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Hollow carbon spheres (HCSs) are prepared using poly(ionic liquids) (PILs) as a carbon precursor and
monodisperse silica particles as a template for the first time. The ILs form a uniform polymer coating on
the template surface after polymerization. Carbonization of the coating and the subsequent removal of
the template produces porous carbon spheres with a hollow structure. The HCSs possess a high surface
area, good conductivity, and porosity suitable for mass transport, and they can be used as a support for
Pt electrocatalysts. Pt nanoparticles with an average size of 2.8 nm are homogeneously distributed onto
the HCSs. The high surface area and unique structure facilitates the fine dispersion of Pt nanoparticles.
The obtained Pt/HCSs exhibit a significant catalytic activity for the oxidation of methanol.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFCs) have received considerable
attention for application as a clean and portable power source
due to their high energy density, relatively low operating tem-
peratures, and low emissions. Pt and Pt-based alloys are widely
used as electrocatalysts in DMFCs, and a great deal of effort has
been devoted to the synthesis of different nanostructured Pt mate-
rials with the goal of improving their catalytic activity. Recent
reports indicate that the electrocatalytic activity of some platinum-
containing bimetallic alloys (transition-metals or rare earth metal)
is superior to those of the pure Pt metal [1-3]. Electrocatalytic per-
formance also depends on the structure and morphology of the
support material. Carbon materials with a hollow structure, which
facilitates ion transport by reducing the resistance and the length
of the diffusion pathways, are recommended for the support of
the electrocatalysts. The unique structure and excellent proper-
ties, including a suitable porosity, high specific surface area, and
large pore volume, of hollow carbon spheres (HCSs) have made
them a very attractive support for noble metal nanoparticles with
high electrocatalytic performance [4-7]. A wide variety of novel
methodologies for the preparation of HCSs have been reported,
one of which, the hard template method, is a widely employed
technique due to its simplicity [4,7-10]. This method can easily
control the structural properties of the resulting carbon materials
and involves the infiltration of the template with a monomer or
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polymer precursor and then polymerizing or cross-linking it. Car-
bonization and the subsequent removal of the template result in a
material with pores that were originally occupied by the template
species.

Because of their high stability, high electrical conductivity, and
low vapor pressure, ionic liquids (ILs) hold great promise for elec-
trochemical applications [11-14]. Dai and co-workers proposed a
novel method for the synthesis of porous carbon materials from ILs
[15,16]. Dai and Wang reported an attractive strategy for forming
functional, porous carbon and carbon-oxide composite materi-
als through the confined pyrolysis of ILs within a silica network
[17]. Mesoporous carbon materials were conveniently made by
the carbonization of nucleobases dissolved in all-organic ILs and
showed a very high catalytic activity for the reduction of oxygen
[18]. Recently, ILs were used in the synthesis of ordered meso-
porous graphitic carbon using SBA-15 as a template [19]. Compared
to carbon materials derived from conventional precursors, those
formed from ILs are rather expensive. However, the large number
of possible combinations of cations and anions provides a great
opportunity to create tailor-made, porous carbon materials from
ILs. The structural morphology, porosity, and surface area of the
resulting carbon material are strongly dependent on the nature
of the cation/anion pairing in the ILs [15,16]. Due to their very
low vapor pressure, another application of ILs is as a nonvolatile
precursor, which reduces any mass loss before the beginning of
the decomposition process [20]. The favorable interaction of the
strongly polar ILs with the polar inorganic silica templates facili-
tates the synthesis of a high surface area, nitrogen-doped carbon
with varying morphologies [21]. Nitrogen and other elements can
be introduced into the porous carbon structure by employing ILs
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that contain the desired heteroatom. However, these reports con-
cerned the direct pyrolysis of the ILs, and it was difficult to control
the morphology of the obtained carbon materials due to the flu-
idic properties of the ILs. Yuan et al. used ILs monomers to form a
PILs, and then, the direct carbonization of the PILs was performed
in the presence of FeCl, to obtain the mesoporous graphitic car-
bon [20]. It was found that FeCl, played a key role in controlling
the chemical structure of the obtained carbon materials, but few
works are available on the fabrication of carbon material using PILs
as carbon precursors via the hard template method. The PILs can
be used to overcome the fluidity of ILs. When a PILs was used as
the carbon precursor, the ILs formed a uniform polymer coating on
the template surface after polymerization. The morphology of the
obtained material can be controlled by manipulating the template
structure.

