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Abstract. An experimental strategy was developed to obtain (Si1−x Tix )O2 (x ≤ 0.25) porous materials via the sol–gel
hydrothermal process. The sol was prepared from Si(OEt)4 (TEOS), Ti(OBu)4 (OBu: OCH2 CH2 CH2 CH3 ), anhydrous
ethanol, deionized water and nitric acid. The reagents were mixed at room temperature (293 K) to obtain a homogeneous
colourless liquid which was subjected to a hydrothermal process at 473 K using a stainless steel container. Finally, the material
obtained was treated at 873 K in air. The surface area of the treated solids was determined by N2 adsorption/desorption
isotherms. The corresponding average pore diameter was evaluated using the Barret, Joiner and Halenda and HorváthKawazoe methods. Porous structures were obtained, in which the average pore diameter of the microporous ones was 1.4
nm. The characterization techniques employed were Fourier transform infrared spectroscopy (FTIR), X-ray diffraction,
Raman spectroscopy, scanning electron microscopy, thermal gravimetric analysis, differential scanning calorimetry and
UV–Vis diffuse reflectance spectroscopy. The Si–O–Ti bonds were detected by FTIR.
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1. Introduction

using a conventional sol–gel process combined with a
hydrothermal one.

One of the main technological interests of the sol–gel process
is related to the preparation of amorphous solids with large
specific surface area and high porosity. TiO2 /SiO2 has been
investigated to obtain films with better properties than those of
TiO2 and SiO2 pure thin films. SiO2 supported TiO2 materials
have been extensively used as catalysts for a wide variety of
reactions because their physicochemical properties are superior than those of the single oxides [1]. SiO2 itself does not
exhibit photocatalytic properties; however, given its large
specific surface area and high porosity, SiO2 can act as an
adsorbent to improve the reactant concentration on TiO2 surface, thereby improving the photocatalytic activity of TiO2
[2–5]. It was observed that titanosilicates play an important
role in producing the nucleophile, which leads to smooth
nucleophilic reactions with high product selectivity [6]. The
hydrothermal method is of great interest because it is a safe
synthesis performed at moderate temperature [7], and it makes
it possible to synthesize materials with high specific surface
area [8,9]. The objective of this research is to obtain porous
materials with high specific surface area, with possibilities to
be used in the preparation of membranes for gas separation,
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2. Experimental
The synthesis of the (Si1−x Tix )O2 (x ≤ 0.25) oxides began
with the formation of a gel from the mixture of the following
reagents: titanium butoxide, tetraethylorthosilicate (TEOS),
anhydrous ethanol, deionized water and nitric acid, for which
the following procedure was performed under normal conditions. In a 20 ml glass flask, 5 ml of titanium tetrabutoxide
(Sigma, Aldrich, CAS-5593-70-4) was dissolved in 10 ml of
anhydrous ethanol (Sigma, Aldrich, CAS-64-17-5) and kept
under constant stirring for 30 min, using a magnetic stirrer
and a Teflon magnetic rod in a dry atmosphere. This solution was labelled as ‘solution A’. In a second container of the
same volume, 5 ml of TEOS (Sigma, Aldrich, CAS-78-104) and 5 ml of deionized water were added, in addition to
0.05 ml of nitric acid (Sigma, Aldrich, CAS-7697-37-2) as a
catalyst to induce the hydrolysis process that was produced
and accelerated by constant mechanical agitation of the mixture for 30 min. We used acid catalysis because we aimed

67

Page 2 of 7

to obtain materials with small pore diameter, and it has been
reported that in acid conditions, a material with a pore size of
<2 nm is obtained, while under alkaline conditions, materials with pore diameter between 2 and 50 nm are obtained
[10]. The resulting colourless solution was labelled as
‘solution B’. Solution A was slowly added to solution B,
which was kept under constant mechanical agitation for 2
h, obtaining a homogeneous mixture of light yellow colour.
The sample obtained was transferred to a Teflon container and
left to gel for a period of 24 h at normal conditions, and in
that period, it continued with the polymerization process. The
gelled samples placed in the Teflon container with lid, were
then placed in an ASI 316 stainless steel container that has a
lid with rope and that closes hermetically with a Teflon seal.
The reactor was put in a Novatech H535-AIA stove and left
there for 24 h, at a constant temperature of 473 K. The approximate calculation of the water and alcohol pressure using the
free volume of the reactor was 227 atm. Finally, the solvents
obtained as condensation reaction products were removed by
evaporation at 423 K, obtaining a white material.

Bull. Mater. Sci.

(2020) 43:67

Nexus 670 FTIR spectrophotometer in the 4000–400 cm−1
region. KBr pellets were prepared grounding the samples in
an agate mortar and mixing with anhydrous KBr in a weight
ratio of 99:1 KBr:sample, respectively.
X-ray diffraction (XRD) patterns were obtained using a
Ringaku Ultima IV diffractometer with zirconium-filtered
molybdenum X-rays (or coupled to a copper anode X-ray
tube). The intensity values were read at intervals 2 =
0.02◦ from 2 = 10–60◦ .
The Raman spectroscopy analyses were done using the
Raman micro technique that consists a Raman Nicolet
Almega XR spectrometer adapted to a microscope, which
allowed analysing the presence of different phases in the solid.

