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Abstract

The main aim of the present study was to determine the impact of the Silica (SiO,) on the photocatalytic activity of Tita-
nium dioxide (TiO,) nano composite at various circumstance of preparation. Over the past few decades, there has been an
increasing trend toward researching novel photocatalysts for water purification and protecting the environment from pollution.
These organic pollutants have been degraded using various methods, including sophisticated heterogeneous photocatalysis
(PHCs) using titanium dioxide (TiO,). One of the most promising technologies seems to be using a TiO, photocatalyst. An
appropriate architecture that reduces electron loss during the excitation state and promotes the absorption of photons is nec-
essary to maintain the high efficiency of the TiO, photocatalyst in heterogeneous PHCs reactions. The heterogeneous PHCs
under UV-visible solar light must be significantly improved to further enhance the flow of photo-induced charge carriers
during the excitation state. Recently, the intriguing and distinctive characteristics of binary oxide photocatalyst systems or
silica (SiO,) doping have attracted much attention and have become a favorite subject of study for many scientific organiza-
tions. Compared to pure TiO,, the features of this SiO, doping were found to improve the photocatalytic (PHC) behavior
by increasing the surface area of the TiO, photocatalyst system. Therefore, this work critically reviews the modification of
TiO,/Si0, photocatalysts for pollutant degradation.
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Symbols and their corresponding description MOs  Metal oxides

PHCs Photocatalytics NCs  Nanocomposites
VB Valenece band PL Photoluminescence
CB Conduction band Eg Energy band gap
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o PHCs using TiO,.
o Synergetic interaction of TiO, with SiO,.
o The most important obstacles and challenges in PHCs. Over the past years, heterogeneous PHCs have been over-

e Improved PHC performance. grown, particularly concerning energy and the preservation
of the environment. Solar water splitting and the treatment
of air and water with varying levels of contaminants have
received the most research attention in PHCs. Numerous
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occurs when these semiconductors are triggered by energy
larger than their band gap, resulting in PHCs. However, as
shown in Fig. 1, the PHC effectiveness is typically influ-
enced by two factors: (i) the poor quantum yield caused by
rapid electron-hole (e-_h +) pair recombination, and (ii) the
significant band gaps of semiconductors, which only allow
for absorption in the UV area [4]. Therefore, numerous initi-
atives have been taken to enhance the effectiveness of PHCs
of these materials. To increase these semiconductors' cata-
lytic activity under UV and visible light, combining them
with noble metals has proven to be one of the most efficient
methods [5, 6]. These metal oxides (MOs) PHC activity is
typically linked to non-selective free radical reaction mecha-
nisms. They are, hence, frequently utilized to mediate the
complete breakdown of these pollutants into CO, and H,O
with O, under UV irradiation, which is how organic con-
taminants in water are photodegraded.

Although titanium dioxide nanoparticles (TiO, NPs) are
a semiconductor photocatalyst that has been widely investi-
gated, they have gained widespread acceptance due to their
high catalytic efficiency, low cost, and simplicity of manu-
facture [7, 8]. TiO, is frequently used in a variety of appli-
cations, including the treatment of wastewater, dye-sensi-
tized solar cells (DSSCs), lithium-ion batteries (electrodes),
chemical sensing, and the production of hydrogen, antibacte-
rial uses, and cosmetics [9-11]. TiO, lacks oxygen, making
it an n-type semiconductor. Tetrahedral anatase, rutile, and
orthorhombic brookite are three of its polymorphs. Due to the
slow recombination of holes and electrons, anatase TiO, NPs
have the highest PHC activity. Anatase, rutile, and brookite
have energy band gaps of 3.2, 3.0, and 3.2 eV, respectively
[12—-14]. Numerous studies show that the anatase and rutile
phases in an appropriate ratio exhibit better PHC activity
than anatase or rutile alone. Different techniques, including
sol—gel, hydrothermal, or solvothermal, pulsed laser (PLD)
deposition, chemical decomposition (CVD), chemical vapor
decomposition, micelle and reversed micelle, direct oxidation,
and sonochemical processes, can be used to create TiO, NPs.

Fig. 1 The electron-hole O2

recombination of PHC j
0,

efficiency in the MO semicon-
ductors (original drawing by
authors)

@ Springer

TiO, NPs have an advantage over other PHC semiconductors
due to their photostability, low production costs, and chemical
and biological inertness [15].

In PHCs, the three fundamental stages are light absorption,
charge separation, and surface reaction. The excited electron
transfers from the valence band to the conduction band when
photons are stimulated by sunshine, which has photon energies
equal to or greater than a photocatalyst's optical bandgap (Eg).
This process leaves a hole in the valence band, and "Charge
separation” is the name given to this phenomenon. Reactive
oxygen species (ROS), such as ¢02, ¢OH, and ¢OOH, which
can remove contaminants from water and the air, can be cre-
ated by the recombination or reaction of photogenerated elec-
trons and holes with electron donors or acceptors. The most
effective oxidizer of these ROS is OH, which is only surpassed
by fluorine [16, 17]. The mechanism of the PHC process can
be demonstrated by the following reactions [12]:

ho + TiO, = ho, ey~

ho, + H,O+ = «OH + H*

ep + 0+ = <0,

Pollutant + «OH = H,0 + CO,
H" +.+0,” = «O0OH

«OOH + «0O0H = H,0, + O,
Pollutant + «O,~ = CO, + HOH

Pollutant + «OOH = CO, + HOH

The reaction components are consumed and absorbed at
the active sites of MO semiconductors (TiO, NPs) in PHC
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Metal Oxide



Silicon

processes. The organization of the reactant surfaces and
charge interchange between the TiO, NPs and pollutants
causes the products to be generated on the surfaces of TiO,
NPs. As a result, these products are desorbed and released
into the environment. The resulting oxygen vacancies can
also be photo-excited electron—hole pair separators, increas-
ing the PHC activity. The emergence of unpaired electrons
or Tiy* centers due to the production of oxygen vacancies
may result in the formation of donor levels in the TiO, elec-
tronic structure [18]. Different techniques, such as hydro-
gen thermal treatment, high-energy particle bombardment,
doping of metals or non-metals, or thermal treatment under
oxygen-depleted conditions, could produce defective TiO,
with oxygen vacancies. Furthermore, a PHC activity might
result in the formation of oxygen vacancies. However, charge
recombination centers in high-density oxygen vacancies may
reduce the mobility of free carriers and the effectiveness of
PHCs [19, 20].

