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We synthesize Pt electrocatalyst-loaded carbon nanofibre (CNF)–Ru core–shell supports using
electrospinning and a reduction method. To investigate the properties of the CNF–Ru core–shell supports,
four different loadings of the Ru shell layer are used: 0 wt.% (Pt/CNFs), 10 wt.% (sample A), 20 wt.%
(sample B), and 30 wt.% (sample C). Sample B exhibits superior electrocatalytic activity and high electro-
catalytic stability as compared to commercial Pt/XC-72, Pt/CNFs, sample A, and sample C. This enhance-
ment could be because of the excellent dispersion of the Pt electrocatalysts, due to the optimum loading
of the Ru shell layer on the CNF supports.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Direct methanol fuel cells (DMFCs) have recently received con-
siderable attention for their use in powering portable electronic
devices because of several advantages such as the high energy den-
sity and ease of storage of methanol, low operating temperatures,
and formation of environmentally benign products [1–2]. How-
ever, the major disadvantages of DMFCs are the high cost and
low utilization of the noble Pt electrocatalysts, low electrocatalytic
activity at the anode, and methanol crossover [3]. In particular, the
need for noble-metal electrocatalysts is the main barrier/bottle-
neck to the industrial use of DMFCs. Thus, one strategy to solve
these problems in DMFCs is to employ effective catalyst supports.
The supports reported till date are classified into three categories:
carbon-based materials (i.e., carbon black, carbon nanotubes,
graphene, and carbon nanofibres (CNFs)), metal oxide-based mate-
rials (TiO2, SnO2, Sn-doped In2O3 (ITO), SiO2, and WOx), and con-
ducting polymers (PEDOT, PDDA, and poly(N-acteylaniline)) [4].
Among these, carbon-based materials have been intensively stud-
ied as supports for electrocatalysts because of their peculiar phys-
ical/chemical properties and excellent electrical conductivity as
well as their low costs and large surface areas [5–7]. In particular,
CNFs have received burgeoning interests as catalytic supports ow-
ing to their high aspect ratio, large external surface, small microp-
ores, and stable chemical properties [8]. Many researchers have
devoted their attention to developing CNF supports for DMFCs.
For example, Singh et al. fabricated Pt/CNFs for methanol electro-
oxidation, which showed retention of superior catalytic activity
[9]. Kang et al. synthesized PtRu/CNF electrocatalysts for compari-
son with commercial electrocatalysts and demonstrated their
superior electrocatalytic activities [10]. However, the relationship
between electrocatalytic activities and the optimum conditions
for using Ru shell layers loaded on CNFs as supports in DMFCs
has not been studied hitherto. Thus, we have studied Pt electrocat-
alysts-loaded CNF–Ru core–shell supports that allowed for en-
hanced methanol electrooxidation for use in DMFCs.

2. Experimental

In order to synthesize the CNFs, a precursor solution of polyac-
rylonitrile (PAN) and poly(vinylpyrrolidone) (PVP) was dissolved in
N, N-dimethylformamide (DMF). For electrospinning, a high volt-
age and feeding rate of �13 kV and 0.03 ml h�1, respectively, were
employed. The distance between the syringe needle and the collec-
tor was fixed at �15 cm. The as-spun nanofibres were stabilized at
280 �C for 5 h in air and then carbonized at 800 �C for 3 h in N2 gas.
The CNFs were subjected to acid treatment using a mixture (1:1 (v/
v)) of HF and HNO3, for the formation of ACOOH, AOH, and �C@O
functional groups on their surface. Then, the acid-treated CNFs
were freeze-dried using liquid N2 at �50 �C in order to ensure high
porosity [11]. In order to obtain high loading of Pt electrocatalysts
on the CNF–Ru core–shell supports, we carried out not room
temperature drying but freeze-drying for synthesizing improved
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mesoporous CNF supports. That is, the solvent in the samples after
acid treatment of CNFs was completely vaporized by means of
freeze-drying to possess their developed and controllable mesopo-
rosity [12]. Thus, the introduction of freeze-drying is possible to
obtain improved mesorporosity of the CNF supports, resulting in
high dispersion of Ru shell layers on the CNF supports. For fabrica-
tion of the CNF–Ru core–shell supports, the CNFs were dispersed in
DI water with stirring and under ultrasonication and then 0 mM,
0.28 mM, 0.56 mM, and 0.84 mM RuCl3�xH2O precursors were sep-
arately added to the corresponding samples of the abovemen-
tioned-CNF dispersion. Concentrated NaBH4 solution
(100 mg ml�1) was used as a reducing agent for the formation of
a metallic Ru shell layer on the CNFs, which were then dried at
80 �C in an oven. The four types of supports were dipped in
0.56 mM H2PtCl6�xH2O solution and then added to a concentrated
NaBH4 solution to load 20 wt.% Pt. Thus, Pt-electrocatalyst-loaded
CNF–0 wt.% Ru core–shell, CNF–10 wt.% Ru core–shell, CNF–
20 wt.% Ru core–shell, and CNF–30 wt.% Ru core–shell supports
were obtained (referred to as Pt/CNFs, A, B, and C), respectively.
The resultant samples were washed several times with DI water
and freeze-dried at �50 �C. The morphological, structural proper-
ties, and chemical bonding states of these samples were observed
by a field emission-scanning electron microscopy (FESEM; Hitachi
Fig. 1. SEM images of (a) CNF supports, (b) Pt/CNFs, (c) sample A, (d) sample B, and (e) sam
Pt electrocatayst-loaded CNF–Ru core–shell supports.

