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a b s t r a c t
Interconnected silica spheres (ISS) with hexagonally ordered mesopores have been synthesized with only
a quarter of the total amount of surfactant used in the most surfactant-effective synthesis reported to
date, i.e. a surfactant/silica molar ratio of 0.03. A MCM-41-type silica material with spherical core/shell
morphology and an average particle size of ca. 250 nm was produced using a simple one-pot hydrothermal
step. The shape of the spheres as well as their properties was found to be dependent on the synthesis
parameters such as the ammonia and surfactant concentration, being the optimum ammonia/surfactant
molar ratio ca. 2000. The samples prepared under these conditions have speciﬁc areas of 400–450 m2 g−1
and mesopore volumes up to 0.5 cm3 g−1 .
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Mesoporous materials have attracted a great deal of interest in
the last years owing to their promising properties, such as high
surface area, narrow pore size distribution and controllable surface chemistry. MCM-41 type silica materials are widely used in
catalysis, adsorption, controlled drug-delivery, optical devices, separation techniques and sensors [1–5]. Size and shape selectivity in
porous inorganic structures plays a key role in most of these applications. Several synthetic pathways have been explored driving to
a great variety of MCM-41 shapes of particles, such as mesoporous
silica nanoparticles [6], ordered hollow spheres [7] or mesoporous
silica ﬁbers [8].
Spherical morphology is especially desirable because of its
advantages in column packing materials and relevant applications such as chromatographic separations and controlled delivery
[9–12]. Typically, mesoporous silica spheres are prepared using
the Stöber method [13], which involves the use of some cosolvent, which can act as co-surfactant, like ethanol [14]. Other
methodologies are based on the use of alcohols as co-solvent/cosurfactant [15] or even THF [16]. Triblock copolymers [17,18] and
other microscopic or macroscopic structures [19–21] have been
also used to obtain silica spheres but not with a porous matrix.
Spherical silica nanoparticles were synthesized by Qi et al. [22]
using a molar ratio 1TEOS:0.12 surfactant under acidic conditions
by mixed cationic–nonionic surfactant templating. Unfortunately,
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these strategies do not lead to a regular ordered mesoporosity
[13–24]. As an example, Hung et al. [23] synthesized mesoporous
silica nanoparticles using a molar ratio 1TEOS:0.18CTAB in acid
media but with poorly ordered porosity. Similarly, Lebedev et al.
[24] prepared silica spheres with a regular and crystalline pore
ordering only in the central part of the particle.
The methodologies developed to synthesize silica spheres with
an ordered mesoporosity, i.e. long-order arrangement of the
mesopores like MCM-41-type materials, typically involve the use
of high amounts of surfactant to obtain good porosity properties and, in most of cases, the use of ethanol or copolymers
as co-solvent/co-surfactant. Several examples of MCM-41 silica
spheres with ordered porosity can be also found in the literature
[6b,25–29]. Grun et al. [25] reported the ﬁrst synthesis of spherical silica particles featuring an MCM-41 structure using a molar
ratio 1TEOS:0.3CTAB and ethanol as co-surfactant. Mesoporous
MCM-41 type materials with different morphologies, including
micrometer spheres, with hexagonally ordered mesoporous structure have been reported by Cai et al. [6b] using a molar ratio
1TEOS:0.125CTAB in extreme dilute solutions of TEOS and CTAB
in basic media.
Recently, we have reported a new methodology for the preparation of helical mesostructured MCM-41 type silica materials,
using hexadecyltrimethylammonium bromide (C16 TAB) as surfactant and a molar ratio 1TEOS:0.125CTAB in basic media without
the use of any co-surfactant/co-solvent [30]. This methodology
also allows to the in situ incorporation of catalytic quantities of Al
into the helical mesostructured Si–MCM-41 type silica materials.
This method is a variation of that proposed by Han et al. [31] to
obtain helical mesoporous silica. Building on this work, we started
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Fig. 1. Representative SEM and TEM images of samples prepared with a molar ratio n(NH4 OH):n(C18 TAB) = 2000: (a) SEM image and (b, c) TEM images for
1TEOS:0.03C18 TAB:60NH4 OH:466H2 O and (d) TEM images for 1TEOS:0.015C18 TAB:30NH4 OH:466H2 O. (e) shows TEM images for 1TEOS:0.03C18 TAB:60NH4 OH:466H2 O
taken at the tilt angles indicated. The tilt axis is parallel to the grid axis (scale bar = 20 nm). Hydrothermal conditions were 100 ◦ C during 24 h.
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Fig. 2. Selected nitrogen adsorption/desorption isotherms at 77 K (a) and the corresponding XRD patterns (b) of samples prepared with a molar ratio
n(NH4 OH):n(C18 TAB) = 2000:1. The pore size distribution of these samples calculated from the adsorption branch by BJH method is shown in the inset of part (a). Hydrothermal
conditions were 100 ◦ C during 24 h.

