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Mesoporous silica materials have been synthesised in strongly acidic media at pH~1.3 using high

concentrations of a non-ionic surfactant (Brij 76) as a structure-directing agent. Well-defined ordered

mesoporous silicas with hexagonal (HI), lamellar (L‘) and solid phase (S) structure have been prepared at room

temperature according to the lyotropic liquid crystalline mesophases of Brij 76. At high temperature (60 uC),
highly ordered cubic (Ia3d), cubic (Im3m) and 3-d hexagonal (p63/mmc) nanostructured materials have been

produced. The synthesised materials were studied by powder X-ray diffraction (XRD), the Brunauer–Emmett–

Teller (BET) method for nitrogen adsorption/desorption isotherms and surface area measurements.

Transmission electron microscopy (TEM), XRD and TEM patterns for all materials show well-defined

long-range porous architectures. It was found that BET surface area values of the nanostructured materials are

reduced upon increasing the temperature of synthesis.

Introdution

Mesoporous silica materials are generally prepared by using
surfactants as a templating agents. The synthesis can be con-
sidered in terms of a self-assembly process involving electro-
static interactions between the inorganic ions in solution and
charged surfactant head groups.1–5 Hydrogen bonding inter-
actions between the neutral primary amine micelles and neutral
inorganic species are also significant in the generation of
mesoporous molecular sieves.6,7

The dilute surfactant solutions used in the formation of
ordered, mesoporous silica, such as M41-S,1,2 FSM-16,5 and
HMS,6,7 limit the ability to predict the topology of the meso-
phases. Also only powders of micrometer dimensions (1–2 mm)
are produced. The three architectures found for the M41S
family of mesoporous silicas, a hexagonal phase referred to as
MCM-41, a cubic phase (Ia3d) known asMCM-48, andMCM-
50, an unstable lamellar phase, have been reported elsewhere.8–11

In addition, cubic (pm3n) high quality mesoporous molecular
sieves designated SBA-1 have been reported.3–5,12 Generally,
the structure of the resulting mesoporous solid is affected by
the reaction conditions. Changing the pH of the medium leads
to the transformation of the lamellar phase of silica to the hexa-
gonal phase.13 Other factors such as temperature and surfac-
tant concentration have been observed to affect the structure
formed.14–16

High concentrations of non-ionic surfactants have been
employed for the synthesis of large uniform nanoporous mono-
lithic silicates. In such systems lyotropic liquid crystalline
phases are exploited as templates to produce long-range
ordered mesoporous silicates, which are independent of the
structures and charge of the amphiphiles, as shown by Attard
et al.17,18 The synthesis of hexagonal (HI-silica), cubic (Ia3d-
silica) and lamellar (L‘-silica) silica as well as HI-aluminium
silicates have also been reported.19

Our approach uses high concentrations of the non-ionic
surfactant Brij 76 as a template structure-directing agent to
form well-defined long range ordered mesoporous silica mater-
ials. Nanoporous monolithic silicates including hexagonal (HI),

lamellar (L‘), solid phase (S), cubic (Ia3d), cubic (Im3m), and
3-d hexagonal (p63/mmc) materials are synthesised via the
lyotropic liquid crystal phase of the template and at different
temperatures. The high quality materials synthesised are inves-
tigated by using XRD, TEM, and BET for N2 adsorption/
desorption isotherms and surface area measurements.

Experimental

Materials

Tetramethylorthosilicate (TMOS) was obtained from Fluka.
Brij 76 (polyethylene (10) stearyl ether) was supplied by Sigma–
Aldrich Ltd. UK.

Synthesis

In all cases of syntheses of the mesoporous silica mesophases
the surfactant (Brij 76) and TMOS were mixed with agitation
until homogeneous. Hydrochloric acid (diluted to pH~1.3
with deionized water) was added quickly which led to exo-
thermic hydrolysis. The mixture was placed under gentle
vacuum until it changed from a viscous liquid to a gel-like
material. As-synthesized materials were collected and allowed
to stand in a sealed container at 40 uC for 20 h. For room-
temperaturesynthesestheweightratioofsurfactant : TMOS :HCl
was 1 : 2 : 1 for HI-SiO2,

20 1.5 : 2 : 1 for L‘-SiO2, and 1.3 : 1.5 : 1
for S-SiO2. For syntheses conducted at 60 uC, the weight ratio
was 1.4 : 2 : 1 for Ia3d-SiO2, 1.52 : 2 : 1 for Im3m-SiO2, and
1.62 : 2 : 1 for 3-d (HI-SiO2). The surfactant was removed by
calcination at 450 uC (3 h under nitrogen and 14 h under
oxygen) for all the silica mesophase materials.

