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a b s t r a c t

In this study, the support Pt catalyst was supported by a novel spherical carbon using a convenient
technique. Two different preparation methods utilizing a nanocolloidal solution method without heat
treatment were developed (methods 1 and 2). The scanning electron microscope (SEM) and transmission
electron microscope (TEM) observations showed that the Pt nanoparticles (particle size) were supported,
with higher dispersion being achieved with method 2 than method 1. The peak of the Pt metal was
confirmed from the X-ray diffraction (XRD) measurement. Based on the inductively coupled plasma
eywords:
arbon nanofiber
EFC
t
atalyst supports

mass spectrometry (ICP-MS) measurements, Pt loading was 19.5 wt.% in method 1 and approximately
50 wt.% in method 2. The Pt specific surface area of the Pt/novel spherical carbon catalyst calculated
from the cyclic voltammetry (CV) measurement result was larger than that of the commercially available
Pt/Ketjen catalyst. These results indicated that the Pt nanoparticles were supported in high dispersion
without heat treatment using novel spherical carbon as a carbon support.
EM
yclic voltammetry (CV)

. Introduction

Pt support carbon catalyst (Pt/carbon) of the particulate is used
s a catalyst for polymer electrolyte fuel cells (PEFCs). The cata-
yst layer using Pt support carbon catalyst (Pt/C) is an aggregate
tructure, the main components of which are an ionomer, which
s an electrolyte to move the ion, and vacant space, which the
eactant gas passes through. It has been determined that there
s a proper value for the ratio between the ionomer and the cat-
lyst [1]. We suggested the catalyst layer element constitutional
iagram that consists of each volume ratio of the catalyst, the

onomer, and the vacant space to relate the catalyst layer struc-
ure to the cell performance, and demonstrated the utility [2]. It
as found that an efficient region disappeared for defective diffu-

ion with the generation water in the high current density region

f 1 A cm−2 or more at the catalyst with the carbon particle as a
upport [2].

Recently, to eliminate the problems of defective diffusion of gen-
rated water, the use of carbon nanofibers, for example, carbon
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nanotubes (CNTs) as a catalyst support material with repellency
has been investigated. The CNTs have a linear structure. In addition,
because electron conductivity, oxidation stability, and the specific
surface area are high, CNTS are suitable for use as a fuel cell cata-
lyst. It is expected that a catalyst layer using CNTs would have high
gas diffusion compared with a catalyst layer in an aggregate struc-
ture using particulate carbon support. In the conventional method
for preparing the metal catalyst support [3,4], both acid treatment
of the CNTs and heat treatment in the Pt support are necessary [5].
Boennemann et al. have reported a technique for supporting Pt with
Vulcan at low temperatures using a colloidal solution [6].

In the present study, we have developed an extremely easy
method for preparing a Pt support without acid or heat treat-
ment. We have developed a high-performance electrode catalyst
for PEFC to support platinum as a metal catalyst by using the
metallic nanocolloidal solution method. An improvement on the
nanocolloidal solution method [7–10] is suggested, and catalyst
preparation was carried out by both the original and the improved

upon methods. A novel spherical carbon that had more hydrophilic
properties than CNT was used for the carbon support [11]. While
Ketjen and Vulcan known well as a carbon carriers of the fuel cells
have structures with inner surfaces, the novel spherical carbon have
a structure only with outer surfaces.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:eguchi@mx.ibaraki.ac.jp
dx.doi.org/10.1016/j.jpowsour.2010.01.008


M. Eguchi et al. / Journal of Power So

Table 1
The growth conditions of the spherical carbon.

Reactant gas CH4
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Loading metal weight 5 wt.%
Support material Oxidized diamond (surface area 12.6 m2 g−1)
Reaction temperature 550 ◦C
Reaction time 10 h

. Experimental

.1. Synthesis of the novel spherical carbon

The growth conditions for the novel spherical carbon are shown
n Table 1. The oxidized diamond-based catalyst was prepared
y impregnating the oxidized diamond into an aqueous solution
f metal nitrate. The oxidized diamond was impregnated into an
queous solution of Ni(NO3)2·6H2O and then evaporated under a
acuum condition to prepare the diamond-supported Ni catalyst.
he supported catalyst was dried and calcined at 400 ◦C for 3 h in
ir prior to the reaction.

