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The pore walls of SBA-15, SBA-16 and KIT-6 mesoporous silica were acidiﬁed via the impregnation of
phosphoric acid or sulfuric acid prior to their use as a template for mesoporous carbon synthesis with
furfuryl alcohol. The effect of acid functionalization on carbon synthesis was investigated using X-ray
powder diffraction, N2 adsorption, transmission electron microscopy, and solid-state 13C and 31P NMR
spectroscopy. The results indicated that a signiﬁcant portion of the impregnated mineral acid formed an
ester with the surface silanol group. Therefore, the impregnated acid could lead to the selective formation of carbon frameworks inside the template pores, preventing external carbon deposition even
when furfuryl alcohol was used excessively. The mineral acid impregnation yielded highly faithful carbon
replicas of the mesoporous silica.
© 2015 Elsevier Inc. All rights reserved.
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1. Introduction
Mesopores are deﬁned as pores in the range of 2e50 nm in
diameter. Carbon materials with regular arrays of these mesopores
are called ordered mesoporous carbons (OMCs) [1e8]. OMCs with
various structures are currently available via a synthetic route using
mesoporous silica templates [1e6] or carbonization of ordered arrays of polymeric resin nanobeads [7,8]. In the current work, we
focus on the template synthesis. The template synthesis of OMCs
was ﬁrst reported by Ryoo et al. in 1999 [1]. These types of OMCs
are referred to as ‘CMK’. The CMK-type of carbon materials have
attracted much attention as absorbents, catalyst supports, and
electrode materials [3,9e12]. There have been numerous reports on
the synthesis, characterization and application of CMK carbons
with various structures and pore diameters [2e6,9e14]. Surface
modiﬁcation and functionalization of CMK carbons have also been
extensively studied to improve their performance [15e18].
The synthesis procedure for CMK carbons involves three steps
[1e5]. In the ﬁrst step, an organic compound is impregnated into
the mesopores of a silica template. The impregnated organic source
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is polymerized and subsequently converted to carbon by pyrolysis.
The key in this step is to control the carbonization process to occur
inside the template mesopores. The conﬁnement of the carbonization process within the mesopores can be realized by converting
the organic source to cross-linked solid polymers prior to the ﬁnal
conversion to carbon. The polymerization can be achieved by the
incorporation of an acid into the silica template or the carbon
source. The silica template can be removed after carbonization with
hydroﬂuoric acid or a sodium hydroxide solution. Ultimately, the
carbon product should become a faithful inverse replica of the
porous silica template.
Various organic compounds, such as sucrose [1,2,5], furfuryl
alcohol (FA) [3], acenaphthene [19], phenol resin [20], and acrylonitrile [15], can be used as the carbon source. FA is one of the most
convenient sources of carbon as the liquid-phase compound that
can be easily impregnated into silica mesopores. Nevertheless, the
carbonization process using FA involves several time consuming
steps. For example, incorporation of a solid acid (typically Al) onto
the template pore walls is necessary. The procedure involves wet
impregnation of an Al compound and evaporation of the solvent
followed by calcination. Then, FA is impregnated using an incipient
wetness process. The impregnated FA is polymerized by heating at
373 K due to the catalytic function of the acid sites. Upon further
heating to 623 K, the carbon source is converted to a black tar with
a signiﬁcant contraction in the volume. An additional amount of FA

Y. Seo et al. / Microporous and Mesoporous Materials 207 (2015) 156e162

can be added to compensate for the volume loss (i.e., second
impregnation) at this point. Then, the procedures for FA polymerization at 373 K and subsequent tar formation are repeated. After all
of these treatments, the silica template containing the carbon
source is heated to the ﬁnal carbonization temperature (~1173 K).
The resultant carbon from the two-step FA impregnation exhibits a
rod-type framework that ﬁlls the template pores. If the second FA
impregnation is skipped, the carbon often becomes a hollow pipetype framework [3].
It is important not to exceed the amount of FA beyond the total
pore volume in a template. An excessive amount of FA can cause the
formation of non-templated (i.e., external) carbon. The acid
strength of the template pore walls is also an important factor.
