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Abstract: Photocatalysis is of particular interest because it can be utilized for reducing air 

pollution and decreasing greenhouse gas emissions. This review examined the latest advances 

in layered photocatalytic nanomaterials and single-atom catalysts and discloses the synthesis, 

structural features, and ways to enhance their catalytic ability. In particular, we describe the 

peculiarities of catalysis mechanisms in CO2 conversion, pollutant and NOx removal, and 

nitrogen reduction. The current trends in this field and the potential areas for further research 

are also discussed in this review. It is important to emphasize that single-atom catalysts 

possess distinct advantages to substantially improve the efficiency of energy conversion 

processes. The materials related to the synthesizing and post-processing of layered 

semiconductor catalysts and single-atom catalysts can be useful for other researchers and 

stakeholders.  
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1. Introduction 

In the past few centuries, there has been a growing concern regarding the 
gradual depletion of abundant fossil fuel reserves beneath the earth’s crust. The rapid 
growth of the global population has exacerbated this issue, making it increasingly 
challenging to meet the planet’s energy demands. The increasing demand for fossil 
fuel leads to high levels of dangerously toxic gasses, such as CO2 and CO. 
Environmental deterioration and climate change have resulted from such gases [1–
3]. Moreover, the massive burning of fossil fuels has been a key figure contributing 
to the greenhouse effect, threatening the ecosystem by raising levels of CO2 in the 
atmosphere dramatically [4]. The combustion of fossil fuels in the industry has been 
one of the key factors in soaring concentration of CO2 in the atmosphere. Based on 
predictions, due to the greenhouse effect, CO2 accumulating over time has the 
potential to reach 750 ppm from its present level of 400 ppm (which is also 0.04%) 
[5]. This could in turn mean temperature rising by 5–9 ℃ and rainfall decreasing or 
increasing worldwide. Considering this reality, there is an urgent need to promote the 
development and use of renewable energy sources [4–6]. This will not only meet the 
needs of society but also be beneficial in resisting global warming’s effects on 
society. Air pollutants consist of complex blends of harmful chemicals. They include 
gases and other substances. Their concentrations and residence times in the 
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atmosphere are large enough to bring adverse environmental repercussions and 
ecotoxicological effects. For example, NOx, mainly nitrogen dioxide (NO2) and 
nitrogen monoxide (NO), is one of the most widespread of several other pollutants 
found in nature, resulting in air pollution. The free radicals of NOx can merge with 
other atmospheric ingredients to produce smog and acid rain, which causes health 
concerns, including multiple diseases (e.g., eye and throat irritation) and increased 
susceptibility to respiratory infections. Additionally, NOx emissions contribute 
indirectly to stratospheric ozone depletion and also have a greater effect on 
greenhouse gas emissions and global warming [7,8]. Conversely, for terrestrial life, 
reactive fixed nitrogen exists only in small concentrations. It must be changed into 
fixed nitrogen with no N≡N bonds and into significant products, including NH3, 
nitrates, and CO(NH2)2, which living organisms can assimilate instead [9,10]. As the 
cornerstone of the global nitrogen cycle, turning atmospheric NOx into fixed nitrogen 
and inverse alteration to maintain the nitrogen cycle in balance are among the chief 
biogeochemical processes on the earth. The earth has seen natural nitrogen-fixing 
processes for almost 2 billion years, with an estimated annual fixation rate of about 
150 to 200 Tg [11]. One of the promising alternative fuel sources is ammonia (NH3), 
with a substantial hydrogen concentration of 17.6 wt%. The major part of the 
compound is derived from nitrogen fixation processes [12]. Apart from the fact that 
this compound might be a good solution for the transportation sector at short notice, 
it is also a great long-term solution, since it has zero carbon emissions [13]. 

Currently, various innovative catalytic techniques, including electrocatalysis 
and photocatalysis, are being developed to investigate the nitrogen-fixation 
capabilities of catalysts [14]. Photocatalytic nitrogen fixation is regarded as one of 
the most promising alternatives due to its utilization of abundant solar energy for 
nitrogen fixation reactions. These reactions include the nitrogen reduction reaction 
and the nitrogen oxidation reaction under favorable conditions. In 1977, Schrauzer 
and Guth found that nitrogen (N2) can be photocatalytically reduced to ammonia 
(NH3) and hydrazine (N2H4) over TiO2 and that the inclusion of Fe2O3 boosts the 
nitrogen-fixation efficiency of TiO2 [15]. Since then, various approaches, such as 
inducing manufacturing defects, employing supporting co-catalysts, and creating 
heterojunctions, have been devised to enhance the efficiency of nitrogen-fixation 
processes [16]. 

Photocatalysis has demonstrated great promise as a green technology since 
1980 due to its inherent economic and sustainable energy advantages over other 
approaches, but certain fundamentals require further progress to unlock its full 
potential [17,18]. The initial breakthroughs in harnessing photocatalysis for 
environmental remediation and CO2 reduction opened new possibilities for 
sustainably treating air pollutants. However, conventional metal oxide 
semiconductors utilized until now have been constrained by insufficient conversion 
of sunlight to usable forms of energy and difficulty scaling up from the laboratory to 
the commercial scale [19]. 

Researchers have attempted to solve bandgap engineering challenges using 
photocatalysts that are more energy-efficient [20,21]. In addition to these 
technologies, the promising approaches of single-atom catalysts and layered 
semiconductor nanomaterials have received considerable attention. For a 
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heterogeneous catalytic process in the chemical industry to function effectively, the 
reaction should occur at the interface where the solid catalyst interacts with the 
active sites of reactants [22]. Thus, one of the simplest and most widely used 
techniques to gain such properties is reducing the size of catalyst particles to the 
nanometer range. The physical and chemical properties of these advanced catalysts 
are due to their high surface area-to-volume ratio [23,24]. This breakthrough gives 
new ways in photocatalysis to study photo-responsive materials and their 
mechanisms in both pollutant degradation and CO2 photoreduction. Among them, 
layered photocatalysts, which possess a large interface area and exhibit enhanced 
performance properties owing to their unique layered structure, have been studied. 
Three key characteristics are shared among these novel photocatalysts for 
environmental cleaning. Layered or stacked 2D nanomaterials have been studied due 
to their ordered morphologies, tunable CO2 adsorption per unit volume, and easy 
adjustment of the range of anions or cations [25]. 

Moving forward, sustained research is imperative to enhancing photocatalytic 
efficiency and viability at an industrial scale through novel materials, structures, or 
methods so that this technology may fully realize its promising early applications 
and become transformative. Semiconductor photocatalysis is one of the emerging 
novel sustainable energy approaches in recent years [26]. This technique is capable 
of not only converting solar energy into utilizable fuels that can be stored, 
transferred, and utilized but also supporting waste reduction and pollutant 
decomposition [27]. Overall, the photocatalytic process comprises three basic stages: 
1) light absorption, 2) charge separation and migration, and 3) surface redox 
reactions of pollutants [28]. The result of this process may greatly depend upon 
many factors, among which are the optical properties, size, surface area, and 
morphology of the semiconductor photocatalysts [29]. In addition, the energy of the 
bandgap may define the range of light absorption, while the position of the valance 
and conduction band edges may establish redox potentials. 

There are many reviews discussing the synthesis methods, structural properties, 
and applications of layered photocatalytic nanomaterials and single-atom catalysts in 
diverse fields [30–34]. The present review reveals an unbiased perspective regarding 
the concrete progress in the context of perovskites and single-atom catalysts in CO2 
reduction and nitrogen fixation. In particular, recent studies on current challenges, 
with a focus on general strategies, synthesis methods, and structural properties, are 
discussed. Also, the catalytic functions of these materials are elaborated, with 
primary realization of such critical processes as CO2 into valuable fuels and 
environmental applications involving NOx and nitrogen reduction. In the conclusion, 
potential development trends in the field of layered and single-atom catalysts are 
outlined. This review presents a comprehensive summary of the synthesis, 
modification, and applications of both layered semiconductor catalysts and single-
atom catalysts. A significant aspect of the review is the insight into the mechanisms 
behind the modulation of the electronic structure and the coordination environment 
of single-atom catalysts to affect catalytic activity, stability, and selectivity. The 
conclusion lists the most significant factors or trends, accompanied by the highest 
potential, challenges, and opportunities for single-atom catalysts in the domain of 
energy conversion. 
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2. Advances in metal-based layered photocatalytic nanomaterials 

Metal-infused layered photocatalytic nanomaterials are a unique type of 
photocatalytic materials, which are of special interest for energy conversion and 
environment remediation. They can be classified into several types, among which are 
layered perovskite oxides, layered double hydroxides (LDHs), and transition metal 
dichalcogenides. Since all these materials have different structural and chemical 
properties, they may serve as a basis for developing other environment-friendly 
methodologies. 

