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Abstract Monodispersed nanoporous silica spherical
particles with the particle size ranges from 0.01 um to
1.5 um were successfully prepared by the Stober method
combined with supramolecular templating approach. The
particles formed from homogeneous solutions containing
tetraethoxysilane,  cetyltrimethylammonium  chloride,
methanol, and aqueous ammonia solution at room tem-
perature. In the present study, methanol/tetraethoxysilane
ratio was the factor to control the particle size. With
increasing the methanol/tetraethoxysilane ratios from 1,125
to 6,000, particle size decreased from 1.5 pm to 0.01 pm.
The calcination of the particles resulted in the spherical
porous silicas with the average pore sizes of around 2.0 nm
irrespective of the particle size. The particle morphology
retained after the calcination.

Introduction

After the discovery of nanoporous silicas prepared by
supramolecular templating approach, there have been so
many reports on the nanostructure, chemical composition,
morphology as well as the applications of the nanoporous
silicas and related surfactant templated materials [1-6].
Since the morphology is a key issue for the certain kind of
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application, the preparation of nanostructured and nano-
porous silicas in such controlled morphologies as films [7,
8], fibers [9, 10], and monoliths [11] has been actively
investigated. Particle morphology from simple ones (plate
[12] and sphere [13-39]) to complex ones (such as spiral
and gyroid) [40—45] of nanoporous silicas has also attracted
much attention.

Among reported particle morphology, spherical particle
of controlled size is one of the most attractive one because
of their possible uses for chromatography, optics and so on
[13, 14]. Accordingly, nanoporous silica spherical particles
have been prepared by utilizing various synthetic ap-
proaches including those based on emulsion chemistry [15]
and using morphology template [16], and spraying [17-22].
The Stober method, which was developed for the prepa-
ration of monodispersed silica spherical particles with
controlled size [46—48], has been successfully applied to
prepare surfactant templated nanoporous silica spherical
particles [23-37]. The nanoporous silica spherical particles
with the particle size from 0.06 um to 2.3 pm with rela-
tively narrow particle size distribution have been obtained
so far. For this kind of synthesis, a wide variety of
experimental parameters such as chemical compositions
and silica precursor are known to affect the particle size
[23, 25, 27-29, 31, 33, 37]. However, it is still difficult to
directly correlate the particle size and an experimental
parameter. In addition, there remain synthetic challenges
toward larger particles, narrower particle size distribution,
controlled pore size and so on. In the present paper, we
report the preparation of surfactant templated nanoporous
silica spherical particles with the particle size from
0.01 pm to 1.5 um and narrow particle size distribution.
The particle size was sequentially controlled by simply
changing the methanol/tetracthoxysilane in the starting
solution.
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Experimental
Materials

Tetraethoxysilane (abbreviated as TEOS) and cetyltrime-
thylammonium chloride (abbreviated as CTAC) were ob-
tained from Tokyo Kasei Kogyo Co., Ltd. and were used
without further purification. Methanol and 28% aqueous
ammonia solution were reagent grade of Kanto Chemical
Co., Inc.

Sample preparation

Synthetic procedures are similar to our reported ones [37].
A typical synthetic procedure is as follows: CTAC
(0.211 g), deionized water (17.7 g), methanol (100 mL),
and 28% aqueous ammonia solution (7.2 g) were mixed in
a sealed vessel and the solution was shaken for 15 s at
room temperature. To which solution was added TEOS
(0.368 mL) and then the mixture was shaken for 3 s. The
mixture was aged at room temperature for 20 h. The molar
ratio of TEOS:CTAC:water:methanol :ammonia was
1:0.4:774:1501:72. The solution became turbid after the
reaction for ca. 10 min, indicating particle formation. After
the aging, products were separated by centrifugation
(25,000 rpm, 20 min). The products were washed with
methanol and were dried at 60 °C for a day. Surfactant
removal was conducted by calcination in air at 550 °C for
10 h at a heating rate of 150 °C h™". In order to investigate
the effects of the chemical composition in the starting
solution on the particle size, amount of the methanol was
varied: molar methanol/TEOS ratios = 300 (metha-
nol = 20 mL), 750, 1,125, 1,500, 1,875, 2,250, 2,625,
3,000, 3,750, 4,500, 5,250, and 6,000 (metha-
nol = 400 mL). In each case, the ammonia concentration
was fixed (I mol L™") by adjusting the amount of the 28%
aqueous ammonia solution (TEOS/water ratios was also
fixed). When the methanol/TEOS ratios were 5,250 and
6,000, the preparation was also conducted by the aging for
120 h.