Often the polymerization rate of carbon sources including FA, sucrose, glucose, and other organics are very sensitive to acid catalysts
[21e28]. For the aluminosilicate template, the acid strength is often
so high that FA polymerization proceeds very rapidly before a
sufﬁcient time can allow for homogeneous inﬁltration of FA into the
template pores. The rapid polymerization can be a serious problem
particularly in a large batch synthesis. The exothermic polymerization process can generate substantial heat that accelerates the
polymerization itself [21,22]. The FA polymerization outside the
template can result in the formation of external carbon. There were
alternative routes involving the use of silica templates without Al
incorporation [23e28]. In such cases, a small amount of p-toluene
sulfonic acid or oxalic acid were added to the FA as a polymerization
catalyst prior to the FA being impregnated. This route is prone to
suffering from the generation of polymerization heat as well as the
formation of external carbon.
The current work was undertaken to improve the synthesis
procedure for OMC materials using FA in mesoporous silica templates. In particular, this study was aimed at preventing the generation of external carbon by selecting a moderately weak acid that
would slowly catalyze the FA polymerization. As a ﬁrst candidate,
phosphoric acid was impregnated into ordered mesoporous silica
prior to FA inﬁltration. The resulting carbonization process was
investigated using X-ray powder diffraction, N2 adsorption, and
transmission electron microscopy. The chemical state of the phosphoric acid in the silica template was analyzed by solid-state 31P
NMR spectroscopy. Based on the chemical information from the 31P
NMR data, we were able to extend the phosphoric acid-based
method to the use of sulfuric acid. In this paper, we introduce a
mineral acid impregnation method, and its application to the
synthesis of OMCs with various mesoporous silica templates, such
as SBA-15, KIT-6 and SBA-16.

2. Experimental
2.1. Synthesis
2.1.1. Synthesis of silica templates
SBA-15 silica was synthesized according to the procedure
described in the literature [29] using tetraethoxysilane (TEOS, TCI)
as a silica source and Pluronic P123 [EO20PO70EO20 (EO ¼ ethylene
oxide, PO ¼ propylene oxide, Mn ~5800, Aldrich] as the mesoporedirecting surfactant. The gel composition was 1 TEOS: 0.017 Pluronic P123: 5.3 HCl: 194H2O. All of the starting materials were
mixed at 308 K for 12 h using a magnetic stirrer. Then, the resulting
gel mixture was heated for 12 h at 403 K under static conditions in a
Teﬂon-lined autoclave. The precipitated SBA-15 product was
ﬁltered, washed with deionized water and dried at 373 K for 12 h.
The product was calcined in air at 823 K for 4 h. SBA-16 and KIT-6
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were synthesized according to previously reported procedures
[6,30].

2.1.2. OMC synthesis using aluminated SBA-15
In a typical procedure for post-synthetic alumination of SBA-15
with Si/Al of 20, 0.5 g of the calcined SBA-15 silica was added to
20 mL of ethanol (99.9%, Merck) containing 0.055 g of AlCl3
(anhydrous, Aldrich). The mixture was magnetically stirred at room
temperature for 6 h. Then, ethanol was removed using a rotary
evaporator. The SBA-15 containing Al (i.e., Al-SBA-15) was further
dried in an oven at 373 K for 3 h followed by calcination in an air
stream at 823 K for 4 h. The inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) analysis indicated that the Si/Al
ratio of Al-SBA-15 was 22.
An ordered mesoporous carbon (OMC) sample was prepared
using Al-SBA-15 as a template and FA (98%, Aldrich) as a carbon
precursor. In a typical synthesis, 0.1 g of Al-SBA-15 was impregnated with 0.14 mL (amounting to 130% of the total pore volume of
Al-SBA-15) of FA in a polypropylene bottle. This polypropylene
bottle was tightly closed, and it was heated at 308 K for 1 h. Then,
this bottle was heated at 373 K for 6 h. The composite inside the
bottle was transferred into a fused quartz reactor, which was
equipped with a capillary cap to prevent air from entering from the
outside while releasing gaseous by-products. The fused quartz
reactor was heated to 1173 K (heating rate of 3.5 K min1), and the
ﬁnal temperature was maintained for 3 h. The reactor was cooled to
room temperature, and the sample was dispersed in 20 mL of a
10 wt% hydroﬂuoric acid solution under magnetic stirring to
remove the silica template. The resulting OMC was ﬁltered, washed
several times with distilled water, and dried at 373 K.