2.1. Multi-layered perovskite oxides 

The term “perovskite” was coined by German scientist Gustav Rose in 1839 
upon his identification of the crystalline structure of CaTiO3, which he named in 
tribute to Russian mineralogist Count Lev Aleksevich von Perovski [35]. Over 
several decades, inexpensive perovskite oxides, described by the typical formula of 
ABO3 (Figure 1(a)), have grown tremendously reputable as an economically 
practical and earth-abundant category of multifunctional materials [36]. In an ideal 
cubic-symmetry form, the larger A-site cation is frequently a rare-earth or alkaline 
earth metal, exhibiting extensive 12-cornered coordination with oxygen atoms, 
whereas the smaller B-site cation commonly is a transition metal demonstrating 
compressed six-fold coordination with oxygen [37]. Currently, multiple perovskite 
oxide semiconductor nanomaterials have been discovered, including periodic table 
elements which can be either A or B sites in the lattice structure (Figure 1(b)) [38]. 
Notably, perovskite oxides offer an advantageous property above other non-precious 
metal oxides owing to their intrinsic capacity for compositional and structural 
adaptability. There are several ways in which the architecture may be opened. One is 
a stack consisting of alternating layers of perovskite slabs with weak electrostatic 
interactions between them [39]. Based on how the stacked layers orient in space 
relative to the cubic perovskite axis, we generally divide layered perovskite 
structures into three types: (110), (100), and (111) [31]. The formulations of the first 
two perovskite structures are (An+1BnO3n+3) and (AnBnO3n+2), respectively, where the 
values of n are determined by comparing the formulaic composition of these two 
types with structural details, such as the stacking sequence. The (100) perovskite 
structures have several formulations: (Bi2O2) (An−1BnO3n+1) in its Aurivillius phase, 
An+1BnO3n+1 or A′2An−1BnO3n+1 in its Ruddlesden-Popper phase, and A′[An−1BnO3n+1] 
in its Dion-Jacobson phase, where the number of BO6 octahedra in each layer is 
denoted as “n” (Figure 1(c)) [34]. 

A bandgap value is significant in the context of the photocatalytic phenomenon, 
since it determines the energy for electron excitation from the valance band to the 
conduction band. The bandgap energies and band edges of perovskite can be 
modified by changing the composition of both sites A and B (Figure 1(d)) [38]. A 
distinguishing characteristic of photocatalysis lies in the diverse chemical 
composition and structural architecture exhibited by perovskite oxides. Bi2MoO6 
synthesized by Li et al. [40] is a type of Aurivillius-phase ferroelectric compound, 
which has attracted the interest of many researchers. By combining the CTAB-
assisted hydrothermal method and corona polling post-treatment, the authors 



Clean Energy Science and Technology 2024, 2(3), 176.  

5 

produced ultrathin Bi2MoO6 nanosheets with strong ferroelectric features (Figure 
1(e)). The nanosheets greatly overcame the charge recombination between layers and 
also enhanced the charge separation, as well as CO2 absorption on Bi2MoO6. Such 
boost in catalytic sites and the enhancement of the internal electric field had a 
synergistic effect that boosted the photocatalytic activity for CO2 reduction, resulting 

in a considerable CO evolution rate of 14.38 mol·g−1·h−1 achieved for polarized 

Bi2MoO6 ultrathin nanosheets in a gas-solid system (Figure 1(f)). On the other hand, 
Yu et al. [41] synthesized ferroelectric SrBi2Nb2O9 nanosheets via the one-pot 
hydrothermal synthesis route. Photogenerated electrons transferred to NbO6 
octahedron layers and migrated along the c-axis, while the holes were mainly 
confined in the ab-plane of Bi2O2 layers (Figure 1(g)). This facilitated anisotropic 
transport for increased charge transfer. Interestingly, when the two synthesized 
annealed samples were compared, the formation of both CH4 and CO gave greater 
efficiency as compared with non-annealed SrBi2Nb2O9 as the catalyst for the CO2 
photoreduction process (Figure 1(h)). 

 

 
Figure 1. (Continued). 
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Figure 1. (a) Crystal lattice of ABO3 perovskite oxide [36]. (b) Multiple elements of A and B sites [38]. (c) Cubic and 
layered arrangements of perovskites [34]. (d) Band structure and redox potentials of perovskite oxides and oxynitrides 
[38]. (e) Charge separation mechanism and CO2 reduction in ultra-thin Bi2MoO6. (f) CO production rate of 
ferroelectric thin layer of Bi2MoO6 [40]. (g) Schematic representation of charge (e− and h+) separation and migration 
within unit. (h) Production curves for CH4 over polarized SrBi2Nb2O9 [41].  

For the alignment of stacked layers in perovskite oxides relative to the ideal 
ABO3 structure axis, other layered arrangements of the (100) type include the 
Ruddlesden-Popper phase structure (Figure 2(a)), and the Dion-Jacobson phase 
structure (Figure 2(b)), where the chemical compositions are described by the 
general formulas A′2An−1BnO3n+1 and A′[An−1BnO3n+1], respectively [42]. Both 
categories of perovskite oxides are of considerable interest for their potential 
applications in H2 production. Particularly notable among the Ruddlesden-Popper 
type is H1.81Sr0.81Bi0.19Ta2O, which was found to have a H2 production rate of 57670 
μmol·g−1·h−1 in the presence of 4.76% methanol [43]. Sr2TiO4 and La2NiO4 
showcase 2D perovskite crystals with layered structures and are perfect examples of 
the Ruddlesden-Popper type, exhibiting pronounced photocatalytic activity in the 
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degradation of environmental pollutants under photon exposure. By using a 
sonochemical technique, they synthesized Sr2TiO4 nano-assemblies and applied them 
for the degradation of dyes under ultraviolet irradiation and achieved 76% 
degradation of dyes, and also they studied how the photocatalyst’s layered 
morphology and arranged crystalline order contributed to its photocatalytic activity 
through efficient charge migration and pollutant adsorption, see Figure 2(c) [44]. In 
another study, a novel La2NiO4 morphology with a hollow sphere architecture was 
synthesized via a facile hydrothermal method using glycerol. It exhibited exceptional 
activity as a photocatalyst for organic contaminant phenol and anionic dyes, 
degrading as much as 87% under light irradiation under a dark condition over 12 h 
[45]. The proposed mechanism of the catalytic reactions using aggregated La2NiO4 
nanoplates and HS-La2NiO4 can be seen in Figure 2(d). Dion-Jacobson Monovalent 
alkali cation A′ between perovskite-like crystals was evident in the crystal structure 
of Dion-Jacobson phases, such as RbLnTa2O7 [46] and KCa2Nb3O10 [47]. It has 
been observed that Ca2Ta3O9.7N0.2 nanosheets derived from Dion-Jacobson-phase 
layered perovskite oxynitride CsCa2Ta3O9.7N0.2 by proton exchange and a two-step 
process of intercalation by ethylamine and tetrabutylammonium ions showed 
photocatalytic activity concerning hydrogen evolution under excitation with visible 
light. The TEM images, SAED pattern, and HAADF-STEM images are shown in 
Figure 2(e). Performance curves for hydrogen evolution reaction from water 
splitting of the nanosheets under visible light illumination are shown in Figure 2(f) 
[48]. 

 
Figure 2. (a) Ruddlesden-Popper phase structure of layered perovskite oxides [49]. (b) Dion-Jacobson phase structure 
of perovskite oxide [19]. (c) Performance curves for degradation of methyl orange by using Sr2TiO4 samples [44]. (d) 
Schematic illustration of catalytic process of AN-La2NiO4 and HS-La2NiO4 [45]. (e) (i, ii) TEM images of oxynitride 
nanosheets of Ca2Ta3O10-xNy, (iii) SAED pattern of Ca2Ta3O10−xNy nanosheets, and (iv, v) HAADF-STEM images of 
Ca2Ta3O10−xNy nanosheets. (f) Performance curves for hydrogen evolution of oxynitride nanosheets and AFM images 
of Ca2Ta3O10-xNy nanosheets [48].  
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2.2. Synthesis of layered perovskite oxides 

Perovskite oxides have been synthesized through numerous experimental 
techniques employed by researchers, including the sol-gel method, chemical 
precipitation, simple hydrothermal synthesis, combustion synthesis, and solid-state 
reaction method [50–52]. Significant concerns center on stability, efficiency, and 
improved crystal structure involving a low magnitude of defects. The synthesis is 
also essential for achieving beneficial outcomes when conducted at ambient 
conditions, as it enhances the high crystallinity of perovskite oxides, thereby 
considerably reducing the energy employed in the synthesis [53]. Such techniques 
must be analyzed and understood, as they influence the physical and optical 
properties of the resultant material. The high performance of these materials is 
typically dependent on various factors, including surface area and bandgap. 
Generally, a high surface area enhances the number of reaction sites and adsorption 
of a photocatalyst. Moreover, an optimal bandgap permits the absorption of a 
definite wavelength of light. Therefore, different types of synthesis techniques for 
perovskite materials have been employed to improve their properties. In this section, 
we summarized a few synthesis techniques that are generally used.  

2.2.1. Sol-gel method 

The sol-gel process is an easy approach for synthesizing oxide materials 
through inorganic polymerization of molecular precursors. Recently, the sol-gel 
method has been widely used for the synthesis of perovskite-type complex oxides. 
Compared with the traditional solid-state reaction method, it offers high phase 
purity, precise compositional control, and reduced synthesis temperatures. In a 
typical sol-gel process, metal precursors, such as metal nitrates and acetates, are 
dissolved and mixed in precise stoichiometric ratios to create a clear solution. 
Chelating agents, such as citric acid and ethylenediaminetetraacetic acid, are then 
added. Sometimes, binding agents, such as ethylene glycol, are included as well. The 
molar ratios of the metal precursors, chelating agents, and optional binding agents 
are meticulously adjusted to achieve optimal conditions. To ensure thorough 
chelation, the pH of the solution is carefully regulated within a specific range 
(typically 6–8) using aqueous ammonium hydroxide. Following mixing, the solution 
undergoes stirring and evaporation under controlled conditions near 100 ℃, resulting 
in the formation of a gel. This gel is subsequently subjected to heating at 
approximately 300 ℃ to induce the formation of a porous material. Further 
calcination at elevated temperatures and under defined atmospheres completes the 
transformation into the final product. It is noteworthy that these procedural details 
may vary depending on the specific composition of the targeted perovskite material. 

