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Preface

It is a great pleasure to introduce a special issue of Springer Book containing
promising photocatalysis methods for environmental remediation and energy conver-
sion. Authors with educational backgrounds in material science and chemical engi-
neering have contributed to the chapters in this book. The chapters have reviewed
some crucial applications in photocatalytic methods for organic pollutant degrada-
tion, air purifier, nitrogen fixation to generate ammonia, CO, reduction reactions,
and water splitting. Chapter “Photocatalytic and Adsorptive Removal of Liquid
Textile Industrial Waste with Carbon-Based Nanomaterials” discusses the promising
carbonaceous materials with different semiconductor nanomaterials for degrading
organic pollutants such as textile dyes. The chapter also indicates the benefits
of the photocatalysis method and the drawbacks of traditional wastewater treat-
ments in industries. Chapter “Syntheses and Applications of Nanomaterials-Based
Photocatalysts for Air Purification” shows the prospective photocatalytic treatment
of polluted air using filters with different semiconductors. Some critical works
on famous TiO;, C3N4Zn0O, ZnS, and WO; have been reviewed. The essential
ideas of photocatalysis heterojunctions with nitrogen reduction reaction mechanism,
ammonia production techniques, and the existing advantages are mainly discussed
in Chapter “Photocatalytic Nitrogen Fixation on Semiconductor Materials: Funda-
mentals, Latest Advances, and Future Perspective”. Some of the thermodynamic and
reaction kinetics of photocatalytic CO, reduction using different types of photocata-
lysts for CO; reduction are discussed in depth by considering metallic, non-metallic,
and composite systems in Chapter “A Recent Review on Photocatalytic CO, Reduc-
tion in Generating Sustainable Carbon-Based Fuels”. Furthermore, Chapter “Semi-
conductor-Based Photocatalytic Oxygen Evolution Performance for Water Splitting:
Light-Driven Energy Conversion and Storage” introduces the difficulties in oxygen
evolution reaction (OER) in a water-splitting (WS) process, which are also thor-
oughly discussed since OER is a sluggish process that determines the whole WS
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reaction efficiency. Based on the discussion on this issue, it is expected to stimulate
further discussion and research in nanomaterials to advance the photocatalysis field

with more applications.

Medan-North Sumatera, Indonesia Dr. Hairus Abdullah
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Photocatalytic and Adsorptive Removal )
of Liquid Textile Industrial Waste e
with Carbon-Based Nanomaterials

Andromeda Dwi Laksono, Retno Damastuti, Nur Layli Amanah,
Muhammad Hawary Assa, Yichia Cheng, Lusi Ernawati, Agung Nugroho,
and Hairus Abdullah

Abstract Textile industry wastewater is considered one of the most terrible sources
of pollution to our precious aquatic environment because it is mutagenic, carcino-
genic, cytotoxic, and other genotoxic to natural compounds. This literature review
collects and investigates the latest available research on photocatalytic wastewater
or organic pollutant degradation using carbon-based materials in textile industrial
wastewater treatment. Materials such as carbon have been used in several studies to
enhance photocatalytic performance due to superior properties such as small particle
size, high specific surface area-to-volume ratio, high reactivity, excellent chemistry,
high thermal stability, wide availability, and catalytic potential on the nanoscale.
Heterojunction formation is one of the most effective methods for increasing charge
separation efficiency and reducing photogenerated electron—hole pair recombina-
tion. There are many ways to increase the photocatalytic performance for carbon-
based material, such as heterojunction formation, using g-C3Ny or zinc oxide/carbon
nanocomposite as a photocatalyst, surface modification to improve electron transport
efficiency in semiconductor particles, using a green hydrothermal method to synthe-
size a hierarchy of graphene oxide/zinc nanocomposites, and more. Interestingly,
the membrane separation technique explains the removal and recovery of synthetic
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colors from wastewater, which is a potential technical route. Functional composite
membranes integrating photoelectrocatalysis and membrane filtration have been the
subject of recent research. Finally, carbon-based materials are prospective to improve
photocatalytic reaction due to their adsorption capability.

Keywords Wastewater + Photocatalysis + Adsorption + Industry waste - Textile

1 Introduction

1.1 Textile Industry

Contamination of water is presently one of the most severe problems of the world
caused by textile producers’ inability to dispose of their effluent correctly. The textile
industry has a significant role in the world economy and pollution in several locations,
including China and the South African estuaries [1]. Dye-containing sewage is a
significant pollution problem of the environment that also influences human beings
since textile firms create a substantial quantity of vivid wastewater that is tinted,
carrying toxins that stay in the body for a long time [2, 3]. Every year, approximately
around the world, 7 x 107 tons of synthetic dyes are produced, with the textile
sector using over 10,000 tons of these hues [4]. According to their application, dyes,
origin, and structure are frequently categorized into many groups [5]. The most often
used synthetic dyes in textile manufacturing include reactive, mordant, azo, direct,
dispersion, sulfide dyes, base, and acid (Fig. 1). Organic and inorganic fibers used
in the textile manufacturing business include cotton, silk, wool, acrylic, polyamide,
and polyester [6]. Furthermore, textile companies use a range of highly harmful
intoxicants during the manufacturing procedure, including size, softening, desizing,
whitening, and finishing agents [7]. On the other hand, a direct discharge of textile dye
wastewater into aquatic environments such as ponds, lakes, streams, and rivers causes
significant ecotoxicological problems and toxic effects on biological creatures [8, 9].

Textile industry wastewater is regarded as one of the most horrific sources of
pollution to our valuable water and soil environment. It is mutagenic, carcinogenic,
cytotoxic, and genotoxic causing other hopeless hazards to natural compounds.
The textile industry wastewater contains various pollutants (colors), phenol, surfac-
tants, formaldehyde, phthalates, pentachlorophenol, perfluorooctanoic acid destroyer
(PFOA), and several heavy metals such as lead (Pb), arsenic (As), cadmium (Cd),
nickel (Ni), zinc (Zn), and chromium (Cr). The wastewater is available in a high
variety, high pH, biochemical oxygen demand (BOD), chemical oxygen demand
(COD), total suspended solids (TSS), total dissolved solids (TDS), sulfuric acid
salt, chlorides, and total organic carbon (TOC). Appropriate treatment is expected to
safeguard population health and the environment before critical discharge into water
bodies.
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Fig. 1 The industrial potential of several dye groups. Reproduced with permission. [8] Copyright
2022, Elsevier (License Number: 5323471112278)

Treatment of textile industry wastewater is a crucial test since there is no particu-
larly effective treatment for textile industry wastewater. It is critical to nurture innova-
tive, modest, and biological system-friendly advancements to adapt to textile industry
wastewater truly. This review article is undoubtedly wrapped in the altered material
current cycles, the time of sewage, its propensity and designed course of action,
regular consequences and wellness threats, and treatment options available for textile
industry wastewater treatment. It also depicts a variety of top to bottom method-
ologies, snags, major focal points, and prospects for textile industry wastewater
impurities and their metabolites identification and presentation [10].

The textile industry influences the environment in water pollution since it produces
significant volumes of discharges mixed with diverse colors. Effective treatment
processes employing specialized adsorbents or other advanced technologies are
necessary to remove pollutants before discharging wastewater into waterways; they
must be treated.

Standard and engineered colors are two sorts of colors utilized in material mate-
rials, as seen in Fig. 2. The most recent tendency is to discard traditional colors due
to population expansion [11].

To minimize ecosystem degradation and promote sustainability, suitable and effi-
cient administration solutions are essential because of the enormous quantity of
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Fig. 2 Textile colors produced from distinct fibers are classified and utilized in the textile industry
[11]

textile enterprises and dye wastewater. When choosing the optimum treatment tech-
nique, however, the occurrence of various organic and inorganic compounds, their
toxicity, and the applicable discharge onto the environment requirements must all be
considered [12, 13].

Azo hues create a wide range of different forces and types. Corrosive hues are
ideal for silk, nylon, and fleece textures. Cowhide, cosmetic care goods, printing,
and culinary items are all made using it. When metal-complex colors, commonly
used in fleece textures, react with water, they cause cancer [14]. Exact colors that are
solvents in water have been used on rayon, nylon, and cotton fabrics. Basic tones are
frequently used in several types of nylon and polyester texture materials. They are
also utilized in medications as a killing specialty. Receptive hues can benefit both
silk and celluloid fiber materials [11].

Various wastewater treatment procedures, including natural, synthetic, and
genuine medications, are used to remove material colors. Figure 3 depicts a few of the
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Fig. 3 The publication/patent filing is prevalent in the field of textile effluent treatment [11]

most well-known methods for removing colors from material effluents using various
medications. The schemes still work out the arrangements and types of wastewater
in the schemes [11].

Due to the massive water quantities needed in dyeing operations, the textile
industry generates a huge amount of dye effluent [15]. A variety of treatment strate-
gies for removing dye from wastewater samples have been studied. These are chem-
ical oxidation [16, 17], adsorption [18, 19], chemical reduction [20], photodegrada-
tion [21], electrochemical oxidation [22], coagulation—flocculation [23], membrane
separation [24, 25], Fenton oxidation [25, 26], and biological methods [27]. Each
one of these strategies has advantages and disadvantages. The adsorption method has
garnered special attention due to its simplicity, cheap cost, and excellent substance
recovery [28].

Textile effluent is hazardous wastewater that includes toxic complex components
that can cause cancer, among other problems. If not adequately handled, those toxic
components will have a substantial environmental impact, harming human health
and aquatic ecosystems. The current research examines the chemicals and dyes used
in the textile sector. It emphasizes the traditional treatment methods for removing
them from industrial wastewaters, including physical, chemical, hybrid, and biolog-
ical treatments. There is also a look at remote management solutions for remote
water quality monitoring and control based on the Internet of Things. The lack of
a single platform for integrating old treatment methods with modern technologies
has been identified as a significant stumbling block to successful sustainable produc-
tion. Consequently, this study aims to increase the number of feasible solutions by
presenting cost-effective, high-performance combination approaches that promise
future industrial applications (Fig. 4) [11].
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1.2 Chemical Treatment

Chemicals such as PAC, BacEnz, and poly are used in the chemical treatment of dye
effluent. The chemical PAC has the virtue of settling sludge quickly in borosilicate
beakers. Sludge and dye wastewater are separated after chemical treatment [29].
Photocatalytic reactions were also discovered to be responsible for dye removal. The
photocatalytic process focuses on the formation of the bandgap, surface area, and
electron—hole pairs for the breakdown of dyes. It has a larger surface area and a better
adsorption capacity—experiments on flow rate, COD, pH, and other operational vari-
ables [30]. The jar test determines how well the coagulation process is working. In
addition, the operating costs of the different advanced oxidation processes are calcu-
lated. Textile effluents treated using Poly Aluminum Chloride (PAC) are compact,
easy to regulate, inexpensive, and compact.
Pollutants often identified in textile wastewater include the following:
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1. Concentrations of non biodegradable organics or inorganics like metals, dyes,
phenols, pesticides, phosphates, and surfactants.

Elevated concentrations of total suspended solids (TSS) [31].

High biological oxygen demand (BOD) [32].

High chemical oxygen demand (COD) [33].

High levels of total dissolved solids (TDS) [34].

Dk w

As aresult, appropriate treatment is required before ultimate discharge into water
bodies to preserve human and environmental health.

1.3 Biological Treatment

Biological treatment is used to achieve depigmentation [35]. The treatment neces-
sitates the right proportioning of materials such as cow dung, jaggery, and stirring
of the material to develop bacteria. The method is low-cost, employs a fundamental
technology, and improves the decolorization effect. Biological therapy is thought
to be the most effective way of decolorization. Chemicals like biocides and stain
repellents are utilized to soften and moisten materials in wastewater [11].

1.4 Physical Treatment

The reverse osmosis (RO) process involves moving water from a higher concentration
to a lower concentration. Purified water with a pH of 7 was obtained due to this
treatment, and it was safe to drink. The wastewater undergoes five phases, extracting
pure water using a reverse osmosis technique [11].

Dye-containing wastewater, adsorption, ion exchange, and membrane filtration
are among the physical processes used, with high clearance effectiveness ranging
from 85 to 95% [36]. Physical methods have many benefits, incorporating a straight-
forward design, ease of use, fewer chemical requirements, cheap cost, and no obstruc-
tion from dangerous compounds [37, 38]. These technologies are typically not chosen
due to several restrictions, such as hazardous by-products, sludge production, and
limited application [5]. In addition, BOD, COD, high temperatures, pH, heavy metals,
and color. Their use in textile wastewater treatment is usually hampered.

1.5 Adsorption

There are two forms of adsorption: physisorption and chemisorption. This catego-
rization is determined by how the dye molecules are adsorbed onto the surface of the
adsorbent [39]. Several forces may be present during dye adsorption, including van
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der Waals forces, hydrophobic and electrostatic interactions, and hydrogen bonding
[40]. The adsorption process offers several benefits, including the flexibility to reuse
the adsorbent, high efficiency, and the capacity to quickly remove the color from
wastewater [5, 41]. Adsorbents, which are often porous to measure the overall surface
area necessary for the rapid and effective adsorption of pigment molecules from
wastewater, are at the center of the adsorption idea [36, 42]. Adsorbents such as
zeolites, alumina, silica gel, and activated carbon have been used to remove colors
from wastewater. On the other hand, activated carbon is an adsorbent regularly
employed on a vast basis [43]. For Basic Fuchsin (15 mg/L; pH 9.0), Crystal Violet
(15 mg/L; pH 7.5), and Methylene Blue (15 mg/L; pH 8.0), the Biopolymer/ZSM-5
zeolite adsorbent was used to treat dye-containing wastewater, with decolorization
percentages of 881.2,775.3, and 86.6, respectively [44]. Up to 90% Congo Red decol-
orization was obtained using ZnO@Ze composite particles as an adsorbent at a dye
concentration of 25-500 mg/L and an adsorbent dosage range of 0.025-0.1 g/L [45].

1.6 The Need for Water Consumption in the Textile Industry

The textile industry is the world’s third greatest consumer of freshwater resources,
contributing significantly to the business industry. Water is required in the manu-
facturing business at many phases of the production process. The average textile
industry requires between 230 and 270 t of water to make 1 t of finished textile fabric
[46]. By 2050, global water consumption for manufacturing enterprises is predicted
to increase by 400% [47]. Water is used only in textile processing, such as bleaching,
desizing, finishing, scouring, and dyeing [48].

One of the most significant sectors contributing to the exploitation of water
resources to the point of exhaustion worldwide is the textile industry [49]. Increased
manufacturing and other operations connected to the process directly impact human
health and environmental resources, necessitating a cost-effective and efficient solu-
tion using current and practical methods [50]. As the uncertainty and hazards asso-
ciated with overstressed natural resources develop, an increasing emphasis has been
placed on the notions of “cleaner production” and “greener economy” firms in the
industrial sector, which have a direct detrimental influence on economic profitability
and growth [51]. In addition, the over-reliance on groundwater, the scarcity of fresh-
water supply sources, and the textile industries becoming more numerous make the
current state of water management critical in the textile business [47].

The textile sector is regarded as one of the most severe environmental risks. The
many steps of the industrial textile production process include pre-treatment, dyeing,
printing, and finishing. These industrial procedures consume a lot of energy and
resources and produce much trash. To give cloth desired attributes, the textile industry
uses a variety of chemicals, dyes, and other materials, and these activities generate
much waste. Sewage is of such excellent quality that it cannot be utilized for different
reasons and, if not adequately treated, it might cause environmental hazards [52].
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1.7 What is the Danger?

Complex compounds, bases, acids, colors, inorganic salts, and heavy metals abound
in textile industry wastewater [53]. Textile waste is characterized by the US Environ-
mental Protection Agency (USEPA) as a large-volume, dispersible harmful pollu-
tant that is difficult to address [54]. Pigments are the principal and stubborn toxins
that are harmful and inherently carcinogenic among the different contaminants
found in the effluent [55]. The release of raw sewage into freshwater bodies or
sewer systems reduces dissolved oxygen, increases turbidity, hinders the biolog-
ical treatment process, and unsightly hurts the overall water quality of river and the
surrounding environment [56, 57]. It is hazardous to biotic and abiotic environmental
components, including water, air, aquatic life, terrestrial, and soil [38, 58, 59].

Textile effluent contributes to severe environmental deterioration as well as human
sickness. Across 40% of all colorants in worldwide use include organically bonded
chlorine, a recognized carcinogen. Due to their toxic effect and sensitivity to various
disinfectants, they are not recommended for usage; organic compounds found in
textile effluent constitute a significant source of concern [60]. Even at low concen-
trations, the occurrence of dyes in drinking water is damaging to humans and aquatic
life. Furthermore, the dyes are hazardous, carcinogenic, and challenging to remove
efficiently. They are incredibly stable, nonbiodegradable, and common contaminants.
Humans get allergic reactions, dermatitis, skin irritation, cancer, and mutations due
to this substance [61].

1.8 Toxicity and the Impact of Textile Dyes

The untreated effluents of the textile sector contain a variety of organic pollutants,
the most frequent of which are fabric dyes [62]. Azo dyes, which structurally incor-
porate one or more azo groups, are the most extensively used in the textile industry,
accounting for more than 60% of all textile dyes [63]. Inefficient textile dyeing tech-
niques result in 15 ~ 50% of azo dyes not bonded to fibers and textiles disposed
in wastewater [64]. The untreated azo dyes are released to the environment directly
into water bodies and pose severe ecotoxicity concerns, which harm the environment
and living things. For farmers in developing nations, if the unclean industry effluent-
containing wastewater is used to irrigate the land, it will cause soil quality and crop
germination percentages to suffer [8, 65, 66].

Because of its water-intensive nature, the textile sector is among the most environ-
mentally hazardous, resulting in the depletion of freshwater and groundwater. The
researchers were forced to evaluate the suitability of various textile wastewater treat-
ment techniques for effective effluent disposal and reuse due to the rising scarcity of
water resources and deterioration of water quality. Textile wastewater can be treated
in a variety of ways. The four types of processes are hybrid, biological, chemical,
and physical [38]. Most of these processes differ in their core operating principles
and are compared in performance, costs, and advantages and disadvantages.
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Furthermore, the construction of textile wastewater treatment facilities requires
extensive infrastructure, uses much energy during operation, degrades ecosystem
hydrology, and leaves a carbon imprint [67]. The effluent treatment reduces pollutants
and makes it suitable for reuse and disposal, producing hazardous sludge, which is
expensive. As aresult, selecting a long-term textile wastewater treatment technique is
acomplex and demanding task where decision-makers must resolve several conflicts.
The appropriate textile wastewater treatment may be a multi-criteria decision-making
difficulty [59].

1.9 Textile Dyes Have an Impact on Both Aquatic
and Terrestrial Habitats

Even though liquid covers over 70% of the earth surface, a shortage of clean, high-
quality drinking water is one of humanity’s most serious challenges today. Industry,
agriculture, and homes consume 19, 70, and 11% of freshwater resources, respec-
tively [68, 69]. People have negatively interacted with natural settings. The textile
sector undoubtedly contributes to the deterioration of water quality, which will
continue to poison existence eternally by depositing toxins in terrestrial ecosys-
tems. The textile industry contribution and marine environments are significant to
the decline of the quality of water, which will pollute nature indefinitely [70].

Large volumes of treated effluent, including organic substances and other organic
pollutants, are treated in the textile business. Because azo dyes break down
pre- or post-disposal, treated wastewater may include amino acids that are more
hazardous than the original chemicals. However, the health risks associated with
untreated wastewater have numerous detrimental effects on aquatic creatures and the
environment [40, 71].

1.9.1 Impact of Textile Dyes on Human Health

Textile dyes have been connected to various human and animal ailments because
they are poisonous and potentially carcinogenic [72, 73]. Textile pigments can cause
everything from dermatitis to central nervous system problems. The replacement of
the enzyme co-factor, which leads the enzymes to become inactive, might be the
source of these problems [74].

Several dyes, notably azo dyes, have the potential to be mutagenic. Sudan I, an azo-
lipophilic dye used in the textile and food sectors, was enzymatically transformed by
intestinal microbes into carcinogenic aromatic amines. Cancer can be caused by both
the dye and its metabolites [75]. Azure B (a cationic dye that involves inserting into
DNA and the double RNA helical structures) is a significant metabolite of methylene
blue [76].
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1.9.2 Solution to Use Carbon-Based Photocatalyst

Flocculation and coagulation, anaerobic biological treatment, membrane separation,
sonolysis, UV/ozone treatment, photocatalysis, and biodegradation are only a few
wastewater treatment procedures now accessible [61].

The only way to avoid a future energy crisis and environmental deterioration
is to convert solar energy into sustainable, safe, and cost-effective. Water splitting,
for example, is a clean technology. Graphitic carbon nitride has an appealing band
structure, is chemically stable, is abundant on Earth, and is relatively inexpensive
to manufacture, making it ideal for water splitting to make hydrogen. We sought to
critically assess the current progress and future development of several water splitting
systems that produce hydrogen using graphitic carbon nitride (g-C3Ny).

Hydroelectricity, wind, solar light, biomass (solar drying, solar cooking), and
geothermal energy are only some environmentally beneficial energy sources [77]. It
is prudent to convert solar energy to chemical energy through photosynthesis to ease
future energy crises and environmental deterioration. Sunlight harvesting may create
ecologically benign hydrogen, which produces water or water vapor when burned
with oxygen. As a result, making hydrogen as an energy source can assist in meeting
future energy demands while also addressing environmental concerns [78].

Hydrogen with a heat value of 120-142 MJ/kg derived from solar energy is
considered clean energy [79]. Hydrogen is being produced by over 44.5 million
tons worldwide, and it will be the dominant energy source until 2080. Although
there are other methods for photocatalytic water, producing hydrogen splitting is a
promising method that has attracted much attention due to its various environmental
and energy applications. Artificial photosynthesis is one of the few environmentally
friendly options for dealing with future energy and environmental challenges [78].

One of the most critical areas is creating highly efficient semiconductor photo-
catalysts because of the increasing need for photocatalytic removal of harmful dyes.
These colors are carcinogenic and poisonous, endangering both humans and aquatic
life. Rhodamine B (RhB) and other cationic dyes have been recognized as a signifi-
cant cause of discharge from various businesses [80]. Conventional approaches have
been devised to partially degrade risky pigments in wastewater. In other situations,
secondary pollutant production was also discovered [80, 81]. Fenton oxidation is one
of many dye wastewater treatment processes [82, 83], physical adsorption [84, 85],
biodegradation [86], and heterogeneous photocatalysis oxidation [87] have risen in
popularity recently.

Physical adsorption only serves to increase the concentration of contaminants
[88]. It is also challenging to find a good adsorbent. However, Fenton oxidation has
indeed been demonstrated to treat colored wastewaters successfully. However, the
expense is not monetary and the uses of iron sludge are limited [89]. Bio-degradation
procedures are a less effective due to dye biological persistence [90]. Compared to
other dye wastewater treatment processes, photocatalytic activity oxidation is now
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recognized as a viable choice due to its environmental contribution and maintenance
ease [91]. However, the present efficiency of photocatalytic oxidation is insufficient
for industrial use. For decades, scientists have been fascinated by the photocatalysts
powered by visible light for environmental remediation [92, 93].

2 Carbon-Based Research for Wastewater Remediation

2.1 Carbon-Based Photocatalyst

This systematic review assembles and investigates available research on photo-
catalytic wastewater or organic pollutant degradation employing carbon-based
materials in industrial textile wastewater treatment [94]. The textile sector is the
most significant contributor to wastewater and pollution [95]. Many researchers
used photodegradation of a specific pollutant to test the performance of their
manufactured photocatalyst materials [96]. Material like carbon has been used in
several studies to increase the photocatalytic performance of photocatalytic systems
[97] because of eminent traits such as small particle size, high specific surface
area-to-volume ratio, high reactivity, excellent chemical and high thermal stability,
wide availability, and catalytic potential at the nanoscale [98] (Fig. 5).
Asexamples, Carbon Quantum Dots (CQDs) have eminent physicochemical prop-
erties, such as photoluminescence, light absorption, up-conversion luminescence
properties, quantum effect, and non-toxicity [99]. On the other hand, Carbon Nitride

Fig. 5 Advantages of
carbon materials as a
supporting material of
semiconductor
photocatalysts

catalytic
potential at the -

nanoscale- ( # '.’
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(CN) demonstrated vigorous photocatalytic activity, providing hydrogen genera-
tion and pollutant degrading activities while maintaining high cycle stability [100].
Carbon Fiber (CF) is employed because it is efficient, stable, and reusable with a
simple reuse procedure [101]. Many more carbon-based materials can be used to
develop the limitations of photocatalytic systems, including the restricted use of fast
charge recombination, visible light, and poor movement ability of the photogenerated
holes and electrons [102].

This section discusses the simple and standard synthetic methods recently
used to synthesize carbon-based photocatalysts, including sol-gel, precipitation
method, hydrothermal, solvothermal, thermal polymerization, polycondensation,
spray pyrolysis, and electrospinning.

Chemical synthesis provides various benefits for photocatalyst materials
synthesis, including the ability to size-controlled, distributed structure shape, and
large-scale production potential, suitable particle size, unagglomerated nanoparti-
cles, composition, and easy handling. As a result, the preparation procedure deter-
mines the morphology and cation order of photocatalytic materials [103]. Because it
creates particles with appropriate shape and homogeneous size, the sol-gel approach
is the most common and viable wet-chemical synthesis process for making homoge-
nous nanocomposite. By modifying simple process factors like pH and annealing
temperature and introducing reaction modifiers, it is easy to control the morphology
and size [104]. To generate an inorganic bridge network, alkoxide-based metal precur-
sors (MOR) are hydrolyzed and polycondensed in a sol—gel process. The term “sol”
refers to solvated metal precursors that form in a colloidal suspension. The gel
converts the produced into a homogenous liquid phase; sol is a network structure.
Nanocomposite precursors are metal-based alkoxide components encased in various
reactive ligands [105, 106].

In a typical synthesis, Fe,TiOs/C hollow spheres can be prepared via sol-gel
method, as shown in Fig. 6. First, 0.24 mol C;HsONa and 0.08 mol FeCl; were
dissolved with 36 mL anhydrous ethanol for 2 h with vigorous continuous stirring.
After forming Fe(OC,Hs)s, filtration was used to remove the by-product of NaClL
A precursor was prepared by reacting 0.08 mol of Ti(OC4Hy)4 and then adding it
to the solution by mixing it using magnetic stirring for 1 h at 40 °C. The sol was
then refluxed with continuous stirring in an oil bath at 80 °C for 24 h, resulting in
the development of wet gel. A xerogel was obtained when the wet gel was dried at
110 °C for 6 h. Finally, the xerogel was calcined in air at 200-900 °C (heating rate
55 °C/min) [107].

The wet-chemical technique to produce mixed metal oxide nanocomposites is
a precipitation technique. It is a bottom-up preparation method. The precipitation
process forms nanoparticles from solution; the process is entirely dependent on the
existence of specific nuclei. Various amounts of ionic metals present in dissolution,
obtained precipitation, reaction conditions (pH of the solution), and the presence of
additional dopants may influence the reaction [108]. Figure 7 shows a typical co-
precipitation method for micro- and nanoparticle synthesis. Coprecipitation has three
primary mechanisms: inclusion, occlusion, and adsorption. An inclusion (formation
in the crystalline lattice) happens when a contaminant occupies a lattice site in the



14 A. D. Laksono et al.

f i i
FeCly, | [T\ FelOEn), 4

\ fal\ \
[ Q [=] /
\ / \ fo\

\ E1ONa / TWHOBu),. \
B —— »>
EOH  — Filtration Refux .

Iron ethanol solution

Gelation
P Y
) / v
Q MB /
\
/ ° \
Visible light | | L\
Calcination Drying
§2.89 ———= - 200-900'C 1o
Xerogel Wet gel

Fig. 6 Sample preparation process via sol-gel method [107]

matrix structure, producing a crystallographic defect. The formation occurs when the
atomic radii and charge of dopants are present close to its matrix. An adsorbent surface
is a dopant that is lightly or firmly attached (adsorbed) to the matrix surface. When
the adsorbed species becomes physically stuck inside the crystal, this is referred to
as an occlusion.

Hydrothermal refers to an environment operated at high temperatures and high
pressures involving water in a chemical reaction for the synthesis of material. The
equipment includes an autoclave made of high-quality stainless steel and a Teflon
coating, which can protect the reactants from contaminants and environmental reac-
tions. Water is used in the hydrothermal process to synthesize nanocomposites with
unique morphologies; water can operate as a catalyst as well as a reducing agent
at high temperatures (over 100 °C) and pressure (approximately a few atmospheric
pressure) [109].

In particular research work, Perumal et al. used hydrothermal-assisted precip-
itation to create a g-C3N4/BiOBr/CdS photocatalyst (Fig. 8). The structure and
morphology of the as-prepared photocatalyst were described. The photocatalytic
performance of the visible-light-driven g-C3;N4/BiOB1/CdS photocatalyst toward TC
(Tetracycline) degradation was improved. The g-C3N4/BiOBr/CdS photocatalyst had
the best photocatalytic degradation rate performance, outperforming 8.95, 3.11, and
3.18 times compared to g-C3Ny4, BiOBr, and BiOBr/CdS composite, respectively,
with a high stability. The improved photocatalytic effectiveness was primarily due to
a fast charge transfer at the g-C3N4/BiOBr/CdS interfaces, which boosts photogen-
erated charge-carrier separation efficiency and improves optical absorption [110].
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Fig. 7 Schematic diagram of co-precipitation

Chemical synthesis (solvothermal synthesis), on the other hand, is an effec-
tive method for obtaining nanostructural materials with shape control. The results
are impacted by more grain, scattering limits, reducing thermal conductivity, and
boosting quantum confinement. The solvothermal process in a stainless-steel auto-
clave with high pressure is required to induce a chemical reaction. The primary benefit
of this method is the risen temperature and pressure at a critical level influence the
material solubility [111, 112].

Yuan Guan et al. (Fig. 9) prepared carbon quantum dots (CQDs)/Bi/BiOBr with a
facile one-pot solvothermal method. It has shown an efficient ternary heterojunction
photocatalyst to degrade methyl orange (MO). For the first time, ethylene glycol
(EG) is utilized as a solvent and carbon source. While BiOBr is synthesized at
190 °C for 3 h, EG is used to create CQDs using the bottom-up technique. CQDs
and Bi are controllably deposited on top of BiOBr microspheres by varying the
solvothermal temperature and duration. CQDs, BiOBr, and Bi interfaces are coupled
through ohmic junctions with low contact impedance by varying Fermi levels and
work functions [113].

The solvothermal method is very similar to the hydrothermal route and the differ-
ence is that the reaction medium is not an aqueous solution. Weili Yu et al. synthe-
sized Bi;Wp9Mo; xOg by solvothermal assisted with calcination. The photocatalyst
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Fig. 9 Schematic illustration of the preparation process for BCB samples using solvothermal.
Reproduced with permission. [113] Copyright 2022, Elsevier (License Number: 5316860555938)

was applied for bisphenol A (BPA) degradation under simulated sunlight irradiation
[114]. On the other hand, calcination is the thermal treatment of a solid chemical
compound (e.g., mixed carbonate ores) in which the mixture is heated to high temper-
atures without melting under a limited supply of ambient oxygen (i.e., the gaseous O,
fraction of air), typically to remove impurities or volatile substances and to undergo
thermal decomposition (Fig. 10).
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Fig. 10 Schematic drawing for the fabrication process of Bi;WyoMo; xOg. Reproduced with
permission. [114] Copyright 2022, Elsevier (License Number: 5316830459077)

Some reactions involve organic materials during the preparation. In the case of
polymerization, polycondensation occurs when monomers with two or more reac-
tive functional groups (e.g., hydroxyl, carboxyl, and amino) condense with one other.
The following are the primary characteristics of polycondensation: (i) the monomer
must have two reactive functional groups to continue polymerization; (ii) polymer-
ization occurs through sequential interactions between reactive functional groups;
(ii1) in polymer formation, just one reaction (in this case, a condensation reaction)
occurs between two functional groups; and (iv) if the polymer still has two reac-
tive functional groups at the end of the chain, it is “active” rather than “dead,” as in
chain polymerization [115, 116]. Rui Zhang et al. used the thermal polycondensation
method to synthesize graphite phase carbon nitride (g-C3Ny) (Fig. 11). The g-C3Ny
is coupled with Bi; WOg and activated carbon fiber membrane (ACF) as a thin-film
photocatalyst can be utilized as a reusable photocatalyst with a vast surface area to
remove water antibiotics in the environment [117].

Furthermore, spray pyrolysis is another typical method of depositing a thin coating
on a heated surface by spraying a precursor solution, where the chemical elements
react to obtain a chemical product. The chemical reactants are designed with a
particular deposition temperature to vaporize the volatile products except for the
target molecules. In a droplet forming system, the precursor solution is atomized.
Spray pyrolysis occurs at a somewhat high temperature; the vapor phase may be
carried in the air to produce transparent thin films of oxides such as F-doped SnO,,
TiO,, graphene oxide, ZnO, and other compact layers on the surface of a transparent
conductor. Spray pyrolysis was selected as a processing method since it is easy and
reasonably priced (especially concerning equipment cost) [118].

The spray pyrolysis technique is a thermal deposition process employing metal
precursors. Several processes are involved in the reaction procedure, including.



18 A. D. Laksono et al.

Bi;WO,2-C,N,

Dry at 60°C
170°C for 13k for12h

BEWO,

ACF/Bi;WOyg-CyN, ACF film

Fig. 11 BipWOg/g-C3N4/ACF preparation process. Reproduced with permission. [117] Copyright
2022, Elsevier (License Number: 5316980791297)

1. Precursor or starting materials solution loading in a tiny needle to generate minute
droplets called as atomizer.

2. Droplet spraying on the top of the targeted thermal substrate.

3. Fabrication experiment and deposition materials of mixed metal oxide films onto
thermal barrier substrates by thermal decomposition.

To produce CNTs/Cu,O-CuO composite powder with uniform dispersed CNTs,
the spray pyrolysis (SP) technique is used (Fig. 12), which has benefits such as cheap
cost, simple and continuous process, production of high purity powder, chemical
flexibility, and easy control. Furthermore, the photocatalytic performance of the
manufactured samples was tested by degrading and decreasing methyl orange (MO)
under visible-light irradiation [119].

The electrospinning method is a strategy to form diverse photocatalysts into
nanofibers with some advantages of simple, adaptable, and cost-effective method for
mass-producing tunable structures. Electrospun fibrous materials have widespread
use in catalysis because of their specific large surface area, variable chemical compo-
sition, shape, fiber diameter, and high foaming [120]. The direct electrospinning
procedure for photocatalytic fibers consists of three simple steps: photocatalyst
production, continuous spinning solution preparation including photocatalyst and
polymer material, and direct electrospinning. The essential influencing parameters to
be regulated are the polymer type, electrospinning conditions, and spinning solution
property [121].

By combining electrospinning and hydrothermal procedures, AgzPO4-TiO, NPs
were formed into carbon nanofibers (Ag;PO4-TiO,-CNFs) material photocatalyst
(Fig. 13). AgzPO4 NPs on the TiO,-CNFs composite enhance light absorbance
under visible light and provide a low-resistance route for charge separation when
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Fig. 12 Schematic of spray pyrolysis process. Reproduced with permission. [119] Copyright 2022,
Elsevier (License Number: 5319690503879)

stacked up to TiO, NFs. Performance photocatalytic activity of the Ag3PO,4-TiO,-
CNFs composite was investigated using degradation of a methylene blue (MB)
tested under visible-light irradiation. The Ag;PO4-TiO,-CNFs composite outper-
formed pristine AgzPO,4 NPs and TiO, NFs in photocatalytic activity. Within 10 min
of being exposed to visible light, the Ag;PO4-TiO,-CNFs composite completely
removed MB dye. Furthermore, the reusability test revealed that the photocata-
lyst is relatively stable. The high specific surface area, higher visible-light sensi-
tivity, rapid charge separation, and dye adsorption characteristic of the composite
material contribute to the strong photocatalytic activity. In addition, the photocat-
alyst demonstrated vigorous antibacterial activity against Escherichia coli (E. coli)
germs. The as-prepared Ag;PO,4-TiO,-CNFs photocatalyst with a remarkable dye
removal capacity and high antibacterial capability shows a promising photocatalyst
in wastewater treatment [122] (Table 1).
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Fig. 13 The synthetic protocol of AgzPO4-TiO2-CNFs photocatalyst. Reproduced with permis-
sion. [122] Copyright 2022, Elsevier (License Number: 317530698921)
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Table 1 Various synthesis methods to produce carbon-based photocatalyst materials at different
temperatures and times (related to Table 2)

No | Materials Methods Reaction Fig. References
number
1 CF/TiO, Hydrothermal 160 °C for 1 [123]
10h
2 CQDs/BiOBr Hydrothermal 140 °C for |2 [124]
24 h
3 CQDs/KNbO3 Hydrothermal and 160 °C for |3 [125]
mixed-calcination 12h
4 BiyWOg/gC3N4/ACF | Thermal 500 °C for |4 [117]
polycondensation 4h
5 g-C3Ny4 QDs/BiVOy Sol-gel and mixed 200 °Cfor |5 [126]
hydrothermal 10h
6 Ag3zP0O4-TiO,-CNFs Electrospinning and | 60 °C for 6 [122]
hydrothermal 12h
methods

2.2 Binary and Ternary Carbon-Based Photocatalysts

Several ways indicate that wastewater treatment techniques are available for wastew-
ater purification, such as electrochemical, bioremediation, electrodialysis, adsorp-
tion, flotation, coagulation, and ultrafiltration [ 127—130]. However, some of the tech-
niques require high costs with various limitations. Therefore, developing a novel and
cheap treatment approach for enterprise waste and wastewater is predictable. There
is a critical demand for a clean (eco-friendly), economic, and technological feasible
way to produce green energy and effectively decompose pollutants to CO, and H,O
[131, 132]. Hydrogen appears to be a potential answer for overcoming the energy
issue as renewable energy, clean, and sustainable source [133]. Because hydrogen is
an abundant element that occurs naturally in the form of water, its generation from
water using solar energy has attracted researchers’ interest owing to its potential to
fulfill global energy needs and address environmental issues [134, 135].

Carbon-based materials including graphene, graphitic carbon nitride (g-C3Ny),
fullerenes, carbon quantum dots, and carbon nanotubes (CNTs) have been studied
for Li-ion batteries, supercapacitors, energy storage, biosensors, molecular imaging,
fuel cells, and catalysis over the last two decades [ 136, 137]. Recently, photocatalysis
has increased interest in carbon-based materials and semiconductor nanocomposites.
Researchers have reported most pioneering works on nanocarbon—semiconductor
interface engineering for environmental and energy applications. They often begun
in binary or tertiary semiconductors by absorbing light energy equivalent to or greater
than the bandgap of the semiconductor photocatalyst. Electrons are stimulated from
the semiconductor valence band (VB) to the empty conduction band (CB), resulting
in the formation of electron—hole pairs [138].
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Table 2 The morphology of the results obtained from carbon-based photocatalyst materials

No | Figure References

1 Copyright 2022, Elsevier
(License Number:
5310080120301) [123]

2 Copyright 2022, Elsevier
(LicenseNumber:
5310090546516) [124]
- o0
2? -
oo
Energy (keV)
3 Copyright 2022, Elsevier

KNbO; |b CQDs/KNhO3

g
=

(License Number:

5310090820453 [125]

.J-h‘l--']

(continued)
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Table 2 (continued)
No | Figure References

4 Copyright 2022, Elsevier
(License Number:
5310091017897 [117]

5 Copyright 2022, Elsevier
(License Number:
5310091209541 [126]
BiVO112)
d=0.30%m
6 Copyright 2022, Elsevier

(License Number:
5310091421188 [122]

In addition, the reason for developing carbon-based semiconductor material is
abundance in nature, high performance for photocatalysis, unique 2D structure, high
surface area, and easy charge-carrier mobility [139, 140]. They can transform photon
energy into chemical energy, allowing them to eliminate organic contaminants from
the air and liquid streams [141]. The various techniques can be applied to synthesize
carbon-based photocatalysis applications, starting from the most frequently encoun-
tered methods such as hydrothermal, solvothermal, and sol-gel [142, 143]. In addi-
tion, atomic layer deposition (ALD), electrodeposition, electrophoretic deposition,
chemical vapor deposition, physical vapor deposition, and electrospinning are all
suitable ways of creating carbon-based photocatalysis applications [144—147]. Many
researchers have previously produced carbon-based materials for the photocatalyst
process with their respective details and strategies.

Graphene

The first substance identified by Oxford scientist Benjamin Brodie in 1859 was
graphene, which is the exfoliation of graphite oxide [148]. The breakthrough came
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in atomically thin graphene oxide sheets distributed on a simple medium. Physicists
are interested in graphene because of its peculiar electronic structure, which includes
a linear dispersion of Dirac electrons [149].

The presence of many types of oxygen-containing functional groups on the basal
plane and sheet edges enables GO to interact with a wide range of organic and inor-
ganic materials in non-covalent, covalent, and ionic ways, making functional hybrids
simple to fabricate [150]. GO is also an electrical hybrid material with conducting
states from sp2 carbon sites and a substantial energy gap (carrier transport gap)
between o-states of its sp3-bonded carbons [151]. Adjusting the sp2 and sp3 fraction
ratios via reduction chemistry is a potent approach to tailor the bandgap and hence
influence the transition of graphene from an insulator to a semiconductor [152, 153].
When bombarded with light energy surpassing their bandgap, their sp2 domains also
operate as semiconductors and display photoresponse or photoreactivity [154].

Jian Wu and colleagues used an ambient temperature in situ co-precipitation
to make 2D graphene oxide with modified a-AgVO3 nanorods (GO/ a-AgVO3)
photocatalysis, as indicated in Fig. 14. Conduction upon irradiating visible light,
the surface photocatalyst GO/a-AgVOs, in the valence band (VB), electrons (e™)
are excited and move toward the conductor band (CB). Also equivalently, hole (h*)
lags in VB [156]. The obtained results were excellent for decomposing rhodamine B
(RhB), which was 18 times more efficient than that of pure a-AgVO; under visible-
light irradiation [155]. Raja and his group also carried out other modifications using
the hydrothermal method. He combined TiO,-Cds-rGO, intending to add GO to
enhance the photoefficiency by separating photogenerated electron-hole pairs [157,
158]. This ternary carbon-based was used in photoremoval methylene blue (MB) dye
with 96.4% success after 50 min light irradiation [159] (Table 3).

Carbon Nanotube

CNTs have unique properties that make them an essential parameter in applied
research and theory. The carbon nanotube (CNT) length is measured in microns,
while its diameter is measured in nanometers, with a reasonably large aspect ratio
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Table 3 Several carbon materials with corresponding types of pollutant removal

Graphene-based material | Organic compounds References
GO/a-AgVOs3 Rhodamine B [155]
TiO;,-Cds-rGO Methylene Blue [159]
g-C3Ny Organic dyes, phenolic, pharmaceuticals, salt ions, | [160]
heavy metals, and oils
ZnO/Au/g-C3Ny Methylene Blue [161]
Ag/BiOB1/GO Rhodamine B [162]
BiOBr-GO-polyaniline Phenol [163]
g-C3N4/Bip WOe/rGO Ibuprofen [164]
BiyWOg/CuS/g-C3Ny Ciprofloxacin [165]

[166]. The statement was discovered by the group of found research led by Iijima in
1991 [167]. It resembles a cylinder with a hexagonal arrangement of sp2 hybridized
carbon atoms in terms of structure [ 168]. The inside is hollow, with one or more layers
of graphene sheets on the surface. CNTs are formed from single-layer graphene,
according to NEC and IBM, until 1993 [168].

Depending on the presence of the layer, CNTs fall into three categories, single-
walled carbon nanotubes (SWNTSs), double-walled (DWCNTSs), and multi-walled
carbon nanotubes (MWNTs) [134]. The first SWNTs introduced in 1993 were single-
layer graphene sheets with a 1-2 nm diameter [169]. DWNTs, on the other hand,
consist of two carbon nanotubes separated by an outer tube, which encloses the inner
tube [156, 170]. The outer tube is 2—4 nm in diameter, while the inner tube is 1-3 nm.
The MWNT (multiple graphene sheets) has an inner tube radius of 0.34 nm and an
outer layer radius of 2 nm, respectively, reaching 20-30 nm [151].

Because of their large surface area, mesoporous characteristics, and chemical
stability, MWCNTSs might be a potential candidate for catalytic and photocatalytic
materials. MWCNT-based nanocomposites have lately garnered much attention
because of their excellent one-dimensional molecular structure, robust adsorption
capacity, high surface area (>150 m?>g~"), superior mechanical capabilities, chem-
ical stability, and heat and dispersion properties. CNT-based catalyst significantly
improves electronic properties and electron storage capacity in Fig. 15. They are
pretty accommodating at room temperature, with hardly any resistance.

CNT has several distinctive properties in its application and is vastly used as a
support material for several catalysts as well as CNTs-TiO, photocatalyst has been
studied by several researchers (Table 4).

Carbon Quantum Dots

Carbon quantum dots (CQD) are nanostructures with a nucleus and surface of carbon
atoms that may be functionally coupled with organic or biomolecules [177]. Usually,
CQDs have a size below 10 nm with amorphous to nanocrystalline core types with
carbon atoms predominantly having sp3 hybridized and amorphous, while GQDs are
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Table 4 Several CNT materials and their corresponding application for organic pollutants removal

CNT-based material Organic compounds References
TiO, @CNTs/AgNPs & TiO, @ CNTs/AgNPs Methylene Blue [171]
CNTs-TiO2/Al, O3 [172]
CNTs-Ag-TiO2 Organic dyes degradation [173]
Fe-CNTs Rhodamine B [174]
TiO, @CNTs nanofibers Eriochrome Black T Dye [175]
TiO,/CNTs Rhodamine B [176]

sp2 hybridized and crystalline [178]. Based on the quantum dots family members,
CQDs are interested in photocatalysis due to their abundance in nature, low toxicity,
low cost, and long lifetime [179]. CQDs also have excellent aqueous solubility, chem-
ical stability, and strong biocompatibility and are simple to fabricate and function-
alize [180]. They are distinct from conventional semiconductor quantum dots. Water
solubility is affected by the presence of functional groups in CQD, such as carbonyl,
carboxyl, hydroxyl, and epoxy, which alters the platform for functionalization [181].

The bandgap of CQD differs from conventional semiconductors because they
are subject to the quantum confinement effect [182]. Photoexcitation is based on
mt-plasmon absorption in the core carbon nanoparticles [183]. CQD absorption cores
cover the UV/Vis spectra with an extended near-IR range [183]. CQD fluorescents
are mechanically and efficiently described in electron acceptors or donor scavengers
in the CQD with the most effective surface passivation.

The mechanism of e~/h* couples arises in photocatalytic reactions when photo-
generated electrons migrate from VB to CB after light irradiation and activation
of semiconductors [184, 185]. The photogenerated e~/h* couples produce reactive
oxygen species (ROS) such as superoxide and hydroxyl radicals by simulating oxida-
tion and reduction processes on the photocatalyst surface [186, 187]. The radicals
are created to interact with the pollutant molecular structure, causing them to break
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down into minor hazardous compounds. The photocatalysis reaction refers to the
reaction mechanism shown in Fig. 16. Several studies with different catalytic systems
regarding these CQDs are shown in Table 5.

Fullerene

Researchers have recently produced composite nano-photocatalytic materials based
on C60 fullerenes, with some impressive results. The formation of C60 fullerenes
and their derivatives is shown directly in Fig. 17. Based on a C60-based carbon
atomic mass spectrogram obtained in the lab, the cage structure of the C60 molecule
is proposed [193]. Fullerenes were found in 1970 due to a study of the carbon atom
family’s spectrum in orbital space [193, 194]. The 60 carbon atoms are divided into
20 six-membered rings and 12 five-membered rings with 60 vertices each, and all
carbon atoms are equal [195, 196]. The bonds in fullerenes C60 are distinct from
those in graphite sp2 hybrid bonds and diamond SP* hybrid bonds because they are
spherical [197].

Fullerenes and their derivatives in photocatalysis must have a wide range of func-
tions and application effects. Fullerenes can play three separate roles in photocat-
alytic processes: electron acceptor, energy transfer mediator, and electron donor
[195]. Photogenerated electrons arise in VB when light activates a semiconductor

€QDs
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CQDs
(ns up-conversion
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Fig. 16 Principle and mechanism on photocatalytic degradation of crystal violet with simultaneous
hydrogen evolution by CQDs/KNbOj3 photocatalyst. Reproduced with permission. [125] Copyright
2022, Elsevier (License Number: 5323291115468)

Table 5 Several CQD materials and types of pollutants removed

CQD-based material Organic compounds References
CQD-ZnO composites Phenol [188]
CQD-g-C3Ny Methylene blue (MB) or Rhodamine B (RhB) [189]
N-CQDs/SnS, Toxic organic pollutant [183, 190]
(CQDs)/KNbO Organic pollutant [125]
CQD-PCN Bisphenol A [191]
GQDs, GCNQDs, CQDs Organic pollutant [192]
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Fig. 17 Several fullerenes and their derivatives. [193] Copyright 2022, Elsevier (License Number:
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Table.6 b Fullerene-based material | Organic compounds | References

materials and types of

pollutants removed F-TiO,(B)/fullerene Organic pollutant [199]
Zinc porphyrin Phenol and [200]
functionalized fullerenes | Methylene Blue
Fullerene C60 Rhodamine B [201]
ZnCPP-Fullerol@TiO» Rhodamine B [202]
Fullerene-Flowerlike Rhodamine B and [203]
Cuz(PO4)> Rhodamine 6G

material. Once the process is complete, the electrons are carried to fullerenes, which
act as electron acceptors and carriers [195, 198]. Some related studies with fullerene
materials are indicated in Table 6.

3 Electron Transfer Mechanism

When electrons are transported from an atom or molecule to another chemical entity,
this is known as electron transfer (ET). ET is a mechanistic description of numerous
forms of electron transfer redox processes. The ET reaction is an electrochemical
process. Photosynthesis and respiration are also affected by ET responses. Transi-
tion metal complexes are commonly used in ET reactions. ET is a step in various
commercial polymerization processes in organic chemistry and photoredox catal-
ysis is based on it. The process of electron transfer is from a donating species to
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an accepting species which is known as light-induced electron transfer. One of the
components is stimulated by light before electron transfer [204]. The whole process
is illustrated as shown in Fig. 18.

As an example, this section provides a brief bio-electrochemical electron transfer.
The process of extracellular electron transfer (EET) pathway can be divided into two
sections based on the produced electron-carrying intermediates: (a) direct electron
transfer (DET) and (b) indirect electron transfer (IET) [206]. Using a nanomaterial
as carriers/hosts to immobilize redox enzymes has the potential to increase enzy-
matic biosensor electron transfer and stability. It is clearly revealed that a single
nanomaterial will not be able to provide all of the advantages pointed to the previous
development and recent use of nanocomposite materials [207, 208]. Combining two
or more nanoparticles in a single unit can significantly increase mechanical, thermal,
optical, and electrical properties and improve the activity of the catalytic system
[209].

Because the shape of the structure is three dimensional of the redox
protein/enzyme, it makes the electroactive center inaccessible, and its high adsorp-
tion to the electrode surface for further passivation and electron transfer is directly
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challenging to achieve [210]. At the same time, the causes for transferring elec-
tron inhibition between electrodes and proteins/enzymes could be the unique simi-
larity and compatibility of the biomolecules on the electrode surface [211]. Specific
enzyme changes are necessary to boost the electron transfer/redox rate of the
protein. The redox protein hemoglobin (Hb) has been employed as a promising
biomolecule to improve the performance of hydrogen peroxide (H,O,) biosensors
based on processes that were direct electron transfer processes (DET) [212-214].
The bio-based carbon can act as a boost and help with supplement maintenance.
Biochar decreases pollutants and heavy metal leaching through physical and chemical
absorption of organics [215].

There are many minor problems or obstacles when using the DET process, but
because DET has several advantages, many have done experiments or improved the
system to do DET. Because using the DET system or method is very difficult to
apply in the laboratory, many attempts have been attempted to produce DET by
modifying an electrode surface with CNTs or improving precipitation with CNTs.
DET has been achieved between several proteins and surface electrodes using CNT-
determining electrodes [216]. The DET of glucose oxidase (GOD) and hemoglobin
on the electrode surface area is measured using CNT [217, 218]. In addition, several
investigators have found that similar results have been obtained with various analytes,
such as catalase and bilirubin oxidase [219, 220], and CNTs at the substrate electrode,
either covalently or non-covalently [221-223].

For bioremediation and bioenergy generation, high-performance microbial EET
is required. The electron transfer efficiency of carbon point-modified electroac-
tive microorganisms (CD) increased [224]. EET allows electrochemically active
bacteria (EAB) to transport electrons generated by organic matter metabolism to
electron acceptors, which are essential in the fields of energy product fabrication,
repair, or protection of deteriorating environments, and geophysical and geochemical
cycling systems [225-228]. The microbial EET process is critical for optimizing elec-
trical pathways in biomanufacturing and has sparked much interest in the scientific
community. For bioelectrical collection, EABs can use a variety of EET mechanisms,
including (1) DET, which involves conductive nanowires or cytochrome c on the outer
membrane of bacteria (OM); (2) mediated electron transfer (MET), which involves
exogenous diffuse mediators and endogenous electron transfer [229]. Nevertheless,
the slow rate of EET transfer from some microorganisms to electrodes indicates a
limited power output, limiting the use of bio-electrochemical systems [230-232].
The CD with group teams containing oxygen on the surface will boost the electron
transfer chain packing density and improve the CD adhesion system at the anode,
promoting DET even more. Flavin secretion can be triggered by the proper quantity
of CD, which will make the MET level higher or further. As a result of the synergistic
impact, the EET was considerably increased. Due to biotoxicity, CD overdose had a
limited promotional effect on EET performance. This approach of current augmen-
tation from S. oneidensis MR-1 by adding a CD barrier promises to improve EET
applications and understand some of the new roles of nanomaterials in mechanisms
and processes [224].
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3.1 Formation of Heterojunction

Various photocatalysts have been with carbon-based photocatalysts being particu-
larly popular recently due to their thermal stability/good chemical, wide area on
contact surfaces, good conductivity in electronic properties, and low manufacturing
costs [233-235]. Carbon nanomaterials (CNM) are the most promising possibility
for material usage in photocatalysts due to their unique characteristics [236].

Many attempts have been made to utilize photoexcited charge carriers fully and
inhibit hole-electron pair recombination when photocatalytic activity is in progress.
Heterojunction formation is one of the most effective methods for increasing charge
separation efficiency and reducing photogenerated electron—hole pair recombination
[237, 238]. The most commonly studied heterojunctions are made of two mate-
rial semiconductors in a solid state, forming a sophisticated solid structure with Z-
scheme-type electron transfer. The primary mechanism activity for Z-scheme hetero-
junction depends on the process of photosynthesis on materials. Under the light,
electrons of photocatalyst I recombine with holes in photocatalyst II via electron
mediators, inhibiting photo-induced charge-carrier recombination and maintaining
the redox reaction characteristics of the photocatalysts [239-243].

CNMs such as fullerenes, graphene, CNTs, and their descendants have been
exploited as electron mediators in various heterojunctions to enhance the conduc-
tivity of semiconductor photocatalysts [244—247]. Some of the carbon-based photo-
catalysts are included in Table 7. Graphene has numerous advantages over other
carbon-based heterojunction photocatalysts, including low manufacturing cost, a
large contact surface area, and an appropriate band structure [248, 249]. When
compared to the pure compound without graphene, Jiang et al. created a solid state of
Z-scheme heterojunction of Bi, WO4/CNTs/g-C3N4 composites with CNTs acting as
electron mediators [250]. Gebreslassie et al. using graphene carbon based as a medi-
ator in electron transfer could dramatically boost photocatalytic activity, resulting in
a 7-15-fold higher hydrogen gas production [251]. The schematic of CNMs can be
seen in Fig. 19.

CQD has recently been exploited as an electron mediator in fabricating solid-
state Z-scheme heterojunctions. By connecting titanium dioxide and Cd0.5Zn0.5S
with CQD, Liu et al. created a Z-scheme heterojunction CQD-based that displayed
the extraordinary photocatalytic activity for hydrogen evolution [253]. Pan et al.,
on the other hand, create a sandwich-type structure in which CQD is sandwiched
between CdS and BiOCl [254]. Compared to CdS/BiOCl, BiOCl, and CQDs/BiOCl,
the CdS/CQDs/BiOCI heterojunctions had better properties on the photocatalytic
activity in phenol and RhB degradation under the visible and UV irradiation [252].
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Table 7 Summary of carbon-based photocatalysts. Modified from Syed et al. [252]

Material photocatalysts

Type of heterojunction

Synthesis method

PPTA/MWNTs - Polycondensation
g-C3Ny4/graphene/NiFe;O4 | Solid-state Z-scheme Hydrothermal
CN/CNT/BWO Solid-state Z-scheme -

Bi, WOg/g-C3Ny4 Direct Z-scheme Hydrothermal
Zn0O/g-C3Ny Direct Z-scheme Solid-state
Cd0.5Zn0.5S/CQD/TiO; Solid-state Z-scheme Hydrothermal
Cds/CQDs/BiOCl Solid-state Z-scheme Facile-region
Ru/SrTiO3 Z-scheme Hummers method
SnSy/g-C3Ny Z-scheme Hydrothermal
SnO; — x/g-C3Ny Z-scheme Solid-state synthesis
CdS/SiC Z-scheme Hydrothermal
CdS/graphene - -

ZnIn,S4/RGO - Solvothermal

Bi, WOg/graphene - Sonochemical

Graphene/g-C3Ny

Impregnation—chemical reduction

Nanoparticle/graphene - One-pot solution
TiO,/graphene - Sol-gel method
TiO;/carbon dots - Hydrothermal
CdS/graphene - Hydrothermal
TapyOs/CNT Schottky heterojunction | —

Ni/GO-CdS - Photodeposition
La-CNTs/TiO; - Sol-gel method
TiO,/CQD - Green synthesis

3.2 Performance of Photocatalyst

To date, a variety of catalysts have been utilized to photodegrade organic pollutants,
including titanium dioxide (TiO;), carbon dots (CDs), zinc oxide (ZnO), and molyb-
denum disulfide (MoS,) [255-260]. Titanium dioxide has been devoted a lot to the
photocatalysis mechanism because of its inexpensive cost, low toxicity, and excellent
efficiency [261]. Under visible light, however, pure titanium dioxide has poor photo-
catalytic activity [261, 262]. To solve this challenge, combining titanium dioxide
with photocatalysts or some other cocatalysts can significantly utilize sunlight while
also improving catalytic mechanism or performance [263, 264]. Due to the unusual
shape of the structure and strong photogenerated electron splitting ability, g-C3Ny
is a suitable foundation for fabricating composite materials as photocatalysts [265].
Carbon nitride (g-C3Ny4) is one of the materials that has polymeric properties with
outstanding performance on photocatalytic for the synthesis of organic material
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[266-272], decontamination of an environmental system [273-277], and hydrogen
and hydrogen peroxide production [78, 278-281], which has piqued researchers’
attention as an optical semiconductor. The number bandgap is 2.7 eV, it allows
visible-light excitation, and it has a significant advantage of g-C3;N4-based mate-
rials over typical semiconductors like titanium dioxide [282, 283]. The use of g-
C3Ny4 photocatalyst powder, on the other hand, revealed some drawbacks, including
poor water dispersion, easy agglomeration, and recycling difficulties [284, 285]. As
titanium dioxide and carbon nitride band edge positions are matched correctly, the
photogenerated electron separation capability and yield, as well as the photocatalytic
performance of the titanium dioxide/g-C3N4 nanocomposite, are increased. Several
investigations [286, 287] have documented the fabrication of titanium dioxide/g-
C3N4 nanocomposites utilizing various methods for degradation of a photocatalytic
system, reduction of CO, compounds, and photocatalytic hydrogen element fabri-
cation. When titanium dioxide/g-C3N4 nanocomposite is utilized for photocatalytic
removal of antibiotics and dyes from organic compounds, it increases the ability
to absorb contaminants while also providing a more active site for photocatalytic
processes.

Surface modification can improve electron transport efficiency in semicon-
ductor particles. Various processes, including semiconductor coupling [288], surface
complexation [289, 290], and precious metal cluster deposition [290], can be used
to select the surface of the material particles. Small particle sizes cause the band
structure of semiconductor particles to be disrupted; small semiconductor particles
display different properties in photophysical than bulk materials, which is named the
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“quantum size effect” [291]. The distance between energy levels in smaller colloidal
particles is of the order EF/N, where EF is known as the Fermi energy and N is
the atom number in a single particle. The charge carriers are divided by the bandgap
excitation of semiconductor particles. A few of small fraction of these charge carriers
can be exploited to undertake reaction in redox at the position of the interface due
to their small particle size and high recombination rate [292, 293]. The proper depo-
sition of transitions on semiconductor nanoparticles is one method that promises to
overcome the limits in generating increased photoconversion. The Schottky barrier
can form between the metal particles and the semiconductor when they come into
contact, resulting in a rectified charge carrier [288, 294]. Attempts to employ metal
and semiconductor composite nanoparticles to improve interfacial charge transfer
efficiency and facilitate charge improvement in semiconductor nanomaterial struc-
ture have been made [295-297]. Another method for preventing electron—hole reas-
sociation through the illumination and so extending the lifespan of photogenerated
electrons is to use transition metal species doping. This method can also be used to
harvest photons in visible light. The specific surface area of titanium dioxide, which
is assured to be larger in continuous shape structures than particles that discrete, is
one of the most critical elements influencing its photocatalytic activity. This can be
due to the facile electron transport in its structure [298, 299]. Deposition of metal
groups noble such as Au, Pt, and Ag [300-303], doping with the metal transition
ions [304, 305], and nonmetals such as nitrogen and carbon [306] have all been used
to change mesoporous nanostructures.

The greater specific surface area will benefit the photocatalytic degradation perfor-
mance by increasing the interaction between the catalyst and small molecules. The
close interaction between titanium dioxide and C3;N,4 suggests that C3Ny and tita-
nium dioxide form of heterojunction structure. Between titanium dioxide and C3Ny,
a heterojunction can be formed. The photocatalytic degradation of tetracycline (TC)
in several photocatalysts was investigated under with same conditions [307]. In the
presence of titanium dioxide/carbon nitride (TCN), the degradation of a photocat-
alytic system efficiency of TC remained almost unchanged after three cycles of
testing. It demonstrates that the TCN photocatalyst is more stable and reusable. [PA
(OH: scavengers), Vc (O, scavengers), and EDTA (h* scavengers) were used to
examine several types of reactive species in photocatalytic systems to investigate
further the mechanism of photocatalytic degradation [308-312]. After adding IPA,
V¢, and EDTA, radical trapping studies revealed that 47.28 %, 85.63%, and 58.84% of
TC were degraded, respectively. After adding IPA, the photodegradation efficiency
was practically unaltered, demonstrating that OH' is not the primary radical. Any
radical substance that is active in the mechanism of the photodegradation process
examined by assay TCN includes a hole (h*) and superoxide radical (O, ). TCN
photocatalyst stability was examined for three cycles of test, and no evident loss of
its activity, showing that the TCN is a photocatalyst with excellent stability proper-
ties. The PXRD signal was constant before the reaction and after the photocatalytic
reaction, representing that TCN structure remained stable during the reaction [307].
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TCN exhibits a higher photocurrent response under visible light than titanium
dioxide or C3Ny4, implying a higher ability or precision of photogenerated elec-
tron-hole pair splitting or separation and faster transfer between interfacial charges
[313-315]. From above findings suggest that electron transport is aided by the inti-
mate contact between titanium dioxide and C3Ny. The arc radius of Nyquist on TCN
clearly shows smaller yields than pure C3Ny or titanium dioxide, implying that the
synergy between titanium dioxide and C3N,4 improves the charge transfer efficiency.
The Mott—Schottky slope of C3N4 and titanium dioxide exhibits n-type semiconduc-
tors. The primary active species for photodegradation are hole (h*) and superoxide
radical (O, ™), while hydroxyl radical (OH') is not engaged. As a Z-scheme is a
heterojunction between titanium dioxide and C3;Ny that cannot be produced, a type-
II heterojunction is generated, efficiently separating electrons and holes. Electrons
created by photons travel from CB of C3Ny4 to CB of titanium dioxide. Dissolved
oxygen content in water is collected and stored in CB of C3N4, where it is converted to
O,, which aids in the photocatalytic destruction of contaminants. In the photocatalyst
pits, specific organic contaminants are oxidized. As a result, the TCN hybrid struc-
ture promotes photocatalytic activity by improving photo-induced carrier separation
efficiency [307, 316].