In addition to its benefits, TiO, NPs have three key
drawbacks: rapid electron-hole pair recombination, poor
light-source utilization, and challenging recycling [21].
Different techniques, such as linking with a narrower Eg
semiconductor, loading or co-loading with metal or non-
metal, surface stimulation by metallic complexes or dyes
made from organic material, coating of noble metals, top
layer fluorination, and top layer sulfation, can be used to
overcome the limitations of the large E, and the fast recom-
bination of electron-hole pairs [22]. The limited recycling
utility of TiO, NPs, which can cause issues with second-
ary contamination, is another restriction. TiO, NPs can be
immobilized on various surfaces to overcome the recycling
constraint. They also can be immobilized in a thermochemi-
cal, photochemical and electrochemical methods to mini-
mize the contamination of toxic gases. Using only a small
portion of the sample, thermogravimetric analysis (TGA) is
a widely used method to comprehend the kinetic parameters
of heat deterioration and the dominant response mechanism
[23-27]. However, detachment of TiO, NPs from their car-
rier substrates by hydraulic blow and impact is a significant
disadvantage of this approach [28]. However, immobiliz-
ing the photocatalyst in a matrix of TiO, like SiO, is one
way to stop the release of TiO, from the surface into the
environment. The earlier research on TiO,/SiO, nanocom-
posites (NCs) for diverse heterogeneous catalysis applica-
tions provides essential knowledge in this context [29-32].
However, another goal should be to create a mesoporous
photocatalyst to enhance access to the active sites and, as a
result, enhance catalytic activity. This can be done by devel-
oping mesostructured titania or adding TiO, to a matrix of
mesoporous Si0, [33-35]. There are numerous techniques
to integrate photoactive nanocrystalline TiO, particles into
a mesoporous silica matrix: (1) by combining precursors of
Si alkoxide and Ti alkoxide; (2) by gluing Ti alkoxide over

previously produced silica; or (3) by combining already-
formed TiO,NPs colloidal with a solution of silicon alkoxide
[36, 37].

However, challenges occur when Ti alkoxides are used
because they hydrolyze much more quickly than Si alkox-
ides. Secondly, the amount of TiO, that can be loaded is
relatively low. Third, the low heating temperature imposed
by some substrates severely restricts the growth of photoac-
tive TiO, crystals during a calcination process [29]. Graft-
ing Ti alkoxide into the silica matrix necessitates the slow,
laborious insertion of the alkoxides throughout multiple
deposition cycles. Consequently, the creation of TiO,/SiO,
NCs utilizing premade TiO, nanoparticles represents an
intriguing possible alternative in various PHC processes,
such as the purification of water and Atmospheric pollu-
tion [34]. Also, it was discovered that the catalyst films'
thermal stability and mechanical strength are improved by
the presence of SiO, [38]. Additionally, TiO, has a rela-
tively high rate of electron—hole recombination, which is
terrible for its photoactivity. Using different oxides when
doping with SiO, could have two effects: First, by acting as
electron traps, other oxides might lower the electron—hole
recombination rate. Second, linking additional oxides could
enhance the materials' physicochemical characteristics, such
as their particular surface area, surface acidity, and surface
hydroxyl [39]. Reviews of various aspects of TiO,/Si0O, as
a photocatalyst have been published in several publications.
The new developments in several TiO,-based photocatalyst
features are discussed in this research. The methods to pre-
pare the TiO,/Si0O,-based photocatalyst are discussed in the
third section of this paper. The surface morphology of TiO,/
Si0,-based photocatalyst is introduced in the fourth part,
which also served as the primary topic of this review. TiO,/
Si0, composite's PHC characteristics are examined in the
fifth part.

2 Contribution of Metal oxides in enhancing
PHCs

Numerous studies have been conducted on the electrical
and optoelectronic properties of MOs such as ZnO, TiO,,
and SiO, [40]. They have recently been demonstrated to
operate as stable photocatalysts due to their exceptional
electroactive capabilities and high electron—hole carrying.
Studies on improving their processibility have also been
extensively published [41, 42]. Table 1 displays the uses
of a few samples of MO-based materials distinguished by
various nanostructures. The table's listing of oxides is not
all-inclusive, and the PHC abilities of MOs (Ti0,/Si0O,) will
be covered in the following sections. From the findings in
Table 1, it is clear that the structure of the core and func-
tional components modulates the E, and surface adsorption
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Table 1 Examples of characteristic MO-based materials with diverse architectures

No MO Material Structural Properties Approach to Synthesis Application Ref
1 Ag@SiO,/ PVA-PEO Core-shell structure Casting optoelectronic applications [47]
2 Nanosheets of ZnO  floral-like 3D hierarchical structures Solvothermal Triphenylmethane dye adsorption [48]
3 TiO2/Si0, Core—shell Sol-gel Photodegrade-ion [49]
4 TiO,/Cu,O Heterostructure Hydrothermal route Water splitting [50]
5  TiO)-Cu,0 Cubic structure Electrochemical PHCs [51]
6  TiO,/ZnO Spherical and hexagonal nanorods Sol-gel degradation of methyl orange [52]
7 TiO,/Fe,04 Hetero-structure UV-assisted thermal synthesis PHC degradation [53]
8 TiO,/CdS Core—shell Microemulsion method Visible Light PHC [54]
9  ZnO-TiOy/clay ZnO NPs with TiO, placed on a clay Sol-gel method Degradation of MG [55]
surface
10 TiO2/Si0O, Mesoporous amorphous Sol-gel Photodegrade -ion of quinoline [56]

characteristics of these heterogeneous photocatalysts. For
various MO applications, Eg modification, the structure of
the material, and optoelectronic characteristics is essential
[43-45]. The structural variation in MOs is produced by a
variety of methods of synthesis, the most well-known of
which include co-precipitation, deposition, hydrothermal
technique, sol-gel method, sputtering, thermal evaporation,
electrochemical deposition, soak-deoxidize-air oxidation,
and impregnation [46].

