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Materials with nanosized and well-arranged pores have been researched actively in order to be applied to new technology fields.
Especially, mesoporous material containing various pore structures is expected to have different pore structure. To form a mixed
pore structure, ordered mesoporous silica films were prepared with a mixture of surfactant; Brij-76 and P-123 block copolymer. In
mixed surfactant system, mixed pore structure was observed in the region of P-123/(Brij-76 + P-123) with about 50.0 wt.% while
a single pore structure was observed in regions which have large difference in ratio between Brij-76 and P-123 through the X-ray
diffraction analysis. Regardless of surfactant ratio, porosity was retained almost the same. It is expected that ordered mesoporous
silica film with mixed pore structure can be one of the new materials which has distinctive properties.

1. Introduction

Porous materials are classified into several kinds such as
microporous, mesoporous, and macroporous by their pore
size according to the IUPAC (International Union of Pure
and Applied Chemistry) notation [1]. The microporous
materials have pore diameter less than 2 nm, and the macro-
porous materials have pore diameter greater than 50 nm.
The mesoporous materials contain pores with diameter
between 2 and 50 nm. They have been still researched
since 1970s, and research in this field has steadily grown
[2]. They have low density, large surface area, insulating
property, and higher elastic modulus than nonordered
mesoporous materials. For these properties, it was expected
that they can be used in various application fields such
as sensor, electronic, membrane, gas storage, adsorbent,
catalyst support, and so on [3–5]. Silica-based materials, with
nanosized pores, were discovered in 1992 by the researchers
of the Mobil Oil Corporation [6]. These materials were first
obtained as powders by mixing organic surfactant with silica
precursor. Mesoporous thin films have been obtained more
recently using the evaporation-induced self-assembly (EISA)
method, developed by Lu et al. in 1997 [7]. EISA method is a

way to form micelles using surfactant, and a driving force for
the formation of micelle is to reduce contact area between
hydrocarbon chain and hydrophilic solvent [8]. When the
concentration of the solution is below the critical micelle
concentration (cmc), surfactant molecules can move around
in solution without making micelles [9]. With evaporation of
solvent, above cmc, the concentration of solution increases,
so surfactant molecules start making micelles. After that,
micelles stack up and form an ordered structure, and then
finally, ordered mesoporous silica film can be obtained
through calcination to remove the organic surfactant. There
are several variables of forming ordered mesoporous struc-
ture such as reactant concentration, synthesis temperature,
pH of solution, and the nature of surfactant. However,
the effects of mixed surfactants on ordered mesoporous
silica are hardly known because there have been several
researches related with single surfactant, but there have
been only few researches with mixed surfactants [10–17].
Lan Chen et al. made their studies on the mixture of
various surfactants and synthesized the bimodal structure in
P123-P65-25R4 system. But new ordered pore structure was
not discovered. Therefore, further research is needed about
ordered the mesoporous silica film using mixed surfactant.



2 Journal of Nanomaterials

(a) (b)

Figure 1: Possible states of the structure of the micelles; (a) nonseparated state and (b) separated state.

Understanding the correlation between structure and mixed
surfactant can be deployed on a commercial scale.

Density of material influences on some of the other
physical properties of material. Refractive index, for example,
is a kind of property which is related with density of the
material. Because mesoporous materials have pores, if we
control the pore structures of the mesoporous material
intentionally, we can get the material with various densities
using mixed surfactants. Thus, we can have the material
that has different refractive indices although it is composed
entirely of the same chemical species. Through the control
of the thickness of regions with different indices, we can
modify transmission and reflection of light, and it could
be applied to several fields such as high reflective glass and
transparent thermal insulating materials. Also, processing
steps can be reduced by using mixed surfactant system.
There have been several reports about ordered mesoporous
silica using surfactant Brij-76 or P-123. According to the
researches, Brij-76 is known that it can make 2D hexagonal,
BCC, and lamellar structure, and P-123 is known that it can
make 2D hexagonal and BCC structure [18–20].

In this study, mesoporous silica film was obtained using
two surfactants, Brij-76 and P-123, with various molar ratios.
The pore structure variation according to the molar ratio of
the surfactants was analyzed.