The usage of zinc oxide in photocatalytic applications is second in popularity
after titanium dioxide, and numerous synthetic methods for carbon-based zinc oxide
systems have been documented. Zinc oxide is a direct semiconductor (bandgap
3.4 eV) with a 60 meV exciton binding energy; it has poorer quantum efficiency and
photocatalytic stability than titanium dioxide due to the photocorrosion effect during
light irradiation [317]. Fabrication of zinc oxide/carbon nanocomposites can be done
using various methods. Zinc oxide/graphene oxide composites can be prepared with
a solvothermal method by spreading 15 nm zinc oxide nanoparticles over a wrin-
kled graphene layer [318]. In the other method, green hydrothermal method can be
utilized to synthesize a hierarchy of graphene oxide/zinc oxide nanocomposites as an
efficient photocatalyst for the photodegradation of blue dye [319]. Graphene-based
zinc oxide nanocomposites were prepared using a multistep solution-based approach,
which had several drawbacks, including low productivity and waste generation. Ball
milling [320], ultrasonic spray [321], zinc oxide chemical precipitation on single-
walled carbon nanotubes [322], and pulsed laser for deposition of zinc oxide onto
multi-walled carbon nanotubes via hydrothermal synthesis [323, 324] have been
used to create hybrid nanocomposites containing carbon QDs. In this scenario, acid
treatment of carbon nanotube bundles is critical for establishing anchor points for
zinc oxide nanoparticle development.
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4 Application of Carbon-Based Material in Wastewater
Treatment

4.1 Membrane Technologies for Wastewater Management

Due to the composition complexity and abundance of reactive elements, textile
wastewater is a complex feed stream for membrane separation treatment [325].
The acidity of textile wastewater is considerable, with high suspended particles,
nitrates, chlorides, metals such as sodium, manganese, iron, lead, copper, and
chromium, as well as a high biochemical oxygen demand (BOD) and chemical
oxygen demand (COD) values [326]. Textile wastewater can be treated in various
ways, including physical, chemical, and biological approaches [327]. Physical treat-
ment includes physically removing colors from textile waste, while chemical treat-
ment involves chemical processes to remove dyes, and biological treatment involves
dye biodegradation. Electrochemical technologies have also been effectively utilized
in the cleaning of textile effluent. Graphite- or carbon-based material has long been
employed as an anode in electrochemical therapy because it is reasonably inexpen-
sive and produces excellent results [328]. As shown in Fig. 20 and Table 8, the four
treatments are explained in detail below:

— Physical treatment: Adsorption, ion exchange, and irradiation, as well as filtra-
tion, are the most commonly used procedures in the treatment of textile effluent.
This approach is frequently employed in the industry because of its excellent dye
removal capacity and cheap operating costs [329]. In the dye waste treatment
process, adsorbents such as activated carbon [330] and coal [331], fly ash [332],
silica [333], wood [334], clay materials [335], agricultural waste [336], zeolite
[337], and cotton waste [338] are employed. The irradiation procedure is better
for neutralizing at low volumes across a wide range, but dye breakdown in textile
wastewater requires a lot of dissolved oxygen [339]. For colors and other pollu-
tants in wastewater, ion exchange is quite selective. Ion exchange has significant
constraints for removing colors in textile wastewater [340].

— Chemical treatment: Physical techniques are ineffective for completely
removing colors from textile waste since it requires further research to remove
waste from textile waste, which increases processing costs. Although they are
commonly utilized, chemical treatments offer disadvantages due to their ease and
cost savings. Organic contaminants are often removed using chemical procedures
like flocculation and coagulation [341]. The coagulation approach is particularly
successful for decomposing insoluble components in textile waste but not so much
for soluble substances [342]. The primary disadvantage of this procedure is the
production of sludge and the added cost of removing it [343]. Total operational
costs rise as a result of this.

— Biological treatment: Physical and chemical procedures for removing colors
from textile waste are not commonly used due to their high cost, limited effi-
ciency, and specialized features. The biological approach is a green technology
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Fig. 20 Several methods for removing color from textile wastewater. Adapted with permission.
[329] Copyright 2022, Elsevier (License Number: 5311831104403)

for removing colors from textile waste at a low cost and with the shortest
possible turnaround time. Biological approaches can successfully remove COD
and turbidity; however, they are ineffective in removing waste color from textiles.
The most favorable setting for decolorization in biological treatment for textile
effluent is an anaerobic series followed by aerobic treatment.

— Electrochemical process: In recent years, combining photocatalysis with elec-
trochemical processes has usually been experienced. Electro Photocatalysis (EP)
is a technique for reducing photogenerated electronic space recombination. After
180 min of treatment with immobilized TiO,, the color has lost more than 90%
of its intensity, resulting in methyl orange. In the EF (Electro Fenton) method, an
electrochemical unit is used in addition to the standard Fenton process [344].

The whole process typically includes the following steps: first, initial treatment
via a screening step; second, homogenization; third, primary treatment via coagula-
tion; fourth, pH modification; fifth, secondary treatment via bioremediation (aerobic
or anaerobic); and finally, refinement treatment via a membrane. Furthermore, many
kinds of pollutants belong to textile industrial wastewater, including acid blue 25
(C.I. N. 62,055), acid orange 10 (C.I. 16,230), basic blue 9 (methylene blue), direct
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Table 8 Benefits and drawbacks of the present textile wastewater treatment system
Treatment method | Advantages Disadvantages References
Biological Decolorize a wide range of All dye particles are not [345]
dyes at a low cost with entirely removed
minimal foam formation
Environmentally friendly and | Recalcitrant chemicals
economically practical have a low biodegradability
Sludge production is reduced | The procedures need an
Metabolites that are not enormous amount of land
harmful
Water use is reduced
Physical COD and BOD are decreased | It includes using [346-3438]
significantly nonrecyclable chemical
compounds (coagulants,
flocculants, aid chemicals)
A wide variety of chemicals Sludge volume output has
are commercially accessible increased
A residual aluminum in
high level
Chemical Suitable for both soluble and | It takes too long [346, 347]
insoluble dye removal
Both soluble and insoluble Sludge production
dyes are effectively decolored
It can develop reactive radicals | For small and medium
in situ businesses, it is
economically unsustainable
Chemical intake is minimal to | Technical constraints
non-existent
Mineralization of pollutants Product development
Effective against resistive
molecules
Electrochemical There are no chemicals or Electricity is expensive [329]

sludge build-ups

It is flexible in oxidation,
whether direct or indirect

High-performance processing
while preserving space.
Environmentally friendly
methods have been included

Sludge of ferrous oxide

red 28 (Congo red), basic violet 10, basic red 22 (C.I. 11,055), acid violet (C.I
42,650), rhodamine B, acid red 14, direct red 80, acid orange 52 (methyl orange),
direct red 28, brilliant green, etc. [349]. Because most textile manufacturing waste is
recognized as poisonous, carcinogenic, and mutagenic to aquatic creatures, it must
be eliminated [350]. The technology that has been discovered, namely, membrane
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technology, has been confirmed to be an essential component in acid mine water
treatment to reduce water shortages. Membrane technology satisfies a high degree
of applicability in terms of simplicity of use, versatility, environmental effect, and
managing water shortages [351]. Membrane technology advancements have boosted
the number of water reuse projects throughout the world (United States, Singapore,
Australia, Belgium, South Africa, Nambia, United Kingdom, etc.) in recent years
[352]. The membrane separation technique is gaining popularity due to its benefits,
including low energy consumption, ease of operation, reduced space requirements,
high elimination efficiency, no need for extra chemicals, and affordable operating
expenses [353]. The membrane separation technique also allows the removal and
recovery of synthetic colors from wastewater, which is a potential technical route
[354]. Nanofiltration (NF) and reverse osmosis (RO) have been recognized as the
best approaches for eliminating different synthetic colors from wastewater using
membrane separation technologies. Although NF and RO can remove dye with excel-
lent separation efficiency, their pore sizes range from 10~ to 10~ wm for NF, and
103 wm for RO, resulting in low water permeate flow. As a result, more immense
operating pressures are required to satisfy the increased permeate fluxes [355].

Due to their excellent removal performance, low operating costs, and space-
saving processes, many membrane technologies have been used to remove synthetic
colors from wastewater. The following are the advantages and disadvantages of using
various types of membrane technology to remove colors from wastewater, as shown in
Table 9. Regarding dye rejection, NF membrane separation technology outperforms
microfiltration (MF) and ultrafiltration (UF), and it has seen less membrane fouling
than RO membranes. NF will remove low molecular weight organic substances like
reactive dyes at good working pressures. Several pre-treatment procedures can be
used on the dye or membrane waste to minimize concentration polarization and
possibly membrane fouling of the NF membrane. Finally, membrane technology,
particularly NF, has made significant advances in removing synthetic colors from
wastewater in recent decades. However, there is little study on using RO membranes
to remove dyes from wastewater. More effort, research, and testing are required to
make membrane technology more competitive in the industrial sector.

The photocatalyst is also separated from the treated effluent by the membrane.
Highly effective catalyst materials, such as titanium dioxide (TiO,), have been
utilized in the membrane matrix to construct photocatalytic membranes [356]. When
ultraviolet (UV) or visible-light strikes the catalyst surface and serves as a catalyst
motivator, a series of reactions occurs, resulting in the generation of hydroxyl radi-
cals [357]. As a result, the hydroxyl radicals produced can transform the organic
polluters attaching to them into innocuous inorganic molecules. The photocatalyst
mechanism is depicted in general in Fig. 21. UV irradiation or visible light associ-
ated with the space between the valence and conduction bands, known as the “energy
band” or “bandgap,” can activate photocatalysts. The electrons in the bandgap must
be stimulated and jump to the conduction band to have a photocatalytic reaction.
A charge carrier is generated during this activation, and the photocatalyst process
may be run. Thus, the process is summarized by migrating the generated e-/h* pair
to the semiconductor surface and participation in the redox reaction. h*, hydroxyl
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Fig. 21 The photocatalytic 0:

reaction has a primary \ Jo‘,,—‘t!’o
mechanism. Reproduced - < H:0:
with permission. [358] hv \

Copyright 2022, Elsevier . _OH
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radical (*OH) as the principal oxidant in pollutant degradation in aqueous media,
and superoxide radical are three separate active sites that play a vital part in the
photocatalytic process (O,*~). For OH radicals, two routes were considered: first,
photogeneration of oxidized h* H,O and OH in an aqueous environment to produce
OH radicals. Second, photogeneration of e-reduction of O, in an aqueous solution to
produce O,°~ radicals, followed by *OOH radicals (the product of the reaction with
h*) and *OOH radical decomposition to produce *OH radicals. Organic contami-
nants must be degraded directly by h*, and the catalyst type and oxidation conditions
determine the degradation capability [358]. In addition to the main photocatalytic
action, dye molecules can be directly excited under visible light due to their ability
to absorb visible light (Fig. 22). In other words, direct photolysis is a photocatalytic
dye degradation mechanism that includes the dye being excited from its ground
state (Dye) to a triplet excited state (Dye") under visible light (> 400 nm). The
excited dye is transformed into an oxidized radical cation (Dye*e) by transferring
electrons from itself to the CB of semiconductor; the excited dye is transformed
into an oxidized radical cation (Dye*e). The electrons are subsequently picked up
by oxygen molecules in the system, forming superoxide radical anions and hydroxyl
radicals, primarily responsible for dye degradation [359].

However, there are certain drawbacks to the photocatalytic process, such as
low photocatalytic efficiency, limited recycling, and low sunshine use. Meanwhile,
photocatalytic membrane reactors (PMRs), in which photocatalytic processes and
membranes are linked together, are one of the critical techniques for eliminating the
common difficulties with the previously described photocatalytic processes [360].

4.2 The Combination of Photocatalyst and Membrane
Technology

The pressure difference between the influent and permeate sides is the driving force
in pressure-driven membrane processes to separate particles and solutes depending
on size, shape, and charge, as shown in Fig. 23. Pressure-driven membranes such as
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Fig. 22 Dye degradation of photocatalysis. Reproduced with permission. [339] Copyright 2022,
Elsevier (Licence Number: 5312370835573)

NF, UF, and microfiltration MF membranes must serve as a separator for photocat-
alysts and a particular wall for contaminating compounds such as pharmaceuticals,
hummus, dyes, and photodecomposition by-products in PMR. PMR has employed
organic, mixed matrix membranes and inorganic membrane materials for effective
wastewater treatment.

With a broad spectrum of influents, powdered activated carbon membrane has
outstanding effluent quality and is suitable for plant improvement. The disadvantage
is that fouling management needs extra care [358]. Functional composite membranes
integrating photoelectrocatalysis and membrane filtration have been the subject of
recent research. They found that putting carbon felt fibers between the polyvinyli-
dene fluoride (PVDF) membrane and the ZnIn,S, photocatalyst gives the organic
membranes a lot of durability and electrical conductivity, which could help with
photoelectrocatalytic degradation of total dissolved carbon in deionized water or
laboratory-scale membrane bioreactor (MBR) effluents. The photoelectrocatalytic
layer comprises Znln,S, particles that are equally dispersed on the carbon fiber
surface. Simultaneously, the PVDF coating layer is cast, increasing the breaking
strength of carbon fiber [369].

There are several studies about photoelectrocatalytic oxidation of organics in
solution with carbon-based photoanode under visible light. Wang et al. found that
the phenol glucose as an organic pollutant has efficiency below 72% of flux recovery
ratio (FRR) with g-C3N4/ CNTs/Al,O3 photoanode. The photogenerated electrons
in the visible light illuminated by the g-C3;N,4 layer may be attracted and severed
from the holes when a positive voltage is supplied to the CNT layer. Consequently, a
photoelectrocatalytic membrane was created and significantly improved performance
[370]. Another researcher found that the methylene blue can be degraded by about
65.9% from graphene film/TiO, nanotube array as photocatalytic. It was reported that
high UV and visible-light absorption means more excellent transient photo-induced
current [371].



Photocatalytic and Adsorptive Removal of Liquid Textile Industrial ... 43

Raw Water

Micrometer
(nm)

g ¥
"ER 4
2E Coal i
=g = Particles \/\1
=3 kil . e
oy -
Hair
Q Pollen ¢ )
Yeast I T Red Blood s
Q. Y 4 - 5
= =
§ g N / Bacteria Atmospheric .._g
50| _ ,.-; Asbestos | s =
= L N &
=
g b
ol = o Pyrogen Viruses
g oS

0.001

= 7 ¢ Sugar

e (O Metal lons @ @ "‘

Salt

lonic
0.0001

Purified Water

Fig. 23 The photocatalytic reaction has a primary mechanism. Reproduced with permission. [358]
Copyright 2022, Elsevier (Licence Number: 5314600092500)

Another finding is that sequential deposition of a carbon graphite layer with
strong electric conductivity and a layer of TiO, nanoparticles exhibiting photo-
catalytic activity on Al,O; membrane support is used to design and fabricate
TiO,/carbon/Al, O3 membranes. When a supply voltage is applied to the membrane,
the photogenerated electrons may be effectively drained from the photocatalytic
layer and separated by holes, providing the membrane with a photoelectrocatalytic
function. Photoelectrocatalytic membrane filtration (PECM) demonstrated higher
natural organic matters (NOMs) removal and permeated flow with increasing supply
voltage, according to membrane performance tests. Only UV or filtering. The NOM
removal is 1.2 or 1.7 times more remarkable for the PECM process at 1.0 V than UV
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irradiation or filtration alone. The flow of stable permeate is 1.3 or 3 times higher for
irradiated filtration. Furthermore, the PECM procedure outperforms UV irradiation
or filtering alone in eliminating organic compounds (e.g., Rhodamine B), with 1.3
to 3 times greater removal rates [372]. TiO, has been widely used as a photocata-
lyst. Low cost, excellent hydrophilicity, high self-cleaning capability, and improved
elimination of organic contaminants under UV light are just a few advantages of inte-
grating TiO, particles into a polymer membrane matrix [373, 374] the high surface
energy of TiO, NPs [375], in which then particle aggregation is more likely, resulting
in reduced photocatalytic activity and efficiency and pore membrane blockage [376].
Several ways have been tried to solve this difficulty, including doping with metallic
and nonmetallic elements or compounds [377], employing other semiconductors in
the structure [378], and coupling with carbon materials [379]. GO/TiO, nanocom-
posite was employed in the PVDF ultrafiltration membrane by Xu et al. using the
phase inversion method, as shown in Fig. 24 [380]. According to scientists, GO is one
of the most optimistic possibilities for polymer membrane changeover. Two more
attributes of GO make it one of the most acceptable alternatives for coupling with
TiO, particles [381], in addition to its distinguishing traits such as a high surface
area and charge-carrier mobility.

The novel GO/TiO,-PVDF hybrid UF membrane enhanced photodegradation
efficiency by 50-70% and 1.0-1.5 times quicker degradation kinetics. Enormous
surface area and oxygen-containing functional clusters result in more significant
and tighter interaction between TiO, particles and other components, resulting in
reduced aggregation and improved photocatalytic activity [382]. Furthermore, the
GO/TiO, nanomaterial’s improved photocatalytic effectiveness might be owing to
the GO’s electrical characteristics and better electron transport, resulting in reduced
carrier recombination [383]. Similarly, when exposed to UV, the permeability of the
PVDF membrane increases by nearly two times, ensuring excellent BSA safety.
Similarly, Gao et al. [384] used a layer-by-layer approach to deposit TiO, NPs
and GO nanosheets on PES membranes. After that, ethanol/UV post-treatment was
utilized to reduce GO nanosheets partially. The novel mixed membranes degraded

Adsorb BSA
BSA uv breakdown
adsorbsto | ignt by+OHradicle Final products

0@ g desorb

l =0 (CO: wWater,
mineral acids)

% N ¥ § /

\ SR =y 1] ed
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Fig. 24 Possible photocatalytic activity of GO/TiO2-PVDF membranes. Reproduced with permis-
sion. [380] Copyright 2022, Elsevier (Licence Number: 5314621393244)
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methylene blue solutions 60-80% quicker under UV and 3-4 times faster in the
sunshine than PES membranes guided by TiO, and GO. Natural organic molecules
like humic acids are one of the primary causes of membrane fouling, preventing
membrane technology from being widely used for water treatment. Rao et al. [385]
synthesized Fe,O3/TiO,/GO composites for mixing with membrane casting solu-
tions using easy hydrothermal, colloidal, and vacuum filtering processes and reported
increased performance for the changed membranes. Based on their findings, adding
Fe, O3 to the TiO, photocatalyst increased its photocatalytic activity and humic acid
adsorption. The photo-induced electron—hole GO sheet led to an improved split and
higher photocatalytic activity. The weight ratio of Fe;O3:TiO,:GO in the synthesized
composite that completed the elimination of humic acid under sun irradiation in a
12-h test was 50:100:10.

Zinadini et al. [386] synthesized composites of multi-walled carbon nanotubes
(MWCNTs) and zinc oxide nanoparticles (ZnO NPs), which were mixed in a PES
casting solution to create mixed matrix membranes, and then examined the photocat-
alytic, surface, physical, and antifouling properties of the mixed membranes. They
ascribed the considerable rise to the PES membrane’s increased hydrophilicity and
decreased surface roughness due to mixing with the nanocomposite. They employed
techniques including SEM, AFM, contact angle measurement, and XRD to back up
their claims. Based on their detailed description, a 0.5 weight percent ZnO/MWCNTs
membrane might be the best option for permeability, antifouling capabilities, and
Direct Red 16 rejection. To illustrate this performance, Fig. 25 depicts a schematic
process of ZnO-coated MWCNT photocatalytic activity. The mechanical character-
istics and photoactivity of the developed carbon-based materials improved signifi-
cantly due to the inclusion of a photocatalyst, resulting in clean water and minimal
fouling ability.

4.3 Carbon Source for Photocatalysis and Synthesis

Carbon dots (CDs) are novel fluorescent carbon nanomaterials with a diameter of
fewer than 10 nm. They were identified as impurities in manufacturing single-
walled carbon nanotubes in 2004 and purified using preparative electrophoresis,
which means under the influence of an electric field, the movement of electrically
charged particles in a liquid [387]. Photoluminescent CDs provide several benefits
over standard semiconductor quantum dots, conversion nanoparticles, and organic
dyes, including excellent photostability, high water solubility, strong chemical inert-
ness, and ease of modification. CDs have exceptional electronic characteristics as
electron donors and acceptors, giving them a wide range of applications in catalysis
and optronics [388]. As shown in Fig. 26, the raw carbon sources for CDs can be
artificial or natural [389].

Natural-product-derived carbon dots (NDCs) made from natural sources benefit
from converting low-value biomass waste into lucrative and usable commodities.
Unlike other N/S-doped CDs obtained from artificial carbon sources, which need
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Fig. 25 The photocatalytic process using ZnO-MWCNTS/PES is depicted schematically. Repro-
duced with permission. [386] Copyright 2022, Elsevier (Licence Number: 5314830852832)

the inclusion of external N/S-containing compounds, natural products containing
heteroatoms (N, S) are particularly ideal raw materials for the synthesis of
heteroatom-doped NCDs [390, 391]. A novel method has been devised exclusively
to produce NCDs from natural resources, which differs from the methods used to
make CDs from artificial carbon sources [392]. Despite significant advances in this
area, no study has mainly addressed NCDs.

The “top-down” and “bottom-up” techniques (Fig. 27) are the two most common
synthetic procedures for preparing NCDs, while other syntheses combine the two.
The "top-down" approach generates NCDs from relatively macroscopic carbon
sources. It may be used to make NCDs from various natural items, including fruit,
biomass materials, and garbage. Precursors are used as seeds in the "bottom-up"
process. This method is suited for synthesizing NCDs from natural polymers such
as chitin [393] and chitosan [394]. Both procedures were used to manufacture tiny
quantities of NCDs from natural materials [395]. The discussion will concentrate
on the "top-down" technique because it is the most popular way of preparing NCDs
from natural sources. In addition, a new "bottom-up" approach for the preparation of
NCDs developed was also discussed. The comparison of the bottom-up and top-down
processes can be seen in Table 10.
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5 Conclusion and Prospective Application

In photocatalysis, the electron transport process is very significant. Fundamental
studies of charge transfer process dynamics are critical for developing novel photo-
catalysts and the fabrication of photocatalysts. Active photocatalytic electron trans-
port plays an essential role in photoreaction. The research focuses on measuring
the dynamics of the electron transfer interface using various methods, including stop
flow, pulse radiolysis, EPR, photoluminescence, and time-resolved spectroscopy. The
effects of many factors on electron transfer efficiency have been addressed. These
results reveal that the efficacy of the electron transfer mechanism, and hence the
process of photocatalytic mechanism, is significantly reliant on the surface composi-
tion, surface size, and shape of the photocatalyst. Various noble processes, including
metal clustering, transition metal ion doping, semiconductor surface, and coupling,
can alter the material surfaces. Many kinds of carbon-based material with Z-scheme
heterojunctions with an excellent catalytic activity have been created owing to the
rapid development of current technology. In a solid-state Z-scheme of material
heterojunction, several forms of carbon allotropes work well as electron media-
tors. However, choosing suitable electron mediators with specific composites from
different materials is complex and critical.

Photocatalytic degradation of organic pollutants is an appealing alternative to
overcome organic pollutants because of its low cost, simplicity of operation, and lack
of secondary contamination. NCDs are significant in photocatalysis and electrocatal-
ysis. They have a variety of uses, including catalytic degradation of organic mixtures
in aqueous settings and catalysis of oxygen reduction processes (ORRs) in fuel cells,
and catalysis of hydrogen synthesis by separating water. Carbon-based materials
with NCDs are prospective to improve photocatalytic reaction due to their adsorp-
tion capability with near-infrared absorbance and emission. Incorporating NCDs
into photocatalysts will expand the light absorbance, resulting in a higher catalytic
activity. As aresult, the photocatalytic method is a promising alternative to overcome
the world energy dilemma by harnessing solar energy for different applications.
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Abstract Air pollution induces a variety of human ailments, including respiratory,
circulatory, neurological, digestive, and urinary organ problems, as well as cancer.
Volatile organic compounds (VOCs) have been primary air pollutants in indoor and
urban environments, adverse to human health and the environment. The air puri-
fier was developed to reduce indoor airborne pollutants, including particles. The
discussion includes properties of air purified, photocatalytic properties on different
airborne contaminants, the effect of greenhouse gases (COx, NOy, SOx) on the air
purifier, classifying the effect of photocatalyst materials on ground level smoke,
ozone, sSmogs, viruses, and bacteria. Research on air filters to overcome the Covid 19
virus outbreak is increasingly popular. Current possible materials and performance
for photocatalytic air purifiers using bismuth (Bi), WO3, silver (Ag), C3Ny, and oxide
materials. Some materials with different variations are found with the best product
and removal efficiency results. The discussion is to elucidate the possible material for
an air filter (air purifier). In addition, HEPA Filter with an excellent filter for dealing
with mold, dust, germs, viruses, and other gases in indoor and outdoor systems is
also discussed. These filters are made up of multiple layers of filter material and can
eliminate at least 99.97% of particles larger than 3 microns. Finally, TiO, as a famous
photocatalytic material is also discussed as a filter precursor in several investigations
which is ideal for germs, smoke, and smells.
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1 Introduction

Air pollution induces a variety of human ailments, including respiratory, circulatory,
neurological, digestive, and urinary organ problems, as well as cancer [1, 2]. Indoor
air can be compromised with microbiological and chemical toxins, creating a serious
risk to human health [3]. Volatile organic compounds (VOCs) have been primary air
pollutants inindoor air and urban environments, damaging human health, and the envi-
ronment. Poorindoor air quality threatens millions of citizens as indoor air may include
more than 900 VOCs. Better air quality is vital for health. In particular, VOCs released
from building and interior materials have been linked to allergy disorders and sick
building syndrome [4]. In many developing countries, the natural environment has
been damaged by air pollution generated by car exhaust. Elevated levels of harmful
air pollutants, such as NOy and VOC, are associated with heavy traffic, which causes
damage to the environment and causes public health issues [5]. One of the groups of
contaminants known as hydrocarbons (HC) is critical to be overcome. VOCs such
as benzene, toluene, ethylbenzene, o-xylene, styrene, and the terpenes -pinene and
limonene were alsoidentified in the facilities such as homes, offices, schools, and shop-
ping malls. Human activities such as coal/fuels combustion in industrial furnaces and
cars are some of the most significant producers of NOy in large urban settings [6].
Nitrogen oxides (NOy), such as nitric oxide (NO), and nitrogen dioxide (NO,) are
significant pollution resulted from natural nitrogen cycles and human impacts such
as inefficient fossil fuel burning, engine exhaust emissions, and coal ash gases [7, 8].
Reactive pollutants make up the majority of vehicle emissions. Secondary pollutants
include ozone, nitrogen oxides (NOx =NO 4 NO,), and O3. The NO-NO,—-03 photo-
chemistry has also been used to study responsive pollutants dispersion in modeled 2D
street canyons [9].

Circulation with ambient air can minimize the VOCs. However, this requires
a lot of energy and generates more NOy emissions and outdoor air conditioning.
According to Sidheswaran et al., a heating, ventilation, and air conditioning (HVAC)
system with 15-20% outdoor air and 80-85% indoor air is practicable, providing
15-20% of VOCs are eliminated from the supply airflow [10]. The air heated by
the Trombe wall can be utilized for heat, breath, and air condition of the building.
It is an excellent strategy to reduce heating and ventilation expenditures [11]. The
cleaning of air has a wide range of applications. NOy, NO, and NO, are found in
the outside air. They are substantial air pollutants created by the combustion of fuels
in vehicles and power plants. Unsurprisingly, NOx emissions, significant interior air
pollutants, and VOC:s like acetaldehyde and formaldehyde contribute to sick building
syndrome [12]. Integrating the adsorption process by filters into AC systems is one
way to reduce VOC concentration. Filters using a powdered heterogeneous catalyst
(AC), bag filters, and filter cassettes comprised of flat sheet filter media. Compared
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to cartridges, they offer a reduced pressure drop, which might be a significant design
and selection consideration in terms of ventilation system energy efficiency [13].

High-efficiency particulate absorbing (HEPA) filters, non-thermal plasma air
filters, and polytetrafluoroethylene (PTFE) multi-tube high-efficiency membrane
air filters have traditionally been used in buildings with heating, ventilation, and
air conditioning (HVAC) systems to reach desirable suspended particulate matter
levels [14]. Titanium dioxide (titania or TiO,), a semiconductor photocatalyst, is
a multifunctional material with various potential uses in various fields, including
air and wastewater treatment, solar energy conversion, energy storage, and catalysis
[15]. Since their potential to digest and mineralize hazardous organic pollutants into
innocuous chemicals such as H,O, CO,, and NOj3, photocatalytic facilities have been
quickly developed in recent decades to ameliorate urban air quality [16]. Most of
these studies concentrate on pollutant ratios such as [NO]/[NO,], which are critical
influencing parameters for reactive pollutant dispersion [9].

In numerous studies, HEPA filters in hospitals have been seen to lessen the risks
of aspergillus and other fungal infections [17]. According to research, HEPA filters
can help reduce airborne levels of the severe acute respiratory syndrome coronavirus-
2 (SARS-CoV-2) [18]. Health care workers (HCWSs) require high-level respiratory
protection during the pandemic. However, those who cannot endure prolonged usage
of regular respiratory protection can employ powered air-purifying respirator (PAPR)
assemblies, commonly known as ‘power hoods’ [19]. The filters inside the respiratory
protection can be modified with particular antimicrobial materials.

To combat the COVID-19 pandemic, researchers investigate SARS-CoV-2 patho-
physiology, structural mutations, virology, and biological function [20]. Viruses like
Ebola, Zika, influenza (HIN1), and coronavirus have always been a source of concern
worldwide. Human health and the global economy are impacted by their linked
pandemics, endemics [21]. Human health is at risk from harmful microbes suspended
in the air or adhered to surfaces. There have been some reported cases, such as severe
acute respiratory syndrome (SARS) in 2003 and HIN1 in 2010 before the deadly
coronavirus (COVID-19) outbreak in 2020 [22]. Expiratory events are the general
spreading pathway, including coughing and sneezing, which produce aerosols. It can
commonly discharge hundreds of tiny drops containing millions of virus particles into
the air, which causes severe illness to others. Several environmental conditions can
possibly influence the virus-containing aerosol-based spread. The aerosols can travel
up to 30 feet in length under specific scenarios. Furthermore, environmental tempera-
ture and humidity might boost the survivability of aerosolized viruses, allowing them
to persist for longer [23]. In addition, multidrug-resistant (MDR) bacteria and viruses
can infect people via aerosol transmission, posing a serious threat to public health.
According to the studies, large-scale epidemics of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) are primarily transmitted through the air [24].

Various photocatalysts and composites have already been extensively used for
effective NO oxidation, including TiO,, ZnO, g-C3Ny4, and others [6]. Titanium
dioxide (TiO;) is a popular photocatalyst that has been studied extensively by scien-
tists [25]. Because of its high melting point, hydrothermal stability, and alkaline
resistance, TiO, could survive in challenging environments. Similarly, mesoporous
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materials, such as TiO,, are generally utilized as catalyst supports since their structure
facilitates mass and heat transport throughout the catalytic reaction [26]. Because
of its beneficial properties of endurance, stability, and low cost, titanium dioxide
(TiO,) is the most extensively utilized photocatalyst in the environment, whether in
commercial applications or scientific studies [27].

Because of its unique and vital intrinsic qualities, titanium dioxide (TiO,) is a
commonly utilized photocatalyst. It is inert and somewhat stable under extreme heat
and chemical conditions, allowing it to be used again. Operations. The photocatalytic
activity of titanium dioxide is strongly influenced by its crystalline phase, crystal-
lite size, specific surface area, and porosity [28]. Photocatalysis technology has been
applied to remove pollutants from the air and water by creating different photocat-
alyst systems with various methods. Doping, whether with metal or nonmetal, has
some drawbacks. Nonmetal-doped TiO; has difficulty in reaction time to achieve high
doping content and stability. In addition, the thermal stability of metal-doped TiO,
declines, and the metal dopant becomes the photogenerated carrier recombination
center [29]. Nano-TiO; has received significant attention because of its high specific
surface arearatio and excellent photocatalytic action, particularly anatase TiO,, which
has already been widely used for decontamination [30]. Titanium dioxide (TiO;)-
based photocatalysts have been intensively explored to remove pollutants in hetero-
geneous photocatalysis due to their stability, high catalytic efficiency, non-toxic, and
relatively inexpensive [31]. However, the broad bandgap energy of TiO, (3.0-3.2eV),
which requires UV radiations to excite the semiconductor, has exhibited numerous
limits in photocatalytic activity, despite its distinctive features. Moreover, the quantum
efficiency is still low due to the high recombination rate of e~/h* pairings [32].

Due to its high photocatalytic activity, long-term consistency, non-toxicity, and
affordable price, titanium dioxide (TiO;) has been the most popular substance [33,
34]. Photocatalysts based on TiO, produce highly oxidizing free radicals that are
bactericidal and antiviral against various bacteria and viruses, including influenza,
rotavirus, and SARS-CoV-2 [35]. When TiO, is combined with other photocatalysts
or cocatalysts, sunlight energy might be effectively used as the catalytic performance
isimproved [36]. In TiO,, absorbed photons form electron—hole pairs that travel a path
that allows some interactions with foreign molecules which physically adsorbed on
its surface. The generated holes can oxidize contaminants, producing high-reactivity
species such as O,, OH, and H,O,, which dissolve pollutants and kill microorganisms
[37]. Photocatalytic degradation (PCD) is an excellent strategy for eliminating low
VOC levels in indoor environments. PCD converts VOCs to CO, and H,O at standard
temperature and pressure. TiO, has been the most extensively utilized photocatalyst
in purifying the air with different photocatalysts [4].

Different visible-light stimulated photocatalysts can be made from bismuth (Bi)-
based compounds. Bi semi-metallic nature permits it to be used straight as semicon-
ductor photocatalysts or co-catalysts to optimize the photocatalytic behavior. On the
other side, Bi-based semiconductors have a smaller bandgap and they may harvest
light in the visible spectrum [38]. Over the years, only a few reviews of stacked Bi-
based photocatalysts have already been published, concentrating on tailoring method-
ologies and photocatalytic applications [39]. Bi-based photocatalysts are growing in
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popularity, and excellent chemical stability under visible light irradiation, specif-
ically their distinctive electronic properties, structure and regulated morphology,
would benefit them [40]. They can be modified for their electrical structure and
performance by utilizing ultrathin 2D nanosheets morphology. Various photocat-
alytic domains, such as CO, and N, reduction, can benefit from ultrathin 2D Bi-
based materials [39]. Due to their great stability, resistance to deactivation, low
cost, and outstanding activity, Bi-based nanomaterials are suited for photocatalytic
applications [41]. Bi-based compounds have been reported to be useful in a variety of
photocatalytic applications, including organic pollutant degradation [42]. The photo-
catalytic microstructure (i.e., size, shape, and surface to volume ratio), redox capacity,
and process conditions can all affect the useful application of Bi-based photocatalysts
in water purification. In this way, morphological management, surface and crystal
facet engineering, heterojunction constructions, doping, and substrate immobiliza-
tion can all help to improve Bi-based photocatalysts [41]. Therefore, the Bi-based
photocatalytic application needs improvement. In addition, a Bi-based photocatalyst
can accelerate the photocatalytic activity of organic pollutant degradation (phenolic
chemicals) [43].

On the other hand, researchers have been interested in employing zinc oxide
(ZnO) and WOj; as antimicrobial semiconductor photocatalysts for decades. It is
ecologically friendly, safe, and stable and contains powerful bactericidal and viru-
cidal capabilities [44]. In addition, with some exciting properties, tungsten oxide
(WO3) is a semiconductor with a broad bandgap (Eg., 3.3 eV) and possesses a
hydrophilic nature of WOj; for membrane application. Some interesting applications
are surface acoustic wave (SAW) devices, ultrasonic transducer arrays, chemisorp-
tion gas sensors, and optical waveguides [45]. Due to its environmentally favorable
usage of non-toxic ingredients, the green production of silver nanoparticles (AgNPs)
is widely acknowledged. AgNPs are frequently utilized as antioxidants, antibacte-
rial, and antifungal agents in agriculture and medicine [46, 47], which are possible
for photocatalytic air purifiers. Numerous discoveries have been made to manufac-
ture the air purifier using different technologies [48]. Particulate matter (PM), sulfur
dioxide, carbon monoxide, nitrogen oxides, and volatile organic compounds are the
most common air contaminants that need remediation [49].

2 Properties of Air Purified

The air purifier was developed to reduce airborne pollutants indoors, mainly including
particles. In China, the earliest air purifier developed was an electrostatic cleaner.
It was originally invented by the author’s group from the air cleaning studio of the
former Institute of Air Conditioning at China Academy of Building Research as
auxiliary equipment in 1971 in Tianjin to reduce the particle concentration of the
vortex area in the cleanroom with the mixed flow. It was termed as the electrostatic air
purifier at that time. Air pollution has been one of the biggest causes of death in the
world [50]. By definition, air pollutants can be any hazardous material in the air that
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can harm any living thing and its supporting environment [51]. The World Health
Organization (WHO) divided the types of pollutants into two general categories:
ambient air pollution and household air pollution [52]. Outdoor air pollution in cities
and rural regions that consists primarily of particulate matter, ground-level ozone,
NOyx, and SOy is known as ambient air pollution. In contrast, household air pollution
can be described as air pollution caused by the inefficiently combusted solid fuels
and kerosene that are commonly used for cooking purposes [53, 54]. According to
the WHO, ambient air pollution took a toll on 4.2 million people per year in 2016,
while household air pollution contributed to over 3.8 million deaths [53, 54]. These
air pollutants can spread quickly throughout the world, making it easier for them to
change the climate directly and indirectly [55]. Therefore, the air quality parameter
is crucial to the environment and human health. It can potentially harm the well-
being of humans, including increased susceptibility to respiratory diseases and even
mortality [51].

There is a specific guideline that a pollutant is allowed in the air and counted as
a relatively healthy amount. Table 1 shows the recommended amount of several air
pollutants according to WHO 2021 Air Quality Guidelines [52]. This parameter is
considered a worldwide standard; while some changes are made to fit each country’s
situation, it is still the leading guideline that most countries refer to. As a comparison,
the air quality parameters in Taiwan and Indonesia are displayed in Table 2 and Table
3, respectively [56, 57].

The air quality index (AQI) of Taiwan presented by IQ Air shows that in 2019, an
average of “moderate” air pollution was attained (12.1-35.4 jg/m?), while, in the
same year, Indonesia was ranked 6th as the most polluted country worldwide [58,
59]. As the COVID-19 pandemic started, many countries have reported a significant
decrease in air pollution over the lockdown period [60—62]. The decreased air pollu-
tion was related to the movement restriction of workers from the work-from-home
initiative implemented during and post-lockdown period [60—62]. Some research also
indicates that more polluted cities have higher COVID-19 mortality rates [63, 64].

gﬁ;lifylgu\i)\(]igi?l’essz[gg air Pollutant Averaging time 2021 AQG level (. g/m3 )
PM; s Annual 5
24-h 15
PMo Annual 15
24-h 45
O3 Peak season 60
8-h 100
NO, Annual 10
24-h 25
SO, 24-h 40
CO, 24-h 4000
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Table 2 Taiwan’s 2020
environmental protection
administration air quality
standard [56]

Table 3 Indonesian 2021
government regulation on air
quality parameter [57]

81
Pollutant Averaging time Standard value (jLg/m?)
PM> 5 Annual 15
24-h 35
PM;o Annual 50
24-h 100
O3 8-h moving 60
Hourly 120
NO, Annual 30
Hourly 100
SO, Annual 20
Hourly 75
CO 8-h moving 9000
Hourly 35,000
Pb 3-month 0.15
Pollutant Averaging time | Standard value (jLg/m?)
PM; 5 Annual 15
24-h 55
PMo Annual 40
24-h 75
O3 Annual 35
8-h moving 100
Hourly 150
NO, Annual 50
24-h 65
Hourly 200
SO, Annual 45
24-h 75
Hourly 150
CO 8-h moving 4000
Hourly 10,000
Pb 24-h 2
Non-methane HC | 3-h 160

This phenomenon suggests that pre-existing respiratory diseases from high expo-
sure to air pollutants significantly impact the mortality rate from COVID-19 and
potentially future pandemics [63, 64]. However, a study by Agarwal et al. shows that
the indoor air pollutant has also decreased, linking it to several measurements that
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households use to improve air quality in their home [65]. This condition includes
non-pharmaceutical measures, such as the usage of facemasks, social distancing, and
engineering control, i.e., the installation of air purifiers and the addition of indoor
ventilation [65].

3 Photocatalytic Properties on Different Airborne
Contaminants

3.1 Volatile Organic Compounds (VOCs)

VOCs are organic compounds that have vapor pressure >10 Pa at 25 °C with a
boiling point of up to 260 °C at atmospheric pressure and up to 15 carbon atoms
[66]. VOCs consist of carbonyls, alkanes, alkenes, alcohols, esters, ethers, aromatics,
and amides [66]. Most VOCs are produced through human activities, whether small or
large, i.e., driving vehicles, painting, and combustion of fuels. In ambient conditions,
even humans emit VOCs from their breath and skin, most of them being acetone,
isoprene, methanol, and acetic acid [66, 67]. However, the earth also naturally emits
some VOCs from activities such as reduced carbon dioxide from photosynthesis
and chemical mimicry from some animals. Listed below are some VOCs commonly
found in households and their risks to human health.

1. Benzene, Toluene, Ethylbenzene, and Xylenes (BTEX)

BTEX consists of four types of organic compounds: benzene, toluene, ethylbenzene,
and xylenes [68]. These materials are commonly found in petroleum products. Listed
below are the properties and dangers of each organic compound to human health.

2. Benzene

Benzene is a colorless liquid with a sweet odor and is highly flammable [69]. It is
heavier than air in its vapor form, with a density of 2.77, making it sink closer to
ground level [69, 70]. The solubility of benzene, at only 1.79 g/L, is considered small
in water even though it is still larger compared to alkanes of similar size [71, 72]. This
property, as well as the fact that benzene is lighter than water, makes it float on top
of the water [72]. Benzene acts by causing cells to malfunction. Long-term exposure
to benzene has a profound effect on the blood, e.g., causing the bone marrow to stop
producing enough red blood cells, resulting in anemia [69].

3. Toluene

Similar to benzene in structure, toluene consists of an aromatic hydrocarbon ring
and a methyl group attached to one of its carbons [73] with a vapor density of 3.2
compared to air and solubility of 0.5 g/L, it tends to lay low on the ground and
float on the surface of the water [73, 74]. Long-term exposure to toluene affects
the human’s central nervous system [75]. The symptoms of toluene exposures are
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headache, drowsiness, dizziness, disorientation, nausea, slowed judgment, slowed
stride, and blurred vision [76].

4. Ethylbenzene

Ethylbenzene is a highly flammable liquid that has no color and a similar odor
to gasoline [77]. Same as the previous materials, ethylbenzene has a higher vapor
density compared to air at 3.7, making it lay on the lower ground level [77, 78]. It
has a very low solubility of 0.00206 g/L, which makes it tend to float on water [77].
Ethylbenzene is a potential human carcinogen, according to the international agency
for research on cancer (IARC) [79]. In animals, exposed to relatively low quantities
of ethylbenzene for several days to weeks, irreversible damage to the inner ear and
hearing has been seen, while the same amount of exposure for several months to
years leads them to suffer kidney injury [79].

5. Xylene

Xylene is a disubstituted molecule benzene ring with two methyl groups that is
colorless, highly flammable and has a sweet odor [80, 81]. Its vapor form has a
higher density compared to air at 3.7 and low solubility in water with <0.1 g/L,
making it float on the water surface and sink to the lower grounds [81]. There is no
known mechanism through which xylene causes toxicity; though the most serious
areas that are affected by xylene exposures are the central nervous system, respiratory
system, and cardiovascular system [82].

The breakdown process starts with the attack of the BTEX molecule by -OH
radicals, SO* and other aggressive chloro-species, such as C103/C10,/C10~ [83].
This may be termed a degradation pathway because active species caused benzene
rings to open and complete mineralization [83]. The addition of HO- to benzene
started the oxidation of benzene in the breakdown pathway, resulting in radicals
[83, 84]. The radical disproportionation produced phenol, which quickly interacted
with hydroquinone and p-benzoquinone to yield hydroquinone [83, 85]. HO- might
join the benzene ring of toluene, yielding o-, m-, and p-cresol respectively [83].
HO- would also attack the methyl group, forming C¢Hs-CH,, which would then be
disproportioned to generate benzyl alcohol or benzaldehyde due to the subsequent
disproportionation [83, 85]. HO could be attached to the aromatic ring of ethylene,
resulting in the formation of ethyl phenol isomers [83]. Ethyl carbons were easily
attacked by HO, resulting in the formation of various intermediates such as -phenyl
ethanol, and phenylacetaldehyde [83, 86]. m-tolylalcohol, m-tolualdehyde, 1,3-
benzenedimethanol, and 1,3-benzenedialdehyde were also found after xylene break-
down, which was the result of attaching HO-. The methyl carbons were easily attacked
by HO-, resulting in m-tolylalcohol and 1,3-benzenedimethanol in the system, which
yielded m-tolualdehyde and 1,3-benzenedidialdehyde respectively [83, 87]. Finally,
the rings were eliminated, and intermediates such as glycerol, maleic acid, succinic
acid, and propionaldehyde were transformed into linear compounds [83]. With the
interaction of CI and aromatics during the breakdown of PEC, Due to an increase in
the production of electrons by the electrolysis process, photoelectrocatalytic (PEC)
can boost removal efficiency by increasing current density. various intermediates
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were generated [83]. During the breakdown of 2,4-Dichlorophenol (2,4-DCP), inter-
mediate products such as chlorophenols, hydroquinone, benzoquinone, and phenol
were discovered [83]. The aromatic ring of 2,4-DCP can be hydroxylated by adding
-OH to it, yielding 3,5-dichlorocatechol, 4,6-dichlororesorcinol, and chlorophenols.
Meanwhile, -OH was used to replace the chlorine atom at the para-position on the
aromatic ring, yielding chlorohydroquinone and phenol. By oxidation with another
hydroxyl radical followed by Cl. abstraction, chlorohydroquinone is transformed into
hydroxyhydroquinone [83]. The hydroxybenzoquinone is generated by the oxida-
tion of hydroxyhydroquinone followed by reduction, or by the hydroxyl radical
attack on benzoquinone. When hydroxyl radicals attack hydroxybenzoquinone and
benzoquinone, the ring opens, forming aliphatics [83, 88].

6. Chloroform

Chloroform or trichloromethane (CHCl3) is a volatile liquid with an ether-like odor
and no color [89]. It is denser than water and air, with its density of 1.492 mg/L and
a vapor density of 4.2 [90, 91]. It was used as an inhalation anesthetic in the 1800s
and was replaced due to its toxicity to human health [91]. Currently, chloroform is
common in refrigerants and solvents, as well as used in chemical manufacturing [92].
According to the US EPA, chronic effects of long-term exposure to chloroform can
affect the liver and central nervous system [93].

The reaction mechanism of chloroform degradation can be described in the equa-
tions below [94]. The complete mineralization of chloroform is hydrochloric acid
and carbon dioxide [94].

Cl- 4 CHCl; — HCI + -CCl; (1)
.CHCl, + CHCl; — CH,Cl, + -CCly )
.CCl3 + 0, > CCl;00 3)
CCl,00- — 2 CCLO - + O, (4)
CCl,0- — COCl, + Cl (5)
COCl, + H,0 — 2 HCI + CO, (6)

7. Formaldehyde

Formaldehyde of methanal (CH,O) is a colorless, flammable gas with a pungent
odor [95]. It has a slightly larger vapor density at 1.03 compared to air, and is soluble
in water [96]. Due to its solubility, formaldehyde is widely used as a preservative
when mixed with water, also known as formalin [95]. It is found in emissions from
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unvented fuel-burning appliances, cigarette smoke, as well as a result of combustion
and some other natural processes [97]. Formaldehyde might enter into the household
from the existence of smokers in the room, or new products or constructions, since it
occurs in fabrics and newly manufactured woods [98]. Formaldehyde causes myeloid
leukemia and uncommon malignancies, including tumors of the paranasal sinuses,
nasal cavity, and nasopharynx, according to studies of employees exposed to high
quantities of formaldehydes [99].

Under UV light, formaldehyde can be photocatalytically degraded on the surface
of nanoscale TiO,, where the photo-production holes and electronics react with
the water molecules that adsorb on the catalyst surface to produce hydroxyl [100].
The hydroxyl generated is crucial in the photocatalytic elimination of formaldehyde
[100]. The reaction mechanism can be seen as follows.

TiO, + hv — h* +e )

H,O +h" — -OH + H' (®)

O+ e — O ©))

CH,0 + -OH — -CHO + H,0 (10)

.CHO + -OH — HCOOH (11)

.CHO + -0, — HCO; — ™ HcooOH ™%° cHOOH (12)
HCOOH % HCOO™ 5 H* +.CO5 (13)

.coy 'O o, (14)

4 Methyl Ethyl Ketone (MEK)

MEK or 2-butanone (C4HgO) is a flammable liquid with no color and a sharp odor. It
is mainly used as a solvent in a lot of industries, such as synthetic rubber, adhesives,
and protective coating materials [101, 102]. It has a half-life of 14—15 h in air while
it lasts longer in the soil and water, with 3—12 days through evaporation and more
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Fig. 1 Possible reaction pathway of the breakdown of methyl ethyl ketone. Reproduced with
permission. [105] Copyright 2022, Elsevier 5326540985929

than 3 days by biodegradation [102]. MEK might leech out to the environment
through hazardous waste sites, as well as from cigarette smoke and releases from
building materials [103]. It is an irritant to the eyes and nose of humans and can cause
drowsiness or dizziness and skin dryness or cracking from prolonged exposure [104].
Figure 1 shows all of the possible breakdown processes of MEK [105].

In short, the photocatalytic reaction will generate electrons and holes under UV
irradiation [105]. The product of the reaction, which is electrons and holes, will then
react with oxygen from the surrounding air and available water to form OH-radical
groups [105]. These OH-radicals will further react with the MEK molecule, resulting
in the formation of three different alkyl radicals and water, which will then decom-
pose into smaller radicals (ethylene, ketone, and methyl ketene) [105]. These smaller
radicals will proceed to react with the TiOH on the surface and/or mix with the other
radicals to generate alkane, alcohol, ketone, aldehyde, and acetic acid, among other
organic chemicals [105]. The formed acetaldehyde can also be a result of the oxida-
tion of the smaller by-products listed before—diacetyl, acetone, and ethanol [105].
Following that, the acetaldehyde can then be degraded into acetic acid, formaldehyde,
and methanol. MEK photocatalytic process will then be completed with the oxidation
of acetic acid and formaldehyde to formic acid followed by another oxidation process
which results in CO, and H,O, leading to complete mineralization [105].
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4.1 Greenhouse Gases (COy, NOy, SOy)

People’s lifestyles and cultures had changed due to industrialization. Energy
produced from fossil fuels was used to operate newly invented machines. Fossil
fuels are widely used in power generation and transportation technology. When a
fossil fuel burns, it produces several types of gases such as carbon dioxide (CO,),
methane (CHy), nitrous oxide (N,O), and fluorinated. These gases in the Earth atmo-
sphere act as a greenhouse barrier and trap the solar radiation. These gases that absorb
and trap heat in the atmosphere are known as greenhouse gases (GHG). They play
a crucial role in maintaining the earth temperature by absorbing infrared radiation.
Global warming caused by greenhouse gases is the trapping of heat in the atmosphere
[106]. Global warming has been caused by human activities, which have increased
GHG beyond their limit, altering the living conditions on Earth. Many studies have
predicted that CO, and other greenhouse gases will increase substantially. Overpro-
duction of greenhouse gases causes changes in the climate and ecosystem that, in
turn, lead to environmental and health issues. Due to the changes in rainfall patterns,
a decline in agricultural production has been observed, leading to food shortage. As
reported by the WHO in 2018, global warming will lead to infectious diseases like
malaria, dengue fever, and diarrhea [107]. GHG also significantly pollutes the air.
Each year, 6.5 million people die from air pollution, including 3 million from open-
air pollution. Approximately 4.5 million deaths will be caused by outdoor pollution
by the end of 2040 [108].

Radiative forcing refers to the influence of greenhouse gases on the Earth atmo-
sphere by altering incoming and outgoing energy states. This is a measure (expressed
in Wm~2) of the importance and contribution of GHGs to current climate change
[109, 110]. Table 4 shows GHGs characteristics, the global radiative forcing in
Wm~2, global warming potential GWP100 (time horizon of 100 years), atmo-
spheric lifetimes in years and relative importance. Recently, many studies have been
conducted to reduce or remove greenhouse gases from the atmosphere. One process
that has been reported for efficient GHG capture and utilization on a commercial
scale is photocatalyst utilization for the removal of GHGs.

4.1.1 Carbon Dioxide (CO,)

CO, emissions in the atmosphere have grown tremendously due to heavy dependence
on fossil fuels. Since the industrial revolution in 1750, atmospheric CO; levels have
rapidly increased from 280 to 400 ppm in 2014 [108]. CO; is one of the main
greenhouse gases that are the leading cause of global warming. Reducing emissions
is the easiest way to deal with this problem, but it might not be sufficient or possible
in all cases, especially in cases where fossil fuels cannot simply be avoided.
Currently, there are three approaches being taken to reduce the amount of CO,
in the atmosphere, (1) direct reduction of CO, emissions; (2) CO, capture and
storage (CCS); and (3) CO, utilization and conversion. As the need for energy for
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Table 4 Principal GHGs and their characteristics [110]

R. Haliq et al.

GHG Global radiative Relative GWPjo0 | Atmospheric
forcing in 2008 importance lifetime (years)
(Wm™?)

CO, 1.739 63.5% 1 >100

CHy4 0.500 18.2% 25 12

N;O 0.171 6.2% 298 114

CFC-12 or CClyF; 0.169 6.2% 10,900 100

CFC-11 CCI3F 0.061 2.2% 4800 55

15 other minor GHGs 0.100 3.7% - -

HCFC-22 or CHCIF, 0.0330 (in 2005) | 1.2% 1700 12

CFC-113 or CCl,FCCIF, 0.0240 (in 2005) | 0.9% 4800 85

HFC-134a or CFH,CF3 0.0055 (in 2005) | <0.2% 1430 14

PFC-14 or CFy4 0.0034 (in 2005) | <0.2% 5700 50,000

HCFC-142b or CH3CF,Cl | 0.0031 (in 2005) | <0.2% 1800 18

SFe 0.0029 (in 2005) | <0.2% 22,800 3200

NF3 - - 17,200 550

Total RF in 2008 2.740 100% - -

life increases over time, direct reductions in CO, emissions are considered unreal-
istic. CCS is risky for leakage and compression, uneconomical, and limited to wide
implementation. Therefore, utilization and conversion of CO, are more attractive
in ameliorating energy shortages and environmental problems. A good solution is
to convert CO; to high-value carbonaceous fuels and chemical building blocks by
using solar energy. A highly efficient photocatalyst is needed to realize such CO,
conversion practically.

The conversion of CO, requires the absorption of a suitable amount of light
because it is difficult to break the C=0O double bond. This C=0 double bond has
a higher bond energy (750 kJ mol~!) compared to C—H(411 kJ mol~'), C—O
(327 kJ mol™"), and C—C (336 kJ mol~!) single bonds. Various products can be
produced, including C1 compounds such as CO, CH4, HCOOH, CH3;OH, HCHO,
and C, molecules such as CH,CH,, C,HsOH, and CH3;COOH. Table 5 shows
the common products of photocatalytic CO, reduction with their corresponding
reduction potentials (E°) (see Fig. 2).

There are three main phases of photocatalytic CO, conversion: (1) Photocatalysts
absorb photons at or near their bandgap energies and generate electron-hole pairs;
(2) Separation of the photogenerated electron-hole pairs, electrons migrate to the
active sites, CO, molecules are absorbed; (3) Redox reaction among photogenerated
charge carriers and the adsorbed CO, molecules. In Table 6, we list recent research
about photocatalysts for the reduction of CO, and the obtained products.
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Table 5 The reduction potentials versus NHE at pH 7 in aqueous solution, 25 °C and 1 atm gas
pressure [111]. Some typical semiconductors and their redox potentials

No. Equation Product E (V)
1 COy +e~ — COy~ Carbonate anion radical —1.85
2 CO, +2H* +2¢~ — HCOOH Formic acid —0.61
3 CO; +2H" +2¢~ — CO + H,0 Carbon monoxide —0.53
4 CO; +4H" +4e~ — HCHO + H,0 Formaldehyde —0.48
5 CO, +4H" +4e~ — C+2H,0 Carbon —0.20
6 CO,; + 6 HF 4+ 6e~ — CH30H + H,O Methanol —0.38
7 CO; + 8H" + 8~ — CH4 + 2H,O Methane —-0.24
8 2CO; + 12H* + 12~ — CyHy4 + 4H,0 | Ethylene —0.34
9 2C0O, + 12H* + 12¢~ — C,Hs5OH + Ethanol —-0.33
3H,0
10 2C0O, + 14 H* + 14e~ — CyHg + 4H,O | Ethane —-0.27
11 3CO, + 18 H* + 18¢~ — C3H;0H + Propanol —0.32
5H,O
12 2HY +2~ - H Hydrogen —0.42
r
-3
— -2
<
= _CO_ HCOOC (-0.61V)
E -1 g . COJHCHO (-0.48 V)
w R - . 1 i1V
0 | - B | | B | “CO/CHyOH (-0.38 V)
= 2
: = -
s H,0/0, (0.82V)
w 1
2
3 TiO, SrTiO; TaON CdS Cu,O SiCc ZnS

NB.: In order to proceed, the reduction potential at the catalyst must be lower than that of the desired
product.

Fig. 2 CB and VB Energy levels of different semiconductor photocatalysts, electrochemical poten-
tials of CO; reduction reactions to derived compounds, and H>O reduction and oxidation potentials

[111]

4.1.2 Photocatalytic Reduction of Nitrous Oxide (N,O)

Nitrous Oxide (N,O) is one of the greenhouse gases that play arole in global warming,
accounting for 6.2% of the total global radiative forcing. The global warming poten-
tial (GWP100) of N,O (global warming potential) is nearly 298 times greater than
that of CO, [120]. N,O is a very harmful and poisonous gas emitted primarily from



90 R. Haliq et al.
Table 6 Several photocatalyst systems for the reduction of CO;
Photocatalyst Light source Analyzer Main product References
NiMoOg4 LED lamp Gas Product: CH30H [112]
20W chromatograph | Production rate:
(400-800 nm) 2436 wmol/(g-h)
Fe, Ni-doped CeO; LED lamp CP-3800 gas Product: CH30H [113]
20W (h> chromatograph | Production rate:
400 nm) 7039 pmol-g~!
AgVO3/Ag/TiO>-NWs | UV light FID-equipped | Product: CH;0OH [114]
reactor 8 W (\ | gas Production rate:
> 254 nm) chromatograph | 9561 jumol g~ ! h~!
CuS/g-C3Ny4 300 W xenon | Gas Product: CO [109]
lamp chromatograph | Production rate:
13.24 pmol g=' h~!
In; O3 @InP/Cu, O 300 W xenon | Techcomp Product: CO and CH4 |[115]
lamp GC 7900 Production rate
CH4:
38.8 wmol g~ h~!
CO:
13.7 pmol g~ h~!
BiaWOg/Si 300 W xenon | QP2010 ultra | Product: CoH5OH [116]
lamp Production rate:
(N > 400 nm) 402.76 pmol/g
SnTa;0¢ 300 W xenon | Flame Product: CO [117]
lamp ionization Production rate:
detector (FID) |28 pwmol g_l h!
NF@ZnO/Au@ZIF-8 | 300 W xenon | GC-9860-5C |Product: CO and CHy |[118]
lamp Production rate
CHy:
270.12 pmol g~ h~!
CO:
21.36 pmol g~ h~!
Znln;S4 nanorods 300 W xenon | GC, agilent Product: CO and CH4 | [119]
lamp 7820A Production rate
(% > 800 nm) CHy:
220 mol g~ h~!
CO:
1500 pmol g~ h~!
TiZrNbHfTaOy 400 W Hg GC-8A Product: CO [120]
lamp Production rate: 4.64
+0.30 umol g~!

combustion. N,O has many negative impacts on the environment and living things,
such as acid rain, photochemical smog, ozone layer depletion, respiratory illness, and
lung function abnormalities [121, 122]. For a long time, N,O was decomposed by a
thermal catalytic method. In 1970, Photocatalysis under UV irradiation was devel-
oped to decompose N, O into N, and O, used zinc oxides and ferric oxide [123]. While
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Table 7 Photocatalystic systems for the reduction of NoO

Photocatalyst Light source Analyzer N>O conversion (%) | References
TiO2/g-C3Ny 8 W Hg lamp | GC/BID 70.6 [124]
g-C3N4/ZnO - - 11 [125]
ZnS-MMT 8 W Hg lamp | GC/TCD 79 [126]
BiVO4 Xenon lamp GC/TCD 26.7 [127]
WO3/g-C3Ny 8 W Hg lamp | GC/BID 14 [128]
g-C3Ny4/BiVO4 | 8 W Hg lamp | Gas Chromatograph | 13 [127]

thermal catalytic decomposition of N,O (without light) is suitable primarily for the
abatement of N, O generated by industry and combustion, photocatalytic decomposi-
tion of N, O may be able to reduce the concentration in the atmosphere. The electrons
generated by the UV irradiation of semiconductor photocatalysts can reduce N,O.
In Table 7, there are several researches about photocatalysts N,O reduction.

4.1.3 NOy

As major pollutant gases, nitrogen oxides (NOy) have attracted much attention due
to the substantial damage they cause to the environment and human well-being [129,
130]. NOy emissions contribute to environmental problems such as acid rain, PM2.5
(particulate matter below 2.5 m), and photochemical smog [131]. Many technologies
for NOy purification have been developed, such as three-way catalysts, absorption,
and selective catalytic reduction. Such strategies target ppm-level emission sources
but are unfeasible for ppb-level NOy in air temperatures [132, 133]. Photocatalysts
have been used to solve environmental concerns due to their environmentally benign
and ambient reaction conditions [134, 135]. Photocatalysis, powered by plentiful
solar energy, has significant promise for removing NOy at low concentrations from
the environment.

The photocatalytic activity of the materials toward NO oxidation was investigated
using a methodology similar to ISO 22197-1 and a standardized test method devel-
oped for characterizing air-purification performance. As NO is the most abundant
NOy component in ambient air (about 90%), numerous semiconductors, including
g-C3Ny (CN), have been investigated as NO removal photocatalysts [136—138],
LDHS [139], metal oxides [140—-142], and their composites [143—-146]. CN is a
viable option due to its narrower energy band gap among these materials, stunning
response to visible light, non-toxicity, and excellent stability [147, 148]. Creating a
heterojunction combined with TiO, is an excellent method for improving photocar-
rier separation [149]. Under visible light, the composite photocatalyst outperformed
pure CN and TiO, in photocatalytic activity. Hu et al. [150] demonstrated that Ti3;C,
MXene, which has been somewhat oxidized, is an excellent candidate for fabricating
photocatalysts for high-performance air purification. The composite materials have
a high NO removal effectiveness and produce low NO, if used as NOy purification
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photocatalysts. The synthesized photocatalyst exhibits a NO removal efficacy of up
to 66.3% in visible light, which is significantly greater than g-C3Ny4 or TiO,-Ti3C,.

414 No

One of the “greenhouse gases” is nitrous oxide. It is a chemical compound discovered
as one of the gases that damage the ozone layer. Human activity is estimated to emit
4.7-7 million tons of nitrous oxide annually, accounting for around two-fifths of
the total emissions and natural sources (bogs, processes of putrefaction) [151]. For
instance, N, O has occurred in the commercial ammonia oxidation process byproducts
using a catalyst made of platinum at temperatures more than 800 °C. Risk caused by
a steady buildup in nitrous oxide concentrations in the atmosphere (approximately
0.2-0.3 annual percentage) necessitates a search for ways to minimize emissions
[152]. As a result, controlling N, O emissions has become an increasingly essential
environmental subject. N,O catalytic breakdown into N, and O, appears to be the
most straightforward method of controlling N,O emissions.

Various catalysts had been recognized to be involved in the breakdown of N,O.
Oi et al. [153] investigated Rh catalytic activity assisted by multiple metal oxides
and determined that Rh/ZnO was the most active catalyst. Besides, Li and Armor
[154] found that the Rh/ZSM-5 catalyst was particularly active in the catalysis of
N,O degradation when temperatures were low (e.g., 300 °C). Numerous research
studies [155—157] on the catalytic breakdown of N,O have been published using
Al,Os-supported catalysts made of valuable metals (Ir, Ru, Rh). Meanwhile, other
gases that coexist, such as CHy, H,O, and O,, greatly influence the catalytic activity
for N, O breakdown [157-159].

