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ABSTRACT: The environment being surrounded by accumulated durable waste organic Pl
compounds has become a critical crisis for human societies. Generally, organic effluents of il o doping_ 10wl doping
industrial plants released into the water source and air are removed by some physical and

chemical processes. Utilizing photocatalysts as cost-effective, accessible, thermally/

mechanically stable, nontoxic, reusable, and powerful UV-absorber compounds creates a
new gateway toward the removal of dissolved, suspended, and gaseous pollutants even in
trace amounts. TiO, and ZnO are two prevalent photocatalysts in the field of removing
contaminants from wastewater and air. Structural modification of the photocatalysts with
metals, nonmetals, metal ions, and other semiconductors reduces the band gap energy and
agglomeration and increases the affinity toward organic compounds in the composite
structures to expand their usability on an industrial scale. This increases the extent of light
absorbance and improves the photocatalytic efficiency. Selecting a suitable synthesis method
is necessary to prepare a target photocatalyst with distinct properties such as high specific
surface area, numerous surface functional groups, and an appropriate crystalline phase. In this Review, significant parameters for the
synthesis and modification of TiO,- and ZnO-based photocatalysts are discussed in detail. Several proposed mechanistic routes
according to photocatalytic composite structures are provided. Some electrochemical analyses using charge carrier trapping agents
and delayed recombination help to plot mechanistic routes according to the direction of photoexcited species (electron—hole pairs)
and design more effective photocatalytic processes in terms of cost-effective photocatalysts, saving time and increasing productivity.
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1. INTRODUCTION

Emerging organic pollutants (EOPs) are derived from
pharmaceuticals, herbicides, pesticides, industrial products, or
byproducts. These compounds show significant stability against
biological degradation and thus remain long after being released
into the environment in the form of effluents of water resources
and air pollutants."”

The removal of pollutants from wastewater depends on the
physical states of these compounds, with solid and oil waste
removed by coagulation—ﬂocculation,3 sedimentation,” electro-
coagulation,” and chemical oxidation® methods. Shi et al.”
worked on the removal of organic pollutants in wastewater by
using a red mud/graphitic carbon nitride (g-C;N,) composite
(RM-CN) as a sorbent. Several properties like large surface area,
high porosity, and numerous functional groups as active sites are
necessary for sorbent active sites.”” g-C;N,, as a semiconductor
and RM as a mixture of some metal oxides like Fe,O; and TiO,
act as photocatalysts that, due to their adsorbent properties, are
synergistically used for wastewater treatment for antibiotics and
dyes. Degradation processes using photocatalysts as heteroge-
neous, accessible, and cost-effective compounds under light
luminescence have been extensively utilized for the removal of
organic pollutants in the air and bodies of water.'”
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General applications of ZnO and TiO, are as photocatalysts
for the photodegradation of organic and inorganic pollutants,
electrodes for water splitting,'' H, production,'” CO,
reduction,’® solar cells,'* support of drug delivery,15 sensors, 7
and energy storage.'”'® These compounds act as n-type
semiconductor photocatalysts for the degradation of a wide
range of organic pollutants from air to wastewater domains.
TiO, crystallizes in three structures: (1) anatase, (2) rutile, and
(3) brookite, with Ti** in the center and six oxides in an
octahedral arrangement. Band gap and excitation binding
energies of ZnO and TiO, are large and equal to 3.3 eV and
60 meV (ZnO) and 3.1 eV and 53 meV (TiO,), respectively."’
The extent of striking light that can excite and pick up electrons
from the valence band (VB) and transfer them to the conduction
band (CB) is placed in the UV range.zo_23
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Scheme 1. Overview of Investigated Parameters in TiO,- and ZnO-Based Photocatalysts
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Some other semiconductors with photocatalytic effects are
known, such as CeO, CdS, and ZnS, which have preferable
properties compared to other conductive and insulating
compounds due to their appropriate band gap energy to
sufficiently decrease the recombination time of photoactive
species.”””> Some of the significant characteristics of ZnO and
TiO, as semiconductor oxides are their suitable electronic
constructions, long lifetimes in the excited state, and magnificent
light absorption from the UV to visible regions with slight
modifications in their chemical structures.”®*

On the basis of limited access to the UV area, it is necessary to
modify these precious semiconductors to shift their functional
area from the UV to visible region. Enhancement with several
structural modification methods include the following: loading
with some transition metals,”*™*° doping with metal ions®' or
nonmetal ions,”> coupling with other semiconductors with
narrower band gap energies,” loading with some noble metals
on the surface of photocatalysts,34 including nitrogen, iodine,
sulfur and carbon in the TiO, and ZnO lattice with their p
orbitals coordinating with the O 2p, orbital of the photo-
catalysts,35’36 doping with some transition metals such as V, Cr,
Fe, Mg, Ag, Co, Zn, and Mo,*”*® some synthetic techniques like
coatings, and surface sensitization with the introduction of some
definite impurities” to increase the extension of irradiated light
trapping by narrowing the band gap or increasing the specific
surface area,” which are alternative approaches to narrow the
band gap energy of gristine ZnO and TiO, and shift to them the
visible light region.”’

Different methods have been used to synthesize TiO,, ZnO,
and their modified forms with outstanding properties such as

high porosity, low density, and high specific surface area.
Hydrothermal,41 solvothermal,** sol—gel,43’44 chemical deposi-
tion,” and sol—hydrothermal*® methods are some synthetic
methods that provide superb electronic and optical properties
and high shell penetrability. Hu et al.*” synthesized hollow
spheres of black titanium containing mesoporous structures by
sequence reactions including the solvothermal method in
template-free conditions, an encircling process in reflux
conditions with an amine compound, and then hydrogenation
at high temperature. The obtained black titanium had
mesoporous walls with high crystallinity and frameworks with
Ti** and disarraj on the surface.

Kozlova et al."® modified pristine titanium photocatalysts with
Pt metal to overcome fast electron—hole recombination in the
photocatalysts. Pt plays an electron trap role in the photo-
catalytic degradation progress, delays the recombination time of
charge carriers, and improves the photocatalytic activity. This
phenomenon occurs through the formation of Schottky barriers
at the interface of the metal and semiconductor. Maheswari et
al.*” fabricated CuO and ZnO that were dispersed sufficiently
throughout titania (TiO,) to form Schottky barriers. The
antioxidation and photocatalytic activities of the prepared
composites were analyzed against MB photodegradation.
Dong et al.>’ synthesized a TiO,/GM composite to degrade
pharmaceutical compounds from medicinal wastewater. The
significant advantage of the composite was its simple separation
from the mixture and superb recyclability in comparison to
pristine titanium.

Degradation of organic pollutants involves tandem photo-
oxidation reactions that occur on the surface of photocatalysts

25458 https://doi.org/10.1021/acsomega.3c08717
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and initiate from the simultaneous transfer of photoexcited
electrons from the VB to the CB and the remaining holes in the
VB of semiconductors with light excitation.”’ Photoexcited
electrons face two routes: (1) falling down to the VB and
recombining with holes and/or (2) reacting with surface-
adsorbed O, and participating in photo-oxidation reaction to
degrade the pollutant. Electrons and holes as charge carriers
themselves reach the surface of the photocatalyst and start
reduction and oxidation reactions, respectively. Electrons
reduce dissolved O, adsorbed on the surface of the photocatalyst
to the superoxide radical anion (O,°”), and holes oxidize
adsorbed H,O to the hydroxyl radical (OH®). These new
reactive oxygen species (ROS) as indirect photoreaction
products degrade organic pollutants in the solution to nontoxic
compounds (i.e, H,O and CO,). Qiang et al.>* synthesized a
RuTe,/black TiO, composite and proposed a mechanistic route
where photoexcited electrons move from the VB to CB of black
TiO, and then fall down to the CB of RuTe,, which is more
negative than that of black titanium.

Surveys of the literature show that there is increasing interest
in exlpoiting semiconductor oxides as photocatalysts for the
removal of pollutants. Significant features of photocatalytic
compounds are their potential to exploit environmental light
(sunlight) and transform photoelectric energy into chemical
bonds. Power source accessibility, economic cost effectiveness,
renewability, reusability, and heterogeneity are critical proper-
ties of these compounds that cause their inescapable
applications in the field of solar cells, batteries, supporting and
carrier compounds, and drug delivery. Studies show that there
are many ways to improve the properties of TiO, and ZnO
nanoparticles and widen their absorbance area from the UV
region to the visible region. In this Review, we examine different
synthesis methods, structural and surface modifications, and
photoreaction mechanisms of these nanoparticles and their
composites.

2. RESEARCH METHODOLOGY

The aim of this study is focused on the application of TiO,- and
ZnO-based photocatalysts for organic pollutant degradation in
air and water. A relevant approach must be taken to arrange
fraught information in a variety of articles.”” As a result, this
approach leads to particular literature that are precisely
consistent with the research question of evaluating photo-
catalytic effects on environmental pollutants. For the purpose
that was presented by Tranfield et al,>" it is necessary to take
four imperative steps, namely, planning, searching, screening,
and reporting. This direction is surveyed in the following section
to help reviewers more effectively access it’> and is
demonstrated in Scheme 1.

2.1. Planning. The Review was established on researching
four queries including synthetic methods, modification strat-
egies, and mechanistic routes of semiconductors as photo-
catalyst compounds. This panel covers critical conditions, the
importance of organic pollutant treatments in wastewater and
air, and identifying properties of TiO, and ZnO as photo-
catalysts with reusability for the photodegradation of any
pollutant in trace amounts, as well as acquaintance with several
analytical methods of structural and mechanistic routes.

RQI.
What compounds are considered as environmental
pollutants?

RQ2.
What kinds of synthetic methods are used to prepare solid
photocatalytic compounds?

RQ3.
How can modification cause an improvement of photo-
catalytic efficiency?

RQ4.

What are the mechanisms of photocatalytic reactions?

2.2. Searching. Literature survey was performed among the
articles published between 1991 and 2024 (until June 2024).
The scopus database including Elsevier, Springer, Wiley, and
American Chemical Society was chosen as the search engine. A
range of keywords about the photocatalytic field were used to
find the best appropriate literature, which involved the four
query areas mentioned before. Some keywords included
“organic pollutants”, “wastewater pollutants”, “air pollutants”,
“dyes as wastewater pollutants”, “synthetic methods of photo-
catalytic compounds”, “synthetic methods of heterogeneous
compounds”, “TiO, as photocatalyst”, “ZnO as photocatalyst”,
“semiconductors as photocatalyst”, “modification of TiO,”
“modification of ZnO”, “mechanistic routs of photocatalysts”,
and “mechanistic routs of photocatalytic reactions”.

2.3. Data Selection and Reporting. In order to avoid
exceeding the number of similar articles in the target area, at first
some criteria were considered to classify appropriate articles. For
example, all selected articles were from the Scopus database and
published in English. Similar articles in terms of synthetic routes,
modification strategy, and/or mechanistic routes were set aside,
and only 314 articles were used. The articles with related titles
and subjects were screened. Second, in order to rewrite the main
contents of the articles, the focus was on the photodegradation
of organic pollutants by photocatalytic reactions, modification
strategies, and suggested mechanistic routes. The photocatalytic
articles with semiconductors other than TiO, and ZnO based
were ignored. In total, articles from Elsevier, American Chemical
Society, Springer, and Wiley, among other, were selected;
among these, only 314 articles passed successfully through
filtering factors and were therefore studied in detail and
summarized in the Review.

