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Nanoporous silica spherical particles with narrow particle size distributions (standard deviation: 0.03–0.22) were
synthesized by the Stöber method combined with supramolecular templating approach using tetraethoxysilane and
cetyltrimethylammonium chloride. The reaction was conducted at 276 K to observe particle growth. Particles formed
after the reaction for ca. 0.5 h, as shown by the fact that the solution became turbid. After the reaction for 0.5 h, particles
with an average particle size of 440 nm in diameter were collected by filtration. The particles grew until the silica source
was completely consumed. This took 50 h under the present reaction condition. The average particle size reached to ca.
1.8 mm at this stage. The calcined particles were porous with the surface areas of 380–1060 m2 g�1 and the pore diameter
of 1.6–2.0 nm.

Mesoporous silicas prepared by supramolecular templating
approach have been investigated as adsorbents, catalysts, and
nano-reactors owing to their large surface area, pore size uni-
formity, and possible surface engineering.1–4 The morphology
of mesoporous silicas is an important issue for their practical
applications,5 so that the syntheses of mesoporous silicas in
such morphology as coating films,6,7 self-standing films,8–11

monoliths,12,13 fibers,14,15 hollow spheres,15–25 and dense
spheres26–50 have been reported.

Mesoporous silica spherical particles with controlled size
and size distribution are attractive materials for such uses as
optics and chromatography.50 Accordingly, the preparation of
mesoporous silica spherical particles has been reported so
far26–50 utilizing various synthetic approaches including those
based on emulsion chemistry47 and using morphology tem-
plate.48 The Stöber method, which was developed for the prep-
aration of silica spherical particles with controlled particle
size,51,52 was also employed to prepare surfactant templated
mesoporous silica spherical particles.26–35 The preparation of
the mesoporous silica particles with the particle size of 60–
2300 nm have been reported so far.26–35 However, because
there are many factors, such as chemical composition and syn-
thetic temperature, which affect the particle sizes, the relation-
ships between the synthetic condition and the particle size are
not fully understood. In addition, the particle size of the report-
ed spherical particles26–35 was ca. 2 nm.

So further study on the preparation of nanoporous silica
spherical particles with different size and pore geometry is
worth investigating. In the present study, we prepared surfac-
tant–silica spherical particles at a low temperature (276 K)
in order to follow their growth and to investigate the particle
size and nanostructures of the products.

Experimental

Materials. Tetraethoxysilane (abbreviated as TEOS) and

cetyltrimethylammonium chloride (abbreviated as CTAC) were
obtained from Tokyo Kasei Kogyo Co., Ltd. and were used with-
out further purification. Sodium hydroxide, methanol and 28%
aqueous ammonia solution were obtained from Kanto Chemical
Co., Ltd. and were used without further purification.

Sample Preparation. The reaction was conducted at 276 K
because the hydrolysis of TEOS and the condensation were slow
enough to follow the particle growth. CTAC (0.211 g), deionized
water (17.7 g), methanol (100 mL) and 28% aqueous ammonia so-
lution (7.2 g) were mixed and the solution was shaken for 15 sec at
room temperature and was subsequently aged at 276 K overnight
in a sealed vessel. To which solution was added TEOS (0.368 mL)
and then the mixture was shaken for 3 sec. The mixture was
subsequently aged at 276 K. In this paper, the reaction time means
the aging time after the addition of TEOS. The molar ratio of
TEOS:CTAC:deionized water:methanol:ammonia was 1:0.4:774:
1501:72. After the aging, particles were separated by vacuum fil-
tration using membrane filters (pore diameter: 220 nm; Fuji Photo
Film Co., Ltd.). Because there was precipitate at the bottom of the
vessels after the reaction for ca. 5 h, the precipitate was dispersed
by ultrasonication prior to the vacuum filtration. The filtration was
conducted quickly (1.5–2 min) enough to assume that the increase
of the particle size during the filtration was in the range of exper-
imental error. The particles were washed with methanol and were
dried at 333 K for a day. The as-synthesized samples were named
as ASP (X), where X denotes the reaction time. In order to remove
surfactants, the as-synthesized particles were calcined in air at 823
K for 10 h at a heating rate of 150 K h�1. The calcined samples
were designated as CSP (X). In order to investigate the origin
of nanopores, we prepared particles without using CTAC (reaction
time was 50 h), and these were separated by centrifugation (25000
rpm) at 276 K. The particles after the washing with methanol and
drying at 333 K were calcined in air at 823 K for 10 h at a heating
rate of 150 K h�1.