The reaction was conducted using a fixed-bed flow-type quartz
eactor at atmospheric pressure. CH4 was used as a reactant to
btain the “novel spherical carbon” having different structures. At
temperature of 550 ◦C, 25 mL min−1 of CH4 and 5 mL min−1 of Ar
ere introduced. The reaction time was 10 h.

.2. Catalyst preparation

The flow charts of the two kinds of preparation methods are
hown in Fig. 1. Two different preparation methods were used the
anocolloidal solution method (method 1) without heat treatment,
nd a second method (method 2), which was an improvement on
ethod 1.
The flow charts was shown in Fig. 1 about two methods of the

atalyst preparation. Method 1 was a simple combination of the

ell known two methods [7,11]. After preparation the Pt nanopar-

icle, the novel spherical carbon was added in method 1. The novel
pherical carbon had been added in method 2 before the Pt nanocol-
oid was generated. Prepared time has been shortened to 1/3 in

ethod 2 compared with method 1.

Fig. 1. Flow charts of the c
urces 195 (2010) 5862–5867 5863

Method 1 is a metallic nanocolloidal solution method reported
by Nagao et al. [7–10]. To prepare the Pt nanocolloidal solution,
0.15 mM NaOH, 0.69 mM citric acid, 0.36 mM H2PtCl6, and 1.68 mM
NaBH4 were added to deionized water and stirred for 1 day. Novel
spherical carbon was added to the Pt nanocolloidal solution. At this
time, the Pt amount of the Pt nanocolloidal solution was 50 wt.%
against the added amount of novel spherical carbon. The nanocol-
loidal solution with added carbon was stirred for 10 min and then
irradiated with an ultrasonic wave for 5 h. The supernatant liquid
was removed from the carbon-addition nanocolloidal solution by
centrifuge. The solution was then removed from the centrifuge and
dried at 80 ◦C.

Method 2 was an improvement on method 1, and the colloidal
solution was prepared with the carbon added first. To prepare the
platinum nanocolloidal solution using method 2, 0.15 mM NaOH
was added to deionized water, followed by the addition of the novel
spherical carbon. The Pt amount of the Pt nanocolloidal solution at
this time was 50 wt.% against the added amount of the novel spheri-
cal carbon. The carbon-addition solution was stirred for 30 min and
then irradiated with an ultrasonic wave for 30 min. Next, 0.69 mM
citric acid and 0.36 mM H2PtCl6 were added to the carbon-addition
solution. The solution was stirred for 30 min and then irradiated
again by an ultrasonic wave for 30 min. Finally, 1.68 mM NaBH4 was
added to the solution. After stirring for 30 min and ultrasonic irra-
diation for 30 min, the carbon-addition nanocolloidal solution was
stirred for 1 day. The supernatant liquid was then removed from
the solution by centrifuge, after which the solution was removed
from the centrifuge and dried at 80 ◦C.

2.3. Measurement

The morphologies of the carbon products and the loaded Pt
metal catalysts were observed by field emission scanning electron
microscopy (FE-SEM; Hitachi S-4100, 15 kV). The fine structure of
the carbon products and loaded Pt metal catalysts were observed by
transmission electron microscopy (TEM; JEOL JEM-2100, 200 kV).