Characterization

Scanning electron micrographs (SEM) were obtained on a
Hitachi S-2380N scanning electron microscope. Prior to
the measurements, the samples were coated with gold.
Particle size distributions and average particle sizes were
obtained by SEM observation for no less than 200 primary
particles. Field Emission scanning electron micrographs
(FE-SEM) were obtained on a Hitachi S-5200 scanning
electron microscope. Prior to the observation of the cross-
section, the calcined particles were crushed. Transmission
electron micrographs (TEM) were obtained on a JEOL
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JEM-100CX transmission electron microscope. Thermo-
gravimetric-differential thermal analysis (TG-DTA) curves
were recorded on a Rigaku TG-8120 instrument at a
heating rate of 3 °C min~' and using o-alumina as the
standard materials. In the present paper, silica yield means
the atomic ratio of Si in the particles to Si in the added
TEOS. The silica yields were determined from corrected
product weight and the TG-DTA of the as-synthesized
particles by our reported method [37]. X-ray diffraction
(XRD) was performed on a RAD IB diffractometer (Rig-
aku) using monochromatic Cu Ko radiation, operated at
40 kV and 20 mA. The nitrogen adsorption/desorption
isotherms of the particles were measured at —196 °C on a
Belsorp 28SA instrument (Bel Japan Inc.). Prior to the
measurements, the as-synthesized and calcined samples
were dried at 80 and 120°C under vacuum for 3 h,
respectively.

Results and discussion

When the syntheses were conducted at the methanol/TEOS
ratios of 300—4,500, white blocks were obtained after the
centrifugation. The white blocks easily broke up into
powders without any mechanical stress. The product pre-
pared at the methanol/TEOS ratio of 5,250 for 20 h was
transparent monoliths. The monoliths were mechanically
hard if compared with the white blocks. When the meth-
anol/TEOS ratio was 6,000 and aging time was 20 h, the
product was not obtained.

The particle morphology was microscopically examined
using SEM (Fig. 1). Both white blocks and monolith were
composed of small particles (mainly spherical). When the
methanol/TEOS ratio was 300, particles with irregular
morphology including ellipsoidal ones were observed in
addition to the spherical particles in the SEM image shown
in Fig. la. The number of the particles with irregular
morphology decreased as the methanol/TEOS ratios in-
creased. When the methanol/TEOS ratios were 1,125-—
5,250, all the particles were spherical.

The SEM observations indicated that the particle size
was smaller as the methanol/TEOS ratios increased from
1,125 to 3,000, as shown in Fig. 1. The particle size dis-
tributions of the calcined particles are shown in Fig. 2, and
the average particle size, the standard deviation, and the
coefficient of variations (standard deviation/average) are
summarized in Table 1. When the synthesis was conducted
at the methanol/TEOS ratios of 1,125-3,000, the particle
diameter was changed from 1.5 pm to 0.18 pm without
significant change of the particle size distribution. Thus,
particle size was successfully controlled by changing the
methanol/TEOS ratios in the starting solutions. The present
approach resulted in the monodispersed spherical particles



J Mater Sci (2007) 42:5299-5306

5301

Fig. 1 SEM images of

(a—d, g, j) the as-synthesized
and (e, f, h, i, k, 1) the calcined
particles prepared at the
methanol/TEOS ratios of

(a) 300, (b) 750, (¢) 1,125,

(d, e, and f) 1,500, (g, h, and i)
2,250, and (j, k, and 1) 3,000.
Figure (f), (i), and (I) are close
up views of Figure (e), (h),
and (k), respectively
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Fig. 2 Particle size distributions of calcined particles as a function of
the methanol/TEOS ratios

in a wider size range if compared with those achieved in
the reported examples (reaction time; 0.4-1.8 pm [37],
chemical compositions; 0.08-0.8 um [29], 0.06-0.7 pm

[31], 0.5-1 um [33]). The increase of methanol in the
starting solution causes the decrease of the concentration of
TEOS and CTAC, which are though to affect the reaction
probably at the initial stage of precipitation. However, due
to the complexity of the present system, it is difficult to
explain the role of methanol to Si ratio on the particle size
at present.