a systematic study to obtain new ordered mesoporous silica morphologies using very low surfactant concentrations. Our ﬁnal goal
is to systematically study the effect on different synthetic parameters, such as ammonia and surfactant concentration as well as the
hydrothermal treatment time, on the core/shell structure formation and ﬁnal properties.
Herein we report a facile method to obtain core/shell silica
spheres with MCM-41-type porosity consisting of a thick disordered porous shell and a MCM-41 type core. For this purpose,
extremely low amounts of the surfactant octadecyltrimethylammonium bromide (C18 TAB) have been used. Typically, a
1TEOS:0.03C18 TAB molar ratio was used in concentrated ammonia solution without any co-solvent. This represents a signiﬁcant
improvement over previous efforts because, to the best of our
knowledge, this is just a quarter of the total amount of surfactant
used in the most surfactant-efﬁcient synthesis reported so far, see
Table 1 [6b,14–16,25–28].
This method is a simple and efﬁcient route to obtain mesoporous
silica nanoparticles with excellent porosity properties with very
low surfactant amounts in comparison to those already reported

[13–29]. It has been conﬁrmed by XRD, TEM, SEM, TGA and N2
adsorption/desorption isotherms.
2. Experimental
2.1. Materials
Tetraethylorthosilicate (TEOS, 98%) and octadecyltrimethylammonium bromide
(C18 TAB, >99%) were used as the silica source and the structure-directing agent,
respectively. Aqueous ammonia solution (NH4 OH, 30%) was used as the catalyst.
All chemicals were purchased from Aldrich and used as received without further
puriﬁcation.
2.2. Synthesis of the mesoporous silica materials
Mesoporous materials were synthesized by hydrothermal synthesis procedure.
The methodology employed is a variation of the classical MCM-41 synthesis but
using vigorous stirring, high ammonia concentration, low surfactant concentration
and no co-solvent, as recently reported elsewhere [30].
In a typical synthesis, 0.1 g of surfactant (C18 TAB, 0.26 mmol) was magnetically
stirred (600 rpm) in 100 ml of aqueous solution of NH4 OH at 40 ◦ C until a clear
solution was obtained (approx. 15 min). When the solution became homogeneous,
1.87 g of TEOS (9 mmol) was then added to the solution. The molar composition of
the synthesis gel was 1TEOS:0.03C18 TAB:60NH4 OH:466H2 O. The ﬁnal mixture was

Fig. 3. (a) Selected nitrogen adsorption/desorption isotherms at 77 K of samples prepared with a molar ratio n(NH4 OH):n(TEOS) = 60:1 at surfactant concentrations ranging
from n(surfactant)/n(TEOS) = 0.12 to 0.015. Their corresponding pore size distributions calculated from the adsorption branch using the BJH method are shown in part (b).
Hydrothermal conditions were 100 ◦ C during 24 h.
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Fig. 4. TEM images of samples prepared with a molar ratio n(NH4 OH):n(TEOS) = 60:1 at different surfactant concentrations: n(surfactant):n(TEOS) = 0.06:1 (a), 0.03:1 (b) and
0.015:1 (c). Hydrothermal conditions were 100 ◦ C during 24 h.

