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a b s t r a c t

Bimodal macro-mesoporous silica networks have been prepared in a simple one-pot synthesis using an

inexpensive tetramine surfactant and tetraethoxysilane as a silica precursor. These novel materials

show high pore volumes and templated mesopores (average pore size 3.0 nm) embedded in 20 nm thick

walls forming interparticle large meso/macropores. The judicious control of the pH during the silica

formation allows for the precise control of the interparticle condensation, likely due to the change in the

interaction between the tetramine surfactant and the silica precursors. Finally, a highly porous carbon

replica with bimodal porosity was prepared by using the bimodal silica as a hard sacrificial template.

The microstructure of the silica template was accurately transferred to the carbon material obtaining

high surface areas (up to 1300 m2 g�1) and total pore volumes Z2 cm3 g�1.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Mesostructured solids have attracted much attention in the
last years due to their wide range of applications in catalysis,
controlled drug-delivery, separation techniques, optical devices
and sensors [1–6]. Surfactant-templated synthesis is a convenient
and widely used technique for the preparation of mesostructured
materials [2,3] with some remarkable properties, such as high
surface area and narrow pore size distribution [4–8]. Multimodal
materials combine the benefits of high surface area due to their
micro- and/or mesoporosity with enhanced accessibility thanks to
an open structure [1,9], which has been proved to remarkably
improve their accessibility and therefore their catalytic activity for
large molecules [10,11].

The synthesis of materials with various pore combinations
such as micro-mesopores, micro-macropores, meso-macropores,
or even trimodal micro-meso-macropores, has been carried out
using various smart strategies [12,13]. For example, Wang et al.
[14,15] reported the synthesis of bimodal mesoporous silica using
ammonia as catalyst at room temperature and cetyltrimethylam-
monium bromide (CTAB) as a surfactant. By adjusting the pH and
the ammonia/silica molar ratio a hierarchical porous silica xerogel
was easily obtained. Zhang et al. [16] have described the synthesis
ll rights reserved.
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of bimodal nanoparticulated silica using a single non-ionic
templating surfactant. Also, the use of silica precursors that
allows to control the kinetics of the nucleation and growth
process, have been described to prepare small silica nanoparticles
that form large interparticle pores [7,17–36]. Recently, Muto et al.
[37] reported the effect of pH on the mesostructures of silica
materials obtained from cationic surfactants (CTA+Cl�) and silicic
acid prepared by the ion exchange of sodium silicate solution. It is
also possible to combine the use of a soft template (typically a
surfactant) with a hard template, like S. Mann and co-workers did
to prepare macroporous sponge-like monoliths and mesoporous
thin films using starch gels and sponges in combination with
preformed silicalite nanoparticles [12].

Using a modified synthesis of the so called ‘‘atrane route’’, P.
Amorós and co-workers [7,9,17] have synthesized a novel bimodal
mesoporous material with pore volumes in excess of 2.0 cm3 g�1.
The strategy is based on the use of complexes like atranes or
silatranes as hydrolytic inorganic precursors and cationic surfac-
tants as templates. Using this strategy, SBA-15 or MCM-41 type
mesoporous materials have been successfully prepared in a one-
pot surfactant-assisted procedure by using these surfactants [17].
It has been shown that both the pore and particle sizes in
hierarchical porous silica are highly dependent on the surfactant
nature [7,9]. Based on this learning, we have used a novel
surfactant (a commercially available inexpensive polyamine) that
favours the formation of small silica particles, and therefore the
creation of large interparticle porosity by judicious control of the
pH to favour the interaction of the positively charged surfactant
and the negatively charged silica precursors.
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On the other hand, porous carbon materials with high surface
areas and pore volumes are of interest for energy storage,
separation, catalysis, and other applications [13,38,39]. The use
of porous silica materials as templates is widely employed to
synthesize carbon replicas with both porous [40–43] and
hierarchical structures [44–49]. In general, the silica template is
impregnated with a carbon precursor (typically furfuryl alcohol,
phenol resin or sucrose) followed by the curing and carbonization
of the organic/inorganic composite. Finally, the silica template is
removed by chemical treatment in a HF or NaOH solution
[40,41,44,46,50,51]. Recently P�erez-Cabrero and co-workers re-
ported the synthesis of a mesoporous carbon with 720 m2 g�1 and
a bimodal pore system using acetylene CVD to replicate a bimodal
silica, obtaining an accurate carbon replica with semi-crystalline
porous walls. The authors suggested potential applications in
catalysis [52].

