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Abstract

The ordered mesoporous silica SBA-15 materials were synthesized using Pluronic P123 (non-ionic triblock copolymer, EO20PO70O20), under

acidic conditions. SBA-15/carbon cryogel composites were obtained by sol–gel polycondensation of resorcinol and formaldehyde followed by

freeze drying, and subsequent pyrolysis, in the presence of different amounts of SBA-15. For comparison purpose, SBA-15/carbon composite was

also prepared using sucrose as carbon source. These materials were characterized by room temperature nitrogen adsorption–desorption

measurement, X-ray diffraction, scanning electron microscopy (SEM) and Fourier transform infrared (FT-IR) spectroscopy. It was revealed

that the samples have amorphous structure, high specific surface area (350–520 m2 g�1) and developed meso- as well as microporosity. The

porosity of structure depends on the carbon source and Si/C ratio which can be easily controlled by varying concentration of starting solution.
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1. Introduction

As soon as the mesoporous siliceous materials were

synthesized [1–5], there has been an increasing interest in

the tailoring of these materials for potential applications in

separation and adsorption processes, catalysis, etc. One of the

most studied mesoporous siliceous materials is SBA-15 (Santa

Barbara No. 15), which can be synthesized in large quantities

from tetraethyl orthosilicate (TEOS) in the presence of

amphiphilic poly (alkylene oxide)-type triblock copolymers

[6,7]. This amorphous material has a highly ordered

mesoporous structure consisting of hexagonal nanochannels

with diameter varying from 5 to 30 nm [8,9]. The pore size and

the thickness of silica walls can be adjusted by varying the

heating temperature and time of the reaction solution.

Comprehensive studies on the SBA-15 structure have revealed

certain amount of micropores, which connect neighboring

mesopores (channels) [8–11].
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Recent studies have showed that besides porosity, surface

functionality strongly affects the properties and therefore

efficiency of this kind of materials. It is especially true when it

comes to applications of material as drug and gene carrier [12–

15], for enzyme loading [16] and detection and adsorption of

metal ions in living systems [17]. Despite such unique

microstructure, the application of SBA-15 has some limitations

due to low electronic conductivity and difficulty to incorporate

functional groups on the surface of material. It is believed that

these difficulties can be overcome by addition of carbon which

possesses high electronic conductivity and a large amount of

oxygen functional groups on the surface.

The composite of SBA-15 and porous carbon is a new class

of material which possesses properties of both silica and

carbon. Porous carbon materials have high electronic con-

ductivity and high surface functionality whereas SBA-15 has

well defined pore arrangement. These materials are also

suitable for applications such as electromagnetic interference

shielding or electromagnetic wave absorbing materials [18]. In

addition, porous SBA-15/carbon composites are stable at high

temperatures which make them suitable material for heat

insulators, adsorbents or catalyst support.
d.
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Table 1

Synthesis conditions of SBA-15/carbon cryogel composites.

Sample Weight of Si (g) Weight of carbon (g)

Si80C 0.2 0.8 4.0

Si80C 0.5 2.0 4.0

Si80C 0.75 3.0 4.0

Si100C 0.2 0.8 4.0

Si100C 0.5 2.0 4.0

Si100C 1 4.0 4.0
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Although a number of studies describe synthesis of

mesoporous carbon-based materials using mesoporous silica

as a template, the literature data about silica/carbon composites

are still rare [18–25].

In this paper we have presented a completely new method

for preparation of SBA-15/carbon cryogel composite. Carbon

cryogel as a special class of porous carbon materials [26–30]

was used as a source of carbon, for the first time. The carbon

cryogel was obtained by sol–gel polycondensation of resorcinol

and formaldehyde, followed by freeze drying, and subsequent

pyrolysis. The results show that the advantage of using carbon

cryogel is controllable, high specific surface area of obtained

SBA-15/carbon composites.

New composite materials were characterized by XRD, SEM

method and room temperature nitrogen adsorption. Special

attention was dedicated to investigation of the specific surface

and porosity of obtained samples, determined by BET method.