Characterization. Scanning electron micrographs (SEM)
were obtained on a Hitachi S-2380N scanning electron micro-
scope. Prior to the measurements, the samples were coated with
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gold. Particle size distributions and average particle sizes were
obtained by SEM observation for no less than 50 primary parti-
cles. Thermogravimetric-differential thermal analysis (TG–DTA)
curves were recorded on a Rigaku TG-8120 instrument at a heat-
ing rate of 10 Kmin�1 and using �-alumina as the standard mate-
rial. ASP (5 h) (50 mg) were dissolved in 2.0 M sodium hydroxide
aqueous solution (10 mL), and the remaining chloride ion pres-
ence was checked by the AgNO3 test. CHN analysis was per-
formed on a Perkin Elmer 2400 II instrument. X-ray diffraction
(XRD) was performed on a RAD IB diffractometer (Rigaku) using
monochromatic CuK� radiation, operated at 40 kV and 20 mA.
The nitrogen adsorption/desorption isotherms of the calcined par-
ticles were measured at 77 K on a Belsorp 28SA instrument (Bel
Japan Inc.). Prior to the measurements, the samples were dried at
393 K under vacuum for 3 h.

Results and Discussion

The mixture became homogeneous after the mixing. No pre-
cipitates were collected by the filtration before the reaction for
0.5 h, indicating that particles did not form or formed particles
were smaller than the pore diameter (220 nm) of the membrane
filter. After the reaction for ca. 0.5 h, the solution became tur-

bid. White precipitates were observed at the bottom of vessels
after the reaction for ca. 5 h.

By the filtration, white solids were obtained when the reac-
tion time was longer than 0.5 h. The filtrate obtained when the
reaction time was shorter than 10 h became turbid after stand-
ing at room temperature within a day. Since some silica source
and CTAC remained in the filtrate at these stages, it was
thought that particles formed by the condensation of the re-
maining silica during the standing.

SEM images of ASP (0.5 h), ASP (0.67 h), ASP (1 h), ASP
(5 h), ASP (20 h), and ASP (50 h) are shown in Fig. 1. The as-
synthesized particles possessed spherical shapes irrespective of
the reaction time. The particle grew to be ca. 1.7 mm in diam-
eter after the reaction for 20 h. No further particle enlargement
was observed by the prolonged reaction. The particle size dis-
tributions of ASP (0.5 h), ASP (0.67 h), ASP (1 h), ASP (5 h),
and ASP (50 h) are shown in Figs. 2(a), (b), (d), (e), and (g),
respectively, and the standard deviations and the coefficient of
variations are summarized in Table 1. There is a general ten-
dency toward broader particle size distribution as the reaction
time increased. The SEM images of ASP (20 h) and ASP (50
h) shows the presence of 2–3 mm particles at this stage. These
results are thought to be derived from the heterogeneity of the
reactions. Since the reaction was conducted without stirring, a
part of the formed particles precipitated; the amount of the pre-
cipitate increased as the reaction continued. As a result, het-
erogeneous nucleation and/or coagulation of the formed parti-
cles may occur to give a broader particle size distribution.
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Fig. 1. SEM images of (a) ASP (0.5 h), (b) ASP (0.67 h),
(c) ASP (1 h), (d) ASP (5 h), (e) ASP (20 h), and (f)
ASP (50 h).
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Fig. 2. Particle size distributions of (a) ASP (0.5 h), (b)
APS (0.67 h), (c) CSP (0.67 h), (d) ASP (1 h), (e) ASP
(5 h), (f) CSP (5 h), and (g) ASP (50 h).

Table 1. Average Particle Diameters, Standard Deviations and Coefficient of Variations (Abbreviated as CV)
of ASP (0.5 h), ASP (0.67 h), ASP (1 h), ASP (5 h), and ASP (50 h)

Sample Sample size Average particle diameter/mm Standard deviation/mm CV/%

ASP (0.5 h) 230 0.44 0.026 6.0
ASP (0.67 h) 232 0.70 0.025 3.6
ASP (1 h) 211 1.17 0.072 6.2
ASP (5 h) 205 1.56 0.065 4.2
ASP (50 h) 227 1.75 0.218 12.4
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Figure 3 shows the average particle sizes of the as-synthe-
sized particles as a function of the reaction time. The particles
rapidly grew at the initial stage of the reaction (�2 h) and the
average particle size reached to ca. 1.5 mm when the reaction
time was 2 h. Further gradual enlargement was observed and
the average particle size became ca. 1.8 mm for ASP (20 h)
and ASP (50 h).