Herein we describe the one-pot synthesis of a bimodal porous
silica network (BSN) prepared at room temperature in the
presence of a low cost surfactant (tallow tetramine) by system-
atically varying pH conditions. The pH control allows for system-
atically tuning the interparticle porosity and, therefore easily
preparing a bimodal silica network with high pore volume and
high BET area. In a second step, the as-synthesized BSN have been
used as hard template for the preparation of bimodal carbon
replicas using sucrose and sulphuric acid as the carbon source and
catalyst, respectively.
2. Experimental

2.1. Materials

The surfactant used as template for the synthesis of silica
materials was a polyamine, trade named tallow tetramine, kindly
supplied by Tomah3 Products Inc. According to the supplier, the
molecular formula of tallow tetramine is R–[NH(CH2)3]3NH2,
being R mostly C18 with some C16 and some insaturations. All
reagents, tallow tetramine, tetraethylorthosilicate (98%, Aldrich,
denoted as TEOS), ammonium hydroxide (30%, Sigma-Aldrich,
NH4OH), hydrochloric acid (37%, Fluka, HCl), acetic acid (98.5%,
Panreac, CH3COOH), sulphuric acid (96%, Sigma-Aldrich, H2SO4),
sucrose (Aldrich, C12H22O11) and fluorhydric acid (48%, Aldrich,
HF) were used as received without further purification.

2.2. Synthesis of bimodal mesoporous silica materials (BSN)

In a typical synthesis, 7.15 g of surfactant (tallow tetramine,
1.6 10�2 mol) was magnetically stirred (600 rpm) in 650 ml of
deionised water at room temperature, in a closed flask, until a
Table 1
Textural parameters of different bimodal macro-mesoporous silica networks obtained

Sample pHa Surface area

(m2 g�1)b

Mesopore volume

(cm3 g�1)c

Interpart

volume (

BSN1 8 790–810 0.6 0.4

BSN2 9.4 710–800 0.6 0.9

BSN3 10 840–890 0.55–0.65 1.45–1.55

BSN4 11 730–940 0.5–0.6 0.9–1.5

(*) Out of range of nitrogen adsorption technique.

a pH of final solutions.
b The BET surface area was estimated by using multipoint BET method using the a
c Mesopore volume was calculated from the adsorption branch of the nitrogen is

cumulative adsorption pore volume plot (approximately 8 nm). The total pore volume w

volume, was estimated subtracting both values.
d Average mesopore and large mesopore sizes were estimated from the adsorption
clear solution was obtained (approximately 24 h) being the
pH ¼ 11. Following, the hydrolysis of 35.4 g of TEOS (1.7�10�1

mol, n(surfactant):n(TEOS) molar ratio ¼ 0.1:1) was carried out by
base or non-catalyzed hydrolysis in the presence of tallow
tetramine. After 15 h of orbital stirring at room temperature, a
white suspension was obtained. It should be noted that, for non-
catalyzed hydrolysis, the pH falls down from 11.0 to 9.4, as
expected due to silica condensation reactions. To study the effect
of the pH on the porosity properties of the final material, the pH
was slowly adjusted in 8–11 range using either aqueous NH4OH
(30%) or HCl (10%) and compared with that obtained without the
addition of any pH controlling agent (pH final ¼ 9.4). The so
obtained solids were washed first with water and then with
ethanol, filtered out, and air dried. Finally, the surfactant was
removed by calcination at 550 1C for 8 h (10 1C min�1) under static
air atmosphere. The key properties of the samples synthesized by
systematically varying the hydrolysis conditions, i.e. pH of the
final solutions, are summarized in Table 1. In order to study the
role of the surfactant in the formation of mesoporosity, additional
experiments with ten-fold lower surfactant/TEOS molar, i.e.,
n(surfactant):n(TEOS) ¼ 0.01:1 were carried. Furthermore, the
same synthesis conditions were tested in open flasks. The main
properties of a representative bimodal silica sample are shown in
Table 2.
2.3. Synthesis of bimodal mesoporous carbon materials