Suitable transmission specimens were prepared by ultrasonic dis-
persion of sections of the carbon products or loaded Pt metal
catalysts in methanol and then application of a drop of the result-
ing suspension to a holey carbon support grid. Prior to examination,
the specimens were calcined at 80 ◦C for 0.5 h.

atalyst preparation.
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The diameters of the carbon nanofilaments were distributed in the
Fig. 2. (a) A model of the spherical car

X-ray diffraction (XRD) measurements (with CuK�1 radiation,
IGAKU RAD-C) was carried out at 25 ◦C. Catalyst ink (30 �l) was
dded dropwise on the cross-section of the glassy carbon electrode.
he samples obtained were analyzed by powder XRD measurement
nd confirmed to be a single phase of Pt identified as ICDD card (NO.
-0802).

The Pt loading was determined by inductively coupled plasma
ass spectrometry (ICP-MS) atomic emission spectroscopy with

RIS A advantage (Nippon Jarrell-Ash Co. Ltd.). The Pt loading was
alculated based on the remaining Pt concentrations of the catalyst
olution and the Pt concentrations of the Pt nanocolloidal solution.

Powder catalysts were applied to the end face of a 5.2-mm�
lassy carbon. For the powder application, the catalyst was mixed
ith water. A catalyst ink was stirred with a supersonic wave mixer

or 30 min and was applied to the glassy carbon edge. Water was
vaporated at 80 ◦C for 30 min under a nitrogen atmosphere, and
he electrode surface was coated with 1% Nafion® solution. There-
fter, it was heat-treated for 30 min at 80 ◦C and then at 120 ◦C for
h under a nitrogen gas atmosphere, and the catalyst-coated glassy
arbon electrode was used for the studies.

A three-electrode cell was used for the electrochemical mea-

urements. The characteristics of the prepared electrode were
valuated by cyclic voltammetry (CV) in a 0.1 M (M = mol dm−3)
2SO4 solution at 30 ◦C under a nitrogen atmosphere. The refer-
nce electrode was a reversible hydrogen electrode (RHE), and the

Fig. 3. SEM image of the carbon nanofilaments in the spherical carbons.
b) SEM image of the spherical carbon.

counter electrode was a platinized electrode. The scanning rate was
50 mV s−1. The scanning range was 50–1200 mV (vs. RHE) [12].

3. Results and discussion

Fig. 2(a) and (b) shows a schematic model and SEM image of
the product carbon. The product carbon shows a spherical shape
like a “Ball” and is what we refer to herein as the novel spherical
carbon. Fine fibrous carbon filaments grew from the point of Ni
catalysts on the diamond-support. The initial diamond-supported
catalyst particles were covered with the grown carbon nanofila-
ments. The novel spherical carbon was made of a combination of
diamond (sp3 carbon) and fibrous carbon nanomaterial (sp2 car-
bon). The diamond particle plays the role of the nucleus core in the
novel spherical carbon. The fibrous carbon filaments formed by the
decomposition of hydrocarbon molecules over nickel particles are
dispersed on the diamond-support.

Fig. 3 shows SEM images of the carbon nanofilaments in the
novel spherical carbons grown using CH4. The SEM images show
that the novel spherical carbon consisted of carbon nanofilaments.
range from 40 to 55 nm.
Fig. 4 shows an SEM image of the carbon nanofilaments in the

novel spherical carbon-loaded 50 wt.% Pt metal catalyst prepared
by method 1. Method 1 produced an aggregation of the Pt parti-

Fig. 4. SEM image of the Pt(50 wt.%)/spherical carbon-method 1.
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Fig. 5. SEM image of the Pt(50 wt.%)/spherical carbon-method 2.

les. The agglomerated Pt particles were isolated from the carbon
anofilaments.

Fig. 5 shows an SEM image of the carbon nanofilaments in the
ovel spherical carbon-loaded 50 wt.% Pt metal catalyst prepared
y method 2. Method 2 gave a dispersion of Pt nanoparticles. The Pt
anoparticles were dispersively loaded on the carbon nanofilament
urfaces. This result was totally different from Fig. 4.

Fig. 6 shows a TEM image of the carbon nanofilaments in the
ovel spherical carbon-loaded 50 wt.% Pt metal catalyst prepared
y method 1. It can be seen here that the Pt particles formed clusters

nd were not dispersed on the carbon nanofilaments.