Parida et al. [54] reported the synthesis of nanocrystals of LaFeO3 via the sol-
gel method. The precursors of LaFeO3 and citric acid were blended to obtain a stable 
nitrate-citrate sol, which was dried for abandoning the solvent at 130 ℃. During the 
thermal treatment, the sol changed in color and viscosity. The brown-colored porous 
dry gel was spontaneously burnt by further heating due to the thermally induced 
redox reaction. For the synthesis of ZnTiO3 using the sol-gel method, 
Zn(CH3COO)2·2H2O and tetrabutyl titanate were utilized as precursors, with 
benzene-1,3,5-tricarboxylic acid introduced as a novel chelating agent It is essential 
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to note the significant impact of the chelating agent on the product’s morphology, 
size, and purity characteristics [55]. The molar ratio of the chelating agent to 
tetrabutyl titanate remained constant, which was 3:1. A schematic illustration of the 
formation of ZnTiO3 nanoparticles can be seen in Figure 3(a). Limitations of the 
sol-gel technique include defects from the drying, such as shrinks, residual pores, or 
cracking. Also, this method is generally costly and its industrial applications face 
difficulties, which limits its application at a large scale. Tetra (n-butyl) ammonium 
hydroxide can be employed as an intercalation agent to realize the facile exfoliation 
of bulk-layered perovskite oxides into ultra-thin nanosheets, which possess a large 
specific surface area and plenty of reaction sites [56]. The 2D structure of the layered 
perovskite oxides has special structural properties, which can achieve an efficient 
anisotropic charge transfer. The synthesis of layered perovskite oxide Sr2TiO4 was 
carried out using the sol-gel method [57]. Strontium nitrate and titanium 
isopropoxide served as the precursor materials, in addition to the use of nitric acid to 
avoid the hydrolysis effect. The complexing agent used in the synthesis was citric 
acid monohydrate, which was employed throughout the process until the formation 
of a homogeneous solution. After the exfoliation of the product in a H2-rich 
environment, a white powder of H-Sr2TiO4 was obtained, as shown in Figure 3(b). 
Due to its narrow bandgap and reduced electron recombination, it is a dependable 
catalyst for CO2 photoreduction reactions.  

2.2.2. Hydrothermal method 

Hydrothermal synthesis is regarded as the most prospective among all 
alternative methods due to its increased capacity to prepare numerous materials, 
particularly various molecular sieves and two-layer and three-layer compounds. It is 
a wet chemical technology that is particularly promising because of its ability to 
obtain highly crystalline products that are usually uniform and possess little 
aggregation. The morphology and crystalline architecture of the resultant products 
highly depend on the reaction conditions of the hydrothermal method [58]. 
Kalaiselvi et al. [59] successfully synthesized LiTaO3 by using the simple 
hydrothermal approach, as shown in Figure 3(c), and also investigated the 
characteristic physical properties of the photocatalytic hydrogen evolution, as shown 
in Figure 3(d). Ag-doped LiTaO3 gave a high yield of 240 μmol·g−1·h−1 as compared 
with that of N-doped LiTaO3. Dawi et al. [60] identified novel octahedral carbonized 
perovskite nanomaterials F-doped NiTiO3. Synthesis was performed through the 
hydrothermal route to promote heterogeneous gas-phase CO2 reduction to CH4. The 
study used equimolar amounts of Ni and Ti precursors dissolved in an ethylene 
glycol solution. In the next step, diluted HNO3 solution and H2O2 solution were 
added dropwise under continuous stirring. The resultant mixture was transferred into 
a stainless-steel autoclave at 150 ℃ for 18 h. The authors concluded that the 
catalytic methane production rate of F-doped NiTiO3/C was slightly higher, i.e., 1.6 
times that of pristine NiTiO3/C. Even after five successive cycles, a nearly constant 
performance was shown by the catalytic activity. The amount of the F-dopant had a 
noticeable effect on the CO2 photoreduction rate, with the highest activity observed 
at a NaF content of 0.04 mol·L−1. F kinetically boosted the electroactive surface area 
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and altered the charge transfer process, increasing the steps through which CO 
reduction occurred, as shown in Figure 3(e). 

 
Figure 3. (a) Schematic representation of synthesis process of ZnTiO3 nanoparticles using sol-gel method [55]. (b) 
Steps of synthesis of Sr2TiO4 and exfoliated forms E-Sr2TiO4 and H-Sr2TiO4 [57]. (c) Schematic view of experimental 
setup for synthesizing LiTaO3 nanoparticles [59]. (d) FESEM images of pristine LiTaO3 [59]. (e) Recycling test after 
five cycles of as-prepared photocatalysts [60].  

2.2.3. Solid-state reaction method 

The synthesis of perovskite oxides represents an example of the widely 
employed solid-state reaction method in the field. This technique requires the mixing 
of metal oxides and metal carbides. Subsequently, the mixture undergoes heating at 
high temperatures to produce perovskite materials. The calcination temperature is 
important in the synthesis process. Control over the temperature is critical because 
the calcination process requires a specific extent. Specifically, excessive temperature 
may result in sintering, but inadequate temperature does not facilitate the formation 
of the necessary morphological patterns [61,62]. At present, the landscape of the 
synthesis method is characterized by some of the method’s limitations, with 
evaluations simplified and complex and expensive methods excluded. The 
limitations are the high cost of reagents, the demand for sophisticated equipment, the 
duration of high-temperature processing, and subsequent post-processing and 
thermal treatment steps. As such, the above factors prevent comprehensive 
evaluations and applications of the method. To overcome the challenges experienced 
during the formation of perovskite oxides. Amdouni et al. [63] reported an 
alternative way to fabricate perovskite oxides by using facile chemical bath synthesis 
at a low temperature of 50 ℃ and extending it using a single-step annealing 
treatment. A low-temperature annealing strategy can help to solve the high energy 
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consumption [64]. The synthesis of LaFeO3 nanoparticles was carried out through 
the use of the chemical bath approach, where a precursor ratio of 1:1 in volume was 
used with a solution consisting of 5 mmol of Fe(NO3)3.9H2O and 5 mmol of 
hydrated rare-earth nitrate salt. The nitrates were dissolved in deionized water, after 
which an NH3 solution was used for complexation while stirring. The next step 
involved heating the solution in an oil bath at 50 ℃ for 2 h. Following filtration, the 
resultant precipitate was poured out, washed, and annealed at 900 ℃ for 2 h. Solid 
state reaction method was utilized to synthesize La2NiO4. Precursors were accurately 
weighted in stoichiometric amounts and then combined inside a zirconia media ball 
mill, where during the milling, ethanol was employed as a dispersant. After 6 h, the 
powdered mixture was removed and annealed at 1000 ℃ for 8 h with a ramp rate of 
10 ℃·min−1 to obtain the final product [65]. 

2.2.4. Diverse synthesis methods 

In addition to the previously discussed synthesis techniques, ball milling is an 
efficient physical method to decrease the particle size of traditionally synthesized 
perovskites to the sub-micrometer or nanometer scale [66]. However, this technique 
is characterized by high energy consumption and frequently results in perovskite 
nanomaterials with non-uniform morphologies, impurities, or amorphous phases. 
Additionally, alternative synthesis methods have been successfully employed by 
researchers to fabricate perovskite nanostructures, including combustion synthesis 
[67], flame spray synthesis [68], microwave-assisted method [69], and coating [70]. 
For instance, Liu et al. [71] utilized a one-step combustion synthesis to create a 
nanohybrid of layered perovskite and metal oxide, namely NiO–
(La0.613Ca0.387)2NiO3.562. Yang et al. [70] developed a hierarchical, porous, and 
flexible structure consisting of graphene and mesoporous La0.8Sr0.2MnO3 nanosheets 
arranged in a sandwich-like configuration.  

Methods such as sol-gel processing and precipitation are commonly employed 
to synthesize nanoparticulate perovskites. For the fabrication of perovskite nanofilms, 
the solid-state reaction method is particularly effective. Methods such as 
hydrothermal synthesis, template-assisted synthesis, and electrospinning are 
advantageous for producing nanostructured perovskites with specific morphologies 
and desirable porosity. Table 1 summarizes the applications of nanostructured 
perovskite photocatalysts. Notably, the solid-state reaction method is a widely 
adopted method for creating perovskite nanostructures.  

Table 1. Summary of different perovskite oxides developed via various synthesis routes. 

Method Perovskite BET surface area  Application Ref. 
Sol-gel BaTiO3−x 24.7 m2·g−1 OER/ORR [72] 
Sol-gel CaMnO3 32 m2·g−1 Li-air batteries [73] 
Precipitation La0.5Sr0.5CoO2.91 11.87 m2·g−1 Li-air batteries [74] 
Precipitation La0.8Sr0.2CoO3−δ 4.5 m2·g−1 OER [75] 
Sol-gel LaFeO3 25.8 m2·g−1 OER [54] 
Sol-gel ZnTiO3 N/A OER [55] 
Sol-gel Sr2TiO4 1.19 m2·g−1 CO2 reduction [57] 
Hydrothermal LiTaO3 N/A H2 evolution [59] 
Solid-state reaction La2NiO4 1.93 m2·g−1 CH4 conversion [65] 
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2.3. Harnessing potential of perovskite oxides: Innovations in energy 
solutions and environmental sustainability 

A host of semiconductor photocatalysts present challenges of low light 
absorbance and photogenerated charge carrier recombination, hence their inability to 
deliver outstanding performance [76]. Most perovskite oxides are attributed with 
wide bandgaps and will only absorb UV radiation; however, a high percentage of 
solar radiation comprises visible and near-infrared regions. Therefore, developing 
photocatalytic materials that can effectively harness visible and near-infrared photon 
energies is critical. Perovskite-oxide-based photocatalysts are emerging as a 
substantial interest among scholars regarding routes to the enhanced photocatalytic 
reduction of CO2 to provide valuable chemicals. Several strategies have been used to 
improve the photocatalytic capabilities of perovskite-oxide-based and oxide-based 
photocatalysts. The bandgap is a crucial parameter in photocatalytic processes, 
which is determined as the minimum energy required for electron transfer from the 
valence band to the conduction band. This property and the edge position of the 
valence band and the conduction band can be controlled by modifying A-site and B-
site cations in perovskite oxides [38]. The crystal lattice has three distinct sites, 
which are A, B, and O, where perovskite oxides’ bandgap can be readily altered via 
heteroatomic doping. The change in the bandgap has been shown to improve the 
absorbance of the light and enhance photocatalytic efficiency. Nevertheless, one of 
the most serious issues with present photocatalysts is the recombination of charge 
carriers upon their formation. Many modification strategies have been utilized based 
on the core principle of photocatalysis from perovskites, which rely on the chemical 
composition and crystal structure of perovskites. The formation of Z-scheme 
heterojunctions [77], doping of cation species [78], and anion doping [79] have been 
recognized as the most effective strategies to expand photo-absorption into the 
visible light region for perovskite oxides. Here, we briefly discuss these modern 
strategies. 

