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bstract

Carbon-supported metal nanoclusters were prepared by chemical method of Pt precursor reduction onto chemically treated carbon blacks (CBs).
he size and the loading level of Pt metal clusters were dependent on surface characteristics of CBs. Base-treated CBs-supported Pt showed the

mallest particle size of 2.65 nm and the highest loading level of 97% among the chemical-treated CBs-supported Pt catalysts. The electroactivity
f the catalysts had been enhanced when the CBs supports were treated by basic or neutral agents, while the electroactivity had been decayed for
he acid-treated CBs-supported Pt.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Many types of fuel cells are attracting much attention as
lean power sources for mobile devices or electric vehicles
nd on-site power generation systems due to their high-energy
onversion efficiency and low emission of pollutants [1–4]. Gen-
rally, platinum (Pt) or platinum alloy-based nanoclusters, which
re impregnated on carbon supports, are the best electrocatalysts
or anodic and cathodic reaction of direct methanol fuel cells
DMFCs). These catalyst materials are very expensive, and thus
here is a need to minimize the catalyst loading, without sacri-
cing electro-catalytic activity. One way to maximize catalyst
tilization is to enhance the external Pt specific surface area per
nit mass of Pt. The most efficient way to achieve this goal is to
educe the size of the Pt clusters.

Among a variety of routes for a synthesis of nanocluster elec-
rocatalysts, the colloidal methods [5,6] have the advantage to
roduce small and homogeneously distributed carbon-supported

etal nanoclusters. Still, the search for alternative routes to pro-

uce carbon-supported metal nanoclusters is a critical theme in
hese research areas. It is reported that the particle size and the
oading level of Pt-based catalysts are key factors that determine
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heir electrochemical activity and cell performance for DMFCs
4,7,8].

For support materials of catalysts, carbon blacks (CBs) are
enerally used due to a good electronic conductivity and a high
pecific surface area. However, the effect of surface characteris-
ics of carbon materials on the preparation and electrochemistry
f catalysts have not fully studied to our best knowledge. In
he present study, the size and the loading level of metal parti-
les have been investigated by modifying the carbon supports of
he platinum catalysts. The objective of this study is to investi-
ate the influences of chemical modification of carbon supports
n the preparation and electrochemical behaviors of carbon-
upported platinum catalysts.

. Experimental

.1. Preparation of carbon-supported Pt nanoclusters

Carbon-supported Pt nanoclusters were prepared by using
modified polyol synthesis method as reported before [9,10].
arbon materials (500 mg) were suspended and stirred with
ltrasonic treatment for 20 min in ethylene glycol (EG) solution

nd then 104 mg hexachloroplatinic acid (H2PtCl6) (Pt: 50 mg,
t weight percent is 10% against the carbon materials) dissolved
G solution was added dropwise slowly to the above solution
nd stirred mechanically for 4 h. A 1.0 M NaOH solution was

mailto:sjpark@inha.ac.kr
dx.doi.org/10.1016/j.jpowsour.2006.04.041
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dded to adjust pH of the solution, and then the solution was
eated at 140 ◦C for 3 h for a complete reduction of Pt. The
hole preparation process was conducted under flowing argon
as. The solid of carbon-supported Pt (Pt/C) was filtered and
ashed with 2 L of deionized water and then dried at 70 ◦C for
4 h.

.2. Chemical treatments and parameter measurements of
arbon blacks

The virgin carbon blacks (VCB) supplied by Korea Carbon
lack Co. was used in our experiments. This has an average parti-
le size of 24 nm, DBP adsorption of 153 cm3/100 g and specific
urface area of 112 m2 g−1. The neutral-treated carbon blacks
NCB), base-treated carbon blacks (BCB), and acid-treated car-
on blacks (ACB) were prepared by treating CBs with 0.2N
6H6, 0.2N KOH, and 0.2N H3PO4, respectively.

The acid and base values of the surface functional groups of
he samples were determined by Boehm’s titration method [11].
he specific surface areas (SBET [12]) of the samples were deter-
ined by gas adsorption. The physical adsorption of gases was

sed to characterize the CBs support, and adsorbate used was
2 at 77 K with automated adsorption apparatus (Micromeritics,
SAP 2400). To analyze the functional group of carbon sur-

ace, infrared (IR) spectroscopy for the chemical-treated CBs
as investigated (FTS-165 spectrometer, Bio-Rad Co.).