The synthesis of the mesoporous carbons was performed using
sucrose as carbon source and sulphuric acid as polymerization
catalyst to accelerate the carbonization of sucrose, similar to the
method used by Ryoo et al. [40]. The calcined mesostructured
silica (BSN) was firstly impregnated with a solution of sucrose
(typically 1.25 g of sucrose per gram of silica, 3.6�10�3 mol) in
aqueous sulphuric acid solution (0.28 mol L�1), and afterwards
thermally treated in air for 6 h at 100 1C and 6 h at 200 1C to
partially polymerize the sucrose, the sample turned black during
this pre-treatment. Subsequently, a second solution containing
0.8 g sucrose (2.0�10�4 mol) in sulphuric acid solution (0.2 mol
L�1) was added to this material. The impregnated sample was
cured in air for 6 h at 100 1C and 6 h at 200 1C to polymerize the
sucrose [41,43,53], which was then carbonized in a tubular oven
under N2 atmosphere at 900 1C (2 1C min�1). The molar composi-
tion of the synthesis mixture was as follows: n(H2O):n
(H2SO4):n(SiO2):n(sucrose) ¼ 57.5:0.22:1:0.55.

The resulting carbon–silica composite was stirred overnight in
15% HF at room temperature to remove the silica template. The
material obtained as an insoluble fraction was washed with
distilled water and then dried in air at room temperature.
by systematically varying the hydrolysis conditions.

icle

cm3 g�1)c

Total pore volume

(cm3 g�1)c

Mesopore size

(nm)d

Large mesopore

size (nm)d

1.0 3.0 10–13

1.5 3.0 25–30

2.0–2.1 2.5–3.0 (*)

1.5–1.9 2.7–3.0 (*)

dsorption data in the relative pressure (P/P0) range of 0.05–0.30.

otherm using the BJH method, the volume was measured at the plateau of the

as measured at P/P0 ¼ 0.99. The pore volume of the large mesopore, interparticle,

branch of the nitrogen isotherm using the BJH method.
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Table 2
Textural parameters of mesoporous carbons (sucrose/silica molar ratio ¼ 0.55) as compared with their BSN precursors (pH ¼ 9.5–10).

Sample Surface area

(m2 g�1)a

Mesopore volume

(cm3 g�1)b

Total pore volume

(cm3 g�1)b

Mesopore

size (nm)c

Large mesopore

size (nm)c

Carbon

content (%)d

BSN5 685–702 0.60 1.4–1.7 3.5 35–42 –;

Carbon 1190–1300 0.90 Z2.0 3.5 30–42 25–38

a The BET surface area was estimated by using multipoint BET method using the adsorption data in the relative pressure (P/P0) range of 0.05–0.30.
b Mesopore volume was calculated from the adsorption branch of the nitrogen isotherm using the BJH method, the volume was measured at the plateau of the

cumulative adsorption pore volume plot (approximately 8 nm). The total pore volume was measured at P/P0 ¼ 0.99. The pore volume of the large mesopore, interparticle,

volume, was estimated subtracting both values.
c Average mesopore and large mesopore sizes were estimated from the adsorption branch of the nitrogen isotherm using the BJH method.
d Carbon fraction in carbon–silica composite before silica template removal estimated by weight differences before and after HF treatment, washing and drying in air

atmosphere.
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2.4. Characterization

The porous texture of all the materials prepared was
characterized by N2 adsorption at 77 K in an AUTOSORB-6
apparatus. The samples were previously degassed for 4 h at
523 K at 5�10�5 bar. The adsorption branch was used to
determine the pore size distribution and mesopores volume using
the Barret–Joyner–Helender (BJH) method. The mesoporous
volume was measured at the plateau of the cumulative adsorption
pore volume plot (approximately 8 nm). The total pore volume
was measured at P/P0 ¼ 0.99. The pore volume of the large
mesopore, interparticle, volume, was estimated subtracting both
values. The surface area was determined using the BET method in
the 0.05 to 0.30 relative pressure range.

The morphology of the mesoporous materials was investigated
by transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). TEM studies were carried out on a JEM-2010
microscope (JEOL, Japan). The instrument, operated at 200 kV, has
a resolution of 0.14 nm. Samples for TEM studies were prepared by
dipping a sonicated suspension of the sample in ethanol on a
carbon-coated copper grid. The digital analysis of the TEM
micrographs was done using DigitalMicrographTM 3.6.1. by Gatan.
SEM analysis of all the samples, previously covered with gold, was
carried out using a JSM-840 microscope (JEOL, Japan).

