% applied sciences ﬁw\p\py

Review

Nanomaterials in Photocatalysis: An In-Depth Analysis of Their
Role in Enhancing Indoor Air Quality

Enrico Greco 1:2:3/4*

, Alessia De Spirt 1, Alessandro Miani 45, Prisco Piscitelli ®®, Rita Trombin 7,

Pierluigi Barbieri 1©® and Elia Marin 8

check for
updates
Academic Editors: Xiaosi Qi and

Changyong Lan

Received: 8 January 2025
Revised: 28 January 2025
Accepted: 4 February 2025
Published: 6 February 2025

Citation: Greco, E.; De Spirt, A,;
Miani, A.; Piscitelli, P.; Trombin, R.;
Barbieri, P.; Marin, E. Nanomaterials
in Photocatalysis: An In-Depth
Analysis of Their Role in Enhancing
Indoor Air Quality. Appl. Sci. 2025, 15,
1629. https://doi.org/10.3390/
app15031629

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Chemical and Pharmaceutical Sciences, University of Trieste, via L. Giorgieri 1, 34127 Trieste,

Italy; despirt.alessia@gmail.com (A.D.S.); barbierp@units.it (P.B.)

National Interuniversity Consortium of Materials Science and Technology (INSTM), via G. Giusti 9,

50121 Firenze, Italy

3 Institute for the Advanced Study of Culture and the Environment (IASCE), University of South Florida,
4202 E Fowler Avenue, Tampa, FL 33620, USA

4 Societa Italiana di Medicina Ambientale (SIMA), Viale di Porta Vercellina, 9, 20123 Milano, Italy;

alessandro.miani@gmail.com

Department of Environmental Science and Policies, University of Milan, via G. Celoria, 2, 20133 Milan, Italy

Department of Experimental Medicine, University of Salento, via Monteroni, 73100 Lecce, Italy;

prisco.piscitelli@unisalento.it

Italian Academy of Biophilia (AIB), Lungadige Galtarossa 21, 37133 Verona, Italy; r.trombin@aibitalia.org

Biomedical Engineering Laboratory, Kyoto Institute of Technology, Matsugasaki, Kyoto 606-8585, Japan;

elia-marin@kit.ac.jp

Correspondence: enrico.greco@units.it

Abstract: Since people spend most of their time in indoor environments, they are contin-
uously exposed to various contaminants that threaten human health. The air quality in
these settings is therefore a crucial factor in maintaining health safety. In order to reduce
the concentration of indoor air pollutants and improve air quality, photocatalytic oxidation
has drawn the attention of researchers. This study aims to provide a comprehensive view
of the nanomaterials used in the photocatalytic oxidation of the most common pollutants in
indoor environments. The effects of various parameters like humidity, airflow, deposition
time, and light intensity were also evaluated, as they can significantly influence photocat-
alytic reactions. The most common nanomaterials used in photocatalysis are TiO,-based
and, in this study, they were classified and examined based on their morphology. TiO,
doping with metals and non-metals has demonstrated an enhancement of its adsorption
properties and photocatalytic efficiency for the removal of several pollutants. The role of
carbon-based nanomaterials in photocatalysis was also evaluated due to their adsorption
capabilities towards various pollutants. In addition, other less common photocatalysts such
as ZnO, MnO,, WO3, CeO;, and CdS also exhibited high photocatalytic activity for pollu-
tant degradation. Applications of these photocatalysts in air purifiers, paints, and building
materials e.g., concrete, glass, and wallpapers, lead to efficient reduction of pollutants in
indoor settings.

Keywords: photocatalysis; nanomaterials; indoor air quality (AIQ); titanium dioxide (TiOy);
volatile organic compounds (VOCs); photocatalytic oxidation; doping techniques; reactive
oxygen species (ROS); environmental remediation; semiconductor photocatalysis

1. Introduction

Indoor environments, such as homes, schools, and offices, account for approximately
90% of the time spent by individuals [1], making indoor air quality (IAQ) [2] a critical factor
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for human health. Prolonged exposure to various gaseous compounds in these settings
has necessitated a deeper understanding of IAQ to ensure health safety. Indoor spaces are
characterized by a wide range of pollutant sources that continuously release contaminants,
including volatile organic compounds (VOCs) [3], nitrogen oxides (NOx) [4], non-biological
particulate matter (PM) [5], and biological agents like bacteria and fungi [6,7]. These
pollutants, even at low concentrations, can accumulate over time and contribute to a decline
in IAQ, posing significant risks to human health. Long-term exposure to these hazardous
compounds can lead to mild symptoms such as headaches, nausea, and skin irritation,
while higher exposure levels have been linked to severe respiratory and cardiovascular
diseases, organ damage, cancer, and even premature mortality [8-10]. As such, maintaining
IAQ in indoor environments is essential to safeguard human well-being [11].

A variety of strategies have been developed to mitigate the risks associated with
poor IAQ, with photocatalytic oxidation emerging as a promising approach due to its
ability to degrade pollutants using light irradiation and photocatalytic materials [12]. This
process has gained considerable attention for its potential to effectively eliminate diverse
indoor air contaminants. Research has predominantly focused on the development of
nanomaterials that serve as efficient photocatalysts, with titanium dioxide (TiO,) standing
out among semiconductors for its remarkable properties in the oxidative degradation of
VOCs and NOy [13]. Studies have extensively investigated the photocatalytic activity
of TiO,, examining its various morphologies—such as nanoparticles, nanotubes, and
nanosheets—and the impact of modifications like doping and heterojunction formation on
enhancing its pollutant degradation capabilities [14].

Beyond TiO,, other nanomaterials have been explored for their roles in photocat-
alytic oxidation, either as pollutant adsorbents or as active photocatalysts. Carbon-based
nanomaterials [15], including carbon nanotubes and graphene, have garnered significant in-
terest due to their exceptional adsorption properties and versatile structural characteristics.
Furthermore, less commonly used nanomaterials, such as zinc oxide (ZnO) [16] and tung-
sten oxide (WQO3) [17], have also been investigated to expand the range of photocatalytic
oxidation applications.

The integration of these nanomaterials into real-world applications, such as building
materials, paints, and air purification systems, has demonstrated their efficacy in reducing
indoor pollutants and providing antimicrobial benefits. By making use of these innovative
materials, substantial improvements in IAQ can be achieved, promoting healthier indoor
environments.

2. Indoor Environments

Sick Building Syndrome (SBS) has become an increasingly recognized health issue,
affecting individuals who experience a range of symptoms such as headaches, nausea, skin
irritation, and general weakness [18-20]. These symptoms are commonly linked to pro-
longed exposure to poor indoor air quality (IAQ), highlighting the significance of building
environments on human well-being. Pollutants contributing to SBS can originate from both
indoor and outdoor sources, with outdoor contaminants—such as vehicle emissions [21],
dust re-suspension [22], and combustion fumes [23]—often being transported into build-
ings, further degrading IAQ. While similar pollutant concentrations might be observed
indoors and outdoors due to air exchange, indoor environments frequently have poorer air
quality due to the presence of additional contaminants emitted from building materials [24],
furnishings [25], and human activities.

The IAQ of indoor environments is also greatly influenced by factors such as their
geographic location and structural design. Urban areas, with their dense road traffic and
specific building materials, tend to have higher pollution levels. The compact layout of
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urban buildings can create a stagnation effect that hinders air circulation, leading to the
accumulation of pollutants. In contrast, rural areas experience different IAQ challenges,
primarily stemming from the burning of biomass and coal for cooking and heating. These
variations underscore the complex dynamics of IAQ, which depend on both external
and internal factors within different settings. These variations underscore the complex
dynamics of IAQ, which depend on both external and internal factors within different
settings. To better understand the influence of these factors, it is essential to examine
IAQ across a range of specific environments, including residential spaces like houses and
apartments [26], offices [27] and commercial buildings [28], industrial environments [29],
public indoor spaces such as museums [30], hospitals [31], and schools [32], and public
transportation systems like buses [33], trains [34], and airplanes [35].

The main indoor environments, the key points about the air quality and relative
references are presented in Table 1:

Table 1. Category of indoor environments, key points, and relevant references.

Category

Key Points Ref.

Residential

Key factors include heating systems, building materials, age of buildings,
and ventilation systems.

Urban homes are prone to outdoor pollutants (e.g., NOx, SOy, PM)
infiltrating indoor spaces.

Poor Indoor Air Quality (IAQ) results from both indoor and outdoor

4,364
pollutants, including vehicle emissions, dust, and combustion fumes. [24,36-43]

COVID-19 lockdowns increased indoor pollutant exposure (e.g., VOCs,
particulate matter, microbes).

Prolonged confinement and remote work highlighted the need for healthy
IAQ and pollutant control in homes

Offices and
commercial settings

Like for residential buildings, IAQ in offices affects health and well-being,
but also productivity.

Common pollutants include VOCs from office equipment (e.g., printers,
copiers), PM, CO,, and biological contaminants.

Pollutant sources include furnishings, cleaning agents, air fresheners, and
external urban pollutants. [44-51]

Poorly maintained HVAC systems, more common in commercial settings,
exacerbate TAQ issues.

Good IAQ improves cognitive function, reduces absenteeism, and aligns
with corporate social responsibility goals.

Investment in IAQ offers health and economic benefits

Industrial
Environments

High pollutant concentrations due to manufacturing, machinery,
and chemical use.

Key pollutants: PM, VOCs, heavy metals, CO, SO,, NOy, and
biological contaminants.

PM originates from material handling, grinding, cutting, and welding. [52-57]

VOCs are released during painting, coating, and solvent use.

Combustion processes emit CO and NOy, posing severe health risks.

Strategies include compliance with occupational health standards and
improved air quality management.
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Table 1. Cont.
Category Key Points Ref.
IAQ in public transport depends on factors like vehicle type (e.g., buses, trains,
subways), ventilation, passenger density, and outdoor pollution exposure.
Pollutants: PM, CO,, VOCs, NOy, and biological contaminants.
Subways in particular have higher levels of PM due to friction from brakes,
Publication wheels, and rails.
. [58-63]
transportation . - s .
Buses and trains are exposed to outdoor pollution often allow infiltration
of vehicle emissions.
Crowded conditions increase bioaerosol concentrations (e.g., bacteria, viruses).
Solutions include effective ventilation, air purification systems,
and regular cleaning.
3. Common Volatile Organic Compounds

Volatile Organic Compounds (VOCs) constitute a broad category of organic chemicals
distinguished by their high volatility, making them predominantly present in the gaseous
state at room temperature [36]. Common VOCs identified in indoor environments include
carbonyl compounds (e.g., formaldehyde, acetaldehyde, acetone), aliphatic hydrocarbons
(e.g., hexane, cyclohexane, isoprene), aromatics (e.g., benzene, toluene, xylene), and al-
cohols (e.g., ethanol, methanol, isopropanol). These compounds represent the primary
pollutants in indoor settings and originate from a variety of sources both indoors and out-
doors. Key sources of these pollutants include combustion processes, furniture, building
materials, paints, and cleaning products, although specific sources may vary depending
on the compound. Indoor concentrations of VOCs are generally higher than those out-
doors, particularly during colder seasons when heating use increases, and ventilation
decreases [37].

Exposure to VOCs in indoor environments (Table 2) poses significant health risks,
especially given that individuals spend a substantial portion of their time indoors. Research
has established that VOCs can exert a profound impact on human health, causing symptoms
ranging from eye and throat irritation, headaches, and nausea to more severe effects such
as respiratory issues and cancer [38].

Table 2. List of common VOCs that can be found in indoor environments, along with their most
common known effects on health.
Substance Found in Effects References
Cigarette smoke, cleaning products, Headaches, insomnia, nausea, fatigue, acute
Benzene building materials, furniture, myeloid leukemia and genotoxic effects. Chronic [39-41]
heating systems exposure can be fatal
Headaches, dizziness, metabolic acidosis, kidney
Ethylene glycol Antlfree.ze and del—lcmg solutions, dam.age. Chromc exposure can lead to [42-44]
paints, cleaning agents respiratory issues and central nervous
system effects
Combustion, wooden furniture, textiles, .. .
. . . . Headaches, dizziness, nausea, eye and skin
Formaldehyde insulating materials, paints, wallpapers, A . o [45-47]
. irritation, nasal tumors, chronic bronchitis
and adhesives
silvering of mirrors, chemical in the Irritation of eyes, nose, throat and respiratory
Acetaldehyde paper industry, fuel mixtures, glue tract, drunkenness, chronic respiratory irritation, [48-50]

production and denaturant for alcohol ~ upper respiratory tract cancer, chemical burns
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Table 2. Cont.
Substance Found in Effects References
Methylene chloride Paint strippers, adhesives, and Dizziness, headaches, n'ausea, central nervous [51-53]
aerosol products system depression and cancer
Tetrachloroethylene  Solvent in dry cleaning and degreasing Dizziness, he:ildaches, nausea respiratory [54-56]
problems, kidney damage and cancer
. . . , h he, igo, i 1 eff
Toluene Solvent in coatings and paints Nausea, headache, vertigo gletrlmenta £ ects [57-59]
on the nervous system, kidney and liver
solvent used in the printing, rubber, Headaches, dizziness, and respiratory issues
Xylene and leather industries, paints, upon exposure. May affect the central nervous [60-62]
varnishes, and cleaning agents system, liver and kidney damage
13-Butadiene used in the production of synthetic respiratory 1rr1tat1.on and headaches, increased [63-65]
rubber and plastics risk of cancer
Glycol Ethers solvents .Commonly found in paints, respiratory irritation and reproductive toxicity [66-68]
cleaning agents, and coatings
Limonene and other . . e . .
fragrances, cleaning products, solvents Respiratory irritation, allergic reactions [69-71]

“green” products

NOy

Respiratory irritation, decreased lung function,
combustion of fossil fuels increase susceptibility to infections, chronic [72-74]
respiratory diseases, cardiovascular problems

4. Photocatalytic Oxidation

Among the various methods available to reduce pollutant concentrations in indoor
environments, photocatalytic oxidation has emerged as a particularly promising approach
in recent years [75,76]. This technique is a type of advanced oxidation process (AOP)
that utilizes the high reactivity of oxygen species in oxidation/reduction reactions. These
reactions are facilitated through the interaction of the target pollutant with a photocatalyst
and light irradiation, offering the advantage of not requiring the addition of external
compounds like H,O,. Heterogeneous photocatalysis, in particular, has been extensively
studied for its application in purifying indoor air, as it typically involves the removal of
gaseous pollutants using the surface of a semiconductor, such as transition metal oxides [77].
In semiconductors, the valence band and the conduction band are separated by a specific
band gap width. When the semiconductor surface is irradiated with light of sufficient
energy, electrons are excited from the valence band to the conduction band, initiating
photocatalytic reactions. The effectiveness of photocatalytic oxidation is influenced by the
properties of the semiconductor used, such as its adsorption capacity and band gap width.
Additionally, external factors like humidity, light intensity, pollutant concentration, and
airflow significantly affect the process’s efficiency [78].

4.1. Mechanism

Photocatalytic oxidation reactions are activated when the semiconductor surface is
irradiated with photons with energy equal to or greater than the semiconductor band gap.
The semiconductor absorbs the photons, promoting the excitation of electrons from the
valence band to the conduction band of the semiconductor. Consequently, photogenerated
electrons are obtained in the conduction band, while positively charged holes are formed
in the valence band. These electron-hole pairs are generated within femtoseconds, setting
the stage for subsequent chemical reactions [78].

In the second step, the photogenerated electrons are transferred to the semiconduc-
tor surface. Electrons and holes can directly react with the pollutants through oxida-
tion/reduction reactions, or they can reduce electron acceptors or oxidize electron donors,
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respectively. Specifically, photogenerated electrons and holes can interact with nearby
H>0O and O, molecules to form reactive oxygen species (ROS) such as hydroxyl radicals
and superoxide ions. The reduction of O, leads to the formation of the superoxide ion
(Oz-7), while the hydroxyl radical (-OH) is obtained by the ionization of H,O. Pollutant
molecules are then adsorbed onto the active sites on the surface of the photocatalyst, where
they can react with these ROS. Pollutants are primarily oxidized by the hydroxyl radicals
derived from the oxidation of adsorbed H,O or adsorbed hydroxide ions (OH™). The
main products of photocatalytic oxidation are CO, and H,O, but it is crucial to limit the
formation of minor by-products, as these can also be hazardous compounds or reduce the
efficiency of photocatalysis. By-products can occupy the active sites of the photocatalyst,
thereby limiting access to the target pollutants [79].

