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Titanium Dioxide (TiO;) and Photocatalysis: A Detailed
Overview of the Synthesis, Applications, Challenges,
Advances and Prospects for Sustainable Development
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Emerging contaminants in aquatic ecosystems demand advanced remediation strategies, with semiconductor
photocatalysis standing out as a transformative technology. This review examines material design innovations,
focusing on sol-gel, hydrothermal, and ultrasonic synthesis methods that enable precise control over structural
properties critical for photocatalytic efficiency. Doping with metals/non-metals and heterostructure engineering
are highlighted for adjusting bandgap energy to enhance visible-light absorption. Advanced characterization
techniques, including XRD and electron microscopy, reveal correlations between material architecture and
performance. Applications encompass solar-driven degradation of pharmaceuticals, antimicrobial surface
coatings, and hybrid systems combining photocatalysis with membrane filtration or ozonation. Scalability
challenges are addressed through immobilized catalysts and reactor design innovations. Interdisciplinary
approaches integrating Al optimization and agro-industrial waste valorization underscore sustainable synthesis
pathways. Functionalized materials demonstrate dual utility in environmental and biomedical contexts, while solar
hydrogen production aligns with clean energy objectives. Persistent barriers include energy efficiency
optimization and long-term catalyst stability. Future research emphasizes adaptive material architectures, circular
economy integration, and synergistic coupling with conventional treatment processes. By bridging lab-scale
advances with industrial scalability, photocatalysis emerges as a versatile solution for water purification and
sustainable resource management, offering a roadmap for addressing complex environmental challenges.
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Environmental contamination is one of the most serious
contemporary challenges, exerting substantial influences on
both ecological integrity and human well-being. Globally
notorious pollutants such as plastics, heavy metals and
pesticide compounds have been the focus of intense
environmental concern over the years. The origin of these
pollutants is often linked to industrial processes, agricultural
practices and urban dynamics, and their environmental
persistence can lead to bioaccumulation in food chains, which
can directly and indirectly result in adverse effects on human
health [1]. Some pollutants that are less known to the general
population are referred to as emerging contaminants.
Emerging contaminants constitute a growing challenge for
environmental quality and public health. The increase in the
production and use of various chemical substances, such as
pharmaceuticals and pesticides, has resulted in the discharge
of complex compounds that are difficult to remove from
aquatic environments [2]. The complexity of these
substances, combined with the inefficiency of conventional
sewage treatment systems in removing them, aggravates the
situation, since many emerging contaminants are persistent
in the environment, accumulating over time and
contaminating the food chain [3].

Given the growing concern about the presence of
emerging contaminants in water resources, the search for
effective  treatment  technologies is intensifying.
Photocatalysis stands out as a promising alternative in this
context, since it promotes the degradation of a wide variety of
complex organic compounds through the generation of
powerful oxidants, such as the hydroxyl radical [4]. High
efficiency, versatility and the production of less toxic by-
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products are characteristics that make photocatalysis
attractive for water decontamination. However, large-scale
application still faces challenges related to process
optimization, operating costs and the generation of inorganic
by-products [5].

2. Emerging contaminants

Emerging contaminants are synthetic or natural chemical
substances, produced on a large scale and released into the
environment, often found in nature in low concentrations, but
with significant potential to cause damage to human health
and ecosystems. Examples include pharmaceuticals,
pesticides, personal care products, hormones and
microplastics [6]. These substances, also referred to as
contaminants of emerging concern (CECs), encompass a
diverse array of chemical and biological agents whose risks
are not fully understood and are not yet regulated under
conventional environmental policies. Their occurrence results
from anthropogenic activities and they may undergo long-
range transport, transformation, and bioaccumulation,
contributing to complex environmental mixtures with
unpredictable effects [7]. Due to the delay in understanding
the impact of these substances, justified by the increase in the
number of publications in recent years (Fig. 1) and the
complexity of their chemical structures, these contaminants
are not adequately covered by traditional environmental
legislation, making their monitoring and control more
challenging [8].
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Fig. 1. Number of publications on emerging contaminants during the period 2014 to october 2024 [9].

The presence of emerging contaminants in water
resources can cause a series of environmental and public
health problems. These compounds can disrupt the balance
of aquatic ecosystems, affect the reproduction and
development of aquatic organisms, and bioaccumulate in the
food chain, ultimately reaching humans [10]. Furthermore,
studies indicate that some emerging contaminants may be
associated with the emergence of antimicrobial resistance,
hormone disruption and other chronic effects on human
health [11]. Conventional sewage treatment plants (STPs) are
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not designed to efficiently remove emerging contaminants
[12]. Many of these substances are resistant to biological and
physical-chemical treatment processes, passing through
sewage treatment plants and reaching the receiving water
bodies [13]. The complexity of the matrix of emerging
contaminants, with a great diversity of substances and their
combinations, further complicates the development of
effective technologies for their removal [14].

Emerging contaminants are highly persistent in the
environment and can remain for long periods in sails,
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sediments and water [4]. Bioaccumulation of these
compounds in the food chain represents a significant risk to
human health and biodiversity. This risk is intensified by the
lack of adequate instruments in the environmental legislation
of many countries to regulate the presence of these
contaminants in the environment. The absence of specific
regulations and maximum permitted limit's hinders the
control and management of these pollutants [8]. Given the
challenges posed by emerging contaminants, various
treatment alternatives have been investigated. Advanced
oxidation processes, adsorption on activated carbon,
membranes and biofilms are some of the promising
technologies for removing these compounds [15-17]. In
addition, preventing contamination by reducing the production
and improper disposal of these products is fundamental to
minimizing environmental impacts. The implementation of
different technologies and the adoption of sustainable
practices are crucial to addressing this global challenge.

3. Photocatalysis

The growing concern about the presence of emerging
contaminants (ECs) in water resources has driven the search
for efficient and sustainable treatment technologies. In this
context, heterogeneous photocatalysis (HPC) is emerging as
a promising alternative for the degradation of a wide range of
recalcitrant organic substances [4].

HPC is based on the ability of semiconductor materials,
such as titanium dioxide (TiO.), to absorb light energy and
generate electron-hole pairs. When these pairs interact with
water and oxygen molecules present in the aqueous medium,
they induce the formation of reactive oxygen species (ROS),
mainly hydroxyl radicals (eOH). Due to their high reactivity,
oOH radicals are able to oxidize and mineralize ECs,
generating by-products more amenable to mineralization, with
reduced biorecalcitrance and enhanced biodegradability [18].
The scheme for producing ROS in TiO2 nanoparticles is shown
in Fig. 2.
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Fig. 2. Scheme of activation of TiO2 nanoparticles under light
incidence for generation of oxidative species (Modified by
author) [19].

The efficiency of HPC is influenced by several factors,
such as the nature of the photocatalyst, the intensity and
wavelength of the incident radiation, the concentration of
contaminants, the pH of the solution and the presence of
other ions and organic compounds [20]. HPC has significant
advantages over other treatment processes, including the
possibility of using sunlight as an energy source, the non-
generation of toxic by-products and high efficiency in
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degrading a wide variety of organic compounds. However,
some limitations still need to be overcome, such as the low
photocatalytic activity in alkaline pH conditions and the
difficulty in removing the photocatalyst from the aqueous
medium after treatment [21].

The applications of photocatalysis are not limited to the
degradation of pollutants in aqueous media. The production
of supercapacitors represents a promising alternative for
improving electronic devices and energy storage systems.
Moreover, photocatalysis can improve the efficiency of
capturing energy from renewable sources using
photocatalytic oxides [22].

Photocatalysis can be applied in combination with
membrane technology for the sustainable and continuous
purification of wastewater. This integrated approach takes
advantage of both technologies, where photocatalysis
degrades hard-to-remove organic pollutants and membrane
separation filters out particles and contaminants. The
combination results in a more efficient and far-reaching
purification process, reducing the need for additional energy
and increasing the durability of the membranes by preventing
the build-up of dirt [23].

Photocatalysis can also be applied to the generation of
green hydrogen through water splitting. Nanocomposites
demonstrate significantly higher photocatalytic efficiency
than pure materials, with a significantly higher hydrogen
generation rate. Hierarchical porous structures provide
efficient channels for charge transport, improving the
separation and migration of photoinduced charge carriers,
which results in greater efficiency in hydrogen generation [24].

4.TiO;

TiO; is a semiconductor ceramic material that has three
crystalline phases: brookite, anatase and rutile. The brookite
phase is metastable and tends to convert into more stable
phases, as anatase and rutile, especially under heating. The
transition from brookite to anatase occurs around 400°C,
while anatase converts irreversibly to rutile when subjected to
higher temperatures. These transformations are crucial for
scientific applications, as the anatase and rutile phases are
more stable and therefore more common in studies [25]. TiO:
is notable for its potential in photocatalytic processes,
although its efficacy is limited by factors such as its narrow
electromagnetic absorption spectrum and bandgap energy
located in the ultraviolet region. The rutile phase has a
bandgap energy of approximately 3.02 eV, while anatase has
around 3.20 eV. The anatase phase, despite having a slightly
higher bandgap energy, offers a larger surface area, which
results in a greater availability of active sites for adsorption
and, consequently, a better photocatalytic performance [26].

To optimize the photocatalytic activity of TiO., a higher
proportion of anatase relative to rutile is desirable. Achieving
a structural configuration with predominant anatase content
can be accomplished by controlling synthesis parameters,
including thermal treatment and the molar ratio of precursors
used in the synthesis method [27].