3. COMMON ORGANIC POLLUTANTS IN THE
ENVIRONMENT

3.1. Air Pollutants. Air pollutants and water contaminants
are a severe problem that has afflicted creatures in the recent
century. They are classified into two main groups as particulate
and gaseous pollutants. The first group can be refined by suitable
sieves that remove the pollution physically. The latter group of
air pollutants must be removed through purification by some
chemical conventional methods such as adsorption, ionization,
plasma technologies, and photocatalytic decomposition.s‘s’?7
The second group of air pollutants primarily consists of NOx,*®
SOx,*? CO,,” and volatile organic compounds (VOCs).®' The
origins of gaseous pollutants are some processes that occur in the
landfill naturally and or industrial activities of human beings.*”
NOx, SOx, and CO, gases originate from fuel combustion and
are considered as industrialization outcomes. Because they
derive from the greenhouse effect, acid rain and other corrosive
compounds must be controlled to protect the green environ-
ment and health of humans.®> VOCs include alcohols; aromatics

https://doi.org/10.1021/acsomega.3c08717
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like benzene, toluene, ethylbenzene, and xylene (BTEX);
aldehydes like acetaldehyde and formaldehyde; and halocar-
bons. The emission and distribution of VOCs in the air result
from consuming fossil fuel in industries and the transportation
system (procedure of petrochemical combustion, purification of
petroleum, and so on).*"**%

3.2. Water-Soluble Pollutants. There are a variety of
pollutants in wastewater bodies like rivers, lakes, and oceans that
originate from discharge sources, plants, hospitals, municipal
sewage, and chemical laboratories; pathogenic organisms,
organic and inorganic chemical scaffolds, microplastics, radio-
active particles, and oil leaks are generally the main sources of
water pollutants.”*"® Dyes are an important class of organic
compounds considered as dangerous pollutants if their amount
exceeds the allowed concentration in the wastewater of
industrial plants. These compounds are mostly separated into
two groups named azo and thiazine dyes, like methyl orange
(MO) and methyl blue (MB), respectively. The most serious
issue about organic dyes is their high color density, persistence
against biodegradation, and oxygen consumption during the
oxidation process that results in a decrease of the dissolved
oxygen level in bodies of water.”””" Amines are the main
products of azo dye biodegradation and are very toxic for living
organisms. Discharge of dye effluents into water resources by the
textile industry is the main source of pulltion by dyes (up to
80%) because around 15—50% of dyes can not bind to the fabric
and misspend. It is noteworthy that around 7.0 X 10° tons of azo
dyes are produced annually throughout the world.”

In addition to the slow biodegradation method, there are
some conventional physical techniques like adsorption,
coagulation-flocculation, electro-coagulation, ion exchange,
membrane filtration, and chemical oxidation that are used for
the removal of dyes. Apart from having good properties like
being environmentally friendly and cost-effective, these methods
also have some drawbacks like the disposal of the solid residue of
the absorbent after treatment and recyclability.”>”* Protection
of the environment including water and air has attracted a lot of
attention to avoid exceeding the danger threshold for human
survival.

Other organic pollutants are phenolic compounds, which
include phenol and its derivatives. This group is contained in in
chemical structures of agricultural compounds, pharmaceutical
materials, paper and pulp compounds that are thrown away
during industrial chemical processes, and their effluents that are
discharged into water sources.”” 2,4-Dichloro phenols as a
model of phenolic derivatives are also used widely in the
preparation of pesticides, disinfectants, herbicides, dyes, and
pharmaceutical compounds.”® Other crucial sources of organic
pollutants are polycyclic aromatic hydrocarbons (PAHs) that
are produced inescapably during the incomplete combustion of
any carbonaceous compounds. It has been determined that the
level of PAHs in the air is equivalent to the population of that
area because PAHs mainly result from human activities during
the consumption of organic materials like oil, petroleum gas,
wood, and urban waste. This group of pollutants mostly belongs
to soil pollutants as opposed to water and air, although soil and
sediment pollutants originate from atmospheric deposition and
movement from air to the water and soil.”’ =" On the other
hand, some properties like low volatility and high hydro-
phobicity cause PAHs to last a long time without change or
remediation in the landfill.®" Among 16 PAHs that the United
States Environmental Protection Agency (U.S. EPA) set as
priority pollutants, two of them, i.e., phenanthrene and pyrene,

are more common than others and are distributed in
environmental bodies.”” Heavy metals in wastewater are
considered as independent pollutant sources resulting from
agricultural fertilizers, mining process, and effluents from
industrial plants, but they also complex with other contami-
nations like medicines, causing their endurance against removal.
Some oxidation numbers of transition metals like Cr(VI) in
chromates (CrO,”) have dangerous effects on live organisms
and are considered as toxic pollutants that threaten the
ecosystem.” The discharge of harmaceutical effluents into
rivers is a critical problem due to the direct effect on biological
systems. Antibiotics, vaccines, and other medicines with
different organic scaffolds like tetracyclines, phenolics, and
heterocyclic compounds accumulate in bodies of water.**

Our focus will be on water-soluble pollutants because of their
greater distribution and restriction of water resources. Air
pollutant treatments have also been investigated in detail. The
main route of pollutant photodegradation occurs on the surface
of the photocatalysts. In fact, water media facilitate the access of
pollutants to the surface of the photocatalyst and are considered
as the origin of secondary active species. In the following, at first,
we discuss the diversity of synthetic methods for TiO, and ZnO
preparation.

4. PHOTOCATALYSTS

4.1. Synthesis Approaches. Some synthetic routes of
photocatalyst preparation as composites and/or hybrids are
gathered and are represented in Table 1. Hydro/solvothermal,
sol—gel, chemical deposition, chemical reduction, dip coating,
wet impregnation, and sputtering are among the main synthetic
routs of photocatalyst synthesis. In this section, the impact of
temperature is studied, which along with other determining
factors of synthetic methods improves distinct properties of
photocatalysts. Improvements in photocatalyst efficiency are
also produced by changes in the crystallinity of the pure form.
TiO, in different lattice arrangements has different photo-
catalytic activities under distinct light irradiation. For example,
the anatase form has better photocatalytic activity than the rutile
form, although the presence of rutile TiO, as an impurity within
the anatase state improves the overall photocatalytic perform-
ance. It is worth noting that the duration and temperature of
calcination have an effect on the level of crystallinity and oxygen
vacancies and the number of defects in the photocatalytic bulk.
Crystallinity determines the amount of specific surface area that
can adsorb pollutants, and oxygen vacancies and deficiencies act
as photoexcited electron trapping agents and overall affect the
photocatalytic efficiency.

4.1.1. Hydrothermal. Solution-based synthesis has attracted
more attention due to the potential of preparing nanoparticles in
a variety of morphologies such as nanowires, nanotubes,
nanosheets, and tunable sizes. This approach ensure a simple,
straightforward, and controllable route for the synthesis of
nanosized crystals, porous compounds, and high-level purity
under mild conditions.**° Siwinska-Stefanska et al.*” reported
the synthesis of a multifunctional TiO,—ZnO system with
effective photocatalytic properties by the hydrothermal method.
The reaction time and the molar ratio of TiO, and ZnO as two
main factors of hydrothermal synthesis and their effect on the
physicochemical and structural properties of the binary system
were studied. The authors found that several characteristics such
as morphology, crystallinity, and porosity, along with chemical
surface functionality, were improved and caused better photo-
catalytic and antibacterial efficiencies. Saleh et al.** studied the
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synthesis of ZnO nanospheres as photocatalysts for the
bleaching of methyl orange (MO) as an azo dye. The prepared
nanosized particles of zinc oxide spheres had diameters in the
range of 200—250 nm. The results of utilizing the ZnO
nanospheres in the MO solution (10 mg/L) at pH = 6.0
demonstrated that approximately the whole of MB was degraded
and bleached. Gupta et al.* reported the synthesis of one-
dimensional TiO, nanorods (NRs) by the hydrothermal
method. This scientific group overcame some conventional
restrictions of hydrothermal methods to reduce the reaction
time and provide uniform TiO, NRs, which provided significant
photocatalytic efficiency arising from good retardation of
recombination during photocatalytic degradation.

4.1.2. Sol—Gel. The sol—gel technique is utilized extensively
for the synthesis of a variety of heterogeneous photocatalysts.
The advantages of the sol—gel method generally include
ambient conditions, low cost, and uncomplicated and
reproducible processes. Also, the final particles have good
crystallinity, uniform morphology, and a narrow particle size
distribution.*” Chen et al.*" worked on the preparation of ZnO
by sol—gel methods and used Zn (OAc), as a precursor of ZnO.
This photocatalyst was used for the degradation of azo dyes like
MO, Congo red (CR), and Direct Black 38 (DB38) in the UV
region. Phin et al.” synthesized a zinc oxide/carbon nanotube
composite to photocatalytically degrade MB dye as a pollutant in
water media. In this work, zinc oxide/carbon nanotube
composites were produced by the sol—gel method. In order to
conquer some prevalent problems in the synthesis of solid
materials, this group used a modified sol—gel technique and
ignored the use of organic additives and postannealing
treatment. Palanisamy et al.”" used the sol—gel method for the
synthesis of a photocatalytic binary system of Fe,O5/TiO, on a
mesoporous scale. This team used Pluranic P123 (as structure-
directing agent) in a soft-template sol—gel method. Extended
light absorption by TiO,, shifting from the UV to visible region
due to Fe,O; loaded on the surface of TiO,, and photo-
sensitization under solar irradiation were reported, which
improved the photodegradation of 4-chlorophenol.

4.1.3. Solvothermal. The efficient photocatalytic activity of
heterogeneous nanoparticles against the degradation of any
organic pollutants in the media depends on their morphology,
particle size, and specific surface area. All these factors can be
controlled by solvothermal methods in the presence of
morphology-controlling agents.”””> Surveys of the literature
show that there are many fluorine-containing compounds that
are utilized as morphology-controlling agents, such as
ammonium fluoride, ammonium bifluoride, BF,~, fluoroboric
acid, lithium fluoride, and sodium fluoride.”* Venkatraman et
al.”® announced the synthesis of a purely anatase structure of
TiO, by the solvothermal method in a mixed solution of
ethanol/water. Titanium nanoparticles prepared under con-
trolled hydrolysis and low temperature had an approximately
spherical shape with a narrow size distribution. Titanium
tetraisopropoxide (TTIP) and anhydrous ethanol were used as
the titanium precursor and solvent, respectively. Zulfigar et al.”®
reported the synthesis of a purely anatase crystalline structure of
TiO, nanosheets (TNSs) and spherical shape TiO, nano-
particles (TNPs) with a narrow distribution size of by the
solvothermal method under alkaline conditions. They used N,N-
dimethylformamide (DMF) as a morphology-controlling agent
instead of any compounds containing fluorine because of their
hazardous and corrosive nature. Control of time and temper-
ature and the transfer of absorption edge from UV (TNPs had a

band gap energy of 3.22 eV) to the visible region (TNSs had a
band gap energy of 2.62—2.85 eV) were reported as the precious
modification results by the solvothermal method. Mao et al.”'
disclosed the synthesis of ZnO in micro- and nanostructures by
the solvothermal method modified with some surfactants,
including sodium dodecyl sulfate (SDS), polyvinylpyrrolidone
(PVP), and polyethylene glycol (PEG, MW = 10000). SEM
image analysis of ZnO synthesized with and without SDS
surfactant shows a uniform spherical shape in nanosize and
hexagonal disks (HDs), respectively. Nano- and microspheres of
ZnO were tested against the photodegradation of RhB under
UV light irradiation.

