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Abstract 

The production of suitable catalytic materials has expanded considerably in recent years. Now 

a days, single atom catalysts (SACs) are becoming a new fundamental research area because 

of the availability of a greater number of active sites and high catalytic activity. However, when 

particle size decreases, the surface activity of metals upsurges, facilitating the aggregation and 

sintering. As a result, an appropriate strategy is necessary for the synthesis and stability of 

SACs. Meanwhile, a large quantity of catalysts is needed for industrial scale production and 

practical applications. Therefore, manufacturing a high yield of SACs remains challenging. 

The development of bimetallic SACs is crucial since bimetallic and ternary catalysts have 

become more comprehended. Herein, the review opens a broad portfolio towards the 

development of SACs in the fields of electrocatalysis (HER, OER, ORR, N2 reduction, CO 

oxidation etc.), photocatalysis (H2 generation, CO2 reduction etc.) and organic transformation 

(C-C, C-X bond formation, oxidation of alcohol-aldehyde and alkane-alcohol) focusing on 

different types of metal-support co-ordination. A comprehensive summary of the different 

synthesis protocols of SACs (impregnation, co-precipitation, ALD, pyrolysis, etc.) over several 

substrates and large-scale manufacturing strategies are highlighted. Furthermore, the current 

review will concentrate on SAC stability, dual site performance, and the growth of bimetallic 

SACs to date. Finally, the potential future opportunities are discussed. 

Keywords: Single atom catalyst, bimetallic catalyst, ternary catalyst, HER, OER, ORR 



1. Introduction 
 

Catalysts have great importance great importance in manufacturing a huge mainstream of 

drugs, chemicals, materials, and fuels which are crucial for human beings and other organisms 

[1]. Mainly, it has categorized into three types: homogeneous, heterogeneous, and enzymatic. 

Enzymatic and homogeneous catalysts, on the other hand, have some limitations, such as 

stability, reusability, product separation, and industrial scale application, despite their great 

performance. As a result, heterogeneous catalysts, which often contain transition metal series 

mostly noble metals and metal oxide nanocatalysts, have played an important role in many of 

the major industrial chemical revolutions [2, 3]. However, their high cost and less abundance 

in the earth’s crust limit their widespread use in industrial scale applications. To address these 

limitations, supported metal nanoparticles (NPs) were developed for several applications, 

where a minor part is involved in the catalysis process and out of that a tiny amount of catalyst 

is served as the active centre in the reaction [4]. Even though this technique minimizes the 

catalyst loading, there are several disadvantages like irregular morphology distribution, 

agglomeration of metal nanocatalysts, and individual catalysts may possess different active 

sites exhibiting different performances [5]. Hence the search for an ideal catalyst which can be 

stable, recyclable and work consistently without altering its activity and selectivity under 

different working conditions is required. 

 
According to the proverb, “There is strength in numbers”, researchers have done massive hard 

work to expand the outcomes of sustained metal nanocatalysts by decreasing the size of the 

catalysts [6]. In this context, single atom catalysts (SACs) have recently headed as a 

fundamental research interest in the field of catalysis. In theory, SACs offer the possibility of 

increasing catalytic centre efficiency while maintaining the advantages of typical 

heterogeneous catalysts, such as stability and recyclability [7]. SACs have several advantages 

over metal nanocatalysts and supported metal nanocatalysts as shown in Fig.1. Maschmeyer et 

al. were the first to find SACs by grafting titanium (Ti) species onto the inner walls of 

mesoporous silica MCM-41 to obtain well dispersed Ti active sites [8]. The authors confirmed 

that because no visible NPs were formed, Ti species may be separately disseminated. Further 

Dmitry et al. proposed the formation of ammonia by reducing N2 under mild circumstances at 

a single molybdenum (Mo) centre [9]. Afterward some other reports of SACs have been 

established by several authors for different catalytic applications [10, 11]. It was observed that 

even though all these articles present the importance of SACs, but the restricted 



characterization tools during that period was unfeasible for the schematic characterization of 

the catalysts. Fortunately, the advanced progress of the research techniques made it possible to 

overcome the characterization hurdle. On the other hand, Qiao et al. deeply studied Pt1/FeOx 

SACs through different characterization techniques such as atomic resolution aberration- 

corrected high-angle-annular-dark-field scanning transmission electron microscopy (AC- 

HAADF-STEM), X-ray absorption spectroscopy (XAS), and in situ diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) [12]. 