In order to discuss the termination of the particle growth and
nanostructures of the products, we determined product yields
(silica base) considering the molar surfactant/Si ratios of the
as-synthesized particles. TG–DTA curves of ASP (5 h) are
shown in Fig. 4 as an example. The AgNO3 test of ASP (5
h) was negative, indicating that the as-synthesized particles
did not contain any chloride anions. Cetyltrimethylammonium
cation (abbreviated as CTAþ)/Si ratios were derived from the
TG curves as follows. The TG curves of the as-synthesized
particles showed the weight losses at around 150–650 �C ac-
companying endothermic peaks in the corresponding DTA
curves ascribable to the oxidative decomposition of CTAþ

and the condensation of the remaining silanol groups in the
silica walls.53,54 The weight losses at around 150–650 �C of
ASP (5 h) shown in Fig. 4 were 31 mass%. The CTAþ content
of ASP (5 h) calculated from CHN analysis (C and N contents
of 22.4 and 1.4 mass%, respectively) was 28.0 mass%. The
molar C/N ratio of the ASP (5 h) determined by the CHN anal-

ysis was 19.2. This value is consistent with the molar C/N
ratio of CTAC (C/N ¼ 19:0), indicating that the presence of
other organics such as ethoxy group from TEOS were negligi-
ble. Since most of the weight losses at around 150–650 �C was
ascribable to the oxidative decomposition of CTAþ (ca. 90%),
the weight loss at 150–650 �C was assumed to be due to the
oxidative decomposition of CTAþ. Therefore, the molar
CTAþ/Si ratios of the as-synthesized particles were deter-
mined as shown in Fig. 5.

The molar CTAþ/Si ratios of the as-synthesized particles
increased with prolonging reaction time to 1.5 h, and reached
a constant value of ca. 0.1 after the reactions for 10 h. This
result showed that the particles grew with a heterogeneity of
the chemical compositions.

The product yields (silica based) thus obtained are shown in
Fig. 3. The yields rapidly increased at the initial stage of the
reaction (�2 h). Further gradual increases of the yields were
observed, and the yield reached to ca. 100% when the reaction
time was 50 h. The average particle size increased with the
increase of the yields until the yields attained to ca. 100%
(the reaction time was 50 h). This result indicated that the par-
ticles grew until the silica source was completely consumed.
Thus, it is suggested that the particle size could be controlled
by the quantity of the silica source in the starting solutions.

The average particle size and the yields continued to in-
crease until the silica source was completely consumed, as
shown in Fig. 3. These results suggested that the particles,
which formed when the reaction time was shorter than 0.5 h,
grew and that the number of particles was unchanged. In other
words, the number of particles that formed when the reaction
time was shorter than 0.5 h determined the particle size.

SEM images of CSP (0.67 h) and CSP (5 h) are shown in
Fig. 6. The particle morphology maintained after the calcina-
tion at 823 K for 10 h. Particle size distributions of CSP
(0.67 h) and CSP (5 h) are shown in Figs. 2(c) and (f), respec-
tively. The particle sizes decreased upon the surfactant remov-
al, as a result of the condensation of the remaining silanol
groups in the silica walls during the calcination. The decrease
ratios of the average particle sizes by the calcination were only
ca. 3% (from 0.70 mm to 0.68 mm) and ca. 4% (from 1.56 mm
to 1.49 mm) for CSP (0.67 h) and CSP (5 h), respectively, so
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Fig. 3. Average particle sizes ( ) and yields (silica base)
(�) as a function of reaction time.
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Fig. 4. TG–DTA curves of ASP (5 h).
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Fig. 5. The molar CTAþ/Si ratios of the as-synthesized
particles.
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that the formation of porous particles could be assumed.
XRD patterns of CSP (0.67 h), CSP (1 h), CSP (2 h), and

CSP (50 h) are shown in Fig. 7. Single peaks were observed
at the lower 2� regions (d ¼ 3 nm) in the XRD patterns of
all the calcined particles, indicating that the particles possessed
ordered structures. The assignments of the diffraction patterns
are not clear at present.

The nitrogen adsorption/desorption isotherms of CSP (0.67
h), CSP (1 h), CSP (2 h), and CSP (50 h) are shown in Fig. 8.
The Brunauer–Emmett–Teller (BET) surface areas55 of CSP
(0.67 h), CSP (1 h), CSP (2 h), and CSP (50 h) were deter-
mined by the isotherms to be 380, 810, 980, and 1060 m2 g�1,
respectively. As the reaction time became longer, greater BET
surface areas were observed. This was consistent with the
results shown in Fig. 5, which shows the increasing CTAþ

contents with the particle growth.
The nitrogen adsorption isotherm of calcined particles pre-

pared without using CTAC was followed type II, indicating
that the particles were nonporous. This result suggested that
the CTAþ played a role as a supramolecular template.

