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Abstract Binary carbon-supported platinum (Pt) nanopar-
ticles were prepared by a chemical reduction method of Pt
precursor on two types of carbon materials such as carbon
blacks (CBs) and graphite nanofibers (GNFs). Average
sizes and loading levels of Pt metal particles were
dependent on a mixing ratio of two carbon materials. The
highest electroactivity for methanol oxidation was obtained
by preparing the binary carbon supports consisting of GNFs
and CBs with a weight ratio of 30:70. Furthermore, with an
increase of GNFs content from 0% to 30%, a charge-
transfer resistance changed from 19 Ohm cm2 to 11 Ohm
cm2. The change of electroactivity or the resistance of
catalyst electrodes was attributed to the changes of specific
surface area and morphological changes of carbon-sup-
ported catalyst electrodes by controlling the mixing ratio of
GNFs and CBs.
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Introduction

Direct methanol fuel cells (DMFCs) are attracting much
more attention for their potential as clean and mobile power
sources in the near future [1–5]. Over the past years, much
research was devoted to lowering metallic catalyst loading
and electrode overpotential losses. In addition to issues
related to metallic electrocatalyst, the structures and
properties of carbon supports are also important because
they contribute to the overall performance of the electrode
[6–13].

On the other hand, the unique properties of graphite
nanofibers (GNFs), which are one of the most popular
carbon materials have generated an intense interest in the
application of these new carbon materials to a number of
applications including energy storages, polymer reinforce-
ments, and catalyst supports. Recently, a study is undertaken
to explore the physicochemical effects of GNFs-supported
metallic particles on the electrocatalytic oxidation of meth-
anol when compared with a traditional supports medium,
carbon blacks [9, 10]. Carbon not only conducts electrons
and serves as a catalyst support but also helps in the
stabilization of the three-phase boundary and morphology of
an electrode for fuel cells [11].

The usage of various graphite and carbon black materials
as single catalyst support for electrodes was reported.
However, with a single carbon support, it may not be easy
to control an electrode structure to achieve a combination of
high conductivity, high porosity, good morphology, and
suitable hydrophobicity. Sakaguchi et al. [12] and Watanabe
et al. [13] approached the idea of adopting binary carbon
supports for use in liquid electrolyte fuel cells. They have
demonstrated the improved utilization of Pt catalyst using
this approach.
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The main routes for the synthesis of metallic nano-
particle electrocatalysts can be grouped into an impregna-
tion method and a colloidal method. The impregnation
method is characterized by a deposition step of Pt or other
metal precursors followed by a reduction step. This can be
the chemical reduction of the metallic catalysts slurry in
solution by using reducing agents (liquid-phase reduction)
[11, 14, 15] or gas-phase reduction of the metallic particles
impregnated carbon using a flowing H2 gas stream at a
rather high temperature of about 250–600 °C [16, 17].
Compared to this, the colloidal methods [18, 19] have the
advantages of producing small and homogeneously distrib-
uted carbon-supported metallic nanoparticles, however, the
methodologies are very complex.

It is reported that the particle sizes and the loading levels
of Pt-based catalysts are key factors that determine their
electrochemical activity and cell performance for DMFCs
[20–25]. However, the effect of the preparation method and
the surface characteristics of various carbon materials have
not yet been fully studied to the best of our knowledge.

In this viewpoint, the ideal support material should have
the following characteristics: provide a high electrical
conductivity, have an adequate water-handling capability
at the cathode, and show a good corrosion resistance under
oxidizing conditions. While carbon blacks is the common
support material for electrocatalysts, new forms of carbon
materials such as graphite nanofibers (GNFs) [9, 10] and
carbon nanotubes (CNTs) [26–28] were also investigated as
catalysts supports. At present, the electrocatalysts are
generally supported on high-surface-area carbon blacks
with high mesoporous distribution and graphite character-
istics. Vulcan XC-72 carbon blacks (Cabot International) is
the most commonly used carbon support because of its
good compromise between electrical conductivity and
specific surface area.