2.1.3. OMC synthesis using mineral-acid-impregnated silica
templates
In a typical procedure for phosphoric acid impregnation in
mesoporous silica, 0.1 g of calcined SBA-15 was mixed with 5 mL of
a 4 mM aqueous solution of phosphoric acid (85 wt%, Aldrich) in a
beaker under magnetic stirring for 1 h. Then, the beaker was heated
in a convection oven at 443 K for 12 h to evaporate water and anchor the phosphoric acid onto the mesopore walls via covalent
bond. The physically adsorbed phosphoric acid was removed by a
repeated washing and ﬁltration process using distilled water until
the pH of the ﬁltrate reaches 7. The product was dried at 373 K for
12 h. The Si/P ratio of the synthesized sample was 26. The
impregnation of sulfuric acid was also performed following the
same procedure as that employed in the phosphoric acid impregnation, except for the use of sulfuric acid (49 wt%, Daejung) instead
of the phosphoric acid. The SBA-15 impregnated with phosphoric
acid or sulfuric acid is referred to as ‘PA-SBA-15’ and ‘SA-SBA-15’,
respectively. The phosphorous and sulfur content in the silica
template impregnated with mineral acids was determined by ICPAES analysis.
For OMC synthesis, we used various volumes of FA (equivalent
to 130 or 170% of the total pore volume of the silica template). In a
typical synthesis procedure, 0.1 g of PA-SBA-15 was added to a
mixture of 2 mL of an ethanol solution and 0.13 mL (amounted to
130% of total pore volume of PA-SBA-15) of FA at room temperature.
Then, the solution was magnetically stirred for 3 h and heated in an
oil bath at 333 K under magnetic stirring to evaporate the ethanol
solvent. The composite was placed in a drying oven at 373 K for 8 h.
The FA polymerization, subsequent carbonization and template
removal were performed according to the procedure used for OMC
synthesis using Al-SBA-15. The resulting OMC samples synthesized
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with FA was equivalent to 130% and 170% of template total pore
volume are referred to as 1.3FA-OMC and 1.7FA-OMC, respectively.
2.2. Characterization
Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku Multiplex diffractometer using a monochromatized X-ray
beam from Cu Ka radiation (40 kV, 30 mA). The XRD scanning was
performed under ambient conditions at step sizes of 0.01 with an
accumulation time of 1.0 s. Nitrogen adsorptionedesorption isotherms were measured at 77 K using a volumetric gas sorption
analyzer (Micromeritics Tristar II). Prior to the measurement, the
samples were degassed under vacuum for 3 h at 573 K. The speciﬁc
surface area of the samples was calculated using the BrunauereEmmetteTeller (BET) method with the adsorption data at a
relative pressure range of 0.05e0.2. The pore size distribution was
derived using the BarretteJoynereHalenda (BJH) method for
isotherm analysis. A total pore volume was estimated from the
amount of N2 adsorbed at P/P0 ¼ 0.95. Transmission electron microscopy (TEM) images were recorded on a Tecnai G2 F30 and
Titan™ ETEM G2 at an operating voltage of 300 kV. The X-ray
photoelectron spectroscopy (XPS) experiments were performed
with a Sigma Probe (Thermo VG Scientiﬁc) equipped with a
microfocused monochromator X-ray source.
Temperature-programmed desorption (TPD) of NH3 was
measured in a He ﬂow using BELCAT-M (BEL Japan) equipped with
a thermal conductivity detector (TCD). Prior to the measurement,
50 mg of each sample was placed in a quartz reactor and degassed
for 3 h at 523 K. After cooling to 373 K, the NH3 gas was ﬂowed into
the reactor for 1 h at a ﬂow rate of 30 mL min1. Then, the free and
weakly adsorbed NH3 was removed by ﬂowing He for 1 h at 373 K.