4.2 Ground Level Smoke, Ozone, and Smogs

4.2.1 Photocatalytic Smoke Purifier

Smoke is a complex mixture of semi-volatile and non-volatile molecules as well as
particulate matters (PMs)(known as tar), composed of numerous gaseous volatile
substances [160]. Furthermore, it contains a variety of harmful compounds such
as ammonia, 3-ethenylpyridine, acetone, ethylketones (MEK), polycyclic aromatic
hydrocarbon (PAH), and acetaldehyde in addition to the typical compounds (nicotine,
benzene, toluene, ethylbenzene, and xylenes) [161]. In addition, smoke contains
90% gaseous compounds, including CO, CO,, nitrogen dioxide, VOCs, aldehyde,
amines, and 10% PMs). Therefore, smoke causes carcinogens, respiratory toxicants,
and cardiovascular toxicants. There are 200 different classes of harmful compounds,
with approximately 60 being carcinogens made up of 4000 various compounds.
According to the study by Wang et al., smoke is composed of three primary carbonyl
substances: acetaldehyde, acetone, and formaldehyde. In addition, the concentration
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Table 8 Major chemical composition of smoke [163]

Compound Composition/cigarette Compound Concentration

(mg) (mg)/cigarette (mg)

Carbon monoxide (CO) 14-23 Acetic acid 300-1700

Carbon dioxide (CO») 45-65 Formic acid 200-600

Nitrogen oxides (NOx) 100-680 Acetaldehyde 400-1400

Nicotine 100-3000 Formaldehyde 20-100

Nornicotine 5-150 Acetone 100-650

Total non-volatile HC 300-400 Methanol 80-100

Ammonia 10-130 Furan 20-40

Phenol 80-160 Pyridine 20-200

of benzene and toluene is also reasonably high in VOCs [162]. Europe institute
also reported similar results for health and consumer protection. Table 8 shows the
composition of each compound in smoke [163].

The toxic, volatile, and easily diffuse characteristics of smoke are critical factors
to air pollution and pose a severe environmental and human health issue [164].
Furthermore, the inhalation of CO may result in an acute health effect caused by its
strong affinity for hemoglobin, which impairs oxygen delivery. As a result, impaired
vision and decreased brain function may occur at moderate dosage. Furthermore, CO
poisoning can be fatal at greater concentrations. For example, exposure to a 0.1%
CO atmosphere may lead to death due to the conversion of hemoglobin in blood to its
useless CO derivative [165]. One cubic centimeter of the fresh cigarette mainstream
smoke consists of around 4 x 10° spherical particles composed of different sized
liquid and solid particles in source and composition with the arithmetic mean diameter
of approximately 0.2 pm [166]. The significant risk of smoke in indoor air pollution
includes lung cancer [167], cardiovascular and respiratory diseases [ 168], human skin
disease [169], breast cancer mortality [170], and ischemic stroke [171]. The adverse
effect of the risk will increase in relation to the exposure, especially the PM 10 and PM
2.5, which can deposit deeply inside the respiratory tract due to tiny size, which can
penetrate deeper to the respiratory tract and cause harmful impacts. Moreover, it has
the ability to adsorb toxic organic molecules and pass through the blood circulation,
which could circulate through the whole body, including brain [172]. Moreover,
exposure over a short period can irritate the eyes, nasal, and respiratory systems. The
consequences to the respiratory system due to the exposures could include increased
sneezing and coughing and could impact susceptible and sensitive individuals [162].

To enhance air quality and set standards, a variety of technologies have been
deployed. Air quality limit values (AQLVs) are used in Europe to demarcate plan-
ning claims. The national ambient air quality standards (NAAQS) are used to set
national air quality standards in the United States. The European directive estab-
lishes worldwide geographical air quality guidelines throughout Europe. The stan-
dards are established based on the danger of the exposed geographical area being
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used as monitoring/assessment zones for the recording of emissions and air pollu-
tants. In the United States, limits are defined depending on the severity of the air
quality problem in the area, and all sources of pollutants and their precursors are
recorded. Although the standards are placed on different mechanisms, tremendous
progress has been made in reducing overall emissions and health and environmental
consequences [173].

The concentration of smoke pollutants and the residence time of VOCs, PMs,
and other contaminants can be reduced by enhancing the ventilation systems. The
American Association of Surgeons issued the health consequences due to the expo-
sure to smoke in which they reported that purifying the air indoors or improving
the room ventilation cannot eliminate the exposure to smoke. Centers for disease
control and prevention in 2016 report also stated that spreading smoke could not be
prevented even in a negative pressure smoking room in which the room is sealed
and vented. Moreover, utilizing an air cleaning system can help reduce removing
particles, although they are not managed to remove the gas. Furthermore, recent
air-conditioning and ventilation systems may worsen as they can only spread and
distribute the smoke throughout the building.

Generally speaking, technologies for smoke emission reduction can be broadly
divided into two types: chemical conversion degradation, such as oxidation or decom-
position, and adsorbing the VOCs, PMs, and other pollutants by activated carbon.
Activated carbon removes VOCs by physical adsorption. However, desorption needs
to be done as a post-treatment to recover the activated carbon, and at some points,
the replacement cost would be needed afterward. Furthermore, adsorption with acti-
vated carbon also has limitations to the hydrophilic gas, such as acetaldehyde for
hydrophobic activated carbon. Examples of chemical conversion methods include
oxidation using ultraviolet (UV) radiation and plasma radiation with the employ-
ment of the photocatalyst. The photocatalysis plasma radiation method is usually
employed in household air purifiers. Potent oxidizing agents such as Oz oxidize
VOCs to CO and CO,. Consequently, O3 is harmful to human health indoors. As a
result, before the air is vented, O3 must be removed from it. Manganese (Mn)-based
catalysts are believed to be one of the most effective due to their excellent activity
for O3 breakdown at ambient temperature. For example, Kim et al. and Zhao et al.
in 2020 [174, 175] examined the usage of O3 to create oxidants at room temperature
by using a MnOy catalyst (25 °C). Kim used chemical vapor condensation (CVC)
to make MnOy/TiO, and compared it to Degussa P25 TiO, to totally oxidize air
containing 45 ppm of formaldehyde (HCHO) to concentrations as low as 25 ppm
and 20 ppm for CO, and CO, respectively, by adding 225 ppm of Os. The result
showed that 100% removal efficiency was achieved when the ratio of O3 to HCHO
was >5 by MnOx/CVC-TiO,, It is reported that the removal efficiency of HCHO
was significantly increased compared to the bare TiO, and MnO,, This phenomenon
could be ascribed to the difference in the concentration of O3 on the catalyst surface,
which resulted in different concentrations of the reactive oxygen species. Further-
more, they also investigated the effect of relative humidity (RH) and the ratio of O3
to HCHO. The results showed that 100% removal efficiency could be achieved at
50% RH.
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Purifying smoke in the indoor room through photocatalytic oxidation is a relatively
new approach. UV light activates the photocatalyst, which creates hydroxyl radicals
(oxidants) from adsorbed water to convert VOCs contained in the smoke to CO, and
H,0. However, the oxidation reaction rates are relatively slow for application in air
purification systems [174].

Due to its low cost and relatively remarkable efficiency, metal oxide-based cata-
lysts are widely employed for smoke degradation under photothermocatalytic condi-
tions. Among these catalysts, an effective method is synthesizing the photothermo-
catalytic nanocomposites by combining metal oxides with the semiconductor TiO,.
For instance, Kim et al. fabricated MnOy/TiO, nanocomposites to decompose alde-
hydes, VOCs, and ozone in an actual smoking room under a UV lamp. Figure 3 shows
the evaluation over MnOy/TiO, catalyst for the decomposition of acetaldehyde. The
catalyst showed notable activity for acetaldehyde and VOCs removal, in which the
removal capabilities were up to 95% within 30 min and 96%, respectively, in the
prototype smoke purifier. For a real-scale smoke purifier, the study was conducted
in an actual smoking room in which the acetaldehyde and VOCs removal was 70%
(75.3-23 wy m~3) and 80% (from 2200 to 493 g m~3), respectively. Furthermore,
100% nicotine removal efficiency from an initial of 106 to 0 jug m~>. Generally, the
removal rate will correspond to the material evaporation temperature. The higher
the evaporation temperature, the better the removal. For example, in the case of
activated carbon, the BTEX, which has a molecular weight of 78-106, has ~70%
removal efficiency.

On the other hand, the removal efficiency of nicotine with a higher molecular
weight is 100%. Moreover, the removal efficiency of volatile components such
as acetaldehyde and formaldehyde is ~30%. However, from the above result, the

MnOx/CVC Ti0o2
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MnOx/P25 TiO2
cvetioz [N
P25 TiO2 S
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HCHO removal efficiency (%)

Fig. 3 The removal efficiency of CVC TIO,, P25 TiO;, MnOy, MnOx/CVC TiO,, and
MnOy/P25 TiO».. Reproduced with permission. [176] Copyright 2022, Elsevier (License Number:
5332950029322)
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MnO,/TiO, shows high removal efficiency regardless of the molecular weight of the
components. This outstanding performance is ascribed to the synergistic effect of the
metal oxide MnOy with the photocatalysis TiO, to remove the pollutants by decom-
position, not by surface adsorption [174]. Notably, this technology showed excellent
performance compared to the study conducted by Ochiai et al. employing the plasma-
photocatalyst composite processing device in which only 30% of acetaldehyde
removal could be achieved [177].

The ability of a semiconductor to undergo a photocatalytic reaction is determined
by the relevant redox potential of the acceptor chemical species, which must be more
favorable than the potential of the conduction band electrons. Besides the band edge
positions, the suitable band gap energies also play an essential role in the performance
of the photocatalyst. Rosli et al. tuned the band gap of the bare TiO,, which is 3.06—
2.9 eV, by employing recycled graphite. When the energy band gap is reduced, the
TiO,/graphite may decompose smoke 2 min faster under visible radiation [178].

4.2.2 Photocatalytic Smog and Ozone

The photochemical smog and ozone are a mixture of hazardous secondary pollu-
tants resulting from the reaction of sunlight with primary pollutants such as NOy
and VOCs, which are trapped near the ground by temperature inversion. It has an
unpleasant smell which causes adverse effects on human health. Among the pollu-
tants, NO, and NOy can be regarded as the primary pollutants produced by the
dissociation in the combustion reaction. Ozone and peroxy acyl nitrate (PAN) that
accumulates at ground level is the secondary pollutant that plays a vital role in air
pollution [179]. Apart from the ground-level ozone, ozone also presents in the ozone
layer (stratosphere) to protect the ground by filtering out the harmful UV rays from the
sun, protecting lives [180]. In brief, ozone is formed by the photochemical photolysis
of NO, which presents in the troposphere to generate nitrate (NO3) radicals.

NO+O3—> N02+02
N02+O3—) NO3+02

The formation of nitrate radical can rapidly oxidize to NO,, which leads to O3
formation:

NO; +hv — NO +O
O + O, + third molecule — O3

The third molecule could be nitrogen, oxygen, or other particles with a significant
contribution to photochemical smog to captivate the heat from the reaction. Without
this third molecule, O; would not be generated by only combining O and O,. This
cycle results in no accumulation of ozone concentration. Despite its role in protecting
the earth from UV exposure, it can be considered as a severe risk to human health
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and the environment due to its strong oxidizing capability. Some studies reported
that high exposure to ozone could lead to headaches, chest pain, and irritation of the
eyes, nose, and throat [181]. Besides, even a low ozone concentration of 0.1 ppm has
been demonstrated to induce skin irritation, coughing, and lacrimation, according to
research [182]. Therefore, the emission of ozone is regulated by many organizations.
Current national ambient air quality standards (NAAQS) were last updated in 2020.
Based on the updated database, the recommended ozone level is 70 ppb for an 8-h
daily maximum. However, WHO has a lower standard for 8-h daily max ozone, which
is 50 ppb. High exposure to ozone will cause headaches, chest pain, and irritations of
the eyes, nose, and throat. Therefore, it is necessary to remove ozone. Ozone can be
decomposed to O, with the help of photocatalysis by the following equation [183].

O3+e” — O3
OH+O0; — O +H"
O0; +03 - O +0O,

Various ozone purification methods have been explored, including adsorption,
thermal decomposition, and catalytic removal. Catalytic removal of ozone includes
catalytic decomposition and photocatalytic decomposition methods. Photocatalysis
is considered a promising approach for ozone purifiers due to its mild reaction condi-
tion, high effectiveness, and low energy consumption. The catalytic reaction condition
plays an essential role in the catalytic performance of the catalyst during the ozone
degradation process. Furthermore, TiO, is the most common material and has been
widely used for photocatalysis due to its good chemical and photonic stability [184,
185]. For instance, Lu et al. explored the impact of reaction circumstances (such as
flow velocity, humidity, starting concentration, and UV light wavelength) on ozone
degradation. The results show that the rate-limiting step will influence the degradation
rate. When the flow velocity was set at 6.78 cm/s, the maximum removal efficiency of
64% could be achieved. However, further increasing the velocity to above 6.78 cm/s
will have an insignificant performance for ozone removal. This phenomenon can be
caused by the fixed number of electrons and holes generated by TiO, . Therefore, when
the flow velocity is above 6.78 cm/s, a low electron and hole can participate in the
reaction. Furthermore, they also investigated that the amount of initial ozone concen-
tration can affect the ozone degradation rate. This phenomenon was mainly due to
the increased ozone molecule being in contact with the surface of the photocatalyst,
which led to a rapid reaction between ozone and the photoinduced electron and holes
[185]. However, it is widely known that the bare TiO, performance has low perfor-
mance. Therefore, researchers have mainly focused on enhancing the performance of
TiO,. For example, Wang et al. introduced chlorine radicals to the bare TiO,_ and the
performance could improve 2.5 times that of bare TiO,. The enhanced performance is
mainly due to partially replacing the HO-Ti group with the CI-Ti group, resulting in a
more vital absorption ability. In addition, the chlorine radical reaction rate with ozone
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is much faster than that of hydroxyl. Besides its superior performance, chlorinated
TiO, also mimics the reaction of TiO, with the ozone in the atmosphere. The chlo-
rofluorocarbons, mainly used as refrigerants, leaked into the atmosphere, producing
chlorine-free radicals under the radiation of UV light. These generated radicals will
react with ozone to generate oxygen. Besides, TiO; also generated free-radical under
the radiation of UV light. Therefore, introducing chlorine-free radicals represents the
real atmospheric reaction on the catalyst surface [184].

The main contribution of the smog formation is the reaction between nitrogen
oxides and sunlight with the presence of ozone. However, smog cannot be formed
from just VOCs and sunlight; NOy and an oxidizer (ozone) are required to form smog.
The emission of the harmful NOy to the atmosphere contributes to acid rain and
photochemical smog, which cause a severe problem for the environment. Thus, this
implies that it is necessary to significantly remove the NOy from the air because smog
is created solely from the reaction of NOy and sunlight. Apart from smog formation,
NOy may lead to the formation of acid rain, which begins with the oxidation of NOy
to form HNO3_ which is caused harmful effects and vegetation.

To date, numerous attempts have been attempted to reduce NOy levels by
converting it to N, or oxidizing it to HNOj3. Photo-decomposition, photo-oxidation,
and photo-selective catalytic reduction are three methods that heterogeneous photo-
catalysis can use to convert NOy. Due to the need to purify huge volumes of outdoor,
photocatalytic oxidation is the most suitable approach among these three possibili-
ties [183]. Therefore, the removal of NOx by oxidation is regarded as suitable and
hopeful technology to remove NOy and has received tremendous attention due to the
use of solar energy and ambient working condition [186]. The purpose of this process
is to convert NO into HNO3. However, before converting to HNO3, the NO first need
to be oxidized into higher oxidation state nitrogen oxides with the assistance of a
photocatalyst. Upon irradiation, the photocatalysts generate e~ /h* pair, which can
oxidize O,, H,O to form radicals (e.g., superoxide radical or hydroxyl radical). As
a result, NOy reacted with the radicals to finally produces innocuous nitrite/nitrate
ions (NO,7/NO3 7). The following equation can describe the process [122].

NO + OH — HNO,

HNO, + OH,g, — NO, + H,0

NO, + OH,q; — HNO;

NO + 05,4, — NO;

2NO + 05 4, + 3¢~ — 2NO,

3NO, 4 20H™ — 2NO; + NO + H,0

Recently, Huang et al. [187]. fabricated g-C;N4/TiO, composite via direct
spraying as the photocatalytic air-purifying pavement and demonstrated that the
g-C3N4/TiO; has a superior adhesion force, self-cleaning properties, light-induced
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super hydrophilicity which was appropriate for NOx degradation. These outstanding
properties could be ascribed to the role of TiO, as the chemical glue which can avoid
the additional binders which can limit the performance of g-C;N4. The NO and
NOy removal rates were 70.7% and 35.7%, respectively. Furthermore, compared
to the pristine metal oxide catalyst, the doped or mixed metal oxide catalysts are
also studied by numerous researchers [187]. Regarding metal doping, the photocat-
alyst defect formation and chemical state can be controlled, significantly enhancing
photocatalyst activity [188]. Incorporating the unbalanced valence ions can induce
the formation of oxygen vacancies. Furthermore, the presence of oxygen vacancies
can suppress the recombination of the photogenerated carriers due to its ability to trap
the photogenerated electron [189]. Oxygen vacancies are also reported to adjust the
band structure, which can increase the light-harvesting capability. More importantly,
oxygen vacancies can boost photocatalytic performance by serving as the active sites
by generating more superoxide radicals. Therefore, it is worth noting that oxygen
vacancies can boost photocatalytic performance. For example, Nie et al. prepared a
series of La-doped ZnWO, with different La concentrations. They investigated that
introducing La into the ZnWO, exhibited a removal efficiency of 46%. In contrast,
the pristine ZnWO, has a removal efficiency of 36.5. This enhanced performance
can be ascribed to that La** doping can induce the formation of oxygen vacancies
which can boost light utilization and suppress the recombination rate [190]. Besides,
Li et al. prepared a series of Bi**-doped ZnWOy for photocatalytic NO removal. The
catalytic performance decreased in a sequence of Bi’%ZBWO > Bi®/ZWO >ZBWO
>ZWO. The reason can be ascribed to the synergistic effect of the SPR effect of Bi’
loaded onto the ZBWO and the bandgap narrowing and formation of oxygen vacan-
cies by introducing Bi**. The activities are beneficial for the electronic excitation and
transformation, resulting in enhanced separation of photoinduced charge carrier and
prolonging the life of the photoinduced electron. Moreover, Rao et al. induced the
formation of oxygen vacancies by doping the BiOI with Zn?* to remove NO under
visible light irradiation. In addition, introducing Zn>* can reduce the thickness of the
nanosheet, which results in a highly exposed (001) facet. It is widely known that (001)
can improve photocatalytic performance [191]. The 3% Zn-BIOI showed superior
catalytic performance compared to the undoped BIOI photocatalyst, in which 53.6%
NO removal can be achieved. Additionally, this catalyst was catalytically stable for
NO removal after five consecutive cycles (Fig. 4). It is reported that introducing Zn?*
could increase the density of photo-active sites, resulting in better NO adsorption.

Bacteria and Viruses

Some information about bacteria and viruses is essential for designing air purifiers.
Bacteria are microscopic single-celled organisms that lack a cell nucleus membrane
(prokaryotic) [193]. A microscope is required to see it. Bacteria can survive in various
environmental conditions [194], including extreme conditions. Bacteria, after all, can
live in places where humans stayed, even in a location with high radioactive signals.
Viruses, on the other hand, are not made of cells and require a patient’s body to
function and survive. Viruses are significantly smaller than bacteria. All but the most
potent viruses are smaller than the smallest bacteria.
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Bacteria

Bacteria is derived from the Latin word bacterium and refers to a group of organisms
that lack a cell nucleus membrane [195]. This organism is microscopic and belongs
to the domain of prokaryotes. Because of this, these organisms were complicated to
detect, especially before the invention of the microscope.

Bacteria are unicellular multi-celled microorganisms that lack chlorophyll
pigments. Since there are no nucleus or membrane-bound organelles, the cell struc-
ture is more straightforward than other organisms. Bacteria maintain a fixed shape
due to a rigid cell wall, even though they vary in contour, size, and layout [196, 197]
(see Fig. 5).

These pathogens often appear in three main shapes when viewed under a light
microscope: the rod (bacillus), the sphere (coccus), and the spiral type (vibrio). The
bacterial structure is composed of two components: arrangement and shape. In terms
of the arrangement, it can be paired (diplo), grape-like clusters (staphylo), or chains
(strepto). Rods (bacilli), spheres (cocci), and cascades are the most common shapes
(spirillum).

Bacteria are the most common germs found both indoors and outdoors. The design
of a building and its circulation systems can influence the growth of germs in a
room. In a particular investigation, the same building design and natural ventilation
throughout 12 office spaces. It is examined that the bacterial community features,
pathogen diversity, and source of bacteria in HEPA (high-efficiency particulate air)
filters in air purifiers used in indoor environments. The findings aid us in taking the
necessary actions to lessen the hazards of using air purifiers to remove PM. [194]
In the HEPA filter of the air purifier, there is a variety of bacterial diversity and
sources of bacteria, one of which is the bacterial taxa in the filter sample and dust.
Taxa abundances at the class and genus levels were compared between filter and
dust samples. In the following presentation, the abundance of most bacteria classes
in the filter sample is demonstrated: Alphaproteobacteria (51.8%); Actinobacteria
(17.2%).



Syntheses and Applications of Nanomaterials ... 101

(%) [ — \”’%ﬁ’\

Coccus Bacillus

P00 (A¢u | s
%% y[:Jlobacillus Spirillum

Diplococcus
Streptobacillus “w
Streptococcus Spirochete

88 @ % Trichome C 9
Tetrads mm /

Palisade Filamentheus
Bacteria
o

Caccobasillus

Staphylococcus
™ e [
Sarcinae Vibrio

Fig. 5 Different shapes of bacteria [198-200]

Those in the dust samples were bacteroidia (25.6%), clostridia (13.9%), bacilli
(15.9%), gammaproteobacteria (11.7%), and alphaproteobacteria (11.3%).

In general, some microbes that are filtered in large numbers can be classified into
three most prominent groups, namely,

Spirochaetas

Spirochete (order Spirochaetales), also spelled Spirochaeta, is almost all of a group
of spiral-shaped bacterium that causes diseases such as syphilis, tilts, Lyme disease,
and relapsing fever. Spirochaeta, mainly sold, Borrelia, and Leptospira are some
spirochete genera. Spirochetes are gram-negative, motile, spiral bacteria that range in
length from 3 to 500 m (1 m = 0.001 mm). Spirochetes are marked by the appearance
of endocellular flagella (axial fibrils or axial filaments), which range in number from 2
to more than 100 per organism, depending on the species. Each axial fibril connects
at one end and winds around the cell body, which is surrounded by an envelope.
Spirochetes are typically found in liquid environments (e.g., mud and water, blood
and lymph) (see Table 9).

These bacteria cannot spread through the air and are trapped in the air purifier
filtering system, which is aided by water vapor. Leptospira bacteria, a type of aerobic
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Spirochaeta bacteria that requires oxygen to live, are motile (could indeed move),
gram-negative, and has a wrinkled shape. The bacteria Leptospira can also be found
in the environment, water, rainwater, or plants that have been infected by rodent
urine, blood, or tissue. When there is a flood, this happens quite frequently, and the
Leptospirosis disease can spread quickly. In rare cases when it is transmitted through
breast milk or from a mother to an unborn child, leptospirosis does not spread from
person to person.

1. Fusobacteria

Fusobacteria is very difficult to identify in the clinical laboratory. Although the
nomenclature and classification of fusobacteria have been clarified. There are few
stable and specific tests for routine laboratory differentiation of the species. Since
Fusobacteria have always been present in mixed culture with other obligatory anaer-
obes and facultative species, the use of selective media has been required to isolate
the others. The ileal epithelium in small mammals is the widely accepted envi-
ronment of Fusobacteria, and it has exciting life forms. This fibrous endospore-
forming bacterium causes an endospore to a well septum or two major cells when it
reproduces.

These bacteria, including Fusobacterium produced from E. coli, Pseudomonas,
Lactobacillus crispatus, and Lactobacillus gasseri, can aid colonization by other
species that produce and remove the by-products of their metabolism. Besides being
suspected in the oral cavity, Fusobacteria bacteria can harm a woman’s body’s ability
to produce breast milk. Streptococci are the most abundant bacteria in breast milk
and can also attach to mucous membranes. F. nucleatum has infected the amniotic
fluid and the fetus. Since fetal death is currently reported, it is most likely that F.
nucleatum causes fetal death by local infection in the uterus.. The following is an
experiment using mice to introduce Fusobacterium bacteria from the Han study in
2004. Only a few bacteria were identified from the liver and spleen of non-pregnant
mice six hours after injection, but none were detected after 18, 24, 48, or 72 h and
In numerous ways, this mouse model substantially resembled human intrauterine
infection by F. nucleatum. According to the findings, F. nucleatum isolated from
either amniotic fluid infection or an oropulmonary source caused fetal death. This is
the first proof that hematogenous injection of an orally associated species can lead
to adverse pregnancy outcomes. [203].

Fusobacterium nucleatum

Fusobacterium nucleatum is an oral bacteria and also has 700 oral bacteria with
anaerobic properties, making it difficult to work without oxygen. It is gram-negative
(but has a gram + genome), has a long pointed rod, is commensal, and does not
sporulate. Colonization of colorectal cancer by Fusobacterium nucleatum (CRC).
Figure 6 indicates Fusobacterium nucleatum tumorigenic systems in colorectal
cancer. The respective tumorigenic mechanisms are proposed in studies: Colorectal
cancer and F. nucleatum (CRC). (1) Increased tumor cell proliferation: F. nucleatum
promotes tumor formation by increasing the expression of tumorigenesis such as
c-Myc, Cyclin D1, and microRNA-21. (2) Confiscation of Natural Killer (NK)
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Fig. 6 Tumorigenic mechanisms of Fusobacterium nucleatum in colorectal cancer [195]

and T-cell anti-tumor activity: Activity of NK cells and T. cells nucleatum via
contact with the T cell immunoglobulin receptor and the ITIM domain (TIGIT),
which is expressed on NK cells and T cells, binds and fires up carcinoembryonic
antigen-related cell adhesion particle (CEACAM) 1, restrains T cells in the G1
phase, and increases myeloid-derived in (3) The development of a pro-inflammatory
microenvironment: Fusobacterium nucleatum causes cancer and immune cells to
produce pro-inflammatory cytokines. (4) Chemoresistance promotion: F. nucleatum
promotes chemoresistance to 5-fluorouracil (5-FU) by regulating the apoptotic
protein baculoviral inhibitors repeat 3 (BIRC3) in CRC cells via the Toll-like receptor
4 (TLR4)/Nuclear factor-kappa B (NF-kB) pathway, which inhibits cancer cell apop-
tosis but also decreases chemosensitivity to 5-FU. By modulating autophagy, F.
nucleatum promotes chemoresistance. TLR4 and MYDS88 innate immune signaling
pathways are activated in CRC cells infected with F. nucleatum, resulting in the
loss of microRNAs miR-18a and miR-4802, as well as upregulation of autophagy
elements ULK1 and ATG7.

4.2.3 Antibacterial Filtration

Environmental factors will considerably impact the quality and durability of an air
filter from air purification equipment. As bacteria and fungi are involved, the role of
filter material performance is critical. The antibacterial substance inhibits the growth
of bacteria and fungi, improving the air filter’s performance [204]. Escherichia (E)
coli is a bacteria found in both animals and humans. Although most strains of this
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enterobacterial species are harmless commensals, they can induce diarrhea [205].
Diarrhea is just one of the many disorders caused by poor water quality. Escherichia
coli is a microbe that has a mutually beneficial connection with other bacteria and
only rarely causes disease. On the other hand, E. coli are highly evolved animals
that have evolved into modern diseases. E. coli strains are divided into pathotypes
of zoonotic intestinal pathogenic E. coli (IPEC) or extraintestinal pathogenic E. coli
(EPEC) based on the kind of virulence determinants present and the host’s clinical
symptoms (ExPEC) [205]. Staphylococcus aureus is a Gram-positive bacterium that
causes pneumonia and bacteremia. According to a recent study, patients with S.
aureus infections had a 20.2% higher one-year mortality rate than matched non-
infected inpatients [206]. S. aureus aerosols developed in the lab have particle sizes
ranging from 0.542 to 1.197 m and aerodynamic particle sizes ranging from 0.723 to
0.777 m [207]. After incubation on the conventional filters, viral particles retained
their ability to infect mammalian cells, and no infection was found after incubation
on the treated filters. Compared to the unpasteurized filter, there was no considerable
rise in cell infections when the filters were aged [208].

Based on Table 10, antibacterial behavior was evaluated against E. coli and S.
aureus, and the results of the disc diffusion assay revealed effective bactericidal
performance against bacterial strains (inhibition zones of 19 and 18 mm for S. aureus
and E. coli, respectively). Ag nanoparticles and graphene oxide fillers increased the
material’s bactericidal, adsorptive, and mechanical properties. The prepared antimi-
crobial air filter could be used as a commercial anti-pollution mask in hospitals or
industries to clean up airborne pollutants [209, 210].

4.2.4 Virus

The term “virus” is derived from virion’s Latin word “poison.* The virus itself is
perpetually developing and growing. It is pretty hard to die or vanish. Viruses are
constantly changing due to mutations, and all these mutations can sometimes result
in a new virus strain. A new strain of the virus arrived and then faded, while others
remained. There will be more versions in the future. New viruses may emerge,
causing humans and other living things to get ill.

Microorganisms include viruses. Because 1 micron equals 0.001 mm, They are
called microorganisms as the entities are typically a few microns in size or even
smaller. Based on the preceding explanation of viruses, it is plausible to conclude
that viruses. Viruses can be defined as parasitic microorganisms that require a home
to survive. These germs must locate a host, which can include human cells.

It cannot self-replicate until it latches onto its host’s body. Some of these creatures
are capable of killing their host cells to proliferate. The virus will not be strong enough
to survive long if it does not locate a host. In the United States, the CDC and other
public health institutions record all strains of the virus that causes COVID-19. They
are classified as variants to be monitored, variants of interest, variants to be concerned
about, and variants of great consequence. Several variants spread more quickly and
easily than others, perhaps leading to an increase in COVID-19 cases. Even if a
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Table 10 Effect of bacteria on filter material during incubation time and efficiency

Haliq et al.

No. | Bacteria Materials Incubation | Filtration Refs

efficiency/%

1 Staphylococcus SiG 24 —48 min | 97-86 [204]
aureus
Escherichia coli chi-SiG 24 — 48 min | 99.7

95.4
AgNPs- [chi-SiG] 24 — 48 min | 100
98.8
AgNPs- [chi-SiG] 24 — 48 min | 100
contained 1.027% water 100

2 Escherichia coli PDMS/PMMA-chitosan | 60 min 96.5% [205]
Staphylococcus 60 min 95.2%
aureus

3 Escherichia coli Ag-MOFs 24 h 86.9% [206]

ZIF-8 24 h 65.2%

4 Escherichia coli PA6 ENM 48 h 97.36% [207]
(ATCC8739)and | pAg@Ag ENM 24h 99.07%
Staphylococcus
aureus (CMCC
26,003)

5 Escherichia coli Ag/PAN 6h 98.6% [208]

6 Escherichia coli AgNPs/PVDF 1 week- 99.4% [209]
Staphylococcus 2 weeks 99.6%
aureus

7 Escherichia coli HNTs-ZnO/PCL 24 h 95.9% [210]
Staphylococcus 97.9%
aureus

8 Escherichia coli PLLA/Ag-2MI 30 min 99.99% [211]
and Staphylococcus
aureus
Escherichia coli PLLA/Ag-2M1 99.99%
and Staphylococcus
aureus

9 Escherichia coli, Ag NPs 24 h 95% [212]
Pseudomonas
aeruginosa,

Gram-positive

Staphylococcus

aureus

Staphylococcus 99.9%
aureus

10 Escherichia coli PCL/zein/AgNP 24 h 98.1% [213]
Staphylococcus 97.4%
aureus

(continued)
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Table 10 (continued)

No. | Bacteria Materials Incubation | Filtration Refs
efficiency/%

11 Staphylococcus SN/PVB/BHS5 24 h 96.4% [214]
aureus

12 Escherichia coli natural sea salt (NSS) 24 h 95% [215]
and Staphylococcus
aureus

13 Escherichia coli rGZ2 18 h 99.9% [49]
Staphylococcus 100%
aureus

mutation causes less severe infection, a rise in the overall number of cases could lead
to more hospitalizations, stretching healthcare resources, and possibly more deaths.

In air purifiers, interpreting the continually changing droplet size concerning
SARS-CoV-2 is essential. A droplet was supposed to be a long air arc (greater
than 5 microns). Since the beginning of the COVID epidemic, airborne (or aerosol)
transmission viruses have been suggested as a route of infection. Aerosol particles
are small compared to drops, but the size is not the sole distinction: Aerosols can
travel for hours with wind currents, whereas droplets quickly fall to the ground. As an
outcome, aerosol viruses are far more contagious and difficult to avoid than viruses
linked to respiratory droplets. Airborne transmission has the potential to infect a
huge number of hosts far away from the virus source. Here are several examples of
viruses that can spread through the air, particularly in enclosed areas (see Tables 11
and 12).

Aerosol test procedures were developed, including the best time to generate
aerosols, nebulization, and collection fluid. With low log reductions and no bacterial
aerosol leakage into the environment, the HEPA filter air purification system has
been shown effective against bacterial aerosols. HEPA air filters can filter viruses
and other infectious particles [215]. In a closed space with insufficient ventilation,
the pandemic hazard is unavoidable, according to the findings acquired thus far.
The production of antiviral and antimicrobial air filters necessitates the use of a
variety of ingredients. In this case, antiviral ions such as Ag, ZnO, TiO,, CuO, and
Cu, and metal/metal oxide nanoparticles with antiviral and antibacterial capabilities,
are employed. Carbon nanomaterials such as carbon nanotubes, graphene, and their
derivatives have also been used to develop effective air filters [209]. Furthermore,
effective air filters can be made with natural substances such as biopolymers and
herbal extracts having antiviral characteristics (see Table 13).
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Table 11 Characterization of airborne viruses and incubation times
Type of virus Shape Size RNA Incubation | References
genome time
size
Influenza | Influenza | HIN1 | Spherical or | 14 and 13.5kb 48 h [223, 224]
virus A filamentous | 600 nm
H3N2 | Surface 15.3-5um | 13.5kb <4 days | [225-228]
glycoproteins
and spherical
shape
Rhino virus (RV) Spheroidal 28-30nm | 7.3 Kb 2-4 days | [229 -231]
SARS-CoV Spherical 80-160 mm | 26-32 Kb | 2-10 days | [232]
SARS-CoV-2 Spherical 60-140 nm | 30 kb 14 days [232, 233]
Human adenovirus (AdV) Icosahedral |65-80nm |26-46 kb |2-14 days |[234, 235]
Human respiratory syncytial | Spherical, 130 nm 15.2 kb l1h [236]
virus (RSV) asymmetric, through
and 36 h
filamentous
Enteroviruses (EVs) Spherical 28-30nm | 7.5-8.0 kb | 5-14 days |[193, 229]
Noroviruses (NoVs) Icosahedral |38-40nm |7.4-8.3kb|3-7days |[237,238]
in diameter
Table 12 The effect of air filters on viruses that are transmitted through the air
Filter Temperature Virus Shape Effectiveness | References
operation
HEPA Outdoor HINI; influenza | Disk with a | 99.97% [239]
temperature A virus (IAV) diameter of
6 mm
MERV 10 | Outdoor SARS-CoV-2 or | 1-3 um size | 50% [239]
temperature COVID-19
MERV 13 | Outdoor SARS-CoV-2 or |- 85% [239]
temperature COVID-19
Filtering <100 °C (75% £ | 1. influenza virus | 0.3 pm 95% [197]
facepiece 5% and 22 °C + | 2.
respirators | 2 °C.) Staphylococcus
(FFRs) or aureus
NO95 3. MS2
respirators bacteriophage
Portable air | 21-23 °C SARS CoV-2 - 80% device [240]
cleaners effectiveness
(PAC) with
HEPA
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Table 13 The duration of the covid virus in the open air [241]

No. | Virus Day Medium Temperature (°C) | Reference
1 SARS-COV-2 |3 days |Liquid medium orondry |27 [242]
filter paper
7 days | Dry surfaces at room 22 -
1 day temperature 37 _

5 Current Possible Materials and Performance
for Photocatalytic Air Purifier

5.1 TiO;-Based Photocatalysis

TiO, has been one of the most commonly used materials in photocatalysis applications
due to its chemically stable nature, high oxidative ability, abundance, inexpensive-
ness, and non-toxic [243—-245]. These reasons, with the antibacterial properties of the
material, are making TiO; rose in popularity in air purification applications, assisting
further in purifying not only gaseous air pollutants but also viruses and bacteria [246].
It also has ideal positions of VB and CB that are suitable for both oxidation and reduc-
tion reactions, with 3.2 and 3.0 eV bandgap for anatase and rutile phases, respectively,
which promotes electron movement under UV irradiation (A < 380 nm).

Upon light radiation, positive holes and negative electrons can easily recombine,
resulting in no reaction in this instance. As a result, one of the most challenging
tasks for a successful process is to prevent charge-carrier recombination to keep the
photocatalyst active. The mixture of anatase and rutile phases may further aid charge
separation by confining holes and electrons across the various crystal phases [247].
In addition, since undoped TiO; can only be activated by the spectrum of UV light,
doping with other metal and non-metal ions which are introduced into the crystal
lattice of TiO, without altering its basic crystallographic, can be a way to improve
the activity of TiO, under a wider range of spectrum to include visible light [243—
245]. The broadening of the light spectrum for TiO, activation from coupling it with
other semiconductor materials might expand its application range to include indoor
conditions. This part will compare and see how TiO, can photocatalytically break
down different air pollutants.

5.1.1 Volatile Organic Compounds (VOCs) Degradation

A BTX photocatalytic air purification was also conducted by Zhang [248] using
platinized (1 wt.%) TiO,. The catalyst was synthesized with a conventional impreg-
nation method [248]. The catalysts are tested by placing them in a quartz tube, forming
a catalyst bed [248]. The highest photocatalytic degradation efficiency of the BTX in
their mixture was found in m-xylene (95.9%), toluene (68.2%), and benzene (46.5%)
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[248]. They found out that even a small content of precious metal such as platinum
can improve the efficiency of TiO; in the photocatalytic degradation BTX [248].

Benzene is one of the four toxic gases in the group BTEX (Benzene, Toluene,
Ethylbenzene, and Xylene). Selischev in 2021 researched the photocatalytic degra-
dation of benzene using palladium-loaded, surface-modified TiO, catalyst [249].
Through conventional impregnation and a mixture of thermal- and photo-deposition,
the catalyst Pd/TiO, is synthesized and deposited on a 9.1 cm? glass plate for a further
test [249]. They found that a small percentage of 1 wt.% of palladium content can
help improve the photocatalytic air purification activity of TiO,, especially towards
benzene [249].

Toluene is another toxic compound in the VOC group BTEX. Photocatalytic
degradation of toluene has been done by Ho in 2022, exhibiting a staggering perfor-
mance of 97.5% efficiency [250]. They synthesized the iridium-doped TiO; by a
hydrothermal process and obtained a spherical morphology with a uniform size of
10-15 nm [250]. It also has a large surface area, with 156-170 m?/g of their sample
[250]. They tested this material by filling the photocatalyst in a packed-bed reactor
made of a quartz tube [250]. This research discovered that the iridium mole fraction
and air humidity had a significant impact on the photocatalystic toluene decomposi-
tion [250]. Another study that focuses on toluene degradation is published by Wang
[251]. They synthesized silver-loaded TiO, nanorod composite using solvothermal
and photo-reduction methods [251]. After testing it by electrospinning the fibrous
material, they reached a 90% degradation rate of both toluene and PM particulates,
with the utilization of optical energy in the 900 nm range [251].

A mixture of toluene/xylene and formaldehyde was the choice of VOC pollu-
tant by Wu [252]. The catalyst, palladium-doped TiO, was manufactured using a
modified photo-deposition method [252]. The catalyst was deposited at the bottom
of a glass bottle and a mixture of formaldehyde and toluene/xylene was dropped.
The loading of Pd cocatalyst removes the surface OH groups on TiO;. It speeds up
the immediate activation of O, into -OH radicals, which promotes the oxidation of
toluene and xylene methyl group, favoring the formation of aromatic aldehydes and
their breakdown to CO,, resulting in a much better overall performance [252].

Formaldehyde is also another typical example of VOC. In a research done by
Chen [253], they managed to synthesize Cu—TiO; through the impregnation method,
resulting in nano-clusters of copper oxide grafted onto the TiO, [253]. The catalyst
was deposited into a round dish made of stainless steel with a diameter of 80 mm
for the testing of formaldehyde degradation [253]. They found that CuOy clusters on
TiO; have strong redox reversibility between Cu (II) and Cu (I), making the hole and
electron separation much more accessible. Similar research was conducted by Wang
[254], in which nano-copper oxide modified TiO, was synthesized through a one-
step hydrothermal method [254]. The catalyst was dispersed onto a glass carrier and
3% (around 180 ppm on the initial volatilization) of formaldehyde dropped into the
container [254]. A 90.3% degradation efficiency was achieved using CuO,/TiO; -
6% with dioxymethylene as an intermediate [254].

Gaseous methyl ethyl ketone (MEK) is also often used as a VOC pollutant in
photocatalytic air purification. In a study done by Shayegan [255], they engineered a
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two-phased (anatase and brookite) surface fluorinated iron-doped TiO, for removal of
MEK [255]. The material was synthesized using a solvothermal method, displaying
a crystal shape of quasi oval and cubic [255]. The catalyst was placed in a bed-
like structure with a 7 cm X 9 cm cross-section area in an aluminum reactor. The
results show that fluorinated-FeTi-0.4% and non-fluorinated FeTi-0.4% offer the
highest and second-highest removal efficiency of MEK, respectively [255]. Another
study by Mamaghani [256], also shows an excellent photocatalytic MEK reduction
by 7 morphologically-different TiO, catalysts: solid, hollow, mesoporous spheres,
nanotubes, nanosheets, 3d-hierarchically porous, and 3d sea-urchin-like [256]. The
catalysts were coated on a nickel filter with a cross-section area of 10 cm x 10 cm
and injected the VOC perpendicular to the filter and show that the TiO, nanosheets
show the best catalytic performance with 71.3% removal efficiency of MEK [256].
They theorized that this happened because of the abundance of exposed [001] facets
of their nanosheets, as well as their surface fluorination [256].

Furthermore, A study on chloroform done by Abedi [257] showed that
Mo:TiO,/GAC can exhibit a photocatalytic degradation with their best performance
that was under 30% humidity [257]. Granular Activated Carbon (GAC) is granular
activated carbon made by chemical grafting a nano-porous polymer network for iron
impregnation with nanoscale zero valence and water contamination removal [258].
Mo:TiO,/GAC was prepared with a fast sol-gel technique and tested in a honeycomb
Teflon plate reactor [257]. They found that even though the result of photocatalytic
degradation under visible light is not as high as UV light, it is still possible to be
done by this catalyst [257].

5.1.2 Greenhouse Gas Reduction

COs is one of the greenhouse gases that is currently posing a climate crisis due to our
overdependency on combusting fossil fuels. There are a couple of reaction pathways
that can reduce CO™ to form formic acid (HCOOH), methanol (CH;OH), methane
(CHy), and carbon monoxide (CO). The work done by Ku et al. [259] showed that
NiO/TiO, synthesized through the conventional impregnation method could reduce
CO; to methane [259]. The optimized 10 wt.% NiO/TiO, suggested that the high
surface area (58.8 m?/g) and p—n junction significantly improved the separation of
produced charges on the photocatalyst surface, leading to the increased photocatalytic
activity [259]. Meanwhile, Zhou et al. [260] synthesized ruthenium-doped TiO,
through the hydrothermal method to follow the same methane formation pathway
[260]. The catalysts are dispersed at the bottom of a glass reactor to further test their
performance [260]. With a selectivity of 90.93%, the 1% Ru-TiO, photocatalyst
obtained the maximum CO, reduction selectivity [260].

Another pathway that can be gone through for a CO, reduction reaction is
one that ended up with methanol production. Cheng et al. [261] have investigated
on Cu,O/TiO; heterojunctions as a photocatalyst for CO, reduction through this
pathway [261]. The material was synthesized through a facile soft chemical method,
resulting in a mesoporous structure [261]. They used a closed cylindrical quartz
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reactor to test the efficiency of the catalyst in reducing CO, into a lower-carbon
molecule [261]. They obtained a high yield of methanol at around 9—-13 pumol/g/h in
UV light and 12-70 pmol/g/h in visible light, proving that their material is effective
in the photocatalytic breakdown of CO; [261]. Another study published by Xi et al.
[262] shows that a staggering methanol selectivity of 98.85% was observed [262].
The catalyst is synthesized through a hydrothermal method, followed by a deposi-
tion—precipitation method [262]. The other possible pathway is the production of
acetaldehyde from CO, reduction. In a study by Qian et al. [263], a niobium-doped
TiO, catalyst was synthesized through anodization and then uniformly dispersed
in a quartz reactor. A selectivity of acetaldehyde and methanol by 98.1% and 1.9%,
respectively, is obtained [263]. Substitutional doping of Nb>* to replace Ti** resulted
in the development of acid centers with positive charges and the creation/maintenance
of a Ti** defect, which improved CO, adsorption and activation on the Nb-doped
TiO, surface [263].

5.1.3 Viruses and Bacteria Removal

As mentioned before, TiO, has an antibacterial property, making it suitable for
the inactivation of viruses and bacteria in an attempt to enhance the air quality.
In a work done by Herndndez-Gordillo and Arriaga [264], TiO, monoliths were
synthesized and infused with CdS and CuO through a sol-gel method [264]. The
maximal bacteria inactivation of monoliths m-TiO,, m-TiO,/CdS, and m-TiO,/CuO
was 64.8%, 99.9%, and 76.5%, respectively [264]. While a study by Moon et al.
[246] shows that their synthesized Cu-doped TiO; can deactivate human norovirus
(HuNoV) [246]. They prepared the catalyst using a sol-gel method and tested the
catalytic activity by placing the catalyston a9 cm x 2 cm dish [246]. The virus is then
dispersed by a nebulizer that is connected to the testing chamber [246]. These findings
suggested that viral particles of HuNoVs might be successfully destroyed utilizing
a Cu/TiO; nano-woven fiber irradiated with UVA-LED light; however, prolonged
exposure is required [246].

5.2 Bi-Based Photocatalysis

Bismuth (Bi), a metallic element with an atomic configuration of 6sz6p3, has been
attracting much attention to develop this kind of material for photocatalyst. The lone-
pair distortion of the Bi 6 s orbital in bismuth-based complex oxides may cause the
O 2p and Bi 6 s orbitals to overlap in the valence band, which reduces the band
gap and enhances photoinduced charge mobility while also improving visible light
responsiveness [265]. As shown in Fig. 7, various new bismuth-based semiconductors
with various crystal structures have been explored for photocatalysis. They can be
classified as bismuth metal, bismuth oxides, bismuth oxyhalides, bismuth sulfides,
and multi-component oxides.
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Fig. 7 A variety of classified and chemical formulations for Bi-based photocatalysts

Most of the Bi-based photocatalysts have an excellent response under visible light
irradiation owing to the bandgap of less than 3.0 eV, except for BiOF and BiOCl,
as shown in Fig. 8 [265]. The band gap will have an impact on light absorption
capacity and carrier generation [266]. Particularly, Bi,S3, BiOI, and LiBiO3; have
an ability to absorb visible light with longer wavelengths, likely due to the bandgap
less than <2.0 eV. The band structure of Bi-based semiconductors is known to be
mainly constituted by Bi, O, and other elements. Bi 6p states are used to construct
the conduction band minimum (CBM) in most cases [267].

Many bismuth-based photocatalysts have demonstrated photocatalytic effective-
ness in decomposing air pollutants when exposed to visible light [269]. Table 14
summarizes the development of bismuth-based photocatalyst for air purification in
recent years. The exploration of catalysts is to improve performance by increasing
degradation extents and decreasing degradation times while preserving stability and
uniformity.

NOy is the most frequently degraded air pollutant with bismuth, followed by
VOCs. Bi-based photocatalyst can degrade NOy at a low level and convert it into
nitrate to promote plant growth and enhance soil carbon storage. The alkaline solution
can remove a substantial amount of NO, due to the poor solubility of NO and the high
solubility of NO, [268]. Oxygen vacancy can form the middle gap level in the band
structure to make the bismuth active at the visible light [272, 280]. Three-dimensional
(3D) Bi metal @defective BiOBr hierarchical microspheres were produced by Dong
et al. to activate O, with photo-induced electrons and create superoxide radicals. On
defective BiOBr, the adsorption energy (E,qs) of O, molecules is -0.38 eV, which is
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Fig. 8 The band structure positions of Bi-based photocatalyst. Copyright 2022. Reproduced with
permission. [268] Copyright 2022, Elsevier (License Number: 5333360716952)

0.08 eV lower than on BiOBr without OVs. The amount of Oxygen Vacancy (OV)
in a material affects its optical and photocatalytic capabilities. OV seeks to localize
many electrons, increasing the activation of inert gas molecules. The formation of
additional oxygen vacancies is accompanied by the deposition of Bi metal on BiOBr
(Fig. 9a.) [270]. Chen et al. fabricated Bi metal nanoparticle and oxygen vacancies
decorated defective Bi;O,CO3 photocatalysts. Aside from significantly improving
photocatalytic NO removal stability, Bi metal and oxygen vacancies can also promote
electron transfer between intermediates and catalyst surfaces (Fig. 9b) [273]. In addi-
tion, the synergistic effects of Bi metal and oxygen vacancies were found on Bi in
defective BiOI nanosheets and Bi metal co-modified Bi;, TiO,o nanofibers photocat-
alyst. Because electrons from the valence band tend to congregate at vacancy states,
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the increased charge density would lead the adsorbed oxygen to convert into super-
oxide radicals more rapidly, and then into hydroxyl radicals. The surface plasmon
resonance (SPR) effect of elemental Bi leads to greater visible light absorption effi-
ciency and promotes charge carrier separation, both of which are important aspects
in photocatalysis (Fig. 9c, d) [276, 281].

In recent decades, VOCs have been eliminated using direct oxidation technolo-
gies such as direct combustion, catalytic oxidation, and photocatalytic oxidation [282,
283]. CQDs/Bi; WO was fabricated by Liu et al. for VOCs (toluene and formalde-
hyde) removal under visible light. Bi;WQg is stimulated to create e~/h* couples,
where h* is a powerful oxidant that can mineralize VOCs and CQDs will increase
the conversion properties (Fig. 10a) [277]. Yang et al. prepared diatomite and Bi
self-doping Bi;MoOg, which can remove VOCs by direct oxidation and indirect
oxidation of HCHO methods. Direct oxidation is the electrons in the valence band

(a) NHE/V -0y sPr  (b)

Reducti
(Reduction) SPR <

2
Absorption » v 4

(d)

+1.48 ¢V

BiOI BTO NO

Fig. 9 Proposed Bi-based photocatalyst mechanism for NOy purification by a Bi/BiOBr. Repro-
duced with permission. [270] Copyright 2022, Elsevier (License Number: 5327540795798); b
Bi/Bi;0,CO3, ¢ Bi/BiOl. Reproduced with permission. [276] 2022, Elsevier (License Number:
5327541362694), and d Bi/Bi12TiO2. Reproduced with permission. [281] 2022, Elsevier (License
Number: 5327550373139)
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Fig. 10 Proposed Bi-based photocatalyst mechanism for VOCs degradation by a CQDs/Bi, WOg.
Reproduced with permission. [284] Copyright 2022, Elsevier (License Number: 5327580057364),
b BizMoOg/diatomite. Reproduced with permission. [279] Copyright 2022, Elsevier (License
Number: 5327561138504), ¢ Pt/BiaWOg. Reproduced with permission. [280] Copyright 2022,
Elsevier (License Number: 5327570018928)

of Bi;MoOg are excited and transported to the conduction band, leaving photogen-
erated h* in the valence band with significant oxidative ability. Indirect oxidation
means that the produced e~ and h* react with O, and H,O in the air to form -O,
and -OH radicals, respectively (Fig. 10b) [279]. Pt-deposited Bi,WOg also shows
VOC degradation with high photocatalytic activity. Due to the SPR-induced local
electromagnetic field in the Bi and Pt, the loaded Bi and Pt could serve as an electron
trap, decreasing the recombination rate of electron—hole pairs in the Bi, WOg surface
(Fig. 10b) [280].

5.3 WO3-Based Photocatalysis

Despite the numerous researches that mainly focused on TiO; as the photocatalyst for
air pollution, researchers never give up on exploring novel photocatalysts. WO3 has
been reported to have a similar ability to the TiO, photocatalyst with a bandgap lies
between 2.6 and 2.8 eV. In addition, the VB potential lies between 2.7 and 3.44 eV.
Therefore it has a similar ability to TiO, photocatalyst [285]. Therefore, it is widely
known that WO3 is a promising material for visible light adsorption in the photocat-
alytic application field as an n-type semiconductor. WO3 has been explored in many
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photocatalytic applications, such as decontaminating polluted water [286], detecting
hazardous gases [287], and energy conversion [287]. Unlike the photocatalytic degra-
dation of wastewater in the liquid phase, a photocatalytic air purifier that employs gas
pollutant restricts the even distribution on the catalyst surface. Therefore, a strong
adsorption ability of photocatalyst is required. WO3 is considered an ideal candidate
for gas pollutants degradation due to its strong adsorption toward gas-phase pollu-
tants, remarkable photochemical stability, and durability. The crystalline structure
and defects have a strong influence on its performance. WO3 has been reported to have
five crystal structures strongly dependent on the temperature. Monoclinic II occurs
at the temperature of <—43 °C. However, Wang et al. stabilized the monoclinic II at
room temperature by incorporating Cr doping [288]. The triclinic WO3 occurs at -43
to 17 °C, monoclinic I occur between 17 and 330 °C, orthorhombic WO;3 occurs at
330-740 °C, and tetragonal WO3 occurs at >740 °C [289]. Many factors can influence
the performance of photocatalysts, such as the degree of crystallinity and surface
lattice defect. Different synthesis methods, precursor reagents, structure-directing
agents, and synthesis conditions resulted in various performances. Thus, several
parameters need to be optimized to get an optimized catalyst. Several morpholo-
gies of WO3_ such as sphere [290], plate [291], rod [292], and tube [293] can be
synthesized using different salt precursors, capping agents through several synthesis
methods. Several directing agents have been used to produce desired morphology,
such as Triton X-100 [294], sodium chloride [295], sodium sulfate [295], and cetyl-
trimethyl ammonium bromide (CTAB) [296]. Furthermore, the reaction condition
and the synthesis methods are the parameters that are commonly used to control the
final morphology of the product. For example, a study by Nagy et al. demonstrated
that the pH of the reaction affected the bandgap of WO3 due to the difference in
crystal phases and morphology. According to their results, preparation at pH = 0.1
to 1.05 will generate monoclinic WO3, whereas preparation at pH above 1.05 will
generate hexagonal WO3 [297].

However, pristine WOj3 is limited due to its relatively low energy density
and smaller surface area. Besides, the pristine WO3 has low reduction potential,
suppressing the separation of photogenerated electrons and holes pair. Therefore, the
photogenerated electron in the CB of WOj restricted the adsorbed oxygen molecules
to form the superoxide anion free radicals. Thus, to address this problem, several
strategies have been made to overcome these drawbacks, such as metal doping,
formation of composites with carbon materials, and formation of heterojunction
with a metal oxide or other semiconducting material. For example, Wang et al.
used WOj as the supporting material to isolate single atom Au by electrochemical
method for toluene degradation. The results showed that anchoring Au single atom
in WO5/TiO, exhibited 1.8 mA cm~2, which was 17 times higher than pristine WO3.
It is demonstrated that anchoring Au atoms could assist the formation of superoxide
radicals which can increase the production of superoxide radicals to attack the methyl
group of toluene, resulting in benzyl alcohol, benzaldehyde, and benzoic acid. Thus,
it improves the separation and the photogenerated electron and holes pathways. In
addition, the heterojunction of WO3/TiO, promoted better electron transfer from the
CB of WO; to the VB of TiO,. Thus, the photogenerated electron will aggregate



120 R. Haliq et al.

in the CB of WO3_ and the holes will aggregate in the VB of TiO,, suppressing the
recombination rate [298].

Besides, a similar observation was reported by Luévano-Hipdlito [299] and co-
workers in which WO3/TiO, heterojunction showed enhanced photocatalytic activity
for the NO removal due to better electron transport provided by the WO3/TiO, hetero-
junction leads to a longer lifetime of the formed electron and holes [299]. In 2019, Lu
et al. [300] reported the synthesized of nonstoichiometric tungsten oxides (WO3)
with abundant amount of oxygen vacancies for nonmetallic plasmonic photocatalyst
to promote ethanol dehydrogenation under UV—-visible light radiation. However, it
was found that irradiation under UV and visible light performed better than those
irradiated under visible light only. Furthermore, irradiation under UV light is also
12 times higher than irradiation under visible light. This enhanced performance
is due to the unique electron band structure and the Z-scheme heterojunction that
the nonstoichiometric tungsten oxide under UV visible light irradiation facilitates
the light-harvesting ability of full-spectrum solar light irradiation. Furthermore, the
oxygen vacancies also provide active sites for improving ethanol adsorption and
degradation. The defect band may serve as the pathway to stimulate and transfer
hot electrons and hot holes by the oxygen vacancy of WO;_, which can form the
plasmonic thermal effect under the whole spectrum irradiation [300].

In comparison with pristine WO3, the photocatalytic activity of different crystal
phases of WO; has been significantly improved to some extent. In 2017, for acetalde-
hyde oxidation, Fukumara et al. [301] produced Y-WOj3 and e-WOs3. At Y -WOs3,
oxygen reduction was seen, while acetaldehyde oxidation was shown at e-WOs3. This
is owing to the ferroelectricity characteristics of e-WOj3, which boost its photocat-
alytic activity by preventing the produced holes and electrons from recombination.
Furthermore, it is demonstrated that acetaldehyde prefers to interact with e-WO; via
dipole—dipole interactions. In addition, CeO,, which has the same refractive index as
WOs3, has been utilized as an inorganic binder to immobilize WO3 in thin transparent
layers on the glass. CeO, also has a scavenging feature that improves charge separa-
tion. Due to the synergistic effect of WO3/CeO,, photocatalytic activity is increased
[301].

Furthermore, it has been investigated by many researchers that different
morphology of photocatalyst influenced its performances. For example, Kong et al.
[302] synthesized a series of nanoplate WO;3 using oxalic acid to control the
morphology of the nanoplate film. The catalytic performance of this oxalic acid-
assisted WO3 was much higher than the pristine WO;3. The photocatalytic degra-
dation of acetaldehyde to CO, and H,O was carried out under the radiation of 100
mW/cm?. The generation of CO, with the assistance of oxalic acid is 2.3 times higher
than pristine WOj3. In addition, the oxalic acid assistant-prepared WO3 has a narrower
band gap and higher visible light absorption. Also, the addition of oxalic acid influ-
enced the crystallinity and the thickness of WOj;. Increased film thickness resulted
in better use of sunlight. Meanwhile, the exposed crystallinity of the WO3; may
suppress the recombination rate of the photogenerated electron and hole pairs [302].
Sayama et al. [303] prepared a series of WO3 samples with different morphology. The
WOj; prepared from amorphous peroxo-tungstic acid WOj3; (PA) showed the highest
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catalytic activity over WOs3 prepared by calcination, homemade WO3; powder, and
commercial WO3. Itis found that the WO; prepared from amorphous peroxo-tungstic
acid performed six times better than the commercial WO; for hexane degradation.
The better performance is due to the flat and smooth morphology possessed by the
WOj3 (PA) leads to more efficient visible light absorption and suppresses the light
reflection.

On the contrary, the other WO3; samples have large aggregates, and a very rough
surface leads to considerable light reflection, resulting in lower photocatalytic activity
[303]. Shi et al. [304] synthesized a series of the plate-like WO3/CuBi,O4 and high-
lighted the S-scheme charge transfer in the heterojunction for photocatalytic reduc-
tion of CO,;. The n-p junction was reported to be located at the interface between
WO; and CuBi;Oq4. They further claimed that the charge transfer follows an S-
scheme mechanism, in which holes remain in the VB of WO;3 and the electron in
the CB of WOs is transferred to the VB of CuBi,;O4, resulting in effective charge
transfer separation. Comprehensive valence band-X-Ray Spectroscopy (VB-XPS)
characterization backed up this suggested mechanism. The two peaks of W 4f in
light shifted to the higher binding energy in the deconvoluted XPS spectra. In this
heterojunction, however, the Cu 2p in light reversed shifted, indicating photogener-
ated electron transport from WO3 to CuBi,O4. An optimal yield of 1115.8 pumol/m?
was achieved with WO3/CuBi; 04, whereas the pristine WO3 and pristine CuBi,O4
obtained no yield [304].

Lately, research about carbon-based material has sparked due to its high reduction
ability, chemical stability, and visible-light absorption. Katsumata et al. [305] have
synthesized composites g-C3N4/WO3 to improve the charge separation in photo-
catalytic gaseous acetaldehyde degradation. The results show that g-C3N4/WOj3
composites exhibited 45% gaseous acetaldehyde removal, which was better than
pristine WO3 (23%) and pristine g-C3Ny4 (16%). The reason could be ascribed to
the synergistic effect between this composite. The presence of g-C3N,4 enhanced the
adsorption ability, and higher WO3 content leads to higher photodegradation rate,
which showed that WO; plays an important role in the photodegradation of acetalde-
hyde [305]. Moreover, Jin et al. also made the composite of carbon-based mate-
rial with WO; for photodegradation of acetaldehyde. His research mainly focused
on synthesizing g-C3N4 and WO3 composite and mixed using a planetary mill to
improve the photocatalytic activity for acetaldehyde degradation. The more posi-
tive valence band (VB) potential of WO3 makes it a suitable material for oxidation,
while g-C3N4 has a more negative CB potential which is ideal for the reduction
reaction. Thus, a reduction reaction is preferred. Therefore, this composite follows
the Z-scheme charge separation mechanism, which improves the complete oxidation
of acetaldehyde [306]. Wang et al. synthesized oxygen vacancies rich WO3; and 3D
doped carbon matrix composite for the degradation of VOCs, in which the reaction
rates for formaldehyde degradation rate constant of WO3;/NC were calculated to
0.039 min~! over pristine WO3, which is only 0.011 min~!. The enhanced perfor-
mance of WO3/NC due to the larger surface area enhances the light absorption of
WO3/NC and VOC molecules and suppresses the recombination of photogenerated
electrons and holes due to the presence of oxygen vacancies. It exhibited outstanding
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catalytic durability even after eight successive cycles, and the degradation remains at
92%, which was appropriate for practical application [307]. Kim et al. [308] utilized
the earth-abundant carbon in the form of nanodiamonds as a co-catalyst loaded on
WO;. It exhibited comparable performance to noble-metal Pt, which is 17 times
higher compared to the pristine WOj; for the degradation of VOC under visible light.
They reported that the structure of the synthesized nanodiamonds, which contain the
diamond core structure (sp®) and the graphitic carbon layer (sp?) on their surface
regions, allows the better electron transfer to the reactant. Thus, it enabled enhanced
charge separation, electron transfer, and lower overpotential of O, reduction leads
to better efficiency [308].

In addition, numerous methods for improving the photocatalytic performance of
WOj; have been presented. Doping is a well-known method for modifying semicon-
ductor adsorption edges and improving photoactivity under low-energy irradiation,
which causes aredshift to the visible light region [309]. The critical effect of the impu-
rities doping is to alter the position of energy level as well as the electronic structure
of semiconductor. In WOs, it has been reported that transition metal doping, noble
metal doping, rare earth metals, and nonmetal could narrow the band gap and suppress
the electron—hole recombination rate [310]. For example, Sheng et al. [311] reported
the influence of transition metal Fe doping to WO resulted in 98.21% degradation
rate of formaldehyde after 6 h of reaction. These characterization results show that
the Fe®* acts as a scavenger and traps the electrons and hole of WOj to prevent the
recombination of excited charge carriers. Furthermore, the Fe** reacts with hydroxyl
ions and oxygen to form hydroxyl radicals and superoxide radicals. These radicals
will attack the formaldehyde to form the final product, such as CO, and H,O [311].

Apart from photocatalytic oxidation, several attempts have been made to enhance
efficiency. For example, Li et al. [312] utilized WOj3 for photothermooxidation in the
removal of volatile organic compounds in the air. They synthesized the WO; with
various amounts of oxygen vacancies by controlling the time of hydrogen reduction
treatment. As a result, the photothermocatalytic activity in acetaldehyde removal was
5.2 times higher over the photocatalytic and thermocatalytic activity, which originate
from the synergistic effect of heat and light. Thus, photothermooxidation considered
as a promising technology as it integrates both thermocatalysts and photocatalysts.
Therefore, it can enhance the synergistic effect at relatively low temperatures [312].