then reacted at 40 ◦ C for 3 h under stirring (600 rpm). The resulting gel mixture was
transferred into a Teﬂon-coated autoclave and kept in an oven at 100 ◦ C for 24 h.
Upon cooling at room temperature (RT), the solid product was thoroughly washed
with water ﬁltered off and dried overnight. The surfactant was ﬁnally removed by
calcination at 550 ◦ C for 8 h under static air atmosphere.
To systematically study the inﬂuences of parameter change on the ﬁnal morphology and the structural properties of the material, surfactant and ammonia
concentrations have been modiﬁed as shown in Table 2, i.e. C18 TAB/TEOS = 0.015,
0.03, 0.06 and 0.12, for each ammonia concentration, and NH4 OH/TEOS = 30, 60 and
90, for each C18 TAB concentration. In the second step, the effect of hydrothermal
treatment time at 100 ◦ C on the ﬁnal properties of the sample prepared with a
molar composition of 1TEOS:0.03C18 TAB:60NH4 OH:466H2 O has also been analyzed
by comparing the samples after 24 and 48 h of hydrothermal treatment at 100 ◦ C.

2.3. Characterization
The morphology of the mesoporous materials was examined by transmission electron microscopy, TEM (JEM-2010 microscope, JEOL, 200 kV,
0.14 nm of resolution) and scanning electron microscopy, SEM (JSM-840
microscope, JEOL). For TEM analysis, the as-obtained powder (5–10 mg)
was sonicated in ethanol solution and the resulting suspensions were
dispersed on carbon ﬁlm supported 200 mesh copper grids. The digital analysis of the TEM micrographs was done using DigitalMicrographTM
3.6.1 by Gatan. Samples for SEM analysis were covered with gold for their
observation.
Porous texture was characterized by N2 adsorption at 77 K (AUTOSORB-6).
The samples were previously degassed for 4 h at 523 K at 5 × 10−5 bars. The

Table 1
Synthesis conditions and resulted morphology of ordered mesoporous silica spheres reported in the literature [6b,14–16,25–28].
Molar ratio

ABET (m2 g−1 )

Vp (cm3 g−1 )

Morphology

Cosolvent

Reference

1TEOS:0.3C16 TAB:11NH4 OH
2.2TEOS:1.1C16 TAB:75HCl
1TEOS:0.12C16 TAB:69NH4 OH
1TEOS:0.3C16 TAB:10.4NH4 OH
1TEOS:0.15C16 TAB:0.004HCl
1TEOS:0.12C16 TAB:30NH4 OH
1TEOS:0.5surfactant:1.3NH4 OH (surfactant:C16 TAB + EO-PO-EO)
1TEOS:0.15C16 TAB:0.31NaOH

1000
800
1000
1000
1200
1300
–
950

0.7
–
0.9
0.8
0.55
0.9
0.6
0.6

Spheres
Spheres
Spheres/hexagons
Spheres like
Microporous spheres
Microporous spheres
Bimodal mesoporous spheres
Non ordered spheres

EtOH
THF
None
EtOH
EtOH
None
None
None

[14,15]
[16]
[6b]
[25]
[26]
[27]
[28]
[29]
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Table 2
Synthesis conditions and resulted morphology of the mesoporous silica materials (hydrothermal conditions were 100 ◦ C during 24 h).
Morphologya

Molar ratio 1TEOS:xC18 TAB:yNH4 OH:466H2 O
x(C18 TAB)

y(NH4OH)

NH4 OH/C18 TAB molar ratio

0.12
0.06
0.03
0.015
0.12
0.06
0.03
0.015
0.12
0.06
0.03
0.015

90
90
90
90
60
60
60
60
30
30
30
30

750
1500
3000
6000
500
1000
2000
4000
250
500
1000
2000

a

MCM-41, hexagonally connected particles
MCM-41, hexagonally connected particles
ISS + non-ordered silica
ISS + non-ordered silica
MCM-41
MCM-41
ISS
ISS + non-ordered silica
MCM-41
MCM-41 + non-ordered silica
ISS + non-ordered silica
ISS

Morphology observed by TEM (ISS: interconnected silica spheres).