2.3.1. Evolving perovskite heterojunction configurations  

Photocatalytic materials are substances capable of converting sunlight energy 
into charged material. This conversion occurs when specific wavelengths of light are 
absorbed, triggering the generation of charges that migrate from the interior to the 
surface of the photocatalyst. Once on the surface, these charges react with adsorbed 
species, leading to reduction and oxidation reactions. Since both electrons and holes 
are necessary for surface redox reactions, any reactions occurring in the presence of 
both are deemed to be surface-mediated. In the absence of an imposed potential 
gradient, the movement of photogenerated charges is influenced by the lifetime of 
charge carriers and the material’s symmetry. Perovskite oxides are materials that 
have a high symmetry and are typically characterized by a long carrier lifetime [80]. 
However, the rapid recombination of photogenerated charges remains a persistent 
issue with perovskite oxides, limiting the range of photocatalytic processes that can 
be employed. Hence, it is essential to suppress photogenerated charge recombination 
during photocatalysis to maximize performance. The mechanism of carrier 
separation involves two processes. The first occurs constantly without an applied 
potential gradient, in which carriers move toward the open surface under diffusion 
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force [81]. In this mechanism, the carriers are in the medium, with the diffusion 
length providing the distance that the carriers can move away without recombining 
or scattering, among other phenomena. The second mechanism involves carriers 
separating at the built-in electric field generated by the potential gradient from the 
formation of heterojunctions. The electric field is instrumental in separating 
electrons and holes. Heterojunctions occur when two semiconductors differing in 
energy gap and electrical geometry are hybridized [82]. The junction interface 
between the two semiconductors results in more heterojunctions. The variability in 
heterojunctions between the two different semiconductors explains the need to 
replace the use of a single photocatalyst, as shown in Figure 4(a) [83].  

One significant advantage of heterojunctions is their ability to expand the 
spectrum range for light absorption. Specifically, photocatalysts related to 
semiconductors cannot absorb more than 45% of visible light, leaving out a large 
portion of the solar spectra [84]. Heterojunctions are formed across such interfaces 
as semiconductor-semiconductor, semiconductor-metal, and semiconductor-
conducting supports. For example, semiconductor materials may be combined with 
metal nanoparticles with conducting substrates, e.g., graphene with other 
semiconductor materials possessing suitable band alignments. This allows charge 
transfer with high efficiency through the created interfaces [85,86]. Exploring the 
various charge transfer mechanisms in different types of photocatalytic systems is 
important. When two semiconductor materials are combined, it results in the 
emergence of heterojunctions that allow for the adjustment of the charge transfer 
nature and the light absorption characteristics of the compounds formed, as shown in 
Figure 4(b). Based on charge transfer, there are mainly three types of heterojunction 
systems: straddling gap (Type-I heterojunctions), staggered gap (Type-II 
heterojunctions), and broken type (Type-III heterojunctions). The formation of these 
types depends on the band position of the semiconductors [87]. This involves 
heterojunction systems comprising two semiconductor photocatalysts, herein 
referred to as PC-A and PC-B. In a Type-I heterojunction system, the conduction 
band of PC-A is significantly more negatively charged compared with that of PC-B, 
as shown in Figure 4(c). Similarly, the valence band of PC-A is more positively 
charged than that of PC-B. As a result, when incident light containing photons with 
energy greater than the bandgap is present, the PC-A component is excited and 
produces electron-hole pairs in the conduction and valence bands of PC-A. At the 
same time, PC-A primarily allows photoexcited electrons and holes to move to the 
surface, where they contribute to oxidative and reductive reactions, respectively. 
However, Type-I heterojunctions do not spatially separate charge carriers, resulting 
in the accumulation of electron-hole pairs in the same semiconductor and an 
increased rate of recombination. Furthermore, photoreactions occur in the 
semiconductor with a lower oxidation and reduction potential, which aligns with the 
specified conditions. Therefore, the achievement of photocatalysis is not possible 
when using light radiation [82].  

Type-II heterojunctions are shown in Figure 4(d), where the conduction band 
and valence band of PC-A are positioned above those of PC-B [87,88]. This 
arrangement allows for the downward movement of electrons and the upward 
movement of holes, thereby facilitating the separation of charge carriers. In 
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heterojunction photocatalysts, electrons accumulate at the less-negative position of 
the conduction band, while holes accumulate at the less-positive position of the 
valence band. In the case of the conduction band of PC-A, the valence band of PC-B 
is positioned below the valence band of PC-A. Consequently, the less-negative 
valence band allows for the transfer of electrons from PC-A to PC-B [89]. Ultimately, 
the holes will be transferred from the valence band of PC-A to the valence band of 
PC-B. On the other hand, the structural configuration of Type-III heterojunctions, as 
shown in Figure 4(e), may seem similar to that of Type-II heterojunctions; however, 
since band levels are placed at extreme values, the configuration is without bandgap 
overlap at the interface [90]. Type-III heterojunctions exhibit a greater disparity in 
the positions of the valence bands and conduction bands of the two semiconductors 
compared with those of Type-II heterojunctions. Photogenerated electrons from PC-
A undergo recombination with the valence band’s holes of PC-B; electrons from PC-
B go through redox reactions with the valence band’s holes of PC-A [91]. Therefore, 
when considering the best setup for achieving maximum separation of electrons and 
holes in a traditional heterojunction system, it is apparent that Type-II 
heterojunctions are the most suitable choice. A p-n heterojunction photocatalyst is a 
combination of p-type and n-type semiconductors that facilitates the transfer of 
unbound electrons from the conduction band of the n-type material to the p-type 
material upon contract between the two, as shown in Figure 4(f) [92]. This 
phenomenon occurs due to the establishment of oppositely charged boundaries 
brought about by the shifting of Fermi levels when the semiconductors meet.  

In a heterostructure system formed by the joining of p-type and n-type materials, 
an internal electric field arises at the interface as a result of the diffusion of charge 
carriers between the distinct types of semiconductors, which induces a potential 
offset across the contact point of the two materials comprising the photocatalyst [93]. 
Liao et al. [94] studied the synthesis of a visible-light-driven p-n heterojunction 
composite of BiFeO3 and TiO2 by simple hydrolysis and precipitation. They 
discovered that the BiFeO3/TiO2 composite demonstrated the highest degradation 
efficiency of tetracycline, which reached 72.2% after 180 min of visible light 
illumination. BiFeO3 exhibited a degradation efficiency of 64.9%, whereas the same 
activity of TiO2 was lower at 38.3%. Thus, it was concluded that this was due to the 
synergistic effect of the combination of the two compounds in the composite. 
Paramanik et al. [95] provided a simple two-step way to construct a new type of 
PbTiO3/LaCrO3 p-n heterojunctions, as shown in Figure 4(g,h). Detailed structures 
of the constructed PT/LC p-n heterojunctions were characterized and resolved. It was 
found that the p-type LaCrO3 perfectly adhered to the n-type PbTiO3, boasting 
electronic paths beyond the interface. The presence of heterojunctions between the 
two metal oxides greatly reduced the number of electrons and holes recombining in 
the PbTiO3/LaCrO3 interface, thus enhancing the duration of the p-n junction 
material. In their work, Li et al. [96] presented a way of creating fiber-shaped 
Ag2O/Ta3N5 p-n heterojunctions as an efficient photocatalyst, as shown below in 
Figure 4(i). It was designed by carrying out an in-situ anchoring process of porous 
Ta3N5 nanofibers, in which Ag2O nanoparticles were embedded. That way, the 
Ag2O/Ta3N5 composite benefited from the internal electric field naturally generated 
by the p-n junction. Also, it possessed a hierarchical pore and a high specific surface 
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area, which is very important in improving photocatalytic activity. Thus, the design 
was optimally suited for absorbing light and helped in separating charge carriers, 
ultimately increasing the efficiency of photocatalysis. On the other hand, a Z-scheme 
is an exciting phenomenon of photocatalysis because it gives rise to photogenerated 
charges with considerable redox potential [97]. In this case, electrons from the 
conduction band of PC-B move to the valence band of PC-A, which significantly 
reduces the likelihood of photo corrosion. Spontaneous recombination of 
photogenerated electrons and holes in each semiconductor is made possible by the 
built-in electric field, resulting in highly efficient separation. A Z-scheme implies 
electrons and holes that can be separated by the interface and possess a high redox 
power. A visual representation of the direct charge transfer and separation in a Z-
scheme is represented in Figure 4(j). A direct Z-scheme photocatalyst facilitates the 
maximum recombination of electrons from the less-negative conduction band of one 
semiconductor and the holes from the less-positive valence band of the other [98]. 
As a result, the high-oxidation-capable holes and the high-reduction-capable 
electrons are not involved in recombination and are made available to continue any 
photocatalytic reaction that has begun. This enables the increase of the overall redox 
potential of the Z-scheme counterpart. Therefore, Z-scheme heterojunctions offer a 
new approach to increasing photocatalytic performance, while ensuring that 
excessive electrons and holes are produced all over the redox potential of the whole 
system. Fu et al. [99] formulated a new mechanism, known as the step scheme (S-
scheme), which is based on the principles of the Z-scheme and can be used in a 
variety of different photocatalytic processes [100–102]. As shown in Figure 4(k), 
the S-scheme creates heterojunctions between two n-type semiconductors 
comprising an oxidation photocatalyst and a reduction photocatalyst. The electric 
field that appears on its own is the driving force of the S-scheme, while the interface 
closes by itself and the n-type semiconductors make a common facet [103,104]. 
Systems using the S-scheme provide photogenerated charges with powerful redox 
properties due to the built-in electric field, providing an efficient transfer of charges 
at the interface.  

