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In this research, anatase-phase SiO,@TiO, spherical photocatalysts were fabricated by the sol-gel method.
Comprehensive characteization was performed through SEM, XRD, BET, XPS, PL, and UV-vis spectroscopy
to elucidate the materials’ morphology, crystal structure, composition, and optical properties. The

photocatalytic performance was assessed through degradation rate of Rhodamine B (RhB). The catalyst
annealed at 550 °C for 5 h exhibited exceptional activity and degraded 99.75% of RhB under UV light in
40 minutes, revealing a performance surpassing most literature reports. Notably, it retained over 83%
efficiency after four cycles, attesting to its robust stability. Moreover, the annealing time exerted little
effect on the photocatalytic activity of the photocatalyst. The free radical trapping experiment suggested

that under visible light, hydroxyl radicals ("OH) dominated RhB degradation, while holes (h*) and
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superoxide radicals (‘O,) contributed auxiliary roles. Furthermore, the impact of calcination parameters

(temperature, duration), and catalyst addition amount, on the degradation of RhB, and the degradation
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1. Introduction

With the rapid development of industrialization and urbani-
zation, environmental pollution in China has become increas-
ingly severe, especially organic pollutants in water bodies,
which pose a serious threat to ecosystems and human health.™?
Traditional pollutant treatment methods, such as adsorption,?
flocculation,* and biodegradation,>® have issues such as low
efficiency, secondary pollution, or difficulty in thorough
mineralization.” Simultaneously, the continuous consumption
of fossil fuels has made the problem of energy shortage more
prominent, and the development of new energy is urgent. Solar
energy is a renewable energy source that is abundant, clean,
pollution-free, and not limited by geography.®*** In the photo-
catalytic process, photocatalysts (such as TiO,,"” g-C3N,,"*™** and
ZnO' ") absorb the energy of solar radiation and generate
electron hole pairs, which then decompose organic pollutants
into carbon dioxide, water, and small molecule inorganic
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ability of different pollutants was also systematically evaluated. These findings provide valuable insights
for optimizing photocatalyst preparation and application.

materials through redox reactions.””** Solar driven photo-
catalytic technology, with its outstanding advantages of
renewability, low cost, and no secondary pollution, has become
the core path for dealing with environmental pollution and
energy shortages, in line with the concept of green and
sustainable development.**>*

Among numerous photocatalytic materials, TiO, has attrac-
ted widespread attention because of its unique properties such
as non-toxicity, low cost, high reactivity, and long-term stability
against chemical and photo corrosion, as well as its application
prospects in photocatalysis,”*® solar cells,”” cosmetics,**?** and
lithium-ion batteries.*® However, it still faces a series of critical
challenges in practical applications.*® For example, (1) the
absorption spectrum is narrow, leading to insufficient utiliza-
tion of solar energy. Notably, TiO, can only be excited by light
with a wavelength less than or equal to 387 nm (ultraviolet
radiation), which accounts for only 5% of the total solar
energy.*” There is still a large amount of light energy that has
not been utilized, and ultraviolet radiation poses a radiation
hazard. (2) The probability of electron-hole recombination is
high, whereas the quantum efficiency is low.*® The quantum
efficiency of conventional TiO, is only about 4%, with
a maximum of no more than 10%. This can be explained as
follows. The recombination of electrons and holes in the bulk
phase and surface limits the application of photocatalytic
technology and makes it difficult to compete economically with
conventional environmental protection technologies. (3) TiO,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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catalysts in the form of nanoparticles have a small particle size
and are prone to agglomeration during use, rendering recovery
difficult.**** While immobilization technology can solve the
separation problem, it significantly reduces the specific surface
area and the number of active sites, bringing about poor pho-
tocatalytic performance and secondary pollution of photo-
catalysts. (4) TiO, catalysts have poor adsorption performance
due to their hydrophilic surface and lack of specific adsorption
sites.***” The chemical functional groups on the surface of TiO,
catalysts are primarily hydroxyl groups and a small amount of
oxygen vacancies, lacking a large number of microporous and
mesoporous structures, as well as specific functional groups
that can form strong interactions with organic compounds.
Additionally, the strong hydrophilicity of the TiO, catalysts’
surface contributes to a large number of active sites, such as
hydroxyl and oxygen vacancies on the surface that tend to
interact with water molecules rather than adsorb organic
pollutants. Therefore, its adsorption capacity for organic
compounds is limited. Many researchers have demonstrated
the limitations of TiO, in photocatalysis, and by introducing
SiO,, composite catalysts can effectively improve these limita-
tions, thereby enhancing photocatalytic efficiency. Camposeco,
R. et al.*® demonstrated that pure TiO, nanotubes have fewer
acidic sites on their surface, limited hydroxyl adsorption
capacity, and restricted adsorption and degradation efficiency
for Rhodamine B. By loading 3 wt% SiO,, the surface area was
successfully increased and the formation of Bronsted acid sites
on the surface of titanium dioxide nanotubes was promoted,
thereby improving the photocatalytic and adsorption properties
of titanium dioxide nanotubes. In the Nd-SiO, — TiO, nano-
composite prepared by Li et al,* SiO, played a key role. The
addition of SiO, not only inhibits crystal growth and the
transformation of TiO, from anatase to rutile, but also
enhances the adsorption of organic compounds, slows down
the recombination rate of electron hole pairs, extending the
photocatalyst light response to the visible region.

At present, the improvement of research around these issues
can greatly enhance the possibility and practical value of pho-
tocatalytic technology in practical applications while expanding
its corresponding application fields. Thus, optimizing and
improving TiO, catalysts is a hot topic in the research field.

