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A B S T R A C T   

Single-atom catalysts are an essential research object in environmental catalysis because of their unique coor-

dination environment, high utilization rate, high activity and selectivity. The dual-atom catalysts have two sets of 

atomic centers. The atomically dispersed catalysts (ADCs) from single-atom to dual-atom can bridge the gap 

between heterogeneous and homogeneous catalysts. The key to the ADCs is forming a stable metal single-atomic 

site between the catalyst and the support. Graphite carbon nitride has the advantages of chemical stability, 

structural regulation and visible light absorption. It is one of the most promising two-dimensional materials for 

stabilizing isolated metal atoms. As an advanced heterogeneous catalyst, graphitic carbon nitride (g-C3N4) based 

ADCs have great potential in applying advanced oxidation processes (AOPs) to solve environmental problems. 

However, the research progress of g-C3N4 based ADCs in AOPs needs to be summarized more comprehensively. 

In this paper, the preparation, catalytic mechanism, stability analysis and environmental application of these 

materials are reviewed systematically. Finally, the research progress of g-C3N4 based ADCs and the prospects and 

challenges of this new field prospect are summarized.   

1. Introduction 

In recent years, with the rapid development of the economy and 

accelerating industrialization, chemical resources are constantly 

consumed, and environmental problems have arisen. The wastewater 

discharged from industrial and agricultural development contain many 

pollutants, which have a terrible effect on the ecological environment 

and human health [1,2]. The application of advanced oxidation pro-

cesses (AOPs) to solve environmental problems has attracted extensive 

attention. These organic pollutants will be decomposed into small 

molecules or H2O, CO2 via an oxidation process based on multiple active 

species such as hydroxyl radical (•OH), sulfate radical (•SO4
2−), super-

oxide radical (•O2
–), single oxygen (1O2), high valence metal oxidizing 

species [3–5]. 

AOPs is a very efficient means to remove environmental pollutants 

[6,7]. Atomically dispersed catalysts (ADCs) have attracted extensive 

attention in the field of advanced oxidation due to its unique advantages 

such as high atomic utilization efficiency, high activity and excellent 

selectivity. ADCs include single atom catalysts (SACs), dual-atom cata-

lysts (DACs), and clusters. The single metal site as the active center of 

SACs has been widely studied in the field of environmental catalysis. In 

addition, DACs has attracted extensive attention because of its two sets 

of metal sites with more abundant catalytic mechanisms [8]. Wang et al. 

prepared Ag single-atom catalysts (SACs) as a visible photocatalyst. 

When peroxymonosulfate (PMS) is present, Ag SACs can efficiently 

degrade bisphenol A (BPA) [9]. As an extremely reactive and stable 

Fenton-type catalyst, the Co SACs prepared by Li et al. effectively 

catalyze the oxidation of intractable organic matter through the acti-

vation of PMS [10]. In addition, Zeng et al. elucidated the conforma-

tional relationship and potential catalytic mechanism of Co-SACs in 
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environmental catalytic applications [11]. Heterogeneous catalysts are 

widely used in environmental pollution control technology [12]. In the 

heterogeneous catalysis process, the catalyst interacts with the reactant 

at the active site on the solid surface. Improving the active component is 

the key to preparing high-quality catalysts. To downsize the active 

element to the single-atom scale, the SACs has a completely exposed 

surface metal atom with the maximum atomic utilization, and high 

catalytic activity [13,14]. The SACs can form chemical bonds with the 

primary material and construct a stable metal single-atomic site. The 

unsaturated coordination center, stable support and carbon matrix affect 

the catalytic efficiency of SACs [15]. Subsequently, DACs show a new 

development prospect in heterogeneous catalysis. DACs have two sets of 

single-atomic structures, and different monitors can play other functions 

in the catalytic reaction [16]. The collaboration between the two can 

improve the utilization rate of atoms and the catalytic efficiency and 

stability of the catalyst. The interaction force between the dual atoms 

and the strong interaction between the atoms and the substrate have 

richer performance in terms of the stability line, selectivity and activity 

of environmental catalysis [17]. DACs can show more advantages by 

modulating the chemistry of the substrate. In addition, DACs can com-

plete some reaction pathways that SACs sometimes cannot, such as 

adsorption through multiple sites formed by bond breaks [18,19]. 

However, as the particle size of metal atoms decreases, the surface en-

ergy of the catalyst increases sharply and tends to form clusters. The 

underlying support plays a decisive role in affecting the structur-

e–property relationship. Therefore, to anchor isolated metal atoms and 

create SACs, it is crucial to choose a support with a lot of binding sites 

and a strong enough bond. 

Currently, the design of SACs based on N-rich carbon materials (i.e., 

MOFs, N-doped carbon nanotube, graphitic carbon nitride (g-C3N4), N- 

doped graphene) has a great application prospect [20,21]. There is a 

large number of N atoms in g-C3N4 that can trap metal atoms. Therefore, 

it is widely used to fix and support metal atoms. The carbon and nitrogen 

of g-C3N4 can form sp2 hybridization, producing a highly conjugated 

electronic structure, resulting in a stable structure [22]. All these char-

acteristics are conducive to the photo responsive applications of g-C3N4. 

There are great advantages for g-C3N4 in chemical stability, structural 

regulation and visible light absorption [23,24]. Recently, new hetero-

geneous catalysts made of carbon nitride based SACs have been 

employed in a variety of advanced oxidation systems, such as photo-

catalysis, photo/PMS, photo/H2O2, and Fenton-like processes, to 

degrade organic contaminants [25,26]. There are many successful ex-

amples of treating organic pollutants in water and other environmental 

and energy applications. 

The current research on ADCs is progressing well, and the number of 

reviews is increasing [8,27,28]. Wang et al. reviewed the application 

progress of atomically dispersed materials (ADMs) in the fields of 

environmental catalysis, electrocatalysis and photocatalysis, and the 

opportunities and problems faced by ADMs in various reactions. Wu 

et al. discussed the advanced oxidation technology of SACs based on 

persulfate and the interaction mechanism of persulfate with SACs [29]. 

Lin et al. reviewed the synthesis, improvement and application of carbon 

nitride materials in the environment [30]. Singh et al. reviewed the role 

of SACs in organic conversion and energy conversion-related applica-

tions [31]. Liu et al. comprehensively elaborated the synthesis strategy 

and application of SACs as electrode materials in lithium-sulfur batteries 

for energy storage systems [32]. At present, there have been some re-

searches on the application of DACs in AOPs [33,34]. Dong et al. studied 

the degradation of pollutants such as bisphenol A by constructing DACs 

to activate PMS. It was found that the degradation efficiency of the DACs 

was doubled compared with that of SACs. In addition, Wang et al. found 

that the DACs has significant catalytic activity in acidic and alkaline 

media, showing strong durability. However, there are only a few 

comprehensive reviews on the treatment of contaminants in aquatic 

environments by carbon nitride-based SACs and DACs in AOPs. There-

fore, we can make a summary of the research in this area. 

In this review, we first introduce carbon nitride to highlight the 

advantages of using carbon nitride as the SACs substrate. Secondly, the 

synthesis methods of SACs and DACs are summarized, including several 

common transition metal single-atom catalysts, especially the synthesis 

methods of g-C3N4 based DACs and their formation process and coor-

dination environment are revealed. Thirdly, the innovative application 

of g-C3N4 based ADCs in environmental catalysis was emphasized to 

reveal the relationships between catalytic sites, reaction mechanisms 

and pollutant degradation processes of these catalysts in different 

advanced oxidation systems. In addition, the stability of these materials 

was analyzed. Finally, the opportunities and challenges of carbon nitride 

based atomically dispersed materials in environmental catalysis were 

proposed. 

2. Synthesis of carbon nitride 

The first synthesis of the polymer carbon nitride dates back to 1834 

[35]. The non-metallic polymer carbon nitride has many advantages, 

and many scholars favor it regarding material source, chemical stability 

and structural regulation [36]. In 1996, some scholars proposed that 

carbon nitride has five different crystal structures, among which g-C3N4 

is the most stable [37]. Because in this structure, carbon and nitrogen 

atoms undergo sp2 hybridization, forming a highly conjugated structure 

similar to the benzene ring. Moreover, the basic construction of carbon 

nitride is composed of tri-s-triazine units. And studies have shown that 

carbon nitride based on such a structure has lower energy, is thermo-

dynamically stable, and is more stable overall [38]. Nowadays, g-C3N4 

are mainly plane structures formed by the connection of triazine struc-

ture and heptazine structure with nitrogen atom [39]. Such a structure 

can promote the dispersion and anchoring of metal single atoms, and the 

introduction of metal elements can reduce the band gap, which is 

conducive to charge transfer, thus increasing the catalytic activity [40]. 

g-C3N4 is metal-free, so the price is low, and the chemical stability is 

good, non-toxic, easy to synthesize [41,42]. Carbon nitride has a me-

dium band gap of 2.7–2.8 eV and can absorb visible light of 450–460 

nm, which is universal [43]. 

g-C3N4 is usually synthesized by thermal polymerization. Two steps 

make up the preparation process: polyaddition and polycondensation. 

Various nitrogen-containing organic compounds have been used as py-

rolytic precursors, such as urea, thiourea, cyanamide, dicyandiamide, 

melamine, etc. The forms and properties of g-C3N4 prepared by different 

precursor systems are also different. Some studies have found that 

melamine or dicyandiamide as a precursor has a high yield and thermal 

stability [44]. Zhao et al. found early in 2005 that g-C3N4 prepared with 

melamine showed high thermal stability at high temperatures in ther-

mogravimetry (TG) analysis [45]. In addition, it has been found that g- 

C3N4 prepared from urea has high catalytic activity. By comparing the 

properties of g-C3N4 prepared from different precursors (urea, thiourea, 

and dicyandiamide), Martin et al. found that g-C3N4 prepared from urea 

has a larger specific surface area, which improves charge separation and 

migration [46]. As for melamine as a precursor, it is heated until 

ammonia gas is generated, which causes a polycondensation reaction. 

Continue heating, g-C3N4 will generate. Yan et al. synthesized a g-C3N4 

photocatalyst using low-cost melamine as raw material by direct heating 

[47]. In addition to the most common thermal polymerization, solid- 

state reactions, solvothermal synthesis, and liquid-phase electrodeposi-

tion techniques were applied to the synthesis of g-C3N4 [48–50]. The 

proportion and structure of g-C3N4 affect its thermochemical stability. 

When the C/N ratio gradually increases from 1 to 1.33, its catalytic or 

photocatalytic efficacy may also be impacted by the structure’s crys-

tallization transition from a more disordered phase to a graphite phase 

[51]. 

Wang et al. summarized preparation methods developed by g-C3N4 

based on thermal polymerization, including templating methods, 

template-free methods, sol–gel methods, supramolecular preorganiza-

tion methods, exfoliation methods and so on. Both soft and hard 
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templating techniques are used in templating. The soft template method 

is by the assembly of surfactant and inorganic phase to prepare g-C3N4. 

