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ABSTRACT: Transparent ordered mesostructured resin-silica
composite monoliths with uniform rectangular shape which
fully copies the inner-shape of vessels and size (S X 3 X
0.3 cm”) are prepared via a facile approach of evaporation
induced self-assembly (EISA) without adding any protecting
agent by using triblock copolymer Pluronic F127 as a template.
Ordered mesoporous carbon-silica composite monoliths can be
obtained in a wide range of silica content (34—82 wt %) after
calcination in N,. Monolithic shape can be maintained with
shrinkage (~20%) in sizes. Furthermore, each component of
the composites can be easily removed after the simple post
treatments. After etching silica, mesoporous carbon monoliths
retain the same in shape and sizes, but show much larger pore
volume (~2.65 cm?/ g) and higher surface area (~1800 m*/g)
than the carbon—silica composites. Besides, mesoporous silica
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monoliths with large pore size (~14.6 nm) show an integral and uniform shape after air combustion. The obtained mesoporous
carbon monoliths show high capacitance (186 F/g) and high cycling stability (8% capacitance loss after 1000 cycles), exhibiting an

excellent potential in capacitor applications.
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1. INTRODUCTION

Over the past two decades, ordered mesoporous silica materi-
als have attracted great interest in many fields such as catalysis,
separation, and drug delivery,"” because of their variable struc-
ture and relatively large pore size. Mesoporous silica materials with
various morphologies have been obtained, such as thin films,>*
microspheres,s’6 single crystals,7 fibers,® and monoliths.” > It is
widely accepted that mesoporous silica monoliths with large pore
sizes show great potential in optical devices, such as sensors and
nonlinear optical media.'> Moreover, mesoporous monolithic
materials can provide a fast mass transportation compared with
powders,""'* because the bulk size can be removed easily from
solutions after separation. Mesoporous silica monoliths have
been prepared by evaporating solution in gel,'> fusion of
spheres,'® coating suitable precursors into/onto polyurethane
foams,'” and immersing what within colloidal liquid templates."®

However, the main problem of preparing crack-free mesopor-
ous silica monoliths is the occurrence of macro-flaws in the
solvent removal process, because of internal pressure gradient
caused by large shrinkage of the gel. To date, some methods were
introduced to overcome this drawback on the basis of the sol—gel
process,'? such as critical point extraction®” and vacuum drying,*'
Yang et al. developed a fast way to prepare transparent meso-
structured composite monoliths by covering a paraffin layer during
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the solution evaporation process.”” The protecting layer changes
the alcohol—vapor interface to alcohol—paraffin, which leads to
elimination of macro-cracks during fast evaporation process. As a
result, transparent composite monoliths can be easily obtained.
However, this procedure is complicated and calcined mesopor-
ous silica monoliths still have many internal and external macro-
cracks. The pore size is small (~5.65 nm) because of large
shrinkage of the monoliths in the calcination process (15—20%)
without hydrothermal treatment, which may limit the applica-
tions in macromolecular separation. Xue and co-workers devel-
oped another method to prepare transparent mesoporous silica
monoliths.”® The macro-cracks are prevented by replacing metha-
nol solvent with water during the evaporation. Ethylene glycol
and functional organic silanes were used as a pore directing agent
and a precursor, respectively. As a result, disordered mesoporous
silica monoliths were obtained.

In recent years, ordered mesoporous carbon materials are
considered as the most promising materials for the supercapacitor
application due to their large accessible surface areas, narrow pore
size distribution, and stable physicochemical properties.”>* On the
basis of preparing silica monoliths, synthesis of mesoporous
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carbon monoliths also receives much attention for their potential
in catalysis substrates, electrodes, and adsorbents. The common
approach to prepare ordered mesoporous carbonaceous mono-
liths is the nanocasting strategy, which is complicated and
costly.”* >’ Huang and co-workers introduced a hydrothermal
synthesis of the ordered mesoporous carbon monoliths in
cylindrical shape, but their surface areas (~360 m”/g) and pore
volume (~0.36 cm®/g) are quite low due to the shrinkage of
frameworks during the pyrolysis.28 Until now, the facile synthesis
of transparent mesostructured composites and corresponding
crack-free mesoporous carbon/silica monoliths still remains a big
challenge. Recently, a triconstituent coassembly strategy has
been developed to synthesize ordered mesoporous polymer-
silica and carbon-silica composites.”® The polymer and silica
species interpenetrate and sustain each other in the composite
frameworks. After a simple post treatment, ordered mesoporous
either carbon or silica materials with large pore sizes can be
obtained. Because the ordered mesoporous composites can be
obtained in a wide range of silica contents, this triconstituent
coassembly strategy would be suitable for the simultaneous
synthesis of ordered mesoporous carbon/silica monoliths, in
which the introduction of polymers can reduce macro-cracks
during the solvent evaporation.