In this paper, we had employed binary carbon supports
to fabricate thin film electrodes in DMFCs. The roles of
binary carbon supports and optimal mixing ratio will be
evaluated and characterized through cyclic voltammetry
measurements. It will be shown that with the usage of two
carbon supports, electrochemical activities and loading
contents of the catalysts can be enhanced. This improve-
ment is further exemplified by the enhanced electrode
kinetics of methanol oxidation for a binary carbon support-
electrode compared to a single support-electrode.

The objective of this study is to investigate the structural
effect of binary carbon supports consisting of GNFs and CBs
on the electrochemical properties of the carbon-supported
metallic nanoparticles. The sizes and loading levels of metallic
nanoparticles were measured by changing the mixing ratio of
two types of carbonmaterials. By changing the mixing ratio of
GNFs/CBs, the specific surface area and the morphological
structure of the mixed carbon materials are controlled.

Experimental

Materials

The carbon blacks supplied by Korea Carbon Black were
used in our experiments. These have an average particle
size of 24 nm, DBP adsorption of 153 cc 100 g−1 and
specific surface area of 112 m2 g−1. The GNFs were
supplied by Showa Denko (Japan). These carbon fiber
materials have a diameter of 100–150 nm and a length of
5–50 μm, resulting to a large aspect ratio. They show a
rather small specific surface area of 30 m2 g−1.

Preparation of the carbon-supported Pt nanoparticles

Before the preparation of the Pt-based catalyst, the residual
chemicals of the carbon materials used were removed by a
Soxhlet extraction by boiling with acetone at 80 °C for 3 h.
Two types of carbon materials were washed several times
with distilled water and dried in a vacuum oven at 90 °C for
12 h. Binary carbon supports were prepared by mixing CBs
and GNFs with different the mixing ratios. The samples
were assigned as GNF0, GNF10, GNF30, GNF50, and
GNF100 by changing the weight content of the GNFs to
0%, 10%, 30%, 50%, and 100%. In proportion to this
change, the weight content of the CBs changed to 100%,
90%, 70%, 50%, and 0%, respectively.

Carbon-supported Pt nanoparticles were prepared by
using a modified polyol synthesis method as reported
before [26, 27]. Binary carbon materials (500 mg) with a
different mixing ratio of CBs and GNFs were suspended
and stirred with an ultrasonic treatment for 20 min in
ethylene glycol (EG) solution and then a 104 mg hexa-
chloroplatinic acid (H2PtCl6) (Pt: 50 mg, Pt weight percent
is 10% against the carbon materials) dissolved EG solution
was added dropwise slowly to the above solution and
stirred mechanically for 4 h. A 1.0 M NaOH dissolved EG
solution was added to adjust the pH of the solution to about
11. A formaldehyde (37%, 1.0 ml) aqueous solution was
added to the solution to reduce Pt at 85 °C for 1.5 h, and
then the solution was heated at 140 °C for 3 h for a
complete reduction of Pt. The whole preparation process
was conducted under flowing Argon gas. The solid was
filtered and washed with 2 L of deionized water and then
dried at 70 °C for 24 h.

Characterization of the catalysts

All of the Pt-based carbon catalyst (Pt/C) samples were
characterized by recording their X-ray diffraction (XRD)
patterns on a Rigaku X-ray diffractometer (Model D/Max-III
B) using Cu Kα radiation with a Ni filter. The morphology of
the mixed carbon-supported Pt catalysts was observed by

822 J Solid State Electrochem (2007) 11:821–828



means of a scanning electron microscope (SEM, JEOL JSM-
840A SEM). The Pt loading level was calculated by
considering the atomic ratio of Pt intensity against carbon
intensity by using an energy dispersive X-ray spectroscopy
(EDS) method coupled with SEM (JEOL JSM-840A SEM/
LINK system AN-10000/85S energy dispersive X-ray spec-
trometer). Alternatively, the Pt loading level was also
measured by using a Jobin-Yvon Ultima-C inductively
coupled plasma-atomic emission spectrometer (ICP-AES).