To overcome the current limitations of photocatalyst
materials as TiO2, researchers have been working on
innovative methods, among which the doping of materials
stands out as a promising method. This technique involves
the deliberate incorporation of impurity atoms into the crystal
lattice, altering the intrinsic electronic properties of the
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materials with the purpose of enhancing their photocatalytic
efficacy. The addition of transition metals, such as iron, silver
and copper, and non-metallic elements, such as carbon,
nitrogen and sulphur, has revealed vast potential by inducing
intermediate electronic states that allow light to be captured
in the visible spectrum, thus increasing the material's
photocatalytic capacity. Doping can be carried out alone or in
combination, aiming for synergies that maximize the desired
characteristics [28,29].

In addition to TiO,, other semiconductors can be used for
the same purpose, such as ZnO, which exhibits similar
properties and low cost; CdS, which is active under visible light
despite its toxicity; and WO3, known for its stability and visible-
light responsiveness [30,31,32].

5. Synthesis methods

5.1 Sol-gel

The sol-gel method is a synthesis technique that is
renowned for its flexibility and wide applicability in the
production of materials. This process involves the
transformation of a colloidal solution (sol) into a solid three-
dimensional network (gel), allowing the creation of a wide
range of materials, including semiconductor oxides and
aerogels, which find diverse technological applications.
Precise adjustment of the synthesis conditions, such as
temperature, pH and precursor concentration, allows
materials with different physical and chemical properties to
be obtained [31].

One of the primary uses of the sol-gel method is the
production of thin metal oxide films, which are crucial for
applications in electronics and photonics. In these fields,
uniformity and control of film thickness are essential for
device performance. Furthermore, the technique allows for
the creation of hybrid materials that combine organic and
inorganic properties, resulting in materials with innovative
functionalities and potential for various technological
applications [32]. The sol-gel method is also prominent in the
manufacture of biochemical sensors and detection materials.
The incorporation of enzymes into the gel matrix makes it
possible to develop highly sensitive and specific sensors
suitable for a wide range of bioanalytical applications [19,33-
35].

The sol-gel method has proven to be a highly effective
approach for the synthesis of photocatalytic semiconductor

Mechanical stirring

Ageing/Desiccation

Orbital: Electron. J. Chem. 2025, 17(4), 355-381

materials, which are crucial for applications in pollutant
decomposition and clean energy production. This method
allows precise control of the morphology, structure and
composition of the photocatalysts, resulting in materials with

high efficiency in absorbing light and promoting
photocatalytic reactions. By adjusting the synthesis
conditions, such as temperature, pH and precursor

concentration, it is possible to develop materials with
optimized properties for using sunlight to produce energy,
making this method a powerful tool in the search for
sustainable solutions to environmental and energy problems
[30].

The synthesis of semiconductor materials via the sol-gel
method begins with the dissolution of metal precursors, such
as alkoxides, in polar solvents, under controlled pH and
temperature conditions, to form a homogeneous sol. At this
stage, sequential hydrolysis and condensation reactions
govern the formation of the microstructure: hydrolysis
replaces alkoxide groups (OR) with hydroxyls (eOH),
generating reactive intermediates (M-OH), while condensation
promotes the formation of covalent bonds (M-O-M) via
dehydration, establishing a three-dimensional polymeric
network [36]. Nucleation and growth of colloidal particles are
modulated by intermolecular forces, culminating in system
percolation and sol-gel transition. Gelation, accompanied by
syneresis, consolidates the porous matrix through cross-
linking, while aging optimizes structural cohesion via Ostwald
ripening and thermodynamic rearrangement [37].

Afterwards, the wet gel undergoes controlled drying to
remove residual solvents, minimizing capillary tensions that
induce cracks Kinetics of Supercritical Drying of Gels [38]. The
resulting xerogel is calcined (300 - 800 °C) to degrade organic
substances and induce crystallization. Parameters such as
heating rate and isotherm time regulate the nucleation of
crystalline phases, crystallite size and defect density Effect of
Calcination Temperature on Photocatalytic Activity of
Synthesized TiO2 Nanoparticles via Wet Ball Milling Sol-Gel
Method [39]. Photocatalytic efficiency is maximized by the
balance between high surface area, porosity and surface-
accessible active sites, properties that are intrinsically
dependent on the synthetic conditions at each stage. This
precise control enables the quantum reactivity and
mechanical stability of the final material to be optimized. The
synthetic route of TiO; is elucidated in figure 3.

Calcination

Photocatalyst

Fig. 3. Synthetic route of photocatalyst nanomaterials by the sol-gel method.

One of the main advantages of the sol-gel method is the
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precise control over the morphology and structure of
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semiconductor oxides, which directly influences their
properties. This ability to adjust allows the production of
materials with specific characteristics that meet the
requirements of different technological applications. In
addition, the method stands out for being more cost-effective
compared to conventional synthesis techniques, allowing the
manufacture of a wide range of materials with diverse
compositions and structures [40]. However, the sol-gel
method is not without its drawbacks. One of the challenges
faced is ensuring the homogeneity of the final product,
especially when applied on larger scales. Additionally, the
processing time can be prolonged due to the steps required
for drying and calcination. Another critical aspect is
contamination, impurities present in the precursors can
negatively affect the properties of the final material [41].
Despite these limitations, the advantages of the sol-gel

Orbital: Electron. J. Chem. 2025, 17(4), 355-381

method in the synthesis of semiconductor oxides continue to
drive its use in research and industrial applications,
highlighting its fundamental role in technological innovation
[42].

The analysis of the data presented in Table 1 reveals a
significant diversity of approaches in the sol-gel synthesis of
TiO,, such as the non-hydrolytic route, which is the
replacement of the traditional hydrolysis process with
alkanolysis, where alcohol acts as the only solvent in the
absence of water [43]. The non-hydrolytic route represents an
interesting alternative for the morphological control of TiO-, as
the absence of water eliminates the competition between
hydrolysis and condensation, allowing better control over
particle growth and their final structural characteristics [44].

Table 1. Sol-gel synthesized photocatalysts: comparative experimental conditions and degradation efficiency for emerging contaminants.

Contaminants

Photocatalyst

H20:ROH (1:10) molar proportion

Synthesis conditions

Photodegradation conditions References

TiO2 anatase Tetracycline 300 rpm stirring 201;:?“ /OUV [45]
Calcination temperature 400 °C - 800 °C !
] Non-hidrolitic rout 38,47 %
VereciEee  FRREEe] Stirring for 10 h at 150 °C 120 min, VIS [46]
) . Stirring for 24 h at 90 °C 99 %
Ct-TiO: Bisphenol Washed the precipitate 240 min, VIS [47, 48]
) ) TiCls (Precursor Ti) 100 %
HEITn i) Dried at 100 -C overnight. 60 min, VIS [49]
; Stirring in ice bath 99 %
Ti0: Bentazon Dried at 80 °C for 18 h 70 min, UV (501
1 h stirring at 70 °C o
Zn0 il Lidah Mertua Extract 90./° [51]
blue . 120 min, UV
separate the precipitate
4 h stirring at 60 °C o
Zn0 Methylene Bacteria and crustaceans powder 60 % [52]
blue - 60 min, UV
Separate the precipitate
Non-Hydrolytic 80 %
Zn-AlPO,4 Fipronil Refluxed at 110 °C for 4 h - [43]
. 120 min, UV
Aged overnight
Rice husk ash (Si source) o
Si02 ‘l;/::;h): 4 h stirring at room temp. ] Sogriir/;) UV [53]
9 48 h aged !
30 min stirring 100 %
LasTi207 Rhodamine B Glycine-assisted 90 min, UV [54]

Aged at 80 °C overnight

The deployment of natural extracts (e.g., Lidah Mertua
[51]) and bacterial/crustacean biomass [52] in sol-gel
photocatalyst  synthesis delivers multidimensional
advantages transcending conventional environmental impact
mitigation. These bioresources function as multifunctional
platforms, wherein bioactive constituents (polyphenols,
terpenoids, and proteins) operate synergistically as: (i)
reducing agents, (ii) colloidal stabilizers, and (iii) natural
dopant sources - collectively enhancing the optoelectronic
characteristics of resultant materials [53]. A particularly
noteworthy attribute is their precise modulation of
nanoparticle morphology and size distribution during gelation,
yielding tailored surface area (BET >150 m2g’) and
hierarchical porosity (2-50 nm range), both critical for
photocatalytic quantum efficiency [55].

Furthermore, the upcycling of agroindustrial waste (e.g.,

rice husk-derived mesoporous SiO. [53]) establishes a
technological symbiosis between circular economy

paradigms and advanced material engineering, achieving 40-
60% reduction in both production costs and cradle-to-gate
energy intensity. Benchmark studies confirm these bio-
mediated protocols produce photocatalysts with superior
visible-light quantum yields (® 420nm = 0.32 vs. 0.18 for
conventional counterparts) for emerging contaminant
degradation, while demonstrating exceptional operational
stability (>30 cycles) [56,57]. This bioinspired synthesis
paradigm effectively reconciles sustainability mandates with
performance enhancement through molecular-level structure-
property control [58].