In this paper, we demonstrate a facile approach to synthesize
ordered mesostructured composite monoliths, wherein triblock
copolymer F127 is used as a template, soluble resol polymer as an
organic precursor, TEOS as a silica precursor. Monoliths with
rectangular shapes can be prepared via the triconstituent coas-
sembly strategy through an evaporation induced self-assembly
(EISA) without adding any protecting agent, The transparent
monoliths fully replicate the inner-shape and size (S X 3 X
0.3 cm®) of the adopted vessels, which can be easily variable.
Ordered mesoporous carbon-silica composite monoliths can be
obtained in a wide range of silica contents (34—82 wt %) after
pyrolysis in N, at 600 °C. The shape can be maintained with a
volume shrinkage (~20%). After the removal of silica by HF
etching or carbon by a simple combustion in air, ordered
mesoporous carbon or silica monoliths can be obtained from a
single original composite, respectively. Mesoporous carbon
monoliths retain the same shape and size and show much large
pore volume (~2.65 cm>/g) and high surface area (~1800 m”/
g). Simultaneously, the obtained mesoporous silica monoliths
show large pore size (~14.6 nm) and an integral shape. In
addition, the mesoporous carbon show a high capacitance and
cyclic stability in electrochemical double layer capacitor (EDLC).

2. EXPERIMENTAL SECTION

2.1. Chemicals. Poly(ethylene oxide)-block-poly(propylene oxi-
de)-block-poly (ethylene oxide) triblock copolymer Pluronic F127
(M,, = 12600, PEO(sPPO-, PEO05) was purchased from Acros Corp.
Tetraethyl orthosilicate (TEOS), phenol, formalin solution (37 wt %),
NaOH, HCI, and ethanol were purchased from Shanghai Chemical
Corp. All chemicals were used as received without any further
purification.

2.2. Preparation of Resol Precursors. The 20 wt % of phenolic
resol solution was prepared according to the previous report.® In a
typical procedure, 0.61 g of phenol was melted at 40 °C in a flask and
mixed with 0.13 g of 20 wt % NaOH aqueous solution under stirring.
After 10 min, 1.0S g of formalin (37 wt % formaldehyde) was added and
keep on stirring at 75 °C for 1 h. The mixture was cooled down to room
temperature and the pH value was adjusted to neutral (~7.0). The final

product was dissolved in ethanol (20 wt %) after rotatory evaporation at
50 °C under a vacuum to remove water.

2.3. Synthesis of Mesostructured Polymer—Silica and
Carbon—Silica Monoliths. Transparent mesostructured polymer-
silica monoliths were prepared by coassembly of resol, TEOS and
triblock copolymer F127 via a modified EISA method. In a typical
procedure, 3.2 g of F127 was dissolved in 12 mL of ethanol with 1.0 g of
0.2 M HCl and stirred for 2 h at 40 °C. Then, 4.0 g of TEOS and 6.0 g of
20 wt % resol solution were added under stirring to obtain a clear
solution. The mixture was transferred into vessels (rectangular shape
with an inner volume of § X 3 x 3 cm®) and the solvent was evaporated
for 72 h at room temperature. These pieces were heated in an oven at
50 °C for another 72 h. The as-made mesostructured polymer—silica
monoliths were marked as PSM-61. PSM-x denotes the polymer-silica
monoliths, wherein x represents the silica content. Pyrolysis was carried
out in a tubular furnace at 600 °C for 3 h under a N, flow with a heating
rate of 0.3 °C/min, and the obtained mesoporous carbon-silica mono-
liths were marked as CSM-61. “CSM-x” denotes the carbon—silica
monoliths, wherein x represents the silica content.