5.4 Ag-Based Photocatalysis

Silver is classified as a noble and transition metal, belonging to the Sth period and
group 11 of the periodic table. It has an atomic number of 47. As a cocatalyst, silver is
excellent for environmental and heterogeneous catalysis applications. Due to its low
coordination chemistry, Silver provides stability in aqueous media with its colloidal
size. Furthermore, as the oxidation number of silver is +1 or 2+, it can work with
d' or d° orbitals [313].
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Fig. 11 Conduction band and valence band of Ag-based semiconductor photocatalysts. Repro-
duced with permission. photocatalysts [316] Copyright 2022, Elsevier (License Number:
5327571188183)

As visible-light-driven photocatalysts, silver-based compounds and composites
have attracted considerable research interest for their synthesis, characterization, and
performance. Silver has the ability to trap photogenerated electrons from semicon-
ductors and allows holes to form hydroxyl radicals that degrade organic species [314].
In addition, photocatalytic activity silver-based can be enhanced by generating a local
electric field [315]. Apart from AgCl, Ago, WOy, and Ag;MoQO,, Ag-based photocat-
alysts showed an energy band gap of less than 3.0 eV, indicating that Ag-based
Photocatalysts exhibited excellent visible light utilization. Apart from the bandgap,
the photocatalytic activity is also affected by the CB and VB potentials. The band
positions of Ag-based semiconductors both in the normal hydrogen electrode (NHE)
are illustrated in Fig. 11.

There are three main reactive oxygen species in degradation pollutants: the super-
oxide radical (O, ™), hydroxyl radical (-OH), and holes (h™) with corresponding redox
potential was as O,/-O,~ (—0.33 V vs. NHE), H,O/-OH (2.75 V vs. NHE). Except for
Agl and AgXO, (X = Al, Ga, In), most Ag-based semiconductors could not directly
produce O, via the reaction between photogenerated electrons and oxygen. The
photogenerated electrons of silver-based photocatalyst were more negative than the
evolution potential of HyO, (0O,/H,0;: 0.68 V vs. NHE). Therefore, a direct one-step
two-electron reduction route would produce H,O,, which may then be converted to
-OH to degrade pollutants [316].

Silver-based photocatalysts have demonstrated their ability to reform air pollutants
as semiconductor photocatalysts. Table 15 summarizes several recent research about
silver-based photocatalysts for removing air pollutants.
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Table 15 Silver-based photocatalyst material for gas types
Photocatalyst Preparation method Experiment Main References
parameter Product and
Removal
efficiency
Ag/g-C3Ny Simple photo deposition | Analyzer: Sabio Products: [317]
6042 NO
Light source: (80% after
xenon lamp 30 min)
Ag/Agr0@TiO; Chemical precipitation | VOC: toluene Products: [318]
reduction method Analyzer: GC-FID | Toluene
Light source: UV | (99.3% after
lamp (50 W, 45 min)
254 nm)
Ag3zPO4/Ag/ Hydrothermal VOC: toluene Product: [319]
GdCrO3 Analyzer: GC9790 | Toluene
Light source: (near 100%
300 W xenon lamp | after
70 min)
Ag3PO4/Ag/ Hydrothermal Light source: Product: [320]
SrTiO3 xenon lamp Toluene
>90% for
6h
Ag/AgCl @ Deposition—precipitation | Analyzer: - NOx [321]
BiOCl/Bi12017Cpn Light source: (49.5% for
300 W Xe arc lamp | 15 min)
Ag3P0O4/Cr-SrTiO3 | Hydrothermal Analyzer: Isopropyl [322]
GC-2014 alcohol
Light source: (97.00% for
300 W Xe arc lamp | 5 min)
Ag/g-C3Ny Ultrasonic calcination Analyzer: gas Ethyl [323]
chromatography acetate
Light source: - (81.3%)

5.5 CN-Based Photocatalysis

Graphitic carbon nitride (g-C3Ny), an excellent photocatalyst, has elicited much
interest because of its many remarkable properties. The g-C3Ny4 exhibits a bandgap
of 2.7 eV, suitable position of the conduction band (CB) and valance band (VB) of
—1.3 eV and +1.4 eV, respectively. Therefore, g-C3Ny is highly intriguing to absorb
visible light, split water into H, and O,, and reduce CO, into energy-rich compounds,
and some organic and inorganic pollutants can be degraded into harmless compounds
[324]. The g-C3N4 is composed of tri-s-triazine rings and nitrogen bridges. C and N
atoms form covalent bonds, the tri-s-triazine rings polymers combine with hydrogen
bonds, forming a graphite-like phase p-conjugated plane [325]. The tri-s-triazine ring
structure and the high degree of condensation provide high stability against thermal
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Fig. 12 Structure of g-C3Ny
(tri-s-triazine ring) [326,

N
327] ‘\.*\

(up to 600 °C in air) and chemical attack (e.g., acid, base, and organic solvents)
[326]. (see Fig. 12)

Graphitic carbon nitride (g-C3N4) has garnered attention due to its stable allotrope.
The g-C3Nj also simply derived by thermal polymerization of nitrogen-rich precur-
sors like melamine, dicyandiamide, cyanamide, urea, thiourea [328]. Due to its
wonderful characteristics such as high stability, nontoxicity, middle energy gap, inex-
pensive precursors, and easy preparation method, graphitic carbon nitride (g-C3Ny)
has been widely used in many photocatalytic applications. However, the pristine
g-C3Ny has many shortcomings due to its lack of visible light response, few active
sites, and rapid recombination of photoinduced carriers [329]. Therefore, a remark-
able number of attempts have been made to overcome these limitations by improving
g-C3Ny absorption efficiency in the visible area, its specific surface area, and the rate
of charge migration.

The heterostructure strategy of g-C3;Ny is one of the efficient ways to improve
absorption efficiency in the visible area and specific surface area of a photocatalyst.
The g-C3N4/Bi; WOs/NCQs Z-scheme heterojunction was synthesized through in situ
calcination and physical deposition. According to the UV—vis spectroscopy analysis
results, compared with pristine g-C3Ny, g-C3N4/Bi; WOg/NCQs show enhanced light
absorption capabilities. g-C3N4/Bi, WO4/NCQs have a specific surface area higher
than that of pristine g-C3Ny4, which proves that g-C3N4/Bi, WOe/NCQs can provide
more active sites to promote photocatalytic activity [330].

Doping with metal or non-metal also can improve visible light response and
surface area of photocatalyst. C and O co-doped g-C3;N, (denoted as CNB) photo-
catalyst was fabricated through simple and facile method. The UV-vis absorption
spectra compare with pristine CN show that The CNB sample exhibited much better
light-harvesting ability, especially in the visible light region. The BET surface area of
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CNB s 107.19 mz/g, which is much higher than CN (41.47 mz/g) [331]. As a poten-
tial and transformational photocatalyst, Graphitic Carbon Nitride (g-C3N4) might be
used for reforming air pollutants. Different semiconductors have been attempted for
photocatalytic CO, reduction using g-C3N4. N-doped C dot/CoAl-layered double
hydroxide/g-C3N4 (NCD/LDH/CN) hybrid heterojunction photocatalyst was fabri-
cated by a facile one-pot hydrothermal. Under simulated solar light, the photocatalyst
showed high efficiency at reducing CO, with water into CHy. In the NCD/LDH/CN
hybrid photocatalyst, the optimum production rate was 25.69 mol g 1 h 1, and the
quantum yield was 0.62%, with 99% selectivity for CH4 [332].

The g-C3Ny4 doped with carbon quantum dots (CQDs) could also improves CO,
adsorption, reaction kinetics, and CO, photoreduction pathways to produce CHy.
In comparison with pristine g-C3Ny4, CQDs/g-C3N, can generate six times more
CO and CH4. CQDs/g-C3Ny4 can enhance the surface adsorption of nonpolar CO,
molecules and alter the CO, photoreduction pathways, resulting in the production of
a considerable amount of CHy4 (20.78 mmolth~!-g~!) and CO (23.38 mmolh~'+g~!)
in the presence of H,O. Under similar conditions, pristine g-C3N4 could only produce
afractional amount of CO (4.14 mmol'h~'*g~") and H, (4.57 mmolh~!-g~") without
generating CHy [333].

In addition to CO, reduction, g-C3N,4 photocatalyst also shows an ability to remove
NO gas. Pure g-C3 Ny as a photocatalyst for removing NO at high temperatures (above
400 °C) has been shown to exhibit 15.06% of NO conversion [334]. Using urea (CN-
U) and thiourea (CN-T) as precursors in the same conditions [335], prepared g-C3Ny
with different structures using heat treatment. In comparison with CN-T, CN-U has a
porous structure, high specific surface area, and a large bandgap. The result showed
NO removal ratio for CN-U (40.4%) is higher than that of CN-T (34.9%) due to the
different microstructures.

Several attempts have been made by researchers to increase the ability of g-C3Ny
photocatalyst for NO removal. Photoreactivity of g-CsNy4 such as the creation of
nitrogen vacancies, doping g-C3;N4 with metals or nonmetals, modification of g-
C3Ny with carbon materials, and coupling g-C3N,4 with other semiconductors to
form a heterojunction. Flower-like g-C3N4 assembly from porous nanosheets with
nitrogen vacancies was fabricated for NO removal. g-C3Ny has been synthesized by
calcination melamine-cyanuric acid (MCA) supramolecular aggregates at 500 °C for
different times (2—14 h). As alight source, a visible LED lamp (\ > 400 nm) was used
to test the photoreactivity of g-C3Ny prepared via NO oxidation in a continuous-flow
reactor. The flower-like g-C3Ny displays increased photocatalytic activity against
NO oxidation under visible light illumination compared to bulk g-C3Ny4. Flower-like
g-C3Ny was exhibited NO removal rate (59.7%), much higher than bulk g-C3;Ny
(45.8%) [336].

Wu in 2019 [337], improved the photocatalytic activity of g-C3Ny4 by repeated
calcination of g-C3N4. The g-C3N, nanosheets (g-C3N4-NSs) were fabricated after
repeated calcination of bulk g-C3Ny4. After repeated calcination for seven times, the
visible photoreactivity of g-C3N4/NSs toward NO oxidation increased from 20.6%
to 35.8% in a continuous reactor. Doping g-C3Ny with other materials also increase
the ability to remove NO. The Au-g-C3;N4 nanocomposite was fabricated by in situ
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wet-chemical reduction method. Photocatalytic removal of NO with the Au-g-C3Ny
composite was carried out under visible-light irradiation (A > 420 nm). The NO
conversion ratio increases from 24.0% on pure g-C3Ny4 to 41.0% on Au-g-C3Ny
[338]. The g-C3Ny also shows a great potential for photocatalytic oxidation desulfu-
rization (PODS) applications and attracting considerable attention from researchers.
However, PCN still has limitations to achieve efficient PODS activity. Therefore, the
research of g-C3;N, photocatalysts for desulfurization has been relatively rare.

Cerium fluoride (CeF;) semiconductor was decorated the graphite carboni-
tride (g-C3N4) nanosheets to form heterojunction nanocomposites by hydrothermal
method. Photocatalytic degradation of dibenzothiophene (DBT) was used to eval-
uate the effect of the CeF3/g-C3N,4 nanocomposite. Nanocomposite CeF3/g-C3Ny
demonstrated that the desulfurization rate reached 84.2% for DBT after 3 h [339].

CuO-ZnO@graphitic carbon nitride (Cu/Zn/g) triplex heterojunction nanocom-
posite is fabricated with ultrasound-assisted hydrothermal. According to the results
with ultrasound-assisted desulfurization experiments, the best sulfur removal was
obtained using Cu/Zn/g at a photocatalyst dose of 0.2 g/L, initial dibenzothio-
phene (DBT) concentration of 250 ppm, and H,O, loading of 250 ppm at 298 K
within 60 min treatment in the presence of ultrasonic waves (80 W/m?) and light
irradiation (150 W). An optimal desulfurization rate of 99.1% was achieved with
Cu/Zn/g and g-C3;N4 concentration of 10%, compared with the pristine CuO-ZnO
catalyst (76.2%) [340] trying to improve by harvesting visible light, layered/defective
structures, functional groups, appropriate/adjustable band positions, and Lewis base
sites, which exist, and many studies are trying to improve by harvesting visible
light, layered/defective structures, functional groups, appropriate/adjustable band
positions, and Lewis base sites. Due to poor visible light usage, sluggish charge
kinetics, and severe aggregation, photocatalyst PCNs are still ineffective in elim-
inating VOC:s. Electronic architectures and heterostructure constructions in PCNs
are rapidly evolving, allowing PCN photocatalysts to be used for VOC elimination
in new ways. Some recent investigations on g-C3;Ny-based photocatalysts for VOC
elimination are listed in Table 16.

5.6 Other Metal Oxide (MOx)

ZnO

Numerous studies have synthesized ZnO with and without dopants because zinc
oxide is a low-cost photocatalytic material with excellent performance. However, it
still has limitations due to high electron—hole recombination. Co doping zinc oxide
with silver, platinum, titanium, and gold inhibited electron and hole recombination
has been reported [346-349]. As mentioned by Abdelsamad et al., an Ag-doped
zinc oxide sol—gel film performed well in organic degradation due to lower bandgap
energy and increased surface area [350]. Furthermore, as mentioned by Lam et al.,
excessive silver content could reduce photocatalytic efficiency. The excessive doping
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Table 16 g-C3N4-based photocatalyst for VOC removal

R. Haliq et al.

Photocatalyst

Experiment parameter

Main product

References

Porous g-C3Ny

Reactor: 1.5 L

Cat.a):05¢g

Conc.b): 20 L

VOC: HCHO

Analyzer: Spectrophotometer
Light Source: LED light

Products: CO,, H,O
(HCHO): 56.32%

[341]

H3PW12040/PCN

Reactor: 300 mL

Cat.: 135 mg

Conc.: 500 L

VOC: m-xylene

Analyzer: Agilent 1200 HPLC
Light Source: 300 W Xe lamp

Products: BZH, CO,
(m-xylene): 90.1%

[342]

Ni-gC3Ny

VOC: toluene and nitrobenzene
Analyzer: TOC
analyzer

Product: CO;
(toluene): 85.2%
(nitrobenzene): 92.8%

[343]

BixMoOg/g-C3Ny

Reactor: 25 mL
Cat.: 40 mg

Products: BZH
(toluene): ~90%

[344]

Conc.: 0.1 ppm

VOC: toluene

Analyzer: GCMS-QP2010
Light Source: 300 W Xe lamp

Cat:0.1g

Conc.: 210 ppm

VOC: toluene

Analyzer: GC 9160

Light Source: 300 W Xe lamp

Pt-Cox/CN Product: CO,

(toluene): 83%

[345]

concentrations cause the production of Ag precipitates, which coat the surface of
particles and impede reaction sites [351].

In a study, ZnO was synthesized with the combustion method, doped with 2.5,
5, and 10% mol Ag. The doping concentrations will affect the material chemical
properties, microstructure, and bandgap energy of their photocatalytic efficacy. Zinc
oxide powders containing 2.5 mol% silver indicated the highest photocatalytic perfor-
mance in the study. The improved efficiency was attributed to proper secondary phase
concentration, particle sizes, and bandgap energy. Less than 5 mol% Ag secondary
phase was produced with 2.5 mol% Ag doping. The presence of a small amount
of secondary phase may operate as a charge carrier recombination inhibitor. The
2.5 mol% Ag-doped powder also has particle refinement and tiny cluster sizes,
contributing to increased reactive sites and thus improved photocatalytic effects.
The narrow bandgap in the ZnO powder containing 2.5 mol% Ag could accommo-
date charge carrier formation, resulting in enhanced photocatalytic activities, specif-
ically dye degradation and antibacterial performance. The particles agglomerated
into clusters ranging in size from 99 to 255 nm. The best groups were discovered in
ZnO doped with 2.5 mol% Ag. Optical bandgap values varied from 3.40 to 3.22 eV,
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with a smaller bandgap seen in ZnO doped with 2.5 and 5 mol% Ag. Methylene
blue photocatalytic degradation was most significant in ZnO with 2.5 mol% Ag. The
antimicrobial activity of the powders followed the same pattern as the photocatalytic
degradation. Fine cluster sizes, a low amount of Ag secondary phase, and a relatively
narrow bandgap may explain the ZnO with 2.5 mol% Ag powder with outstanding
photocatalytic and antibacterial activity [352].

SH02

On the other hand, photocatalysts based on SnO, are developed. Environmental
science and energy use photocatalytic materials with intense photocatalytic activity
and prospective future applications. These years, SnO, has attracted the attention of
researchers because of its immense oxidation potential and inertness of chemicals,
non-toxicity, resistance to corrosion, economic productivity, environmental preserva-
tion, and long-term stability. On the contrary, conventional SnO, photocatalytic effec-
tiveness is far from expectations, which can be related to SnO, physical properties,
which are: (i) wide bandgap of around 3.6 eV, as a result of solar insufficiency expo-
sure and UV light absorption; (ii) severe recombination of photogenerated electrons
and holes [353].

The structural architecture of photocatalysts that are based on SnO; can be
adjusted in numerous ways, including doping, creation of a solid solution, and stoi-
chiometric modification to enhance its photocatalytic performance. Pure SnO, cannot
be stimulated via visible light because of its large bandgap, which is 3.6 eV. Impurity
doping is a systematic and successful way to narrow SnO, bandgap and improve
its light absorption. As a result of the interaction between impure ions, the impu-
rity energy level will frequently appear in the bandgap under high doping values.
This band of impurity energy reacts with the lattice of the host valence band (VB) or
conduction band (CB) to produce an energy band tail above VB (or below CB), which
will reduce the inherent bandgap. The bandgap structure could be enriched further
by using the co-doping method with two or more specific impurities and reducing
the isolated impurity states induced by single ion doping with carrier recombination
centers [354].

On the other hand, introducing Sn atoms into oxygen vacancies of various valence
states will form multiple defect centers, resulting in continual bandgap modulation
[355, 356], and thus attain visible light absorption performance while avoiding impu-
rity doping structural defects [357]. In contrast to doping, a solid solution is a uniform,
single and solid crystal that is continuously generated from the mutual disintegra-
tion of at least two components under stable conditions. Furthermore, the bandgap
between the reliable solution and the original semiconductors could be modified to
improve photocatalytic performance.

The situation now for indoor air pollution is unfavorable, and gas-phase
organics, particularly trichloroethylene (TCE), formaldehyde (HCHO), and aromatic
compounds, have emerged as significant environmental concerns affecting human
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well-being. Oxidation of organic gases into CO, and H,O by SnO,-based photo-
catalysts has naturally attracted people’s curiosity. For example, Pt@SnO, core—
shell NPs degrade formaldehyde at 93.2% in 180 min [358]. In addition, Pt inter-
action with the metal oxide framework (MOF) improves formazan H,O desorption,
encouraging aldehyde oxidation [359]. Accordingly, SnO, was added to ZnSn(OH),
demonstrating very effective photocatalytic activity for removing aromatic chemi-
cals from the gas environment via benzene degradation and mineralization [360].
During the 200-h test period, gaseous trichloroethylene (TCE) in the dry syngas
circulation stream can be completely degraded to up to 400 ppm concentration by
using ZnO/SnO, with no catalyst deactivation [361].

6 Conclusion

The HEPA Filter is an excellent filter for dealing with mold, dust, germs, viruses,
and other gases in indoor and outdoor systems. Moreover, it is prevalent among
allergy and asthma sufferers. These filters are made up of multiple layers of filter
material and must filter out at least 99.97% of particles larger than 3 microns, as
required by law. TiO, has been employed as a filter precursor in several investigations.
In most photocatalyst applications, TiO, is the same chemical molecule used as a
pigment. However, it serves an entirely different purpose in terms of air cleaning.
Many hospital-grade filtration systems, like those in the TRIO Field Controls unit, use
TiO; filters as many filters. The key to air purifier technology developments is adding
numerous groups such as the transition metals, alkali metals, and post-transition
metals to improve the filter function. Owing to technological advancements, this filter
is ideal for germs, smoke, and smells. Air filtration is not always as straightforward
as it appears. Air purifiers come in various shapes and sizes with various working
methods. By learning how different filtration systems work, we may figure out which
one is appropriate for humans.
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Abstract Photocatalysis has recently gained much scientific attention as a possible
sustainable ammonia manufacture approach as an alternative to the regular Haber—
Bosch process. One of the most critical problems for boosting conversion of solar
to ammonia efficiency is the design of efficient photocatalysts. The bismuth-based
photocatalytic for the reduction of nitrogen to ammonia has been the subject of
extensive and promising study in recent years. Our study mainly summarized
and discussed the recent advanced in photocatalytic nitrogen reduction to produce
ammonia based on bismuth-containing semiconductors and related work. Photo-
catalysis using heterojunctions has recently surfaced as a possible solution to several
environmental and energy issues, including nitrogen reduction to ammonia. The
heterojunction photocatalysts offer the advantage of spatially separated photogener-
ated charge carrier and simultaneously preserving significant oxidation and reduction
potentials of individual components, enabling light harvesting. The essential ideas
of photocatalysis heterojunctions, the nitrogen reduction reaction mechanism, to
ammonia production techniques, and the existing advantages in heterostructure and
types heterostructures of photocatalysts for nitrogen reduction to ammonia are the
main discussed in this chapter. Finally, key issues and promises for the specific topic
of heterostructures photocatalytic nitrogen fixation are briefly discussed.
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1 Introduction

With the tremendous increase of the human population and economic advancement
in the recent decade, human civilization has had an insatiable and ferocious need for
fossil fuels. Depletion of fossil fuels has become a worldwide challenge, including
detrimental environmental conditions and energy crisis are the most critical issues
affecting humanity. Organic micropollutants are becoming increasingly prevalent and
persistent in water, thus presenting a new hazard to human health [1, 2]. Over the past
few years, photocatalysis has been employed in wastewater treatment as a green and
attractive means of removing different organic and inorganic impurities. Using zero
or low-carbon energy to replace fossil fuels for achieving nearly zero emission is
one of the most promising techniques for decreasing CO, emissions from industrial
operations. Clean hydrogen generated from low- or zero-emission sources may assist
the energy and industrial sectors achieve profound decarbonization [3].

Accordingly, photocatalytic water splitting in simultaneous H, and O, generation
without a sacrificial agent is significant and encouraging. However, the main bottle-
neck of water oxidation process was exceedingly slow with slow kinetics due to the
intricate four-electron transfer and enormous activation energy barrier. An increase in
solar energy utilization efficiency and photocatalyst should have a relatively narrow
band gap and suitable electronic band position to facilitate electron—hole-including
redox reaction [3, 4]. To enable photo-oxidation processes, the conduction band
must be more negative potential compared to the reduction potential of water. In
contrast, the top of valence band must be more positive relative to the redox potential
of O,/H,0. Despite extensive efforts to manufacture high-performing photocata-
lysts, the candidates that fulfill both criteria with high efficiency and stability are
far from sufficient. An alternative approach is to investigate metal oxide semicon-
ductors with a narrow bandgap and high photo-oxidation process, which is advanta-
geous for photo-induced organic pollutant decomposition and water oxidation half-
reaction while providing a tremendous amount of electron and photon sources to
enhance H; release from water reduction half-reaction [5] In another way, we involve
the photoelectrochemical system to drive and produce hydrogen and react it with
nitrogen.

Natural nitrogen fixation, as one of the essential processes, turns solar energy into
chemical energy in the phase of “fixed” nitrogen, with ammonia as a principal product
necessary for animals, plants, and other living organisms. Therefore, switching to
renewable energy is essential, particularly in light of the world’s continued population
increase. It is critical to developing artificial nitrogen fixation technology to balance
the global nitrogen cycle, which has sparked scientists’ attention since the eighteenth
century. The Haber—Bosch process, which was initially employed in the early 1900s,
is the most popular technique for commercial ammonia manufacturing. Itis important
to note that this process is energy-intensive at high temperatures (300-550 °C) and
pressures (15-25 Mpa). In addition, the process is about approximately 1-2% of
total energy in the world [1, 6].
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Photocatalysis is a realistic and on-site-specific alternative in this sector, and it
is a hot issue in chemistry and heterogeneous catalysis. In 1977, Schrauzer and
Guth published the first work on photocatalytic nitrogen reduction using Ti-based
nanostructured material. At the same time, TiO, was already placed as the typical
photocatalyst due to cost-effectiveness and lack of toxicity. Nevertheless, TiO, is only
effective in UV light, substantially hindering solar utilization efficiency. Recently,
nitrogen fixation has been studied utilizing metal oxides, metal sulfides, g-C3Ny, and
bio-mimicking photocatalysts [7, 8]. However, the research in this field is still in its
early phase, mainly due to poor solar to ammonia conversion efficiencies (rate of
100 mmol g~ h=1) [8]. It s still far from becoming economically feasible. In general,
the main drawback is the main drawback of the poor quantum efficiency in photo-
catalytic processes, largely efficient visible light utilization, and highly recombining
photo-generated electron—hole pair. Despite that, photocatalytic nitrogen reduction
is an uphill reaction that involves the formation of high-energy molecules, acti-
vation, and breakdown of strongly nonpolar N=N bond (941 kJ/mol) remains a
barrier (N,H and NoH;) [9]. These issues reveal that optimizing total photocatalytic
output for adequate light-driven nitrogen fixation needs thorough engineering for
light harvesting results to ensure the capacity of photocatalyst in reducing nitrogen
[8]. In addition, it also needs to promote N, activation sites to improve the sluggish
nitrogen excitation reaction mechanism.

Biomass carbon for energy storage and polycarboxylic acid as a water reduc-
tion for building material has shown tremendous research interest. To determine the
photocatalyst performance, the band edge formed by p-orbital or sp-hybridization
has been demonstrated to alter the physicochemical features of catalysts, resulting
in greater phenomena in visible light irradiation [9, 10]. The CB edges may also be
lowered and enhanced by the p-electrons inside the hybridization phase, having a
substantially narrower bandgap over d-block semiconductors (e.g., TiO,, ZnO, etc.).
This occurrence is beneficial for visible-light absorption in semiconductors via opto-
electronics and photocatalysis. Moreover, anisotropic space p and sp hybrid may lead
in a highly dispersed band structure, lowering the effective quality and promoting
charge separation and transfer inside the photocatalysis process [11, 12]—all of
such advantages make p-block semiconductors attractive for photocatalysis using
solar light. Bismuth-based photocatalysts, for instance, are chemically stable, have
minimal toxicity, and are inexpensive. They also exhibit exciting photo activity owing
to their high electrical conductivity and adequate intrinsic bandgaps. Although visible
light may equally excite Bi’*-based compounds, Bi**-based compounds have been
explored extensively and have superior stability. The VB of these oxides is largely
hybridized by 6s orbit of Bi and 2p orbit of O. Due to the introduction of Bi 6s
orbital, which reduces the bandgap, the VB of such material is less than the oxide
(2p orbital of O). Furthermore, such compounds are frequently layered, resulting in
highly anisotropic structural, electrical, visual, and mechanical characteristics due to
the strong intralayer bond formation and weak interlayer van der Waals interactions.
Degradation, photocatalytic water split, and photocatalytic CO, conversion have all
recently been explored with bismuth-based photocatalysts [13].
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Itis worth mentioning that photocatalytic N, fixing employing bismuth-containing
systems has been widely researched. Bismuth molybdate has been demonstrated
to boost photocatalytic NH3 production during the hydrogenation process under
moderate conditions. Furthermore, bismuth oxyhalides BiOX (X = if, Cl, Br) have
gained a lot of research attention due to their layered structure with staggered [Bi, O]
sheet and two halogen atoms [13, 14]. The ability to engineer BiOX physicochemical
properties towards N, adsorption and its activation converting by pH adjustment for
ammonia production from N, reduction under solar illumination, phase transition,
activation of facet-related internal electric field (IEF) intensity, and generation of
surface oxygen vacancies allow for selectively exposed of various crystal facets.
BiOX photocatalysts have provided novel and relevant discoveries [15].

Accordingly, this chapter discusses the current breakthroughs in the field of
photocatalysts in nitrogen fixation to ammonia. To provide the most acceptable
and trustworthy study, the thermodynamic and kinetic concepts of photocatalytic
nitrogen fixation on bismuth-based photocatalysts, as well as the most widely utilized
ammonia detection methodologies, are rigorously explored. The microscopic mech-
anism of photocatalytic N, reduction and the impact of material change on catalytic
activity are studied. Furthermore, outlooks and perspectives on the doped photocata-
lysts for ammonia fixation are discussed. This chapter will give a valuable tutorial for
photocatalytic fixation research and stimulate the rational design and manufacture
of advanced bismuth-based photocatalysts for long-term nitrogen reduction.

1.1 Reaction Mechanisms of the Photocatalytic Nitrogen
Fixation Process

This process may have proceeded one of two ways: nitrogen reduction reaction (NRR)
or nitrogen oxidation reaction (NOR). Essentially, the photocatalytic N, reduction
process is separated into multiple steps below.

During light irradiation, the conduction band (CB) excites electrons, leaving holes
in the valence band (VB). Few electrons and protons are expelled into the systems. In
the interim, additional photogenerated holes (h*) oxidize water to create H" and O,
(Eq. 1), and the N, production of NHj is induced by the reduction of hot electrons
(Eq. 2). As a consequence, NHj is consequently under-regulated circumstances,
conditions in which sunlight as a source of energy (Eq. 3).

2H,0 + 4h* — 0, + 4H" (1)
N, + 6H' + 6e~ — 2NH; )

Overall 2N, + 6H,O0 —> 4NHj; + 30, 3)
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Figure la displays the potential of different photocatalytic nitrogen reduction
processes at pH 14. Even though the total nitrogen reduction to ammonia process (N3
+ 6H* + 6e~/ 2NHj3) is preferable from a thermodynamic perspective for hydrogen
evolution, several critical elemental bond cleavage potentials are very large. Since,
initial hydrogenation of N, (N, + H* + e~/ N,H) need a reduction potential of 3.2 V
versus NHE. Another hurdle for photocatalytic ammonia synthesis is the conflict
between nitrogen reduction and hydrogen evolution [3, 5, 12].

Full knowledge of a nitrogen fixation system requires active surface area, elec-
tronic structures, analysis of adsorbed intermediates, and product analyses. In this
case, the impacts of nitrogen fixation are far more intricate than previously studied.
Consequently, itis necessary to look at various response mechanisms [16]. In general,
N,—to—NH3 conversion that includes dissociative and associative pathways as well
as association of reaction intermediates are the major focus of nitrogen fixation,
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as shown in Fig. 1. For the dissociative approach (Fig. 1a, path 1), the triple-bond
of the N, molecule must be engaged at the start of the process, resulting in two
isolated atoms on the catalyst surface, which are protonated individually to form
NHj3, similarly to the commercial NH3 production technique. Because the N=N
triple bond may be broken at 9.79 eV (945 kJ mol~"), this pathway has a higher
reaction energy gap, and remain challenging to maintain on a catalyst surface under
moderate condition [16, 17]. This procedure is complex for materials with layers of
structure. The associative system, in contrast to the dissociative system, is similar to
such chemical mechanism, including N, fixing enzymes: the adsorb N, molecules are
prepared by the reaction progressively, connecting two atoms before the formation
NHj3 molecules [18]. The associative approach sequence hydrogenation step may be
separated into associative distal pathways and other associative paths 2—8, as shown
in Fig. 1. In addition, determining the NRR routes requires the preliminary nitrogen
adsorption configuration. There are two types of nitrogen adsorption systems in
general: side—on and end—on. The associative distal (Fig. 1a, route 2) and alternative
associative pathways (Fig. 1a, path 3) are reached through the side—on configuration,
while the associative enzymatic pathway is accessed via the end—on configuration
(Fig. 1a, path 4). The establishment of N, configurations was complex unless it
utilizes sophisticated procedure in-situ FTIR methods. First-principle calculations
lead to an additional information about adsorption configurations and processes.
The catalyst adsorbent surface atom preferentially participates inside the hydrogena-
tion process until the distant NH; molecule is formed. The second NH; molecule
is created when another atom engages in the same hydrogenation process (route
2). As an alternative, two atoms are hydrogenated with a proton-coupled electron
transfer (PCET), with the sequential release of two NHj3 molecules in the last step
(route 3). Notably, the following hydrogenation of intermediate *NNH, was formed
(where *represents the N, adsorption site) may proceed through either the remaining
distal route or an alternate pathway to generate *HN-NH, (route 6). Subsequently,
in route 3, the intermediate *HN-NH, might travel to the distal pathway and create
*NH with an NH3 molecule released (route 8). At potentials below 0.71 V, the inter-
mediate *NNH,, *NHNH,, and intermediate hydrazine (*NH,NH,) were expected
to separate and form multiple reaction pathways (route 5, 7, and 9). According to
Back & Jung’s calculations (Fig. 1a) Previously, Watt and Chrisp technique was
used to identify hydrazine synthesis or compared the Gibbs values of *HN-NH or
*NH,;NH,, both of which may come from protonation of *N,H [18, 19]. In addition,
the enzymatic technique (route 4) was based on a similar hydrogenation mechanism
as the alternate pathway, with both atoms attached to a catalyst surface in an end-on
coordinating arrangement, which is rare for heterogeneous catalysts. Li et al. have
conducted another route such as Langmuir-Hinshelwood (LH) mechanism. Briefly,
H, is first adsorbed towards the surface of a N, fragment. For particular transition-
metal nitrides (TMNs) catalysts, a Mars-van Krevelen mechanism has been shown to
be beneficial for electrolytic ammonia synthesis. In addition, the atoms in TMN lattice
constantly combines with proton-electron pairs (PEPs) to generate NH; molecules,
thus creating vacancies on the surface [19]. The voids were chemically adsorbed
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and activated N, molecules to aid the subsequent NRR. Overall, anticipating multi-
electrons and the hydrogenation process is unfavorable because the various bonding
mechanisms and reaction routes remain challenging. Accordingly, nine alternative
reaction routes were discussed, as shown in Fig. 1, based on pioneering mechanistic
research carried out using first-principal calculations.

Additionally, the dissociative mechanism as shown in Fig. 1b, N=N triple bond
cleavage needs very high energy input as the starting step during Haber—Bosch
process. Two unique associative N, reduction mechanisms, namely, distal and
alternating pathways, have been postulated, evoking a distinct intermediate. Two
atoms are hydrogenated alternately in the possible path, releasing the first NH; and
hydrazine-bound intermediate, as illustrated in Fig. 1b, after four hydrogenation
stages. A single atom of N is hydrogenated three times in the distal route to generate
the first NH3, and the other nitride -N is hydrogenated three times to produce another
NH;.

The thermodynamics of the photocatalytic nitrogen fixation process can be sepa-
rated into two categories: whole reaction and half-reaction thermodynamics, which
are independent of the catalyst, but also photon induction mechanisms that are depen-
dent on the photocatalyst. Medford et al. conducted a comprehensive thermodynamic
investigation of typical nitrogen-containing compounds utilizing explicit entropy and
enthalpy to investigate the thermodynamics viability of different nitrogen-fixation
procedures. Free energy may be estimated and used to predict the reaction starting
potential provided the adsorption energy and vibrational energy of putative interme-
diate formed during nitrogen reduction are known. Based on data from the National
Institute of Standards and Technology (NIST), Table 1 displays the thermodynamics
of oxidative and reductive reactions at ambient temperature. In the photocatalytic
reaction process, photocatalysts have several restrictions. To disrupt the N, bond
cleavage on the photocatalyst surface, a reduction potential of 4.2 V vs NHE is
required, which is relatively difficult to produce in most semiconductors. On the
other hand, many electrical approaches are more practical [20, 21].

Table 1 Standard temperature and pressure, various nitrogen fixation thermodynamic potentials
of various nitrogen fixation reactions (Reproduced with permission)

Reaction AG (eV)
No(g) + Op €= 2NO (9) 1.81
N2 (9 + 20, €= 2NO, (9) 1.08

6 6
N2(@ + 2Hp0 () ¢ ZNO(g) + %NHa 3.90
N2 (9) + 3H,0 () €= 2NH4(g) + %02 7.03
5
Nz(g) + H20 0+ 502 «—> HN03 (9) 0.93
N2(@) + Ha0 () + 3 0, > HNO, (@) 1.55

N3 (@) + 3H 0 () €= 2NH,OH (g) + %02 7.31
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Based on a thermodynamic standpoint, it is straightforward to convert N, to
a single-nitrogen molecule like ammonia or nitrate. However, it is challenging to
convert a diazo compound to a mono-nitrogen compound. Although nitrogen fixation
can be classed as a reduction or oxidation reaction, titanium-based photocatalysts
can produce both nitrogen reduction products and oxidative products of nitrate under
environmental conditions [22]. As a result, it is hardly understood whether distinct
oxidation or a reduction reaction occurred. Redox product mutual conversion is
time-consuming; therefore, the complex pathways of oxidation reaction between
oxidation or a reduction reaction. Numerous researches have reported the oxidation
of ammonia under environmental conditions. As the change of reduced products
to oxidized products requires a driving force, photocatalysis under environmental
circumstances may be a process of reducing product oxidation. However, compared
to most nitrogen fixation processes, the product’s reaction required only low voltage
with a small amount of thermodynamic energy [23, 24].

In a protic solvent, the hydrogen evolution reaction (HER) is invariably a
competitor of the nitrogen reduction process (NRR). Some interesting materials
with strong nitrogen-fixation catalytic activity is also expected to have an *H binding
energy close to the optimum for hydrogen evolution, which could make the compet-
itive HER reaction easier. Accordingly, the selectivity between the HER and NRR
must be considered during the development of metal cocatalysts for nitrogen reduc-
tion. The relationship between the catalytic performance of nitrogen reduction and
the binding energy of intermediate was studied by Norskov et al. using density func-
tional theory (DFT) on face-centered cubic (FCC) metals. The HER, for example,
has a greater positive limiting potential than the NRR (211) [25].

Based on the (111) facet, the difference in limiting potentials between the HER and
NRR is lesser than on the (211) facet. The metals had a limiting potential difference
of more than 0.4 V between these two reactions, showing that HER uses selectivity
(Fig. 2). The HER process should be slowed down over the catalysts while developing
nitrogen reduction catalysts. The rate-limiting phase is when the metal-to-nitrogen
is too weak in the reductive adsorption of N, to *N,H. The hydrogenation of *NH
to *NH,; or the development of *NH, to NH; determines the reaction rate when the
metal-to-nitrogen is sufficiently strong. The best heterogeneous nitrogen reduction
catalyst must have a high affinity for nitrogen and able to reduce nitrogen at a fast
rate and a low affinity for intermediate intermediates.

2 Fundamentals of Nitrogen Fixation Electrocatalyst

Semiconductor photocatalysis has recently received considerable attention due
to its potential applications in solving environmental issues and energy crisis.
Researchers have already looked into homo/heterojunction, phase-junction, solid
solution, surface engineering, and doping to improve photocatalytic performance.
The preparation of semiconductor solid solution has aroused curiosity since it
allows for perfect visible light absorption by altering the semiconductor band gap.
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Fig. 2 HER and NRR limiting-potential volcanoes are compared. Individual metal points are indi-
cated for (111) (a) and (211) (b) surfaces of HER and NRR overpotentials as a factor of the *N
binding-energy parameter are displayed in blue and black, respectively [25]

Even though GaN nor ZnO is able to absorb visible light, the absorption edge of the
(Gaj_xZny)(N|_xOy) solid solution would be extended to longer wavelengths [24].
Bismuth oxyhalides have recently attracted much attention to distinctive layered
catalyst structures and indirect transition bandgap properties. [Bi»O,]?* as the slabs
on the alternate with double slabs of halogen ions in the tiered design. As a result, the
layered structure of BiOX generates an internal electric field that helps to promote
electron—hole pair separation in the [001] direction and significant photocatalytic
activity. For example, BiOCI nanoplates exposed to [001] facets also get higher
surface energy, and that also increased catalytic activity than BiOCI nanoplates
exposed to [010] facets with lower surface energy only when exposed to ultraviolet
(UV) light. Therefore, research has focused on developing a bismuth oxyhalide
photocatalyst with exposed facets [001]. The photoactivity of single-crystal BiOCl
nanosheets was approximately seven times higher than regular BiOI nanosheets for
the breakdown of rhodamine B(RhB) [26, 27].

The Bi-based layered compounds with a square lattice structure are bismuth
oxyhalides (BiOX, X = Cl, Br). The [Bi, O, ]** layer in the system polarizes the
atoms, creating an internal electric field that efficiently separates and transmits
charge. Bismuth oxyhalides are included as photocatalysts of visible light photo-
catalysts such as BiOBr and BiOI with band gap of 2.87 and 1.89 eV, respectively.
However, the disadvantage of BiOBr is mainly due to its limited capacity to absorb
visible light. Despite its bandgap being low enough to cover most of the visible light
spectrum, BiOlI capacity (redox) is adequately excellent, which is restricted owing to
its high conduction band (CB) level. Sensitizing BiOBr photocatalyst onto the visible
regime and suppressing redox potential, the bandgap might decrease CB level and
enlarge to the valence band (VB) and vice-versa. To increase CB level and reduce
the VB level, the bandgap may be widened to sensitize the BiOI photocatalyst redox
capacity, thus lowering visible light absorption. Consequently, strong visible light
absorption and appropriate redox capacity are mutually incompatible [28, 29].
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Fig. 3 Schematic diagram of nitrogen fixation photocatalyst material with strong photoactivity and
the respective band edge positions (Reproduced with permission)

Photocatalytic nitrogen fixation, such as CO, reduction, pollutant degradation, and
water splitting, needs the generation of highly active radicals and the dissociation of
water molecules. Charge carriers travel to the surface without a wasteful recombi-
nation process, and spatially separated electrons and holes participate in reduction
and oxidation reactions [15, 22]. Figure 3 shows the schematic representation of a
typical photocatalytic process utilizing a single-component photocatalyst [15, 22].

Generally, photocatalyst efficiency is determined by considering reaction kinetics
and thermodynamics. Photoexcited electrons convert N, molecules to NHj; in the
nitrogen fixation process, whereas photoexcited holes in the oxidation route can
produce nitric acid (NOs) [30]. As a result, photocatalysts for nitrogen fixation
with enormous redox, i.e., with more negative conduction band on its potential,
are preferred. Due to energy band alignment, Fig. 3 shows a typical list on the side
of photocatalysts nitrogen fixation process.

In single-component photocatalysts, recombining before the electron is trans-
ported to the surface with redox processes has been a major issue for the charge
carriers. The problem is exacerbated by the fact that fewer free electrons are available
to drive the reduction of N, adsorbed in the molecules of photocatalytic N, fixation,
resulting in slow kinetics. Furthermore, electron energy cannot be easily adjusted on
a single component in the photocatalysts has to drive the energy-intensive N; reduc-
tion process. Therefore, bulk photocatalysts thus far have modest N, fixation activity
(~100 mmol g~! h™"), much less than commercial relevance [13, 30]. Furthermore,
most semiconductors have a large bandgap that is unable to photoexcited by visible
light, limiting the effectiveness of photocatalysis. The UV light spectrum of TiO,
is the most selectively photoactive of all the single-component photocatalysts. The
ultraviolet spectrum of solar radiation is narrow, while visible light makes up most
of the solar spectrum. Consequently, the photoactivity is limited in pristine TiO,
and other wide bandgap semiconductors. Many modification procedures, such as
the formation of heterojunctions, already address this issue with single-component
photocatalysts. It is now the most alternative approach for improving spatial charge
separation and visible light-harvesting with the formation of heterojunctions.
Surface modification, doping, and defect engineering are examples of noble metal
deposition [31].
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Photocatalysis and other bismuth-based layered materials have emerged as
promising and distinctive semiconductors for various applications. Because of the
preferential hybridization between the Bi as its 6s orbitals with the O on to the 2p
orbitals, most Bi-based can harvest visible light. Bi-based layered materials are also
visible light photocatalysts because of the high stability of Bi** and the low cost
of Bi-metal. Despite significant improvements in the NRR over the last decade, the
results remain poor. It has recently been proposed that a Bi-based group metal with
semiconducting properties could serve as a possible N, fixation catalyst [32, 33].
Bi-layered materials with unique and intriguing properties have made them attrac-
tive semiconductors for various applications, particularly in electronics. Less reactive
metals may reduce HER by reductive N, adsorption to create N, H* without regarding
to intermediate reactions’ binding energy. In artificial NRR, Bi-based materials show
remarkable effectiveness and selectivity [34, 25].

Two-dimensional Bi nanosheets synthesized by electrochemical reductions of
bismuth oxoiodide (2D structure) are exceptionally selective in electrocatalytic NH;
production. Bi-based NSs revealed a nanosheet-assembly micro flower structure in
their natural state. Although inheriting the ultrathin nanosheet structure [34, 25],
certain nanoflakes (10 nm) are scattered and alter the morphology, it can be seen that
the Bi NSs surface appeared less smooth in Fig. 4b.

On the other hand, the Bi NSs outperformed the NRR performance on the elec-
trocatalytic. The results were outstanding, where NH;3 output of 13.23 mmol/gh has
been achieved, as shown in Fig. 3, RHE at —0.8 V, —1 V versus edging sites, and
p-orbital electron delocalization was discovered. Additionally, the semiconducting
attribute of restricting electron accessibility on the surface may improve fE (field
electronic) at a sufficient degree of exposure, resulting in a more remarkable. The
existence of inherent active edge sites in 2D Bi NSs makes a state of chemisorption
along with activation of N, generate much easier by utilizing Bi as nanoparticles. As
a result, it has been proposed that the metal Bi was an ideal morphological design.
For N activation, an electronic structure may be an effective method [18, 25].

A single crystal Bi NS was prepared using the same process as the Qiao previ-
ously described. A sheet-like morphology characterized the region, with a large
surface area and several active zones. Catalytic properties of Bi NSs on carbon
paper (Bi NSs/CP) were considered exceptional during the NRR [35]. Furthermore,
the theoretical studies showed that exposed edge sites are more efficient than basal
plane sites at adsorbing and activating N, molecules. Besides, it also revealed some
enormous potential of Bi-based in the NRR materials. The discovery of Bi;O3, a
Bi-based molecule with outstanding optical and electrical properties, has sparked
interest in photocatalysis. However, due to its semiconducting properties, the limi-
tation of charge transfer and ease of aggregation, which lacks the nanoscale state
required to effectively limit N, adsorption and reactivity, thus Bi,O3; has received
little interest for NRR. In addition, a substrate with a robust form is required to make
higher conductivity of Bi,O; NPs while also ensuring their dispersion [36]. In the
other case, a unique free-standing catalyst (Bi, Os/functionalized exfoliated graphite,
FEG) with the hybrid was prepared by attaching Bi,O3; with nanoplates form to the
surface for FEG for NRR, leading to high nitrogen fixation with NH3 output rate
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Fig. 4 a SEM and b HR-TEM pictures show the mosaic structure of Bi nanosheets. ¢ NH3 yields
from Bi NSs and Bi NPs. d For the NRR, a schematic diagram of Bi NSs consists of three steps
for the reduced molecular orbital. This image has been reproduced with permission. e An oxygen
vacancy (OV)-induced approach for improving interfacial electron transport. f This micro-reaction
system’s electron transfer diagram and g this micro-reaction system electron transfer diagram of
transient photocurrent response output curves. h BisO7Br NT and the UV visible light spectra
(absorption) are formed before light irradiation and after j HAADF-STEM inset crystal structure,
and k the mapping images of STEM-EDS of BiOC]I NSs—Fe—5% 1 TEM with m HRTEM Bi/BiOBr.
n Representation schematic of Bi/BiOBr composites for photocatalytic NRR

of 421 0.14 g=' h™! cm? and a FEG of 11.2% at —0.5 V versus RHE. The strong
conductivity of FEG could compensate for Bi; O3 semiconducting nature and prevent
aggregation.

There is also the issue of high selectivity but poor selectivity, as well as activity
for present NRR catalysts and various reactive materials. The evolution of spots
on the Bi [001]/[012] surface was examined. Theoretically, modeling catalytic NRR
behavior, the immaculate (001) surface ability was slightly lower than that of the other
surfaces. It was discovered that the catalytic ability has improved and Bi surfaces
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have been used to overcome several issues [37], including oxygen vacancy. NRR
and a deficiency in Bi catalysts may boost HER activity. Extensive efforts have
been devoted to increase the nitrogen fixation, however, due to protons preferentially
coated these dopants, thus hindered the performance. The suitable catalyst for NRR
applications was not derived using transition metal or Ca doping techniques.

Furthermore, the B dopants achieved the best results in increasing both NRR
activity and selectivity [38]. Researchers will be able to better understand the NRR
process in Bi catalysts due to these new defect engineering results, which will lead to
new techniques to prepare more efficient Bi catalysts. The unique structure of BiOX
aids in the production of active vacancies, which speeds up the catalytic process,
while the indirect bandgap prevents charge recombination. Finally, in recent years,
this kind of material has become more important in photocatalytic NRR [37-39].

On the other hand, the BiOC1-010-OV NRR route took a different strategy, with N,
adsorbed side-on on its surface. This work elucidated proton transport on interfacial
redox reactions by developing a micro-reaction system. In a non-protic environ-
ment, photoexcited electrons (PE;) from BiOCI NSs could ordinarily travel from
the ITO glass. When H,O replaces the electrolyte, the competing photoexcited elec-
tron adsorbed N, and produces an obstruction that prevents photoexcited electrons
(PE;) from being transmitted to the ITO glass. Furthermore, based on the varying
proportionate H,O, transient photocurrent response levels indicated that the differ-
ence between photoexcited electrons (PE3) from BiOCl to the adsorbed N, mirrored
that of PE; and PE,, as shown in Fig. 4g. According to the findings, the N, on OVs
improves the adsorbed of N, by Lewis basicity, facilitating N, fixation and making
the subsequent proton attack more favorable. Bi;MoOg NSs that could possibly be
rich in OVg were created to have improved nitrogen-creating capabilities by visible
light, inspired by this OV method [40]. On the other hand, the OVs on the BiOX
surface are easily oxidized, resulting in a rapid drop in NRR activity.

To address this issue, researchers developed an ultrafine BisO;Br nanotube
(BrsO;Br NT) with abundant and long-lasting OVs for better solar-driven NRR
performance using a water-assisted self-assembled approach. After light irradia-
tion, the band edge was red-shifted, as illustrated in Fig. 4i, and predicted at 2.89
and 2.82 eV [41, 42]. Meanwhile, the matching dispersion color shifted from light
yellow to dark grey after irradiation. The dark grey dispersion will fade to a light
golden tone. When the light is turned off, light-induced OVs are replenished by
collecting O atoms from water or oxygen. As a result of the reversible color change
outcomes, the as-obtained catalysts can generate OV sustainably and reversibly by
light control. The doping technique has also resulted in a successful breakthrough
in increased photocatalytic activity by securely separating the electron and hole of
the catalysts. The photocatalytic NRR with OVs and doped Fe (BiOCl NSs—Fe) was
greatly assisted by BiOCI nanosheets. When Fe doping reached 5%, the BiOCI NSs—
Fe showed a strong NH; production of 1022 mmol g~' h~! under full-spectrum light
irradiation, although the corresponding AQE was 1.8% at 420 nm [43].

Figure 4j and k exhibit the BiOCl NSs—Fe morphology that was dominated by
square forms as we can see on the figures, with Fe components evenly distributed
throughout the NSs. In addition to these approaches, Bi nanoparticles (NPs) were
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coated on BiOBr NSs as semiconducting support to hybridize the Schottky—junction
photocatalyst based on Bi/BiOBr, where Bi NPs were uniformly loaded on the
BiOBr NSs as shown in Fig. 41 and m. The interfacial charge transmission can be
assisted by the intimate interface contacts [44]. As a result, the composite with the
2.0 wt % Bi loading of metal ratio produced 65 times the quantity of NH; compared
to bare BiOBr. In addition, Fig. 4n demonstrated the surface adsorption process of
N, with Bi nanoparticles, which corresponded to an earlier finding that N, could
preferentially be adsorbed by BiOBr—-OVs by the interaction of partially Bi that
reduced its cations with an end-on bound on its structure. Finally, metal Bi plays a
key role in managing focused photogenerated electron inflow and N, activation by
NRR activation, serving as a paradigm for optimizing the potential of the Bi-metal
hybrids semiconductor [45].

Bi-based layered materials, especially BiOX, have been predominantly used in
photocatalytic systems, which can be useful for energy band fluctuation and the
development of effective heterostructures. Future studies should focus on other
crucial areas, such as electrocatalytic NRR. Furthermore, as enhancing the stability
and photo-corrosive character of Bi-based photocatalysts is still a work in progress,
further research is required to completely understand their photostability in photo-
catalysis [45, 46]. However, recent discoveries and properties of Bi-based layered
materials lead to a bright future in nitrogen fixation.

To summarize, under the ambient condition, the critical challenges in the diverse
layer are structured based on the material systems that could produce NHj; yield and
with the NRR selectivity. Several materials, namely, MXene, TMDs (transition-metal
dischalcogenides), COFs (covalent organic frameworks), MOFs (metal-organic
frameworks), LDHs (layered double hydroxides), and Bi-based compounds have low
bandgap but high yields. Meanwhile, due to their lower cost, metal-free materials are
more likely than metal-containing materials to meet the requirements of long-term
practical usage [47]. NRR cognition is still in early state, despite the recent release
of a huge amount of theoretical research on layered materials. Metal-free materials
(such as graphene, CN, BP, and B-based materials) have high Es, but low yields at low
applied potentials due to nonmetallic characteristics. MXenes, TMDs, COFs, MOFs,
LDHs, and Bi-based compounds, on the other hand, have low fees but high yields.
Meanwhile, due to their lower cost, metal-free materials are more likely than metal-
containing materials to meet the requirements of long-term practical usage [48].

2.1 Properties of Nitrogen Molecules

The natural N, conversion is comparable to artificial N, conversion. In the case
of nodular bacteria, it has been demonstrated that they can generate 50-150 kg
of air/acre, hence a characteristic decentralized with an industrially inappropriate
source of N,. Nitrogenase, a metalloenzyme that converts N, to ammonia under
suitable conditions than the Haber—Bosch process in industrial systems, this is used
to convert N, to ammonia in biological systems. Some microorganisms require
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s

Fig. 5 Schematic illustration of mitrogenase active site and its co-factor, which contains Mo and
Fe (Reproduced with permission)

nitrogenase enzymes to survive [2, 3]. In nitrogenase active site, based on the co-
factor composed of iron, molybdenum, and sulfur atoms based on interstitial on the
carbon atom was found as depicted in Fig. 5. The chemical energy required for this
action is provided by hydrolyzed-ATP, which is known as adenosine-5-triphosphate.
The electrons are delivered rapidly, Fe-based as the component of the enzyme that
accomplishes hydrolyzed—ATP. According to Eq. (4), the entire reaction needs the
transmission of eight electrons [13, 49]:

N, + 8¢~ + 16ATP + 8H" — 2NHj; + H, + 16ADP + 16P “)

Increased N, Lewis acid/base activity by activating t at the co-factor overcomes
the difficulties of cleaving the N, triple bond, which has the enthalpy value about
945 kJ/mol or 10.0 eV. Protonation and reduction become easier as a result of electron
donation to the metal center to the antibonding orbitals of p* in the N, [50].

Artificial photosynthesis, in particular, has become a widely debated topic due to
the replacement of biological stages with chemical pathways directly or indirectly,
which mimics the processes involved in natural photosynthesis (although it still is
less efficient than natural photosynthesis). The artificial N, conversion can also be
accomplished via a photocatalytic approach.

The nitrogen reduction by direct light capture is more thermodynamically better
than water splitting [19, 49]. Since the 1940s, active photocatalysts for N, photore-
duction have been identified as TiO,, Fe, 03, and ZnO,. These compounds are abun-
dantindesert soils and can remove up to 107 tons of nitrogen annually. These catalysts
could theoretically produce ammonia from air and water (Eq. 5):

Na(g) + 3H,0(g) —> 2NH;(g) + 1.50, AH = 633.2 kJmol ™! (5)
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At pH = 0, ammonia in aqueous will be divided by two sections that make the
solution become ammonium (Egs. 6 and 7).

3H,0(1) —> 1.50,(g) + 6H* (aq) + 6¢~ Edyp = 1.23 V (©6)

N2 (g) + 8H'(aq) + 66~ —> 2NHH] (aq) Edyz = 0.274 V (7

As a result, photocatalyst semiconductors with approximate bandgap 1 eV or
more are suitable band gap that could theoretically execute the function. It is also
worth mentioning that hydrogen evolution (0 V at pH = 0) and nitrogen reduction
have identical potentials. The reduction of one molecule of N, in photocatalysis and
photoelectrochemistry, for example, needs the transfer of six electrons, leading to
rate-determining phases, favoring the formation of H,. Catalysts will be required
to overcome the charge buildup activation barrier. Furthermore, the O, evolution
process typically requires large overpotentials (OER). This phenomenon is similar to
multi-electron transfer-based CO, reduction techniques [50, 51]. Therefore, nitrogen
reduction and CO; reduction compete with hydrogen evolution processes, posing a
significant stumbling block for ammonia selectivity. As limited solubility of nitrogen
in the water, the most widely used reaction medium, limits the ability to obtain high
ammonia selectivity [11] and the solubility of nitrogen in water. Besides, the most
commonly used reaction medium causes limitation ability to achieve high ammonia
selectivity.

Schnauzer found hydrazine with the concept of a progressive reduction of N,H;
and N,Hy. Even though the first chemical reaction is similarly high endothermic,
the free energy per electron is 2.5 eV lower than TiO, bandgap [11]. Water vapor,
as well as sacrificial chemicals, have been proven to increase activity under specific
circumstances. The optimal reaction temperature is between 80 and 120 °C. The
transfer of an electron and a proton to N, initiates the reduction of adsorbed nitrogen,
resulting in the HN = N* species. The proton or electron transfer occurs sequentially
at one nitrogen, ammonia released while leaving the other reaction, or the transfer
occurs alternatingly at both N,, ammonia released while leaving one in place (Fig. 5).
The associative and dissociative mechanisms for N, hydrogenation are distinguished
by the sequence in which the N = N bond is broken [26].

2.2 Nitrogen Fixation to Ammonia via Photocatalysis

Photocatalysts for N, reduction to NH3; must be capable of adsorbing and activating
highly inert N, molecules, allowing for a moderate thermodynamically uphill NRR,
according to the conditions described earlier. Kinetic constraints imposed by reactant
(Ny) diffusion to active sites and electron transfer mechanisms presently limit NRR
reaction rates. When choosing a photocatalyst for NRR, the inherent features of
the semiconductor (e.g., band gap, VB and CB levels, stability, morphology) and
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how it is given for the photoreaction must be considered. In this section, we divided
the photocatalysts in NRR into inorganic photocatalysts, biomimetic photocatalysts,
and other emergent photocatalysts. Inorganic photocatalysts are classified by the
kind of inorganic material utilized, which includes titanium dioxide-based materials,
bismuth oxyhalides materials, and carbonaceous materials.

Capturing solar energy to manufacture fertilizers and fuels is challenging and time-
consuming [52]. The green ammonia produced by nitrogen photo fixation has recently
attracted researchers’ interest. After biological N, fixation and lightning discharges,
abiotic photo fixation of dinitrogen in soils and sands has been proposed as the
third most important source of natural nitrogen fixation. Solar-driven N fixation is
essential knowledge to understand and control the nitrogen cycle. Even though early
research concentrated mostly on titania-based catalysts, in which the photocatalytic
N, fixation has progressed substantially in recent years.

Lightning bolts and volcanic eruptions only produce a small percentage of the
oxidatively fixed nitrogen because direct nitrogen oxidation is a kinetic and thermo-
dynamically expensive process. In addition, no living creature has ever created an
enzyme capable of oxidative nitrogen-fixing, proving that N, oxidation is impossible.
Thus, nitrogen-fixing is always performed through the nitrogen reduction process,
whether in nature or industry (NRR). By using photocatalysis, N, molecules can
be captured and activated on the photocatalyst surface, which generates electrons
and protons in the electrolyte that react with them to form NH3 and other nitrates
by using photogenerated electrons and protons [52, 53]. Because of the competing
hydrogen evolution process, the limited selectivity of existing photocatalytic NRR
is a critical issue (HER). Based on the NHE reference scale, the classical redox
by its equilibrium potentials for the HER and NRR are 0 V and +0.092 V, respec-
tively. The demonstration of the HER, which uses a two-electron transfer mechanism,
is more thermodynamically advantageous than the NRR, which uses a six-electron
transfer mechanism. kinetically unfavorable. The huge energy difference between the
HOMO (s-2p) and antibonding LUMO p* 2p and the weak proton affinity of dini-
trogen molecules make NRR. Selectively choosing electrolytes that restrict proton
transfer while enhancing N, solubility would improve total NRR efficiency signifi-
cantly. Since NRR only contains the photocatalyst reduction component, scavenging
agents like methanol and EDTA are frequently utilized in its reaction fluid to prevent
electrons from interacting with the hole, at the end which can minimize charge carrier
recombination [16, 54].

The NRR process of heterogeneous photocatalytic can be assumed to be similar
to that of a nitrogenase enzyme, except that it does not produce Hj:

N, + 6e~ + 6HY —> 2NH; E° = +0.55v Vs NHE (8)

The proton-coupled electron transfer (PCET) transfer mechanism is used in the
first step of the NRR process when NoH formed on the catalyst surface based on
Eq. (9)

N, + H" +e~ —> N,H E° = —3.2v Vs NHE 9)
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Equation (10) demonstrates that producing N>H requires significant negative
reduction potential. Other intermediates produced in the NRR include hydrazine
(NHy4) and diazene (N, H;), which is due to the participation of four and two-electron
transfer, respectively, according to equations below:

N, + H +4e~ — NyHy(g); E° = —0.36v Vs NHE (10

N, + 2H' +2¢~ —> NoHy(g); E° = —1.10v Vs NHE (11)

On a catalytic surface that is heterogeneous,

The mechanism of the NRR can currently be classified into two types: dissocia-
tive and associative processes. As seen in Fig. 6, the triple N=N bond of the N,
molecule is first broken, followed by the hydrogenation process, which leads to the
production of NH3 molecules. In the (HB) Haber—-Bosch process, where the interac-
tion between H atoms occurs after the cleavage of N, and H, molecules (Fig. 6a), the
dissociative mechanism is thought to be active. Unlike the dissociative mechanism,
the associative mechanism begins with N hydrogenation, breaking N=N bonds and
forming NHj3. Furthermore, the associative mechanism has two hydrogenation chan-
nels: distal and alternating (Fig. 6b and c). The other possible route is that protons are
added to nitrogen atoms far from the catalytic surface, but in the alternate pathway,
two nitrogen atoms are protonated before converting to NH; [19, 52]. Since photon
does not have the energy to break the highly stable N=N bonds, the photooxidation
process must rely on an associative mechanism, similar to biological nitrogen fixa-
tion (BNF) operates when nitrogenase enzymes are present. In summary, trapping
N, molecules at the photocatalyst surface, extending light-harvesting to the visible
spectrum, and spatial separation of photogenerated charge carriers are all essential
factors in improving the overall photocatalytic NRR efficacy.

2.3 NHj3 Quantification/detection Using Various Methods

Due to catalytic efficacy is weak, the production rate of NHj is relatively low
ppm/ppb, and some species will interfere in the measurement. However, detecting
and quantifying NH3 generated from N, fixation remains challenging [5, 12, 55].
This area is heavily governed by international standardized organizations such as
the American Public Health Association (APHA), the American Society of Testing
Materials (ASTM), and the United States Environmental Protection Agency (EPA)
(Fig. 7).

The presence of specific ions, the chemical makeup of the substance, the pH of the
medium, the type of sacrificial agent used, and the solvent have a role in the accuracy
of detection procedure. The nano/micromolar level of NH3 produced by the N, photo-
fixation mechanism was involved in the measurement [55]. As a result, repeating or
applying multiple testing procedures is critical to obtain a consistent result or a
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minor data error. For example, NH-containing photocatalysts and sacrificial agents,
as well as their secondary products, interact with the generated NHj3, resulting in
an incorrect result; thus, these issues must be addressed to obtain accurate results
[56]. To improve production, sacrificial reagents (hole scavengers such as methanol,
humid acid, ascorbic acid, ethanol, isopropanol, and others) or their oxidized product
are used. Nevertheless, the combined synthesis of ammonia on rare occasions results
in inconsistencies [57].

Furthermore, chemical species containing N-atoms used in photocatalyst
synthesis (i.e. HMT, oley-amine, TAA, etc.) may be leached or dissolved into the
experimental solution, affecting the quantification result. A control experiment in
the presence of Ar or 1°N, is carried out to prevent these phenomena [57, 58]. In
addition, a unique catalyst was prepared (i.e. g-C3Ny, boron nitride, etc.) with the
catalyst containing N-atoms. The NHj3 yield is incorrect when nitrogen (amine/nitro
functionalized MOF, etc.) is evaluated for N,-fixation. Accordingly, if the solvents
used in the fixation experiment contain a trace of NH3 from another source, such as
ambient ammonia, the aqueous medium in which the N, photoreduction occurs may
be contaminated with an overestimation of NH3 concentration after analysis [17, 25].
Isotopic leveling, also known as '° N testing, is another method for validating NH3
synthesis by N, photofixation, with the result (*’NH3) being assessed by H'-NMR
methods. Enzymatic analysis can also determine ammonia production, bypassing
quantification and detection issues.