Enhancing PHC activity involves doping with specific
materials, manipulating shape, and having a high surface-
to-volume ratio. Due to the high surface-to-volume ratio
of nanomaterials, more surface area is available for redox
reactions, increasing the PHC activity. Compared to their
bulk counterpart, nanostructured materials have superior
optical and chemical characteristics, indicating their func-
tion as photocatalysts [57]. In particular, gold nanoparti-
cles exhibit chemical reactivity, whereas gold in bulk does
not [58, 59]. In the form of nano-photocatalysts, zinc oxide
(Zn0), titanium dioxide (TiO,), tungsten trioxide (WO;),
copper oxide (CuO), tin dioxide (SnO,), and nickel oxide
(NiO) have all been generated. These oxides' optical, chemi-
cal, and physical characteristics make them appropriate for
various applications, including solar cells, catalysis, PHCs,
antibacterial activity, and thermoelectricity. A few of the
techniques used to make nano MOs have been described in
the literature: vapor transport, co-precipitation, electrostatic
spinning, hydrothermal, spray drying, sono-chemical synthe-
sis, magnetron sputtering, sol-gel, and solution combustion
[60].

The MO-based photocatalysts appear to do both ways
that catalysts can change any reaction, lowering the activa-
tion energy and giving an alternative pathway for degrad-
ing dye and other organic pollutants. The three key phases
that often make up the entire phenomena are separating the
electron—hole charge carriers, distributing these charge car-
riers throughout the entire catalyst surface, and binding the
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organic molecules to the active sites to advance the redox
processes. The species that are most reactive in carrying out
the degradation reaction are often H,O,, °OH, °OOH, and
0,°". Following is a description of how photocatalysts often
aid in the degradation of organic molecules:

Photocatalyst ho = e_CB+h+VB
0,  +2¢ +2H" =° OH + OH~
H*yy + H,O = H' +° OH

Organic pollutants +° OH = CO, + H,0

One of the best examples of this kind of catalyst that
may release reactive radicals to target the organic pollutants
(Fig. 2) present in an aqueous medium for an efficient degra-
dation process is MO photocatalysts, such as TiO, [61, 62].

3 Properties of TiO,/SiO,

One of the fundamental properties of photocatalyst mate-
rial is the band gap, which is directly related to the range
of photon energies that may be used. TiO, can be used at
the nanoscale or doped with SiO, to change or enhance its
electrical, optical, and magnetic properties [63]. TiO, lends
itself well to a wide range of daily applications without pos-
ing any concerns to human health or harming the environ-
ment because it is compatible with living beings [64]. When
the TiO, is exposed to light, this causes the production of
electron—hole pairs that can then react with oxygen or water
to create highly reactive radicals that can degrade various
organic and inorganic molecules.

Si0, is frequently utilized as a dopant distributed
throughout the TiO, lattice or as a catalyst support. The
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Fig.2 Diagram for TiO,-based
pollution degradation (original
drawing by authors)

+Pollutant sources ‘

Degradation items
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essential characteristics of TiO, are impacted by this dop-
ing, which also impacts PHC activities. SiO,'s structural
modification of TiO, dramatically increases TiO,-based
photocatalyst's specific surface area. Due to its high poros-
ity, TiO,/Si0, has a large surface area. High accessibil-
ity and diffusivity are made possible by the huge internal
surface area per weight of high-porosity structures. As
a result, contaminants are degraded more quickly on the
surface of catalysts [65, 66]. The literature clearly shows
that SiO, has improved the morphology of TiO,'s surface.
According to Balachandran et al., the mean pore size
derived from BET isotherms was 10 nm for TiO, and 15
nm for TiO2/Si02, whereas the BET-specific surface area
increased from 65 m? g-1 for TiO, to 75 m? g-1 for TiO2/
SiO02 [67].

There are two principal methods in charge of improv-
ing TiO, photoactivity. However, each TiO, alteration
results in unique modifications in TiO,. The newly added
elements to TiO, serve as traps for the photogenerated
charge carriers, which lowers the rate of electron—hole
pair recombination. The possibility that the electron—hole
pairs will react with the species involved in the process
is increased due to their longer lifetime, which boosts the
photoprocess yield [68]. The newly formed photocatalysts
have visible-range absorbance, enabling TiO, to be acti-
vated by visible light. Dopants are inserted into TiO, to
change the structure and electronic structure, which results
in a decrease in band-gap energy. Other materials, such as
organic dyes or noble metal nanoparticles, absorb visible
light and send their excited electron to the TiO,, starting
the photo process.
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4 TiO,/SiO, Structure

TiO, has distinct crystal structures and typically exists in
three polymorphs: tetrahedral anatase, rutile, and orthorhom-
bic brookite. Due to the delay in recombining holes and
electrons, anatase TiO, NPs have the highest PHC activity.
Anatase, rutile, and brookite have energy Egs of 3.2, 3.0,
and 3.2 eV, respectively [12, 14, 23]. This study shows that
the combination of the anatase and rutile phases at a proper
ratio has better PHC activity than anatase or rutile alone.