The pore volumes were determined by the nitrogen adsorp-
tion isotherms (relative pressure was ca. 0.2). The pore vol-
umes of CSP (0.67 h), CSP (1 h), CSP (2 h), and CSP (50
h) were 0.15, 0.33, 0.38, and 0.43 mLg�1, respectively.

The pore size distributions (Fig. 9) of the calcined particles
were derived from the nitrogen adsorption isotherms (Fig. 8)
by the Barrett–Joyner–Halenda (BJH)56 method. The pore size
ranges from 1.6 for CSP (1 h) to 2.0 nm for CSP (50 h). This
suggests that the heterogeneity of the chemical compositions

during the particle growth (Fig. 5) was one of the possible rea-
sons for the difference of the nanostructures. The BET surface
areas were increased (ca. twice) from 0.67 to 1 h, though the
CTAþ content of ASP (1 h) was 1.5 times as large as that of
ASP (0.67 h). Accordingly, the rearrangement of the nano-
structures during the particle growth was another possibility.
The distributions are broad and the pore size is small if com-
pared with those reported for mesoporous silicas prepared by
using CTAþ as supramolecular template such as MCM-41,
though the pore sizes of the reported mesoporous silica spher-
ical particles prepared by the Stöber method combined with
supramolecular templating approach using CTAþ are 2–3
nm.26–35 The inhomegeneous and/or incomplete hydrolysis
and the condensation of TEOS as a result of the low synthesis
temperature (276 K) in the present study are possible reasons
for the nanostructures. Further studies on the pore size and size
distribution are required in order to utilize the controlled par-
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ticle size practically. The preparation of mesoporous silica
spherical particles under different synthetic temperatures and
concentrations as well as that using different surfactant tem-
plates are underway in our laboratory and the results will be
reported subsequently.

Conclusion

Nanoporous silica spherical particles were synthesized by
the Stöber method combined with supramolecular templating
approach. Tetraethoxysilane and cetyltrimethylammonium
chloride were used as silica source and supramolecular tem-
plate, respectively. The particles which form when the reaction
time was shorter than 0.5 h grew while retaining their narrow
particle size distribution until the silica source was completely
consumed; the particle size reached to ca. 1.8 mm in diameter.
Calcination at 823 K led the nanoporous silica spherical parti-
cles with the surface areas of 380–1060 m2 g�1 and the pore
size of 1.6–2.0 nm.
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the Japanese Government. Waseda University (as a special
research project) and Tokuyama Science and Technology
Foundation also supported us financially.

References

1 K. Moller and T. Bein, Chem. Mater., 10, 2950 (1998).
2 A. Stein, B. J. Melde, and R. C. Schroden, Adv. Mater., 12,

1403 (2000).
3 A. Sayari and S. Hamoudi, Chem. Mater., 13, 3151 (2001).
4 M. Ogawa, J. Photochem. Photobiol., C, 3, 129 (2002).
5 S. Mann and G. A. Ozin, Nature, 382, 313 (1996).
6 M. Ogawa, J. Am. Chem. Soc., 116, 7941 (1994).
7 M. Ogawa, Chem. Commun., 1996, 1149.
8 M. Ogawa and T. Kikuchi, Adv. Mater., 10, 1077 (1998).
9 R. Ryoo, C. H. Ko, S. J. Cho, and J. M. Kim, J. Phys.

Chem. B, 101, 10610 (1997).
10 M. Ogawa, K. Ikeue, and M. Anpo, Chem. Mater., 13,

2900 (2001).
11 N. Shimura and M. Ogawa, Bull. Chem. Soc. Jpn., 77, 1599

(2004).
12 M. T. Anderson, J. E. Martin, J. G. Odinek, P. P.

Newcomer, and J. P. Wilcoxon, Microporous Mater., 10, 13
(1997).
13 N. A. Melosh, P. Lipic, F. S. Bates, F. Wudl, G. D. Stucky,

G. H. Fredrickson, and B. F. Chmelka, Macromolecules, 32, 4332
(1999).
14 N. A. Melosh, P. Davidson, P. Feng, D. J. Pine, and B. F.

Chmelka, J. Am. Chem. Soc., 123, 1240 (2001).
15 P. J. Bruinsma, A. Y. Kim, J. Liu, and S. Baskaran, Chem.

Mater., 9, 2507 (1997).
16 S. Schacht, Q. Huo, I. G. Voigt-Martin, G. D. Stucky, and
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