.3. Structural measurements of Pt-supported carbon
lacks

All of the carbon-supported Pt catalyst (Pt/C) samples were
haracterized by recording their X-ray diffraction (XRD) pat-
erns on a Rigaku X-ray diffractometer (Model D/Max-III B)
sing Cu K� radiation with Ni filter. Pt loading level was cal-
ulated by considering the atomic ratio of Pt intensity against
arbon intensity by using energy dispersive X-ray spectroscopy
EDS) method.

. Results and discussion

Table 1 shows the results of surface and adsorption properties
f the carbon blacks before and after chemical treatments. It can
e clearly seen that the chemical treatments influences acid–base

urface values, and specific surface areas (SBET) of the CBs. As
hown in Table 1, the base surface value, and specific surface
rea of the sample ACB show the prominent changes in com-
ared to VCB. This result indicates that the strong acid–base

able 1
esults of surface and adsorption parameters of the carbon blacks

arbon
lacks

Acid value
(mequiv. g−1)

Base value
(mequiv. g−1)

SBET (m2 g−1)

CB 50 70 112
CB 40 58 114
CB 70 90 118
CB 110 13 28

H
I
f
p

S

L

w
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o
u

Fig. 1. IR spectra of (a) VCB, (b) NCB, (c) BCB, and (d) ACB.

eaction is happened between the originally rather basic car-
on surface and the acidic chemical solution. This can bring the
icro-pore degradation or blocking. It is thought that the acidic

reatment leads to an increase of aggregation of CBs, resulting
n increasing the crystalline size and the concentration of crys-
alline boundaries as a typical turbostratic structure of CBs. On
he other hand, BCB shows an increased base value and a slight
nhanced specific surface area.

To analyze the functional groups of carbon surface, IR spec-
roscopy for the treated CBs was investigated and demonstrated
n Fig. 1. The VCB shows the characteristic peaks at 3430, 2910,
630 and 1240 cm−1. These peaks can be assigned to hydroxyl
roup (O H), aliphatic (C H), carboxyl/ester groups (C O),
nd ether groups (C O C), respectively [13]. ACB shows the
nhanced peak intensity at 2910, 1630, and 1240 cm−1, because
he oxidized groups are developed by an acid treatment with car-
on surface. BCB shows that the intensity of peaks is slightly
ncreased due to the oxidized reaction of carbon surface with
xygen in basic solution. In contrast to this, NCB shows a
ecreased peak intensity of all characteristic peaks. Conse-
uently, the functional groups of carbon surface were changed
ffectively by acid or base chemical treatments.

Fig. 2 shows the detailed Pt (2 2 0) peaks in the powder XRD
atterns of carbon-supported Pt (Pt/C) catalysts. It clearly shows
hat Pt/VCB, Pt/NCB, Pt/BCB shows a broad peak at 67.6◦.
owever, Pt (2 2 0) peak do not exists in the case of Pt/ACB.

t explains that Pt is not effectively deposited onto carbon sur-
ace. It is probably thought that Pt reduction reaction is not fully
erformed due to the high acidic characteristics of CBs surface.

The average size of Pt nanoclusters was calculated by using
cherrer equation [14] and was demonstrated in Table 2:

c = Kλ

B cos θ
(1)

here L is the average crystalline size of the Pt particles, K the
c
cherrer constant (=0.89), λ = 0.154 nm, B the half-height width
f the (2 2 0) diffraction line, and θ is the Bragg angle in radian
nit.
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indicates the charge-transfer resistance for catalyst electrode. In
the case of Pt/NCB, the resistance decreased to 23 � cm−1 when
compared to 29 � cm−1 for Pt/VCB. In the case of Pt/BCB,
the resistance decreased further to 11 � cm−1, which shows the
ig. 2. Pt (2 2 0) peaks of X-ray diffraction patterns for (a) Pt/VCB, (b) Pt/NCB,
c) Pt/BCB, and (d) Pt/ACB.