2. Experimental

2.1. Synthesis of SBA-15 samples

SBA-15 samples were synthesized first according to

standard procedures [4,31], using Pluronic P123 (non-ionic

triblock copolymer, EO20PO70O20, BASF) as a surfactant and

tetraethoxysilane (TEOS, 98%) as a source of silica. A 4 g

sample of Pluronic P123 was dissolved in 30 ml of distilled

water and 120 g of 2 M HCl solution and stirred for 1.5 h at

35 8C. The 8.5 g of TEOS was added dropwise into the solution

and vigorously stirred at the same temperature for 1.5 h. This

was followed by prolonged stirring and subsequent aging.

Bearing in mind that the structure and surface properties of

SBA-15 depend on time and temperature of aging [4] it is

expected that the properties of SBA-15/carbon composite will

be affected by these parameters as well. Therefore two different

aging procedures were applied. According to the first one,

which was proposed by Zhao et al. [4], the mixture was stirred

at 35 8C for 20 h, and aged at 80 8C for 48 h (samples SBA-15/

80). According to the second procedure [32], mixture was

stirred at 35 8C for 22 h and aged at 100 8C for 24 h (samples

SBA-15/100).

The final products obtained by both methods were filtered,

washed with 600 ml of distilled water and dried at room

temperature. Calcination was carried out in air by slowly

increasing the temperature from room temperature to 500 8C.

The heating rate was 1 8C/min. The holding time of 6 h was

applied to decompose triblock copolymer.

2.2. Preparation of SBA-15/carbon cryogel composites

In the present work, resorcinol-formaldehyde  (RF) gels

with previously prepared SBA-15 were synthesized by

polycondensation of resorcinol, (C6H4(OH)2) (R), with

formaldehyde, (HCHO) (F), according to the method proposed

by Pekala [26]. Sodium carbonate (Na2CO3) (C), was used as a

basic catalyst. RF solutions were prepared from resorcinol,

99% purity (E. Merck) and formaldehyde, 36% methanol
stabilized (Fluka Chemie), sodium carbonate, p.a. quality (E.

Merck), and distilled and deionized water (W). In all samples

concentration of the starting solution was 20 wt.% and R/C

ratio was 100.

Different amounts of SBA-15 were added in RF solutions.

The volume of RF solution was calculated in order to yield 4 g

of carbon. The synthesis conditions are listed in Table 1. The

sample notation gives information about source of carbon,

SBA-15 aging temperature and Si/C ratio in the sample. For

instance: Si80C 0.2, means that SBA-15 was aged at 80 8C,

source of carbon was carbon cryogel (C) and Si/C ratio was 0.2.

Suspensions were decanted in glass tubes (inner diame-

ter = 10 mm) and sealed. In order to cause gelation, the tubes

were placed 2 days at 25 8C, 1 day at 50 8C and finally 4 days at

85 8C.

RF cryogels with SBA-15 were prepared by freeze drying

according to the procedure of Tamon et al. [27–30]. RF gels

were immersed in a 10-times volume of t-butanol, p.a.

quality (Centrohem-Beograd), for more than one day and

rinsed to displace the liquid contained in the gels with t-

butanol. The rinsing with t-butanol was repeated twice. The

samples were prepared by freeze drying using Modulyo

Freeze Dryer System Edwards, England, consisting of freeze

dryer unit at High Vacuum Pump E 2 M 8 Edwards. Each

sample was pre-frozen at �30 8C for 24 h. The frozen

samples were dried in the acrylic chambers with shelves

arrangements mounted directly on the top of the condenser of

Freeze Dryer. The vacuum during 20 h long freeze drying

was around 4 mbar.

SBA-15/carbon cryogel composites were prepared by

carbonization of the samples in a conventional furnace, at

800 8C in nitrogen flow. After pyrolysis, the furnace was cooled

to room temperature.

