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a b s t r a c t

Pt/carbon composite nanofibers were prepared by electrodepositing Pt nanoparticles directly onto
electrospun carbon nanofibers. The morphology and size of Pt nanoparticles were controlled by the
electrodeposition time. The resulting Pt/carbon composite nanofibers were characterized by running
cyclic voltammograms in 0.20 M H2SO4 and 5.0 mM K4[Fe(CN)6] + 0.10 M KCl solutions. The electrocat-
vailable online 16 July 2009
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lectrospinning
lectrodeposition

alytic activities of Pt/carbon composite nanofibers were measured by the oxidation of methanol. Results
show that Pt/carbon composite nanofibers possess the properties of high active surface area and fast elec-
tron transfer rate, which lead to a good performance towards the electrocatalytic oxidation of methanol.
It is also found that the Pt/carbon nanofiber electrode with a Pt loading of 0.170 mg cm−2 has the highest
t nanoparticles
arbon nanofibers
ethanol

activity.

. Introduction

Nanomaterials have received growing interest due to their
nique chemical and physical properties according to their sizes
nd shapes [1]. Nanostructured carbons with different forms, such
s fullerenes, nanotubes, and nanofibers, have fascinating struc-
ures and thermal/electric/mechanical properties, and hence they
ained much attention due to their potential applications in diverse
reas, ranging from fuel cells, supercapacitor, hydrogen storage,
eld emission devices, to chemical/biological sensors [2–10]. In
any of these applications, the deposition of precious metallic or

lloyed catalysts onto the carbon substrate is necessary to pro-
ide such desired functionalities as the electrocatalytic activity. In
hese cases, the structure and properties of the supporting carbon

aterials are crucial because they have significant impact on the
ize, distribution, and activity of the supported catalysts. For exam-
le, in direct methanol fuel cells, the methanol oxidation reaction
MOR) in acidic solution, typically catalyzed by Pt or its alloy, can
e expressed in the following equation [11]:

H3OH + H2O → CO2 + 6H+ + 6e−

0(MOR) = 0.016 V vs. SHE at 25 ◦C
For the reaction to happen, the catalyst particles must have
imultaneous exposure to the reactants, protons, and electrons.
herefore, the development of highly active electrode catalysts
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013-4686/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2009.07.022
© 2009 Elsevier Ltd. All rights reserved.

coupled with a suitable electrode structure for the oxidation of
methanol is an important subject to attaining the high efficiency
in direct methanol fuel cells.

Carbon nanomaterials are currently being considered as the cat-
alyst supports in direct methanol fuel cells, because of their unique
graphite properties combined with three-dimensional flexible
structures. Among various carbon nanomaterials, one-dimensional
nano-carbons, such as carbon nanotubes and carbon nanofibers,
are considered as promising support materials for catalysts in
direct methanol fuel cells, thanks to their unique structures, high
electronic and thermal conductivities, and good electrochemi-
cal stability [12,13]. Compared with carbon nanotubes, carbon
nanofibers are inexpensive and can be produced with various con-
trolled structures at relatively high speeds. However, most current
research focused on the deposition of noble metal such as Pt
nanoparticles onto carbon nanotubes [8,9,14–18] and there are only
few literature reports on utilizing carbon nanofibers as the cata-
lyst support [19–21]. For example, Li et al., recently utilized the
pulsed electrodeposition method to prepare Pt-deposited carbon
nanofibers, but the resultant Pt particle sizes are relatively large
(∼150 nm) [20]. Here, we report the preparation and characteri-
zation of Pt/carbon composite nanofibers by electrodepositing Pt
nanoparticles with smaller diameters onto carbon nanofibers.