Table 3
Structural parameters and resulted morphology of the ISS materials prepared with a molar ratio n(NH4 OH):n(C18 TAB) = 2000:1 (hydrothermal conditions were 100 ◦ C during
24 h).
Sample

dp a (nm)

ABET b (m2 g−1 )

Vp c (cm3 g−1 )

d100 d (nm)

ad (nm)

bd e (nm)

Morphologyf

NH4 OH/C18 TAB molar ratio

1TEOS:0.03C18 TAB:60 NH4 OH
1TEOS:0.015C18 TAB:30 NH4 OH

3.1
3.4

425
450

0.40
0.45

4.45
4.50

5.24
5.29

2.1
1.9

ISS
ISS

2000
2000

a
b
c
d
e
f

Average mesopore diameters were estimated from the adsorption branch of the nitrogen isotherm using the BJH method.
The BET surface area was estimated by using multipoint BET method using the adsorption data in the relative pressure (P/P0 ) range of 0.05–0.30.
The mesopore volume has been estimated at relative pressure of 0.8 (P/P0 ) to discount the interparticle condensation which occurs at higher relative pressure.
Spacing d100 and unit cell parameter, a, obtained by an hexagonal symmetry according to the equation a = 2/31/2 d100 , from XRD spectra.
Pore wall thickness, calculated by subtracting the pore diameter from the lattice unit parameter (bd = a − dp ).
Morphology observed by TEM (ISS: interconnected silica spheres).

Table 4
Textural parameters and resulted morphology of the silica materials prepared with a molar composition of the synthesis gel of 1TEOS:xC18 TAB:60NH4 OH:466H2 O, where x
varied from 0.015 to 0.12 (hydrothermal conditions were 100 ◦ C during 24 h).
Molar ratio
TEOS:C18 TAB
(NH4 OH/TEOS = 60)

dp a (nm)

ABET b (m2 g−1 )

Vp c (cm3 g−1 )

Morphologyd

NH4 OH/C18 TAB
molar ratio

TGAe (wt%)

C18 TABf (wt%)

1TEOS:0.12C18 TAB
1TEOS:0.06C18 TAB
1TEOS:0.03C18 TAB
1TEOS:0.015C18 TAB

3.2
3.0
3.1
3.0

950
925
425
220

0.90
0.85
0.40
0.25

MCM-41
MCM-41
ISS
ISS + non-ordered silica

500
1000
2000
4000

33
24
14
9

73
36
18
9

a
b
c
d
e
f

Average mesopore diameters were estimated from the adsorption branch of the nitrogen isotherm using the BJH method.
The BET surface area was estimated by using multipoint BET method using the adsorption data in the relative pressure (P/P0 ) range of 0.05–0.30.
The mesopore volume has been estimated at relative pressure of 0.8 (P/P0 ) to discount the interparticle condensation which occurs at higher relative pressure.
Morphology observed by TEM (ISS: interconnected silica spheres).
Weight loss percentage of C18 TAB per gram of sample corresponding to the surfactant decomposition step as determined by TGA analysis, i.e. between 160 and 450 ◦ C.
Mass percentage of C18 TAB per gram of silica added to the gel of synthesis for the preparation of the silica materials.

adsorption branch was used to determine the pore size distribution using the
Barret–Joyner–Helender (BJH) method. The surface area was determined using the
multipoint BET method in the 0.05–0.30 relative pressure range. The micropore
volume has been determined to be zero (by applying the alpha-method) in all
cases, as expected for MCM-41 type materials. The total pore volume, determined at
P/P0 = 0.99, is therefore the mesopore volume plus the interparticle pore volume. The
mesopore volume has been estimated at relative pressure of 0.8 (P/P0 ) to discount
the interparticle condensation, which occurs at higher relative pressure.
Small-angle powder X-ray diffraction (XRD) analysis was carried out with a
Philips PW3040/00 diffractometer (operating at 40 kV and 30 mA), using a Cu K␣
radiation ( = 1.54056 Å). The samples were scanned from 0.7◦ to 10◦ (2), at a scanning velocity of 0.03◦ min−1 . The unit cell parameter, a, was estimated from the
(1 0 0) interplanar spacing accordingly with the symmetry of the pores (a = 2/31/2 d100
for a hexagonal symmetry). The pore wall thickness, bd , was estimated by subtracting the pore diameter from the lattice unit parameter (bd = a − dp ) [32].
Thermogravimetric analysis (TGA) was performed with a Mettler Toledo
TG/SDTA analyzer. The measurement was carried out under nitrogen atmosphere
from room temperature to 1100 ◦ C, with a heating rate of 10 ◦ C min−1 .

