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a b s t r a c t

A stepwise method is described for the accurately controlled growth of Pt nanoparticles supported on

ordered mesoporous carbons (Pt–OMC) by the nanocasting of carbon and metal precursors in the pore

channels of mesoporous silicas functionalized with Si–H groups. Results obtained from N2 adsorption/

desorption isotherms and transmission electron microscopy showed well-dispersed Pt nanoparticles

(2–3 nm) on Pt–OMC with high surface area (837 m2 g�1) and regular pore channels (2.9 nm), which

facilitate reactant/product diffusion. X-ray diffraction and X-ray photoelectron spectroscopy indicated

that Pt nanoparticles in the Pt–OMC sample were mostly present in the metallic form of a face-centered

cubic (fcc) crystalline structure. The Pt–OMC catalyst was found to have superior electrocatalytic

properties during oxygen reduction reaction as compared to typical commercial electrocatalysts.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Fuel cells have been recognized as one of next-generation
electrical power sources for light-duty vehicles and stationary or
portable applications as an alternative to conventional power
sources [1–3], for instance, internal combustion engines and
secondary batteries [4,5]. In the past few years, much effort from
government, industry, and academy has been devoted to develop
polymer electrolyte membrane fuel cells (PEMFCs)/direct metha-
nol fuel cells (DMFCs) and great advances have been achieved;
however, two major remaining challenges to widespread use,
namely cost and lifetime, make PEMFCs/DMFCs far from market
launch [4,6]. In terms of the former, upward pressure on price of
Pt that is the active species in the most of the presently used
electrocatalysts requires a decrease in the usage of Pt and/or
increase in the mass specific activity of the active species [7].
Thus, support materials with high surface area favorable to Pt
dispersion, proper textural properties helpful to kinetics of both
anode and cathode reactions, and high electronic conductivity are
highly desirable [8,9]. With respect to the latter, structural
stability of supports during the operational conditions, the inter-
action between the active species and supports [10–15]
(for example, the surface properties of supports and/or Pt loading
ll rights reserved.
method capable of stabilizing Pt nanoparticles) are necessary to
maintain electrocatalytic activity under long-term operations. As
such, structural and surface properties of support materials and
loading method of Pt nanoparticles would play crucial roles in
fabrication of cost-down Pt-containing electrocatalysts with high
and long-term electrocatalytic activity.

Nanostructured carbon materials that possess high surface
area, tailorable textural structure, good electronic conductivity,
and corrosion resistance are ideal supports for Pt-containing
electrocatalysts [5,16–19]. Indeed, apart from the standard
commercial support (Vulcan XC-72) used in electrocatalysts for
PEMFCs/DMFCs, carbon nanotubes, carbon nanofibers, and meso-
porous carbons have been shown to be pertinent support materi-
als for fabricating efficient anodic/cathodic electrocatalysts
[2,20–24]. However, it is well-known that the properties of the
incorporated Pt metals depend strongly on their particle size,
shape, and dispersion. Conventional techniques for embedding
platinum or mix-metal nanoparticles in the porous supports
typically invoke post-synthesis treatments, such as impregnation
[25–29], adsorption [30,31], ion-exchange [32–34] and colloidal
or microemulsion [35–40]. Nevertheless, owing to their chemi-
cally inert nature, most nanostructured carbon materials
normally have a lack of desirable functional groups on their
surfaces and hence the uncontrolled growth of Pt nanoparticles
supported on these supports are vulnerable to aggregation during
the synthetic process and electrocatalytic reactions, due to weak
interaction between metal particles and supports, which shorten
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whole lifetime of PEMFCs/DMFCs. Also, the colloidal method is
complex and time-consuming, and tends to result in undesirable
loss of the noble metals.