3. Characterization techniques
The N2 adsorption/desorption isotherms of the solids treated
at 873 K were measured at 77 K in a Quantachrome Autosorb1 after outgassing at 423 K for 12 h. The surface area
measurements of solids were obtained with the Brunauer,
Emmet and Teller (BET) and Dollimore Heal (DH) methods.
To account for the meso- and micro-porous regions of the
solid surface, we used the Barret, Joiner and Halenda (BJH)
and the Horváth-Kawazoe (HK) methods of calculation.
The Fourier transform infrared spectroscopy (FTIR) spectra of the oxides treated at 873 K were obtained using a Nicolet

Figure 1. Nitrogen adsorption/desorption isotherms of the solids
treated at 873 K.

Figure 2. Pore size distribution of the solids treated at 873 K
according to the BJH method.

Figure 3. Pore size distribution of the solids treated at 873 K
according to the HK method.
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Sample
95:5
90:10
85:15
80:20
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Porosimetry data of the solids treated at 873 K.
BET surface
area (m2 g−1 )

DH surface area
(m2 g−1 )

402.4
641.4
524.4
691.8

480.0
823.8
688.7
831.3

The scanning electron microscopy (SEM) results were
obtained using a Zeiss Digital Scanning Microscope DSM
940A. The grids were coated with carbon by sputtering. A
drop of a sonicated slurry prepared using EtOH to suspend
the xerogel, was poured over a coated grid and left to dry
slowly overnight. An additional coating was done with carbon to ensure that the samples were electrically conductive
and stable during the analysis.
Thermal gravimetric analyses (TGA) and differential scanning calorimetry (DSC) of powders were performed in a
NET-ZSCH STA 409 EP equipment, in air atmosphere at 10 K
min−1 heating rate from 303 to 1273 K.
UV–Vis diffuse reflectance spectroscopy (DRS) of the
solids was done in a UV–Vis–NIR Cary 5000 spectrophotometer.

Average pore diameter (nm) method

Table 2.

BJH

HK

10.26
9.58
8.61
3.40

1.49
1.46
1.46
1.45

FTIR bands assignment.

Assignment
O–H stretching [20]
C–H stretching [21]
C–H stretching of CH2
and CH3 groups [22]
Si–O overtone [23]
Si–O stretch. In linear Si–O–Si [24]
Si–O–Ti [25]
(–Si–O)–n [26]
Si–O–Si [27,28]

Wavenumber (cm−1 )
SiO2 –TiO2
3438
2924
2850
1632
1107
973
802
472

4. Results and discussion
The isotherms for the (Si1−x Tix )O2 (x ≤ 0.25) at 873 K
are shown in figure 1. The 95:5, 90:10, 85:15 and 75:25
samples exhibit a type IV isotherm according to the IUPAC
classification [11], indicating that microporous materials are
present along with mesoporous ones, the hysteresis loops are
type H1, which is characteristic of materials with cylindrical pore geometry and a high degree of pore size uniformity
[12,13]. The 99:1 and 80:20 samples exhibit an isotherm type
I [14,15], usually considered to be indicative of adsorption in
micropores materials or monolayer adsorption due to a strong
adsorbent–adsorbate interaction, the hysteresis loop is type
H4 characteristic of materials with large mesopores embedded in a matrix with pores of much smaller size [16]. The
pore size distribution in the mesoporous zone was evaluated
using the BJH method [17] (see figure 2), the average pore
diameter decreases as the TiO2 content increases. The pore
size distribution in the microporous zone was evaluated using
the HK method [18] (see figure 3), the average pore diameter
of microporous was 1.4 nm. The results are shown in table 1.
The achievement of the high specific surface area was based
on a difference in the hydrolysis rate between Ti(OBu)4 and
Si(OEt)4 under the same hydrothermal condition [19]. The
FTIR bands assignment for the solids treated at 873 K is
given in table 2. The most important feature in these spectra

Figure 4. FTIR spectra of the solids treated at 873 K.

was the detection of the Si–O–Ti bonds at 973 cm−1 , which
are present in every sample of hybrid oxides. Moreover, there
are two near absorption bands in the same range of vibration,
one of them is attributed to the stretching vibration of Si–OH
or Si(OCH2 CH3 ) groups at 960 and 970 cm−1 , respectively
[29], superimposed onto that by Si–O–Ti stretching [30]. The
spectra are shown in figure 4.
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Figure 5. XRD patterns of the solids treated at 873 K.

Figure 7. SEM of SiO2 –TiO2 85:15 treated at 873 K.

Figure 6. Raman spectra of the solids treated at 873 K.

