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Abstract: SiO, composited TiO, photocatalysts were prepared through a sol-gel way, ionic liquid (IL),
1-butyl-3-methylimidazole bromide ([Bmim]Br), used as a structure controlling agent. The obtained materials were
characterized by Fourier transform (FT-IR) spectroscopy, powder X-ray diffraction (XRD), N, adsorptione-desorption
isotherms, scanning electron microscopy (SEM) and transmission electron micrographs (TEM). The as-prepared TiO,
nanoparticles present anatase crystal phase even without being calcined, and show better photocatalytic performance in
the degradation of reactive brilliant blue. The results showed that a suitable aging concentration of IL was beneficial to
the growth of crystalline particles, but harmful more than the limit. Micelle State Charge Field (MSCF) leading to
lyotropic liquid crystalline mesophases was first presented to describe the action of IL in the formation of crystals and

porosities.
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1. Introduction

Compared to the conventional organic solvents, the ionic liquids (ILs) can be used as template, solvent and reactor
in the synthesis of inorganic materials for its unique properties such as extremely low volatility, high ionic conductivity,
good dissolving ability, designable structures, nontoxicity, and a large electrochemical window. Many reports have
described ILs as catalysts in organic reactions or polymerizations. Recently, there have been growing interests in
inorganic porous material preparation using ILs as templates, such as synthesis of a molecular sieve or aerogel [1]. Due
to the generally negligible vapor pressure of ILs, it has been suggested that ILs could be used as non-volatile drying
control chemical additives (DCCAs) during the synthesis of sol-gels, resulting in reduced shrinkage and subsequent
matrix collapse during formation of the gels [2].

TiO,, regarded as the most efficient environmental semiconductor photocatalyst, has been widely studied.
Admittedly, the principle of photocatalysis is absorption of photons with energy larger than the band gap of TiO, and
electrons are excited from the valence band to the conduction band, creating electron-hole pairs [3]. The photocatalytic
activity of a semiconductor is largely controlled by the light absorption properties, reactive rates on the surface by the
electron and hole, and the electron-hole recombination rate. The formed photogenerated electron-hole pairs can react in
three possible pathways as illustrated in Scheme 1. Larger surface area and slower recombination lead to faster
photocatalytic reaction [4]. Contradictorily, the surface is a defective site, therefore, larger surface area leads to faster
recombination. Higher crystallization with fewer bulk defects is beneficial to photocatalytic activity. There are three
main crystal phases in titania materials, rutile, anatase and brookite, among which, crystalline anatase was investigated
frequently because of its photocatalytic activities for various applications [5, 6]. So that, how to synthesize a catalyst
with high surface area and anatase microcrystal is the common goal for researchers [7, 8]. A traditional route to improve
the crystallinity of titania material is high temperature treatment. What crystal formed depends on the condition of

synthesis. Rutile is the thermodynamic stable phase, but anatase or brookite is stable at small particle size and lower
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temperature [9]. High temperature treatment can induce aggregation of small nanoparticles, decrease of surface area and
collapse of porous structure. Many efforts have been performed to solve this problem [10, 11]. Researchers used different
surfactants as structure-directing agents or template agents to synthesize mesoporous titania, successfully acquired higher
surface area and pore volume, but the titania were amorphous with poor photocatalystic activity [12]. In particular for the
systems doped SiO,, silica provided stability, mechanical strength and acid sites, which is beneficial to application and
recycle usage of catalyst [13-15].

