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Facile synthesis of high quality mesopor ous SBA-15 with enhanced
control of the porous network connectivity and wall thicknesst
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Convenient and commercially viable synthesis conditions
are described, providing efficient and reproducible control of
pore connectivity and pore wall thickness for the synthesis of
high quality SBA-15 mesoporous silica.

SBA-15 is mesoporous silica composed of two-dimensional
hexagonal arrays of channels that typically range from 5-9 nm
in diameter. It is commonly synthesized under strongly acidic
conditions, using poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) triblock copolymer asastructure-directing
agent. Due to its appealing textural properties and high surface
area, and appreciable thermal and hydrothermal stability, SBA-
15 has recently attracted much research attention for potential
applications in catalysis or separation processes (see ref. 2 for
references). However, the precise character of the 1-dimen-
sional channel or 3-dimensional interconnection of the pore
systems has been a matter of debate for the past few years.3-8
With respect to this, recent studies based on inverse platinum
and carbon replication of the siliceous framework have
demonstrated that the large uniform ordered pores of SBA-15
are actually accompanied by smaller disordered pores that
provide connectivity between adjacent large pore chan-
nels.45.9-13 However, direct control of the interconnecting
porosity during synthesis still remains as a challenge in the
study of SBA-15 type materials.12.24 Such control is particularly
desirable for applications involving host—guest interactions or
adsorption and diffusion processes. In addition, there is at
present a significant interest in synthetic methods that would
suppress the network connectivity between the channels of
SBA-15, for the production of ultra-large pore MCM-41
analogues.12.14 Another important aspect of SBA-15 materials
is linked to the commercia requirements for their synthesis.
There isastrong demand for low cost processes, the possibility
of scding-up the batch size, high yields and synthesis
efficiency. Here, we propose a simple synthetic approach
alowing an easy and highly reproducible control of the network
connectivity and wall thickness of SBA-15, by adjusting the
SiO, : P123 ratio and decreasing substantialy the HCI
concentration compared with the original system.® In addition,
the present synthesis conditions, with stirring at decreasing acid
concentration, are suitable for the production of high-quality
SBA-15 materials, irrespective of the synthesis batch size and
the different natures of tetraethyl orthosilicate (TEOS) and
sodium silicate.

All SBA-15 sampleswere prepared in aqueous solution using
EO,0PO70EO,q (Pluronic P123, Aldrich) as a structure-direct-
ing agent. Either sodium silicate (DC Chemical, Korea, 25 wt%
SiO, in aqueous solution, Si : Na = 1.5) or TEOSt (ACROS,
98%) was acceptable as the silica precursor. High-quality
samples were obtained over awide range of SiO, : P123 molar
ratios (r) of 45-75. The HCI concentration could be decreased
toaslow as0.1 M, athough longer reaction timeswere required

T Electronic supplementary information (ESI) available: structural parame-
ters(Table 1) and N, adsorption—desorption isotherms at 77 K and pore size
distributionsfor the SBA-15 sampleswith SO, : P123 = 45,60 and 75. The
pore size was analysed with the adsorption branch using the BJH algorithm.
See http://www.rsc.org/suppdata/cc/b3/b303696k/

1340

CHEM. COMMUN., 2003, 1340-1341

First published as an Advance Article on the web 19th May 2003

at low HCI concentrations, particularly when TEOS was used.
In a typical synthesis batch (r = 60), 3.46 g of P123 was
dissolved in 21.6 g of distilled water and 4.5 g of conc. HCI
(35%). To this mixture, 42.9 g of sodium silicate (5 wt% SiO,
diluted from 25 wt%) was quickly added under stirring at 35 °C.
The mixture was stirred at 35 °C for 24 hours, and subsequently
heated for 24 hours at 100 °C under static conditions. The solid
product was then filtered and dried without washing at 100 °C.
It should be noted that filtration proceeded very rapidly even
with large synthesis batches, compared to that under previous
synthesis conditions. To remove the template, the solid was
slurried in an ethanol-HCI mixture, filtered, dried and then
calcined in an air flow at 550 °C. Inverse platinum replication
was used to identify the degree of pore connectivity according
to the methods utilized previously.5:10.11