 

Figure 4. (Continued). 
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Figure 4. (a) Recombination of electrons and holes on single photocatalyst. (b) Separation of electrons and holes on 
heterojunction photocatalyst. Schematic illustration of three distinct modes of electron-hole pair separation observed 
in heterojunction photocatalysts: (c) Type-I heterojunction configuration. (d) Type-II heterojunction configuration. (e) 
Type-III heterojunction configuration. (f) Schematic depiction of electron-hole separation within p-n heterojunction 
photocatalyst [82]. (g) Schematic description of formation of p-n heterojunction. (h) Proposed charge separation 
mechanism in PbTiO3/LaCrO3 under visible light irradiation [95]. (i) Fabrication process of fiber-shaped Ag2O/Ta3N5 
p-n heterojunctions [96]. (j) Separation and transfer of charge carriers across heterojunction intersurface in Z-scheme 
system. (k) Energy band structure and charge transfer in S-scheme photocatalyst featuring internal electric field [105].  

2.3.2. Control over crystal structure and morphology 

Lattice distortion in perovskites alters their dipole moment and electronic 
structure. Consequently, distinct crystal fields are formed, which significantly affect 
the excitation, separation, and transfer of photogenerated charge carriers. In general, 
crystal structures of high symmetry enhance the lifetime of carriers [106]. Perovskite 
materials in microstructures and nanostructures possess larger specific surface areas 
and present many active sites. Moreover, doping and defect engineering effectively 
induce a distortion of the materials’ lattice. Additionally, different synthesis 
techniques allow the fabrication of the desired perovskite materials with various 
crystal structures, morphologies, and sizes. As a result, the research on controlled 
crystal structure and morphology is becoming one of the promising hot spots for 
perovskite oxides. 

3. Understanding photocatalytic processes: Overview and 
mechanism 

In a photocatalytic reaction, when light with sufficient energy (hν ≥ Eg) strikes a 
semiconductor material, electrons (e−) are energized from the valence band to the 
conduction band, creating electron-hole pairs (h+). This step forms the fundamental 
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basis for all photocatalytic processes. Specifically, this energy must be sufficient to 
allow the migration of photogenerated charges to the surface of the photocatalyst, 
where they participate in redox reactions. These electrons and holes can participate 
in various photocatalytic reactions, depending on whether their reduction potentials 
meet the specific requirements of the application. This includes reactions such as 
organic pollutant degradation, CO2 reduction, and N2 fixation. However, these 
conditions may vary slightly during experiments, as reactions are not universally 
conducted at pH levels of 0 or 7. Different band structures of various pristine and 
doped perovskite oxides offer insights into their suitability for diverse photocatalytic 
applications. In this section, the significance and mechanistic insights are discussed, 
while an overview of current trends and the necessary criteria for achieving practical 
applications are also provided. 

Bi2WO6 is extensively studied for its photocatalytic capabilities in CO2 
reduction, with numerous studies demonstrating its ability to produce CO, CH4, and 
CH3OH under visible light irradiation [107]. Moreover, to boost the photocatalytic 
efficiency of Bi2WO6, various composites have been developed. These composites 
integrate Bi2WO6 with materials such as MoS2, g-C3N4, MXenes, and BiOI, among 
others. Significantly, 2D-2D heterojunction photocatalysts have garnered significant 
interest for their expansive surface area and intimate face-to-face interfacial 
interactions enabled by their sheet-like morphology. These features promote efficient 
charge transfer, enhancing photocatalytic performance. Cao et al. [108] introduced 
2D−2D Bi2WO6-MXenes heterojunctions synthesized through a straightforward 
hydrothermal approach. Ti3C2 MXene was derived from its MAX phase and 
incorporated in varying concentrations as a co-catalyst in Bi2WO6-Ti3C2 
heterojunctions to optimize photocatalytic activity. The heterojunctions exhibited 
efficient bulk-to-surface and interfacial charge transfer due to the face-to-face 
interactions between the nanosheets. The high surface area and porous structure of 
Bi2WO6-Ti3C2 facilitated effective CO2 adsorption. Under simulated solar light, the 
Bi2WO6−Ti3C2 heterojunctions demonstrated significant photocatalytic activity, 
yielding CH4 (1.78 μmol·h−1·g−1) and CH3OH (0.44 μmol·h−1·g−1), which was 4.6 
times higher than those of bare Bi2WO6 nanosheets. O2 was produced as an oxidation 
by-product. In another study, Kong et al. [109] presented a surface-engineered 2D-
2D Bi2WO6-BiOI photocatalyst for CO2 reduction. In this study, oxygen-deficient 
Bi2WO6 nanosheets were combined with BiOI nanosheets to create a defect-
engineered 2D-2D photocatalyst featuring nanoscale p-n heterojunctions. The 
presence of oxygen vacancies in Bi2WO6 activated the catalyst’s surface, enhancing 
CO2 molecule adsorption and extending light absorption into the near-infrared region 
(NIR). Furthermore, the Bi2WO6-BiOI p-n heterojunctions, characterized by a 
rational cascade configuration and internal electric field, promoted directional 
migration and spatial separation of photogenerated charges, as illustrated in Figure 
5(a).  

Furthermore, layered Bi2WO6 has been investigated for its potential in 
photocatalytic N2 fixation. Zhang et al. [110] developed hybrid photocatalysts by 
combining cyclized polyacrylonitrile (c-PAN) with Bi2WO6 (BP), where the 
unsaturated nitrogen in c-PAN acted as active sites for effective adsorption and 
activation of N2 molecules to enhance catalytic efficiency. The optimized catalyst, 



Clean Energy Science and Technology 2024, 2(3), 176.  

18 

BP5, containing 5% c-PAN, exhibited the highest NH3 production rate of 160 
μmol·g−1·h−1, surpassing pristine Bi2WO6. This study exemplifies the effective 
utilization of surfaces enriched with active sites, which is crucial for N2 activation 
and enhancing photocatalytic N2 fixation performance. X-ray photoelectron 
spectroscopy (XPS) spectra shown in Figure 5(b) confirmed the presence of 
unsaturated N atoms on the BP5 photocatalyst’s surface, which were highly effective 
in capturing N2 molecules. Adsorption studies, as shown in Figure 5(c), indicated an 
extended bond length (1.288 Å) for connected N2 molecules compared with the N≡N 
bond (1.078 Å) and diazene’s double bond (1.201 Å), affirming successful activation 
at unsaturated N sites of c-PAN.  

Choi et al. [111] investigated the enhancement of photocatalytic CO2 reduction 
using a photocatalyst based on inorganic halide perovskite combined with a copper 
scaffold co-catalyst. This combination significantly improved light absorption, 
charge separation, and catalytic activity, leading to higher yields of products, such as 

ethylene (C2H4, 46.5 μmol·g−1) and methane (CH4, 18.9 μmol·g−1), compared with 

those of the perovskite photocatalyst alone. The study employed in-situ ATR-IR 
analysis to elucidate the photocatalytic CO2 reduction mechanism. The analysis 
revealed that the copper scaffold enhanced light harvesting through a multi-
scattering process, generating more photo-induced carriers and facilitating efficient 
electron transfer to active sites. The results underscore the potential of this hybrid 
system for efficient CO2 conversion and highlight the critical role of in-situ 
characterization in understanding underlying mechanisms. Recently, Xu et al. [112] 
demonstrated a significant enhancement of catalytic performance through the 
synergistic effect of novel piezoelectric catalysis combined with traditional 
photocatalysis. They designed novel heterojunction piezo-photocatalysts by 
integrating Co-N-C and BiFeO3 (BFO), with the Co-N-C@BFO(1:7) catalyst 
achieving yields of CO2 reduction to CO and CH4 reaching 1373.41 µmol·g−1 and 

169.32 µmol·g−1, respectively. The study elucidated the underlying mechanism 

through a combination of displacement current, energy band theory, piezoelectric 
effect, and in-situ DRIFTS analysis. In the piezo-photocatalysis process, the 
displacement current generated time-varying electrostatic potential, facilitating 
electron transfer to Co-N-C active sites, thereby promoting CO2 reduction reactions 
(CO2RR). The energy band configuration of BFO aligned with potential 
requirements, further aiding in electron transfer to Co-N-C active sites. The 
integration of piezoelectric fields and visible light enhanced charge separation, thus 
improving catalytic activity. This work offers profound insights and introduces a 
novel approach for the piezo-photocatalytic reduction of CO2, contributing to 
advancements in sustainable energy and environmental remediation.  
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Figure 5. (a) Mechanism of photocatalytic CO2 reduction in Bi2WO6-BiOI p-n heterojunctions, highlighting the 
impact of oxygen vacancies and directional charge migration [109]. (b) XPS spectra of C 1s, O 1s, and N 1s for 
Bi2WO6 and BP5. (c) Optimized structure and absorbed N2 bond length of BP5 [110].  