Zhao et al. used cyanuric acid and melamine to prepare hollow meso-

porous g-C3N4 microspheres with high porosity and high specific surface 

area by soft template method [52]. The hard template method refers to 

the use of rigid templates to prepare g-C3N4. Silica is a common hard 

template for the preparation of g-C3N4. Yang et al. synthesized porous g- 

C3N4 spheres using spherical mesoporous porous silica foam as a hard 

template [53]. The template-free method does not require acid to 

remove the template. Liao et al. prepared g-C3N4 microspheres by 

templated solvothermal method [54]. Supramolecular self-assembly 

does not need templates. It can form stable structures through molecu-

lar self-assembly and non-covalent bonds. Zhou et al. created supra-

molecular carbon nitride using barbituric acid and melamine-cyanuric 

acid as monomers through electrostatic interaction or hydrogen bonding 

[55]. The synthesized carbon nitride has a high porosity and specific 

surface area. Most g-C3N4 are layer-stacked structures, and their per-

formance can be improved by the decomposition of g-C3N4, which can 

be achieved by exfoliation methods. Papailias et al. exfoliated g-C3N4 

through chemical and thermal treatment [56]. The catalytic process of 

g-C3N4 was dramatically increased by exfoliation. Because of its polymer 

characteristics, easy synthesis and rich chemical properties, it can be 

designed at the molecular level, including non-covalent functionaliza-

tion, polymerization modulation, coordination interaction, hydrogen 

bond modulation, doping and copolymerization and covalent function-

alization [57]. 

3. Design strategy of the atomically dispersed catalysts 

Transition metal atoms have better catalytic performance and sta-

bility because of their higher single-atom utilization. The properties of 

single-atom dispersion can produce unsaturated coordination in the 

metal center, resulting in increasing surface free energy significantly 

[58–60]. At the same time, the quantum size effect of single metal atoms 

and the metal-carrier interaction make SACs have excellent performance 

[61]. It has been found that density functional theory (DFT) calculations 

show that doping of transition metals can enhance the light absorption 

of materials [62,63]. These have made it possible for SACs to develop 

well. The synthesis method has a great influence on the formation of 

support microstructure and active center, thus further affecting the 

catalytic property of the material. 

SACs containing transition metals Fe, Co, Mn, Cu and Ni as active 

sites have been reported [62,64–66]. At the same time, it has been found 

that two atoms in dual-atomic site catalysts interact with each other 

[67]. The synthesis of ADCs is to appropriately disperse the dispersed 

single atom on the support. Currently, the methods for preparing single- 

atom catalysts using g-C3N4 as the support include wet chemical 

method, pyrolysis, atomic layer deposition (ALD) and molecular metal 

complexes [68]. In addition, the physical and chemical state of metal 

single atomic sites and the presence of single atoms can be demonstrated 

through a series of characterization methods, including X-ray photo-

electron spectroscopy (XPS). The crystal structure was analyzed by X-ray 

diffraction (XRD), X-ray absorption near edge structure (XANES) and 

high-angle annular dark field scanning transmission electron micro-

scope (HAADF-STEM), etc. Next, we will review the synthesis methods 

of SACs and DACs by combining different transition metals and corre-

sponding preparation methods in detail. 

3.1. Single-atom catalysts 

Based on the introduction of g-C3N4 in the previous section, we will 

focus on synthesizing SACs anchored on g-C3N4. The key to preparing 

SACs is to make independent single atoms highly dispersed on the car-

rier through the interaction between the metal center and the substrate. 

In the current research, the standard methods for preparing SACs on g- 

C3N4 include pyrolysis, physical and chemical deposition (e.g., atomic 

layer deposition, chemical vapor deposition), impregnation method, 

hydrothermal method, ball milling, solution-phase synthesis and so on. 

Each method has advantages and disadvantages. At present, pyrolysis 

dominates the material preparation [69,70]. The preparation of one 

material is not limited to one way. The metal atoms can be further 

dispersed by proper calcination process to form isolated single atoms 

anchored to the carbon nitride support. More and more studies on the 

synthesis of SACs have adopted the strategy of multi-method joint 

practice. It is not appropriate to introduce the synthesis strategy of SACs 

according to the classification of methods. Therefore, our introduction 

to SACs synthesis will be expanded according to the logic of metal center 

classification. 

Fe single-atom catalysts. Fe is cheap and has good properties in both 

acidic and basic solutions. Fe SACs have excellent catalytic properties in 

redox reactions and are the most widely studied SACs. Peng et al. pre-

pared Fe SACs by ball milling and pyrolysis. Firstly, Fe imidazole co-

ordination compound (Fe-ICC) as a precursor was prepared by mixing 

polyvinylpyrrolidone (PVP) and FeSO4⋅7H2O via ball milling. After 

being ground, Fe-ICC was combined with melamine as a support and 

carbonized for 6 h at various pyrolysis temperatures in a tube furnace 

with N2 as the environment. The Fe SACs were eventually acquired. The 

presence of the particular electronic structure of Feδ+ in the samples was 

demonstrated by XANES of the Fe K edge for Fe-g-C3N4. Fe-g-C3N4 s FT 

k3-weighted χ(k) function EXAFS spectra showed no blatant Fe-Fe 

bonding. This provided additional proof of the Fe’s atomic dispersion 

within the Fe-g-C3N4 catalyst. The Fe-g-C3N4 WT contour plots showed 

that isolated Fe atoms were the predominant Fe species in the catalyst 

as-prepared (Fig. 1 a-d) [65]. Zhou et al. synthesized Fe SACs on an 

oxygen-rich carbon nitride by heating a mixture of dicyandiamide 

(DCD), pyromellitic dianhydride (PMDA) and ferric chloride hexahy-

drate (FeCl3⋅6H2O) at 325 ◦C for 4 h [71]. Huang et al. synthesized 

different Fe SACs catalysts by calcining the hybrid of polypyrrole (PPy) 

and Melamine-CA (MCA) complex containing trace Fe3+ ions (Fe/ 

PPy@MCA) as C, N, and Fe resources under N2 atmosphere [72]. By 

using a two-step pyrolysis process, Zhu et al. successfully synthesized the 

g-C3N4 containing single-atom FeN5 sites [73]. ICP-AES determined that 

the Fe content is 16.64 wt%. A common technique for the design of Fe 

SACs is atomic layer deposition in addition to pyrolysis. It is a series of 

surface reactions that create non-noble single atoms through a self- 

limiting mechanism. In order to create supported Pt single atoms on 

N-doped carbon nanosheets for the ALD produced Fe/Pt SACs, Li et al. 

used g-C3N4 as a catalyst [74]. The outcomes of XAS show singly 

dispersed Fe atoms. Results from the XANES and EXAFS show that the Fe 

SACs achieved are in an M−pyrrolic−N4 structure. According to the ICP- 

OES results, FePt NCNS has a Fe loading that is 0.6 wt% higher than Fe- 

NCNS, which is 1.6 wt%. 

Co single-atom catalysts. Co is often used in the preparation of metal 

SACs. The nitrogen atoms in g-C3N4 are strongly bound to cobalt atoms, 

which can promote the kinetic and thermodynamic stability of Co SACs. 

Li et al. synthesized Co SACs supported g-C3N4 by thermal polymeriza-

tion [75]. Firstly, they prepared g-C3N4 by annealing urea in the air. 

Secondly, citric acid, g-C3N4 and Co (II) phthalocyanine were mixed 

with isopropanol and acetone. Then the dried sample was heated at 

655 ◦C and obtained the final product. The Co loading rate of the ma-

terial reaches 3.17 wt%. Similarly, Wang et al. obtained Co SACs sup-

ported by g-C3N4 by one-pot synthesis. The cobalt salt and urea are 

distributed in the solution, then dried and annealed for 2 h in N2 at 

500 ◦C. The Co(II)-N bond in the material promotes the dispersion of the 

Co atom, and Co-N4 in the material was the active site [76]. Currently, 

the synthesis methods of Co SACs are mainly thermal polymerization, 

and the heating temperature also affects the properties of materials. 

There are also some studies on this aspect. Li et al. mixed C3N5, KCl, LiCl 

and CoCl2⋅6H2O and heated in different temperatures (500–800 ◦C). On 

the carbon base, Co exists as a single atom. It is also found that the 

atomic loading rate of Co on g-C3N5 reaches 5.19 wt% [77]. Vitamin B12 

is a kind of organic compound that contains the Co element. So, Wang 
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et al. found that Co SACs could be obtained by pyrolysis of a mixture of 

g-C3N4 and Vitamin B12 [78]. The resulting solid was designated as Co- 

C-X, where X stood for the temperature at which pyrolysis occurred. It 

can be seen from the XRD analysis of Co-C-X that the structure of Co-C-X 

changes due to different pyrolysis temperatures. At 600 ◦C, there is no 

diffraction peak of cobalt and cobalt oxide, indicating that Co is highly 

dispersed on Co-C-600. Raman spectrum of Co-C-X was investigated. 

The proportion of carbon decreases with the increase in temperature. 

Nitrogen will gradually become ammonia due to temperature rise [79]. 

Cao et al. prepared Co SACs by wet impregnation and pyrolysis using 

urea, NaH2PO2⋅H2O and Co(NO3)2 as the raw material [80]. In the 

preparation process, the phosphorylation of g-C3N4 is mainly the doping 

of P atoms. The exchange of P for C atoms in g-C3N4 is clearly shown by 

XPS and P solid-state nuclear magnetic resonance (NMR) studies, and 

the phosphorization has no impact on the structure of g-C3N4. Further-

more, electrochemical impedance spectroscopy (EIS) showed that P 

doping enhanced electrical conductivity. The Co content was about 0.3 

wt%. The heavy Co atoms are primarily found as single atoms. Co SACs 

have an almost identical XRD pattern as g-C3N4 nanosheets. The brilliant 

spots’ atomic-level resolution electron energy-loss (EEL) spectra pro-

vided additional evidence that they are Co atoms. 

Cu single-atom catalysts. Cu single-atom catalysts also has attracted 

wide attention. Transition-metal atom Cu has the one-electron redox 

cycle ability [81]. Combining Cu with g-C3N4 results in redox sites with 

single-electron capacity. Xv et al. synthesized Cu-g-C3N4 by a simple 

one-pot method using melamine and Cu(NO3)2 as precursors [82]. 

Elemental analysis suggested that Cu was present on the g-C3N4 matrix 

in a consistent concentration. The EXAFS spectra imply that g-C3N4 is 

using the ring N sites to coordinate Cu atoms. Cometto et al. obtained Cu 

SACs through a method combining pyrolysis with ultrasound [83]. 

Firstly, they pyrolyzed melamine to produce g-C3N4. The final product 

was prepared by ultrasonic treatment of g-C3N4 and Cu(NO3)2⋅2.5H2O in 

an argon atmosphere. The Cu loading was 14.8 wt% [84]. Liu et al. 

synthesized the Cu SACs by pyrolyzing coordinated polymer strategy 

Fig. 1. (a) An example of a schematic showing how SA Fe-g-C3N4 catalysts are made; (b) XANES spectra at the Fe K-edge of SA Fe-g-C3N4 (600) and reference 

samples; (c) FT k3-weighted EXAFS spectra of SA Fe-g-C3N4 (600); (d) WT plot of SA Fe-g-C3N4 (600) [65]. 
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(PCP). They mixed formaldehyde and dicyandiamide, stirred and heated 

them, added Cu(NO3)2⋅3H2O after polymerization, dried them by 

boiling, heated them in argon at 600℃ for 2 h, and finally ground them 

to obtain materials. Through the ICP-OES test, the loading rate of copper 

atoms on Cu SACs reached 25.64 wt%. The BET surface area of Cu SACs 

is 60.33 m2/g, and the print volume is 0.091 cm3/g, both higher than g- 

C3N4. Chang et al. used surface wave plasma technology to prepare 

carboxyl surface defects and single-atom Cu-energized g-C3N4 nano-

sheets [85]. ICP result shows that the loading rate of a copper atom is 

0.33 wt%. Attapulgite (ATP) is a kind of the one-dimensional nano-

materials with perfect performance based on its crystal structure. Liu 

et al. prepared Cu-ATP/PCN composite catalyst, which supported 

modified the Cu nanoparticles and Cu SACs [86]. Wang et al. calcined a 

certain amount of mixture of L-cysteine, melamine and copper nitrate in 

a muffle furnace to prepare a SACs co-doped with Cu and S [87]. It is also 

discovered that the addition of Cu and S can lengthen the distance 

between p-CN matrix planes, which enhances the BET and pore size of 

Cu SAs/p-CNS. By using ICP-OES, it was discovered that the Cu loading 

concentration of Cu SAs/p-CNS was 1.41 wt%. 