4.1.4. Chemical Deposition. The chemical deposition
method is used for the synthesis of nanocatalysts in alkaline
media in order to deposit crystalline structures of dissolved
metal ions in the solution. There are three chemical deposition
methods: (1) simple chemical deposition, (2) chemical vapor
deposition, and (3) electrochemical deposition. Wu et al.”’
synthesized amorphous TiO, as a shell layer that was coated on
the surface of Ag,CO; by the simple precipitation method
(SCD) in a NaHCO; solution. The results showed that the
amorphous structure as well as core—shell arrangement of the
nanocomposite led to a decrease in the recombination time and
prevented Ag,COj; corrosion. Improved photocatalyst efficiency
toward the visible light region was obtained. The electro-
chemical deposition (ECD) method is used to transfer metal
ions from their electrolyte to the surface of the cathode by
passin§ sufficient electricity through electrodes and electro-
lytes.”® Many researchers in the field of photocatalyst synthesis
have taken advantage of this method to prepare solid crystalline
materials with high purity and efficiency against photocatalytic
degradation of organic pollutants. Cirak et al.”” reported the
synthesis of ZnO-deposited TiO, nanotubes using tandem
electrochemical (anodic oxidation) and chemical bath deposi-
tion methods. The experimental analysis showed that the TiO,/
ZnO photocatalyst prepared by this method has significant
outstanding photocatalytic performance in comparison with
pure TiO, or ZnO for the photodegradation of RhB. It is worth
mentioning that increasing in the number of ZnO deposition
cycles on the surface of TiO, in the chemical bath process led to
the formation of larger crystals, improved ZnO crystallinity, and
more efficient photocatalytic activity. The chemical vapor
deposition method (CVD) is a cost-effective technique for
preparing composites in the form of film with a homogeneous
morphology and complete coverage. Generally, this technique
was coupled with other techniques to modify and overcome its
limitation and improve the quality of the film. Plasma-enhanced
chemical vapor deposition and aerosol-assisted chemical vapor
deposition are some modified techniques.'*”'" Taylor et al.'**
synthesized titanium dioxide coatings by chemical vapor
deposition with assistance from the aerosol technique. This
group used titanium isopropoxide (TIPP) as a precursor of TiO,
coatings modified with acetyl acetone (acac) and coupled an
aerosol technique with chemical vapor deposition. The aerosol
technique was used to modify chemical vapor deposition
method such as moderating temperature and pressure. The
resultant nanoparticles had approximately 10—25 nm size with
controlled morphology and photocatalytic activity against the
degradation of Resazurin in an equal ratio of TIPP to acac.

4.1.5. Chemical Reduction. A survey of the literature shows
that black TiO, nanomaterials were synthesized by two distinct
routes of chemical reduction techniques. First, they were
synthesized reduction by some materials containing active

https://doi.org/10.1021/acsomega.3c08717
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hydrogen like H, in the pure gas state or mixed with an inert gas
like Ar, N,, etc., as well as with NaBH,, CaH, and some other
metal hydrides. Second, they were synthesized by chemical
reduction with reductive metals, such as aluminum, zinc,
magnesium, etc. The latter contains some organic reductants
like hydrazine, ascorbic acid, imidazole, etc.'%"%* Malik et al.'®®
synthesized ZnO nanoparticles by the bioreduction method
mediated by Ocimum basilicum extract as a reduction agent and
decorated the nanoparticles on sheets of reduced graphene
oxide. The reaction was carried out under room temperature,
and zinc acetate dihydrate was used as the ZnO precursor for the
chemical reduction reaction in alkaline media. Nanospheres of
ZnO had an average size of 25 nm, were arranged in wurtzite
hexagonal structure, and were used for the photodegradation of
RhB.

4.1.6. Coprecipitation. Concurrent precipitation of two or
more particles from the same solution is considered as the
coprecipitation method, which has been used extensively for the
synthesis of binary, ternary, and mixed crystals and composites.
Coprecipitation occurs by several techniques, like hydrothermal,
solvothermal, coagulation, flocculation, etc.'® Ali et al.'”’
worked on the synthesis of ZnO/SnO, honeycomb nano-
particles and modified them with TiO, through the self-
assembly coprecipitation method. This technique was carried
out by sequence processes including dispersing semiconductor
salt in water, increasing the pH up to 9.0, collecting precipitated
compounds, and calcination. This group reported that
increasing the calcination temperature causes a decrease in the
photocatalytic activity because heat decreases the crystalline
nature, forms some inactive phases of Ti, Sn, and Zn like ZnTiO;
and Zn,Sn0O,, and decreases oxygen opening bulk responsible
for charge recombination. Lassoued et al.'’® reported the
preparation of of TiO, nanoparticles doped with cobalt by the
coprecipitation technique under alkaline media of NHj,
followed by thermal annealing treatment under 500 °C. 6%
cobalt-doped TiO, nanoparticles demonstrated 79.98% degra-
dation of MO under visible radiation. Higher degradation of
dyes was attributed to the lower size of Co-doped TiO,
nanocrystals and better amelioration of captured light in UV
and visible domains. Mahendran et al.'”” studied the synthesis of
TiO, nanoparticles doped with Fe by the coprecipitation
method and evaluated their photocatalytic efficiencies against
Acid Scarlet 3R degradation in wastewater. This group
employed the ultrasound technique along with the coprecipi-
tation method to improve the photocatalytic efficiency of Fe-
doped TiO, nanostructures under UV light compared with solar
irradiation.

4.1.7. Ball Milling. Among a variety of photocatalyst synthesis
methods, the ball milling technique in an agate jar is a cost-
effective, highly productive, and accessible process. In this
method, mechanical force causes chemical changes in the
structures. Several benefits have been reported through using
this simple technique and its modified methods, such as the
fabrication of nanoparticles, the application of solvent-free
conditions, the possibility of reducing particle size, an increase in
specific surface area, the introduction of more functional groups,
homogeneity and narrow size distribution of nanoparticles, the
creation of surface functional groups, and defects in lattice
structures that generally are triggers of improving photocatalytic
and photodegradation efficiencies.''’” Wu et al.''" synthesized
TiO, nanoparticles modified with Gd,O; and TiO, nano-
particles doped with Gd*" by the ball milling method. The XPS
and EDS analyses proved that doping gadolinium into the lattice

caused a decrease in the number of oxygen-containing
nanocomposites, resulting in defects and distortion. The
removal of the lattice as a hole trap is a perfect driving force
for increasing photocatalytic efficiency. Yu et al.''* prepared
ZnO/biochar nanocomposites by the ball milling method and
evaluated their photocatalytic efficiencies for the degradation of
MB as a wastewater pollutant. This group attributed increases in
the amount of meso- and macropores in the prepared
nanocomposites to the use of the ball milling method. Increasing
the pore content and size together with using biochar resulted in
expansion of the specific surface area of the nanocomposites and
led to better MB adsorption and degradation compared to pure
ZnO (more than 95.19%).

4.1.7.1. Ball Milling-Assisted Sol—Gel. The ball milling
method in dry or wet conditions is used to prepare small-scale
particles. The wet ball milling has more benefits than dry
because of it provides powdered particles with smaller sizes and
more narrow size distributions."'” Shafei et al.""* synthesized
Cu-doped TiO, nanocomposites by the ball milling-assisted
sol—gel method. This group evaluated the efficiency of the ball
milling method in the photocatalytic performance of synthesized
nanocomposites before calcination. The results demonstrated
that doping with Cu and using ball milling method are two key
factors in line with amplifying photocatalytic efliciency, which
resulted in potent separation of electron—hole pairs and a
decrease in band gap from 3.4 eV in pure TiO, to 2.8 eV in Cu-
doped TiO, nanocomposites. Phromma et al.'"> synthesized
TiO, nanoparticles with the wet ball milling-assisted sol—gel
method (WBMS) and studied the effects of calcination
temperature on the photocatalytic efficiency related to the
kind of phase formation. The wet ball milling process was
performed in isopropyl alcohol (2 mm diameter balls, S00 rpm, 2
h) after dry ball milling of yellow-white xerogels (10 mm
diameter balls at 300 rpm, 20 min).

4.1.8. Dip Coating. The dip coating method consists of
coating particles on a plate in the solution state that was
prepared by the sol method and calcination to prepare thin
films."'® Two efficient factors to fabricate thin films are (1) the
rate of plate immersion into the solution and removal from the
solution media (by millimeters per minute) and (2) the number
of immersion cycles. The significant properties that must be
noticed in the preparation of thin film are homogeneity and lack
of any pores according to standard cleaning operation, for
example, some pretreatments like etching in HC], cleaning with
deionized water and ethanol, and assisted ultrasonication during
all the processes. The procedure finishes with the plate drying at
100 °C in the oven for a restricted time, which results in
excellent adherence of dissolved garticles on the plate
surface."'”""® Thongsuriwong et al.'"” reported the synthesis
of ZnO thin films prepared by the sol—gel dip coating method.
The initial concentration of zinc ions affected the prepared
photocatalyst activity, optical properties, and morphology of
ZnO thin films. A higher concentration of Zn®* in the solution
resulted in increased granule size and film thickness and
therefore a lower optical band gap energy because of particle
agglomeration in the solultion. It has been reported that in the
optimum situation, a 0.1 M Zn>* solution, results in the
fabrication of the best ZnO thin film as a photocatalyst for MB
degradation. Compared with other experimental conditions, the
photocatalyst had the largest specific surface area according to
BET analysis, which originated from its uneven surface. Tekin et
al.'*” synthesized a ZnO/TiO, thin film photocatalyst using the
dip coating method. The solution of this method was prepared
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via a sol—gel process and coated on the quartz glass plate. In this
experiment, after calcination, about 14.76 mg of photocatalyst
was coated on the plate for use in orange G photodegradation. Al
Farsi et al.'”' prepared a ZnO photocatalyst doped with Al
(AZO) as a thin film by the dip coating method. The thin films
had perfect transparency under visible and near IR regions, with
a value of more than 80%, and demonstrated good photo-
catalytic activity under visible light irradiation. It is noteworthy
to mention that ZnO intrinsically has some point defects in the
lattice that demonstrated an active trap center in the UV and
visible regions; this property is also seen in the AZO, which
makes the Urbach energy greater than that of pure ZnO because
of Al doping.

4.1.9. Wet Impregnation. This method is utilized for
synthesis of nanocomposites because of its ease of use, cost-
effectiveness, low-temperature usability, reducibility, and
adhesion to suitable substrates, with an even coating on the
plate."*” It is important that the structure, size, and morphology
of the prepared crystals in the wet impregnation method are
controllable. Some factors that are critical to achieve these aims
are pH, solvent, and hydrolysis speed.'** Pryia et al.'** reported
the synthesis of BiFeWO4/ZnO nanocomposites and evaluated
their photocatalytic activity against RhB under visible light
irradiation. At first, BiFeWO4 and ZnO as precursors were
prepared by the coprecipitation method, then various amounts
of BiFeWOg (1.0, 5.0 and 10.0%) were added to ZnO to
synthesize BiFeWO4/ZnO nanocomposites through the wet
impregnation method. In this process, ethanol was used as the
solvent, and the media was sonicated, stirred, and finally
evaporated at 80 °C. The optimum nanocomposite was 5%
BiFeWO6 loaded on ZnO, which degraded RhB at a rate 2X
faster than pristine ZnO under visible light irradiation.
Kumaresan et al.'** reported the synthesis of ZnO/rGO
nanocomposites by the wet impregnation method. The
synthesis of ZnO was performed using a hydrothermal method
in the presence of a template under solvent-free conditions to
prepare rod-like ZnO nanoparticles. In the wet impregnation
method, the reaction medium was deionized water. The
efficiencies of the prepared nanocomposites were evaluated by
the photodegradation of RhB and 4-chloro phenol (4-CP) dyes
under UV irradiation.

4.1.10. Sputtering Method (MS). MS is performed to deposit
a layer of photocatalysts on a solid or liquid support by pulsed-
direct current (DC) and radio frequency (RF) modes. This
method is extensively applied in industrial processes because of
scalability, adaptability, and replicability to produce high-quality
thin films.'** Yu et al.'* reported the synthesis of Ag—Ag,O—
TiO, photocatalysts as thin films on polyester fabrics using this
method. The photocatalytic efliciency for the degradation of
RhB was evaluated for both polyester modified Ag—Ag,0—TiO,
and simple TiO, coatings. Photodegradation results showed that
the modified coating was able to degrade RhB under UV light
irradiation with more differentiation compared to simply a TiO,
coating polyester. Mekasuwandumrong et al.'>® worked on the
synthesis of some Cu/TiO, photocatalysts by reactive magnet-
ron sputtering with the DC mode. In this manner, TiO, was used
as a support, and Cu clusters were deposited on the support with
various amounts. The rate of Cu loading on the TiO, supports
was determined by the time of the reactive magnetron sputtering
process in constant Cu flux.