2. Experimental
2.1. Chemicals and reagents

Polyacrylonitrile (PAN), N,N-dimethylformamide (DMF), chloro-
platinic acid hydrate (H2PtCl6·xH2O), potassium hexacyanoferrate

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:xiangwu_zhang@ncsu.edu
dx.doi.org/10.1016/j.electacta.2009.07.022
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ticle diameters are around 20 nm and they are smaller than those
reported by some literature, in which a pulsed electrodeposition
method was used [20,21]. Fig. 3d shows the energy dispersive X-
ray spectroscopy (EDS) of Pt/carbon nanofibers. The EDS curve
Z. Lin et al. / Electrochim

II) (K4[Fe(CN)6]), sulfuric acid (H2SO4) and methanol (CH3OH)
ere purchased from Sigma–Aldrich, and they were used without

urther purification. Deionized water was used throughout.

.2. Synthesis of carbon nanofibers

A DMF solution of 8 wt% PAN was prepared at 60 ◦C, with
echanical stirring for 3.0 h. The electrospinning was conducted

sing a Gamma ES40P-20W/DAM variable high voltage power sup-
ly under a voltage of 15 kV. Under high voltage, a polymer jet
as ejected and accelerated toward the nanofiber collector, dur-

ng which the solvent was rapidly evaporated. The electrospun PAN
bers were collected on an aluminum foil placed on the collector.
hese PAN nanofibers were first stabilized in an air atmosphere
t 280 ◦C for 2.0 h at the heating rate 5.0 ◦C min−1, and then car-
onized at 700 ◦C for 1.0 h in nitrogen atmosphere at the heating
ate 2.0 ◦C min−1. The resulting carbon nanofibers were used as the
orking electrode in the electrodeposition of Pt nanoparticles.

.3. Electrodeposition of Pt onto carbon nanofibers

First, carbon nanofibers were directly used as the working elec-
rode and were cycled in 1.0 M H2SO4 solution between −0.70
nd 1.20 V for 100 cycles at 50.0 mV s−1 to form oxidized carbon
anofibers. The electrodeposition of Pt particles was carried out by
pplying a potential of −0.2 V with different deposition durations
n the oxidized carbon nanofibers in a 5.0 mM H2PtCl6·xH2O + 1.0 M
2SO4 solution.

The structure of carbon and Pt/carbon nanofibers, which were
eposited onto 200 mesh carbon-coated Cu grids, was evaluated
sing a Hitachi HF-2000 TEM at 200 kV. These carbon and Pt/carbon
anofibers were also examined using a JEOL JSM-6360LV FESEM at
5 kV.

.4. Electrochemical properties of Pt/carbon nanofibers

The electrochemical measurements of Pt/carbon nanofibers
ere performed in a three-electrode cell at 25.0 ◦C on an AQ4 Gamry
eference 600 electrochemical workstation. The cell consisted of
working electrode (Pt/carbon nanofibers), a counter electrode

Pt wire), and a reference electrode (Ag/AgCl/4.0 M KCl). Nitrogen
as used to bubble the testing solutions for at least 30 min before

he measurements, and then was used continually to protect the
xperiment environment. All the electrochemical potentials were
easured and reported with respect to Ag/AgCl/4.0 M KCl.

The measurement of hydrogen electrosorption was con-
ucted by cyclic voltammograms (CVs) of Pt/carbon nanofiber
lectrodes in 0.50 M H2SO4 at 50.0 mV s−1 to determine the elec-
rochemically active surface area (Ar/cm2). The electron transfer
roperties were determined by CVs of Pt/carbon nanofibers in
.0 mM K4[Fe(CN)6] + 0.50 M KCl at 50.0 mV s−1. CVs of Pt/carbon
anofibers in 0.125 M CH3OH + 0.20 M H2SO4 at 5.0 mV s−1 were
lso carried out to study their activities on the methanol oxidation.

. Results and discussion

.1. Surface oxidation of carbon nanofibers in 1.0 M H2SO4

Fig. 1 shows the SEM image of carbon nanofibers before surface
xidation. It is shown that carbon nanofibers from PAN precur-
or have relatively smooth and regular surface morphology, with

ber diameters ranging from 200 to 300 nm. The fiber diameters
an be further reduced by manipulating spinning voltage, solution
oncentration, solvent type, and other processing parameters. Typ-
cally, smaller fiber diameter benefits the electrodeposition of Pt
anoparticles due to increased accessible surface area.
Fig. 1. SEM image of carbon nanofibers before surface oxidation.

