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Abstract Crossed-discs of mesoporous silica SBA-15
were synthesized by using tetramethylorthosilicate (TMOS)
as silica source in the presence of Sn>" cations. The silica
crossed-discs were characterized by small-angle X-ray
scattering (SAXS), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and nitrogen
adsorption. All the results show that the materials have
hexagonally ordered channels running parallel to the
thickness of the discs. The effects of the reaction conditions
on the morphology of the materials were discussed. The
SBA-15 crossed-discs were used as hard templatesto obtain
their carbon replicas.

Introduction

Mesoporous silica materials [1-3] have attracted much
attention due to their potentials in practical applications
such as catalysis, separation, nanoreactors, and sensors. In
1998, mesoporous silica SBA-15 was invented by using
amphiphilic triblock copolymer as the template [4]. SBA-15
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has a hexagonal arrangement of cylindrical channels with
diameters in the range of 2-30 nm, and when compared
with MCM-41, SBA-15 has higher thermal stability, and
relatively thicker silica walls, as well as some intrawall
micropores. Because the morphologies of the mesoporous
silica greatly influence their practical applications, exten-
sive studies have been focused on morphological control of
SBA-15, and the materials with various shapes have been
prepared, such as fibers, ropes, spheres, rods, etc. [4-13].

Bao and coworkers synthesized cuboid-like SBA-15
with the channels running parallel to the short axis by
using excess amount of decane [14]. Sujandi et al. reported
on the amino-functionalized SBA-15 with a platelet mor-
phology using aminopropyltriethoxysilane (APTES), and
the channels were found to be parallel to the thickness of
the platelets [15]. Besides the addition of oil or solvent,
Somorjai’s group reported on the fabrication of hyper-
branched, network-like structure of SBA-15 with the
addition of Cu®" [16]. Recently, SBA-15 silica of platelet
shape and very short mesochannels (150-350 nm) was
synthesized by introducing Zr(IV) ions [17]. Herein, we
report the synthesis of SBA-15 crossed-discs under a static
condition by using tetramethylorthosilicate (TMOS) as
silica source in the presence of Sn**. The hexagonally
packed cylindrical mesopores were found to be parallel to
the thickness of the discs, that is, all the mesoporous
channels of SBA-15 were parallel to short axis of the disc.
Such an orientation results in relatively short length of the
nanoscale channels, which would be favorable for mass
transfer [18]. It would be significant to note that the mor-
phology of the crossed-discs will effectively prevent the
particles from closely stacking in practical applications.
With the use of the SBA-15 crossed-discs as templates, we
also obtained their carbon replicas with both micro- and
mesoporosities.
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Experimental
Materials

Tetramethylorthosilicate (TMOS, A.R.) was purchased
from Wuhan University Silicone New Material Co., China,
and Tetraethylorthosilicate (TEOS, A.R.) from Tianjin
AR.) was purchased from Nanjing Weier Co., China.
SnCl,-2H,0 (A.R.) was purchased from Yunnan Tin Co.,
China. All the materials were used as received without
further purification.

Synthesis

The preparation procedure of the silica crossed-discs was
as follows: 0.67 g EO,,PO;0EO,q (P123) was dissolved in
a solution of 5-mL deionized water and 20 mL of HCI
(2.0 M), followed by addition of 0.09 g SnCl,-2H,0. After
1 h stirring, 1.03 g TMOS was added to the solution. The
final molar ratio of the reactants was P123:HC1:H,O:SnCl,-
2H,0:TMOS = 0.017:5.91:194:0.059:1. The mixture was
stirred for 15 s, kept under static conditions at 38 °C for
24 h, and transferred into a Teflon bottle at 80 °C for
another 24 h. The solid product was collected by filtration,
washed with deionized water, dried in air, and calcined at
550 °C for 5 h to remove the template. The SBA-15 cross-
discs were used as templates to prepare mesoporous carbon
as per the following procedure: 0.1 g of calcined SBA-15
product was added to a solution containing 0.1 g sucrose,
0.02 g H,SO,, and 5 g H,O. The mixture was evacuated
for 6 h at 100 °C and subsequently at 150 °C for 6 h. This
treatment was repeated twice. The carbonization was
completed by heating the specimen to 900 °C for 2 h under
N, environment. Finally, the template silica wall was
removed with HF solution [19].

Characterizations

Small-angle X-ray scattering (SAXS) experiments were
performed on a Bruker Nanostar small angle X-ray scat-
tering system. The plot of intensity versus scattering wave
vector was produced by circularly averaging two-dimen-
sional scattering patterns. N, adsorption measurements
were performed at 77 K using a Quantachrome NOVA
2000e analyzer and a Tristar 3000 sorption analyzers.
Before measurements, the sample was outgassed at 473 K
for 4 h. The specific surface area was calculated by Multi-
BET (Brunauer, Emmett and Teller) in the range of relative
pressure 0.1-0.3. The pore size distribution (PSD) was
calculated by Barret-Joyner—Halenda (BJH) method from
adsorption branch. Scanning electron microscopy (SEM)
observations were carried out on a Shimadzu SS-550

@ Springer

scanning electron microscope. Transmission electron
microscopy (TEM) observations were carried out on a
Philips Tecnai F20 transmission electron microscope
working at 200 kV. XPS spectra were obtained with a
Kratos Axis Ultra DLD instrument.