Ni single-atom catalysts. Ni is abundant in elements and has a high 

electron density on Earth. It is frequently utilized to create single-atom 

materials. Liu et al. prepared Ni-SA by adding Phytic acid (PA) adhesive. 

The atomic loading rate of this material is from 0.07 to 5.68 wt% [88]. 

During the preparation process, the proper addition of some adhesives 

can increase the atomic loading rate. By thermally polymerizing urea/ 

thiourea complexes of nickel and calcining them with NH4Cl thereafter, 

Xv et al. created a single-atom Ni/S co-doped g-C3N4 (Ni/S-CN-N) [66]. 

The specific surface area of Ni/S-CN-N as measured by N2 adsorp-

tion–desorption isothermal is 104.0 m2/g higher than those of g-C3N4- 

NH4Cl-assisted secondary calcination results in an increase in specific 

surface area. Results from FT and WT-EXAFS show that Ni/S-CN con-

tains atomically-dispersed Ni. Similarly, Hou et al. obtained Ni/S-CN by 

Fig. 2. (a) Schematic illustration of the preparation; (b) SEM image; (c) HRTEM image; (d) HAADF-STEM image; (e) EDS mapping image [90].  
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hydrothermal method [89]. The Brunauer-Emmett-Teller (BET) surface 

area is 235 m2/g, and the Ni content of Ni-CN is 0.2 wt%. In addition, 

wang et al. composed Ni-SACs [90]. They firstly prepared g-C3N4 

nanosheets via exfoliation methods, then the g-C3N4 and NiCl2 aerogels 

were heated to 600 ◦C at a rate of 5 ◦C/min in an environment of argon. 

The Ni content in Ni SACs was estimated to be 1.17 wt% by ICP-OES. The 

single-atom character of the Ni sites for Ni SACs was confirmed by the 

SEM, HRTEM, and HAADF-STEM data (Fig. 2 a-e). Hai et al. obtained Ni 

SACs with high metal loading rates by a combination of impregnation 

and two-step annealing [91]. Firstly, metallic precursors were prepared 

by impregnation of NiCl2⋅6H2O and polymeric carbon nitride (PCN). 

The removal of ligands can be regulated by setting the annealing tem-

perature below the decomposition temperature of the metal precursor. 

Secondly, the use of metal chloride provides better control. The 

chemisorbed metal precursor is then removed by a second step of 

annealing at higher temperatures (550 ◦C). Finally, the Ni SACs was 

obtained. To comprehend the molecular level of the synthesis mecha-

nism, DFT calculations were performed. 

Mn single-atom catalysts. Mn-based materials have high catalytic ac-

tivity and low toxicity. Mn SACs have attracted great interest. Mn ace-

tate, CNTs, and dicyandiamide are thermally pyrolyzed at 600℃ in the 

presence of nitrogen, then they are washed with hydrochloric acid, Feng 

et al. created Mn-C3N4/CNT. The addition of CNTs improved the con-

ductivity of g-C3N4 [26]. The BET of Mn-C3N4/CNT is 221 cm2/g. The 

structural characteristics of Mn-C3N4/CNT were investigated using 

quantitative EXAFS curve fitting analysis. The single atom Mn is thrice 

coordinated by N atoms due to the Mn-N coordination number of 3.2. 

The presence of atomically scattered Mn in Mn-C3N4/CNT is confirmed 

Fig. 3. (a) Schematic procedure for the synthesis of Mn SACs; (b) EDS-mapping images; (c) HAADF-STEM images of Mn SACs [93]; (d) Schematic illustration of the 

large-scale production of the SA-TM/PN-g-C3N4 [95]. 
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by the HAADF-STEM picture, and the Mn content was found to be 0.17 

wt% as determined by ICP-OES. Yang et al. obtained Mn SACs with a 

coordination structure of Mn-N4 by hydrothermal method [92]. A 

stronger peak may be seen at about 1.3 in the Mn-CN Fourier-trans-

formed (FT) extended X-ray absorption fine structure (FT-EXAFS) 

spectrum. This points to the existence of a solitary Mn atom. SACs with 

coordination numbers higher than four have rarely been reported. Due 

to the creation of precursors with four-nitrogen coordinated structures, 

direct calcination with carbon nitride and transition metal sources 

typically produces M−N4. Miao et al. added external nitrogen sources 

(NH4Cl) to increase the amount of nitrogen coordination during Mn-CN 

synthesis⋅NH3 generated above 500 ◦C can enable amino groups to an-

chor on metal sites to form additional coordination structures (Fig. 3 a-c) 

[93]. Finally, the Mn-N5 coordination structure was formed. The atomic 

loading rate of the manganese single-atom material ranges from 2.7 to 

3.0 wt%. Wang et al. synthesized the MCN through Mn(acac)2 and urea 

in-situ thermal polymerization [94]. Based on ICP-AES, the mass loads 

of Mn after nitration in Mn-SACs is 3.06 wt%. In addition, a variety of g- 

C3N4 based transition metal single atom have been prepared through the 

combination of self-assembly and calcination of various precursors 

(Fig. 3 d). 

3.2. Dual-atom catalysts 

The M−N−C active center formed by binding transition metal atoms 

with g-C3N4 plays an essential role in the transition metal’s catalytic 

activity by regulating the transition metal’s d-band center. Moreover, 

the chemical bonds between transition metal atoms and doped non- 

metal atoms also enhance the catalytic activity. It has been shown that 

single atoms of bi-transition metals can improve bandgap modulation 

through the strong interaction between metals and the synergistic effect 

[96]. In addition, Some studies have shown that DACs are more effective 

than single-atom catalysts in removing metal nuclei, forming a good 

activated porous graphite carbon layer [97]. In recent years, new 

atomically dispersed catalysts have emerged [98,99]. Moreover, some 

studies have shown that the introduction of a second metal center into 

the first metal center in the catalyst can promote activation [100], and in 

addition, the scaling relationship is likely to be destroyed during syn-

thesis or catalysis [101]. The preparation methods of diatomic catalysts 

mainly include atomic layer deposition (ALD) [102], impregnation- 

adsorption [103], and high-temperature pyrolysis strategies [104]. Py-

rolysis of a variety of metal precursors premixed with the bulk material 

is a common method to introduce a polymetallic center on a single 

support. ALD and impregnation-adsorption methods can provide high- 

quality DACs. 

Yao et al. synthesized externally dispersed NiCu DACs on nitrogen- 

doped graphene by pyrolysis of a mixture of dicyandiamide, glucose, 

nickel, and copper salts in an argon atmosphere [106]. TEM images 

showed that the obtained NiCu-CN samples had multilayer thickness 

corrugated nanosheets. Moreover, the defect layer morphology is 

conducive to the uniform anchoring and dispersion of metal atoms. XRD 

analysis and TEM images of the obtained samples showed no significant 

aggregation, indicating the formation of solitary Ni and Cu sites. Uti-

lizing bulk g-C3N4 and glucose as the support and stabilizers, respec-

tively, Wan et al. produced NiFe-g-C3N4 utilizing a straightforward 

molecule-based tailoring technique [107]. The use of glucose can fix 

single metal atoms and prevent metal atoms from aggregating. Glucose 

acts as a catalyst during high temperature pyrolysis to further convert 

glucose chelated g-C3N4 attached to metal atoms into N-doped gra-

phene. The metal composition of the SACs is 7.5 wt% for NiFe-CN. In 

addition, L-alanine (amino acid), ferric (II) acetate, nickel (II) acetate 

tetrahydrate, and melamine were used by Zeng et al. to create a NiFe- 

DASC catalyst via ball milling and pyrolysis [105]. The creation of sin-

gle or double layers of graphene is indicated by the presence of porous 

carbon nanosheets in TEM and SEM. The nitrogen-doped graphene 

support contained both Ni and Fe atoms, as shown by dark-field 

scanning TEM and energy dispersive X-ray spectroscopy (EDS) of NiFe- 

DASC. Further demonstrating the existence of discretely distributed Ni 

and Fe atoms is HAADF-STEM. The pair of atoms’ typical distance was 

also found to be 0.24 nm, which raises the possibility of a metal–metal 

contact. The EELS provided additional evidence that the bright spots 

were Ni and Fe atoms (Fig. 4 a-g). 

By using dicyandiamide as a carbon source, iron phthalocyanine 

(FePc) and manganese nitrate (Mn(NO3)2) as metal precursors, Yang 

et al. prepared bimetallic atom-dispersed Fe and Mn/N-C electro-

catalysts through thermal polymerization and pyrolysis, and success-

fully implanted Mn-N part into the traditional Fe/N-C system (Fig. 5 a-d) 

[108]. The many atomically scattered metal-nitrogen in Fe, Mn/N-C are 

linked to the Fe/Mn-Nx bond, which has a binding energy of 399.1 eV. 

These combined HAADF-STEM, EDS elemental mapping, EELS, and 

metal pair distance measurements attest to the coexistence of Fe and Mn 

as Fe/Mn atomic pairs. With many micropores and mesopores, Fe, Mn/ 

N-C has a specific surface area and pore volume of 245.33 m2/g and 0.3 

m3/g, respectively. 

Zhou et al. designed FeNi DACs coordinated with N and P in porous 

g-C3N4 via defect strategy and soft templates method. Firstly, they 

produced porous g-C3N4 from melamine, cyanuric acid and uramil by 

thermal polymerization. Secondly, they used Fe(NO3)3⋅9H2O, 

NiSO4⋅6H2O, urea to form mixture. And then, the mixture was placed in 

a Teflon-lined autoclave, and FeNi-LDH powders were collected. In 

order to produce CN-FeNi-P, the mixture was calcined for a final time for 

2 h at 350 ◦C in a N2 atmosphere while utilizing NaH2PO2 as a PH3 at-

mosphere [109]. ICP testing reveals that the loading amounts of Fe and 

Ni are 0.36 and 1.01 wt%, respectively. Single atoms can increase the 

specific surface area of a porous arrangement like this and enhance mass 

transfer. In this material, the two metals are connected by a P bridge. 

The coordination information of two metal atoms was investigated by 

XANES, EXAFS, and wavelet transform (WT), demonstrating that the Fe 

atoms are scattered as solitary particles. Results from EXAFS and WT 

demonstrate that Ni is in conjunction with N and P and has an atomical 

distribution. Similarly, Yu et al. design and synthesize P-induced Fe and 

Co single atoms by an external PH3 annealing treatment using soft- 

template precursors [110]. In electrical structure modulation, P is 

crucial. In addition, oxygen-doped g-C3N4. In order to accelerate the 

breakdown of organic contaminants, O-g-C3N4 may be used [111]. 