4.1.11. Effect of Calcination Temperature on the Photo-
catalytic Efficiency. Changing the calcination temperature
causes a phase transition of TiO, nanoparticles among rutile (E,,,

= 3.10 eV), anatase (E,, = 3.36 eV), and brookite (Ebg =3.51
eV)."”” Phromma et al.''® revealed that increases of calcination
temperature results in increases in the particle and crystallite
sizes and nanoparticle formation in the crystal state. This group
reported that, based on the calcination temperature, one or more
phases predominated. There was rutile phase at temperature
>500 °C, a mixture of three phases (rutile, brookite, and
anatase) between 500—600 °C, and rutile phase at 800 °C.
Three shapes of TiO, in the SEM images, namely, cubic,
spherical, and hexagonal, were recognizable. According to the
work of Al Farsi et al.,"*" thin films of ZnO photocatalyst doped
with Al (AZO) were calcined at different temperatures (350,
450, and S50 °C) and used to evaluate the photocatalytic
efficiency toward the degradation of phenol under solar light.
The results showed that photodegradation kinetics of AZO (Al
2.0%) prepared at 5SSO °C are 3X greater than that of pure ZnO.

Applying certain conditions of synthetic methods render
benefits like extended specific surface area, increased adsorption
area, improved morphology, crystallinity and porosity, and
alterations in particle size and roughness of photocatalysts as the
heterogeneous phase.'”*'*” An appropriate synthetic method is
applied to insist on distinct physicochemical features of the
photocatalyst. The increased number of surface hydroxyl groups
in the hydrothermal technique and at high calcination
temperature, increased surface area in the sol—gel method,
and improved crystallinity in the sputtering method and at high
calcination temperature meet the need for suitable photo-
catalytic processes with excellent efficiency.

4.2. Modification of TiO, and ZnO Structures. The main
aim of the modifying strategy in the synthesis of novel TiO,- and
ZnO-based photocatalysts with doping and grafting is conquer-
ing some restrictions of utilizing them in daylight conditions due
to their extended band gap and high photon energy demand.
These properties reduce the quantum performance of TiO, and
ZnO because of the low recombination time of photoexcited
holes and electrons; therefore, energy waste occurs. Modifica-
tion processes include adding some compounds in elemental or
oxide states on the surface or within the texture of the
photocatalyst. Doping, grafting, decorating, and immobilizing
external moieties on the surfaces of the hydrothermalized
photocatalysts cause changes in the electronic arrangements of
the assembled compounds, therefore changing the band gap
energy and creating new transfer routes for charge carriers. Some
recent attempts of scientific groups to synthesize and evaluate
modified ZnO- and TiO,-based photocatalysts are gathered in
Table 2.

4.2.1. Modification without Electrochemical Interactions.
One approach to improve photocatalytic activity without
electrochemical interactions of photocatalysts is to provide
appropriate dispersion in the slurry or suspension through the
sonication technique'** and immobilize photocatalyst nano-
particles on an inert support, such as 3D-printed biocompatible
polymer (polylactic acid, PLA)'** and porous sulfonated
polystyrene microspheres,'*° glass,'"” cellulose,'*® poly ani-
line,"* and ceramics,"*" to prevent agglomeration, enhance the
specific surface area, and increase the opportunity for adsorption
of pollutants on the photocatalyst surface, as well as desorption
of products from the surface.””’ Immobilization of photo-
catalysts overcomes two main restrictions of photocatalytic
utilization, including agglomeration durin§ and separation after
the photoreaction. Aminuddin et al.'>* synthesized TiO,-
modified photocatalysts via a step by step preparation process.
Immobilization of TiO, was performed by coating a photo-

https://doi.org/10.1021/acsomega.3c08717
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catalyst layer on the external layer of porous PANI-poly(vinyl
alcohol)-glutaraldehyde (PPG), and ferric ions were doped as
cross-linking agents within PPG to improve the photocatalytic
activity by extending the surface area and electrochemically
assisting Fe*, respectively. Mousa et al.'>® improved the
photocatalytic efficiency of TiO, doped with ZnO and
immobilized it on the cellulose acetate by the electrospinning
and immersion method to prepare a CTZO composite.
Dispersion of TiO, as a core within the cellulose acetate matrix
and deposition of ZnO on the surface of the modified cellulose
acetate were considered in this study. Two modification
approaches, namely, immobilization and doping, improve
photocatalytic activity by narrowing the band gap energy from
3.27 and 3.52 eV based on pure ZnO and TiO,, respectively, to
1.17 eV in composite structures. Lal et al.'>* synthesized TiO,
doped with Nd by the sol—gel sonication method to evaluate the
photodegradation of MB under UV (photocatalytic efficiency of
99.11%) and solar light irradiation (photocatalytic efficiency of
96.42%). The synergic effect of both sol—gel and sonication
techniques led to a smaller size and higher surface area, which
improved the photocatalytic activity of the product. Ge et al.">
reported the synthesis of TiO, photocatalysts by the
solvothermal method (T-S) in oleylamine as a solvent and in
the presence of 1,2-ethanedithiol. T-S is active under wide
visible light irradiation due to a decrease in band gap energy
from 3.21 eV (P25) to 2.16 €V, which was attributed to
improvements in the morphology of T-S nanoparticles during
solvothermal synthesis. Photodegradation of MB and RhB
under visible light irradiation at 425 nm at a 10 mg/L
concentration with more than 95% efficiency was a superb
achievement. Solvothermal synthesis in the presence of ethylene
glycol instead of 1,2-ethanedithiol did not result in better
modification than P25. Xu et al.'*® utilized the ultrasonic
technique in conjunction with TiO,’s photocatalytic capacity
against RhB under visible light irradiation. They justified the role
of sonication as an activator for introducing abundant energy via
the production and blowing of cavitation bubbles. Every
cavitation bubble passes through the pathway of oscillation,
growth, gathering, and blowing. This process occurs immedi-
ately, and a large amount of heat (1500—5000 K) and pressure
(50 MPa) are released, creating a hotspot that degrades any
organic pollutants that are sucked into the cavitation spot. In
fact, hot and sonic luminescence (SL) generated by blowing
cavitation bubbles resulted in two consequences: (1) hydro-
thermal degradation of organic pollutants by the heat and the
generation of hydroxyl radicals and (2) TiO, activation by
irradiation of sonic luminescence and generation of charge
carrier species. Makama et al.">” reported that the photo-
degradation process was a surface-mediated reaction that
improved the optimum amount of the photocatalyst. Introduc-
ing an excess amount of ZnO/SnS, nanocomposite had a
preventative effect against light permeability and initiation of the
photooxidation reaction. One of the physical approaches to
enhance the photocatalytic effect against air pollutant photo-
degradation is the exploitation of photocatalysts as paint
ingredients in the coating procedure. Arekhi et al.>® used
dispersed TiO, micro- and nanoparticles by adding Na,SiO;
into the acrylic latex. TiO,, with a dual use as a paint and
photocatalyst, was evaluated against the degradation of benzene
as an air pollutant.

4.2.2. Modification with Electrochemical Interactions.
4.2.2.1. Metal Doping. Modification of sphotocatalysts with
metals, including transition metals,"*”'®" rare earth met-

161,162 163,164 165
)

als noble metals, semimetals, ~~ and alkaline earth
metals,'*>'®” improves organic pollutant treatment. Generally,
doping of metals is carried out by reducing and precipitating ion
metals into the ZnO and/or TiO, nanoparticle suspensions in
the presence of a reduction agent. The kind and size of the metal
ions and the concentration of the metal salt solution determine
the photocatalytic composite activity. Kozlova et al.*® reported
the synthesis of Pt/TiO, and CuO,/TiO, (x = 0.68) as
photocatalysts and evaluated their photodegradation activity
under UV irradiation against the degradation of glycerol
according to eq 1.

C,H,0, + 3H,0 — 7H, + 3CO, (1)

Reduction of H,PtClg and Cu(NO;),-6H,0 aqueous
solutions, individually, occurred in the presence of NaBH, by
the impregnation method on the TiO, nanoparticles. Pt** and
Cu?* were reduced to Pt metal and Cu'*, which resulted in the
stability of Pt/TiO, being higher than that of CuO,/TiO,. The
maximum speed of glycerol photoreforming and H, release was
about 1.35 and 0.55 mmol-h~'-g™* for Pt/TiO, and CuO,/TiO,,
respectively. Gao et al.'*® synthesized a core—shell cocatalyst of
Ag@Ni by surrounding Ag nanoparticles with Ni metal and then
loading the sample on the TiO, surface to prepare Ag@Ni/TiO,
as a photocatalyst through a one-step photoinduced deposition
method. In fact, in modified photocatalytic processes, Ag in the
metallic form was used to assist H, release as a collector of
photoexcited electrons and electronics extractor, and Ni as low-
cost metal and interfacial active center was used to improve Ag
activity. Totally, it resulted in 5.4X more generation of H, than
conventional process with Ag/TiO, or TiO,. Liu et al.'®?
synthesized semiconductor oxide nanocomposites (AZ) using
AgNO; and Zn(NO,),-6H,0 as starting materials through a
two-step polymer-network gel method. ZnO was prepared using
L-(+)-tartaric acid, glucose anhydride, acrylamide, and N,N’-
methylene diacrylamide to assist wet sol preparation of Zn salt,
dried at 120 °C to form a xerogel, and calcined at 650 °C to form
ZAO0, which in step two was loaded with Ag (ZA). The final
nanocomposite had superb morphology, a good distribution of
Ag nanoparticle loading on the ZnO surface, a high ratio of
surface area to volume, and abundant vacant sites of oxygen on
the surface of ZnO, which totally resulted in significant
photoactivity against degradation of MB, MO, and RhB under
sunlight irradiation. According to XPS analysis, the level of
oxygen vacancy on the surface of ZnO gradually increased with
increased Ag loading. Higher Ag loading caused more vacant
surface oxygen as a good photocatalytic efficiency factor, but
exceeding from the definite amount weakened the photo-
catalytic activity due to the shielding effect of Ag at higher
concentrations on the ZnO surface and prevented light from
accessing ZnO as the photocatalyst center. Lopes et al.'”’
reported the photodegradation of anthracene by a Ag/TiO,
photocatalyst clinched on natural fibers like pretreated sisal and
coconuts fiber under UV—visible light irradiation. Biodegrada-
tion, bioavailability, suitable mechanical persistence, density,
and price are some factors that make these fibers good
candidates as supports for the Ag/TiO, photocatalyst.
Pretreating fibers with hot water and CTAB to remove some
main residues such as wax, cellulose, and lignin makes them
compatible with photocatalysts. The shift of the absorption
wavelength from the UV to the visible region arises from loading
Ag metals on the TiO, bulk and immobilization.

Adeel et al.'”" synthesized a ZnO photocatalyst doped with
cobalt (Co) and assessed its efficiency against the degradation of
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MO as a dye pollutant under visible irradiation. Loading with
some transition metals like Co is an alternative approach to
narrow the band gap energy of pure ZnO and trapped
photoexcited electrons and slow down the recombination
process of ZnO, which promotes photocatalytic efliciency.
According to UV—vis DRS analysis, the band gap measurements
of Co-ZnO and pure ZnO were approximately 2.16 and 3.37 eV,
respectively.