In this paper, we report on a novel procedure, based on the
pyrolysis of carbon and Pt precursors in a functionalized SBA-15
mesoporous silica, which was prepared by a stepwise method, to
fabricate a well-dispersed and accurately controlled Pt nanoparti-
cles supported on ordered mesoporous carbons (Pt–OMC).
Characterization of Pt–OMC sample was investigated by a variety
of analytical and spectroscopic techniques, such as X-ray diffrac-
tion (XRD), N2 adsorption/desorption, transmission electron micro-
scopy (TEM), and X-ray photoelectron spectra (XPS). These Pt–OMC
samples so fabricated were examined as electrocatalysts for
oxygen reduction reaction (ORR) at cathode by electrochemical
techniques, aiming to improve the electrocatalytic activity.
2. Experimental

2.1. Catalyst preparation

Firstly, SBA-15 mesoporous silica was synthesized according to
the procedure reported by Zhao et al. [41]. Briefly, 2.9 g of neutral
tri-block co-polymer surfactant (Pluronic 123; EO20PO70EO20,
MW¼5800, Aldrich) was dissolved in a mixture of 37% HCl
solution (12.2 g) and water (84.7 g) at room temperature. After
adding tetraethyl orthosilicate (TEOS; 98%, Acros), the resultant
mixture was stirred at 313 K for 20 h and then transferred into a
polypropylene bottle and reacted at 373 K under static condition
for 24 h. The solid products were recovered by filtration and dried
at room temperature overnight to obtain as-synthesized SBA-15
(denoted as SBA-15as). Secondly, ca. 3 g of SBA-15as was
dispersed in 100 mL of dry toluene at 353 K under N2 flux, followed
by adding 20 mL of trimethylchlorosilane (TMCS; 98%, Acros)
dropwise and stirring for 20 h. The mixture was filtered with
toluene and then dried at 353 K under vacuum. The surfactant
template was removed by ethanol extraction. Modified SBA-15
with Si–CH3 groups (denoted as SBA–15CH3) on the external
surface was obtained. Thirdly, ca. 2 g of SBA–15CH3 was dehydrated
at 373 K for at least 6 h in vacuum, dispersed in toluene and then
adding 15 mL of thionyl chloride (99.7%, Acros) into the mixture,
which was stirred at 353 K for 24 h in the N2 atomosphere. The
product was filtered with toluene and dried again in vacuum at
353 K. About 0.25 g of lithium aluminum hydride (LiAlH4; 98%,
Acros) was dissolved in 100 mL of dry tetrahydrofuran (THF; 99.6%,
Acros) under flowing N2, then added into the above solid powder
and the mixture was stirred for 36 h. The resultant solid was
washed with THF repeatedly to obtain SBA–15H sample. Fourthly,
ca. 1 g of SBA–15H sample was outgassed at room temperature and
dispersed in absolute ethanol solution, followed by adding a certain
amount of hexachloroplatinic acid (H2PtCl6; 39%, Acros) into the
mixture. About 20 mL of dichloromethane (99%, Acros) was added
to introduce more Pt precursors into the pore channels of SBA–15H.
The resultant sample, which is denoted as Pt–SBA-15 was dried
under vacuum at room temperature. Finally, subsequent replication
of Pt–SBA-15 into Pt–OMC was carried out using the modified pro-
cedures described earlier [42,43]. Typically, ca. 0.5 g of Pt–SBA-15
was dehydrated at 333 K for 12 h under vacuum. Oxalic acid
(98%, Acros) was used as the acid catalyst for polymerization of
furfuryl alcohol (FA, 98%, Acros) solution, which was infiltrated in
Pt–SBA-15 by incipient wetness impregnation at room temperature,
followed by polymerization at 333 K then at 353 K each for 12 h in
air. The resultant composite was ramped to 1073 K with a heating
rate of 1 K min�1 and maintained at that temperature for 3 h under
vacuum. The resultant black powders (denoted as Pt–OMC-as)
were leached with HF (1 wt%) aqueous solution for at least 24 h
to remove the silica template, washed with distilled water and
alcohol, then dried at 373 K to obtain the Pt–OMC sample.