The sol-gel method is a versatile process of making various porous materials and is widely used to synthesize titania
or silica doped titania photocatalyst [16-18]. A typical sol-gel process includes follow steps: hydrolysis and
polymerization of colloidal suspension or solution of precursores such as metal alkoxides, aging of polymers to form
porous and net skelecton structure, extraction of solvent and dry to solidify gel phase. As a result, the dry samples keep
the very unusual porous texture that they had in the wet stage. In general, these dry solids have very low apparent
densities, large specific surface areas, and in most cases, they exhibit amorphous structures when examined by X-ray
diffraction (XRD) methods [17]. A highly porous and extremely low-density material called an aerogel is usually
obtained under a supercritical condition, which is employed to prevent the porous structure from collapsing during
drying. Among them, the silica aerogel have been widely reported. One way to enhance the titania-specific surface area
is dispersing titania into a silica matrix. The sol-gel process was proven to be convenience method for the formation of
homogeneous bulk silica-titania structure by controlling hydrolysis and condensation of silica and titania precursors to
form Si-O-Ti bonding [19, 20].
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Scheme 1. The schematic of photocatalytic mechanism in UV

We have reported a sol-gel route of synthesizing silica aerogel under ambient pressure drying through IL controlling.
The acrogels were bulk with high surface area (992m?/g), mesoporous structure and narrow pore size distribution [1].
Similar method was used to synthesize photocatalysts. Interestingly, we found that under IL controlling, mesoporous
bulk titania or titania/silica composite with well anatase nanocrystalline structure can been synthesized at low
temperature (aging at 60 °C) without calcination, but excessive ionic liquid can make the product formation of
amorphous, which rare reported in literature. In this paper, we demonstrate the effect of IL ([Bmim]Br) as aging solution

on the formation of crystal. The reasons of forming crystalline mesoporous structure have been discussed.

2. Experimental
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2.1 Materials

Tetraethyl orthosilicate (TEOS, P 98%) and butyl titanate (TBT, P 97%) were obtained from Dongtai Tianjin Kemiou
Chemical Reagent Co., used as titania and silica precursor, respectively. Ethanol (>99.7%, Tianjin Guangfu Fine
Chemical Research Institute); Acetic acid (Tianjin Jindong Tianzheng Fine Chemical Reagent Factory); Urea (Shenyang
reagent five factory); Cyclohexane (Tianjin Kermel Chemical Reagent Co. Ltd., China), all of these were analytical
grade. Reactive brilliant blue ( Ji'nan Longteng dye Chemical Co. Ltd China.) used for the photocatalytic activity tests .
The [Bmim]Br, 1-butyl-3-methylimidazole bromide was synthesized according to the method reported in the literature
[21].

2.2 Preparation of photocatalysts

Mesoporous TiO, and SiO,/TiO, mixed oxides were prepared via a sol-gel route. At first, the silica sol was prepared by
adding solution (EtOH : H,O : acetic acid : urea : IL molar ratio was 3.5 : 4.62 : 0.002 : 0.04 : 1, stirred for 15 minutes at
room temperature) to a tetraethylorthosilicate in ethanol solution (TEOS/EtOH molar ratio was 1 : 3.5, stirred for 15
minutes at room temperature), and the mixture solution was stirred for 1.5 h at room temperature. The final molar ratio
of TEOS : EtOH : H,O : Acetic acid : Urea : IL molar ratio was 1 : 7 : 4.62 : 0.002 : 0.04 : 1. Then the TiO, sols was
prepared by adding solution (EtOH : H,O : Acetic acid : Urea : IL molar ratio was 9 : 3.75 : 1.8 : 0.04 : 1, stirred for 15
minutes at room temperature) to a butyl titanate in ethanol solution (TBT/EtOH molar ratio was 1 : 9, stirred for 15
minutes at room temperature), and the mixture solution was stirred for 30 minutes at room temperature. The final molar
ratio of TBT : EtOH : H,O : Acetic acid : Urea : IL molar ratio was 1 : 18 : 3.75: 1.8 : 0.04 : 1. The mix sol was directly
mixed TiO, sol with SiO, sol under vigorous stirring at TiO,/SiO, molar ratios 10, after 30 minutes of stirring then the
prepared sol placed in a water bath (30 °C) in the atmospheric for three days, Then add different concentrations of ionic
liquids, and aging for 4 days in a water bath (60 °C) to prepare a series of TiO,/SiO, mixed oxide photocatalysts samples.
The IL in the gels was extracted with cyclohexane and alcohol in turn until Br'ion cannot be detected by silver nitrate,

and then, dried at 60 °C for 8 h at ambient pressure.