Wang et al. prepared Fe-Co-O-g-C3N4 co-doped with the dual-atomic site 

and nonmetallic through calcination [112].Co/Mo-MCN was prepared 

through MoS2 ethanol solution, guanidine hydrochloride and 

CoCl2⋅6H2O according to the same calcination process described above. 

A similar mesoporous structure with a high specific surface area can 

increase the charge carrier separation efficiency, thereby improving the 

catalytic activity [113]. Wang et al. synthesized the porous few-layer g- 

C3N4-CoxNiy [114]. First, the self-assembly of melamine and its hydro-

lysate was controlled to create microtubular precursors using proton-

ated phosphoric acid. To exfoliate g-C3N4, ethanol and glycerol were 

introduced as an inserter. The cavity of the g-C3N4 was then filled with 

sources of Ni and Co. Finally, the thermal polycondensation process 

would result in the production of porous few-layer g-C3N4-CoxNiy from 

the liberated gas. In addition, Zhao et al. used ferric chloride, cobalt 

chloride and formamide to produce FeCo-N/C by hydrothermal method 

and pyrolysis [115]. The contents of Co and Fe of FeCo-N/C were 

determined by ICP-MS to be 2.01 and 3.32 wt%, respectively. The BET of 

FeCo-N/C was calculated to be 68.4 m2/g. The high level of active site 

availability and effective electron transport at the catalyst/reactant 

contact are indicated by this. 

Other metals were also used to prepare dual-atomic site materials in 

addition to the transition metal. The embedding of noble metals into 

transition metal single-atomic materials can realize the expansion of 

noble metal geometry and obtain tunable interatomic interactions. At 

the same time, the catalyst will have metal–metal interaction and metal- 

support interaction [116]. Cheng et al. found that the synergy between 

Co and Ru and the combination of atom-specific features can greatly 
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promote photocatalytic performance. Through a simple self-seeded 

procedure involving formamide condensation and carbonization, they 

were able to insert the atomic Co-Ru bimetal into a conjugated carbon 

nitride polymer [117]. 

The preparation processes for the aforementioned g-C3N4 based 

ADCs are summarized in Table 1. Through the above analysis, it is found 

that iron, cobalt and copper SACs can achieve high metal loading rates, 

while manganese and nickel SACs have low metal loading rates. Most 

DACs adopt the pyrolysis method and ALD method, and most DACs 

adopt the combined strategy of both. Firstly, the anchoring of single 

metal atoms is carried out, and then the second metal is fixed in the g- 

C3N4 matrix by the chemical deposition method or pyrolysis method. 

Through the introduction of different transition metal SACs designs, we 

find that different synthesis methods have been developed. The design 

strategies of SACs include pyrolysis, wet impregnation, physicochemical 

deposition, ball milling and so on. The wet impregnation method is 

simple and easy, and the metal load rate is low. Physical and chemical 

deposition methods can better control metal sites. The ball milling 

method is simple in application and more used in the treatment of 

precursor, and the method can increase the specific surface area of the 

catalyst. Pyrolysis is the most common method for preparing atomically 

dispersed metal sites. During the pyrolysis process, transition metal 

atoms can easily coordinate with heteroatoms in the g-C3N4 matrix. By 

simply controlling the composition and temperature of the low-cost 

precursor, the high metal load level and the coordination structure 

can be controlled. In AOPs, additional attention should be paid to the 

problem of metal loading, and the optimal amount of single atoms 

should be introduced while ensuring the stability of the g-C3N4 skeleton 

to prevent structural damage and metal leaching. In addition, the 

preparation of single atoms by wet chemical method requires pretreat-

ment of the precursor material to reduce unwanted ligands and prevent 

the aggregation of metal atoms. However, too many metal atoms will 

cause agglomeration. In particular, the impregnation method and co- 

precipitation method should pay great attention to the amount of 

metal added. Therefore, to ensure the stability of g-C3N4 matrix and high 

utilization rate of single atoms, it is essential to control the loading of 

metal atoms and develop efficient strategies to anchor metal atoms to 

achieve isolated dispersion. In addition, the existence and spatial 

configuration of single atoms can be confirmed by some characterization 

methods. Individual metal atoms can be observed with a scanning 

tunneling microscope (STM) [118]. X-ray absorption Near Edge spec-

troscopy (XANES) and Extended X-ray Absorption Fine Structure 

(EXAFS) spectroscopy techniques can identify clusters with dispersed 

single atoms [119], as well as other species information. Infrared (IR) 

spectroscopy can quantitatively confirm the presence of individual 

metal atoms [120].For the application and advancement of SACs in the 

realm of environmental remediation, improving the synthesis and 

quality of SACs by optimizing the synthesis process is crucial. 

4. Applications in the environment 

As heterogeneous catalysts, g-C3N4-based ADCs have received a lot 

Fig. 4. (a) Schematic illustration of NiFe-DASC synthesis; (b) Dark-field scanning TEM and AFM (inset) images; (c) TEM image and (d) EDS elemental mapping of 

NiFe-DASC; (e) HAADF-STEM image of NiFe-DASC with some diatomic pairs being highlighted by green rectangles; (f) Intensity profiles of the three sites in (e); (g) 

EELS of NiFe-DASC [105]. 
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Fig. 5. (a) Synthetic image and TEM characterizations of Fe, Mn/N-C catalyst; (b) HAADF-STEM image of Mn, Fe/N-C with mappings of individual elements (C, N, 

Fe, and Mn); (c) Fe, Mn/N-C structure analyzed by EELS; (d) The intensity profiles were obtained on two bimetallic Fe–Mn sites [108]. 

Table 1 

Summary of the various g-C3N4-based ADCs for preparation methods.  

Metal 

atom 

g-C3N4-based 

ADC 

Synthetic raw material Synthesis methods Metal loading 

(wt%) 

BET surface (m2 

g−1) 

Reference 

Fe SA Fe-g-C3N4 PVP, 2-MI, MeOH, FeSO4⋅7H2O Ball milling, Pyrolysis 4.07 50.8655 [65]  

Fe-N-C/CN 800 Ppy, MC, FeCl3⋅6H2O Calcining 11 127.5 [72]  

Fe-NPs/NCNS Ferrocene, Urea ALD 0.6 – [74] 

Co SACo@g-C3N4 C6H8O7, CoPc Pyrolysis 3.17 211 [75]  

Co-C-SACs-700 Vitamin B12, Urea Pyrolysis 4.35 60.1 [79]  

Co/PCN. Urea, NaH2PO2⋅H2O, Co(NO3)2 Thermal polymerization, wet 

impregnation 

0.3 – [80] 

Cu Cu SACs Melamine, Cu(NO3)2⋅2.5H2O Pyrolysis, Ultrasound 14.8 – [84]  

Cu SACs Dicyandiamide, Cu(NO3)2⋅3H2O Pyrolysis 25.64 60.33 [62]  

Cu SAs/p-CNS Melamine, L-cysteine, Cu nitrate Calcining 1.4 13.6901 [87] 

Ni Ni-SA/CN Urea, Ni(Ac)2⋅4H2O, PA Pyrolysis 5.68 – [88]  

Ni/S-CN-N Urea, Thiourea, Ni(NO3)2⋅6H2O Thermal polymerization 3.39 104.0 [66]  

Ni/S-CN Dicyandiamide, Thiophene, NiCl2 Hydrothermal method 0.2 235 [89]  

Ni SACs Dicyandiamide, NiCl2⋅6H2O Impregnation, Annealing 10 – [91] 

Mn Mn-C3N4/CNT Mn acetate, CNTs, Dicyandiamide Pyrolysis 0.17 221 [26]  

MnISAs@CN Mn(acac)3, 2-Methylimidazole Hydrothermal method 0.27 1159.2 [92]  

Mn SACs Dicyandiamide, NH4Cl, Mn(acac)3 Calcination 2.7–3.0 – [121]  

MCN Urea, Mn(acac)2 Thermal polymerization 3.06 – [94] 

DACs NiCu DACs NiCl2⋅6H2O, CuCl2⋅2H2O, Dicyandiamide, Glucose Pyrolysis 0.67; 0.88 – [106]  

NiFe-DASC Melamine, L-alanine, Fe(II) acetate/Ni(II) acetate Ball milling, pyrolysis 4.05; 3.2 433.2 [105]  

Fe, Mn/N-C Dicyandiamide, FePc, Mn(NO3)2 Pre-polymerization, pyrolysis 2.3; 1.6 245.33 [108]  

CN-FeNi-P Melamine, Cyanuric acid, Uramil, Fe(NO3)3⋅9H2O, 

NiSO4⋅6H2O, Urea 

Hydrothermal, Pyrolysis 0.36; 1.01 – [109]  

Fe-Co-O-g-C3N4 Urea, oxalic acid, FeCl3⋅6H2O, CoCl2⋅6H2O Pyrolysis 2.3; 2.6 20.24 [111]  

g-C3N4- 

Co1.6Ni0.4 

Melamine, PA, Ni(NO3)2⋅6H2O, Co(NO3)2⋅6H2O Calcination 1.27; 0.84 153.17 [114]  

FeCo-N/C FeCl3, CoCl2, Formamide Hydrothermal, Pyrolysis 3.32; 2.01 68.4 [115]  
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of attention recently. Unique characteristics of g-C3N4 include its rich 

functional groups, moderate energy gap, exceptional electrical proper-

ties, and surface imperfections. In addition, SACs have maximum atomic 

utilization, particular electronic structure and favorable coordination 

structure. These materials are essential in AOPs for removing organic 

pollutants, including photocatalysis and Fenton-like reactions (H2O2, 

PMS, and PDS). The figure summarizes several applications of ADCs 

(Fig. 6). The carbon substrate can adjust the catalytic site of the material. 

Each system produces active species and, through different oxidation 

pathways to remove contaminants. The interaction of single atoms with 

the matrix gives the composites unique physicochemical properties that 

also play a significant role in the field of electrocatalysis [122], 

including technologies such as fuel cells, oxidation–reduction reactions 

(ORR) and environmental remediation. Transition metal atoms can be 

firmly combined with nitrogen atoms on g-C3N4, thus the spill of metal 

elements can be inhibited and the toxicity of catalyst can be effectively 

avoided. At the same time, metal atom doping can effectively change the 

electronic structure of the carbon base, thus effectively activating PMS 

[123]. It has also been found that the carbon nitride based single-atom 

material has good catalytic activity for pollutants under visible light 

irradiation [25]. Table 2 summarizes some of the ADCs mentioned in 

this paper for the degradation of pollutants in AOPs. 

4.1. Photocatalysis 

Carbon nitride has proved to be an excellent photocatalytic material 

because of its nontoxicity, easy synthesis, and high stability. It has been 

found that single-atom modification of g-C3N4 can significantly improve 

the efficiency of photogenerated carrier separation, especially transition 

metal atoms, which is beneficial to the photocatalytic reaction. In recent 

years, a novel technique to increase the photocatalytic activity of 

semiconductors has been developed: homogeneous dispersion of single- 

atomic metal sites into carbon matrix through coordination bonds 

[124]. Single-atom materials can effectively enhance optical absorption, 

raising electron density, and encouraging charge transfer [25,53,125]. 

In addition, DACs have excellent performances in photocatalysis, such as 

band structure modulation of light absorption, active site engineering of 

adsorption and desorption, and charge migration mechanism. 