4. Perovskite oxide applications 

4.1. CO2RR 

Although fossil fuels have largely facilitated the establishment and 
enhancement of human societies as one of the primary energy resources, excess 
utilization has increased CO2 levels to an alarming point. Moreover, atmospheric 
CO2 has surged beyond 400 ppm in recent years and continues to rise by more than 2 
ppm every year. Therefore, the reduction of current CO2 emissions is vital [113]. As 
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a result, one of the most popular technologies employed for transformation processes 
involves CO2 utilization for valuable chemicals or fuels as a carbon source [114]. 
This has become a sustainable solution to some pressing difficulties, such as energy 
deficiency and excess, production of clean energy, and strengthening and renewal of 
the global carbon cycle to maintain environmental stability. However, the high 
energy of the C-O bond is equal to 750 kJ·mol−1, much higher than the energy of the 
C-H bond of 411 kJ·mol−1 or C-C bond of 336 kJ·mol−1, resulting in the compound 
being one of the most stable carbon compounds from the thermodynamics 
perspective. Thus, the transformation of CO2 to preferable products is quite difficult 
[115]. In the natural world, the transformation of CO2 in the air is associated with 
photosynthesis, where plants convert CO2 and water into glucose and oxygen using 
solar energy. Similarly, when CO2 is transformed into other chemical forms using 
semiconductor photocatalysis, the sun’s energy is harnessed to drive the reaction. 
This analogy to natural photosynthesis urges the development and application of 
semiconductor photocatalysis for CO2 reduction, with the aim of achieving 
sustainable energy production and environmental remediation [116].  

It is environmentally friendly and more cost-effective to recycle as a medium 
such as perovskite oxides. Various forms of perovskite oxide catalysts have been 
used in the light spectra, as shown in Table 2, and research in the field of 
photocatalytic reduction of CO2 is now one of the most popular research areas. The 
basic condition required for the CO2 capacity of a photocatalyst in an aqueous 
medium is that the maximum valence band energy level of the photocatalyst is lower 
than the oxidation potential of water, while the minimum conduction band energy 
level is higher than the reduction potential of CO, to facilitate the generation of 
reduced products [117]. Considering that photoexcitation and CO2 activation 
processes can be enhanced to realize high efficiency and selectivity, metal oxides 
have gained more attention due to their availability of surficial and bulk properties. 
Perovskite oxide materials excel owing to their special crystal structure, which 
results in the variation of the radius of metal atoms and manipulation of two metal 
ions via defect engineering. Furthermore, perovskite oxides have desirable 
physicochemical characteristics, such as the bottom of their conduction band 
favoring CO2 reduction, as well as high carrier mobility, which make them suitable 
for the photocatalytic transformation of CO2 [114]. The photocatalytic reduction of 
CO2 using perovskite oxides involves several crucial steps, as described in Figure 6. 
The process begins with the adsorption of CO2 molecules on the perovskite’s surface 
with a physically driven adsorption process. The photons then excite electrons within 
the perovskite, leading to the generation of electron-hole carrier pairs. The 
photoexcited pairs then separate and migrate to the catalyst’s surface for redox 
reactions brought about by the reactants. Finally, the reaction products are desorbed 
from the surface. Notably, the steps are crucial in enhancing catalysis, as they 
prevent charge recombination. Furthermore, approaches such as the loading of a co-
catalyst and heterojunction design are vital in ensuring that charge recombination is 
minimized, thus enhancing photocatalysis efficiency [118]. 
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Figure 6. Schematic description of steps involved in photocatalytic CO2 reduction to 
CO, CH3OH, and CH4 [119].  

Table 2. Perovskite oxide catalysts for photocatalytic conversion of CO2 into various value-added products.  

Photocatalyst Source of light Chemical reaction condition Product involved Ref. 

KTaO3 UV-Vis CO2+H2O CO [120] 

CaTiO3 UV-Vis CO2+H2O CO [121] 

Pt-SrTiO3 UV-Vis CO2+H2O CH4 [122] 

LiTaO3 UV-Vis CO2+H2 CO [123] 

Rh-SrTiO3 300W Xenon lamp CO/CO2+H2O CH3OH [124] 

Pt-C3N4-KNbO3 300W Xenon lamp CO2+H2O CH4 [125] 

PbTiO3-basalt UV-Vis CO2+H2O CH4 [126] 

BiWO6 300W Xenon lamp CO2+H2O CH3OH [107] 

BaZrO3 UV-Vis CO2+H2O CH4 [127] 

C-doped LaCoO3 300W Xenon lamp CO2+H2O HCOOH [128] 

NaNbO3 UV-Vis CO2+H2O CO [129] 

BaCeO3 300W Xenon lamp CO2+H2O CH4 [130] 

CsPbBr3 300W Xenon lamp CO2+H2O CO, CH4 [131] 

NaTaO3 300W Xenon lamp CO2+H2O CH4,CO [132] 

MnCo2O4 300W Xenon lamp CO2+H2O H2, CO [133] 

4.2. N2 fixation 

With almost 78% of the earth’s atmosphere by volume, nitrogen is one of the 
simplest substances, yet still serves as an essential component [134]. Nitrogen is the 
element that makes life possible and vegetation grows, as it is the basis for a myriad 
of nitrogen-containing compounds. Ammonia, as one of the priority products for 
agricultural fertilizers and feedstock and for industrial, chemical, and energy carrier 
industries, is one of the best examples of nitrogen’s significance. Nitrogen fixation 
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appears to be a rather efficient method, as the nitrogen triple bond is considered to be 
rather inert for making complex nitrogen-containing compounds. In other words, 
nitrogen fixation appears to be rather effective due to the necessity to overcome quite 
a high bond energy, which amounts to 941 kJ·mol−1 [135]. Due to the absence of 
valences in the nitrogen molecule, nitrogen gas remains chemically and biologically 
inert. Nitrogen fixation is a challenging task because of this fact. In the past and up 
to the present day, the most common method by far to produce ammonia is the 
traditional Haber-Bosch process [136]. It requires a series of harsh reaction 
conditions, including high temperatures of 300–500 ℃ and pressures of 20–50 MPa. 
Moreover, the process demands substantial power consumption and results in 
greenhouse gas production. The photocatalytic production of NH3 has attracted 
substantial attention since the first report by Schrauzer and Guth [15] in 1977 that 
Fe-doped TiO2 showed an activity for the conversion of N2 to NH3 under UV light 
irradiation. This method is remarkable because it is energy-efficient, high-yield, and 
environmentally sustainable [137,138].  

The principle of photocatalyst-based nitrogen fixation is shown in Figure 7(a) 
[139]. When light is irradiated on a semiconductor, light-generated electrons are 
excited. The electrons undergo separation and move to the conduction band of the 
catalyst. Then, holes in the valence band, which also infiltrate the catalyst’s surface, 
oxidize water. The final reaction on the catalyst’s surface is the electrons in the 
conduction band reacting with nitrogen, which is channelized through active sites 
and results in ammonia gas. The action is a multistep, whereby electrons and protons 
are transferred by water and then oxidized to O2 by intercontiguous holes. As shown 
in the figure, nitrogen reduction to ammonia can also be caused by two mechanisms: 
associative and dissociative [140]. From the DFT study by Azofra et al. [141], the 
dismutation of N2 implies five routes for the transfer of h+/e− pairs, as shown in 
Figure 7(b). The latter is most widely recognized in both distal and alternating 
mechanisms. The distal mechanism is characterized by the sequential attachment of 
h+/e− pairs to one N atom of N2, which thus results in a terminal nitride intermediate 
and the release of the first molecule of NH3. Later on, this domain is converted into 
another product, which is NH3. In contrast, the alternating mechanism suggests h+/e− 
pairs being added to two N atoms of N2. In delving into the mechanism of N2 
fixation, employing a blend of experimental exploration and computational modeling 
facilitates a deeper understanding of reaction pathways. Computational simulations 
provide prospective directions for guiding further experiments, complemented by 
experimental investigations that offer feedback and confirmatory insights for 
optimizing the theoretical model. Investigations into perovskite oxides have shown 
their promise as highly efficient photocatalysts. The diverse composition and the 
flexibility of A and B sites of perovskite oxides, along with the tunability of their 
bandgaps, enable significant enhancements in both the absorption range and catalytic 
efficiency. However, while doping is a common method to improve the absorption 
range, it often leads to a reduction in catalytic efficiency by disrupting crystallinity, 
compromising stability, and increasing carrier recombination.  