3. Results and discussion
Representative TEM and SEM micrographs of samples prepared with a molar composition of the gel of

synthesis
of
1TEOS:0.03C18 TAB:60NH4 OH:466H2 O
and
1TEOS:0.015C18 TAB:30NH4 OH:466H2 O are shown in Fig. 1(a)–(c)
and Fig. 1(d), respectively. SEM analysis conﬁrms that all the silica
spheres have a similar particle size around 250 nm (Fig. 1(a)).
These materials show a core/shell morphology consisting of
interconnected silica spheres with a well-ordered MCM-41 type
core structure (following this morphology will be denoted ISS)
(Fig. 1(b)–(d)). The average thickness of the shell was estimated
by TEM and found to be around 10–15 nm. Fig. 1(e) shows the
TEM images of a particle of the sample shown in Fig. 1(a)–(c) at
different tilting angles. The 0◦ tilting angle means that the electron
beam is perpendicular to the sample. When the TEM specimen
was tilted to make the particle not perpendicular to the beam,
both the size and shape of the spheres remain almost the same
thus conﬁrming that these spheres are composed by a core of
MCM-41 type structure and a shell of disordered porous silica. In
some cases, the preparation of monodisperse and smooth silica
spheres is linked to the use of co-surfactant whose micelles cover
the nanoparticles suppressing the grain growth and stabilizing the
ordered mesostructures as well as co-solvents like ethanol [27,28].
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all cases, molar ratio of 1TEOS:0.1CTAB to 1SiO2 :0.3CTAB is needed
to obtain well-ordered mesoporosity (see Table 1).
By the optimization of the synthesis conditions, we managed to prepare well-deﬁned hexagonally ordered mesoporosity
using even a tenfold lower surfactant/TEOS molar ratio, i.e.
1TEOS:0.015C18 TAB, than the previously reported materials. Interestingly, the use of tenfold lower surfactant amount only decreases
the porosity properties a half in comparison to the most surfactantefﬁcient synthesis reported so far (see Tables 1 and 3). It could
considerably reduce the cost of these materials for future applications. Moreover, the free co-solvent synthesis leads to an
environmentally friendly process to obtain spherical morphology.
It should be noticed that the NH4 OH/C18 TAB molar
ratio for both samples i.e. 1TEOS:0.03C18 TAB:60NH4 OH and
1TEOS:0.03C18 TAB:60NH4 OH, was 2000. The effect of both the
surfactant and the ammonia concentrations on properties of the
silica materials was analyzed.
Fig. 5. TGA curves of samples prepared with a molar ratio n(NH4 OH):n(TEOS) = 60:1
at surfactant concentrations ranging from n(surfactant)/n(TEOS) = 0.12 to 0.015.
Hydrothermal conditions were 100 ◦ C during 24 h. For comparison purposes, the
C18 TAB curve has been included.

Otherwise, particles of irregular spherical shape are obtained. The
methodology herein proposed allows obtaining interconnected
spherical particles with a novel MCM-41 type core/disordered
shell morphology.
Nitrogen adsorption/desorption isotherms of the mesoporous
silica materials and their corresponding pore size distributions
are shown in Fig. 2(a). All materials show type IV isotherms with
a ﬁrst distinctive nitrogen uptake at P/P0 = 0.35–0.45, due to the
capillary condensation of nitrogen inside the mesopores. Based
on the isotherms, textural parameters were calculated and are
listed in Table 3. ISS materials present good textural properties
with BET areas around 450 m2 g−1 , pore volumes of c.a. 0.5 cm3 g−1
and average mesopore diameter of around 3 nm (typical of these
surfactant-templated silica materials).
The X-ray diffraction (XRD) patterns of calcined samples have
shown three well-resolved peaks, indicating a well-ordered mesoporosity (Fig. 2(b)). The corresponding structural parameters are
listed in Table 3. Peaks can be indexed as the 10, 11 and 20 reﬂections of 2D hexagonal (p6mm) symmetry with a lattice constant
of a ∼ 5.1 nm [32]. The pore wall thickness, estimated by subtracting the pore diameter from the lattice unit parameter, is around
1.9–2.1 nm (Table 3). Several papers have recently reported the synthesis of ordered mesoporous silica spheres [6b,14–16,25–28]. In