Silicon dioxide (SiO,) is an inorganic non-metallic material
with good chemical stability, high temperature resistance, non-
toxicity, non-corrosiveness, and other characteristics. It has
a wide range of sources and is inexpensive. Benefiting from its
high surface area, it is widely applied in catalysis,**** separa-
tion,* drug delivery,*** coatings,**** and microelectronics.*
The composite photocatalyst prepared by loading nano TiO, on
SiO, as a carrier fully utilizes the pollution removal and self-
cleaning properties of titanium dioxide, as well as the adsorp-
tion and mechanical properties of silicon dioxide.** This
composite material increases its specific surface area, improves
photocatalytic efficiency, and enhances the stability and prac-
ticality of the material.> This provides direction for the devel-
opment of cheaper and more efficient photocatalytic materials,
demonstrating enormous application potential and broad
development prospects.>
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Various methods have been employed to prepare TiO, and
SiO, composite samples with different morphologies and
structures for the degradation of various dyes.***® Hu et al.>
adopted the catalytic hydrolysis method to prepare the SiO,@-
TiO, composite catalyst for the photocatalytic degradation of
methylene blue (MB), and explored the photocatalytic perfor-
mance of the material. With the biological resource rice husk
(RH) as a biological template, Wang et al.*® prepared meso-
porous materials SiO,@TiO, photocatalyst and discussed the
RH derivatives SiO,@TiO, photocatalytic degradation of
Rhodamine B by photocatalysts. He et al.®* prepared thermally
stable SiO,-doped mesoporous anatase titanium dioxide by the
a templating method and evaluated the photocatalytic activity
of the samples by degrading Rhodamine 6G (Rh 6G) solution
under ultraviolet irradiation. Fu et al.®* synthesized core-shell
through the hydrothermal method and investigated the effect of
different molar ratios of Ti/Si on the photocatalytic activity of
methylene blue (MB) and phenol by the prepared SiO,@TiO,
nanoparticles (CSTNs). These studies suggest that the addition
of SiO, not only delays the transition of TiO, crystal phase from
anatase to rutile but also increases its specific surface area,
improves adsorption performance, and suppresses the recom-
bination of photogenerated carriers. Consequently, SiO,@TiO,
composite materials improve the efficiency and stability of
photocatalytic degradation. In the past, the research work on
SiO,@TiO, composites mostly focused on exploring the influ-
ence of a single variable on photocatalytic degradation or
enhancing the degradation efficiency of specific dyes. Never-
theless, it lacked comprehensiveness in exploring the influence
of multiple factors on photocatalytic degradation.

In this study, the SiO,@TiO, spheres with anatase phase were
prepared by the sol-gel method as a photocatalyst, and various
crystal properties of the photocatalyst were systematically investi-
gated. The photocatalytic activity of the SiO,@TiO, spheres was
evaluated with Rhodamine B (RhB) as a target pollutant. A detailed
discussion was conducted on the effects of calcination tempera-
ture, calcination time, and catalyst addition amount, on the
degradation of RhB, and the degradation ability of different
pollutants was also systematically evaluated. The intensive study of
the role and degradation mechanism of active substances in the
photocatalytic process lays a comprehensive theoretical founda-
tion for optimizing the preparation conditions and applications of
photocatalysts. Specifically, this study determined the optimal
degradation conditions, improved photocatalytic efficiency, and
curtailed energy consumption, providing theoretical support for
practical applications.

2. Experimental section
2.1 Materials

Tetraethyl orthosilicate (TEOS): Sourced from Aladdin Co., Ltd,
with a purity of =99%.

Titanium isopropoxide (TIP): Supplied by Macklin Co., Ltd,
with a purity of 95%.

Titanium dioxide (TiO,): Obtained from Macklin Co., Ltd,
with a purity of 99%.

RSC Adv, 2026, 16, 9280-9292 | 9281
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Fig. 1 Schematic diagram of the experimental preparation process.

Ethanol (C,HO): Supplied by Xilong Scientific Co., Ltd, with
a purity of =99%.

Ammonium solution (NHj3-H,0): obtained from Xilong
Scientific Co., Ltd with a purity of 25-28%.

2.2 Synthesis of SiO,@TiO, nanoparticle

2.2.1. Synthesis of SiO, spheres. Monodisperse SiO, spheres
were synthesized as the carrier material through the Stober
method.® Specifically, 1 ml of ammonia water (catalyst), 1.424 ml of
deionized water, and 9.5 ml of anhydrous ethanol were combined
in a beaker to form solution A. Separately, solution B was prepared
by mixing 4.065 ml of tetraethyl orthosilicate (TEOS) with 9.5 ml of
anhydrous ethanol. Subsequently, solution A was added dropwise
into solution B under continuous low-speed stirring. The reaction
mixture was stirred for 1 hour and subsequently allowed to stand
undisturbed for 24 hours. Next, the resulting suspension was
centrifuged and washed three times with anhydrous ethanol.
Finally, the SiO, powder obtained was vacuum dried at 70 °C.

2.2.2. Synthesis of SiO,@TiO, composite materials. The
Si0,@TiO, composite was synthesized as follows. First, mono-
disperse SiO, powder (prepared previously) was dispersed in
19 ml of anhydrous ethanol. Subsequently, 4.937 ml of titanium
isopropoxide (TIP) was added. The mixture was sonicated for 40
minutes and then reacted with 1.685 ml of ammonia solution
for an additional 40 minutes. Afterward, the mixture was left
undisturbed for 24 hours. The resulting product was dried at
70 °C and calcined in a muffle furnace at 550 °C for 5 hours. The
SiO,@TiO, sample with different preparation conditions was
obtained by adjusting the annealing temperature(450 °C, 550 °©
C, 650 °C, 750 °C) and time (3 h, 5 h, 7 h). The schematic
diagram of SiO,@TiO, preparation is illustrated in Fig. 1.

