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Abstract

Novel spherical mesoporous silica materials with uniform diameters and starburst mesopore structures were synthesized by a
simple one-step procedure with ethanol as the co-solvent in dilute aqueous solution and their formation mechanism was proposed.
The arrangement of the pore canal and the diameter of the sphere could be tailored by altering the concentration of ethanol.
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1. Introduction

Mesoporous materials such as M41S have attracted
much attention due to their important role in fields such
as adsorption, catalysis and separation. Generally,
mesoporous silica could be synthesized by the acid
route [I1] or the alkaline route [2]. Recently some
successes have been achieved to synthesize mesoporous
silica with different morphologies and particle diameters
in dilute alkaline solution, which will open up possibi-
lities for applications in special fields of chromatography
and catalysis due to easy handling and packing [3]. As a
rule, mesoporous silica with spherical shape could be
obtained by simply adjusting the molar ratio between
the silicate and cationic surfactant in proper alkaline
solutions due to the mechanism of self-assembly of
micelles. For example, Cai et al. [3] and Ostafin et al. [4]
synthesized nanoscale mesoporous silica spheres with
controlled particle size in aqueous solution. Recently,
studies found that the addition of organic solvents such
as alcohols [5] and toluene [6] had great effects on the
particle morphology and the structure of mesporous
silica prepared in alkaline solution. In the preparation
process, these organic solvents act not only as the co-
solvent leading to the formation of more spherical
spheres but also as the co-surfactant to balance the
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hydrophilic and hydrophobic groups leading to the
formation of novel mesopore structures. For example,
Schumacher et al. [7] prepared mesoporous material
MCM-48 with an ordered mesopore structure and more
spherical morphology with ethanol as the co-solvent.
Mou et al. synthesized tubule-within-tubule [§8] and
pillar-within-sphere [9] novel forms of MCM-41 in
different media of alcohols.

In this work, novel mesoporous silica spheres were
prepared. They have uniform diameter and their
mesopore canals are starburst (emanating from the
center to the exterior surface), which is quite different
from the mesoporous materials reported in previous
articles. The novel mesoporous silica spheres can be
obtained by simply adjusting the concentration of water
and ethanol in alkaline medium. The effects of ethanol
on the micelle structure and morphology transformation
are discussed, and the formation mechanism is pro-
posed.

2. Experimental section

In a typical process, cetyltrimethyl ammonium
bromide (CTAB) was dissolved in the mixture of sodium
hydroxide aqueous solution and ethanol with vigorous
stirring at corresponding temperatures and molar ratios
according to Table 1. After 30min, tetracthoxysilane
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Table 1
Synthesis conditions and morphology of samples

Sample Composition/mol ratio T/K Morphology of sample

H,0:CTAB:TEOS:NaOH:EtOH
A 2486:0.123:1:0.63:0 353 Irregular spheres with ordered hexagonal mesopore canal
B 2330:0.123:1:0.63:46.5 353 Spheres including egg-like shell and amorphous lamella
C 2133:0.123:1:0.63:109 353 Heterogeneous spheres with starburst mesopore canal
D 1984:0.123:1:0.63:155 353 Homogeneous spheres with starburst mesopore canal
E 1736:0.123:1:0.63:233 353 Particles without mesopore structure

Fig. 1. TEM images of the mesoporous silica spheres showing (a) sample A; (b) general and (c) close views of sample B; (d) lamellar phase in sample

B; (e) sample C and (f) sample D.

(TEOS) was added to the suspension and the reaction
was carried out for another 3h. The compound was
transferred to a beaker to precipitate for 24 h, then was
filtered and washed consecutively with ethanol and
distilled water several times. The as-synthesized samples
were calcined at 823 K for 5h in air after being aged at
ambient temperature.