3.1. Inﬂuence of the C18 TAB and NH4 OH concentration
The effect of C18 TAB concentration has been analyzed by each
ammonia concentration employed, i.e. n(NH4 OH):n(TEOS) = 90:1,
60:1 and 30:1. Following, the results which correspond to
n(NH4 OH):n(TEOS) = 60:1 are presented.
Table 4 summarizes the effect of different n(C18 TAB):n(TEOS)
molar ratios on the textural parameters for samples prepared with
a molar ratio n(NH4 OH):n(TEOS) = 60:1 and 24 h of hydrothermal
treatment as well as the observed morphology. Textural parameters have been estimated from the results of nitrogen isotherms at
77 K shown in Fig. 3.
The mesoporous nature of the silica materials is shown in
Fig. 3(a). All silica materials show type IV isotherms, typical of mesoporous materials, with a sharp nitrogen uptake at
0.35–0.45P/P0 , which corresponds to a very narrow pore size distribution (see Fig. 3(b)). Since the surfactant C18 TAB played a role
of template for generating mesopores, it is expected that lower
amount of this molecule leads to a decreasing of both the BET area
and the pore volume. Accordingly, a decrease in both parameters
can be deduced from Fig. 3(a) (see also Table 4) while the average
size of the mesopores remains almost the same (around 3 nm in
diameter).
Nevertheless, similar textural properties have been obtained for
molar ratios n(surfactant):n(TEOS) = 0.12:1 and 0.06:1. TEM analysis shown in Fig. 4 has pointed out that the variation on the
textural parameters is linked to changes in the ﬁnal morphol-

Fig. 6. Selected nitrogen adsorption/desorption isotherms at 77 K of samples prepared with a molar ratio n(C18 TAB):n(TEOS) = 0.03:1 at ammonia concentrations ranging from
n(NH4 OH)/n(TEOS) = 90 to 30. Their corresponding pore size distributions calculated from the adsorption branch using the BJH method are shown in part (b). Hydrothermal
conditions were 100 ◦ C during 24 h.
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Table 5
Textural parameters and resulted morphology of the silica materials prepared with a molar composition of the synthesis gel of 1TEOS:0.03C18 TAB:xNH4 OH:466H2 O and
1TEOS:0.015C18 TAB:xNH4 OH:466H2 O, where x varied from 30 to 90 (hydrothermal conditions were 100 ◦ C during 24 h).
Molar ratio TEOS:NH4 OH
(C18 TAB/SiO2 = 0.03)
1TEOS:90 NH4 OH
1TEOS:60 NH4 OH
1TEOS:30 NH4 OH
(C18 TAB/TEOS = 0.015)
1TEOS:90 NH4 OH
1TEOS:60 NH4 OH
1TEOS:30 NH4 OH
a
b
c
d

dp a (nm)

ABET b (m2 g−1 )

Vp c (cm3 g−1 )

Morphologyd

NH4 OH/C18 TAB molar ratio

2.5
3.1
3.0

210
425
240

0.20
0.40
0.20

ISS + non-ordered silica
ISS
ISS + non-ordered silica

3000
2000
1000

3.4
3.0
3.4

230
220
450

0.25
0.25
0.45

ISS + non-ordered silica
ISS + non-ordered silica
ISS

6000
4000
2000

Average mesopore diameters were estimated from the adsorption branch of the nitrogen isotherm using the BJH method.
The BET surface area was estimated by using multipoint BET method using the adsorption data in the relative pressure (P/P0 ) range of 0.05–0.30.
The mesopore volume has been estimated at relative pressure of 0.8 (P/P0 ) to discount the interparticle condensation which occurs at higher relative pressure.
Morphology observed by TEM (ISS: interconnected silica spheres).

