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a b s t r a c t

Octahedral Co3O4/carbon nanofibers (CNFs) composite-supported Pt catalysts are synthesized using elec-
trospinning, hydrothermal, and reduction methods in sequence, and their structure, chemical bonding
states, and electrochemical properties are investigated. To obtain the optimal support, the relative molar
ratio of the Co precursor to the solution was adjusted to three different levels: 0.05 M (sample A), 0.1 M
(sample B), and 0.2 M Co precursor (sample C). Sample B exhibited the highest electrocatalytic activity of
�415.6 mA mgpt

�1 and superb electrocatalytic stability compared to commercial Pt/C, Pt/conventional
CNFs, sample A, and sample C. This performance improvement can be explained by the combined effects
of optimally sized octahedral Co3O4 on the CNF matrix, resulting in the maximum dispersion of Pt cata-
lysts, and the formation of Co(OH)2 phases, which hinder CO poisoning.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Direct methanol fuel cells (DMFCs) consist of four main compo-
nents: an anode, a cathode, an electrolyte, and a separating mem-
brane. They are of considerable interest as power sources in
portable electronic devices (i.e., mobile homes, boats, cabins, and
laptops) because of advantages such as high energy density, high
methanol conversion efficiency, ease of storage, low operation
temperature, rapid start-up, and low environmental toxicity
[1,2]. Despite these advantages, DMFCs have major disadvantages
such as the high cost of Pt catalysts, poor durability caused by
CO poisoning, and methanol crossover. Among them, the use of
expensive Pt catalysts is the most important obstacle for the indus-
trialization of DMFCs. To overcome this problem, one strategy is to
introduce supporting materials that hinder CO poisoning and lower
the amount of Pt loading needed. In general, supported Pt catalysts
demonstrate improved electrocatalytic activity and high electro-
catalytic stability compared to unsupported Pt catalysts [3].

Until now, supporting materials such as carbon-based systems
(graphene, carbon nanotubes (CNTs), carbon nanofibers (CNFs)),
non carbon-based systems (TiO2, TiN, SnO2, SiO2, ITO, WO), and
hybrid-based systems consisting of carbon and non-carbon (gra-
phene–ITO, graphene–CeO2, CNT–CeO2, carbon–WO3) have been
reported [3–5]. In particular, hybrid supports to improve the
electrocatalytic activity in DMFCs has attracted considerable atten-
tion because of the excellent electrical conductivity of carbon as
well as the superior electrocatalytic stability of non-carbon. For
example, Zeng et al. synthesized the ordered mesoporous carbon
(OMCs)–WO3 composite-supported Pt catalysts by carbonization
and thermal decomposition methods, which showed excellent cat-
alytic activity (410 mA mg�1) [4]. Wang et al. reported on the gra-
phene–CeO2 hybrid composite-supported Pt catalysts, which
exhibited a superb catalytic activity (366 mA mg�1

Pt ) with good elec-
trocatalytic stability [5]. However, hybrid supports on octahedral
Co3O4/CNF composites have not been reported hitherto for enhanced
methanol electrooxidation in DMFCs.

In this study, we successfully synthesized octahedral Co3O4/CNF
composite-supported Pt catalysts for use as anodes in DMFCs. To
obtain the best performance, we varied the sizes of octahedral
Co3O4 on the CNF matrix using three different experimental condi-
tions. Co3O4 as a part of the hybrid composite supports for Pt catalysts
are chosen because of advantages such as high catalytic activity in
DMFCs, inhibition of CO poisoning, low cost, and good corrosion sta-
bility as well as the use for electrochemical fields including fuel cells,
photo-catalysts, and water oxidation catalysts [6–8].

