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Mesoporous carbons are important in many areas of modernsurfactant solutions were preheated to 308 K. The solutions were
science and technology. Recently, ordered mesoporous carbons witttombined rapidly in a polypropylene bottle, and the bottle was
various pore shapes and connectivity have been synthesized byshaken immediately and vigorously. After being shaken for about
casting carbon frameworks with mesoporous silica tempfafes. 1 min, the mixture was magnetically stirred for 10 min at 308 K.
The mesoporous carbons, which are constructed with a regular arrayThe mixture was maintained at 308 K for 12 h under static
of uniform nanopores, exhibit high specific surface areas (typically conditions and then heated to 373 K for 12 h. The products were
1300-2000 n¥ g%, uniform pore diameters (26 nm), large filtered and calcined at 823 K. Four products were obtained from
adsorption capacities {22 cn® g~1), and high thermal, acidbase, the starting mole ratios of HTAB:{gEOs:SiO,:H,O:HCI = 3:0:
and mechanical stabilities. The ordered nanoporous carbons arel2.2:1920:179, 2:1:12.7:2040:151, 1:2:13.2:2150:123, and 0:3:13.7:
capable of high dispersions of Pt nanopartiél&se nanopore walls 2270:94.9, respectively. The silicas are designated as-B0)
can be functionalized with various organic grodikus they have SiOx-2:1, SiG-1:2, and Si@-0:3, according to the HTAB:GEOg
received great technological attention for the development of ratios.
advanced separation systems, catalysts, hydrogen-storage systems, The synthesis of carbon was carried out using the above silica
double-layer capacitofsand fuel-cell electrodes. products. Sucrose was used as a carbon source, similar to our

The carbon synthesis procedure consists of infiltration of the previous work on the synthesis of CMK-3 carbon using SBA-15
silica template with an appropriate carbon precursor, carbonizationsilica as templaté.The silica-to-sucrose ratios were optimized
of the precursor, and subsequent removal of the silica template usingdepending on the pore volume of the silica templates. Briefly, an
HF or NaOH solution. The carbons exhibit wide varieties of pore aqueous solution of sucrose and sulfuric acid was impregnated into
shapes, connectivity, and pore wall thickness, depending on silicathe silica pores. The amounts of the sucrose were 1.25 g per gram
templates that are synthesized with various structures and poreof silica for SiG-3:0 and SiG-2:1, and 1.38 g for Si@1:2 and
diameters. In addition to these structural variations, it is important SiO,-0:3. After being dried at 433 K, the sucrose/silica composite
for applications of the mesoporous carbons to vary pore diameters.samples were impregnated again with an additional amount of
However, until now, this has remained as a challenge since theresucrose solution, which corresponded to 60% of the first impreg-
were no effective methods for the control of pore wall thickness nated quantity of sucrose. After being dried at 433 K, the samples
of silica templates. There were several ways of tailoring the pore were heated to 1173 K under vacuum. The resultant carbon/silica
wall thickness of 2-D hexagonal silicAsdowever, most of the composites were washed with HF or boiledli M NaOH solution
reported methods were insufficient to provide a continuum of the (an EtOH-H,O mixture) twice with magnetic stirring to remove
pore wall thicknesses, or they suffered from poor reproducibility. the silica template completely. The CMK-3-type carbons thus

Here we report a synthesis strategy for the systematic control of obtained are denoted as CMKx3(), wherex:y refers to the same
the pore wall thickness of hexagonal mesoporous silicas, using HTAB:C16EG; ratio as for silica templates. X-ray powder diffraction
surfactant mixtures. We demonstrate that the mesoporous silicas(XRD) patterns were taken with a Rigaku Miniflex instrument. Pore
are suitable as templates for the synthesis of mesoporous carbonsize distribution was analyzed with,Ndsorption, following the
with various pore diameters. We point out that the silica synthesis Barrett-Joyner-Halenda algorithm and the calibration method
method would be useful for general applications wherever the suggested by Kruk et &l.
variation of the silica wall thickness could offer modulation of The carbon products have hexagonal structures, which correspond
interactions between nanowires incorporated or hosted inside theto the negative replication of silica templates. The XRD patterns
silica pores, such as the electronic and magnetic nanowires. of the carbon products, characteristic of the hexagonal structures,