The overall particle size of TiO,/Si0, composite parti-
cles is reduced due to SiO, being deposited on TiO,. Bal-
achandran et al. observed an absorption peak of maximum
absorbance of TiO, and TiO,/SiO, at 372 and 352 nm,
respectively, based on the spectra from the UV—Vis spec-
trophotometer. Due to the quantum confinement effect, the
blue shift implies a reduction in particle size. Additionally,
he stated that utilizing SEM and TEM analysis, pure TiO,
displayed uneven morphological structure due to the aggre-
gation of its particles and has an average diameter of 15-20
nm. TiO,/Si0, had a consistent shape and particles typically
7 to 10 nm in size [69, 70]. The typical particle size of TiO,/
Si0, was 7-10 nm, displaying a uniform shape. This shows
that the SiO,-modified TiO, photocatalyst comprises smaller
particles with a higher surface area. The path of photoin-
duced electrons and holes used to move to the active sites
on the TiO, surface is narrowed by the smaller size of TiO,/
SiO, particles. TiO,/Si0, is a better photocatalyst than TiO,
because it improves the efficiency of redox processes involv-
ing electrons and holes while decreasing the recombination
rate of photoinduced electrons and holes.

@ Springer



Silicon

According to Chengjun Ren et al., the microstrain of
TiO,/Si0, samples elevated as the amount of SiO, doping
increased. The significant impact of the SiO, dopant on the
deformation of the anatase lattice can also be noted. As the
Si0O, doping levels are increased, the TiO,/SiO, samples'
crystallite sizes steadily decrease. The addition of Si to the
anatase TiO, lattice is thought to cause a decrease in crystal-
lite size [40]. Additionally, the amorphous silica framework
separates at the TiO, grain boundary and prevents TiO, spe-
cies from forming big nanocrystals by preventing them from
further coarsening and aggregating. Smaller particles can
improve separation performance and decrease the combined
photogenerated electric charge.

As A. Nilchi et al. reported, the anatase TiO, crystallite
size reduced from 9 to 5.09 nm. According to their findings,
SiO, doping into TiO, might successfully slow nanoparticle
formation and lower particle size. This observation could
be explained by the creation of the Ti—O-Si link and the
existence of amorphous SiO, around the TiO,, which would
inhibit the growth of TiO, particles [71].

5 Thermal Properties of TiO,/SiO,

Numerous factors, including pH, initial concentration, pho-
tocatalyst particle size and concentration, Thermal stabil-
ity, light intensity, and electron acceptors, affect the PHC
activity of materials. The overall thermal stability of TiO,/
SiO, is increased by adding SiO,, avoiding the transforma-
tion of anatase TiO, into a rutile TiO, crystal structure [30].
The link between the specific surface and pore volume of
TiO,, CTS-1 (Ti:Si 1), and CTS-4 (Ti:Si 4) and their dif-
ferent calcination temperatures was discussed by Wei et al.
in their report [72]. The particular surface area of CTS-1
dropped from 437.4 to 176.3 m* g', and that of CTS-4
dropped from 309.5 to 121.2 m? g! when the calcination
temperature was raised from 500 to 950°C. The pore volume
of CTS-1 changed from 1.39 to 0.52 ml g-1, and that of
CTS-4 changed from 0.55 to 0.30 ml g~! when the calcina-
tion temperature was raised. As SiO, increases, the thermal
stability of TiO,, CTS-1, and CTS-4 are less influenced by
the rise in calcination temperature.

Mehran Riazian prepared a TiO,/SiO, nanopowder com-
posite using the sol-gel method [73]. Due to the increasing
surface area and thermal stability, adding low-composition
SiO, to the TiO, matrix (less than 45%) improves the PHC
activity. SiO, oxides can have an impact on TiO, by enhanc-
ing the thermal stability of anatase, inhibiting particle aggre-
gation and anatase grain development, and increasing the
specific area of the rutile phase. Since doping molecules
could shield TiO, nanoparticles from agglomerating at cal-
cination temperatures, the effect of dopants displays a sta-
bilizing effect on anatase. A. Nilchi et al. [71] provided a
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study on various TiO,/SiO, NCs made using a brand-new
sol-gel technique. The anatase phase existed at all tem-
peratures examined in a phase transition investigation of
as-synthesized nanocomposite thermally treated up to 1100
°C. The tetrahedral coordination of TiO, in the SiO, matrix,
the anatase phase, and the huge surface area of the gen-
erated NCs provide them with good PHC capabilities. For
the degradation of the Congo Red (CR) azo dye, the PHC
capabilities of the composites were compared. Additional
research was also designed to assess the composite's cata-
lytic performance against that of synthetic pure TiO,. The
outcomes showed that the composite in its as-prepared state
is the most efficient.

Ti0,/Si0O, composites were produced by Tugrul Cetin-
kaya et al. [74] as photocatalysts utilizing the hydrolysis of
TiCl, and a suspension of TiO, made from the hydrolysis of
TiCl,. To examine the impact of calcination temperature on
the phase change of TiO, structure, TiO,/SiO, composites
were dried at 70 °C and calcined at 400 °C and 600 °C. It
can be shown that even at 600 °C, hydrolyzed TiO, retains
its calcined anatase structure. Because anatase structure
exhibits a superior PHC effect than rutile TiO, structure, it
was sought after to get anatase structure to obtain photodeg-
radation of organic molecules efficiently. TiO,/SiO, compos-
ite generated by TiO, suspension synthesized by hydrolysis
of TiCl, and calcined at 600 C exhibited 40% PHC degrada-
tion of AO7 after 2 h under UV light, and Composites' PHC
activity is standardized by surface area.

Lihong Wu et al. successfully developed SiO,/TiO, tear-
shaped nanoparticles with a core—shell structure using the
sol—gel process [75]. The teardrop-shaped SiO,/TiO, nano-
particles demonstrated excellent thermal stability according
to the TGA analysis, and improved photocatalytic removal
of MB following a three-hour calcination at 500 oC. The
analysis of the degradation mechanism revealed that the
photogenerated holes were more crucial to the oxidation of
MB than the photoinjected electrons. Moreover, the SiO,/
TiO, photocatalyst that formed in the shape of a teardrop
demonstrated high stability and reusability.