2. Experiments

2.1. Synthesis of octahedral Co3O4/CNF composite-supported Pt catalysts

Three types of octahedral Co3O4/CNF composite-supported Pt catalysts were
synthesized by sequentially using electrospinning, hydrothermal, and reduction
methods. For all the samples, Co-seed-embedded CNFs were prepared using
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one-pot electrospinning for uniform growth of octahedral Co3O4 on the CNFs.
Briefly, cobalt nitrate (Co(NO3)2�6H2O) was added to a solution consisting of poly-
acrylonitrile (PAN, Mw = 150,000 g mol�1), poly(vinylpyrrolidone) (PVP,
Mw = 1,300,000 g mol�1), and N,N-Dimethylformamide (DMF). The solution was
loaded into a plastic syringe equipped with a 23-gauge needle. For the electrospin-
ning process, the feeding rate and high voltage were fixed at 0.03 mL h�1 and 16 kV,
respectively, with a syringe needle-to-collector distance of 15 cm. Afterwards, the
as-spun nanofibers were stabilized at 280 �C for 2 h in air and subsequently car-
bonized at 800 �C for 2 h in a N2 atmosphere.

To obtain three different sizes of octahedral Co3O4 by using a hydrothermal
method, the relative molar ratio of the Co precursor to the solution was controlled
to be 0.05, 0.1, and 0.2 M, respectively. Co-seed-embedded CNFs, prepared as
described above using cobalt nitrate as a precursor, and cetyltrimethylammonium
bromide (CTAB) as a surfactant were dissolved in methanol/deionized (DI) water
(5:1 v/v). After stirring for 2 h, the above-mentioned solution was put into a
Teflon lined stainless steel autoclave, and then maintained at 180 �C for 24 h. The
resultant samples were washed several times with DI water and then dried at
80 �C. Finally, the three different types of supports were dispersed in a 0.56 mM
H2PtCl6�xH2O solution and reduced by NaBH4 to load 20 wt% Pt catalysts. All the
samples were washed using DI water and then freeze-dried at �50 �C to synthesize
metallic Pt catalysts. We successfully synthesized three different types of octahe-
dral Co3O4/CNF composite-supported Pt catalysts. For comparison, conventional
CNF-supported Pt catalysts without cobalt nitrate precursor and commercial Pt/C
(20 wt% Pt on Vulcan XC-72R) were prepared. Thus, 20 wt% Pt catalysts supported
on conventional CNFs and on three different levels of supports (0.05, 0.1, and 0.2 M
Co precursor) are herein referred to as Pt/conventional CNFs, sample A, sample B,
and sample C, respectively.

2.2. Characterization

The morphological and structural properties of the samples were examined by
field emission-scanning electron microscopy (FE-SEM; Hitachi S-4800) and trans-
mission electron microscopy (TEM; FEI Tecnai G2, KBSI Gwangju Center). To identify
the composition of constituent elements, TEM–EDS mapping (Phillips
CM20T/STEM) with an energy-dispersive X-ray spectrometer was performed. The
crystallinities and chemical bonding states of the samples were determined by
X-ray diffraction (XRD; Rigaku D/Max-2500 with Cu Ka radiation in the range of
10–90�) and X-ray photoelectron spectroscopy (XPS; Thermo Electron
ESCALAB250 with Al Ka X-ray source). The electrochemical properties were inves-
tigated using a potentiostat/galvanostat (Ecochemie Autolab PGST302N,
Netherlands) in a conventional three-electrode system including a working elec-
trode (glassy carbon electrode, area = 0.07 cm2), a counter electrode (Pt gauze),
and a reference electrode (Ag/AgCl, sat. KCl). The electrolyte was prepared by mix-
ing 0.5 M H2SO4 and 2 M CH3OH under purging Ar gas. The cyclic voltammograms
were obtained at a scan rate of 50 mV s�1 in the range �0.2 to 1.0 V to measure
electrocatalytic activity during methanol electrooxidation. Chronoamperometry
measurements were performed at a constant potential of 0.5 V for 1500 s to inves-
tigate the stability of the catalysts.