The general photocatalytic oxidation reaction for the degradation of a pollutant can be
expressed as described in Table 3 and as follows:

Pollutant + O, — CO; + H,0O + By _products

Table 3. Reactions occurring during photocatalytic oxidation [80].

Reaction Type Reaction
Photoexcitation Semiconductors + hv — h™ + e~
Oxidation reaction OH +h" — -OH
Reduction reaction Oy +e” — 05
Tonization of water H,O0 - OH™ +HT"
Protonation of superoxide O, - +H' — HOO-
Formation of H,O, HOO- +H™ — H,O,

The electron-hole pairs can react with each other through recombination on the sur-
face or within the bulk of the semiconductor. This recombination process reduces the
efficiency of photocatalytic reactions because it decreases the number of electrons and holes
available for participation in oxidation/reduction reactions that generate reactive oxygen
species (ROS) [81]. Recombination of electron-hole pairs occurs within tens of nanosec-
onds. Hydrogen peroxide (H,O,), produced during the reactions, acts as an oxidizing
agent capable of trapping photogenerated electrons, thereby diminishing the rate of charge
carrier recombination.

When the recombination of charge carriers occurs, it releases a certain amount of
energy, which can be detected as a photoluminescence emission spectrum. There are two
primary types of photoluminescence: band gap photoluminescence, which pertains to the
separation of photogenerated charge carriers [82], and excitonic photoluminescence, which
provides insights into oxygen vacancies and surface defects [83]. By analyzing excitonic
photoluminescence, researchers can deduce other factors affecting photocatalysis, such
as the efficiency of electron trapping and transfer. Consequently, the photoluminescence
spectrum serves as an indicator of the recombination rate: a low intensity suggests minimal
charge carrier recombination, indicating enhanced photocatalytic activity, while a high
intensity signifies a high recombination rate [84].

For example, (Figure 1A), the photoluminescence spectrum of P25 TiO, reveals a
high recombination rate, as evidenced by the peak’s high intensity. In contrast, another
sample (USPNT) shows significantly lower photoluminescence intensity, indicating a
reduced recombination rate. The largest peak in the photoluminescence spectrum, often
associated with band gap photoluminescence, corresponds to the radiation energy nearly
equal to the band gap of the sample. Additional peaks within a specific wavelength
range may correspond to excitonic photoluminescence associated with surface defects and
oxygen vacancies.
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Figure 1. (A) photoluminescence spectra of P25 TiO, and USPNT [85] and (B) Photoluminescence
spectra of P25 (a) and Au-TiO, containing various amounts of Au (b—d) [86].

In another example, the largest peak in the photoluminescence spectrum (Figure 1B)
at about 395 nm is associated with the band gap photoluminescence and the corresponding
radiation energy is almost equal to the band gap of the sample. The other four peaks
between 440 and 500 nm correspond to the excitonic photoluminescence and are associated
with the oxygen vacancies and defects of the sample surface.

4.2. Thermodynamics and Kinetics

As previously noted, photocatalysts absorb radiation with sufficient energy to excite
electrons from the valence band to the conduction band, resulting in the generation of
photogenerated electrons in the conduction band and positively charged holes in the
valence band. The transfer of holes from the valence band to water molecules is enhanced
when the edge of the valence band is more positive than the oxidation potential of water.
Similarly, the transfer of electrons from the conduction band to pollutant molecules is
facilitated when the edge of the conduction band is more negative than the reduction
potential of the pollutant. Pollutants like acetaldehyde and formaldehyde have reduction
potentials that are more positive than the conduction band edge of several semiconductors;
thus, water molecules also participate in the oxidation process of pollutants due to their
low oxidation potential. Additionally, if a pollutant has a more negative reduction potential
than that of the reduction product, this leads to increased production of the reduction
product [87].

Kinetically, the degradation of pollutants through photocatalytic oxidation can be
described within two steps. In the decay profiles, an initial drop can be observed due to
the adsorption and desorption of molecules on the surface of the photocatalyst, followed
by a second drop at longer times due to the photocatalytic reactions. The photocatalytic
oxidation of a pollutant follows pseudo-first-order kinetics, which can be described by the

equation [88]:
Co
In{ — | =kt
n<Q> a

where Cy and C; are the concentrations of the target pollutant at times t = 0 and ¢ respec-
tively, and k; is the apparent photocatalytic degradation rate constant.

Identifying the onset of photocatalysis is not straightforward; it requires consideration
of two criteria. First, photocatalysis becomes the predominant process only after the
system reaches an initial equilibrium between adsorption and desorption over a certain
period. Second, the start of photocatalysis must also take into account the moment when
the yield of the product stabilizes, indicating that the photocatalytic degradation of the
pollutant is consistent. The photocatalytic process can therefore begin at different times for
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various pollutants. For instance, in a study using Mn/TiO, and Co/TiO,, the initial time of
photocatalysis was observed at approximately 120 min, while using Mn/Co/TiO,, it was
observed at 20 min [88].

The Langmuir-Hinshelwood kinetic model describes heterogeneous photocatalytic
reactions. The photocatalytic degradation rate (r() of the pollutant can be described by this
model with the following equation [89]:

L _kKC
"7 1T+KG

where k is the reaction kinetic constant, and K is the equilibrium absorption constant.

4.3. Important Factors Affecting Photo Oxidation

The efficiency of photocatalytic oxidation is influenced by the properties of the photo-
catalyst and target pollutant, as well as various external parameters, including humidity,
light intensity, pollutant concentration, residence time, and airflow rate. These factors sig-
nificantly impact the photocatalytic process, affecting pollutant adsorption, charge carrier
recombination rates, and the radiation interacting with the photocatalyst.

4.4. Humidity

Humidity significantly affects the photocatalytic degradation of volatile organic com-
pounds (VOCs). In high humidity conditions, water molecules can compete with pollutant
molecules for active sites on the photocatalyst, thereby reducing adsorption efficiency and
photocatalytic reactions. Excess water may also act as recombination centers for charge
carriers, diminishing photocatalytic activity [90]. Conversely, high water concentrations
can promote the formation of hydroxyl radicals that oxidize pollutants, potentially enhanc-
ing photocatalytic efficiency. This dual effect complicates the identification of an optimal
humidity level for maximizing the removal efficiency of indoor pollutants. It appears that
a specific amount of water is necessary to initiate photocatalysis; however, exceeding this
concentration may decrease efficiency due to competition for active sites [91].

Moreover, the impact of humidity on photocatalytic efficiency varies with the type
of pollutant. For example, higher humidity levels may enhance the degradation of ac-
etaldehyde but reduce the efficiency of ethanol, benzene, and toluene. This variation is
due to the differing interactions between the pollutant molecules and the photocatalyst.
Photogenerated electrons can be trapped at the semiconductor’s active sites, hindering the
direct oxidation of adsorbed carbonyl compounds like acetaldehyde. However, in high
humidity, these compounds can be indirectly oxidized by hydroxyl radicals generated from
water oxidation. In contrast, pollutants like ethanol efficiently adsorb onto the catalyst’s
active sites, resulting in reduced oxidation efficiency in the presence of water due to limited
interactions with hydroxyl groups [91,92].

This pollutant-specific effect of humidity underscores the challenges of applying
photocatalysts in indoor environments where multiple pollutants may coexist. The varying
responses necessitate a tailored approach to optimize photocatalytic degradation efficiency
for each target pollutant, complicating the implementation of photocatalysis in diverse
indoor air quality management scenarios [91,92].

Contradictory results have emerged even when studying the same pollutant. For
instance, while one study reported that higher humidity levels decreased the efficiency of
photocatalytic oxidation for NO [93], another found an increase in degradation efficiency
with rising humidity [77].

Research on the photocatalytic removal of formaldehyde indicates that the optimal
relative humidity for TiO, is approximately 45% [94] (Figure 2a). In contrast, a study on
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g-C3Ny-TiO; revealed that pollutant degradation decreased from 60% to 38% as relative
humidity increased from 20% to 80% [95] (Figure 2b).

100

,\; —8—80%
< 9 "—60%
= ./. n —u—40%
g 804 a— ——20%
s —=—TilMS2-550 = /"?I:|:=:=j:_\. -
g 70+ —e—TiO, = .- ~a
= O 0.6 - ] - P
) T £l \'___./ —a ]
'Q Q - - . L L >
o 60" r - - - -
- "
g 50 ./_.\.
g ./ 0.2
z 40- T T T T L J T 0 G

10 20 30 40 50 60 "o 50 120 180 240 300

Relative Humidity (%) time (min)
(a) (b)

Figure 2. (a) Removal efficiency of formaldehyde using TilMS2-550 and TiO, increasing the relative
humidity [94] and (b) degradation of formaldehyde using g-C3N4-TiO, in different conditions of
relative humidity [95].

4.5. Residence Time

Residence time, or contact time, refers to the duration of a gaseous molecule remaining
near the catalyst surface. This parameter significantly influences the photocatalytic degra-
dation efficiency of pollutants. Increasing the residence time allows more contact between
pollutants and the catalyst, facilitating reactions with hydroxyl radicals and positively
charged holes, thus enhancing efficiency. For instance, studies have shown that extending
the residence time of formaldehyde from 10 to 40 s increased the conversion rates from 36%
to 48%, respectively (Figure 3) [95].

1.254 —&—10s

1.004

0.75

0.50 4

HCHO (ppm)

0.254

0.00

T T T T
0 60 120 180 240 300
time (min)

Figure 3. Degradation of formaldehyde using g-C3N;-TiO, considering different residence times [95].

Most research analyzes photocatalytic oxidation with residence times ranging from
seconds to minutes; however, practical indoor conditions often see residence times in the
tens to hundreds of milliseconds. Consequently, results from laboratory studies may differ
significantly from those obtained in real indoor environments [89].

4.6. Airflow Rate

Airflow rate is another critical factor affecting photocatalytic oxidation. Increased
airflow can reduce the residence time of molecules, resulting in decreased photocatalytic
efficiency 6. For example, one study found that increasing airflow from 100 to 300 mL/min
decreased the conversion rates of toluene, ethylene, and propylene when using TiO,
nanoparticles (Figure 4) [96].
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Figure 4. Conversion of ethylene (a), propylene (b), and toluene (c) under various conditions of flow
rate: (A) 100 mL/min; () 200 mL/min; (M) 300 mL/min [96].

However, increased airflow also enhances mass transfer between the catalyst and
pollutants, potentially increasing conversion rates by reducing concentration gradients
between the catalyst bulk and its surface. The effects of airflow rate on pollutant removal
are complex and can be categorized into three main conditions:

Low Airflow Rate: High residence time leads to enhanced photocatalytic oxidation
due to sufficient contact between the catalyst and pollutants, indicating that mass transfer
limits degradation.

Intermediate Airflow Rate: Variations in airflow rate have minimal impact on pollutant
removal efficiency.

High Airflow Rate: Increased airflow reduces residence time, decreasing the efficiency
of the photocatalytic process [91].

4.7. Light Intensity

Light intensity is crucial for photocatalytic pollutant removal. Higher light intensity
increases the photogeneration of charge carriers, enhancing photocatalytic activity [85].
The quantum yield of light absorbed during the photocatalytic process can be expressed

as follows: )
rate of reaction

rate of absorption of radiation

(Doverall =

For example, increasing light power from 8 to 24 W improved the photocatalytic
efficiency of USPNT for p-xylene removal (Figure 5a) [85]. Additionally, for toluene
degradation, increasing infrared irradiation intensity from 95 to 116 mW /cm? enhanced
the degradation rate for the Pt-rGO-TiO, photocatalyst (Figure 5b). Notably, the increase
in efficiency was more significant between 95 and 105 W than between 105 and 116 W,
suggesting that degradation efficiency does not depend linearly on light intensity [97].

The effects of light intensity can be categorized into three main regimes:

Low Light Intensity: Adsorption of photons is linearly dependent on the light intensity,
resulting in constant quantum efficiency.

Intermediate Light Intensity: Quantum efficiency decreases with the square root of
light intensity.
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High Light Intensity: Photocatalytic efficiency becomes relatively independent of light
intensity, as the number of activation sites remains constant, limiting reaction rates despite
increased photon activation [98].
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Figure 5. (a) Degradation of p-xylene using USPNT under different power daylight (8 and 24 W) [85]
and (b) degradation rate of toluene using Pt-rGO-TiO, with different light intensities (95, 106 and
116 mW /cm?) [97].

4.8. Concentration of Pollutants and Photocatalysts

The initial concentration of the target pollutant can influence photocatalytic oxidation
efficiency in various ways. Generally, lower initial concentrations lead to higher degra-
dation rates. High pollutant concentrations can quickly saturate the catalyst’s active sites
with by-products, limiting efficiency. Additionally, elevated pollutant concentrations can
reduce quantum yield by adsorbing or scattering light, thus decreasing the light available
to the photocatalyst. For instance, the removal of toluene, ethylene, and propylene using
TiO, nanoparticles decreased as initial pollutant concentrations rose from 100 to 500 ppm
(Figure 6) [96].

Conversely, another study on formaldehyde degradation at initial concentrations of
0.6,1.2, and 2.4 ppm found that the highest conversion rate occurred at 1.2 ppm. This result
suggests that low pollutant concentrations may limit contact with active sites, restricting
adsorption [95].

Pollutant adsorption directly impacts photocatalytic oxidation efficiency. When more
pollutant molecules are adsorbed on the catalyst surface, the likelihood of reactions between
positively charged holes and adsorbed pollutants increases. The non-uniform surface of the
photocatalyst features stronger adsorption sites that are filled first at lower concentrations,
whereas higher concentrations lead to interactions among adsorbed molecules and gas-
phase pollutants. Thus, adsorption sensitivity varies with concentration [89].

At low pollutant concentrations, the adsorption rate on the photocatalyst surface is
slower than the reaction rate, making adsorption the limiting factor for photocatalytic
oxidation. As initial pollutant concentrations exceed a certain threshold, the adsorption
rate can surpass the photocatalysis rate, shifting the limitation to photocatalytic activity.
Since indoor pollutant concentrations typically range from parts per billion (ppb) to sub-
ppb, while laboratory conditions often test in parts per million (ppm), the efficiency of
photocatalysts used in real indoor conditions tends to be lower [89].

Additionally, the concentration of the photocatalyst itself influences photocatalytic
activity. For instance, in formaldehyde removal, efficiency increased from 33% to 48% with
the amount of g-C3Ny-TiO; rising from 0.05 to 0.25 g (Figure 6). However, this relationship
is not linear due to limited contact between pollutant molecules and the catalyst’s active
sites [95].
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Figure 6. Conversion of ethylene (a), propylene (b), and toluene (c) with different initial concentra-
tions of pollutant: (¥) 100 ppm; (A) 200 ppm; (e) 300 ppm; (M) 500 ppm [96].

5. Titanium-Based Nanomaterials

Among the various nanomaterials explored as photocatalysts for indoor pollutant
removal, titanium-based materials, particularly titanium dioxide (TiO;), or titania, are the
most widely used. TiO, is extensively researched due to its high photocatalytic efficiency,
stability, low cost, low toxicity, abundance, and environmental friendliness. The mor-
phology of the catalyst significantly impacts the photocatalytic degradation of pollutants,
prompting studies on different forms of TiO, nanomaterials, such as nanoparticles [99],
nanotubes [100], and nanosheets [101], to identify the most effective structure.

During photocatalytic oxidation, TiO, absorbs radiation with energy exceeding its
band gap, leading to the formation of photogenerated electrons. However, since TiO,
has a wide band gap (3.2 eV), ultraviolet (UV) light is required to initiate photocatalytic
reactions. In indoor environments, where visible and near-infrared (IR) light predominate,
this limits TiO,’s photocatalytic applications [102]. To address this challenge, researchers
have investigated various doping strategies, using both metal and non-metal materials, to
narrow the band gap and enhance TiO,’s efficiency under visible light [103].

In addition to photocatalytic oxidation, UV-irradiated TiO, exhibits another photoin-
duced phenomenon known as super-hydrophilicity [104], which reduces the water contact
angle to nearly 0 degrees. This creates a uniform water film that covers the surface, pre-
venting contact between the surface and volatile compounds. As a result, applying TiO,
coatings on building facades can protect surfaces from volatile compounds and oxidize air
pollutants through photocatalytic oxidation [105].

