti-poisoning performance of the
catalyst, but it is less than that of SWCR–Pt. The If/Ib of the
commercial Pt–C catalyst from Johnson Matthey was less than
1, demonstrating the poor anti-poisoning performance of the
catalyst. This phenomenon resulted in the generation of rela-
tively less poisoning species than when WCR–Pt and the
commercial Pt electrocatalyst were used.31 The CO oxidation
ability of SWCR–Pt, WCR–Pt and the commercial Pt–C catalyst
was also evaluated by a CO-stripping experiment. Fig. S5 in the
ESI† presents the CV curves of the CO-adsorbed SWCR–Pt,
WCR–Pt and commercial Pt–C. It can be seen that the onset
potential of CO electrooxidation on SWCR–Pt is 0.6 V, which is
lower than that of WCR–Pt and the commercial Pt–C, indicating
the SWCR–Pt has better electrocatalytic activity toward CO
oxidation. The peak area of CO oxidation on SWCR–Pt is smaller
than that on WCR–Pt and the commercial Pt–C, because the Pt
surface area of SWCR–Pt available is smaller than that on the
others for CO adsorption. The stability of the electrocatalytic
performance of the SWCR–Pt in a 0.5 M H2SO4 solution with
a scan rate of 100 mV s�1 was further studied. The results in
Fig. 6c indicate that the current density of SWCR–Pt was
promoted more signicantly than when the WCR–Pt catalyst
and commercial Pt–C catalyst from Johnson Matthey with the
same Pt loading were used for the entire time course. The high
electrocatalytic performance of SWCR–Pt may be attributed to
the distinct rod morphology and small size, which possibly
resulted in a synergetic effect between WC and Pt.32 The similar
trend of the curves demonstrated that the catalyst has a similar
stability performance to the WCR–Pt catalyst and commercial
Pt–C catalyst. In addition, the current density of the catalysts
decreased signicantly aer 500 cycles, and the performance
was stable aer 1000 cycles. The reason for this may be attrib-
uted to the growth and loss of the Pt particles aer uninter-
rupted cycling. The supports can also be oxidized by the
environment with long-term cycling, which further leads to
a decrease in current density. The ORR performances of SWCR–
Pt and WCR–Pt were also determined in an O2-saturated H2SO4

solution (0.5 M) at a scan rate of 5 mV s�1 and 2000 rpm�1

(Fig. 6d). The onset potential of SWCR–Pt was lower than that of
WCR–Pt and the commercial Pt–C catalyst. In addition, the half-
potential values of SWCR–Pt were higher than those of WCR–Pt
and the commercial Pt–C catalyst. These results indicate that
the introduction of the CA and DWCNT/EG suspension in the
solution signicantly reduced the ORR overpotential. Fig. 6e
shows the ORR curves of SWCR–Pt at rotation speeds of 800,
This journal is © The Royal Society of Chemistry 2017
1200, 1600, 2000, 2400, 2800, 3200, and 3600 rpm�1. Evidently,
the catalytic current was promoted with an increased rotation
rate of the electrode. High values of current at high rotation
rates also demonstrate a high catalyst turnover rate for the ORR
at the electrode. The number (n) of electrons transferred per
oxygen molecule was obtained using the Koutecky–Levich
equation:33

1/I ¼ 1/Ik + 1/Bu1/2 (1)

where I is the experimentally measured current density
(mA cm�2), Ik is the kinetic current density, B is equal to
0.62nFAD2/3n�1/6CO2

, u is the disk's angular velocity, n is the
total number of transferred electrons during oxygen reduction,
F is Faraday's constant (96 485C mol�1), A is the area of the
electrode (0.1256 cm2), C is the bulk concentration of O2

(1.1 � 10�5 mol cm�3), D is the oxygen–diffusion coefficient
(1.4 � 10�5 cm2 s�1), and n is the kinetic viscosity of the elec-
trolyte (0.01 cm2 s�1). The plots of I�1 against u�1/2, i.e., the
Koutecky–Levich plots at typical potentials of 0.65 V, are shown
in Fig. 6f. The number of electrons (n) transferred by SWCR–Pt
obtained based on eqn (1) was 3.98. This value indicated direct
reduction of O2 to H2O on SWCR–Pt in a four-electron reduction
reaction, which was more effective than that of previously
studied Pt/C catalysts.34
4 Conclusions

In conclusion, WO3$H2O with a rod morphology and a diameter
and length of 20 and 100 nm, respectively, was prepared via
a hydrothermal approach. CA addition to the reaction solution
controlled the morphology of the obtained WO3$H2O. The
secondary crystal grain growth of WO3$H2O was also efficiently
restrained due to the DWCNTs homogenously dispersed in the
solution. When the WO3$H2O nanorods were heated in air and
carbonized in N2 inside a sealed reaction chamber, the CA
and DWCNTs in the tungsten precursor were burned. Conse-
quently, small-sized SWCRs with a high specic surface area of
32.2 m2 g�1 were prepared. When the SWCRs were used for
loading noble metals, the prepared SWCR–Pt catalyst showed
promoted electrochemical activity and stable anti-poisoning
performance. Therefore, the distinct SWCRs have potential
applications in electrochemistry and related elds, considering
their distinct rod morphologies and nanosize.
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