 

Figure 1. Schematic representation of the advantages and disadvantages of metal 

nanocatalysts, supported metal nanocatalysts and SACs. 

 
Another advantage to consider is the cost effectiveness of SACs. Enhancing the atom efficiency 

of precious metals may be a cost-effective strategy to maintain the robust catalytic behaviour 

while reducing the amount of pricey metals used. Meanwhile the first noble-metal SAC 

Pt1/FeOx catalyst was reported [12], many reports have discussed the active site modification 

of noble metal SACs on various supports such as Au1/Co3O4, [13] Au1/CeO2, [14] Pt1/q-Al2O3, 

[15] and Pd1/FeOx [16] and performed for several applications. Yang et al. created single Pt 

atoms on TiN NPs and established the two-electron approach for selective large output of H2O2 

under feasible condition [17]. The authors observed distinct Pt atoms were successfully 

bounded by N-vacancies on the TiN support due to the low Pt loading of 0.35 wt%, which was 

favourable for the production of SACs. Moreover, using a photochemical synthesis method, 

Liu et al. [18] described the distribution of Pd atoms on the surface of TiO2 (Pd1/ TiO2) with a 

Pd loading of 1.5 wt %. The Pd1/TiO2 catalyst revealed efficient catalytic performance towards 



 
to the commercial Pd catalysts, the clearly dispersed Pd1/TiO2 on ethylene glycolate (Pd1/TiO2 

 

 

cycles. 
 
 

 

sacrificial strategy was implemented by Liu et al. [19] to produce the CoN4C8–1–2O2  SAC of 
 

the chemoselective hydrogenation of nitroarenes to form azo molecules. Li et al. [20] used a 
 

loading of 9.33 wt %. The Zn–N–C catalyst displayed exceptional oxygen reduction reaction 
 

synthesis  protocol  to  form  an  atomically  distributed  Ir  atoms  fabricated  on  the reduced 
 

 

 

 

 

 

 
 

for SACs. However, due to the energetically preferred agglomeration of metal atoms during 
 

 

 

 

 

 

 

 

 

several aspects, including the dynamic behaviour mechanism [23-28]. Despite the fact that 

the hydrogenation of C–C bonds via the activation of H2 in a heterolytic system. In comparison 

-EG) to have nine times better catalytic performance. The hydrogenation of aldehydes was also 

improved by a factor of more than 55, and there was no drop-in activity for 20 consecutive 

Rather than employing noble metals, it is more practicable to develop SACs that store 

inexpensive metal atoms for a variety of uses to avoid the cost issue. Such as a support 

3.6 wt% of Co loading. Further, excellent catalytic performance of the SAC was observed for 

low annealing rate to produce an atomically distributed Zn–N–C catalyst with an ultrahigh Zn 

(ORR) performance with good stability. Babucci et al. [21] followed a typical air exclusion 

graphene aerogel (rGA) having the Ir loading of 14.8 wt%. However, currently Cheng et al. 

[22] described about the formation of nitrogen-doped carbon nanotubes (NiSA–N–CNTs) 

following a multistep pyrolysis procedure. It was seen that the Ni atoms distributed individually 

with high amount (20 wt %) of Ni loading. An outstanding catalytic output was observed for 
the electro reduction of CO2 to CO by NiSA-N-CNTs with turnover frequency (TOF) of 11.7 

s-1 at - 0.55 V (vs. RHE). 

The dispersion of isolated single metal atoms onto suitable support material is a precondition 

reaction treatment, SAC manufacturing is difficult. As a result, to accomplish widespread usage 

of SACs, suitable synthetic processes must be developed. Recently, several reviews reported 

the importance of SACs for variety of applications. Singh et al. explained the Fe based SACs 

synthesis using various techniques on different supports and their applications for several 

organic reactions and electrocatalysis. In another report, Wei et al. explained SACs and their 

applications for thermoelectric, electrocatalysis, and photocatalysis. Similarly, Singh and co- 

workers discussed the electrocatalysis applications of SACs. Gawande et al. gathered thorough 

knowledge about the carbon-based SACs synthesis and their role towards electrocatalysis and 

organic coupling reactions. Moreover, Wang et al. explained the importance of SACs for 



 

however, there are still a lot of scientific questions that need to be answered for the future 

development of SACs in the catalysis field. Looking into the current scenario, this review is 

 

their role for electrocatalytic, photocatalytic and organic synthesis applications. Apart from 
 

outlined below 

i) The stability: Single atoms tend to assemble as they approach stability due to an increase in 
 

 

dispersed SACs. A strong metal-support interaction and a stable co-ordination effect must be 

accomplished to lift such limitations. 