2.4. Synthesis of Mesoporous Carbon and Silica Mono-
liths. The silica was removed by immersing the mesoporous carbon—
silica composite monoliths in 10 wt % HF aqueous solution at room
temperature for 24 h, followed by washing with water. Mesoporous
carbon monoliths were obtained after drying for overnight. Mesoporous
silica monoliths were obtained by calcination at 550 °C for S hin air. The
mesoporous carbon and silica monoliths were marked as CM-x and SM-
x, respectively, wherein x represents the silica content of the correspond-
ing carbon/silica monoliths.

2.5. Characterization. The small-angle X-ray scattering (SAXS)
measurements were taken on a Nanostar U small-angle X-ray scattering
system (Bruker, Germany) using Cu Ko radiation (40 kV, 35 mA).
Nitrogen sorption isotherms were measured at 77 K with a Micro-
meritics Tristar 3000 analyzer (USA). Before measurements, the
samples were degassed in a vacuum for at least 6 h at 180 °C.
The specific surface areas were calculated by using the Brunauer—
Emmett—Teller (BET) method. The pore size distributions were
derived from the adsorption branches of isotherms by using the
Barrett—Joyner—Halenda (BJH) model. The total pore volumes were
estimated from the adsorbed amount at a relative pressure P/P, 0f 0.992.
Transmission electron microscopy (TEM) experiments were conducted
on a JEOL 2100F microscope (Japan) operated at 200 kV. The samples
were crushed into powder and dispersed in ethanol before analysis.
High-resolution scanning electron microscopy (HRSEM) images of the
samples were taken using a Hitachi S-4800 ultrahigh resolution cold
FEG (Japan) with an in-lens electron optic operating at 20 kV.

2.6. Electrochemical Measurements. Cyclic voltammetry and
galvanostatic charge/discharge cycling of the mesoporous carbon pow-
ders were employed in the evaluation of electrochemical behaviors by
using the electrochemical analyzer, CHI 606B electrochemical analyzer
system under ambient condition. 6.0 M of KOH solution was used as the
electrolyte. The capacitance behaviors were measured by cyclic voltam-
metry and charge—discharge tests using a three-electrode glass cell in
which Pt foil was used as the counter electrode, and a Hg/HgO electrode
(0.052 V vs. the normal hydrogen electrode, NHE) as the reference
electrode. Cyclic performance tests were performed in 6.0 M of KOH
aqueous electrolyte by charge—discharge cycling at current density of
1.0 A/g, using a Land CT2001A Battery Cycler (Wuhan, China).

3. RESULTS AND DISCUSSION

3.1. Crack-free Mesoporous Monoliths. The crack-free
mesostructured polymer—silica monoliths can be prepared by
using phenolic resol as an organic precursor, TEOS as a silica
precursor and triblock copolymer F127 as a template via a
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Figure 1. Optical photos of the (A—D) polymer—silica monoliths, (E—H) carbon—silica monoliths, (I, J) carbon monoliths, and (K, L) silica
monoliths with different silica contents (weight percentages) of (E) 36, (F, G) 61, and (H) 82%, respectively.

prolonged EISA method. The optical images show that the as-
made mesostructured polymer-silica composite monoliths
(Figure 1A—D) with different silica contents are integral and
transparent, which faithfully replicate the shape of vessels. The
size of all the polymer-silica composite monoliths is similar in 5
3 x 0.3 cm>. The shape and size of the monoliths can be easily
varied by using different vessels and changing amount of the
reactants. The color of the as-made monoliths is yellow
(Figure 1A), then changes to colorless as silica percentage
increases (Figure 1D), which is ascribed to the natural color of
the resol and silica. The mesoporous carbon-silica composite
monoliths (Figure 1IE—H) obtained after pyrolysis at 600 °C for
3 h under N, exhibit dark brown color, and integral macroscopic
morphology is still retained satisfactorily with an even shrinkage
of 26% (Figure 1E), which decreases slightly to 20% as increasing
silica percentage (Figure 1H). It is attributed to the high stability
of silica frameworks during the pyrolysis. After etching of the
silica component by HF solution, the size of the mesoporous
carbon monoliths (Figure 11, J) remains the same as that of the
mesoporous composites because of the mild etching condition at
room temperature. The carbon monoliths (CM-34) derived
from a low silica content (34%) show unchanged morphology
after the silica etching (Figure 1I). By contrast, the sample with a
high silica content (CM-61) is very fragile, and many defects can
be observed on the surface (Figure 1J), which are a result of the
partial collapse of the carbon frameworks after large amount silica
etching. Extremely, integral carbon monoliths are not obtained in
the sample CM-82 with the highest silica content (82%), indicating
that few carbonaceous residues can not self-sustain without silica