3. Results and discussion
3.1 XRD of SiO,@TiO,

SiO,@TiO, composite material was characterized by XRD to
explore its crystal structure, phase composition, and crystal
orientation. Fig. 2 presents XRD diagrams of SiO,, TiO,, and
SiO,@TiO, catalysts obtained by annealing at different tempera-
tures for 5 h and SiO,@TiO, catalysts obtained by annealing at
550 °C for different times. Fig. 2(a) exhibits the XRD diagram of
Si0,, TiO,, and SiO,@TiO, catalysts obtained by annealing at
different temperatures for 5 h. Specifically, SiO, only has
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Fig. 2 XRD diagrams of (a) SiO,, TiO,, and SiO,@TiO, catalysts ob-

tained by annealing at different temperatures for 5 h; (b) SiO,@TiO,
catalysts obtained by annealing at 550 °C for different times.

a significant peak at 15° ~30°, reflecting that SiO, is an amor-
phous structure.** Compared with the standard card of anatase
TiO,, the diffraction peaks of TiO, and composite sample
Si0,@TiO, at 26 = 25.2°, 37.6°, 47.9°, 53.7°, 54.9°, 62.5°, and
68.59° corresponded to the (101), (004), (200), (105), (211), (204),
and (116) crystal planes of anatase, respectively.* Compared to
pure TiO,, the addition of SiO, reduces the diffraction peak
intensity of the composite sample and decreases the crystallinity
of TiO,. When the annealing temperature reached 750 °C, in
addition to the anatase TiO, diffraction peak, rutile TiO, diffrac-
tion peaks appeared at 20 = 27.4°, 36.0°, 41.2°, 44.0°, 54.3°, and
56.6°, corresponding to the (110), (101), (111), (210), (211), and
(220) crystal planes of rutile type, respectively. In other words,
some TiO, underwent a phase transition. Generally, TiO, experi-
enced the phase transition from anatase to rutile when the
calcination temperature reached 400-650 °C.*** In contrast, the
SiO,@TiO, sample in the figure did not present the rutile phase
until 750 °C. This suggests that the addition of SiO, microspheres
can delay the occurrence of this transition.*® The mechanism of
adding SiO, to inhibit the formation of the rutile phase includes
the following: 1. After doping with SiO,, new chemical bonds (Ti-
0-Si) emerge, indicating that some Si*" replaces Ti*" in the TiO,
lattice, forming a substitutional solid solution. This ionic substi-
tution disrupts the originally ordered lattice structure of TiO,,
leading to lattice distortion and strain energy. The distortion
effect significantly hinders the diffusion of Ti*" and O* ions,
which is crucial for the transformation of the anatase lattice into
the rutile lattice. Impeded diffusion directly suppresses the
nucleation and growth of the rutile phase.” Li et al.”™ prepared
titanium dioxide-silica composite nanoparticles by the sol-gel-
hydrothermal method and the sol-gel method. The results
demonstrate that the addition of silica affected the crystal phase
transition of titanium dioxide and that the addition of a small
amount of silica prevented the formation of a rutile phase.
Fig. 2(b) exhibits the XRD patterns of SiO,@TiO, annealed at 550 °
C at different times. As observed from the figure, the diffraction
peak intensity of SiO,@TiO, catalyst first increased and then
decreased with the increasing annealing time. The diffraction
peak shape was the highest and sharpest when the annealing time
was 5 h, specifying that the sample had preferable crystallinity.

3.2 SEM

SiO,@TiO, composites were characterized by SEM and EDS to
observe the micro-surface morphology of SiO,@TiO,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a—d) SEM images of SiO,@TiO;; (e) EDS spectrum:; (f) particle
size distribution curve.

composites and the shape, dispersion, surface defects, and
detected elements of the microstructure. Fig. 3 shows SEM,
EDS, and Particle size distribution curve images of SiO,@TiO,
composite materials. Fig. 3(a-d) depicts the SEM images of
SiO,@Ti0,. As shown in Fig. 3(a-d), the prepared product is
a SiO, rough sphere with a diameter of several hundred nano-
meters and a large number of TiO, particles loaded on the
surface. Surface roughness usually produces more pores [as
shown in Fig. 3(d)]. The higher the roughness, the larger the
specific surface area of the catalyst, which expands the contact
area between the dye and the catalyst surface. The more exposed
active adsorption sites (such as hydroxyl and oxygen vacancies
on the TiO, surface), the more interface reaction sites are
provided for the reaction between photogenerated carriers and
dye molecules, reducing the probability of recombination of
photogenerated electron hole pairs and significantly improving
the degradation rate of Rhodamine B by the catalyst. Fig. 3(e)
presents the EDS spectrum of SiO,@TiO,. The figure demon-
strates only Si, Ti, and O elements and no other elements. Thus,
the purity of the prepared material was verified, and TiO,
particles successfully grew on the surface of SiO,. Fig. 3(f)
illustrates the particle size distribution curve of SiO,@TiO,,
with the average particle size of 393 + 5 nm.

