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Fabrication of a mesoporous Pt-carbon catalyst by the direct templating
of mesoporous Pt-alumina for the methanol electro-oxidation
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Abstract

Mesoporous Pt-carbon catalysts were directly fabricated using mesoporous Pt-alumina as a template with a metal source and using
poly(divinylbenzene) as a carbon precursor. Two types of mesoporous Pt-alumina templates were prepared by employing different calcination
conditions (PtAl-A and PtAl-N were produced by the calcination in a stream of air and nitrogen, respectively). Both the mesoporous Pt-
a
s
o
o
i
e
P
©

K

1

fi
n
p
f
a
f
o
e
o
b
a
o

0
d

luminas served as efficient templates for the fabrication of replicated Pt-carbon catalysts (PtC-A and PtC-N). The PtC catalysts showed high
urface area with a narrow pore size distribution centered at ca. 4.0 nm. Together with pore-confined metal growth, the characteristic feature
f the template, such as a strong interaction of metal species with the support was beneficial for the formation of highly dispersed Pt particles
n the replicated mesoporous carbon catalysts. The mesoporous Pt-carbon (PtC) catalysts exhibited a higher metal dispersion than Pt catalyst
mpregnated on CMK-3 (Pt/CMK-3). Futhermore, the PtC-N catalyst exhibited a higher metal dispersion than the PtC-A catalyst. Methanol
lectro-oxidation experiments revealed the catalytic performance was closely related to the metal dispersion in the supported catalysts. The
tC-N catalyst with the highest metal dispersion exhibited the best catalytic performance in methanol electro-oxidation.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Carbon materials have been widely employed in many
elds of science and engineering. In particular, the porous
ature of carbon materials such as high surface area and large
ore volume makes them well suited as supporting materials
or active metals in catalysis [1,2]. Although activated carbon,
typical carbon material, can serve as an efficient support

or highly dispersed metal catalysts, such supported catalysts
ften exhibit a lower catalytic performance than would be
xpected due to the irregular and microporous characteristics
f the activated carbon. A new family of carbon materials has
een recently prepared, in which ordered mesoporous silicas
re used as templates [3,4]. These carbon materials, so called
rdered mesoporous carbons (OMCs), were found to have an
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ordered pore structure with a uniform pore size. Due to their
remarkable textural properties, OMCs have been extensively
used as catalyst supports, adsorbents and electrode materials
[5,6]. In particular, the regular pore structure of OMCs with
a high surface area makes them more adequate for use as cat-
alyst supports in polymer electrolyte fuel cells, where carbon
supported Pt catalysts with a high metal loading (typically, in
excess of 20 wt.%) are required to achieve a desirable power
density. In previous studies, for example, it was demonstrated
that the uniform pore size and high surface area of OMCs
could induce spontaneous sintering-resistive properties, and
a fine metal dispersion in the supported catalyst [7]. How-
ever, pore blocking and metal aggregation were inevitable
even though silica-based OMCs were used as supports. In
addition, it is rather tedious to prepare the Pt/OMC catalysts
by a conventional method, i.e., impregnation and subsequent
reduction, because a very long time is required for the syn-
thesis of OMC and post-fabrication steps such as surface
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modification of OMC and metal supporting are required. On
the other hand, mesoporous alumina that would be prepared
by using an alkyl carboxylate as a structure-directing agent
can be used as a template for the preparation of a mesoporous
carbon (MC). Although mesoporous alumina template does
not produce a mesoporous carbon having a pore structure
with long-range orderness, there would be several advan-
tages over the preparation method using mesoporous silica as
a template. It is possible to prepare mesoporous alumina with
metal component by one-step sol–gel method. Furthermore,
when such alumina system is used as a template for the prepa-
ration of mesoporous carbon, a strong interaction with metal
and alumina can prevent from aggregation of metal during
carbonization step.