In this work, monodisperse SiO, particles were used as the tem-
plate, and PILs was used as the carbon source. The SiO, surface
was coated with a uniform PILs layer to create core/shell compos-
ite spheres. Carbonization and subsequent removal of the template
generates carbon spheres with a hollow structure. The monodis-
perse silica particles used as the hard template are commercially
available or can be obtained through a simple synthesis. To the best
of our knowledge, this is the first report of using a PILs as a carbon
precursor for the fabrication of HCSs. HCSs possess high surface
area, good conductivity, and suitable porosity for mass transport,
and they can be used as a suitable support for making Pt electro-
catalysts. The obtained HCSs were further used as the support of a
Pt catalyst that was compared to a Pt/Vulcan XC-72 catalyst. The
Pt/HCSs exhibited a significant catalytic activity for the oxidation
of methanol.

2. Experimental
2.1. Reagents and apparatus

Monodisperse SiO, spheres with an average diameter of 105 nm
were synthesized using the Stéber method [22]. Nafion (5wt%)
was purchased from Sigma-Aldrich. 2,2’-Azobisisobutyronitrile
(AIBN), H,PtClg-6H- 0, formic acid, and methanol were purchased
from Sinopharm Chemical Reagent Co., Ltd. China. 1-Vinyl-3-
ethylimidazolium tetrafluoroborate ([VEIM]BF4) was purchased
from Lanzhou Greenchem ILS, LICP, CAS, China.

The X-ray diffraction (XRD) pattern was obtained on an X-ray
D/max-2200vpc (Rigaku Corporation, Japan) instrument oper-
ated at 40kV and 20 mA using Cu Ko radiation (k=0.15406 nm).
Philips XL-30 ESEM was used to determine the morphology of
product. The HCSs were cast on indium tin oxide (ITO)-coated
glass for SEM measurement. Transmission electron microscopy
(TEM) images were obtained using a JEM-2100F transmission
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electron microscope (JEOL, Japan) operating at 200kV. The
nitrogen adsorption-desorption isotherm was performed on an
ASAP 2020 (Micromeritics, USA). Electrochemical impedance
spectroscopy (EIS) was conducted using a Par 2273 Potentiostats-
Electrochemistry Workstation in 5mM Fe(CN)g#~/3~ and 0.1 M KCI
solutions at +0.25V from 0.1Hz to 10.0KHz or in 0.5M H,S04
containing 0.5M methanol at 0.676V. The EIS data were fitted
using ZSimpWin data analysis software. Cyclic voltammogram
(CV) and chronoamperometry were performed using a CHI 660C
electrochemical workstation. A three-electrode configuration was
employed, with a modified glassy carbon (GC) electrode serving
as the working electrode, and Ag/AgCl (in saturated KCl solution)
and platinum wire serving as the reference and counter electrodes,
respectively.

2.2. Preparation of HCSs and Pt/HCSs

The preparation of HCSs is presented in Scheme 1. Monodis-
perse SiO, spheres (2 g) were dispersed in 25 mL of methanol. After
ultrasonication for 30 min, 2 mL of [VEIM|BF4 were added to the
methanol and 80 mg of AIBN was used as a polymerization ini-
tiator for the ILs monomers. The mixture was ultrasonicated for
another 30 min and refluxed with vigorous stirring under an N,
atmosphere for 12 h at 80 °C. The precipitate was collected by cen-
trifugation and washed several times with acetone and double
distilled water and then dried at 60 °C. The sample was carbonized
in a tube furnace under a flow of N, at 900°C for 3 h. The silica
spheres were removed using an HF solution (10 wt%). The black
product was washed with double distilled water and dried at
80°C.

Either HCSs or Vulcan XC-72 (25 mg) were dispersed in 20 mL of
double distilled water containing 22.5 mg of H,PtClg-6H,0 before
2mL of HCOOH was added dropwise with ultrasonication. The
solution was stored at room temperature for 72 h, and the prod-
uct was collected and dried at 60°C. Approximately 60 min of
ultrasonication was necessary to disperse 3mg of Pt/HCSs or
Pt/Vulcan XC-72 into a mixture of 0.1 mL (5wt%) of Nafion and
0.9mL of distilled water. The electrode was dried in air after
5uL of the suspension was dropped onto the electrode sur-
face.