Analyses

Powder X-ray diffraction (XRD) patterns were recorded on a
Siemens (h–2h) D5000 diffractometer with monochromated
Cu-Ka radiation. Nitrogen adsorption/desorption isotherms
and surface area measurements were determined following
the BET method at 77 K, the data being collected with a
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Micromeritrics GEMINI III 2375 surface area analyzer. Trans-
mission electron microscopy (TEM) images were recorded on a
JEOL FX 2000 instrument operating at an acceleration voltage
of 200 kV.

Results and discussion

The isotropic liquid produced during the hydrolysis of TMOS
in the Brij 76/HCl mixture was due to the formation of
methanol. The presence of the methanol in the mixture destroys
the mesophase structure but removal of the methanol under
vacuum allowed the mesophases to form. The generation of the
monolithic material under highly acidic conditions (pH~1.3)
leads to a rapid poly-condensation process without loss of the
long-range order of the mesoporous materials.20,21

The high concentration of Brij 76 permits the pre-existence
of lyotropic liquid crystalline phases and directs the formation
of monolithic nanostructured materials with different meso-
phases through a liquid crystal template mechanism.8,9,20 The
temperature and the surfactant concentration mainly affect the
phases formed,22 rather the structure and charge density of
the surfactant.23

Nitrogen adsorption/desorption isotherms

N2 adsorption/desorption isotherms for the calcined mesopor-
ous materials are shown in Figs. 1 and 2. All the mesoporous

materials exhibited type IV isotherms, typical of mesoporous
materials with pore size less than 40 Å.24,25 A sharp inflection
between relative pressure P/Po~0.25 and 0.5 indicates capil-
lary condensation within uniform mesophases. This inflection
point depends on the pore size and the sharpness in this step
signifies a uniform pore size. In addition, the initial step at low
relative pressure can be extrapolated to the origin, suggesting
monolayer N2 adsorption on the walls of mesopores. Hysteresis
loops in the adsorption/desorption isotherms that are inter-
mediate between type H1-, and H2-models are shown in
Fig. 1.26 Such a combination of H1 and H2 hysteresis loops can
be attributed to capillary condensation associated with large
pore channels.27,28

On the other hand, N2 adsorption/desorption isotherms
(shown in Fig. 2) show a clear type H3 hysteresis loop at higher
relative pressure. This may be attributed to N2 filling the
textural mesopores associated with slit-shaped or plate-like
particles.29

The BET surface area and the total pore volume at relative
pressure (P/Po)~0.953 of the calcined materials were calculated
and are summarised in Table 1. It seems that the concentration
of the template and the temperature during the synthesis of the
mesoporous materials influence both the surface area and pore
volume. The surface area of themesoporousmaterials was found
to be in the range 580–950 m2 g21, reflecting a high internal
surface area of the mesoporous frameworks.20,21

The Horvath–Kawazoe (HK) pore size distribution for
calcined mesoporous materials are shown in Fig. 3, and pre-
sented in Table 1. Generally, desorption data are often used for
assessment of the distribution pore size curve. However, a type

Fig. 1 Nitrogen adsorption (solid line)/desorption (dotted line) iso-
therms for calcined mesoporous silicate materials for (a) HI-SiO2, (b)
L‘-SiO2 and (c) S-SiO2 (relative pressure is p/po, where p is the
equilibrium pressure of the adsorbate and po is the saturation pressure
of the adsorbate at the temperature of the adsorbent; V is the volume
adsorbed at STP).

Fig. 2 Nitrogen adsorption (solid line)/desorption (dotted line) iso-
therms for calcined mesoporous silicate materials for (a) Ia3d-SiO2, (b)
Im3m-SiO2 and (c) P63/mmc-SiO2.
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H3 hysteresis loop found for the high temperature synthesised
mesoporous materials is unlikely to yield a reliable estimation
of pore size distribution.26 Therefore, the adsorption data was
used to determine the mesopore size distribution as shown in
Fig. 3(d)–(f).