Small-angle powder X-ray diffraction (XRD) analysis was
carried out with a Bruker Axs D5005 powder X-ray diffractometer
using CuKa radiation (l ¼ 1.54056 Å) at 40 kV and 30 mA.

Thermogravimetric analysis (TGA) was performed on the
Mettler Toledo TG/SDTA analyzer. The measurement was carried
out under nitrogen atmosphere from room temperature to
1100 1C, with a heating rate of 10 1C min�1.
Fig. 1. (a) Adsorption branch of nitrogen isotherms at 77 K for: (–&–) BSN1,

pH ¼ 8, (–.–) BSN2, pH ¼ 9.4, (–�–) BSN3, pH ¼ 10, (–n–) BSN4, pH ¼ 11 and (-

m-) the silica material synthesized by diminishing the surfactant/TEOS molar ratio

10 times, i.e., n(surfactant):n(TEOS) ¼ 0.01:1. The inset show full nitrogen

adsorption/desorption isotherms for BSN materials, where isotherms for BSN

samples at pH 9.4, 10 and 11 are shifted 0.4, 1.0 and 2.2 cm3 g�1, respectively, for

clarity. (b) Pore size distributions of BSN1–4 materials calculated from the

adsorption branch using the BJH method. The corresponding textural parameters

are shown in Table 1.
3. Results and discussion

3.1. Characterization of bimodal silica networks

Table 1 contains some relevant textural parameters of BSN
materials for each of the synthesis conditions described in the
previous section. It should be noted that each experiment has
been performed several times in order to evaluate the reprodu-
cibility of our synthesis method, and it is for that reason that all
the property values shown in this article range within the results
obtained for each sample. Representative nitrogen adsorption/
desorption isotherms for each synthesis conditions and their
corresponding pore size distributions are shown in Fig. 1(a) and
(b), respectively. For comparison purposes, the adsorption branch
of the nitrogen isotherm corresponding to a silica material
synthesized using a ten-fold lower surfactant/TEOS molar ratio,
i.e., n(surfactant):n(TEOS) ¼ 0.01:1, at pH ¼ 10.5 is included in
Fig. 1a. BSN materials show type IV isotherms with two distinctive
nitrogen uptakes at P/P0 ¼ 0.3 and 0.8–0.9 thus indicating the
presence of a bimodal porosity (Fig. 1(a)). The first adsorption
uptake appears at a relative pressures close to P/P0 ¼ 0.3
independently of the pH conditions used to prepare the sample.
This feature is related to capillary nitrogen condensation in the
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intraparticle mesopores [7]. The size of these mesopores (around
3 nm in diameter), shown in the pore size distribution plot
(Fig. 1(b)), are typical of surfactant-templated silica materials.
Their size and relative volume (0.6 cm3 g�1) are similar for all the
samples prepared indicating that the formation of surfactant-
templated mesopores is not affected by the pH conditions in the
8–11 range. When the n(surfactant):n(TEOS) molar ratio was ten-
fold decreased with respect to that used for BSN1-5 samples (from
n(surfactant):n(TEOS) ¼ 0.1:1 to 0.01:1), the nitrogen isotherm of
these materials shows only one gas uptake at relative pressures
near to 1.0, being the BET are of around 320 m2/g (see Fig. 1(a)).
This observation suggests that the intraparticle mesopores are due
to the surfactant templating effect.

Following with the pH effect on BSN materials, as can be seen in
Fig. 1(a), the second gas uptake, which is due to the filling of much
Fig. 2. Representative TEM images of calcined BSN materials: (a) BSN1, pH ¼ 8, (b) BSN

lower magnification. The inset in (d) shows the same material even at lower magnifica
larger mesopores or even macropores, occurs at higher relative
pressures (P/P040.8) and it moves toward higher relative pressures
as pH increases. Accordingly, the interparticle pore size and,
consequently, the interparticle pore volume and the total pore
volume also increase as pH does (Fig. 1(b)). In all cases, only the
second uptake shows a hysteresis loop, indicating an irregularly
shaped interparticle porosity. In addition, no significant differences
can be observed in the BET areas (see Table 1). This observation is
consistent with the similarity of all the isotherms in the P/P0 range
used to calculate the BET surface areas. Furthermore, these results
indicate that nitrogen condensation inside the templated mesopores
have a higher contribution to the BET surface area than the large
mesopores/macropores, since the increase of the interparticle pore
volumes as pH increases has a little effect on the BET surface area of
these materials.
2, pH ¼ 9.4, (c) BSN3, pH ¼ 10 and (d) BSN3 sample under magnetic conditions at