 
 

 

more. [29-31]. However, some techniques are widely and frequently considered as the most 

promising procedures for large scale production of SACs is discussed [32, 33]. 

 

states depending upon their electronic state. If only a single electronic state is required for a 
 

 

addressed in the present review. 
 

boost the activity as compared to monometallic NPs for several applications [34, 35]. As a 
 

 

 

 

SACs and their catalytic behaviour are discussed here. 
 
 

synthetic strategy for the production of SACs. The methods for the large-scale production of 
 

 

 

these articles have presented a positive outlook on SAC synthesis, properties, and applications, 

designed to understand the SACs through the effective strategy for the synthesis of SACs and 

ii) Large-scale production: There are several synthetic approaches reported previously to 
form SACs including mass selected soft handling, coprecipitation, impregnation and many 

iii) Dual site behaviour: It is well known that transition metals can have multiple oxidation 

most important fact that discussed in the present review is the advance of bimetallic SACs and 

this, there are a few significant scientific queries about SACs that are addressed in depth are 

surface energy with decreasing the atomic size. But the aggregation tendency of single metal 

atom during the synthesis produces a great threshold for the fabrication and formation of clearly 

certain reaction, what will happen if the SAC is spread in a mixed valency state? The role of 

mixed valency state of single metal atoms in a specific reaction is another issue which is 

iv) Bimetallic SACs: From a very long time, it was observed that the bimetallic nanocatalyst 

result, by introducing the notion of bimetallic SAC formation, the activity of SACs can be 

improved. Bimetallization can advance the properties of monometallic SACs and create new 

properties due to the synergistic effect or inter electronic charge transfer between the two 

metals which may enhance the stability [36-38]. The several aspects of formation of bimetallic 

Overall, the scope of present review is shown in Fig. 2, which indicates to discuss several 

SACs for industrial uses, different forces responsible for the stability of single atoms on support 

materials, understand the role of mixed valency state/ dual site behaviour of metal atoms, the 



finally the role of different SACs for electrocatalysis, photocatalysis and organic 

transformation. To the end, the implications and problems derived from recent surveys are 

included. 

 

Figure 2. Schematic representation indicating scope of the present review. 
 
 

2. Synthesis of SACs 

The most essential and challenging work is the preparation of highly dispersed SACs on 

appropriate supports by following a suitable technique. Still, the production of SACs is a main 

task because of the dynamically privileged accumulation of single metal atoms throughout the 

manufacturing process or successive handling procedure by following a suitable fabrication 

technique. In this review, we have discussed various synthesis protocols for SACs including 

impregnation, mass selected soft handling, atomic layer deposition (ALD), co-precipitation, 

etc. Apart from that, galvanic replacement reaction, electrostatic adsorption, pyrolysis, and 

combustion method along with surface reaction are highlighted. 



2.1 Impregnation method 

Impregnation is a suitable technique to synthesize single atom supported catalysts. In this 

method, a definite volume of solution mixture carrying active metal precursors and highly 

porous catalyst support can be mixed properly. After a suitable interval, the required active 

metals from the precursors will anchor onto the substrate by the process called ion- 

exchange/adsorption. The metal- support interaction and bonding between them will decide the 

distribution or formation of SACs. Impregnation is basically two types; wet impregnation 

(mixture of both the components in a liquid state), which is more appropriate and suitable and 

dry impregnation (mixture of both the components in solid state). For example, Li et al. 

synthesized g-C3N4 (graphitic carbon nitride) in which single Pt atoms are fabricated on the g- 