6 Electrical and Optical Properties of TiO,/
Sio,

TiO, has a direct band-gap of 3.2 eV at ambient temperature,
a high exciton binding energy of 458.5 eV meV, and excellent
electro-optical and electrochemical stability [13]. Chemically,
thermally, and when exposed to high-energy radiation, TiO, is
exceedingly stable. Wide direct band gap, increased electron
mobility, high breakdown voltages, and increased breakdown
field strength are all characteristics of the n-type TiO, semi-
conductor [19]. Table 2 lists the optical and electrical charac-
teristics of single-crystal TiO,. Due to its superior electrical
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Table 2 Single crystal TiO,'s optical and electrical characteristics

Properties Values Ref
Energy gap (Eg) 3-3.2 eV (Direct) [9]

Exciton binding energy 458-529 eV [13]
Effective electron mass (m,*) 0.0948 m/m, [22]
Effective hole mass (m,*) 0.099 m/m, [78]
At 300 K, electron Hall mobility 18.6 cm?>V~1s™! [79]
Refractive index 2.8736 [80]
Optical transmission, T (1/a) 90-95% [81]
Carrier concentration 1%10'%cm™ to [82]

1x10%° cm™

properties, TiO, has been employed primarily in high-powered
electronic devices, including field emission devices and photo-
catalyst applications [76]. Despite the advantages listed above,
the main obstacle to creating self-cleaning materials based on
TiO, is its absorption, which is only present in the UV spec-
trum. Numerous techniques have been employed to increase
the PHC activity of TiO, and, as a result, the absorption of
visible light, including alterations, doping, semiconductor
linking, and dye sensitization. In addition to being unable to
absorb visible light, TiO, has a quick recombination of the
photogenerated electron—hole pairs (e-/h+), a characteristic of
all semiconducting materials [77]. As a result, these photogen-
erated charges need traps to serve as a reservoir, which slows
down their rapid recombination. The visible range absorption
and electron/hole recombination limitations should be con-
sidered while choosing the suitable material and method for
titania modification. Due to SiO,'s excellent efficacy as a co-
catalyst of titanium dioxide is one of the oxides utilized most
frequently for TiO, modification. As a result, much research
has been concentrated on it.

M. Vishwas et al. investigated the optical and electrical
characteristics of TiO,/SiO, films developed via a practical
sol—gel method [83]. While the reflectance of TiO, films fell
as Si0, concentration increased, the optical transmittance of
the same films increased. As SiO, concentration increased,
the refractive index dropped. At 5 V, the current density
and resistivity were determined to be 2.26 x 10° A/cm? and
2.04x 10" Qcm, respectively, and the dielectric constant
was found to be 3.45. It is appropriate for optoelectronic
applications given the films' excellent optical transparency,
shallow leakage current, and high dielectric constant.

7 TiO,/SiO,'s Luminescence and Lattice
Dynamical Characteristics

Photoluminescence (PL) can be used to analyze the lumines-
cence characteristics of TiO,. The UV-emission and broad
visible emission areas represent the two regions of the PL

spectra that the TiO, nanostructure typically displays. In this
instance, the repeated pairing of excitons (also known as
band-to-band recombine) is responsible for the UV emis-
sion, also known as deep-level emission [76]. High crys-
talline TiO, would result in very high UV emission [77].
Different impurities and flaws are thought to cause the green
band in the visible region of TiO,. The increase in visible
emission intensity may be attributed to the high defect con-
centration caused by the recombination of electrons with
oxygen vacancies and photoexcited holes in the valence band
[84].

Raman spectroscopy analysis can determine the lattice
dynamics of a single crystal of TiO,. Rutile, anatase with a
tetragonal crystal lattice, and brookite with an orthorhombic
crystal lattice are the three natural types of TiO,. The rutile
phase, permanently converted by heat treatment at tempera-
tures between 400 and 1200 C, is more thermodynamically
stable than the anatase and brookite phases [85]. Rutile
TiO,'s Lattice Dynamics and Raman Spectrum were inves-
tigated by Igor Lukacevic et al. [86]. They investigated the
rutile phase of TiO,'s vibrational characteristics and Raman
susceptibility tensor at low and high pressure. According
to phonon simulations utilizing linear response theory, the
rutile phase of TiO, has a phase transition below 10 GPa and
is dynamically unstable at high pressures as shown in Fig. 3.
At 10 GPa, the lattice dynamical instability at the G point
is already evident, whereas a definite instability arises at 18
GPa. The experimental findings are shown as squares. Most
recent research findings suggested that the lattice modifica-
tion caused by mixing TiO, with SiO, gives the TiO,/SiO,
mixed oxide more activity than pure TiO, when utilized as
a photocatalyst. The addition of SiO, strengthens anatase
TiO,'s thermostability, and its specific area and PHC activity
are also increased [87-89].

The photoluminescence spectroscopy of immobilized
Ti0,/Si0, photocatalysts was discussed by Sudheera
Yaparatne et al. [35]. The strength of the fluorescence
peak is dependent on the mixture of holes and electrons,
and the photoluminescence spectra are used to measure the
separation efficiency of holes and electrons in semiconduc-
tor materials. They discovered that SiO, insertion further
decreased the catalyst's photoluminescence. Even though
Si0, generally increases a catalyst's activity by preventing
electron—hole recombination.