3. Results and discussion

Fig. 1a–e shows FESEM images obtained from conventional
CNFs, Pt/conventional CNFs, sample A, sample B, and sample C,
respectively. The average diameters of the CNFs are �257 to
�308 nm for conventional CNFs, �264 to �308 nm for
Pt/conventional CNFs, �295 to 316 nm for sample A, �281 to
�342 nm for sample B, and �285 to �358 nm for sample C. The
diameters of samples A–C are larger than that of the
Pt/conventional CNFs due to the existence of Co seeds within the
CNF matrix. In addition, conventional CNFs (Fig. 1a) exhibit a
smooth NF surface. However, for Pt/conventional CNFs, agglomer-
ated Pt blobs are observed as shown in Fig. 1b. Furthermore, sam-
ples A–C exhibit octahedral Co3O4 architectures grown on the
CNFs. To achieve the optimum size of octahedral Co3O4, we tested
three molar ratios of the Co precursor to the solution (0.05 M,
0.1 M, and 0.2 M). As shown in Fig. 1c–e, the lower the molar con-
centration of the Co precursor, the smaller the size of octahedral
Co3O4. In particular, sample B (Fig. 1d) demonstrated uniformly
grown optimally sized octahedral Co3O4 (288–469 nm in size) on
the CNF matrix, which could result in improved methanol elec-
trooxidation in DMFCs.

Fig. 2 shows TEM images (a–e) and enlarged TEM images
(Fig. 2f–j) of Pt/conventional CNFs, sample A, sample B, and sample
C. As shown in Fig. 2a, the Pt/conventional CNFs display a uniform
bright-gray contrast, attributed to the CNF matrix, and sparsely
distributed small dark spots, corresponding to the Pt nanoparticles.
Fig. 2b shows Co-seed-embedded CNFs fabricated by one-pot elec-
trospinning, which consist of dark spots corresponding to Co
nanoparticles and a bright-gray contrast related to the CNF matrix.
Samples A–C (Fig. 2c–e) exhibit three different types of octahedral
Co3O4 architectures grown on the Co-seed-embedded CNFs using a
hydrothermal method. They are composed of small-sized Pt
nanoparticles (3–5 nm in size) supported on octahedral
Co3O4/CNF composites. In particular, samples A–C exhibit excellent
dispersion of Pt nanoparticles on the supports compared to the
Pt/conventional CNFs, as shown in Fig. 2h–j. Furthermore, sample
B exhibits optimally sized octahedral Co3O4 grown on the CNF
matrix, which results in the maximum dispersion of Pt catalysts,
among all the supports. Fig. 2k shows the TEM–EDS mapping data
for octahedral Co3O4/CNF composite-supported Pt catalysts to
examine the dispersion of Pt atoms on the supports. The EDS
results indicate that Pt atoms on the supports are uniformly dis-
tributed on the octahedral Co3O4 architectures as well as on the
CNF matrix.

Fig. 3a shows the XRD plots obtained for all the samples. The ref-
erence lines shown below are the standard data for a pure Pt (JCPDS
card No. 04-0802), a pure Co (JCPDS card No. 15-0806), and a pure
Co3O4 (JCPDS card No. 78-1970). The Pt/conventional CNFs and
Co-seed-embedded CNFs exhibit broad diffraction peaks at
2h = �25�, indicating the presence of graphite with (002) layer.
For Co-seed-embedded CNFs, the (111) and (200) planes can be
attributed to the peaks at 2h = 44.2� and 51.5�, implying that
the metallic Co phases within the CNFs are formed by reduction
during carbonization [9]. Characteristic diffraction peaks of
Pt/conventional CNFs are observed at 39.7�, 46.2�, 67.5�, and 81.3�,
corresponding to the (111), (200), (220), and (311) planes of pure
Pt phases with a FCC structure (space group Fm3m[225]). Samples
A–C also show the same characteristic peaks, but the peaks
observed are of relatively low intensity owing to the high crys-
tallinity of the Co3O4 phases. Another set of characteristic peaks is
observed at 31.2�, 36.8�, 44.8�, 59.4� and 65.2�, corresponding to
the (220), (311), (400), (511), and (440) planes, respectively, of
Co3O4 phases with a FCC structure (space group Fd�3m[227]).
Furthermore, the intensity of the Co3O4 phases for samples A–C
increases as the size of the Co3O4 architectures increases. To inves-
tigate the chemical bonding states of Co and Pt phases for sample B,
XPS analysis measurements were performed as shown in Fig. 3b–c.
The binding energies of each spectrum are standardized to the C1s
core level (�284.5 eV). The Co 2p spectra consisting of Co 2p3/2