C3N4 support, which can ease the contact with metal precursors [37]. The process was followed 

by the addition of H2PtCl6 (Pt precursors) into the aqueous dispersion of g-C3N4 solution with 

vigorous stirring at 70 °C for 4–10 h. The residue was washed with distilled water and ethanol 

many times to remove the unreacted metal atoms with the g-C3N4 support and after that, the 

obtained mass was subjected for drying at 60 °C followed by annealing at 125 °C for 1 h under 

argon (Ar) atmosphere. The morphology distribution was observed through TEM analysis as 

shown in Fig. 3 (a). Similarly, using dry impregnation method, SACs can also be synthesized 

where there is no strong metal-support interaction. For instance, Yang et al. followed the dry 

impregnation technique to fabricate single Pt atoms onto a TiN substrate where the Pt precursor 

solution was well dissolved with acid-treated TiN NPs and kept for drying at 50 °C in a vacuum 

oven [17]. The resultant SACs formed is shown in Fig. 3 (b). The authors noticed that with the 

increase in the Pt loading above 0.35 wt%, the formation of Pt clusters rather than SACs 

prevailed. This happens because of the weaker precursor–support interaction, which obtained 

during the excess distribution of Pt NPs with loadings higher than 0.35 wt% of impregnated 

species [39]. Generally, impregnation is cost-effective and modest technique for the synthesis 

of SACs. However, there is a drawback of producing a high amount of SACs because of the 

availability of a limited number of functional groups or active sites to react with the metal 

precursors. To understand this, Choi and co-workers utilized sulfur-doped zeolite-templated 

carbon with 4 wt% and 7 wt% of sulfur to produce single Pt atom catalysts using a wet- 

impregnation process and found that the deposition of active Pt atoms can spread effectively at 

5 wt% shown in Fig. 3 (c, d) [40]. 



 
Figure 3. HAADF-STEM images of individual Pt atoms on various substrates: (a) Pt/g-C3N4, 

(b) Pt/TiN, (c) Pt/LSC, and (d) Pt/HSC. Here, (a) Reproduced from Ref. [37] by permission of 

Wiley-VCH, (b) Reproduced from Ref. [17] by permission of Wiley-VCH, and (c, and d) 

Reproduced from Ref. [40] by permission of Nature Publishing Group. 

 
2.2 Mass selected soft handling method 

SACs can be produced by utilizing the mass selected soft handling methodology, which 

involves regulating the single metal atom quantity during the reaction. The physical deposition 

of metal precursors on a flat or porous substrate is used in this process indicating that the metal 

atom can be soft landed onto the surface with precise addition of metal quantity [41]. To 

elaborate, this technique involves monitoring the flow of metal ions having a positive charge, 

  a    b  

  c    d  



which moves towards the substrate from the vacuum chamber through a quadruple mass filter 

constructed on mass to charge proportion. Through this, the metal-support interaction and 

selective distribution of metal ions occur. However, it has some drawbacks over the advantage 

of precise synthesis of SACs. For example, it entails the use of sophisticated devices and gives 

less output. Therefore, it is usually difficult to follow industrial scale synthesis or large-scale 

production of catalysts [42]. Abbet and co-workers in 2000 performed acetylene 

cyclotrimerization by taking the benefit of mass selected soft handling technique to synthesize 

different sizes of Pdn clusters (1 < n <30) fabricated upon MgO (100) thin films, and DFT 

study discovered the defects in single inactive Pd atoms from the MgO substrate after the 

charge transfer [29]. This technique can produce an effective catalyst for basic research into 

atomic metal-support relationships. However, it has some drawbacks in terms of cost and 

harvest, and it may not be suitable for real-world engineering applications. 

 
1.1 Atomic layer deposition (ALD) 
ALD is a vapour phase deposition technique that plays critical attention for the formation of 

SACs between metals and metal oxides substrate. It has the capacity to distribute the particles 

ranging from nano to single atoms over a suitable substrate uniformly in high-aspect-ratio 

shapes and absorbent materials [43, 44]. In a wide range, the overall process of ALD is 

completed in four stages [45]. Initially, (1) disclosure to the main precursor; (2) removal of the 

reaction chamber for vaporisation; (3) contact with the next reactant; and (4) a final purging of 

the reaction chamber whereby adjusting the ALD cycles the shape, size, mass, and stuffing of 

deposited materials on supports can be accurately controlled [46]. ALD technology is an 

appropriate and consistent procedure as it can deliver the necessary SACs to learn the modest 

steps followed in the catalytic procedure and the influence of particle size, support surface 

phenomenon and combination of individual atoms, ions, or molecules to form metal or alloy 