2.3 Characterization

The Brunauer-Emmett-Teller (BET) surface area and the porosity of the samples were studied by a nitrogen adsorption
instrument (Nova 1200e Surface Area and Pore Size Analyzer). All the samples measured were degassed at 150 °C for 2
h prior to actual analysis. Pore size distribution and specific desorption pore volumes were obtained using by the
Barrett-Joyner-Halenda (BJH) method. X-Ray diffraction analysis (XRD) was performed using by a D/max-3B Analyzer
(Cu-Ka, 40 kV, 30 mA). The morphology of samples were investigated by scanning electron microscopy (SEM )
(Hitachi S-2500). FT-IR spectroscopy (PerkinElmer, Spectrum One-B) was used to determine the bonding of
silica-titania composite. Samples for transmission electron microscopy (TEM) were prepared by placing a droplet of the
suspension of photocatalysts onto a copper grid and allowing the solvent to evaporate. The high-resolution transmission
electron microscopy (HRTEM) images were obtained on a FEI TECNAI G2 F20 microscope at an accelerating voltage
of 200 kV.

2.4 Photocatalytic performance

The photocatalytic performance of the samples was evaluated by decolorization of reactive brilliant blue (KN-R). The

0.1 g block samples were used to decolorize 400 ml reactive brilliant blue solution (40 mg/L). The photocatalytic



New Journal of Chemistry

reaction was performed under 135 W Xenon lamp irradiation. In the first 30 minutes, the reaction was performed in
darkness, after 30 minutes, 135W xenon lamp irradiation for 2 hours, and observe the UV-Vis absorbance spectra of each

sample.

3. Results and discussion

3.1. Catalysts characterization

3.1.1 XRD analysis

The silica composited titania possessed fine nano-crystalline anatase phase similar as mesoporous titania based on the
investigation of XRD shown in Fig.1. Usually, the porous material synthesized by sol-gel method was amorphous
without calcinations [3, 4]. Obviously, the IL played an important role on the formation of crystalline phases. Further
investigations showed the concentrations of IL, [Bmim]Br, evidently effected on the crystallization for both sol and
gelatin step, especially for later step. To clarify the effect of IL, we used different concentration of IL as aging solution to
prepare a series of SiO,/TiO, mixed oxide photocatalysts samples. The XRD pattern of the pure TiO, showed crystalline
structure of the pure anatase phase, main diffraction peaks near or at the diffraction angle for 25.3°, 37.8°, 48.1°, 53.9°,
62.7°, 68.8° and 75.0° can be observed, corresponding to (101), (004), (200), (105), (204), (116) and (215) plane
diffraction of anatase, respectively. SiO, composited TiO, photocatalysts with IL concentrations of 0 mol/L, 1 mol/L and
2 mol/L also showed diffraction peaks attributed to the anatase TiO,, the incorporated SiO, did not affect the crystalline
structure of the TiO,. The changes of XRD patterns clearly showed that a suitable aging concentration of IL was
beneficial to the growth of crystalline particles, but harmful more than the limit. Based on the calculation of Scherrer
equation of D=0.894/fcos#, the crystal diameters were calculated from the (101) plane and changed from 2.0 nm, 6.6 nm,
to 5.3 nm with the increasing the concentration of IL from 0 mol/L, 1 mol/L to 2 mol/L, because a further increase in the
IL concentration more greatly inhibited the crystallization process of the TiO,. When the concentration of IL reached or
exceeded 3 mol/L, the peaks of XRD weakened and disappeared. Measured by conductance method in this paper, the
critical micelle concentration (CMC) of ionic liquids was 0.84 mol/L. Viscosity increased with the concentration of ionic
liquids from small to large, when the concentration of ionic liquid reaches 4 mol/L, viscosity is as high as 69.3 g-cm™-s™
and 15.2 g-em™ s, which were measured with viscosity meter at the temperature of 25 °C and 60 °C, respectively. The
crystal shape of aging liquid at 1 mol/L was the best because of nanoparticles with a charge of sol. When the
concentration of ionic liquid reached the critical micelle concentration, it would form micelles from the ion states, the
interactions between ionic liquids micelle and TiO, nanoparticles made the nanoparticles orderly arranged and formed
crystalline structure. The peaks of XRD weakened at the aging concentration of 0 mol/L, maybe in the process of sol
configuration, it also contained a small amount of ionic liquid play a role in the ageing process and at the ionic liquid
concentration was low to meet the critical micelle concentration. The peaks of XRD disappeared at the aging
concentration of 3 mol/L may be due to the high viscosity of the aging , nanoparticles could not adequately spread and