For the comparison, SBA-15/sucrose composites were

prepared according to procedure from literature [33]. Briefly,

1 g of SBA-15/80 and SBA-15/100 was added to a solution

obtained by dissolving 1.5 g of sucrose (BDH Prolabo) and

0.19 g of H2SO4 (p.a., Centrohem) in 5 ml of distilled water.

The mixtures were heated for 6 h at 100 8C and for 6 h at

160 8C. After the addition of 1 g of sucrose, 0.1 g of H2SO4 and

5 ml of distilled water, the samples were treated again for 6 h at

100 8C and for 6 h at 160 8C. SBA-15/sucrose composites were

prepared by carbonization of the samples in a conventional

furnace, at 900 8C in nitrogen flow. After pyrolysis, the furnace

was cooled to room temperature. The Si/C ratio in these

samples was 0.5.
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2.3. Characterization of SBA-15/carbon cryogel

composites

Adsorption and desorption of N2 were measured on SBA-15/

carbon cryogel and SBA-15/sucrose composites at �196 8C
using the gravimetric McBain method. From the obtained

isotherms, the specific surface area, SBET, pore size distribution,

mesopore including external surface area, Smeso, and micropore

volume, Vmic, of the samples were calculated. Pore size

distribution was estimated by applying BJH method [34] to the

desorption branch of isotherms whereas mesopore surface and

micropore volume were estimated using the high-resolution as

plot method [35–37]. Micropore surface, Smic, was calculated

by subtracting Smeso from SBET.

SBA-15/carbon cryogel and SBA-15/sucrose composites

were characterized by recording their powder X-ray diffraction

(XRD) patterns on a Siemens D500 X-ray diffractometer using

Cu Ka radiation with a Ni filter. The 2u angular regions

between 58 and 808 were explored at a scan rate of 18/s with the

angular resolution of 0.028 for all XRD tests.

For the Fourier transform infrared (FT-IR) spectroscopy

analysis, the composites were mixed with KBr powder and

pressed into pellets. FTIR spectra were measured on a Nicollet

380 FT-IR, Thermo Electron Corporation spectrometer in the

spectral range from 400 to 4000 cm�1, at room temperature.

The scanning electron microscopy (SEM) analysis was

carried out on SBA-15/carbon cryogel and SBA-15/sucrose

composites using the JEOL 6300F microscope.

Nitrogen adsorption isotherms on SBA-15/carbon and SBA-

15/sucrose composites correspond to an evaluation of the

nitrogen adsorption efficiency at room temperature.

3. Results and discussion

3.1. Adsorption isotherms – BET experiments

In our previous report [31], we showed that the isotherms for

both SBA-15 samples are of type-IV, according to the IUPAC

classification [38], and with a hysteresis loop associated with

mesoporous materials. The specific surface areas, calculated by
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Fig. 1. Nitrogen adsorption and desorption isotherms, as a function of relative pres

different Si/C ratio and SBA-15 component aged at (a) 80 8C and (b) 100 8C. Sol
the BET equation, SBET, were 710 m2 g�1 for SBA-15/80 and

641 m2 g�1 for SBA-15/100. For the SBA-15/80 sample, the pore

radius varied between 2 and 6 nm while in the case of SBA-15/100

it varied between 2 and 25 nm, which means that the synthesis

procedure at lower temperature (80 8C) gives samples with

smaller pores, narrower pore size distribution and higher specific

surface than those obtained by procedure at higher temperature

(100 8C). The larger pore size in samples aged at higher

temperature is explained to be the result of larger expansion of

copolymer micelles at higher aging temperature [8,39]. These

large micelles are expected to create large pores after calcination.

In addition, it was also observed that the intermicellar attraction

increases with temperature which leads to less dispersed Si

precursor and therefore somewhat smaller specific surface than

that of SBA-15 obtained at lower temperature [40]. Furthermore,

the analysis of experimental data confirms the presence of

micropores in both SBA-15 materials. The ratio of micro to

mesopores is greater in the samples synthesized according to

patent, i.e., aged at 100 8C for 24 h. The micro- to meso-pore ratio

plays an important role especially when it comes to application

such as adsorption of large molecules where the presence of

mesopores is a prerequisite.