The XRD patterns of the (Si1−x Tix )O2 (x ≤ 0.25) powders
are shown in figure 5. It is observed that the resulting XRD
patterns present low intensity peaks characteristic of the
anatase phase at 2θ = 25.3, 37.9, 38.576, 48.2, 54.1 and
55.2 (JCPDS no. 73-1764). Wide and low intensity diffraction
peaks associated with the anatase phase, in particular the peak
at 2θ = 25.28, which maintains its intensity even though the
molar concentration of TiO2 increases. which is associated
with an amorphous material doped with the anatase phase,
presumably of nanometric size and that is formed as a consequence of the instability of the titanium alkoxide during the
initial mixing.
As can be seen in the Raman spectra of figure 6, the
materials do not show any signs of Raman shifts associated

Figure 8. SEM of SiO2 –TiO2 80:20 treated at 873 K.

with any allotropic phase of TiO2 . In addition, this type of
spectrum is characteristic of an amorphous material. To reaffirm the previous discussion corresponding to the surface area
and pore diameter of the synthesized materials, the SEM of
the materials synthesized with a molar ratio is presented as
85:15 in figure 7, and 80:20 in figure 8. You can see the pore
sizes, which according to the scale, have an average diameter of 5 nm. It is confirmed that the materials obtained are
mesoporous.
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Figure 9. TGA curves of SiO2 –TiO2 samples.

Figure 10. DSC curve of SiO2 –TiO2 80:20.

The materials synthesized were dried and later analysed by
the technique of TGA and DSC. The TGA curves are shown
in figure 9 and the DSC ones are shown in figure 10. For a
better description of the thermogravimetric study, it has been
divided into three temperature ranges.
(1) In the range of 303–533 K, a greater weight loss is
observed by the evaporation of water and alcohols
(ethanol and butanol) from silicon and titanium precursors. Process that is justified by the endothermic peaks
associated to the same temperature range, present in
the DSC curve.
(2) A weight loss observed in the range of 533–953 K
associated to the combustion of alcohols (ethanol and
butanol) as well as to the groups of ethoxide and
peroxides of the condensation. The DSC graph of
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Figure 11. UV–Vis spectrum (DRS) of SiO2 –TiO2 samples.

Figure 12. Calculated band gap for SiO2 –TiO2 75:25.

this temperature range only shows exothermic signals,
which strengthen the aforementioned discussion.
(3) Finally, in the temperature range 953–1273 K, a small
weight change is observed, corresponding to the continuous dehydroxylation at high temperature of the
formed material. In this temperature range, there is no
clear indication of the formation of allotropic phases of
any silicate or titanate, as shown by the corresponding
DSC graph.
Figure 11 shows the UV–Vis spectra of the diffuse reflectance
of the synthesized mixed oxides. The SiO2 does not absorb
signals between 240 and 500 nm within the UV–Vis spectrum,
because it has electronic transitions at smaller wavelengths
below 200 nm. On the other hand, the increase in the molar
ratio of TiO2 , as observed, produces an increase in the absorption of signals between 240 and 380 nm. In addition, the
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Acknowledgements
Band gap (eV)
9
6
4.2
4.2
4.3
4.1
4.2
3.3

increase in TiO2 within the synthesized materials, displaces
the absorption edges at larger wavelengths, possibly caused by
the formation of small crystals of TiO2 (anatase phase) associated with a coordination number of Ti tetrahedral [31]. From
the absorption bands obtained, the values for the band gap
(E g ) were obtained by the Kubelka–Munk function [32]. For
studying the optical band gap of the (Si1−x Tix )O2 (x ≤ 0.25)
samples, a DRS analysis was done using Tauc equation
[33,34], for the 75:25 sample shown in figure 12, and the
results are presented in table 3.

5. Conclusions
It was possible to synthesize mixed oxides of silica–titania
through the combined sol–gel process by hydrothermal treatment at 473 K. Through the BET method, type IV adsorption–
desorption isotherms were obtained with a type H1 hysteresis loop, indicating that microporous structures are present
along with mesoporous ones, with high surface areas
(400–700 m2 g−1 ) and average pore diameters in the range
from 1.4 to 10.2 nm.
The infrared spectra of the synthesized mixed oxides exhibited characteristic bands of a silicate, with the appearance
of a new absorption band at 973 cm−1 associated with the
formation of ≡Si–O–Ti≡ bonds. The XRD patterns of the
synthesized materials exhibited the formation of an allotropic
phase of TiO2 (anatase) at the level of impurities, when the
molar ratio and temperature are increased. The signals of the
Raman spectra of the materials obtained showed that a amorphous material was synthesized. Through MEB, the pores of
the material were observed and a homogenous distribution of
size could be seen. By means of the TGA study, the weight
losses of the material were associated to the process of dehydration and combustion of alcohols and alkoxide groups. The
DSC analysis allowed verifying the endothermic and exothermic processes related to the evaporation of water, alcohols and
combustion of residual ethoxide and butoxide groups during
the hydrolysis and condensation reactions. E g values of the
synthesized mixed oxides are semiconductor type, they are
close to the value of commercial TiO2 (Degusa 25), which is
3.3 eV.
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