In this report, we propose a new fabrication method for
producing uniform sized mesoporous Pt-carbon catalysts
using mesoporous Pt-alumina as a template with a metal
source. Compared to the conventional impregnation method,
this method does not require an additional Pt deposition step
on the support because the template itself serves as a metal
source. Furthermore, a Pt-alumina template can be readily
synthesized by a one-step sol–gel method under ambient con-
ditions (room temperature) and can be prepared within a short
time compared to conventional mesoporous silica templates.
Therefore, the fabrication method herein provides a time sav-
ing route for the preparation of a Pt catalyst supported on a
m
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amounts of de-ionized water. SEM-EDX analyses revealed
that metal loadings in the PtC-A and PtC-N catalysts were
22 and 23 wt.%, respectively. The Pt loadings in the PtC cat-
alysts could be easily controlled by adjusting the amounts of
Pt source used during the template preparation step. For pur-
poses of comparison, a Pt catalyst supported on an ordered
mesoporous carbon (CMK-3 [8]) was prepared by an incipi-
ent impregnation method using H2PtCl6 as a Pt precursor. The
metal loading of Pt/CMK-3 was determined to be 22 wt.% by
SEM–EDX analysis.

2.2. Characterization and methanol electro-oxidation

Nitrogen adsorption isotherms were obtained with an
ASAP-2010 (Micromeritics) apparatus. The pore size dis-
tribution was determined by the BJH method applied to the
desorption branch of the N2 isotherm. The size and location
of Pt particles on the catalyst surface were confirmed by trans-
mission electron microscopy (TEM (Joel, JXA-8900R) and
HR-TEM (JEM-3000F)) using an ultrasonically dispersed
catalyst sample (in ethanol) deposited on a carbon grid.

Methanol electro-oxidation was carried out in a conven-
tional three-electrode system with saturated calomel and a
platinum gauge as a reference and a counter electrode, respec-
tively. The working electrode was prepared by coating small
amounts of catalyst ink on disk-type graphite. Prior to the
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esoporous carbon.

. Experimental

.1. Sample preparation

In order to prepare the mesoporous Pt-alumina template
PtAl), known amounts of an aluminum precursor (Al(sec-
Bu)3, Aldrich) and a surfactant (CH3(CH2)10COOH,
luka) mixed with a platinum source (H2PtCl6, Aldrich) were
eparately dissolved in sec-butyl alcohol, and the two solu-
ions were then mixed with constant stirring. Small amounts
f de-ionized water were added, dropwise to the mixture
0.2 ml min−1), until a yellow precipitate began to form. The
esulting slurry was stirred for a further 20 h, and the pre-
ipitate was isolated and dried in air. The crude product was
alcined at 723 K in a stream of either air or nitrogen (denoted
s PtAl-A and PtAl-N, respectively). In the preparation of
tAl-N, a swelling agent (trimethylbenzene, TMB, Aldrich)
as added to the surfactant solution (weight ratio of surfac-

ant: TMB = 2.0:1.0). For the preparation of the mesoporous
t-carbon (PtC-A and PtC-N) catalyst, each corresponding

emplate (PtAl-A and PtAl-N) was impregnated with appro-
riate amounts of divinylbenzene (DVB) solution containing
free radical initiator (azobisisobutyronitrile, AIBN), fol-

owed by polymerization at 343 K for 12 h. The resulting
tAl-polymer composites were carbonized at 1073 K, and

he alumina template was then removed using a concentrated
aOH solution. The product was finally washed with copious
oating, the graphite surface was polished with alumina paste,
ollowed by washing with de-ionized water. Cyclic voltam-
ograms were obtained at room temperature at a scan rate of

0 mV s−1 in 0.5 M H2SO4 solution containing 1 M CH3OH
sing an EG & G 263A potentiostat.

. Results and discussion

N2 adsorption–desorption behaviors and textural proper-
ies of the templates and the corresponding Pt catalysts are
hown in Fig. 1 and Table 1, respectively. All the samples
xhibited IV-type isotherm with H2 hysteresis loop. The pore
ize of PtAl-N was slightly larger than that of PtAl-A due to
he swelling effect of TMB. However, both the PtC-A and
tC-N catalysts showed similar pore size distributions, cen-