The combination of different synthesis techniques, the use
of an ultrasonic bath and hydrothermal treatment [59],
demonstrates a synergy that can optimize the photocatalytic
properties of photocatalysts. This integration of methods
suggests that the joint application of different techniques can
result in a significant improvement in the efficiency and
functionality of photocatalytic materials.
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Additionally, the use of glycine as an assistant agent in the
synthesis proved to be particularly effective, achieving 100%
degradation of Rhodamine B in 90 minutes [54], indicating that
glycine-assisted self-combustion can promote the formation
of crystalline structures with superior photocatalytic activity.

5.2 Hydrothermal

The hydrothermal method enables precise control over
material properties (morphology, crystallinity, and particle
size) through modulated reaction conditions (temperature,
pressure, time), making it indispensable for designing
functional nanomaterials [60]. A key application lies in
photocatalysis, where its ability to tailor bandgap energies and
surface defects enhances light-driven processes such as
pollutant degradation and H; production [61]. Similarly, in
electronics, hydrothermally synthesized oxides (e.g., ZnO,
TiO,) achieve the stoichiometric precision required for high-
performance transistors and diodes [62]. This synergy
between atomic-level control and scalable processing
addresses critical challenges in energy and miniaturization
technologies [62].

The hydrothermal method is characterized by the
dissolution of precursor substances in water and the
application of high temperatures (usually between 100 °C and
300 °C) and pressures. These conditions favor the solubility
of the precursors and promote reactions that lead to the
formation of new compounds. The reaction occurs in an

O 0

Inicial

solution

Oxide
powder

Hydrothermal

reactor
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aqueous solution or with an organic solvent that may contain
salts, acids or bases [63]. When heated, these substances
ionize, resulting in a supersaturated solution, crucial for the
processes of nucleation and crystal growth. The initial
dissolution of the precursors results in a mixture where the
ions or molecules are free to move, increasing the
concentration of the reactive components and, consequently,
the probability of new phases forming. The nucleation
process is one of the central aspects of the hydrothermal
method. As the temperature rises, the concentration of
precursors can reach a critical point of supersaturation,
leading to the formation of small cores. Nucleation can be
homogeneous, occurring without the influence of impurities,
or heterogeneous, initiated by surfaces or impurities present
in the solution. Once formed, these nuclei become growth
centers where atoms or molecules aggregate, occurring by
adsorption and diffusion, stabilizing the desired crystalline
structure [64].

In general, the synthesis of nanostructured oxides using
the hydrothermal method involves steps such as washing the
precipitate obtained, followed by drying and finally
calcination. Although some materials synthesized by this
method do not go through the calcination stage, as the
material obtained already has an acceptable level of
crystallinity [65]. The general synthetic route of the

hydrothermal method is shown in figure 4.

Fig. 4. Synthesis process of nanostructured oxides by the hydrothermal method.

The hydrothermal method is widely recognized for its
significant advantages in material synthesis, making it a
preferred technique for various scientific and industrial
applications. One of its main advantages is the precise control
over synthesis conditions, allowing for the modulation of key
material properties such as particle size, morphology, and
crystallinity [66]. This tunability is essential for meeting the
specific requirements of different applications, particularly in
nanomaterial production. Moreover, the method operates at
relatively low temperatures (typically <200°C) when compared
to alternative processes requiring up to 900°C, reducing
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energy consumption by 40-60% and significantly decreasing
the carbon footprint of synthesis while maintaining
comparable product quality [67].

Another notable advantage of the hydrothermal method is
its simplicity, as it often requires fewer steps than traditional
methods such as calcination. This reduction in processing
steps not only enhances efficiency but can also shorten the
total synthesis time and lower operational costs. These
benefits make the method particularly attractive to
researchers and industries seeking to develop new materials
efficiently [68].
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However, the hydrothermal method is not without its
drawbacks. One of the main challenges is the high cost of the
required equipment, as autoclaves designed to operate under
high pressure and temperature conditions tend to be
expensive. Additionally, the limited production scale is a
significant limitation, as the yield may be restricted, posing
challenges to the economic feasibility of large-scale
applications. This factor can hinder the broader adoption of
the technique in industries that require high material volumes
[62].

The complexity of operating the hydrothermal method is
also a disadvantage. The high-pressure conditions require
special care and strict safety protocols, which may increase
operating costs and the need for specialized training. Thus,

while

the hydrothermal method offers considerable

Table 2. Hydrothermally synthesized photocatalysts: comparative
contaminants

Orbital: Electron. J. Chem. 2025, 17(4), 355-381

advantages in terms of control and energy efficiency, its
limitations in terms of cost, scale of production and
operational complexity must be carefully considered when
assessing its applicability in industrial and research contexts
[69].

Although widely used, conventional heating has intrinsic
limitations, such as long reaction times and challenges in
precisely controlling the temperature and pressure variables,
factors that can compromise the homogeneity and purity of
the final product [62]. A compilation of photocatalytic
materials synthesized via the hydrothermal method,
highlighting these crucial parameters in the context of
conventional heating in a muffle furnace, is shown in Table 2.

experimental conditions and degradation efficiency for emerging

. 120 °C 93 %
Co-S-TiO, Methylene blue 8h 120 min, UV - Vis lamp [70]
. 120 °C 100 %
BiOBr Methyl orange 6h 300 min, Vis [71]
160 °C 26 %
TiO2 anatase Methylene blue 5h o [72]
. 180 min, Vis
Base catalysis
160 °C
90 %
In20s/RGO Methylene blue 1h . [73]
. . 120 min, UV
Microwave-assisted
180 °C 959
TiO2 anatase Ciprofloxacin 3h RS [74]
. . 90 min, Sunlight
Microwave assisted
200 °C 95 9
Y-TiO2 Carbamazepine _ 15 min . 240 min, UV [75]
Microwave-assisted
180 °C 100
S-VO-Cellulose Methylene blue 24 h 55 min, UV [76]
. . 160 °C 77 %
BiFeOs Rhodamine B 24 h 45 min, Sunlight [77]
. 200 °C 80 %
LaFeOs Malachite green 14h 80.min, Sunlight. [78]

Conversely, microwave-assisted hydrothermal synthesis
emerges as an innovative approach to obtaining TiO. This
technique uses microwave radiation to promote rapid and
uniform heating of the reaction medium, resulting in
accelerated nucleation processes. Among its main
advantages are the significant reduction in reaction time and
homogeneous thermal distribution, characteristics that
enhance efficiency in the synthesis of materials with improved
photocatalytic properties [67].

On the other hand, microwave-assisted hydrothermal
synthesis has emerged as a highly effective and innovative
strategy for the production of photocatalytic TiO2-based
materials. Unlike conventional methods, this technique
enables volumetric and selective heating of the reaction
medium through the interaction of microwave radiation with
polar solvent molecules, promoting uniform temperature
distribution and rapid thermal transfer. These conditions
foster instantaneous nucleation and controlled crystal growth,
typically resulting in smaller nanoparticles with narrower size
distributions  [79]. Moreover, microwave irradiation
significantly influences the morphological features of the
resulting materials, often leading to the formation of
structures with high specific surface area, well-defined
geometries, and enhanced exposure of catalytically active
crystal facets—attributes that are particularly desirable in
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photocatalysis [73,75,80,81]. In addition to its morphological
and structural benefits, this technique is also recognized for
its high energy efficiency. Reaction times are drastically
reduced—from several hours to just minutes—while
minimizing overall energy consumption due to the absence of
thermal gradients and the direct conversion of
electromagnetic energy into heat. Thus, microwave-assisted
synthesis not only accelerates TiO; production but also yields
materials with  superior physicochemical properties,
positioning this method as a sustainable and scalable
alternative for industrial applications [82].

5.3. Ultrasonic method

Sonochemical synthesis methods are fundamentally
based on the phenomenon of acoustic cavitation, a process
extensively studied in the field of ultrasound chemistry and
comprehensively studied [83]. Cavitation occurs when
ultrasonic waves (>20 kHz) propagate through a liquid
medium, inducing the formation, growth, and violent collapse
of microbubbles. This collapse generates extreme localized
conditions—with transient temperatures exceeding 5000 K
and pressures above 1000 atm—creating a highly energetic
microenvironment that enhances chemical reactions,
accelerates nucleation processes, and enables the formation
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of products that are often inaccessible via conventional
methods [84]. Additionally, acoustic cavitation increases the
interfacial area between reactants, resulting in higher yields
and improved selectivity in chemical transformations [85].
Another relevant phenomenon in ultrasonic-assisted
synthesis is nebulization, which occurs when ultrasound
transforms a liquid into a fine mist composed of
microdroplets. This technique is particularly advantageous in
processes such as ultrasonic spray pyrolysis, in which
chemical reactions take place within individual droplets
suspended in a gaseous phase, enabling greater
morphological control over the resulting particles [86].

Ultrasonic synthesis stands out as a powerful and
versatile tool for producing metal oxides with controlled
properties and morphologies. The phenomenon of acoustic
cavitation, central to this process, generates extreme
conditions of temperature and pressure in the bubbles that
collapse. This collapse promotes the nucleation and rapid,
efficient growth of oxide nanoparticles. Scientific literature
documents the successful synthesis of various oxides
through the ultrasonication of aqueous solutions of metal
salts, highlighting the broad applicability of this technique
[86].

Oxide nanoparticles synthesized using ultrasonication
have great potential for various applications. A notable
example is porous TiO2 microspheres, which stand out for
their low cytotoxicity and ability to carry molecules. These
characteristics make them promising as targeted drug
delivery systems. The ability to target drugs to specific cell

Addition of precursors
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compartments opens up new perspectives for the
development of more effective treatments for diseases [87].