Powder X-ray diffraction (XRD)

XRD was used primarily to probe the periodicity of the
mesoporous materials. These types of material display a very
high intensity peak around 2h~2u together with low intensity

Table 1 Results of the total pore volume (V) at P/P0~0.953, surface
area (A) and pore diameter (a) of the calcined mesoporous materials

Mesophase
material

Template
concentration(%) T/uC

V/
cm3 g21 a/Å

A/
m2 g21

HI-SiO2 50 25 0.656 38 787
L‘-SiO2 75 25 0.765 37 852
S-SiO2 87 25 0.861 39 950
Ia3d-SiO2 70 60 0.582 36 624
Im3m-SiO2 76 60 0.564 35 604
P63/mmc-SiO2 81 60 0.511 34 580

Fig. 3 Horvath–Kawazoe plots of N2 desorption data for (a) HI-SiO2, (b) L‘-SiO2 and (c) S-SiO2 and N2 adsorption data for (d) Ia3d-SiO2, (e)
Im3m-SiO2 and (f) P63/mmc-SiO2 mesoporous materials (dVp/dr is the derivative of the nitrogen volume adsorbed with respect to the pore diameter
of the adsorbent).
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peaks in the 2h range 3–8u.1,2 Figs. 4 and 5 illustrate that the
calcined samples of the lyotropic liquid crystal mesophase
materials yield well-resolved XRD patterns. A long-range
hexagonal order of HI-SiO2 was observed, as indicated by the
presence of d100, d110 and d200 reflections, Fig. 4(a).30–32 The
low-angle XRD pattern of HI-SiO2 shows a d100-spacing of
48 Å, which is similar to that reported for lyotropic mesophase
silicate materials.33 The pattern shown in Fig. 4(b) can be
indexed to the lamellar spacing ratios 1 : 2 : 3. The presence of
these hkl reflections with a unit cell parameter of 44 Å for the
synthesised mesoporous sample with 75% of Brij 76 at 25 uC
has been established for lamellar phase materials.34 By
increasing of the template concentration to 87% (w/w) of Brij
76 (Table 1), the solid phase mesoporous material (S-SiO2) can
be characterised in accord with the Brij 76 phase diagram.23,35

However, the XRD pattern shows a high intensity reflection
peak with the same lamellar unit cell parameter~44 Å,
Fig. 4(c). This suggests that the mesoporous silica materials
of the lyotropic liquid crystal solid mesophase have well-
defined lamellar order. The broadening of the high intensity
100 reflection peak and the partial collapse in the low intensity
d200 and d300 reflections may be ascribed to a lack of long-range
crystallographic order or to finite size effects.6,20,36

XRD patterns of the high temperature as-synthesised
materials are observed to display several distinguishable
Bragg peaks which can be related to different hkl reflections,
Fig. 5. The mesoporous silica material produced by using 70%
of Brij 76 at 60 uC shows XRD reflection peaks that can be
assigned to cubic lattices of space group symmetries Ia3d
(d6 :d8 :d14 :d16 :d20 :d22 :d24), Fig. 5(a).1,2,37 The pre-
sence of the finely resolved peaks with d-spacings of 46, 39.8,
30.0, 28.2, 25.2, 24.0 and 22.9 Å are similarly observed in
MCM-48 mesoporous materials.38

The XRD pattern (Fig. 5(b)) for the calcined mesoporous
material prepared at high concentration of Brij 76 (76%),
exhibits well-ordered reflection peaks of the cubic Im3m
space group.27,39 These peaks display d-value ratios of
d2 :d4 :d6 :d8 :d10 :d12 :d14, which are indicative of
(110, 200, 211, 220, 310, 222, 321) reflections, respectively.
This type of material is consistent with SBA-16 mesoporous
silica material.39 Fig. 5(c) shows the XRD patterns of the
calcined mesoporous silica prepared in the presence of Brij 76
(81%) as template. Three poorly resolved peaks appear in the
2h range 1–2u with d-spacings of 45.2, 43.5 and 39 Å. In
addition, two resolved peaks in the 2h range 3–5u with
d-spacings of 25.2 and 21.3 Å are observed. These peaks
correspond to the 100, 002, 101, 110 and 112 reflections,
respectively. Such an XRD pattern is assigned to the three-
dimensional p63/mmc hexagonal structure with unit cell
parameters of, y~55.2, c~87 Å, with c/y~1.58 which are
consistent with the synthesised three-dimensional hexagonal
mesophase, SBA-2.39,40 These results established that the three-
dimensional hexagonal structure is formed from hexagonal

Fig. 4 XRD patterns of calcined mesoporous silicate materials syn-
thesised at 25 uC: (a) HI-SiO2, (b) L‘-SiO2 and (c) S-SiO2.