Photo-Fenton degradation is an excellent way to treat antibiotics. 

Recent studies have built and used heterojunctions of g-C3N4 and single 

atom Co supported on N-rich carbons as heterogeneous catalysts for PMS 

activation. Qian et al. have successfully prepared the heterojunctions of 

Co SACs and g-C3N4 [126]. As shown in Fig. 7 a-e, the heterojunction 

structure of Co SACs with g-C3N4 can regulate charge transfer and 

promote the redox reaction at the Co site. Electron transfer across het-

erojunctions leads to enhanced degradation efficiency of photo-fenton 

reaction. From the comparison of ROS concentrations in different sys-

tems, it is obvious that the synergistic effect of the two promoted the 

increase of ROS production. The research showed that SA-Co-CN/g- 

C3N4/PMS system could effectively degrade and oxidize various anti-

biotics. The synergistic interaction of the photoactive g-C3N4 substrates 

with the island-like Co-CN SACs increases ROS generation. Active sub-

stances that play a role in the system include •OH, 1O2 and O2
•–. The 

hydroxyl group plays a major role. The SA-Co-CN/g-C3N4 hetero-

junction is made more conducive to electron transfer by the combined 

action of visible light and Co SACs, which in turn speeds up the redox 

cycle of Co2+/Co3+ for PMS activation. 

Co2+ +HSO−5 →Co3+ + SO⋅−
4 +OH− (1)  

Co2+ +HSO−5 →Co3+ + SO2−
4 + ⋅OH+H+ (2)  

SO⋅−
4 +H2O→SO2−

4 + ⋅OH +H+ (3)  

Co3+ + e− → Co2+ (4)  

Co3+ +HSO−5 →Co2+ + SO⋅−
5 +H+ (5)  

2SO⋅−
5 →2SO2−

4 + 1O2 (6) 

Dong et al. proved that limiting atomic dispersed Cu to g-C3N4 (Cu- 

C3N4) can rapidly activate H2O2 and effectively separate photo-

generated electron-hole pairs, hence enhancing the degradation effi-

ciency of the photo-Fenton reaction [127]. The photo-degradation rate 

of ciprofloxacin (CIP) is close to 99 % in 30 min. Additionally, it was 

Fig. 6. Application of ADCs in AOPs such as H2O2 activation, PMS activation, PDS activation, and photocatalysis.  
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discovered that a non-free radical reaction pathway was responsible for 

the photo-Fenton catalytic performance, in which the formation of O =
Cu-N4 = O intermediate activated H2O2. Liu et al. discovered that the 

band gap was decreased and the separation of photo-generated carriers 

was further encouraged by the doping of a single atom of Cu. [86]. The 

pace of MB degradation has significantly increased, and it can now be 

attributed to the interaction of the superoxide radical (•O2
–), the hydroxyl 

radical (•OH), the electron (e−), and the hole (h+). Liu et al. synthesized 

Ni-SACs/g-C3N4 catalyst and applied it to BPA degradation. The 

degradation of BPA by Ni-SACs/g-C3N4 reached 94.1 % in 60 min. The 

results of the trapping tests show that the main active species in the 

photooxidation of BPA are •O2
– and photoexcited holes. Two active 

photocatalytic sites, Ni-N4 and g-C3N4, each play a unique function in 

the process. It is revealed that Ni-N4 sites with low loading enable quick 

dynamics of charge carriers to separate and transfer, allowing for the 

accumulation of additional hot electrons. Due to the nearby Ni single- 

atom’s confined metallic character in the carbon nitride matrix, the 

single-atom at high loading has a suppressing impact on the production 

of active hot carriers. 

In recent years, SACs have been used to study the photocatalytic 

treatment of organic pollutants. Liu et al. present a novel strategy to 

efficiently breakdown organic pollutants utilizing persulfate in 

conjunction with single-atom catalysts’ high efficiency and LED light 

sources’ low energy consumption. The experimental data showed that in 

the presence of persulfate (PS) and catalyst, the degradation rate of 

tetracycline (TC) was 82.5 % in 30 min of LED irradiation. The utiliza-

tion rate of oxidizer was significantly enhanced. SAC-Cu1.0 can be 

stimulated by UV light to create e−, h+, and the associated free radicals 

(•OH, •O2
–), as well as 1O2. PS is also triggered at the same time to create 

SO4
•−. PS may also function as an electron acceptor to improve the 

effectiveness of electron transfer. The interaction of SO4
•−, •OH and •O2

– 

enhanced the formation of 1O2. Finally, the efficient and quick break-

down of TC in this system is realized by the synergistic interaction of UV- 

light, SAS-Cu1.0, and PS. 

SAS−Cu1.0 + hv → SAS−Cu1.0 (h+ + e−) (7)  

S2O2−
8 + e− → SO⋅−

4 + SO2−
4 (8)  

S2O2−
8 + hv → 2SO2−

4 (9)  

e− +O2→⋅O−2 (10)  

⋅O−2 + h+→1O2 (11)  

2⋅O−2 + 2H2O →H2O2 + 2OH−+1O2 (12)  

2SO⋅−
4 +H2O→2SO2−

4 + ⋅OH+H+ (13)  

⋅O−2 + e− + 2H+→H2O2 (14)  

H2O2 + e−→⋅OH+OH− (15)  (
h+, ⋅O−2 ,1O2, SO⋅−

4 , ⋅OH
)+ TC→intermediates →CO2 + H2O (16) 

Cu single-atom material can strengthen the interlayer connections, 

optimize the electronic structure, and improve optical absorption and 

carrier transfer efficiency [128]. By introducing double sites of Cu and S, 

the Cu atomic site captured photoacoustic electrons, and the S atomic 

site had photogenerated holes, Wang et al. promoted the separation of 

photogenerated charge carriers and improved the conversion rate of 5- 

hydroxymethyl furfural (HMF) into 2, 5-dimethylfuran (DFF), showing 

high photocatalytic activity [87]. In addition, Lu et al. prepared Fe-Cu 

DACs, and a large number of Cu-Fe QDS generated more active sites, 

which enhanced TC adsorption and accelerated charge separation and 

transfer. The multiple effects of adsorption-catalytic degradation and 

photocatalysis-Fenton oxidation were promoted [129]. At the same 

time, it has been found that the introduction of single atom Mn through 

Mn-N/O coordination can reduce the band gap and encourage photo-

excited carriers’ separation and transfer. The experimental data show 

that MCN-2 has a good quasi-first-order kinetic rate constant k (0.041 

min−1) in the photodegradation process of TC driven by visible light. 

Under the irradiation of visible light, more electrons in VB on the surface 

of MCN-2 can be excited into CB, thus forming more photoexcited 

electron-hole pairs (e−-h+). In addition, all active substances (•O2, •OH, 
1O2, h+) rapidly attack TC molecules and mineralize into CO2, H2O and 

small molecular intermediates. 

In the photocatalytic reaction, the isolated M−NX sites directly 

capture photogenerated electrons, while the surrounding non-metallic 

atoms have photogenerated holes, which synergically promote the 

separation of photogenerated charge carriers, thus promoting the pho-

tocatalytic activity. Single atom Ni/S co-doped g-C3N4 was created by 

Xu et al. TC degradation and CO2 reduction were used to gauge the 

material’s photocatalytic activity. The findings demonstrate that the 

implantation of single atomic Ni/S sites on carbon nitride nanosheets 

using double doping and stripping engineering can considerably 

improve carrier excitation and facilitate the separation and transmission 

of electron-hole pairs. In turn, these procedures support effective pho-

tocatalytic redox reactions. Ni/S-CN-N is stimulated under visible light 

Table 2 

Summary of the various g-C3N4-based ADCs for AOP applications.  

Catalysts AOP application Pollutants Removal efficiency Pseudo-first- 

order rate 

(min−1) 

Stability 

(Removal efficiency after 

recycling) 

Reference 

Ni-SACs/g-C3N4 Photo BPA 94.1 % in 60 min 0.0157 – [88] 

Mn-CN-2 Photo TC 82 % in 40 min 0.041 5 cycles, 82 % [94] 

P-Fe1Co1/CN Photo TBBPA 96 % in 120 min – – [110] 

Fe-g-C3N4 PMS/Photo SMX 98.7 % in 6 min 0.602 5 cycles, 92 % [132] 

SA-Co-CN PMS/Photo SMX 100 % in 30 min 0.2601 10 cycles, 90 % [126] 

Cu-C3N4 H2O2/photo CIP 99 % in 30 min 0.0978 5 cycles, 100 % [127] 

Fe1-Nv/CN H2O2/Photo CIP 91 % in 60 min 0.04837 – [130] 

I-FeNx/g-C3N4 H2O2/Photo MB 98.9 % in 11 min 0.56 4 cycles, 98 % [160] 

SAS-Cu PS/Photo TC 82.5 % in 30 min 0.0679 4 cycles, 67.9 % [62] 

Cu-C3N4 H2O2 RhB 97.5 % in 5 min – 5 cycles, 100 % [82] 

Fe0.4Cu0.6-N-C PDS TBBPS 98.7 % in 5 min 0.06 5 cycles, 78.7 % [144] 

SA-CoCN PMS BPA 100 % in 40 min 0.073 5 cycles, 80 % [76] 

SA Fe–g–C3N4(600) PMS TC 93.29 % in 40 min 0.045 4 cycles, 81 % [65] 

Mn SACs PMS 4-CP 100 % in 6 min 0.0518 6 cycles, 99 % [121] 

Fe/CN PMS 4-CP – 0.55 – [135] 

SA-Cu/rGO PMS SMX 99.6 % in 60 min – 5 cycles, 91.6 % [84] 

Co-SACs PMS CIP 99.8 % in 20 min 0.287 5 cycles, 95.2 % [139] 

Fe/Co-N-C PMS Phenol 100 % in 31 min 0.417 5 cycles, 92 % [115]  
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to produce electrons and holes. Then, through the Ni-N/O connection, 

the electrons move to the Ni site. The molecule O2 is converted to •O2 by 

the electrons at the Ni site. Additionally, •O2 and holes can combine to 

generate 1O2. The presence of H2O2 in the TC solution suggests that 

electrons may have reduced some •O2 or O2 to H2O2, which may then 

have resolved to •OH. As a result, the TC molecules undergo a reaction 

with the holes, •O2, 1O2, and •OH, leading to their degradation. After 

secondary calcination and Ni/S co-doping, TC’s degradation efficiency 

is increased in comparison to CN. 

Ni/S−CN−N + hv → hole + electron (17)  

Electron + O2→ ⋅O2 (18)  

⋅O2 + hole→1O2 (19)  

O2 + 2H+ + 2electron → H2O2 (20)  

⋅O2 + 2H+ + electron →H2O2 (21)  

H2O2 +H+ + electron→H2O + ⋅OH (22)  

1O2
/

⋅O2
/

hole
/

⋅OH + TC→degraded product (23) 

The activity of heterogeneous photocatalytic H2O2 activation in 

Fenton-like processes is strongly correlated with the local electron 

density of the reaction center atoms. Fe SACs prepared by Su et al. can 

effectively remove ciprofloxacin (CIP) in a Fenton-like system [130]. 