We have already reported the preparation of mesoporous
silica spherical particles at 3 °C [37]. If compared with the
particle size (1.75 um) of the product obtained in the
previous study (at the methanol/TEOS ratio of 1,500 and at
3 °C), the particle (1.29 pm) prepared from the solution of
the same chemical composition at room temperature was
smaller by 26%, showing that the synthetic temperature is a
factor to control the particle size. Though the effects of the
synthetic temperature are worth further investigating, we
did not go to the problem in more detail in the present
study and focused on the effect of the composition of the
starting solution on the particle size in order to make dis-
cussion simple.

Figure 3 shows the TG-DTA curves of the as-synthe-
sized particles prepared at the methanol/TEOS ratio of
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Table 1 Average particle size,

L Methanol/ Number of Average particle Standard Coefficient of
standard deviation, and . " R L. .
. . TEOS particles diameter/pm deviation/pum variations/%
coefficient of variations of
calcined particles 750 217 1.36 0.12 8.9
1,125 212 1.52 0.09 5.8
1,500 260 1.29 0.06 4.9
1,875 340 1.01 0.08 7.6
2,250 274 0.51 0.10 20.2
2,625 402 0.33 0.05 15.3
Number of particles used for 3,000 400 0.18 0.04 20.0
the particle size distribution
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Fig. 3 TG-DTA curves of the particles prepared at the methanol/
TEOS ratio of 1,500

1,500 as a typical example. The TG curves of the
as-synthesized particles showed weight losses at around
150-650 °C. Since exothermic peaks were observed in the
corresponding DTA curves, as shown in Fig. 3, the reac-
tion was ascribed to the oxidative decomposition of CTA*
[37, 49, 50]. The weight observed at 800 °C indicated the
weight of the silica in the as-synthesized particles. The
CTA"/Si ratios were determined from these values [37].
Figure 4 shows the molar CTA¥/Si ratios of the
as-synthesized particles as a function of the methanol/
TEOS ratios. There is a general tendency toward smaller
CTA" contents as the methanol/TEOS ratios increase.
When the methanol/TEOS ratios were 5,250 and 6,000,
the aging time was prolonged to 120 h. As a result, the
transparent hard monolith, as described before, was ob-
tained though the product was not obtained when the
preparation was conducted at the methanol/TEOS ratio of

@ Springer

Fig. 4 CTA" contents of as-synthesized particles (circle) and BET
surface areas (multiple) of calcined particles prepared by the aging for
20 h as a function of the methanol/TEOS ratios. Those of calcined
particles prepared by the aging for 120 h were square and plus,
respectively

6,000 by the aging for 20 h. The silica yield [37] of the
product prepared with the methanol/TEOS ratio of 1,500
was ca. 100%. Those of the products prepared with the
methanol/TEOS ratios of 5,250 by the aging for 20 h and
120 h was ca. 80% and 100%, respectively. In our separate
study on the particle growth, the particle size increased as
the silica yield was increased. Thus, the particle growth
was slower as MeOH/TEOS ratios in the starting solutions
increased.

Based on the above TG-DTA results, the as synthesized
particles were calcined in air at 550 °C for 10 h in order to
remove surfactant. The particle morphology was retained
even after the surfactant removal, as revealed by the SEM
observations. Figure le, f, h, i, k, and 1 shows the change in
the particle morphology of the product prepared at the
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Fig. 5 TEM (a and b) and FE-
SEM(c and d) images of the
calcined particles prepared at
the methanol/TEOS ratios of (a
and b) 5,250 and (¢ and d) 6,000
for 120 h. Figure (b) and (d) are
close up views of Figure (a) and
(c), respectively

methanol/TEOS ratios of 1,500, 2,250, and 3,000 upon
calcination. The average particle sizes of the as-synthesized
and calcined particles prepared at the methanol/TEOS ratio
of 1,500 were 1.30 (standard deviation = 0.08 pm) and
1.29 um (standard deviation = 0.06 pm), respectively. The
particle size did not change significantly for all the products
prepared in the present study. The particle weight decreased
(ca. 26% (methanol/TEOS = 1,500)) by the calcination due
to the surfactant removal as shown in Fig. 3. On the other
hand, the average particle size did not decrease significantly
(only 1% (methanol/TEOS = 1,500)). These results indi-
cated that the particle density became lower by the calci-
nations. Thus, the formation of nanopore after the surfactant
removal was indicated.