ogy of the materials (see also Table 4). Solids prepared with a
molar ratio n(surfactant):n(TEOS) = 0.12:1 (not shown here) and
0.06:1 (Fig. 4(a)) show well-ordered mesoporous silica nanostructures like MCM-41 with some characteristics of helical morphology
[30,31], in good agreement with the obtained textural properties.
However, the particle morphology and nanostructure drastically
change when the molar ratio n(surfactant):n(TEOS) decreases
under 0.06:1. Uniform interconnected mesoporous silica spheres
are formed when the molar ratio n(surfactant):n(TEOS) is 0.03:1
(Fig. 4(b)) and 0.015:1 (Fig. 4(c)) appearing some regions of nonordered silica for the lower molar ratio with the correspondent
decrease of the nitrogen adsorbed. Samples with molar ratio lower
than 0.015, although not shown here, resulted mostly in nonordered silica due to the insufﬁcient amount of surfactant to
produce micelles and to precipitate the TEOS around them.
To further deepen the formation of this structure, TGA experiments were conducted on samples prepared with a molar ratio
n(NH4 OH):n(TEOS) = 60:1 before the surfactant extraction (Fig. 5).
For comparison purposes, a sample of C18 TAB was also included.
During heat treatment, the silica materials show a ﬁrst weight
loss, which represents around 4 wt%, corresponding to desorption
of physically adsorbed water (drying). This process nears completion at ca. 160 ◦ C. Following, surfactant decomposition takes
place between 160 and 450 ◦ C, as also observed in the C18 TAB
sample. Afterwards, several processes that include residual surfactant decomposition, the combustion of the remaining organic
compounds and dehydroxylation of SiOH groups take place, which

contributes to around 2 wt% weight loss. Similar results have been
reported for surfactant-assisted synthesis of MCM-41 type silica materials, where effectively, surfactant acts as template being
responsible of the mesoporosity of the material [33,34]. Consequently, the amount of surfactant incorporated into the silica per
gram of sample can be determined by measuring the weight loss
between 160 and 450 ◦ C (TGA column in Table 4). In Table 4,
the surfactant amount lost during the calcination (TGA column)
is compared to the initial amount of C18 TAB added to the gel
of synthesis (C18 TAB column) as well as to the textural properties of these materials. As expected, for the materials prepared
with n(surfactant):n(TEOS) molar ratios ranging from 0.015:1 to
0.06:1 the mesopore volume and the surfactant amount are proportional. The 1TEOS:0.12C18 TAB sample, however, has incorporated
only around 33 wt% of C18 TAB per gram of silica of the 73 wt%
added to the gel of synthesis. In addition, the textural properties are similar to those of 1TEOS:0.06C18 TAB sample. It indicates
an excess of surfactant in this sample. Indeed, when comparing
this data with the last column in Table 4, this amount (33 wt%) is
similar to the initial C18 TAB loading in 1TEOS:0.06C18 TAB sample
(36 wt%). There are, therefore, several conclusions we can extract.
First, the maximum surfactant that we can be effectively introduced under these synthetic conditions into the silica material is
around 33–36 wt%. Following, the textural properties of both samples, n(surfactant):n(TEOS) = 0.12:1 and 0.06:1, are similar because

Fig. 7. Selected XRD patterns of ISS materials prepared by using a molar composition of 1TEOS:0.03C18 TAB:60NH4 OH:466H2 O after 24 h and 48 h of hydrothermal
treatment at 100 ◦ C.

Fig. 8. Representative TEM image of the ISS material prepared by using a molar
composition of 1TEOS:0.03C18 TAB:60NH4 OH:466H2 O after 48 h of hydrothermal
treatment at 100 ◦ C. Scale bar = 20 nm.
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Table 6
Structural parameters of the ISS materials prepared with a molar composition of the synthesis gel of 1TEOS:0.03C18 TAB:60NH4 OH:466H2 O and different hydrothermal
treatment times at 100 ◦ C.
Hydrothermal treatment time at 100 ◦ C

dp a (nm)

ABET b (m2 g−1 )

Vp c (cm3 g−1 )

d100 d (nm)

ao d (nm)

bd e (nm)