In order to carry out the surface oxidation, carbon nanofibers
were used as the working electrode and were cycled in 1.0 M H2SO4
at different scan rates using CVs, and the results are shown in Fig. 2.
It is seen that two current peaks are found at ±0.48 V, respectively,
and they can be attributable to the redox reactions of surface func-
tional groups such as quinoid [5]. Moreover, the current density
increases with increase in scan rate. The response of the anodic
current density peak (Ipa) was measured as a function of scan rate
and is shown in the inset of Fig. 2. Ipa depends almost linearly upon
the scan rate, which is due to the Faradic process occurring on the
surface of carbon nanofibers.

3.2. TEM images of carbon and Pt/carbon nanofibers

After the surface oxidation, Pt particles were electrodeposited
onto the carbon nanofiber surface. Fig. 3 shows TEM images of
carbon nanofibers and Pt/carbon composite nanofibers with 1.0 h
deposition time. It is seen that before electrodeposition, the car-
bon nanofiber surface is smooth and there are no particles loaded.
However, Pt nanoparticles are evenly distributed on the surface
of carbon nanofibers after the electrodeposition. The typical par-
Fig. 2. Surface oxidation of carbon nanofibers in 1.0 M H2SO4 at the scan rate of
(a) 10.0, (b) 25.0, (c) 50.0, (d) 75.0, and (e) 100.0 mV s−1. The relationship between
anodic peak current (Ipa) and scan rate is shown in the inset.
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stated CV experiments were carried out at 50.0 mV s in
5.0 mM K4[Fe(CN)6] + 1.0 M KCl, in which K4[Fe(CN)6] served as a
probe for the fast electron transfer (Fig. 6). A pair of well-defined
redox peaks for Fe(CN)6

3−/Fe(CN)6
4− are found in Pt/carbon

nanofibers at E = −0.12 and 0.04 V, respectively, indicating that

Table 1
Charge quantities and electrochemically active surface areas of Pt/carbon nanofibers
Fig. 3. TEM images of carbon (a), Pt/carbon (b and c) nanofibers,

lso confirms the presence of Pt particles on the surface of car-
on nanofibers. The Cu peak in Fig. 3d belongs to the TEM grid
ackground.

.3. SEM images of Pt/carbon nanofibers

The amount (mPt) of Pt loading can be calculated by the following
quation:

Pt = QPtM

4F S
(1)

here M is the atomic weight of Pt (195.09 g mol−1), QPt the elec-
rons transferred (C), S the geometric area of carbon nanofiber
lectrode (cm−2), and F the Faraday constant (96485 C mol−1). In
his work, four different deposition durations of 0.5, 1.0, 2.0, and
.0 h were used, and the Pt loadings of the resultant Pt/carbon
anofibers are 0.085, 0.170, 0.335, and 0.545 mg cm−2, respec-
ively. Fig. 4a–d shows SEM images of these Pt/carbon composite
anofibers. When the deposition time is 0.5 h, the resultant Pt

oading of 0.085 mg cm−2 is relatively low, and hence Pt nanopar-
icles cannot be visually seen on the surface of carbon nanofibers.
owever, the electrochemical measurements discussed in the fol-

owing sections show the presence of Pt nanoparticles on carbon
anofibers at this low loading. When the deposition time is beyond
.5 h, well-distributed Pt nanoparticles can be observed on the
urface of carbon nanofibers. Moreover, with increase in deposi-
ion time, the surface morphology of carbon nanofibers becomes
ougher and the diameter of Pt nanoparticles increases. That is
ecause the application of a longer deposition time results in higher
t nanoparticle loading without increasing the quantity of nuclei.
s a result, with increase in deposition time (i.e., Pt loading), the Pt
anoparticle size increases.
Fig. 4a–d only shows Pt nanoparticles deposited on the outer
anofiber layers. In order to ensure that nanoparticles have been
eposited onto the surface of deeper layers, a SEM image was taken
fter mechanically peeling off three layers of Pt/carbon composite
anofibers (Fig. 4e). It is seen that Pt nanoparticles are distributed
DS spectrum of Pt/carbon nanofibers (d). Deposition time: 1.0 h.

on the nanofiber surface, indicating that Pt ions can penetrate
deep into carbon nanofiber layers during electrodeposition and be
reduced to Pt nanoparticles.