3. Results and discussion
3.1. Characterization of HCSs and Pt/HCSs

Fig. 1a and b shows the SEM images of the SiO, particles, which
possess a uniform size of 105 nm. Fig. 2a presents the SEM image

of the as-prepared HCSs, which indicates that the HCSs consist
of small adhesive spherical particles 120 nm in size. The energy-
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Scheme 1. Preparation pathway of the HCSs and Pt/HCSs nanocomposites.
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Fig. 1. (a) and (b) SEM images of the SiO, spheres.
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Fig. 2. (a)and (b) SEM images of the HCSs. (c) Nitrogen adsorption-desorption isotherm of the HCSs. (d) and (e) TEM images of the HCSs. Inset of (a) shows the EDX spectrum
of the HCSs.
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Fig. 3. (a) EIS results of (1) GC and (2) HCSs/Nafion/GC in a 0.10 M KCl solution containing 5 mM Fe(CN)s*~ /3~ and at +0.25V from 0.1 Hz to 10.0 KHz. Inset shows EIS of
Nafion/GCin a 0.10 M KCl solution containing 5mM Fe(CN)g#~ /3>~ at +0.25 V from 0.1 Hz to 10.0 KHz and the equivalent circuit. (b) EIS results of Pt/HCSs (black) and Pt/Vulcan
XC-72 (red) in a 0.5M H,S04 solution containing 0.5 M methanol at 0.676V from 0.1 Hz to 10.0 KHz. Inset shows the amplification of EIS of Pt/HCSs (black) and Pt/Vulcan
XC-72 (red) and the equivalent circuit. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (a) TEM image of Pt/HCSs. Inset indicates the particle size distribution of the Pt nanoparticles on the HCSs. (b) HRTEM image of the Pt/HCSs. (c) Wide-angle XRD of
the Pt/HCSs nanocomposite. (d) TEM image of the Pt/Vulcan XC-72. Inset shows the particle size distribution of the Pt nanoparticles on Vulcan XC-72.

dispersive X-ray (EDX) spectrum was obtained to determine the
composition of the HCSs. The EDX spectrum of the HCSs (inset of
Fig. 2a) shows peaks corresponding to the elements C, N, and F (the
other elements are derived from the ITO glass) and confirms the
presence of N and F in the HCSs. The HCSs retain the morphology
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Fig.5. CVs of Pt/HCSs (black line) and Pt/Vulcan XC-72 (red line) under an N, atmo-
sphere 0.5M H;S04.

of the SiO, particles. Fig. 2b shows that some of the carbon spheres
were partially open, indicating that they have a hollow structure
(marked by the black arrow). This observation, obtained from SEM,
indicates HCSs that are structurally robust replicas of the template
can be fabricated successfully from PILs using the procedure shown
in Scheme 1. Fig. 2c shows the nitrogen adsorption-desorption
isotherm of the HCSs. A pronounced capillary condensation step
is observed at the relative pressures between 0.8 and 1.0, which
is assigned to the macropores generated by the removal of the
SiO, sphere templates. The results show HCSs are mostly a macro-
porous material with an area of 142m2g-! and pore volume of
0.33 cm3 g1 according to BET. Fig. 2d and e shows the TEM images
of the HCSs. Hollow sphere morphology with a core size of 105 nm
and a shell thickness of 7 nm is observed in the carbonized sample.
The size of the hollow core is consistent with the diameter of the
SiO, template.

EIS was used to study the electron-transfer kinetics of the HCSs.
Fig. 3a shows the EIS results from the three electrodes. Obviously,
the bare GC electrode (1) exhibits a semicircle portion with a large
diameter and an estimated value for R¢t of 561 2. After the GC was
modified with a Nafion film (inset of Fig. 3a), the R increased
markedly and was calculated to be 2277 €2, probably due to the
Nafion film acting as a barrier and blocking the interfacial charge
transfer. In contrast, HCSs (2) show a very low electron-transfer
resistance (30 €2) for the redox probe, suggesting that HCSs have
a high electrical conductivity and improve the electron-transfer
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Fig. 6. (a) CVs of Pt/HCSs (black line) and Pt/Vulcan XC-72 (red line) in a 0.5M H,SO4 solution with 0.5M methanol at 50mVs~'. (b) Chronoamperometric results for the
oxidation of methanol at 0.676 V on Pt/HCSs (black line) and Pt/Vulcan XC-72 (red line).

rate. EIS measurements were also performed to further evaluate the
electron transfer kinetics for the oxidation of methanol on both the
Pt/HCSs and Pt/Vulcan XC-72 electrocatalyst (Fig. 3b). The charge-
transfer resistance of Pt/HCSs (black) is less than that of Pt/Vulcan
XC-72 (red). This indicates the rate of oxidation of methanol using
the Pt/HCSs catalyst was faster than for the Pt/Vulcan XC-72 cata-
lyst, confirming the higher electrocatalytic activity of Pt/HCSs.