In the case of Pt/BCB, the broadness of the peak is rather
ncreased, meaning the size decrease of Pt nanoparticles. In the
ase of Pt/VCB, the average size of Pt is 3.01 nm, which is a
ypical size of Pt nanoparticles in the range of 3–5 nm [1,2]. In
he case of Pt/BCB, the average size decreases to 2.65 nm. It is
eported that basic condition is favored in the preparation of Pt
anoclusters-incorporated carbon supports because Pt precursor
H2PtCl6) has to be reduced by a reducing agent [9,10]. On the
ther hand, ACB shows the smallest surface BET area of all
amples due to a high degree of aggregation. In this viewpoint,
t incorporation of carbon support is not easily available for the
ecreased specific surface area of ACB.

Platinum loading level can be calculated from the EDS exper-
ments and summarized in Table 2. In the viewpoint of Pt loading
evel, Pt/BCB shows the highest value of 97% and Pt/ACB shows
he lowest value of 65%. It explains that Pt incorporation onto
arbon surface is favored in the case of basic chemical-treated
Bs.

Fig. 3 shows the electroactivity of Pt catalysts supported on
he various carbon supports by linear sweep voltammograms in
.5 M H2SO4 + 1.0 M MeOH. Anodic peaks for a methanol oxi-
ation were shown at 640–670 mV for each sample. Pt/BCB and
t/NCB show an increase in current density of anodic peak such

s 0.83 and 0.76 mA, respectively, and more definite peak shape
n compared to Pt/VCB. This means that the electrocatalytic
ctivity has been enhanced when the CBs were treated by basic
r neutral agents. However, Pt/ACB shows a decrease of cur-

able 2
ize and loading levels of platinum nanoclusters of Pt/VCB, Pt/NCB, Pt/BCB,
nd Pt/ACB

ample Average size (nm) Loading levela (%)

t/VCB 3.07 91
t/NCB 3.74 93
t/BCB 2.65 97
t/ACB – 65

a EDS measurements. F
ig. 3. Linear sweep voltammograms of (a) Pt/VCB, (b) Pt/NCB, (c) Pt/BCB,
nd (d) Pt/ACB.

ent density meaning that the electrocatalytic activity has been
ecayed. From this result, it can be concluded that the electrocat-
lytic activity are the best for the base-treated CBs-supported Pt.

Fig. 4 shows impedance plots of electrocatalysts in above
olution. These plots were obtained by measuring ac impedance
ith changing a frequency from 1 to 100 MHz. The plots show
semi-circle like part at a higher frequency range and a linear
art at a lower frequency range. When the imaginary part of
mpedance value is almost zero, the real part of impedance value
ig. 4. Impedance plots of (a) Pt/VCB, (b) Pt/NCB, (c) Pt/BCB, and (d) Pt/ACB.
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owest resistance. In contrast with this, in the case of Pt/ACB,
he resistance increased to 49 � cm−1, which shows the highest
esistance. These resistance behaviors as a function of chemical
reatments can explain the above electroactivity results. In other
ords, the resistance decrease can be one of the reasons for the

nhancement of the electroactivity of Pt catalysts.

. Conclusions

The surface characteristics and the degree of aggregation
f CBs had been changed by a chemical treatment. After Pt
ncorporation, base-treated CBs showed the smallest particle
ize of 2.65 nm and the highest loading level of 97%. In com-
arison with this, acid-treated CBs showed the lowest loading
evel. This result could be explained by the fact that probably
ase-treated carbon surface showed the well-distributed basic
unctional groups for the effective Pt reduction. A rather low
oading level of Pt nanocluster deposited on acid-treated CBs
as originated from the decreased specific surface area due
o a high degree of aggregation and the strong acidic surface
haracteristics of CBs. The electroactivity of catalysts had been
nhanced when the CBs supports were treated by basic or neutral
gents, while the electroactivity had been decayed for the acid-

[
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reated CBs-supported Pt. From the impedance results, Pt/BCB
r Pt/NCB showed the reduced charge-transfer resistance, while
t/ACB showed the increased resistance.
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