Ultrasonic methods offer versatility and precise control
over the synthesis process. It is possible to manipulate
several reaction parameters, such as time, energy input and
pressure, allowing the size, morphology and structure of
nanomaterials to be customized. Although there are
challenges related to energy efficiency in using ultrasound for
chemically useful cavitation events, advances in
understanding the physics of cavitation promise to make
synthesis methods even more effective and efficient in the
future. Also, the technology is evolving to overcome
difficulties related to scalability, becoming a promising tool
for large-scale production of nanostructured materials [88].

The ultrasonic synthesis method for photocatalyst
nanomaterials (Fig. 5) is a systematic process that begins
with the preparation of two different solutions: one containing
metal ions and the other with a precipitating agent, which are
then combined and subjected to ultrasonic irradiation using a
specific probe [89]. During this process, the phenomenon of
acoustic cavitation occurs due to the high-frequency waves
generating localized extreme conditions of temperature and
pressure, thus facilitating the nucleation and controlled
growth of the nanoparticles. The procedure, which can last
from minutes to a few hours depending on the desired
material [86,90], is completed with separation steps by
centrifugation, washing with deionized water and appropriate
solvents to eliminate impurities, culminating in oven drying
and calcination to obtain the final material.

/i
r

Centrifugation

Desiccation

—~  — Calcination

Fig. 5. Photocatalyst synthesis process by ultrasonic method.

Sonochemical synthesis is an innovative technique that
uses high-intensity ultrasound to induce chemical reactions in
solutions. The process begins with acoustic cavitation, in
which sound waves create alternating regions of high and low
pressure in a liquid. During the low pressure phase, small gas
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bubbles form in the solution. These bubbles grow to a critical
point and then collapse rapidly during the high pressure phase
(Fig. 6). This phenomenon is fundamental for generating
extreme conditions that facilitate chemical reactions that
would not occur under normal conditions [91].
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Bubble I:r; Bubble |:I; Critical :‘I: Bubble
formation growth point collapse

Fig. 6. lllustration of the acoustic cavitation process promoted by ultrasonic adapted from author [92].

The collapse of cavitation bubbles is a crucial event that
generates extremely high temperatures, which can exceed
5000 K, and pressures that reach up to 1000 atm, albeit on a
very small scale. These extreme conditions create a highly
energetic environment, propitious for inducing chemical
reactions. The impact of bubble collapse results in an intense
release of energy, capable of breaking chemical bonds and
promoting the formation of new compounds [93].

One of the most significant effects of bubble collapse is
the generation of free radicals, such as hydroxyl (eOH) and
hydrogen (eH) radicals. These radicals are highly reactive and
play a fundamental role in subsequent chemical reactions,
acting as reducing or oxidizing agents, depending on the
context of the reaction. The presence of these free radicals is
essential for the synthesis of various materials, including
metallic nanoparticles [94].

Table 3. Sonochemically synthesized photocatalysts: process optimization and degradation performance for emerging contaminants
Photodegradation

Photocatalyst Contaminants Synthesis conditions e References
conditions
150 W
5 sec On/ 2 sec Off 81
Ti02/WOs3 Methylene blue pulses 2 [95]
1h 180 min
25°C
140 W
) . 20 kHz 85%
Ce-Ti02 Textil wastewater Th 120 min [96]
o°C
40 kHz 9
TiO2 CO; adsortion 4h ooy [97]
25°C 100 s
100 W 9
. 90 %
CeO2 Methylene blue 60 min 90 mi [98]
40 °C min
. 60 W 95 %
Ho2Sn,07 Eriochrome black T 15 min 120 min [90]
. 45 W 93 %
Ho2Cu20s5/H0203 Eriochrome black T 30 min 120 min [89]
. . . 140 W 60.53 %
Ce-TiO Victoria blue 60 min 150 min [86]
. 60 W 68 %
TmVO04/Fe203 Eriochrome black T 30 min 120 min [99]
. 60 W 46.60 %
TmVO4 Methyl Violet 30 min 90 min [100]
. 200 W 98 %
SnS2/g-CsNa Rhodamine B 50 min 120 min [101]
. 200 W 96 %
Ag2Cr04/g-CsNa Rhodamine B 40 min 120 min [102]

6. Doping

Photocatalysis is a promising technology for degrading

pollutants and generating clean energy, but it faces critical
challenges that limit its practical efficiency. Conventional
semiconductor materials, such as TiO, exhibit low absorption
in the visible region of the solar spectrum, being restricted
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predominantly to the ultraviolet (UV) range, which
corresponds to only ~5% of solar irradiation [32,103]. This
limitation drastically reduces their performance in real
environmental conditions, where visible light is predominant
[104]. Additionally, the rapid recombination of the electron-
hole pairs generated compromises the efficiency of the
process. After excitation by light, the charge carriers must
remain separated long enough to take part in surface
reactions, but they often recombine prematurely, dissipating
energy as heat and reducing the production of reactive
species [105].

Doping strategies have emerged as key approaches to
overcoming these limitations. The controlled introduction of
metallic (e.g., Ag, Fe3*) or non-metallic elements (e.g., C, N, S)
into TiO. modifies its electronic and structural properties,
reducing the bandgap energy and extending photoactive
absorption into the visible range. For instance, carbon doping

Table 4. Metal/non-metal doping of TiO>.

Orbital: Electron. J. Chem. 2025, 17(4), 355-381

decreases the bandgap from 2.13 eV to 0.54 eV, while
nitrogen incorporation enhances photocatalytic efficiency
under LED light by 4.3 times due to increased surface area and
porosity [106,107]. Meanwhile, metallic dopants such as silver
confer antimicrobial functionalities, and Fe3* ions stabilize
superhydrophilic properties, expanding applications in
catalysis and smart materials [108,109]. These modifications
also inhibit charge carrier recombination by creating trapping
sites, extending the lifetime of electrons and holes and
promoting the generation of oxidative radicals (+O., h*), which
are essential for contaminant degradation.

The analysis of the data presented in Table 4 reveals a
significant variation in Egap and doping load for different types
of doped TiO.. Egap values range from 1.93 eV for Co-S-TiO:
to 3.22 eV for Ce-Sm-TiO. demonstrating how co-doping with
different elements as a doping alternative can substantially
change the electronic properties of the material [70,110].

Triethylamine

N-TiOz Natural extract
Fe-TiO2 iai Fe(N'03)3
lawsonia inermis leaf extracts
i AgNO3
Ag-TiO2 Mango leaf extract
. CuS04.5H20
Cu-TiO2 Mango leaf extract
Sr-Ti0s Strontium acetate
i CoCl»
Co-S-TiO2 Thiourea
P Ce(N03)3-6H20
Ce-Sm-TiO2 Sm(NO3)s-6H20
C-TiO, Glucose
S-TiO, Sulphuric acid
. La(NOs)3
La-S-N-TiO2 Thiourea
B-TiO, Boric acid

3.20 3-12 [111]
2.70 7.0 [55]
2.75 25-3 [112]
3.05 0.5-2 [113]
3.16 1.0-50 [114]
0.2 for Co
L2k 0.69 — 2.06 for S [70]
3.22 0.25-2.0 [110]
2.82 05-4 [115]
0.16 - 0.46 [116]
2.87 2.0 - 4.0 [117]
2.70 1.0-50 [118]

The doping load exhibits an extensive range of variation,
oscillating between 0.1% and 7.0% in relation to the mass of
iron and TiO; [55,119], demonstrating meticulous control in
the incorporation of dopants during synthesis. This precision
is fundamental, as excessive concentrations of dopants can
induce metallization of the material and form a
heterogeneous layer on the surface of the -catalyst,
uncharacterizing the doping process [120].

It is noteworthy that various natural precursors, such as
extracts of mango leaves and henna, as well as the use of
glucose, have been successfully used to improve the
morphological characteristics of TiO. and to dope it with
carbon [55,112,115], highlighting a growing trend towards
more sustainable synthesis methods. The diversity of
precursors and doping loads presented in the table reflects
the ongoing effort of the scientific community to optimize the
photocatalytic properties of TiO. through the manipulation of
its electronic structure provided by the doping technique, with
a view to applications in pollutant degradation and clean
energy generation.

7. Strategies for
photocatalytic materials

characterizing

The comprehensive characterization of photocatalytic
nanomaterials is a crucial step in understanding and
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optimizing their performance in environmental applications.
Complementary analytical techniques, such as X-ray
diffraction (XRD), scanning electron microscopy (SEM), UV-
Vis diffuse reflectance spectroscopy, and B.E.T. surface area
analysis, enable the synergistic investigation of essential
physicochemical properties. While XRD identifies the
crystalline structure and crystallite size, SEM reveals
nanometric-scale morphology. Meanwhile, UV-Vis
spectroscopy assesses optical properties, including bandgap
energy, and B.E.T. analysis quantifies textural parameters
such as surface area and porosity [121]. This integrated
approach establishes correlations between synthesis
methods and photocatalyst characteristics, such as particle
distribution and electronic properties [122]. Such insights are
fundamental for designing more efficient materials, with a
direct impact on practical applications such as the
degradation of emerging pollutants, water and air treatment,
and sustainable energy generation ([123].