3.3 BET

Mesoporous materials refer to porous materials with pore sizes
ranging from 2 nanometers to 50 nanometers.”” They have
a highly ordered pore structure, a large specific surface area,
adjustable pore size, and a rich pore structure.”>”® Mesoporous
materials not only significantly improve the light capture effi-
ciency by extending the photon path to excite more photo
generated carriers, but also shorten the diffusion distance of
photo generated carriers from the bulk phase to the surface
active sites, effectively suppressing the recombination of elec-
tron hole pairs and expanding the contact area with Rhodamine
B dye molecules. Together, they enhance the photocatalytic
degradation efficiency of the catalyst for dyes. BET (Brunauer-
Emmett-Teller) characterization was employed to evaluate the
specific surface area and pore structure of SiO,@TiO,
composites, so as to better understand and optimize the
performance of materials.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) N, adsorption—desorption isotherms; (b—d) pore size
distribution curves of SiO,@TiO,, SiO,, TiO,.

Fig. 4(a) exhibits the N, adsorption-desorption isotherms.
The adsorption isotherm curves of SiO,, TiO,, and SiO,@TiO, are
type IV curves, revealing mesoporous structures in these three
materials.”” Fig. 4(b-d) suggests that the pore size of SiO,@TiO,,
SiO,, and TiO, were mainly centered at the range of 2-60 nm, 1-
10 nm, and 2-10 nm, respectively. Most of the SiO, is in
a microporous structure, while SiO,@TiO, and TiO, samples are
mostly in a mesoporous structure. The pore size distribution of
the three materials was calculated by the BJH model, and the
order of pore size was: SiO, > SiO,@TiO, > TiO,. Table 1 accounts
for the specific surface area and BJH adsorption average pore size
data of SiO,, TiO,, and SiO,@TiO,. As observed from the table,
the introduction of SiO, enlarged the specific surface area from
9.3990 m* g~ of pure TiO, to 27.5646 m> g~ ' of Si0,@TiO,. A
larger specific surface area can provide more adsorption centers
and photocatalytic reaction centers.”® This contributes to the
photoelectric conversion process, the generation of more reactive
oxygen species, and the adsorption contact between the material
and the pollutant, thereby improving the photocatalytic perfor-
mance.” Moreover, the addition of an appropriate amount of
SiO, increased the acid sites on the surface of TiO, and thus
reinforced the photocatalytic activity.** Notably, the increase in
surface acidic sites brought about more adsorption sites, allow-
ing for the adsorption of more hydroxide ions.” Hydroxide ions
acted as hole traps to prevent electron-hole recombination,
leading to higher quantum yield and thereby the enhanced
photocatalytic activity of TiO,.”®

3.4 XPS

With the purpose of better analyzing the elemental composition
of SiO,@TiO, composite materials and the chemical state of
specific elements, XPS characterization was performed to
obtain more comprehensive and in-depth material surface

Table 1 BET specific surface area and pore size parameters of the
catalyst

Sample SBET/m*> g~' BJH pore size/nm Pore volume (cm® g™ ")
Sio, 41.0308 14.5642 0.136876
TiO, 9.3990 12.6485 0.029710
Si0,@Ti0, 27.5646 13.7469 0.100730

RSC Adv, 2026, 16, 9280-9292 | 9283
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Fig. 5 (a) The full spectrum of SiO,@TiO,; (b) high-resolution narrow
spectrum of Ti element; (c) O element, and (d) Si element.

information. Fig. 5(a) presents the full spectrum of SiO,@TiO,.
The Si 2p, C 1s, Ti 2p, and O 1s orbitals in the figure corre-
sponded to peaks at binding energies of 103.11, 284.81, 458.56,
and 529.81 eV, respectively, verifying the presence of Si, C, Ti,
and O elements.*”” Moreover, C was an impurity element intro-
duced during the sample testing process. Fig. 5(b-d) exhibits
the high-resolution narrow spectrum of Ti, O, and Si elements,
respectively. As observed from Fig. 5(b), the narrow spectrum of
Ti 2p can be divided into two peaks located at 458.5 and
464.2 eV, which were associated with Ti 2p;3, and Ti 2py,,
respectively.®*®® The peak between Ti 2ps,, and Ti 2p4, lines was
ca. 5.7 eV, suggesting the existence of the Ti*" oxidation
state.’®** Fig. 5(c) reveals that the narrow spectrum of O 1s can
be divided into three peaks located at 532.2, 531.1, and 529.8 €V,
which correspond to Si-O-Si bonds, Ti-O-Si bonds, and Ti-O-
Ti bonds, respectively.”® Numerous researchers have demon-
strated (as shown in Table 2) that the binding energy of the O 1s
peak of pure SiO, is typically located at 532.6, corresponding to
Si-O-Si bonds. The binding energy of the Si 2p peak is usually
located at 103.4 eV, corresponding to the Si-O-Si bond. The
binding energy of the O 1s peak of pure TiO, is usually located at
529.3, corresponding to the Ti-O-Ti bond. The binding energy
of the Ti 2p peak is around 458.2 eV and 464 eV, corresponding
to Ti 2pz, and Ti 2pyp. In SiO,@TIO, composite materials,
which possess the binding energy of SiO, and TiO,, there is also
a new phenomenon where Ti*" partially replaces Si*" sites in
Si0, lattice, or Si*" is embedded at the edge of TiO, lattice,
forming stable Ti-O-Si covalent bonds through oxygen atom
bridging. The presence of the Ti-O-Si bond can effectively
inhibit the phase transition between anatase and rutile, and the
anatase phase is more favorable for photocatalytic reaction than
the rutile phase.”* Simultaneously, the existence of the Ti-O-
Si bond reflects that the composite material has a TiO,/SiO,
semiconductor heterostructure,® which can effectively promote
the separation of photogenerated electron transfer, inhibit the

Table 2 Binding energy of the measured photoemission peaks (eV)
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recombination of electrons and holes, and increase the photo-
catalytic ability.®" In Fig. 5(d), the peak at 102.85 eV was related
to Si-O-Si, indicating that the material contains silica.***

