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Abstraet

A hvbrid carbondsilicn mesoporous material with unexpected pore size expansion was prepared using divectly carbonized surfac-
tant method, Al the given conditions of treatment, the resultant product had expanded d-spacings (¢ = 1926 nm)and a pore diameter
of up Lo 8.8 nm could be achicved, suggesting a pore diameter expansion of 34% compared with the copventionally caleined meso-
poraus silica in wr, PXED. nitrogen adsorption measurement and TEM investigations show that the mesopoross structire wis pre-
served perfectly after the carbonization treatment. The distinet advantage over conventional expanded pore technigues s than the

treatment did not aflect the hexugonal ordering of the parent silica.

£ 2004 Elsevier [ne. All rights reserved.
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1. Introduction

Because mesoporous materials  possess uniformly
sized mesopores (1L3-10.0nm), high surface areas and
lurge pore volumes, they have extensive potential appli-
cutions us catalyvsts, supports and sdvanced materials. In
particular, mesoporous materials with controllable pore
sizes are very important for industrial catalytic applica-
tions for tailoring substrute selectivity and reactivity,
The precise tuning of pore sizes is among the many
desirable propertizs that have made such materials the
foeus of great interest,

Al present, many methods have been reported for
contralling the periodic unit cell and pore size of meso-
porous materials. Firstly, the researchers in Mobil Cor-
poration [1] found that the pore diameter of MOM-41
molecular sicves was incrcased from 1.8 nm o 3.8 nm
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by increasing the fength ol alkyl groups (n =8, 9, 10,
12,14, 16). Other researchers [3-6] have reported similar
results too. Secondly, the use of organic swelling agents
is an effective way to control pore sizes of mesoporous
materials. Beck et al, (2] reported their pioncering work
that the pore size of mesoporous MOM-41 materials
could be tailored by the addition of 1.3.5-rmethylben-
zene as a swelling agent., Subscquently, alkanes [7.8], tri-
isopropylbenzene [9] and amines [10] were used as
swelling agents. Although the introduction of these
swelling agents had been shown to lead to pore expan-
ston by up to 30%, all of information obtained showed
that the long-range order of the mesoporous structure
was gradually lost. Thirdly. the unit cell of the mesopor-
ous structure was substantially enlarged by the post syn-
thesis hydrothermal treatment under the conditions of
appropriate treatment parameters inowiater, or mother
svnthesis liquors or amine suspensions [11-14]). Huo
et al, [11] found the unit cell of MCM-41 increased
initially with time and then reached a1 maximuwm with o
lattice expansion of approximately 25-35%. When a
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certain upper limit of the pore size was reached, a fur-
ther hydrothermal treatment led to a decrease of prod-
uct guality, As a result, the hydrothermal restructuring
method was a restricted way to synthesise mesoporous
materials with a tailored pore size. Lastly, Hanrahan
et al. [13] recently reported a novel method of tailoring
the pore size of mesoporous silica using supercritical
carbon dioxide. Pore diameters can be up to 10 nm
under reasonably adjusted operation pressures, and the
pore size can be expanded by 34%. The advantage of
the method was that the treatment did not affect the hex-
agonal ordering of the host,

In this paper, we have prepared hvbrid carbon/silica
materials with pore size expunsion using direct carbon-
ization of the structure-dirceting agent. The ordering
of the hybrid product i retained perfectly as that of
the parent SBA-15, The distinet advantages over the tra-
ditional pore-expanding technique are the absence of
pore ordering decrease and complicated procadures.

2. Experimental
2.1, Preparation of samples

Silica 8BA-15 was synthesized according to the pro-
cedure reported by Zhao et al. [16). The triblock copoly-
mers in  the process of preparing  SBA-13,
EQ2yPO#»EO.y,, were dircetly used as carbon precursors.
The as-synthesized SBA-15 was first impregnated with
concentrated sulfuric acid for 12 h and then the obtained
brown sample was put into a tubular oven, The sample
was held at 323K for 2h under N, flow (purity
09.999%), and then heated at 823 K for 4 h to carbonize
the structure-directing agent completely. In the process
of carbonization, the volume of the sample was ex-
panded to some extent. After cooling down to ambient
temperature under nitrogen flow, a black product was
obtained and designated as S153N. In comparison,
S15A was prepared by calcining the as-synthesized
SBA-15 in air to eliminate the surfactant (at 823 K for
4 h). A portion of 513N was caleined in air to climinate
the carbon, and the sample was designated as S15NA,

2.2, Characierization

Powder X-ray dillraction patterns were recorded on a
Philips X'Pert Pro diffractometer using CuKo radiation
of wavelength 4 = 0.15406 nm (40 KV, 40 mA). Diffrac-
tion data for all samples were recorded between 0.2°
and 6.0° (26). Infrared spectra of samples were recorded
on 4 Bruker EQUINOXSS FTIR spectrometer. Powder
samples were dispersed in KBr pellets for IR analysis.
The spectra were acquired in the range between 400
and 4000 cm " at 4 ¢m ' resolution and 32 seans. Nitro-
gen adsorption isotherms were measured at 77 K on a