Fig. 7 shows TEM images of the carbon nanofilaments in the
ovel spherical carbon-loaded 50 wt.% Pt metal catalyst prepared
y method 2. Fig. 7(a) shows a general representation of the
atalyst, in which it can be seen that the Pt nanoparticles were dis-

ig. 6. TEM image of the Pt(50 wt.%)/spherical carbon-method 1. (b) is the high-
agnification TEM image of (a).
Fig. 7. TEM image of the Pt(50 wt.%)/spherical carbon-method 2. (b) is the high-
magnification TEM image of (a). (c) is the high-magnification TEM image of the
square frame of (b).

persed on the carbon nanofilament surfaces. Each of the deposited
Pt nanoparticles could be individually recognized on the carbon
nanofilaments. The method 2 realized a dispersive loading of the Pt
nanoparticles on the carbon nanofilament surface. The Pt particles
ware not directly loaded on the surface of the carbon nanofilaments
in the result by method 1 as shown in Fig. 5. In Fig. 7, the Pt parti-
cles of 5–8 nm were individually loaded on the surface of the carbon

nanofilaments. This result was different from Fig. 5. Fig. 7(b) pro-
vides a high-magnification view of the square frame in Fig. 7(a).
Pt nanoparticles were loaded edge of graphene sheets. It was like
embedded in the space between the graphene sheets. The graphene
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face area of method 2 was approximately four times greater than
that of the surface area of Pt/Ketjen. The Pt specific active sur-
face areas in methods 1 and 2 as well as that of Pt/Ketjen were
Fig. 8. XRD patterns of Pt(50 wt.%)/spherical carbon.

heets consist of carbon nanofilaments in the novel spherical car-
on exposure to surface of carbon nanofilaments. This fine structure
f the novel spherical carbon resulted in the existence of Pt ions on
he edges of the graphene sheets. Nucleation of these Pt ions then
ccurred. Finally, Pt nanocolloids may be generated at the same
ocation. We revealed that the method 2 is effective in dispersed
oading of the Pt nanoparticles on the carbon nanofilaments.

The XRD diffraction profiles of novel spherical carbon (upper
ow) and Pt/novel spherical carbon (the lower) are shown in Fig. 8. A
iffraction peak for Graphite (0 0 2) was observed, as shown in Fig. 8.
he diffraction peak for the metallic platinum can be observed by
he XRD profile of Pt/novel spherical carbon. These results suggest
hat the metallic platinum is being supported in the novel spherical
arbon.

The ICP-MS results are shown in Table 2. The Pt amount in the
t/novel spherical carbon was approximately 19.5 wt.% in method
and 50 wt.% in method 2, respectively. Because many of the Pt

anoparticles in method 2 were supported by the novel spherical
arbon compared with method 1, based on the TEM observations,
he amount of Pt in method 2 was large. As also seen in Table 2, Fe
nd Ni are catalysts for the growth of the novel spherical carbon.

The cyclic voltammetry curves of the catalysts prepared by
ethod 1 and 2 are shown in Fig. 9. In the catalysts prepared by
ethods 1 and 2, hydrogen adsorption and desorption peaks were

bserved in the region of 0.055–0.4 V, and oxygen adsorption and
esorption peaks were observed in the region of 0.9–1.2 V. These
eaks show that hydride and oxygenate films existed on the Pt
urface. The peaks on the low potential side are characteristic Pt
eaks that show an ideal surface state onto which the atomic Pt

s arranged and ordered. The plateau observed over the range of
.3–0.6 V depends on the formation of an electrical double layer
onsisting of both an immobile layer and a diffusion layer on the
lectrode surface. A physical surface area of the spherical carbon of
ethod 1 and 2 and Pt/Ketjen in the BET measurement was 75.4,
6.7, and 294 m2 g−1, respectively, as shown in Table 3. The some
art of the BET surface area of Ketjen is a surface area of the internal
ore. The spherical carbon is an outer surface structure, and doesn’t
ave the internal pore. Therefore, the BET surface area of the spher-

able 2
CP data of Pt(50 wt.%)/spherical carbon.