To sum up, there is a strong interaction between silica
nanospheres and titanium dioxide particles at the interface of
nanoheterostructures.®

3.5 UV-vis spectral of SiO,@TiO,

The UV-vis diffuse reflectance spectra and optical band gap
determine the light absorption characteristics and the genera-
tion efficiency of photo-generated charge carriers of photo-
catalysts, respectively. UV-vis diffuse reflectance spectra reflect
the light absorption characteristics. Catalysts absorb photons,
generate photo-generated charge carriers, and trigger photo-
catalytic reactions. The light absorption ability can directly
influence the efficiency of photocatalytic reactions. The optical
band gap defines the photon energy range that photocatalysts
can absorb, influencing their response to various light wave-
lengths. The narrower the bandgap, the longer the wavelength
of light that the photocatalytic material can absorb and the
more photons can be utilized. The absorbed visible light
photons are captured and converted into energy. After the
catalyst absorbs light energy, it excites electrons to transition
from the valence band to the conduction band, generating more
photo generated carriers (electron hole pairs).”” The effective
separation and transport mechanism of photogenerated charge
carriers enables them to migrate to the reaction sites on the
catalyst surface to participate in chemical reactions, thereby
enhancing photocatalytic activity. Therefore, the efficiency of
light energy utilization has been improved. UV-vis diffuse
reflectance and optical band gap are crucial factors influencing
photocatalytic performance. Therefore, the UV-vis diffuse
reflectance and optical band gap of SiO,@TiO, composite
material were characterized in this study.

Fig. 6 shows the UV-vis diffuse reflectance spectra and optical
band gap diagrams of TiO, and SiO,@TiO,. Fig. 6(a) presents the
UV-vis diffuse reflectance spectra of TiO, and SiO,@TiO, cata-
lysts annealed at different temperatures. As observed from the
figure, all samples had strong ultraviolet absorption at around
200 nm to 400 nm, attributed to titanium dioxide nanoparticles.*®
Therefore, the prepared SiO,@TiO, composite sample is suitable
for absorbing all UVA, UVB, and UVC radiation.”” The peak
around 230 nm corresponded to the ligand-to-metal charge
transfer (LMCT) from O®~ to Ti*" in the presence of tetrahedrally
coordinated Ti*" ions.***1% Fig, 6(b) illustrates the optical band
gap diagram of the photocatalyst. The band gap energy was ob-
tained by plotting the relationship between (ahv)"/? and photon
energy (hv).** Concerning crystalline titanium dioxide, the theo-
retical band gap between the conduction band and the valence

Sample Ti 2p Si 2P O1s Reference
Sio, — — Si-O-Si Si-O-Si 81-83

TiO, Ti 2pq/2 Ti 2ps/s — Ti-O-Ti Ref. 84 and 85
SiO,@TiO, Ti 2p1/2 Ti 2p3/2 Si-O-Si Si-O-Si, Ti-O-Ti, Ti-O-Si Ref. 81 and 86
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Fig. 7 PL spectra of the catalyst (excitation wavelength of 222 nm).

band of anatase was 3.2 eV. Compared with pure TiO,, the band
gap energy of SiO,@TiO, catalyst decreased, suggesting that the
energy required for electron transition dropped, making it easier
to absorb photons in a wider frequency range and generate more
electron-hole pairs.

3.6 PL of SiO,@TiO,

Fluorescence spectroscopy is commonly employed to investigate
the separation efficiency of holes and electrons in semiconductor
materials, and the fluorescence intensity mainly depends on the
combination of electrons and holes.'**'** Fig. 7 displays the
photoluminescence spectra of SiO,, TiO,, and SiO,@TiO, cata-
lysts under 222 nm excitation. All the samples revealed a lumi-
nescence peak near 470 nm. Moreover, the SiO,@TiO, composite
catalyst exhibited a lower fluorescence intensity, implying that
the photoinduced excited electrons and holes can be effectively
inhibited, thereby improving the photocatalytic activity.

4. Photocatalytic activity
4.1 Photocatalytic degradation experiment

Four typical organic dyes, rhodamine B (RhB), methylene blue
(MB), malachite green (MG), and rhodamine 6G (Rh 6G), were
used to simulate wastewater pollutants, so as to evaluate the
photocatalytic degradation effect of SiO,@TiO, composites on
rhodamine B (RhB) and different dyes under different prepa-
ration conditions.'***” There are three reasons for setting these
dyes as target pollutants for photocatalytic degradation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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research. First, these dyes have clear toxicity and environmental
persistence, and are typical recalcitrant organic pollutants.**®**
Second, it has significant absorption peaks and fluorescence
characteristics in spectral analysis, allowing it to monitor
concentration changes in real-time easily through UV-visible
spectroscopy. This can facilitate the study of photocatalytic
reaction kinetics and mechanisms of these dyes. Finally, it is
representative in actual industrial wastewater and widely
applied in industries such as textiles, printing and dyeing, and
papermaking. Its treatment is urgently needed, and research
outcomes readily translate into practical applications."*'*
Therefore, choosing Rhodamine B (RhB), Methylene Blue (MB),
Malachite Green (MG), and Rhodamine 6G (Rh 6G) as model
wastewater pollutants has scientific research value and practical
environmental significance.

Experimental details are presented as follows. First, a 250 W
ultraviolet lamp served as the light source. Prior to illumination,
50 mg of catalyst was dispersed in 50 mL of aqueous dye solu-
tion (10 mg L") and magnetically stirred in the dark for 30 min
to establish adsorption-desorption equilibrium. Afterward, the
UV lamp was activated. The samples were collected at 10-minute
intervals and centrifuged to remove catalyst particles. The
supernatant was analyzed by UV-vis spectroscopy. Subse-
quently, degradation efficiency was determined from the
reduction in characteristic absorption peak intensity (the
characteristic absorption peak of Rhodamine B usually
appeared around 554 nm).