Results and discussion

The representative (SEM) images of the calcined product
are shown in Fig. 1, where single-crystal-like particles with
disc-like morphology can be seen. The size of the discs is
around 3-4 pm in diameter and the thickness is about 200—
350 nm, indicating a high aspect ratio of the discs. A dis-
tinct feature of the morphology is that most of the discs
grow in pairs and crosswise, which would effectively pre-
vent the particles from closely stacking. Disk-shaped ZnO
complex microstructures has been reported recently [20].
From the TEM images (Fig. 1c, d), crossed-discs can be
found, and under higher magnification, it can be clearly
seen that well hexagonally ordered nanochannels are par-
allel to the thickness of the disc examined; thus, the indi-
vidual SBA-15 discs can be regarded as single-domain
particles. Figure 2a displays the SAXS pattern of the
product. Three distinguished diffraction peaks at d spacings
of 11.93, 6.79, and 5.85 nm are observed, corresponding to
the (100), (110), and (200) diffractions, respectively, indi-
cating a well-ordered two-dimensional hexagonal meso-
structure. Figure 2b is the nitrogen adsorption—desorption
isotherm, showing a type IV isotherm with H1-type hys-
teresis loop. The Brunauer—-Emmett-Teller (BET) surface
area of the product is 741 m* g~', with a pore volume of
0.76 cm® g~' and a narrow PSD centered at 9.9 nm cal-
culated from the adsorption branch based on the BJH model
(Fig. 2b, inset).

The morphologies of SBA-15 can be controlled by
several factors, including temperature, hydrolysis, and
condensation rate of silica sources, inorganic salts, the
shearing force, as well as the complex interplay of these
factors, according to the colloidal phase separation mech-
anism (CPSM) proposed by Yu et al. [21]. In this study, if
TEOS was used as silica source instead of TMOS, then
particles with diameters about 500 nm were obtained
(Fig. 3a). The induction time for the formation of white
precipitation was much longer than that taken when using
TMOS, due to the relatively lower hydrolysis rate of the
TEOS. When increasing the temperature to 45 °C, the
induction time for the formation of white precipitation was
shortened, and crossed-discs morphology of SBA-15
(Fig. 3b) could also be obtained. Therefore, the hydrolysis
and condensation rate of the silica precursors would effi-
ciently affect the morphology of the SBA-15 in our syn-
thesis system. The hydrolysis and condensation rate of the
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Fig. 1 Low magnification SEM (a, b) and TEM (c¢) images of the SBA-15 crossed-discs. d Higher magnification TEM image showing
hexagonal arrangement the mesopores along the short axis of a disc-like particle

Fig. 2 a SAXS pattern of the
sample and b the corresponding
nitrogen adsorption—desorption
isotherm and pore size
distribution by BJH method
(inset)

silica precursors would affect the rate of cooperative
assembly of the silica and surfactant, which leads to the
change of the morphology. In our experiments, SBA-15
crossed-discs with diameter 3—4 pm and thickness of 200—
350 nm were already formed after 3 h of reaction (Fig. 3c).

Intensity (a.u.)

100

(@)
d ,=11.93 nm
d,,=6.79nm

d,,=5.85nm

110 200

\/\Lx 5

0.05

0.10 0.15 0.20

q(nm-)

0.25

Volume (cc/g)

700 ”
L " b
i (b)
600 £
D o2 -
L8 i /._."/',,.4
500 F o [\ £r
E 0.1 . / /
F > [ ]
o J \ [] /
400 00 \._'7 ]
0 2 30 w pJ
300 Diameter (nm)'r'_':'_-g,.-o
wiiad
L ..—-l"
200} ,..»"”M
[
100 L 1 L 1 L 1 L 1 L
0.0 0.2 0.4 0.6 0.8 1.0
p/P,

All the samples prepared at temperatures of 38 °C, 60 °C,
100 °C, and 130 °C, respectively, were composed of 100%
crossed-discs-like particles (Fig. 4), indicating that the
aging temperature did not affect much the morphologies of
the product. A parallel synthesis was also performed under
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Fig. 3 SEM images of the as-synthesized products a prepared using TEOS at 38 °C, and b at 45 °C, ¢ sample reacted for 3 h using TMOS at

38 °C, and d prepared under stirring during the reaction

stirring from the initial stage, and the morphology of the
product became aggregated irregular particles (Fig. 3d).