2.2. Physicochemical characterizations

X-ray diffraction (XRD) patterns of all samples were recorded on
a PANalytical (X’Pert PRO) instrument using Cu-Ka radiation
(l¼0.1541 nm). Fourier transform infrared (FTIR) spectra were
collected on a Bio-rad 165 spectrometer with 4 cm�1 resolution
using KBr pellets at room temperature. The concentrations of
platinum in various samples were analyzed by flame atomic
absorption (AA, Hitachi Z-8200) spectroscopy. X-ray photoelectron
spectra (XPS) were acquired through an energy analyzer with a
constant pass energy of 20 eV followed by irradiating a sample
pellet (6 mm in diameter) with a monochromatic Al-Ka (1486.6 eV)
X-ray under ultra-high vacuum condition (10�10 Torr). Nitrogen
adsorption isotherms were measured at 77 K on a Micromeritics
ASAP 2010 analyzer. Pore size distribution curves were calculated
by the BJH method from the adsorption branch. The BET specific
surface area was calculated from nitrogen adsorption data in the
relative pressure (P/P0) range from 0.05 to 0.2. The total pore volume
was estimated from the amount adsorbed at the P/P0 of 0.99. For
transmission electron microscopy (TEM, JEOL JEM-2100 F) experi-
ments, samples were first suspended in acetone (99.9 vol%) by
ultrasonication, followed by deposition of the suspension on a lacey
carbon grid. The high-resolution TEM images were obtained at room
temperature using an electron microscope that has a field-emission
gun at an acceleration voltage of 200 kV.

2.3. Electrochemical measurements

The electrocatalytic measurements were performed in a single
compartment glass cell with a standard three-electrode config-
uration. A glassy carbon electrode with a diameter of 5 mm was
used as a working electrode and a saturated Ag/AgCl electrode
and a platinum wire were used as reference and counter electro-
des, respectively. The glassy carbon thin-film electrode was
prepared according to the method reported earlier [44]. Typically,
ca. 5 mg of sample was added into 2.5 mL deionized water,
followed by ultrasonication treatment for 0.5 h. Then, ca. 20 mL
of the resultant suspension mixture was withdrawn and injected
onto the glassy carbon electrode, followed by drying in air at
333 K for 1 h. Finally, 20 mL of 1% Nafions (DuPont) solution was
added as a binder under N2 environment. Electrocatalytic activity
measurements of Pt–OMC and a commercial Johnson–Matthey Pt/
C sample (20 wt% Pt on Vulcan XC-72, denoted as JM–Pt/C) were
performed on a galvanostat/potentiostat (CHI Instruments, 727D).
ORR was evaluated by a linear sweep voltammetry (LSV) techni-
que. The 0.1 M H2SO4 electrolyte was saturated with ultrahigh
purity oxygen for at least 0.5 h. The polarization curves were
obtained between 0 and 0.8 V at a scanning rate of 5 mV s�1 and a
rotating speed of 1600 rpm under room temperature condition.
3. Results and discussion

The physicochemical properties of the functionalized SBA-15
samples were verified by a variety of different spectroscopic and
analytical techniques. As displayed in Fig. 1a, the small-angle XRD
patterns of SBA–15CH3 and SBA–15H samples all reveal one
intense (1 0 0) diffraction peak and two weak diffraction peaks
of (1 1 0) and (2 0 0), indicating the existence of a well-ordered
hexagonal array of mesopores with two-dimensional (2-D)
channel structure even after the functionalization treatment of
as-synthesized SBA-15 [45]. Furthermore, the unit cell parameter
(a, Table 1) observed for SBA–15H remains practically intact



Table 1
Physical properties of SBA–15as, SBA–15CH3 and SBA–15H obtained from N2

adsorption/desorption measurements at 77 K.