Next, the TPD proﬁles were measured using TCD with a continuous
temperature increase (10 K min1) under a He ﬂow (30 mL min1).
Thermogravimetric analysis (TGA) was performed with TGA Q50 in
a platinum crucible, under nitrogen atmosphere. The temperature
was increased to 623 K at a ramp rate of 10 K min1 and subsequently maintained for 60 min.
Nuclear magnetic resonance (NMR) spectra were acquired in the
solid state with magic angle spinning (MAS) using a Bruker Avance

III HD 400WB spectrometer at room temperature. 31P MAS NMR
spectra were recorded in a single-pulse sequence with a pulse
width of 2 ms, a relaxation time of 5 s, and a spinning frequency of
12 kHz. An 85% H3PO4 aqueous solution was used as an external
reference for the 31P NMR chemical shift. 13C cross-polarization (CP)
MAS NMR spectra were recorded with a contact time of 2 ms, a
relaxation time of 5 s, and a spinning frequency of 10 kHz. The
carbonyl carbon of glycine was used as an external chemical shift
reference for the 13C NMR.
3. Results and discussion
3.1. OMC synthesis using the Al-SBA-15 template with excess FA
The OMC sample was synthesized using an Al-SBA-15 template
by impregnating an excess amount of FA corresponding to 130% of
the total pore volume (Fig. S1). As shown in Fig. 1A, the XRD pattern
of the OMC product exhibits three reﬂection peaks at a 2q of 0.95,
1.6, and 1.8 . The positions of the peaks were nearly same as those
of the (10), (11) and (20) reﬂection peaks for the 2D hexagonal
structure in the Al-SBA-15 template. This result indicates that the
ordered mesostructure of the carbon sample was well replicated
from the silica template. However, the relative intensities between
the (10) and (11) peaks for the OMC product were signiﬁcantly
different from those of the silica template. In particular, the intensity of the (10) peak was relatively small. This result indicates
that the OMC might be composed of a mixture of CMK-3 and CMK-5
structures. It is important to note that both CMK-3 and CMK-5 could
be synthesized using the Al-SBA-15 template. However, CMK-3 and
CMK-5 have distinctly different XRD patterns. CMK-3, which is
composed of nanorods with 2D hexagonal order, exhibits an
intense (10) peak [31e33]. On the other hand, CMK-5, which consists of a hollow nanopipe framework, exhibits negligible intensity
for the (10) reﬂection peak due to ‘accidental extinction’ [34]. A
TEM investigation conﬁrmed that the OMC sample was composed
of a mixture of nanorod-type CMK-3 and nanopipe-type CMK-5
structure (Fig. 1B and C). These structures were arranged with longrange hexagonal order over the entire region of the sample. However, as shown in Fig. 1D, the OMC product also has non-templated

Fig. 1. (A) XRD pattern and (BeD) TEM images of the OMC product obtained using the Al-SBA-15 template. (B) and (C) are nanorods and nanopipes, respectively, in the OMC
product. White arrows in (D) indicate external carbon species. For comparison, the XRD pattern of Al-SBA-15 is included in (A).
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carbon species outside of the ordered mesoporous carbon
frameworks.
When an excess amount of FA was impregnated into the Al-SBA15 template, a certain amount of FA remained outside of the template. The remaining FA molecules polymerized rapidly due to the
exothermic polymerization catalyzed by the strong acid sites in AlSBA-15. The polymerized FA outside the template carbonized into
non-templated carbon species. In addition to the extra FA, FA
molecules, which were supposed to ﬁll the template mesopores,
could also be polymerized outside before they homogenously
inﬁltrated into the mesopores due to the heat generated from the
exothermic polymerization. A mixture of nanorods and nanopipes
was obtained as the OMC product. From this result, it can be
inferred that the selective carbon replication without external
carbon species is not possible with Al-SBA-15 template via one-step
impregnation. To improve the problem, the moderately weak
acidity of the template is required to provide sufﬁcient time for the
inﬁltration of FA into the template mesopores before the polymerization, and to prevent the generation of non-templated carbons during the carbonization process. For this purpose, we
introduce a mineral acid impregnation method.