4.2.2.2. Metal Oxide Doping. Nowadays, semiconductors as
heterogeneous solid catalysts play important roles in photo-
electrochemical reactions due to their wide band gap energies.
Metal oxides from groups II-VI are considered as n-type
semiconductors, which are active in UV range of light
irradiation, and one main reason for their restricted usability
as photocatalysts is fast recombination of photoexcited species.
Doping with other metal oxides with lower band gaps and or
introducing metal oxides as photoexcited trapping agents
improves the base semiconductor quantum efficiency.'””~""*
A literature survey shows that some transition metals as d-type
and p-type doping groups on the TiO, and ZnO surface are
Crz()i,tl};}; Sng,”gé gMnI()DZ,”%”s FeO,'” Co0,'™ NiO,'*!
Cu,0,"®” and CuO."® Baniamerian et al.'"**'** disclosed the
application of a Fe,0;/TiO, photocatalyst synthesized by
ultrasonic co-precipitation method and evaluated MB photo-
degradation under visible light radiation. Owing to its narrow
band gap energy (2.2 eV), Fe,O; causes a decrease in the band
gap of modified TiO, from 3.2 (P25 TiO,) to 2.9 eV at 430 nm
absorption (2.5% Fe,05/TiO,). Analysis with some scavengers
like IPA for OH® scavenging, TEA for h* scavenging, and BQ for
O,° showed that h* was the most reactive oxidant species in
algal degradation. Jiang et al.'®® fabricated a p-n type
heterojunction Cu,0/Zn0O nanocomposite through a simple
hydrothermal process. In its optimal structure, 1.5% wt. Cu-
ZnO, this photocatalyst was able to degrade RhB two times
more than pure ZnO under UV irradiation. Cu as a p-type
element caused efficient retardation of photogenerated charge
carrier recombination, and the amount of Cu impurities also
determined the photocatalytic performance improvement.
Wang et al.'®’ synthesized a Z-scheme photocatalyst, namely,
a ZnO-CdS composite, by hydrothermal and chemical bath
deposition methods for the preparation of ZnO microspheres
and the composite, respectively. Evaluation of the composite
showed the effect of CdS loaded on the ZnO surface on the
extension of light absorption from the UV to visible region and
the photoactivity of the composite. Detection and monitoring of
hydroxyl radicals by photoluminescence irradiation and XPS in
situ monitoring on the ZnO-CdS composite under visible
radiance confirmed the direct Z-scheme arrangement of the
charge migration route. Shoueir et al."*® reported the synthesis
of Au@TiO, with uniform nanoparticles by the photodeposition
method and then impregnated these nanoparticles into the
chitosan fiber to a prepare plasmonic fiber of Au@TiO, with
photoactivity under visible light irradiation. According to XRD
analysis, it was obvious that during loading of Au on the TiO,
some of the Ti** ions were converted to Ti** via reduction by Ay,
so that steadiness and efficiency of the photocatalyst were
improved against photodegradation due to the lattice defect.
Photodegradation of MB, carbofuran, and metronidazole as
organic pollutants and photoreduction of Cr®* to Cr** as a
hazardous material in the presence of citric acid were evaluated.
Four factors play important roles in improving the TiO,
photocatalyst efficiency, mostly relying on the loading with
Au: (1) reduction of Ti*" to Ti**, (2) enhancing charge carrier

dissociation, (3) Au mediating electron transfer between TiO,
and pollutants, and (4) the presence of acid citric as a reduction
agent of hazardous Cr®" to safe Cr**. Siwinska-Stefaniska et al.'®”
synthesized binary semiconductors of a TiO,—ZnO system with
a variety of molar ratios between TiO, and ZnO from 9:1, 7:3,
3:7, and 1:9. The aim was the evaluation of the molar ratios on
the photocatalytic activity of binary systems against photo-
degradation of C.I. Basic Violet 10 dye under UV irradiation.
The best response to photodegradation was obtained in the
presence of a TigZn, binary photocatalyst.

4.2.2.3. Nonmetal Doping. Nonmetal-doped photocatalysts
constitute a main part of the photocatalytic modification
approach due to avoiding hazardous metal doping and the
lower thermostability of incorporating metals in the photo-
catalytic structure. Some elements like N,'° 05,2 B, P, I,
and F as dopants are used to narrow the band gap energy and
extend the recombination time of electrons and holes to improve
the photocatalytic efficiency.'”® Nitrogen, due to its similarity
with oxygen in terms of ionic radius and 2p energy level, is
commonly used as a modifyin§ a%ent and replaces with oxygen
in the photocatalytic lattice.'”*"*® On the other hand, doping
with carbon materials is an effective approach to change the
optical properties of the photocatalysts and improve photo-
catalytic activity due to the electron transfer potential, light
absorption, and physicochemical durability of carbons as
dopants.'”’” Sulfur, the same as oxygen, is a VIA group element
that has comparable physicochemical properties, but the ionic
radius and electronegativity values of sulfur are different. When
oxygen is replaced with sulfur in the ZnO structure and S-doped
ZnO fabrication, the photocatalytic activity improves due to the
creation of sulfur defects in the photocatalytic lattice.'”
Microcrystalline cellulose (MCC),"”® poly(vinyl alcohol)
(PVA),"™ glucose,”” TisC, MXene,”' ethanol, ethylene,
triethanolamine, ethylene glycol, resorcinol-formaldehyde,
acetylacetone, cyclohexanol, oleylamine, and activated carbon
are among the emploged carbon sources;*°” urea, ammonium
acetate,'”" hydrazine,””> and glycine’®* are used as nitrogen
sources; thiourea is used as a sulfur and nitrO%en source;>>*%°
and boric acid is used as a boron source.”” Negi et al.”*
synthesized TiO, nanoparticles doped with elemental carbon by
the sol—gel method. Polydiallyldimethylammonium chloride
(PDADMAC) as a cationic polymer and carbon source was
doped on the surface of TiO,. The decrease in the band gap
energy of the composite and red shift to 2.37 eV was attributed
to the improvement of the visible light response resulting from
the creation of new, more stable levels of impurities for passing
and trapping photoexcited electrons. Yu et al.”’ synthesized
ZnO photocatalysts and used N, C, and S as dopants introduced
into the photocatalytic lattice. N and C as p-type elements create
vacancies in the ZnO structures, while it is not possible to create
more defects in the lattice in S-doped ZnO structures due to the
n-type properties of S. Generally doping ZnO with N, C, and S
resulted in a red shift toward the visible area. The order of
composite photocatalytic efficiency was reported as C > N > S.
Mirzaeifard et al.”*® reported the synthesis of a ZnO photo-
catalyst doped with sulfur to enhance the photocatalytic activity
against the degradation of RhB. Improvement of the photo-
catalytic efficiency was attributed to the red shift of the band gap
energy from 3.33 to 3.02 eV and trapping of photoexcited
electrons in the S-doped ZnO structure. In order to reinforce the
photocatalytic efficiency by decreasing the photodegradation
time, Mirzaeifard and co-workers added (NH,),S,04 as an
electron trapping agent in to the photocatalytic reaction. Wang
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et al.”®” described the synthesis of TiO, codoped with C/I (C/I-
TiO,) by the solvothermal-calcination method for photo-
degradation of MO and RhB (separately and mixed) with
superb efficiency under visible and sunlight irradiation. This
scientific group supposed that utilizing a codoped instead of
monodoped photocatalyst had a synergic effect, increasing the
photocatalytic activity. Chung et al.”’" stated the synthesis of
nitrogen-doped TiO, in an amorphous structure with photo-
catalytic activity under visible light irradiation against the
degradation of MB and formaldehyde as organic pollutants.
Evaluation of the optical properties of N-doped TiO,
demonstrated a red shift from the UV region (3.2 V) to the
visible area (2.4 eV) due nitrogen exchanging with oxygen in the
TiO, lattice. The amorphous structure due to calcination at 130
°C and anatase structure due to calcination at 500 °C had the
same band gap energy.

4.2.2.4. Assembly with 2D Compounds. Improving photo-
catalytic activity through modification with two-dimensional
(2D) compounds is another approach to extend photocatalyst
usability from the UV to visible region. 2D materials have large
specific surface areas, coordinated unsaturated surface elements,
and large amounts of active sites that absorb light irradiation.
These properties make them appropriate modifying agents of
ZnO and TiO, semiconductors.”” g-C;N,*'”*'" and
MXenes”*#*'»*"> are among the 2D compounds that modify
the photocatalytic efficiency of photocatalysts by increasing
specific surface area and trapping photoexcited electrons in Z-
scheme”'? and S-scheme™'""*'* structures. g-C;N,, compound is
an n-type semiconductor with two-dimensional metal-free
structures. Although g-C;N, has narrow band gap energy that
is activated in visible light irradiation, its low potential quantum
efficiency results in fast recombination of photogenerated
species.”’” Paul et al.”'° reported the photodegradation of MB
using a g-C3;N,/ZnO heterojunction composite as a photo-
catalyst under visible light irradiation. Differential reflectance
spectroscopy analysis demonstrated a lower band gap energy in
the optimal g-C;N,/ZnO composite than pure ZnO and g-
C;N,, with energies of 2.56, 3.28, and 2.72 eV, respectively.
Some restrictions of ZnO and TiO, as photocatalysts such as
wide band gap energy, low recombination time of photoexcited
charge carriers, photocorrosion, and affinity for agglomeration
require the integration of other compounds such as graphene,
graphene oxide, and reduced graphene oxide. These two-
dimensional compounds with layered structures have significant
electron portability, thermal conductivity, an extended specific
surface area with a thickness of just one atom, high mechanical
strength that generally narrows the band gap energy, and long
recombination time and improve the thotocatalytic efficiency of
the composite.”'’~>*" Tobaldi et al.”** synthesized graphene—
TiO, hybrids to remove VOCs and NOx in the air under solar
photochemical interaction. This nanocomposite was prepared
by a cost-effective sol—gel method. 1 wt % graphene coupled
with TiO, demonstrated 2X more efficiency than pristine TiO,.
Simplicity and facilitation of electron transfer and lengthening of
recombination time are among the main reason for the
improved photocatalytic efficiency. Guo et al.”** synthesized a
graphene—TiO,—Fe;O0, nanocomposite. Magnetic Fe;O, was
used to improve composite separation due to its magnetic
nature, recyclability, and efficiency; however, its magnetic nature
made the composite susceptible to agglomeration. Using
graphene as a two-dimensional layered compound with high
specific surface area, thermal stability, and mechanical strength
resulted in the fabrication of a superb photocatalyst with

synergic effects of Fe;0, and titanium photocatalysts and better
dispersion of titanium and Fe;O, nanoparticles in the composite
structure. Tan et al.”** synthesized ZnO integrated with GO by
the hydrothermal method. Graphene oxide, in contrast to
graphene, has a hydrophilic surface full of hydroxyl and carbonyl
functional groups, which provide enough affinity toward
reaction with ZnO. Graphene oxide has overcome some
limitations of graphene like low solubility and high aggregation
affinity.

4.2.2.5. Codopants. One of the main restrictions during the
design engineering of a fabricated photocatalytic composite is
adverse secondary effects resulting from introducing new
components. Doping with magnetic compounds like Fe,O;,
metals, and other metal oxides increases the agglomeration
affinity of the nanocomposite and oxidation when exposed to the
air. These adverse effects result from reinforcement of the
surface energy, which decreases the specific surface area and
makes the ultimate goal pointless."”” These modification
strategies, under most conditions, have synergic effects toward
improving photocatalytic performance. Therefore, additional
modification in order to conquer some drawbacks of introducing
new dopants demands consideration.

Tang et al.”*® claimed the synthesis of a Bi,O;—Ti**/TiO,
heterojunction photocatalytic composite. A p-n heterojunction
composite and Ti** self-doped titanium were two main factors
that demonstrated synergic effects. The excellent photocatalytic
efficiency resulted from coordination bonding between Bi,O;
and the Ti**/TiO, substrate. Photodegradation of tetracycline
(TC) antibiotics under sunlight irradiation in the citric acid
solution as an electron trapping agent exhibited 100% efficiency.
Abdelhaleem et al.”*° reported the synthesis of Fe!N-TiO, for
the photodegradation of diphenamid in the presence of sulfite as
a conventional radical agent under a visible LED. The modified
photocatalyst had dual uses: (1) diphenamid degradation and
(2) Sulfite activation (see eq 2). Some advantages of this process
were cost efficiency because of using low-cost sulfite and iron (as
wastes of many industries), low misuse of Fe loaded on the
titanium as leachate during the process, and visible light
accessibility.