Sample aa

(nm)

SBET
b

(m2g�1)

DBJH
c

(nm)

Vtot
d

(cm3 g�1)

Wthickness
e

(nm)

SBA–15as 11.5 118 – 0.3 –

SBA–15CH3 11.6 837 8.1 1.1 3.5

SBA–15H 11.6 820 8.1 1.0 3.5

a Unit cell parameter.
b BET surface area.
c BJH pore diameter.
d Total pore volume.
e Wall thicknesses were calculated as: a�DBJH.
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Fig. 2. FTIR spectra of (a) SBA–15CH3, (b) SBA–15H and (c) Pt–SBA-15 samples.
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Fig. 1. (a) Small-angle powdered XRD patterns and (b) N2 adsorption/desorption

isotherms of SBA-15as, SBA–15CH3 and SBA–15H.
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during functionalization process. All N2 adsorption/desorption
curves obtained from SBA–15as, SBA–15CH3 and SBA-15H
samples show the typical type-IV isotherm with a well defined
hysteresis loop at a relative pressure P/P0 of 0.6–0.8 (Fig. 1b). As
a result, the BET surface area, pore volume, and pore size
distribution (by BJH method) of various samples are summarized
in Table 1. The SBA–15H samples have high surface areas
(820 m2/g) and uniform pore size distributions (8.1 nm). This
result is consistent with the XRD patterns, which indicate that the
parent mesoporous structure was still retained during the mod-
ification process. FTIR spectra of the SBA–15CH3 and SBA–15H are
shown in Fig. 2. The existence of feature peaks at 2900–3000 and
830 cm�1 were assigned to C–H and Si–C bonding, respectively,
indicating that Si–CH3 has been modified on the external surface
of SBA-15 after the as-synthesized SBA-15 was treated with
TMCS. It is noted that the inner surface of mesopores was not
disturbed because the surfactant molecules still occupy the pores
of SBA-15. A band at ca. 960 cm�1, which is attributed to the Si–O
stretching of the Si–OH groups, was observed for SBA–15CH3

samples due to the extraction of the surfactant by ethanol
solution. The vanishing of the peak at 960 cm�1 and formation
of two new peaks at ca. 2240 and 860 cm�1 assigned due to Si–H
stretching and bending vibrations, respectively, were evident for
SBA–15H samples. This implied the creation of Si–H in the inner
pore surface of SBA–15H. Based on the above combined results
from various characterization techniques (XRD, N2 adsorption/
desorption isotherms, and FTIR), it is indicative that the SBA–15H
samples possess regular mesoporous channels, high surface area
and uniformly functionalized layer of Si–H groups, which would
be desirable as hard templates for the accurate control of Pt
nanoparticles on ordered mesoporous carbons during nanocasting
process.

As described in Section 2, the reduction reaction between Si–H
and H2PtCl6 may occur as below upon incorporating the Pt
precursors into the pores of SBA–15H samples.

6RSiHþH2PtCl6-6RSiClþPtþ4H2

RSiCl is unstable in air and reacts with H2O to form RSiOH,
which is proved by the FTIR spectrum in Fig. 2c as shown in the
following reaction:

RSiClþH2O-RSiOHþHCl

The surface area, pore diameter, and pore volume of Pt–SBA-15
samples shown in Table 2 are smaller than those of SBA–15H
(Table 1), which can be ascribed to the incorporation of Pt. As
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shown in Fig. 3a, the remarkable decrease of main diffraction peak
(1 0 0) in Pt–SBA-15 samples was also observed upon the incor-
poration of Pt precursors, revealing that the size and density of the
Pt particles have considerable influence on the structure of the
silica template [46,47]. Likewise, the diffraction feature cannot be
obviously found after infiltration and carbonization of carbon
precursors in Pt–OMC-as samples. However, the mesostructure
of Pt–OMC was observed because they arise from the skeleton of
the SBA-15 mesoporous silica template, which was subsequently
removed by acid washing after carbonization. The N2 adsorption/
desorption curve and their corresponding pore size distribution of
Pt–OMC samples are shown in Fig. 4, indicating the typical type-IV
isotherm with a well defined hysteresis loop and narrow
mesoporosity. Accordingly, the high BET surface area, pore
volume, and uniform pore size distribution of Pt–OMC samples
(Table 2) can be found to be 837 m2 g�1, 1.1 cm3 g�1 and 2.9 nm,
respectively. In Fig. 3b, the large-angle XRD patterns of various
samples show distinct (1 1 1), (2 0 0), (2 2 0), and (3 1 1) diffrac-
tion peaks at 2y¼39.81, 46.21, 67.81, and 81.31, respectively, in
accordance with those of Pt metal particle with a face-centered
cubic (fcc) structure regardless of their textural diversity. Based on
the Scherrer formula [48,49], the average sizes of Pt deduced from
(2 2 0) peak of the XRD profiles in Pt–SBA-15 and Pt–OMC were
found to be 1.6 and 2.5 nm, respectively, suggesting that Pt
particles were slightly aggregated during carbonization process.

The structure and metal dispersion of Pt–OMC samples were
further verified by TEM measurements. As shown in Fig. 5a, TEM
image of Pt–OMC exhibit a uniform array of mesopores with a
Pt-OMC

Pt-OMC-as

Pt-SBA-15
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Fig. 3. (a) Small- and (b) large-angle powdered XRD patt

Table 2
Textural properties of Pt–SBA-15, Pt–OMC-as and Pt–OMC obtained from N2

adsorption/desorption measurements at 77 K.

Sample Pt

(wt%)

aa

(nm)

SBET
b

(m2g�1)

DBJH
c

(nm)

Vtot
d

(cm3g�1)

Wthickness
e

(nm)

Pt–SBA-15 15.1 – 377 7.7 0.6 –

Pt–OMC-as 14.6 – 152 – 0.3 –

Pt–OMC 13.5 10.4 837 2.9 1.1 7.5

a Unit cell parameter.
b BET surface area.
c BJH pore diameter.
d Total pore volume.
e Wall thicknesses were calculated as: a -DBJH.
long-range order. It can be seen that an average particle size of ca.
2–3 nm Pt is uniformly dispersed on the surface of the carbon rods
in the Pt–OMC (Fig. 5b), which is in accordance with the afore-
mentioned XRD results. This indicates that the mesostructures of
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SBA–15H samples facilitate a confined effect for the Pt nanopar-
ticles, most likely due to the restricted Ostwald ripening and/or
migration-coalescence of Pt particles in these structures

XPS spectroscopy was also used to characterize the nature of
platinum, carbon, and oxygen species, as exemplified by the
results obtained from the Pt–OMC sample in Fig. 6. Accordingly,
the Pt XPS spectrum in Fig. 6a could be deconvoluted into two
pairs of doublets with the intense peaks centered at binding
Modified the
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Fig. 7. Schematic illustrations of synthesis procedure for Pt–OMC samples: (a) SBA–15
energies of 71.4 and 74.7 eV, respectively. These two peaks are
attributed to Pt 4f7/2 and Pt 4f5/2 excitations of metallic platinum,
whereas the other weaker peaks at 72.2 and 75.5 eV are due to
oxidized platinum. Thus, it is indicative that a substantial amount
of H2PtCl6 was reduced to metallic Pt(0) by highly reducing bonds
(Si–H) of SBA–15H. On the other hand, the C 1s XPS spectrum of
the Pt–OMC sample in Fig. 6b consists of a peak at ca. 284.5 eV,
which can be ascribed due to the sp2 graphitic carbon species. The
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full width at half-maximum (FWHM) of graphite peak is ca. 1.2 eV
observed in the C 1s spectrum for Pt–OMC sample, suggesting the
presence of less ordered graphene layers compared to graphitized
carbon black (0.82 eV) [50–52]. Again, this may be attributed to
perturbation of the deposited Pt nanoparticles along the carbon
rods of ordered mesoporous carbons. Likewise, the O 1s spectra
(Fig. 6c) show single broad peaks, indicating the existence of
various oxygen species in the Pt–OMC sample. Additional XPS
experiments revealed no detectable traces of Si in the Pt–OMC
samples (Fig. 6d), suggesting that silica templates have been
completely eliminated by HF solution.