An oriented structure was designed by Zhou et al. [142], which used an in-situ 
bismuth reduction strategy, as shown in Figure 7(c). A uniform distribution of 
crystallographic orientation throughout a polycrystalline sample was the result of this 
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technique. The oriented structure allowed for the development of tightly 
interconnected interfaces and transfer channels that were quick and effective. The 
quantum size efficiency, which raised the bottom of the conduction band, also 
magnified substrate-generated electron reduction activities. In addition, metal Bi 
doped into the composite acted as active sites and resulted in the preferred 
orientation. As a result, the yield of NH3 was extremely high at around 86.0 
μmol·g−1·h−1. Therefore, preference orientation and incorporating metals as dopants 
can further advance the design of highly effective photocatalysts. Additionally, noble 
metals are the most effective choices when using the co-catalyst loading approach. 
Xing et al. [143] synthesized an Ag/KNbO3 nanocomposite using combined methods 
of hydrothermal and photo-deposition, as shown in Figure 7(d). The hydrothermal 
method led to the enhancement of bulk charge separation of KNbO3 due to its high 
crystallinity, while the decoration of Ag nanoparticles was modified to trap electrons 
for improved surface charge carrier separation. Moreover, two different mechanisms 
were found in the Ag/KNbO3 nanocomposite. This is indicative of the role of Ag in 
facilitating the simulated sunlight and visible light conditions. In addition to doping 
and introducing co-catalysts, the generation of heterojunctions has become a focus 
area. TiO2/SrTiO3/g-C3N4 ternary heterojunction nanofibers, depicted in Figure 7(e), 
were synthesized using two-phase electrospinning and the gas-solid reaction method 
[144]. When the TiO2, SrTiO3, and g-C3N4 responded to sunlight, they generated 
photogenerated electrons and holes, respectively. First, electrons generated in g-C3N4 
were transmitted to TiO2 through SrTiO3. Subsequently, SrTiO3 also pushed 
electrons into TiO2. Conversely, holes generated in TiO2 and SrTiO3 were then 
transferred to g-C3N4 through a similar method. Finally, the gradient-energy-band 
heterojunctions of the TiO2/SrTiO3/g-C3N4 nanofibers heightened the cascade-driven 
charge transfer. As a result, further separation of the photon-generated carriers was 
imminent. Moreover, an extensive study indicated that fibers with a one-dimensional 
structure manifested a heightened specific surface area. Therefore, the 
TiO2/SrTiO3/g-C3N4 nanofibers exhibited better photocurrent response and a 
decrease in transient photoluminescence lifetime. The CeO2-BiFeO3 p-n 
heterojunction photocatalyst showed a remarkable N2 fixation performance, with a 
N2 fixation rate of 117.77 μmol·g−1·h−1, which was ascribed to the formation of 
oxygen vacancies and built-in electric field within the CeO2-BiFeO3 p-n 
heterojunction photocatalyst, as shown in Figure 7(f,g). Surface modification is also 
a key approach to realizing expected catalytic performance, attributed mainly to 
active site introduction and surface feature change [145]. Few studies have explored 
perovskite-based materials for N2 fixation. Primarily, some photocatalytic materials, 
such as SrTiO3, KNbO3, LaCoO3, and layered Bi2WO6, have been utilized for N2 
fixation, as discussed previously and summarized in Table 3. 
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Figure 7. (a) Schematic illustration of use of semiconductor-based photocatalysts for N2 to NH3 [139]. (b) Proposed 
pathways for N2 conversion process [141]. (c) Schematic depiction outlining proposed formation mechanism of Or-
Bi/Bi2WO6 [142]. (d) Potential mechanisms observed in Ag/KNbO3 composite under simulated sunlight and visible 
light irradiation [143]. (e) Photocatalytic pathways of (A) TiO2/g-C3N4 and (B) TiO2/SrTiO3/g-C3N4 heterojunctions 
under simulated solar irradiation [144]. (f,g) Charge transfer dynamics across p-n junction in MCeO2-BiFeO3 
composite [145].  

Table 3. Summary of perovskite oxides used for N2 fixation. 

Photocatalyst Light source Sacrificial agent NH3 production rate Ref. 
Bi-Bi2WO6 Simulated solar light None 86.0 μmol·g−1·h−1 [145] 
c-PAN-Bi2WO6 Simulated solar light None 160.0 μmol·g−1·h−1 [110] 
TiO2/SrTiO3/g-C3N4 Simulated solar light Ethanol 2192.0 μmol·g−1·h−1 [144] 
CeO2-BiFeO3 UV-Vis None 117.77 μmol·g−1·h−1 [146] 
Ag-KNbO3 Simulated solar light Ethanol 385.0 μmol·g−1·h−1 [143] 
LaCoO3.Er3+/ATP Visible Ethanol 71.5 μmol·g−1·h−1 [147] 

5. Single-atom catalysts (SACs) 

A conventional example of enhancing semiconductor photocatalysts is to 
deposit metal nanoparticles or clusters onto a semiconductor, enabling outstanding 
catalytic activity and specific product selectivity. Although this method is 
advantageous in terms of ease of synthesis, capacity of a large amount of metal 
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loading, and flexible structural design, it has intrinsic obstruction of active site 
limitation and excessive consumption of metal, especially precious metals, and is not 
suitable to be used on a large scale in the future. To overcome these obstacles, it is 
an essential strategy to minimize the co-catalyst to single atoms to provide enough 
active sites with the highest possible accessibility. Thus, it is possible to achieve 
prominent enhancements in photocatalytic performance and reduction of material 
use [148]. In 2011, Qiao et al. [149] developed single-atom Pt/FeOx catalysts, 
pioneering the concept of single-atom catalysts (SACs). The primary characteristic 
of SACs is the uniform distribution of co-catalysts (noble or non-precious metals) as 
individual atoms across the surface of the semiconductor support. This arrangement 
ensures maximum atomic efficiency, with isolated single atoms serving as active 
centers [150]. In the past few years, a significant number of SACs have been 
prepared and characterized, prompting significant investigation of the nature of their 
active sites and the mechanisms of catalytic reactions [151]. Conventional 
nanoparticles, clusters, and bulk materials, for example, have far more unsaturated 
coordination and electronic structures than SACs. This study discovered that SAC 
mergers that have taken place in recent years have paved the way for improvements 
in the absorption and activation of reactants, in addition to the transition of carriers 
and the level of catalytic activity [152]. Huang et al. [153] reported that a single 
atom covalent triazine-based frameworks (CTFs) Co/CTF catalyst achieved a remarkable 
CO2 absorption capacity of 11.37 cm3·g−1, surpassing the performance of a Co-
NP/CTF catalyst. Additionally, when a CO2 reduction photocatalysis test was 
conducted, the desorption rate of CO from a catalytic bed for single atom Co/CTF 
was determined as 1665.74 μmol·g−1·h−1, exceedingly significantly the CO yield for 
CO-NP/CTF, which was 13.29 μmol·g−1·h−1. To sum up, it should be noted that 
SACs have several advantages. First, their unsaturated coordination environment and 
unique electronic structure can change the adsorption and desorption performance of 
each reaction, specifically, the adsorption performance refers to the ability of SACs 
to capture reactants, intermediates, and products on their surface while desorption 
performance relates to how easily these species are released, thus SACs can enhance 
both catalytic performance and selectivity. Second, SACs allow atomic utilization to 
reach a maximum; that is, a minimum amount of metal can minimize the number of 
active sites. Third, SACs can become a universal platform that may be utilized for 
exploring relationships between activity and structure in multiphase catalysis at the 
atomic/molecular scale. Last but not least, SACs exhibit a uniform active-site 
distribution and can maintain non-homogeneous catalysts’ solid structure. Such a 
mixture can be used to develop a sustainable catalytic reaction technology in an ideal 
direction [154]. Concerning the photocatalytic mechanism, it is interesting to state 
that SACs show significant influence on the three pivotal steps mentioned above, 
thanks to their strong interaction with the supporting material. In this broad meaning, 
SACs are capable of changing the energy band structure of semiconductors used in 
substrates and redistributing electrons. For example, the intermediate energy band 
generation makes the photo response spectrum wider and operates as electron traps, 
and thus charge separation and directed transfer are more efficient [155].  

In the recent past, the development of SACs has emerged as an exciting 
research area, though their application in photocatalysis is still in the early stages. 
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This emerging multidisciplinary field demands increased attention and effort from 
the scientific community. This part of the review outlines the instrumental role of 
SACs in influencing the light absorption of photocatalysts, charge transfer kinetics, 
and interfacial reactions in order to develop a better understanding of the 
mechanisms of the activity-structure relationship in SAC-based photocatalytic 
systems. In addition, the work emphasizes the broad range of applications of multi-
phase SACs in several critical energy conversion processes and the improvement of 
the environment through the reduction of CO2.  

5.1. Role of single atoms in photocatalytic process 

5.1.1. Band structure adjustment 

As of today, SACs have achieved good results, but their application in 
photocatalysis is still in its infancy, making it an emerging field of interdisciplinary 
concern. However, a key factor in photocatalysis is the formation of electron-hole 
pairs by absorbing light, and the photocatalytic material’s ability to absorb light is a 
vital factor in assessing its performance in the process. Some semiconductor 
materials boast large bandgaps but their photoactivity is limited to UV light. 
Unfortunately, only 5% of sunlight falling on the surface of the earth is UV light, 
and hence this requires the development of materials with narrower bandgap that are 
capable of using visible light and even near-infrared. Typically, the bonding of single 
atoms can affect a substrate’s band structure, thus increasing its redox ability and 
light-absorbing capabilities. For example, when electronic atoms of metals, such as 
Pt, Pd, Rh, or Ru, adhere to the surface of anatase TiO2, the addition of the metal 
atoms pushes the conduction band (CB) edge of TiO2 upward, thereby increasing the 
reduction potential [156]. Interestingly, the introduction of confined noble metal 
(NM) single atoms into g-C3N4 led to a downward shift of the conduction band, 
causing it to intersect the Fermi level, as shown in Figure 8(a) [157]. Consequently, 
the bandgap of the NM1/g-C3N4 system narrowed, thereby enhancing its 
responsiveness to visible light. This phenomenon was also observed in other studies 
investigating the impact of NM single atoms on the bandgap of single-layer g-C3N4 
(S-g-C3N4). Specifically, the bandgap of g-C3N4 decreased from 1.18 eV to 0.72 eV 
upon Pt single-atom loading, and the attachment of Pt single atoms onto S-g-C3N4 
further reduced the bandgap from 1.04 eV to 0.54 eV [158]. Additionally, the 
loading capacity of single atoms was found to potentially correlate with the bandgap 
and CB potential of C3N4. Xin et al. [159] investigated the impact of loading Ag 
single atoms on the photocatalytic performance of Ag/C3N4. In Figure 8(b), the 
bandgap of Ag/C3N4 samples exhibited a reduction compared with that of the 
original C3N4, further diminishing with higher Ag loading. Additionally, the CB 
potential of Ag/C3N4 displayed a distribution resembling a volcano with varying Ag 
loading, all showing a more negative CB potential than that of the original C3N4. At 
0.53% Ag loading, Ag0.53/C3N4 SACs exhibited the most negative CB potential, 
indicating enhanced generation of photogenerated electrons with strong reducing 
ability, thereby promoting the production of superoxide radicals. Superoxide radicals 
are well-known active species in degrading macromolecular organic compounds. As 
a result, the degradation rates of rhodamine B (RhB) and tetracycline (TC) by a 
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catalyst increased by approximately 165.3 times and 24.9 times, respectively. 
Similarly, Xiong et al. [160] observed that Ni-SA-x/ZrO2 featured a narrower 
bandgap compared with that of pristine p-ZrO2, with the trend intensifying with 
increased Ni SAC loading.  