Numerous refractory organic pollutants, such as ofloxacin, norfloxacin, 

tetracycline, and levofloxacin, can be broken down by the Fe1-Nv/CN/ 

H2O2 system. For the cleanup of organic pollutants in water, the inno-

vative system exhibits a remarkable activity and adaptability. According 

to calculations, the pseudo-first-order kinetic constant (k) of CIP 

degradation on Fe1/CN is 0.02211 min−1. Compared to CN and Nv/CN, 

the Fe1-Nv/CN exhibits the highest activity. The production of •OH, 

superoxide radicals (O2–), and holes (h+) can all be precisely inhibited 

by the reaction system. The •OH is the primary ROS (Fig. 8 a-d). The 

single-atom material transfers electrons to the Fe single-atom through 

the substrate carbon nitride under light, thus generating free radicals 

[130,131]. Moreover, the contribution of photogenerated e− and h+ in 

the photocatalytic process to the enhancement of the catalyst’s catalytic 

activity in the activation of PMS. Under visible light, Fe-g-C3N4 degrades 

Fig. 7. (a) Bader charge of SA-Co-CN/g-C3N4 and SA-Co-CN/g-C3N4 upon excitation by one extra e−; (b) Schematic illustration of the charge transfer between the 

heterojunction of SA-Co-CN and g-C3N4; (c) Schematic representation of proposed charge trapping model in g-C3N4, and (d) SA-Co-CN/g-C3N4; (e) The yield of ROS 

of the g-C3N4/PMS and SA-Co-CN/g-C3N4/ PMS systems [126]. 
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SMX rapidly by 98.7 % in 6 min [132]. The P-Fe1Co1/CN prepared by Yu 

et al. significantly affects the degradation of pollutant TBBPA under 

visible light irradiation. Under visible light irradiation, P-Fe1Co1/CN 

shows better degradation efficiency (96 %) in 120 min. Quenching 

research shows that •O2
–, a photogenerated electron and a hole are key 

factors in TBBPA debromination. The presence of these active species is 

demonstrated by the ESR spectra. 

4.2. Fenton-like reactions 

In recent years, the degradation of organic pollutants by persulfate 

(PS) in advanced oxidation systems has been extensively studied. 

Transition metals have been studied as powerful activators for permo-

nosulfate (PMS), peroxydisulphate (PDS), hydrogen peroxide (H2O2), 

and ozone to generate sulfate radical (SO4
•−), hydroxyl radical •OH or 

superoxide radical (O2
•−), 1O2, high-valent metal species and etc. These 

free radicals play an essential role in removing pollutants [133,134]. 

Different single transition metal active sites are fixed on carbon nitride 

to form SACs for PMS activation. The catalytic formation of free and 

non-free radicals by single atom metal sites and non-metallic active 

species inherent in carbon carriers are used to degrade refractory 

organic pollutants. Various metal centers will initiate different persul-

fate activation pathways with varying coordination configurations, such 

as accessible radical pathway, non-free radical pathway or a combina-

tion of both. Accessible radical pathway and non-free radical pathway 

have their advantages. AOPs based on free radicals may be more proper 

for oxidizing persistent pollutants in relatively clean water substrates. In 

contrast, non-free radical oxidation may be more suitable for treating 

contaminants in complex water substrates easily affected by 1O2, elec-

tron transfer mediated by a catalyst or high-valent metal species. The 

combination of the two approaches may be better. In addition, in the 

materials formed by transition metal and carbon nitride, Lewis base sites 

will be generated around nitrogen, which can combine with transition 

metal atoms to form strong M−N (M refers to metal Fe, Co, Mn, Cu, Ni, 

etc.) sites in the carbon matrix. In addition, the tetra nitrogen coordi-

nation transition metal (M−N4) configuration in SACs plays a key role in 

optimizing electron transfer in PMS activation [92]. 

Through experiments and DFT calculations, According to Yang et al., 

the moderately energetic atomically distributed metal-nitrogen active 

sites are essential for allowing electron transport for PMS activation. 

This Mn single-atom catalyst has MnN4 site, which can catalyze PMS to 

generate •OH and SO4
•− free radicals. They also discovered that the 

target pollutant’s adsorption site is pyrrole N. BPA removal by Mn-SAs/ 

CN gained nearly 100 %. The combination of adsorption sites and free 

radicals improves the catalytic efficiency. Isolated atomic Mn sites play a 

critical role in activating the PMS required for the high effective 

degradation of BPA. The higher the adsorption efficiency of BPA, the 

higher the catalytic activity. Mn SACs superior catalytic performance is 

attributed to the synergistic effect between the adsorption of the 

pollutant and the activation of the PMS. 

Similarly, Peng et al. found that Fe atoms and pyridinic N in g-C3N4 

formed Fe-Nx sites. The group of PMS and g-C3N4 mainly produces 1O2 in 

the reaction process. High-valent iron-oxo species might be created 

when the O atom in the peroxide bond of PMS activation interacted with 

the Fe(III) species at the atomically dispersed Fe-N4 sites. As a result, the 

nearby FeIV = O, which can be transformed to Fe(III) species, oxidized 

the adsorbed TC. The nonradical process of TC breakdown employing SA 

Fe-g-C3N4 activated PMS, with high-valent iron-oxo species being the 

main ROS. The material degrades TC by more than 90 %. The Fe/CN 

prepared by Zhang et al. generates 100 % 1O2 by activating PMS. It 

showed high efficiency of chlorophenol (4-CP) degradation [135]. The 

tendency of Fe/CN to adsorb PMS’s O site on the Fe site encourages 

PMS’s oxidation to SO5
•− by losing the H atom. In addition, SO5

•−

rapidly self-reaction to generate S2O8
2−, SO4

2−, and 1O2. Fe-dispersed g- 

C3N4 catalyst with a Fe-N4 coordination structure was created by Zhao 

et al. for the degradation of sulfamethoxazole (SMX) and photocatalytic 

activation of PMS [132]. The degradation rate of SMX reached 98.7 %. 

The main reactive species that contribute to the degradation of SMX are 
•OH, SO4

•−, O2
•−, h+, 1O2, and FeIV = O. 

In addition, as PMS activators for the breakdown of bisphenol A 

(BPA), Co single-atom catalysts supported by graphitic carbon nitride 

(SA-Co-CN) with Co-N4 active sites were created. Under acidic and 

alkaline circumstances, high-valent cobalt [Co(IV)] and singlet oxygen 

(1O2), respectively, are the primary reactive species of pollution 

Fig. 8. (a) CIP degradation curves under a photocatalytic process; (b) CIP Degradation curves of CN, Nv/CN, Fe1/CN and Fe1-Nv/CN catalyst during photocatalytic 

activation H2O2 process; (c) Schematic illustration of the charge transfer between the system; (d) Degradation of diverse pollutants in the Fe1-Nv/CN/H2O2/Vis 

system [130]. 
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degradation. According to DFT studies, Co-N4 structure was adsorbed 

with the PMS O-O band. The preferred route for PMS is the adsorption of 

the Co atom and O atom on the O-O bond. Co (IV) = O structure is 

formed under acidic conditions, and O2
•− is generated under alkaline 

conditions. Both substances play a crucial role. The results demonstrated 

that 0.1 g/L of SA-Co-CN in the presence of PMS eliminated 100 % of the 

BPA in 40 min. It is worth mentioning that the following pathways 

typically generate 1O2 self-decomposition of PMS (HSO5
− + SO5

2− → 
HSO4

− + SO4
2− + 1O2), recombination of O2

•− [136], or O2 for energy 

transfer [137]. The PMS activation mechanism of the Co SACs prepared 

by Wu et al. using Vitamin B12 is the synergy of CoO, Co-N and modified 

g-C3N4. Specifically, the modified g-C3N4 is mainly responsible for the 

non-free radical path. At the same time, pathways of the active cobalt 

site are mainly responsible for the free radical and high-valent cobalt. 

The coordination number’s modification can adjust the electron density 

of the Co single atom, thereby changing the electron distribution of the C 

atom adjacent to pyridine N. The Co single atom’s charge density de-

termines the catalyst’s Fenton-like reaction performance [138]. Wang 

et al. prepared N, O- coordination Co SACs isolated on oxygen-doped 

tubular carbon nitride as effective activators of PMS-AOPs [139]. It 

was found that Co nucleation was mainly at N, O double correlation 

sites. Co-N3O1-Co has a highly oxidized cobalt atomic center, and this 

structure can adjust the coordination environment and carrier structure. 

Co-N3O1 samples showed a higher catalytic degradation rate. Compared 

with Co-N, Kobs of Co-N3O1 increased from 0.0289 min−1 to 0.287 

min−1. 1O2 was found to be a dominant free radical in Co-N3O1/PMS 

system. In addition, membrane technology was introduced in this study 

to form a PVDF/Co/PMS system, which has good leaching resistance and 

mineralization ability. 

Furthermore, Miao et al. have demonstrated that the nitrogen co-

ordinated Mn (MnN5) site is more effective in activating PMS than the 

MnN4 site, encouraging the O-O bond to split into high-valent Mn (IV)- 

oxo species with selectivity close to 100 %. An Mn (IV)-oxo-predominant 

route was used for PMS activation over MnN5. The catalytic effect of 

single oxygen in this system is very small. M−N5 can remove various 

refractory pollutants such as phenol, BPA, sulfathiazole and SMX 

through effective PMS activation. Single atom Cu (SA-Cu) supported on 

reduced graphene oxide (rGO) was created by Chen et al. The SA-Cu/ 

exposed rGO’s single atom Cu sites helped to effectively activate PMS. 

The degradation rate of SMX in the SA-Cu/rGO/PMS system is 3.9 times 

more than in rGO/PMS system. In addition, the system can eliminate 99 

% of TOC in 2 h. Unlike rGO/PMS system, SA-Cu/rGO/PMS system can 

produce 1O2 during catalytic activation. The very effective mineraliza-

tion and degradation of SMX are caused by all the reactive SO•−, •OH, 

and 1O2 species cultivated in the SA-Cu/rGO/PMS system. 

≡ Cu+ + HSO−5 → ≡ Cu2+ + SO⋅−
4 +OH− (24)  

≡ Cu2+ + HSO−5 → ≡ Cu+ + SO⋅−
5 +H+ (25)  

SO⋅−
4 + H2O → SO2−

4 + ⋅OH + H+ (26)  

HSO−
5 + SO2−

5 →SO2−
4 + HSO−

4 +1O2 (27)  

2SO⋅−
5 + H2O → 2HSO−4 + 1.51O2 (28)  

SO⋅−
4 + ⋅OH +1O2 + SMX→intermediates→CO2 +H2O (29) 

In addition to changing the type of metal atoms, adjusting the elec-

tronic characteristics of the central atom can also design non-metallic 

particles on the carbon matrix. Improving SACs activity can cut the 

coordination structure of metal centers in various ways, enrich the 

concentration of metal centers, and design the electronic system and 

porosity of substrates [140]. Pan et al. anchored the dispersed Co on the 

polymer-derived hollow n-doped porous material [141]. By changing 

the type or type of heteroatoms, the coordination environment of SACs 

can be improved, thus improving the activity and selectivity of the 

catalyst. Zhou et al. prepared Fe SACs loaded on an oxygen-doped ni-

trogen-rich carbon carrier (SAFe-OCN) and degraded pollutants by 

activating PMS. Compared with FeN4, FeNxO4x is an excellent multi- 

electron donor and may quickly form high-valent iron during oxida-

tion, the SAFe-OCN increased the phenol degradation kinetics by 5.13 

times, and the degradation efficiency of phenol reached 99.3 %. Loading 

atomic-dispersed Fe onto the OCN carrier can adjust the electronic 

structure and conductivity of SAFe-OCN, promote the adsorption of PMS 

and pollutants on the catalyst, and boost the electron transfer pathway. 