As mentioned earlier, the morphology of the photocatalyst plays a crucial role in deter-
mining its properties and photocatalytic activity. TiO, nanomaterials are typically classified
into four categories based on their dimensionality: nanoparticles (0D) [106], nanotubes
(1D) [107], nanosheets (2D) [108], and porous structures (3D) [109]. Each of these structures
has been studied to assess which form is the most efficient for photocatalysis. Compar-
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isons have been made with the well-known TiO, P25, a standard reference photocatalyst
composed of 75% anatase and 25% rutile, commonly used in photocatalytic processes [110].

Due to the differences in lattice structures, anatase, and rutile have different structures
of the electronic band and therefore different band gaps. For anatase phase TiO, the
band gap between the valence band and conduction band is 3.2 eV, instead for rutile TiO,
the band gap is 3.02 eV [111]. Therefore, to overcome this band gap it is necessary the
adsorption of a photon with a wavelength of about 388 nm for anatase [80] and 410 nm for
rutile [111]. Hence, the adsorption of a photon with A < 388 nm is needed to activate the
anatase phase TiO, semiconductor. Accordingly, TiO, does not have a high photocatalytic
efficiency in indoor conditions where radiation is mostly in the visible-near IR range.
However, when anatase and rutile as nanoparticles, are coupled with a heterojunction,
TiO; is able to adsorb visible light [80].

The synthesis reactions and doping processes can further influence the morphology
of nanomaterials. TiO;’s photocatalytic activity is affected by several factors, including
crystallite size, porosity, specific surface area, and crystalline phases. A larger surface area
can enhance photocatalytic efficiency by increasing the number of adsorbed molecules.
However, it can also introduce more crystal defects, which may promote the recombination
of electron-hole pairs, ultimately reducing photocatalytic efficiency [112].

5.1. Nanoparticles and Microspheres

The most common TiO, photocatalysts for air purification are zero-dimensional struc-
tures such as nanoparticles and microspheres. This kind of structure allows a high pho-
tocatalytic efficiency due to its small particle size that causes a high specific surface area
and high pore volume. The high specific surface area enhances the exposure of the photo-
catalyst to radiation and enhances the quantum efficiency. Moreover, the use of nanopar-
ticles implies short charge carrier diffusion distances which reduce the charge carrier’s
recombination [113]. Therefore, this enhances the adsorption of the target pollutant, the
light-harvesting capacity, and the photocatalytic degradation. Despite this, an important
problem that influences its photocatalytic activity is the agglomeration of TiO, nanoparti-
cles with high Gibbs free energy into larger aggregates leading to a decrease in the active
sites of the photocatalyst [114]. Photocatalytic activity is enhanced by the homogeneous
distribution of the TiO, nanoparticles [115]. To obtain separate nanoparticles is often
needed a deagglomeration step [111]. To overcome this limitation, for instance, it has been
studied the use of clay mineral-TiO, nanocomposites that allow better dispersion of TiO,
nanoparticles [114].

Particle size significantly influences photocatalytic efficiency since it directly affects
the specific surface area of the photocatalyst. It has been demonstrated that there is an
optimum particle size of TiO, that corresponds to about 10 nm [116]. A smaller radius can
reduce the efficiency of the photocatalytic reactions due to the quantum size effect. This
term indicates the phenomenon whereby reducing the particle size to a certain value, these
particles have discontinuous energy levels of conduction and valence bands resulting in
increasing the energy band gap of the material [113].

Mesoporous and porous TiO; spheres have been widely studied and presented high
photocatalytic efficiency due to the high pore volume and pore size, high specific sur-
face area, and good crystallinity [86,117]. Also, hollow nanospheres have been studied
since these structures exploit the multiple scattering of incident light inside the particles
increasing the photocatalytic efficiency.
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5.2. Nanotubes

One-dimensional structures like TiO, nanotubes (TNTs) have been studied due to
their high photocatalytic efficiency. These structures have a high specific surface area which
provides a high number of adsorbates and channels that enhance electron transfer leading
to a reduction of charge carrier recombination especially for nanotubes with thin walls.
Furthermore, the length of the TiO, nanotubes can increase the photocatalytic efficiency
since a longer nanotube implies a greater specific surface area. Moreover, their characteristic
structure which contains many hydroxyl groups on the interlayer region of their walls
reduces the recombination rate of electron and hole pairs. The recombination rate is lower
also because the electrons and positively charged holes can move freely throughout the
length of the TNTs [118,119].

In a recent study [119], {001} facet-exposed TiO; nanotubes were synthesized and
installed on a commercial air cleaner. This study demonstrated that 001-TNT has a high
degradation activity for acetaldehyde and formaldehyde under visible light being the
first air cleaner that satisfied the Korean air cleaner standards protocol. On the other
hand, another sample of TNT whose surface is composed of mainly {101} facets, exhibited
only moderate degradation of these pollutants. Furthermore, 001-TNT exhibits a higher
efficiency of degradation of toluene than TNT. It has been observed that the 001-TNT also
has a greater charge transfer resistance than TNT implying that the charge carriers are
transferred at the interface with a higher efficiency. Despite it having been proven that {001}
facet exposure is beneficial for photocatalysis, there is an optimum value of exposure of
{001} facets on TiO, which is about 70%. Over this value, the separation between the charge
carriers is not efficient due to the lack of {101} facet TiO,. It has also been investigated the
durability of the two semiconductors, and researchers found that the durability of 001-TNT
was almost 9 times greater than that of TNT. This is due to the fact that the photocatalytic
activity of 001-TNT has been regenerated by UV irradiation in clear air.

5.3. Nanosheets

TiO, nanosheets (TNS) are two-dimensional structures with a thickness of 1-10 nm and
a lateral length in the range of um. The shape of these nanomaterials results in a smooth
surface and low turbidity. TNS exhibit photocatalytic properties as the photocatalytic
degradation of organic compounds and superhydrophilicity when irradiated with UV
radiation. TNS are studied for their advantageous properties of carrier mobility and
high adherence with various substrates. TNS do not have great adsorption properties
in the visible light range due to their wide band gap and so their applications in indoor
environments are limited. Due to their high adherence, TNS is usually used for anti-fouling
applications that involve self-cleaning surfaces where photocatalytic reactions happen at
the solid-gas interface [113].

To enhance the photocatalytic activity for the degradation of pollutants, high-energy
facets TiO; can be used. It has been demonstrated that {001} facets TiO, are more reactive,
adsorb more photons, and have a higher photocatalytic activity than the thermodynamically
more stable {101} facets. Therefore, different studies identified nanosheets with high-energy
facets in order to enhance the adsorption of pollutants and photocatalytic oxidation [119].

TNS can be doped or form heterojunctions in order to enhance its photocatalytic effi-
ciency. For instance [120], research synthesized N-doped TiO, nanosheets/WO3 composites
to observe the photocatalytic removal of hexane. From the UV-vis adsorption spectra, it has
been observed that the N doping and the introduction of WO3 have successfully enhanced
the adsorption properties of TiO, nanosheets. The photoluminescence spectrum of the
composite exhibited a lower intensity indicating a lower recombination rate compared to
the TiO; nanosheets. Finally, the photocatalytic oxidation of hexane has been observed and
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the efficiency of TNS increased due to the N doping and the heterojunction with WO, and
it has obtained a maximum photocatalytic efficiency of about 44%. The enhancement of the
photocatalytic activity is due to the increase in the specific surface area.

5.4. TiO; Porous, Supported, and Interconnected Structures

Due to the tendency of TiO; nanoparticles to aggregate into larger clusters, they are
often supported on various materials or incorporated into porous substrates and ordered
interconnected three-dimensional structures [121]. Coupling TiO, with adsorbents that
have a high specific surface area and strong affinity for pollutants can further enhance its
photocatalytic activity. Porous materials like zeolites and ordered mesoporous silica have
been commonly used as supports for TiO, nanoparticles [122].

Zeolites, in particular, are mesoporous materials with high adsorption efficiency
and uniform pore sizes, making them valuable support materials. Recent studies have
shown that using waste zeolites can significantly improve photocatalytic efficiency for
indoor pollutant removal [95]. Specifically, waste zeolites have been found to increase
the adsorption of formaldehyde and reduce the recombination rate of charge carriers.
Additionally, waste zeolites enhance the contact between pollutants and the photocatalyst
through surface diffusion [95].

Carbon-based support materials have also been utilized to boost photocatalytic activity.
For example, carbon nanotubes (CNTs) have been employed as a support for mesoporous
TiO; in the photocatalytic degradation of CO; [123] and acetone [124]. CNTs influence the
morphology of TiO; aggregates and the size of its crystallites. It has been observed that
increasing the CNT content leads to the formation of smaller anatase crystallites and a
higher anatase fraction in the composite, thereby improving photocatalytic performance.

Several studies have also suggested that three-dimensional hierarchically porous
materials, composed of one-dimensional TiO, nanotubes, offer high efficiency in the pho-
tocatalytic degradation of pollutants [125]. This structure allows for greater pollutant
adsorption due to its large number of pores, enhancing photocatalytic activity. Moreover,
the hierarchically porous structure improves light diffusion into the internal regions of the
photocatalyst, further increasing its efficiency.

5.5. Doping

As previously mentioned, the major limitation of TiO, applications is its restricted
range of radiation absorbance. With a wide band gap of 3.2 eV, TiO; requires UV light
to initiate photocatalytic reactions. To overcome this, doping is employed to induce a
bathochromic shift, narrowing the band gap or introducing intermediate energy levels that
enhance absorption in the visible light range [126].

Additionally, TiO, photocatalysts have a high charge carrier recombination rate, which
decreases the efficiency of photocatalytic oxidation. Various dopants are used to reduce this
recombination rate. By introducing intermediate energy levels within the band gap, doping
enables TiO, to be activated by photons in the visible light spectrum [127,128]. These
modifications also improve charge carrier separation, thereby reducing recombination
and enhancing photocatalytic efficiency [129]. Modifications to TiO; can include metal
doping, non-metal doping, co-doping (involving different elements), or coupling with
other semiconductors [126].

Various metals such as Fe, Cu, Co, Mn, Ag, and Ni have been used as dopants to reduce
the band gap of TiO,. Metal dopants influence photocatalytic oxidation in several ways: they
can modify the photocatalyst’s light absorption capacity, affect the charge transfer rate at the
interface, and improve the adsorption of pollutant molecules on the catalyst surface. When
a metal cation is introduced as a dopant in TiOy, it creates an intermediate energy level near
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the valence band, enabling electron transfer from the valence band to the conduction band
with less energy than undoped TiO,. This shift allows the photocatalyst to be activated by
visible light. Additionally, metal doping can enhance electron trapping, reducing electron-
hole pair recombination, and thus increasing photocatalytic efficiency [128]. However,
excessive dopant concentrations can lead to metal aggregation, forming recombination
centers that diminish photocatalytic performance [130]. Therefore, factors like dopant
type, concentration, and the preparation method of the doped photocatalyst are crucial for
optimizing photocatalytic oxidation [80].

Despite the advantages of metal doping, some drawbacks have been identified. Metal
dopants can block the porous surface sites of TiO;, promote nanocrystallite growth, and
reduce the specific surface area, all of which lower photocatalytic efficiency [117]. Further-
more, metals deposited on the photocatalyst surface can block photon absorption, leading
to increased charge carrier recombination [131].

TiO, photocatalysts can be doped with metal ions substitutionally [132] or intersti-
tially [133]. Introducing dopants can enhance conductivity by partially emptying the
valence band (with p-type dopants) or partially filling the conduction band with electrons
(with n-type dopants) [134]. P-type doping, using heterocations with lower valencies than
Ti** (such as AI3* and Cr®"), creates acceptor centers that trap photogenerated electrons,
which then attract holes and form charge carrier recombination centers [135]. N-type
doping, achieved with heterocations of higher valencies than Ti** (such as Nb>* and Ta"),
acts as donor centers, increasing electron concentration in the conduction band, which also
promotes charge carrier recombination. Combining p-type and n-type materials can lead to
the recombination of electron-hole pairs at the interface [111].

The most commonly used noble metals as dopants for TiO;, photocatalysts include
platinum (Pt) [136], palladium (Pd) [137], silver (Ag) [138], and gold (Au) [139,140]. These
dopants enhance the separation of charge carriers and decrease the recombination rate
due to the formation of a Schottky barrier at the metal-semiconductor interface. This
results in an increased photocatalytic efficiency, leading to a higher pollutant degradation
rate. Additionally, noble metal dopants can extend the light absorption capacity of the
photocatalyst into the visible light range [140,141].

For example, a study investigated the photocatalytic activity of Ag-doped TiO, nan-
otubes for toluene degradation (Figure 7). Among noble metals, silver is relatively inexpen-
sive and has been shown to improve the photocatalytic efficiency of TiO;,. The Ag-doped
TiO, achieved a 98% toluene reduction under UV light, outperforming both P25 and un-
doped TiO, nanotubes [142]. This high photocatalytic activity is attributed to the ability of
Ag particles to trap photogenerated electrons, limiting the recombination of charge carriers.
As a result, the electrons are more efficiently transferred to oxygen adsorbed on the TiO,
nanotube surface. Moreover, the Ag-doped TiO, nanotubes had a porous structure and
larger specific surface area, further enhancing their photocatalytic activity. Even under
visible light, the Ag-doped TiO; nanotubes showed superior photocatalytic performance
compared to P25 and undoped TiO, nanotubes [142].

In another study (Figure 8) [86], the photocatalytic efficiency of Au-TiO, nanocompos-
ite microspheres for formaldehyde removal was examined. The presence of Au nanoparti-
cles inhibited anatase nanocrystal growth, resulting in smaller crystallite sizes and larger
surface areas. These nanocomposites displayed greater photocatalytic activity than both P25
and undoped TiO, microspheres. The mechanism involves the migration of photogenerated
electrons to the Au nanoparticles, which are then transferred to oxygen molecules adsorbed
on the TiO, surface. As with Ag, Au forms a Schottky barrier at the metal-semiconductor
junction, effectively separating the positively charged holes in TiO,’s valence band from
the electrons in the Au nanoparticles, preventing their recombination. This was confirmed
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through photoluminescence spectra, where the Au-TiO, nanocomposite exhibited lower
intensity compared to P25, indicating higher photocatalytic efficiency. However, while
an increase in the atomic percentage of Au initially boosts photocatalytic performance,
beyond a certain threshold, it decreases due to the formation of Au nanoparticles that act
as recombination centers for electron-hole pairs [86].
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Figure 7. Degradation of toluene using Ag-doped TiO,, pure TiO,, P25, and Ag-doped P25 [142].
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Figure 8. Reaction rate constants of TiO; (a), Au-TiO; containing various amounts of Au (b—e) and
P25 [86].

Platinum is another widely studied noble metal dopant, particularly in Pt/ TiO, photo-
catalysts, known for its high stability, pollutant removal efficiency, and regenerability. TiO,
facilitates the dispersion of Pt active sites, enhancing pollutant adsorption (Figure 9) [143].
One study on Pt nanoparticles supported on faceted TiO, nanocrystals (Pt/TiO;,) for ethanol
removal showed that Pt deposition increased TiO,’s adsorption capacity in the visible light
range. Pt/TiO, exhibited superior photocatalytic activity, achieving a maximum ethanol
conversion rate of 98%, compared to only 82% for undoped TiO,. However, excessive de-
position time led to larger Pt particles and the formation of aggregates due to the platinum
reduction mechanism on TiO,’s surface. Pt nanoparticles nucleate on oxygen vacancies
with high electron density, transferring photogenerated electrons from TiO; to the Pt nuclei,
leading to an electron density increase. This nucleation process limits the formation of new
nuclei, causing Pt particle growth and aggregation [144].

Recently, rare earth metals (RE) such as Nd, Ce, and Ln have been utilized as dopants
to enhance photocatalytic performance. The incorporation of these metals into photocata-
lysts introduces intermediate energy levels within the band gap, facilitating the transfer
of photogenerated electrons. This reduces charge carrier recombination and improves
photocatalysis. Additionally, RE dopants can alter phase structures, increase surface area,
and modify surface morphology, thereby enhancing light absorption and enabling photo-
catalytic reactions under visible light. Doping with rare earth materials can also inhibit
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the anatase-to-rutile phase transition in TiO,, and increase its surface area. Notably, the
inhibitory effect on phase transition becomes more pronounced with the ionic radius of the
RE metal, leading to distinct RE-TiO, phases [145].
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Figure 9. Ethanol conversion using TiO, and Pt-doped TiO, composed of different amounts of
Pt [144].