The synthesisgiveshighyields of highly ordered mesoporous
silica (close to 100% on the basis of silica recovery). Fig. 1
shows powder X-ray diffraction patterns for representative
samples, synthesized with sodium silicate withr = 45, 60 and
75, respectively. A well-resolved 2-D hexagona phase is
obtained in all cases, with the diffraction peaks being character-
istic of the hexagonal p6mm symmetry. A noticeableincreasein
d-spacing occurs with increasing SiO, : P123 ratio. In addition,
therelative intensity ratio between the first low angle reflection
(100) and the reflections at higher 20 angles increases with
increasing SiO, : P123 ratio while the high degree of order is
retained, suggesting differences in the pore wall thickness to
pore size ratios, and, most likely, an increase of the wall
thickness.’> The N, isotherms are of type IV with an H1
hysteresis |oop and a pronounced capillary condensation step at
high relative pressure, characteristic of high-quality large-pore
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Fig. 1 Powder X-ray diffraction patterns obtained for calcined SBA-15
samples synthesized with sodium silicate (5% in water) and initial SIO; :
P123 = 45, 60 and 75 (Rigaku Multiplex, operated at 2 kW, using Cu Ko
radiation). The XRD pattern of calcined SBA-15 (SO, : P123 = 60)
synthesized in alarge batch indicates no change in sample quality dueto a
batch size increase of 50 times.
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Fig. 2 TEM images of the platinum replicas of SBA-15 synthesized with
different initial SO, : P123 ratios: a) SiO, : P123 = 45, b) 60, ¢) 75, and
d) magnification of the platinum replica for SBA-15 sample with SiO; :
P123 = 75.

SBA-15 mesoporous silica (see Supplementary Informationt).
The pore size distribution is narrow in al cases. Lattice and
textural parameters of the SBA-15 samples are listed in the
Supplementary Information (Table 1)t. It can be seen that pore
size, pore volume and BET specific surface areas decrease with
increasing initial SIO, : P123 ratios. Direct observation of the
isotherms confirms this evolution, with the capillary condensa-
tion step in the mesopores being shifted to lower relative
pressures and a substantial decrease in adsorption capacity with
the increase of SIO, : P123. It is therefore noteworthy that our
synthesis method allows effective, systematic and simple
control of the pore wall thickness of SBA-15.

It is possible to ascertain the nature of the network
connectivity by imaging isolated platinum replicas prepared
inside the pores of the SBA-15 sample5101113 |n the TEM
images (Fig. 2), connections between the main channels of
SBA-15 can be visuadized as bridges between platinum
nanowires. Bridged self-standing platinum networks are ob-
tained at SIO, : P123 = 45, shown in Fig. 2a, implying full
network connectivity of the mesoporous silica. Fig. 2b is
representative of an intermediate situation with some con-
nectivity remaining. In contrast, no network of Pt nanowiresis
seen for the SBA-15 sample synthesized with SiO, : P123 = 75,
as exemplified in Fig. 2c. Only isolated long nanowires or self-
agglomerated separate platinum nanowires are observed (Fig.
2d). This result is similar to the one reported for MCM-41,
which consists of separated continuouswalls,10:16 or to SBA-15
materials synthesized at low ageing temperatures (< 60 °C).13
Such isolated nanowires were also synthesized in SBA-15 by
Han et al., but the exact SBA-15 synthesis temperature was not
specified.1” On the basis of the replication method, we can thus
conclude that high quality SBA-15 with connected pore
channelsisproduced at low SiO, : P123 ratios, whereas SBA-15
exhibiting isolated pores can be generated at higher SiO, : P123
ratios. Furthermore, under our synthesis conditions, it is likely
that the walls of SBA-15 synthesized at high SiO, : P123 ratio
still contain a complementary microporosity (based on high
amounts of N adsorbed at low P/Pg, Supplementary Informa-
tiont). The micropores are, however, not so large as to form Pt
replicas interconnecting adjacent channels.