3.2. OMC synthesis using the PA-SBA-15 template with excess FA
We attempted to use PA-SBA-15 as an alternative method for
synthesizing OMC materials. The PA-SBA-15 sample was prepared
by phosphoric acid impregnation. The results of the phosphoric
acid impregnation into SBA-15 are summarized in Fig. 2 and Fig. S1
in the Supplementary data. As shown in Fig. 2A, the XRD pattern of
PA-SBA-15 reveals that the ordered hexagonal (p6mm) mesostructure of SBA-15 was fully retained after the phosphoric acid
functionalization. The N2 adsorptionedesorption isotherm of PASBA-15 exhibits a similar appearance to that of pristine SBA-15.
However, a stiff increase in the range of P/P0 between 0.6 and 0.8
was slightly shifted to lower P/P0 compared to the SBA-15 sample.
The pore size distribution was determined from the adsorption
branch of the isotherm by employing the BJH method. The mesopore size distribution of PA-SBA-15 is centered at 8.8 nm, which is
slightly smaller than that of SBA-15 (9.1 nm) (Fig. S1B). The speciﬁc
BET surface area and total pore volume of PA-SBA-15 (570 m2 g1
and 1.00 cm3 g1, respectively) are comparable to those of SBA-15
(690 m2 g1 and 1.14 cm3 g1, respectively). The N2 adsorption
isotherm results indicate that phosphoric acid was most likely
supported on the mesopore walls of SBA-15 without pore blocking.

Fig. 2. (A) Powder XRD pattern and (B) Solid state 31P MAS NMR spectrum of PA-SBA15. For comparison, the XRD pattern of SBA-15 is included in (A).
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The chemical state of the phosphate groups on the mesopore
walls of PA-SBA-15 was characterized using solid state 31P NMR
spectroscopy. The 31P NMR spectrum of PA-SBA-15 contains three
resonance peaks at 0.2, 11, and 23 ppm as shown in Fig. 2B.
Among these peaks, the peak at 0.2 ppm was assigned to the
phosphoric acids that were physically adsorbed on the mesopore
walls via hydrogen bonds [35]. The peaks at 11 and 23 ppm
correspond to the phosphate ester and phosphate diester, respectively, which are covalently bound to the mesopore walls [35,36].
The deconvolution and peak quantiﬁcation of the NMR spectrum
were performed to measure the amount of each species in PA-SBA15. The molar ratio of the hydrogen-bonded phosphoric acid,
phosphate ester and phosphate diester was 1.0: 10: 3.1. This result
indicates that most of the phosphoric acid species were covalently
bound to the silanol groups in the SBA-15 framework and formed
€nsted acidity
phosphate ester groups. These species have weak Bro
[37]. The acidity of PA-SBA-15 was measured by the desorption
peak in the NH3 TPD proﬁle below 600 K (Fig. S2). This desorption
€nsted and Lewis
peak was attributed to NH3 desorption from the Bro
acid sites in the framework. The peak position of PA-SBA-15 is much
lower than that of Al-SBA-15. This result indicates that the strength
of the acid sites in PA-SBA-15 are lower than those in Al-SBA-15.
Using PA-SBA-15 as a template, 1.3FA-OMC was synthesized
with the same amount of FA used for the Al-SBA-15-templated
OMC sample. The small-angle XRD pattern of the 1.3FA-OMC
sample exhibits three Bragg reﬂection peaks that can be indexed to
the (10), (11), and (20) reﬂections of the 2D hexagonal structure
(Fig. 3A). In contrast to the XRD pattern of Al-SBA-15-templated
OMC, the intensity of the (10) reﬂection peak was signiﬁcantly
large. Therefore, the relative intensity ratio between (10) and (11) is
similar to that of typical CMK-3 [32,33]. This result indicates that

Fig. 3. (A) Powder XRD pattern, (B) N2 adsorptionedesorption isotherm and mesopore
size distribution corresponding to the adsorption branch, and (C) TEM image of 1.3-FAOMC. For comparison, a TEM image of PA-SBA-15 is shown in (D).