ered at around 4.0 nm because the pores of PtC catalysts were
enerated from the wall of the PtAl templates via geometrical
eplication. The BET surface areas and pore volumes of the
tC catalysts were higher than those of the PtAl templates
ecause of the density difference between alumina and the
arbon framework. The surface areas and pore volumes were
26 m2 g−1, 0.46 cm3 g−1 and 592 m2 g−1, 0.45 cm3 g−1 for
tC-A and PtC-N, respectively. Compared to the CMK-3
upport, on the other hand, the Pt/CMK-3 catalyst showed
slightly deformed isotherm and pore size distribution. In

ddition, the surface area and pore volume of CMK-3 was
rastically decreased after Pt impregnation, indicating pore
locking or plugging of CMK-3 by Pt aggregates in the
t/CMK-3 catalyst. This was also confirmed from the TEM
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Fig. 1. N2 adsorption-desorption isotherms and pore size distributions (insets) for (a) PtAl templates, (b) replicated PtC catalysts and (c) CMK-3 and Pt/CMK-
3.

image (Fig. 2e), where cylindrical pores and Pt aggregates
with broad size distribution ranging 3–7 nm were observed.

TEM images of PtAl templates and the corresponding PtC
catalysts are shown in Fig. 2. Pt particles in both PtAl-A and

Table 1
Physical properties of PtAls, CMK-3, and the corresponding Pt-carbon
catalysts

Sample Surface area
(m2 g−1)a

Pore volume
(cm3 g−1)

Pore size
(nm)b

Average Pt
particle size
(nm)c

PtAl-A 232 0.25 3.6 2.3
PtAl-N 218 0.19 4.1 2.0
PtC-A 626 0.46 4.0 3.3
PtC-N 592 0.45 3.9 2.8
CMK-3 1280 1.23 3.8 –
Pt/CMK-3 550 0.53 3.8 4.5

Particle size distributions were obtained by selecting 100 particles in the
HR-TEM image for each sample.

a Surface areas were calculated using BET equation.
b Pore size distributions were determined by BJH model.
c Average particle sizes were determined from the equation,

d = (
∑

nidi)/ni.

PtAl-N could barely be resolved in the TEM images, indi-
cating a high dispersion of Pt particles on the mesoporous
alumina. The PtAl-A retained slightly larger Pt particles than
the PtAl-N, which might result from the facile metal aggre-
gation in a reactive gas stream (oxygen) at the calcination
step. Although the size of the metal particles of the PtC cata-
lysts was slightly increased after carbonization, it could still
be observed from TEM images and particle size data that the
highly dispersed Pt particles with mesoporosity were formed
(especially, in the PtC-N catalyst). The fact that metal growth
was retarded through heat treatment at high temperatures is
quite unusual. However, it is well known that alumina is very
reactive toward metal species, and thus, a strong interaction
between alumina and metal can be induced [9–11]. Therefore,
we conclude that this interaction and pore-confined metal
growth contributed to the generation of fine metal particles in
the PtC catalysts. For purposes of comparison, we attempted
to prepare a Pt incorporated mesoporous silica (PtS) template
and the corresponding mesoporous Pt-carbon catalyst. How-
ever, these attempts to prepare a finely dispersed mesoporous
Pt-carbon catalyst with high metal loading were unsuccess-
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Fig. 2. TEM images of templates ((a) PtAl-A, (b) PtAl-N), replicated PtCs ((c) PtC-A, (d) PtC-N) and (e) Pt/CMK-3.

ful. Furthermore, even though PtS with desirable properties
was synthesized, the resulting mesoporous Pt-carbon cata-
lyst retained irregular and relatively large metal particles.
This suggests that the PtAl templating method reported in
this work was much more efficient for the preparation of
a highly dispersed Pt catalyst on a mesoporous carbon than

other templating methods. In addition, PtC catalysts prepared
by this method would be expected to show thermal sintering-
resistive characteristics because the catalysts were treated at
high temperatures in the carbonization step.