Adsorption and desorption isotherms of N2 on the composite

materials at �196 8C as a function of N2 relative pressure are

shown in Fig. 1. The isotherms for SBA-15/carbon cryogel

composites are of type-IV and with a hysteresis loop associated

with mesoporous materials. The considerable adsorption of

nitrogen at low relative pressure indicates a presence of

micropores in the samples. Unlike isotherms of SBA-15/carbon

cryogel composites, the adsorption isotherms of Si80/sucrose

and Si100/sucrose samples are of type I which is typical for

microporous material. The isotherms display a low pressure

hysteresis indicating that adsorbate is retained in micropores.

The retained adsorbate persists after prolonged outgassing and

can only be removed by pumping at elevated temperatures.

These results clearly show that the samples obtained using

sucrose as carbon source contain larger fraction of micropores.

The comparison of Fig. 1a and b indicates that aging

temperature of SBA-15 does not change the shape of isotherms

in any significant way.
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Table 2

Porous properties of starting SBA-15, SBA-15/carbon cryogel and SBA-15/sucrose composite materials.

Sample SBET (m2 g�1) Smeso (m2 g�1) Smicro (m2 g�1) Smeso/Smicro Vmicro (cm3 g�1)

SBA-15/80 710 481 229 2.10 0.110

Si80C 0.2 471 118 353 0.33 0.200

Si80C 0.5 412 109 303 0.36 0.166

Si80C 0.75 431 167 264 0.63 0.126

Si80/sucrose 250 7 243 0.03 0.117

SBA-15/100 641 367 274 1.34 0.130

Si100C 0.2 519 95 424 0.22 0.235

Si100C 0.5 434 159 275 0.58 0.128

Si100C 1.0 350 206 144 1.43 0.064

Si100/sucrose 365 15 350 0.04 0.206
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The specific surface and the pore structure parameters are

listed in Table 2. As expected, the SBA-15/carbon composites

exhibit a lower specific surface than starting SBA-15 materials

due to silica framework shrinkage which occurs during

carbonization. It can also be seen that the overall specific

surface of the composite aged at 80 8C as well 100 8C depends on

Si/C ratio. The decrease in specific surface with increasing Si/C

ratio is considered to be due to the structural shrinkage of the

silica framework during the carbonization of the carbon

precursors. It was reported that carbon precursor undergoes

considerable volume contraction during carbonization which

creates compressive force on silica framework resulting in

shrinkage of the silica structure [41–44]. Therefore it is expected

that the presence of larger fraction of silica (SBA-15) causes

lager shrinkage and thus smaller specific surface of the

composite. Besides the effect of Si/C ratio on specific surface

of the composite there is also effect of aging temperature, i.e.,

synthesis temperature of the silica on the specific surface. It is

interesting to note that although the specific surface of SBA-15

aged at 100 8C is smaller than that of SBA-15 aged at 80 8C the

specific surface of the composites containing SBA-15 aged at

100 8C and with 0.2 and 0.5 Si/C ratio is somewhat larger than

that of composites containing SBA-15 aged at 80 8C. It is

considered that the structural shrinkage which occurs during

carbonization of the SBA-15/carbon composite is slightly

smaller when synthesis temperature of SBA-15 is higher [40].
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Consequently, the specific surface, SBET, of the composites with

SBA-15 aged at 100 8C (Si100C 0.2 and Si100C 0.5) is 20–

50 m2 g�1 larger than that for samples with SBA-15 aged at

80 8C (Si80C 0.2 and Si80C 0.5).

Generally, SBA-15/carbon cryogel samples have larger

specific surfaces than SBA-15/sucrose composites. These results

can be explained by the fact that carbon material obtained by

carbonization of sucrose has smaller specific surface than that of

material obtained by carbonization of cryogel. Therefore the

overall specific surface of SBA-15/sucrose composites is lower

than that of SBA-15/carbon cryogel.