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1.3FA-OMC would have a rod-type CMK-3 structure. The N2
adsorptionedesorption isotherm of the 1.3FA-OMC sample exhibits
a stiff increase in the range of P/P0 between 0.4 and 0.6, which
indicates the presence of mesopores with a very uniform pore
diameter (Fig. 3B). 1.3FA-OMC exhibits a narrow unimodal pore size
distribution at 3.6 nm (Fig. 3B). The BET surface area and total pore
volume of 1.3FA-OMC are very large (990 m2 g1 and 0.90 cm3 g1,
respectively). The representative TEM image conﬁrms that 1.3FAOMC has a highly ordered hexagonal mesostructure, which is the
exact inverse of the PA-SBA-15 template (Fig. 3C and D). Low
magniﬁcation TEM images of 1.3FA-OMC conﬁrmed that it was
composed of nanorods without external carbon species (Fig. S3).
It was also possible to synthesize OMC even when the amount of
FA impregnated corresponded to 170% of the total pore volume of
PA-SBA-15. The XRD and TEM investigation results assured that the
1.7FA-OMC product exhibited a well-ordered CMK-3 structure
without non-templated carbons (Fig. S4). The mesopore diameter is
very uniform with the size of 3.6 nm, which is the same as that of
1.3FA-OMC (Fig. S4C). The total pore volume and BET surface area of
1.7FA-OMC (940 m2 g1, 0.78 cm3 g1, respectively) were also
comparable to those of CMK-3. It is important to note that faithful
carbon replication was realized even when an excessive amount of
FA was impregnated within a single step. In comparison to Al-SBA15, the acidity of PA-SBA-15 was considerably weak. The weak
acidity restricted the rapid polymerization of FA molecules, which
allowed the homogeneous inﬁltration of FA into the template
mesopores. Meanwhile, the extra FA was only polymerized to a low
degree, and this material was eventually vaporized during the
high-temperature step, which prevented the generation of external
carbon (This will be discussed below). Therefore, a faithful CMK-3
carbon replica was obtained without external carbon species.
Interestingly, the current method can result in the incorporation
of P atoms in the framework of OMC. The solid state 31P NMR

Fig. 4. (A) Liquid state 13C NMR spectrum of the FA monomer and solid state 13C CPMAS NMR spectra of the carbon-silica composite samples collected at various temperatures and (B) scheme for FA polymerization.

spectrum of 1.3FA-OMC exhibits two resonance peaks at 6.2 and
8.5 ppm as shown in Fig. S5A. These peaks can be assigned to the
PPh3 and RPh2 groups, respectively, which are most likely generated in the carbon framework. During the carbonization process,
phosphate esters on the mesopore walls of the silica template are
covalently bound to the carbon framework. Then, only the silica
species were removed by HF while the P atoms remained in the
carbon frameworks as PPh3 and RPPh2 species. The presence of P
atoms in the carbon framework was also conﬁrmed by XPS analysis.
The XPS spectrum of 1.3FA-OMC contained two peaks centered at
binding energies of 132.9 and 138 eV, which correspond to PeC and
PeO bonds, respectively (Fig. S5B). From the XPS result, the content
of P atoms in 1.3FA-OMC was determined to be 2.0 wt%. Such
incorporation of heteroatoms into the carbon framework can alter
the intrinsic chemical properties and therefore can result in catalytic function in various redox catalytic reactions [16,38,39].
3.3. NMR characterization of the carbonization process
The polymerization and carbonization process of 1.3FA-OMC
were monitored by solid state 13C CP-MAS NMR. Fig. 4A shows the
NMR spectra of the carbon-silica composites that were collected
after thermal treatment at various temperatures. In addition, the
liquid NMR spectrum of the FA monomer is shown in Fig. 4A. The
NMR spectrum of the FA monomer contains ﬁve distinct peaks.