Micromeritics ASAP 2010 volumetric adsorption ana-
lyzer. Before the measurcments, all powder samples
were outgassed under vacuum for 6 b at 323 K in the
degassing port of the adsorption apparatus, The BET
specific surface arvea [17] was calculated using data in a
rclative pressure range from 0.03 to 0.25 by the Bru-
nauer—-Emmett-Teller (BET) method, The total pore
volume [17] was determined from the amount adsorbed
at a refative pressure of about 0.99. The pore size distri-
bution was caleulated from desorption branches of
nitrogen isotherms using the Barmreti-Joyner—Halenda
(BJH)} model [17]. Transmission electron microscopy
(TEM) images were taken with a JEOL JEM2MOEX
clectron microscope with an accelerating voltage of
100 kY. Weight change curves were recorded under
fiowing oxygen on a Perkin—-Elmer TGA high-resolution
thermogravimetric analyzer.

3. Results and discussion

Fig. 1 shows the Fourier transform infrared (FTIR)
spectra of as-synthesized SBA-13, S15A and SISN.
The presence of an adsorption peak for the C-H bonds
(2900-3000 cm™") in the spectrum of as-synthesizad
SBA-15 indicates the surfactant used as the template ex-
ists in the sample. But the C-H bonds are no longer ob-
served in samples S15A and S15N, indicating the
surlactant in the as-synthesized SBA-15 silica 15 com-
pletely removed or converted into other matter such as
carbon. In general, the bands at 1090cem~' and
800 cm " are assigned to the asymmetric and symmetric
stretching vibrations of the Si~0-58i framework, respec-
tively. The bands at 1090 cm™" and 800 cm ™' for §15N
samples become narrower and weaker than these of
513A. The phenomenon can be observed in mesoporous
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Fig. 1. The FTIR specira of the samples: (u) ag-synthesized SBA-15,
(k) 813A and (¢} SI15MN.
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Fig. 2. Weight change curves under air atmosphere for as-synthesized
SBA-15 and S15N.

silicas by chemically modified organic ligands or sup-
ported metal particles. The possible reason is that the
coating materials such as organosilanes or metal precur-
sors change the infrared activity of the matrix [18,19].
This result indicates that the carbon in SISN possibly
existed in the form of a coating of the mesopores.

From the weight losses between 373 and 1173 K in
the TG profiles of the samples (Fig. 2), the as-synthe-
sized SBA-15 exhibited about 39 wt.% weight loss at
temperatures between 373 and 473 K. This weight loss
can be attributed to the decomposition and desorption
of structure-directing agent. The main weight loss with
15 wt.% for SISN sample centered at 800 K may be re-
lated to the oxidation of carbon resulted from pyrolysis
of the triblock copolymers. This is, about 39 wt.% sur-
factant and 15 wt.% carbon existed in as-synthesized
SBA-15 and SI5N respectively. However, if the as-syn-
thesized SBA-15 was not impregenated with concen-
trated sulfuric acid and calcined directly in Nj, only
8 wt.% carbon in the sample was observed. These results
indicate that it is very crucial to pretreat the as-synthe-
sized mesoporous silica with concentrated sulfuric acid
for obtaining the higher carbon amount in the resulting
hybrid material.

The XRD patterns of the three samples are depicted
in Fig. 3. The as-synthesized SBA-15 shows three clear
diffraction peaks with ¢ =9.88, 5.85 and 5.09 nm (Fig.
3a). These peaks can be indexed to (100), (110) and
(200) reflections associated with Pomm hexagonal sym-
metry. The presence of three diffraction peaks indicates
the as-synthesized SBA-15 has a high degree of hexago-
nal mesoscopic organization. The XRD patterns of
SI5A shows that the P6mm morphology is preserved,
although the first peak appears at slightly larger 260 value
with d(100) = 9.5 nm due to the condensation of silanol
groups of silica wall [16]. Surprisingly, the diffraction
peaks of SISN shift to the lower 20 value. The SI5SN
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Fig. 3. X-ray diffraction patterns of the three samples: (a) as-
synthesized SBA-15, (b) SISA and (¢) SISN.

sample shows four diffraction peaks with lattice spacings
of d=19.6, 9.83, 5.81 and 5.07 nm. The XRD patterns
of SI5SN can be indexed as the Pomm symmetry. Upon
carbonization treatment in nitrogen flow, the main dif-
fraction peak of SI5SN shows expanded d-spacings. In
addition, the above-mentioned observation suggests that
the framework ordering of the mesopore channels in
hybrid carbon/silica material is unchanged.