Fig.4a shows the TEM image of the Pt/HCSs, which indicates that
the spherical morphology is basically retained after the incorpora-
tion of the Pt nanoparticles. It can be seen that the Pt nanoparticles
are uniformly dispersed onto the HCSs. The average diameter of
200 particles was found to be 2.8 nm, as shown in the histogram
(inset of Fig. 4a). An HRTEM (Fig. 4b) confirms that the HCSs are
successfully decorated with many well-dispersed Pt nanoparticles.
The high surface area and unique structure facilitates the fine dis-
persion of the Pt nanoparticles. Several characteristic peaks for
Pt are present in the wide-angle XRD spectrum of the Pt/HCSs
nanocomposite, as shown in Fig. 4c. These peaks correspond to
the planes (111),(200),(220), and (311) at 26 of around 39.7°,
46.1°,67.7°, and 81.5°, respectively, and confirm the formation of a
Pt/HCSs nanocomposite. Pt nanoparticles supported on Vulcan XC-
72 exhibit large particle sizes (Fig. 4d) between 2 and 8 nm (inset
of Fig. 4d) with a mean size of 4.0 nm.

The Pt/HCSs and Pt/Vulcan XC-72 electrodes were character-
ized electrochemically in Ny-saturated 0.5M H,SO4 solution at
50mVs~! (Fig. 5). The electrochemical surface area (ESA) of the
Pt nanoparticles supported on the HCSs and Vulcan XC-72 can be
estimated by measuring the charge using the hydrogen electroad-
sorption curves (Qy) according to the following equation:

Qu

ESA = Qqef x Pt loading

Qy represents the charge of hydrogen adsorption/desorption and
Q.er=0.21 mCcm~2, representing the surface density of the poly-
crystalline Pt electrode, generally accepted tobe 1.3 x 101> Ptatoms
per cm?. The results show that the ESA of Pt/HCSs (76 m2 g~ Pt) is
approximately 1.55 times larger than that of the Pt/Vulcan XC-72
(49m2 g1 Pt).

3.2. Electrocatalytic oxidation of methanol

The catalytic activity of the Pt/HCSs towards the oxidation of
methanol was investigated. Fig. 6a presents the CVs of Pt/HCSs
(black line) and Pt/Vulcan XC-72 (red line) in 0.5M H,SOy4 in the
presence of 0.5M methanol at 50mVs~!. A significant enhance-
ment to the peak current and an obvious negative shift of the onset
potential can be observed for Pt/HCSs relative to Pt/Vulcan XC-72.
The maximum peak value of oxidation current density on Pt/HCSs

is 0.138 Amg~!, whereas that for Pt/Vulcan XC-72 is 0.075 Amg~!.
This value is also higher than those for Pt on HCSs derived from
glucose (0.046Amg-! for 0.5M methanol at 50mVs~') [23] and
Pt/Sn/CNTs (0.091Amg~! for 1M methanol at 50mVs~') [24].
Although the high catalytic activity of Pt/HCSs when compared to
other carbon sources partly compensates for the high price of ILs,
further investigation is needed to alleviate the high cost of this syn-
thetic method. The ratio of the forward oxidation (If) to the reverse
oxidation (Ip), If/Ip, can be used to evaluate the tolerance of the cat-
alysts to poisoning. High I/I, ratio indicates more effective removal
of any poisoning species from the catalysts’ surface. The I/l ratio of
Pt/HCSs is 1.16. This value is higher than that of the Pt/Vulcan XC-72
(0.96), which demonstrates better tolerance than Pt/Vulcan XC-72.
The higher current density for the oxidation of methanol using HCSs
was further confirmed by chronoamperometric measurements
performed at +0.676 V (Fig. 6b). Electro-oxidation of methanol on
Pt/HCSs nanocomposites possesses a higher initial current and lim-
iting current density. The current density for Pt/HCSs (black line) at
1000s is 2.38 times greater than that of the Pt/Vulcan XC-72 catalyst
(red line) for the oxidation of methanol. The above electrocatalytic
data reveals that Pt supported on HCSs exhibits higher activity than
Vulcan XC-72 for the oxidation of methanol. The unique structure
and high surface area of the HCSs allow the formation of highly
dispersed Pt nanoparticles. The smaller Pt nanoparticles then
enable the improved electrocatalytic activity observed for Pt/HCSs.

4. Conclusion

In summary, HCSs were prepared using PILs as a carbon pre-
cursor and monodisperse silica particles as a template for the first
time. The obtained HCSs possessed a hollow sphere morphology
with a core size of 105 nm and a shell thickness of 7 nm. The size of
the hollow core is consistent with the diameter of SiO, template. A
high surface area and suitable porosity makes HCSs a suitable sup-
port for Ptelectrocatalysts. The hollow, porous structure of the HCSs
results in more efficient mass transport, while the high surface area
of HCSs allows for a greater dispersion of the Pt nanoparticles. Com-
pared to the Pt/Vulcan XC-72 catalyst, the Pt/HCSs catalyst displays
a high activity towards the oxidation of methanol.
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