Among these peaks, the peak at 56 ppm was assigned to the
hydroxymethyl carbon atom (designated ‘a’ in the molecular
structure of FA, shown in Fig. 4B) of FA [40]. Other four peaks in the
range of 100e160 ppm correspond to the carbon atoms in the furan
ring of FA.
All of the peaks from FA were broadened when the FAcontaining silica was thermally treated at 333 K. The peak broadening indicates that the FA molecules were adsorbed in mesopores
and started to convert into polymeric species. As the temperature
increased to 373 K, the peak for the ‘a’ carbon of FA nearly disappeared, and the other peaks corresponding to the furan ring of FA
became much broader. In addition, several new peaks in the range
of 10e40 ppm were observed. Fig. 4B shows that such a dramatic
change in the NMR spectrum was due to the polymerization of FA
molecules in the mesoporous silica template. During the polymerization step, the peak corresponding to the ‘a’ carbon disappeared as the alcohol groups were condensed to form CeC bonds
between the FA molecules. Instead, terminated carbons or methylene bridges between the furan rings were generated, which were
conﬁrmed by the peaks in the range of 10e40 ppm [40]. It should
be noted that the rate of the FA polymerization in PA-SBA-15 is
clearly different from that in Al-SBA-15 (Fig. S6). The NMR spectrum of FA-containing Al-SBA-15 obtained at 333 K is nearly same
as that of PA-SBA-15 at 373 K. This result indicates that the FA
molecules in the Al-SBA-15 sample were very rapidly polymerized
even at 333 K. In contrast to Al-SBA-15, the weak acid sites in PASBA-15 allowed the slow polymerization of FA and thus the homogenous inﬁltration of FA into the template.
When the composite sample was thermally treated at 623 K, a
broad peak at 124 ppm appeared in the NMR spectrum. This peak
indicates that the polymeric FA species were transformed into aromatic carbon frameworks. In addition, there are several sharp
peaks in the range of 0e50 ppm that could be assigned to alkane
hydrocarbons. These hydrocarbons were likely generated from the
thermal decomposition of low-degree polymerized FA outside the
template. In the NMR spectrum of the composite sample collected
at 1173 K, all of the peaks corresponding to the carbon atoms in the
polymeric FAs and alkane hydrocarbons disappeared. Only a broad
peak at 122 ppm corresponding to the aromatic carbon framework
was observed. Based on this NMR analysis result, it can be inferred
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that the FA in the PA-SBA-15 template polymerized slowly at an
early stage. Therefore, there was sufﬁcient time for homogeneous
inﬁltration into the template mesopores. While the inﬁltrated FA in
PA-SBA-15 were gradually polymerized and carbonized, the less
polymerized extra FA outside the template decomposed and
vaporized. To conﬁrm this assumption, we performed TGA experiments of both polymerized FA containing PA-SBA-15 and Al-SBA15 samples (Fig. S7). The FA was polymerized at 373 K. Both of
the samples showed the weight loss between 373 K and 623 K,
which indicates the decomposition of polymerized FA. However,
the weight loss of PA-SBA-15 composite was much larger than that
of Al-SBA-15 composite. This means that the degree of the polymerization in PA-SBA-15 was lower than that in Al-SBA-15.
Considering that the carbon replica obtained from PA-SBA-15 was
composed of rigid carbon nanorods, the less polymerized FA species were located outside of the pores. Therefore, a faithful carbon
replica was obtained using the PA-SBA-15 template regardless of
the amount of FA inﬁltrated into the template.
3.4. OMC synthesis using different silica templates and mineral
acids
The OMC synthesis method using a phosphoric acid impregnated silica template was applied to the synthesis of OMC with
various mesoporous silicas. Two different mesoporous silicas SBA16 (cubic Im3m) and KIT-6 (cubic Ia3d) were used as templates for
carbon replication. The phosphate functionalization of the silica
template and carbon replication process was performed following

Fig. 5. Powder XRD patterns and TEM images of carbon replica of (A, B) KIT-6 and (C,
D) SBA-16. For comparison, the XRD pattern of the KIT-6 and SBA-16 template was
included.