SO, 2 + M"" - M(S0,)," ™ — xS0,”* + M""D*

)

Fe loaded on the N-doped titanium acts as mediator for
electron transfer and subsequently lowers the band gap.
However, this group stated that the photocatalytic efficiency
did not improve after using Fe because of a decrease of the
specific surface area. Kong et al*”’ disclosed the photo-
degradation of bisphenol A (BPA) via a photocatalytic process
in the presence of Fe,0;/g-C;N,@N-TiO, under simulated
irradiation of sunlight. Doping and loading with C, N, and Fe
caused changes in the crystallinity and in turn decreased the
band gap energy from 3.3 to 2.15 eV for the anatase phase of
TNAs and Fe,0;/g-C;N,@N-TiO,, respectively. g-C;N, acted
as mediator to transfer excited electrons, optimized photo-
degradation speed, and immobilized other photocatalytic
participants. Titanium nanotubes were used instead of nano-
particles to facilitate precipitation, filtration, and hydro-cyclone
separation and recapture. Sharotri et al.”*® described the
synthesis of Mn—N codoped TiO, (MnNT) utilizing the
cavitation-induced method along with ultrasonic irradiation.
MnNT-550 demonstrated good photocatalytic efficiency
because of the formation of oxygen cavities at a calcination
temperature of 550 °C in the presence of Mn?*, which caused
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the anatase phase to convert to the rutile phase. Decreasing the
band gap energy in MnNT-550 to 2.4 eV resulted in red shift and
photodegradation of quialphos and 2-chlorophenol at 660 nm
with 87.5% and 91.7% degradation efficiencies, respectively.
Ravichandran et al.”*” synthesized a thin film ZnO photocatalyst
activated with Ag and g-C;N, as dopant agents and subsequently
evaluated its photocatalytic activity against the degradation of
MB and MG under visible light irradiation. The following were
considered three determining factors on the photodegradation
activity: (1) incorporation of Ag as an electron mediator
between conduction bands of ZnO, (2) participation of g-C;N,
as a delaying agent for electron—hole recombination, and finally
(3) enhanced roughness of the ZnO/g-C;N,/Ag thin film,
which resulted in more pollutant adsorption. Vignesh et al.**’
prepared a new PVP-capped Cd:Ag:ZnO nanocomposite
through the microwave-assisted precipitation method. The
analyses confirmed that any dopant agents including Cd and Ag
act as impurities with proportions of Zn,_,(Cd,Ag,) O:PVP (x =
10%), which improved the photocatalytic efficiency of ZnO by
playing the role of charge carrier mediators. Increased specific
surface area, increased transfer of charge carriers at interface
regions of semiconductors, and increased charge carrier
recombination time were the other reasons in favor of the
enhancement of the photocatalytic activity.

Modifying TiO, and ZnO structures improved their photo-
catalytic efficiency by combining them with external partic-
ipants. The creation of a new path to transfer photoexcited
electrons and holes is the reason for the enhancement of the
photocatalyst performance. Selecting a suitable dopant, which
has appropriate agreement with the band gap of the base
photocatalyst, decreases the hybrid band gap of the composite
and delays recombination due to the trapping of photoexcited
species. In the following, mechanistic routes of several pristine
and modified TiO,- and ZnO-based photocatalysts against the
photodegradation of water-soluble and air pollutants are
provided.

5. MECHANISM OF PHOTOCATALYTIC
DEGRADATION OF WATER-SOLUBLE AND AIR
POLLUTANTS

Photocatalytic degradation under light irradiation in the UV to
visible range of the electromagnetic spectrum generally follows a
distinct oxidation—reduction }Z)hotochemical process on the
surface of the photocatalyst.”>> Photocatalysts with semi-
conductor natures have distinct band gap energies (E,, (eV))
between the occupied VB and vacant CB. For example, titanium
as a customary photocatalyst has different band gap energies in
the anatase phase and rutile phases equal to 3.2 and 3.0 eV,
respectively. Also, the band gap energy of ZnO at the wurtzite
phase is 3.2 eV. The exact value of the band gap energy is a
function of several preparation method factors, like synthesis
methods and their variable factors like temperature, time,
solvent, pH, time, and temperature of calcination. Generally, the
synthesis method is determined by the accessibility and facility
of the precursors and workup, respectively. Defining a distinct
mechanistic route is not possible. There is some evidence that
points toward a specific reaction route. Adsorption of a pollutant
on the surface of the photocatalyst is considered as the initiation
of the photodegradation reaction. Electron transfer and
photogenerated species complete the oxidation—reduction
reaction to destroy organic pollutants in a water or air
environment. Some analyses elucidate the dominant mecha-
nistic route, while other routes are also possible. Some

theoretical investigations by density functional theory (DFT)
calculations and kinetic studies are considered usable alter-
natives to predict the mechanistic route (see section 5.1), while
trapping active species by adding distinct scavengers determines
the main route of the photodegradation mechanism (see section
5.6.3).

5.1. Theoretical Study. Theoretical evaluations of the
photocatalytic activity of the TiO,- and ZnO-based photo-
catalysts by DFT calculations, experimental design programs,
and kinetics studies elucidate their potential during the
photodegradation process, reduce cost, and save time. Xu et
al.”>? studied the photocatalytic activity of six different
morphologies of pristine ZnO using DFT calculations to obtain
some theoretical results about the effect of the morphology and
adsorption—desorption energies of the preradical molecules on
the photocatalytic efficiency. The experimental results showed
that different morphologies of ZnO only affected the
adsorption—desorption energies and determined the superoxide
anion radical as the main active species of photodegradation by
ZnO (0, > holes > OH*), which was in agreement with DFT
calculation outcomes. Xu et al.>>* studied the kinetics of
acetaldehyde removal from the air by N-modified titanium in a
fluidized bed photoreactor system. The optimum flow rate of
pollutant gas, concentration, humidity, irradiation light
intensity, O, concentration, residence time, catalyst loading,
and temperature as main factors affecting the kinetics were
calculated. The results showed that low flow rate and decreased
gas pollutant concentration are better conditions to photo-
oxidize acetaldehyde from the air.

5.2. Photogenerated Species. Striking photons with
energy equivalent to or higher than E,, of the photocatalyst
results in the excitation of electrons and transfer from the VB to
CB, which subsequently leaves holes behind at the VB. These
photoexcited species, denoted as electrons (ecy) and holes
(hip), play critical roles as initiators of photoredox reactions to
degrade organic pollutants (i.e., dyes, phenolic, and any volatile
organic compounds) in the air and wastewater media.
Exchanging energy between irradiated photons and chemical
bonds in order to purify wastewater is an attractive field
according to cost-effectiveness, convenient accessibility, and
easy employment of photocatalysts.**>>*°

5.3. Photogenerated Species Pathway. Photogenerated
ecp reach toward the surface of the photocatalyst to reduce
adsorbed O, and generate an oxygen anion, i.e,, a superoxide
radical (O,*”), which in turn reduces H,O to OH®* and HOO® or
is directly consumed for organic pollutant degradation through
the surface of the nanocomposite. The photoreduction process
on the surface of TiO, is presented in eqs 3—35.

TiO, + hv — TiO,[ecy + hig] (3)
ecg + 0, > 0,°7 (4)
0,"” + H,0 -» HOO + OH"~ (3)

Photogenerated hyp oxidizes a hydroxyl anion on the
photocatalyst surface to a hydroxyl radical (OH®). Oxidation
of H,0 to OH"® and H" occurs by the photooxidation activity of
hip. Equations 6—8 represent photo-oxidation reactions in the
presence of titanium as the photocatalyst.

TiO, + hv = TiO,[ecy + hiy] (6)
h{; + OH™ - OH" (7)
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Figure 1. (a) Schematic illustration of the mechanism of the transfer and separation of photogenerated charges. Reprinted in part with permission from
ref 260. Copyright 2018 American Chemical Society. (b) Mechanistic route of the transfer and separation of photogenerated charges in the TiO,—CdS
nanocomposite. Reprinted in part with permission from ref 261. Copyright 2021 American Chemical Society. (c) Mechanistic route of the transfer and
separation of photogenerated charges in the AZCN nanocomposite. Reprinted in part with permission from ref 263. Copyright 2018 Elsevier.

h{p + [H,0 & H" + OH™] - H" + OH* (8)

At the end step, similar to any radical reactions, as
demonstrated in eqs 9 and 10, the radical species react with
the adsorbed organic pollutant on the surface of the photo-
catalyst and degrade it to some nontoxic compounds, resulting
in the mineral compounds of CO, and H,O. 27

OH" + organic pollutants — oxidized products 9)

0, + organic products — oxidized productions (10)

5.4. Recombination Pathway of Photogenerated
Species. Recombination of hiy and ecg is one important factor
that affects the performance and efliciency of photocatalysts.
This happens if photoexcited ecp without more reaction with
adsorbed O, returns to the VB, as demonstrated in eq 11. A
higher Ey, (eV) of the photocatalyst can generally be equal to
increased recombination occurrence followed by heat release.

TiO,[ecy + hypl = TiO, + heat (11)

5.5. The Mechanism of TiO, and ZnO Photocatalytic
Reactions. The principle of the photocatalytic mechanism of
TiO, and ZnO in the photodegradation of organic pollutants
was evaluated. The mechanistic basis of these two semi-

conductors as photocatalysts (TiO, and ZnO) is that they have
wide band gap energies (approximately 3.2 eV), such that
photons just in the UV region (<380 nm) are able to excite and
move electrons from the VB and to the CB.*’ Narrowing the
band gap energy to shift toward the visible light region (400—
700 nm) enhances the photocatalytic efficiency to operate in
moderate conditions and leads to benefits from daylight for the
photodegradation of organic pollutants.”*® Several modification
techniques are used to conquer this limitation in TiO, and ZnO
photocatalysts, such as doping with metal, nonmetal, and
semimetal oxides.”*” There are two ways dopant agents decrease
the band gap energy (Ebg) and improve the photocatalytic
efficiency to degrade organic pollutants. The first is through
embedding two band gaps from the dopant and photocatalyst
into each other, which act as electron trapping intermediates and
increase the recombination time of the charge carrier species
(electrons and holes). This approach has been seen with metal,
nonmetal, and semimetal oxides. Ali et al.'”” synthesized a
ternary composite of ZnO, SnO,, and TiO, denoted as ZST that
acted as photocatalyst for degradation of 2,4-dichlorophenol
(DCP) and bisphenol A (BPA) under UV light irradiation.
Every component in the ternary nanocomposite of SnO,, ZnO,
and TiO, has its distinct CB and VB levels, and all the electrons
in the VB can be excited by UV light irradiation. According to
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the CBs of SnO,, ZnO, and TiO,, photoexcited electrons shift
from the CB of ZnO to TiO, and then SnO,, while according to
the VBs of SnO,, ZnO, and TiO, the transfer of photogenerated
holes occurs from the VB of SnO, to TiO, and then ZnO. CB
and VB levels of TiO, are between the CBs and VBs of SnO, and
ZnO. This system made a staggered type II heterojunction. As
demonstrated in Figure la, Vattikuti et al > prepared similar
three component composites of ZnO/SnO/g-C;N, and
evaluated their photocatalytic efficiency against organic
contamination removal and H, release.

Ye et al.”*" synthesized a binary composite of TiO,—CdS as a
photocatalyst and used it against the photodegradation of
penicillin under sunlight irradiation. As demonstrated in Figure
1b, it was concluded that photon irradiation with an energy
higher than or equal to the band gap energy (Ey,) of CdS (the
component with minor Ebg) generated photoexcited species,
including electrons and holes, according to CB and VB
potentials due to differences between the Ecp of TiO, and the
Eg of CdS. The photodegradation enhancement was attributed
to the intrinsic heterojunction property of recombination
hindrance of the CB from CdS and the VB from titanium.

A mediator transfers photogenerated electrons from the CB to
either appropriate compounds on the surface of the photo-
catalysts like O, and H,O to produce fresh radicals or organic
pollutants to degrade them directly. This pathway has been seen
with pure metals like Au and Ag loaded on the photocatalyst
surface.””> Singhal et al.”’®® synthesized a new ZnO-based
photocatalyst with deposited self-assembled Ag, which was
loaded on the surface of the carbon nanospheres (CNSs). The
new composite denoted as AZCN was utilized to evaluate the
photodegradation of MB as an organic pollutant under UV light
irradiation. According to Figure lc, UV light irradiation on the
surface of the AZCN nanocomposite caused photoexcited
electrons create junctions at the interface of ZnO and CNSs that
act as charge transfer bridges between ZnO and CNSs.
Participation of CNSs and Ag in the photocatalytic activity of
ZnO resulted in a reduction of the overall band gap energy and
enhancement of the photodegradation performance.