8 Surface Morphological Properties of TiO,/
Sio,

The surface morphology, E,, electron-hole recombination,
absorption of photons, crystallite size, defect concentration,
facets, etc., are the primary factors affecting TiO,'s PHC
performance [90]. The material's exposed facets and surface
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Fig. 3 Four distinct phonon dispersion curves: (a) 0 GPa, (b) 5 GPa, (¢) 10 GPa, and (d) 18 GPa [86]

characteristics have been found to play a significant role in
determining PHC efficiency. Due to its capacity to handle
energy and environmental challenges autonomously, semi-
conductor PHCs appear to be an emerging field of research.
TiO, has received the most research as a MO photocatalyst
for various solar energy applications. Poor absorption wave-
length, elevated charge carrier recombination, surface area,
and other factors limit the TiO, photocatalyst's performance
[91, 92]. Various research has been conducted to overcome
these limitations. One of these efforts was combining the
TiO, with SiO,. Although SiO, does not exhibit PHC prop-
erties, its high porosity and large specific surface area make
it suitable as an adsorbent. Consequently, an increase in
reactant concentration on the TiO, surface can be assessed,
improving the PHC activity of TiO,. Moreover, the presence
of Si0O, positively affects the enlargement of TiO,-specific
surface area. It also inhibits the phase change and grain
growth of TiO,. Overall, it enhances the PHC activity of
TiO,, confirming the synergistic role of silica in this type of
composite and different substrates [93].

According to Balachandran et al. [69], who relied on data
from the SEM and TEM investigation, pure TiO, has an
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average diameter of 15-20 nm. It exhibits an uneven mor-
phological structure due to the aggregation of its particles.
TiO,/Si0, had a consistent shape and particles, typically
7 to 10 nm in size. This demonstrates the smaller particles
but more significant surface area of the SiO,-modified TiO,
photocatalyst. The path of photoinduced electrons and holes
used to move to the active sites on the TiO, surface is nar-
rowed by the smaller size of TiO,/SiO, particles. TiO,/SiO,
is a better photocatalyst than TiO, because it improves the
efficiency of redox processes involving electrons and holes
while decreasing the recombination rate of photoinduced
electrons and holes.

Sudheera Yaparatne et al. reported on the Photodegrada-
tion of taste and odor compounds in water in the presence
of immobilized TiO,/SiO, photocatalysts [35]. Increasing
the Si content of the catalyst films reduces the formation of
microcracks of the powder-modified films and brings about
a higher robustness. Adding SiO, to TiO, nanoparticles has
been found to minimize the aggregation of TiO, particles,
resulting in a better dispersion in the sol-gel mixture and
less microcracks upon drying and calcination as illustrated
in Fig. 4.
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Nilchi et al. [71] evaluated the surface area and phase
transformation with PHC activity of TiO,/SiO, composite
samples. With increasing calcination temperature up to
1100 C, the surface area drops from 707.6 to 14.8 m%/g.
The walls separating mesopores crystallize during calci-
nation, which reduces the surface area. The surface area
of pure TiO, was likewise determined to be 90.4 m?/g for
comparison's sake. As can be seen, the surface area of
the TiO,/SiO, composite is significantly greater than that
of pure TiO, synthesized at the same temperature, dem-
onstrating that SiO, has modified the composite's overall
surface area.

According to Tobaldi et al. [90], Dong et al. [91], adding
Si0, to TiO, catalysts would result in smaller particles, a
more significant amount of specific surface area, and a sup-
pression of the TiO, phase transition from anatase to rutile.
Crystal size, surface acidity, and surface area of materials
all significantly impact photoactivity. Precursors, methods
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of preparation, and environmental factors are frequently
responsible for altering the physicochemical properties.

9 Factors Influencing the Efficiency
of Photodegradation

9.1 Ti0,/SiO, Loading

Most research reports have examined how catalyst loading
affects PHC efficiency [74, 91, 92]. These findings showed
that, until the desired mass was achieved, the photodegrada-
tion rate initially increased with increased catalyst loading.
This phenomenon is predicated on the idea that increas-
ing the catalyst dosage will increase the catalyst's overall
active surface area and the number of reaction sites. Con-
sequently, more hydroxyl and superoxide radicals were pro-
duced, which helped the organic contaminants degrade more

Bean SR Xw 00%  Stageat Tw 00°
TitCorrn.« OFf

Plrel Size % 1 268 nm  System Vacuum » 1970 008 mb

Fig.4 The TiO,/SiO, photocatalyst films' SEM micrographs (High & Low Magnification) [35]
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quickly. As a result, the deterioration percentage increased.
However, when the photocatalyst dose was above the opti-
mal concentration because of light scattering and screening
effects, the percentage of photodegradation reduces at more
significant loadings. Additionally, a high catalyst concen-
tration promotes agglomeration (particle—particle contact),
which reduces the amount of catalyst surface area accessible
for light absorption and pollutant adsorption, lowering the
PHC efficacy. On the other hand, it should be noted that
the turbidity of the solution has also increased. This effect
prevents light from entering the solution. Therefore, the
suspension's photoactivated volume drops, which slows the
degradation rate. These showed that to avoid using too much
catalyst and to guarantee the maximal absorption of photons,
the optimal catalyst mass should be attained.

9.2 Concentration of Substrate

Numerous studies have demonstrated that the rate of PHC
degradation is adversely affected by the amount of organic
pollutants present in aqueous solutions [93-96]. When the
concentration of the substrate grew, the degradation effi-
ciency decreased. This is because more and more organic
compounds are adsorbed on the surface of the catalyst as the
concentration of the target pollutant rises. As a result, the
need for oxidizing species to degrade organic materials also
rises. In addition, the photons get immobilized at increasing
pollutant concentrations before they can reach the catalyst
surface. The produced intermediates’ competitive hydroxyl
radical consumption lowers the degradation in the compel-
ling contaminant solution.

9.3 PH of the Solution

The pH of the solution used in PHC water systems is crucial
and impacts a semiconductor's conduction and valence bands
in addition to the surface charge of the catalyst particles
[97-105]. Additionally, the pH at which industrial wastewa-
ter is released can vary, complicating the PHC process. An
organic chemical is often considered neutral when the pH of
the solution is lower than its pKa value. The chemical deion-
izes and exists as a negatively charged species when the
pH of the solution exceeds the pKa value. Additionally, the
pH of the solution influences the electrostatic relationship
between a catalyst surface, solvent molecules, substrate, and
charged radicals produced in the photodegradation process.