Morphologyf

24 h
48 h

3.1
3.0

425
495

0.45
0.50

4.45
4.37

5.24
5.14

2.1
1.9

ISS
ISS

a
b
c
d
e
f

Average mesopore diameters were estimated from the adsorption branch of the nitrogen isotherm using the BJH method.
The BET surface area was estimated by using multipoint BET method using the adsorption data in the relative pressure (P/P0 ) range of 0.05–0.30.
The mesopore volume has been estimated at relative pressure of 0.8 (P/P0 ) to discount the interparticle condensation which occurs at higher relative pressure.
Spacing d100 and unit cell parameter, a, obtained by an hexagonal symmetry according to the equation a = 2/31/2 d100 , from XRD spectra.
Pore wall thickness, calculated by subtracting the pore diameter from the lattice unit parameter (bd = a − dp ).
Morphology observed by TEM (ISS: interconnected silica spheres).

the surfactant amount into the silica structure is also similar (33
and 24 wt%, respectively), as conﬁrmed by gas adsorption and TEM
analyses. Finally, samples with lower C18 TAB concentrations, i.e.
n(surfactant):n(TEOS) = 0.015:1 and 0.03:1, have a deﬁciency of
surfactant. So, an excess of silica with non-ordered porosity is generated. This systematic study allowed us to optimize the amount of
surfactant needed.
The effect of NH4 OH concentration at the same concentration
of C18 TAB has been subsequently analyzed. Nitrogen adsorption/desorption isotherms at 77 K of samples prepared with a molar
ratio n(C18 TAB):n(TEOS) = 0.03:1 and different n(NH4 OH):n(TEOS)
molar ratio are shown in Fig. 6. Table 5 shows the corresponding textural parameters. As shown in Table 5, a decrease in
the textural parameters associated to the loss of nanostructure
takes place for samples with a molar ratio NH4 OH/C18 TAB different from 2000. A similar effect was obtained by decreasing
the C18 TAB/TEOS up to 0.015 (see Table 5). It should be noted
that the variation of ammonia concentration does not signiﬁcantly
affect the pH of the ﬁnal solutions due to the high concentration of ammonia in the solutions. The pH values obtained
experimentally vary from 12.0 to 13.0. These results are in
good agreement with the pH values calculated from the pKb for
NH4 OH (4.75). Thus, by comparing both the effect of surfactant
and ammonia concentration, it has been found that ISS materials with good textural parameters can be easily obtained by
using very low concentration of surfactant when the molar ratio
NH4 OH/C18 TAB is around 2000.

4. Conclusions
Well-ordered mesoporous silica spheres with core/shell morphology and MCM-41 type porosity have been prepared using
very low surfactant concentration optimizing the synthesis conditions. Along the text, the effect of different parameters on the
ﬁnal morphology and structural parameters of the samples has
been carefully analyzed and is found that the formation of interconnected mesoporous silica spheres with good textural parameters
are obtained when the molar ratio NH4 OH/C18 TAB is ca. 2000. These
materials are formed by interconnected spheres having a wellordered MCM-41-type core and a porous thin shell with an average
diameter of sphere around 250 nm.
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3.2. Inﬂuence of the hydrothermal treatment time
Finally, the effect of the hydrothermal treatment time on the
pore structure ordering and particle size was investigated. The
small angle XRD patterns for the samples synthesized with a molar
composition of 1TEOS:0.03C18 TAB:60NH4 OH:466H2 O after 24 or
48 h of hydrothermal treatment at 100 ◦ C are shown in Fig. 7.
The X-ray diffractograms of both mesoporous materials exhibit
a typical four peak pattern with a very strong feature at a low angle
(10 reﬂection line) and three other weaker peaks at higher angles
(11, 20 and 21 reﬂection lines). These peaks can be indexed to a
hexagonal unit cell. In the case of the sample synthesized with a
longer time of hydrothermal treatment, the four peaks are clearly
visible. TEM images of these samples indicate a similar morphology for both samples (compare Fig. 1(a)–(c) with Fig. 8). Moreover,
the study of nitrogen adsorption–desorption isotherms points out
similar textural parameters independently of the hydrothermal
treatment time (Table 6).
So, materials are so uniform upon prolonging the reaction time
but, 24 h of hydrothermal treatment are enough to obtain high
ordered core/shell silica spheres with interesting properties.
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