tion.
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Fig. 3. Selected nitrogen adsorption/desorption isotherms at 77 K of mesoporous

carbon after silica removal and its corresponding BSN5 template and (b) their

corresponding pore size distributions calculated from the adsorption branch using

the BJH method. The corresponding textural parameters are shown in Table 2.
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For BSN synthesized upon HCl addition (BSN1, pH ¼ 8),
mesopores of ca. 10 nm with low interparticle volume and,
consequently, low total pore volume are obtained (Table 1). The
corresponding TEM image (Fig. 2(a)) confirms the formation of a
poor bimodal porous network. When BSN were synthesized
without the addition of neither ammonia nor HCl (sample BSN2
in Table 1) an increase in the interparticle volume and,
consequently, the total pore volume is observed. In this case, the
interparticle pore size increase up to 25–30 nm and, as shown in
Fig. 2(b), TEM analysis confirms an open bimodal network
in which both small mesopores and large mesopores can be
observed. The addition of ammonia to increase the pH of the final
solutions up to 10–11 leads to even higher total pore volume. The
pore size distribution plot (Fig. 1(b)) shows a shift of the second
peak (corresponding to interparticle pores) as pH increases. For
those samples prepared at higher pH (BSN3 and BSN4) the pore
size determination was not possible. As example, a representative
TEM micrograph for BSN at pH ¼ 10 (sample BSN3 in Table 1) is
shown in Fig. 2(c). Besides the bimodal character of these
materials, the morphology of BSN3 indicates a very open
structure. Fig. 2(d) shows, at lower magnification, the bimodal
structure of sample BSN3 prepared under magnetic stirring. Both
the intraparticle and interparticle porosity can be clearly
distinguished. Noteworthy, the intraparticle mesoporosity is no
ordered and the particles show a very rough surface.

On the other hand, the same synthesis has been carried out in
open flask and compared with those corresponding to the closed
flask synthesis. The key properties of the so prepared BSN
materials synthesized at pH in 9.5–10 range (BSN5) are shown
in Table 2. Its corresponding nitrogen isotherm and pore size
distribution are presented in Fig. 3(a) and (b), respectively, and a
representative TEM micrograph for this material is shown in
Fig. 4bI. There are no significant differences with its analogues
synthesized in closed flask, i.e. BSN2 and BSN3. As observed for
the other samples, BSN5 shows a bimodal silica structure with
small mesopores of around 3.4 nm in diameter and interparticle
pores with sizes in the frontier of mesopores/macropores (Fig. 3).
The tortuous open structure of BSN5 which form disordered and
irregularly shaped intraparticle pores (Fig. 4(bI)) is also
remarkable similar to that observed for the samples prepared in
closed flasks (Fig. 2(b) and (c)), which suggests the negligible
effect of this variable in the final properties of the silica materials,
as one should expect based on their similar experimental
conditions (temperature, concentrations, and pH).

XRD analysis of BSN materials shows one broad diffraction
peak centred at low angles characteristic of materials with
constant XRD interplanar distance but non-ordered porosity
[54], independently of pH used for the synthesis of the materials.
The XRD pattern of the BSN5 sample, i.e., exhibits broad
diffraction peak centered at 2y ¼ 1.31 (see Fig. 5). The broadness
of the diffraction peak is characteristic of disordered materials, as
confirmed by TEM analysis. In fact, non-ordered mesopores are
observed inside the network walls in the TEM micrographs
obtained at high magnification, independently of pH used
during their synthesis (Fig. 2 and 4(b)).

The formation of bimodal materials has been related to the
competition between kinetic and thermodynamic parameters [7].
While intraparticle mesopores are due to the template effect of
the surfactant micelles, the large mesopores and macropores are
formed by the interparticle space between the mesoporous silica
network. Therefore, the nucleation and growth mechanism, which
involves the collision and aggregation of primary silica units, has a
strong effect on the textural properties of the interparticle
porosity [7,9,55,56].