The points of zero charge (pzc) for various semicon-
ductors were reported by Kosmulski et al. [106]. Organic
materials and the surface of the photocatalyst can be proto-
nated and deprotonated under either acidic or alkaline cir-
cumstances. As a result, when the semiconductor surface is
below its pzc value, it is positively charged; when it is above
it, it is negatively charged. Shifu and Gengyu et al. [107]
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claim that photogenerated holes (h) are the main oxidizing
species in low pH environments. However, hydroxyl radicals
primarily oxidize organic pollutants in neutral or alkaline
environments. It should be highlighted, however, that high
pH causes hydroxyl radicals to be quickly collected because
numerous hydroxyl ions prevent their interaction with the
substrate of the contaminant.

9.4 Intensity of Light

The rate of a PHC reaction relies on how much light a pho-
tocatalyst absorbs during the process. As light intensity
increases, radiations fall on the catalyst surface and form
more hydroxyl radicals, accelerating the reaction’s pace.
The amount of photoinduced holes in the valence band is
significantly lower than that of photogenerated electrons in
the conduction band in an n-type semiconductor like ZnO
and TiO,. This demonstrated that the limiting active species
are the photo-generated holes. The photodegradation rate
and radiant flux are unrelated at significantly greater light
intensities. The only factor affecting the response rate in
this scenario is internal mass transfer. This is because both
adsorption and desorption mass transfer are constrained.
After all, the catalyst surface was entirely covered by satu-
rated materials. Thus, despite increasing light intensity, the
reaction rate does not change [11-109].

9.5 Temperature

Due to photonic activation, the process of PHC degradation
can be used at room temperature and atmospheric pressure.
The heating stage can be skipped during water treatment
for water purification, which saves energy. With a few kJ/
mol of activation energy, the ideal temperature for the PHC
reaction is 20-80 °C.

10 PHC Activity of TiO,/SiO,

Ti0,/Si0, composites are effective catalysts for a vari-
ety of chemical processes. As seen in the sections before,
numerous studies on this composite have been conducted.
The PHC activity of TiO,/SiO, is affected by several fac-
tors, as earlier discussed, and various research efforts have
been devoted to highlighting the enhanced routes of this
activity. When a suitable amount of SiO, is added to the
TiO,/Si0, surface, the number of acidic sites increases,
enhancing PHC activity. The development of more adsorp-
tion sites and the adsorption of more hydroxide ions are
made more likely by an increase in surface acidic sites
[110]. Inhibiting electron—hole recombination using
hydroxide ions as "hole traps" results in a higher quantum
yield. The TiO,/SiO,'s PHC activity is enhanced [111].
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Additionally, it has been noted that the Ti/Si ratios signifi-
cantly impact the PHC reactivity of TiO,/SiO, NCs. When
considering the mechanical stability and the PHC activity,
the optimal option appears to include roughly 50% SiO,.

Manuel Lunaa et al. have produced TiO,/SiO, photo-
catalysts with potential for use as construction materials
that exhibit depolluting capability. SiO,-doped TiO, par-
ticles were used in the synthesis to produce sols that may
be applied to construction materials using standard tech-
niques. A PHC coating is made on the substrate surface of
the building materials by the sols, which spontaneously gel
to form TiO,/Si0, photocatalysts. The coating's activity is
directly correlated with its TiO,/Si0O, ratio. On the other
hand, as the TiO, loading is elevated, the sol's viscosity
rises, lowering substrate absorption and penetration [112].

Luis Pinho developed a unique and straightforward
synthesis method for fabricating TiO,/SiO, photocatalysts
on stones and other construction materials [113]. They
showed that these photocatalysts have automatic cleanup
characteristics on limestone that allowed them to stick to
the stone securely and increase its durability. Furthermore,
they concluded that this is a crucial variable for the effec-
tiveness of the PHC activity. In particular, adding larger
and sharper titania particles within a silica network signifi-
cantly increased the efficiency of the photocatalyst on the
stone, which improved its self-cleaning effect. Likewise,
it has been demonstrated that the size and shape of the
titania particles significantly influenced the PHC activity
of the NCs created in this work. The excellent availability
of photoactive surface locations in these materials was
explained by improvement.

Employing immobilized TiO,/SiO, photocatalysts, Sud-
heera Yaparatne et al. investigated water's photodegrada-
tion of taste and odor components [35]. They created a
Ti0,/Si0, photocatalyst that increased UV activity with-
out requiring particle catalysts to be removed using separa-
tion/filtration techniques. In drinking water and wastewater
treatment plants, these catalyst films can supplement the
current UV disinfection systems for removing taste and
odor compounds and other organic contaminants.

TiO,/Si0, PHC cement series has been developed by
C. Mendoza et al. to study the photo-efficiency of four
TiO, coatings and the impact of the SiO, interlayer on
the mechanic and PHC activity in Rhodamine B (RhB)
and NOx photodegradation [114]. According to the study,
all the PHC samples demonstrated strong photodegrada-
tion activity for RhB and NO,, with almost complete RhB
molar transformations after five days of exposure and
higher 53% for NO, photodegradation in an ongoing flow
experiment. However, even though the commercial TiO,
coatings were not stabilized by the SiO, layer deposited
between mortar and photocatalysts, a high adherence was

seen when applied joint to homemade titania sol, likely
because of the interactions among SiO, and TiO, sols.

Fatimah et al. synthesized various TiO,/SiO, composite
materials utilizing titanium isopropoxide and biogenic silica
from bamboo leaves as the silica supplier [115]. The pre-
pared composite had physicochemical properties that made
them sound as photocatalysts. They showed that rising the
amount of TiO, improves the titanium dioxide's specific
surface area, volume of pores, and size of particles as dem-
onstrated in Fig. 5. At the same time, the band gap energy
increases to a maximum of 3.21 eV for 40% and 60% Ti
content. Since the composites with 40 and 60% wt of TiO,
indicated a higher degradation rate than TiO, in the presence
and absence of H,0,, they showed PHC activity with the
MB degradation with increasing PHC efficiency.