To test the catalytic performance of the prepared Pt cata-
lysts, methanol electro-oxidation was carried out in a half-cell
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Fig. 3. Cyclic voltammograms of PtCs and Pt/CMK-3 catalysts on a glass
carbon disk electrode (working electrode) in H2SO4 (0.5 M) containing
CH3OH (1 M). All samples were pre-reduced at 393 K with a diluted hydro-
gen stream. The Pt loadings on working electrode were identical in all the
cases (scan rate = 20 mV s−1).

reactor using a conventional three-electrode cell (Fig. 3).
Methanol electro-oxidation occurred at ca. 0.4 V in all Pt-
carbon catalysts, a typical feature for non-alloyed Pt-carbon
catalysts [12–16]. However, the maximum current density
observed at 0.6 V for the PtC catalysts (especially, PtC-N) was
higher than that for the impregnated Pt-carbon (Pt/CMK-3)
catalyst. Although a few factors can affect the catalytic per-
formance in methanol electro-oxidation, it can be inferred
that the high metal dispersion of PtCs was responsible for
their enhanced catalytic performance.

4. Conclusions

Pt-carbon catalysts were directly prepared using meso-
porous Pt-alumina templates. The Pt-carbon catalysts
retained a well-developed mesoporosity with a high surface
area and a large pore volume. Furthermore, the mesoporous
Pt-carbon (PtC) catalysts showed a higher metal dispersion

and better electro-catalytic performance than the impreg-
nated Pt-carbon (Pt/CMK-3) catalyst. The fabrication method
described in this work constitutes a very efficient and time
saving route for the preparation of highly dispersed and ther-
mally stable Pt-carbon catalyst with mesoporosity.

Acknowledgements

Financial support of this work was provided in part by
National Research Laboratory (NRL) program of the Korea
Science and Engineering Foundation (KOSEF) and Hyundai-
Kia Next Generation Vehicle Research Center.

References

[1] W.-C. Chen, T.-C. Wen, J. Power Sources 117 (2003) 273.
[2] R. Ramkumar, S. Dheenadayalan, R. Pattabiraman, J. Power Sources

69 (1997) 75.
[3] M. Kruk, M. Jaroniec, R. Ryoo, S.H. Joo, J. Phys. Chem. B 104

(2000) 7960.
[4] R. Ryoo, S.H. Joo, S.A. Jun, J. Phys. Chem. B 103 (1999) 7743.
[5] J. Lee, S. Yoon, S.M. Oh, C.-H. Shin, T. Hyeon, Adv. Mater. 12

(2000) 359.
[6] H. Zhou, S. Zhu, M. Hibino, I. Honma, M. Ichihara, Adv. Mater.

15 (2003) 2107.

[
[
[

[
[
[

[

[7] S.H. Joo, S.J. Choi, I. Oh, J. Kwak, Z. Liu, O. Terasaki, R. Ryoo,
Nature 169 (2001) 169.

[8] S.H. Joo, R. Ryoo, M. Kruk, M. Jaroniec, J. Phys. Chem. B 106
(2002) 6460.

[9] C.-C. Chien, W.-P Chuang, T.-T. Huang, Appl. Catal. A 131 (1995)
73.

10] N.S. Resended, J.-G. Eon, M. Schmal, J. Catal. 183 (1999) 6.
11] I.H. Cho, S.B. Park, S.J. Cho, R. Ryoo, J. Catal. 173 (1998) 295.
12] B. Rajesh, K.R. Thampia, J.-M. Bonard, A.J. McEvoy, N. Xan-

thopoulos, H.J. Mathieu, B. Viswanathan, J. Power Sources 133
(2004) 155.

13] W.X. Chen, J.Y. Lee, Z. Liu, Chem. Commun. (2002) 2588.
14] K.W. Park, J.H. Choi, Y.E. Sung, J. Phys. Chem. B 107 (2003) 5851.
15] S.M. Golabi, A. Nozad, J. Electroanal. Chem. 521 (2002)

161.
16] H.-P. Liang, H.-M. Zhang, J.-S. Hu, Y.-G. Guo, L.-J. Wan, C.-L.

Bai, Angew. Chem. Int. Ed. 43 (2004) 1540.


	Fabrication of a mesoporous Pt-carbon catalyst by the direct templating of mesoporous Pt-alumina for the methanol electro-oxidation
	Introduction
	Experimental
	Sample preparation
	Characterization and methanol electro-oxidation

	Results and discussion
	Conclusions
	Acknowledgements
	References