Electrochemical characterization

To check the electroactivity of the catalysts, the cyclic
voltammetry method for a three-electrode cell system was
performed. We prepared a working electrode by coating the
catalyst powder mixed with Nafion® polymer onto a glassy
carbon electrode. The preparation of thin film electrodes
followed the method described by Schmidt et al. [29].
Glassy carbon electrodes (3 mm in diameter, 7.1 mm2)
served as a substrate for the catalyst materials. Aqueous
catalyst suspensions of 20 μg ml−1 were dispersed
ultrasonically in water and a 200 μl aliqot was transferred
onto the glassy carbon substrate, yielding a noble metal
loading of ∼56.3 μg cm−2. After the evaporation of the
water in a nitrogen stream, the resulting thin catalyst film
was covered with 80 μl of a 0.1% Nafion® solution to fix
the particles on the substrate. The resulting Nafion® film
had a thickness of about 0.2 μm. Therefore, it was
sufficiently thin so that film diffusion effects were
negligible under these conditions [30, 31]. The catalysts
were characterized by stationary current–voltage curves at
room temperature in a three-electrode cell. An electrolyte
solution of 1 M methanol solution in 0.5 M H2SO4 was
used. Cyclic voltammetry was studied by using a potentio-
stat/galvanostat of AUTOLAB/PGSTAT30 (Eco Chemie,
The Netherlands). A potential had been changed linearly
from 300 mV to 1100 mV vs SCE with a scan rate of
20 mV s−1. Electrochemical impedance spectroscopy (EIS)
measurements were studied by means of the abovemen-
tioned electrochemical device coupled with FRA2 module
(Eco Chemie, The Netherlands) in a frequency range of
1 MHz–0.1 Hz. The electrical conductivity of the catalyst
electrodes was obtained using Ohm’s Law by measuring the
resistivity using the four-probe methods (Resistivity Meter
(MCP-T600), Mitsubishi Chemical, Japan).

Results and discussion

Particle size and loading level of the catalysts

To assess the effect of the usage of a binary carbon support
on the preparation and electrochemical behaviors of carbon-

supported Pt nanoparticles, we prepared the mixed carbon
supports consisting of CBs and GNFs with different mixing
ratios. After Pt incorporation into the carbon materials, the
average crystalline sizes of the Pt nanoparticles were
obtained by XRD measurements. Figure 1a–e shows the
powder X-ray diffraction patterns of Pt catalysts deposited
on GNF0, GNF10, GNF30, GNF50, and GNF100. With an
increase in GNFs contents, a sharp peak at 2θ=26° and a
small peak at 2θ=54° gradually increase. This gradual
changes of the peak intensity can be clearly explained by
the fact that Pt deposited GNF100 shows a strong peak and
Pt deposited on GNF0 shows no peak at this position. This
means that GNFs in this study have a crystalline graphitic
structure. All samples show the typical Pt crystalline peaks
of Pt(111), Pt(200), Pt(220) and Pt(311).

This indicates that the Pt particles prepared on various
carbon materials show similar loading levels and similar
crystalline structures. From this result, it is found that the Pt
nanoparticles were successfully deposited on a mixed
binary carbon support regardless of the mixing ratio of
CBs and GNFs.

To obtain an average crystalline size of Pt nano-
particles, the detailed Pt (220) peaks in the powder XRD
patterns of Pt deposited on various mixed carbon
supports are shown in Fig. 2. The average size of the Pt
nanoparticles was calculated by using a Scherrer equation
[32–34] and shown in Table 1. The detailed Pt (220) peaks
are curve-fitted by a mixed Gausiann–Lorentzian method
according to Radmilovic et al. [33].

L ¼ Kl
B cos q

ð1Þ

where L is the mean size of the Pt particles, K is the
Scherrer constant (=0.89), 1=0.154 nm, B is the half-height
width of the (220) diffraction line, and θ is the Bragg angle
in radian unit.
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Fig. 1 Powder X-ray diffraction patterns of the Pt catalysts deposited
on (a) GNF0, (b) GNF10, (c) GNF30, (d) GNF50, and (e) GNF100
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The average size of Pt gradually increased from 3.58 to
6.41 nm by changing the GNF content from 0% to 100%. It
is interesting to note that a sharpness of peak is enhanced
with an increase in GNFs contents. The larger the sharpness
of peaks is, the larger the average crystalline size of the Pt
particles is. The increase of Pt average size could be related
to a decrease of specific surface area by increasing the
portion of GNFs, which have smaller specific surface
area rather than CBs. This is due to the fact that CBs have
a specific surface area of 112 m2 g−1, while GNFs have a
specific surface area of 30 m2 g−1. Due to the decrease
of specific surface area, it is expected that the deposited Pt
particles are more aggregated and become larger. From this
result, it is concluded that the particle size can be changed
by controlling the specific surface area using the mixed
carbon supports with different specific surface areas.