In summary, in the 6.8-7.05 ppm range of HI-NMR spectra, '“NH** generated
from '“N exhibits a triplet with a J-coupling of 52 Hz, whereas N exhibits a doublet
with a J-coupling of 73 Hz. The experiment and NMR analysis for the N isotope
leveling market is completed using the readily available ('"NH,4),SOy reagent. The
H1-NMR spectra show both '“N and >N signals. However, the '3N isotope has a
higher intensity than '“N [44, 59, 60]. It is difficult to find an effective quantifica-
tion/testing process for NH3 concentration at ppm and ppb standards that consider
the effects of interferants. This problem is due to a lack of database or knowledge
on the interfering variables that affect NH3 detection at nano/micromolar concentra-
tions. This collection covers the most common NHj; detection/quantification proce-
dures, including Nessler’s reagent method, indophenol blue method, SE, and chro-
matography method, while considering pH, presence, sacrificial agents, the solvent
employed, and N-atom containing catalyst. The approach is more reproducible and
helpful than spectroscopic processes such as Nessler’s and indo-phenol blue, but it
is also more expensive and complex in terms of apparatus [61, 62]. Conversely, the
colorimetric approach is a cost-effective and straightforward determination method.

The colorimetric approach is favored because of high selectivity/sensitivity,
higher trustworthiness, and high efficiency/assured durability/compatibility [7, 57].
According to Nessler’s reagent (solution of K,Hgls and KOH), NH; forms a reddish-
brown colored complex with iodine and mercury in an alkaline medium (in the
absence of interferants, Eq. (12)) that has an optical absorbance of about 420 nm and
is directly proportional to the concentration of ammonia in the solution. Rochelle salt
is sometimes added to the reagent during testing to reduce the impact of interfering
ions [62, 63].
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2[Hgl,]*” + NH; 4+ 30H™ — Hg,ONH,I + 71~ + 2H,0 (12)

There are several factors to consider for N, detection. The Nessler’s chemical is
only stable for three weeks, so it should be used instantly; (i) if the reagent has to
be prepared, ultrapure water or an NH3-free solvent should be used; (ii) the reagent
must be handled with extreme care because of the presence of toxic mercury; and
(iii) data should be obtained within 10-30 min after mixing the NH3-containing
solution with Nessler’s chemical [64] Furthermore, specific ions that increase the
turbidity of the medium or N, fixation side products/intermediates (urea, hydrazine,
glycine, amine, etc.) can affect the detection procedure [65, 66]. As shown in Eq. (13)
(Berthelot reaction), an alkaline environment leads to ammonia reacting with phenol
and hypochlorite to produce a blue product (indophenol blue).

Cotalyst
2 @—D'+ NHj # 3007 m—— 'o-@—n@:oi' 2HzO+ OH' 4 3CT

13)

In this experiment, the color intensifier sodium nitroprusside and the pH stabilizer
citrate buffer were utilized, as well as indophenol and Nessler’s reagent detection
techniques, which yield reliable and acceptable findings at lower NH3 concentrations,
i.e., within 0.5 g/L, according to Zhang et al. Above this range, however, Nessler’s
procedures are dependable and effective, while the indophenol process fails to yield
precise data, resulting in erroneous/overestimated NH3z concentration [66]. A change
in pH also impacts the detecting process, resulting in a more accurate result. Nessler’s
method works across a wide pH range, from acid to alkaline to neutral (in an acidic
medium). The role of ammonia, iodine, and mercury in acidic media could cause
this issue. Various pH solution causes the color of the solution changes from yellow
(in neutral) to green (in acidic), altering the measuring technique. Since sodium
hypochlorite is unstable, this method could mislead ammonia concentration in the
acidic solution. Consequently, indophenol blue techniques can only be employed
with a low error rate in alkaline and neutral media, but Nessler’s reagent can be used
in all three media [45].

Furthermore, the presence of specific ions affects detection processes. In Nessler’s
approach [22, 47], for example, ions with a wavelength of 420 nm that chemically
reacts with the reagent to produce interference may lead to an error. Similarly, sacri-
ficial agents, the oxidized product generated during the reaction, and their fraction
in solution cause inaccuracies in concentration estimation using the colorimetric
approach in photocatalytic N, fixation. The hue solution color is highly affected by
a variety of agents and intermediates (methanol, ethanol, DMF, DMSO, acetone,
formaldehyde, formic acid, etc.). The hue looks pink in formaldehyde and light
yellow in the presence of formic acid when employing the indophenol blue technique.
Consequently, the concentrations determined by Nessler or the indophenol blue
approach are erroneous or exaggerated. Neither spectroscopic analytical approach
is optimal for ammonia quantification in organic sacrificial chemicals; nonetheless,
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the calormetric method is favored when measurements are done under controlled
conditions and in the presence of organic sacrificial reagents (as shown in Fig. 8).
Furthermore, owing to its large detection range of 30 ppb to 1000 ppm, good selec-
tivity, and low sensitivity to interfering compounds, the ion-selected (ISE) detection
approach is frequently employed [22, 68]. However, the deficient concentrations and
instrumental drift make maintaining the operating state challenging. ISE offers two
key benefits over colorimetric methods: it has an extensive detection range (0.03—
1400 NH3-N mg L~') and is not affected by turbidity or color. Finally, since columns
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Fig. 8 a Photographs of various ammonia concentrations calculated by each method; b ammonia
concentrations corresponding with photographs of NH3 calculated by Nessler’s reagent method
with the indophenol blue method for checking various oxidizing reagents to check the presence
[67] (Reprinted with permission)
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separate the substrate components, the chromatography approach is more reliable.
Numerous worldwide organizations and scientific groups supported this approach
for NH; measurement. Adding a cation-exchange column and a conductive detector
to atomize the apparatus expands the range of NH3 estimation while decreasing anal-
ysis time, resulting in reproducible, precise, and accurate findings [18, 41]. Figure 8
demonstrates a practical approach for detecting ammonia in specific conditions.

3 Research Works

Bismuth (Bi)-containing materials for photocatalytic have garnered vast attention
in recent years owing to extraordinary optical properties (lower band gap enables
to absorb wide solar spectrum) and robust photocatalytic performance for carbon
dioxide reduction, organic pollutant degradation, water splitting, and nitrogen fixa-
tion to ammonia. Bi with oxy-halides like BiOI, _«Bry a sort of 45, 46, 4+7 treble
composite semiconductors that are usually designated by the basic formulation
[BilO,, X, ], where X represents iodide, chloride, and bromide [30]. It has a layered
structure and consists of two photocatalytic responses namely internal electric field
(IEF) and a superficial potential (Vo) [69]. These topographies promote the formation
and departure of photo-generated charge carriers, as well as activation of reactants
[70]. In 2018, Xin Y. et al. effectively prepared Bi ox-bromide (BiOBr) nanosheets
with abundant oxygen vacancy on the unprotected (001) surfaces (Fig. 9a), which
confirmed the outstanding role of photocatalytic N, reduction (104.2 mol/gh of
NH; under visible light illumination) without any additional sacrificial agents or
co-catalysts (Fig. 9b). The bond length of triple bond in nitrogen absorbed on
oxygen vacancy site was 1.133 against 1.078 for molecular nitrogen in the gas phase),
according to theoretical forecasts, the lengthening of the triple bond in bond providing
a sturdy indication for the activation of nitrogen (Fig. 9c and d). Interfacial electron
transfer mechanism was strategically designed based on extensive lab experiments,
where a large number of oxygen vacancies on the nanosheet shallow band of BiOBr
formed a defect state between the conduction band and valency band. Therefore,
it can be dynamic trapping excited electrons from the conduction band of BiOBr,
resulting in straight recombination of photoexcited electron and hole formation. To
complete N, reduction activation, the electrons might be injected into the vacancy of
antibonding orbitals and adsorbed by nitrogen molecules. In the presence of oxygen
vacancy (OV), reducing nitrogen to ammonia provided a low-energy pathway for
ammonia production.

Kaiyue et al. investigate the Bi;,07Br,, and Nan et al. determined BiOCI with
oxygen vacancy on the remarkably uncovered (010) and (001) surface to get a
more profound knowledge of nitrogen reduction to ammonia on diverse facets
(Fig. 10a); nitrogen molecules adsorbed on the surface of OV was transformed into
ammonia via numerous minimum-energy chemical processes including consecutive
proton-assisted electron transmission step [71]. The density functional theory
simulations and in-situ R where both N, adsorption mode and the energy levels for
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Fig. 9 aIllustration of nitrogen fixation on BiOBr-(001)—oxygen vacancy, b the rate of ammonia
generation when exposed to visible light, ¢ BiOBr (001) shallow with oxygen vacancies from the
side, d a theoretical calculation of nitrogen adsorption and initiation on a BiOBr (001) exterior
oxygen vacancies. Purple compasses represent bismuth atoms, green, red, and white spheres repre-
sent Br, O, and H atoms, respectively, meanwhile blue spheres and grey for oxygen vacancy [65,
68] (Reprinted with permission)

activation site are altered by the BiOCI surfaces (Fig. 10b). Nitrogen adsorbed on
the oxygen vacancy places of the BiOCI (001) facet with end-on direction style,
allowing for an as-symmetric distal route to NH3. The vacancy oxygen on the BiOCl
plane (010) surface, on the other hand, preferred nitrogen adsorption through a
side bridging coordination geometry, subsequent in mostly N,Hy production via an
irregular electron and proton allocation way (Fig. 10c). The superficial investigation
highlighted how various semiconductor surfaces consists of oxygen vacancy may
impact nitrogen fixation development, providing the outline for upcoming research
toward more well-organized ammonia synthesis photocatalysts. Bandgap structures
may be developed to increase the activation of nitrogen in the calculation of oxygen
vacancy. The methods of calcination and hydrolysis may be utilized to generate
oxygen vacancy exposed on BisO;I nanosheets with surfaces of plane (001) and
(100) facets. The better-quality NH; production rate over BisO4I with plane (001)
surfaces (BiOI) plane (001) was clarified by a negative conduction band (1.45 eV)
than its complement, leading to more favorable electrons with greater energy to
drive nitrogen fixation for ammonia creation under simulated light irradiation. Other
Bi-based compounds, such as BiO, [34] Bi;MoOg, [25], and Bi,0,COj3 [35], have
been exploited as photocatalysts for NH3 production on the compound of bismuth
oxyhalides. Under the simulated sunlight process, BiO quantum dots with an average
size of 2-5 nm under the simulated sunlight process confirmed catalytic activity for
nitrogen reduction reaction [34]. The activation sites for nitrogen reduction were
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determined by low valence surface Bi** species. Bi;MoQg photocatalysts have also
been proven effective in producing ammonia from atmospheric air. The (100) edge
exposed coordinatively unsaturated Mo atoms in Mo—O polyhedral contributed
to the Bi;MoOg crystals inherent N, activation capability. The solvothermal
synthesis procedure followed by a hydrogenation treatment was employed to obtain
altered crystal structure and the flawed engineering in the mesoporous Bi;MoOg
basis [70, 72].

The two-dimensional Bi-oxyhalides and similar Bi-based photocatalysts are used
as model materials to investigate the effect of oxygen vacancy, surface engineering,
and band gap structure alteration on photocatalytic nitrogen reduction to ammonia
[73]. The investigation was mainly based on computational theoretical to understand

b Terminal end-on , N-N: triple, 1.137 A

Ns

a

Qs @00 ON

> -150{ ﬁ

] 1 - -

£ -300; :

S 450 : . . , . ; .

E N=N*  N=NH*  N=NH,*  N-NH,* NH*+NH, NH;*+NH, NHy"+NH, 2NH,

5

@ 0 e 5 "‘.:

> ( ——

2 oo B g 2 en

g _200_ 10 o ﬁ “ _ o

i 15

-300 . _ . : . .

N=N" N=NH" NH=NH*  NH-NH,* NH-NH.*  NH,-NH.

Fig. 10 a BiOCI structure with surfaces (001), (002), and (010) facets. b The side on bridging
adsorption mode of nitrogen on (010) facets of BiOCI and the terminal end on adsorption mode of
nitrogen on (001) facets, ¢ the distal and alternate pathways for nitrogen fixation are mediated by
oxygen vacancy on the (001) and (010) facets. This image has been reproduced with permission
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the facet-dependent nitrogen adsorption mechanism as well as the ammonia produc-
tion process (distal or alternating paths), paving the way for the upcoming growth of
better 2D photocatalysts.

3.1 Nitrogen Fixation Using Different Materials

Photocatalysts for nitrogen fixation are now being researched using bismuth-based
materials, g-C3N,4 grounded resources, and metal supplies with SPR. Additionally,
different types of semiconductors displayed considerable promise in this application.
TiO, is a good photocatalyst with a track record for photocatalytic N, reduction.
Besides, there have been many recent breakthroughs in photocatalytic N, fixation
action. Zhang et al. produced a tunable TiO, by heating TiO, with NaBH,4 at optimal
temperatures (310-360 °C) in an Ar gas. As the temperature increased, the color of
the TiO, samples deteriorated, as shown in Fig. 11.

The maximal ammonia output of the sample obtained at 340 °C was
324.86 mol/h.g, which is 3.85 times higher than pristine TiO,. The oxygen vacan-
cies can enhance charge separation and nitrogen adsorption capacity, resulting in
augmented photocatalytic activity. The heterojunction design may increase TiO,
ability to fix nitrogen photochemically. For example, Rong et al. discovered
that TiO,/ZnFe,04 heterojunction photocatalysts with a Z-scheme required great
advanced photocatalytic performances than single TiO, or ZnFe,O4 [44]. The Z-
scheme heterojunction can increase electron—hole pair separation and transport,
leading to high photocatalytic activity [73, 74].

Other types of new photocatalysts for N, reduction have been promoted and have
the possibility to be developed. Luo et al., for example, Fe-SrMoOy4 with considerably
increased nitrogen fixation photocatalytic activity. The catalytic performance can
be enhanced due to lowered band gap, advanced light pre-occupation, and newly
produced active centers Fe-Mo [75]. Using heterojunctions is a highly efficient way
of improving the parting and broadcasting of photogenerated electron—hole pairs. A
CeO,/FeS; heterojunction and a CeCO3;0H/g-C3;N4/CeO; heterojunction have been
characterized and potential as photocatalysts for N, reduction. Engineering defect is
a popular way of altering catalysts to produce high-performance N, reduction. Sun
et al. developed sulfur V-rich O-MoS, modified CdS nanorods with a photochemical
NH; production yield of 8.2 mmol/l.g.h. It was discovered by introducing oxygen
into the S-vacancy enhances conductivity and reduces the bandgap for N, fixation,
which is essential in high photocatalytic performance [73, 74].

3.2 Reaction Mechanism in Yielding NH3.

Understanding the basic N, fixation process is significantly important since the better
we understand the reaction process, the more effectively we can work to advance N,
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Fig. 11 a Photograph image of TiO, samples, b DRS UV-Vis, ¢ photocatalytic performance for
NHj3 yield, d nitrogen fixation mechanism of the TiO»/ZnFe,O4 heterojunction photocatalyst using
the Z-scheme, e the structure of ZnAl-LDH and charge density pattern on its surfaces, f illustration
of N reduction mechanisms and charge separation on MoS,/CdS merged photocatalysts [47]
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reduction competence. There are well-known catalytic nitrogen fixation methods,
each involving four pathways: distal associative, dissociative, alternative associa-
tive, and enzymatic. The dissociative pathway uses high energy to break triple-bond
nitrogen on molecules completely; it is followed by hydrogenation and the creation of
ammonia. The dissociative pathway is the Haber process of producing ammonia. The
N=N is cleaved step by step in both associative pathways, although the hydrogena-
tion occurs in various routes [75, 76]. In the cases of the distal associative pathway,
the occurrences of hydrogenation first at N, atom farthest from the catalyst. After
the nitrogen atom is hydrogenated, the NH3 molecule will be released. The alterna-
tive approach is in which two N, atoms are hydrogenated at the same time. For the
enzymatic pathway, hydrogenation is typically observed in the reaction transported
out by nitrogenases and other catalysts. N, is adsorbed on nitrogenases/catalysts at
the atom edges, rather than just one side, as previous approaches. In this process,
each nitrogen atom undergoes synchronous hydrogenation.

In this process, each nitrogen atom undergoes synchronous hydrogenation. The
surface hydrogenation mechanism was proposed by Ling et al. Surface hydrogenation
as a new nitrogen reduction pathway can occur on the superficial of noble-metal-
based metal catalysts. The initial stage in this mechanism is the low-energy conver-
sion of H* to *H, and thought to be a possible rate-determining step. N, molecule
will then combine straight with *H to produce higher-energy *N,H,. When *N,H,
interacts with H" and an electron, NHj3 is produced. Increasing the concentration of
alkali-metal cations, which operate likewise to H* in an N, could be an excellent
strategy to accelerate the nitrogen fixation mechanism [77].

3.3 Application of Heterostructure Photocatalysts

Various photocatalysts, such as TiO,, ZnO, WO3, ZnWO,, Bi,WOg, and others,
have recently been reported. Improved photocatalytic activity will arise from the
connection of various semiconductors. Excited electrons of the sensitizer semicon-
ductor can replace by a lower conduction band of wide band-gap semiconductor
in type I heterostructure. However, holes are trapped in the sensitized semicon-
ductor, resulting in improved photocatalytic efficiency and a broader light sorption
spectrum [76-79]. Due to their strong photocatalytic activity and relative ease
of manufacture, powder photocatalysts have received much attention and devel-
opment by researchers. Powder-based photocatalysts dispersed in solution could
rapidly agglomerate and make it difficult to separate from the water. Photocatalysis
applications have recently seen considerable influence from one-dimensional (1D)
semiconductor nanostructures with a type I core/shell structure formed on a substrate.
Photocatalytic characteristics of photocatalysts with a powder type I heterostructure
and 1D type I core/shell structures produced by substrates based on widely utilized
TiO;, and ZnO material groups are discussed in this section. Other photocatalysts,



Photocatalytic Nitrogen Fixation on Semiconductor Materials ... 179

such as ZnWQy, Bi, WOy, and a-Fe,O; that have lately been extensively researched
are also discussed. Some type I structures with high photocatalytic performance are
particularly emphasized [80].

Due to their strong photocatalytic activities and relative ease of productions,
powdered photocatalysts are widely employed. To create type I heterostructure, a
broader bandgap semiconductor is commonly covered with a small bandgap semi-
conductor. In response, the efficiency of photoinduced charge, change of integrity
and solar energy semiconductor have greatly improved. Heterostructure morphology,
geometry, surface texture, and sensitizer particle size affect charge transfer and
photocatalytic performance [81, 82].

BiOX crystals for structural engineering have attracted much attention for point
defect management and precise facet tailoring. The existence of point defects in BiOX
materials, such as lattice vacancies, causes photo-generated charge carrier entrapment
and its visible light sensitivity performance. Thermal conditions or the protective
cover of a reducing atmosphere like Ar typically introduce point defects like oxygen
or metal vacancies, resulting in optimum electronic band levels. These defects provide
charge transport and the color of BiOCl shifts to black due to the formation of oxygen-
containing functional groups, contributing to the imperfection state located below
the conduction band. The new state acts as electron traps, allowing for the separation
of electron/hole pairs and increased catalytic properties. Therefore, the photocatalyst
band structure has been fine-tuned to make it a noticeable photocatalyst that converts
solar energy more efficiently. Charge carriers can indeed employ these holes as a
trap, according to Zhao et al. By exposing white BiOCl powder to UV light while
covered by Ar gas, oxygen vacancies in BiIOCI nanosheets were produced. Since the
synergistic impact of the 3D/2D BiO;_x Br/BiOCI heterostructures and the insertion,
figure on the BiO; xBr/BiOCl showed considerably greater photocatalytic activity
than pure BiO;_xBr and BiOCl [54] (Fig. 12).

4 Heterojunction Photocatalyst Principles

Building a heterojunction is a useful technique to increase the photocatalytic activity
of bismuth oxyhalide. The formation of heterojunction at the intersection of various
semiconductor materials could provide the separation of photogenerated charges in a
photocatalytic system. The sorts of heterojunctions offered include traditional direct
Z-scheme heterojunctions and 2D/3D heterojunctions. Because of its optimum band
edge positioning, which allows for effective charge extraction, the typical semicon-
ductor heterojunction (class I) is the most explored so far. Peng et al. employed
BiOB1/Bi(OHC,04),H,0 to generate Bij;O17Br2/Biy4O3;Bry type-II heterostruc-
ture. Bi;017Br,/BiysO3Bry demonstrated exceptional electrochemical properties
for the destruction of RhB and phenol due to the rapid electron—hole dissociation
in the type-II heterojunction. In semiconductor heterostructure systems, bismuth
oxyhalide nanoparticles may perform three significant functions. Bismuth oxyhalides
exhibit a wide range of band redox couples, making them simple to match in the
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energy level of various semiconductors and acting as a driving factor for charge-
directed separation [18, 83]. To absorb a broader solar spectrum, narrow bandgap
bismuth oxyhalide semiconductors (BiOI and BiOBr) can be utilized to photosensi-
tize other semiconductors. BiOI was mixed with TiO,. For instance, p-n nanostruc-
tures were formed using a chemical inertness bath approach. The chemical compo-
sition and photocatalytic efficiency range of TiO,/BiOI and ZnO/BiOlI heterostruc-
tures may be precisely changed by adjusting the molar ratio of Bi/Ti/Zn. BiOI has a
greater negative conduction and valence band level than TiO, and ZnO, which might
lead to efficient photogenerated electron transmission between the catalysts, thereby
prolonging the lifetime of photogenerated charges and lowering the possibility of
recombination (Fig. 13). Lastly, because bismuth oxyhalides have a wide structural
variety, carbon-based nanoparticles may readily be coupled with them, allowing
for higher charge separation & transfer. Due to the apparent greater relationship
between bismuth oxyhalide and graphene, BiOCl/graphene, BiOBr/graphene, and
BiOl/graphene have already been employed [18, 84, 85]. Graphene may also be
utilized as a cocatalyst to extract photogenerated electrons. Consequently, electron
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transport between bismuth oxyhalides to graphene efficiently suppresses electron—
hole recombination, lengthening carrier lifespan, and boosts photocatalytic effec-
tiveness. The heterojunction approach, more frequently utilized in solar photocat-
alytic activity and photoelectrocatalysis, was rarely employed to make binary or
multi-component composite photocatalytic systems [67].

4.1 The Photocatalytic System with p-n Heterojunction

Although the category-I heterojunction capacity efficiently divides charge couples in
space, the increase in charged particle isolation across the heterojunction is insuffi-
cient to address fast electron—hole replication on the semiconductors. In this regard, it
has been proposed to develop a p-n heterojunction photocatalyst that can provide an
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additional electric field to speed up electron—hole pair transfer and increase photo-
catalytic performance. The electron-hole pair separation of p-n heterojunction is
better than that of a type-I heterojunction, which can boost photocatalytic activity
significantly. The p-n heterojunction photocatalyst was formed by combining p-type
and n-type semiconductor materials [27, 67, 86]. The Fermi level of a p-type diode
position at VB, whereas the Fermi level of an n-type semiconductor is close to the
CB. The holes will move from the p-type to the n-type semiconductor before light
irradiation, leaving a negatively charged species. Until the Fermi level system reaches
equilibrium, thus hinders the electron—hole pairs diffusion. Finally, an electric field
was formed at the interface between two kinds of semiconductors. The photoinduced
electron—hole pairs will be separated under the effect of the electric field. Due to the
presence of NH/NH; groups and individuals in its structure as electron donors, g-
C3Ny is principally an n-type semiconductor material. As a result, constructing a p-n
heterojunction can help g-photocatalytic C3N4 operate better [28, 29].

CuS is a common p-type type of transistor for photocatalytic activity, with
favorable properties such as a narrow band gap and excellent stability [29]. CuS
was hybridized with g-C3Ny to produce p-n heterojunctions, which extended the
composite shorter exposure range by establishing more interfaces for efficient transfer
of photogenerated electron—hole pairs to reduce recombination, as well as increasing
the range of optical absorption range of photosensitizer. Using an insitu synthesis
approach, Cai group [30] developed a g-C3N4/CuS p-n heterostructures composite.
The increased photocatalysis efficiency might be attributed to the g-C;N4/CuS
heterojunction interface. Both CuS and g-C3;N4 may excite charge carriers when
exposed to visible light. Therefore, the VB of g-C3N4 became less positive than
that of CuS, photogenerated hole on the VB of CuS could readily transport to the
VB of g-C3Ny4. CuS does have a lower CB energy than g-C3Ny4. Therefore, photoin-
duced electrons on CB of g-C3N,4 might diffuse to CuS CB. Ma group [69] produced
Cuy 96S/g-C3Ny p-n heterojunctions by altering the thermodynamic efficiency factor
of Cuy_«S. Through connecting 3—-10 nm nanoparticles toward the surface of g-
C3Ny wrinkled layers, 0D/2D p-n heterojunctions were formed, which can supply
extra photocatalytic reaction centers and ease of charge transfer. The Cu; 96S/g-C3Ny
nanocomposites had a considerably decreased PL intensity, indicating that the p-n
heterojunction effectively prevented charge pair combination.

4.2 Photocatalytic Systems Based on the Z-scheme

Because of their smart charge mechanism, Z-scheme-based photocatalysts provide
remarkable photocatalytic activity by jointly delivering high-redox potential and
visible light harvesting. As a result, the drawback of total redox potential loss
may be overcome when switching to type-II heterojunctions. The theoretical effi-
ciency of 40% against 30% with single-component photocatalysts is substantially
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stronger charge recombination reduction and higher photoactivity in the electrol-
ysis of water. Furthermore, certain Z-scheme heterojunctions for nitrogen fixa-
tion were investigated. Feng et al. [30] proposed all Z-scheme photocatalysts
devices based on Schiff base chemistry and Ga,;03/g-C3Ny functionalized with 3,4-
dihydroxybenzaldehyde. After exposure to light irradiation, nitrification reached up
to 112.5 mmol L~! g~!, much higher than single-component g-C3Ny. The aromatic
ring 3,4-dihydroxybenzaldehyde acted as an electron mediator at the Ga,O3 and g-
C3Ny interface, while a strong oxidizing potential assured the generation of hydroxyl
radicals. Nitrogen fixation was performed by oxidizing methanol to CO, and its
chemical intermediates, then reducing N, using CO,; radicals. It is generally estab-
lished that adding defects improves photoactivity by creating significant charge
carriers engaging in the surface reaction through electron—hole pairs. The incor-
poration of nitrogen vacancy in the crystalline structure of the photocatalyst might
be useful for trapping and activating N, molecules due to the selectivity of the
nitrogen reduction process. Guang et al. developed a g-C3N4/Ag,CO; photocata-
lysts system based on the Z-scheme mechanism, in which nitrogen vacancies were
created by ammonium dissolving in solution. While N, and O, contents were propor-
tionately equal, the catalyst generated more N, at 11 mg L=' h™! g. Nitrogen proto-
nation followed a two-path method. Initially, the nitrogen vacancies were captured,
nitrogen molecules activated, and afterward, the trapped molecules were reduced
with hydrogen ions to form ammonium ions. Oxygen molecules were decreased to
generate H,O;, which was further reduced to form OH radicals in the second reac-
tion pathway. These radicals interacted with methanol to form CO; radicals, further
reducing N, molecules to NH;. The overall favorability of charge transport between
O, molecules and the catalyst was connected to the high rate of N, photooxidation
in a mixed environment. Metal-organic frameworks (MOFs) have recently received
much interest for photocatalytic activity due to their higher porosity and surface
area, allowing the reaction occurs with many active sites. When utilized as a single-
component photocatalyst, MOFs exhibit weak photocatalytic activity. To boost their
photoactivity, MOFs are routinely coupled with other photoactive chemicals. Ding
et al. demonstrated the Z-scheme properties by using MOF-74 for manufacturing
nitrogen defect-containing g-C3Ny- [69-71]. The pure nano-MOF-74 had no visible
light photoactivity, whereas the thin-film g-C3N4 showed poor photoactivity. The
photoactivity increased threefold when nano-MOF-74 and thin-g-C3;N,4 were utilized
in tandem production, demonstrating that MOFs offered a source of highly photo-
sensitive sites for the photocatalytic process. Finally, when nitrogen defects were
introduced to the nano-MOF-74 and thin-film supported g-C3;Ny, the photoactivity
of pristine g-C3N4 was enhanced two-fold.

The significant porosity and surface area of MOFs cause the high photoactivity
of 2.32 mmol g~! h~!. Moreover, the activation and decrease of binding energies for
the shattering of the N=N bond came from the trapping of nitrogen molecules via
nitrogen vacancies. Liang et al. prepared a W gO49/g-C3Ny4 photocatalyst capable
of generating a 2.6 mg L~! h~! N, photooxidation rate under visible-light irradia-
tion. Surface electrons oscillated coherently due to the oxygen vacancies in WgOyg,
leading to a greater photocatalytic NH; production rate. The W ;3039 component



184 M. H. Urgesa et al.

allowed light harvesting over the visible light spectrum and many electron injections
to recombine with holes in g-C3N4. Over 40 h of operation, the catalyst demonstrated
good photostability [33, 34].

To optimize the cocatalyst function, the lattice and electronic structure of the
cocatalyst and the semiconductor photocatalyst should be similar and have a suitable
band energy level. Xiao et al. synthesized (BiO),CO; using gold nanoparticles and
found that it had high catalytic activity. The photocatalyst with a shorter response
area and the increased rate is formed when a wide bandgap semiconductor is substi-
tuted with a narrow energy band gap semiconductor or two types of narrow bandgap
semiconductors are connected. As a consequence, building a heterojunction might
help bismuth-based photocatalysts work better. Each of these heterostructures will be
addressed in depth in this section. In addition, cocatalysts can increase photocatalytic
nitrogen fixation efficiency by providing active surface area, trapping charge carriers,
decreasing the activation energy of surface processes, and regulating photogenerated
electron and hole recombination. The relationship between surface plasmon reso-
nance stimulation and resonance photons can considerably boost solar energy usage
[83]. With the presence of plasmon resonance on the Ag surface, the ultra-thin Ag-
Bi, O3 sheet forms visual traps when irradiated, which prevents charged particle
replication but also induces light-induced oxygen. Photogenerated electrons from
gold nanoparticles are transferred directly to the semiconductor bandgap, assisting
charge separation. The multilayer ultra-thin structure of the Ag-modified d-Bi,O3
photocatalyst allows it to be used in many applications (Figs. 14 and 15).

To address BiOCl low response to visible light, Guo et al. employed solvothermal
treatment to generate 2D/2D Znln,S4/BiOCI heterojunctions [58]. The substrate
2D/2D feather requires the carrier mobility of ZnIn,S4. Zhou et al. used an in situ
bismuth reduction process to construct oriented Bi, WO, a highly orientated lattice
structure, using the metal Bi as a lattice junction. This oriented structure clearly
offers a tight-knit interface and transfer channels for dissociating photogenerated
carriers, leading to adequate nitrogen fixation. Charge separation and photocatalysts
degradation efficiency can be improved using type I heterojunctions. In the litera-
ture, its heterojunction photocatalyst has been described. The design and fabrica-
tion of type I heterostructure catalysts can significantly improve the catalyst effi-
ciency in reducing nitrogen. For instance, the heterostructure may improve the
spacing of photogenerated electron—hole pairs [18]. Gao and colleagues synthe-
sized AgCl/Bi,O3; nanosheets with a consistent thickness of around 2.7 nm using
a cost-effective hydrodynamic regulated precipitation approach [68]. The photocat-
alytic nitrogen-fixing activity of the AgCl/Bi,O3 combination was enhanced. This
activity was achieved by forming a p-n heterojunction structure of AgC1/Bi,O3 that
provided enough electrons to reduce N,. Additionally, the high surface area of ultra-
thin 2D nanosheets increases active sites on catalytic surfaces and two-dimensional
anisotropic, which minimizes charge migration distance. Performance of photocatal-
ysis related to surface defects and disorganized surface structure could be improved
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Fig. 14 Schematic illustration of various heterostructure buildings for photocatalysts nitrogen
reduction to ammonia absorption edges and large interfacial sections demonstrates effective photo-
catalytic performance for creating NH** when exposed to visible light. With permission from Ref.
[57]

(Fig. 15a). For a 3% AgCl/Bi,O3 sample, TEM images revealed a 2D ultrathin struc-
ture, including 2D ultrathin nanosheets (Fig. 15b). Biocompatibility, minimal toxi-
city, and poor water solubility are only a few of the advantages of graphene nanocrys-
tals. For the first time, combined graphene nanoparticles and Bi;WOg to make a
heterostructure for photocatalytic nitrogen fixation [62]. The composite surpasses
pure graphene nanocrystals and Bi; WOy in catalytic performance by 33.8 and 8.88
times, respectively.

HRTEM images of AgCl/Bi, O3 indicated AgCl particles scattered throughout the
surfaces of thick Bi,O3 sheets indicated in squares with a length of roughly 250 nm
range (Fig. 15¢c). The synthesized materials exhibited a substantially greater ability
for photocatalysts nitrogen fixation, as demonstrated in Fig. 15d and e, the genera-
tion of NH4* concentrations increased linearly as the reaction time increased. The
gathering with 3% AgCl/Bi,O3 exhibited a faster rate of photocatalytic fixing and
a higher concentration of NH4* (Fig. 15d). Nitrogen gas molecules are particularly
simple to adsorbed and activation because of the vast number of oxygen-containing
functional groups on the surface of the OV-BiOBr nanosheets. This function group
might potentially be used as an electronic trap to detect ions in N, fixation operations.
Using an ion-exchange method, Xu et al. produced a Bi,S3/BiOBr hybrid structure
[70]. The hybrid structure offers increased light capturing capacity and photogen-
erated carrier propagation due to the small band gap of Bi,S; and the staggered
bandgap of the Bi,S3/BiOBr hybrid group. Xue and colleagues [88] used a simple
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solution technology to make heterojunctions with O vacancies out of n-type Bi,MoOg
nanorods and p-type BiOBr nanosheets (Bi,M0oOg/OV-BiOBr). The interfacial of n-
type Bi,MoQOg nanotubes is protected with ultra-thin p-type OV-BiOBr nanosheets,
yielding a nanostructured phase. Moreover, the Bi,MoOg/OV-BiOBr heterojunction
hierarchy, which has a larger specific surface area, can provide more active nitrogen
fixation sites. A simple hydrothermal and photo-deposition technique resulting in
Ag/Agl-Bi, O3 photocatalyst was obtained with a type II heterojunction [72]. The
nanocomposite photocatalytic nitrogen fixation performance in waters is 420 mmol
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without the use of a sacrificial agent. Whenever Ag/Agl nanoparticles were added
to Bi, 03, it caused morphological changes, increased oxygen vacancy concentra-
tion, and formed plasmon-sensitized heterostructures, resulting in improved light
absorption and carrier separation. The photocatalytic performance of Ag/Agl-Bi, O3
is owing to its high N, adsorption and activation. Artificial heterogeneous Z-scheme
photocatalyst systems that replicate natural photosynthetic can transcend the limits
of single-component photocatalysts, allowing for a broad absorption range and long-
term stability of photocatalysts. [73, 84]. The Ag/Agl-Bi,O3 photocatalyst was made
into a type II heterojunction [72]. The nanocomposite photocatalytic nitrogen fixa-
tion performance in water is 420 mmol without the use of a sacrificial agent. In
addition, when Ag/Agl nanoparticles were added to Bi,Os, it caused morphological
alterations, increased oxygen vacancy concentration, and the formation of plasmon-
sensitized heterostructures, resulting in improved light absorption and carrier sepa-
ration. The photocatalytic performance of Ag/Agl-Bi,O; is owing to its high N,
adsorption and activation. Artificial heterogeneous Z-scheme photocatalyst systems
that replicate natural photosynthesis can transcend the limits of single-component
photocatalysts, allowing for a wide absorption range and long-term stability of photo-
catalysts [84]. Chen et al. created an Ag/AgBr/BisOsBr, nanocomposite for photo-
catalytic nitrogen fixation using hydrothermal and ion exchange techniques. [73]
(Fig. 16)

The composite material photocatalyst reduction activity is impressive. The NHj
generation of the B-Bi,O3/BiOCI composite is roughly 25 times of BiOCl when
irradiated with Xenon light. Photocurrent and electrochemical impedance spec-
troscopy measurement show that producing f-Bi, O3/BiOCl heterojunctions reduces
photogenerated electron and hole combination [75].

105\ 105y

Potential
Potential

235%

BiOCl

B-Bi,O,

Fig. 16 Photocatalysts reductions over the b-Bi;O3/BiOCI heterojunction based on Type II a and
Z-scheme b mechanisms. With authorization from Ref. [74] and has been reproduced. Copyright:
Springer, 2019
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Fig. 17 Schematic diagram of the three most common forms of heterojunctions. a type I, b type
II, and ¢ type III semiconductors, where A and B are denoted as two distinct semiconductors
(Reproduced with permission)

4.3 Heterojunction Photocatalysis System

Photocatalysis efficiency is heavily influenced by the separation and distribution
of photoactivated electron/hole pairs. To achieve high photocatalytic effectiveness,
the generated electron/hole pairs must be successfully separated and transported
to active sites rapidly enough to initiate the proper reactions [89]. Recombination
of charge at the surfaces and space charge region should be prevented. A possible
solution is to utilize semiconductor heterostructures to induce charge separation
for better photocatalytic activity [90]. Figure 17 demonstrates that semiconductor
heterostructures can be categorized into three primary types based on band alignment
characteristics: type I straddling heterojunction, type II staggered heterojunction, and
type II broken gap heterojunction [18].

Type I heterojuctions

In heterojunctions with type-I semiconductors, one semiconductor (CB and VB) is
restricted inside the energy gap of other semiconductors, resulting in band alignment.
The main property of produced charges and the photocatalytic activity is influenced
by the VB and CB alignment. Both charge carriers are localized on one semicon-
ductor; this heterojunction does not affect photocatalytic performances [31]. Due
to potential reduction differences, photogenerated electrons are projected to travel
from SrZrO3; CB to the SrTiO; CB. Due to the difference in oxidation potentials,
h* generated in the VB of SrZrO; will migrate to the valence band of SrTiO3. As a
result, electrons and holes will concentrate, creating considerable recombination in
the SrTiO3 semiconductor [91].

A heterojunction is the meddling among the two portions of a typical semicon-
ductor with a rough band structure that produces interfacial band alignments. Based
on the different energy levels of both CB and VB of two semiconductor materials,
the product of heterojunctions can be categorized into two types: type I (straddling
alignment) and type II (staggered alignment), as shown in Fig. 18. In the type I
heterojunction, the VB and CB of semiconductor 1 are lower and higher than those
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of semiconductor 2 (Fig. 18a). As light induces photogenerated holes and photoin-
duced electrons increase the energy, they may fold away from VB of semiconductor
1 to VB of semiconductor 2. In contrast, photoinduced electrons may travel from CB
of semiconductor 1 to CB of semiconductor 2 [91].

A low bandgap of 2.5 eV with a unique electrical structure on the tin sulfide
(SnS,) performs well under visible light [86, 91]. SnS, has a little photocatalytic
performance due to a high recombination rate of photogenerated electron—hole pairs.
Hybridizing SnS, with g-C;N, to create a heterojunction interface to improve SnS,
photocatalytic performance has been a tremendously exciting research topic. The
diverse SnS, morphologies, such as nanosheets, nanoparticles, and the 3D flower-
like nanostructures were combined to create SnS,/g-C3N,4 hybrid heterojunctions.
Figure 19a depicts the SnS, nanoparticles that were spread fully on g-C3Ny4 super-
ficial. SnS;, nanosheets (3D flower-like) were uniformly distributed on the g-C3Ny
layer, as shown in Fig. 19b and c. The diagrams displayed the ability to improve simu-
lated visible light absorption when compared with pure g-C3;Nj. It was attributed to
the interaction between g-C3N,4 and SnS; in the composites, based on the visual
characteristics of various SnS; morphologies (Fig. 19d).

Zhang et al. [86] developed a hydrogen photocatalytic evolution 2D MoS,/g-C3Ny
heterojunction. Planar development of MoS; across the surface of g-C3Ny4 should be
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Fig. 19 a Synthesized SnS; nanoparticles/g-C3N4 composites, b SnS, nanosheets/g-C3Ny
composites, and ¢ 3D-flower-like SnS>/g-C3N4 composites, d DRS of numerous morphologies
of SnS;, g-C3Ny4, and SnS;/g-C3N4 composites (Reprinted with permission from Ref. [92])

simple since MoS; and g-C3N4 have similar layered structures. The photocatalytic
activity of 0.5 wt% MoS,/g-C3N,4 composites was higher than that of the 0.5wt%
Pt/ g-C3N,4 composites. Improved hydrogen photocatalytic activity of MoS,/g-C3Ny
composite heterojunctions was attributed to the adjustment of the MoS; co-catalyst,
which resulted in excellent performances of permitting charge carrier for hydrogen
evolution.

Heterojunction Type I1

Heterojunction type II includes its band structure among the two semiconductors.
It may help to upsurge the spatial separation of electrons and holes and decrease
recombination. If semiconductors 1 and 2 in Fig. 17 with similar band potentials
are intimately coupled, they will generate a specific heterostructure type. In a type
II heterostructure, the photogenerated holes in the VB of one semiconductor will
drift to another if the valency band level of the semiconductor is subordinate to
others under light irradiation. If the conduction band level of a semiconductor is
greater than that of another semiconductor, photogenerated electrons in CB of one
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semiconductor may migrate to the CB of another semiconductor, causing charge
carriers to be separated spatially. Finally, the internal field may help with charge
carrier separation and migration. The chance of electron—hole pair recombination is
diminished, and the lifespan of electrons is enhanced, which can be evaluated using
transient spectroscopic methods. When only one semiconductor can be affected,
the other semiconductor may operate as an electron/hole acceptor. The best band
positions for competent separation of photogenerated electron—hole pairs are found
on type II heterojunctions. For photocatalysis, the fabrication of Type II alignment
is particularly desired [16, 86].

Due to its high oxidation in the photochemical reaction, non-toxicity, and afford-
able cost, TiO, photocatalyst is the most widely inspected. The high recombination
ratios of photoinduced electron-hole pairs and TiO, limited reactivity to visible light
have obstructed its use in photocatalysis. The development of a type-I heterostructure
by linking TiO, with a narrow bandgap semiconductor upsurges photocatalytic action
and expands the light absorption spectrum of TiO,. This subject has involved much
attention. Cds/TiO,, CdSe/TiO,, WS,/TiO,, and Bi,S3/TiO, are examples of TiO,
type I heterostructures. A narrow bandgap chalcogenide is frequently exploited as a
photosensitizer in the production of TiO,-founded heterostructures and has attracted
much attention. For example, in a CdS/TiO; heterostructure, CDs with a band gap of
2.25 eV may be excited by visible light to create electron—hole pairs, but TiO, will
only operate when exposed to UV light. Since CDS has an advanced CB position
than TiO,, excited electrons on CdS may inject into toTiO, while the hole stays in
CdS, established in Fig. 20 [24, 86, 91].

The charge separation efficiency of visible light-generated electron transfer
from CdS to TiO; could be improved while the spectrum responsiveness was
also enhanced. Liu and his colleagues used micro-emulsion mediated solvothermal
hydrolysis followed by acid peptization to make CdS/TiO, semiconductors nanopar-
ticles. On visible light irradiations (1 > 420 nm), the activity of photocatalytic

visible light

Reduction

Reaction {m ///

Oxidation
Reaction

Fig. 20 Illustration of charge transfer in CdS/TiO, heterostructure (Reprinted with permission
from Ref. [24])
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of CdS/TiO, photocatalyst was validated using MB degradation. To make nano-
sized CdS-sensitized TiO, nanocrystals, Yu and colleagues used a microemulsion-
mediated solvothermal method. The morphology of CdS/TiO, is shown in Fig. 21a
and b. When exposed to visible light, CdS/TiO, nanocrystals are more effective
than pure TiO, at decomposing methylene blue (Fig. 21c). Electron paramagnetic
resonance (EPR) was used to confirm Ti** formation on TiO, during irradiation,
exhibiting effective photogenerated electron transfer from the CdS conduction band
to the TiO, conduction band. Using CdSe/TiO, heterostructures, a photocatalyst
was built using an ultrasound-driven solution method. CdSe/TiO, heterostructures
displayed better photocatalytic activity than pure TiO, in the degradation of 4-
chlorophenol when exposed to light (1 > 400 nm) [31, 93]. The quantum size effect
of CdSe increases charge separation efficiency and photocatalytic performances of
the CdSe/TiO; heterostructures.

In alinked semiconductor system, quantum confinement effects provide an accept-
able variation for the energy levels of the CB and VB borders, making MoS; and WS,
suitable for photo-sensitization of light. MoS,/TiO, and WS,/TiO, heterostructures
have advanced photocatalytic activity in MB (methylene blue) and 4-chlorophenol
degradation than pure TiO, when exposed to visible light (A > 400 nm). Other narrow
bandgap semiconductors, such as Ag,O, CuAlO,, LaVOy, AglnsSg, and V,05 could
be combined with TiO, to form a type I heterostructure, increasing the activity of
photocatalyst and broadening TiO, absorption spectrum. Ternary hybrid catalysts can
be made by combining type-I heterostructures with another material. For example,
noble metals are frequently combined with TiO; type I heterostructures to improve
photocatalytic activity in hydrogen generation. The development of the potential
gradient at the interface between CdS and TiO, with Pt is an important factor in
regulating the hydrogen generation efficiency of CdS/TiO,/Pt [31, 90].

Even though TiO; is the most frequently used photocatalyst, ZnO looks to be a
potential substitute. ZnO is moderately priced, and its photo-degradation process is
identical to TiO; [18]. Furthermore, some studies indicate that ZnO is more effective
than TiO, at photo-catalytically destroying certain hues in water. Link to a narrow
band gap semiconductor, such as C3N4, Zhang et al. [26] ZnSe, Zhang et al. [86]
In, O3, Zhang et al. [27], is a practical approach to increase charge separation effi-
ciency and solar light consumption of ZnO. Lee and colleagues employed simple
solution-based surface modification processes to generate three distinct types of
ZnSe/ZnO heterostructures [40, 86]. Figure 22a displays the morphology of three
different kinds of ZnSe/ZnO heterostructures. Those ZnSe/ZnO heterostructures
showed greater photocatalytic activity in organic degradation than pristine ZnO
structures under visible-light illumination (Fig. 22b). In addition, the influence of
ZnO and exposed crystal faces also induced the performance. Yu. and his colleagues
employed a coprecipitation technique to manufacture In, O3/ZnO hetero nanostruc-
tures [27]. The type-I heterostructure causes a better charge separation and transport.
Various compositions and annealing temperatures alter the photocatalytic activities.
When annealing at 800 C with a Zn/In the ratio of 1 to 1, the greatest photocatalytic
activity was observed, it is worth mentioning that, owing to photo deterioration, ZnO
has limited stability during the extended photocatalytic periods [28, 91].
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Fig. 21 a, b TEM and HRTEM images of CdS/TiO, with ¢ MB degradation under visible-light
irradiation at 660 nm (Reprinted with permission)

Zhu and colleagues produced a type-II graphite-like C3N4/ZnO heterostructure.
When exposed to UV-visible light irradiation, ZnO was significantly increased by
coupling with g-C3Ny (Fig. 22a and b). In addition, photo corrosion of ZnO in the
2-C3N4/ZnO0 heterostructure crystal was successfully inhibited. However, as the VB
position of ZnO is lower than that of C3Ny4, photogenerated holes on the ZnO surfaces
would instantly transfer to g-C3Ny, resulting in efficient photo corrosion inhibition.
The photo activity of the g-C3N4/ZnO heterostructure is induced by the injection
of excited electrons from the conduction band of g-C3Ny to the conduction band of
ZnO.
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Fig. 22 a SEM images of ZnO/ZnSe and b energy band structure of ZnO/ZnSe (Reprinted with
permission)

Photocatalytic Z-Scheme Heterojunction System

Although the above heterojunction may boost hole electron separation efficiency, the
redox ability of composite may be degraded. To solve these challenges, Bard et al.
[86] contributed the pioneering effort of designing a Z-scheme photocatalytic device
in 1979. This perfect charge transfer is inspired by the photosynthesis process of green
plants in nature, and it can effectively separate charge carriers and recollect strong
and high redox abilities simultaneously. These Z-scheme systems are applied to the
liquid phase by redox mediators [24, 91]. As a consequence, all solid-state Z-scheme
photocatalytic devices [33] are projected to be created either with mediator electron
(Fig. 23). Howsever, Yao et al. [67] and Zhange et al. [69] introduced a potential
type of mediator-free deals in this domain in 2013. Photogenerated electrons on the
lower level conduction band of semiconductor Il may quickly migrate to the valence
band of semiconductor I and recombine with holes. A direct Z-scheme transmission
mechanism is a term for this charge transfer. In recent years, substantial research has
been explored the Z-unique scheme structure [90].

All solid states of the Z-schemed photocatalytic device are more extensively
done in liquid, solid, and gas—solid schemes than in the liquid Z-scheme [35].
They have been commonly employed as electron mediators in Z-scheme systems
due to their strong electrical conductivity. Raizada et al. [92] successfully built Z-
scheme Cd/Au/C3Ny ternary photocatalytic system based on these advantages based
on hollow C3Ny4 nanospheres (HCNS). The C, N, S, Cd, and Au were homogeneously
distributed in the spheres based on the elemental mapping of CdS/Au/HCNS photo-
catalysts (Fig. 23a). A significant emission peak was found in the photoluminance
spectra of HCNS (Fig. 23b). The strong PL was slaked immediately after integrating
CdS and Au, representing that the charge recombination was significantly decreased
in the photocatalytic CdS/Au/HCNS. The efficient unintended Z-scheme heterojunc-
tion greatly improved couple separation competence. Figure 23c indicates a notable
increase in photocurrent for CdS-Au-HCNS, which was approximately three times
bigger than naked HCNS. The excellent mobility of charge carriers facilitated this
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because of their high electrical conductivity. Because visible light could excite CdS
and HCNS, photoelectron on the conduction band of CdS soon migrated Au. After
that, the electrons in HCNS recombined with the photo-generator hole. Consequently,
the electron induced in the HCNS conduction band and hole in the CdS valence band
displayed significant reducing and oxidizing capabilities, respectively [31, 89].

As previously mentioned, using an electron mediator between two semiconductors
to create a direct Z-scheme could dramatically enhance charge transfer. In addition
to the direct Z-scheme, constructing a conventional Z-scheme arrangement allows
mechanisms to increase photocatalytic activity [24]. In this respect, Shi et al. [90]
developed C3N4 nanosheets (NS)/CulnS, (GSC) direct Z-scheme system composite
photocatalysts. GCC had a considerably higher photocurrent density than pristine
CulnS, (CIS) and g-C3N,4 NS, indicating an increased charge separation efficiency.
At whatever light intensity, the GSC had the lowest reaction mechanism, indicating
that electrons in the GSC were more easily transferred to photons in the electrolyte
to contribute to hydrogen evolution than in the pure CIS and C3Ny4. Astonishingly,
there was a sixfold rise in the lifetime of photocarriers in GSC. It suggests that the
direct Z-scheme arrangement works well in separating photoinduced electron-hole
couples than the indirect Z-scheme system. After the formation of direct Z-scheme,
the GSC involved the photogenerated electron transfer in the CB of g-C3N4 NS
to the valency band of CIS. Because of the Z-scheme mechanism, more electrons
in the CIS survived, creating more hydrogen molecules while retroactively. As a
result, this research provides a solid foundation and novel insights into using a Z-
scheme technique to build highly efficient g-C3N4-based metal sulfide heterojunction
photocatalysts.

As the above explanation shows, the type II and Z-schemes have a similar energy
band topologies with differing charge transfer routes. Consequently, how discrimi-
nation between the two forms of heterojunctions has become a hot topic in scientific
inquiry. We may assume that the hybrid photocatalysts follow a Z-scheme when there
is a mediator in the heterojunction. Nonetheless, if there is no mediator, a straight Z-
scheme and type-II heterojunction are likely to occur. Consequently, more complete
solutions are necessary to support the charge transfer procedure. The mechanism of
electron—hole transport can be explored using double beam photo-acoustic (DB-PA)
spectroscopy. Ohno group [34] employed DB-PA analysis to validate the Z-scheme
route of WO3/g-C3Ny instead of the conventional type II heterojunction. Aside from
that, Z-scheme mechanisms are perhaps postulated by smearing a systematic chem-
ical probe to validate the existence of *O, and *OH radicals concerning the redox
potential in the reaction average.

Even though nitrogen molecule is the most ubiquitous gas in the atmosphere, the
bioavailability of the fixed N, from living organisms is lower [91]. Consequently,
technological solutions integrating green and sustainable energy sources are in
tremendous demand. Photocatalytic nitrogen reduction, which employs never-ending
solar energy, is a green and cost-effective process for converting nitrogen to ammonia.
Cao et al. described aromatic ring form 3, 4-dihydroxybenzaldehyde (DBD) as
an electron mediator in a Ga,0O3-DBD/G-C3N,4 as Z-scheme heterojunctions for
photocatalytic N, reduction utilizing solar light. Due to the development of the
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conduction interface between Ga,O3/DBD and C3;Ny, the as-tailored nanocompos-
ites were confirmed to exhibit superior photocarrier separation, improved simulated
light absorption, and high redox capacity. In agreement with experimental findings,
the hypothesized charge migration mechanism was the Z-scheme employing DBD
cycling rings as electron mediators instead of type II, as shown in Fig. 24b. The radical
CO, was validated are the main active species responsible for nitrogen reduction
using the spin trapping electron paramagnetic resonance approach (Fig. 24c¢).
Furthermore, the photo-assisted fixation of nitrogen to ammonia was driven using
the simple production of radical CO, (E® = 1.8 V) radicals with passable potential.
In Fig. 24d shows the photocurrent measurements for 2.4% Ga,03/C3Ny4 and 2.4%
Ga03-DBD/C3Ny. It can be demonstrated that the photocurrent response of 2.4%
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Fig. 24 a Hydrogen generation yield, b nitrogen reduction with light, ¢ CO, in aqueous methanol
solution in DMPO spin trapping, and d photocurrent density of Ga;03/C3Ny systems (Reprinted
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of Ga,03-DBD/C3Ny is much larger than that of 2.4% Ga,03/C3Ny. It improved
space charge separation by the usage of DBD cycling rings as an electron mediator
in the Z-scheme. High potential photogenerated conduction band electrons of C3Ny
converted O, to H,O,. However, the hole of Ga,0O3 in VB with appropriate redox
potential to form OH radical from H,O over the Z-scheme charge migration pathway.
Furthermore, OH radicals reacted with CH3OH to generate CO,, enabling N, to be
reduced to NHj.

5 Summary of Present Issues, Possibilities, and Prospects

Over the past century, a significant human population rise has resulted in various envi-
ronmental and energy-related anxieties, the most serious of which is the unsustainable
generation of fixed nitrogen supply. The Haber—Bosch process has been used for over
acentury and is being used to create ammonia. Photocatalytic nitrogen fixation, which
transforms atmospheric nitrogen to NH3 and other nitrogenous compounds under
moderate circumstances, has aroused much interest in this field. However, current
photocatalytic systems for nitrogen reduction to ammonia have lower conversion
efficiency due to numerous critical factors, including hostile light harvesting, slow
capture and activation of nitrogen, photogenerated charge separation, and low selec-
tivity of the nitrogen reduction (NRR). Consequently, developing an adequate reduc-
tion nitrogen system based on photocatalytic requires a logical material design for
advanced conversion efficiency. The heterojunction photocatalytic material based on
type-1, II, and Z-scheme charge transmission channels has confirmed good conversion
efficiencies, allowing special charge separating and light harvesting.

Furthermore, anionic vacancy in photocatalytic functions as activation and trap-
ping sites for nitrogen molecules boosts the selectivity of the reduction of nitrogen
process. Because of the confined superficial plasmon resonance (SPR), further
changes, such as the addition of precious metals, may dramatically increase photocat-
alytic activity. As a consequence of the modification, nitrogen fixation rates have risen
dramatically. To produce a viable photocatalytic reduction of nitrogen, cultivating
the selectivity for nitrogen fixation using SPR concept can be a great solution.

Photocatalyst engineering, shape, composition, and surface characteristics that
favor atom binding over H atom binding are key problems that must be overcome
to suppress the HER and increase the NRR. Furthermore, devising a consistent
technique for detecting NH; production rate needs particular care since the most
often reported spectroscopic procedures, which use indophenol and Nessler reagent,
are prone to producing inaccurate data. Consequently, we suggest researchers
use the recommended experimental approach for estimating N, with reliability
criteria. Finally, a complete mechanical analysis of photocatalytic nitrogen reduc-
tion processes is essential to understand, which leads to poor nitrogen reduction
performance.

Particular emphasis should be paid to experimental and theoretical nitrogen reduc-
tion systems based on the biological nitrogenous enzyme containing Fe, Mo, and
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S components. These methods have revealed that they can create NH3 in natural
conditions. Also, by altering the chemical and physical composite of photocatalytic
materials, these material chemical and physical characteristics required for the PCET
reaction may be avoided. The literature is combed for reports on heterojunction-based
nitrogen fixation, methods, and criteria for performance assessment. Even though
present nitrogen fixation by photocatalytic performance is still far from commercial
feasibility, progress in this field seems to have a good accidental of success. Hope-
fully, this review will provide an overview of the literature for presently investigated
heterojunction-based nitrogen reduction to ammonia through photocatalytic systems.
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Abstract Emissions of greenhouse gases from industrial activity, traffic, and solid
waste landfills contribute directly to the air pollution crisis. To keep the quantities
of carbon dioxide in the atmosphere at a safe level, air pollution must be reduced.
Many studies have reported techniques for converting the main greenhouse gas,
carbon dioxide, into viable fuels as a method of reducing air pollution. The trending
topic of photocatalytic conversion of CO, to fuels has shown high potential. This
process is environment-friendly due to its capability to be performed at ambient
temperature and pressure and hence utilize less energy. This review focuses on the
thermodynamic and reaction kinetics of photocatalytic CO, reduction. Various types
of photocatalysts used for CO, reduction are discussed excessively by considering
metallic, non-metallic, and composite systems. In addition, necessary experimental
and product analysis parameters are covered and mentioned in detail.
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1 Introduction

A significant amount of carbon dioxide (CO;) has been produced and released into the
atmosphere as aresult of the development of industries. CO, levels are expected torise
roughly up to twice their current quantity [1-5]. CO, exhaust, being a highly disrup-
tive greenhouse gas, can unbalance the atmosphere and the biosphere accordingly.
As a result, encouraging CO, reduction and usage limitations is critical. Because
CO; is a linear molecule with high ionization energy and a low electron affinity, it
is easier to reduce than to oxidize [1-5]. To reduce CO, and enhance the reaction
progress, various approaches have been used. Chemical reduction, photochemical
reduction, electrochemical reduction, and biological transformations, for example,
are investigated. The CO, photoreduction reaction is the most promising among these
approaches.

Photosynthesis combines the creation of O, and carbohydrates with the fixation of
CO, using solar light energy. This process creates a readily available carbon source as
well as an aerobic environment that can support practically all life forms on the planet
[2-5]. With an extra input of energy from photosystem I, photosystem II photoinduces
water oxidation, which supplies a key supply of reducing equivalents (water-derived
electrons and protons) to transform CO, into biomass, food, and fuel [1].

For more than 30 years, the idea of imitating the overall natural photosynthetic
cycle of chemical conversion of CO, into hydrocarbon fuels has piqued interest.
Including biological conversion [1], thermochemical conversion [2], electrochemical
conversion [3], and photocatalytic reduction of CO, [4]. Due to CO,’s thermody-
namic stability, a large amount of energy is required to break the C = O bond during
the conversion process [5]. Compared to other technologies, photocatalytic CO,
reduction into hydrocarbon fuels is a difficult but promising path. It can be a source
of a sustainable alternative to traditional fossil fuels, according to the following bene-
fits: (i) It can be done under relatively mild settings, such as at ambient temperature
and pressure; (ii) This process starts with a mass of abandoned CO; and is powered
by unlimited and pure solar energy; (iii) CO, photoreduction may directly generate
short-chain hydrocarbon fuels like CH4, CH3OH, C,Hg, and so on, [3-5] alleviating
the world’s growing energy crisis; (iv) the commercialization of this technique will
allow CO; to replace fossil fuels as a source of carbon in the chemical industry [5].

In this review, we focus on the reduction of CO, using irradiated photons and
spotlighting different drawbacks as well. Section 2 depicts the fundamental mecha-
nisms of photocatalytic CO, reduction by deeply exploiting the thermodynamics and
kinetics of photocatalytic CO, reduction (PCR). In Sect. 3, the experimental param-
eters affecting the process are discussed in detail. Photocatalysts types, selection,
and preparations are discussed in Sect. 4. Then, product characterization, analysis,
and selectivity are explained in Sect. 5. Section 6 states the main challenges facing
PCR and the promising opportunities of this topic ahead. Finally, the conclusion in
Sect. 7 sums up the main points and declares the critical parameters to overcome the
previously mentioned obstacles facing this research work.
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2 Fundamentals, Mechanisms, and Kinetics of PCR

2.1 Thermodynamics of PCR

Table 1 illustrated the standard redox potential AE and the Gibb free energy AGg of
the multi-electron water splitting and CO, reduction, respectively [6]. The positive
AGy substantiated that the CO, reduction process is the endothermic one and it is a
high challenge to carry out at room temperature. It also proved that the CO, reduction
reaction can archive much more energy than the water splitting reaction [6, 7].

The multi-electronic processes are more highly captivating than the mono-
electronic process because the required energy for electron transfer is smaller. Besides
that, the reaction by one electron possesses a bigger reduction potential of —1.9 V
versus normal hydrogen electrode (NHE). Therefore, it calls for larger kinetics
(overvoltage) [7, 9, 10].

A Latimer-Frost diagram shown in Fig. 1 depicted the multi-proton and multi-
electron reduction of CO, in a water solution at pH 7 [11]. Table 1 also listed a
summary of the standard reduction potentials of CO, for the half-cell reactions (at
pH 7 in water solution versus NHE) [7, 9, 10, 12—14]. From Table 2 and Fig. 1, we can
observe that the thermodynamic barrier was lowered significantly by a multi-electron
and proton-assisted approach to the reduction of CO, [11]. On the other hand, the
conversion from CO, to CO, then to H,CO, and then to alcohols or hydrocarbons also
has a lower kinetic barrier if it is collated into the mono-electron process [11, 15].
Thus, the proton-assisted multi-electron transfer is a promising candidate to reduce
CO,.

Via the multi-electron transfer process, several compounds like CH; OH, HCOOH,
and HCHO can be produced from the reduction of H,CO3 and the carbonate ions
in the solution. The potentials of both H;CO; and CO3>~ mentioned in Table 2 are
conclusive that the pathway of methanol formation from H,CO3 or CO; 2= is more
thermodynamically favorable than that from CO; [12, 13].

Table 1 AE(q and AGy of the

) o Reaction AG, (k.mol~!) | AEo (V)

multi-electron water splitting

and CO, reduction H20q) — Hag) + 0.502() 237 1.23
COy(g) = CO(g) + 0.502(g) 257 1.33
COxy(g) + H2Ogy — HCOOH(;) + | 286 1.48
0.502(g)
COx(g) + H2Ogy — HCHO() + 522 1.35
Oag)
COg(g) + 2H20() — CH30H(;) + | 703 1.21
1.502g)
COz(g) + 2H20(1) — CH4(g) + 818 1.06
202g)

Reproduced with permission [8]. (Copyright 2014, Springer.
License Number 5311300338819)
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Fig. 1 Latimer—Frost photograph of the multi-proton and multi-electron processes of CO; in water
solution at pH = 7. (Copyright 2014, Springer. License Number 5311300338819)

The thermodynamics of the CO, chemical change hindering increases due to the
low energy class and high stability of CO,. Consequently, the targeted conversions
need much more energy. Furthermore, due to its inertness, the utilization of catalysts
is a considerable requirement [ 10, 15]. Because the reduction of CO; is sophisticated
and the transformation of CO; into hydrocarbon fuels utilizing assisted catalyst
has been expansively reported with different aspects. Some of these approaches are
thermochemical, electrochemical, photo-electrochemical (PEC), and photochemical
reductions [15, 16]. The lack of releasing more greenhouse effect gas, eco-friendly
and economical reduction of CO; into value chemicals will become a trending topic
if the renewable energies are used widely. Meanwhile, the new routes of the artificial
photosynthetic system (APS) e.g. PEC or photochemical reduction of CO; into solar
fuel, are the urgent aims in the reduction of CO, [17]. For instance, Halmann was a
pioneer to explore the p-type of GaP which was able to transform CO, to CH30H via
the photo-electrochemical process in 1978 []. Then, Inoue and coworkers reported
several chemical products such as HCHO, CH3;0H, and HCOOH by PCR utilizing
TiO,, ZnO, and CdS, GaP, and SiC aqueous sedimentations [14]. Thanks to APS
systems, humans can use solar light or CO, as chemical energy. In the past decade,
photoreduction of CO, was intensively studied because of the urgency to find out
solutions for environmental pollution problems and their high applicability.