3.4. Electrochemical characterization of Pt/carbon nanofibers

CV measurements of carbon and Pt/carbon nanofibers between
−0.25 and +0.30 V at 50.0 mV s−1 in 0.20 M H2SO4 were employed to
examine whether Pt particles on carbon nanofiber surface are elec-
trochemically active (Fig. 5). It is seen that there is no redox peak
found in carbon nanofibers, indicating no electrochemical activity.
However, after the electrochemical deposition of Pt particles, redox
current density peaks were observed. These redox peaks are due to
the adsorption and desorption of hydrogen at the surface of Pt par-
ticles on carbon nanofibers. Moreover, the integration of CV curves
after correcting for the double layer charging gives the quantities
of charge, QH (�C), which are shown in Table 1. According to the
theoretical value of electricity Q 0

H = 210 �C per real cm2 of Pt [22],
the electrochemically active surface areas of Pt/carbon nanofibers
can be estimated from Ar = QH/Q 0

H , which are also shown in Table 1.
From Table 1, it is found that with increase in deposition time, the
Pt electroactive surface area increases.

In order to study the electron transfer properties of carbon
nanofibers before and after Pt particle deposition, steady-

−1
with different deposition durations. Solution: 0.20 M H2SO4. Scanning rate:
50.0 mV s−1.

Deposition duration (h) 0.5 1.0 2.0 3.0
QH (�C) 77.3 92.7 122.8 187.0
Ar (cm2) 0.37 0.44 0.58 0.89
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Fig. 4. SEM images of Pt/carbon nanofibers prepared using different deposition durations (a: 0.5, b: 1.0, c: 2.0, d: 3.0, and e: 3.0 h).

Fig. 5. CV responses in 0.2 M H2SO4 for carbon and Pt/carbon nanofibers prepared
using different deposition durations (a: 0.5, b: 1.0, c: 2.0, and d: 3.0 h). Scanning rate:
50.0 mV s−1.
Fig. 6. CV responses in 5.0 mM K4[Fe(CN)6] + 0.1 M KCl for carbon and Pt/carbon
nanofibers prepared using different deposition durations (a: 0.5, b: 1.0, c: 2.0, and
d: 3.0 h). Scanning rate: 50.0 mV s−1.
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Fig. 8. Anodic peak current as a functional of methanol concentration for Pt/carbon
nanofibers in 0.50 M CH3OH + 0.20 M H2SO4 at 5.0 mV s−1. Deposition time: 1.0 h.

rent density of Pt/carbon nanofibers during methanol oxidation is
ig. 7. Current–potential curves of carbon (a) and Pt/carbon (b) in 0.125 M
H3OH + 0.20 M H2SO4 at 5.0 mV s−1. Deposition time: 1.0 h.

t/carbon nanofibers have fast electron transfer kinetics, which
ay be due to the high electric conductivity and fascinating three-

imensional structures of these nanofibers [23].

.5. Electro-oxidation of methanol on Pt/carbon nanofibers

Fig. 7 shows the current density–potential curves of carbon and
t/carbon nanofibers in 0.125 M CH3OH + 0.20 M H2SO4 solution at
.0 mV s−1. There is no methanol oxidation peak found for carbon
anofibers. In comparison, Pt/carbon nanofibers present a relatively

arge methanol electro-oxidation peak, which starts at +0.40 V with
maximum current peak +0.62 V. After the maximum, a decrease in
urrent is observed due to the formation of oxides on the Pt surface,
hich decreases the number of active sites. Moreover, another cur-

ent density peak is found at +0.55 V, which signifies the desorption
f CO generated during the methanol oxidation [9].