Oxygen-doped g-C3N4 (O-g-C3N4) can be converted into nitro-

gen–oxygen co-doped carbon materials by pyrolysis under N2. N-O co- 

doped carbon compounds show better catalytic activity as compared 

to nitrogen-doped carbon materials [142]. Wang et al. created catalysts 

with the Fe-based dual active site that included Fe2N and single atom Fe 

were embedded in graphitic carbon that was co-doped with nitrogen and 

oxygen. Dual-active sites play a vital role in the activation of PMS. 

Because the Fe(III) cycle to Fe(II) could be accelerated by using co-doped 

graphitic carbon as a substrate, Fe-N-O-GC exhibited better catalytic 

activity and stability. The results showed that the TOC removal rates of 

various pollutants (bisphenol A, phenol, nitrophenol, nitrobenzene and 

atrazine) were 72.1 %, 50.8 %, 44.6 %, 11.6 % and 10.4 %, respectively. 

In recent years, studies have found that bimetallic active sites can 

effectively activate peroxydisulfate (PDS) to degrade pollutants. PDS is a 

symmetrical structure that also contains O-O bonds, but is more stable 

than PMS because of its bonding ability, so PDS activates and breaks its 

O-O bonds by energy transfer [143]. Wang et al prepared iron and 

copper DACs has good degradation effect on tetrabromobisphenol S 

(TBBPS) by catalyzing PDS [144]. The findings demonstrate that while 

Cu doping creates adsorption sites for carbon-based materials, Fe doping 

lowers the electrical impedance. These two methods can both signifi-

cantly increase the number of active sites. The synergistic effect of Fe 

and Cu co-doping can improve the electronic structure of N-doped car-

bon materials and thus improve their participation in the electron 

transfer process. Double Fe-Cu sites appear to be active sites for PDS 

activation based on changes in the Fe and Cu valence states during the 

process. The complex of FeCu DACs and PDS may be the main factor in 

TBBPS degradation after receiving electrons from TBBPS. Free radicals, 
1O2, and high metal species play a secondary role in the degradation of 

TBBPS. Moreover, it has been found that the introduction of FeCu DACs 

can optimize the activation of PDS. As shown in Fig. 9 a-c, it is found 

through DFT calculation that the adsorption energy of diatom is lower 

than that of single atom, which is more conducive to the adsorption of 

PDS. Charge density and partial state density analysis (PDOS) show that 

the chemical bonds formed by dual atom are stronger, and electron 

transfer from Cu to Fe optimizes the bonding orbital distribution of Fe 3d 

orbitals [145]. During the activation of PDS, •OH, SO4
•−, O2

•−, and 1O2 

can be produced, including free radical and non-free radical mechanisms 

to catalyze the degradation of target matter. The activation mechanism 

of PDS is similar to that of PMS, except that PDS is more stable. 

In addition, studies have found that the metal loading rate and 

specific surface area size are not enough to affect the degradation effi-

ciency of pollutants. The unusual reconstruction of spin states on FeCo- 

N/C improves the electron structure of Fe and Co in the d orbitals, and 

thus shows the excellent catalytic activity of PMS activation on single- 

atom Co-N/C and Fe-N/C. The composition of natural water is com-

plex, and there are a large number of inorganic ions, which may have a 

certain impact on the catalytic efficiency of the catalytic system. Humic 

acid (HA) is a typical organic natural substance. In the FeCu-N-C/PDS 

system, the competition between HA and TBBPS for the active sites on 

the surface of Fe decreases the degradation efficiency of TBBPS. Some 

studies have found that Cl− and HCO3
– have a significant inhibitory effect 

in the Co-CN/PMS/Light system, a common phenomenon observed in 

the free radical-dominated system because the pollutants and inorganic 

anions compete to consume free radicals. Therefore, a non-free radical 

Co-CN/PMS system has apparent advantages in treating pollutants 

under complex water substrates. 
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ADCs by catalytic decomposition of H2O2 to produce •OH for 

pollutant degradation. Ma et al. prepared Mn SACs with dicyandiamide 

and manganese chloride. It was found by XPS that the binding energy of 

pyridine C and pyrrole C was reduced by the introduction of Mn single 

atom, and the Mn single atom was fixed by the nitrogen atom with the 

coordination bond. The mass fraction of Mn was found by ICP-OES to be 

5.2 %. H2O2 is adsorbed at Mn-N site to form HOO-Mn-N4, and a series of 

REDOX reactions occur, and finally •OH is formed (Fig. 10 a). The 

catalyst also showed high stability [146]. In addition, Cui et al. prepared 

Cu SACs by calcination and discovered Cu-O coordination by Cu EXAFS. 

The material can degrade almost all RhB within five min by activating 

H2O2 to produce •OH, and they designed Fenton filter, which has 

practical application value (Fig. 10 b-d) [82]. 

We mainly discuss the application of ADCs to environmental catal-

ysis through photocatalysis and Fenton-like catalysis. In photocatalysis, 

transition metal atoms are incorporated into carbon nitride, which re-

duces the bandgap energy of catalyst, increases the absorption of visible 

light and accelerates the electron transfer. In addition, the interaction of 

the metal with the g-C3N4 carrier improves charge separation. Various 

active substances produced can selectively catalyze the degradation of 

pollutants. The performance of ADCs through H2O2, PMS and PDS AOPs 

systems is mainly discussed. The metal site of ADCs can adsorb the target 

degradation substance and then react with the activated substance. At 

the same time, there are various mechanisms in the AOPs system of PMS 

and PDS, including free radical pathway and non-free radical pathway, 

the former is mainly to produce a variety of free radical further reaction, 

the latter is mainly to produce catalyst and active agent complex, singlet 

oxygen and hypervalent species further reaction. The metal single 

atomic sites of g-C3N4 based ADCs, g-C3N4 matrix and their interaction 

together determine the geometric and electronic properties of the 

catalyst, and further affect its catalytic performance. 

4.3. Electrocatalysis 

The precise atom-level control characteristics of ADCs give these 

catalysts the advantages of high activity, high stability, and selectivity. 

The single-atom-carrier interactions and unsaturated coordination en-

vironments in ADCs enhance the electrocatalytic performance and 

contribute to the lowering of the electrochemical reaction energy barrier 

[148,149]. ADCs can degrade pollutants in water by electrocatalytic 

oxidative reduction. Wang et al. prepared a Co single-atom-loaded 

graphene sulfide (Co-SG) catalyst as the cathode electrode material for 

electrochemical dechlorination by electrochemical reduction of H2O 

and atomic hydrogen generated from hydrogen electrolysis. The system 

not only achieved a degradation rate of 91.1 % for 2,4-dichlorobenzoic 

acid, but also significantly reduced the TOC concentration by 80 % 

[150]. Hong et al. prepared Cu single-atom and nitrogen co-doped 

graphene (Cu@NG) catalysts as electrocatalytic anodes. The system 

could generate O2
•− to degrade acetaminophen during the electro-

catalytic degradation process, achieving a degradation efficiency of 100 

% within 90 min while maintaining a low leaching rate of metal ions 

[151]. In addition, the Ni-Fe dual-atom nitrogen-doped carbon 

Fig. 9. Differences in the (a) free energy and (b) charge density of PDS adsorbing onto Fe–N–C and Fe/Cu–N–C; and (c) PDOS values calculated for the O–2p and 

Fe–3d orbitals in Fe–N–C and Fe/Cu–N–C [145]. 
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electrocatalyst (Ni0.5-Fe0.5-NC) prepared by Liu et al. displayed a 3-elec-

tron ORR pathway and efficient production of hydroxyl groups for the 

degradation of pollutants [152]. Electrocatalytic nitrate reduction using 

SACs to produce ammonia or nitrogen has also been extensively studied 

in the field of environment and energy [153]. The Fe single-atom loaded 

nitrogen-doped carbon (Fe-CNS) catalyst prepared by Li et al. enabled 

nitrate removal up to 7822 mg N•g−1 Fe by electrocatalytic reduction. 

And the ammonia efficiency of this system reached 78.4 % and the ni-

trogen selectivity of S-modified Fe SACs was 100 % [154]. 

ADCs with ultra-high atomic utilization efficiency can improve the 

performance of electrode materials in energy storage devices. Lithium 

(Li) batteries are the mainstream batteries in current energy storage 

systems. There have been many studies applying ADCs to Li batteries 

and obtaining significant results. Liu et al. prepared Co single-atom- 

anchored ADCs on nitrogen-carbon nanosheets-carbon brazing wafers 

(CC@CN-SACo) as electrode materials. The hybridized two-dimensional 

carbon planes formed by the Co sites of this electrode and the substrate 

provided Li with fast transfer kinetics to form a more uniform Li coating. 

Fig. 10. (a) Free energy of H2O2 adsorption and HOO–Mn–N4 detachment [147]; (b) Structural illustration of Cu-C3N4; (c) Structural illustration of Cu-C3N4; (d) The 

system includes the H2O2 electrolyser, the Fenton filter and the Fe3O4
−carbon filter [82]. 
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The cell not only has an ultra-long cycle life but also has excellent cat-

alytic performance [155]. In addition, lithium-sulfur (Li-S) batteries 

with high energy density advantage have been widely studied. However, 

there are still problems such as shuttle effects and lithium dendrite 

formation that limit their performance. The growth of lithium dendrites 

can be inhibited by a diaphragm modification strategy [156]. Moreover, 

materials rich in polar groups (e.g., quantum dots, hydroxyl groups, etc.) 

or heteroatoms can limit the shuttle effect through the polar sites 

compared to non-polar pure carbon-based materials [157,158]. SACs 

can improve the adsorption of soluble and insoluble lithium polysulfides 

(LiPSs) on the catalyst surface by introducing metal single-atom as the 

main body of the S, thus inhibiting the shuttle effect. The electrode 

materials of Co single-atom-loaded nitrogen-doped hollow carbon 

spheres (ACo@HCS) for ADCs developed by Liu et al. can not only limit 

the shuttle effect during the catalytic process, but also promote the ki-

netics of redox reactions. It also exhibits high discharge capacity [159]. 

5. Stability of atomically dispersed catalysts 

The metal active center and coordination environment of single- 

atom materials have important effects on the activity and stability of 

catalysts. Extremely even dispersion on the substrate is an important 

characteristic of a single stable atom. The high dispersion of M−Nx sites 

in the carbon skeleton is an important element for the high activity and 

stability of the catalyst, thus reducing the amount metal atoms leached. 

The reason why g-C3N4 is a suitable carrier for atomically dispersed 

catalysts is that it has a lot of regularly spaced N atoms that can provide 

anchor points for metal atoms. At the same time, the N atom has a high 

electronegativity, reflecting the disadvantage of affecting the stability of 

atomically dispersed catalysts. Through previous studies, it was found 

that the reduction of stability and catalytic activity of atomically 

dispersed catalysts was mainly due to the removal of metal atoms during 

the use of materials. The main criteria to judge the stability of a catalyst 

are metal ion leaching rate, the change of the structure before and after 

the recycling of the catalyst, the removal rate of TOC and pollutants and 

so on. 

Mn-SACs prepared by Mao et al. have good stability [161]. The high- 

resolution C 1 s spectra for both new and used Mn-CNH show no new 

peaks, but the N 1 s spectra show a new peak with a similar peak size at 

about 399 eV, which is indicative of the metal-nitrogen coordination. 