The pore size distributions of the SBA-15/carbon cryogel

and SBA-15/sucrose composite materials are shown in Fig. 2.

All of the composites with carbon cryogel have developed

micro- and mesoporosity with the pore radius below 5 nm. The

Si80/sucrose and Si100/sucrose samples are microporous and

mesoporosity is negligible.

The as plots, obtained using standard nitrogen adsorption

isotherm, are shown in Fig. 3. The straight line in the high as

region gives the mesoporous surface areas, which include the

contribution of the external surface, Smeso, determined by its

slope, while the micropore volume, Vmic, is given by the

intercept. The calculated porosity parameters (Smeso, Smic, Vmic)

are shown in Table 2. Analysis of the experimental data confirms

that in the composites with carbon cryogel a significant part of

specific surface is in mesopores while composites with sucrose as
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source of carbon are mostly microporous. Again, the presence of

mesopores is essential for some applications, therefore the use of

carbon cryogel as a source of carbon is an effective way to expand

the scope of potential application of SBA-15/carbon composites.

With increasing the Si/C ratio in SBA-15/carbon composites

the overall specific surface, SBET, and microporous surface,

Smic, decrease while mesoporous surface, Smeso, increases.

These results are in an agreement with previously made

conclusion that the increase in Si/C ratio leads to an increase in

shrinkage of SiO2 framework during carbonization. Thus, it is

expected that certain number of micropores simply disappears

resulting in a decrease in microporous surface of obtained

composites.

Fairly large microporosity in SBA-15/sucrose samples could

be related to release of gaseous products during the

conversation of sucrose into carbon. In the case of SBA-15/

carbon cryogel composites, the porous network was established

during the gelation process and that network was retained

during the carbonization process.

It can be concluded that variation of synthesis temperature of

SBA-15 as well as variation of Si/C ratio is an effective way to

tailor properties of SBA-15/carbon composite.
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3.2. XRD analysis

Fig. 4 shows the XRD patterns of the SBA-15/carbon

cryogel and SBA-15/sucrose composite materials with different

Si/C ratio and SBA-15 component aged at 80 8C and 100 8C. As

can be seen, the patterns of all samples are quite similar. There

are no well defined peaks, but just two broad humps which are

typical for amorphous material. The larger hump, over the

range from 158 to 318 2u (centered at 22.418 2u) is characteristic

for amorphous silica [45,46] whereas the minor hump, over the

range from 408 to 488 2u (centered at 43.018 2u) is characteristic

for amorphous carbon [47]. The intensity of carbon hump is a

function of the amount of carbon in sample, namely its intensity

increases with decreasing Si/C ratio.

3.3. FT-IR analysis

FT-IR spectra of the SBA-15/carbon cryogel composite

materials with different Si/C ratio and SBA-15 component aged

at 100 8C are shown in Fig. 5. The spectra of the composites

with Si/C ratio 1 and 0.5 exhibit two bands which are typical for

SiO2. The first one, at 800 cm�1, refers to Si–O symmetric
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stretching, whereas the second one, at 1060 cm�1, refers to Si–

O asymmetric stretching [44]. Although the intensity of these

bands decreases with a decrease of amount of SiO2 (Si/C ratio)

and they can be barely seen in sample with Si/C = 0.2, Fig. 5

confirms the presence of SBA-15 in the composites. Unlike

SBA-15 spectra, carbon FT-IR spectra are difficult to obtain.

Job et al. [48] reported that dried RF cryogels pyrolyzed at

800 8C show no absorption peaks. They have found that the

infrared active groups disappear between 400 and 800 8C.

However, it was also reported that the infrared band at about
Fig. 6. SEM images of SBA-15/carbon cryogel and SBA-15/sucrose composite mat

0.2, (b) Si80C 0.5, (c) Si80C 0.75 and (d) Si80/sucrose.
1590 cm�1 appears after long grinding of carbon material [49].

Fig. 5 shows that this band was recorded in all samples.

Although its intensity is fairly low it confirms the presence of

carbon in the composites.