200 nm

Figure 2. Top-view SEM images of the mesoporous monoliths: (A) the
carbon—silica CSM-61, (B) the carbon CM-61 and (C) the silica SM-61.

framework. After the combustion at 550 °C for 6 h in air, the
crack-free silica monoliths with white color and integral shape
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Figure 3. SAXS patterns of (A) the as-made mesostructured polymer—silica monoliths, (B) the mesoporous carbon—silica composite monoliths, (C)
the corresponding carbon monoliths after etching silica by HF and (D) silica monoliths after burning out carbon at S00 °C in air, with different silica
contents. In A: (a) PSM-34, (b) PSM-52, (c) PSM-61, (d) PSM-70, and (e) PSM-82.In B: (a) CSM-34, (b) CSM-52, (c) CSM-61, (d) CSM-70, and (e)
CSM-82. In C: (a) CM-34, (b) CM-52, (c) CM-61, (d) CM-70, and (¢) CM-82. In D: (a) SM-34, (b) SM-52, (c) SM-61, (d) SM-70, and (e) SM-82.

show a further 5% volume shrinkage and lose transparency
(Figure 1K, L), which is caused by further cross-linking of the
silicate frameworks at the high temperature. Similar to the carbon
monoliths, no integral silica monoliths can be obtained in the
case with the lowest silica content (34%).

SEM images show that the surface of the mesoporous carbon-
silica composite monoliths is smooth and no cracking in any domain
(Figure 2A). The mesoporosity on the surface with a wide
distribution from S to 35 nm in large domains is observed. After
etching silica, the mesoporous carbon monoliths (Figure 2B) also
show no-cracking domain. Many large mesopores packed with
nanoparticles make the carbonaceous surface much coarser,
suggesting an open and accessible mesopore channels, resulting
from an inhomogeneous distribution of silica and carbon com-
ponents on the surface due to the fast evaporation of solvent
during the assembly process. The wider pore distribution
(5—50 nm) on the surface should provide open pathways in
the fast mass transformation. On the contrary, the surface of the
mesoporous silica monoliths (Figure 2C) after burning out the
carbon component is relatively smooth, which is similar to that of
the carbon—silica composites. The surface structure seems to be
smoother and more compact because of further shrinkage of the
mesostructure during the air combustion.

SAXS pattern of the mesostructured polymer-silica composite
monoliths with a high silica content of 82% (Figure 3Ae, PSM-
82) reveals three well-resolved scattering peaks, which can be

2356

indexed to 10, 11, 20 reflection of two-dimensional (2D)
hexagonal symmetry (p6m), indicating a highly ordered mesos-
tructure. As the silica content decreases, only one scattering peak
is observed, suggesting that the regularity of the mesostructure a
little degrades. When the silica content decreases to 61%, the
unit-cell parameter of the polymer-silica monoliths has a mini-
mum of 14.6 nm (Table 1). After pyrolysis in N, at 600 °C, the
corresponding mesoporous carbon—silica composite monoliths
(CSM-82) exhibit four resolved SAXS patterns of highly ordered
2D hexagonal symmetry (Figure 3Be). SAXS patterns (Figure 3B)
become poorly resolved to only one weak scattering peak for the
10 reflection as the silica content decreasing. Relative to that of
the as-prepared samples, the unit-cell parameters of the meso-
porous carbon-silica monoliths reduce from 18.3 to 32.4% as the
silica content increases (Table 1), which are coincident approxi-
mately with the macroscopical shrinkage calculated from the
optical images (Figure 1), and the lowest shrinkage of CSM-82
confirms a rigid interpenetration of the silica and resin polymer
frameworks.