If the synthesis was performed without the addition of
Sn**, then hexagonal platelike SBA-15 particles were
obtained, with the size of 2 um in diameter and the
thickness of about 800 nm (Fig. 5a), indicating a relatively
low aspect ratio compared with the crossed-discs when
synthesized in the presence of Sn>*. These particles were
severely aggregated, and some of them also grew in pairs,
as indicated by the arrows in Fig. 5a. This indicates that the
presence of Sn*" is not necessary to induce the cross-
growth of the SBA-15 particles. However, Sn*" could be
responsible for the formation of SBA-15 crossed-discs with
relatively high aspect ratio under the quiescent condition at
38 °C and with TMOS as the silica source. The concen-
tration of Sn>" cations is also important. SBA-15 crossed-
discs were obtained with the Sn/Si ratio between 1:50 and
3:50 (Fig. 5b, ¢). However, when Sn/Si ratio was increased
to 5:50, only SBA-15 granules formed (Fig. 5d), probably
because of the higher ionic strength which could affect the
condensation rate of silica source in the solution. It has
been reported that Sn** can be incorporated in the silica
framework to form Sn-SBA-15 [22]. In this study, incor-
poration of Sn into the silica wall was difficult due to the
addition of Sn®*. The Sn-free silica wall was proved by
XPS characterization of the sample (Fig. 6).

@ Springer

In order to study how these crossed particles grow from
the solution, we performed time-dependent synthesis under
the quiescent condition at 38 °C and with TMOS as silica
source. A series of products obtained at different reaction
times were examined by TEM. After 12 min of the reac-
tion, milky-white solution appeared. The products, being
too small to be filtered at this stage, were recovered by
centrifugation. With cryo-TEM experiments of the SBA-15
synthesis solution as reported in some previous reports,
thread-like micelles and hexagonally arranged micellar
bundles have been detected [23]. From our own TEM
image, bundles of micelle rods with short-range order were
also observed, which coalesce together with different ori-
entations (Fig. 7a). After 40 min of reaction, small crossed
particles were detected (Fig. 7c, d). This implies that the
crossed growth of the particles may originate from the
nucleation stage.

According to Somorjai and coworkers [16], in the
presence of metal cations, the synthesis pathway of SBA-
15 could be N°[((M™" + HH]X ]I, where M™" represents
the metal ions, which would have chelating interactions
with the PEO chain of the PEO-PPO-PEO (P123) triblock
copolymers. This additional chelating interaction would
induce morphological change to the final SBA-15 products.
From this point of view, it would be expected that in the
presence of other metal cations, similar morphologies may
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Fig. 4 SEM images of SBA-15 samples prepared under static condition at a 38 °C, b 60 °C, ¢ 100 °C, d 130 °C
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Fig. 5 SEM images of the as-synthesized products applied the Sn/Si radios of a 0:50, b 1:50, ¢ 2:50, and d 5:50. The arrows indicate the cross-
grown particles
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Fig. 6 XPS spectrum of the calcined SBA-15, and no signal of Sn
can be detected

be obtained. In our experiments, when Mn>* or Cu®" ions
was used in the synthesis, disc-like SBA-15 particles were
obtained. However, their morphologies were neither regu-
lar nor uniform (Fig. 8). This proves that some type of
specific interaction between metal cations and the
copolymer also plays an important role in controlling the

Acky Pobe Wil w0 et
1506 30« 2000 % 50

disc-like morphology of the product, although this inter-
action is not fully understood at this moment.

When the SBA-15 crossed-discs were used as hard
templates, their carbon replicas were obtained (Fig. 9)
according to the previously established method first
developed by Ryoo and coworkers [19]. Figure 10 shows
the nitrogen adsorption—desorption isotherm and PSD plots
of the carbon discs. These monodispersed micro-meso-
porous carbon crossed-discs have a pore volume of 0.80
em® g~', micropore area of 423 m* g~', and total BET
surface area of 1043 m” g~ '. These carbon discs are
expected to be useful in applications such as adsorbents,
catalyst supports, electrode materials, and hydrogen
storage.

Conclusion

In summary, we successfully synthesized mesoporous sil-
ica SBA-15 crossed-discs with short channels (200-
350 nm in length) running parallel to the thickness of the
discs. Based on the SEM and TEM observations, it is
proposed that the cross-growth of the discs may start from
the nucleation stage of SBA-15, and the presence of Sn*"

feeV Sfwbe  Mag WD Det
1506V 20 50 16 SE

Fig. 8 SEM images of products prepared with addition of a Cu>" and b Mn*" cations
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Fig. 9 a SEM image of the carbon crossed-discs, b the corresponding TEM image along the direction perpendicular to the disc surface

Fig. 10 The nitrogen 0.06
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gives rise to a high aspect ratio of the crossed-discs. Carbon
replicas were obtained using the SBA-15 crossed-discs as

hard templates.
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