Ravichandran et al.”*’ synthesized thin film of ZnO/g-C;N,/
Ag. The incorporation of Ag as an electron mediator between
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conduction bands of ZnO and g-C;N,, participation of g-C;N,
as an agent delaying electron—hole recombination, and finally
increased roughness on the ZnO/g-C;N,/Ag thin film, which
resulted in more pollutant adsorption, were considered as three
determining factors of the photodegradation activity. Optical
transmittance spectra of ZnO showed approximately 80%
transmittance of irradiated light, while that about the composite
was lower than 60%, which is in accordance with increased light
absorption by the ZnO/g-C;N,/Ag thin film and the improve-
ment of the photodegradation activity. Marschall et al.”**
evaluated the mechanistic route of charge carrier transfer along
with temperature increase in TiO, (p25), which consisted of
both anatase and rutile phases when used as a photocatalyst.
Photogenerated electrons generally transfer from the CB of the
anatase phase to the CB of the rutile phase, and subsequently
holes move from the VB of the rutile phase to the VB of the
anatase phase, which in total results in a decrease of the
recombination speed and improvement of the photocatalytic
efficiency. With an increase in temperature, the recombination
of charge carriers in the rutile phase accelerates and causes
retardation in the recombination cycle between anatase and
rutile phases.”*>>%°

Photocatalytic capacity is directly related to the amount of
photogenerated electrons that reach to the surface of the catalyst
and proceed through the degradation procedure with an
oxidative nature due to producing other active species, such as
superoxide anion radicals and hydroxyl radicals, or directly
degrading organic pollutant adsorbed on the surface of the
photocatalyst. Ghamarpoor et al.”®” synthesized a ZnO
photocatalyst modified with GPTES as a silane source. The
improvement in photocatalytic efficiency was attributed to a
decrease in the band gap energy from 3.25 to 3.1 eV due to
surface modification by hydrothermal and silanization methods.
Utilizing surfactants and preparing a thin film were two other
alternatives to obtain more efficiency in MB and MO
photodegradation in the wastewater media and benzene in the
air. Mechanistic and surfactant-mediated pathways are shown in
Figure 2.

Gas emissions into the air from industrial plants are another
pollutant source of heavy metals, greenhouse gases, and VOCs.
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The removal of this group of contaminants on the surface of
photocatalysts in the presence of O, and in a humid
environment was evaluated in experimental conditions toward
the photodegradation of H,S, NH;, phenols, and acetaldehyde
as types of air pollutants. The mechanistic route of the gas
photodecomposition is similar to that under aqueous con-

ditions. H,0- and O,-containing air adsorbed on the surface of
the photocatalyst is oxidized and reduced, respectively, by holes
and electrons as photogenerated species to produce OH® and
0,"" as secondary active species. The surface hydroxyl groups of
the nanocomposites, which assembled during hydrothermal
treatment, are considered as a hydroxyl radical source; the more,
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the better in terms of the efficiency of the photocatalytic
performance against air pollutant degradation. The main step is
the adsorption of gaseous organic pollutants on the surface of
the photocatalyst, which along with gas pollutant concentration,
flow rate, relative humidity, and temperature define the
photocatalytic efficiency. Mohamed et al.”*® reported the
removal of toluene as a VOC pollutant of the air using prepared
TiO,/Pt/Ti,Fe,O, nanocomposites. The photocatalytic activity
of the photocatalyst results in more than 95% photodegradation
of toluene on its surface under solar light irradiation. The
participation of Ti,Fe, O, with anatase and rutile phases of TiO,,
as well as the presence of Pt, improves the recombination time of
the photo-nanocomposite by trapping photogenerated holes
and electrons, respectively. According to the schematic in Figure
3a, Park et al.”®” prepared a heterostructured Cu,O-TiO,
composite as a photocatalyst to reduce CO, to methane to
use as precious fuel. These photoreduction reactions proceed in
three levels from a mechanistic point of view. The efliciency of
CO, removal to methane production was reported as 221.63
ppm-g h™".

Taghizadeh-Lendeh et al.”’® synthesized ZnO/TiO, sup-
ported by active carbon as a photocatalyst for the degradation of
gas refinery effluent (GRE) under sunlight irradiation. Transfer
of photoexcited electrons initiates from the CB of ZnO by
sunlight irradiation striking the VB, then participation of the CB
of TiO, cause a delay in recombination time and improves the
photocatalytic efficiency of the nanocomposite. Active carbon
enhances the surface area of the photocatalyst and hinders
agglomeration of the nanolparticles.

Pinedo-Escobar et al.””" synthesized a photocatalytic active
composite with the hybridization of two forms of TiO, lattice
(rutile and anatase) and WO;. The photocatalytic efficiency of
the prepared composite was evaluated under visible and near-
UV irradiation. As demonstrated in Figure 3b and ¢, movements
of photogenerated species start from VB excitation of WO; and
proceed to generate oxidation reagents for MO photo-
degradation. Wang et al.”’* reported the removal of NH; by a
photocatalytic oxidation process in the presence of C-doped
titanium grafted with Mo under visible light irradiation due to
the creation of a heterojunction with titanium to trap
photoactive species. Secondary active species as ROS exhibit
oxidation activity through the N,H, mechanism and convert
NH; to N, and H,O.
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5.6. Electrochemical Analysis. Determination of the
photocatalytic degradation mechanism has been performed by
two groups of experiments, including internal and external
analysis. Internal analyses are performed by adding some active
species scavengers into the wastewater media to study their
affect on the photocatalytic efficiency, while external analyses are
several device evaluations that monitor the presence of
photogenerated active species in the media, including surface
photovoltage (SPV) response, photoluminescence spectroscopy
(PL), and electron spin resonance (ESR-DMPO). In the
following, several analytical techniques and spectral responses
are gathered according to a literature survey and stated to clarify
mechanistic routes of charge carrier transfer during photo-
excitation processes in semiconductors as photoactive and
photocatalytic materials.

5.6.1. Mott—Schottky Plot. Confirmation of heterojunction
formation in the composite of the photocatalysts is performed
using a Mott—Schottky measurement. According to the Mott—
Schottky plot, the flat-band potential (Egg) of any participants
and junction type formation between participants are acquired.
Extrapolation of the plot with eq 12 determines the conduction
type and photoexcited charge carrier density (N_).””**"*

1 2 ky T
SoE |V = Vi — =
e (12)

Lazau et al.””® synthesized a heterojunction of TiO,/
CuMnO, with photocatalytic efficiency, measured its flat-band
potential, determined its semiconductor states using a Mott—
Schottky plot. According to the slope of the lines, titanium and
CuMnO, are n- and p-type semiconductors, respectively.
Additionally, the participants’ Epg values confirm the upward
and downward shifts of the Fermi levels of CuMnO, and
titanium, respectively, to reach a balanced level. In fact, the
Mott—Schottky plot showed the possibility of p-n hetero-
junction formation. Shi et al,,”’® in a similar work, prepared a
photoactive ternary composite of TiO, base modified with
biochar/H,. The Mott—Schottky plot and mechanistic route are
demonstrated in Figure 4a and b, respectively. Zakir et al.””’
fabricated titanium doped with Ag and Cu to evaluate MB
photodegradation under UV irradiation. The Mott—Schottky
plot confirmed that the flat-band potential in the composite with
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Figure 5. (a) Surface photovoltage (SPV) measurements as a work function response of porous ZnO. Reprinted in part with permission from ref 280.
Copyright 2010 American Chemical Society. The photodegradation curves of adding AO, iso-PrOH, and BQ_(b) against metroimidazole and (c)
against isoniazid. Reprinted in part with permission from ref 293. Copyright 2015 American Chemical Society.

Table 3. Some General Scavengers as Charge Carriers and Reactive Oxygen Species (ROS) Trapping Agents

no. active species

1 hydroxyl radical

2 electron

3 superoxide anion radical

4 hole

scavengers
isopropanol

t-butyl alcohol
EDTA-2Na

AgNO;,
para-benzoquinone (BQ)
N,

KI

triethanolamine (TEOA)
ammonium oxalate (AO)
EDTA

oxalic acid

benzyl alcohol

magnetic mesoporous TiO,

B-doped TiO,

ZnO nanowires

alkali-treated TiO,

commercial ZnO

titanium-based MOF

CuO supported on ZnO photocatalyst
TiO,

photodegradation in the presence of

photocatalyst photocatalyst scavenger ref

97.52% 93.72% 283

ZnO-doped CuO@Alg bionanocomposite 98.12% 54.16% 284
98.8% 60.87% 285

83.0% 78.0% 286

Fe;0,@Si0,@g-C3N,/TiO, nanocomposite ~ 91.0% ~10% 287
99.0% 45.0% 288

99.0% (pH = 3.0) ~75% (pH =3.0) 289

93.5% 48.0% 290

99.0% ~35.0% 291

97.52% 63.11% 282

46.7%
91.4% 42.6% 292

ZnO

Ag or Cu dopants shifts negatively, and all participants of the
composite are p-type.

5.6.2. Surface Photovoltage (SPV) Measurements. Surface
photovoltage (SPV) measurements through the Kelvin probe
technique are used to evaluate surface and bulk characterization
of semiconductors and find a correlation between photocatalytic
activity and SPV response. The SPV response changes with the
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photocatalytic capacity against the photodegradation of organic
pollutants. Modifying photocatalysts and improving their
capacity cause stronger SPV responses. Any new response
band in the SPV diagram is equal to the surface state population
transition created by new dopants on the surface of the
photocatalyst.””® Urs and Kamble””” evaluated three variables of
SPV measurements including temperature, oxygen amounts,
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and a photon energy of a UV laser to report the accumulation
density of charge carriers on the surface of the photocatalyst.
The SPV response is considered a time analysis of work function
measurements of photocatalysts under light irradiation and
photoexcitation. SPV curves of porous ZnO as the work function
response over time (sec) are plotted in Figure 5a. Li et al.**
confirmed that intense SPV signals are due to the preparation of
ZnO in high temperature and its porous structure.

5.6.3. Confirmation of the Fate of Photogenerated Species
by Scavengers. Another way to determine the mechanistic
route of photocatalytic degradation of organic pollutants is to
introduce some distinct scavengers as active species quenchers
into the media. Changes in photodegradation speed in the
presence of photocatalysts after the addition of intended
scavengers correlate with the effectiveness of supplementary
photogenerated active species (whether directly or indi-
rectly).”®' Some scavengers, which are frequently used in active
species detection during photocatalytic reactions, are gathered
in Table 3. Scavengers are classified as oxidizable or reducible
compounds that are used to determine photocatalytic oxidation
(PCO) or reduction (PCR) nature in the degradation reactions.
In order to improve a photoreduction reaction, adding hole
scavengers is appropriate approach due to their smooth
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oxidation capacity to remove holes from the recombination
cycle and improve electron numbers.”*”

Kiwaan et al.”® employed pure titanium nanoparticles to
separately photodegrade RhB and Acid Red57 dyes in water
solutions. Photoelectrochemical investigations of photocatalytic
routes were performed in the presence of some radical
scavengers and terephthalic acid as probe molecules while
monitoring the photodegradation speed. They reported that
OH® was the determining radical during photodegradation
under UV irradiation according to a photoluminescence
experiment (PL spectroscopy) at 425 nm. Makama et al.’®’
synthesized a ZnO/SnS, nanocomposite to degrade ciproflox-
acin (CIP) under visible irradiation. The determining agent in
the photodegradation pathway was evaluated by adding some
scavengers into the wastewater media. The effects of adding
DMSO as an electron scavenger, KBrO; as an O, scavenger, BQ_
as an O,°” scavenger, KI as and OH® and hole scavenger, and
isopropanol as an OH® scavenger were analyzed. The necessity
of dissolved O, in the photodegradation of CIP was confirmed
by purging and comparing argon and air in the wastewater. Jo et
al.””* measured the efficiency of photogenerated species of Z-
scheme Caln,S,/TiO, as a photocatalyst under light excitation
by monitoring the competition of different scavengers. The
results of Figure Sb and ¢ confirmed that OH® and O,°~ as main
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the presence of TiO,/WOj;. Reprinted in part with permission from ref 271. Copyright 2021 American Chemical Society.

active species proceed directly to the oxidative degradation of
metronidazole and isoniazid, respectively, due to their greater
effect on decreasing the photocatalytic activity.