After etching silica frameworks, ordered mesostructure is still
retained in all mesoporous carbon monoliths (Figure 3C). The
lack of the scattering peaks in high silica content (the sample
CM-61) should be ascribed to low contrast of the incompact
carbon walls without the silica. A dramatic change of unit cell
parameter (Figure 3C) from 11.5 to 8.71 nm (Table 1) is
observed with high silica content, indicating the partial collapse

dx.doi.org/10.1021/cm2000182 |Chem. Mater. 2011, 23, 2353-2360
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Table 1. Physicochemical Properties of the Mesoporous
Carbon—Silica Composite, Carbon and Silica Monoliths with
Different Silica Content”

sample name gy (nm) Sggr (m*/g) D (nm) V (cm®/g) shrinkage (%)

PSM-34 16.4

CSM-34 11.1 476 6.8 0.66 32.4
CM-34 11.3 1650 7.7 1.63

SM-34 234 10.4 0.83

PSM-52 154

CSM-52 11.2 462 6.1 0.56 27.3
CM-52 11.1 1560 6.0 1.65

SM-52 10.5 306 14.6 113 31.8
PSM-61 14.6

CSM-61 11.3 459 6.7 0.64 22.6
CM-61 119 1800 7.5 2.65

SM-61 10.5 441 9.5 1.09 28.1
PSM-70 15.0

CSM-70 11.5 450 7.7 0.61 23.3
CM-70 8.71 1700 / 122

SM-70 11.1 392 9.4 0.96 26.0
PSM-82 16.4

CSM-82 13.4 492 10.4 0.96 18.3
CM-82 693 0.40

SM-82 12.4 359 12.3 1.02 244

“ ay, the unit-cell parameter, is calculated by using the formula ¢ = 2d/
N 3, Spet is the BET surface area. D is the pore size diameter. V is the
pore volume.

Figure 4. TEM images of the mesoporous monoliths: (A, B) the
carbon—silica CSM-61, (C, D) the carbon CM-61, and (E, F) the silica
SM-61, viewed from the (A, C, E) [110] and (B, D, F) [001] directions.
The insets are the corresponding FFT.

of carbon framework derived from etching major contents in the
frameworks. After burning out carbon content from the frame-
works, the SAXS patterns of mesoporous silica monoliths with

high silica contents (in the case of the samples SM-82, SM-70 and
SM-61) show four well-resolved scattering peaks (Figure 3D),
revealing a highly ordered 2-D hexagonal mesostructure.
Although no SAXS pattern is observed in the cases of the samples
(SM-52, SM-34) with a low silica content (Figure 3Dab),
suggesting that the silica frameworks completely collapse during
the combustion of large amount of carbon. Furthermore, the
shrinkages of the silica frameworks increase to 31.8% after
combusting carbonaceous components.

TEM images further confirm that the mesoporous carbon—
silica composite, carbon, and silica monoliths can be prepared by
using the coassembly approach after removal of the carbon and
silica contents, respectively. Here, we take the representative
samples with the silica content of 61% as an example for the
demonstration. TEM images of the mesoporous carbon—silica
composite monoliths (CSM-61) show large domains of highly
ordered mesostructure (Figure 4A, B), which are attributed to
the [110] and [001] directions of 2-D hexagonal symmetry
(p6m). The unit cell parameter of the mesoporous composite
monolith measured from the TEM images (~ 11.2 nm) is well in
agreement with that from the SAXS patterns. The TEM image of
the mesoporous carbon monoliths (CM-61) shows some small
mesopores penetrated onto the pore walls (Figure 4C,D), which
is resulted from the removal of silica component. The unit-cell
parameter of the mesoporous carbon monolith measured from
the TEM images is about 11 nm, which is also in agreement with
that from SAXS data. After the air combustion at 500 °C to
remove the carbon component, the obtained mesoporous silica
monoliths (SM-61) show also ordered hexagonal mesostructure
with much condensed frameworks (Figure 4E,F), implying
further polymerization and cross-linking of silicate species in
the pore walls. The unit cell parameter measured from TEM
images (~10 nm) is similar with that for the mesoporous silica,
further suggesting a uniform shrinkage of the framework.