 
Figure 8. (a) Band structure of different single-atom photocatalysts [158]. (b) Bulk Carbon Nitride (BCN), C3N4, 
Ag0.32%/C3N4, Ag0.53%/C3N4, Ag 0.71%/C3N4, and Ag1.38%/C3N4 [159].  

5.1.2. Promotion of carrier separation and conduction 

SACs serve as mediators for electron transfer, establishing pathways for 
directed charge transfer to enhance the separation and mobility of photogenerated 
carriers [161]. For instance, Gao et al. [162] developed a core-shell TiO2@g-
C3N4(TCN) photocatalyst featuring Pd channels. Introducing metal single atoms onto 
photocatalysts alters their inherent local electron density, leading to an accumulation 
of electrons around the metal single atoms [163].  

5.2. Application of single-atom photocatalysts in energy conversion and 
environmental protection 

SACs have garnered significant interest because of their optimal atom 
utilization and distinctive local electronic environment. SACs have shown 
remarkable effects on three crucial steps of photocatalytic reactions, leading to 
significant advancements in energy conversion and environmental protection in 
recent years. In this section, the research progress of single-atom photocatalysts in 
various areas, such as CO2 reduction, water splitting, N2 fixation, air pollutant 
removal, and water pollutant degradation, are reviewed. The intensified global 
greenhouse effect and frequent extreme weather in recent years can be attributed to 
large-scale CO2 emissions. Utilizing photocatalysis technology can transform 
atmospheric CO2 into valuable chemicals and fuels without consuming additional 
energy, thus simultaneously alleviating global environmental problems and the 
energy crisis. TiO2 possesses several advantages, including high stability, low cost, 
and environmental friendliness. Additionally, it features a large number of atomic 
step sites with superior electron transfer activity and molecular capture ability. Feng 
et al. [164] demonstrated the anchoring of single tungsten atomic sites on the TiO2 
atomic step, forming W5+-O-Ti3+ active sites for CO2 photocatalytic reduction. Single 
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tungsten atomic oxide (STAO) was deposited by adding or replacing Ti atoms on 
spherical anatase TiO2 nanoparticles with abundant steps. The loading of Ti3+ 
increased from 0.76% to 9.5% as the loading capacity of STAO increased from 0 
wt% to 3 wt%, indicating that STAO anchored in a local coordination environment 
induced a chemical change from Ti4+-O to Ti3+-O. 

5.2.1. CO2 reduction reaction 

Photocatalytic CO2 reduction using semiconductors has demonstrated potential 
for artificial photosynthesis. In 1978, single-crystal gallium phosphide was found to 
convert CO2 into formic acid, formaldehyde, and methane when exposed to 
ultraviolet light [165]. Artificial photosynthesis is promising because it can 
simultaneously reduce global CO2 accumulation and produce sustainable fuels to 
meet increasing energy demands. The CO2 reduction process involves multiple 
proton-coupled electron transfers and generates various products, such as carbon 
monoxide, methanol, methane, and higher hydrocarbons. The distribution of these 
end products is influenced by the kinetic and thermodynamic parameters of the CO2 
reduction pathway. However, despite numerous semiconductor photocatalysts being 
reported for CO2 photoreduction, most exhibit low conversion efficiency and lack 
controlled selectivity. Because metal single atoms have a strong affinity for CO2 
molecules, they can be anchored on a substrate to serve as sites for photocatalytic 
CO2 reduction. For instance, Gao et al. [166] demonstrated the feasibility of using Pt 
and Pd single atoms on g-C3N4 for photocatalytic CO2 reduction through DFT 
calculations. Reaction potential calculations indicated that HCOOH was the 
preferred product for CO2 reduction for Pd/g-C3N4 catalysts, with a potential barrier 
of 0.66 eV. In contrast, CO2 reduction for Pt/g-C3N4 catalysts efficiently produced 
CH4, with a potential barrier of 1.16 eV.  

5.2.2. Nitrogen fixation 

Zhao et al. [167] studied the catalytic activity of transition metal (V, Cr, Mn, 
Fe, Co, Ni, Cu, Ag, Au, Pd, Pt, and Nb) single atoms on anatase TiO2(001) systems 
for nitrogen reduction using DFT calculations. The results demonstrated that Fe 
single atoms on anatase TiO2(001) exhibited effective N2 fixation and NH3 
dissociation activity under mild conditions. Additionally, it was suggested that the 
alternate pathway of N2* + H* → NNH* as the determining step was more likely the 
route for NH3 generation rather than distal and enzymatic pathways. Wu et al. [168] 
found that modifying macro/mesoporous TiO2-SiO2 (Fe-T-S) with Fe single atoms 
significantly enhanced photocatalytic nitrogen fixation, achieving a high ammonia 
yield rate without the need for a sacrificial agent or co-catalyst. Under illumination, 
photogenerated holes facilitated the transformation of Fe into Fe(IV) species, which 
enhanced water oxidation and facilitated the hydrogenation of N2 on nearby oxygen 
vacancies. Wang et al. [169] anchored Pt single atoms onto covalent triazine 
framework nanosheets. Ammonia was synthesized from a nitrogen-saturated 
aqueous solution at a rate of 171.40 µmol·g−1·h−1 in the absence of a sacrificial agent, 

with an apparent quantum efficiency of 1.4% at 420 nm. Under light conditions, the 
conduction band potential of Pt-SACs/CTF facilitated the ammonia synthesis 
reaction with an N2/NH3 potential of −0.28 V vs. NHE, as shown in Figure 9(a,b). 
Photogenerated electrons from the conduction band of stable ultrathin CTF-PDDA-
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TPDH nanosheets could transfer to Pt SACs. This process allowed N2 molecules 
adsorbed on Pt SACs to convert to NH3, which subsequently dissolved in water to 
form NH4+. The photocatalytic synthesis of NH3 shows unsatisfactory efficiency, 
attributed to the weak bonding between N2 and the photocatalyst, along with the 
significantly low production efficiency of hydrogen species (H+) in aqueous 
solutions. Yin et al. [170] developed Ru-SA/HxMoO3−y hybrids containing abundant 
Mon+ adjacent oxygen vacancies through an H-spillover process. These hybrids 
facilitated the production of NH3 from N2 and H2 atmospheres under ambient 
conditions. In Figure 9(c), the bandgap of Ru-SA/HxMoO3−y was observed to 
decrease significantly, from 3.05 to 2.50 eV, compared with that of MoO3. This 
reduction was further enhanced to 1.07 eV, down from 2.05 eV, due to the presence 
of defect bands created by oxygen vacancies and localized electrons on the d orbitals 
of low-valent Mo species. The synergistic effects of dual active centers, which were 
Ru single atoms and Mon+, were instrumental in NH3 synthesis: Ru single atoms 
facilitated H2 dissociation, while oxygen-vacancy-induced Mon+ species acted as 
sites for electron capture and N2 adsorption/dissociation. Additionally, oxygen 
vacancies facilitated the transfer of H+ from Ru single-atom sites to HxMoO3−y, 
effectively preventing Ru single atoms from being poisoned by H2. Under light 
irradiation, this system achieved an NH3 formation rate of 4.0 mmol·h−1·g−1 with a 

quantum efficiency of 6.0% at 650 nm. 

 
Figure 9. Pt-SACs/CTF: (a) band structure and (b) N2 fixation mechanism [171]. (c) Band structure of Ru-
SA/HxMoO3−y [170].  

6. Summary and outlook 

Photocatalysis, leveraging solar energy to address energy and environmental 
challenges, holds immense promise. Perovskite oxides, emerging as potent 
photocatalysts, have garnered significant research attention. This review outlines 
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their structure and synthesis methods, including sol-gel, coprecipitation, 
hydrothermal, solid-state, and combustion synthesis. It reviews their applications in 
photocatalysis, spanning hydrogen production, CO2 reduction, and N2 
immobilization. Researchers have developed various modification techniques to 
enhance light absorption and photocatalytic performance, such as doping, surface 
decoration, interfacial and defect engineering, and band structure alignment. 
However, there is a pressing need for high-efficiency catalysts to improve selectivity 
and performance in CO2 reduction and nitrogen immobilization. Theoretical 
prediction and high-throughput material genome studies hold promise for selecting, 
designing, and developing new photocatalysts. Practical photocatalysts should 
exhibit excellent activity, stability, durability, and cost-effectiveness, necessitating 
efficient substitutes for noble metals and rare-earth elements. Despite TiO2 
dominating the commercial market, large-scale development of perovskite oxides 
presents new opportunities. Optimizing synthetic strategies for the mass production 
of high-quality perovskite photocatalysts is crucial for industrial scalability. Given 
the global urgency for environmental and energy solutions, perovskite oxide 
photocatalysts offer a promising pathway toward cleaner and greener energy and 
environment by analyzing their unique structural features and synthesis techniques. 
We highlighted their superior catalytic performance and the distinct advantages of 
single-atom catalysts in enhancing energy conversion processes. This review 
underscores their pivotal role in sustainable energy and environmental remediation, 
which advocates for further research to optimize synthesis methods and better 
understand the underlying mechanisms. This will pave the way for more efficient 
photocatalytic systems crucial for addressing global energy and environmental 
challenges. 
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