As described in the experimental section, the surfactant used
for the synthesis of BSN materials was an alkyl tetramine. To
better understand the acid–base properties of this material, a
tallow tetramine aqueous solution (2.5�10�2 mol L�1, similar to
that used for BSN synthesis) was titrated from pH ¼ 2 to 12 using
diluted HCl and NaOH aqueous solutions. A continuous increase of
pH was observed for this pH range and thus it was not possible to
determine the pKa values of the various amines present in the
surfactant. However, it was clear than as pH increased from 8 to 11
the various amines were deprotonated. So, two opposite phenom-
ena occur as pH increases. On one hand, the surfactant becomes
less cationic, on the other, the silica precursors more anionic.
Therefore, it seems reasonable that for polyamine surfactants pH
can be conveniently used as a simple and systematic way to
control the interaction between the surfactant and the silica
precursors, allowing for the suitable synthesis of hierarchical
silica materials, without the need of hard templates, or the
combined use of costly surfactants. One should notice that within
the pH range used for this study (fairly typical for the synthesis of
mesoporous silica), the interaction between the surfactant and the
silica is adequate to form the so-called surfactant-templated
mesoporosity, which is very similar in all the samples prepared.
However, the pH control over the interaction between the
surfactant and the silica precursors allows for the fine tuning of
the kinetics of the silica formation and therefore the development
of interparticle porosity.
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Fig. 4. TEM (I) and SEM (II) micrographs of bimodal mesoporous carbon after silica removal (a) and its corresponding BSN5 template (b). The inset in Fig. (aI) shows a TEM

image of mesoporous carbon obtained a higher magnification.
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Finally, the TGA curves of the BSN3 sample during and after
calcination are shown in Fig. 6, with their corresponding DTG in
an inset. During calcination, the BSN3 sample shows three
distinctive weight losses. The first weight loss, which represents
around 4 wt%, corresponds to the thermodesorption of physically
adsorbed water (drying). This process nears completion at ca.
150 1C. Following, surfactant decomposition takes place between
150 and 350 1C, which accounts for a 32 wt% weight loss.
Afterwards, several processes that include: residual surfactant
decomposition, the combustion of the remaining organic
compounds and silanol condensation take place in the third
weight loss stage (in 350–540 1C range), which contributes with
around 11 wt% weight loss. Moreover, by comparing TGA curves of
both BSN3 before and after of calcination step (full and open
symbols, respectively) it can be concluded that the calcination
conditions herein employed (isothermal treatment at 550 1C)
completely remove all templates from silica networks. In all cases,
the TGA indicated complete removal of the tallow tetramine
surfactant after calcination. Similar results have been reported for
surfactant-assisted synthesis of mesoporous silica materials, i.e.
MCM-41 type silica materials, where effectively, surfactant acts as
template being responsible of the mesoporosity of the material
[15,57,58]. Under the conditions described for these experiments,
no coke deposition on the surface of any of the sample was
observed; on the contrary all the silica materials were white after
calcination.

The combination of templated mesoporosity and interparticle
meso/macroporosity in these materials is expected to increase the
accessibility of bulky molecules to the interior of these very open
structures, which could have very interesting potential applica-
tions in catalysis or as hard templates.
3.2. Mesoporous carbons as replica of silica materials

As discussed in the previous section, the optimal pH to obtain
bimodal silica networks with good porous properties was found to
be in the 9.5–10 range. As an example, BSN5 has been used as hard
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Fig. 6. Representative TGA curves for as-synthesized BSN3 before and after

calcinations under nitrogen atmosphere (scan rate 10 K min�1). The corresponding

DTG curve before calcination step is shown in the inset.

Fig. 5. Selected XRD patterns of mesoporous carbon after silica removal and its

corresponding BSN5 template.
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template for the preparation of bimodal mesoporous carbon using
the nanocasting technique described elsewhere to produce
carbonaceous replicas of mesoporous materials [40,41,43,51].