Furthermore, RhB was selected as the model pollutant to
identify the dominant reactive oxygen species (ROS) involved in
the photocatalytic degradation mechanism. Free radical trap-
ping experiments were conducted under identical photo-
catalytic conditions by 1,4-benzoquinone (BQ) for superoxide
radicals ("0,”), potassium iodide (KI) for holes (h*), and iso-
propanol (IPA) for hydroxyl radicals ("OH). In each test, 1 mM of
scavenger was introduced into the dye solution before reaction
initiation. The identical experimental procedure described
above was followed.

4.2 Photocatalytic activity

Fig. 8 shows the photocatalytic degradation efficiency and
reaction kinetics diagrams of SiO,, TiO,, and SiO,@TiO,.
Fig. 8(a) exhibits a photocatalytic degradation efficiency
diagram of SiO,, TiO,, and SiO,@TiO, samples annealed at
550 °C for 5 h. As shown in the figure, after 30 minutes of dark
reaction adsorption-desorption equilibrium, the adsorption
rates of the SiO,@TiO, composite catalyst were consistently
higher than those of pure SiO, and TiO,, reaching over 40%.
Compared to pure SiO, or pure TiO,, the SiO,@TiO, composite
material typically exhibits higher adsorption rates. This is
attributed to the introduction of TiO,, which adds strong
adsorption active sites to the composite, while SiO, acts as
a carrier to optimize the dispersion and pore structure of TiO,.
Consequently, the SiO,@TiO, composite material possesses
a larger specific surface area and a mesoporous structure,
providing more adsorption active sites. The synergy between
these two components enhances both adsorption capacity and
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Fig. 8 (a) Photocatalytic degradation efficiency diagram of SiO,, TiO5,
and SiO,@TiO, samples annealed at 550 °C for 5 h, and (b) reaction
kinetics diagram.

strength, thereby improving the overall adsorption effect.**>***
Specifically, the photocatalytic activity of the SiO,@TiO, catalyst
was higher than that of pure SiO, and TiO,. The degradation
rate of the RhB solution by SiO,@TiO, catalyst under ultraviolet
light irradiation for 40 min reached 99.75%. The degradation
rates of RhB solution by SiO, and TiO, under ultraviolet light
irradiation for 40 min were 42.85% and 88.81%, respectively.
Fig. 8(b) illustrates a reaction kinetics diagram. The photo-
catalytic degradation reaction kinetics model adopts the first-
order reaction kinetics equation, expressed as follows:"*>'*¢

—In(C, / Cy) = kt

where k denotes the first-order apparent degradation rate
constant (min~"); C; indicates the concentration of reactants at
time ¢ (mg L™ '); C, represents the initial concentration of the
reactant (mg L™'); ¢ signifies the reaction time (min). In
Fig. 8(b), the SiO,@TiO, composite sample revealed the fastest
degradation rate.

The complexity of photocatalytic degradation experiments
mainly stems from the diversity of reaction environments and
conditions, which collectively influence the performance and
degradation efficiency of photocatalysts. Therefore, the effects
of calcination parameters (temperature, duration), catalyst
addition amount, and pollutant identity on degradation effi-
ciency were investigated in our study. Specifically, this study
determined the optimal degradation conditions, improved
photocatalytic efficiency, and curtailed energy consumption,
providing theoretical support for practical applications. Fig. 9(a)
illustrates the photocatalytic degradation efficiency diagram of
RhB by SiO,@TiO, annealed at different temperatures for 5 h.
The photocatalytic degradation efficiency diagram of SiO,@-
TiO, catalyst first increased and then decreased with the
growing annealing temperature. When the annealing tempera-
ture was 550 °C, the degradation rate of the RhB solution
reached 99.75% under UV irradiation for 40 min. The reason is
that the suitable temperature for calcination (450-550 °C) can
promote the decomposition and crystallization of the precursor
with increasing temperature, increase the crystallinity of
anatase phase, enhance the diffraction peak, and improve the
photocatalytic degradation efficiency. The mesoporous struc-
ture of titanium dioxide calcined at high temperatures (650-750
°C) may be damaged, and the crystal phase may transition from
the anatase phase to the rutile phase, leading to a decrease in
photocatalytic activity."*”*** This is consistent with the above
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Fig. 9 (a) The photocatalytic degradation efficiency diagram of
annealed at different temperatures for 5 h, (b) the photocatalytic
degradation efficiency diagram of annealed at 550 °C for different
times, (c) the photocatalytic degradation efficiency diagram of adding
different amounts of SiO,@TiO, catalyst prepared by annealing at
550 °C for 5 hours, and (d) the photocatalytic degradation efficiency
diagram on different dyes by adding 1 mg mL™* SiO,@TiO, catalyst
prepared by annealing at 550 °C for 5 hours.