Mesoporous TiO, particles with a silica shell have been
developed by Peter Nadrah et al. [116]. In the presence of 5
mass equivalents of macromolecules (starch and HA), the
material demonstrated an elevated level of selectivity for
the degradation of cationic model pollutants (RhB). When
starch is present in the solution, TiO2/SiO2 maintains a total
RhB degradation efficiency, and when HA is present, only a
partial degradation efficiency.

Esfandiar Pakdela successfully synthesized TiO, and
Ti0,/SiO, discriminating photocatalysts using the low-
temperature sol-gel technique [117]. SiO,'s influence was
seen near TiO, as having a greater specific surface area and
raising the photocatalyst's surface acidity. SiO, ratio in the
composite was increased, which improved the PHC effi-
ciency. Additionally, they observed a clear improvement in
color removal compared to pure TiO, was achieved by utiliz-
ing an equivalent molar ratio of the composite components.
They verified silica in boosting anatase titanium dioxide's
PHC effectiveness on textiles.

Qi Jiang et al. efficiently produced hollow, raspberry-
like microspheres with PHC activity. [118] by adding TiO,
particles to the surface of SiO, that resembles raspberries.
Compared to the smooth solid SiO, microspheres, the com-
posite microspheres with hierarchical and hollow structures
demonstrated higher PHC performance. They concluded that
the hollow and hierarchical microspheres are advantageous
for increasing PHC activity.

According to Weiyang Dong et al. [119], patterned 2D
hexagonal mesoporous TiO2/Si02 NCs with broad pore
channels and particular surface areas play a synchronous
function in coupled adsorption and PHC oxidation. Such
mesoporous structures comprise anatase TiO, crystals and
amorphous SiO, nanoscale matrixes, which combine to form
singular composite walls and offer previously unheard-of
regions for combined PHC oxidation and adsorption. SiO,
nano-matrixes were found to be effective adsorbents, offer-
ing superior adsorption sites and concentrating organic pol-
lutant particles. At the same time, anatase crystals act as
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Fig.5 (a) The rate of photocatalytic degradation of MB without the
inclusion of H,O,, (b) the MB photocatalytic rate with the the inclu-
sion of H,0,, (¢) (c) MB photocatalytic degradation pseudo-first

PHC zones, oxidizing the organic molecules that the SiO,
nanoparticles around them had already pre-enriched. Broad
mesopore channels enable the reactive molecules to flow
more freely into and out of the innermost surfaces before and
after PHC reactions. In contrast, highly accessible surface
areas can provide more adsorptive and PHCally active sites.
Their method achieved the synchronous role by modifying
the Ti/Si ratios, the number of surface hydroxyls, the size,
and the crystallinity of the anatase nanocrystals on the par-
ticular composite frameworks. The obtained results showed
that the synchronous role produces superb PHC activity.

In TiO,/SiO, composite coatings made and studied by
Alejandra Romero et al., the effect of the crystalline shift
and level of aggregates of TiO, nanoparticles incorporated
in an amorphous SiO, matrix on PHC hydroxyl radical
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formation and bacterial inactivation was established [120].
In the presence of hole, electron, oxide radical, and peroxide
of hydrogen collectors that may be found in the bulk solution
throughout wastewater treatment, the PHC hydroxyl radical
production was investigated on TiO,/SiO, coatings. A rela-
tionship between the formation of hydroxyl radicals and a
charge carrier transfer mechanism between defect concentra-
tions in SiO, and TiO,-rooted nanoparticles has been estab-
lished from the variability of rate parameters for hydroxyl
radical growth in the appearance of each collector. By imple-
menting the improved PHC activity of immobilized TiO,
nanoparticles, their observation can be seen as an informa-
tive guide that would enable the processing of advanced
PHC surfaces (which pose antimicrobial activity and anti-
bacterial properties) that might be utilized throughout the
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disinfection phase of the treatment of wastewater. As a case
study organic pollutant for PHC degradation using the TiO,/
Si0O, coupling system, methylene organic, a cationic dye,
is frequently employed. Various types of degradation tech-
niques such as adsorption, physicochemical degradation,
photodegradation has been employed in the field of water-
treatment. Four types of physicochemical processes—direct,
indirect, photosensitized, and photocatalytic—occur in the
atmosphere, water, and the uppermost layer of soil when
exposed to radiation. The process of direct photodegrada-
tion involves molecules absorbing photons and converting
them into higher energy levels by homolysis, heterolysis,
or photolysis [121-124]. Table 3 lists the photcatalysis
characteristics of SiO, incorporated TiO, nancomposite
at various preparation conditions and at various pollutant
implementation.

11 Conclusions

The most promising photocatalyst for high PHC activ-
ity under UV, visible, and solar irradiation appears to be
modified TiO,. According to several studies, reducing the
possibility of charge carrier recombination rate is one of
the most critical aspects that affect the PHC activity when
utilizing the modified TiO, photocatalyst. Various modifica-
tion techniques and chemical additions have been devised
to reduce the recombination losses of charge carriers and
expand TiO2's spectral sensitivity to the visible spectrum.
Si0, is often employed in this way as a dopant or catalytic
support that is spread within the TiO, lattice. As a result of
this doping's impact on TiO,'s fundamental characteristics,
PHC activities are also impacted. The specific surface area
of the TiO2-based photocatalyst is dramatically increased
due to SiO,'s structural modification of TiO,. TiO,/SiO,
is highly porous, which accounts for its high surface area.
Excellent accessibility and diffusion are made possible by
the substantial internal surface area per weight that high
porosity structures possess. As a result, contaminants are
degraded more quickly on the surface of catalysts. The reli-
able results would be a mechanistic understanding of basic
science, which might be applied in pollution control via
sophisticated PHC oxidation reactions to provide a clean-
living environment for future generations.
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