Previous reaction conditions—411 usually employed high
concentrations of the HCI catalyst, which led to very rapid
precipitation of silica. Detailed structures of the mesophase

were somewhat difficult to control under these conditions dueto
fast reaction, because the mesostructured materials were
obtained by the kinetically controlled competitive assembly of
organic and inorganic species into nanostructured domains. In
addition, under high HCI concentrations, only a narrower range
of SiO, : P123 is acceptable for the synthesis, with a marked
decrease in ordering. The synthesis reactions were generally
carried out under static conditions, in order to slow down the
kinetics. In the present synthesis study, the acid concentration
has been sufficiently lowered, and the reaction mixturewaswell
stirred. We believe that the formation of mesophases can
therefore be governed more thermodynamically as the HCI
concentration decreases. It is then likely that sudden inter-
micellar condensation of silica can be prevented. Higher
amounts of silicate species can be allowed to combine with the
hydrated PEO chainsof P123 at high SiO, : P123 ratios, leading
to a significant decrease in the pore-connecting PEO-PEO
interactions between adjacent micelles, and to pore-wall
thickening. Thus, the SIO, : P123 ratio seems to be the main
factor affecting the degree of pore connectivity under the
present low HCI concentration. Moreover, slowing down the
overall kineticsallowsfacile synthesis of the highly ordered and
tunable materials even in an ultra-large batch (Fig. 1, top).

In conclusion, synthesis conditions for SBA-15 could be
optimised through our insights into the kinetically controlled
competitive assembly of organic and inorganic species. The
present synthesis conditions (low concentrations of the toxic
HCI, low-cost sodium silicate, and thorough mixing of
reactants) are suitable for SBA-15 with an excellent degree of
mesoscopic order, tunable pore wall thickness and pore
connectivity. The cost-effective conditions with the possibility
of facile scaling-up are readily adoptable for large-scale
commercialisation of SBA-15 with tailored structures and
textural properties.

Notes and references

t The synthesis with TEOS uses 3.46 g of P123 dissolved in 62.8 g of
distilled water and 2.0 g of conc. HCI (35%), to which 7.44 g of TEOS is
subsequently quickly added under stirring at 35 °C.

1 D. Zhao, J. Feng, Q. Huo, N. Melosh, G. H. Frederickson, B. F. Chmelka
and G. D. Stucky, Science, 1998, 279, 548.
2 M. Kruk, M. Jaroniec, S. H. Joo and R. Ryoo, J. Phys. Chem. B, 2003,
107, 2205.
3 W. Lukens, Jr., P. Schmidt-Winkel, D. Zhao, J. Feng and G. D. Stucky,
Langmuir, 1999, 15, 5403.
4 M. Kruk, M. Jaroniec, C. H. Ko and R. Ryoo, Chem. Mater ., 2000, 12,
1961.
5 R. Ryoo, C. H. Ko, M. Kruk, V. Antochshuk and M. Jaroniec, J. Phys.
Chem. B, 2000, 104, 11465.
6 M. Imperor-Clerck, P. Davidson and A. Davidson, J. Am. Chem. Soc.,
2000, 12, 898.
7 K. Miyazawa and S. Inagaki, Chem. Commun., 2000, 2121.
8 P. L. Ravikovitch and A. V. Neimark, J. Phys. Chem. B, 2001, 105,
6817.
9 S.Jun, S. H. Joo, R. Ryoo, M. Kruk, M. Jaroniec, Z. Liu, T. Ohsunaand
O. Terasaki, J. Am. Chem. Soc., 2000, 122, 10712.
10 H. J. Shin, C. H. Ko and R. Ryoo, J. Mater. Chem., 2001, 11, 260.
11 Z. Liu, O. Terasaki, T. Ohsuna, K. Hiraga, H. J. Shin and R. Ryoo,
Chem. Phys. Chem., 2001, 229.
12 H. J. shin, R. Ryoo, M. Kruk and M. Jaroniec, Chem. Commun., 2001,
349.
13 A. Galarneau, H. Cambon, F. DiRenzo, R. Ryoo, M. Choi and F. Fajula,
New J. Chem., 2003, 27, 73.
14 J. R. Matos, L. P. Mercuri, M. Kruk and M. Jaroniec, Chem. Mater .,
2001, 13, 1726.
15 J. Sauer, F. Marlow and F. Schiith, Phys. Chem. Chem. Phys., 2002, 3,
5579.
16 Z. Liu, Y. Sakamoto, T. Ohsuna, K. Hiraga, O. Terasaki, C. H. Ko, H.
J. Shin and R. Ryoo, Angew. Chem., Int. Ed., 2000, 39, 3107.
17 Y.-J. Han, J. M. Kim and G. D. Stucky, Chem. Mater., 2000, 12,
2068.

CHEM. COMMUN., 2003, 1340-1341

1341