7.1 X-ray diffraction

The X-ray diffraction (XRD) technique is a fundamental
tool for analyzing the crystal structure of materials. It explores
the phenomenon of X-ray scattering, which occurs when a
beam of X-rays interacts with the electrons of atoms in a
crystal lattice, creating patterns of constructive and
destructive interference. These diffraction patterns result in
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characteristic peaks that can be analyzed to obtain essential
information, such as the spacing between atomic planes, the
composition of the phases present, the crystallographic
orientation and the average size of the crystallites. XRD is a
non-destructive technique applicable to a diverse range of
materials, from solids to powders, thin films and
nanomaterials, and is crucial in fields such as materials
science, chemistry and physics [124].

To interpret diffraction patterns, Bragg's Law is used,
which describes the condition necessary for constructive
interference to occur (equation 1).

nAd = 2 % d * senf Eq. 1

Where n is an integer (diffraction order), A is the
wavelength of the radiation, d is the spacing between the
crystal planes and 6 is the angle of incidence of the X-ray
beam. By measuring the angles and intensities of the
diffracted beams, it is possible to reconstruct the three-
dimensional arrangement of the atoms in the material. To
identify the phases present in the sample, the experimental
data is compared with reference databases such as the ICDD
(International Center for Diffraction Data). In addition, the
technique can be adapted for studies under special
conditions, such as variations in temperature or pressure,

Particle size

Grain size
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broadening its field of application [125].

The average crystallite size, a fundamental parameter in
the characterization of polycrystalline and semi-crystalline
materials, defines the dimensions of regions with periodic
atomic ordering delimited by grain boundaries, constituting a
critical factor for controlling macroscopic properties such as
hardness, electrical conductivity and chemical reactivity [126].
The systematic reduction of this parameter enhances
mechanical properties via the Hall-Petch mechanism, where
grain contours act as barriers to the displacement of
disagreements, while electrical properties induce a decrease
in conductivity due to electronic scattering at the interfaces
[127]. Parallel to this, materials with smaller crystallites exhibit
greater specific surface area, enhancing adsorption
phenomena and catalytic activity, particularly in
nanostructured systems [128].

The conceptual distinction between crystallite (basic
crystalline unit), grain (polycrystalline domain delimited by
contours) and particle (discrete physical entity) becomes
essential, where on nanometric scales crystallites and grains
can present structural equivalence, while particles can
encompass multiple grains or configure isolated single
crystals (Fig. 7) - determining relations for applications in
heterogeneous catalysis and functional materials [126].

Crystallite size

Fig. 7. Distinction between particle, grain and crystallite size (adapted by the author) [129].

The average crystallite size is commonly determined by
XRD analysis using the Scherrer equation. This equation
establishes a connection between the broadening of the
diffraction peaks and the size of the crystallites, taking into
account factors such as the wavelength of the X-ray radiation
used, the width at half-height of the diffraction peak and the
Bragg angle, as shown in equation 2.

KA
D —
Lcosb

Eq. 2

In this formula, D represents the average crystallite size, K
is a constant that depends on the shape of the crystallite
(usually 0.9), A is the wavelength of the radiation used, 8 is the
width at half-height (FWHM) of the peak corrected for
instrumental broadening and 6 is the Bragg angle.

The determination of lattice distortion in crystalline
materials involves analyzing structural variations relative to
the standard configuration of the pure crystalline material.
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This calculation is often performed using X-ray diffraction
(XRD) techniques, which can identify and quantify
imperfections in the crystal lattice. Lattice distortion can arise
from various factors, such as internal stresses, point defects,
or plastic deformations, and is expressed in terms of changes
in the lattice parameters [130,131]. XRD data analysis
provides insights into the broadening of diffraction peaks,
which can be used to estimate distortion through methods
such as the Scherrer equation for distortions (Equation 3).

e=—F Eq. 3

~ 4tané

Where ¢ is the lattice distortion (average strain), B is the
half-height width of the corresponding peak and 6 is the Bragg
angle corresponding to the peak.

X-ray diffraction (XRD) stands out as an essential
analytical method for investigating lattice distortions in
crystalline materials, allowing precise quantification of
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variations in lattice parameters caused by internal stresses,
point defects or structural deformations [132]. In the case of
TiO., the technique reveals critical nuances between its
polymorphic phases (rutile and anatase), both tetragonal, but
with different unit cell parameters: the rutile phasehasa=b =
4.593 A and ¢ = 2.963 A, while anatase hasa =b =3.79 A and
c = 9.51 A [133,134]. These dimensional differences directly
influence properties such as surface energy, band structure
and density of electronic states, which are determining factors
for photocatalytic applications [135]. Analysis of the
broadening of diffraction peaks complements this study,
providing quantitative data on microdeformations and
crystallite size.

The assessment of crystallinity by XRD employs methods
such as peak integration, which uses algorithms to
decompose diffractograms into crystalline and amorphous

Orbital: Electron. J. Chem. 2025, 17(4), 355-381

components, calculating the proportion of each phase based
on the area under the peaks [136]. This approach overcomes
the limitations of qualitative analyses based solely on peak
intensity, offering greater robustness for multiphase samples
or those with overlapping signals, although it requires rigorous
baseline correction and appropriate selection of fitting
functions [137]. Studies of TiO: often reveal single- to three-
phase materials, with anatase and rutile predominating due to
their thermodynamic stability, while brookite occurs in smaller
proportions [25,138]. Phase composition, which determines
photocatalytic efficiency, correlates with specific structural
characteristics of each polymorph, such as charge
distribution and surface reactivity [139]. Thus, XRD is an
indispensable tool for the rational design of materials with
optimized properties for environmental and energy
applications.

Table 5. Structural and crystalline properties of TiO.-based photocatalysts.

Photocatalytic

Crystallite size (nm)

(%)

Phase composition

Lattice deformation

Tio Anatase: 19.1 Anatase: 93.71
i
2 Rutile: 13.5 Rutile: 6.29
Anatase: 17.01 Anatase: 39
TiO2 Brookite: 13.45 Brookite: 41
Rutile: 18.17 Rutile: 20
i Anatase: 35 Anatase: 20.6
TiO2 . .
Rutile: 45 Rutile: 67.4
WOs-TiO2 Anatase: 51.5 Anatase: 100
X Anatase: 15.2 Anatase: 77
Fes04/C/TiO2 . .
Magnetite: 9.2 Magnetite: 23
) . Anatase: 5.0 Anatase: 81
Si02/TiO2 . .
Brookite: 5.0 Brookite: 19
Anatase: 5.1 Anatase: 13
TiO2 Brookite: 9.3 Brookite: 24
Rutile: 18.2 Rutile: 63
TiO2 Anatase: 26.9 Anatase: 100
i Anatase: 4.5 Anatase: 16
TiO2 . .
Rutile: 17.0 Rutile: 84
. Anatase: 17 Anatase: 77.2
TiO2 X )
Rutile: 15 Rutile: 32.8

%) Crystallinity (%) Reference
Anatase: 0.15
. 85 [140]
Rutile: 0.12
Anatase: 0.18
Brookite: 0.20 75 [25]
Rutile: 0.10
Anatase: 0.25
. 70 [141]
Rutile: 0.15
Anatase: 0.10 90 [142]
Anatase: 0.22
. 80 [143]
Magnetite: 0.30
Anatase: 0.35
. 65 [144]
Brookite: 0.40
Anatase: 0.40
Brookite: 0.30 60 [145]
Rutile: 0.18
Anatase: 0.12 95 [146]
Anatase: 0.45
. 55 [147]
Rutile: 0.20
Anatase: 0.20
. 75 [148]
Rutile: 0.25

7.2 B.E.T. surface area analysis

The B.E.T. technique, developed by Brunauer, Emmett and
Teller in 1938, is an essential analytical method for
determining the specific surface area of materials by physical
adsorption of gases, based on three premises: adsorption in
non-interactive  multilayers, thermodynamic  uniformity
between layers, and applicability of the Langmuir isotherm for
all layers [149]. The experimental protocol employs nitrogen
as the adsorbed gas due to its chemical inertness and high
purity, with measurements carried out at the gas
condensation temperature (77 K) to ensure measurable
adsorption, allowing the construction of isotherms that relate
relative pressure (P/Po) and adsorbed volume for precise
calculation of the surface area [150]. This approach enables
the characterization of critical parameters such as porosity,
pore diameter and particle size distribution, and is widely

applied in the quality control of nanostructured materials,
catalysts and porous solids, where such properties determine
functional performance in separation, catalysis and storage
processes [151].

The BET technique has an important role to perform in the
characterization of semiconductor oxides, offering a
comprehensive view of their surface properties and
consequently their photocatalytic potential. Table 6 shows a
variety of surface area results for titanium dioxide, with values
ranging from 124.5 to 934 m2g-'[152,153]. These results have
a direct influence on photocatalytic efficacy, since larger
surfaces facilitate more efficient reactions.

In the context of mitigating emerging contaminants, BET
becomes a crucial tool for assessing the ability of materials
to degrade organic pollutants under the action of sunlight.
Larger surfaces are associated with better performance in air
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and water purification. Thus, the BET technique is essential
for the development of innovative solutions in the field of

Table 6. Textural characterization of TiO--based photocatalysts.

Orbital: Electron. J. Chem. 2025, 17(4), 355-381

photocatalysis, optimizing the efficiency and applicability of
semiconductor materials [123].