Based on the above-findings, the overall synthesis scheme for
the formation of Pt–OMC may be summarized as illustrated in
Fig. 7. Firstly, as-synthesized SBA-15 (Fig. 7a) was modified with
Si–CH3 groups on the outer surface, followed by removal of
surfactant template with solvent extraction. Secondly, the inner
surface of SBA–15CH3 (Fig. 7b) was modified with a homogeneous
layer of Si–H groups on the silica walls. Thirdly, introducing Pt
precursors (PtCl6

�) into the channels of SBA–15H (Fig. 7c) to obtain
Pt–SBA-15 (Fig. 7d) in which oxidized Pt was reduced by the Si–H
groups homogeneously dispersed on the pore surface. Finally, the
Pt–SBA-15 was infiltrated with carbon precursors, then subjected
to carbonization at 1073 K under vacuum (Fig. 6e), followed by
removal of the silica template with hydrofluoric acid solution,
washing, and drying to obtain the final Pt–OMC product (Fig. 7f).

To preliminarily evaluate the electrocatalytic activities of
Pt–OMC and the commercially available JM–Pt/C (John–Matthey;
20 wt% Pt on Vulcan XC-72) catalysts during ORR, additional LSV
tests in a regular electrochemical cell were performed. Fig. 8
shows polarization curves of JM–Pt/C and Pt–OMC samples in
0.1 M H2SO4 solution saturated with oxygen at a scan rate of
5 mV s�1 and a rotating speed of 1600 rpm. The polarization
curves have two characteristic regions, including a well-defined
limiting-current region (0–0.4 V vs. Ag/AgCl) and a mixed diffu-
sion-kinetic control region (0.4–0.8 V vs. Ag/AgCl). It was found
that the ORR of Pt–OMC catalyst occurs at higher potential (0.75 V
vs. Ag/AgCl) and the stable reduction current is larger than that of
JM–Pt/C catalyst, which indicates that well-dispersed and
controlled size of Pt nanoparticles can improve the ORR activity.
It should be noted that, unlike JM–Pt/C, the Pt–OMC catalyst
contains only ca. 13.5 wt% of Pt. In terms of the production cost
and the mass activity of the Pt catalyst, Pt–OMC catalysts are
superior than JM–Pt/C. Thus, the supported Pt–OMC exhibited
surpassing activity during ORR in comparison with JM–Pt/C and
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hence should render future practical and cost-effective applica-
tions for PEMFCs and DMFCs.
4. Conclusion

In summary, the novel Pt–OMC catalysts for ORR reported
herein were fabricated by the nanocasting of carbon and metal
precursors in the pore channels of mesoporous silicas via a
stepwise functionalization possess. Combined the data from N2

adsorption/desorption isotherms and TEM revealing that
well-dispersed Pt nanoparticles (2–3 nm) on ordered mesoporous
carbon with high surface area and regular pore channels, which
facilitate reactant/product diffusion. Further studies by XRD and
XPS indicated that 13.5 wt% of Pt nanoparticles presented on the
carbon rods of Pt–OMC catalysts were the metallic Pt(0) with a
face-centered cubic (fcc) crystalline structure. Furthermore, the
Pt–OMC catalysts were found to have superior electrocatalytic
properties compared to common commercial catalysts during
ORR. Thus, the supported Pt–OMC catalysts so fabricated should
render future practical and cost-effective applications in hydro-
gen-energy related areas, for example, as electrocatalysts for
DMFCs and PEMFCs.
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