and Co 2p1/2 core levels appear at �780.3 eV and �795.5 eV. The
energy separation between the Co 2p3/2 and Co 2p1/2 peaks is
�15 eV, in good agreement with a standard Co3O4 sample [10].
The Co 2p3/2 core levels are mainly observed at �779.9 eV and
�780.7 eV, corresponding to the binding energies of Co3O4 and
Co(OH)2 phases [11,12]. In particular, metal-OH species inhibit CO
poisoning on the catalyst’s surface by oxidizing adsorbed CO to
CO2 [13,14]. Reduced CO poisoning results in excellent
electro-catalytic activity for DMFCs. As shown in Fig. 3c, the XPS
spectra for the Pt 4f core level with Pt 4f7/2 and Pt 4f5/2 are observed
at �71.3 eV and �74.6 eV, respectively, which displays an energy
separation of 3.3 eV with a theoretical ratio of 4:3. This result
implies that Pt states grown on the CNF surface exists mainly in
the Pt(0) state. Another set of doublets at �72.4 eV and �75.7 eV
correspond to Pt(II) oxidation states such as PtO and Pt(OH)2

[15,16]. These results imply that Pt phases loaded on octahedral
Co3O4/CNF composites exist mainly in metallic states, which is con-
sistent with the XRD results. Furthermore, for Pt/conventional CNFs
and sample B (Fig. 3d and e), the XPS spectra of C 1s show the carbon



Fig. 1. FESEM images of (a) conventional CNFs, (b) Pt/conventional CNFs, (c) sample A, (d) sample B, and (e) sample C.

Fig. 2. TEM images (a–e) and enlarged TEM images (f–j) of Pt/CNFs, Co-seed/CNFs, and samples A–C. TEM–EDS mapping data (k) obtained from sample B.
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bonding states, namely, CAC (�284.5 eV), CAO (�286.0 eV), C@O
(�287.4 eV), and ACOO (�288.9 eV) [17]. As CAO groups attach to
hydroxyl (AOH) groups, they can easily act as anchoring sites for
metal nanoparticles on the carbon matrix [18]. Thus, the percentage
of CAO groups of the Pt/conventional CNFs and sample B was 19.3%
and 31.9%, respectively, due to the existence of CTAB as a cationic
surfactant during the hydrothermal treatment [19]. Therefore, sam-
ple B exhibits more superior Pt dispersion on the CNF surface than
conventional CNFs due to the increased number of hydroxyl
(AOH) groups, which is in good agreement with the FESEM and
TEM results.

Fig. 4a shows the cyclic voltammograms (CVs) of methanol
electrooxidation with commercial Pt/C, Pt/conventional CNFs, sam-
ple A, sample B, and sample C. Methanol and water at the anode
produces electrons, protons, and carbon dioxide, through the
following reaction: CH3OH + H2O ? 6e� + 6H+ + CO2. Forward
anodic peaks and backward anodic peaks are observed at �0.68 V
and �0.45 V, respectively. The current density on the forward
anodic peak (If) is attributable to the catalytic activity of the
electrode for methanol electrooxidation [20]. The oxidation
current densities are �296.4 mA mgpt