Surface Pore Pore
Photocatalytic area diameter volume Pore type Key characteristics Reference
(m?g) (nm) (em*g7)

) Moderate porosity,

TiO2 pure 103.37 4.81 0.13 Mesoporous [154]
good for small molecules

. High surface area,
TiO2 Anatase 245.51 4.36 0.30 Mesoporous ) [155]

excellent adsorption
Ti02-Zn0/CS-Gr 37.97 37.97 0.23 Macroporous Laiggiporestionbulky [156]

compounds

' Balanced structure,

Ce-TiO2 135.23 28.75 0.35 Meso/Macro . [153]
enhanced active sites
- Very large pores,
Ni-TiO2 90.48 90.48 0.06 Macroporous . [157]
low efficiency
Ag-TiO; 166.10 5.90 0.25 Mesoporous Optimal for visible-light [158]
catalysis
TiO2/CuO 87.50 9.70 0.08 Mesoporous Moderate performance [159]
TiO- 10.80 28.48 0.99 Macroporous Low area but high volume [58]
TiO2-Chitosan 71.92 125.09 0.23 Macroporous Ultra-large pore structure [160]
SC-TiO: 217.00 6.65 0.37 Mesoporous Best overall performance [161]
7.3 UV-Vis spectroscopy with diffuse reflectance Here, F(R) represents the Kubelka-Munk function, R is the
Diffuse reflectance spectroscopy (DRS), a widely diffuse reflectance, K denotes the absorption coefficient, and

recognized instrumental technique in material studies, plays a
crucial role in analyzing the optical properties of solid
materials. Commonly used to investigate the bandgap energy
(Egap) of semiconductors, such as metal-doped TiO. [162],
DRS offers a non-destructive approach that does not require
complex sample preparation or alter intrinsic material
structures [163]. Based on the phenomenon of light scattering
in multiple directions—predominant in rough surfaces or
powdered materials where specular reflectance is minimal—
DRS quantifies total reflectance by integrating both diffuse
and specular components. This approach overcomes the
limitations of Snell's Law, enabling accurate analysis of
opaque or weakly absorbing materials [164,165]. It is
particularly ~ valuable for correlating microstructural
characteristics (e.g., porosity, particle size) with optical
properties, facilitating the study of light absorption
mechanisms and charge transfer in systems such as
heterostructures and hybrid catalysts [166,167]. The
versatility of this technique, combined with its non-contact
nature, establishes it as a key methodology for the rational
optimization of materials wused in heterogeneous
photocatalysis, where understanding light-matter interactions
is critical to catalytic performance.

The Kubelka-Munk model is a widely applied approach in
DRS data analysis, enabling the transformation of reflectance
data into a function that reflects the material's absorption
properties [168]. The Kubelka-Munk equation, central to this
transformation, is expressed in Equation 4:

a-R)? _ K

F(R) = 2R N

Eq. 4
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S symbolizes the scattering coefficient. These variables are
employed to quantify the optical properties of the material.
The significance of this equation lies in its ability to estimate
the bandgap energy (Egap) by plotting [F(R)-hv]" against hv,
where hv is the energy of the incident photon. The value of nnn
varies according to the nature of the electronic transition,
which can be direct or indirect, allowing for a deeper
understanding of the electronic characteristics of
semiconductors [169].

Conversely, the Tauc method provides an equally relevant
alternative for the precise determination of Egap in
semiconductor materials [170]. This method, primarily applied
to materials with direct transitions, is expressed in Equation 5:

a-hv=A(hv = Egqy)""” Eq.5

Here, a represents the absorption coefficient, hv is the
incident photon energy, A is a constant dependent on the
material’s nature, Egsp is the desired bandgap energy, and n is
a value that varies according to the type of electronic
transition - direct or indirect. The linearization of the
relationship between (a-hv)" and hv results in a Tauc plot,
where extrapolating to the ordinate value equal to zero reveals
Egap. This technique enables a detailed and adjustable
analysis, providing an efficient means to calibrate and
optimize the optical properties of materials for photocatalytic
applications [171].

The bandgap energy Egsp is a critical parameter in the
evaluation of semiconductor materials, particularly in the field
of photocatalysis, as it directly influences the efficiency with
which a material can respond to light and initiate
photocatalytic processes. The application of the Kubelka-
Munk model and the Tauc method transforms diffuse
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reflectance data into a metric that, when graphically
represented, reveals Egap through a graphical interpretation
[172].

Table 7 presents a comprehensive and detailed
compilation of bandgap energy values associated with

Orbital: Electron. J. Chem. 2025, 17(4), 355-381

photocatalytic performance and the source of incident
radiation. It is important to highlight that lower bandgap
values are highly desirable, as they enhance material
activation under solar light exposure—an energy source that
is both environmentally sustainable and economically
advantageous [162,173].

Table 7. Optical properties and photocatalytic performance of TiO--based materials.

LT EED Photocatalytic conditions Perfo:mance

% Reference

Photocatalyst Visible Iigh:/o absorption

N-TiO2/rGO 78-85 2.86
Bi203/TiO2 75-82 2.80
Bi203/TiO2 >90 2.70
mon?:l;-lt;irgfénite 85-88 280
Ag-TiO, 90-93 2.74
Ce-TiO2 80-85 2.40
Zn0-TiO2/rGO 92-95 3.08
B-Sn/TiO2 93-96 2.81
Ce-B-TiO; 97-99 2.24
Ag-TiO; 90-95 2.32

Visible light (LED) 78.99

120 min [174]
25°C Methylene blue
Visible light
300 min Meth7 7|'Zfan . [175]
pH 7 ylorang
Sunlight
UL Ci rc?f?é?(acin [176]
30°C P
UV-A (365 nm) 88.16 [177]
150 min Rhodamine B
Solar simulator
180 min Pilﬁool [178]
1.5 AM
Sunlight
360 min . 83.0 [179]
. . . Diclofenac
variable intensity
Sunlight
Ut Malaci:i))tg reen [180]
[Catalyst] = 1 gL 9
Sunlight
60 min Cog4c.)ored [181]
[Dye] = 10 ppm 9
UV-Vis
eCll) Tetrg?:.%line [182]
250W lamp y
Visible LED
120 min Vict?)zrizilue [183]
50 mWcm2

This preference for reduced bandgap energies is based on
the material's ability to effectively utilize the abundant and
constant natural light available, which not only reduces the
total cost of the photocatalytic process, but also aligns the
development of materials with a more sustainable paradigm
for the degradation of organic pollutants and the improvement
of water purification technologies, ensuring photocatalytic
efficiency that harmonizes with current environmental and
economic needs [28,162].

7.4 Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS)

Scanning Electron Microscopy (SEM) has established
itself as a high-precision analytical technique for
characterizing materials on a nanometric scale, overcoming
the limitations of conventional optical microscopy by
employing a high-energy electron beam that interacts with the
surface of the sample, generating signals such as secondary
and backscattered electrons, which allow images to be
obtained with magnifications of up to 300,000x and spatial
resolution below 1 nm [184]. This capability enables the
detailed investigation of critical parameters such as surface
morphology, particle distribution, compositional
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heterogeneities and topographical features, particularly in
semiconductor materials with photocatalytic properties
[185].

The synergistic integration of SEM with Energy Dispersive
Spectroscopy (EDS) constitutes a multimodal analytical
platform, combining morphostructural evaluation with
quantitative chemical mapping, essential for optimizing
materials such as TiO. and ZnO - pure or combined in
heterostructures - by  monitoring  post-synthesis
microstructural modifications, identifying doping elements
and analyzing interfaces in photocatalytic systems [186,187].
This multifunctional instrumental approach has proven
indispensable in the rational development of high-efficiency
photocatalysts, providing structural and chemical insights to
enhance optical properties and surface reactivity.

Table 8 presents information on the particle size
distribution and morphology of TiO: and TiO--based materials,
highlighting the results obtained through SEM. Morphological
characterization by SEM reveals a significant diversity of
structures, from spherical nanoparticles to more complex
structures such as nanocinths and nanoflowers [188-190]
and particle sizes ranging from 5 nm to 300 nm. Particle size
distribution is a crucial parameter that directly influences the
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photocatalytic properties of the material. Smaller particles
generally result in a larger specific surface area, providing

Table 8. Particle size distribution and morphology of photocatalysts.

Orbital: Electron. J. Chem. 2025, 17(4), 355-381

more active sites for photocatalytic reactions [191].

TiO2 45

Al-N-TiO2/C 25

Co-WO0s 70-120

Bi/BiOBr/TiO2 5-300

BiFeOs/Bi203 100 - 400

ZnCdS 100-300

SrTiOs/TiO2 150 - 300

Co-Sr-TiO2 8

Mo-ZnO 13

TiO2 11.03

Agglomerated cubic shapes

Meteorite shape

Agglomerated structure

Cubic

Spherical

Conected nanoparticles

Nanotubes

Nanoparticle

Nanoparticle

Spherical

0 (65.69)
Ti (34.31)
C (70.29)
N (8.78)
0(15.27)
Al (3.47)
Ti (2.19)
Co (0.5)
Bi (7.8)
0 (51.1)
Br (6.9)
Ti (34.2)
Bi (36.6)
Fe (16.6)
0 (49.8)
Ti (17.16)
Zn (27.5)
Cd (29.5)
S (43.0)
Ti (81.10)
Sr (18.90)
Co (9.82)
Sr(1.82)
Ti (13.23)
0 (75.13)
Zn (61.37)
0 (34.42)
Mo (4.21)
Ti (60)
0 (40)

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

8. Photocatalytic applications

Photocatalytic materials are highlighted as a strategic
technology for dealing with environmental and health
challenges, with multifaceted applications ranging from
decontamination of surfaces in critical environments (such as
health units and industries) to advanced effluent treatment,
where they have demonstrated efficacy in degrading
recalcitrant contaminants such as drugs and endocrine
disruptors, overcoming the limitations of conventional
biological and physicochemical methods [202,203]. Its
integration into existing systems increases the efficiency of
treatment processes, reducing the use of chemical reagents
and aligning with sustainability paradigms [204].