Figure 3 shows EDS spectra of the Pt deposited on the
mixed carbon supports. The spectra show a strong peak of
carbon at 30 eV and a rather small peak of platinum at
210 eV. Platinum loading levels can be calculated by
considering the relative peak intensity of Pt against the peak
intensity of carbon with an atomic ratio. A 100% loading
level of Pt means that the impregnated Pt weight percent is
10% against the carbon materials as described in the

“Experimental” section. This value is summarized in
Table 2.

In the case of GNF0, the Pt loading level shows a value
of 88%. With an increase in GNFs contents up to 30%, the
Pt loading level is enhanced to a value of 98%. However, a
further increase in GNFs contents over 30% leads to a
decrease of the loading level. In the case of GNF100, the Pt
loading level shows the smallest value of 73%. This can be
explained by the fact that the Pt nanoparticles is not fully
impregnated on the carbon surface. Consequently, the Pt
loading level shows the highest value of 98%, when the
GNFs content is 30%. It is expected that the loading level
of Pt deposition can be related to the reaction condition of
Pt reduction and surface characteristics of carbon supports.
In other words, the loading level is probably dependent on
the changes of surface functional groups related with Pt
reduction or changes of specific surface area by changing
the mixing ratio of two carbon materials. Furthermore,
slight peaks of oxygen and sulfur atoms are also shown.
Sulfur probably originated from the side product of carbon
blacks. From these results, sulfur content is reduced by
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Fig. 2 Detailed Pt (220) peaks in the powder XRD patterns of the Pt
catalysts deposited on (a) GNF0, (b) GNF10, (c) GNF30, (d) GNF50,
and (e) GNF100

Table 1 Average sizes of platinum nanoparticle catalysts deposited on
different carbon materials

Carbon samples Average size (nm)

GNF0 3.58
GNF10 4.87
GNF30 5.62
GNF50 6.13
GNF100 6.41
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Fig. 3 EDS spectra of the Pt catalysts deposited on (a) GNF0, (b)
GNF10, (c) GNF30, (d) GNF50, and (e) GNF100

Table 2 Loading levels of platinum nanoparticles and sulfur contents
of 10 wt% Pt/GNF-CB catalysts

Carbon
samples

Pt loading
levela (%)

Pt loading
levelb (%)

Sulfur contenta

(wt%)

GNF0 88 86 1.12
GNF10 93 89 0.99
GNF30 98 95 0.75
GNF50 85 82 0.53
GNF100 73 72 0.02

A 100% loading level means that the impregnated Pt weight percent is
10% against the carbon materials. Sulfur content was referenced to
the total weight of the catalysts.
a EDS measurements
b ICP-AES measurements
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increasing the content of GNFs. It is thought that side
products such as sulfur can deteriorate the function of the
catalysts.

The Pt loading level is also measured independently by
using an ICP-AES method. It is also demonstrated in
Table 2 for comparison. The values are slightly different
from those of the EDS method due to the existence of a
little inhomogeneous distribution of Pt nanoparticles in the
case of the EDS method. However, the relative value of the
Pt loading level between samples shows similar trends.