orderly arranged.
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Fig.1. XRD patterns of pure TiO, and SiO,/TiO, using different concentration of IL as aging liquid (0, 1, 2, 3, 4 mol/L)

A possible crystallization mechanism of titania was that the state charge field of IL micelles (called MSCF) leaded to
well-ordered prepolymers, lyotropic liquid crystalline mesophases, and at last formed crystallites as pore walls. Because
anatase is the thermodynamic stable phase at low temperature and small crystal diameter, the crystallite is simplex
anatase phase. This process can be illustrated as Scheme 2. Because of nanoparticles with a charge of sol, When the
concentration of ionic liquid reached the critical micelle concentration would form micelles from the ion states,
interactions between ionic liquids micelle and nanoparticles made the nanoparticles orderly arranged to form crystalline
structure. If the IL concentration is increased over the limit, the diffusion of prepolymers will become less available for
high viscosity of medium; as a result, the crystallites cannot form. The MSCF seems difficult to answer questions from
the conventional cation surfactants, which usually used as templates in sol-gel method, but have seldom been found the
function as ILs in this work. It can be contributed to the imidazole cycle of IL, which as a catalyst accelerated the
hydrolysis and condensation of titania or silica precursors, and simultaneously, itself was easily self-assembled by n-n

stack [22] .
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Scheme 2. The proposed mechanism for the formation of crystallite and porosity under the control of IL

3.1.2 N, adsorption-desorption analysis
The adsorption-desorption isotherms and pore size distribution for both catalysts were shown in Fig.2. The N,
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adsorption-desorption isotherm shape derived for the acrogels were identified as type-IV, with a capillary condensation at
the pressure about p/p;=0.4. The hysteresis loop for sample A can be classified as type H2 according to IUPAC
classification [23]. Type H2 means porous structure as bottle shape, which is attributed to the holes left by IL micelles.
The narrow pore size distribution of A was reasonable evidence. Differently, sample B should be classified as type H3,
which meaned cylindrical shape hole or slit shape hole. Two peaks of the most probable pore size distributed at 3.86 nm
and 7.92 nm imply two type holes in sample B, conjecturally derived from titian and silica [24]. The surface area, pore
radius and pore volume of Sample A, B, C were shown in Table 1. The changes of TiO, stack structure because of doping
silica can remarkably enhance the structure performance of catalysts, such as the increase of surface area and pore
volume of sample B to 585 m%/g and 0.913 mL/g, respectively. These values were much higher than for pure titanium
(216 m*/g, 0.343 mL/g), due to the microenvironment changes, two peaks all shifted to small diameters comparing with
pure titania (6.3 nm) and silica (>20 nm). Obviously hysteresis loop for Sample A and Sample B may be the
concentration of ionic liquid at 1mol/L would form micelles from the molecular states, micellar induced nanoparticles
formed an orderly arrangement channel structure. No hysteresis loop for the sample C, which meaned that the sample
concentration of ionic liquid too higher to effectively induced , disorderly accumulation without pore structure, which

was in good agreement with the XRD results (Fig.1).
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Fig.2. N, adsorption/desorption isotherms and pore size distributions of sample A (Pure TiO,, IL, 1 mol/L), B
(Si0,/Ti0,, IL, 1 mol/L) and C (SiO,/TiO,, IL, 3 mol/L)