The ability to use solar irradiation as an energy source
confers economic and environmental advantages, with recent
research focused on the development of visible light-sensitive
photocatalysts, whose optimization of quantum efficiency
and operational stability has been achieved via strategies
such as metal doping and the formation of heterojunctions,
which modulate electronic properties and increase spectral
absorption [205,206]. This convergence between the
synthesis of functionalized materials and innovations in
process engineering opens up prospects for scalable
industrial applications, particularly in water management and
sanitation, reinforcing the central role of these systems in the
transition to environmentally responsible technologies [207].

8.1 Photocatalysis under the influence of LED light
LED (light-emitting diode) assisted photocatalysis is
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emerging as a disruptive technology, surpassing conventional
methods by integrating high energy efficiency, low heat
generation and extended service life [208]. The ability to
modulate specific wavelengths makes it possible to optimize
the activation of photocatalysts, directing chemical reactions
with precision and spectral flexibility, including in the visible
region [209]. This approach not only reduces operating costs,
but also enables processes aligned with green chemistry,
such as the degradation of pollutants in wastewater and the
production of clean hydrogen [210], consolidating LEDs as a
sustainable alternative to mercury UV lamps, which present
toxicological risks and lower photonic efficiency [211,212].

Despite significant advancements, challenges persist
regarding the spectral limitation of traditional photocatalysts,
such as TiO,, which primarily respond to UV radiation (5% of
the solar spectrum). To extend absorption into the visible
range (39% of the spectrum), strategies such as doping,
heterojunction formation, and the development of hybrid
catalysts have been prioritized [213,214]. These innovations
aim to maximize electron-hole pair generation and quantum
efficiency, which are essential for applications in high-value-
added synthesis and industrial effluent decontamination
[215]. Simultaneously, advancements in visible and near-
infrared emissive LEDs reinforce the synergy between
materials engineering and lighting technology, paving the way
for energy-efficient systems [216)].

The integration of LEDs into innovative photocatalytic
reactors — such as microfluidic or tubular systems with
homogeneous illumination [217] - has significantly enhanced
mass transfer and light exposure, enabling scalable
applications. The miniaturization of these devices supports
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the development of portable solutions for water purification in
remote areas and surface decontamination [218].
Furthermore, the use of LEDs eliminates the need for toxic
components, such as mercury found in conventional lamps,
thereby contributing to reduced environmental impact [219].
The next technological frontier lies in coupling tunable-
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bandgap photocatalysts with custom-spectrum LEDs,
expanding their potential for green synthesis, air purification,
and clean energy generation, in alignment with global
sustainability and circular economy goals [215,217,220].
Table 9 presents photodegradation procedures under
different experimental conditions influenced by LED light.

Table 9. Photodegradation efficiency of contaminants under LED system.

BiVO4/Eco-graphene Sulfamethoxazole

Au-TiO2 Metronidazole

Au-ZnO Rhodamine-6G

Ni-zeolitic imidazolate framework-8 Methylene blue

Co-Zn0O Ciprofloxacin
TiO2/rGO Metolachlor
NiCo2S4/chitosan Zolso
red
Mn-WO3 Diclofenac
Pt-TiO2 Naproxen
TiO2 Ibuprofen

It is noteworthy that the photocatalytic performance under
the evaluated experimental conditions proved to be
satisfactory, demonstrating the feasibility of the applied
radiation source while also representing an energy-efficient
alternative.

8.2 Photocatalysis under the influence of sunlight

Heterogeneous photocatalysis driven by sunlight is
positioned as a multifunctional technology with
environmental and energy applications. It stands out for its
ability to degrade organic contaminants in aqueous matrices
and convert light energy into clean fuels such as hydrogen
[230]. This process, based on the activation of catalysts by
solar radiation, eliminates dependence on artificial light
sources, reducing operating costs and making economically
competitive solutions feasible, especially in regions with high
irradiance, such as Brazil [231]. In addition to wastewater
decontamination, its application extends to sustainable
energy production, in line with global decarbonization targets
[232].

However, photocatalytic efficiency depends critically on
the absorption of the solar spectrum, which is mostly
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465 nm
68 W 57
8h
365 and 395 nm
5-40 mW cm2 99
75 min
455 nm
15 min
365 nm
12W
150 min
405-800 nm
150 W 98
60 min
365 nm
200 Wm™2 100
120 min
White LED
23 W
5213 Wm=2
60 min
550 nm
45W cm2 88
180 min
365-450 nm
20 mW cm2 80
180 min
365 nm
210 mW cm2 97
20 min

[221]

[220]

97.8 [222]

93.22 [223]

[224]

[225]

93.46 [226]

[227]

[228]

[229]

composed of infrared (56%) and visible (39%), with only 5% of
UV [233]. Conventional materials, such as TiO. anatase, are
limited to UV absorption [234], which has led to strategies for
reducing Egap, such as doping with metals/non-metals, dye
sensitization and semiconductor heterojunctions [235,236].
These modifications aim to extend the optical response to the
visible, increasing the generation of electron-hole pairs and,
consequently, the efficiency of pollutant degradation and H.
production under sunlight [237].

For industrial scaling, challenges remain in the design of
reactors that optimize light exposure and catalyst-
contaminant interaction. Configurations such as compound
parabolic collectors (CPC), thin-film spinning discs and flat
plate reactors [238] look to maximize photonic efficiency,
while the immobilization of catalysts on porous supports or
fibres facilitates recovery and reuse [239]. The synergy
between advances in materials science and process
engineering is essential to overcome technical bottlenecks,
consolidating solar photocatalysis as a scalable technology
integrated into water and wastewater treatment systems
[240]. Table 10 presents examples of photodegradation tests
under the influence of sunlight.
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Table 10. Solar light performance evaluation of photocatalysts.

Orbital: Electron. J. Chem. 2025, 17(4), 355-381

Geographical

Tkl Performance Location
Photocatalyst Contaminant Irradiation Reactor Type o . Reference
e (%) (Latitude /
Conditions .
Longitude)
UV light (365
) Volatile Organic nm) 55.9533° N/
1oz Compounds (VOCs) 20 Wm? B S 3.1883° W [241]
60 min
Simulated solar
" . light, — 37.9922° N/
Fe-modified TiO2 Ibuprophen 100 mWern? Fixed-bed 95.0 11307° W [242]
120 min
UV light (365
. nm) 53.5461° N/
Zn0 Textile dyes 20 W2 Batch 90.0 113.4938° W [243]
180 min
Natural sunlight .
. Continuous 19.4326° N/
- ~ -2
N-doped TiO- Phenol 1000 Wm flow 85.0 99 1332° W [238]
240 min
UV light (365
. . nm) 48.7758° N /
TiO2/Sn0> Organic dyes 25 W2 Batch 88.0 91829° E [244]
90 min
UV light (365
] Aromatic nm) 48.8566° N /
TiO2 compounds 20 Wm? Annular 92.0 23500° F [245]
120 min
Simulated solar
) . light 46.0569° N /
TiO./Graphene Textile dyes 100 mWern? Batch 87.0 14.5058° £ [229]
150 min
UV light (365
: . nm) Continuous 51.9244° N/
TiO: Organic compounds 30 W2 flow 90.0 44777° E [240]
100 min
Simulated solar
. . light 30.5728° N/
TiO2/CdS Organic dyes 100 mWern? CPC 93.0 104.0668° E [246]
180 min
Simulated solar
. . light 53.5461° N/
N-TiO, Rhodamine 750 46 Wern? CTC 95.0 113.4938° O [247]
660 min
The optimization of solar irradiation in photocatalytic  highlighting its potential for implementation in both

processes goes beyond the mere availability of light, being
intrinsically dependent on the configuration of solar reactors.
These devices play a crucial role in concentrating incident
solar radiation, thereby maximizing process efficiency.
Additionally, geolocation emerges as a determining factor for
the precise adjustment of operational parameters, such as
treatment time and the angle of solar beam capture, as
evidenced in previous studies [243, 248, 249].

8.3 Technological adaptation for industrial scale
applications: Implementation strategies for photocatalytic
systems in processing plants

Photocatalysts have emerged as a disruptive technology
in water and wastewater treatment, establishing an
unprecedented benchmark in the evolution of advanced
oxidative processes. Their ability to trigger highly efficient
chemical reactions under light irradiation, combined with
minimal generation of toxic byproducts, introduces a new
paradigm for the removal of emerging contaminants. In
various application scenarios—ranging from the degradation
of recalcitrant organic compounds to the inactivation of
pathogens in water treatment systems—photocatalysis has
demonstrated remarkable versatility and robustness,
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wastewater treatment plants and industrial complexes [250].