Fig. 2. (a–d) TEM images of Pt/CNFs, sample A, sample B, and sam
S-4800), transmission electron microscopy (TEM; JEOL 2100F, KBSI
Suncheon center), X-ray diffractometry (XRD, Rigaku D/Max
2500V), and XPS (ESCALAB 250 equipped with an Al Ka X-ray
source). Electrochemical measurements on the samples were
performed using a Potentiostat/Galvanostat (PGST302N by Eco
Chemie) in a conventional three-electrode system, which consisted
of a glassy carbon electrode (0.07 cm2, working electrode), Pt gauze
(counter electrode), and a Ag/AgCl (sat. KCl, reference electrode).
An electrolyte prepared using 0.5 M H2SO4 and 2 M CH3OH
solutions were used. Electrocatalytic activities during methanol
electrooxidation were characterized by performing cyclic voltam-
metry measurements in the range �0.2 to 1.0 V at a scan rate of
50 mV s�1. Chronoamperometry was performed in a solution of
0.5 M H2SO4 and 2 M CH3OH at a constant potential of 0.5 V for
600 s.

3. Results and discussion

Fig. 1(a–e) shows FESEM images of the CNF supports, Pt/CNFs,
sample A, sample B, and sample C. The diameters of the samples
are in the range �197–250 nm for the CNF supports, �202–
250 nm for Pt/CNFs, �196–243 nm for sample A, �198–250 nm
for sample B, and �209–257 nm for sample C. In addition, the plain
ple C via electrospinning and a reduction method. (f) A schematic illustration of the

ple C. (e–h) TEM–EDS mapping data obtained from sample B.
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CNF supports have a smooth NF surface (Fig. 1(a)) but small Pt
blobs are seen on the CNFs or CNF–Ru supports (Figs. 1(b–d)),
implying that the Pt electrocatalyst is successfully loaded on the
CNFs or CNF–Ru supports. Furthermore, sample C (Fig. 1(e)) exhib-
its a highly agglomerated surface because of the high loading
(30 wt.%) of the Ru shell layer on the CNFs, which obstructed uni-
form dispersion of the Pt electrocatalysts. This agglomerated sur-
face could result in reduced electrocatalytic activity for
electrooxidation in DMFCs. Fig. 1(f) shows the schematic illustra-
tion of the ideal Pt-loaded CNF–Ru core–shell supports. Our strat-
egy in this study was to optimize the loading of the Ru shell layer,
because Pt electrocatalysts was not effectively loaded on a plain
CNF surface.

Fig. 2(a–d) shows TEM images of Pt/CNFs, samples A, B, and C
respectively. The Pt electrocatalyst, showing up as relatively dark
Fig. 3. (a) XRD data of CNF-Ru supports, Pt/CNFs, sample A, sample B, and sample C.
XPS spectra of the (b) Ru 3p and (c) Pt 4f obtained from sample B.

Fig. 4. (a) Cyclic voltammograms for methanol electrooxidation of Pt/CNFs, sample
A, sample B, sample C, and commercial Pt/XC-72. (b) Chronoamperometry of Pt/
CNFs, sample A, sample B, sample C, and commercial Pt/XC-72 characterized in a
solution of 0.5 M H2SO4 and 2 M CH3OH at 0.5 V.
blobs (�1–3 nm), was sparsely distributed on the CNFs, which
had a relatively bright-grey contrast (Fig. 2(a)). Thus, to overcome
this problem, we employed the CNF–Ru core–shell supports with
Pt electrocatalysts. Samples A, B, and C (Fig. 2(b–d)) showed the
Pt electrocatalysts-loaded CNF–Ru core–shell supports. In particu-
lar, sample B exhibited the best dispersion of Pt on the CNF–Ru
core–shell support because of optimum loading of the Ru shell
layer. As shown in the insets of Fig. 2(b–d), sample B displayed
excellent dispersion of electrocatalysts on the supports. Further-
more, sample C (Fig. 2(d)) showed relatively larger agglomerates
of Pt because of the Ru shell layer loading. Fig. 2(e–h) presents
TEM–EDS mapping data obtained from sample B to confirm the
distribution and composition of Ru and Pt atoms on the CNFs.
The EDS results indicate that Ru and Pt atoms are uniformly dis-
persed on the CNFs. In addition, the distribution of Pt atoms is
slightly larger than that of Ru atoms, implying that the presence
of the Pt electrocatalyst on the shell layer of the CNF–Ru core–shell
supports.