According to the semiconductor materials the production of the photogenerated
(PG) charge carriers (electrons and holes), as shown in Fig. 2, are created by the
absorption of photons with energy larger than or equal to its bandgap (Eg). The
bandgap (energy difference between the valence band (VB) and the conduction band
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Table 2 Reduction potentials of CO»

Reaction EO (V) versus NHE at pH =7
Reduction potentials of CO;

2H" +2e~ — Hp —0.410
COy+e~ — COy~ —1.900
CO;y + 2H* +2¢~ — HCO;H —0.610
CO;y 4+ 2H" +2¢~ — CO + H,O —0.530
CO; +4H* +4e~ — C + 2H,0 —0.200
CO;, + 4H* + 4¢e~ — HCHO + H,0 —0.480
CO; + 6H* + 6e~ — CH30H + H,0O —0.380
CO; + 8H" + 8¢~ — CH4 + 2H,0 —0.240
2CO; + 8Hy0 + 12¢~ — CoHy + 120H- —0.340
2CO; + 9H,0 + 12¢~ — C,H50H + 120H —0.330
3CO; + 13H,0 + 18e~ — C3H;0H + 180H™ —0.320
Reduction potentials of HyCO3

2H* +2¢~ — Hy —0.410
2H,CO3 + 2H* 4 2¢~ — HyC204 + 2H,0 —0.800
H,CO3 + 2H* + 2¢e~ — HCOOH + H,0 —0.576
H,CO3 + 4H* + 4e~ — HCHO + 2H,0 —0.460
H,CO3 + 6H* + 6e~ — CH30H + 2H,0 —0.366
H,COs3 + 4H* +4e~ — C + 3H;0 —0.182
Reduction potentials of CO3>~

2H* +2¢~ — Hy —0.410
20032 4 4H* 4 2¢~ — (2042~ + 2H,0 0.070
CO32~ + 3H* 4+ 2¢~ — HCOO™ + H,0 —0.099
CO3%~ + 6H* 4+ 4e— — HCHO + 2H,0 —0.213
CO3% + 8H* + 6e~ — CH30H + 2H,0 —0.201
CO3%™ 4 6H* +4e~ — C + 3H,0 —0.065

Reproduced with permission [9, 12]. (Copyright 2014, Springer. License Number 5311300338819)

(CB)) plays a crucial key in forming photocatalytic behaviors of the semiconductors
[18, 19]. On the surface of the semiconductors, the PG holes diffused from the VB
react with water to induce either O, or hydroxyl radicals (*OH). Then, *OH radicals
oxidize the surrounding organic contaminants on the semiconductors’ surface [18,
19]. On the other hand, the electrons of the CB take part in the reduction process,
which reacts either with water to yield H, or with CO; to fabricate hydrocarbon fuels
[18-20]. To attain CO, photoreduction, there are many requirements for an elite
photo-catalyst. The PCR have to be positioned more positively than the lowermost
CB of the photocatalyst. The oxidation potentials of H,O to O, ought to be located at
a more negative potential than the uppermost VB. The redox reaction can be carried



210 T. N. Gemeda et al.

e
CO,/HCOOH -0.61V  memm—
CO,/HCHO -0,48Y v |
e 721 2H*/H, -0.41 —
CO,/CH OH -0.38V  oo—
CO/CH,-0.20V  somm—
S 1] wore.0sv —
w
hu
= &
v
> 0-
8
=
c
)
°
& 4. ¢ 1t
2
3 T T T T T T T T T T T T T3
pH7 Ti0; BVO,TiO, CdSe ZnO SrTiO; Si TayNs TaON €dS Cu,0 C;N, CaP  SiC Zns
(R) (a)

Fig. 2 Bandgap of some semiconductor photocatalysts and the redox potential of PCR at pH 7 in
water solution. (Copyright 2014, Springer. License Number 5311300338819)

out under irradiation at a specific energy, which is equal to or greater than the Eg of
the photocatalysts [21]. In 1979, the first published article in which the CB of the
semiconductor approaches significantly more negative potential compared with the
redox potential to perform a certain reaction of CO, reduction. Hence, the efficiency
of obtaining products from CO; reduction escalated [14].

Many promising semiconductors shown in Fig. 3 such as TiO, [22, 23], ZnO [14,
24-27], ZnS [17, 28-31], SrTiO3 [32-35], SiC [14, 36-38], Cu,O [39-42], CdS
[14, 43-48], GaP [14, 49], TaON [50-53], C3N4 [32, 54-56], BiVO4 [57-61] and
Taz; N5 [62-65] are appropriate for PCR. Among them, TiO; is a highly highlighted
material, which was studied severally. TiO, attracts attention due to its many excellent
properties such as being non-toxic and cheap, made up of abundant elements, and
resistant to photo-corrosion. Even possessing a lot of good behaviors, TiO, is poor
visible light absorption because of a wide bandgap, so it ought to be enhanced.
Conversely, Cu,0, CdS, GaP, TaON, C3;Ny, and TazNs are promising materials for
PCR under visible light irradiation. But, they are quite sensitive because of the weak
photostability, so they also should be improved. From Fig. 3, on the right side, many
photocatalysts are possessing more negative CB levels suitable for the PCR.

2.1.1 Processes of PCR

Not only do the appropriate Eg and CB potential play a salient role, but variously
several other factors also significantly affect the yield of the PCR, for example, the
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Fig. 3 Steps containing in PCR on a heterogeneous photo-catalyst

photocatalytic process and CO; reduction kinetics. According to a typical route of
PCR over a semiconductor photo-catalyst, 4 main steps are composing the excitation,
the transport, the segregation, and the electro-catalytic reduction of CO, and the water
oxidation. In detail, the initial process (1) in Fig. 3, which indicates the formation of
electron—hole pairs as the semiconductor absorbs the photon energy larger than or
equal to the bandgap of the material, is the excitation. Hence, the materials with a
narrow bandgap (Eg < 3.0 eV or A > 415 nm) are high potential candidates for rising
the excitation yields of electron—hole pairs by visible light. From these fundamentals,
many new novels to synthesize the innovative photocatalysts utilizing the visible light
region were intensively studied.

The second process (2) in Fig. 3 describes the segregation of the PG charge carriers
and their relocation on the surface for specific chemical reactions. In the third process
(3) in Fig. 3, the number of excited charge carriers is decreased dramatically because
the holes and electrons recombine and form heat, as a consequence, the efficiency is
decreased. This process can call by the deactivation one. To avoid these unwanted
phenomena and improve the yield, the transfer of the PG charge carriers to the surface
necessitates enhancing and prohibiting the recombination in the bulk plays a vital
key. The segregation and the recombination process are dominated by structural
and electronic behaviors or photocatalysts. Hence, several beneficial strategies are
studied intensively to maximize the segregation and minimize the recombination such
as the fabrication of semiconductor/nano-carbon heterojunctions or nanostructured
semiconductors or semiconductor heterojunctions.

After the PG electrons come to the surface, the fourth process (4) in Fig. 3 or the
electro-catalytic reduction of CO,, which is frequently a multi-electron and multi-
step process related to a cascade of reactions. Electron and photon transfer, C—O
bond breaking, C—H/C—C bone creation, and numerous chemical compounds, will
be taken place by the PG electrons trapped in the CO; reduction co-catalysts (CRC)
or the surface active sites [66—71]. Typically, to result in a high yield, the surface of
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semiconductors ought to be fulfilled by the CRC. While the photocatalytic reduction
of CO, occurs, does the formation of some kinds of stable products be to need a
minimum of two electrons due to some intermediates being easily changed or hard to
find out and enumerate. Due to the complicated multi-step mechanism, any approach
which enhances CO, reduction kinetics ought to be a probable route to improve the
yield. The synthesis of mesoporous photocatalysts loading CRC is a good example
for such a purpose [9].

Simultaneously with the fourth process (4), the electro-catalytic oxidation of water
via PG holes caught in the water oxidation co-catalysts (or the surface active sites)
will happen once the PG holes approach the surface and are referred to as the fifth
process (5). Enhancing water oxidation can encourage the segregation of PG charge
carriers on the surface of semiconductors, hence inducing developed activity of CO,
photoreduction. Additionally, the sixth step (6) in Fig. 3 shows the surface charge
recombination process of the holes and electrons. The surface charge recombination
and the efficiency of the photocatalytic CO, reduction process are inversely propor-
tional. To reduce recombination, surface trapping ought to be enhanced by increasing
the surface properties of the photocatalysts [9].

Besides that, the seventh process (7) and the eighth process (8) in Fig. 3 show
the electro-catalytic H, evolution and reduction products of the electro-catalytic
oxidation, respectively. In the seventh process (7), the consumption rate of PG
electrons for CO, reduction will be decreased steadily by the H, evolution effect.
In the eighth process (8), the oxidation of the CO, reduction products by the PG
holes is detriment for both water oxidation and CO, reduction. The quantum yield
will be unwantedly affected by these aforementioned two processes. Hence, the
efficient approaches to enhance the PCR yield need to comprehensively consider
such unfavorable factors [9].

2.2 Possible Mechanisms of PCR

In photocatalytic CO, reduction, there are many reduction products formed with the
joining of several protons and electrons, thus, the photocatalysts need to meet extraor-
dinarily specific requirements. Table 3 depicts several related reactions containing
variable numbers of protons and electrons and their recorded reduction potentials
[14, 18].

Furthermore, the adsorption of CO; on the photocatalysts as well as various reac-
tion pathways also will affect the final products significantly. Nevertheless, existing
of some ambiguous intermediate species has resulted in some challenges in the reac-
tion mechanism study. Figure 4a and b show two possible CO, reduction routes
through formaldehyde and carbene pathways [73].

In detail, the formaldehyde pathway is the fast hydrogenation pathway related to
the simultaneous hydrogenation and deoxygenation reactions, namely displayed by
the route: CO,~ - HCOOH — HCHO — CH3;0OH — CH,4. Whereas, HCOOH
is generated by the combination of CO,~, protons, and electrons. Then, they are
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Table 3 PCR reaction and corresponding redox potentials (versus NHE at pH 7)

Product Reaction B edox
CcO CO; + 2H* 4+ 2e~ — CO + H,0 —0.53
HCOOH CO; + 2H* + 2¢e~ — HCOOH —0.61
HCHO CO; + 4H* 4+ 4e~ — HCHO + H,0 —0.48
CH30H CO;, + 6H* + 6~ — CH30H + H,0 —0.38
CHy CO; + 8H" + 8¢~ — CH4 + 2H,0 —0.24
CH3CHO 2CO; + 10H* + 10e~ — CH3CHO + 3H,0 —0.36
CyHy 2CO, + 12 H +12¢~ — C,Hy + 4H,0 —0.34
C,HsOH 2CO; + 12H* + 12¢~ — C,Hs50H + 3H,0 —-0.33
CyHg 2CO; + 14H* + 14e~ — CyHg + 4H,0 -0.27
0, H,0 — 0.50; + 2H* + 2e~ + 0.81
H» 2H; 4+ 2¢~ — 2H» —-0.42
(Reproduced with permission [72]. (Copyright 2021, Wiley-VCH GmbH. License Number
5311301363180)

a. Formaldehyde pathway

I
HO—C—OH

H f H “:
E+H| | !

H

H

H

I
\H—C=0 |+ H,0 === H—C—0-

+ I - + - + . +
., H—c—oH =X cH,—oH & .cH, + H,0 = ch,

b. Carbene pathway

O0=C=0 —.O—C—O S CO + OH == CO"

"/CHa

ﬂt :C:+ OH- ﬂ::(‘,‘l-{ | CHZI
%CHSOH

_______ e +H*

|e+H

CH,

Fig. 4 Schematic demonstration for the a formaldehyde pathway and b carbene pathway for CO;
reduction. (Reproduced with permission [73]. (Copyright 2020, Royal Society Chemistry License

Number 1222250-1)

transformed into HCHO, dihydroxymethyl, two protons, and CH4 in the final step.
This pathway is evidenced to be thermodynamically feasible [73]. On the other hand,
the CO, reduction reaction, which is the fast deoxygenation, can also occur following

the carbene pathway (CO,~

— CO — C — CH3 — CH3;0H/CHy,). Namely, there

is the deoxygenation reaction in the initial step and then the hydrogenation reaction
in the second one [8, 26].
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In the carbene pathway, the CO intermediate usually is transformed easily into
the final products because of the weak affinity of the CO products and the surface of
the photocatalysts. The CO intermediate can interact with the protons or electrons to
generate the CH3;OH or CHy, the surface of the photo-catalyst possesses a CO strong
adsorption capacity. According to the two possible mechanisms, C-O is attacked by
protons in both routes. On the other hand, there are some highlighted feature charac-
terizations belonging to each mechanism. For example, in the carbene pathway, the
carbon or mixed coordination mode is probably to break the C—O linkage. Likewise,
in the formaldehyde pathway, the CO,~ will adapt to oxygen coordination mode
[24, 27].

2.3 Kinetics of PCR

Based on the various mechanisms, many types of kinetic equations were generated.
For modeling the photocatalytic reduction of carbonate by the TiO, under UV light
(carried out in an aqueous solution), a Langmuir-Hinshelwood (L-H) equation was
expressed. The results show that the photocatalytic reduction rate of carbonate is
adsorption-controlled [74]. Whereas, a one-site L-H equation was used further to
simulate the reduction rate of carbon dioxide to carbon monoxide (or hydrogen) and
methane utilizing water over TiO, [74—77]. Additionally, the mechanism of Anpo,
in which carbon monoxide is defined as the primary intermediate, was strongly
supported by this model [74, 75, 77].

In conclusion, because of the complicated processes of PCR and their kinetics,
the yield of PCR on the photo-catalyst surface is so low. The reduction potentials
of carbon dioxide conversion to hydrogen are less feasible than to methane or/and
methanol in order of thermodynamic aspects. Nevertheless, because of the multi-
electron reduction process leading to the kinetics of CO, reduction, it is unfavor-
able. Thus, the enhancement reduction kinetics of CO, makes a significant contri-
bution to improving the efficiency. Whereas there are many complicated processes
in PCR. Water oxidation, CO, activation, and CO, reduction kinetics processes also
contribute important roles in the overall efficiency. Hence, to improve the overall effi-
ciency, the modification of the kinetics and photocatalytic processes of CO, reduction
is critical. These can be achieved by the synthesis of high-efficient photocatalysts
with significant surface areas [21, 78, 79]. Figure 5 demonstrates all of the critical
factors which can influence the overall PCR efficiency.

3 [Experimental Parameters Consideration

Photocatalytic conversion of CO; into value-added hydrocarbon fuels or useful chem-
ical products has been the focus of active research. The photocatalytic conversion rate
of CO, to methanol depends on the photocatalyst used, the photoreactor design, and
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experimental parameters. Here, we introduce several considerations for photocat-
alytic CO, reduction experiments. Preparation of catalysts, light source, and type of
photoreactors as the PCR experiments preparation. Experimental parameters include
reaction temperature, CO, pressure, and presence of impurities adsorbed on the
photocatalyst.

3.1 Preparation of Catalysts

There are numerous articles have been reported, including pure, doped, metal—
organic framework based and composite photocatalysts, synthesized by using various
methods, and used for the photocatalytic conversion of CO; into fuels [80—87]. They
are discussed excessively in section four.

3.2 Source of Light

Among the important criteria for photocatalytic CO, reduction are light intensity and
irradiation nature [88]. The number of photons falling on a unit area in a unit of time
determines the intensity of an illumination source [89]. According to the literature,
most photocatalysts work better in the UV region, hence they can only capture a
small portion of the solar spectrum irradiation [90]. To get over this limitation,
semiconductors are being modified to harvest a wider range of sunlight spectrum.
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Aside from that, light can be focused and diverted to increase irradiation photon
flow [91]. By focusing light over TiO, and Pt/TiO,, Han et al. were able to reduce
CO;. The authors tested CO, photoreduction with various concentrating ratios (CRs).
CRs are defined as the ratio of concentrated light flux (amount of energy per unit time
per unit area) on the photocatalyst surface to ambient flux (under non-concentrated
conditions).

By varying the distance between the Fresnel lens (placed between the light
source and the photocatalyst) and the photocatalyst surface, the light irradiation
is concentrated and modulated, resulting in variable light intensities with different
light concentrated focal regions. The optimum concentration ratio (CR) increased
dramatically, according to their findings [91]. Based on these findings, better light
interaction with the photocatalyst under ideally concentrated light will result in a
significant improvement in the yield [92]. Employing a greater intensity radiation
source, the geometrical design of the photoreactor, the lamp to photoreactor distance,
and the use of fiber optics are all appropriate techniques for maximizing the radiation
intensity on the reaction medium [89].

3.3 Geometry and Design of Photoreactors

Photo-reactor geometry and design also encourage maximum photon flux distribu-
tion, allowing for a large active surface area with a high mass transfer rate and minimal
light diffusion effects. However, in most reactor geometries when light impinges on
the photocatalyst’s surface from the center or side, a shadow is created on the other
side, preventing a significant amount of the photocatalyst from being activated. Fabri-
cating suitable reactor designs to achieve a consistent distribution of light and greater
photocatalyst dispersion could improve light-photocatalyst contact [93]. A variety
of ways have been documented in the literature to achieve this, including the use of
various reactor geometries and catalyst supports [93-95].

Monoliths have been used as a photocatalyst support material in innovative
photoreactors, attempting to overcome mass transfer restrictions and limited light
distribution efficiency seen in immobilized photocatalysts. Monoliths have consis-
tent structures, supported with parallel channels that come in a variety of shapes and
sizes depending on how they are extruded. These materials have a large surface area
per unit volume and other appealing characteristics such as minimal pressure drop,
high mechanical strength, and thermal stability, making them superior to traditional
catalyst arrangements (powders and pellets). By comparing the performance of
TiO, coated micro channel monolith and cell type support, Tahir et al. investigated
the effect of photocatalyst dispersion (dispersed as a single layer over stainless steel
cell). The TiO,-coated monolith showed a considerable increase in CO output in
their research. This increase was mostly due to a larger exposed photocatalyst surface
that was available for photocatalytic activity. This improvement was attributed to
the monolith’s increased illuminated surface allowing for more efficient photon
usage [97].
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Fiber optic reactors have an advantage over packed bed reactors in terms of photo-
catalyst dispersion and light spreading across a vast surface area. Nguyen et al.
investigated the yield of photocatalytic CO, reduction using photocatalyst coated
on optical fiber against photocatalyst coated on a glass plate. For the same amount
of photocatalysts, their research showed 15.2 times CHy yield and increased C,Hy
yield 11.6 times more. The synergistic effects of catalyst dispersion and effective
light utilization could explain this [97].

Wang et al. used a fiber optic reactor to perform CO, photoreduction and ascribed
the increased output to the progressive and uniform distribution of light during irra-
diation. Optical fibers have the advantages of catalyst support and effective light
distribution, but they also have the disadvantages of limited reactor capacity utiliza-
tion and shorter light transit distance from the point of incidence. They occupy
20-30% of the reactor capacity, but the effective use of incident light is limited
because of the limited catalyst-coated area [99]. Ola et al. fabricated an internally
illuminated monolith reactor by combining the mutual effects of greater monolith
surface area and effective light distribution of fiber optics and compared the CO,
reduction performance of this system to that of a slurry reactor. Due to the higher
surface area of the monolith and the equal dispersion of light by optical fibers, it
was discovered that internal illumination of the monolith reactor by optical fibers
increased quantum efficiency by 23 times [97]. Optical fibers constructed of carved
polymethylmethacrylate were placed into a NiO/InTaO,4 coated monolith (honey-
comb structure) by Liou et al. When used for photocatalytic CO, reduction, this
reactor increased product yield (methanol and acetaldehyde). Increased surface area,
better photocatalyst loading, and effective light use are all factors that contribute to
a higher yield [99].

3.4 Effect of Temperature Variation

Due to long-wavelength irradiation, concentrating solar light raises the temperature
depending on the CR [12, 28, 29]. Photocatalytic CO, reduction at high temperatures
is promising because it bypasses the thermal barriers that cause slow reaction rates
and low yields [96]. The effectiveness of temperature rise in photoreaction can be
demonstrated by increased effective collisions between photogenerated charges and
reactants, which are directly proportional to the reaction rate [97]. Furthermore,
increasing temperature increases the desorption of products, allowing CO, to adsorb
on unoccupied sites, resulting in a faster reaction rate [98].

The reaction temperature influences photocatalytic CO, to methanol conversion.
Thus, determining the ideal temperature is difficult since temperature affects the
methanol production rate in four different ways, as shown in Table 4. First, the
amounts of CO,; that can dissolve in water is affected by temperature, therefore
decreasing the temperature increases CO, solubility in water. The increasing samount
of dissolved CO; in water can speed up the synthesis of methanol. When water is



218 T. N. Gemeda et al.

Table 4 Effect of temperature on various factors indirectly affecting the photocatalytic CO;
reduction rate [89]

Temperature CO, Reactant Catalyst Reaction rate
solubility adsorption availability constant

Increase Decrease Decrease Increase Increase

Decrease Increase Increase Decrease Decrease

chilled from 25 to 0 °C, the solubility of CO, in water increases by around 2.5 times,
resulting in a 2.5-fold increase in dissolved CO; [89, 97, 98]. Second, the temperature
affects the ease with which reactants adhere to the surface of the catalyst.

Because there is less thermal agitation at low temperatures, reactants soak more
quickly onto the catalytic surface. The photocatalytic reaction rate naturally increases
with increasing the amounts of reactants adsorbed on the catalyst surface. Third,
temperature influences the rate of product desorption, affecting catalyst poisoning
and, as a result, catalyst availability. Catalyst poisoning occurs when reactive inter-
mediates and products are more likely to remain adsorbed on the catalyst surface at
lower temperatures, preventing further catalytic activity. As a result of the scarcity of
vacant catalytic adsorption sites on the surface, fresh reactants are unable to adsorb
on the surface, slowing the photocatalytic CO, reduction [89, 97, 98]. Fourth, the
decreased temperature has an undesirable influence on the photocatalytic CO, reduc-
tion process because it reduces the diffusion rates and collision frequencies of the
reactants, resulting in a lower reaction rate constant for methanol generation. These
four temperature impacts of the photocatalytic reaction show that the negative effects
of high and low temperatures can be avoided without sacrificing the favorable effects
[89]. When the temperature was raised from 25 to 75 °C, Wang et al. discovered that
the production rate nearly doubled [99]. However, the reaction temperature should not
rise too high, as this may cause the CO, to desorb, slowing down the photoreduction
process.

3.5 Flowing CO; Gas Pressure

The CO, gas pressure in the reaction chamber, like reaction temperature, plays an
essential role in controlling the rate of CO, reduction in product production. Increased
CO; solubility in water with pressure causes an increase in reaction rate and, as a
result, an increase in reaction product generation rate. Because cooling down the
solvent can lower the product desorption rate, clog the catalyst surface, and slow
down the reduction process, boosting CO, solubility by raising pressure is preferred
over reducing the temperature for the goal of enhancing photocatalytic CO, reduc-
tion. Aside from enhanced reaction products, increasing CO, concentration caused by
increased CO, pressure in aqueous media has also been shown to improve product
selectivity. The increase in methanol formation rate, on the other hand, does not
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increase endlessly with pressure. It increases to a maximum value at optimum pres-
sure and then begins to drop as pressure is increased further. Mizuno et al. investigated
the effect of CO, gas pressure on the rate of reaction product formation and found
that methanol was produced at ambient pressure [100]. However, as CO, pressure
increased, the rate of methanol formation increased sharply, peaking at 1.0 MPa, and
then declining significantly with further CO, pressure increases. When choosing CO,
reduction reactor designs [101], the expense of producing advanced high-pressure
systems must be taken into consideration.

3.6 Effect of Contaminant

Organic contaminants in the catalyst or on the catalyst surface might cause a falsely
positive result since they are often reduced more efficiently than CO, to create
diverse reduction products. This is especially true when the concentration of prod-
ucts obtained from photocatalytic CO, reduction is low, as it has been in almost all
photocatalysis experiments.

Small particle size and wide surface area of the TiO, photocatalyst (and this also
applies to other photocatalysts) are crucial elements in adsorbing airborne organic
pollutants, which are more reactive than even CO,, according to Neatu et al. [102].
As a result, they are more easily reduced than CO, and become the source of
photoproducts, which are sometimes mistaken for CO, reduction reaction prod-
ucts [103]. When the photocatalyst amount is large but the produced yield is low
this can be attributed to the adsorbed contaminants. This condition can be avoided
by calcining the photocatalyst before the photocatalytic experiment to remove any
carbon-containing impurities that may be present on its surface. Because CO; is
more stable than other carbon-containing organic contaminants, organic impurities
linked to photocatalyst surfaces degrade more quickly, resulting in an overestimation
of photocatalytic activity and yield. In summary, photocatalyst contamination can
lead to false results, hence rigorous surface cleaning is required to obtain accurate
and precise results.

4 Photocatalyst Types, Selection, and Preparation

4.1 Metal System

CO; photocatalysts are divided into five types: metal, mixed oxides, metal sulfides,
polymeric materials, metal-organic framework, and others. Metal and mixed oxides,
metal sulfides, and the metal—organic framework are included in the metallic system,
which reduces CO, into several forms, such as carbon monoxide, methane, methanol,
and formic acid for fuel. Some examples included in the metal and mixed oxides are
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titanium oxide, iron oxide, tantalum oxide, copper oxide, niobium oxide, and stron-
tium oxide. Furthermore, some examples of metal sulfides included are cadmium
sulfide, zinc sulfide, MoS,, SnS,, Bi,S3, In,S5, and Znln,S4. Meanwhile, MIL 101,
PMOF-ALI, Co-ZIF9, and MOF 525-Co are examples of metals included in the metal—
organic framework (MOF) group [104]. Activity and selectivity are essential proper-
ties in the selection of photocatalysts. To obtain a photocatalyst with high activity and
selectivity, several things must be considered, including band structure, surface state,
and photoreaction conditions. Increasing the activity and selectivity of photocatalysts
can be done by optimizing carbon dioxide absorption, optimizing light harvesting,
charge separation effectiveness, and synergistic effects [104].

4.1.1 Metal and Mixed Oxides

As previously described, TiO; is the most widely used CO, photocatalyst of metal
oxides and mixed oxides. This is due to its non-toxicity, stability, slightly corro-
sive nature, and low cost. This metal is widely used to convert CO, to methane and
carbon monoxide. However, TiO, is known to have a large bandgap (3.2 eV); due
to this large bandgap, TiO, only shows photocatalytic activity under UV radiation.
In contrast, sunlight as a source of radiation is still not qualified. Therefore, the
development of this photocatalyst to have a narrower bandgap is still being carried
out [104]. Several strategies to increase the ability of TiO, are doping using Ag
and Cu or using co-doping [104, 105]. This doping can reduce bandgap energy,
improve interfacial charge transfer, trap electrons, and allow the use of visible light
[104, 105]. Another strategy is to use heterostructured crystal growth. The next
modification is to insert the defect chemistry into the forbidden gap on the cata-
lyst surface by thermal treatment [104, 105]. Modification through the formation
of nanomaterials on TiO, also shows advantages in the catalytic behavior. Modi-
fying the nanostructure can increase the diffusion rate and surface area to increase
the catalytic activity [105]. Furthermore, to increase the efficiency of the excitation
process, modifications using a dye sensitizer can be made by increasing the wave-
length so that the catalytic activity increases [ 104, 105]. There are several methods for
TiO; synthetizing including sol—gel, hydrothermal, impregnation, one-pot, and co-
precipitation. Sol-gel process, hydrothermal synthesis, and one-pot synthesis were
implemented using TiO, and multi-walled carbon nanotube composites to improve
the photocatalytic performance [104, 105]. A co-precipitation method can narrow
the bandgap to absorb large amounts of energy from visible light. Synthesis using
the impregnation method was performed by increasing irradiation and doping with
metal oxides such as CuO, CoO, and Fe, O3 [105] (Fig. 6).

Silver, rthodium, gold, palladium, and platinum are metals that are often used as
co-catalysts with TiO, to increase TiO, occupation. The rate of methane formation is
reported to be increased due to the use of noble metal co-catalysts. One of the noble
metals, Palladium, acts as a co-catalyst on the TiO, surface and provides active sites
for CO, adsorption and activity [106]. In addition, the size of metal nanoparticles is
a critical factor to determine the activity and the rate of methane formation [106].
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Copper is a transition metal that is often used as a TiO, co-catalyst. This is because
they are abundant, non-toxic, low in cost, and potential alternatives to the use of noble
metals. The use of this co-catalyst showed an increase in the formation of methane.
In addition, the use of Cu doping on TiO, under UV-rich illumination can convert
CO; into formic acid [106]. The use of Cu-TiO, was also reported to increase the
efficiency of light harvesting under UV conditions to produce carbon monoxide and
methane from CO,. Copper has also recently been reported to depress hydrogen
development in CO, photoreduction, thereby selectively producing CO [106].

Subsequently, the use of binary co-catalysts (Cu, O-Pt/TiO, and MgO-Pt/ TiO,
systems) was investigated. Platinum in TiO, is intended to promote electron capture
and inhibit charge pair recombination. However, the use of Platinum increased Hp,
so it takes Cu,O or MgO to suppress the formation of H,. As a result, CHy will
be obtained with high selectivity. Recently, multi-heterojunctions were fabricated
on TiO,-MnOx-Pt films. This multi-heterojunction can efficiently separate charged
pairs to produce three times higher CH4 and methanol than pure TiO, [106].

Au shows the effect of surface plasmon resonance on TiO;. Synergistic mixing
of the plasmonic effects of Au and Pt nanoparticles as electron absorbers with TiO,
nanofibers was reported to increase visible light harvesting and inhibit the recombi-
nation of photoexcited TiO,. The reduction of CO, under UV light and visible light
for the Au-Cu alloy on TiO, as a photocatalyst showed excellent performance. The
electron selectivity for CH,4 evolution can reach 97% under visible light irradiation.
This high light harvesting ability comes from the plasmonic effect of Au [106].

Cu is one of the most commonly used metals for CO, reduction photocatalyst.
This is because Cu has low bandgap energy and a high conductive band. CuO and
Cu,0 are reported to have small band gaps of 1.7 and 2.2 eV. CuO nanomaterials
are known to absorb visible light effectively and produce photogenerated electrons
and holes. Cu-based photocatalysts have three pathways for CO, reduction. There is
the formaldehyde, carbinol, and glyoxal pathway. The Formaldehyde pathway can
produce formic acid, methane, and methanol from Cu-based photocatalysts for CO,
reduction. The carbene pathway is usually used to produce methane and methanol.
While the glyoxal pathway is usually used to produce formic acid [107].
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The reduction activity and selectivity of CO; can be affected by the morphology,
particle size, and dispersibility of Cu when different methods are used. CuO which
has a high density with poor dispersion will affect light absorption due to masking
between particles. To address this problem, it is possible to utilize CuO thin film to
enhance the catalytic effect. In addition, the use of glass fiber mesh coating CuO
can also be done to increase the production of CH4. The photocatalytic activity and
selectivity of CuO products can also be increased through size modification or create
quantum dots of CuO. Modification of the size of CuO to be smaller will increase
light harvesting and charge transfer separation due to the risen uniform distribution
[106, 107]. The modification with CuO quantum dots plays a significant role in the
CO, adsorption and activation [107]. There are several methods to synthesize CuO.
Among them, the solvothermal method and impregnation are quite famous [107].

The use of pure Cu is also carried out to minimize semiconductor energy bandgap.
This reduced band gap energy can make full use of visible light to improve light
utilization and encourage the practical application of photocatalysis. Cu can be
prepared by microwave hydrothermal method and secondary calcination. Cu,O was
studied as a photocatalyst to reduce CO;. This metal oxide is known to have high
photocatalytic activity. Doping using Cu,O is known to improve its energy band
structure and increase photocatalytic activity. Cu, O can be prepared by hydrothermal
deposition-reduction method and microwave-assisted in situ reduction chemistry
[107] (Fig. 7).

Perovskite is a metal oxide that is also used as a photocatalyst for CO, reduction
[108]. Perovskite is used as a photocatalyst because it provides a broad spectrum for
CO; conversion. In addition, perovskite also has good stability, flexible composition,
efficient catalytic activity, long charge diffusion, low cost, and easy preparation [108].
Perovskite converts CO, through light harvesting, which then separates electrons and
transfers them from VB to CB. Then charge photogeneration is carried out before
the redox reaction occurs on the catalyst surface until finally the product is formed
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[108]. There are several classifications of perovskite oxides, including ABOs, halide,
layered, ruddlesden-popper phase, aurivillius phase, (110) layered, (111) layered,
Dion-Jacobson phase, and oxynitrides [108].

ABOj; perovskite consists of alkali metal cations at site A and transition metal
cations at site B. These transition metal cations regulate the perovskite catalytic
activity and electron mobility. One way to narrow the perovskite band gap can be
done by forming a solid solution. This is because the solid solution has a lower CB
with a higher VB. In addition, the formation of this solid solution can also reduce
the CO, induced due to some perovskites having a band gap not suitable for CO,
reduction under visible light. This solid solution formation also offers advantages
such as band gap control, charge transfer, and chemical stability [108].

Perovskite halides (ABX3) are another type of perovskite group where the cation
at site A is usually Cs* or Rb*, while the cation at site B is Pb, Ge, or Sn and the
halide is located at site X. Perovskite halides are usually used to produce CH4 and
CO at the surface of the catalyst. There is also layered perovskite which has flexi-
bility in its structure, effectiveness in charge transport, and attractive optoelectronic
characteristics [108].

The Aurivillius phase is a perovskite with cations such as Na, K, Ca, Sr, Ba, and Bi
located at site A while, cations such as Fe, Cr, Ti, Ga, Nb, V, Mo, and W are located
at site B. On the other hand, the Dion-Jacobson phase (A, B,O3p41) is a perovskite
with cations such as Rb, K, Ag, and Cs at site A while Pr, Sm, Nd, and La at site B.
This perovskite has a band gap of about 3.8—4.3 eV which allows it to work under
UV light. Ruddlesden-Popper phase (AyA,—1BnO3n41) is a perovskite consisting of
alkali metals at site A and transition metals at site B. Finally, perovskite oxynitrides
(ABO,_xNy.y) is a perovskite consisting of alkali metals at site A with transition
metal at site B [108] (Fig. 8).

Besides being used as the main catalyst, several metal oxides can also be used
as co-catalysts including Cu,0, CuO, NiO, MgO, CO30y4, and Fe,O3. The use of
copper oxide as a co-catalyst can intensify CO, adsorption on the surface and suppress
charge recombination. Cu is also able to increase the electron density at the active
site when it is excited and facilitates CO,RR which requires multi-electron transfer.
Photocatalyst activity can be increased through the formation of oxygen vacancies at
the active sites of Cu,O. Not only that, but this formation is also able to reduce the rate
of charge recombination. CuO is usually used as a co-catalyst together with SiC, TiO,,
K, TigO13, and NaTaOj; as the main catalyst. Magnesium oxide itself is usually used
as a co-catalyst to increase the activation and adsorption of CO, because of its ability
to interact with CO, strongly. This metal oxide is usually used with TiO, to catalyze
the reduction of CO,. Meanwhile, nickel oxide is usually used as a co-catalyst to
inhibit the reverse reaction and increase charge carrier separation. This co-catalyst
can increase the production of methanol, methane, and carbon monoxide. Nickel
oxide is often used as a co-catalyst along with InTaO4, InNbO,4, KTaO3, K, TigO13,
and InVO, as the main catalyst. Last but not least, is the use of cobalt oxide as
a co-catalyst for the promotion of the oxygen evolution reaction and suppressing
corrosiveness due to the buildup of photogenerated holes [109].
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Fig. 8 Perovskite classification [108]. (Copyright Elsevier License Number 5326340974814)

4.1.2 Metal Sulfides

On the other hand, metal sulfides such as ZnS and CdS have also been reported.
Similar to TiO,, ZnS only absorbs visible light due to its large bandgap (3.66 eV).
In contrast to CdS which has a smaller bandgap (2.4 eV), this metal is preferred
for CO; reduction. The catalytic performance of metal sulfide can be improved
by combining metal sulfide photocatalysts with other photocatalysts. Incorporating
metal sulfide photocatalysts with different photocatalysts will provide more advan-
tages in bandgap regulation. The use of metal sulfides as photocatalysts is known to
have great research potential. Unfortunately, metal sulfides have less stability during
photocatalytic processes leading to structural damage [104].

Molybdenum disulfide (MoS;) is a layered binary sulfide widely applied in photo-
catalytic due to its excellent optical/electrical properties and flexible electronic band
structure. The layer on MoS, has a high d electron density, so it has potential in gas—
solid CO; photoreduction systems for methanol production. Bismuth sulfide (Bi,S3)
is known to have a narrow bandgap (*1.3 eV), so it is also getting attention in its
role as a photocatalyst. In addition, this photocatalyst is also known to have low toxi-
city, high biocompatibility, good performance in reducing CO,, and an absorption
coefficient in the visible light region (>105 cm™!). Like Bi,S3, In,S; is also widely
used for CO, reduction. This metal has an expansive light response range due to its
narrow bandgap (2.0-2.3 eV), and low toxicity [72] (Fig. 9).
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Fig. 9 Metal-sulfide band gap

One method that can be used to synthesize ZnS is heat-free synthesis with Cu+
and Cd** co-catalysts doping to maximize light utilization [72]. There is also the
synthesis of ZnS with zinc hydroxide and thiourea using the surface of Ru nanopar-
ticles to form formic acid, which is known to provide high product selectivity [72].
Metal sulfide type MoS, can be synthesized by hydrothermal method and Chemical
vapor deposition (CVD) synthesis. Likewise, with the synthesis of In,S3 through the
hydrothermal cationic exchange method [72]. SnS,/SnO, type metal sulfide photo-
catalyst can be synthesized by hydrothermal method and sequential template to maxi-
mize CO formation [72]. The ion-exchange method between Bi and Cd,S in ethylene
glycol solution can be carried out to synthesize Bi,S3/CdS/FeTCPP photocatalysts
[72] (Fig. 10).

Besides being used as the main catalyst, metal sulfide can also be used as a co-
catalyst because it can increase charge separation and add more active sites. The co-
catalysts commonly used in this group are MoS; and NiS, [9, 109]. MoS, is usually
used together with Bi, WOg under visible light to produce both ethanol and methanol.
One method that can be used for the preparation of this co-catalyst is impregnation-
calcination method. In addition, MoS, is also used with TiO, to produce methanol
using the in situ grown method [109]. On the other hand, NiS, is used as a co-catalyst
with graphite carbon nitride (g-C3Ny) to produce CO due to its ability to accelerate
photogenerated electron—hole pair separation. In addition, NiS; can also be used with
ZnO to produce CO and CH,4. However, the use of metal sulfide as a co-catalyst is
also reported to have drawbacks due to its poor stability [109].

4.1.3 Metal-Organic Framework

Another metal system that is widely used is MOF. MOF can be used as co-catalysts as
well as stand-alone photocatalysts. The MOF structure is potentially a photocatalyst
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because the network is porous, regular, and heterogeneous so that ions and CO, can
move freely into the matrix. MOF is also known to increase the reactivity of other
catalysts. However, as with metal sulfides, MOFs have poor stability and problems in
economic viability on an industrial scale. The use of MOFs as photocatalysts can still
be improved by modifying the structure and adjusting the reactive functional groups.
The metal-added MOF photocatalyst has a bandgap from 1.52-2.4 eV. Meanwhile,
if MOF is used as a composite, the bandgap variation is 1.6-3.1 eV [104].

MOF can be synthesized through solvothermal, slow evaporation, microwave
assistance, electrochemistry, sonochemistry, and mechanochemistry. These five
methods generally combine three main components: metal salts, ligands, and
solvents. The solvothermal method is the most frequently used method for MOF
synthesis by involving high boiling point heating between organic linking ligands
and metal salts in a solvent. Slow evaporation synthesis is preferred because it does not
require external energy and uses only room temperature, even though it takes a long
time. Microwave-assisted synthesis involves heating a solution with microwaves to
produce nano-sized crystals. The electrochemical method is carried out by adjusting
the pH of the solvent at room temperature without metal salts and consisting only
of a mixture of organic linkages and electrolytes to provide metal ions. Synthesis
using the sonochemical method is based on molecular changes due to ultrasonic
wave radiation to produce fine crystalline materials. Finally, the mechanochemical
synthesis method is based on applying a mechanical force without a solvent to form
a porous MOF [110].

Metal systems have several drawbacks, including some metals toxicity, being not
environmentally friendly, and have low selectivity. However, metal can still be used,
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such as doping carbon material as a photocatalyst. In addition, the use of bimetallic
MOF is also known to be more efficient than the monometals (Fig. 11).

Besides being used as the main catalyst, MOF can also be used as a co-catalyst
for CO, reduction in nanocomposites. MOF acts as a kinetic process driver in
the catalytic reaction and increases CO, adsorption while other components act
as light harvesters. For example the use of Co-Zif-9 as a co-catalyst together with
[Ru(bpy)3]Cl,.6H,0 as a photosensitizer, and TEOA as an electron donor under 380—
700 nmirradiation. Although the use of this co-catalystis known to have high catalytic
efficiency, the selectivity of each product is quite low. Not only that, but photo-
bleaching also causes a decrease in catalytic activity. So, it is necessary for coupling
with semiconductors such as g-C3Ny and CdS as light harvesters. In addition, MOF
is also used as a co-catalyst with TiO,. This system shows that the photocatalytic
activity for methane production increases up to five times [111].

Homogeneous metal complexes have been widely used for CO, reduction photo-
catalysts. However, this metal complex does not have long-term stability, is difficult
to separate from the reaction mixture, the product will be contaminated, and it is
difficult to recycle. Therefore, the use of MOF as a host to support homogeneous
metal complexes is considered the right choice. This is based on the nature of the
MOF which has a high surface area and uniform pores, so it can be adapted for the
diffusion of reactants. MOFs also have well-defined and isolated sites for anchoring
catalytic species, so they can be used to construct single-site catalysts [111].

Solvothermal (707%)
Energy: Thermal Energy
Time: 48-96 hours
Temperature: 353-453 K

Electrochemical (2%)
Energy: Electrical Energy
Time: 10 - 30 mins
Temperature: 273-303 K

Microwave (8%)
Energy: Microwave radiation
Time: 4 min - 4 hours
Temperature: 303-373 K

Metal Salt

Solvent

Sonochemical (5%)
Energy: Ultrasonic radiation
Time: 30 - 180 mins
Temperature: 273 - 313 K

Mechanochemical (5%)
Energy: Mechanical Energy
Time: 30 mins - 2 hours
Temperature: 298 K

Slow evaporation (10%)
Energy: No. | Energy
Time: 7 =7 months
Temperature: 298 K

Fig. 11 MOF synthesis [110]. (Copyright Elsevier License Number 5326341140976)
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4.14 Metal Complex

Transition metal complex ions have been widely used as photocatalysts. Some
examples of metal complexes used as photocatalysts include complexes of ruthe-
nium, osmium, rhenium, cyclometallation iridium, metalloporphyrins, and organic
dyes. This photocatalyst has several properties, including selective light absorp-
tion, relatively inefficient reverse electron transfer rate, fast decomposition, suffi-
cient reducing power for electron transfer, stability in ground and excited states, and
reacts selectively to CO,. The metal complex-based homogeneous photocatalytic
system consists of a photosensitizer and a CO, reduction catalyst. The Ru(II)-Re(I)
photocatalyst is reported to reduce CO, efficiently when installed on solid mate-
rials. Photocatalysts made with photosensitizers and metal complex catalysts showed
efficient, selective, and long-lasting results. Building a photocatalyst with a hybrid
system can be done by connecting a photosensitizer and a catalyst to a solid material
so that electron transfer will take place faster [111].

The Re dynamic complex has CO, reduction activity and high product selectivity.
The Re(bpy)(CO)3Cl complex has a stable and adjustable structure so that it has the
potential as a CO,RR photocatalyst. When photocatalytic CO,RR is carried out in
a mixed solution of DMF/TEOA, the addition of TEOA can capture CO, even at
the atmospheric level. Re(bpy-)(CO); has also been reported to react with CO, in
the dark. In addition, the use of a photosensitizer compatible with the Re complex
can also increase the efficiency and durability of the catalyst [112]. Unlike the Re
complex, which only reduces CO, to CO, the Ru photocatalyst can catalyze the
conversion of CO, to CO and HCOOH. This reaction occurs through the capture of
one CO, molecule by Ru(bpy~),(CO) to form Ru(bpy~),(CO)(CO,) so that one H*
can be added to create the complex [Ru(bpy~),(CO)(COOH)]*. This complex will
then produce HCOOH through the acceptance of two electrons. However, it doesn’t
stop at this point, the [Ru(bpy~),(CO)(COOH)]* complex will then be protonated
in the CO cycle so that water molecules are released and form CO molecules [112].

4.1.5 MXenes

MXenes are transition metal carbides, nitrides, or carbon nitrides that have great
potential as photocatalysts. These metals consist of transition metals such as Scan-
dium, Titanium, and Vanadium, elements from groups III A and IV A, and carbon
or nitride elements. The general formula for MXenes is M+ X, or My X, Tx
where T is a surface functional group such as oxygen, fluorine, and hydroxyl.
Despite their potential as photocatalysts, MXenes cannot be used directly due to
their non-semiconducting nature. Therefore, most of the MXenes are used as co-
catalysts. MXene is commonly used in CO, reduction to improve photogeneration
of charge carriers, photogenerated species separation, photo-corrosion inhibition,
enhance CO,; adsorption and activation, enhance light absorption, and photothermal
effects. MXene can be applied in reactions of gas and liquid phase systems [114].
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The photocatalytic activity and photostability of the semiconductor can be
enhanced through the combination of the metallic conductivity of MXene with a
suitable band structure. This combination allows for efficient electron migration from
the semiconductor to the MXene. In addition, the regulation of the surface functional
group of MXene can maximize CO, adsorption and activation. This is because the
surface functional groups act as active sites for the photocatalytic reactions. MXenes
can also improve light and photothermal harvesting for metal nanoparticles. MXenes
as co-catalysts have a significant role in regulating product selectivity so diesel fuel
production can be enhanced [114].

MXene as a co-catalyst is usually used with nitrides, metal oxides, metal
salts, perovskite, and MOF as the main catalyst. One example of the use of an
MXene/Nitride catalyst is the use of g-C3N4/TizC,. This heterojunction is reported
to improve CO, adsorption, photogenerated charge carrier separation, and hybrid
stability. There is also the use of MXene with metal oxides such as TiO, which is
known to accelerate the efficiency of electron—hole separation. This combination
will enhance the photocatalytic reduction reaction with 3.7 times higher methane
production than commercial TiO,. Other combinations such as perovskite CsPbBr;
with MXene Ti;C, were reported to produce higher CO and CH,4 than CsPbBr3; NCs.
This is due to MXene’s ability to increase the photocatalytic activity [115] (Fig. 12).

Generally, the basic synthesis of MXenes goes through the etching process. There
are three etching approaches, namely fluorination etching, fluorine-free etching, and
electrochemical etching. In the fluorination etching process, materials derived from
hydrofluoric acid (HF) or salt solutions containing fluorine are used. Meanwhile, in
the fluorine-free etchant method, Ti;C, Tx is fluorine-free in NaOH or KOH solutions.
This method is considered to have a higher capacity for electrochemical properties.
The electrochemical etching method is carried out through a redox reaction between
the anode and cathode in an electrolytic cell through the application of voltage. Wet
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Fig. 12 MXene synthesis
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Fig. 13 MXenes synthesis schematic [116]. (Copyright Elsevier License Number 5326340653842)

etching using HF is a method that is often used to synthesize MXenes. This is because
HF-based etching has high selectivity and can break M-A metal bonds [115].

The MXenes as a photocatalytic co-catalyst synthesis is divided into three
methods, namely mechanical mixing, self-assembly, and in situ oxidation. Mechan-
ical mixing is a simple method for catalyst synthesis. This method includes advan-
tages such as saving energy and low cost. Mechanical mixing is carried out through
the process of grinding solid powder and mixing the substances in solution to deposit
MXene on the surface of the photocatalyst. The self-assembly method is considered
to have advantages over the mechanical mixing method, due to its ability to have
closer contact and more uniform dispersion. Lastly, there is the direct in situ oxida-
tion method of MXene. This method produces MXene in the form of MO/MXene or
MO/MXene/C, where C is an amorphous carbon that can be used as a co-catalyst.
Unfortunately, this method can only be used if the MO is a semiconductor [116]
(Fig. 13).

4.1.6 Metal Phosphide

Metal phosphides are widely used because of their abundance, low prices, and high
electrical conductivity. Some examples of catalysts belonging to this group include
CoxP, Ni,P, Fe,P, CusP, WP, and InP. The presence of this P group moderates the
strength of the metal phosphide bond for the catalytic product conversion process, in
which the active site facilitates product desorption. One example of a metal phosphide
catalyst for CO, conversion is InP which has a band gap of 1.35 eV. Due to this large
band gap, some modifications need to be made. One of them is to minimize the InP
particle size to the quantum dot (QD) scale. The advantage of this QD modification is
an increase in the redox potential so that the photocatalytic activity will also increase.
This modification is also able to provide a more active site for the photocatalytic
reaction [117].
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In addition, metal phosphides are also commonly used as co-catalysts. This
material can create sufficient and strong contact with the photocatalyst to effectively
separate the electron—hole pairs. Metal phosphides are also considered to have an
electronic structure like Pt so that they can be used as a substitute for precious metal
co-catalysts. The bond between metal and phosphide can induce a small ligand
effect so that the product will separate from the catalyst surface. Not only that, but
this bond is also able to capture reaction intermediates so that the catalytic activity
will increase [109].

Some examples of metal phosphide co-catalysts commonly used are FeP with
polymeric carbon nitride as the main catalyst and WP with g-C3Ny4. The use of FeP
co-catalyst with carbon nitride polymer was reported to be able to produce five times
higher CO than the use of pure carbon nitride. The use of metal phosphide-based
co-catalysts also has good stability. In addition, there was a narrowing in the band
gap from 2.77 to 2.40 eV due to a change in the position of the VB resulting in
increased light absorption under UV light. WP which was used as a co-catalyst
with g-C3N, also showed satisfactory results. CO production is reported to have
increased considerably due to the use of this co-catalyst. Life cycle stability has also
been reported to improve. This is due to the promotion of electron transfer due to the
presence of P-N bonds at the WP and g-C3;Ny interfaces [109].

4.1.7 Bismuth-Based p-Block Semiconductors

Most photocatalysts such as TiO, and ZnO use a d-block semiconductor. In this
discussion, p-block elements will be used to construct a CO, reduction photocatalyst.
This is because p-blocks have the potential to increase their photocatalytic activity
in visible light. The p electrons in the hybridized state can decrease the CB state and
increase the VB state so that the band gap becomes narrower. Not only that, another
advantage that can also be obtained is the mobility of the photoexcited charge carriers
and the charge separation will be increased [118].

Research conducted by Cui et al. [118] discusses the use of bismuth as a semi-
conductor by utilizing p electrons as a CO, reduction photocatalyst. According to
them, there are three strategies to increase photoreduction activity, constituent adjust-
ment, vacancy engineering, and heterostructure construction. The adjustment of the
constituents is carried out through the adjustment of the halogen component and
the ratio of Bi:0:X. Meanwhile, vacancy engineering is carried out through the
engineering of oxygen, bismuth, and halogen vacancies. Finally, the heterostruc-
ture construction was carried out through the BiyOyX, construction of nanoma-
terial heterostructures and 2D semiconductors. Through this strategy, it is hoped
that the band structure can be controlled so that the catalytic reduction conditions
are met along with the introduction of high-level active sites on the photocatalyst
surface. Improvements in energy conversion efficiency are also expected through the
promotion of charge separation and transportation [118].
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4.2 Non-metallic Photocatalyst

Photocatalysts in application to reduce CO, by using non-metallic materials exhibit
rapid growth for photoconversion of CO,. In addition, this material also shows
tremendous potential as an alternative to photocatalysts owing to its abundance
on earth, cost-effectiveness, high electrical conductivity, as well as environmental
friendliness. Moreover, they also exhibit outstanding catalytic activity, durability,
and exceptional selectivity in transforming CO, into solar fuel. In this section, we
will explain and elaborate the non-metallic photocatalysts for CO, reduction [119].

4.2.1 Graphene

Graphene has been studied in-depth and has shown considerable interest in its appli-
cation in photocatalytic CO, reduction. In addition, many experiments and studies
have tried to design, develop, and apply graphene as a photocatalyst to reduce CO,
[119]. The structure of graphene-based catalystis unique. Aside from its large specific
surface area, graphene also has many other desirable properties, including excellent
electron transfer, transparency, high resistance to temperature changes, flexibility,
and good CO; adsorption, which have made it ideal to be used as CO, photocata-
lysts [120]. The separation of charge carriers in photocatalytic CO, reduction can
also be facilitated by graphene. In addition, graphene has a large contact area and
interacts strongly with other catalysts, so the photocatalytic reaction and performance
for reducing CO; can be promoted and improved by graphene [121].

Some common graphene includes pure graphene, graphene oxide (GO), and
reduced graphene oxide. The three materials possess different functional groups,
which gives them different properties as well [122]. A modified Hummers’ method
is the common method to synthesize these materials using graphite as their raw mate-
rial. The synthesis process with this technique begins with the chemical oxidation
of graphite. The next step for preparing GO is exfoliation. GO typically has abun-
dant oxygen-carrying functional groups, such as carboxyl, epoxy, hydroxyl, and
carbonyl groups. The bandgap value of GO is about 2.2 eV while graphene pristine
has a bandgap of 0 eV and does not have surface functional groups. The reduction
of graphene oxide will produce rGO [123]. The reduction techniques are thermal
treatment and chemical methods. The bandgap of rGO is variable, depending on
the degree of reduction, from ~1.00 to 1.69 eV. The surface functional groups of
rGO are the same as GO. The performance of graphene oxide can be improved by
surface modification, doping, morphology control, and defect introduction. Tan et al.
[124] investigated TiO, doped GO. The wet chemical impregnation technique is the
technique used to combine GO with TiO; in this experiment. A modified Hummers’
technique was used to prepare graphite oxide powder. Followed by the exfoliation
process through ultrasonication for 1.5 h and separation of the graphite layer. Within
8 h of reaction time, GO-TiO, successfully yielded 3.45 mol g~! h™! of CHj. This
performance represents a 14-fold performance increase over commercially available
TiO, P25 [124].



A Recent Review on Photocatalytic CO, Reduction ... 233

Fig. 14 The co

CO; ? . 2
Langmuir—Hinshelwood Adsorption of
b / HQ CO, and H,0 H,0

mechanism [124].
(Copyright Elsevier License
Number 5321211075597) A I

Surface
reaction

0,
Desorption
of products .

The reaction scheme of the CO; reduction through GO-TiO, is shown in Fig. 14.
The photocatalytic CO, reduction mechanism is suggested followed Langmuir—
Hinshelwood (L-H) model. First, reactant molecules, in the form of carbon dioxide
and water molecules, adsorb onto the photocatalyst surface. The next process is the
surface reaction. At this stage where ¢CO, ™~ radicals are generated from photogener-
ated electrons. Then, these «CO, ™ radicals will be transferred to the adsorbed CO,.
Meanwhile, on the other side, the hole reacts with the adsorbed H,O molecules.
The product of this reaction is eOH radicals and H* ions. Then, it will form O,. To
produce intermediate radicals and hydrocarbon products, carbon radicals will react
with H radicals formed by proton reduction on the photocatalyst surface [124].

4.2.2 g-C3N4

Graphite carbon nitride is a layered semiconductor material. g-C3 Ny is a non-metallic
material in the form of a polymer material and is composed of a polymer combination
of tri-s-triazine/heptazine (C¢N7) or triazine (C3N3) [120]. According to its wave-
length of 460—-430 nm, the g-C3N4 band gap value is narrow, ~2.7-2.9 eV. g-C3Ny
also shows a CBat a negative position of about 1.1 V versus NHE. This property
meets the thermodynamic requirements of photocatalytic CO, reduction reactions
[125]. Therefore, under visible light and sunlight CO, will be activated and reduced
successfully. The easy fabrication process, metal-free composition, durability, low
cost, environmental friendliness, and good chemical and thermal stability are the
superiority as a semiconductor material for the photocatalyst of g-C3N4. Further-
more, the conduction band of 1.14 eV and the valence band of 1.57 eV, make it
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Fig. 15 Photocatalytic reduction of CO, mechanism through g-C3N4 [128]. (Copyright Elsevier
License Number 5321220110079)

a polymeric semiconductor suitable for visible light. However, g-C3Ny4 has draw-
backs namely low exposed surface area, insufficient use of visible light, and fast
photo-induced electron—hole pair recombination [126, 127].

Song et al. [128] developed the use of g-C3;Ny as a photocatalyst in CO, reduction
applications. They obtained g-CN as a catalyst. g-CN was incorporated with C and
O simultaneously. The donor—acceptor structure was developed using hexa-methyl
melamine (HMM) as a doping agent that provides C and O. Simple thermal conden-
sation method of melamine was used to fabricate g-CN-coupled Samples C and O
with HMM at elevated temperatures. The catalyst exhibits efficient photocatalytic
CO; reduction activity and durability. Their experiment resulted in a production rate
of CO at 34.97 Mmol‘gcat_l in a 4-h-reaction-time. This result is 4.3-fold greater than
that obtained by pristine g-CN [128] (Fig. 15).

4.2.3 Boron Nitride (BN)-Based Photocatalyst

Boron nitride has similarities to graphene, in particular the boron nitride with a
hexagonal structure or #-BN. 2-BN is a 2D material whose structure imitates a honey-
comb, consisting of boron (B) and nitrogen (N) atoms with the same amounts and
has excellent thermal conductivity and a large surface area. This material shows great
potential in catalysis applications, especially in photocatalytic CO, reduction. #-BN
has a broad bandgap of 5.2-5.5 eV. Similar to #-BN, porous BN also has a wide
bandgap (~5.5 eV) [131].
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Cao et al. [130] successfully fabricated the h-BN (O/BN) nanosheets. This
nanosheet is modified with ultra-thin oxygen-containing a single bond between the B
atom and O atom. When O is associated with the B atom, it has a greater electroneg-
ativity, so the introduction of the O atom into the ~A-BN aims to form a single bond
between the B atom and the O atom. These nanosheets exhibit a great performance
for CO, conversion to H, at a production rate of 3.3 wmol-g.,~'-h~! and CO at
12.5 pmol-g~'-h~! [130].

4.2.4 Black Phosphorus (BP)

Black phosphorus, a 2D layered material, is an emerging remarkable photocatalytic
semiconductor, especially for CO, reduction. BP nanosheets have advantages such
as a tailorable band gap value of about 0.3-2.0 eV as the layer decreases from bulk
to monolayer, suitable electronic structure, excellent optical properties, and high
mobility of charge carriers, which is about 1000 cm?-V~!.s~! [131].

For example, a previous study succeeded in making a CO, reduction photocatalyst
from the fabrication of a monolayer of black phosphorus with a modified hydroxyl
functional group, also known as M-BP-OH. In situ preparation of the photocatalyst
can be achieved through the green exfoliation technique. In the synthesis using this
technique, nitrogen is needed. From this research, the M-BP-OH exhibits an excellent
photocatalytic activity performance. 112.6 mol-g~!-h~! of carbon monoxide (CO)
can be produced by this photocatalyst by reducing CO,. Furthermore, the M-BP-OH
exhibit excellent stability under humid condition (90% humidity) for 24 h, ambient
conditions for a month, and cycling test using a Xe lamp at 300 W for 60 h [132].

Recently, a hybrid material constructed of BP QDs and g-C3N4 was prepared
to convert CO, to CO. As a result of the research, the material can catalyze the
CO, photochemical conversion reaction to produce CO. The CO product produced
at high production levels was 6.54 mol-g~'-h~! [125]. Compared to whole g-C3N,
which was only able to produce 2.65 pwmol per gram of catalyst used for a 1-h basis,
the yield achieved was much higher. Chen et al. (2021) fabricated a heterojunction
with an S-scheme in which a stable ambient-based 2D/2D material (Pt/BP-Bi, WOg)
for photocatalytic CO, reduction to syngas. The Pt/BP-OvMBWO heterojunction
is electrostatically assembled. Pt/BP nanosheets are negatively charged and the
OvMBWO nanosheets are positively charged. These two nanosheets were electrostat-
ically assembled to obtain the heterojunction. As a result, this material can generate
CO and H; as high as 20.5 pmol-g~'-h~! and 16.8 umol-g~!-h~!, respectively [131].

4.2.5 Silicon Carbide (SiC)

Silicon carbide is a kind of environmentally friendly semiconductor. Great chemical
and thermal stability are other advantages of SiC. The band gap of SiC is wide,
about 2.4-3.2 eV, and has a conduction band potential of —1.40 eV. Due to these
properties, SiC has become a promising semiconductor material as a photocatalyst for
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CO; reduction [119]. Compared to the CO, reduction potential of some products, the
potential of SiC is more negative. Owing to its properties, SiC is a suitable material
for the reduction of CO, that requires a high potential. SiC has about 250 polytypes.
However, in general, there are 2 kinds of SiC polytype, B-SiC, and a-SiC. Cubic
3C-SiC, which belongs to the B-SiC polytype is SiC. Meanwhile, the hexagonal SiC,
such as 2H-, 4H-, 6H-SiC, and others belong to the a-SiC polytype [133]. Among
these polytypes, the polytype that has the highest bandgap value of 2H-SiC is 3.3 eV
while the lowest band gap of 3C-SiC is 2.4 eV [134].

Wang et al. [135] developed a B-SiC polytype of SiC. The developed SiC is a
hollow-Sphere with an open mouth and is synthesized using environmentally friendly
techniques. Glucose is used as a carbon source in this fabrication. In the application
of photocatalytic CO, reduction with purified water, the prepared SiC showed a
very active performance for converting CO, to methane due to the uniqueness of its
electronic structure. Besides that, it is also supported by its hollow structure and its
large BET surface area (28 m?/g). The performance of 8-SiC Hollow-Sphere with Pt
charge is greatly improved. Under sunlight, 2.0 wt% of Pt showed that the conversion
of CO, to CH, reached 67.2 mol-g~!. While the results with bare SiC only reached
28.1 mol/g, which means the results using $-SiC Hollow-Sphere with Ptloading were
2 times higher. Moreover, for the evolution of CH4 from CO,, the performance shown
by this material is also more than that of many metal oxides. Figure 16 illustrates
the charge transfer process for reducing CO, with water to produce methane under
simulated sunlight in a Pt/SiC hollow sphere [135].

Fig. 16 Photocatalytic CO; reduction mechanism in the Pt/SiC hollow spheres [135]. (Copyright
Elsevier License Number 5321211504925)
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The development of polytype B-SiC, in the form of 3C-SiC, was also catried out by
Liand Sun [136] on a gram scale. 3C-SiC is produced in the form of nanoparticles by
using the ball milling method with a top-down approach. A cheap 3C-SiC crystalline
powder is used for the fabrication of 3C-SiC nanoparticles. Ball-milling machine
with high energy is used to grow nanoparticles by chemical vapor deposition. A
420 nm wavelength filter light from a Xe lamp with a power of 300 W is used
in photocatalytic CO, reduction. 3C-SiC nanoparticles were dispersed into a glass
reactor for the reduction of CO,. 3C-SiC is capable of harvesting visible light. The
band gap value is relatively small, about 2.36 eV, so 3C-SiC has an ideal band
position straddling CO, reduction. In addition, 3C-SiC has high stability, thermal
conductivity, and relatively low price. The achieved selectivity for reducing CO,
to CHy is as high as 90% combined with efficient water oxidation. Therefore, 3C-
SiC has great potential and deserves consideration in photocatalytic CO; reduction
applications [136].

Liu et al. [133] fabricated a nanocage with a heterophase junction of 2H/3C-SiC.
They prepared this nanocage by a simple magnesiothermic reduction technique
mediated by low-temperature molten salt. SiO, was used as a template. Uniform
heterophase junctions in the SiC nanocage will be formed by the 2H and 3C
crystalline phases. This accelerates photogenerated electron transfer effectively
and is very important in improving the performance to generate CO through the
photocatalytic reaction of CO, reduction. CO produced by SiC nanocage was
recorded to be 4.68 mol-g~!-h~!. This result is 3.25-fold more than commercially
available SiC [133].

4.2.6 Covalent Organic Frameworks (COFs)

Known as COFs, covalent organic frameworks contain crystalline organic pores with
orderly crystal structures connected with organic compounds by covalent bonds.
COFs are polymeric materials. COF is built by elements that tend to be lightweight,
such as carbon, hydrogen, oxygen, nitrogen, boron, and silica. As a new material
class, COFs have some advantages. The advantages of COF include tailorable pore
size, large specific area, tailored functionalities, and good thermal stability [119].