Mn still has high catalytic degradation performance after five cycles of 

testing, and the metal ion leaching rate is low. In addition, SMX, cip-

rofloxacin (CIP), RhB, and methyl orange are just a few examples of the 

numerous organic micropollutants that Mn-CNH effectively removes at 

a high removal rate. Notably, the rate of TC breakdown in water is un-

affected by the addition of common background contaminants like HA, 

OA, Cl−, and HCO3
–, as well as in running water and river water (Fig. 11 

a-f). 

Wang et al. conducted five consecutive BPA removal tests on SA-Co- 

CNs to estimate the recoverability of the catalyst. Under acidic condi-

tions, the catalyst degrades BPA for five consecutive times, resulting in a 

reduction in Co content and a significant reduction in pollutant removal 

Fig. 11. The C 1 s (a) and N 1 s (b) spectra of g-CNH, fresh Mn-CNH, and used Mn-CNH; (c) Mn 2p spectra of fresh and used Mn-CNH; (d) The capability of the Mn- 

CNH/Fe/H2O2 system for degrading various pollutants; (e) Effect of anion on TC removal in the Mn-CNH/Fe/H2O2 system; (f) Reusability tests of Mn-CNH and Fe 

leaching during successive five-time runs [161]; (g) The degradation performance during cycles of solution with different pH conditions, with C3N4-Fe-rGO as the 

catalyst; (h) ass ratio in the catalyst after each round; (i) CV curves measurement of C3N4-Fe-rGO composite after each time Fenton-like reaction [162]. 
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efficiency. However, under alkaline conditions, the removal efficiency 

changes little. This kind of Co single-atom material has high recycla-

bility. Wang et al. found in the circulation experiment that the pollutants 

were completely removed after five treatments and reflected the excel-

lent stability of the catalyst. In addition, the metal leaching of the 

catalyst may have a certain impact on removing pollutants. An et al. 

found that the MB removal rate of FeNx/g-C3N4 material can reach about 

98 % in 15 min after four cycles of experiments. At neutral pH, catalysis 

of dissolved iron ions in a uniform manner has little contribution to the 

total amount of organic degradation [160]. The single-atom Mn material 

with carbon nitride as the carbon matrix shows excellent catalytic per-

formance in removing pollutants. Yang et al. conducted stability tests on 

this kind of material. In the catalytic performance test of different pH 

solutions, it is found that when the pH is lower than 8.5, Mn-SAs/CN has 

100 % degradation of BPA was observed in 6 min. BPA could still 

degrade 100 % in 10 min under pH = 10.5, indicating high Fenton-like 

catalytic stability. The recovery experiment found that the degradation 

rate of BPA was basically unchanged in the four cycles. After two rounds 

of a Fenton-like reaction, the leaching concentration of Mn is very small, 

which can effectively avoid secondary pollution caused by metal 

leaching in the reaction. In addition, the leached manganese ion can also 

trigger PMS to oxidize pollutants. It was found that the degradation rate 

of BPA can attain 7 % with manganese ions as catalysts. The MnN5/PMS 

system is efficient for the removal of 4-CP. After six consecutive catalytic 

recycles, MnN5 still had a high level of activity. In addition, MnN5 also 

showed efficient catalytic performance in a complex aqueous matrix, 

achieving 100 % 4-CP removal in 15 min. 

To ensure the strong coordination between metal sites and carbon 

nitride in ADCs is the key to maintain the high stability of materials. By 

improving the structure of the material, it can anchor the metal atoms 

more stably and prevent ROS from destroying the material. Wang et al. 

prepared an “Oreo-like” structure of ADCs with carbon nitride as a 

carrier, dispersing Fe single atom between the two [162]. Such a layered 

structure can not only prevent the leaching and aggregation of Fe single 

atom, but also maintain high activity under extreme pH conditions, 

greatly reducing the damage degree of ROS to the catalyst. The material 

has been degraded several times at different pH values. By comparing 

the data of different materials, the Oreo layered structure has a stable 

catalytic ability in the pH = 0–14 range. In addition, four cycles of ex-

periments were carried out at pH = 4, 0, 7 and 14. The oxidation and 

reduction potentials of iron sites did not change in the cyclic experiment. 

It is proved that the double layer structure can stabilize the Fe single 

atom. (Fig. 11 g-i). 

During the recovery of the catalyst, it was found that the catalyst 

activity could be recovered by heating and regenerating the catalyst. 

After calcination, the SA Fe-g-C3N4 catalyst’s catalytic activity may have 

recovered as a result of the removal of intermediate products that had 

become adsorbate on the catalyst’s active core and edge. Shang et al. 

collected Fe SACs after three degradation experiments and heated them 

at 350◦. The cyclic experiment results showed that the degradation rate 

of SMX was recovered, indicating that the heat treatment effectively 

restored the stability. [163]. Similarly, the stability of Cu SA/CNS was 

tested by cyclic test. After five cycles, it was discovered that neither the 

photocatalytic activity nor the catalyst’s crystal structure had appre-

ciably decreased. In addition, some researchers have found that the 

material after leaching metal ions during the cycle experiment has no 

effect on the degradation of pollutants. For instance, it was found that 

the leaching concentrations of Co and Fe in the FeCo-N-C/PMS system 

were 0.06 and 0.13 mg/L, respectively, and only degraded less than 5 % 

of the phenol in the homogeneous catalytic system. 

6. Conclusion and prospect 

The rapid progress of ADCs has bridged the relationship between 

homogeneous and heterogeneous catalysts. The reasonable design of 

advanced catalysts with high activity and low cost is the key to using 

advanced oxidation technology to treat contaminants in water. So far, g- 

C3N4-based ADCs been widely employed abundant anchoring sites and 

strong mutual effect between g-C3N4 support and single atom are 

necessary for obtaining stable g-C3N4 based single atom photocatalysts. 

The unique atomic structure, definite active site and unsaturated coor-

dination environment of metal atoms make them attractive in advanced 

oxidation techniques. Furthermore, it is found that the DACs can 

enhance the catalytic efficiency through the synergistic effect of atoms. 

g-C3N4 based ADCs have great prospects in AOPs. 

The synthesis methods of g-C3N4-based ADCs and their applications 

in the environmental field are reviewed in this paper. Currently, the 

design of g-C3N4-based ADCs mainly adopts the pyrolysis method 

combined with other methods, including the ball milling method, 

physical and chemical precipitation method, etc. The mechanism of 

pollutant degradation by g-C3N4-based ADCs was introduced. In envi-

ronmental catalytic applications, the g-C3N4 substrate and the loaded 

single atom are interdependent and mutually beneficial. Monatomiza-

tion is facilitated by the unique geometric and electrical structure of g- 

C3N4, which also inhibits the development of aggregates. In addition, 

the 2D plane of g-C3N4 provides a perfect setting for accelerating the 

catalytic adsorption and diffusion process, enhancing g-C3N4-based 

ADCs’ activity and stability noticeably. In the advanced oxidation sys-

tem of g-C3N4-based ADCs, combining free radical and non-free radical 

pathways can improve the catalytic efficiency and mineralization degree 

of pollutants in wastewater. Although g-C3N4-based ADCs have made 

remarkable achievements in AOPs applications, their theoretical and 

application-related research faces opportunities and challenges.  

1) Although the preparation techniques have been well developed, the 

controlled design of g-C3N4-based SACs remains a huge challenge. 

We need to ensure that the utilization rate and dispersion of the 

metal active center can be improved. Low matrix surface area and 

relatively weak interactions are important elements. A simple strat-

egy for preparing highly loaded single atoms on g-C3N4 still needs to 

be improved. The instability of single atoms and clusters risks 

grouping together and deactivating active sites. How to increase the 

single atom load while reasonably dispersive single atom and 

develop low-cost, time-saving strategies are the main research 

points. In addition, the diversity and flexibility of the diatomic 

structure make the dual atom site catalyst have high catalytic per-

formance. However, it is difficult to regulate the structure and uni-

form dispersion of atoms in the materials during the synthesis of 

DACs.  

2) At present, most studies on carbon nitride groups in advanced 

oxidation technology focus on metal atom-nitrogen sites and metal 

atom-carbon sites. Many studies have introduced non-metallic ele-

ments doping into SACs to modulate local coordination environment 

to enhance catalytic performance and stability. Therefore, more and 

more studies have been conducted on the coordination of metal el-

ements with other nonmetallic atom (such as S, O, P, etc.) in SACs. In 

addition, DACs also have multiple active centers, and the interaction 

force between the two metals may impact the support and catalytic 

system. How to characterize the active center and the electronic 

structure is a key problem in the study of ADCs, and the electronic 

structure, active center and catalytic path mechanism of such cata-

lysts still need to be determined.  

3) Compared to SACs, DACs are still in their infancy. Further research is 

needed on how to precisely control the configuration of dual-atom, 

atomic distances, double-atom loading, and uniform dispersion. 

Realizing the uniform distribution of dual-atom is of great signifi-

cance in clarifying the conformational relationship. Moreover, the 

dual-atom active sites in DACs are difficult to be identified by 

existing characterization techniques, which hinders the study of the 

active sites and reaction mechanisms of DACs. It is a major challenge 

to identify the dynamic changes of chemical valence and coordina-

tion environment for DACs. 
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4) Theoretical calculation has become an important tool for studying 

the local atom-carrier interaction, coordination environment, elec-

tronic structure and charge transfer in the catalytic process of g- 

C3N4-based SACs, which can reveal the working mechanism of SACs 

in the catalytic reaction. Detailed experimental evidence should be 

combined with theoretical work to fully understand the metal atom- 

carbon nitride support interaction and the corresponding complete 

catalytic mechanism in real-world scenarios. A large amount of data 

is already available for SACs and DACs, and a well-established and 

standardized database would be beneficial for the design and 

application of ADCs. Therefore, the development of machine 

learning combined with high-throughput calculation to foresee the 

coordination structure of single atoms in g-C3N4 supported SACs and 

the catalytic activity of carbon nitride supported SACs is conducive 

to the development of efficient g-C3N4-based SACs.  

5) g-C3N4-based ADCs are mostly used in photocatalysis, including 

water decomposition, hydrogen evolution reaction, carbon dioxide 

reduction, nitrogen fixation, redox reaction, etc. Many g-C3N4-based 

ADCs are also widely used in non-photocatalytic AOPs. In addition, 

many emerging catalytic fields are in their infancy. For example, 

plasma catalysis and microwave-assisted catalysis, etc. SACs and 

DACs are expected to realize their potentials in emerging catalytic 

fields with their own advantages. 

6) The practical application of g-C3N4-based ADCs in treating envi-

ronmental pollutants is difficult. True water-based media often 

contain complex background components (such as poisonous heavy 

metals, anions, organics, and microorganisms) that may impact the 

entire advanced oxidation system through ROS consumption, surface 

contamination, and catalyst deactivation. In addition, ROS destruc-

tion of the carbon nitride matrix may affect the stability of the 

catalyst. Therefore, to assure the high working of catalysts in 

complicated water environments, better strategies must be explored 

to design more efficient, reactive and highly selective ADCs. In 

addition, ADCs can be combined with membrane technology and 

fixed-bed reactors to enhance the practical application value of 

ADCs. The realization of large-scale novel ADCs for advanced 

oxidation is a practical and promising technology. 
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