2. Experimental Procedure

Ordered mesoporous silica films were synthesized by the
EISA method as follows. Firstly, EtOH (Duksan, 99.9%) was
used as a solvent. The Brij-76 (C18H37(OCH2CH2)10OH,
Aldrich) and the P-123 block copolymer (H(OCH2CH2)10·
(OCH3CH2CH2)70(OCH2CH2)10OH, Aldrich) were dis-
solved in the solvent, and acidified H2O was added.
After stirring for 1 h, TEOS (Fluka, 98%) was sequentially
added to the solution as silica precursor. The final molar
ratio of TEOS : EtOH : H2O : HCl : mixed surfactants was
1 : 20 : 5 : 0.01 : 0.05, and the weight ratio of the mixed

surfactants (P-123/(Brij-76 + P-123)) was changed from 0
to 100 wt.% having 12.5 wt.% interval. After 30 min, a sol
was spin-coated on silicon wafers at 3000 rpm for 30 sec at
23◦C and a relative humidity of 30%. The used silicon wafer
is (100)-oriented and its surface is hydrophilic caused by
RCA-1 cleaning. To remove the block copolymer, ordered
mesoporous silica films were calcined at 400◦C for 2 h at a
heating rate of 1◦C/min in oxygen atmosphere.

To investigate the ordered pore structure, X-ray powder-
diffraction (XRD) patterns were collected using Cu Kα
radiation with wavelength of 1.5418 Å. The porosity of the
film was measured by ellipsometry. The microstructural
images of the mesoporous silica film were obtained using a
transmission electron microscope (TEM, JEOL JEM-4010)
at 400 kV.

3. Pore Structure Model

Two kinds of surfactants, Brij-76 and P-123, are different
in several properties. Among them, especially, Brij-76 has
lower molecular weight (M.W. of Brij-76 and P-123 are 710
and 5750, resp.), and the chain length of Brij-76 is shorter.
As a result, it is expected that the micelle of Brij-76 is
smaller than that of P-123, so they can make different pore
structures above cmc. Therefore, pore structure synthesized
using mixed surfactant which consists of Brij-76 and P-
123 can be suggested as two models on the assumption
that micelles are made by only same the kind of surfactant.
They are nonseparated and separated states. Nonseparated
state is a state which has a region with randomly mixed
micelles, so it has disordered and isotropic pore structure
as shown in Figure 1(a). Two kinds of micelles should be
formed in similar rates in order to form nonseparated state.
Therefore, each surfactant should have similar cmc in this
case. Separated state is a state with the mixture of regions
with homogeneously packed micelles, so it can be assembly
of ordered pore structures as shown in Figure 1(b). Two
kinds of surfactants should have very different cmc to form
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separated state. We can control pore structures using the rate
of the micelle formation in this case. If ordered mesoporous
silica film is made by mixed surfactant which consisted of
Brij-76 and P-123, it is expected a separated state model due
to large difference of cmc in this report.

4. Results and Discussion

Figure 2 shows XRD spectra of ordered mesoporous silica
films according to the weight ratio of mixed surfactants (P-
123/(Brij-76 + P-123)). Only one peak was detected when
P-123/(Brij-76 + P-123) is from 0 to 25.0 and from 75.0 to
100 wt.%. It is the peak of the pore structure formed by Brij-
76 and appeared at 2.91◦ in region of P-123/(Brij-76 + P-
123) from 0 to 25.0 wt.% [18]. Also, the d-spacing which
means a distance between pores is about 3 nm. In the region
of P-123/(Brij-76 + P-123) from 75.0 to 100 wt.%, the peak is
caused by the pore structure formed by P-123 and appeared
at 2.26◦, and d-spacing corresponds to about 3.9 nm [21].
That shows the micelle size of P-123 is bigger than that of
Brij-76 because that the size of surfactant P-123 is bigger.
In case of P-123/(Brij-76 + P-123) is 12.5, 25.0, 75.0, and
87.5 wt.%, there also was one peak of each, little bit shifted.
That means the small amount of minor surfactant hinders
making pore structure formed by major surfactant instead
of making separated phase. At the point of 50.0 wt.% of P-
123/(Brij-76 + P-123), two XRD peaks were observed. That
means the ordered mesoporous silica film had mixed pore
structure, and each surfactant was enough to make its own
pore structure. It can be explained as that Brij-76 has lower
cmc value (0.002 g/L at 298 K) than the cmc value of P-
123 (0.045 g/L at 298 K), so micelles of Brij-76 were formed
earlier than micelles of P-123 [22, 23]. In addition, seeing
that the intensity of the XRD peak formed by Brij-76 is higher
than that by P-123, pore structure formed by the micelles
of Brij-76 was developed more ordered for the same reason.
In case of 37.5 and 62.5 wt.% in P-123/(Brij-76 + P-123),
two XRD peaks were detected, so there existed mixed pore
structures in the region from 37.5 to 62.5 wt.%. Therefore,
it was expected transition region existed that between 37.5
and 62.5 wt.%. As a result, it was considered that the mixed
surfactant formed the separated state between two models.