For example, Lu and coworkers designed a sequence of COFs in the form of crys-
talline 2D porphyrin-tetrathiafulvalente, TTCOF-M. The notation M indicates other
elements used in the material, such as 2H, zinc (Zn), nickel (Ni), and copper (Cu). This
material was synthesized as a photocatalyst for artificial photosynthesis including
reducing CO,. In this study, no sacrificial agents, precious metal co-catalysts, or
supplementary photosensitizers were added to the photocatalyst system. Schiff base
condensation technique between 5,10,15,20-tetrakis (4-aminophenyl)-porphinato]
(TAPP-M) which is metalized is the technique used in this study for the fabrication
of TTCOF- M. Meanwhile, the solvothermal method was used for the preparation
of 2,3,6,7-tetra (4-formylphenyl)-tetrathiafulvalene [137].

The mechanism of the CO, reduction reaction process with H,O oxidation is
shown in Fig. 17b. Visible light irradiation encourages the CO, reduction process
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with H,O oxidation. Before the photo-induced electron transfer process from the
tetrathiafulvalene (TTF) part to the TAPP part, the photons will be absorbed first.
After the electrons are excited, they travel to the active catalytic site in TAPP, which
is Zn/Cu. The excited electrons that have been transferred are used to reduce CO,.
Meanwhile, TTF can generate O, through H,O oxidation by the act of its photogen-
erated holes, in which electrons are obtained by the photocatalytic system from H,O
to maintain the charge balance. This research was able to reduce CO, with TTCOF-
Zn/Cu COF using water as an electron donor. The highest performance is shown by
TTCOF-Zn with CO production as high as 12.33 mmol and with high selectivity
which is also combined with excellent durability [137].

Fu et al. [138] successfully fabricated a crystalline bipyridine-containing sp’c-
COF as a photocatalyst to reduce CO,. Rhenium complex [Re(CO)sCl] was
used to modify the COF and form a homogeneous catalyst Re-Bpy-sp?c-COF

e
Dioxane : Mesitylene:
6M AcOH = 5:5:2
120°C 72h

TAPP-M M =2H, Zn, Ni, Cu

CO: reduction

Fig. 17 a TTCOF-M synthesis, b CO, reduction reaction process on TTCOF-M with H,O
oxidation [137]. (Copyright John Wiley and sons License Number 5319200443008)
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or [Re(bpy)(CO);Cl]. This COF photocatalyst showed outstanding photocatalytic
performance to convert CO, into CO with a production rate of CO 1040 mol-g~!-h~!
and selectivity of 81% (H;) during 17.5 h of illumination. With dye sensitization, the
photocatalytic performance was increased to reach 84% selectivity for more than 5 h
of illumination and produce CO as much as 1400 mol-g~'-h~! and 86% selectivity
(CO/Hy) [138].

Recently, Cui et al. [139] developed a ketoenamine-linked 2D COF, also known
as TpBb-COF. TpBb-COF was prepared under solvothermal conditions by an acid-
catalyzed Schiff-base condensation (Fig. 18a). There are two reactants used in this
condensation. The first reactant is 2,6-diaminobenzo[1,2-d:4,5-d’ |bisthiazole or Bb-
NH2, the second reactant is 1,3,5-triformylphloroglucinol or Tp-CHO. The reactant
is in the binary solvent mesitylene and dioxane. TpBb-COF was used for photocat-
alytic reaction to convert CO; to produce CO. This material has a bandgap value of
1.72 eV. As aresult, TpBb-COF showed excellent photocatalytic performance where
as much as 52.8 mol-g~!-h~! CO was able to be generated in pure CO,. Meanwhile,
in conditions of 30% CO, at 80 °C, the amount of CO that can be produced is
89.9 mol-g~!-h~! [139].

4.3 Composites System

Low et al. [140] designed nanoparticles of TiO, on the MXene TizC, for photo-
catalytic CO, reduction. The nanoparticles grew in situ on MXene Ti3C, through a
simple calcination technique. This composite has a unique structure like rice crust.
Due to the unique multilayer structure of TiO, to Ti3C,, there is a large specific
surface area which in turn provides a large active site for photocatalytic reduction.
By using the optimized TiO,/Ti3;C, composite, the performance to reduce CO, in
photocatalytic reaction to produce methane was 3.7-fold more than commercial TiO,
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or about 0.22 wmol-h~!. Ti3C2 has superior conductivity to facilitate the photogen-
erated electron transfer. Another consequence is that the photogenerated holes will
also be suppressed by the effect of this property. TiO; has a conduction band of about
—0.25 eV against a normal hydrogen electrode. The composite band gap value is
—0.04 eV concerning normal hydrogen electrodes, a more negative value than the
Fermi Ti;C, level (Fig. 19a) [140].

Figure 19b illustrates the photocatalytic process to reduce CO, in TiO,/Ti3C,
composites. First, with an interesting morphology in which a surface with a large
specific area will increase the ability of this composite to adsorb CO,. Second,
every component involved contributes to the outstanding performance. The black
color properties of Ti3C, increase the light absorption of the composite and create
a photothermal effect. Third, on conductive Ti;C, 2D, a heterogeneous interface
will be formed from in situ growth, where this interface can change the properties
of the original material. The tight and strong contact facilitates the migration of
charge carriers so that electron holes separate efficiently. In addition, photogenerated
electrons also accumulate in Ti3C, so it is very supportive of the multi-electron CO,
reduction reaction [140].
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Fig. 19 a The migration of charge carrier on TiO,/Ti3C, composite scheme b Photocatalytic
CO; reduction mechanism in TiO/Ti3C, composites [140]. (Copyright Elsevier License Number
501735419)
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Wang et al. [126] developed a photocatalyst to reduce CO, in the form of a
nanocomposite z scheme between g-C3Ny and a-Fe,Os;. The two materials are
linked by AI-O. The first step to make this photocatalyst is to make a g-C3N4/a-
Fe, O3 nanocomposite with an optimal ratio. The hydrolysis-solvothermal method
with phase separation was used in the synthesis of nanocrystalline a-Fe,Os. To
prepare g-C3Ny, urea was heated in an alumina combustion vessel. The mass ratio
of the two components was adjusted to obtain the optimal nanocomposite. Then, the
photocatalyst composite of g-C3Ny4 and a-Fe, O3 which is linked by the Al-O bridge
was fabricated by a two-step wet chemical technique. As the source of the Al-O bridge
in the nanocomposite, an aqueous solution of AICl; was used. Compared to using
pristine g-C3Ny and pristine Fe, O3, nanocomposite photocatalysts exhibit higher
photocatalytic activity for enhanced CO, conversion. After irradiation for 1 h, a-
Fe, O3 showed low photocatalytic activity in reducing CO; to several products, such
as CO, CHy, and O, with production rates of ~ 5.7 mol-g’1~h’1, ~0.3 mol~g’1 L
and ~ 6.2 mol-g~!-h~! respectively. However, the addition of a large amount of g-
C3Ny, especially 15CN-F, give a positive contribution to the photocatalytic activity
where the production rate for each product increased to ~ 15.8 mol CO g~"-h~!, ~
3.1mol CH4 g~"-h~!, and ~ 18.5mol O2 g~'-h~'. This photocatalytic activity perfor-
mance can be further enhanced by building a link or bridge between g-C3N4 and a-
Fe, 03 (15CN-6AI-F) on 15CN-F nanocomposite in the form of Al-O. As aresult, the
amount of CO produced is 4 times higher than a-Fe, O3, or about 24 mol-g~!-h~!. The
charge transfers and schematic of the photo-induced charge separation process for a
g-C3Ny4/a-Fe, O3 nanocomposite linked by an Al-O bridge are illustrated in Fig. 20.
Initially, the photoinduced electrons of a-Fe, O3 will join the g-C3N4 photoinduction
holes in the g-C3N4/a-Fe, O3 nanocomposite when these two materials are excited
simultaneously under a wavelength of 460 nm. In this case, a redox reaction will be
induced because the holes in a-Fe, O3 and electrons in g-C3Ny are spatially sepa-
rated and have thermodynamically sufficient energy. This reaction will result in a
promoted charge separation which will increase the photocatalytic activity. Al-O
bridges in nanocomposites will promote charge transfer from the a-Fe, O3 side to
the g-C3Ny side and lead to increased photocatalytic performance for CO; reduc-
tion. Photo-induction of electrons in g-C3N4 stimulates a reduction reaction with the
H,O component to produce hydrogen atoms. The resulting hydrogen atoms attack
the CO, molecules to produce products in the form of CO and CH4. Meanwhile,
another product, namely the radical hydroxyl group, could evolve O, through the
photoinduced hole reaction of a-Fe,O3 with H,O [126].

Photocatalyst made from g-C3;N4 was also recently fabricated by Xu and
coworkers. In their research, they developed a photocatalyst nanocomposite with
a ternary system between g-C3Ny, Ag,CrQy, and graphene oxide having a Z-scheme
mechanism. This nanocomposite photocatalyst system with g-C3N, was developed
because its ability to absorb visible light is low and its charge recombination is
so fast. In this photocatalyst system, silver chromate (Ag,CrO,4) nanoparticles are
used which act as photosensitizers to drive charge transfer and harvest light. Silver
chromate (Ag,CrO,4) was used as a photosensitizer due to its narrow bandgap (-
1.8 V). This is favorable for the g-C3Ny light absorption so that the amount of
absorbed light by g-C3N4 can be increased. In addition, Ag,CrO,4 may also pair with
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Fig. 20 Mechanism of photoinduction charge transfer and separation in g-C3N4/a-Fe>O3
nanocomposites linked by Al-O bridges [126]. (Copyright Elsevier License Number 501735385)

g-C3Ny to form binary heterojunctions to promote photogeneration charge separa-
tion. Graphene oxide (GO) was used as a co-catalyst. Apart from being a co-catalyst,
GO is also an electron collector and provides a reactive site for CO, conversion. A
composite photocatalyst with a ternary system was recently prepared to reduce CO,
in photocatalytic reactions under simulated light irradiation to produce methane and
methanol. The precipitation self-assembly technique was used for the fabrication of
AgrCrO4/g-C3N4/GO composites (Fig. 21) [141].

Fig. 21 Schematic of Agy,CrO4/g-C3N4/GO composite fabrication [141]. (Copyright Elsevier
License Number 501735474)
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Fig. 22 Photocatalytic process in AgyCrO4/g-C3N4/GO ternary composite through Z-scheme
[141]. (Copyright Elsevier License Number 501735474)

Under full spectrum sunlight simulation, the photocatalytic activity of the ternary
composite Ag,CrO4/g-C3N4/GO in reducing CO, was very good, as high as
1.03 mol-g~!. This result is 2.3-fold more than using the whole g-C3Nj. The direct
Z-scheme mechanism is a charge transfer process that occurs between Ag,CrOy4
and g-C3Ny (Fig. 22). Apart from promoting charge separation, this charge transfer
process enhances the reduction—oxidation capability of the photocatalytic system as
well [141].

Crake et al. [142] developed a composite photocatalyst of inorganic and organic
materials for CO, reduction applications. In this study, they used titanium oxide and
carbon nitride. Carbon nitride is used in the form of nanosheets (CNNS). The two
materials, namely TiO, and CNNS were prepared by hydrothermal in situ growth
technique (Fig. 5a). This photocatalyst system does not require an expensive co-
catalyst and CO, reduction takes place in a single process. First, the preformed
carbon nitride was exfoliated by sonication in water to form carbon nitride (CNNS)
nanosheets. This CNNS was used to obtain TiO, and CNNS composites. In the
PTFE autoclave, titanium butoxide, hydrofluoric acid, and CNNS were added and
mixed. The process was continued by heating at 180 °C for 24 h. The addition of
hydrofluoric acid aims to control the formation of crystal facets. This photocatalyst
exhibits an excellent photocatalytic CO, reduction performance compared to its
constituent materials, approximately an increase of more than tenfold. In addition,
this composite also increases the capacity to adsorb CO, [142] (Fig. 23).

4.3.1 TiO,-MOF Composite

The combination of TiO, metal with MOF covers the shortcomings of each material
as a CO;, reduction photocatalyst. These metals have their respective roles; TiO, acts
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Fig. 23 TiO,/Ti3C, composite a Schematic of the fabrication process of TiO,/CNNS compos-
ites b Photocatalytic CO; reduction reaction pathway [142]. (Copyright Elsevier License Number
5321210450514)

as a primary photocatalyst. Meanwhile, MOF acts as a photosensitizer for efficient
light harvesting and electron transfer. Combining the two improves light absorption,
electron—hole pair separation, and photocatalytic efficiency. The results obtained can
be 5 times higher than pure metal TiO, even though CO, adsorption is reduced [143].

TiO,-MOF composites with TiO, particles graphed onto (Cu3(BTC),) micro-
crystals (TiO, in HKUST-1) were found to have a bandgap of 1.6-3.1 eV under
UV light. The use of this composite reduces the adsorption capacity of CO,, but the
production of CHy is five times higher than the use of pure TiO, due to electron-hole
separation [144].

Crake et al. [145] performed the synthesis of TiO, through the solvothermal
method. Then the in situ method was used to produce TiO,-MOF composites under
UV-Vis irradiation. This composite prevents TiO, aggregation by maintaining a
high surface area. Furthermore, the porosity of the MOF results in a sizeable CO,
adsorption capacity so that the amount of adsorbed CO, on the surface increases.
Wang et al. [143] explain four types to produce TiO,-MOF composites. The first type
uses organic ligands and metal templates of different morphology to form MOFs.
The second type uses a precursor to produce TiO, into a prepared MOF. The third
type is the in situ method, as done by Crake et al. [145], and the last one uses a partial
organic linker from MOF.
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4.3.2 Graphene-MOF Composite

Another MOF combination, graphene, makes up for the lack of electrical conductivity
in MOF and improves the photothermal stability. This composite can also reduce
aggregation at high-temperature calcination and increase the catalytic activity of the
active sites. The MOF in the composite acts as a substrate for the diffusion of the
substrate because of its porous structure so that there is more room for additional
components. In addition, MOF also has high crystallinity and stability during the
photocatalytic process. Graphene is a conductor for light harvesting and electron
transfer [110].

Briefly, there are two methods for making MOF-Graphene composites. The first
way is physical mixing with pH adjustment to increase electrostatic adsorption. The
second method is in situ growth to increase the interaction between graphene and
MOF. The performance of these two methods can be improved in several ways,
namely MOF aminase, polydopamine, heteroatom doping, use of graphene aerogel,
and constructing heterogeneous structures [146].

4.3.3 Titanium-Based Perovskites

Modification of TiO, catalyst with perovskite as host material was used to adjust
optical properties and induce visible light absorption. This composite is also intended
to form a catalyst that has good photo-corrosion resistance and thermal stability.
In addition, this composite is applied as a candidate for producing hydrogen and
hydrocarbons as well as water separation processes through photocatalytic reduction
of CO, [108].

Strontium titanate oxide (SrTiO3) and calcium titanate oxide (CaTiO3) are the
most widely used perovskite oxides. SrTiO3 perovskite composites with TiO, are
known to have the ability to selectively separate CO, reduction reactions and enhance
charge transfer synergism. In addition, this perovskite can escalate the selectivity of
CH, and CO production. The addition of Pt and Pd nanoparticles to the composite
material increased the photoconversion efficiency of CO, to CHy. As a result, the
production of CH4 and CO increased by 4.7 and 1.6 times, respectively, compared
to ordinary composites. This is because Pt contributes to increase the efficiency of
charge separation [108] (Fig. 24).

4.3.4 Graphene-Based Perovskites

Graphene is one of the most widely used photocatalysts for CO, reduction. However,
this material has a cypher bandgap which makes it incapable to perform charge sepa-
ration. However, graphene offers high charge mobility and electron—hole pair sepa-
ration through its interface. The use of composites with graphene enables increasing
its light absorption, charge mobility, and catalytic activity in visible light through
their synergistic effect [108].
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Fig. 24 Photocatalytic Mechanism over SrTiO3/TiO, Composite. Reproduced with permission
[108]. (Copyright Elsevier License Number 5326340974814)

The use of perovskite Bi;MoOg composite with graphene for photocatalytic CO,
reduction was carried out to produce CH;OH and C,HsOH. Bi;MoOg electrons will
migrate from VB to CB, then the Mo atoms in the perovskite will trap photogenerated
electrons to attract CO,. These electrons will then move towards graphene which has
an electron-rich interface. Finally, CO, absorption occurs due to the large surface
area of graphene [147].

4.3.5 Graphitic Carbon Nitride-Based Perovskites

KNbO;j is a perovskite used as a composite with g-C3Ny and Pt. g-C3N4 functions
as a sensitizer while Pt acts as a co-catalyst. The electrons will be migrated to the
perovskite which is then switched to the Pt co-catalyst to reduce CO; into CHy. The
use of this composite system produces four times higher methane product than the
use of pure g-C3Ny, under visible light radiation. In addition, the use of perovskite
as a composite material is proficient to increase the catalytic activity along with the
increase in the concentration of perovskite. In another study, the use of perovskite
NaNbO; composites with g-C3N4 was able to increase methane production eightfold
compared to the use of pure g-C3N4-Pt or NaNbOs. This is because there is a faster
separation and charge transfer so that the photocatalytic activity also increases. In
addition, g-C3Ny CB (—1.13 eV) was located at more negative potential than that of
NaNbOs (—0.77 eV) [108] (Fig. 25).

4.3.6 MXenes-Based Perovskites

MXenes are transition metal carbides/nitrides and carbonitrides that have the general
formula M,,,;X,, where M is a transition metal such as scandium, titanium, zirco-
nium, hafnium, vanadium, niobium, tantalum, and molybdenum while X is carbon
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Fig. 25 Photocatalytic Mechanism over g-C3N4/ KNbO3 Composite. Reproduced with permission
[108]. (Copyright Elsevier License Number 5326340974814)

or nitrogen. Perovskite Bi, WOg composite with MXene Ti;C, yielded 4.6 times
higher CH4 and CH3;OH than the use of pure Bi;WOg¢ perovskite. This is because
CB perovskite is more negative than Ti3C; so there is a sudden electron migration as
aresult of photo induction to the heterojunction interface. In another study, CsPbBr3
NC/MXene perovskite nanocomposites were able to selectively produce CO and
CH, [148].

5 Product Characterization, Analysis, and Selectivity

5.1 Product Characterization and Analysis

CO; photoreduction involves multi-electron reactions that can result in a wide range
of products in the gas phase, including CO, CHy, and higher hydrocarbons, as well
as numerous, oxygenates in the liquid phase, including alcohols, aldehydes, and
carboxylic acids. Table 3 depicts a few reaction examples that result in gas and
liquid products. According to a recent analysis by Izumi, certain reduction products
with reasonably high yields that are not thoroughly verified may not be entirely
made from CO,. While our study is focused on producing effective photocatalyst
systems, there are a few critical challenges that need to be addressed in terms of
CO; reduction product analysis: (1) Is it possible to reliably detect the most likely
reduction products? After accurate quantification of the products and elimination of
the contribution from carbon contamination, a reliable conclusion on photocatalytic
activity can be reached. (2) Will organic additions have an impact on the product
analysis? Organic additives are frequently utilized in homogenous molecular systems
as sacrificial reagents, solvents, photocatalysts, or photosensitizers. It is necessary to
evaluate their impact on the analysis of CO, reduction products. (3) Is it true that the
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measured products are the result of CO, reduction? Verification techniques include
13Cnuclear magnetic resonance (NMR) and gas chromatography-mass spectrometry
(GC-MS).

5.1.1 Analysis of Gas Phase Products

The principal gaseous products of CO, photoreduction are CH4 and CO, while H,
and/or O, can also be formed as byproducts of water splitting [149]. Varghese et al.
also found higher alkanes as photoreduction products of CO; in their study [150].
Aside from the products, CO, must be quantified as the primary species in the gas
phase due to limited conversion to estimate the reaction progress and/or the extent of
CO; dissolution in the liquid phase [151]. The use of infrared spectroscopy (IR) or
diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) to check CO,
consumption and generation has been done on occasion [152]. The most widely used
method for quantifying these gas species is gas chromatography (GC) [152]. GC-MS
was also employed for routine CH4 and CO analysis in addition to GC [153] or to
confirm the source of carbon [154].

5.1.2 Analysis of Liquid Phase Products

Although GC with TCD/FID is still the most commonly used technology for
analyzing various forms of liquid oxygenates (mainly alcohols) [155], Other
approaches have been used, such as MS, high-performance liquid chromatography
(HPLC) [156], ion-exchange chromatography (IEC) [157], ultraviolet—visible (UV—
Vis) spectroscopy (colorimetric assay) after reacting with chromotropic acid [158]
or Nash reagent [159] and NMR [160]. Table5 summarizes the substances that can
be evaluated and their detection limits utilizing various techniques, as well as the
accompanying constraints.

5.2 Product Selectivity

Photocatalytic CO, reduction can directly convert CO, and H,O into hydrocarbon
solar fuels utilizing endless solar energy as the only source of energy [161]. CO,, as
the highest oxidation state of carbon, can be reduced into a variety of products by
obtaining different numbers of electrons and protons, such as CO, HCOOH, HCHO,
CH3;O0H, and CH4 [162]. Besides these C1 products, some C2 products (C,Hy4, C;Hg,
CH;CH,O0H) derived from the C—C coupling reaction also can be detected in the
photocatalytic CO, reduction reactions [163].

In thermodynamics and kinetics, Fig. 26 summarizes some key influencing factors.
To begin, light must be absorbed by a semiconductor photocatalyst to produce effec-
tive photogenerated electrons and holes. Photon energy and light intensity are the
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Table 5 Comparison of techniques used for liquid phase analysis in CO, photoreduction

Technique Compounds Detection limit | Limitation
GC Alcohols 3 wmol-L~! Much higher detection limits
Aldehydes 100 wmol-L~! | for aldehydes
HPLC Carboxylic acids 5 wmol-L~! Aldehydes need to be
Aldehydes 0.07 wmol-L~! | derivatized before analysis
IEC Carboxylic acids 0.1 wmol-L=! | For acids only
10 pwmol-L~!
UV-vis HCHO after reaction with | 0.17 wmol-L~! | Not applicable for other
Nash'’s reagent or HCOOH | 0.08 wmol-L~! | aldehydes and acids,
HCOOH can only be
analyzed when no other
organics are present
1H & 13C NMR | All oxygenates Not available High cost, difficult for
quantification although some
work demonstrated
quantification mainly for
product quantification,
carbon source verification
GC/LC-MS All oxygenates Not available Mainly for product
qualification, carbon source
verification

most common light-excitation attributes. The former determines whether a semi-
conductor can absorb excited photons and thus influence the product selectivity of
thermodynamic reactions. The latter impacts the number of photogenerated elec-
trons and holes generated by excitation, and subsequently affects the reaction rate
and product selectivity of multiple electron processes kinetically.

5.2.1 Product Pathways and Selectivity

Figure 27 depicts the various routes of complex photocatalytic CO, reduction
processes, which include electron and proton transfer, hydrogenation and deoxy-
genation, C—O bond breaking, and C-H bond formation [165]. CO, adsorption on
the surface of the photocatalyst initiates photocatalytic CO, reduction processes.
CO; adsorption mechanisms in general include carbon and oxygen coordina-
tion with photocatalyst surface atoms [166]. The adsorption/desorption of reac-
tants/intermediates, as well as the sequencing of hydrogenation and deoxygenation
processes, are all affected by the C, H, and O affinities of photocatalysts, resulting
in diverse product paths and selectivity [164].
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Fig. 26 Important thermodynamic and kinetic influence factors in product selectivity of photocat-
alytic CO; reduction reactions [163]. (Copyright Elsevier License Number 5327490662508)

5.2.2 Main Strategies for Controlling Product Selectivity

Complex multi-step mechanisms are involved in photocatalytic CO, reduction reac-
tions. In terms of reaction activity and product selectivity, each procedure is critical.
The photocatalytic CO, reduction process can be broken down into the following
phases in general: (1) Photocatalysts are activated by the right amount of sunlight
and produce a large number of electrons and holes. (2) Charge carriers generated by
photocatalysts separate and transfer from the bulk to the surface. (3) On the surface of
photocatalysts, reactants (CO, and H,O) are simultaneously captured and activated.
(4) Photogenerated holes are consumed by H,O or additional sacrificial reagents
to form oxidation products, whereas effective photogenerated electrons reach the
surface active sites and catalytic reduction processes occur. (5) The resulting prod-
ucts desorb from the photocatalyst surface, and the re-exposed surface active sites
engage in the subsequent catalytic events.

By adjusting the key phases of the photocatalytic CO, reduction process, the
product selectivity of photocatalytic CO, reduction reactions can be controlled. The
primary engineering strategies for enhancing photocatalytic CO, reduction product
activity and selectivity are given in Fig. 28.

5.2.3 Light-Excitation Attributes

In general, the wavelength requirement of incident light that can excite semicon-
ductors is determined by the band gaps of classic semiconductor photocatalysts. By
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Fig. 27 Possible pathways of photocatalytic CO; reduction to CHy on the surface of photocatalysts
[164]. (Copyright Elsevier License Number 5327490662508)

altering the light-excitation properties, it is difficult to manage the product selec-
tivity of CO, reduction processes. Plasmonic photocatalysts have different modes of
light absorption and excitation than standard semiconductor-based photocatalysts.
The collective free electron oscillations induced by light irradiation, known as local-
ized surface plasmon resonances (LSPRs), can produce strong light absorption in
plasmonic nanoparticles (NPs) [167].

Adsorbed reactants on the surface of plasmonic NPs can be activated by the
energetic (hot) electrons obtained. Excess hot electrons stored on the surface can
participate in CO; reduction processes with the help of an effective hole scavenger,
and oxidation products result from the oxidation of the hole scavenger. The distribu-
tion of photoexcited hot electrons is highly influenced by the energy and density of
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photons, resulting in distinct reaction paths and rates. It should be possible to tune
light-excitation properties to alter the product selectivity of plasmonic photocatalysts.

5.2.4 Band Structure of Photocatalysts

The redox abilities of photogenerated electrons and holes are highly dependent on
the locations of photocatalysts’ CB and VB during photocatalytic processes. CO,
conversion to various reduction products necessitates certain reduction potentials of
photogenerated electrons, as shown in Fig. 29. Regulating the band structure of photo-
catalysts to regulate the CB positions allows efficient management of product selec-
tivity with respect to thermodynamics by obtaining designated reduction potentials
of electrons.

5.2.5 Separation of Photogenerated Electrons and Holes

CO; reductions by photocatalysis are multi-electron processes. The density of photo-
generated electrons on photocatalyst surfaces can alter the rate of surface catalytic
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reactions, which in turn affects the overall product selectivity of the reaction. The
separation efficiency of photogenerated electrons and holes in photocatalysts deter-
mines the density of surface photogenerated electrons [169]. As a result, increasing
the effectiveness of charge separation of photocatalysts should be a key technique
for controlling product selectivity [170].

5.2.6 Adsorption and Activation of Reactants

In a catalytic reaction, the adsorption and activation of reactant molecules is a crucial
step. The only two reactant molecules in photocatalytic CO, reduction processes
are H,O and CO,. Their adsorption and activation capabilities on the photocatalyst
surface have a significant impact on activity and product selectivity. CO, is a nonpolar
linear molecule that has a bond energy of 799 kJ-mol~!. CO; is difficult to activate
and diminish due to these properties [171]. CO, adsorption on photocatalyst surfaces
can change their linear molecular conformation, allowing the CO, molecule to be
activated for photocatalytic reduction processes [172]. CO, adsorption and activation
are usually synchronized. CO, adsorption on the surface of photocatalysts is indicated
by typical carbon coordination, oxygen coordination, and mixed coordination modes.

A partially charged species CO, radical dot will arise as a result of the interaction
between CO, and the surface atoms of photocatalysts, which is the typical activa-
tion intermediate. The process of further reduction by acquiring electrons can occur
smoothly after activation. The surface atomic states and characteristics of photocat-
alysts influence the coordination modes of CO, radical dots. Better CO, adsorption
and activation increase CO, usage and lower the reaction barrier, affecting the product
selectivity of photocatalytic CO, reduction processes [173].
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H,O is a key reactant in the photocatalytic CO, reduction process [174]. To
complete the oxidation half-reaction, HO consumes photogenerated holes. H,O
also serves as a proton source for the CO, hydrogenation process. The adsorption
and dissociation of H,O to protons on the surface of photocatalysts can boost the
photocatalytic CO, reduction processes by further reducing the hydrocarbon prod-
ucts. Pt is a good candidate for dissociating H,O to H adatoms, and it is beneficial
in the treatment of HER. Hydrocarbon compounds with a high reducing state can be
obtained by further hydrogenation of CO, with H adatoms obtained through H,O
dissociation.

5.2.7 Control Reaction Active Sites

The product selectivity of photocatalytic CO, reduction processes is influenced by
the quantity and species of surface reactive sites. Different active sites are appropriate
for various surface catalytic processes, yielding various products. High-index facets
can bring more surface low-coordinated atoms than low-index facets, which can
serve as good active sites for CO, activation and catalytic processes.

The product selectivity of CO, photocatalytic reduction was heavily impacted
by the size of Pt NPs. The smaller Pt NPs resulted in better H,O reduction selec-
tivity for H, production. The bigger Pt NP-modified HTSO can achieve a better
CHy selectivity. Surface terrace sites were more common in bigger Pt NPs, while
low-coordinated locations (corner and edge) were more common in smaller Pt NPs
(Fig. 30a). The DFT simulations also revealed that terrace sites can operate as active
sites for CH4 production, while low-coordinated areas are better for converting H,O
to Hs.

The partial CO-modified 1.8PHTSO (1.8 nm Pt modified HTSO) may cover the
corner and edge sites of Pt particles, as shown in Fig. 30b, c. The photocatalytic
performance of 1.8PHTSO and CO-1.8PHTSO is compared in Fig. 30d, demon-
strating that the terrace sites were favored for CH4 production. The size of Pt modified
the geometric feature’s surface site percentage, which varied the product selectivity
of photocatalytic CO; reduction processes [164].

5.2.8 Intermediates/Side Products of Adsorption and Desorption

Good reactant adsorption and simple product desorption are required to yield targeted
products with high selectivity. Many different intermediates or side products can
be generated during the photocatalytic CO, reduction process. Intermediate and
side products differ in their strong interactions with photocatalysts. The species are
difficult to desorb from the surface of the photocatalyst if the contact was too strong.
Itis more likely that a further hydrogenation reduction reaction will be carried out [9,
164]. Intermediaries is the name given to these species. The weak interaction, on the
other hand, will make desorption and release from photocatalyst surfaces easier, and
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these species act as key side products. In this regard, the adsorption and desorption
of intermediates/side products can have a significant impact on photocatalytic CO,
reduction reaction product selectivity [9, 164, 173].

6 Challenges and Opportunities

Energy scarcity and environmental issues are becoming increasingly serious global
issues and major challenges for humanity in the twenty-first century. Solar-driven
CO; reduction to value-added chemical fuels is a viable option for influencing
the global carbon balance, with tremendous potential rewards. The current goal
is to create photoactive materials that can chemically tie these light-driven redox
processes together, achieving conversion efficiencies and selectivity that are supe-
rior to natural photosynthesis. Thermodynamically upward, multi-electron, multi-
hole, and multi-proton reactions occur on a multicomponent photocatalyst in the
photoconversion of CO;. In the fields of catalysis, energy science, semiconductor
physics and engineering, and green chemistry, long-standing difficulties are posed.
Several key considerations must be balanced to develop effective CO, fixation and
conversion, including:

(i) A thorough understanding of the processes that take place on the surface of
photocatalysts during CO, reduction, such as CO, and intermediate product
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(ii)

(iii)

(iv)
)

(vi)
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adsorption and desorption, as well as the role of adsorbed water. In this regard,
the research would combine experimental and computational methods to assess
catalyst activity for CO, photoreduction, advancing fundamental knowledge in
the fields of material science, surface chemistry, photocatalysis, and nanotech-
nology. STM would be used to determine CO, adsorption locations and explore
molecular orbitals and transfer of charge. The local density of states, lowest-
energy molecule structure, and vibrational modes would theoretically be clar-
ified using density functional theory (DFT) computations. STM and DFT
working together would give a natural framework for future research targeted
at gaining an atomic-scale knowledge of CO, photoreduction.

A significant increase in the lifespan of the charge-separated state could result
in a significant increase in CO, photoreduction efficiency. This electron—hole
recombination is two to three orders of magnitude faster than other electron
transfer processes in terms of time scale. As a result, any approach that prevents
electron—hole recombination will considerably improve CO, photoreduction
efficiency and rates. To decrease electron—hole pair recombination, the photo-
catalyst’s electrical conductivity and diffusion length should be as high as
possible. Charge-carrier transfer to surface reaction sites for reductive chem-
istry may be aided by ultrathin nanostructures. The electron-hole recombina-
tion can be decreased by spatial separation of photoexcited electrons and holes,
which can be done via co-catalysts, Z-schemes, or heterostructures linking two
semiconductors with properly aligned band structures.

Light absorption by the photocatalyst affects the kinetics of CO, photoreduc-
tion. Many optical approaches, such as structuring for multiple light scattering
to increase the effective optical path length and up-conversion to convert nonab-
sorbed infrared light to absorbed visible light, could be useful for harvesting
light to improve efficiency.

To maximize the adsorption, transport, and desorption of reactants, intermedi-
ates, and products, a large surface area and porosity are necessary.

Because defects like oxygen vacancies regulate the majority of the chemistry at
many metal oxide surfaces, oxygen vacancies are thought to play a critical role
in electron trapping and CO, activation. These defects can be discovered by
in situ electron paramagnetic resonance spectroscopy, ultraviolet photoemis-
sion spectroscopy, and metastable impact electron spectroscopy, among other
techniques.

A high-efficiency process must be based on photoactive materials that are
abundant on the planet, non-toxic, light-stable, scalable, and affordable in cost.
Furthermore, with prolonged irradiation, the efficiency of photocatalytic CO,
reduction may be deactivated.
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7 Conclusion

It may be argued that environmental issues are no longer localized issues, but have
evolved into global issues concerning climate change. We are still far from having a
superb as well as a cost-effective photocatalyst for photocatalytic CO, reduction with
H,O to overcome these challenges. As previously stated, photocatalytic processes
are quite intricate in terms of both physical mechanism and product distribution,
which limits their usefulness. The current state of research in this field is perplexing,
and evaluating the efficiency of various photocatalysts is challenging due to the
wide range of influencing factors and reaction circumstances. Many of the studies
neglected some details like mass balance (moles of CO; transformed into the specified
product), product distribution, and the amount of reducing agent, as well as time
requirements, solution pH, temperature, CO, pressure, light power, and activity decay
with time. Comprehensive research into this method is required before it can be put
into practice on a large scale. A single, uniform and widely agreed standard format
should be created.

The major challenges responsible for the current significantly low rate of average
productivity in photocatalytic reduction of CO, with H,O are low photocatalytic
efficiency, low response to sunlight, inefficient electron transport between reduction
and oxidation catalysts, and a high recombination rate of photogenerated species.
The short lifetimes of one electron-reduced species and the photoexcited state in the
presence of O, produced by H,O oxidation are considered also more drawbacks.
Even though UV light has more energy than visible light, visible light harvesting
photocatalysts are the most desirable for this process due to the plentiful visible light
from natural sunlight. Plasmonic photocatalysts, which are still in their inception,
have already shown promise in overcoming the first two flaws listed above. Because
the boundaries of these extremely effective noble metal photocatalysts are quickly
growing, it is reasonable to expect plasmonic photocatalysts to play a substantial role
in future environmental solutions.

Fabrication of ideal structured visible light-responsive photocatalysts with a wide
bandgap, high rate of photogenerated electron—hole transport, high rate of photogen-
erated electron—hole transport, and low rate of recombination, to increase the possi-
bility for practical application of photocatalytic CO, reduction with H,O should be
the focus of future research.
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Abstract Global energy demand continues to rise due to population expansion
and economic success. As a result, annual population increases require high energy
demand to provide essential needs and perform daily processes. To achieve sustain-
able development, energy sources ought to be reliable and have slight environmental
problem. Photocatalytic water splitting by producing Hj, is an alternative approach to
replace the traditional fossil fuels and providing environment friendly energy storage.
Design in photocatalysts is essential to achieve economically applicable photocat-
alytic water splitting with higher efficiency. Sustainable hydrogen production would
be a crucial first step toward powering fuel-cells. In addition, implementation on a
larger industrial scale for attaining mature technological operations to lower N, and
CO, emissions while producing desired products is achieved. The main challenge is
harnessing solar radiation to produce hydrogen from water. In the coming decades,
it is anticipated that wind-powered electrolysis and photovoltaics will be priori-
tized for producing renewable hydrogen. However, integrating catalysis with light
harvesting for photoelectrolysis has various benefits. Among those benefits, thermal
management and employment of lower current densities are preferable. Nowadays,
semiconductor photocatalysis using solar energy is considered as a prospective way
for disbanding the environment pollution and the global energy crises. It has been
thoroughly studied in a variety of photocatalysis domains, including the reduction
of pollution, the production of H, and O,, etc. The recent rising attention toward
photocatalytic water splitting can be attributed to four-electron reaction mechanism.
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1 Introduction

Energy is required worldwide to provide basic needs like domestic activities and
support high energy for industrial demands. The quality of energy in the develop-
ment process is a critical matter. For sustainable development, energy sources are
required to be safe and have less negative impact on the environment. Economic and
social growth on the long term depends on the reliability and affordable access to the
energy resources [1]. Global energy demand is still increasing as a result of popula-
tion increase and economic success. The increasing energy crisis and environmental
pollution due to excessive utilization of fossil fuels is detrimental to climate changes.
Dependency on fossil fuels is urgently sought to be minimized by conducting research
on an extended scale to explore alternative renewable and clean alternative energy
resources. In addition to the renewable energy source, solar energy is widely abun-
dant for tackling environmental concerns, because it is free and environmentally
friendly. Solar fuel production from sunlight captured by man-made photocatalysts
is both practical and highly desirable [2].

Researchers have studied solar energy conversion and storage techniques in depth
in order to make the most of the massive quantity of energy of 4.3 x 10?° Jh~! that
hits the surface of the Earth. Solar energy can be utilized for chemical conversion
for energy storage or converted into electricity. Photocatalytic water splitting is a
potential and environmentally friendly method of storing solar energy in the form
of H,. When used in fuel cells to produce electricity, H, is a green source of energy
because the resultant byproduct is water. Additionally, hydrogen has a high energy
density, ease of storage and transport with current technologies. Photocatalytic water
splitting is conducted in an aqueous solution containing a photocatalyst to capture
photonic energy and induces the water splitting process. Researchers have investi-
gated and reported various materials that are capable of overcoming the thermody-
namic and kinetic obstacles needed for photoconversion of solar energy via water
splitting. Suitable energy band gap with appropriate CB and VB values, high resis-
tivity of photocorrosion, and an adequate charge transfer system are all criterions for
an effective photocatalyst [3].

Solar energy can be converted and stored into various beneficial forms of energy.
It can be used in chemical fuel conversion via H, through solar water splitting, CHy
production via solar-driven CO; reduction, and ammonia synthesis from N,. Besides,
it also generates electricity (photovoltaic effect) and heat production (thermal collec-
tors or phase changing materials). H, fuel is an excellent approach as a green chem-
ical energy carrier due to its high specific energy with byproducts containing only
heat and water. The most promising method for generating H; is photocatalytic water
splitting via solar energy. However, production of highly effective photocatalysts still
faces significant technical challenges. Solar light-driven photocatalysts stand out as
a solution to the recent energy and environment crisis. TiO, photoelectrode was
first found to be capable of decomposing H,O into H, and O, under UV irradiation
in 1972. Since then photocatalytic semiconductors have gained extensive attention
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toward environmental purging and energy conversion [4]. The photocatalytic process
consists typically of 3 steps:

(1) Electron—hole pairs formation in the photocatalyst in response to light
irradiation (hv = E,);

(i) The migration of the photogenerated species from the bulk to the surface of the
photocatalyst; during this step some of the generated species are recombined;
and

(iii) Non-recombination electrons and holes will interact with adsorbed reactants by
either reduction or oxidation processes. Overall, photocatalytic water splitting
(H = 285.5 kJ mol™") is thermodynamically hindered. Hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), both two half reactions,
sum up the Gibbs free energy via photon energy. Photocatalysts are irradiated
with light-induced reduction and oxidation reactions in which the equations
are as follows:

1. 2H" 4+ 2e~ — H, (reduction reaction) (1)

2. 40H™ 4+ 4h* — O, 4+ 2H,0 (oxidation reaction) )

OER in which 4e™ are transferred in the water splitting process is the rate deter-
mining step with a higher reaction barrier than HER. Bandgap values of the photo-
catalysts should be higher than 1.6 eV for enabling multi proton/electron processes
of water oxidation. The bandgap value is essential to overcome the sluggish kinetics,
which is referred to as the multistep reaction of the existing intermediates during the
O, production process. The pH of the medium has an influence on the OER, and the
equations are as follows:

2H,0 — O, + 4e~ +4H" (acidic condition) 3)

40H™ — 02 4 4e~ 4+ 2H,0" (alkaline condition) (@)

OER efficiency is influenced by various parameters such as illumination absorp-
tion, photogenerated charge separation, and the catalytic surface reaction, which are
the three fundamentals of a photocatalytic process.

1.1 Water Splitting for Energy Conversion and Storage

Fossil fuels have been indiscriminately used to convert the chemical energy contained
in these fuels into heat and power, thus dominating the global energy landscape,
despite rapid depletion and the impact of carbon dioxide emissions on the Earth’s
climate. Since the 1970s, interest in renewable energy sources like wind, solar, and
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biomass has increased, leading to the implementation of several strategies, many
of which are ideal carbon neutral, meaning that only few CO, is released into the
environment [5]. Limitations in energy storage technology and the degree of integra-
tion with the power grid system prevent these intermittent energy sources from being
used to its full potential. An appealing approach to ensure a continuous, robust energy
supply is the conversion of surplus electrical energy to chemical bonds (hydrogen gas,
methane, and liquid ethanol) via electrochemical or photo-electrochemical conver-
sion by renewable electricity or direct sunlight through water splitting as shown in
Fig. 2. In this scenario, much of research interests focus on the well-known water
splitting reaction [6]. This reaction can be described as two half-cell reactions as
shown in Fig. 1; the oxygen evolution reaction (OER), as follows:

2H,0 — 4H" + 4e + O,E°= 1.23 V vs. NHE 5)

Potential A

vs. SHE m

(III}HT at pH=0 *j .
“ o &
Bandgap | hv
+1
R T
2 +1.23V

Ll

Fig. 1 The main processes and the principle of photocatalytic water splitting in semiconductor
photocatalysts [2]

Hybrid 1D/2D
Photocatalysts

Fig. 2 Hybrid Photocatalyst for light harvesting water splitting for energy conversion and storage
application
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As well as the hydrogen evolution reaction:

HER, 2H" + 2e — H,E° = 0.00 V vs. NHE (6)

Overall : 2H,0 — 2H; + O, E°cell = —1.23V; DG = 475 kJ/mol

In either case, a suitable catalyst is required to lower the huge overpotential
barrier, hence speeding up the electrochemical kinetics. A four proton-coupled elec-
tron transfer process and the formation of oxygen—oxygen bonds, both of which
are necessary for the reaction, are required for the catalysis of OER, which is more
complex and kinetically challenging, in contrast to the HER, which produces fuel
relatively simple to implement. Typically, electrocatalysts (IrO,, RuO,, Ni oxides,
etc.) are used in conventional electrochemical cells for water splitting to reduce over-
potential and Tafel slope and maximize energy conversion efficiency. However, the
onset potential at an electrocatalyst is always higher with respect to the theoretical
redox potential of water oxidation (1.23 V vs. RHE) due to the thermodynamic energy
barriers of this electrochemical reaction [7].

Photoreduction of excessive CO, emissions with greenhouse effects into
combustible CO and CH4. However, due to the strong linear structure of CO,,
obtaining a highly efficient CO, reduction under visible-light irradiation is diffi-
cult. Furthermore, an effective CO, reduction photocatalyst should have appropriate
redox potentials, high charge separation efficiency, and a long lifetime. The range
of light absorption can be expanded using 1D/2D heterostructured photocatalysts,
which can also affecting separation and migration of photoinduced charge carriers
[4]. For instance, through a spatial distribution heterojunction made possible by the
in situ growth of Znln,S4 (ZIS) nanosheets on g-C3N,4 micro tubes (TCN), highly
efficient charge separation, rapid interfacial charge transfer, strong light absorp-
tion, and larger CO, adsorption are required for photocatalytic CO, reduction. The
vertically aligned ZnlIn,S4 nanosheets on both the outer and inner surfaces of TCN
generate a hierarchical core/shell structure, which increases the conversion efficiency
of CO; to 1453 and 863 wmol g~! h™! of CO and Hy, respectively, which are 4.3
and 5 times higher than those of a bulk CN/ZIS heterojunction. Many reports such
as the conversion of CO, to CH4 or CO and H, production are available in these
contexts. For instance, it is critical to collect solar energy during the day and then use
it with a high conversion efficiency at night. Because phase-change materials have
high phase-change enthalpies, acceptable phase-change temperatures, and modest
volume expansion/shrinkage, they are frequently employed for solar-thermal energy
storage [8].
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1.2 Fundamental Processes and Mechanism
in Photocatalytic Overall Water Splitting

Water splitting is a thermodynamically unfavorable reaction that needs more energy
than 1.23 eV to proceed. Because every oxygen molecule needs four holes, water
oxidation is more difficult than H, reduction in an artificial manner and five times
slower than the hydrogen evolution process. There are several crucial phases involved
in photocatalytic water splitting. Understanding the mechanism of each phase and
identifying the important parameters impacting the process efficacy are critical when
creating photocatalysts for this process. H, is a carbon-free, clean fuel with a high
specific enthalpy [9]. Previously, roughly 95% of the world’s hydrogen fuel was
mostly generated from natural gas, but now, by combining methane with the steam
utilizing fossil fuel, hydrogen and carbon dioxide CO, may be produced. As a result,
hydrogen generation from methane is a fossil fuel product rather than a sustainable
energy source. The key to utilizing hydrogen generation is to develop an efficient
H;-preparation technology that does not require the use of fossil fuels. The method
using photocatalytic materials to produce hydrogen has been demonstrated since
1972 according to the following reaction equation,

2H,0 — 2H; + 0, (7

AE° = 1.23ev, AG® = +237.2kJ/mol

This photocatalytic process is driven by a thermodynamic “uphill reaction” of
solar energy with a large change of AG® = 1.23 eV (237.13 kJ mol~!) per photon.

There are three major steps to an overall photocatalytic split water for a
semiconductor photocatalyst:

(1) the absorption of photons with the right energy on a semiconductor’s surface,
which can promote electron transfer from the valence band position to the
conduction band position and generate electron—hole pairs (e~ /h*);

(2) The separation and migration of charge carriers in a brief period of time on the
material’s surface; and

(3) The impingement between the corresponding free electrons and holes on the
system surface to complete the water splitting reaction. On the other hand, the
recombination of the free electrons and the excited holes may readily happen in
the second step, giving rise to a poor photocatalytic activity of the nanocrystal
surface. Therefore, even at a low solar energy flux density, the appropriate
bandgap and the matching levels of the conduction and valence bands might
facilitate light absorption on the surface of the semiconductor photocatalyst. In
order to drive the electrons to the empty CB position from the filled valence
band position of the semiconductor photocatalyst, the absorbed photon must
have a higher energy than the corresponding bandgap of the semiconductor [10].
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Subsequently, the excited electrons and holes pair (e~/h*) is formed according
to the following expression,

Photon activation: Semiconductor + hv — e~ + h™,
Oxygen adsorption : (O3),4, +¢~ — O;,

Water ionization : H,O — OH™ + H™,

Superoxide protonation: 05~ + H* — HOO'.

The bandgap energy should be more than 1.23 V from a thermodynamic perspec-
tive, and the band positions should be below 1.23 V versus normal hydrogen electrode
(NHE) to share electrons from water O?>~ anions and above 0.0 V versus NHE to
decrease water H* ions. After light has been absorbed, electrons are moved to the
conduction band and holes are simultaneously formed at the valence band. In order
to carry the redox processes, photogenerated charge carriers must recombine in the
bulk or on the surface. In the presence of metal particles with a larger work function
than the oxide semiconductor, excited electrons may be pumped in order to speed
up charge separation and convert H" ions into atomic hydrogen, which will subse-
quently mix with other molecules to form H>*. At the energy level of the valence
band, electrons are abstracted from O,- anions of water to close the cycle. Accord-
ingly, the reaction products desorb from the catalyst surface and are transferred to
the medium to complete the overall process [11].

The fundamental concept of photocatalytic water splitting in semiconductor
photocatalysis is depicted in Fig. 3. Absorption of photons creates pairs of elec-
trons and holes in the first step (I) which will be recombine or separate and move
to the reaction sites (II). Finally, water molecules react with electrons or holes to
produce H, or O, (IIT). The highest occupied molecular orbital (HOMO, top of the
valence band in a periodic crystal perspective) is excited to the lowest unoccupied
molecular orbital (LUMO, bottom of the conduction band), leading to the generation
of excitons, or excited electron—hole pairs. This step indicated that incident photon
gives enough energy above the optical gap (also known as the absorption onset) of the
irradiated photocatalyst. The excess energy known as the exciton binding energy, is
converted into free electrons and holes (where “free” refers to non-bonded excitons).
The band gap is defined as the optical band plus the exciton binding energy. At the
same time, the potential of the CB should be more negative than the reduction poten-
tial of HO/H; (0 V vs. NHE, pH = 0), while the VB should be more positive than the
oxidation potential of O,/H,0O (1.23 V vs. NHE, pH = 0). Therefore, the theoretical
minimum band gap for water splitting is 1.23 eV. The width of the band gap and the
levels of the CB and VB are extremely important for semiconductor photocatalysts,
which are essential for the second and the third step. These free charge carriers can
drive redox reaction in photocatalytic water splitting, but also reform excitons in a
process commonly referred to as electron—hole recombination [2] (Scheme 1).
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Fig. 3 Schematic diagram of the three major steps of the overall photocatalytic water splitting on
a semiconductor photocatalyst
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Scheme 1 Schematic illustration of three primary steps of photocatalytic water splitting [12]
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1.3 Fundamental of Photocatalysis Based on Semiconductors

In general, the photocatalyst is activated by visible light, which leads to the generation
of electron—hole pairs that are formed by the migration of generated electrons from
the valence band (VB) to the conduction band (CB) of a semiconductor photocatalyst
[13]. In a crystal, the valence band VB, the highest occupied band, the conduction
band CB, and the lowest empty band are separated by a band gap in the so called
region of forbidden energies. The bandgap model describes a photocatalytic system
based on a semiconductor in which these two bands are separated by a band gap, a
region of forbidden energies [14]. An electron that is excited to the CB leaves a hole
(h™) in the VB when the incident energy is equal to or larger than the band gap of
the semiconductor, as depicted in Fig. 4.

Lower level of CB that is located at a more negative potential than the electrochem-
ical potential of the desired reaction is the photoexcited electron used in a reduction
reaction with an electron acceptor. For instance, the reduction of protons to hydrogen,
production of an O,-ion radical, and CO; reduction. The photo-generated hole in the
semiconductor VB can also engage in an oxidative reaction with an electron donor
with oxidation potential that is more negative than the maximum VB. In systems
designed for the production of green fuel and other environmental applications, the
semiconductor properties is the most crucial part (Fig. 5).

A wide range of semiconductors are now being synthesized and investigated in
order to increase their performance, while novel architectures are being prepared and
developed at the same time. The photocurrent density generated by the photocatalyst
device is the performance benchmark; it should be greater than 10 mA/cm? in order to
be useful in an industrial application. However, the device stability over a long period
of time and continuous operation are required. Semiconductors can be categorized
as follows in this context: (i) single crystal versus nanostructured and (ii) narrow
against wide band gap. Single crystals (Si, GaAs and GaP) feature a high diffusion
length and high mobility, while nanostructured materials exploit the small distance
necessary to achieve a highly efficient rate of charge transfer (e—/h*). A large band
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gap (Eg) absorbs a narrow portion of the light spectrum, leading to poor absorption,
whereas a tiny band gap absorbs a greater portion of the spectrum. Additionally, a
wider band gap tends to resist photocorrosion, whereas a narrower band gap is more
prone to it. The Ec and Ev bracket are the E(H/H;) and the E(O2/H20), respectively,
which sums up the optimal conditions for semiconductor stability. Photocorrosion
will occur due to several issues [15]. Figure 6 displays the stability of semiconductors
in relation to the redox potential of water splitting.

1.4 Harvesting and Storing Solar Energy

The ultimate solution to the ever-increasing global energy need is to harvest electricity
directly from photon energy utilizing photovoltaic (PV) systems. For improved usage
of the copious but occasionally available sunlight, simultaneous solar energy conver-
sion and storage is gaining a lot of attention. Photoelectrodes drive non-spontaneous
reversible redox reactions in solar-powered redox cells (SPRCs), which can give
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energy via the related reverse reactions. This is a cost-effective and promising method
for direct solar energy collection and storage. However, the lack of photoelectrodes
having both high conversion efficiency and high durability becomes a bottleneck that
hindered practical applications of SPRCs [16].

Due to its potential to address the world energy crisis, energy harvesting tech-
nology with a clean and renewable energy source has attracted a lot of interest. Solar
energy is the most attractive among the renewable energy sources as compared to
wind, geothermal, hydropower, and many others, since it can provide sustainable
power by using hydrogen gas as an energy carrier. Practically, substantial advance-
ments have been made in the photoelectrochemical (PEC) water splitting method of
producing hydrogen from water using solar energy. The photoelectrodes (photoanode
or photocathode), electrolyte, and light source make up the majority of the PEC water
splitting system. Generally, light-absorbing semiconductors have been used as the
photoelectrode and the electrode materials are the main research topics in the field
of PEC water splitting [17] (Fig. 7).

Solar and wind energy can be distributed locally via the off grid system, thus
reducing the need for costly transmission lines while also improves energy security.
At larger scales, it is possible to harvest solar energy for local usage. Utility scale PV
can enable micro-grids that can deliver dispatchable electricity to nearby towns when
combined with other energy sources (such as wind, chemical fuels, and hydropower)
and energy storage devices. Due to the high cost of maintaining transmission lines,
this strategy can be effective, especially for isolated communities. An alternative for
families to install PV modules on their rooftops and use batteries to store energy for
use later, in the event that solar generating is no longer feasible (i.e., load shifting of
daytime generation to night-time).

However, the solar-powered gadgets or appliances that can be used by following
procedures:

Fig. 7 Solar Harvesting energy system (Source Linear Technology)
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(i) directly gather solar energy and.
(ii) electrochemically store that energy is another intriguing potential.
(iii) supply electricity to power a load.

New opportunities such as low power electronics applications, remotely powered
sensors, electrochromic smart windows, remote antenna tracking devices, and self-
charging wearable electronics may arise from the seamless integration of solar
powered gadgets. The terms photorechargeable energy storage systems, hybrid solar
energy conversion/harvesting and storage systems, and solar batteries have all been
used to refer to these integrated solar energy conversion and storage systems. Since
the early 1970s, there have been reports of hybrid systems that can power electronics
while also collecting solar energy and storing it electrochemically [18].

2 Photocatalysts for Oxygen Evolution

Numerous photocatalysts (e.g., ZnO, CdS, WOs;, and SrTiO3) have been intensively
researched for water splitting applications since the pioneering work by Fujishima
and Honda on water splitting to create H, and O, under UV irradiation based on
TiO, photoelectrode. Despite extensive investigation, majority of the photocata-
lysts produced are not suitable for visible-light-induced water splitting due to inade-
quate light utilization or photostability. Furthermore, the high recombination rate of
photoexcited electron—hole pairs generated by an unfavorable band structure severely
limits their practical applications [4]. Alternatively, photocatalysts with a band gap
of approx. 1.23 eV and no photocorrosion are suitable for overall water splitting.
To reduce the recombination of photogenerated electrons and holes during water
splitting, high crystallinity and smaller particle size are preferred.

As water splitting catalysts, metal oxides, sulfides, nitrides, and phosphates with
d® and d'° metal cations have been used. Perovskite materials made of Group I and
Group II metals, as well as some lanthanides, can be utilized to catalyze photo-
chemical water splitting. Figure 8 summarizes the band structure of various types
of semiconductors in relation to the redox potentials of water splitting. To improve
solar energy efficiency, modification of photocatalysts by doping with some transi-
tion metal cations such as Ni?*, Cr?*, and V>* can help to increase the visible light
response. To inhibit the energy decreasing backward reaction of water splitting and
increase the hydrogen production yield, suitable cocatalysts including RuO,, NiO,
Au, and Pt were widely used.

2.1 Tioy-Based Photocatalysts

Since the first report by Fujishima and Honda in the late twentieth century, the TiO,-
based photocatalyst has emerged as a viable material for renewable fuel production
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and environmental remediation. As a result of its unique qualities (e.g., remarkable
electrical properties, stability, eco-friendliness, and cost-effectiveness), TiO,-based
photocatalysts have been the most researched materials for photocatalytic applica-
tions in a recent study [13]. Improvements in three different pathways have been
prioritized in the development of TiO,-based photocatalysts: (i) the development of
visible light-active TiO,; (ii) the enhancement of photogenerated electron—hole sepa-
ration using anatase—rutile homojunction; and (iii) the use of TiO,-based nanocom-
posite. The gradient doping with nonmetallic heteroatoms in TiO, has been devel-
oped to improve the electronic structure with extensive efforts in elemental doping.
When photons with energy (E = hv) equal to or greater than the band gap (3 eV
for rutile and 3.2 eV for anatase phase) are absorbed by a semiconductor such as
n-TiO,, the photoactivity of the semiconductor is initiated, and a small percentage of
electrons and holes are formed [19]. Small fraction of charge carriers can only reach
the surface, which react with adsorbed molecules or ions, depending on the density
of states (Fig. 9).

Despite its chemical stability in electrolyte solutions, n-TiO, has a number of
drawbacks, and is able to only absorb 3% of solar irradiation. In order to improve
the usability of n-TiO, as a water splitting catalyst, the improvement of its photo-
sensitivity in the UV region and simultaneous shift in the spectral response to the
visible region (400 nm—800 nm) have been performed. The best approach to meet
this challenge is by doping n-TiO, with different elements (metal and nonmetals)
and thus decrease its photo threshold energy. Transition metals have been used inten-
sively as impurities dopands for n-TiO,. Mixed results were reported for improving
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the spectral response of metal doped Titania [20]. Dou et al. used a simple two-step
method to make TiO@CoAI-LDH core—shell nanospheres: hydrothermal synthesis
of TiO, hollow nanospheres followed by in situ growth of CoAl LDH shell (Fig. 9a).
Under visible light illumination, the resultant material has an extraordinary high
photocatalytic activity for oxygen evolution from water splitting, with O, generation
rates of 2.34 and 2.24 mmol h~! g~

The broad spectrum absorption and strong electronic coupling between TiO,
core and CoAl-LDH shell allow for improved solar energy and rapid electron—hole
separation, resulting in significant photocatalytic activity toward oxygen genera-
tion. Furthermore, the TiO, @CoAIl-LDH photocatalyst produced has good recy-
clability and stability. TiO, @CoAl-LDH nanospheres were prepared via two-step
hydrothermal synthesis with TiO, hollow nanospheres as the core and in situ growth
of CoAl-LDH as the shell. Figure 10 shows the XRD pattern of the resulting
TiO, @CoAl-LDH, with pristine TiO, and CoAl-LDH as reference samples. To better
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understand the interaction between the CoAl-LDH shell and TiO, core in Fig. 11, a
narrow-scan X-ray photoelectron spectroscopy (XPS) as shown in Fig. 12 was used.
For the CoAl-LDH sample, the binding energies at 781.3 and 797.3 eV correspond to
Co 2psjp and Co 2py 2, respectively. The appearance of satellite and 803.3 eV implies
the presence of a high-spin divalent state of Co** in this sample. For the TiO, @ LDH
nanospheres, however, the binding energies of Co 2ps3,, and Co 2py, shift to 781.7
and 797.6 eV, respectively (Fig. 12a).

The binding energies of Ti 2p3,; and Ti 2p;/, of TiO, @ LDH nanospheres demon-
strate a negative shift compared with those of pristine TiO, microspheres (Fig. 12b).
In addition, the increased and decreased binding energies of Co 2p and Ti 2p indicate
an obvious electron transfer from the LDH shell to the TiO, core. The strong elec-
tronic coupling between LDH and TiO, would probably accelerate the electron-hole
separation [21]. Water-splitting on TiO,: mechanism, reduction, and oxidation are
fundamental chemical processes involved in water splitting. Previously, in order to
produce H, and O,, the semiconductor positions CB and VB must both fall within
the potential windows of water reduction and oxidation potential, respectively. When
light strikes TiO,, electrons in the VB travel to the CB and holes are created. Excited
electrons promote the production of hydrogen, whereas holes aid in the production
of oxygen (Fig. 13).

The valence band of TiO, is more positive than Eloxid of O,/H,0 (1.23 V vs.
NHE, pH = 0), while the conduction band is more negative than E° red of H*/H,
(0 eV vs. NHE, pH = 0). However, there are two fundamental drawbacks to TiO,
materials. Firstly, rapid charge carrier recombination cause undesired energy to be
released. Secondly, the poor visible light harvesting ability such as TiO, can only be

3 a— TiO>
_ b— LDH
g c— TiO2@LDH

Intensity/CPS

2 Theta /degrees

Fig. 10 XRD pattern of TiO, @CoAl-LDH, with pristine TiO, and CoAl-LDH [21]
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excited by UV light due to its wide band gap of 3.0-3.2 eV, which only covers 5%
of the solar spectrum. To enable visible light harvesting and prevent photogenerated
electron—hole pairs from recombination, proper modification is required [22].

2.2 BiVO4Based Photocatalysts

Bi-based oxides photocatalysis (Bi4V,0;;, Bi;03-TiO,, Bi;WOg4, Bi0s3,
Bi, WOg/Bi/Bi, 03, Bi,O3/Bi; WOg [23]) is non-toxic, chemical corrosion resistant,
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and visible light harnessing and is one of the most essential characteristics of bismuth
vanadate, which makes it an effective photocatalyst. Because the energy from light
absorption is used to trigger green photocatalytic processes, the latter is critical for
prospective uses in renewable technology. Despite the fact that further research is
needed to assess the benefits of BiVO,, bismuth vanadate and its derivative materials
are promising for environmental applications [24]. Due to its moderate bandgaps of
2.3-2.5 eV, excellent VB level, good photochemical stability and low-cost, the n-
type semiconductor bismuth vanadate (BiVOy) has attracted a lot of attention for the
past few years for photocatalytic water oxidation. Monoclinic scheelite is BiVO4’s
most common crystalline phase, with a crystal structure made up of deformed VO,
tetrahedrons and BiOg dodecahedrons as depicted in Fig. 14a—c.

Shang et al. developed a photocatalytic water oxidation system using a hybrid
artificial photosynthesis system. The light harvester BiVO,4 and the water oxidation
catalyst is a transitional metal complex (M(dca),, M = Co, Ni, DCA: dicyanamide)
and the sacrificial electron acceptor is S,0¢% [25]. During the incorporation of
M(dca), in the system, the oxygen evolution activity increases. Under visible light
irradiation, photocatalytic studies for oxygen evolution in BiVO4/M(dca), hybrid
systems were performed in a completely aqueous solution containing Na;S,0Og as a
sacrificial electron acceptor (A > 420 nm).

According to Fig. 15a, BiVO4/Co(dca), and BiVO4/Ni(dca), exhibited a higher
performance than pure BiVO,, which shows the catalytic role of M(dca); in the water
oxidation steps. Compared to pure BiVO,, the photocatalytic oxygen evolution rate
0f 252.2 pmol/(h-g) during 6 h of reaction, the BiVO4/Co(dca), and BiVO,4/Ni(dca),
systems exhibited higher photocatalytic performances, with oxygen evolution rates
of 508.1 and 297.7 pwmol/(h-g) and TONs (vs. M(dca), ) of 3.46 and 2.03, respectively.
The BiVO4/Co(dca); had a photocatalytic oxygen evolution rate of 1.7 times higher
than the BiVO4/Ni(dca); system. According to surface photovoltage (SPV) analysis
and subsequent electrochemical testing, BiVO4/Co(dca), has a higher surface charge
transfer. The stability of BiVO4/Co(dca), was evaluated during the 30-h photocat-
alytic experiment. The oxygen evolution rate was accelerated and the photocatalyst
was stable when Co(dca), was hybridized with BiVOy,.
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Fig. 14 a BiVOy crystal structure, b vertical view and ¢ side view
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Fig. 15 a BiVOy4 Photocatalytic O, evolution 6 h for 1, BiVO4/Co(dca); 2, BiVO4/Ni(dca) (3)
systems, b photocatalytic oxygen evolution for 30 h for the BiVO4/Co(dca); [25]

From Fig. 16b, BiVO4/Co(dca), had a very steady oxygen evolution rate of more
than the 30 h photocatalytic reaction, yielding 171.95 mol of oxygen (TON = 13,
vs. Co(dca),). BiVO4/Co(dca), had a substantially higher stability than previously
reported BiVO4/molecular catalyst photocatalytic systems that had activity less than
10 h. As a water oxidation catalyst, Co(dca), is found to be more effective than
Ni(dca),. The M(dca), engineered BiVQOy/electrolyte interface energetics, as well as
the M(dca), catalyzed surface water oxidation, resulting in improved photocatalytic
performance. The energy barrier for hole transfer to the surface of BiVO,4 from the
bulk is reduced, thus promoting water oxidation kinetics.