For instance, Ce-doping of P25 has been shown to increase the photocatalytic oxida-
tion rate of benzene, ethylbenzene, and m-xylene under UV radiation at specific reactor
concentrations (Figure 10). In the case of benzene, the maximum conversion rate increased
from 10 to 22.3 ppmv/min with Ce-doped P25. Similarly, for ethylbenzene removal, the
maximum conversion rate rose from about 8 to 29 ppmv/min. Furthermore, P25/Ce
demonstrated a higher conversion rate for benzene and ethylbenzene removal compared
to P25/Pt and P25/Fe. This increased photocatalytic efficiency is attributed to the presence
of cerium species on the photocatalyst’s surface, which create vacancies, charge disparities,
and unsaturated chemical bonds. These factors result in increased chemisorbed oxygen on
the surface, enhancing photocatalytic oxidation.
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Figure 10. Photocatalytic oxidation rates of ethylbenzene (a), m-xylene (b), and benzene (c) using
various photocatalysts [146].

In another study (Figure 11) [147], the photocatalytic activity of P25 doped with Eu,
La, Y, and Ce under visible light was evaluated and compared with undoped P25. The
undoped photocatalyst exhibited a conversion rate of 23 ppm/h for the transformation of
isopropanol to acetone. In contrast, samples doped with Eu, La, and Y showed maximum
conversion rates of 27, 32, and 21 ppm/h, respectively. However, the Ce-doped samples
did not show any photocatalytic activity due to low concentrations of hydroxyl groups
adsorbed on the surface and reduced specific surface area caused by synthesis conditions.
The enhanced photocatalytic activity in the other RE-doped samples can be explained by
the increase in the specific surface area induced by the dopants. Indeed, samples with larger
surface areas exhibited higher photocatalytic oxidation rates for pollutants. Additionally,
RE metals like Eu, La, and Y increase charge carrier separation and reduce recombination
rates, further boosting photocatalytic activity.

35

I 900 °c
b [J1ao00"c

23

Acetone Formation (ppm h")
&

T
P25@RT P25 Cel Ce25 Eul Ev25 lal 25 Y1 Y25

Figure 11. Photocatalytic activity of P25 and TiO, doped with various rare earth metals [147].

Interestingly, the concentration of RE dopants does not affect all photocatalysts uni-
formly. Samples of Ti; _REO; were prepared with two different dopant concentrations
(x=0.01 and 0.025 mol). For La-TiO; and Y-TiO,, higher dopant concentrations resulted in
increased photocatalytic activity, with rates of 32 and 21 ppm/h, respectively. However, for
Eu-TiO,, increasing the dopant concentration caused the photocatalytic activity to drop to
19 ppm/h.

Despite the high photocatalytic efficiency of noble metal- and rare earth metal-doped
photocatalysts, their high cost has led to the increased use of more affordable transition
metals. Transition metals such as Mn, Cu, Co, Fe, Al, and Ni have been extensively studied
as dopants for TiO, semiconductors. These dopants enhance charge carrier separation,
reducing the recombination of electron-hole pairs and improving photocatalytic perfor-
mance. However, if the dopant concentration exceeds an optimal threshold, it can disrupt
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the catalyst’s crystallinity and act as a recombination center, reducing overall photocatalytic
efficiency. Different transition metals have unique optimal concentrations, meaning the
impact on pollutant removal efficiency varies. Additionally, even with the same dopant
amount, particle size and morphology of the photocatalysts can differ. After doping,
the particle size of TiO, typically increases due to metal-induced agglomeration, with
noticeable differences between samples [129].

Iron is frequently used as a dopant for TiO, photocatalysts because of its ability
to enhance charge carrier separation and reduce recombination rates. It also induces a
bathochromic shift, extending the applications of TiO, photocatalysts into the visible light
range. Due to the similar ionic radii of Fe3* and Ti**, iron cations substitute into TiO,’s
lattice. Iron doping also catalyzes the anatase-to-rutile phase transition. Research on Fe-
doped TiO; has demonstrated high photocatalytic efficiency for toluene degradation under
visible light. The 0.7% Fe/TiO, sample exhibited a maximum degradation rate of 96.5%
(Figure 12). Higher Fe concentrations resulted in increased recombination rates, lowering
photocatalytic efficiency. This was confirmed by photoluminescence spectra, where the
0.7% Fe/TiO, sample showed lower intensity than other doped TiO; samples. Furthermore,
Fe doping improved pore volume and specific surface area [128].
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Figure 12. Mineralization rate of toluene using Fe-doped TiO; containing various amounts of Fe (a—f),
TiO; (g), and no catalyst (h) under visible light and one sample of Fe-doped TiO; in dark (i) [128].

In another study [129] (Figure 13), the photocatalytic activity of TiO, doped with
various transition metals (Mn, Co, Cu, Ni, and Fe) for benzene degradation was compared.
Doped TiO; particles were significantly larger than undoped TiO,, leading to lower specific
surface areas. Metal doping likely blocked photocatalyst pores and/or catalyzed particle
growth, increasing the samples’ specific surface area. Additionally, the fractions of anatase
and rutile in the samples revealed that metal doping accelerated the anatase-to-rutile
conversion. Under vacuum ultraviolet (VUV) radiation, photocatalytic efficiency followed
this order: Mn/TiO;, > Co/TiO; > Ni/TiO, > P25 > Cu/TiO, > anatase TiO, > Fe/TiO,.
The higher efficiency of Mn/TiO, and Co/TiO; aligns with the fact that MnOy and CoOx
oxides have a strong ability to generate reactive oxygen species (ROS), which can oxidize
benzene and boost photocatalytic efficiency.

Further research explored the photocatalytic degradation of acetaldehyde under vis-
ible and UV light using Mn/TiO,, Co/TiO,, and Mn/Co/TiO,. These photocatalysts
removed approximately 49%, 28%, and 74% of formaldehyde under visible light, respec-
tively, and 57%, 71%, and 91% under UV light (Figure 14). The results, particularly for
Mn/Co co-doped TiO,, were significantly higher than those for undoped TiO,. UV-vis ad-
sorption spectra demonstrated that doped and co-doped TiO, had higher light absorption
efficiency under visible light compared to undoped TiO,, with Mn/Co/TiO, showing the
highest absorption capacity. However, despite high removal rates, only Mn/TiO, exhib-
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ited photocatalytic activity. Photocatalytic efficiency in metal-doped TiO;, under visible
light depends not only on adsorption properties but also on recombination rates. Thus,
Co/TiO; and Mn/Co/TiO; showed no photocatalytic activity, even with excellent visible
light absorption [88].
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Figure 13. Benzene removal using P25, TiO, and TiO, doped with various metals [129].
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Figure 14. UV-vis absorption spectra of Mn/TiO,, Co/TiO,, Mn/Co/TiO;, and un-doped TiO,
samples [88].

In addition to metal doping, the use of non-metal anions such as C, N, F, and S for dop-
ing TiO; has been investigated to enhance the photocatalytic oxidation of pollutants. Both
metal and non-metal dopants modify the electronic structure of TiO; by introducing new
intermediate states in its band gap. Non-metal dopants create new levels near the valence
band of TiO, and do not function as charge carriers, which is a significant limitation of
metal doping. This characteristic makes non-metal doping advantageous. The introduction
of new levels in the band gap narrows it, allowing non-metal dopants to expand TiO;’s
adsorption capacity in the visible light range. These dopants replace oxygen in the TiO,
lattice, and the resulting oxygen vacancies can serve as recombination centers for charge
carriers, reducing photocatalytic efficiency [80]. Moreover, non-metal doping can enhance
the durability and stability of the photocatalysts [141].

Nitrogen-doped TiO, has been particularly studied for its high stability, similar atomic
radius to oxygen, and lower ionization energy compared to other non-metal dopants [80].
For example, the photocatalytic degradation of p-xylene has been explored using Ultra
Small Porous Nitrogen-doped Titanium Dioxide (USPNT) under simulated indoor illumi-
nation. This photocatalyst achieved a maximum degradation rate of 94.4% for p-xylene
removal under low-power daylight conditions, whereas P25 reached only 38% (Figure 15).
USPNT demonstrated high crystallinity, which contributes to its enhanced photocatalytic
activity. Furthermore, photoluminescence spectra revealed that the USPNT sample ex-
hibited significantly lower photoluminescence intensity and, consequently, a much lower
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recombination rate compared to P25. The intermediate levels introduced by N-doping
act as hole reservoirs, promoting charge carrier separation and enhancing photocatalytic
efficiency [85].
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Figure 15. Degradation of p-xylene using P25 and USPNT [85].

Carbon doping in TiO, photocatalysts (Figure 16) [148] can also improve photocat-
alytic activity by stabilizing the anatase phase and enhancing pollutant adsorption on
the TiO; surface. The introduction of C can improve the conductivity of TiO,, increasing
the charge transfer rate from the bulk to the surface. Research comparing the photo-
catalytic activity for methylene blue degradation among C-doped TiO;, N-doped TiO,,
and C and N co-doped TiO; revealed that doping limits the growth of TiO, crystallites.
UV-vis adsorption spectra indicated an increase in visible light adsorption capacity com-
pared to undoped TiO,. The degradation rates increased in the following order: undoped
TiO, < N-TiO; < C-TiO; < C-N-TiO;. Thus, TiO; doping enhances photocatalytic activ-
ity due to the presence of C and N atoms that facilitate electron transfer, with co-doped
TiO, exhibiting the highest photocatalytic activity due to the synergistic effects of the
two dopants.
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Figure 16. (a) UV-vis absorption spectra of undoped TiO;, N-TiO,, C-TiO,, and C-N-TiO, calcinated
at (A) 400 and (B) 500 °C. (b) Degradation of methylene blue using no catalyst (A), undoped TiO; (B),
N-TiO, (C), C-TiO, (D), and C-N-TiO, (E) [148].

6. Carbon-Based Nanomaterials

Carbon-based nanomaterials can enhance the photocatalytic oxidation of pollutants
due to their high adsorption capacity [149]. The ability to absorb pollutants on the surfaces
of carbon-based photocatalysts is influenced by the physical and chemical properties of
the nanomaterials, such as specific surface area, pore structure, and surface characteristics.
Adsorption also depends on the target pollutant; specifically, carbon-based nanomaterials
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exhibit a high affinity for volatile organic compounds (VOCs) due to various interactions,
including coordination bonds, hydrogen bonding, and electrostatic interactions [150].

Additionally, carbon-based nanomaterials can reduce the recombination rate by form-
ing heterojunctions, acting as charge mediators, and enhancing charge mobility. Typically,
these nanomaterials are coupled with semiconductors like TiO, to improve the photocat-
alytic oxidation of pollutants by leveraging their high specific surface area and minimizing
charge carrier recombination [151]. Structures such as activated carbon, carbon nanotubes,
and reduced graphene oxide can absorb a broad spectrum of light, increasing the generation
of electron-hole pairs at lower energy levels than a pristine photocatalyst and narrowing
the band gap. This results in higher photocatalytic activity and potential applications under
visible light.

Recently, research on carbon-based nanomaterials has surged, particularly focusing
on carbon nanotubes and graphene oxides, which are among the most extensively studied.
However, other carbon-based adsorbents (OCBAs) have also been investigated for pollutant
removal (Figure 17) [152].
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Figure 17. Number of studies about nanoadsorbents for pollutant removal during 2007-2017 [152].

6.1. Activated Carbons

Activated carbons (AC) are widely used in photocatalysis as adsorbents for pollutants,
owing to their high specific surface area, substantial pore volume, low cost, defect-rich
morphology, and excellent adsorption capacity [153]. ACs exhibit a higher affinity for
non-polar molecules, attributed to their carbon-rich conjugated surface structure, which
has a non-polar nature. They demonstrate significant adsorption efficiency for volatile
organic compounds (VOCs), even at low pollutant concentrations. However, their efficiency
in removing high concentrations of VOCs is limited by factors such as desorption and
flammability [154,155].

The adsorption force—the force required to release the adsorbate trapped in the
pores—increases as pore dimensions decrease [156]. Initially, pollutant adsorption occurs
in the micropores, where the adsorption force is strongest, before progressing to larger pores.
The adsorption capacity of ACs increases rapidly at first but slows down as saturation
approaches. Notably, the adsorption capacity does not necessarily correlate with specific
surface area and pore volume; thus, these metrics alone do not determine adsorption
effectiveness. For instance, a well-organized arrangement of micropores enhances the
diffusion of adsorbate compounds [157], thereby increasing the overall adsorption capacity.
Additionally, the size of the adsorbate affects the adsorption characteristics of ACs with
varying pore structures. While an adsorbate can enter larger pores, excessively large
pore sizes can weaken the adsorption potential. For example, with toluene as a target
pollutant, mesoporous volume plays a crucial role in adsorption capacity, which increases
as mesoporous volume rises [158].
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In photocatalytic applications, ACs are often coupled with semiconductors like TiO;
to enhance photocatalytic efficiency by acting as both a support material and an adsorbent.
Furthermore, activated carbons can be doped with metal oxides to improve their affinity
and adsorption of both polar and non-polar VOCs by increasing the number of functional
groups on their surfaces. However, desorption of pollutants from AC pores may occur due
to competition from other compounds that exhibit stronger adsorption forces [159].

6.2. Activated Carbon Fibers

Activated carbon fibers (ACFs) exhibit superior adsorption kinetics and enhanced mass
transfer rates compared to activated carbons (ACs), owing to their fibrous morphology and
the organized arrangement of micropores [160]. ACFs are derived from organic precursor
fibers through pyrolysis and activation with HyO and CO,, and they have been effectively
utilized as adsorbents or substrates for removing indoor pollutants in air filters. While
ACFs have lower adsorption efficiency for polar volatile organic compounds (VOCs), their
adsorption properties can be improved through surface modification and coupling with
other semiconductors. However, the production cost of ACFs is higher due to the expensive
organic precursors, which limits their applications [155,160].

ACFs possess a hydrophobic nature, resulting in a greater adsorption affinity for
non-polar and weakly polar VOCs [161]. They are particularly effective for removing high
concentrations of VOCs in humid conditions, as they do not strongly interact with water
molecules. The hydrophobicity of ACFs can be modified by introducing oxygen-containing
functional groups onto the fibers or by applying metal oxides to their surfaces. Such
modifications enhance their adsorption capacity for target pollutants [155]. Pollutants are
initially adsorbed onto the ACFs and subsequently transferred to the photocatalyst. ACFs
can also adsorb and re-adsorb intermediates and by-products, increasing their retention
time and facilitating the desired reactions. This process leads to a higher degradation rate
of the target pollutant, reduces competition for adsorption sites, and minimizes the release
of by-products [162].

The role of ACFs as an adsorbent in TiO, photocatalysts has been demonstrated
in studies focusing on the photocatalytic removal of methyl ethyl ketone (Figure 18).
Specifically, the use of ACFs as support materials for TiO; resulted in a significant increase
in the adsorption capacity for methyl ethyl ketone, achieving 100% breakthrough after 15 to
19 h. This enhancement in adsorption properties is attributed to the microporous structure,
large surface area, and pore volume of ACFs. The adsorption of various compounds is
also influenced by van der Waals interactions and interactions with functional groups on
the ACF surfaces. In this context, -7 interactions and donor-acceptor complexes are the
predominant mechanisms for the adsorption of VOCs.

6.3. Carbon Nanotubes

The applications of carbon nanotubes (CNTs) for the removal of indoor pollutants have
been extensively studied due to their thermal and mechanical stability, hydrophobicity, and
hollow structure, which contribute to a large surface area. CNTs also exhibit high electrical
conductivity and structural tunability; however, their high production costs limit their use
in photocatalysis. The adsorption capacity of CNTs is influenced by several factors. Notably,
there is a direct correlation between the diameter of the nanotubes and their adsorption
affinity for volatile organic compounds (VOCs). Research has demonstrated that CNTs
possess a higher affinity for slightly polar molecules such as acetone, toluene, and methanol.
Additionally, the electrical charge of CNTs can affect their adsorption capacity towards
various pollutants [155].
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Figure 18. Adsorption of methyl ethyl ketone using various photocatalytic air filters [162].

When coupled with photocatalysts, CNTs serve two primary roles: they act as photo-
sensitizers and function as electron sinks, facilitating the transfer of electrons to adsorbed
pollutant molecules. These actions enhance the photocatalytic activity of the semiconductor,
leading to increased degradation of pollutants [141].