Photocatalytic processes represent a strategic innovation
in environmental management, combining sustainability with
superior economic efficiency compared to traditional
wastewater treatment methods. Their ability to operate under
mild environmental conditions and degrade persistent
pollutants, such as pharmaceuticals and pesticides, positions
them as a viable solution for contemporary challenges [251].
The adaptability of these systems to diverse aqueous
matrices—from industrial effluents to domestic sewage—has
catalyzed scientific and industrial interest, indicating strong
potential for large-scale adoption as a component of
advanced treatment technologies [252].

However, transitioning to industrial applications requires
overcoming technical challenges, such as developing reactors
that maximize light exposure, optimize mass transfer, and
enable continuous effluent flow [253]. Immobilizing
photocatalysts onto solid supports (e.g., glass, concrete)
replaces batch systems, facilitating scalability, while solar
irradiation—particularly in tropical regions such as Brazil—
reduces energy costs [254]. In treatment plants,
photocatalysts immobilized in fixed-bed systems simplify
disinfection and organic matter reduction, with proven
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efficacy in pathogen inactivation under solar radiation
[255,256]. The optimization of operational parameters (e.g.,
pH, flow rate) and pilot-scale studies (CONSTANTINO et al.,
2022; MOLES et al., 2024) are essential to validate kinetic
models and adapt the technology to real-world scenarios,
consolidating it as a technically robust and environmentally
integrated solution.

Scaling up photocatalysis from laboratory to industrial
levels requires harmonizing critical variables such as energy
efficiency, reactor design for high flow rates, and compatibility
with existing infrastructure. Parameters such as catalytic
plate geometry, flow velocity, and effluent recirculation
demand precise computational modeling, while intermediate-
scale testing validates performance and mitigates operational
risks [257]. The synergistic combination with conventional
methods—such as pre-treatment to enhance the
biodegradability of complex effluents [248] or post-treatment
to degrade recalcitrant pollutants [258] maximizes treatment
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efficiency, adapting to dynamic matrices such as domestic
sewage and industrial waste [259].

Industrial feasibility depends on interdisciplinary
approaches integrating materials engineering, environmental
chemistry, and process optimization [260]. The synthesis of
highly stable and reusable nanostructured catalysts [261],
combined with dynamic control of variables (e.g., pH, flow
rate) via artificial intelligence algorithms, ensures efficiency in
complex operational scenarios. These advancements go
beyond complementary applications, positioning
photocatalysis as the core of sustainable water management
systems, where technical performance converges with
circular economy principles and energy consumption
reduction. Table 11 presents representative examples of
technological applications of photocatalysts employed in
integrated approaches for the treatment of effluents from
diverse sources.

Table 11. Complementary techniques to photocatalysis in wastewater treatment.

Removal efficiency

Coagulation-flocculation; sand-based

Photocatalysts Combined Treatment
AnO/AT0-E0 filtration
TiO2 Coagulation-flocculation
TiO2 Ozonation
Black sand Adsorptive filtration

TiO2 phytoremediation
Zn0 Ultrasound process
Sn02 Filtration and biological treatment

Fe-TiO2 Coagulation-flocculation

g-CaN4 Biological treatment and CPC reactor
TiO2 Filtration and biological treatment

Efluent % References
0
. COD: 70.24
Textile wastewater BOD: 54.94 [262]
. COD: 95.0
Hospital wastewater BOD: 90.0 [263]
. COD: 91.5
Textile wastewater BOD: 94.0 [264]
Textile wastewater COD: 50.40 [265]
. COD: 68.48
landfill leachate BOD: 60.53 [266]
Poultry slaughterhouse NH* 35.15 [267]
wastewater
Petroleum refinery COD: 73.16 [268]
wastewater
Municipal Wastewater COD: 85.0 [269]
. COD: 56.0
Hospital wastewater BOD: 290 [270]
Textile wastewater COD: 70.0 [271]

The integration of conventional and advanced treatment
methods can enhance the mitigation of recalcitrant and toxic
contaminants, whose effective removal is often not achieved
through isolated or low-efficiency techniques [272-275].

8.4 Functionalized antimicrobial coatings

Photocatalysts have occupied a prominent position in
nanotechnology applied to architecture and materials
engineering, mainly due to their extraordinary photocatalytic
properties. The incorporation of nanometer-scale
photocatalysts into architectural surfaces, such as mortars,
paints and coatings, gives them innovative self-cleaning
characteristics and antimicrobial activity, transforming the
way maintenance is carried out and sustainability is sought in
buildings [276]. When exposed to UV radiation, the
nanoparticles of these materials trigger photocatalytic
reactions that generate superhydrophilic surfaces, capable of
decomposing organic compounds and resisting the action of
external agents [277]. This process not only protects the
aesthetic and functional integrity of the materials, but also
drastically reduces the need for manual cleaning
interventions.

In the hospital sector, photocatalytic paints are a
technological innovation of significant importance, especially
due to their antimicrobial and self-cleaning properties. These
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characteristics are afforded by the incorporation of
photocatalysts in their composition, which, under the action of
light, induce chemical reactions capable of degrading
atmospheric pollutants, eliminating stains and neutralizing
pathogenic microorganisms present in the air [278]. These
properties make these coatings particularly suitable for
healthcare environments, where infection control is a priority,
while contributing to the reduction of volatile organic
compounds and the dissipation of odours, ensuring more
hygienic and safer spaces. The application of these paints to
hospital surfaces is a promising strategy not only for air
purification, but also for the sterilization of surgical
instruments, since their efficiency in degrading organic
molecules and inactivating microorganisms meets the strict
asepsis standards required in these environments [279].
Recent studies have shown, for example, that photocatalytic
films applied to hospital surfaces favor self-cleaning and the
inactivation of bacteria such as Escherichia coli when
exposed to ultraviolet radiation [280].

In modern dentistry, photocatalysts are revolutionizing
dental bleaching by degrading organic pigments under light
exposure while preserving enamel integrity. Photocatalytic
nanoparticles incorporated into dental materials confer stain
resistance and self-cleaning properties, in addition to
enhancing oxidation reactions under UV light [281], thereby
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minimizing invasive procedures and ensuring superior
aesthetic outcomes. Studies also associate these
compounds with reduced bacterial biofilm formation,
lowering the risk of cavities and periodontal diseases [282].
Recent advancements include bleaching gels with lower
hydrogen peroxide concentrations—capable of generating
free radicals under light without inducing sensitivity—while
maintaining both efficacy and safety [283]. This technology is
setting new standards in aesthetic dentistry by integrating
whitening performance with tissue preservation [218],
solidifying photocatalysis as both a clinical and preventive
strategy. Table 12 presents examples of photocatalytic
activity applications aimed at the inactivation and mitigation
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of  pathogenic organisms, considering different

configurations and application strategies.

The data highlight the high application potential of
photocatalysts in the inactivation of various pathogenic
microorganisms, enabling their use in critical environments
such as hospital settings, areas with high toxic loads, and air
purification and HVAC systems. Furthermore, the
effectiveness of the process under low-power LED irradiation
underscores its viability as an energy-efficient and sustainable
alternative for large-scale decontamination processes [293-
298].

Table 12. Antimicrobial and antifungal activity of selected photocatalysts.

TiO2 Hyphae
Ag-ZnO C. albicans
C-TiO2 B. subtilis

Ag-TiO2 E. Coli

B-CarbonQD-C3N4 E. Coli

Cu-TiO2 Streptococcus mutans

N-Ag/TiO02/Zn0O C. albicans

N-TiO2 Staphylococcus aureus

Zn0 E. Coli

9. Conclusions

This review highlights the significant advancements in the
field of semiconductor photocatalysis, particularly focusing
on titanium dioxide (TiO.) and its modified forms as
multifunctional materials for environmental remediation and
sustainable energy applications. Through a comprehensive
analysis of synthesis routes, such as sol-gel, hydrothermal,
and ultrasonic methods, it becomes evident that precise
control over morphological and structural features is essential
to enhancing photocatalytic performance. Doping strategies,
heterojunction formation, and the integration of green
synthesis approaches using agro-industrial residues have
emerged as effective pathways to extend light absorption into
the visible spectrum and improve charge carrier dynamics.

Advanced characterization techniques, including XRD,
B.E.T., SEM/EDS, and UV-Vis spectroscopy, have provided
deep insights into the correlation between crystallinity,
surface area, optical properties, and photocatalytic efficiency.
The materials discussed herein demonstrate promising
potential in various applications, from the degradation of
emerging pollutants and antimicrobial coatings to solar-driven
hydrogen production and hybrid wastewater treatment
systems. Notably, the use of LED irradiation and solar reactors
reveals scalable solutions for integrating photocatalysis into
real-world water and sanitation infrastructure.

Nonetheless, challenges such as low quantum efficiency
under visible light, limited long-term catalyst stability, and
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LED visible light

120 min 45.0 [284]
LED visible light
120 min 99.0 [285]
Daylight LED bulb
120 min 100.0 [286]
Xenon lamp
50 mWcm2 96.7 [287]
120 min
Sunlight
S 100.0 [288]
visible light source
120 min 99.89 [289]
UV-A
15 min 99.0 [290]
Fluorescent lamp
790 min 99.99 [291]
LED visible light
1440 min 999 [292]

scale-up constraints remain. Addressing these issues will
require interdisciplinary approaches that combine material
science innovation, reactor engineering, and smart process
control—potentially guided by artificial intelligence. Looking
forward, the development of adaptable, high-performance
photocatalytic systems aligned with circular economy
principles could play a pivotal role in advancing global
environmental sustainability.
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