Fig. 3(a) shows the nitrogen adsorption/desorption isotherms
of both the BSN5 sample (silica template) and its corresponding
carbon replica, prepared as described before and after silica
removal by HF treatment (BCN). As shown in Fig. 3(a), both
materials show type IV isotherms, as expected for these
mesoporous materials, but the one of the BCN material shows a
hysteresis loop at slightly higher relative pressures than those
corresponding with its BSN5 template. The corresponding pore
size distribution and textural parameters of these two materials
are shown in Fig. 3(b) and Table 2, respectively. By comparing
both BSN5 with its carbon replica, it is clear that both show nearly
identical pore size distributions with intraparticle mesopores of
around 3.4 nm and interparticle large mesopores of around 40 nm
which confirms the suitability of the technique herein described
to accurately replicate intricate mesoporous structures. Further-
more, the textural parameters of BCN indicates large BET areas
(1190–1300 m2 g�1) and high pore volumes (Z2 cm3 g�1), as
evidenced by their isotherms. As observed for other carbon
replicas, BCN shows a higher pore volume than the BSN template,
as expected due to the lower density of carbon compared to silica
and the thin carbon.

The suitability of the nanocasting process used to replicate the
silica structure with carbon was confirmed by XRD analysis
(Fig. 5). The XRD patterns of the carbon replica shows a broad
diffraction peak centred at around 2y ¼ 1.451 that corresponds to
a pore-to-pore distance of 11.6 nm, which is slightly lower than
that corresponding to the silica template (12.5 nm). Thus the pore-
to-pore distance of the inverse replica is only 7% smaller than that
of the template. Similar results have been reported for carbon
replicas obtained using sucrose or PAN as carbon sources but in
that case, the carbons were highly ordered [58–60]. Both
techniques, nitrogen adsorption at 77 K and X-ray diffraction
confirm that the internal porous structure of the silica was
properly replicated during the nanocasting process. The values
obtained for the various samples prepared under identical
conditions are shown in Table 2 (as a range) indicating the good
reproducibility of the procedure herein described.

Fig. 4 (aI) shows a representative TEM micrograph of the BCN
sample. Mesoporous carbons retain the morphology of the silica
templates, as can be clearly seen by comparing both Fig. 4(aI) with
(bI). It should be noted that the small mesopores of carbon replica
are less discernible than those corresponding to its silica template,
which is likely due to the lower electron density of carbon,
producing less contrast in the TEM micrographs. The SEM
micrographs of both the BSN template and the carbon replica
(part II of Fig. 4) show an aggregate morphology consisting of an
open and irregular structure formed by nanosized particles, being
the materials highly homogeneous.

Finally, it should be noted that the carbon fraction in the
carbon-silica template composite before silica template removal,
determined by weight difference before and after silica removal,
has been estimated to be in 25–38 wt% range, being the yield of
the overall process around 18–25% (i.e. an average of 0.22 g of
carbon per silica gram). The obtained results point out that
bimodal mesoporous carbons with high BET areas and high pore
volumes can be successfully obtained by applying the methodol-
ogy herein described.
4. Conclusions

A bimodal silica material (BSN) has been prepared using an
alkyl polyamine surfactant and TEOS as a silica precursor at room
temperature in a one-pot synthesis. The textural properties of the
silica were control by adjusting the interaction between
the polyamine surfactant and the silica precursors simply by the
controlling of the pH. This is a very simple cost-effective way to
develop additional interparticle porosity by controlling the
kinetics of the nucleation and growth of the silica. As pH increases
(from 8 to 11) the polyamines get deprotonated increasing the
neutral character of the surfactant whereas the silicate species get
more negatively charged. On the contrary, as the pH decreases, the
polyamines get protonated increasing the cationic character of
the surfactant but there are less anionic silicate species. Therefore,
we found that there is an optimum around pH ¼ 10, where the
interaction between the surfactant and the silicate species favours
the precipitation of small interconnected silica particles that form
a large interparticle pore volume, ca. 1.5 cm3 g�1. However, this
interaction, within the pH range studied, is sufficient to produce
the so-called surfactant-templated mesoporosity, with narrow
pore size distribution, a good pore size (ca. 3.0 nm) and pore
volume (0.6 cm3 g�1). The use of alkyl polyamine surfactants,
which are commercially available and inexpensive, is a good
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alternative to cationic surfactants, like quaternary amines, where
the interaction between the surfactant and the silicate species
cannot be controlled by the tuning the cationic/neutral character
of the surfactant. Finally, bimodal silica materials prepared were
used as a hard template for the synthesis of carbon replica by
carbonization of sucrose. The carbon replica shows similar XRD
pattern, gas adsorption isotherm, and morphology to the ones of
the silica template, which confirms the suitability of the method
proposed for the synthesis of bimodal mesoporous carbon by
nanocasting.
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