N, sorption isotherms were measured for the mesoporous
carbon-silica, carbon and silica monoliths to evaluate their
textural properties and shown in Figure S1 in the Supporting
Information. The mesoporous carbon-silica composite mono-
liths with high silica content (e.g., CSM-82) exhibit type-IV curve
with a sharp capillary condensation step and an H1-type hyster-
esis loop (see Figure S1A in the Supporting Information), which
is typical of ordered mesoporous materials with cylindrical
channels. Moreover, the pore sizes increase from 6.8 to
10.4 nm as the silica content increases (see Figure S1B in the
Supporting Information), relating to the rigid nature of the silica
networks. Differently, the N, sorption isotherms of the meso-
porous carbon monoliths show an H2-type hysteresis loop (see
Figure S1C in the Supporting Information), suggesting imperfect
cylinder channels, which should be related to large voids caused
by the silica etching. Remarkably, the sample with silica content
of 61 wt % exhibits the best textural parameters of ~1800 m*/g in
surface area and 2.65 cm®/g in pore volume (Table 1). And this
carbon monolith has an obvious bimodal mesopore size distribu-
tion at the mean value of 7.5 and 3 nm (see Figure S1Dc in the
Supporting Information), which are respective to the primary
mesopore contributed from the triblock copolymer F127 tem-
plate and the secondary mesopore ascribed to the voids on the
pore walls. The mesoporous silica monolith (SM-52) shows
representative type-IV curve with perfect H1-type hysteresis loop
(see Figure S1E in the Supporting Information), clearly indicat-
ing regular cylindrical mesopore channels. Pore size is as large as
14.6 nm with a wide distribution (see Figure S1Fb in the
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Scheme 1. Formation Process of the Mesostructured Com-
posite Monoliths and Corresponding Mesoporous Carbon
and Silica Monoliths

o & bo

Resol TEOS F127

ﬂ EISA Calcined in All‘ Silica Monolith
Calcined in N,
[l
Etch in HF
Carbon-Silica Monolith Carbon Monolith

Polymer-Silica Monolith

Supporting Information), which is much larger than its unit-cell
parameter (~10.5 nm) (Table 1), implying interpenetrated
mesopore channels. As the silica content increases, the mesopore
size decreases a little (Figure S1F), excepting a dramatically large
mesopore (12.3 nm). The BET surface area exhibits a maximum
of 441 m*/ g with a silica content of 61%. Moreover, the
mesoporous silica monoliths with the content of 52 and 61%
show larger pore volume, which are 1.13 and 1.09 cm’/g,
respectively. The result implies that the well closed interpenetra-
tion of the silica and resin polymer frameworks could make stable
mesostructured frameworks.>!

On the basis of the above observation, the formation process
of the crack-free mesoporous monoliths is shown in Scheme 1.
During the EISA process, triconstituent coassembly of phenolic
resols, silicate oligomers hydrolyzed from TEOS and Pluronic
F127 can take place, and the highly ordered mesostructure is
formed. Because both phenolic resols and silicate oligomers can
interact with hydrophilic segment (PEO) of Pluronic F127
templates by hydrogen-bonding, the organic polymers interpe-
netrate with inorganic silicate oligomers to form highly disper-
sing composite frameworks.” Althouh the evaporating rate is
relatively high and the composite gel loses its permeability, an
internal pressure gradient32 is built up inside the gel, which
normally leads to cracking from flaws at the interface in the
conventional preparation of the silica monoliths. However, in our
case, by introducing organic polymeric resol precursors into the
gel, macro-cracks caused by the pressure gradient could be
reduced because of their plasticity. In addition, the existence of
the resin polymers in the interpenetrating frameworks could
make the composite gels more flexible, which endures large
shrinkage during the heating treatment to remove the templates.
Furthermore, cross-linked silica network in the mesostructure is
much more rigid than carbon and can sustain the composite
framework, shrinkage of the macroscopical size is reduced during
the pyrolysis at high temperature. The synergic effect of the
flexible polymeric components and rigid silica networks can
result in homogeneous shrinkage and eliminate the macro-crack
on surface. Therefore, the transparent mesostructured polymer—
silica and crack-free mesoporous carbon—silica composite
monoliths are obtained without any additional protecting layer.
When the carbon content in the composites is enough high, the
morphology of the mesoporous carbon monoliths is retained
after etching silica components at room temperature by HF.
Because of the carbon combustion in air with a slow heating rate
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Figure S. Electrochemical performances of the mesoporous carbon
monoliths (CM-61). (A) Cyclic voltammetry curves at different scan
rates; (B) capacitance as a function of different current density; (C) cycle
performance at a current density of 1.0 A/g.