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the same procedure used for PA-SBA-15. As shown in Fig. 5A, the
resulting carbon replica of phosphoric acid impregnated KIT-6 exhibits well-resolved peaks in the XRD pattern. These peaks can be
indexed to the (211), (220), and (420) reﬂections of the cubic Ia3d
structure and the peak position is nearly same as that of the KIT-6
template [41]. The representative TEM image of the carbon replica
shows a highly ordered structure (Fig. 5B). In addition, the shape of
the N2 adsorptionedesorption isotherm shows a typical type IV
isotherm, which indicates pore condensation with hysteresis
(Fig. S8). The mesopore diameter of the carbon replica was 3.8 nm,
and the BET surface area and total pore volume were calculated to
be 910 m2 g1 and 1.0 cm3 g1, respectively. The XRD pattern for the
carbon replica of phosphoric acid impregnated SBA-16 is characteristic of the cubic Im3m space group (Fig. 5C) and similar to the
XRD pattern reported by Kim et al. [6]. The TEM image of the carbon
replica conﬁrms that the carbon replica has a structural ordering
with cubic symmetry (Fig. 5D). The BET surface area and total pore
volume (780 m2 g1 and 0.7 cm3 g1, respectively) of the carbon
replica are also comparable to that of CMK-6 [6].
Based on the results obtained from the phosphoric acid
impregnation method, it was possible to extend the current
method to different mineral acids, such as sulfuric acid. Sulfuricacid modiﬁed SBA-15 (SA-SBA-15) was prepared by the same procedure used in PA-SBA-15, except that sulfuric acid was used
instead of phosphoric acid. The acidity of SA-SBA-15 was measured
by NH3 TPD (Fig. S9). The peak of NH3-desorption from the acid
sites was only observed in the low temperature region (<500 K),
which indicates that there are no strong acid sites. This result indicates that the sulfuric acid might be functionalized on the surface
of SA-SBA-15 in the form of sulfate esters which exhibit weak
acidity. The small-angle XRD pattern of the OMC product synthesized with the SA-SBA-15 template exhibits three well-resolved
Bragg reﬂection peaks that are similar to those of 1.3FA-OMC
(Fig. 6A). The representative TEM image of the OMC product also
exhibits a highly ordered hexagonal mesostructure (Fig. 6B). While
the pore size distribution curve shows a sharp peak centered at
3.6 nm (Fig. S10), the BET surface area and total pore volume is
950 m2 g1 and 0.86 cm3 g1, respectively. In contrast to the
phosphoric acid impregnation method, the elementary analysis
result revealed that there are no heteroatoms in the framework. In
comparison to the phosphorus, the sulfur could be easily decomposed and vaporized during the high-temperature carbonization
process. Therefore, the OMC with a pure carbon framework was
obtained when SA-SBA-15 was used as a template.

Fig. 6. (A) Powder XRD pattern and (B) TEM image of OMC obtained from Sulfuric-acid
modiﬁed-SBA-15.
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4. Conclusion
We demonstrated a simple method for CMK-3 synthesis using
phosphoric acid-impregnated SBA-15 as a template. The 31P NMR
results indicated that impregnated phosphoric acids were functionalized by forming phosphate ester groups on the mesopore
walls of SBA-15. The mild acidity of the phosphate ester in the SBA15 template allowed the slow polymerization of FA, which prevented the generation of external carbon species even when a large
amount of FA was inﬁltrated. Therefore, the phosphoric acidimpregnated SBA-15 led to selective carbonization inside the
mesopores and yielded highly faithful carbon replicas. The sulfuric
acid could also be applied to the acid-functionalization of SBA-15
for the CMK-3 synthesis. Furthermore, this method using mineral
acid impregnation could be extended to various silica templates
such as KIT-6 and SBA-16. We expect that the mineral acid
impregnation method would be useful for the carbon replication of
various kinds of silica templates such as nanotubes, nanospheres,
pure siliceous zeolites, and hierarchically porous materials.
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