In a study examining TiO, /CNT composites for the photocatalytic removal of acetone
(Figure 19) [163], it was found that introducing CNTs into the photocatalyst resulted in
higher photocatalytic activity for certain samples compared to P25. Specifically, increasing
the amount of CNTs in the composite led to a reduction in anatase crystallite size, an
increase in the anatase content, and a decrease in brookite content within the TiO,. These
changes contributed to enhanced photocatalytic efficiency. However, it was also observed
that the introduction of CNTs negatively impacted the adsorption properties of TiO, under
UV light when the amount of CNTs exceeded the optimum level. Interestingly, some
samples exhibited higher photocatalytic activity compared to the TiO,/AC composite,
despite CNTs having a lower surface area than activated carbon [163].

The presence of CNTs in the composite can also alter the morphology of TiO,. Specifi-
cally, an increase in CNT content results in a transition from spherical particles to agglom-
erated particles and ultimately to bulk structures. Furthermore, photoluminescence spectra
indicated that the TiO, /CNT composites exhibited lower photoluminescence intensity than
untreated TiO,, suggesting a reduced rate of charge carrier recombination. As the CNT
content in the TiO, /CNT composites increased, the photoluminescence intensity for the

various samples decreased [163].
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Figure 19. (a) Photocatalytic activity of TiOp, TiO, /CNT with various molar ratio, P25 and TiO,/AC,
and (b) UV-vis spectra of TiO, and TiO, /CNT with various molar ratio [163].

6.4. Graphene

Recently, graphene has gained significant attention in photocatalytic oxidation for
the removal of pollutants. It has been demonstrated that graphene possesses excellent
adsorption capacity and can extend the light absorption range, thereby enhancing the photo-
catalytic activity of TiO; [90]. Graphene has a high affinity for pollutants, particularly polar
volatile organic compounds (VOCs), along with a large surface area, chemical and thermal
stability, and a robust pore structure. Due to its electronically conductive two-dimensional
structure, graphene acts as a sink for accepting and transporting photogenerated electrons
to the photocatalyst. The conduction band energy of most semiconductors is typically
more negative than the low Fermi level of graphene (E = —0.08 V) [164]. Consequently,
when graphene is coupled with a semiconductor, photogenerated electrons are rapidly
transferred from the conduction band of the photocatalyst to graphene. Additionally,
graphene exhibits high charge carrier mobility, allowing electrons to move swiftly [165].
This characteristic makes graphene an effective electron acceptor and mediator, reducing
charge carrier recombination and enhancing photocatalytic activity [166].

Recently, graphene-derived materials such as graphene oxide (GO) [167] and reduced
graphene oxide (rGO) [168] have been studied for their advantageous properties. Un-
like hydrophobic graphene, GO contains functional groups, including carboxyl (COOH)
and hydroxyl (OH), enabling efficient interaction with various compounds through co-
valent [169] and non-covalent bonding [170]. The band structure of GO is linked to its
degree of oxidation and can be altered using different synthesis methods. rGO is prepared
by chemically or thermally treating GO to remove surface functional groups, resulting in
a material with a high surface area and a significant affinity for non-polar VOCs due to
its hydrophobic nature. rGO can also be modified to increase its pore volume, thereby
enhancing its adsorption capacity.

In a study [90] (Figure 20), rGO/TiO, exhibited remarkable photocatalytic activity
under visible light for the degradation of formaldehyde. The introduction of rGO into
the photocatalyst led to better dispersion of TiO, nanoparticles, which typically tend to
aggregate. Analysis of UV-visible adsorption spectra revealed that the incorporation of
rGO into the photocatalyst improved its adsorption properties in the visible light range.
The rGO/TiO; composite demonstrated higher photocatalytic efficiency for formaldehyde
removal under visible light compared to untreated TiO, and rGO. This high photocatalytic
efficiency can be attributed to the conductive properties of rGO, which facilitate the rapid
transfer of photogenerated electrons from the valence band of TiO; to electron acceptors
within the rGO structure. The enhanced electron transfer leads to an increased lifetime of
the photogenerated charge carriers, resulting in improved photocatalytic activity [90].
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Figure 20. (a) UV-vis absorption spectra of TiO, and rGO/TiO, and (b) degradation of formaldehyde
using no catalyst, TiO,, rGO, and rGO/TiO, [90].

6.5. Graphitic Carbon Nitrides

Graphitic carbon nitride (g-C3Njy) is a carbon-based two-dimensional conjugated
polymer that has recently gained attention in photocatalysis. Although it has a relatively
low specific surface area and a limited porous structure, its adsorption properties can
be enhanced through modifications with metal oxides that increase its surface area [155].
g-C3Ny is a semiconductor with an energy band gap of 2.7 eV, featuring conduction band
and valence band potentials of —0.85 eV and 1.85 eV, respectively [171]. When exposed
to radiation with sufficient energy, it can photogenerate electron and hole pairs. Due to
its excellent stability, metal-free composition, and environmental friendliness, g-C3Ny is
utilized as a photocatalyst for the removal of volatile organic compounds (VOCs). However,
its photocatalytic activity is hindered by a low density of active sites and low charge carrier
mobility, which leads to a high recombination rate of electron-hole pairs [172].

To enhance the adsorption and photocatalytic efficiency of g-C3Ny, various strategies
have been explored, including doping [173], surface modifications [174], and the creation of
heterojunctions with other semiconductors [175]. For instance, a composite photocatalyst
combining g-C3Ny, TiO,, and waste zeolites has been synthesized for the photocatalytic
removal of formaldehyde (Figure 21) [95]. In this study, it was observed that the emission
peak of g-C3Ny in the photoluminescence spectrum is intense and broad, indicating rapid
charge carrier recombination. However, when combined with TiO, and waste zeolites, the
photoluminescence intensity of these samples decreases significantly and experiences a
blue shift, likely due to enhanced contact with TiO5.
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Figure 21. (a) Photoluminescence spectra of g-C3Ny-TiO, with various amounts of g-C3Ny, P25,
and g-C3N4 and (b) degradation of formaldehyde using g-C3Njy-TiO, /waste zeolites with various
amount of g-C3Ny, P25 and a sample of g-C3Ny/TiO; [95].
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Furthermore, it was noted that the total pore volume and micropore volume of the
samples slightly increase as the amount of g-C3Ny in the composite increases, probably
due to the formation of low-density g-C3N4 on TiO;. Under visible light, photogenerated
electrons in g-C3Njy are transferred to the conduction band of TiO; through a heterojunction,
reducing the charge carrier recombination rate and increasing photocatalytic activity. The
photogenerated electrons in the conduction band of TiO, react with oxygen molecules to
form reactive oxygen species (ROS), while the photogenerated holes in the valence band of
g-C3Ny react with water molecules to produce hydroxyl (-OH) radicals. The photocatalytic
degradation of formaldehyde was investigated, revealing that most of the prepared samples
exhibited higher photocatalytic activity compared to P25 [95].

6.6. Carbon Dots

Carbon dots (CDs) are zero-dimensional carbon-based nanomaterials that have re-
cently gained attention in photocatalysis due to their non-toxicity, low cost, electron con-
ductivity, and excellent photostability [176]. When coupled with other materials, CDs
can provide highly selective adsorption sites for photocatalytic processes. Additionally,
the electronic structure of CDs allows them to act as electron donors or acceptors after
photoexcitation, resulting in enhanced electron transmission, photochemical stability, and
tunable optical properties. The incorporation of CDs into semiconductor photocatalysts
can narrow the band gap and expand their adsorption capacity in the visible light range.
Research on the use of CDs for the photocatalytic reduction of carbon dioxide [177], volatile
organic compounds (VOCs) [178], and other pollutants has significantly increased in recent
years. To improve their properties, CDs have undergone doping, and composite formation
to create heterojunctions and surface modifications with various functional groups. This
class of carbon-based nanomaterials includes carbon quantum dots and graphitic carbon
nitride quantum dots, each with distinct chemical properties and structures [87].

Carbon quantum dots (CQDs) are ultra-small nanoparticles with diameters less than
10 nm, exhibiting the electronic properties of carbon nanomaterials and the optical charac-
teristics of quantum dots [179]. The integration of CQDs into semiconductor photocatalysts
can enhance their photocatalytic activity through various mechanisms, including photosen-
sitization [180], increased adsorption of VOCs, electron mediation [181], and reduction of
band gap energy. Furthermore, the surface of CQDs is rich in functional groups containing
oxygen, which contributes to their water solubility [182].

Recently (Figure 22), graphitic carbon nitride quantum dots (CNQDs) have been
synthesized and combined with TiO, to improve the photocatalytic performance of this
material under visible light and enhance the efficiency of surface charge carrier transfer.
For example, a study on CNQDs in situ-modified TiO, inverse opal [183] demonstrated
superior photocatalytic efficiency in the degradation of toluene compared to conventional
inverse opal TiO,, P25, and bulk TiO;. The photoluminescence spectrum of the CNQDs
in situ-modified TiO, inverse opal showed lower intensity than that of inverse opal TiO,
and bulk TiO,, indicating a reduction in the charge carrier recombination rate due to the
introduction of CNQDs. Notably, the CNQDs in situ-modified TiO; inverse opal achieved
a toluene removal rate of 95%, surpassing the degradation rates of inverse opal TiO, (88%),
P25 (77%), and bulk TiO, (60%) [183].
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Figure 22. Conversion of toluene and concentration of CO, using no catalyst (a) and TCN IO (b) in
dark; bulk-TiO, (c), inverse opal TiO; (TiO, IO) (d), CNDQs in situ-modified TiO, inverse opal (TCN
10) (e) and P25 (f) under irradiation [183].

7. Other Metal-Oxide Nanomaterials

Other than the most common titania-based and carbon-based nanomaterials, various
materials such as metal oxides have been used in photocatalysis. Research about the least
common nanomaterials especially ZnO [184] and WOj3 [185] have increased in recent years.

7.1. ZnO-Based

Zinc oxide (ZnO) has been known for centuries, primarily as a pigment and additive in
products like ceramics, paints, and ointments. Its photochemical properties, however, began
to gain attention in the early 20th century when scientists first observed its semiconducting
and photoactive behaviors.

The development of solid-state physics, in the 1930s, led to the discovery of the
semiconducting nature of ZnO. Its wide bandgap (~3.37 eV) and high exciton binding
energy (~60 meV) made it a subject of interest for electronic and optical applications. Early
photocatalytic studies were primarily focused on understanding its photoconductivity and
interaction with ultraviolet (UV) light. These investigations laid the groundwork for using
Zn0O in photochemical reactions.

ZnO gained more importance in photocatalysis during the 1970s and 1980s, driven
by the global energy crisis and increased environmental concerns. Researchers were
exploring photocatalytic water splitting and pollutant degradation as solutions to energy
and environmental challenges.

Nowadays, ZnO is one of the most extensively studied nanomaterials for photocatal-
ysis, owing to its excellent photocatalytic, electrical, and optical properties [186]. ZnO
wide band gap limits its adsorption capacity in the visible light range, thus constraining
its application as a photocatalyst in indoor environments. To enhance its visible light
adsorption properties, ZnO can be modified using dopants [187] or combined with other
semiconductors to form composites [188]. Due to its polar nature, ZnO promotes rapid
separation and transfer of photogenerated charge carriers. When irradiated with UV light,
ZnO generates photogenerated electron centers (Zn*) and hole centers (O~) [189].

Research has examined the degradation of formaldehyde using a photocatalytic ZnO
air filter, both with and without UV light irradiation [190]. Notably, the ZnO filter exhibited
a higher formaldehyde removal efficiency without UV light. When irradiated with UV
light, photogenerated electron-hole pairs react with H,O molecules to form hydroxyl ions,
leading to the photocatalytic adsorption and degradation of formaldehyde. However,
under UV radiation, fewer pollutant molecules are adsorbed on the surface of the ZnO
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filter, resulting in lower removal efficiency. Conversely, the ZnO filter without UV light
demonstrates higher removal efficiency due to its greater adsorption capacity, as more
formaldehyde molecules are captured on its surface in the presence of condensed H,O,
given formaldehyde’s hydrophilic nature [190].

In another study [191] (Figure 23), ZnO nanorods (ZnO-NRs) were synthesized
through hydrothermal growth of ZnO nanoparticles and assessed for the photocatalytic
degradation of formaldehyde. These ZnO-NRs were incorporated into the nanofibrils of
a polytetrafluoroethylene (PTFE) membrane (ZnO-NRs@PTFE), commonly used for air
purification. The ZnO-NRs@PTEFE filter achieved a formaldehyde removal rate of 53%,
while the PTFE membrane alone exhibited no formaldehyde removal. Furthermore, the
deposition of silver (Ag) nanoparticles on the ZnO nanorods improved photocatalytic
removal, reaching a maximum degradation rate of 60%. The enhanced photocatalytic
activity of the ZnO-NRs@PTFE filter can be attributed to the increased specific surface area
of the membrane and the reduced spacing between its fibrils due to the presence of ZnO
nanorods. Additionally, Ag nanoparticles act as electron traps, promoting charge carrier
separation and decreasing the recombination rate [191].

As mentioned earlier, ZnO can be doped to enhance its adsorption properties under
visible light. For instance, a study synthesized nitrogen-doped (N-doped) ZnO microp-
olyhedrons to evaluate their photocatalytic activity toward formaldehyde degradation
(Figure 23B) [192]. The UV-visible adsorption spectra indicated that the introduction of
nitrogen atoms as dopants in ZnO significantly improved the photocatalyst’s adsorption
properties in the visible light range. The N-doped ZnO photocatalyst exhibited a degrada-
tion rate of approximately 85.6% for formaldehyde, outperforming both N-doped P25 and
pure ZnO. The high photocatalytic activity of the N-doped ZnO catalyst can be attributed
to three main factors: the enhanced adsorption capacity under visible light, the increased
charge carrier transfer rate on the ZnO surface, and the enhanced separation of charge
carriers due to the formation of an intermediate band in the ZnO band gap at around 1.3 eV
above the valence band, induced by the introduction of nitrogen atoms.

When compared to most other photocatalytic materials, ZnO is more widely available,
inexpensive, and easy to synthesize, making it an economically viable option for large-scale
photocatalytic air purification systems. It can also be synthesized in various nanostructures
(e.g., nanorods, nanowires, nanoparticles), which provide high surface areas and tunable
properties for improved catalytic activity. Still, ZnO nanoparticles tend to aggregate,
reducing their effective surface area and, consequently, their photocatalytic efficiency.

Over the years, ZnO has proven effective in decomposing a wide range of air pollu-
tants, including VOCs, carbon monoxide (CO), and particulate matter, due to its strong
oxidative properties. Moreover, ZnO has also demonstrated antimicrobial properties,
making it useful in air filtration systems for controlling airborne pathogens.

ZnO primarily absorbs UV light, which constitutes only ~5% of the solar spectrum,
limiting its effectiveness under natural sunlight. Extending its activity to the visible
light range remains a significant challenge. Moreover, ZnO is prone to photocorrosion
under prolonged light irradiation, particularly in humid conditions, which can degrade its
structure and reduce long-term stability.

7.2. MnO;,-Based

Manganese dioxide (MnO;) has long been known as a mineral, most notably as
the naturally occurring pyrolusite. Its use has been common in batteries, ceramics, and
as a catalyst in chemical processes, such as the oxidation of gases. Until the early 20th
century, MO, was primarily seen as a material with industrial significance in oxidative
reactions, rather than for photocatalysis. While titanium-based photocatalysts dominated
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the early years of photocatalysis research, MnO, began to gain attention in the 1970s
and 1980s as a potential material for oxidizing air pollutants under UV light. The real
breakthrough for MnO,-based photocatalysts in environmental applications came in the
1990s and early 2000s with the advent of nanotechnology. Research into nanomaterials had
rapidly expanded during this period, and scientists began investigating how the unique
properties of MnO; nanostructures could be exploited for photocatalysis.
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Figure 23. (A) UV-visible absorption spectra of various photocatalysts and (B) degradation of
formaldehyde using various photocatalysts under visible-light irradiation [192].

Nowadays, manganese dioxide (MnO;)-based nanomaterials have gained significant
attention as alternatives to noble metal-based photocatalysts due to their advantageous
properties. These materials are studied in photocatalysis because of their high specific
surface area, pore characteristics, and oxygen storage potential. Additionally, MnO, is
low-cost and environmentally compatible, making it an attractive option for various appli-
cations. This material exhibits significant photoadsorption properties for volatile organic
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compounds (VOCs) and demonstrates an important photothermal effect. While MnO,
shows high absorbance under UV and visible light irradiation, its adsorption proper-
ties are relatively lower in the near-infrared radiation range. The photocatalytic activity
of MnO; can be further enhanced through doping or by forming junctions with other
semiconductors [193].