(0.3 °C/min), the residual silica frameworks could endure slight
further shrinkage (~5%) and the ordered mesoporous silica
monoliths retain integral and crack-free shape. In this process,
large amounts of the secondary mesopores with a wide size
distribution are yielded on the pore walls, which results in 3D
interconnected mesopore channels. Compared with the prep-
arations reported previously,”** our process without adding any
protecting agent is simple and reproduciable and can be used to
synthesize transparent mesostructured composite monoliths, and
crack-free silica and carbon monoliths with a large pore size, high
surface area, and pore volume simultaneously.

3.2. Electrochemical Performance of Mesoporous Carbon
Monoliths. The electrochemical performances of the
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mesoporous carbon monoliths (take the sample CM-61 as an
example) with the large surface area and bimodal pore size
distribution were measured by using cyclic voltammetry (CV)
and galvanostatic charge/discharge method (Figure SA). At the
scan rate of 5 mV/s, the CV profiles of the sample show a
standard rectangular shape (see Figure S2 in the Supporting
Information), clearly indicating good capacitive behavior at the
low drain rate. The CV profiles at a high scan rate of 200 mV/s
still maintain a quasi-rectangular shape with only slight distortion
(Figure SA), which shows that the sample possesses excellent
capacitive behavior at high drain rate, suggesting that the
hierarchical porous structure favors the fast ionic transportation
within the mesopores and short diffusion distance.

The galvanostatic charge/discharge profiles of the sample
(CM-61) with different current densities from 0.5 to 20 A/g
(see Figure S3 in the Supporting Information) show isosceles
triangle curves, suggesting the simulative capacitor with good
electrochemical stability and reversibility. From the gradual
voltage change (V) (Figure SB), the corresponding specific
capacitance can be calculated by the equation:** C = It/mU,
where I is the discharge current (mA), t is the total discharge time
(s), mis the total mass of active material in both electrodes (g), U
is the potential difference during the discharging (V), and C is
single-electrode capacitance (F/g), respectively. When the cur-
rent density increases from 0.5 to 20 A/g, the capacitance is about
149 F/g, which is approximately 80% of the data (186 F/g)
calculated at 0.5 A/g (Figure SB). This indicates that the high
capacitance at a low current density is resulted from enough
diffusion time of the ions from mesopores to micropores. At a
high current density, the hydrated ions can only partially
penetrate into the small mesopores because of the steric hin-
drance of the small pores and time limitation of the fast charge/
discharge process.>® As a result of the silica etching, mesopores of
the carbon monolith in different sizes and locations make large
percentage of the surface area accessible which benefits for the
EDLC performance. The capacitances drop slowly (~6%) as the
current density increases from 2 to 20 A/g (Figure SB), suggest-
ing a good rate capability of CM-61. The capacitance retention of
the sample CM-61 remains 92% (Figure SC) after 1000 con-
secutive cycles, indicating a long-term electrochemical stability.

4. CONCLUSION

Highly ordered mesostructured polymer—silica monoliths
with transparent and crack-free shape have been prepared by
using the resol and TEOS as the organic and inorganic precursors
via a modified EISA approach. Because of the well interpene-
trated frameworks containing plastic “nano-protector” organic
resin polymers and rigid silica “skeleton”, ordered mesoporous
carbon and silica monoliths with integrated macroscopic mor-
phologies similar to the original composite monoliths are suc-
cessfully obtained by etching silica in HF solution and simple
combustion in air, respectively. The method is simple and
reproduceable to prepare cracking-free ordered mesoporous
monoliths with a large size (5 X 3 X 0.3 cm’) as required.
The resultant mesoporous carbon monoliths show a high surface
area (~1800 m”/g) and a large pore volume (~2.65 cm’/g).
Because of the bimodal mesopore size distribution, the meso-
porous carbon monoliths show good performances for EDLC
with a high capacitance of 186 F/g and good retention (92%)
after 1000 cycles. Furthermore, the mesoporous organic—
inorganic hybrid monoliths with cracking-free and uniform shape

have large potential in optical, catalysis, and electrochemical
applications.

B ASSOCIATED CONTENT

© Supporting Information. Nitrogen isotherms and pore
size distributions of mesoporous composite, carbon and silica are
shown in Figure S1. Cyclic voltammetry curves with a low scan
rate and galvanostatic charge/discharge curves with different
loading currents of mesoporous carbon monoliths are also shown
in this section. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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