Table 1. The surface area, pore radius and pore volume of Sample A (Pure TiO,, IL, 1 mol/L), B (SiO,/TiO,, IL, 1
mol/L), C (SiO,/TiO,, IL, 3 mol/L)

Photocatalyst Surface area Pore radius Pore volume
(m*g") (nm) (m’-g")
Sample A 216.3 6.3 0.343
Sample B 585.2 4.4 0.913
Sample C 67.6 22 0.083

3.1.3 SEM analysis

The SEM images were shown in Fig.3. The appearance morphology of B was more similar with silica aerogel [1]. The

particle size estimated by SEM roughly agreed with the results of XRD Scherrer calculation. No significant difference
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could be seen between the two samples. The binary oxide catalyst was more uneven compared with sample A and no

separated phase can be observed.

LA SN & N 55 IO . : .‘ e [ ¢ 4 »
Fig.3. SEM images of sample A (Pure TiO,, IL, 1 mol/L) and B (SiO,/TiO,, IL, 1 mol/L)

Fig.4 showed the element content distribution of Si and Ti. The silicon content was mostly constant within the measuring
range. However, the titanium content changeed significantly. Results also showed that silica was uniformly distributed in

bulk phase while the titania were in the formation of nanocrystal particles.
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Fig.4. Si-element and Ti-element content distribution of sample B (SiO,/TiO,, IL, 1 mol/L) along the diagonal line in

region 1

3.1.4 TEM analysis

The morphology of sample A (Pure TiO,, IL, 1 mol/L) and B (SiO,/TiO,, IL, 1 mol/L) was further investigated by TEM.
Al and A2 are different magnifications for the sample A, A1 (Low-magnification), A2 (high-magnification). B1 and
B2 are different magnifications for the sample B, B1 (Low-magnification), B2 (high-magnification). As shown in
Fig.5 (A2) and Fig.5 (B2), two-dimensional lattice fringes can be observed via detailed high-resolution TEM tilted angle
analysis. As shown in Fig.5 (A1), titania in spindle structure and grain grew completely, but the dispersion of TiO,
nanoparticles was not uniform and prone to reunite. Fig.5 (B1), the growth of grains was restrained and weaken the
spindle structure, grain width, but the dispersion of particles was relatively uniform, which was in good agreement with
the XRD results (Fig.1). The following could be the cause of producing this kind of phenomenon:The external of titania
coated with silica, inhibited the growth of the grains, crystallinity decreased.
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Fig.5. Transmission electron microscopy (TEM) images of A (TiO,, IL, 1 mol/L) and sample B (SiO,/TiO,, IL, 1 mol/L),
(A1, B1) Low-magnification and (A2, B2) high-magnification

3.1.5 FT-IR analysis

To show a more evidence on the combination of two dioxides, the FT-IR spectrum of B was shown in Fig.6 (B).
Compared with pure titania, the big adsorption peak at 1087 cm™ of Fig.6 (A) disappeared in curve B. A rational
conjecture was the formation of Ti-O-Si bond by the insertion silica in titania network to enhance the titania-specific
surface area was dispersing titania into a silica matrix, which was in good agreement with the BET results (Table 1).The