5.6.4. ESR Analysis—Spin Trap with DMPO. ESR analysis—
spin trap with DMPO (5,5-dimethyl-1-pyrroline N-oxide) was
carried out to confirm the role of active species in the
photocatalytic degradation of organic pollutants under light

radiation. As demonstrated in Figure 6, there are two distinct
peaks related to the O,*~ (see Figure 6a) and OH* (see Figure
6b)*** as radical species trapped with DMPO in the ESR
spectrum, which are invisible in the absence of light irradiation.
The intensity of the recorded signals is in direct proportion with

passing time for O,* or OH® (see Figure 6c).””
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Shi et al.”’® prepared a biochar/H,—TiO, composite to
evaluate the photoremoval of enrofloxacin under solar radiation.
Results of ESR-DMPO spectroscopy are indicated in Figure 6d.
As seen in the spectrum, there are no significant signals in the
dark condition in the presence of the biochar/H,—-TiO,
nanocomposite. Some trival signals were attributed to the
superoxide anion radicals created during the preparation step
and under ambient light irradiation. Distinct and sharp signals
can be seen in the presence of the biochar/H,-TiO,
nanocomposite under light irradiation, which ascertained the
formation of O,°” in the presence of light.

5.6.5. Photoluminescence (PL) Spectroscopy. Due to the
impermanent nature of photogenerated hydroxyl radicals, PL
spectroscopy is an indirect method to detect OH® generated
during a photoexcitation reaction by introducing a probe
molecule like terephthalic acid or cumarin as a scavenger of OH.
PL spectroscopy is recommended because of measurable
photoluminescence signal emission from the products, e.g,
TAOH and 7-OHC at 338 and 315 nm, respectively. A summary
of the PL mechanism in the anatase structure of TiO, is
presented in Figure 7a.””

25480

In situ photoluminescence spectroscopy (PL) is a suitable
analysis to study the effects of any dopant on the photoexcited
recombination speed of photocatalysts. Higher intensity of the
PL signal plotted on the spectrum indicates faster photo-
generated carrier recombination, which is associated with the
decrease in photocatalytic activity and amounts of active sites on
the surface of the photocatalyst. Wafi et al.””” fabricated TiO,/
RGO nanocomposites and evaluated their photocatalytic
efficiency against the photodegradation of MB and p-amino-
phenol dyes. Study of the photocatalytic capacity was done by
PL spectroscopy to compare pure titanium with the nano-
composite. Fluorescence emission confirmed the photocatalytic
improvement of the TiO,/RGO nanocomposite due to
graphene participation in titanium structure and appropriate
prevention from recombination. The fluorescence emission
intensity increased with time, which resulted from a decrease in
the photogenerated population in the solution. Zhang et al.**®
reported the PL analysis of carbon dot-modified ZnO. As
demonstrated in Figure 7b, different molar ratios of glycine to
ZnO nanocrystals ((a) 1:3, (b) 2:1, and (d) 3:1) and pure ZnO
nanocrystals were studied. In the Figure 7c, the resulting
fluorescence spectra of some nanocomposites of TiO,/WOj; in

https://doi.org/10.1021/acsomega.3c08717
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the presence of 2-hydroxy-terphthalic acid under a 315 nm
excitation wave are shown, as reported by Pinedo-Escobar et
al.””" As can be seen, the TiO, loaded with 10% WO, responded
better to the excitation light; therefore, increased production of
hydroxyl radicals and holes is expected.

5.6.6. Electrochemical Impedance Spectroscopy (EIS).
According to the charge transfer process, electrochemical
impedance spectroscopy (EIS) was performed to measure
charge carrier recombination time and photoexcited electron
lifetime in photocatalysts, fuel cells, and Li-based batteries. The
EIS response of photocatalysts determines their efliciency
against the photodegradation of pollutants. EIS diagrams show
the photocurrent density over time throughout several cycles of
photon irradiation. Based on the work of Li et al,>” a good
photocatalyst shows good photostability and intense pulses of
photocurrent during cycles. The Nyquist plots are in line with
the EIS response diagram due to assessing resistance against the
interfacial photoexcited charge transfer. The curvature of any
plot confirms its resistance against the movement of charge
carriers. Less curvature means better efficiency of the photo-
catalysts.’**"*"* As demonstrated in Figure 8a, Sohail et al.**®
reported EIS analysis of TiO, doped with Sn as a Sny 3T ;05
TiO, nanocomposite. According to Figure 8b, Ge et al.’”*
reported an impedance plot of TiO, in the rutile state. The
results of the NaSO, solution (0.1 M) at several anodizing
potentials show some semicircles due to the space charge layer
on the semiconductors. Eftekharipour et al.*>> synthesized
silane-modified nano-ZnO heterojunction photocatalysts (NZ-
HT) by the hydrothermal method and investigated their
efficiency against the photodegradation of benzene. As can be
seen in Figure 8¢, the EIS plot (time response curve) of the
fabricated photocatalysts confirmed that nano-ZnO modified
with BTPA (as silane source) showed more flexibility than pure
ZnO and less resistance against charge transient and optical flow.
The photoelectrochemical improvement was due to the strong
interaction between the chemical bond of BTPA and nano-ZnO,
which facilitated electron transfer.

5.6.7. Band Gap Energy (Epg) Calculation. Tauc’s relation
(eq 13) is used to calculate band gap energy of photoactive
compounds at a distinct photon striking energy.

(ahv) = A(hv — E,,)" (13)

Here, a, hv, and Eyg correspond to absorbance, the energy of
incidental light (eV), and the band gap energy (eV),
respectively, along with a representative of a relevant character-
istic parameter and n equal to 1/2. In the following, wavelength
(4, nm) is converted to corresponding band gap energy (eV) by
using eq 14.

Ebg(eV) = 1240/A(nm) (14)

According to the Tauc plot, the band gap energy of the
compounds participating in the nanocomposite structures is
calculated by extrapolating the linear part of the (ahv), vs ho

lot.
’ Kaur et al.**” measured band gap energies of pristine titanium
and some structures modified with PANI (TP2, TP4, TP6, and
TP8) by plotting absorbance versus wavelength (4, nm). The
range of absorption peaks was set at 314—325 nm, which was a
function of wt % PANL. E,,, (eV) was calculated according to the
Tauc equation.

Schiinemann etal.” " reported the result of the Tauc plot. The
band gap energy of bare TiO, decreased from 3.0 to 2.3 eV after

1 308

preparing CsPbBr;/TiO,. In fact, sensitizing titanium with a
halide perovskite (CsPbBr;) caused a red shift from the UV
region (413 nm) to the visible area (530 nm). Hafeez et al.*”’
plotted DRS and Tauc results of a ternary composite of
CoFe0,—Ti0,/rGO, as demonstrated in Figure 9a and b.

Singhal et al.”*® synthesized a new ZnO-based photocatalyst
with deposited self-assembled Ag, which was loaded on the
surface of the carbon nanospheres (CNSs). Reduction of the
band gap energy with modification techniques is consistent with
the improvement of photocatalytic activity. The photo-
degradation efficiency of MB in the presence of CNSs, ZNO/
CNSs, and AZCN with band gap energies of 3.54 3.15, and 3.04
€V, respectively, obtained 65.0% (60 min), 85.6% (25 min), and
95.0% (1S min), respectively, under UV light irradiation (315
nm). Zhang et al.>'* prepared a composite of TiO,/rGO, and
the results of DRS and Tauc plot are represented in Figure 9¢
and d, respectively. The Tauc plot confirms narrowing band gap
of the TiO,/rGO nanocomposite against pure TiO,.

Another way to calculate Ey is plotting the Kubelka—Munk
(KM) function of any participating components in the
photocatalytic structures. Diffuse reflectance spectroscopy
(DRS) is used to estimate the optical band gap energy. The
intercept of the DRS plot (F(R)hv)'/?vs hv determines the band
gap energy of participating compounds in photocatalytic
structures.”' ?'?

Mohamed et al.’* studied photocatalytic effects of titanium
quantum dots (TDs) by the sol—gel method in some polar
solvents, which resulted in excellent specific surface area.
Investigation and calculation of band gap energies were done
by UV—vis DRS spectroscopy and the KM function,
respectively. According to the mentioned plots, the enhance-
ment in band gap energy was attributed to the smaller quantum
size of TDs in comparison with TiO, (P25). TD1 had smaller
particle size than TD2, therefore having more specific area and
in turn having more efficiency in the photodegradation of the
textile dye. Pinedo-Escobar et al.”’" reported the synthesis of
new composites of TiO, in rutile and anatase forms with WO,
and evaluated their photocatalytic activity against MO photo-
degradation. Absorption spectra and KM plots of these
nanocomposites are illustrated in Figure 9e and f, respectively.

Priya et al”'* synthesized a visible-active photocatalyst
denoted as BiFeWO4/ZnO for the decomposition of RhB.
The Kubelka—Munk (KM) function was plotted to obtain the
band gap energy of any participating components in the
photocatalytic study. It should be noted that although BiFeWOjq
has a narrow band gap energy, its charge carrier recombination is
too fast to use individually as a photocatalyst.

5.6.8. Ecgy and Eygy. The other electronic properties of
photocatalysts are band edge energies (Ecpy and Eygy), which
are affected by the orbital coordination of modifying agents. In
bare TiO, and ZnO, the 2p orbital of O and 3d orbitals of Ti or
Zn determine electronic properties, while doped agents cause
the rearrangement and tuning of novel electronic states. Zhao et
al.** studied N- and F-doped titanium as modified photo-
catalysts and evaluated their Ecpy and Eygy theoretically to
determine the redox potential of the photocatalytic system.
According to Figure 8d, doping with N and F made the
photoelectronic system of titanium more stable (more than 2.33
eV) and shifted it to the red region; therefore, titanium
functionality was enhanced in terms of absorption of an
extended light irradiation region.
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6. CONCLUSION AND FUTURE PROSPECTS

A literature survey was performed to investigate the removal of
organic pollutants in the air and wastewater via a photocatalytic
process utilizing TiO,- and ZnO-based photocatalysts. Some
main advantages of photocatalytic reactions are the con-
sumption of illimitable energy sources, conversion of organic
pollutants to nontoxic compounds, and removal of trace
amounts of organic pollutants. Three steps toward perform
launching a photocatalytic reaction were studied, including
synthesis, modification, and mechanistic routes. According to
the heterogeneous nature of photocatalytic compounds, several
synthetic methods were exemplified for the preparation of solid
forms of photocatalysts with distinct properties like crystallinity,
pore size, and specific surface area. Modification of TiO,- and
ZnO-based photocatalysts was done to shift high photo-
excitation energy toward the red area of the electromagnetic
region. Doping with metal or nonmetals as well as other
semiconductors is among the modification strategies. What was
the most important area in the photocatalytic field was
identifying mechanistic routes of charge carrier transfer between
the VB and CB in order to reach the surface of the photocatalysts
and degrade adsorbed organic pollutants via the absorption of
light irradiation. Detection of photoexcited species and other
ROSs with some scavengers are useful techniques to determine
photocatalytic efficiency against an organic pollutant photo-
degradation process. On the basis of the cost-effectiveness and
easy accessibility of TiO,- and ZnO-based photocatalysts, it
would be precious to extend their scope of use from laboratory
scale to the industrial area for removing organic pollutants from
liquid, solid, and gas effluents. Novel treatment and structural
sophistication of TiO, and/or ZnO composites improve their
photocatalytic activity. Distribution on films, modification with
other impurities, and fixation with an inert framework are some
approaches to enhance their physical and chemical limitations
toward photodegradation of air and water-soluble pollutants. It
seems that theoretical calculations and kinetic studies of
designed structures would be helpful before experimental
steps. Trying new applications toward more extensive use,
particularly in building materials and paints, causes effective
photodegradation of air pollutants. As future aspects, designing
new hybrids of TiO, and ZnO with conductive 2D materials,
distributing photocatalysts on a resin film, and combining them
with building paints would be an applicable approach against
selective photoremoval of air or water-soluble pollutants.
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