3. Results and discussion

From Table 1, samples A to E were synthesized in
weak alkaline solutions of CTAB and TEOS. The
morphology of sample A, shown in Fig. 1(a), is in near
spherical shape with diameters less than 100 nm over a
narrow range. The pores, were found to be ordered and

regular, align over long range in nanoparticles which is
consistent with the XRD pattern of Fig. 3(a). The
observation of typical diffraction peaks between 20 = 2°
and 5° indicates the presence of an ordered hexagonal
array of parallel silica tubes and can be indexed
assuming a hexagonal unit cell as (100), (110), (200),
and (210) of MCM-41 [10]. The formation mechanism
of mesoporous silica MCM-41 is shown in pathway I of
Scheme 1, which includes the steps of (1) hydrolysis of
TEOS and (2) self-organization of surfactant, and then
combination of surfactant and silicate oligomers. The
pathway 1 is the liquid-crystal-initiated templating
(LCIT) mechanism proposed by Beck et al. [11] which
represented the hexagonal array of the micellar rods.
Samples B-D were synthesized with a gradually
increased quantity of ethanol according to Table 1. It
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Scheme 1. Possible mechanistic pathways for the formation of meso-silica materials with nanospheres, eggshell and starburst pore canals.

is interesting to find that spheres with eggshells were
obtained in sample B though some spherical nanopar-
ticles could still be found in the TEM image of Fig. 1(b).
The close view of sample B is shown in Fig. 1(c).
The pore canals are perpendicular to the eggshell of
the ring-shaped spheres and the array of mesopores in
the nanospheres is still ordered. A half eggshell in
Fig. 1(c) and a gap pointed in Fig. 1(b) are both proof
of the formation of an eggshell, which indicates that
the addition of ethanol changed the array of micelles.
In the preparation process, some flakes which is
shown in Fig. 1(d) were found of sample B in
early stage, which indicates the formation of the
lamellar phase of micelles in the system. The pos-
sible formation route is proposed in pathway II of
scheme 1. Firstly, micelles of surfactant and micellar
rods are formed in very dilute aqueous solution which
is the same as pathway 1. Secondly, the rods self-
assemble to the lamellar phase or the hexagonal
array transforms to the lamellar phase by the effect
of ethanol because ethanol, as a polar solvent, plays a
role in decreasing the aggregation and/or aggregate
size of CTAB, and leads to the formation of a
highly disordered packed phase when the concentration
of CTAB is low [12]. The similar observation was
also presented in the work of Mou et al. They assumed
that mixed lamellar-hexagonal membrane formed
and separated by the water layers in the surfactant-
silicate system, then the lamellas curl to form capsules
which later grow more compact and smaller [13]. The
reasons may be that (1) the elastic energy of a
homogeneously curved surface is small [13], and (2) a
great amount of ethanol in the aqueous solution inhibits
the hydrolysis of TEOS [3].

Fig. 2. HRTEM image showing sample D.

With further increase of ethanol, sample C (TEM
image is shown in Fig. 1(e)) are all in spherical shape
with a diameter of less than 100nm and with the
starburst pore canals radiating from the center to the
surface of the sphere. Fig. 1(f) and Fig. 2 are the general
view and HRTEM image of sample D, respectively. Fig.
1(f) shows well-dispersed spheres with uniform diameter
of about 250nm and Fig. 2 clearly shows that the
mesopore canals radiate from the center to the
circumference. The curves of b—d of Fig. 3 correspond
to the XRD patterns of samples B-D. From the data of
the inset of Fig. 3, the repeat distance @y decreases from
samples A to D, which indicates that the rod array is
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Fig. 3. XRD diffraction patterns of (a) sample A; (b) sample B;
(c) sample C; (d) sample D; and (¢) sample E. The inset shows the
values of djg and ay (the repeat distance) of samples.

more compact under the effect of ethanol in contrast to
the medium of water.

Although it is known that a highly condensed and
compact structure tends to be formed in alkaline
medium because alkaline catalysis favors both hydro-
lysis and condensation of silicate [14], the mechanism of
the effect of ethanol on the formation of more compact
and uniform spheres in the last step of Scheme 1 is not
completely clear. The role of ethanol in micelle
arrangement is also found in sample E. With increasing
ethanol amount, no diffraction peaks were found
in curve e of Fig. 3, which indicates that no ordered
structure could be obtained because the existence of a
large amount of ethanol destroys the balance between
the silicate condensation and silica reprecipitation which
in succession destroys the formation of the mesoporous
phase.