XRD characterization results. Fig. 9(b) exhibits the photo-
catalytic degradation efficiency diagram of RhB by SiO,@TiO,
catalyst annealed at 550 °C for different times. As observed from
the figure, the annealing time exerted little effect on the pho-
tocatalytic activity of the photocatalyst,”*'** and the degradation
rate of RhB with three different annealed times exceeded 95%
within 40 min. Fig. 9(c) illustrates the photocatalytic degrada-
tion efficiency diagram of adding different amounts of SiO,@-
TiO, catalyst (prepared by annealing at 550 °C for 5 hours)
addition. The photocatalytic degradation efficiency first
increased and then decreased with the growing catalyst addi-
tion. When the amount of catalyst added was 1 mg mL ™", the
degradation rate of the RhB solution reached the highest of
99.75% under ultraviolet light irradiation for 40 min. This was
attributed to the fact that the amount of catalyst added was less,
and fewer reactive oxygen species were produced."® The ability
to absorb catalyst photons reached saturation as the amount of
catalyst increased to a critical value. The number of holes and
electrons no longer increased, resulting in a relatively stable
degradation rate.” Some experiments are performed with other
pollutants, such as rhodamine 6G (Rh6G), methylene blue (MB),
and malachite green (MG), to determine the feasibility of the
catalyst for degrading other dyes with different chemical
structures. Based on the optimal degradation conditions
mentioned above, we will conduct photocatalytic degradation
experiments on different dyes by adding 1 mg mL ™" SiO,@TiO,
photocatalyst (prepared by annealing at 550 °C for 5 hours), as
shown in Fig. 9(d). Fig. 9(d) exhibits the order of degradation
efficiency of the four different dyes as follows: RHB > MB > MG >
RH6G.” Methylene blue (MB) and malachite green (MG) are
cationic dyes that can easily adsorb onto negatively charged
catalyst surfaces through electrostatic interactions, but exces-
sive adsorption can block the active sites.’**"** Rhodamine 6G

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The four-cycle photocatalytic degradation rate diagram of
RhB by the SiO,@TiO, composite catalyst.

(RH6G) is a weak cationic dye with poor adsorption effi-
ciency,"”'*® and Rhodamine B (RhB) is an amphoteric dye due
to its molecular structure containing both positively charged
diethylamino groups and the negative charge from carboxyl
ionization. Rhodamine B (RhB) exhibits high efficiency in
photocatalytic degradation, mainly due to the following
reasons: (1) Rhodamine B (RhB), as an amphoteric dye, can
bind to catalysts through diethylamino groups while avoiding
the problem of excessive adsorption blockage of cationic dyes
(such as MB/MG).”* (2) Rhodamine B (RhB) has a large
molecular structure, complex conjugated systems (chromo-
phore), and high photosensitivity, which enables it to more
effectively absorb photons and generate excited state elec-
trons.'*® These excited-state electrons can be transferred to the
conduction band of the photocatalyst, thereby promoting the
generation of reactive oxygen species (ROS) and the degradation
of dye molecules. (3) Rhodamine B (RhB) molecules adsorb onto
the surface of SiO,@TiO, materials through positively charged
diethylamino groups, making them more susceptible to surface
holes and reactive oxygen species (ROS) attacks, resulting in
continuous deethylation reactions and the formation of the
characteristic blue shift effect of dye molecules.’**** At the
same time, they undergo direct degradation of the chromo-
phore system. Under the synergistic effect of adsorption and
reactive oxygen species(ROS), RhB molecules undergo degra-
dation reactions simultaneously on the material surface and in
the solution system, accelerating the degradation rate of RhB
molecules. Therefore, the photocatalytic reaction rate of
Rhodamine B (RhB) is faster than that of methylene blue (MB),

Table 3 Photocatalytic degradation of RhB by catalysts in other studies
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malachite green (MG), and rhodamine 6G (RH6G) (as shown in
Fig. 9). Under the irradiation of an ultraviolet lamp, the degra-
dation rate of the four dyes both reached more than 92%.
Therefore, the catalyst has a good application prospect in the
treatment of various organic pollutants.

Fig. 10 demonstrates the four-cycle photocatalytic degrada-
tion rate diagram of rhodamine B (RhB) by the SiO,@TiO,
composite catalyst. The degradation rates of each cycle were
99.26%, 89.05%, 85.83%, and 83.09%, respectively. Although
the degradation rate gradually decreased with each cycle, it
remained above 83%, specifying excellent structural stability.

Table 3 presents a comparison of the efficiency of other
studies on the degradation of rhodamine B (RhB). Table 3
reveals that the SiO,@TiO, photocatalyst prepared in this work
exerted a strong photocatalytic degradation effect of 99.75%
after 40 min, which was superior to the degradation efficiency
reported in other studies.

5. Possible mechanisms

The photocatalytic performance of reactive oxygen species
(ROS) during the degradation process was conducted to
discover the role of reactive oxygen species (ROS) in the degra-
dation process by various scavengers, so as to better understand
the reaction mechanism of SiO,@TiO, nanocomposite photo-
catalytic materials. Therefore, the SiO,@TiO, photocatalyst was
employed to rhodamine B (RhB) degradation under ultraviolet
light irradiation with potassium iodide (KI) as a hole (h") cav-
enger, isopropanol (IPA) as a hydroxyl radical ("OH) scavenger,
and 1,4-benzoquinone (BQ) as a superoxide radical ‘O, )
scavenger.