Fig. 5 XRD patterns of calcined mesoporous silicate materials syn-
thesised at 60 uC: (a) Ia3d-SiO2, (b) Im3m-SiO2 and (c) P63/mmc-SiO2.
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close packing globular aggregate structures.41 Besides, the
appearance of the low intensity 103 and 211 reflection peaks
resembles that of well-defined long-range ordered mesoporous
silica materials (p63/mmc-SiO2).
In the view of the XRD patterns, it may be concluded that

the use of high synthesis temperatures leads to the formation of
three-dimensional, bicontinuous and cylindrical mesoporous
silicate structures rather than one-dimensional mesoporous
materials.42

Transmission electron micrographs (TEM)

TEM was used to investigate the structure of the mesophase
materials, as shown in Fig. 6. The calcined samples were
utilised for the TEM studies since the stability of these samples
enhanced the TEM images.
The TEM image for selected particles along the [100]

direction in Fig. 6(a) shows regular arrays of uniform channels
in a hexagonal texture. The separation distance between the

Fig. 6 TEM images of calcined mesoporous silicate materials: (a) HI-SiO2, (b) Im3m-SiO2, (c) Ia3d-SiO2, (d) L‘-SiO2, (e) S-SiO2 and (f) P63/
mmc-SiO2.
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channels is about 44 Å, which is consistent with the d100 X-ray
reflection peak.2,43 The TEM image shown in Fig. 6(b), shows
the mesoporous silica material (Im3m-SiO2). The character-
istics of the TEM pattern suggests the presence of highly
ordered three-dimensional cubic Im3m mesostructure.2,39 The
selected view of the [100] projection in Fig. 6(c) shows a
uniform pore structure along the [100] direction. These results
are consistent with the bicontinuous cubic Ia3d liquid crystal
phase that has been reported previously.1,43,44 Whilst it is
difficult from one direction only of TEM images to definatively
assign the three dimensional cubic Ia3dmesostructure,45 in this
case the TEM images show several distinguishable X-ray
reflection peeks of the cubic silica material (Ia3d-SiO2).

46

Fig. 6(d) and (e) shows the TEM patterns of the lamellar (L‘)
and solid phase (S) mesoporous silica materials, respectively.
Both images exhibit highly ordered layers indicating the
existence of a lamellar lyotropic liquid crystal phase.47 The
interlayer separation of both samples is about 40 Å, which is in
good agreement with the position of the d100 reflection peak
from X-ray analyses, Fig. 4(b) and (c).48

P63/mmc space symmetry and a three-dimensional hexagonal
mesoporous silica structure have been confirmed for the TEM
image of Fig. 6(f). However, the TEM patterns show a regular
array of mesopores characteristic of the [1̄ 1̄ 23] orientation,
which is indicative of 3-d hexagonal mesophases.39,49 In this
case, well-ordered large channels are observed to be arranged in
the same manner as 3-d hexagonal mesoporous silica materials
of group symmetry (P63/mmc) that have been prepared in bulk
silica mesophases.50–52

Conclusion

The formation of well-defined long-range ordered mesoporous
silica materials has been achieved by using high concentrations
of non-ionic surfactant (Brij 76) and under strongly acidic
conditions. The pre-existence of the lyotropic liquid crystal
mesophases directed the formation of monolithic nanostruc-
tured materials through the liquid crystal template mechanism.
The monolithic family includes materials with hexagonal
(HI-SiO2), lamellar (L‘-SiO2), solid phase (S-SiO2), cubic
(Ia3d-SiO2), cubic (Im3m-SiO2) and 3-d hexagonal (p63/mmc-
SiO2) structure mesophases. At high temperature (ca. 60 uC),
the formation of three-dimensional mesoporous structures is
favoured.
N2 adsorption/desorption isotherm curves established that

all the synthesised materials have uniform mesophases without
any micropore architictures. These materials have BET surface
areas in the range 580–950 m2 g21 and pore sizes of 34–39 Å.
Such high surface areas and large pore sizes are a consequence
of the relatively low synthesis temperatures. XRD and TEM
analyses established reliable synthesis of these well-defined
mesoporous silicates.
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