�1 for commercial Pt/C,
�235.4 mA mgpt

�1 for Pt/conventional CNFs, �266.0 mA mgpt
�1 for

sample A, �415.6 mA mgpt
�1 for sample B, and �329.1 mA mgpt

�1

for sample C. In particular, sample B displayed the largest increase
in methanol electrooxidation, approximately 1.77 and 1.40-fold
that of Pt/conventional CNFs and commercial Pt/C, respectively.
This improved CV result can be explained by more well-
dispersed Pt catalysts loaded on octahedral Co3O4 as well as the



Fig. 3. (a) XRD pattern obtained from Pt/CNFs, Co-seed/CNFs, sample A, sample B, and sample C. XPS spectra of the (b) Co 2p and (c) Pt 4f obtained from sample B. XPS spectra
of C1s obtained from (d) Pt/conventional CNFs and (e) sample B.

Fig. 4. (a) Cyclic voltammograms (CVs) of methanol electrooxidation/reduction for commercial Pt/C, Pt/conventional CNFs, sample A, sample B, and sample C characterized at
a scan rate of 50 mV s�1 in the range �0.2 to 1.0 V. (b) Chronoamperometry of commercial Pt/C, Pt/conventional CNFs, sample A, sample B, and sample C under a constant
potential of 0.5 V for 1500 s.
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CNF matrix, implying an increased contact area between elec-
trolyte and catalysts for methanol electrooxidation. The current
density on the backward anodic peak (Ib) is related to the removal
of intermediate species (CH2OH, CH2O, HCOOH, and CO) formed
during the forward anodic scan. Therefore, the current ratio of If

to Ib indicates the poison tolerance for methanol electrooxidation
[20,21]. A high If/Ib ratio indicates superb poison tolerance result-
ing from effective removal of intermediate species. The If/Ib ratio
of sample B is 1.32, which is higher than that of commercial Pt/C
(0.71), Pt/conventional CNFs (1.06), sample A (1.11), and sample
C (1.28). Sample B exhibits good tolerance for CO poisoning during
methanol electrooxidation due to the existence of Co(OH)2 phases
[6].

To investigate the electrocatalytic stability of the samples,
chronoamperometry measurements were performed under a con-
stant potential of 0.5 V over 1500 s, as shown in Fig. 4b. The sharp
decay in current density during the initial reaction times is due to
accumulated intermediate species that can interfere with the cat-
alytic reaction of methanol electrooxidation. Thereafter, the cur-
rent density decays only slightly until 1500 s owing to the
adsorption of SO4
2� anions that can hinder the oxidation reaction

[22]. In spite of the hindrance of anion adsorption, among all sam-
ples, sample B exhibited superior maintenance during methanol
oxidation, implying superior electrocatalytic stability due to
increased contact area between the electrolyte and Pt catalysts.
Therefore, compared to commercial Pt/C and Pt/conventional
CNFs, the octahedral Co3O4/CNF composite-supported Pt catalysts
achieved greater methanol electrooxidation, which may result
from two reasons. First, the Pt catalyst is more well-dispersed on
the octahedral Co3O4 as well as on the CNF matrix. Second,
Co(OH)2 phases appear to hinder CO poisoning. For this reason,
the octahedral Co3O4/CNF composite-supported Pt catalysts are
promising catalysts for use in high-performance DMFCs.
4. Conclusions

Octahedral Co3O4/CNF composite-supported Pt catalysts were
synthesized using a 3-step process with electrospinning,
hydrothermal, and reduction methods. By varying the relative
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molar ratio of the Co precursor to the solution over three different
values (0.05 M, 0.1 M, and 0.2 M Co precursor), the optimum size of
octahedral Co3O4 architectures on the CNF matrix having excellent
catalytic activity was found. In particular, sample B exhibited the
highest oxidation current density (�415.6 mA mgpt

�1) and superb
electrocatalytic stability during methanol electrooxidation because
of the combined effects of well-dispersed Pt catalysts, owing to
optimally sized octahedral Co3O4 on the CNF matrix, and the for-
mation of Co(OH)2 phases to inhibit CO poisoning.
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