Figure 5 shows the TEM and the FE-SEM images of the
calcined products prepared at the methanol/TEOS ratios of
5,250 and 6,000 by the aging for 120 h. The particle
diameter of these particles was 0.02 um and 0.01 pm,
respectively. The XRD patterns of the calcined particles
are shown in Fig. 6. The XRD patterns showed single and
broad peaks irrespective of the methanol/TEOS ratios,
indicated the disordered mesostructures. The FE-SEM
images of the particle surface and the cross-sectional view
of the broken particles are shown in Fig. 7. The FE-SEM
image shows the isolated spherical pore with regular size.
Pores with the diameter of ca. 2 nm were observed at the
particle surface and the cross-section (Fig. 7b and c)

XRD patterns of the calcined particles prepared at
methanol/TEOS of (a) 300, (b) 1,500, (c) 4,500, and (d)
5,250.

Nitrogen adsorption/desorption isotherms of the parti-
cles prepared at the methanol/TEOS ratios of 1,500, 3,000,

2.8 nm
(a)
3.1 nm
a (b)
=
‘@
5
£ 3.4 nm
()
(d)
9 10

26/°(Cu Ka)

Fig. 6 XRD patterns of the calcined particles prepared at methanol/
TEOS of (a) 300, (b) 1,500, (c) 4,500, and (d) 5,250 (120 h)

and 6,000 after the calcinations are shown in Fig. 8. All the
calcined particles were nanoporous, irrespective of the
particle size. BET [51] surface areas and BJH [52] pore
size are summarized in Table 2. The pore size distributions
were narrow for all the calcined products as shown in
Fig. 9. The pore diameters were around 2 nm, irrespective
of the particle size and were in agreement with the results
of FE-SEM observations (Fig. 7).
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Fig. 7 FE-SEM images of
calcined particles (methanol/
TEOS = 1,500): (a) scarred
particle, (b) close-up view of
the scar and particle surface,
and (c¢) cross-sectional view of a
broken particle (methanol/
TEOS = 1,500). FE-SEM image
(d) was recorded for a calcined
particle prepared at methanol/
TEOS of 3,000
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Fig. 8 Nitrogen adsorption/desorption isotherms of as-synthesized
(square) and calcined (circle) particles. The particles were prepared at
the methanol/TEOS ratios of (a) 1,500, (b) 3,000, and (¢) 6,000
(120 h) (adsorption: filled symbol, desorption: opened symbol)

When the methanol/TEOS of 5,250 and 6,000 (20 h and
120 h), the as-synthesized particles were also porous, as
revealed by the nitrogen adsorption isotherms, as shown in
Fig. 9c. For example, BET surface area of the as-synthe-
sized particles prepared at methanol/TEOS of 6,000 for
120 h, as shown in Fig. 8c, was 320 m> g_l. Since the
particles are small (several ten of nm) as shown in Fig. 5,
nitrogen was probably adsorbed at the inter-particle region.
Sharp peaks at 2 nm were observed for the calcined par-
ticles. The pores with the diameter of 2 nm were made by
the surfactant removal.
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Fig. 9 BJH Pore size distribution of (square) the as-synthesized and
(circle) the calcined particles prepared at the methanol/TEOS ratios of
(a) 1,500, (b) 3,000, and (c¢) 6,000 (120 h)

Particles with narrower size distribution and in a wider
size range may be achieved by optimizing the reaction
conditions. The variation of the pore size is another topic of
interests. Efforts are being made in our laboratory for these
problems and the results will be reported subsequently.

Conclusions

Nanoporous silica spherical particles with the pore size of
2 nm were prepared by the Stober method in the presence
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Table 2 Particle diameter,

L Methanol/TEOS Particle diameter/pum Standard Surface Pore diameter/nm
standard deviation, BET surface L. 2
. deviation/pum area/m” g

area, and pore diameters of the

calcined particles as a function 300 05 B 1.280 1.9

of the methanol/TEOS ratios in ' ’ ’

starting solutions 750 1.36 0.12 1,060 2.0
1,125 1.52 0.09 1,160 2.1
1,500 1.29 0.06 1,130 2.1
1,875 1.01 0.08 900 2.1
2,250 0.51 0.10 1,010 2.0
2,625 0.33 0.05 1,000 1.9
3,000 0.18 0.04 1,030 2
3,750 0.04 - 960 1.9
4,500 0.03 - 990 1.9
5,250 (aging for 20 h) . - 930 1.9
5,250 (aging for 120 h) 0.02 - 980 2.1

Microscopy observation was 6,000 (aging for 120 h)  0.01 - 740 2.0

not conducted

of cetyltrimethylammonium chloride. The particle size was
successfully controlled from 0.01 pm to 1.5 pm by simply
changing the composition of the staring solutions.
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