Fig. 4 shows the nitrogen adsorption—desorption
isotherm (main plot) and the pore size distribution
curve (inset figure) of the calcined sample D. The
nitrogen adsorption isotherm of sample D is typically
Type IV in the ITUPAC classification of mesoporous
materials. When the relative pressure (P/Py) is very low
(0-0.27), the leap in the curve can be due to the capillary
condensation of nitrogen in the channels of the
mesopores [15]. However, the absence of a hysteresis
loop between the curves of the adsorption and
desorption of nitrogen indicates that the adsorption is
a monolayer of N, on the wall of the pores and no
condensation has taken place in the pores or the phases
between the particles. The data calculated from the
curves indicate that the sample has relatively high
specific surface area and total pore volume with a
primary pore size of 2.65nm, a specific surface area
1100m?/g and a total pore volume 0.647 cm?®/g. Gen-
erally, the nitrogen adsorption—desorption isotherm of
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Fig. 4. Nitrogen adsorption—desorption isotherm (main plot) and pore
size distribution curve (inset) of the calcined sample D.

Table 2

Nitrogen adsorption—desorption isotherm data of samples

Sample BET surface Specific pore Adsorption
area (m?/g) volume (cm®/g) average pore

diameter (nm)

A 1260 1.20 3.97

B 1236 1.11 3.68

C 1163 0.86 3.24

D 1100 0.647 2.65

mesoporous silica prepared with hydro-thermal meth-
ods has a hysteresis loop due to the existence of irregular
flakes in the samples and the condensation of nitrogen in
the gap channels between the flakes [16]. Therefore, the
absence of a hysteresis loop further indicates that
sample D prepared with the ethanol as the co-solvent
has regular particles. Table 2 is the nitrogen adsorption—
desorption isotherm data of samples A-D. It can be
found that the adsorption average pore diameter
reduced from samples A—D which is correspondence
with the results of TEM studies, and BET surface area
and pore volume also reduced.

Fig. 5 shows the nitrogen adsorption-desorption
isotherm (main plot) and the pore size distribution
curve (inset figure) of the calcined sample A (MCM-41).
The nitrogen adsorption isotherm of MCM-41 is also
typically Type IV in the ITUPAC classification of
mesoporous materials. In contrast to the nitrogen
adsorption—desorption isotherm of sample D (Fig. 3),
the total adsorption of sample A falls at 400—500 cm®/g,
sample D 300-400cm?/g. It may be due to the novel
structure of sample D, which easily leads to the
mesopore filling in the relatively low pressure.

In the preparation process, ethanol, as a co-solvent,
on the one hand disrupts the self-assembly of surfactant
micelles due to the prevention of the hydrolysis of
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Fig. 5. Nitrogen adsorption—desorption isotherm (main plot) and pore
size distribution curve (inset) of the calcined sample A.

silicate or the decrease of the surfactant aggregate for
the weak solvophobic effect [17]. On the other hand,
ethanol may act as a ‘spacing agent’ to adjust the
interaction between ethanol and the cationic surfactant
and the hydrophilic-hydrophobic balance of the self-
assembly system [18]. Therefore, ethanol is also a co-
surfactant.

4. Conclusions

Both the mesopore phase structure and morphology
of mesoporous silica could be easily tailored with the
addition of ethanol in the alkaline synthesis system. The
samples synthesized in our work are novel mesoporous
materials not belonging to any family of mesoporous
materials reported previously. These novel mesoporous
materials are believed to have further applications such
as capsules of reaction and catalysts owing to the novel
microscopically starburst structure of mesopore with
macroscopically regular spherical shape. The addition of
ethanol would help to extend the catalytic activities and
opto-electronic properties of further embedded materi-
als such as metal [7] or semiconductor [19] doped
mesoporous materials because ethanol is a proper
solvent for many precursors of metal and their oxides.
Currently, the influence of ethanol concentration on
microscopic structure of materials is being studied and

further experiments are underway to prepare novel
mesoporous materials with other co-solvents.
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