Figure 3 shows full width at half maximum (FWHM)
values of the specimens. In the region of P-123/(Brij-76 + P-
123) from 0 to 37.5 wt.%, FWHM values slightly increased,
so it indicated that XRD peaks became broad. In other
words, it implies that ordering of the pores decreased. The
reason is that the insufficient amount of surfactant cannot
make micelles, and it influences on the formation of the
structure of micelles and the development of the micelles
of another kind of surfactant negatively [24, 25]. Therefore,
the formation of the micelle structure was hindered by
the minor surfactant of P-123. Similarly, in region of P-
123/(Brij-76 + P-123) from 62.5 to 100 wt.%, hindrance of
the minor surfactant of Brij-76 occurred, and ordering of
the pores decreased as P-123/(Brij-76 + P-123) went down
from 100 to 62.5 wt.%. However, in the region of P-123/(Brij-
76 + P-123) from 37.5 to 62.5 wt.%, FWHM value rapidly
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Figure 2: XRD patterns of mesoporous silica film along the weight
ratio of mixed surfactant (P-123/(Brij-76 + P-123)).
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Figure 3: FWHM of mesoporous silica film along the mass ratio of
mixed surfactants (P-123/(Brij-76 + P-123)).

increased, and XRD peaks became very broad. That means
each kind of surfactant was enough to make two kinds of
its own micelles, so two kinds of micelles formed each pore
structure and hindered each other. That is, micelles hindered
the formation of micelle structure, not surfactants. It was
considered that the reason about the change of the FWHM
value was based on the difference of hindrance between
micelle and surfactant.

Figure 4 shows the porosity of ordered mesoporous silica
film according to the weight ratio of mixed surfactant
(P-123/(Brij-76 + P-123)). The porosity decreased in the
region of P-123/(Brij-76 + P-123) from 0 to 50.0 wt.%
and increased in the region of P-123/(Brij-76 + P-123)
from 50.0 to 100 wt.% slightly. It indicates that the small
amount of another kind of surfactant cannot contribute to
porosity because the small number of surfactants cannot
make micelles and only interrupt the pore structure. In case
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Figure 4: Porosity of mesoporous silica film along the weight ratio
of mixed surfactants (P-123/(Brij-76 + P-123)).

of P-123/(Brij-76 + P-123) of 50.0 wt.%, the porosity is the
lowest value. This is because two kinds of micelles formed
each pore structure and hindered each other as mentioned
above. It was also confirmed by XRD peaks in Figure 2. Thus,
it implies that pore structure in case of P-123/(Brij-76 + P-
123) of 50.0 wt.% is less ordered than in case of P-123/(Brij-
76 + P-123) of 0 or 100 wt.%. However, taken as a whole,
it was not considerable change of the porosity, so we could
conclude that most of the added surfactant participated
in the formation of pores, and the porosity depended on
the total amount of surfactants regardless of the kind of
surfactant.

To confirm a mixed pore structure obtained from XRD
result of mesoporous silica film with 50 wt.% P-123/(Brij-
76 + P-123) in Figure 2, the microstructure was observed
through TEM measurement and given in Figure 5. Two
different domains, highly ordered mesostructure and low
ordered mesostructure, were observed in TEM image of the
film. The interpore distance of highly ordered mesostructure
was about 3.3 nm, and that of low ordered mesostructure
was about 4.7 nm. The highly ordered mesostructure corre-
sponds to the domain formed by Brij-76, and the low ordered
mesostructure corresponds to the domain formed by P-123
when comparing with XRD results. The interpore distances
in the TEM images were larger than those in XRD results.
This enlargement in the TEM images could be caused by
a diffused image of pores from a misorientation between
a pore alignment direction and an electron beam incident
direction. However, the interpore distance ratios of two kinds
of pore structure were similar, for example, 1.3 with XRD
and 1.4 with TEM. Therefore, it could be concluded that the
mesoporous silica film could have a mixed two different pore
structures when using two different surfactants such as Brij-
76 and P-123.

5. Conclusions

Ordered mesoporous silica films were synthesized using
mixed surfactant, Brij-76 and P-123. Two kinds of mixed
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Figure 5: Microstructures of mesoporous silica film with the
composition of 50 wt.% (P-123/(Brij-76 + P-123)); (a) the domain
formed by Brij-76, and (b) the domain formed by P-123.

pore structures, nonseparated state and separated state,
were expected to be formed. The mixture of two ordered
pore structures is possible in case of the separated state,
and surfactants which have very different cmc are needed.
Results of XRD pattern showed the mixture of ordered pore
structure in the region of P-123/(Brij-76 + P-123) from
37.5 to 62.5 wt.%. XRD peaks of ordered pore structure
became broad due to hindrance by surfactant and/or micelle.
The porosity depended on the total amount of surfactants
regardless of the kind.
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