Electroactivity of the catalysts

Figure 4 shows the electroactivity of the Pt catalyst
supported on the mixed carbon supports by cyclic voltam-
mograms. The voltammetric features are consistent with the
previous reports [25, 35, 36]. Anodic peaks for a methanol
oxidation were shown at 640–740 mV for a forward scan
and another anodic peaks were shown at 390–510 mV for a
backward scan for each sample. The latter anodic peaks are
known to be related to the removal of incompletely
oxidized carbonaceous species formed in the forward scan

[35]. This peak current can be reduced by alloying the Pt
catalyst with another metal catalysts for anode catalysts of
DMFC [36]. The peak current and potential are described in
Table 3. The current density of the anodic peaks increased
from 0.489 to 0.989 mA cm−2 by increasing GNF contents
up to 30%. However, a further increase in GNFs content to
over 30% has brought a decrease of current density and a
large positive shift of anodic peak potential from 667 to
734 mV. This means that the electroactivity was decayed
when the GNFs content is over 30%. From this result, it can
be concluded that the electroactivity are the best when the
mixing ratio of GNFs and CBs is 30:70. However, this
GNF30 sample shows a rather large current density for
backward scan. GNF10 shows a rather small current
density for backward scan. Consequently, the loading level
of Pt incorporation and electroactivity for MeOH oxidation
could be changed by controlling the mixing ratio of binary
carbon supports. The enhancement of the loading level or
the electroactivity originated from the changes in the
specific surface area of carbon and morphological changes
of the carbon supports by controlling the mixing ratio of
GNFs and CBs.

Morphology of the catalyst electrodes

Figure 5a–d shows the SEM micrographs of the Pt-
impregnated carbon supports, which have a different
mixing ratio of CBs and GNFs. The diameter of GNFs is
in the range of 100–150 nm. These GNFs have a large
aspect ratio of >500 and a high electrical conductivity of
0.1 S cm−1 due to the well-ordered graphitic structure. Pt
nanoparticles are not clearly visible in the SEM micro-
graphs because their average sizes are in nanometer scale.
By increasing GNFs contents in the order of 10%, 30%,
50%, and 100%, it is clearly shown that the content of the
powder-like carbon black particles becomes smaller. Ac-
cordingly, it is clearly known that the specific surface area
of the carbon supports becomes smaller. This can be one of
the reasons why the average size of the Pt particles
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Fig. 4 Cyclic voltammograms of the Pt catalysts deposited on (a)
GNF0, (b) GNF10, (c) GNF30, (d) GNF50, and (e) GNF100, which is
measured in 0.5 M H2SO4+1.0 M CH3OH. (Sweep rate: 20 mV s−1,
each graph is obtained at the first sweep of multiple sweeps)

Table 3 Electrochemical peak parameters of the catalysts measured
by cyclic voltammetry

Carbon
samples

Peak
potentiala

(mV)

Peak
currenta

(mA cm−2)

Peak
potentialb

(mV)

Peak
currentb

(mA cm−2)

GNF0 642 0.489 392 0.388
GNF10 664 0.618 508 0.260
GNF30 667 0.989 461 0.630
GNF50 679 0.449 438 0.320
GNF100 734 0.288 477 0.158

a Peak in forward scan
b Peak in backward scan
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becomes larger. The decrease in specific surface area of the
carbon supports can lead to the aggregation of the Pt
nanoparticles, resulting to a decrease in effective electro-
chemical reaction site. However, the volume of vacancy
between the carbon particles becomes larger and larger,
which can give a free channel of liquid or gas mass transfer.
This can function as a beneficial effect on the enhancement
of electroactivity. It is thought that the above two adverse
effects on the electrochemical activity can explain the
existence of an optimum ratio of two different carbon
materials.

Impedance and resistance of the catalyst electrodes

Figure 6 shows impedance plots of electrocatalysts in 0.5 M
H2SO4+1.0 M MeOH. These plots were obtained by
measuring AC impedance by changing the frequency from
1 MHz to 0.1 Hz. The plots show a semicircle-like part,
though not a perfect shape at a higher frequency range and
a linear part at a lower frequency range. When the
imaginary part of the impedance value is almost zero, the
real part of impedance value indicates the charge-transfer
resistance of the catalyst electrode. These resistance values
obtained by means of equivalent circuit analysis were
demonstrated as a function of GNFs contents in Fig. 7.
With an increase in GNFs content from 0% to 30%, the
resistance decreases from 19 to 11 Ohm cm2. With the
increase in GNFs content from 30% to 100%, the resistance
increases from 11 to 65 Ohm cm2. These resistance

behaviors as a function of GNFs contents show a similar
tendency with the above electroactivity results. From this
result, the resistance decrease in the case of GNF30 can be
one of the reasons for the enhancement of the electro-
activity of the Pt catalysts. This change of charge-transfer
resistance can be explained primarily by two reasons. The
first reason is the difference in the electrical conducting
nature of the carbon materials themselves. The other reason