Layered manganese oxide, commonly known as birnessite, has been extensively
studied for the removal of formaldehyde [194]. This material has achieved a remarkable
formaldehyde removal rate of up to 93%. Research indicates that H,O molecules within
birnessite enhance the adsorption of formaldehyde, with increased humidity levels (0% to
33% and then to 65%) positively affecting this process. However, at higher humidity levels
of 92%, a decrease in the degradation rate was observed, likely due to competition between
H,O and formaldehyde for the active sites on the photocatalyst.

In another study (Figure 24) [193], a graphene-based MnO, composite (MnO,-G) was
evaluated for photocatalytic removal of formaldehyde under UV, visible, and infrared
radiation. The MnO; exhibited superior formaldehyde removal capabilities compared to
graphene, primarily due to its enhanced adsorption capacity; graphene was observed to
desorb the pollutant instead. Notably, the graphene sample did not yield any CO,, indi-
cating that it only adsorbed the pollutant without facilitating its degradation. Conversely,
the MnO,-G composite demonstrated the highest photocatalytic activity for degrading
formaldehyde, achieving a conversion rate of 80% into CO,, significantly higher than
that of MnO; alone. This enhancement in photocatalytic activity can be attributed to the
synergistic photothermal effect between graphene and MnQO,, where photothermal energy
is transferred from graphene to MnO;, leveraging graphene’s high conductivity. The com-
bined photothermal effect and efficient electron transfer activate the active sites on MnO,
facilitating the oxidation of the pollutant [193].
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Figure 24. Removal of formaldehyde (a) and concentration of CO; (b) using MnO,, graphene, and
MnO,-G with and without irradiation [193].

Apart from being low-cost and abundant, MnO, is a non-toxic, environmentally
friendly material. It does not release harmful byproducts during photocatalytic reactions,
which makes it an ideal choice for sustainable air pollution control technologies. Moreover,
it shows good stability under various operating conditions, such as high humidity and
temperature, which are typical in real-world air pollution environments.

Still, even if MnO; photocatalysts typically exhibit strong activity under UV light, like
many other photocatalysts they are not very effective under visible light. This limits their
efficiency under natural sunlight unless strategies to extend their activity into the visible
spectrum are developed.
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7.3. WO3-Based

Tungsten trioxide (WO3) was first identified in the 19th century and has long been
known for its distinctive blue color and various industrial applications, such as in the
production of catalysts and as a component in electrochromic devices. WOs3's photocatalytic
properties, however, were not recognized until much later. Its potential for photocatalysis in
environmental applications, especially for air pollution control, became an area of growing
interest only in the late 20th century.

Early studies focused on WO3’s ability to degrade organic compounds under UV light,
similar to other photocatalysts like TiO;, but with the added benefit of WO3's potential
visible light activity.

WOg3-based nanomaterials have garnered attention in photocatalysis due to their
narrow band gap of approximately 2.6 eV and the high oxidation capacity of their pho-
togenerated holes, which can oxidize HyO to O, [195]. WOj is frequently utilized as a
co-catalyst to enhance the photocatalytic activity of other semiconductors because of its
narrow band gap. The introduction of WO3 can significantly improve the photocatalytic
efficiency of the composite under visible light radiation due to the unique optical and
electronic properties of the modified photocatalyst. Studies have shown that combining
WO3; with TiO, enhances photocatalytic activity under both UV and visible light. The
conduction band of WOj3 is more positive than that of TiO,, facilitating the transfer of
photogenerated electrons from TiO, to WO3; under UV light, thereby increasing the overall
photocatalytic activity. Under visible light, only WOj is excited, allowing the adsorbed pol-
lutant molecules on TiO, to react with the photogenerated charge carriers from WOj3. This
synergistic effect between the two semiconductors significantly enhances the photocatalytic
activity [195].

Research has examined the photocatalytic degradation of NO using WO3 /TiO, com-
posites with varying proportions of TiO; under both visible light and UV radiation [195].
The results indicated that incorporating TiO, into the WO3 photocatalyst increases the
photocatalytic degradation of NO under both light conditions. The presence of TiO; likely
promotes charge carrier separation due to the formation of a heterostructure, leading to
enhanced photocatalytic activity. Specifically, the highest photocatalytic activity was ob-
served with 70% TiO, under UV light and 80% TiO, under visible light. However, further
increasing the TiO, content resulted in reduced photocatalytic activity, likely due to the
formation of recombination centers [195].

In another study [120] (Figure 25), nanosheets of N-doped TiO, /WO3; (WO3-N-TNSs)
composites were synthesized with varying WOs3 content to investigate their photocatalytic
degradation of vaporous hexane. The band gap of the samples was determined from UV-vis
absorption spectra, revealing that the WO3;—-N-TNS samples exhibited a significant increase
in adsorption capacity with band gaps ranging from 2.75 to 2.91 eV, compared to N-TNS
(3.08 eV) and undoped TNS (3.17 eV). It was also observed that increasing the WO3 content
resulted in greater visible light shifts in the WO3-N-TNS samples.

These composites demonstrated higher photocatalytic efficiency compared to N-doped
TNS (N-TNS) and undoped TNS, attributed to improved adsorption efficiency, enhanced
charge carrier separation, and the combined effects of WO3 and N doping. Photolumi-
nescence spectra indicated a lower intensity for the WO3-N-TNS samples compared to
the others, suggesting a lower recombination rate. The optimal amount of WOj3 in this
photocatalyst was determined based on trends in specific surface area and pore volume.
Excess WOj3 in the photocatalyst likely partially blocked TNS pores or reduced the specific
surface area of WOj3, leading to a decrease in the overall surface area of WO3;-N-TNS [120].
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Figure 25. (a) Photocatalytic efficiency of hexane removal using TNS, N-TNS, and WO3;-N-TNSs
containing various amounts of WO3 and (b) photoluminescence spectra of TNS, N-TNS, and WO3—
N-TNSs containing various amount of WO3 [120].

Apart from its visible light activity and effective pollutant degradation capabilities,
WOj is a non-toxic, environmentally friendly material, making it a safe and sustainable
option for air pollution control applications. It does not generate harmful byproducts
during photocatalytic reactions, aligning with the principles of green chemistry. Moreover,
tungsten is relatively abundant, and the cost of synthesizing WOj is lower compared to
other advanced photocatalysts, making it an economically viable material for large-scale
environmental applications.

On the other hand, WO; photocatalytic efficiency is somehow limited under low
light intensity, as it requires a certain threshold of energy to activate. Moreover, WO3-
based photocatalysts can be sensitive to environmental conditions such as humidity and
temperature. High humidity can lead to the formation of hydrated tungsten oxides, which
can alter the material’s photocatalytic properties.

7.4. CeO,-Based

Cerium oxide (CeO,), commonly referred to as ceria, is a p-type semiconductor that
serves as an effective photocatalyst due to its chemical stability, low toxicity, affordability,
high adsorption capacity under UV radiation, and impressive photocatalytic activity.

The compound was first identified in the early 19th century and gained early industrial
significance for applications in catalysis, particularly in automotive catalytic converters.
Its redox-active nature, where cerium can exist in both +3 and +4 oxidation states, made
CeO; a valuable catalyst for various reactions, but its photocatalytic properties were not
extensively studied until later. in the late 1990s and early 2000s. Early studies identified
CeO;’s ability to generate reactive oxygen species (ROS), such as hydroxyl radicals (-OH),
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under UV light, similar to more conventional photocatalysts like TiO,. This opened up new
avenues for using CeO, in photocatalytic air purification, especially for degrading volatile
organic compounds (VOCs), nitrogen oxides (NOx), and ozone (O3).

When combined with an n-type semiconductor, CeO, displays photocatalytic proper-
ties comparable to those of the widely used TiO,. However, its photocatalytic applications
are restricted by a wide band gap, a high charge carrier recombination rate, and a low
charge transfer rate. To enhance its functionality, CeO, has been coupled with other semi-
conductors to form composites that narrow its band gap. Furthermore, CeO, can improve
the stability of the catalysts it is combined with, possesses a substantial oxygen storage
capacity, and can effectively release and store oxygen to drive photocatalytic reactions [143].
CeO; has a stable fluorite structure containing both Ce** and Ce®* ions, which can lead to
the creation of oxygen vacancies. The introduction of metal heteroatoms as dopants can
further promote the formation of these vacancies [196] (Figure 26).
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Figure 26. (a) UV-vis spectra of CeO; and Eu/CeO, containing different amounts of Eu and (b)
photocatalytic degradation of formaldehyde using P25, CeO,, and Eu/CeO, containing different
amounts of Eu [196].

One study investigated a photocatalyst composed of CeO, and BiVOy (CeO,-BiVOy,)
coupled through a heterojunction to assess its photocatalytic degradation of formaldehyde
under visible light [197]. This coupling resulted in a narrowing of the CeO, band gap
and an enhancement of its photocatalytic activity. UV-vis adsorption spectra revealed that
the introduction of BiVO; significantly increased CeO,’s adsorption in the visible range.
Additionally, the photoluminescence intensity of the composite was lower than that of pure
CeO; and BiVOy, indicating a reduced charge carrier recombination rate [197].

The CeO,-BiVO,4 composite demonstrated a maximum formaldehyde degradation of
78%, outperforming both pure CeO, and BiVOy. The optimal ratio of the two photocatalysts
was determined to be 4:1 for CeO,-BiVOy, [197].
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In another study, the photocatalytic activity of europium-doped CeO, nanosheets
was examined for formaldehyde degradation. Different amounts of Eu were used to dope
CeO;, enhancing defects on its surface and promoting the formation of oxygen vacancies.
UV-vis adsorption spectra indicated that the visible range adsorption increased with higher
Eu concentrations, with all Eu/CeO, samples showing superior adsorption compared
to undoped CeO;. The Eu/CeO, samples exhibited significantly greater photocatalytic
activity than both undoped CeO; and P25 (Figure 26). Notably, the 4% Eu/CeO, sample
exhibited the highest photocatalytic activity, with an 80% increase in degradation rate
compared to undoped CeO, and P25. However, an excessive amount of Eu led to an
abundance of oxygen vacancies, which can facilitate charge carrier recombination, thereby
reducing photocatalytic activity. The enhanced photocatalytic degradation of formaldehyde
by the Eu/CeO; samples was attributed to an increase in specific surface area and improved
adsorption capacity.

Cerium oxide is known for its unique redox behavior, where cerium can switch
between Ce3* and Ce** oxidation states. This redox flexibility facilitates the generation of
reactive oxygen species (ROS), such as hydroxyl radicals (-OH), which are highly effective in
degrading a variety of air pollutants, including VOCs, NOx, and ozone. CeO; is also highly
stable under a range of environmental conditions, including exposure to UV light, high
temperatures, and humidity. This stability ensures that CeO,-based photocatalysts maintain
their effectiveness over extended periods, making them ideal for real-world applications in
air purifiers and outdoor environments. Cerium is a relatively abundant element compared
to other rare earth metals, and CeO, is inexpensive to synthesize. This makes CeO,-based
photocatalysts a cost-effective option for large-scale air pollution remediation applications.
Still, CeOy’s ability to capture visible light remains relatively limited in its unmodified
form. To enhance its performance under natural sunlight or artificial light, CeO, typically
needs to be modified through doping with other metals or by combining it with other
photocatalysts, making the process more expensive and more likely to pose environmental
risks such as leaching.

8. CdS-Based Nanomaterials

Cadmium sulfide (CdS) is a semiconductor material that has been studied since the late
19th century, primarily for its optical properties, such as its distinct yellow color. In the early
20th century, CdS was known for its use in photoconductors and light-emitting devices.
The photocatalytic properties of CdS began to be explored more actively in the 1970s.
The recognition that semiconductors could drive photocatalytic reactions, particularly
the decomposition of water into hydrogen and oxygen under UV light, led to increased
interest in CdS as a photocatalyst for environmental applications. In the early 1990s,
researchers began examining CdS for its ability to degrade organic pollutants and reduce
carbon dioxide.

As a semiconductor with a band gap of approximately 2.4 eV, CdS can absorb visible
light effectively [198]. The conduction band of CdS is less positive than those of other
typical semiconductors, such as TiO, and ZnO, enabling heterojunction formation with
these semiconductors to facilitate efficient transfer of photogenerated electrons across their
electronic bands. However, CdS is susceptible to photo-corrosion, degrading into sulfur and
cadmium ions, which diminishes its photocatalytic performance [199]. To mitigate this issue,
CdS is often combined with other semiconductors to reduce the degradation [199,200].

In one study [201], CdS-TiO, photocatalysts supported on fiberglass cloth (FGC) were
evaluated for benzene degradation, with varying CdS nanoparticle concentrations. UV-Vis
absorption spectra revealed that higher CdS concentrations increased the adsorption ca-
pacity of CdS-TiO, photocatalysts. Photocatalytic benzene removal was tested under both
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UV-Vis and visible light. Under UV-Vis radiation (Figure 27a), increased CdS nanoparticle
content initially enhanced photocatalytic activity, peaking at 0.005 M with a degradation
efficiency of 92.8%. Beyond this concentration, activity declined. Under visible light
(Figure 27b), all CdS-TiO, samples outperformed TiO, alone, with optimal CdS concentra-
tion at 0.005 M, achieving a maximum degradation efficiency of 32.7%. The activity was
lower under visible light as only CdS could photogenerate electrons in this range. Since
the conduction band of CdS is positioned below that of TiO,, electron transfer from CdS
to TiO; is facilitated, while holes accumulate at the CdS valence band, enhancing charge
separation and photocatalytic efficiency. Excessive CdS, however, can create recombination
centers, reducing the activity [201] (Figure 27).
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Figure 27. Photocatalytic efficiency for the degradation of benzene using TiO,@FGC, CdS@FGC,

and CdS/TiO,@FGC containing different amounts of CdS under UV-visible (a) and visible light (b)
irradiation [201].

Another investigation synthesized TiO, shells on CdS nanorods (CdS@TiO,) to study
phenol degradation under visible light [202]. All CdS@TiO, samples exhibited superior
photocatalytic efficiency compared to untreated CdS, with the optimal configuration using
2 mL of titanium tetrabutoxide as the Ti precursor. The enhanced efficiency was attributed
to the effective heterojunction between CdS and TiO,, promoting charge separation. Photo-
luminescence measurements confirmed this by showing reduced intensity in CdS@TiO,
samples, indicative of a lower recombination rate for charge carriers [202].

Compared to other high-performance photocatalysts like platinum or other noble
metal-based materials, CdS is relatively inexpensive to synthesize, but cadmium is a toxic
heavy metal, and CdS-based photocatalysts could pose environmental and health risks
if not handled or disposed of properly. CdS tends to undergo photocorrosion under
UV irradiation, which limits its long-term stability and photocatalytic efficiency. This
degradation occurs due to the dissolution of Cd?* ions from the material’s surface. The
potential leaching of cadmium ions into the environment raises concerns, especially in
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long-term applications, making it necessary to address these issues through encapsulation
or composite strategies.

9. Metal-Organic Frameworks

Metal-organic frameworks (MOFs) represent a unique class of materials composed
of metal ions or clusters coordinated to organic ligands, forming a highly porous three-
dimensional structure. Their exceptional surface area, tunable pore sizes, and chemical
versatility make them highly attractive for various photocatalytic applications. The porous
nature of MOFs allows for the efficient adsorption of reactants, while their intrinsic proper-
ties can be engineered by altering the metal centers or organic linkers, enabling tailored
photocatalytic performance [203].

Research on MOFs started in the 1990s when researchers synthesized highly porous
materials like MOF-5, developed by Omar M. Yaghi in 1999. The focus during this period
was primarily on their gas storage and separation capabilities. However, the highly ordered
structures and tunable pore sizes of MOFs hinted at their potential for other catalytic
processes, including photocatalysis. A breakthrough occurred when researchers identified
the potential of using organic ligands in MOFs as light-harvesting centers. By tailoring
the conjugation of the ligands or incorporating metal-organic chromophores, MOFs could
be engineered to exhibit strong visible light absorption, expanding their utility in solar-
driven processes.