!, which were attributed to symmetric and

characteristic peaks of Ti-O-Si bond appear at 1039 and 910 cm
anti-symmetric stretching of Ti-O-Si bond, respectively [19, 25]. The peak areas of broad band at 3400 cm™ and band at
1630cm™, which respectively corresponded to the stretching of -OH and the deformation of H-O-H, increased from A to
B, suggested water adsorbed on silica surface. It was generally accepted that water adsorbed on silica surface due to the
formation of hydrogen bonding silinol [14]. The results further evidenced the inference that a part surface of hole wall
was occupied by silica. The bridge bonds existed between the hole walls of crystalline titania and amorphous silica,

which agreed with the results of Luis Pinho [24].
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Fig.6. The FT-IR spectra of sample A (TiO,, IL, 1 mol/L) and B (SiO,/TiO,, IL, 1 mol/L)

3.2 Photocatalytic performance

The 0.1 g block samples were used to decolorize 400 ml reactive brilliant blue solution (40 mg/L). The photocatalytic
reaction was performed under 135 W Xenon lamp irradiation. In the first 30 minutes, the reaction was performed in
darkness, after 30 minutes, 135W xenon lamp irradiation for 2 hours, and observe the UV-Vis absorbance spectra of each
sample. Fig.7 showed the UV—vis spectra of reactive brilliant blue solution after 2 hours photo-degradation experiment
with pure TiO, (IL, 1 mol/L, ), SiO»/TiO, (IL, 0 mol/L), SiO,/TiO, (IL, 1 mol/L), SiO,/TiO, (IL, 2 mol/L), SiO,/TiO, (IL,
3 mol/L) as photocatalyst, 135W xenon lamp as light source, at room temperature and pressure, correspond to Fig.7(a),
Fig.7(b), Fig.7(c), Fig.7(d), Fig.7(e), respectively. Fig.7(f) as the arrows in order from top to bottom on behalf of reactive
brilliant blue without catalyst, SiO,/TiO, (IL, 3 mol/L), pure TiO, (IL, 1 mol/L), SiO,/TiO, (IL, 0 mol/L), SiO,/TiO, (IL,
2 mol/L), SiO,/TiO, (IL, 1 mol/L) in under xenon lamp irradiation for 2 hours after the catalytic degradation of reactive
brilliant blue and UV visible absorption curve, obvious the photocatalytic activity of SiO,/TiO, (IL, 1 mol/L) was much
better than that of other Samples. Doping silica enhanced the photocatalytic performance of titania, because that it
greatly improved the surface area. The reason should be that the titania-specific surface area was dispersing titania into a
silica matrix, which was in good agreement with the BET (Table 1) and the FT-IR (Fig.6) results. Obviously, the IL plays

an important role for the photo-degradation of reactive brilliant blue.
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Fig.7. UV—vis spectra of reactive brilliant blue solution photo-degradation experiment with a (pure TiO,, IL, 1 mol/L), b
(Si0,/TiO,, IL, 0 mol/L), ¢ (SiO,/TiO,, IL, 1 mol/L), d (SiO,/TiO,, IL, 2 mol/L), e (SiO,/TiO,, IL, 3 mol/L), and f

(absorbance of all the samples after 2 hours) under xenon lamp irradiation.

4. Conclusions

Si0,/TiO, mesoporous photocatalyst with nanocrystalline anatase and high surface area were successfully prepared with

[Bmim]Br and sol-gel route under ambient pressure drying without calcinations. The results demonstrated that the lonic

liquids had prominence effect on the formation of TiO, crystallites. Suitable concentration of lonic liquids for sol-gel

process was required and beneficial to the growth of crystallite particles. In the process, crystalline titania and
amorphous silica skeletons can be fabricated and banded together by the bond of Ti-O-Si. When the concentration of IL
was 1 mol/L, SiO»/TiO, composite acrogels was anatase, specific surface area up to 585.2 m?-g”, and photocatalytic
degradation of reactive brilliant blue was much better than that of other Samples. The Micelle State Charge Field (MSCF)
should be the main factor leading to crystallization of TiO,. Such a method and theory will facilitate the synthesis of

photocatalysts and porous materials.
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