Fig. 11 depicts the free radical trapping experimental
diagram of the RhB degradation. As suggested in Fig. 11,
compared with the sample without the addition of a scavenger,
the sample with potassium iodide (KI) to remove holes (h")
exhibited a certain degree of inhibitory effect on photo-
degradation, and its effect is insignificant. The addition of 1,4-
benzoquinone (BQ) to the sample for scavenging superoxide
radicals ("O,~) weakened the degradation efficiency of rhoda-
mine B (RhB) from 99.75% to 76.22% and hence inhibited the
photocatalytic degradation effect. However, the degradation
efficiency of rhodamine B (RhB) decreased from 99.75% to
56.22% after the addition of isopropanol (IPA) to scavenge
hydroxyl radicals ("OH), reflecting a significant inhibitory effect
on photocatalytic degradation. Therefore, hydroxyl radicals
(‘OH) are the main reactive oxygen species in the photocatalytic

Catalyst Concentration of catalyst and dye Light source K min~! Photocatalytic degradation(%) Reference

TiO,/Si0, 50 mg 100 mL™" (10 mg L") Visible-light 0.1067 98.6% after 40 min 120

Si0,@TiO, 0.3mg mL™" (20 mg L) 300 W Hg lamp 0.04654 82.2% after 35 min 134

TiO,/Si0, 0.005 g 250 mL ™" (10 mg L) 15 W visible-light 0.018 100% after 210 min 135
lamps of 900 lumens

TiO,@Si0,-Ag 1mgmL ' (10 mgL ™Y Sunlight 0.02186 92% after 60 min 136

Si0,@TiO, 1mgmL™" (10 mg L") UV light 0.124 99.75% after 40 min This work
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Fig. 11 Free radical trapping experimental diagram of the RhB
degradation.

degradation of rhodamine B (RhB), followed by holes (h") and
superoxide radicals ('O, ).

The results of the free radical trapping experiment reveal the
specific roles of different active species in photocatalytic reac-
tions ("0, ", h',"OH), assisting in refining the reaction pathway
in the mechanism diagram. Hence, the photocatalytic mecha-
nism diagram of the generation, separation, transfer, and
interaction process of photo-generated carriers (electrons and
holes) with reactants is illustrated in detail.

RhB has both positively charged diethylamino groups and
the negative charge from carboxyl ionization in its molecular
structure, making it an amphiprotic dye. The surface of SiO, is
rich in silanol, which exhibits a negative potential due to its easy
deprotonation in aqueous solutions, thus enabling effective
adsorption of molecules with positively charged groups in the
solution. In contrast, TiO, has a surface potential approaching
neutrality and lacks such adsorption capability. The composite
catalytic material of SiO,@TiO, features SiO, loaded with TiO,
crystals via Ti-O-Si bonds. Due to the differing crystal struc-
tures of the two solid phases, phase interfaces inevitably
contain defects and distortions, resulting in a richer abundance
of surface hydroxyl groups and a higher negative potential.

Fig. 12 depicts the schematic diagram of the photocatalytic
degradation mechanism.**> As observed from the figure, the
electrons in the valence band of the SiO,@TiO, catalyst were
excited to the conduction band under UV light irradiation,
leaving holes in the valence band, thereby forming a photog-
enerated electron-hole pair. The electron (e ) in the conduction
band (CB) can easily react with dissolved O, in water to generate
superoxide radicals (‘O, ). Meanwhile, the photo-generated
hole (h*) in the valence band (VB) can directly react with OH™
or surface-bound water to generate hydroxyl radicals ("OH). The
generated active substances ‘O, , ‘OH) continue to attack
RhB." In the photodegradation of rhodamine B, two different
mechanisms are involved the direct degradation of the chro-
mophoric system and the successive deethylation of the four
ethyl groups.’*'** Both mechanisms are independent and can
proceed side-by-side. The deethylation route shows that RhB
molecules adsorb onto the surface of composite materials
through positively charged diethylamino groups, making di-
ethylamino groups more susceptible to ROS attack and
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undergoing continuous deethylation reactions to form N-de-
ethylated intermediates (DRhB, NRhB), which exhibit the
characteristic blue shift effect of dye molecules. These inter-
mediates are then further degraded into organic acids or alco-
hols under the influence of ROS, and finally degraded into H,O,
CO,, and so on. Due to the free radical capture experiment
showing that hydroxyl radicals ("OH) are the main reactive
oxygen species in the photocatalytic degradation of Rhodamine
B (RhB) (as shown in Fig. 11), it is speculated that chromo-
phores are preferentially attacked by ROS, leading to dye
cleavage and the formation of hydroxylation intermediates.
Under the continuous oxidation of ROS, it continues to be
converted into low molecular weight intermediate products
until it is degraded into inorganic compounds such as CO,,
H,O0, etc.**'** The chemical reactions involved in the degrada-
tion process are as follows:'**

Si0,@TiO, + hv — ¢~ +h*
02 +e — .027
H,O/OH™ + h" — "OH

‘0O, /'OH + RhB — Intermediates — CO, + H,O

6. Conclusion

In this study, anatase-phase SiO,@TiO, spherical photo-
catalysts were successfully synthesized by the sol-gel method.
SiO, incorporation significantly improved TiO, performance by
forming Ti-O-Si bonds, delaying anatase-to-rutile phase tran-
sition, increasing specific surface area (providing more
adsorption/reaction sites), decreasing bandgap energy
(lowering electron transition barriers), and reducing fluores-
cence intensity (indicating suppressed electron-hole recombi-
nation). These synergistic effects collectively enhanced charge
separation and photocatalytic activity. The photocatalytic
experiments suggest that SiO,@TiO, annealed at 550 °C for 5 h
achieved 99.75% degradation of RhB under UV irradiation
within 40 min, surpassing most reported values. The material

© 2026 The Author(s). Published by the Royal Society of Chemistry
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retained over 83% efficiency after four recycling tests, con-
firming robust structural stability. Scavenger experiments
unveil that hydroxyl radicals ("OH) served as the dominant
active species in RhB degradation under visible light, with holes
(h") and superoxide radicals ("O,”) playing secondary roles.
These findings demonstrate that SiO,@TiO, composites exhibit
outstanding photocatalytic activity and stability, offering
a promising pathway for developing cost-effective, high-
performance photocatalytic materials with significant applica-
tion potential.
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