3.4. SEM analysis of SBA-15/carbon cryogel composites

SEM images of SBA-15/carbon cryogel and SBA-15/

sucrose composites are shown in Figs. 6 and 7. Fig. 6 reveals

images of composites obtained by using SBA-15/80 silica while

Fig. 7 shows images of samples obtained by using SBA-15/100

silica. The images show that SBA-15/carbon cryogel composite

samples consist of many peanut-like (SBA-15) domains of

relatively uniform size (�1 mm) which are aggregated into

wheat-like structures surrounded by carbon particles. Similar

structures of SBA-15 were reported in earlier papers [1,12,44].

As can be seen, the amount of graphite particles decreases as

the Si/C ratio increases which implies that RF gel just partially

penetrates into the mesopores of SBA-15. Therefore, the excess

graphite, i.e., the graphite that cannot penetrate into silica

pores, is located on the surface of peanut-like domains. Further

support to this conclusion was found in preliminary,

unpublished, results on chemical treatment of SBA-15/carbon

composite by hydrofluoric acid which selectively dissolves

SBA-15. Big pores, found after the treatment, indicate that RF

gel did not penetrate into the core of SBA-15 domains. It is

believed that polycondensation of resorcinol and formaldehyde

and formation of RF clusters is fast reaction. The large size of
erials with different Si/C ratio and SBA-15 component aged at 80 8C: (a) Si80C



Fig. 7. SEM images of SBA-15/carbon cryogel and SBA-15/sucrose composite materials with different Si/C ratio and SBA-15 component aged at 100 8C: (a) Si100C

0.2, (b) Si100C 0.5, (c) Si100C 1.0 and (d) Si100/sucrose.
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newly formed clusters actually prevents their penetration into

the pores of SBA-15. On the contrary, aqueous solution of

sucrose very easily fills the mesopores and almost all carbon

goes into porous SBA-15. As Fig. 6d shows, there are no visible

particles of carbon on the surface of peanut-like domains when

sucrose was used as carbon source.

The comparison of images given in Figs. 6 and 7 reveals that

the synthesis (aging) temperature of SBA-15 does not change

the microstructure of the composites in any significant way.

Based on the presented SEM micrographs, it is believed that

mechanical treatment of powder composite might change its
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specific surface. It is expected that crushing of wheat-like

structures and reduction in the size of peanut-like (SBA-15)

domains will be an effective way to further increase the specific

surface of the composite.

3.5. Room temperature adsorption of nitrogen

Room temperature adsorption isotherms of nitrogen, as a

function of relative pressure for several SBA-15/carbon cryogel

and SBA-15/sucrose composite materials are shown at Fig. 8.

The quantities of adsorbed nitrogen are in an agreement with
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literature data for the carbon/silica composite synthesized from

MCM-41 and polyfurfuryl alcohol [24]. The isotherms in Fig. 8

show that SBA-15/carbon cryogel composites, obtained from

the different SBA-15 samples, but with very similar porous

properties (Si80C 0.75 and Si100C 0.5) have adsorbed almost

the same quantities of nitrogen at the same relative pressures.

Also, the samples with higher amounts of mesopores are better

adsorbents, i.e., the presence of mesopores increases the

amount of adsorbed nitrogen. For comparison purpose, the

adsorption isotherm for Si80/sucrose sample is presented as

well. It is evident that SBA-15/carbon cryogel samples are as

good as, or even better, adsorbents than Si80/sucrose

composite.

4. Conclusion

The completely new method for preparation of SBA-15/

carbon cryogel composite was presented. Silica/carbon cryogel

composite materials have amorphous structure, high specific

surface area (350–520 m2 g�1) and developed meso- and

microporosity. On the contrary, mesoporosity of silica/sucrose

samples is negligible. The amount of micro- and mesopores in

silica/carbon cryogel composites could be successfully con-

trolled by Si/C ratio. The investigation of room temperature

adsorption of nitrogen showed that the adsorbed quantities are

function of the porous structure of the samples. The SBA-15/

carbon composites are promising material for the application as

adsorbents.
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