Fig. 5 SEM micrographs of the
Pt catalysts deposited on (a)
GNF10, (b) GNF30, (c) GNF50,
and (d) GNF100 (each scale bar
means 2 μm in length)
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Fig. 6 Impedance plots of the Pt catalysts deposited on (a) GNF0, (b)
GNF10, (c) GNF30, (d) GNF50, and (e) GNF100, which is measured
in 0.5 M H2SO4+1.0 M CH3OH
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is the change of electrical contact point between the carbon
materials, which originated from the morphological change
of the Nafion® polymer electrolyte-coated catalyst electrodes.

To check the electrical conduction behaviors of the
binary carbon-supported Pt catalyst electrodes, the electrical
conductivity was measured by four-probe methods. The
samples were prepared by coating Nafion® polymer
solution onto Pt deposited on carbon supports. By measur-
ing the electrical conductivity, the electrical conduction
could be analyzed between the carbon materials of the
catalyst electrode having a polymer electrolyte as an
electrically insulating material. Figure 8 shows the electri-
cal conductivity of the catalyst electrodes having binary
carbon supports as a function of the contents of GNFs. In
the case of GNF0, which uses 100% carbon blacks as
carbon supports, the catalyst electrode shows the conduc-
tivity of 1.5 S cm−1. By increasing the content of GNFs
from 0% to 30%, the conductivity has increased from 1.5 to
7.8 S cm−1. The gradual increase by the addition of GNFs
into Nafion®-coated CBs electrodes indicates that the
GNFs can function as an electrical conduction bridge
between the segregated carbon black aggregates. This can
be related to the morphological change of the catalyst
electrodes by SEM experiments in Fig. 5. However, when
the content of GNFs increases from 30% to 50%, the
conductivity has decayed from 7.8 to 0.6 S cm−1. The
decrease is probably related to the decrease in electrical
contact of carbon black aggregates due to the content
decrease of nanoscale powdery carbon blacks. In the case
of GNF100, which uses 100% GNFs as carbon supports,
the catalyst electrodes show the lowest conductivity of
0.12 S cm−1. Electrical conduction is poor because the
electrical contact point is rather insufficient as can be seen
in Fig. 5. From this result, the electrical conduction
behavior of the catalyst electrodes is strongly dependent

on the morphology of carbon-supported catalyst electrodes
and this can be one of the origins of the difference in
electroactivity of Pt catalyst electrodes.

Conclusions

By using two types of carbon supports such as CBs and
GNFs with different mixing ratios, binary carbon-supported
Pt catalysts were prepared. The average size of Pt increased
from 3.58 to 6.41 nm by gradually changing the GNF
content from 0% to 100%. The increase of Pt average size
could be related to the decrease in specific surface area by
increasing the portion of GNFs, which have smaller specific
surface area rather than CBs. On the other hand, the Pt
loading level showed the highest value of 98% when the
GNFs content is 30%. It could be thought that the loading
level of Pt deposition is related to the reaction condition of
Pt reduction and surface characteristics of carbon supports.

From the electrochemical experiments, the highest
electroactivity for MeOH oxidation could be obtained by
preparing the mixed binary carbon supports consisting of
GNFs and CBs with a ratio of 30:70. The enhancement of
electroactivity originated from the changes in specific
surface area and morphological structure (e.g. volume of
vacancy, shape or distrubution of vacancy) of carbon-
supported catalyst electrodes by controlling the mixing ratio
of GNFs and CBs. With the increase in GNFs content from
0% to 30%, the resistance changed from 19 to 11 Ohm cm2.
These resistance behaviors as a function of GNFs contents
show a similar tendency with the above electroactivity
results. These results are also confirmed by the reverse
behaviors of electrical conductivity as a function of the
mixing ratio. Consequently, the resistance decrease in
the case of GNF30 can be one of the reasons for the
enhancement of the electroactivity of the Pt catalysts.
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