Metal-Organic Frameworks (MOFs) can exhibit photocatalytic properties, but their
intrinsic efficiency often requires enhancement through functionalization. Certain MOFs,
particularly those with metal centers like Ti [204], Zr [205], and Fe [206] and organic
linkers capable of absorbing UV or visible light, can act as photocatalysts on their own;
however, they are typically limited by the rapid recombination of electron-hole pairs. To
improve their photocatalytic performance, MOFs are commonly functionalized or modified.
Techniques include doping with metals or non-metals, such as Ti or graphitic carbon
nitride [207], to enhance light absorption and facilitate electron transfer, or incorporating
semiconductor nanoparticles like TiO; [208] or ZnO [209] to utilize their photoactive
properties while retaining the high porosity of MOFs. Additionally, modifications to organic
linkers can extend light absorption toward the visible range and introduce active sites for
desired reactions. In essence, although MOFs have inherent photocatalytic potential,
functionalization is frequently necessary to maximize their efficiency and make them more
competitive with traditional photocatalysts [210].

The potential applications of MOFs in photocatalysis are diverse and promising. They
have been extensively studied for environmental remediation [203], particularly in the
degradation of organic pollutants and dyes under visible light [211]. Additionally, MOFs
are being explored for hydrogen production [212] through photocatalytic water splitting
and for carbon dioxide reduction into useful chemicals, offering a pathway to address
global energy and environmental challenges. Recent advancements in the synthesis and
functionalization of MOFs have expanded their applicability, making them a compelling
choice for future photocatalytic technologies. As research progresses, MOFs are likely
to play a significant role in developing sustainable photocatalytic systems for various
industrial and environmental applications (Table 4).

When compared to competitor photocatalytical materials, MOF possesses a higher
surface area (up to 7000 m?/g) and porosity, allowing for enhanced adsorption of reactant
molecules. Moreover, their modular design allows for better control of bandgap, light
adsorption, and overall catalytic activity. This means that, for example, MOFs can be
engineered to absorb visible light by incorporating photoactive organic ligands or metal
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centers, making them highly efficient for solar-driven photocatalytic processes or that they
can be tuned to target specific pollutants or be focused on the conversion of CO5.

Table 4. Common MOF in photocatalysis, structures, and examples of their applications.

MOF Name Structure Applications References
Composed of zinc oxide clusters and . . .

MOE-5 terephthalate linkers Photocatalytic degradation of organic pollutants [213]

ZIF-8 Zinc 1m1dazola}te framework with a CO; conversion, degradation of pollutants [214-216]
sodalite topology
Titanium-based framework with a . .
MIL-125 paddle-wheel structure Photocatalytic degradation of dyes and pollutants [217,218]
. Zirconium-based with a . .

UiO-66 octahedral topology Photocatalytic degradation of dyes and pollutants [219]
NH2-MIL-125  Amino-functionalized variant of MIL-125  Photocatalytic degradation of dyes and pollutants [220,221]
ZIF-67 Cobalt imidazolate framework Photocatalytic degradation of dyes and pollutants [222,223]

. . . Photocatalytic CO,
MOF-808 Zirconium-based with a fcu topology reduction, degradation of pollutants [224,225]
The MIL-53 structure consists of
inorganic [M-OH] chains, which are
MIL-53 connected to four neighboring inorganic =~ Photocatalytic degradation of dyes and pollutants [226-228]
chains by therephthalate-based
linker molecules
Copper-based with a . .
Cu-BTC Photocatalytic degradation of pollutants [229]

three-dimensional structure

Despite the advantages, the large-scale use of MOFs is limited by various factors,
including their limited thermal, chemical, and photostability, especially under harsh envi-
ronmental conditions. Moreover, the synthesis of MOFs requires complex procedures, high
costs, and strict conditions, making large-scale production more challenging. The low quan-
tum efficiency of many MOFs, due to limited photon utilization, remains also a significant
challenge in competing with traditional photocatalysts for large-scale applications.

10. Perovskite Nanomaterials

The study of perovskite materials for photocatalysis began gaining significant attention
in the early 2000s, but the broader interest in perovskites dates back to their discovery in the
19th century and their initial use in electronic and optical applications in the 20th century.
The turning point for perovskites in photocatalysis occurred after 2010, following the surge
of interest in perovskite-based solar cells. Research into perovskites for photocatalysis
began with studies of metal oxide-based perovskites, such as barium titanate (BaTiO3) and
strontium titanate (SrTiOs). These materials demonstrated potential for applications like
water splitting and pollutant degradation, though their UV-light activation limited broader
applications. The breakthrough in hybrid perovskite materials like methylammonium lead
halides (e.g., CH3NH3Pbl3) for solar cells sparked an explosion of research into their optical
and electronic properties. Soon after, their potential for photocatalysis, particularly under
visible light, was explored.

In the mid-2010s, researchers began optimizing perovskite materials for photocatalytic
applications, focusing on improving their stability, charge carrier dynamics, and scalability.
This period also saw the exploration of lead-free and fully inorganic perovskites to address
toxicity and stability challenges.

Perovskite photocatalytic nanomaterials have emerged as an innovative class of mate-
rials in the field of photocatalysis, particularly due to their unique crystal structure, which
enables remarkable light absorption and efficient charge carrier dynamics. These materials,
characterized by the general formula ABX3, where A and B are cations and X represents an



Appl. Sci. 2025, 15,1629

40 of 60

anion, can be composed of a variety of elements, allowing for tunable properties and en-
hanced photocatalytic performance. Perovskites can exist in both organic-inorganic hybrid
forms and fully inorganic forms, with notable examples including methylammonium lead
halides (MAPDbX3) [230] and barium titanate (BaTiO3) [231].

The structure of perovskites facilitates efficient charge separation and transport, which
minimizes recombination losses and enhances the overall photocatalytic activity. Fur-
thermore, the tunability of perovskite materials allows for optimization of their bandgap,
enabling them to effectively harness solar energy for various photocatalytic processes [232].

Perovskite photocatalytic nanomaterials have shown great potential in a range of ap-
plications (Table 5). One of the most significant is in the area of environmental remediation,
where they can effectively degrade organic pollutants, including dyes and pharmaceuticals,
through photocatalytic oxidation. Additionally, they are being actively researched for
applications in hydrogen production through water splitting, offering an efficient pathway
for solar-to-hydrogen conversion. The ability of perovskites to facilitate carbon dioxide
reduction into valuable fuels and chemicals further highlights their versatility and potential
impact in addressing energy sustainability and environmental challenges. With ongoing
advancements in synthesis methods and material engineering, perovskite photocatalytic
nanomaterials are poised to play a pivotal role in future photocatalytic applications.

Table 5. Common perovskites in photocatalysis, structures, and examples of their applications.

Perovskite Material

Structure Applications References

CH;NH;Pbl,
CsPbBr3

MAPbBr3
CspAgBiBrg
BaTiO;

SrTiO;

KTaO3

LaTiO;
MAPbI;

Organometal halide perovskite with a

cubic structure CO; reduction [233,234]

Photocatalytic degradation of organic

Inorganic perovskite with a cubic lattice pollutants, CO, reduction [235,236]
Methylammonium lead bromide with a Photocatalytic CO, reduction,
. [237-239]
tetragonal structure dye degradation

Layered perovskite structure Photocatalytic hydrogen production [240]

Classic perovskite structure Photocatalytic degradahf)n of pollutants, [241,242]
CO, reduction

Titanium-based perovskite CO; reduction, degradation of pollutants [243-245]
Potassium tantalate perovskite Photocatalytic degradation of pollutants [246-248]
Lanthanum titanate perovskite Photocatalytic degradation of pollutants [249,250]
Doped organometal halide perovskite Photocatalytic degradation of pollutants [239,251]

Perovskite materials exhibit excellent light-harvesting capabilities due to their tunable
bandgap and high absorption coefficients, making them highly efficient under visible light.
This gives them an advantage over traditional photocatalysts like TiO,, which primarily
rely on UV light for activation. The crystal structure of perovskites facilitates efficient
charge separation and transport, reducing electron-hole recombination. This leads to
enhanced photocatalytic activity compared to other materials with less efficient charge
dynamics. Moreover, perovskites can be engineered with a wide variety of compositions
(organic-inorganic hybrids, all-inorganic) to tailor properties such as bandgap, stability, and
catalytic efficiency. This tunability is more versatile compared to fixed-structure materials
like TiO, or ZnO.

Many perovskites can be synthesized using relatively low-temperature and solution-
based methods, making them more cost-effective and scalable compared to some metal
oxide-based photocatalysts.

One of the most significant drawbacks of perovskites, particularly hybrid organic-
inorganic forms, is their susceptibility to degradation under environmental conditions such
as moisture, UV light, and high temperatures. This is a critical limitation compared to
more robust materials like TiO, and ZnO. Moreover, many high-performance perovskites,
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such as lead-based halide perovskites, pose environmental and health risks due to their
lead content, and the decomposition of hybrid perovskites can release harmful byproducts,
including organic residues, which may offset the environmental benefits of their use. This
limits their applicability unless non-toxic alternatives are developed.

Additionally, while laboratory-scale synthesis is relatively straightforward, scaling up
the production of perovskite materials for commercial applications remains challenging,
especially while maintaining performance and stability.

11. Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) have been studied since the mid-20th century,
primarily for their unique electronic, optical, and mechanical properties. These materials
are represented by the chemical formula MX;, where “M” is a transition metal (e.g., Mo,
W, Ti) and “X” is a chalcogen (S, Se, or Te). TMDs consist of layered structures where
transition metal atoms are sandwiched between two layers of chalcogen atoms, forming
weakly bonded van der Waals layers, which can be exfoliated into two-dimensional (2D)
sheets. Early works focused on bulk materials like molybdenum disulfide (MoS,) and
tungsten disulfide (WS,), particularly for their potential as solid lubricants due to their
layered, easily sheared structures. Interest in TMDs expanded during the 1970s and
1980s, driven by their potential as semiconductors for photovoltaic and optoelectronic
applications. Researchers discovered that certain TMDs, such as MoS, and WSe;y, exhibit
direct or indirect bandgaps depending on their thickness, making them attractive for light-
harvesting applications. Their catalytic properties, particularly in hydrogen evolution
reactions, also gained attention during this period.

The isolation of graphene in 2004 reignited interest in layered materials, including
TMDs. Researchers began investigating their 2D forms, discovering that monolayer TMDs
exhibit unique properties distinct from their bulk counterparts. For example, monolayer
MoS, transitions from an indirect bandgap (bulk) to a direct bandgap (~1.8 eV), making it
highly efficient for optoelectronic devices.

TMDs have shown great promise in various photocatalytic applications (Table 6).
One of the most notable is in hydrogen production, where materials like MoS, and WS,
have demonstrated significant capabilities for photocatalytic water splitting. They can
also efficiently degrade organic pollutants, such as dyes and volatile organic compounds
(VOCs), through photocatalytic oxidation processes. Additionally, TMDs are being explored
for carbon dioxide reduction, where they can convert CO; into valuable hydrocarbons,
highlighting their potential in addressing both energy and environmental challenges.

Table 6. Common TMDs materials in photocatalysis, structures, and examples of their applications.

TMD Material Structure Applications References
MoS; Layered structure with a hexagonal crystal lattice =~ CO, reduction, degradation of pollutants [252-255]
WS, Layered structure similar to MoS, CO, reduction, degradation of pollutants [256-258]
. Layered structure with a distorted . .
TiS, octahedral coordination Photocatalytic degradation of pollutants [259,260]
MoSe, Layered structure with hexagonal symmetry CO, reduction, degradation of pollutants [261-263]
WSe, Layered structure with hexagonal lattice CO; reduction, degradation of pollutants [264,265]
ReS, Layered structure with hexagonal symmetry CO; reduction, degradation of pollutants [266]
ZrS, Layered structure with hexagonal symmetry Organic pollutant degradation [267-269]
Layered structure with a distorted .
VS octahedral coordination Dye degradation [270,271]
SnS, Layered structure with hexagonal symmetry Photocatalytic degradation of pollutants [271,272]

The layered structure of TMDs, especially in their exfoliated 2D form, provides an
extremely high surface area, increasing the number of active sites available for photocat-
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alytic reactions. This enhances their ability to interact with and degrade air pollutants like
volatile organic compounds (VOCs) and nitrogen oxides (NOx). Moreover, TMDs exhibit
strong absorption across a broad spectrum of light, including visible light. This property
enables the efficient generation of electron-hole pairs for photocatalytic activity.

Many TMDs, such as MoS; and WS;, are also chemically stable under ambient condi-
tions and resistant to oxidation. This makes them durable in environmental applications,
including prolonged exposure to polluted air and light irradiation.

Recent advances in synthesis methods, such as chemical vapor deposition (CVD)
and hydrothermal techniques, allow for relatively scalable and controllable production of
TMDs, making them more accessible for large-scale applications than other competitors.

TMDs often suffer from rapid recombination of photogenerated electron-hole pairs,
which can limit their photocatalytic efficiency. Strategies like doping or forming hetero-
junctions are often required to mitigate this issue, but this adds additional complications
to the process. Moreover, the efficiency of TMDs as photocatalytic materials relies mainly
on their structure, and obtaining defect-free monolayers can be challenging, particularly
for large-scale productions. Moreover, certain TMDs, particularly in their 2D form, can
degrade under prolonged light irradiation or in reactive environments. For instance, pho-
toinduced oxidation or sulfide leaching may occur in materials like MoS,, reducing their
long-term stability. Moreover, potentially toxic metals like Mo or W can be leached into the
environment following TMDs’ degradation.

12. Applications

Photocatalytic nanomaterials are actively finding roles in practical applications for
VOC removal, especially in air purification systems that target pollutants in both indoor
and outdoor environments. Titanium dioxide (TiO;) is widely applied in consumer-grade
air purifiers, HVAC systems, and surface coatings due to its ability to break down VOCs
like formaldehyde, benzene, and toluene under light exposure. TiO,-coated surfaces
are increasingly used in hospitals, schools, and public spaces to maintain clean air qual-
ity, as these coatings can continuously degrade airborne VOCs in the presence of light.
Advances in TiO, modification, including doping with metals or integrating with visible-
light-responsive semiconductors, have expanded its use indoors where natural light is
limited. This has led to the commercialization of visible-light active TiO;, products, such as
wall and ceiling panels, that actively reduce VOC concentrations in residential and office
spaces, directly addressing air quality issues without requiring complex machinery.

Carbon-based materials, such as graphene and carbon nanotubes (CNTs), are used to
enhance the performance of air purification devices and VOC capture systems. These mate-
rials, when combined with other photocatalysts, improve charge separation and increase
the surface area available for VOC adsorption and degradation. Carbon-TiO, composites
are now featured in advanced air purifier filters, providing a dual-function system that
captures VOCs effectively while degrading them through photocatalysis. Graphene-based
photocatalytic filters are also gaining traction in HVAC systems for commercial buildings,
airports, and malls, where large volumes of air need to be processed continuously. This
application is especially valuable for reducing indoor pollution levels in high-traffic areas
where VOC levels can accumulate due to limited ventilation. Additionally, CdS-based
composites, while less common due to stability issues, have found niche applications in
industrial VOC treatment, such as air scrubbers for chemical processing plants where CdS’s
visible-light activation can be efficiently used under controlled conditions.

More advanced materials like metal-organic frameworks (MOFs), perovskites, and
transition metal dichalcogenides (TMDs) are pushing the boundaries of photocatalytic air
purification technology. MOFs, with their high porosity and tunability, are being devel-
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oped into filters and adsorbents tailored for high-performance VOC removal, especially in
environments with sensitive air quality requirements like museums, archives, or pharma-
ceutical facilities. MOF-coated air filters can target specific VOCs based on the framework’s
design, offering highly selective purification for applications where traditional filters may
fall short. Perovskites, known for their excellent light absorption, are being tested in photo-
catalytic coatings for outdoor building facades and public infrastructure to combat urban
pollution by degrading VOCs emitted from traffic and industry. Although their practical
application is still limited due to stability challenges, perovskite-based photocatalysts could
soon contribute significantly to air quality management in urban areas. TMDs, such as
MoSy,, are also being explored for industrial VOC treatment applications, where their strong
visible-light absorption can be applied in large-scale photoreactors for factories or waste
treatment facilities. By leveraging their high catalytic efficiency, TMD-based systems offer
promising solutions for settings with high VOC emissions, providing cleaner air through
enhanced photocatalytic degradation.