Element Novel spherical
carbon-method 1 (wt.%)

Novel spherical
carbon-method 2 (wt.%)

Pt 19.5 50
Fig. 9. Cyclic voltammogram of Pt(50 wt.%)/spherical carbon.

ical carbon was about 1/5 of the BET surface areas of Ketjen. The
values of the active surface area of Pt calculated from the hydrogen
adsorption peak area of the CV-curve are shown in Table 3, and the
calculation formula for the active surface area of Pt is as follows:

Hydrogen adsorption quantity of charge (�C)
210 (�C)

× 1
Pt weight (g)

= r.s.a (m2 g−1) (1)

The quantity for the charge of adsorption for each Pt unit surface
area is 210 �C [13,14]. The Pt surface area was calculated by divid-
ing the charge quantity of the hydrogen adsorption by 210 �C. In
addition, the specific active surface area for each gram of Pt sup-
ported on the electrode was calculated. The Pt surface areas in
methods 1 and 2, as well as in commercially available Pt/Ketjen as
a comparison, were 4.21 cm2, 5.28 cm2, and 1.26 cm2, respectively.
In method 1, the effect of the nanocolloidal solution method was
not seen. It is thought that the Pt nanoparticles could not move
into the interior of the novel spherical carbon in the state of the
Pt colloid. However, in method 2, because the colloidal state was
formed on the surface of the novel spherical carbon, the Pt sur-
32.8 m2 g−1, 105.5 m2 g−1, and 22.4 m2 g−1, respectively. The Pt

Table 3
Surface area, specific surface area and BET of Pt(50 wt.%)/spherical carbon.

Surface
area (cm2)

Specific surface
area (m2 g−1)

BET (m2 g−1)

Pt/novel spherical
carbon-method 1

4.21 32.8 75.4

Pt/novel spherical
carbon-method 2

5.28 105.5 76.7

Pt/Ketjen 1.26 22.4 294
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pecific active surface areas in methods 1 and 2 were greater than
hose obtained with Pt/Ketjen. It was conjectured that the novel
pherical carbon creates a carbon support that can more easily
upport Pt.

. Conclusion

The Pt nanoparticles were supported by novel spherical carbon
s a result of two different preparation methods that improved
pon the metallic nanocolloidal solution method, making water
reatment of the carbon support and heat treatment unnecessary.

ethod 1 was a simple combination of the well known method.
fter preparation the Pt nanoparticle, the novel spherical carbon
as added in method 1. The novel spherical carbon had been

dded in method 2 before the Pt nanocolloid was generated. Pre-
ared time has been shortened to 1/3 in method 2 compared with
ethod 1. The characteristics of these catalysts characteristics were

hen investigated. SEM and TEM observations showed that the Pt
anoparticles were supported by the novel spherical carbon. In the
atalyst prepared by method 1, a part of the Pt nanoparticles had
gglomerated. In contrast, the Pt nanoparticles were supported by
igh dispersion in the catalyst prepared by method 2. Therefore,

t was revealed that the support state of the Pt nanoparticles is
nfluenced by the catalyst preparation procedure. It appears to be
ffective for the carbon support to be added before the Pt colloid is
repared. It was revealed that the catalyst prepared by method 2
as higher catalytic activity than that prepared by method 1, based

n use of a fixed quantity of Pt by ICP-MS, as well as an effective
t surface product, based on the CV measurement. In addition, the
ET surface area of the spherical carbon was about 1/5 of the BET
urface areas of Ketjen, while the catalyst prepared by using novel
pherical carbon showed higher catalytic activity than the catalyst

[

[

[

urces 195 (2010) 5862–5867 5867

of commercially available Ketjen. Novel spherical carbon showed
high catalytic activity as a catalyst for polymer electrolyte fuel cells.
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