Fig. 3(a) shows XRD data elucidating the structures and
crystallinities of CNF–Ru supports, Pt/CNFs, sample A, sample B,
and sample C. The main diffraction peaks of Pt/CNFs, sample A,
sample B, and sample C are observed at �39.7�, 46.2�, 67.3�, and
81.3�, corresponding to the (111), (200), (220), and (311) planes
of face-centred cubic Pt phases of the space group Fm3m[225]
(JCPDS card No. 04-0802), respectively. Further, weak diffraction
peaks due to the CNF–Ru supports are observed at �38.4�, 42.1�,
and 44.0�, corresponding to the (100), (002), and (101) planes
of Ru phases (hexagonal structure) of the space group P63/
mmc[194] (JCPDS card No. 06-0663). Broad diffraction peaks are
observed at around 25.0�, indicating the amorphous nature of the
CNF supports. In addition, diffraction peaks due to samples A, B,
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and C do not appear to shift to higher angles, implying the absence
of PtRu alloy but the presence of singular Pt and Ru phases. We car-
ried out XPS measurements to investigate the chemical bonding
states of the samples. Fig. 3(b and c) shows the XPS spectra of Ru
3p and Pt 4f core levels obtained from sample B. The XPS Ru 3p core
levels of Ru 3p3/2 and Ru 3p1/2 photoelectrons are observed at
�462.6 eV and �485.0 eV, corresponding to the metallic Ru phases
[13]. Furthermore, the XPS Pt 4f core levels of Pt 4f7/2 and Pt 4f5/2

photoelectrons are observed at �71.3 eV and �74.4 eV. This im-
plies that Pt phases are present as the zero-valent metallic states.
The FESEM, TEM, XRD, and XPS results indicate the formation of
Pt electrocatalyst-loaded the CNF–Ru core–shell supports.

Fig. 4(a) shows cyclic voltammograms of methanol electrooxi-
dation of the samples. The higher the electrooxidation rate of
methanol, the greater is the number of electrons produced at the
anode (CH3OH + H2O ? 6e� + 6H+ + CO2) [14]. Thus, the perfor-
mance of DMFCs improved. The oxidation current densities for
Pt/CNFs, sample A, sample B, and sample C are �235.7, �316.2,
�674.3, and � 339:7mAmg�1

Pt , respectively. The current density
of Pt/XC-72 is � 292:6mAmg�1

Pt , which is in good agreement with
previously reported results [15]. The electrocatalytic activity for
methanol electrooxidation is directly associated with the current
density. Therefore, sample B exhibits the best electrocatalytic
activity among all the samples. In particular, the electrocatalytic
activity of sample B is approximately 2.3 higher than that of com-
mercial Pt/XC-72. This enhancement can be attributed to the excel-
lent dispersion of the Pt electrocatalyst owing to the optimum
loading of the Ru shell layer on the CNFs. Furthermore, the metallic
Ru shell layer was well grown on the CNFs due to the same crystal
structure with a hexagonal structure. Therefore, the optimum
CNF–Ru core–shell supports improves the dispersion of Pt electro-
catalysts and hence results in the large enhancement of methanol
electrooxidation in DMFCs. However, sample C exhibits lower elec-
trocatalytic activity because of the agglomerated Ru shell layer, as
shown in the SEM image (see arrow) of Fig. 1(e). Furthermore, it is
very difficult to load the Pt electrocatalyst on the plain CNF surface
[16].

To investigate the electrocatalytic stability of the samples, chro-
noamperometry was performed (Fig. 4(b)). All samples exhibited a
current decay during the initial stage because of the formation of
interfering species such as CH3OHads and CHOads and a subsequent
current decay during methanol electrooxidation. Furthermore, a
subsequent current decay of all catalysts can be attributed to the
adsorbed SO2�

4 anions on the catalyst surface, which obstructs
the methanol electrooxidation [17]. In spite of the hindrance of
the adsorbed SO2�

4 anions, sample B exhibited a much slower cur-
rent decay compared to the other samples up to 600 s. In other
words, sample B showed superior electrocatalytic stability during
the whole test range. That is, optimum loading (sample B) of the
Ru shell layer on CNFs can provide highly uniform dispersion of
the Pt electro-catalysts, which is less susceptible to the poisoning
of the catalysts due to the fixation of interfering species as previ-
ously reported [18]. Thus, these results imply that the use of opti-
mum CNF–Ru core–shell supports can significantly improve
catalytic activity and electrocatalytic stability, and thereby help
in improving the performance of DMFCs.

4. Conclusion

Pt electrocatalysts-loaded CNF–Ru core–shell supports were
synthesized via electrospinning and a reduction method. To exam-
ine the optimum loading conditions, four types of supports that
differed in the Ru shell layer loading were synthesized. Among
these supports, sample B exhibited superior electrocatalytic activ-
ity (� 674:3mAmg�1

Pt ) and superior electrocatalytic stability. The
cause of the improved efficiency was the excellent dispersion of
the Pt electrocatalysts, which in turn was due to the optimum Ru
shell layer loading on the CNFs.
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