13. By-Products and Degradation in Photocatalysis

While the potential formation of by-products during photocatalytic reactions is ac-
knowledged in the current study, a more detailed discussion is warranted. By-products,
including secondary chemical intermediates and reaction products, can be generated de-
pending on the nature of the substrate, catalyst, and reaction conditions. These by-products
may affect the overall efficiency of the process, reduce selectivity, or introduce environmen-
tal and health risks [79].

In this context, potential by-products such as reactive oxygen species (ROS) [273],
organic degradation products, and metal leaching from catalysts should be considered.
ROS, such as hydroxyl radicals (-OH) and superoxide anions (O;-7), are often formed
during photocatalysis and can lead to secondary oxidation products that may be toxic
or difficult to remove. Organic substrates undergoing incomplete oxidation can produce
intermediate compounds like aldehydes, ketones, or carboxylic acids, which could pose
environmental hazards or interfere with the desired photocatalytic process.

Other examples of by-products include the formation of oxygenated species such
as hydrogen peroxide (H,O;) from humid air, which, if not properly handled, can cause
further degradation or undesired reactions [274]. In some photocatalytic processes, the
photoreduction of substrates may lead to the production of toxic substances such as heavy
metal ions or halogenated compounds when halide-containing substrates are used.

To mitigate the formation of undesired by-products, several strategies can be employed.
First, optimizing reaction conditions such as light intensity and temperature can help
control reaction pathways and reduce the formation of secondary products. Additionally,
the use of more stable and selective photocatalysts [275,276], such as those with improved
electronic properties or better surface characteristics, can help minimize side reactions.

The degradation of photocatalytic nanomaterials is another critical factor to consider,
as it directly impacts the stability, reusability, and environmental implications of these
systems [277]. Prolonged photocatalytic reactions or harsh operational conditions, such as
exposure to intense light, high temperatures, or extreme pH, can lead to the breakdown or
structural modification of nanomaterials [278]. This degradation often results in reduced
photocatalytic efficiency over time and the release of nanoparticles or dissolved ions into
the surrounding environment.

One of the most common risks associated with nanomaterial degradation is the leach-
ing of metal ions from catalysts. For example, photocatalysts containing metals like titanium
(Ti), zinc (Zn), or silver (Ag) may release these ions when exposed to reactive oxygen species
(ROS), acidic or basic conditions, or prolonged irradiation [279]. The leached ions can have



Appl. Sci. 2025, 15,1629

44 of 60

toxic effects on aquatic ecosystems, as they may accumulate in organisms or interfere with
biochemical pathways. In particular, silver ions (Ag*) and zinc ions (Zn?*) are known
to exhibit cytotoxic effects, even at low concentrations, potentially posing risks to both
environmental and human health.

In addition to metal leaching, the structural degradation of nanomaterials can lead
to the generation of nanoscale fragments, including smaller nanoparticles or amorphous
residues [280,281]. These fragments may exhibit different physicochemical properties com-
pared to the original material, such as higher mobility or increased reactivity. For example,
reduced particle size can enhance the penetration of nanoparticles into biological tissues,
raising concerns about bioaccumulation and cytotoxicity. Studies have indicated that cer-
tain degraded nanomaterials can trigger oxidative stress, inflammation, or genotoxicity
in living organisms, underscoring the need for a thorough assessment of their long-term
environmental and biological impacts.

Another risk stems from surface modifications of nanomaterials due to photocorrosion
or fouling. During photocatalysis, photoinduced reactions can alter the surface chemistry
of catalysts, leading to the loss of active sites or the accumulation of contaminants. This not
only diminishes the photocatalytic performance but may also promote the formation of un-
intended by-products, as fouled surfaces may catalyze unselective reactions. Furthermore,
the altered surfaces of degraded nanomaterials could interact with biological membranes
or macromolecules in unforeseen ways, introducing additional risks to ecosystems and
human health.

14. Cost and Economic Feasibility

The integration of nanomaterials, particularly TiO,-based catalysts, into photocatalytic
air purification technologies offers significant potential to enhance indoor air quality. These
materials are capable of degrading a wide range of pollutants, including volatile organic
compounds (VOCs), bacteria, and particulate matter.

While the environmental and health benefits of improving indoor air quality are
clear, the widespread adoption of photocatalytic air purification technologies faces several
barriers, primarily cost and economic feasibility. For any technological advancement to
transition from a research concept to a real-world application, a thorough economic evalua-
tion is essential. This section explores the key factors influencing the cost of implementing
nanomaterials in photocatalytic oxidation processes and provides a comprehensive analysis
of their economic feasibility. However, it will not delve deeper into the detailed aspects of
economic balance, such as return on investment (ROI), market dynamics, or cost-benefit opti-
mization, as these topics require specialized expertise and would likely warrant a full paper
dedicated to this subject [282]. Instead, the focus here is on the primary cost-related challenges
and the general feasibility of incorporating nanomaterials into real-world applications.

14.1. Material Costs: Sourcing and Synthesis of Nanomaterials

The first and most immediate factor influencing the cost of nanomaterial-based photo-
catalysts is the synthesis and procurement of the materials themselves. Titanium dioxide
(TiOy), the most commonly used photocatalyst, is widely available and relatively inex-
pensive [283,284] compared to other nanomaterials such as carbon-based materials (e.g.,
graphene), and more exotic catalysts like CeO, [285]. However, the specific synthesis
methods required to enhance the photocatalytic properties—such as doping TiO; with
metals (e.g., silver or copper) or non-metals (e.g., nitrogen)—can increase costs significantly.
These methods often require precise control of reaction conditions, advanced equipment,
and the use of rare or expensive precursors. For example, doping with noble metals such
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as platinum or palladium introduces high material costs, which could be prohibitive for
large-scale applications [286].

Furthermore, the synthesis of carbon-based nanomaterials, which are increasingly
being explored for their superior adsorption properties, results in higher costs due to the
complexity of their production processes [287]. These materials are often produced via
chemical vapor deposition or other high-temperature methods, which are energy-intensive
and require significant technical expertise. In addition to raw material costs, the scale-
up of production processes from laboratory to industrial scale often requires significant
investment in infrastructure, which could further elevate costs.

14.2. Manufacturing and Processing Costs

Once the nanomaterials are synthesized, they must be incorporated into the photo-
catalytic system. This can be done through various methods such as coating materials on
substrates, incorporating them into building materials like concrete, or producing them
into ready-to-use filters and air purifiers. The manufacturing processes required for such
integrations often involve specialized techniques like sol-gel methods, chemical vapor
deposition, or electrospinning. These processes can be costly due to the need for advanced
machinery, precise control over deposition parameters, and post-processing steps to ensure
the stability and effectiveness of the photocatalytic coating.

In the case of integration into building materials (e.g., concrete, glass, or wallpaper),
additional costs arise from the necessity to modify existing manufacturing processes to
accommodate the nanomaterials. For example, incorporating TiO, nanoparticles into
cement or concrete formulations may require the use of high-quality raw materials and
advanced mixing techniques, which can increase the overall production cost of these
building materials [288]. Moreover, incorporating photocatalytic materials into paints
and coatings [105] requires careful consideration of the longevity and effectiveness of the
material over time, adding to both the cost and complexity of production.

14.3. Operational and Maintenance Costs

While the use of photocatalytic materials in air purifiers, paints, and building materials
has the potential to reduce energy consumption and maintenance requirements compared
to traditional filtration systems, there are still operational costs to consider. For instance,
photocatalytic oxidation processes require the presence of light to activate the photocatalyst.
This means that in dark or low-light environments, supplementary lighting systems may be
necessary to ensure that the photocatalysts remain active, adding to the operational energy
cost. The energy efficiency of photocatalytic air purifiers, therefore, depends on the intensity
and duration of light exposure, which can vary depending on the installation setting.

Furthermore, the longevity and effectiveness of the photocatalytic materials are critical
for assessing long-term economic viability. Over time, photocatalysts may lose their activity
due to factors such as particle agglomeration, surface poisoning, or deactivation [289].
This necessitates periodic maintenance, which may involve replacing or regenerating the
photocatalytic materials. Regeneration techniques, such as heating or ultraviolet (UV) light
treatment, may reduce the frequency of replacement but still incur additional operational
costs. The cost of maintaining or replacing photocatalytic materials should be factored into
the overall lifecycle cost analysis.

14.4. Cost-Benefit Analysis: Health and Environmental Impact

One of the major drivers for the adoption of nanomaterial-based photocatalytic air
purification systems is the potential improvement in indoor air quality, which has direct
and indirect economic benefits. By improving indoor air quality, photocatalytic systems
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could help reduce the incidence of these health issues, thereby reducing healthcare costs
and improving productivity, particularly in commercial and residential buildings.

Additionally, the environmental benefits of photocatalytic air purification systems,
such as reducing the emission of volatile organic compounds (VOCs) and particulate matter,
can also have long-term economic advantages. For example, reducing VOCs can lower
the risk of environmental pollution and the associated costs of remediation. However,
quantifying these benefits in monetary terms requires extensive research and data collection,
which appears to not be available yet.

14.5. Commercialization Challenges

The commercialization of nanomaterial-based photocatalytic systems faces several
challenges, including market competition, consumer acceptance, and regulatory hurdles.
Although the demand for clean indoor air is high, many consumers are unaware of the
benefits of photocatalytic air purifiers or are hesitant to adopt new technologies due to
perceived high costs. In addition, regulatory standards for the safety and efficacy of
nanomaterials in consumer products are still evolving. Manufacturers must comply with
regulations concerning the use of nanomaterials, which may increase both the time and
cost required to bring products to market.

The high initial investment required for developing commercial-grade photocatalytic
air purifiers and building materials could also deter potential investors. To overcome this,
manufacturers may need to partner with government agencies or research institutions to
secure funding or subsidies, particularly in regions where air quality is a significant concern.
This can help offset the high upfront costs and make the technology more accessible to a
wider audience.

15. Future Developments

The future of photocatalytic nanomaterials for VOC removal lies in developing mate-
rials that are more efficient, durable, and tailored to specific environments and pollutants.
One key area of development is the enhancement of visible-light-responsive photocata-
lysts, allowing them to operate effectively under ambient or indoor lighting conditions.
Current research is focused on doping strategies, co-catalyst incorporation, and material
hybridization to enable a wider range of nanomaterials—such as TiO,, CdS, and MOFs—to
be responsive to visible light, which comprises the majority of natural light. For example,
advanced TiO;-based composites doped with elements like nitrogen, carbon, or sulfur are
already showing promise for effective VOC degradation under visible light, which could
lead to energy-efficient air purifiers suitable for residential and commercial use.

Another promising development is the design of multifunctional photocatalysts that
go beyond mere VOC degradation, enabling simultaneous antibacterial activity, odor
elimination, and even CO, reduction in indoor spaces. This multifunctionality could be
achieved by integrating different types of photocatalysts, such as combining TiO, with
silver nanoparticles for antibacterial properties or coupling MOFs with perovskites for CO,
capture and VOC degradation. These systems could be applied in “smart” coatings and
filters for buildings, which not only remove harmful VOCs but also respond dynamically
to other pollutants and pathogens, adapting to real-time air quality demands.

Stability and environmental sustainability are additional challenges that future de-
velopments aim to address, particularly with newer materials like perovskites and TMDs,
which can suffer from stability issues under long-term exposure to light and humidity.
Researchers are exploring encapsulation techniques and protective coatings that maintain
the photocatalytic activity of these materials while extending their operational life, making
them more viable for real-world applications. This work could open the door for high-
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performance perovskite and TMD-based photocatalytic materials to be widely adopted for
outdoor air purification, targeting urban pollution sources such as vehicle emissions and
industrial VOCs.

Finally, scalability and real-time monitoring will play crucial roles in the future adop-
tion of photocatalytic systems for air purification on a larger scale. Advanced manufactur-
ing techniques, such as 3D printing and roll-to-roll processing, are making it possible to
fabricate large-scale photocatalytic materials with precise structural control. These methods
could lead to the widespread implementation of photocatalytic coatings on building facades
and public infrastructure. Coupled with IoT (Internet of Things) technology, photocatalytic
systems of the future could feature real-time monitoring and adaptive responses to VOC
levels, automatically adjusting performance based on air quality data.

16. Conclusions

Photocatalytic nanomaterials have demonstrated significant potential for VOC re-
moval, offering promising solutions to improve air quality across a wide range of appli-
cations. Materials like TiO,, carbon-based nanocomposites, MOFs, and emerging semi-
conductors such as perovskites and TMDs provide various advantages, from stability to
responsiveness under visible light. Research in this field has advanced the efficiency of
these materials, allowing for targeted applications, including air purification systems, sur-
face coatings, and industrial air treatment. However, several challenges remain, especially
around the stability of certain photocatalysts (such as perovskites and CdS), the limited
visible-light responsiveness of conventional catalysts, and the need to balance performance
with environmental sustainability. Despite these issues, the progress in doping, hybridiza-
tion, and surface modifications suggests a promising future where these materials could be
further optimized for both effectiveness and durability.

Looking forward, the development of multifunctional photocatalysts capable of de-
grading VOCs while simultaneously capturing CO,, neutralizing pathogens, or even
providing self-cleaning functions, presents an exciting frontier for the field. Advanced
composite materials combining, for instance, TiO, with silver for antibacterial effects, or
MOFs with engineered porosity for VOC selectivity, could transform indoor and outdoor
air purification approaches. Further work on real-time responsive systems will also enhance
the applicability of photocatalytic nanomaterials in smart cities, where sensor-linked adap-
tive air purification could respond dynamically to changing pollution levels. Additionally,
implementing scalable fabrication methods and environmentally friendly synthesis will be
crucial to bringing these materials from the laboratory to real-world applications at scale.

In summary, photocatalytic nanomaterials represent a crucial advancement in air
purification technology, addressing pressing environmental needs in both urban and indus-
trial settings. As research continues to push the boundaries of these materials’ capabilities,
we move closer to a future where air quality can be continuously monitored and improved
through advanced, sustainable technologies. Addressing current limitations in stability,
efficiency under visible light, and environmental impact will be essential to realize the full
potential of these systems, making them integral to next-generation pollution control and
environmental health solutions.

17. Limitations of This Review

One of the key limitations of this study is the lack of consideration regarding legal and
environmental regulations surrounding the use of nanomaterials, particularly in consumer
products or closed environments. While this review focuses on the photocatalytic potential
of nanomaterials, the safety and regulatory frameworks provided by authorities such as
the European Union (EU), the World Health Organization (WHO), and the Environmental
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Protection Agency (EPA) play a crucial role in determining the feasibility of implementing
these technologies in real-world applications. The complexity of these regulations, com-
bined with the evolving understanding of nanomaterial toxicity and environmental impact,
is an area that requires expertise beyond the scope of this study.

Another limitation of this study is the absence of detailed comparative data, such as
tables or graphs, that compare the performance of various nanomaterials under identical
conditions. While the review aims to present the most adequate and comparable data
available from existing studies, the reality is that different materials have been tested
under highly variable conditions, such as differing light intensities, humidity levels, and
pollutant concentrations. Due to these disparities, it would be impractical to generate new,
standardized data for all materials solely for the purpose of this review.

A further limitation of this study is the lack of consideration for real-world conditions
of use for photocatalytic nanomaterials. While laboratory tests are crucial for understanding
the fundamental photocatalytic properties of these materials, they often do not accurately
replicate the complex environmental conditions found in residential or commercial build-
ings, such as varying temperatures, air circulation, or pollutant concentrations. These
factors can significantly influence the effectiveness of photocatalysis in practical applica-
tions. It is important to note that while we possess real-world data for a few materials, the
vast majority of the solutions reviewed in this article are still under development.
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Abbreviations
AC Activated Carbons
ACF Activated Carbon Fibers

AOP Advanced Oxidation Process
CNQDs  Graphitic Carbon Nitride Quantum Dots
CQDs Carbon Quantum Dots

GO Graphene Oxide

HVAC Heating, Ventilation, and Air Conditioning
TIAQ Indoor Air Quality

IoT Internet of Things

IR Infrared

MOFs Metal-Organic Frameworks
PM Particulate Matter

PTFE Polytetrafluoroethylene

RE Rare Earth

ROI Return of Investment

ROS Reactive Oxygen Species
rGO Reduced Graphene Oxide
SBS Sick Building Syndrome

TMD Transition Metal Dichalcogenides

TNT TiO, Nanotubes

USPNT  Uniformly Structured Photocatalytic Nanotubes
uv Ultraviolet

VOCs Volatile Organic Compounds
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