The synthesis of the hexagonal mesoporous silicas was performedare similar to those of the silica templates as shown in Figure 1.
with an aqueous solution of sodium silicate under acidic condition, The pore size distribution curves are shown in Figure 2. The pore
similar to the procedure reported by Kim and Stuél&n aqueous diameters are very narrow in distribution, and the pore size at the
solution of sodium silicate with Na/St 0.5 (5.0 mass% Si91.3 maximum of the distribution is systematically shifted from 2.2 to
mass% NgO, 93.7 mass% pD) was prepared by dissolving silica 3.3 nm against the HTAB:GEGs ratio used for the synthesis of
in NaOH solution. Hexadecyltrimethylammonium bromide (HTAB, templates. As shown in Table 1, the thickness of the silica pore
99%) was received from ACROS and used without purification. walls increased with the HTAB:{GEOQg ratio. The pore wall
Two polyoxyethylene hexadecyl ether-type surfactantgHé:- thickening was reasonable, so we used the HTABEO;
(CoHs50),0H (CiEG,) and GeHz3(CoHs0)100H (CieEO4 ), were mixtures, expecting that the silica species interacting with the
received from Aldrich. These nonionic surfactants were mixed in headgroup corortd through hydrogen bondidgwould increase
HCI solution to give nominally GEOs. Both the silicate and  in number with increasing EO segments per surfactant. In addition
to the pore wall change, there was also an increase in the silica
* To whom correspondence should be addressed: rryoo@mail.kaist.ac.kr. ~ pore diameter due to the EO content of the surfactants. These
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Figure 2. Pore size distributions of calcined mesoporous silicas and
templated carbons from the;Mdsorption branch.

Table 1. Structural Properties of Calcined Mesoporous Silicas and
Templated Carbon Samples Depending on the HTAB:C16EOg
Ratio

HTAB: Si0, lattice SiO, pore SiO, wall pore diameter of
CisEOg  constant (nm)®  diameter (nm)  thickness (nm)®  CMK-3 carbons (nm)
3:0 4.0 2.8 1.4 2.2
2:1 4.3 2.9 15 2.7
1:2 5.0 3.3 1.8 2.9
0:3 5.7 3.7 2.2 3.3

a2(37Y2)d; 0, wheredsoois d spacing of XRD (100) reflectiorf Lattice
constant— pore diameter/1.05 (calculated as in ref 12)

simultaneous changes indicate that the EO groups contribute in part

to the formation of the silica pore walls and to the silica mesopores.
Compared with the multiple interaction sites in thgEQy
surfactant, the cationic alkyl-TAB surfactants are singly charged.
Their electrostatic interactions with silica species may occur in an
almost 1:1 ratio, independent of the various ratios used in the
starting mixtures. The nearly stoichiometric interactions seem to
be the reason the thickness of the silica pore walls in MCM-41
and MCM-48 was reported to remain almost constant despite the
variation of the surfactant tails from;&to Cy, alkyl chainst?

It is reasonable that the;6EQg surfactant-driven mesoporous
silica should contain a sufficient number of complementary pores
that are enough to afford free-standing, highly ordered carbon
structure, as in the case of SBA-15-templated CMK-3 synthesis.
The amount of the complementary pores contained in the silica

comparable to the carbon synthesis using MCM-41, where entangled
nanofiberlike carbons are obtainEBoth MCM-41 and the Si@

3:0 sample are synthesized with HTAB and sodium silicate, but
their difference in synthesis conditions (acidic condition for SiO
3:0 as compared with basic condition for MCM-41) seems to cause
a remarkable difference in the pore connectivity. The formation of
the fiberlike carbon is evidence for the one-dimensional channel
structure of MCM-41 without connectivity. On the other hand, the
synthesis of the hexagonally structured carbon from,S0
indicates that the mesoporous silica from acidic synthesis conditions
(designated as SBA-3 following Stucky has the mesoporous
channels somewhat interconnected by complementary pores in the
silica pore wall.

Several points can be addressed in conclusion from the present
results. In general, the thickness of mesoporous silica pore walls
can be controlled systematically by the number of the functional
groups that can attract silica species such as the ethylene oxide
portion of the surfactant. A particular route is to use theEOs—
HTAB surfactant mixture. The silica products with various pore
wall thicknesses are suitable as templates for mesoporous carbons
with controlled pore diameters, which would be of great interest
for applications requiring fine-tuning of pore diameters. The merit
of the silica products with various pore wall thicknesses would not
be limited to the present carbon synthesis. The mesoporous silicas
would also be of general use as hosts for nanowire systems for
which the variation of the silica wall thickness can offer modulation
of interactions between the incorporated nanowires such as the
electronic and magnetic materials. Further, the present synthesis
strategy may be extended to silicarganic composite mesoporous
materialst*
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