In order to study the efficiency of methanol oxidation, the
lectrochemical characteristic data of Pt/carbon nanofibers with
ifferent deposition durations are summarized in Table 2. The effi-
iencies of methanol oxidation were compared in items of forward
eak potential, forward peak current density (Ipa), and the mass
ctivity (peak current density of methanol oxidation per unit of Pt
oading [7]). From Table 2, it is seen that with increase in Pt loading,
he forward peak current density increases due to increased amount
f available Pt catalyst. With increase in Pt loading, the mass activ-

ty increases first and then reaches a maximum when the loading is
.170 mg cm−2, i.e., deposition time = 1.0 h. The existence of a max-

mum mass activity may be related to the size effect of Pt particles.
hen the Pt loading is higher than 0.170 mg cm−2, the size of Pt par-

icles become larger, which may play a role in reducing the mass

ctivity of Pt/carbon nanofibers. In addition to the maximum mass
ctivity, a minimum forward peak potential is obtained at the load-
ng of 0.170 mg cm−2, indicating that superior catalytic activity at
hat loading.

able 2
lectrochemical characteristics of Pt/carbon nanofibers with different deposition duration

eposition
uration (h)

Catalyst loading (mg cm−2) Forward peak potential (V vs. Ag/AgCl/4.

.5 0.085 +0.63

.0 0.170 +0.62

.0 0.335 +0.63

.0 0.545 +0.65
Fig. 9. Anodic peak current density as a function of solution temperature for
Pt/carbon nanofibers in 0.50 M CH3OH + 0.20 M H2SO4 at 5.0 mV s−1. Deposition
time: 1.0 h.

Fig. 8 shows the effect of methanol concentration on the anodic
current density of Pt/carbon nanofibers during methanol oxida-
tion. It is seen that, with increase in methanol concentration, the
anodic current density increases first, but keeps relatively constant
when the methanol concentration is greater than 0.50 M due to the
saturation of Pt active sites at high methanol concentrations.

The effect of solution temperature on the anodic peak cur-
s. Solution: 0.125 M CH3OH + 0.20 M H2SO4. Scanning rate: 5.0 mV s−1.

0 M KCl) Forward peak current density (Ipa , mA cm−2) Mass activity (A g−1)

2.33 27.41
6.55 38.53

10.43 31.13
12.67 23.24

shown in Fig. 9. With increasing temperature, a linear increase in the
anodic peak current is observed from 25.0 to 70.0 ◦C. After reaching
70.0 ◦C, the anodic peak current starts to decrease. The increase in
the peak current density can be attributed to the acceleration of
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he electrode reaction kinetics. At temperatures beyond 70 ◦C, the
ecrease in anodic peak is caused by the evaporation of methanol,
hich has a boiling point of 64.7 ◦C.

. Conclusions

Pt/carbon nanofibers have been prepared by electrodepositing
t nanoparticles onto electrospun carbon nanofibers under the
otential −0.2 V. Particles with well-defined morphology and size
ere obtained by controlling the electrodeposition time. The depo-

ition time can also be used to control the Pt loading and the
atalyst activity. The resulting Pt/carbon nanofibers possess the
roperties of high active surface area and fast electron transfer rate,
hich lead to a good performance towards the electrocatalytic oxi-

ation of methanol. The electrocatalytical activities of Pt/carbon
anofibers with different deposition times have been evaluated.
he results show that the Pt/carbon electrode with suitable depo-
ition time (1.0 h here) has the highest electrocatalytic activity.
herefore, the electrochemical deposition of Pt nanoparticles on
arbon nanofibers provides an alternative method to obtain a good
atalyst toward the oxidation of methanol. However, investigations
nto the catalytic ability of such composites in membrane elec-
rode assembly in direct methanol fuel cells are needed for future
pplications.
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