The interfacial energetics in terms of interfacial band bending were investigated
further using Mott-Schotky (M-S) measurements. The energy band of BiVO,4 bends
upward at the BiVOy/electrolyte contact because it is a typical n-type semiconductor.
As a result, for water oxidation, there is a pushing force for hole transfer from
the bulk to the surface. As indicated in Fig. 16b, the flat band potential of BiVO,
was negatively shifted by 78 and 49 mV when Co(dca), and Ni(dca), were added,
respectively.

As can be seen in Fig. 16d, a higher band bending lead to increase in the driving
force for hole transfer, which promotes the water oxidation cycle. The Co(dca),
engineered BiVOy/electrolyte interface exhibited a higher band bending than the
Ni(dca), engineered interface, as evidenced by the higher cathodic shift of the
flat band potential in the BiVO,4/Co(dca), system. This implies that the energetics
of the Co(dca), designed BiVOy/electrolyte interface favored more efficient inter-
facial hole transfer. Electrochemical impedance spectroscopy (EIS) analysis indi-
cates the charge of transfer behaviors at the BiVOy/electrolyte interface. The semi-
circle diameter of the BiVO4/M(dca), Nyquist plot was smaller than that of pure
BiVO, as can be seen in Fig. 16c. Smaller interfacial resistivity for charge carrier
transfer with BiVOy/electrolyte interface energetics engineered by M(dca),. The
equivalent circuit for the results in Nyquist plots is shown in the Fig. 16c. Three
sample charge transfer resistances (Rct) were in the following order: BiVO4/Co(dca),
(507 2), BiVO4/Ni(dca), (1747 2), and BiVO, (5130 €2). This revealed that the
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BiVO,4/Co(dca), system had the best OER kinetics, which was consistent with the
photocatalytic performance. The inclusion of M(dca), considerably promotes the
photogenerated hole transfer from BiVOy to the electrolyte, while Co(dca), provides
interfacial charge transfer and thereafter catalyzed the OER more efficiently [25]
(Fig. 17).

Wei et al. prepared ZnO/BiVQO,4 nanoarchitectures to show the multi-electric field
modulation technique for charge separation efficiency [26]. A seeded growth tech-
nique was applied for the directed development of ZnO photocatalyst on BiVO,
by combining facet engineering with interfacial defect modification, resulting in a
remarkable oxygen evolution rate of 68 mol h™! (step i-iii in Fig. 18a). The elec-
trical structure of 3-D nanoarchitectures was modified in the final phase (step iv in
Fig. 18a) by adjusting the calcination atmospheric environment, resulting in inter-
facial oxygen vacancy-rich nanoarchitectures. Well-aligned nanorod arrays were
successfully constructed onto the top (010) plane surfaces and isosceles tapezoidal
(110) sides of BiVO,4 decahedrons, as evidenced by XRD and morphological studies
as shown in Fig. 18b—d. From Fig. 19a, it can be observed that the O, evolution
activities for all Ce-BiVO,4 samples are significantly improved compared to pristine
BiVO;.

The Ce-BiVO4(C) sample showed the most O, evolution activity. The amount
of O, evolution after 4 h of irradiation is approximately 4 times higher than that of
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a LSV curves; b Mott-Schottky plots; ¢ Nyquist plots with the inset d structural band of the
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pristine BiVO,. Under visible light irradiation, the photocatalytic oxygen evolution
rates of CeBiVOy (C) and pristine BiVO, were evaluated (Fig. 18b). After 4 h irradi-
ation, CeBiVOy (C) also displays a higher photocatalytic activity than BiVO,4 (about
4 times). According to the result, the substitution of Ce3* ions in BiVO, for Bi**
successfully enhances the photocatalytic activity.

The charge transfer resistance and efficiency of separation of Ce-BiVO, and pris-
tine BiVO, were investigated using EIS. As demonstrated in Fig. 20c, Ce-BiVO,
(C) has a smaller arc radius under the UV—Vis region than BiVOy, implying that
Ce-BiVOy (C) has a lower resistance and faster interfacial transfer of charge carrier
than BiVOy. The BET surface areas of pure BiVO, and Ce-BiVO, were determined
to be 11.19 and 14.59 m?>g~!, respectively, to better understand the major reason for
photocatalytic activity (Fig. 21).

2.3 WO3-Based Photocatalysts

Photocatalysts for O, evolution under visible light irradiation in the presence of
suitable reagents are WOj3 that cause the potential at the top of the VB to be
significantly higher than the potential of O, evolution under visible light irradi-
ation. Another effective photocatalyst for O, evolution driven by visible light is
BiVO,. BiVOy4 has a band gap of 2.4 eV, which is smaller than WO3, and also has
the VB edge potential at +2.86 V versus RHE, which is sufficient for oxidizing
water to create O, [27]. Dongsheng Li developed a deposition—precipitation proce-
dure to prepare the AgzPO4/WOs3 S-scheme heterojunction, and its photocatalytic
activity was measured by monitoring water splitting and pollutant degradation under
visible light. Consequently, pure AgzPO4 and AgzPO4/WOj3 heterojuction photo-
catalysts with an optimum ratio photocatalyst demonstrate an improved oxygen
production photocatalytic activity at 306.6 umolL~! h=!' and 204.4 pwmolL~' h~!,
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respectively. Figure 22 demonstrate a putative S-scheme photocatalytic mechanism
of AgzPO4/WOj3 as indicated in detail according to a series of characterization,
which supplied the heterojunction with high redox abilities to offer a tremendous
photocatalytic process.

The AgszPO,4 has a well-defined spherical structure, smooth surface and diameter
of 300 nm as shown in Fig. 23a. In contrast, the WOj3 structure was in a laminar form
(Fig. 23b), whereas Ag3;PO;, particles are tightly enveloped by WO3 nanoparticles
in AgzPO4/WO; composites (Fig. 23c). TEM analysis of AgzPO4/WO3; composites
(Fig. Schemed, e) revealed that the lattice plane spacing of 0.371 and 0.269 nm
is indexed to (100) and (210) for WO; and Ag;POy, respectively. Furthermore,
interfaces between Agz;PO4 and WO;3; were clearly visible in the HRTEM image,
demonstrating that WO3; nanoparticles were firmly fixed on the surface of Ag;POy.
The EDS elemental mapping displayed that the composites are composed of Ag, P,
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Fig. 21 Images of SEM a, b, pristine BiVOy, ¢, d Ce-BiVO4 (C), e Ce-BiVOy4 and its respective
element mapping analysis

@
NaCl
+
"’“ <
B b\‘.' Hydrothermal ™
i )\ : 180°C 24 h
Na,WO0,-2H,0
wo,
AN
@ +
L AgNO,
Na,HPO Ags;PO,/WO
2 a_) 83P0,/WO;

Fig. 22 Synthesis route of Ag3PO4/WO3 heterojunction (Copyright Elsevier License Number
5319270917223)

W, and O elements with uniform elemental distributions (Fig. 23f), which further
confirm that the WO3 nanoparticles are distributed equally.

Figure 24a displayed the XRD profiles of the Agz;PO4/WO3 heterojunction. The
diffraction peaks of Ag;PO,4 and WOj clearly match those of cubic AgzPO4 (JCPDS
card n0.06-0505) and hexagonal WO3; (JCPDS card no.33-1387), respectively. All
AgzPO4/WO; samples showed the presence of Ag;POy diffraction peaks after incor-
poration of WOs3, thus confirming that the phase structure of Agz PO, is not influenced
by WOj3 loading. When the amount of WO3 in AgzPO4/WO3 composites is less than
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Fig. 23 a—c SEM images of pristine Ag3PO4, WO3 and Ag3PO4/WO3; TEM and HRTEM images
of AgzPO4/WOs3 (d, e); the elemental mapping images of Ag3PO4/WO3 (Copyright Elsevier
License Number 5319270917223)

5%, negligible diffraction peaks of WOz were observed, which can be ascribed to
low loading and crystallization degree of WO3.When WO; loading is higher than
5%, the diffraction characteristic peaks of WOj3 appear close to 22.89° and 28.38°,
and gradually become stronger with the increase in WO;3 loading.

XPS analysis in the Agz;PO4/WO3 heterojuction clearly indicates the presence
of Ag, P, O, and W elements that can be seen in Fig. 24b. A doublet signal of
binding energy centered at 373.6 and 367.7 eV correspond to Ag 3d5/2 and Ag
3d3/2, respectively. Figure 25b showed that the lattice oxygen atoms are represented
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Fig. 24 a XRD patterns of pristine AgzPO4, WO3, AgzPO4/WO3 heterojunction, b XPS spectra
of AgzP0O4/WO3 (Copyright Elsevier License Number 5319271133782)
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Fig. 25 XPS spectra of AgzPO4/WO3:a Ag3d,b O 1s,cP2p, and d W 4f. (Copyright Elsevier
License Number 5319271133782)

by two peaks in the O 1 s spectra located at 530.4 eV and 532.1 eV, which attributed
to the O>~ and hydroxyl group OH™, respectively. Narrow scan of P 2p in Fig. 25¢
revealed a single broad peak at 132.5 eV, which can be ascribed to P>* of AgzPOy.
W 4£5/2 and W 4£7/2 of W®* in WO; correlated to the peaks at 37.6 and 35.5 eV as
shown in Fig. 25d. The binding energies of W 4f, O 1 s, and P 2p in the Ag;PO4/WO3
heterojunction was slightly shifted when compared to pure WO3 and AgzPO,4, which
may due to instrument detection error.

The densely wrapped WO3 nanoparticle on the surface of Ag;PO; is favorable
for promoting the separation of photoexcited e~ /h* pairs while also relieving photo-
corrosion and protecting AgzPOy particles. The composite photocatalyst uses the
S-scheme mechanism to demonstrate excellent photocatalytic activity for oxygen
synthesis, with up to 306.6 molL~! h~! (AgNOs as sacrificial agent). As demon-
strated in Fig. 27, a putative s-scheme transfer of charge mechanism of Ag;PO4/WOj3
has been postulated. The difference in Fermi energy between Ag;PO4 and WO;
lead to free electrons which migrate from Agz;PO, to WO3, while a built-in electric
field guiding from Ag;PO4 to WO3; was formed. Both Ag;PO, and WO3 can create
electron—hole pairs when exposed to visible light (Fig. 26).

The photogenerated electrons in the CB of WO; will be transferred to Agz;PO4
under the internal electric field force and recombine with the photoinduced holes
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Fig. 27 S-scheme mechanism of photocatalytic degradation and O, evolution of Ag3PO4/WOs3,
adopted from reference [28]

in the VB of Ag3;PO,. This S-scheme arrangement, effectively suppressed photo-
induced e~ /h* pair recombination while maintaining high redox abilities, hence
enhancing its photocatalytic performance. The O, adsorbed on the surface of Ag;PO,
could not be converted to O, by electrons because the CB position of Ag3PO,4 (0.27 V)
could not surpassed above 0.3 However, considering that Agz;PO,4 has a more nega-
tive Ecp position compared with E(O,/H,0,) (0.68 V vs. NHE), the CB electrons
in AgzPQOy can reduce O, into H,O,, and the generated H,O, can then react with
electrons to generate .OH.

Due to its deep VB position (3.40 V), which is more positive than the potential
of E(OH/OH-) = 2.7 V, the holes accumulated in the VB of WO3 have enough
oxidation capability to oxidize OH- into OH [29]. In addition, the water splitting
to generate O, reaction in Fig. 27b was based on a similar charge carrier transfer
method.

Wei et al. developed and synthesized WOj3 catalysts with oxygen vacancies for
effective photocatalytic oxygen evolution reactions in another study. The electron
trapping state was found to have a key role in the charge transfer mechanism for
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improving the oxygen generation reaction of photocatalytic activity. The unique
insights can be used to provide guidelines for designing the effective oxygen evolution
catalysts for advanced renewable energy schemes. WO3 containing oxygen vacan-
cies (Ov) in Fig. 28 was obtained through an annealing process employing dicyandi-
amide and a tungsten source, whereas WO3 was synthesized without dicyandiamide
as a control sample. Using a photodeposition approach, Ov-WO3-Pt was created by
depositing Pt on Ov-WO3-600. The defect structure of Ov-WO3 generates additional
electron trapping states during the photocatalytic process, reducing direct recombi-
nation of photogenerated carriers and further enhancing the photocatalytic oxygen
evolution performance.

The architecture of Ov-WO3-Pt was also confirmed using a high-angle-annular-
dark-field scanning transmission electron microscopy (HAADF-STEM) and EDX
mapping (Fig. 28c), which showed that Pt particles were evenly distributed on Ov-
WO3-600 upon photodeposition. Three main points can be used to sum up the Ov-
WOj; photocatalytic oxygen evolution system mechanism as described in Fig. 29.
First, the existence of oxygen vacancies makes it easier for the trap states to develop,
which can trap some excited electrons to partially prevent recombination of the
photogenerated carriers [30]. Secondly, by increasing the lifetime of the active elec-
trons, this process can boost its photocatalytic activity. The photo-deposited Pt can
function as an active site to acquire trapped state electrons and interact with electron
sacrificial materials, thus boosting the photocatalytic oxygen evolution process.

Third, some thermodynamic variables including absorption of light and ground-
state OER onset potential, can be used to estimate the performance of Ov-WOj3

Fig. 28 a Image of SEM of Ov-W03-600; b HRTEM for Ov-WO3-600; ¢ HAADF-STEM image
and EDX elemental mapping images of Ov-WO3-Pt [31]
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600, and Ov-WOs3-Pt charge recombination [31]

samples during photocatalytic oxygen evolution. In summary, Ov-WOQOj3 outper-
formed pristine WOj3 in terms of photocatalytic oxygen evolution, and Pt can further
increase photocatalytic oxygen evolution activity. To determine the function of
oxygen vacancies and cocatalysts in the photocatalytic oxygen evolution perfor-
mance of WOj3, the photocatalytic oxygen evolution performance of Ov-WO; series
samples, Ov-WO3-Pt, and WO; were investigated. As the photocatalytic oxygen
evolution results shown in Fig. 30a, Ov-WO0O3-600 prepared at 600 PC exhibited
superior photocatalytic oxygen evolution performance compared with Ov-WO3-650
and Ov-W03-550, likely due to the poor crystallinity of Ov-WQO3-550 and the large
particle size of Ov-WOQ3-650. The average O, evolution rate of Ov-WO3-600 reaches
683 wmmol h~! g~=! with Na,S,0g as a sacrificial agent under full-spectrum irra-
diation (Fig. 30a), while WO; only exhibited 159 ummol h~!' g~! under the same
condition. The photocatalytic oxygen evolution performance of Ov-W0O3-600 was
4.3 times higher than that of pristine WO3 without oxygen vacancies.

2.4 Fe;03-Based Photocatalysts

Hematite (-Fe,O3) is regarded as a potential material for various applications since
it is a typical p-type semiconductor with abundant, environmental friendly, low-
cost and appropriate energy band structure [32]. Recently, Fe,O3; was widely use in
field-effect transistors, sensors, catalysis, especially OER, and lithium ion batteries.
According to earlier studies, Fe,O3; with a sufficient band gap (1.9-2.2 eV) can
reach a solar conversion efficiency of 16.8%. However, the lifespan of photogener-
ated carriers in Fe,Oj3 is only of 10-12 s due to a short carrier diffusion length of
2-4 nm. Even though Fe,O3 has the potential to oxidize water due to its valence
band position, the OER kinetics is rarely investigated. Numerous approaches have
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Fig. 30 a Photocatalytic OER for a series of Ov-WO3 samples and WO3 in the irradiation in an
aqueous solution, b O evolution rates of Ov-W03-600, Ov-WOs3-Pt, and WO3 [31]

been used to address these problems, including chemical doping, designing new
nanostructure, the combination with cocatalysts, and composites with other semi-
conductors [33]. Low cost, thermal stability, and unique characteristics of hematite
Fe, 03, an n-type semiconductor with a narrow band gap (2.2 eV), has been widely
used in visible-light-driven photocatalysts. Similar to other semiconductors, Fe, O3
has short carrier lifetimes and short hole migration distance. One effective way to
address the aforementioned problems is through conjugation of coupling [34].

Cocatalyst integration is one of the most successful technique. For instance, RuOx
and CoOx, are the most efficient OER cocatalysts. The use of the cocatalyst not only
increases the photogenerated e—h pair separation efficiency, but it also gives the active
sites a low molecular activation ability. Accordingly, the cocatalyst can be incorpo-
rated to improve the semiconductor carrier lifespan and carrier diffusion length as
well as the reaction kinetics. Li et al., designed the hexagonal pure a-Fe,O; and
CoOx/a-Fe, 03 composites through the thermolysis approach as shown in Fig. 31a.
The addition of FeCl;, 6H,O and CH3COONa is a solvothermal process, where
hexagonal a -Fe,O3 was successfully synthesized on CoOx to investigate the photo-
catalytic O, evolution activity. The CoOx as the holes acceptor was incorporated on
the surface of hexagonal a-Fe,0s3, which contains Co?** and Co>* species. Aiming
to enhance the OER performance, the photocatalytic of a-Fe,O; was dramatically
enhanced after incorporating the CoOx cocatalyst. The increase in activity results
from efficient charge separation and high hole transfer kinetics.

According to Fig. 31b—j, it has been discovered that pure hexagonal a-Fe,O3 has
a hexagonal structure and exhibits a uniform size. The hexagonal a-Fe,Os; has a
thickness of 15 nm and a diameter of 200 nm (Fig. 31b, c). The shape of a-Fe,;03
altered slightly after the thermolysis reaction, and the thickness of hexagonal a-Fe, O3
is up to 27 nm, which may have been caused by the calcining process, according to
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Fig. 31 a synthetic processes of the hexagonal a-Fe, O3 and CoOx/a-Fe; O3 composites, (b, ¢) and
(f and g) SEM images of hexagonal a-Fe;O3 and 5% CoOx/a-Fe,O3 composite, (d, e) and (h,
i) TEM images of a-Fe,O3 and 5% CoOx/a-Fe; O3 composite, j HRTEM image of 5% composite
of CoOx/a-Fey O3

Fig. 31f, g. The CoOx particles arrangement on the hexagonal a-Fe,O3 surface is
clear from Fig. 31h, i. The HRTEM image (Fig. 31j) demonstrates that CoOx was
integrated on the hexagonal -Fe,O3 surface. CoOx mostly consists of Co304 and
CoO with lattice spacing of 0.24 and 0.21 nm, respectively, which can be ascribed to
the (311) plane of Co304 and CoO. The (110) plane is visible in hexagonal a-Fe, O3
with a lattice spacing of 0.25 nm.

According to the XRD pattern, the sample crystal structures correlated to hematite
as shown in Fig. 32a. The hexagonal CoOx/ o -Fe, O3 composites and Fe,O3-based
materials exhibit similar XRD pattern. Low loading amount of CoOx in composites
cause the negligible XRD peaks observed for CoOx. All the peaks in the XRD
pattern can be correlated with the individual crystal planes of a-Fe,O; (JCPDS No.
33-0664). The chemical structures were further examined using FTIR and Raman
spectra (Fig. 32b, c).
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Fig. 32 a XRD pattern, b FT-IR spectra, ¢ Raman spectra, d XPS spectra and e, f the narrow scan
XPS of Fe 2p and Co 2p of the CoOx/a-Fe; O3 composites

The peaks in Fig. 32b between 400 and 750 cm~! were ascribed to the natural
lattice vibrations of a-Fe, O3. For the hexagonal a-Fe, O3, the peak at 650 cm™~! corre-
sponds to the vibration mode (A) that is polarized along the c axis, while the peaks
at 532 and 460 cm~! were attributed to the vibration mode (B) that is perpendicular
to the c-axis. The intensity of A mode is much weaker than that of B mode.

Since the thickness of the hexagonal a-Fe, O3 increases after calcination, as illus-
trated in Fig. 32¢, g, two B mode peaks shift to a higher wavenumber, which can
be attributed to an increase in the c/a aspect ratio. Furthermore, the two peaks at
650 and 532 cm~! appeared to combine into a single broad peak at 575 cm™~!. The
Raman spectra were analyzed at room temperature with a laser at a wavelength of
532 nm as shown in Fig. 32. There are no additional iron oxide in the samples, such
as magnetite or maghemite implying high purity of a-Fe,03. The peaks at 223 and
494 cm~! are attributed to A 1 g, and those at 285, 413, and 608 cm™! correspond
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to Eg. From Fig. 3d, it is clear that the composite of CoOx and a-Fe, O3 has four
components instead of two that are present in maghemite a-Fe,Os: Fe, Co, O, and
C [35].

For the solid-state reaction of Fe,03/g-C3Ny4 samples under nitrogen conditions,
Kong et al. proposed a one-step efficient, easily repeatable, and straightforward
method. Solid-state reaction using layered glucose-coated FeOOH and g-C3;Ny as the
precursors for the visible-light-driven photocatalytic water oxidation process resulted
in the creation of a unique layered Fe;03/g-C3Ny heterojunction sample. Layered
FeOOH and C-C3N4 were completely pulverized before calcined at 580 °C. Water
vapor disrupted the van der Waals force between layered g-C3; N, during this process,
leading to exfoliation and a specific edge carbonization as a result of the dehydration
effect. Subsequently, FeOOH transform into a-Fe,Os. Layered and carbonized g-
C3Ny4 with loading a-Fe, O3 showed an enhanced visible-light-driven water oxidation
performance without addition of cocatalysts.

Typically, g-C3N4 was obtained from the thermolysis of urea at 550 °C. Fe, 03/C—
C;N, sample gives a relatively low XRD signal intensity compared to Fe,O3/C3Ny,
suggesting the strong interaction between FeOOH and g-C3;Ny4. Furthermore, the
XRD peaks of g-C3Ny4 and a-Fe, O3 can be easily detected without any impurities.
In the case of g-C3Ny, two peaks loaded at 26 of 13° and 27.4°, are assigned to (100)
and (200) respectively, which correspond to the Fe,O3/C3N, sample. A wide peak
centered at 26 of 21° detected for Fe,O3/C—C3Ny4 can be attributed to the amorphous
carbon due to carbonization. The Fe,03/C3N,4 sample layered structure is shown in
the SEM image, as illustrated in Fig. 34a. The examined sample 2-D layered structure
is relatively thin when compared to the fresh, thick g-C3N4 and FeOOH. TEM result
shown in Fig. 34b strongly indicates the layered g-C3N4 with incorporation of 2-D
a-Fe, 03 (Fig. 33).

The amorphous components in the edge region can be clearly seen, where inter-
planar crystal separation of 0.27 nm was obtained. Figure 34c shows the HRTEM
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Fig. 34 a SEM, b TEM, and ¢ HRTEM images of the Fe,O03/g-C3N4 sample

image of (104) plane of a-Fe,03. A novel Fe,03/C3N4 sample with the characteris-
tics shown above should demonstrate visible-light-driven photocatalytic activity. A
remarkable electrocatalytic performance toward water oxidation to oxygen evolution
has recently been verified for g-C3N4 with some conductive crystalline carbon. In
order to prepare a Z-scheme heterojunction structure and achieve significant photo-
catalytic water splitting activity, the synthesized investigated Fe,O3/C3N4 sample
should have suitable conduction and valence band level. In order to complete the
multistep photocatalytic water oxidation cycle, four electrons or holes are required.
AgNOj; solution (0.01 M) and LED lamp (420 nm) were initially utilized as the
electron scavenger and visible light for water oxidation to oxygen evolution, in order
to examine the photocatalytic performance of the Fe,03/C3Ny4 sample. As reference
samples, the pristine of g-C3N4 and a-Fe, O3 were also evaluated. All the samples
exhibit photocatalytic water oxidation performance with discernible variations in
oxygen evolution, as shown in Fig. 35a. Normal reaction rates for pristine g-C3Ny
and a-Fe, O3 are around 0.7 and 1.4 mol/h, respectively, and these values indicate a
rather modest activity.

The increased oxygen evolution for the Fe,03/C3;Ny4 heterojunction samples and
Fe;03/g-C3Ny4 at 7.3 and 22.3 pmol/h are about 10 and 30 times higher, respectively,
than those for g-C3N4 as shown in Fig. 35a. This indicate that the heterojunction
structure can facilitate photogenerated carrier separation, migration, and subsequent
reaction. Further demonstrating the critical role of strong contact and amorphous
carbon for further induced electron-hole pairs, the Fe,03/g-C3N4 sample exhibits
around three times higher photocurrent density than the reference Fe,O3/C3Ny-r
(Fig. 35b) [36].

Figure 35b shows the polarization curves of the Fe,03/C3Ny and Fe,O3/C3Ny
samples under potentials ranging from 0.4 to 1.6 V vs Ag/AgCl. The electrocat-
alytic water oxidation for the reference Fe,03/C3N4 sample starts off mildly and
occurs near 0.9 V (overpotential). In contrast, the Fe,O3/C3N, sample operates
at 0.4 V with a higher photocurrent density value than the reference sample. The
increased overpotential of water oxidation shows that charge carrier easily trans-
fers the catalyst/solution interface. The presence of edge carbon in the Fe,O3/C3Ny
sample promotes the migration of the interface. Based on EIS analysis, Fe;03/C3Ny
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Fig. 35 a Oxygen evolution activities (A = 420 nm), b Polarization curves of the Fe;O3/C—C3Ny
and Fe;O3/C3Ny4 sample. ¢ Nyquist plots of the FeyO3/g-C3Ny and Fep O3/C3Ny samples

and Fe,03/C3Ny as seen in Fig. 35¢, the semicircle radius of the Fe,O3/C3N4 sample
is particularly smaller than that of the Fe,O3/C3Ns, indicating a lower value for
the overall average resistance and supporting the polarization results. To assess the
carrier separation, the time-resolved PL spectra were carried out as shown in Fig. 36.
Pristine a-Fe; O3, 1% and 1.5% IrOx/Fe, O3 were also used as the reference samples.
Bare a-Fe, O3 shows the longest fluorescence quenching, followed by Fe,O3/C3Ny-t,
1% IrOx/Fe, 03, Fe,03/C—C5Ny, and 1.5% IrOx/Fe, 5.
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Fig. 36 Time-resolved photoluminescence (TRPL) spectra of Fe;O3/g-C3N4 and FeyO3/C3Ny;
the excitation and emission wavelengths were 365 and 520 nm
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Figure 36 shows the PL lifetimes of 24.5, 19.9, 14.1, 8.55, and 10.1 ns for bare «-
Fe, 03, Fe,03/C3Ny, 1% IrOx/Fe, 03, 1.5% IrOx/Fe, 03, and Fe,03/g-C3Ny, respec-
tively. For bare a-Fe,O3 and IrOx-loaded a-Fe, O3, the reduced lifetimes result from
the good transfer ability of IrOx for photogenerated holes. Fe,O3/C3Ny exhibits
a fluorescence lifetime that is shorter than that of bare a-Fe,O; and longer than
1% IrOx/Fe,Os3. This result indicates that the heterojunction structure can facilitate
carrier separation. An intriguing and significant occurrence can be identified for the
Fe,03/C3N4 sample. Amorphous carbon and heterojunction both have a favorable
impact on the separation of carrier and migration, as evidenced by fitted fluorescence
lifetime, which is smaller than that of 1% IrOx/Fe, O3 and only slightly better than
that of 1.5% IrOx/Fe, O3 [36].

3 Strategies for Enhancing Photocatalytic Oxygen
Evolution

An appealing, clean, and efficient way to use solar energy to carry out chemical
reactions is through solar-driven photocatalytic reactions. Five independent processes
can be used to breakdown the full heterogeneous photocatalysis in liquid phase
process: (1) Reagents are transferred from the liquid phase to the catalyst surface;
(2) Reactants are adsorbed; (3) Reaction occurs in the adsorbed phase; (4) Products
are desorped; and (5) Products are removed from the solid/liquid interface. Instead,
the photocatalytic reaction in step (3) can be broken down into four stages: (a)
light absorption followed by the separation of the electron—hole couple; (b) reagent
adsorption; (c) redox reaction; and (d) desorption of products.

The redox process takes place in the semiconductor’s electronic structure, which is
made up of two bands. Electrons gain energy from the photons and are thus promoted
from VB to CB when the semiconductor is activated by photons with energy equal
to or higher than the band gap energy level (hv > Eg). Depending on the redox
potential (or energy level) of the substrate, electrons and holes that move to the
surface of the semiconductor can, reduce and oxidize the reactants adsorbed on the
semiconductor surface. The relationship between the energy levels of the catalyst
and substrate affects the photocatalyst’s capacity to catalyze a given process. The
adsorbed molecule undergo reduction if its potential for reduction exceeds that of the
photoelectrons, or it can undergo oxidation if its potential for reduction falls below
that of the photohole. The inherent band structure of the semiconductor photocatalyst
governs its electronic transport characteristics, including its electron energy-level
transition. The light absorption, redox potential, charge-carrier mobility, and the
ability to change the band structure all contribute to the photoactivity [37].
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3.1 Cocatalysts Loading

Photocatalyst systems is essential with cocatalyst loading. The formation of junc-
tions with semiconductors, cocatalysts can offer active sites for the catalytic redox
processes on the surface, improving the efficiency of charge separation. Along with
acting as an OER catalyst, CoOx also formed a heterojunction with the semicon-
ductor, facilitating charge separation. By altering the reaction pathways, cocatalysts
can also lower the overpotential. Dual cocatalyst loading has been demonstrated to
be a highly successful strategy for fostering CST [7].

O, development from photocatalytic water oxidation uses the oxidation cocatalyst
functions. RuO,, CoOx, IrOx, and other examples are typical inorganic cocatalysts
for water oxidation. Many oxide photocatalysts do not sufficiently have a nega-
tive CB level to overcome the overpotential and provide the dynamic driving force
for hydrogen evolution. Cocatalysts with more active sites, such PtOx, RuO,, and
Ni/NiO, typically only need a slight overpotential. These cocatalysts can also help
improve charge separation in a photocatalyst by forming Schottky junctions with
semiconductors. Cocatalysts have the ability to improve both water oxidation and
reduction.

PtOx, IrOx, and CoOx are the most often used cocatalysts for the formation of
oxygen in the half water oxidation reaction. However, VBs of cocatalysts are often
significantly more positive than the redox potential of O,/H,O, whereas loading
cocatalysts on oxide photocatalysts are not necessary for photocatalytic O, devel-
opment (1.23 V vs. SHE). However, the 4-hole oxidation of water to produce one
molecular O, is a more difficult reaction than the 2-electron reduction of H,O to
produce one molecular H, [52]. Hence, the active spots on cocatalysts for this reac-
tion are extremely beneficial to speed up the O, evolution. Lower light absorption
of the photocatalysts would result from the more active sites induced by cocatalysts.
Thus, optimizing the amount of loading cocatalysts should be considered to obtain
the maximum activity of water splitting under light irradiation.

Single atom catalysts (SACs) also have a tremendous potential for achieving high
activity and selectivity owing to their homogeneous and well-defined single-atom
dispersion. For instance, a simple single-step method for stabilizing solitary metal
atoms like Pt, Pd, Rh, or Ru on TiO; led to a 6—13-fold increase in photocatalytic
activity compared to metal clusters loaded on TiO, using the conventional method,
as well as improving the stability of the photocatalysts [2].

Oxidation reaction calls for thermodynamic and kinetic parameters during the
photocatalytic water splitting process. It can lower the activation energy and improve
photocatalytic activity, because small loading of cocatalysts can offer the active
sites and trap the photogenerated charge carriers. Therefore, it is required to use the
suitable cocatalyst loading technique on the surface of the semiconductor. For the
O, evolution reaction, the cocatalysts can be divided into the noble metals (e.g., Ag,
Ru, Rh, Ir), noble metal oxides (e.g., RuO,, RhO,, IrO,), and transition metal oxides
(TMOs) (e.g., MnO,, Co30y4). Pt is the noble metal that is most frequently utilized to
reduce overpotential and to encourage charge separation by accumulating electrons.
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The uniformly dispersed Pt species were clearly visible on the surface of WO3; when
the loading amount of Pt was 0.5 wt percent at formation and additional techniques,
such as the development of specific microstructure, surface modification, and solid
solution construction at 823 K via the impregnation method.

Figure 37a indicates the photocatalytic activity of O, evolution on the
Zny-yGeOy4-x-3yN,y semiconductor denoted as ZGON loaded with various cocata-
lysts. Due to the formation of the solid solution phase junction, ZGON combined with
ZnO exhibits enhanced O, evolution activity. IrOx can act as a cocatalyst to further
boost the activity as shown in Fig. 37a. As demonstrated in Fig. 37b, the activity for
O, evolution can be increased by depositing IrOx, CoOx, and RuOx cocatalysts on
ZGON, but CoOx was shown to be the most effective. These cocatalysts can also
be loaded into other systems to increase the activity of O, evolution. The metal-free
boron oxynitride cluster has recently been discovered to be an oxidation cocata-
lyst that enhances the photocatalytic oxygen evolution performance. These findings
suggest that in order to obtain high water splitting efficiency, a water oxidation
cocatalyst is also essential [38].

3.2 Heterojunction Construction

To increase charge-separation effectiveness, many kinds of semiconductor hetero-
junction photocatalysts have been developed and produced over the past few decades.
The majority of p-type semiconductors are unstable, and p—p heterojunctions are even
more unstable, which has hampered the development of p—n heterojunction-based
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photocatalysts. The main obstacles to getting the requisite properties for a water
splitting photocatalyst are design techniques and the construction of heterostructures
using various functional materials.

Each coupling material’s energy level must have almostidentical overlapping band
structures in order to create a heterojunction. When photo-generated charges move
from one material to another at the heterojunction interface, the ability of the migrated
holes and electrons to oxidize and reduce decreases, respectively. Holes transfer to
a material’s less positive valence band while electrons transfer to the less negative
conduction band location, particularly in type I heterojunctions (Fig. 38a). As a
result, after transfer through the heterojunction, the photoexcited charge separation
improves but their redox ability declines. The materials involved in a heterojunction
structure for water splitting must adhere to strict requirements, such as having a
narrow band gap that facilitates the absorption of visible light and proper energy level
matching that promotes good charge transfer and improved oxidation and reduction
ability. For total water splitting under visible light irradiation, the fabrication of
heterojunctions with the right combination of one H; evolving and one O, evolving
photocatalyst is crucial [3].

Typically, water splitting cannot be accomplished with just one n-type semicon-
ductor. For instance, the intrinsically short charge-diffusion lengths or limited charge-
carrier mobility of several n-type semiconductors that visible light absorb and have
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narrow band gaps, such as Fe,;O3, Bi,WOg, and SnWQy, results in ineffective CST.
However, several n-type wide-band-gap semiconductors, such TiO, and ZnO, only
respond to UV light despite having strong CST. Because the advantages of the bene-
ficial qualities of the other components are exploited to overcome shortcomings,
n—n heterojunction photocatalysts made of narrow- and wide-band gap semiconduc-
tors are of great interest. The amount of requirements that must be satisfied by a
single photocatalyst can be decreased by creating a heterojunction out of two or
more semiconductors. The top of the valence band in photoanode materials must be
more positive than the oxygen evolution potential in order to participate in oxidation
reactions, whereas a p-type semiconductor (photocathode) needs a conduction band
position that is more negative than the hydrogen evolution potential. Then, to enhance
charge separation, a modest external bias (electrical energy) can be applied to move
electrons to the counter electrode. There are three primary types of heterojunction
formations between binary dissimilar particles, according to band alignment. For
type I heterojunctions, material A has a smaller band gap than material B. Holes and
electrons transfer from material B to material A due to a more negative CB and a
more positive VB of material B.

Heterojunction of Type I is made up of (two) semiconductors, with component
B’s CB being higher than component A’s. Since component B has a lower VB than
component A, holes and electrons will move to and collect on component A. Due
to B’s more negative CB location, a type II connection depends on the flow of
photoexcited electrons from B to A. Because holes can move in the opposite way
from the more positive VB of A to B, charge separation is generally effective and the
photocatalytic activity is increased. The VB and CB locations of the third kind, Type
I1I, differ significantly from those of Type II, providing a stronger pushing force for
charge transfer. The semiconductor—liquid junction is created when the Fermi level
(E¢) of a semiconductor electrode is brought into equilibrium with the redox potential
of the electrolyte as a result of electron transfer that occurs when the electrode is
submerged in an electrolyte solution [39].

Wang et al., designed a nanoporous MoQO3-x/BiVO, heterojunction photoanode
to promote charge separation and oxygen deficient WO3-x/BiVO, heterojunction
photoanodes to boost the PEC performance. Using a standard three-electrode cell and
aXe 150 W lamp as the light source, the photoelectrochemical (PEC) performances of
the produced films were assessed. A thermopile optical detector precisely calibrated
the light intensity to be around 100mW cm™2 after being irradiated via an AM 1.5G
filter. By varying the electrodeposition time from 1 to 5 min, BiOI nanosheet arrays
with film thicknesses ranging from 200 to 600 nm may be produced, as shown in
Fig. 39b—d. The nanosheets’ diameters are comparable, though. According to the
XRD patterns displayed in Fig. 39e, all peaks can be attributed to BiOI along with
the FTO signals.

Interestingly, the nanosheet array structures can still be seen in the BOI-x films
after hydrothermal treatment with a (NH4)6M070,4.4H,0 solution (Fig. 39f-h).
The BOI-x films have successfully been transformed to Bi;MoOg based on the XRD
patterns displayed in Fig. 1(i) (PDF#33-0208; the matching samples were designated
as BMO-x). On an electrochemical workstation, photocurrent-potential curves were
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Fig. 39 a Schematic the preparation of MoOs3-x/BiVOj4 heterojunction. SEM images of b BOI-1,
¢ BOI-3 and d BOI-5. insets in (b—d): e XRD patterns of BOI-1, BOI-3 and BOI-5. SEM images of
f BMO-1, g BMO-3 and h BMO-5. i XRD patterns of BMO-1, BMO-3 and BMO-5. SEM images
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produced using LSV with a scan rate of 50 mV s-1 and a voltage window of 0.1-1.3 V
versus RHE. Long-term stability of the photoanode was evaluated at 1.23 V versus
RHE under AM 1.5 G illumination for 10 h.

All samples have much greater photocurrent densities when Na,SO3 is present,
showing that oxygen evolution cocatalysts (OECs) are necessary to speed up OER
at the photoanode/electrolyte interfaces. The resulting MO/BVO-3/FeOOH/NiOOH
photoanode displays an improved photocurrent density of 4.81 mA c¢cm™2, which is
noticeably higher.

The photocurrent densities of the MoO;_/BiVO4/FeOOH/NiOOH films were
measured in an airtight cell at 1.23 V versus RHE under AM 1.5 G illumination for
10 h, and the amount of gases was detected with a gas chromatograph to assess the
overall water splitting performance. By adjusting the electrodeposition duration of
the BiOI precursor films, the composition of MoO3 . can be customized. With a high
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Fig. 40 a Photocurrent density versus potential of the MO/BVO-1, MO/BVO-3 and MO/BVO-
5 photoanodes in a 1 M borate buffer electrolyte containing 0.2 M Na;SO3z under AM 1.5
G b Photocurrent density versus potential and ¢ ABPE curves of the MO/BVO-1, MO/BVO-
3, MO/BVO-5 and MO/BVO3/FeOOH/NiOOH photoanodes in a 1 M borate buffer electrolyte
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1.23 V versus in a 1 M borate buffer electrolyte. e Gas evolution from PEC water splitting of
the MO/BVO-3/FeOOH/NiOOH photoanode at 1.23 V versus RHE

photocurrent density of 5.07 mA cm-2 at 1.23 V versus RHE under AM 1.5 G illumi-
nation and Na, SOj as the hole sacrificial agent, the optimized MoQOj3_/BiVOy, hetero-
junction photoanode exhibits a nanoporous shape that effectively promotes charge
separation. By depositing FeEOOH/NiOOH dual OECs to accelerate the surface reac-
tion kinetic for OER, the optimized M0O3_,/BiVO,4/FeOOH/NiOOH photoanode can
achieve a photocurrent density of 4.81 mA cm™! [40]. The ability to achieve visible
light responsive photocatalytic water splitting with preferential band alignment is
one of the most significant benefits of a heterojunction arrangement (Fig. 40).

3.3 Doping and Vacancy Formation

Another reasonably popular technique for extending the absorption response to
longer wavelengths via incorporation of dopant. Additionally, it can be employed
to control the photocatalyst development in order to stabilize more reactive facets
and improve the photocatalytic activity. Nitrogen, sulfur, carbon, phosphorus, fluo-
rine, and non-metal elements including Ag, Mg, Cu, Rb, Co, Mo, Au, Pt, Fe, Cr, and
V are frequently used as dopants for broad bandgap oxide photocatalysts like TiO,
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and ZnO. The preparation of impurity states or defect states in the forbidden band as
aresult of doping or vacancy formation can cause the periodicity of a crystal atomic
arrangement cause lattice distortion, hence widening the range of the light response.

Additionally, the separation of photogenerated charge carriers is done by
improving the efficiency of the photocatalytic O, evolution. Doping is essential
for altering the characteristics of catalyst materials. Since Asahi et al. announced
nitrogen-doped TiO, in 2001, doping, particularly non-metal doping, has been thor-
oughly researched in photocatalysis [21]. Since 1982, it has been shown that TiO,
can absorb more visible light when it contains a specific quantity of transition metals
like Cr and Ru. Then, metallic doping was used to enhance semiconductors’ photo-
catalytic activity. Non-metallic element doping (such as B and N) entered the main-
stream at the beginning of this century because it allowed for more flexible tuning
of photocatalytic activity. Currently, it is widely believed that the types of elements,
doping techniques, concentration of dopant, and position of the dopant can all have an
impact on the effect of metallic/nonmetallic doping for photocatalysts. The concept
of gradient doping with nonmetallic heteroatoms in TiO, to improve the electronic
structure has been developed based on the mature research works on elemental doping
in TiO,, N- and p-doping are the two basic kinds of doping.

Doping via foreign elements may alter a semiconductor band structure by adding
intermediate donor or acceptor energy levels, and narrowing the band gap to absorb
more light toward the visible region. Doping has an impact on the semiconductor
lattice structure, which improves charge-separation effectiveness and carrier mobility
in the semiconductor core. The band structure of TiO; is shown in the scheme along
with the impact of non-metal doping, illustrating the effect of doping. Doping may
alsoresultin the introduction of extra color centers, as shown in portions in Fig. 41d, e.
The origin of the visible-light absorption for nitrogen-doped TiO, has been explained.
According to calculations using basic principles, the reduced bandgap of TiO, helps
nitrogen-doped TiO, absorb visible light by combining O 2p states with N 2p states of
the substituted nitrogen atoms in VB. Figure 41a—c highlight that three mechanisms
causing this visible light absorption by nitrogen doping have persisted, particularly at
the theoretical level where chemical state, dopant concentration, and various calcu-
lation techniques have been carefully taken into account. In independent dopant
species, the visible-light absorption band originates from the decrease of TiO, after
heat treatment or photostimulation procedure (Fig. 41d). TiO, with nitrogen doping
cause band-to-band and shoulder tail visible-light absorption band properties of
TiO,x Ny films prepared by sputtering technique on the TiO; plate in an Ar/N; mixed
gas (Fig. 42a) [41]. Regardless of applying metal or non-metal doping, it is obvious
that preparation procedures have a significant impact on band electronic structure
and the subsequent properties of the doped TiO, visible-light absorption band. The
existing localized states in the bandgap or the sensitizer attached to the semicon-
ductor surface produce an absorption tail, whilst the narrowed bandgap might lead
to steep and parallel absorption edges.

The important states of the CBs and/or VBs can be changed by modifying the
compositions of the materials under research to produce full and long-range coupling
between dopant states with spectral distributions. For this kind of coupling, the entire
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doped semiconductor matrix must have a uniform distribution of dopants at the atomic
level without affecting the semiconductor crystal structure. The metal states of 3d
and O 2p states make up the CBs and VBs of the majority of transition-metal oxide
semiconductors.

The majority of doping techniques only result in inhomogeneous distributions of
dopants, where the dopant is only dispersed in a very shallow subsurface region.
The only way for dopants to impact the semiconductor matrix partial crystal field
is by a weak, close-range contact with the matrix states. A few effective doped
TiO, with prolonged band-to-band visible-light absorption edges, the creation of
high-energy Ti, O, or dopant atoms are required. This method of doping results in
homogenous doping at the atomic level because the quantity of dopant atoms included
can be significantly increased and the dopant atoms are evenly distributed throughout
the whole matrix. Figure 43 presents a summary of the previous analysis. For the
implementation of homogenous doping, high-energy ion-implantation procedures
are effective for transition-metal dopant atoms with large atomic numbers, but less
effective for non-metal atoms.
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While homogeneous nitrogen doping can occasionally be achieved through phys-
ical sputtering deposition, only films can be created, and the yields are still rather low.
Consequently, itis scientifically and technically required to develop a straightforward
and broadly applicable doping technique.

As seen in Fig. 44, two potential approaches are put up to achieve a uniform distri-
bution of dopants throughout the whole semiconductor matrix. One is to reduce the
size of the TiO, particles such that homogenous doping can be achieved with only
a short diffusion length for dopants. The alternative is to create a gallery channel,
which will enable homogenous doping throughout the entire particle bulk and facil-
itate dopant diffusion. In both circumstances, homogenous doping has the ability to
occur before phase transition affects the subsurface layer [42].

4 Photogenerated Separation of Charge and Charge
Recombination

One major issue limiting the overall effectiveness of the photocatalyst process is the
rapid recombination of the produced electrons and holes. When electron—hole pairs
recombine, photogenerated electrons return to the semiconductor’s valance band with
degeneracy in energy. While semiconductor photocatalysts with broad bandgaps are
normally UV light active, those with tight bandgaps experience rapid recombination
of photogenerated electron/hole (e~ /h*) pairs. As a result, these drawbacks must be
properly addressed in order to produce usable semiconductor photocatalytic systems
(Fig. 45).

The morphology, dimensionality, and design of photocatalysts have a significant
impact on the migration rate of these charge carriers. The photocatalytic activity is
found to rise when the size of the photocatalysts is shrunk to the nanoscale due to the
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faster diffusion of the separated electrons and holes prior to recombination as well as
an increase in surface area per unit mass and volume. Due to the effective and quick
separation rate of charge carriers produced by the created p-n heterojunctions at
the interface of hybrids, interface engineering of the nanocomposite photocatalysts
can also greatly improve the photocatalytic activity. It has been demonstrated in
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several studies that designing a hierarchical structure properly and growing 2D
nanomaterials (such as nanosheets, nanoplates, etc.) on 1D nanostructures (such
as nanotubes, nanorods, nanofibers, etc.) will significantly improve the charge-
separation efficiency and migration of photogenerated electrons and holes in the
2D/1D heterojunction [43].

In the schematic diagram, the energy levels of conduction band (CB) bottom and
valence band (VB) top of both g-C3Ny4 and TiO,, are labeled, which are important
to understand the transfer and separation processes of photogenerated charges. The
EVB levels for TiO, and g-C3N4 stand at 3.0 eV and 1.4 eV via the standard hydrogen
electrode (SHE), respectively, while their ECB levels are positioned at 0.2 eV and
1.3 eV, respectively. Thus, due to suitable ECB and EVB of g-C3Ny4 and TiO,, there
is a better heterojunction expected for g-C3N, and TiO, in nanocomposites. CB and
VB of g-C3;Ny are located well above the CB and VB of TiO,. It means that the
photogenerated electrons are easily transferred from the CB band of g-C3;Ny to the
CB of TiO; for the reduction process [44] (Figs. 46 and 47).

Various techniques have been employed to expand the light-harvesting zone from
UV to visible and generate photocatalysts active. These ones deal with nanocatalysts,
noble metal loading, ion doping, dye sensitization, fabrication of nanostructured
semiconductors for photocatalysis, including nanosheet, nanotube, and nanorod,
different fabrication methods for TiO2 nanotubes, including hydrothermal, anodiza-
tion, and template methods, and new materials like graphene-based ones. In fact,
it is crucial to develop and produce suitable heterostructures to improve the charge
carrier separation in order to prevent photogenerated charge-carrier recombination
on the photocatalyst. To more effectively use solar energy, several semiconductor
materials with visible-light photoactivity have been developed [37].

Jia et al. demonstrated that, by control of the increase of the dipping tempera-
ture in a chemical bath deposition method, large amounts of highly crystalline 2D
BiOBr nanosheets can be decorated on the outer walls of 1D TiO,_, nanotubes with

Potential vs NHE

OH/Org

"OH /Org'
g-CN/NS-CN

Fig. 46 Transfer and separation Charge in the TiO2/g-C3N4 nanocomposite, along with the induced
reactions
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Fig. 47 Categorization of existing strategies for achieving charge separation

high photoelectrocatalytic performance in removing RhB dyes from water. The p—n
junction created by the 2D/1D BiOBr/TiO,_4 hybrid which generates a type II band
alignment, which will aid the migration of electrons from the CB of BiOBr to that
of TiO,_x and the movements of holes from the VB of TiO,_, to that of BiOBr
(Fig. 48).

Their architectural characteristics, such as morphology, crystal structure, particle
size and surface area, have an impact on the separation and migration of photogener-
ated electrons and holes as well as the surface chemical reaction of H, or O, evolu-
tion. The enhancements to the photocatalysts’ morphology can increase the incident
light’s reflection and scattering among the nanoparticles that make up the catalyst. For
instance, by varying the concentration of NH; solution, Cu, O with various morpholo-
gies, including spherical particles, porous spherical particles, cubes, and octahedral,
were formed. At boundaries and flaws, photogenerated charges can be trapped and
recombined very easily. As a result, higher crystallinity will result in fewer flaws and
boundaries, which will enhance the photocatalytic activity [2].
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4.1 Strategies for Enhancing the Efficiency of Charge
Separation

It is vital that a successful strategy be developed to support the charge transfer and
separation. According to recent study findings, separating and transporting charge
carriers via semiconductor photo catalysts is a problem that can be efficiently solved
by implementing a post-treatment process after sample preparation. In order to signif-
icantly improve photocatalytic water oxidation over a BiVOy, catalyst, for instance, a
simple and effective Cl- surface modification approach has previously been reported.
As-prepared Cl-modified BiVO, produced good oxygen evolution, with an apparent
quantum efficiency of 34.6 percent at 420 nm, thanks to the acceleration of photo-
generated holes by Cl-. Bi, WOg nanosheets that have been treated with C1 were also
created to test their effectiveness as photocatalysts for oxidation.

These surface-modified catalysts with increased photoreactivity offer new
perspectives and more chances to improve the efficiency of carrier separation and
transport while boosting the photoreactivity of semiconductor photocatalysts. A
simple approach of F-surface modification was described by Liu et al., which not only
increases the effectiveness of charge separation but also quickens the charge-transfer
process. The F- surface-modified TiO, of the TO-0.4F sample exhibits enhanced
and ideal photocatalytic degradation of methyl orange (MO), photocatalytic produc-
tion of the hydroxyl radical (HO.), and photocurrent response when exposed to
UV light, as compared to pristine TiO, (denoted as TO). Here, x represents the
volume of HF added in the solution. Figure 6a illustrates the photocatalytic break-
down of methyl orange (MO) under UV light. After being exposed to UV light
for 40 min, the pure TO sample exhibits a high degrading efficiency of 79 percent
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toward MO. For TO-0.1F, however, surface modification with a modest quantity of
F- results in an improved degrading efficiency of 89 percent. Furthermore, among the
F-modified TiO, samples, TO-0.4F exhibits the maximum degrading efficiency of
95%. However, the TO-1.6F catalyst’s photocatalytic degradation efficiency notice-
ably dropped by 51% as a result of excessive F- being present on the surface of TiO,.
In most cases, interactions between different factors lead to a catalyst’s activity.
The better or lower photocatalytic performance of TO-xF in the present situation
can be attributed to the surface and optoelectronic aspects since the textural and
morphological characteristics of TiO, are almost preserved after and before surface
fluorination. The reaction rate constant (k) was calculated using the fitted curves of —
In(C/CO0) vs reaction time, as illustrated in Fig. 49b. The ideal k for TO-0.4F is around
1.67 times that of pristine TO, indicating that F-surface modification is advantageous
for boosting TiO2’s photocatalytic activity. Additionally, the colorless phenol was
employed as a model pollutant to assess the photocatalytic activity of the TO and
TO-xF samples in their prepared state. By producing hydroxyl radicals ((OH), the
photocatalytic redox activities were further examined under UV light irradiation.
PL intensity centered at 426 nm, as shown in Fig. 49, estimates the relative
concentration of .OH. As demonstrated in Fig. 6d, TO-0.4F exhibits the strongest
.OH production performance among the series samples, with TO-0.1F and TO-0.4F
showing stronger .OH generation than pure TO. The aforementioned findings show
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that when compared to pure TO, the photoinduced oxidation activity in TO-xF is
increased. In most cases, the photocatalytic degradation events go forward directly
through photogenerated holes or indirectly through oxidation mediated by the . OH
radical. The holes in the VB are unable to oxidize the fluorine groups on the TiO,
surface due to the F./F-couple’s much greater redox potential (3.6 V). As a result,
the TO-xF catalyst produces more .OH radicals to take part in the photocatalytic
processes. The photogenerated holes in TO-0.4F may have a better oxidizing ability
as a result of the VB downward shift, which is advantageous for the photocatalytic
oxidation reactions. A potential photocatalytic mechanism using the TO-xF catalyst
is suggested and is shown in Fig. 50 based on the characterization studies and band
structure discussed above. As demonstrated in Fig. 50a, the photogenerated holes
may be confined by coupling F species with strong electronegativity on the surface of
TO, and the migration and separation of photogenerated electrons to reactive sites to
take part in the redox processes are significantly enhanced. Figure 50b, c depict the
F-enhanced surface trapping sites and hole transfer over the solid/liquid interface.

(b)
Oxidation
(a) W;;;kﬂ Slow

2 -

+2@idation
- f"'- ‘E")

Fast
TO-F

Fig. 50 a Mechanism of F—promoted charge separation on surface of TO-F. F—modified TO-
promoted carrier charge separation and accelerated photoelectrochemical performance for b TO
and ¢ TO-F photoanodes taken from reference [45]
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4.2 Improving Light Absorption

Extending the optical absorption characteristics of photocatalysts, particularly for
visible-light wavelengths, is essential to achieve an improved photocatalytic perfor-
mance. The photocatalytic efficiency rises as more electrons and holes are produced
as a result of the photocatalysts absorbing more photon energy. Because shrinking
the particles to the nanoscale increases the specific surface area, the light absorbance
capacity can be greatly improved in nanostructured photocatalysts. Accordingly,
the photon energy absorption by each nanostructure in 1D/2D nanocomposites with
high light absorption coefficients can synergistically increase the absorption of a
wide spectral range of light (UV-vis-NIR). For instance, a high specific surface
area of 130.9 m2 gl would be achieved when TiO, nanowires are built on MnO,
nanosheets, which is 2.4 and 1.2 times bigger than that of TiO, nanowires and
MnO, nanosheets alone, respectively. In comparison to bare TiO, nanowires and
pure MnO, nanosheets, the hierarchical Z-scheme heterojunction of a TiO,/MnO,
nanocomposite considerably improved the full spectrum absorption of visible light
from 300 to 800 nm, which improved the photocatalytic activity for the destruction
of RhB dyes. Several methods to dynamically alter the energy band topologies or
surface states of photocatalysts can be taken into consideration in order to further
improve the photoabsorption in 1D/2D hybrid photocatalysts.

The spectrum of irradiation light that may be absorbed by photocatalyst increases
with decreasing band gap, which is a crucial aspect in improving photocatalytic
performance and efficiency in various solar energy conversion and harvesting appli-
cations. For instance, it has been found in various studies that the formation of 2D
nanosheets on top of 1D nanostructures can increase light absorption. The externally
generated 2D nanosheets can expose their complete surface to the irradiation light
and absorb more photons in this type of 1D/2D design. Additionally, 2D nanostruc-
tures often have a lower band-gap energy than 1D nanomaterials, which is favorable
for having a better capacity for light absorption. Regarding this, Li et al. reported the
formation of core—shell-structured Bi,O4/BiO, hybrid photocatalysts with broad-
spectrum light absorption efficiency for the photodegradation of dyes and antibiotics
(Fig. 51a). These photocatalysts showed a broad absorbance range between 200 and
2500 nm, which resulted in a distinctive h + mobility, a small band gap, and superior
optoelectronic characteristics.

According to many writers, raising the number of light-active sites on the photo-
catalyst and limiting charge-carrier recombination are the two key strategies for
increasing the light absorption response. Two techniques can be used to increase
the number of light-active sites: (1) designing semiconductors at the nanoscale to
increase their surface area, and (2) increasing the number of highly active facets of
the photocatalyst. Controlling the heterostructure’s shape and construction with the
right band alignment helps enhance charge-carrier separation. Additionally, some
semiconductors’ open pores may allow the reactants to diffuse into the photocatalyst
material. Specifically, a single-step, template-free method is ued for the synthesis of
meso-crystalline [37].
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Fig. 51 Mechanism of the composite BioO4/BiOy—x in UV-vis—NIR irradiation

It is well known that a semiconductor’s crystal structure affects how effective it
is in photocatalysis. The photocatalytic effciency can be improved by optimizing
the nanostructure size and morphology because photocatalytic reactions take place
at the active sites on the photocatalyst surface. Increases in surface area and the
percentage of crystal facets with increased photocatalytic activity both lead to an
increase in the number of active sites. In general, morphological impacts on the
photocatalytic activity (such as nanocrystals versus nanowires of the same material)
can be understood as crystal facet-dependent reactivity or structural sensitivity.

Photocatalytic activity can be impacted by both cation and anion defects. Utilizing
anion vacancies (oxygen vacancies or nitrogen deficciency) to regulate photocatalytic
activity is an illustration of the method of exploiting native defects. Oxygen and
nitrogen defects in g-C3N,4 produced defects that are advantageous (O = C, NHx
species, and N defects at the N-2C site), or detrimental for hydrogen evolution.
Individual defects can also have positive or negative effects on the photocatalytic
activity.

Cyano group (CN) is another elevant fault in g-C3N, in addition to these potential
flaws. Native defects, such as oxygen vacancies, can enhance exciton dissociation,
which in turn contributes to enhanced charge carrier transfer and, as a result, photo-
catalytic activity. They can also introduce gap states to extend the photocatalytic
response to longer wavelengths (depending on the semiconductor) [46].

4.3 Ultra Violet Light and Visible Light Photocatalysts

The majority of semiconductor photocatalysts are only activated by ultraviolet light;
however, UV light makes up just about 5% of the solar spectrum, with visible light
making up the other 45% and near-infrared (NIR) making up the other 50%. To make
the most of solar energy, efforts should be made to widen the light response from UV
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to visible and NIR light. Furthermore, because high-intensity UV light places too
much energy into the environment where reactions are occurring, a greater generation
of reducing and/or oxidizing agents follows, frequently leading to an increase in the
synthesis of byproducts. The only distinction is that the photocatalytic cycle activates
with less photon energy, which most likely enhances selectivity. Oxide catalysts have
a wide band gap energy because the UV portion of the solar spectrum only makes
up around 4% of the entire solar spectrum [37].

4.3.1 Improving Efficiency

The photocatalytic efficiency can be expressed by the quantum yield ® that measures
the efficiency of a photocatalytic process and which is defined as

Amount of reactant consumed or product formed in the system

~ Amountof photons absorbed by the photocatalysts at wave lengthA

It is the absorbed photons and not the incident ones that initiate and drive a photo-
catalytic process. Due to light dispersion by the semiconductor surface, itis extremely
challenging to quantify the real photons that have been absorbed in heterogeneous
systems. The efficiency is, therefore, typically expressed as the apparent quantum
yield and it is assumed that 100% of the light is absorbed. The overall quantum yield
of photocatalytic processes is also constrained by the e~ /h* recombination and back-
donation process, which occur following charge transfer from the adsorbed species
to the semiconductor surface. Additionally, the effectiveness of photocatalysis in the
elimination of organic pollutants depends on the semiconductor photocatalyst and
the kind of irradiation, the sensitivity of the pollutant to photooxidative degradation,
and the photocatalytic pathway. The targeted pollutant is one of the most crucial of
the factors just mentioned. In fact, the efficiency of a photooxidative degradation can
be influenced by both the material’s chemical structure and its electrical properties.
Another important factor in a pollutant’s capacity to undergo photooxidation is the
level of substitution. [24].

5 Conclusions, Challenges, and Perspectives

Oxygen evolution is the key phase in photocatalytic water splitting, which has
received a lot of interest in recent years due to the intricate four-electron reaction
mechanism. Despite the fact that numerous investigations have been carried out,
a systematic review is necessary to comprehensively synthesize and introduce the
research on photocatalytic O, evolution. The development of technology for solar-
driven water splitting on a multi-GW scale is and will become a key. It is neces-
sary to produce new chemically stable semiconductors with band gaps between 1.5
and 2.0 eV and adequate carrier lifetimes. High-throughput experimentation and



Semiconductor-Based Photocatalytic Oxygen Evolution Performance ... 317

successful expert cooperation are needed for this. It also necessitates a readiness to
“fail quickly” and learn from prior errors, such as the 40-year attempts to create
a successful solar absorber from a wide-bandgap material like TiO,. Finding and
analyzing novel absorber materials might be a better use of these efforts.

Any future renewable energy system that uses chemical fuels as energy carriers
faces its biggest difficulty in the sustainable production of hydrogen. Due to its
advantages of abundant resources, environmental friendliness, etc., photocatalytic
water splitting has steadily come into focus in the societal context of improving the
sustainable development of energy resources. Water oxidation, which determines
the velocity of the water splitting reaction, is the main bottleneck that limits the
efficiency of this process. Accordingly, effective solutions, such as cocatalyst loading,
heterojunction construction, doping and vacancy formation, as well as other tactics,
are based on the fundamental problems that impede the photocatalytic performance
of photocatalysts,

Although a number of oxygen evolution photocatalysts have been created during
the past ten years, there is still a long way to go before there are any real-world
industrial uses. The majority of photocatalysts for oxygen evolution still require
the presence of cocatalysts and sacrificial agents, which unquestionably raises the
cost to industrial applications. They also generally have low efficiencies or poor
physicochemical stability. More work will be required in the future:

Currently, techniques for improving the performance of O, evolution are mostly
focused on increasing the absorption capacity and charge separation effectiveness,
with little attention paid to studies of the surface catalytic reaction. In reality, the
adsorption of reactants and the reaction activation energy are intimately related to the
reactive sites of photocatalysts. For instance, creating surface flaws can unmistakably
improve the photocatalysts’ active sites. Therefore, it is anticipated that one of the
research goals in the future will be the investigation of the catalytic active sites for O,
evolution. Such fuels are most conveniently transported, stored, and used when they
are in a liquid or gaseous state. While some of these chemical fuels do not contain
carbon or nitrogen, all of them do. Water splitting with sunlight is the main difficulty
since it is the only globally accessible, abundant, and sustainable source of hydrogen.

It has long been researched as a viable method of clean, large-scale fuel produc-
tion to split water using solar energy and semiconductor photocatalysts to produce
hydrogen and oxygen. In general, when a photocatalyst is altered with an appro-
priate cocatalyst, total water splitting can be accomplished. Therefore, it is crucial
to create both cocatalysts and photocatalysts. Significant advancements have been
made in water splitting photocatalysis during the past five years, particularly in the
creation of cocatalysts and the associated physical and chemical changes. Due to its
advantages of abundant resources, environmental friendliness, etc., photocatalytic
water splitting has steadily come into focus in the societal context of improving the
sustainable development of energy resources. Water oxidation, which determines the
velocity of the water splitting reaction, is the main bottleneck that limits the efficiency
of this process.
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The majority of photocatalysts for oxygen evolution still require the presence
of cocatalysts and sacrificial agents, which unquestionably raises the cost to indus-
trial applications. They also generally have low efficiencies or poor physicochem-
ical stability. More work will be required in the future. The current research focus
is still on the creation of effective photocatalysts for water oxidation. Therefore,
high-performance perovskites for O, evolution are anticipated to be produced in the
future via rational design strategies based on the crystal structure and band structure.
Currently, techniques for improving the performance of O, evolution are mostly
focused on increasing light absorption capacity and charge separation effectiveness,
with little attention paid to studies of the surface catalytic reaction.

In reality, the adsorption of reactants and the reaction activation energy are inti-
mately related to the reactive sites of photocatalysts. For instance, creating surface
flaws can unmistakably improve the photocatalysts’ active sites. Therefore, it is
anticipated that one of the research goals in the future will be the investigation of
the catalytic active sites for O, evolution. Substantial work has been put into devel-
oping active sites on photocatalysts and understanding reaction mechanisms in the
search for visible-light responsive photocatalysts, which has resulted in significant
advancements in the field of heterogeneous photocatalysis for water splitting.
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