Fig. 4 presents the nitrogen adsorption—desorption
isotherms of SI5A and SI5N and structural properties
of composites are shown in Table 1. Both of them were
type 1V and their hysteresis loop showed the character-
istics of ordered mesoporous materials with capillary
condensation phenomenon [17]. Interestingly, this
observation clearly reveals that steep capillary conden-
sation step in the isotherm of SI15N shifted to a higher
relative pressure compared with that of the SI5SA sam-
ple. The relative pressure at which the capillary conden-
sation occurs increases significantly from 0.6 to 0.7,
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Fig. 4. Nitrogen adsorption—desorption isotherms and pore-size dis-
tribution curves for two samples: (a) SISA and (b) SISN.
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Takle 1

Structural properties of composites”

HSample 2o d {nm} i (nm) Sper (mlE) [ r,cm'"Fg’J Py (mm) e {1aas)
Si5A (LY7 015 10,57 1.0 5.7 457
SI5N 45 196 2163 0,86 8.7 1393

* 2, main (§ 040} peak position: o, XRD {100} interplanar spacing; o = 201732 Sy the BET specific surface aven: M. primary mesopore
volume; Ppap, the pore diameter caleulated vsing the BIH method: &, the thickness of wall, & =0 — Pygga,

indicating that the value of the pore diameter increases
markedly with the treatment conditions since the PIFy
of the inflection point is related to the pore diameter,
The increase of pore diameter in S15CN agrees well with
the results of XRD, The pore size distribution is calcu-
lated from the desorption branch by the BJH method,
The maximul pore diameters for S15A and 515N are
5.7 and 8.8 nm, respectively (see Fig. 2 inset). Upon car-

banization treatment, the shape of the hysteresis loop of

S15N is identical to that of S15A. This indicates the sur-
factant-derived carbon is present as a coating on the
pore walls rather thun in the form of particles that
would block the pore system of SBA-15.

Ordered channel-having arrays of parallel lines in as-
synthesized SBA-15 and S15N were observed clearly
from TEM images along the direction of the pore
arrangement (see Fig. 3). Any significant buildup of
external carbon phases and associated pore blockage
in S15N could be excluded, which confirmed that car-
bonization treatment did not destroy the mesostructural
regularity of the material and the resultant product kept
the excellent long ordering of the pores. The centers of
adiacent black lines were =10 nm, in good agreement
with the value (8.8 nm) determined from the nitrogen
adsorption measurement. The surface-to-surface dis-
tance {wall thickness) was 10 nm. That the SI5N sample
possessed the thicker wall (shown in Table 1) was the di-
rect evidence of the presence of a carbon coating in the
channels of the mesoporous materials.

The interesting question wus “why was the pore
digmeter expanded in the hybrid curbonfsilica mesopor-
pus material obtained by carbonizing the structure-

o ,
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directing agent?” Studies of the mechanisms of pore size
expansion are in progress, The possible explanations of
these phenomena are present as follows. The lattice con-
traction of the as-synthesized mesoporous silica-based
materials oceurred under the conditions of heating at
higher temperatures in air due to the condensation of sil-
anol groups [20,21]. If the as-synthesized SBA-15 sample
was firstly treated with concentrated sulfuric acid, sur-
Factants in the mesopores would be dehvdrated and cur
honized to partially eross linked materials, as evidenoed
by the brown color of the sample. That is. a small
amount of carbon-like species would be produced and
formed the supporting scaffold of carbon in the mesop-
ores of materiul after this step.

In course of Turther high temperature carbonization
under Na, the existing carbon scaffold possibly pre-
vented the contraction of the silica wall. As a result,
the pore diameter of the hybrid material using the novel
method was larger than the sample caleined directly in
air. If the 515N was calcined in air at 823 K for 4 h
again, the main difftaction peak of the final product
had the same d-spacing as that of the S13A sample
(the XRT} pattern of S15NA 15 identical to that of
S513A in Fig. 3b), These realities suggest that the pres-
ence of carbon has a significant influcnce on the pore
size expansion.

However, questions remain about the form of carbon
and the extent of wall condensation. Compared with the
curbon/SBA-15 compaosites i the process ol prepared
CMEK-5 carbon, the physical properties of 315N were
different. Because the surfactant in the as-synthesized
SBA-15 must first be removed by calcination or solvent

(b}

Fig. 5 TEM images of the samples along the direction of pore arrangement: (0 313N and (h) the as-synthesized SBA-15.
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extraction this operation inevitably led to a decrease of
pore diameter [7]. Subsequently the introduction of car-
bon precursors formed the coating in the inner meso-
poee walls, and the carbon/SBA-13 composites were
achicved aller carbonization, this process would further
deercase the pore dinmeter of carbon/SBA-15 compos-
ites [22]. The method used in this paper was entirely dif-
ferent rom the above-mentioned method. Therefore, a
dillerent result was obtained,

4, Summary

L summary, using a simple method 2 new hybrid car-
bon-silica mesoporous material was prepared. Unlike
using swelling agent processes loss of mesoporous order-
ing was not observed in the carbonfsilicn material by
XRD and TEM anulyscs. Pretreatment of the parcnt
materinl with concentrated sulfuric acid could increase
the carbon amount in the resultant product, Moreover,
the pore size of the carbonized sumple was obviously en-
larged compared with that of sumples calcined directly
in air. From our viewpoint the method for carboniza-
tion treatment could prove more cost effective with re-
spect to the conventional expanding pore methods,
Mesoporous materials with a larger pore diameter in-
creased their potential uses as molecular sieves for the
bulky organic compound separation and catalyst sup-
ports. [t is expected that this novel and simple techmigue
could be suitable for the preparation of other carbon-
containing hybrid mesoporous materials.
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