NPs. This synthesis protocol has been employed to distribute single metal atoms on carbon 

materials like graphene and other sorts of substrate materials and has achieved amazing results 

in catalysis. For example, Sun and co-workers first defined the useful production of single Pt 

atoms attached to the graphene nanosheets (GNS) using ALD [47]. The authors proposed a 

suitable binding mechanism as shown in Fig. 4 and the characterization of SACs through 

HAADF-STEM and the respective particle size distribution is shown in Fig. 5. 



Pt − O ∗ + MeCP Pt(CH3)3 → (CH3)2 Pt (MeCP) + CO2 + H2O + fragments 

(CH3)2 Pt (MeCP)* +O2 ↑ → Pt − O* + CO2 + H2O + fragments 

 

Figure 4. Schematic diagram of Pt ALD mechanism on graphene nanosheets. Reproduced 

from ref [47]. 

 
The above represented diagram illustrates different pathways to complete the reaction. Where 

(a) denotes the existence of an oxygen comprising monolayer on the graphene nanosheet 

surface. (b) Some of the forerunner ligands interact with the present oxygen throughout the 

MeCpPtMe3 revelation, and the restricted source of surface oxygen permits the self-limiting 
progress essential for ALD to ensue in a Pt-containing medium. Whereas in (c), the succeeding 

oxygen contact results in the formation of a new adsorbed oxygen layer on the Pt surface; the 

two methods (b and c) combined create a broad ALD cycle, culminating in a single atomic 

layer of Pt atoms. The number of ALD cycles can be adjusted to control the amount of Pt 

deposited (d). 



 

Figure 5. Represents the HAADF-STEM images of Pt/GNS samples at 50,100 and 150 ALD 

series in (a, b, c), respectively and (d, e, f) displays the zoom images of the consistent outcomes. 

The applicable Pt on GNS histogram is shown in the inset of individual image. Reproduced 

from Ref. [47] by permission of Springer Nature Communication. 

 
1.2 Co-precipitation 

Co-precipitation is a simple and broadly followed technique to produce nanomaterials. 

However, compared to the gaseous phase ALD mechanism, this method is cost-effective and 

easy to operate without the necessity of any sophisticated tools [45, 46]. In this technique, the 

required metals are deposited on the substrate surface in a precisely accomplished way, 

associated to the above-mentioned vapour-phase methods. It is a dire challenge to deliver 3D 

restrained reactive sites that can carry no other than a single metal atom. The 3D deposition of 

SACs within the suitable porous cross-linked captivity has proven as an essential method to 

avoid the movement and accumulation of metal atoms. Some of the broadly used porous 

materials, for example, metal organic frameworks (MOFs), covalent organic frameworks 

(COFs), and zeolites are some of the relevant supports which allow the three-dimensional and 

uniform spreading of metal atoms to attain comparatively more SAC loading [48, 49]. Many 

research groups, such as Zhang and co-workers successively synthesized SACs by following 

co-precipitation method to perform electrocatalytic CO oxidation, hydrogenation, and water– 

 a   b   c  

 d   e   f  



gas shift reactions [32, 49-52]. To extend this, Liang et al. organized single Pt atom catalysts 

over FeOx- substrate following co-precipitation method. Moreover, the researchers also 

described that, to achieve single metal atoms distributed over the porous support less material 

loading is required such that homogeneously distributed Pt atoms can be detected on FeOx 

substrate with a Pt loading of 0.17 wt%, while only Pt atoms, 2D Pt bundles with ⩽ 10 Pt 

particles and 3D Pt clusters ⩽ 1 nm can be detected with a Pt loading of 2.5 wt% [53]. Another 

research group, Lin and co-workers mentioned that like the effect of loading, temperature for 

reduction can also change the shape of Pt on FeOx support in co-precipitation. Using the Pt 

loading about 0.08 wt% and reduction temperature of 200 °C, all Pt atoms on FeOx were 

distributed in the arrangement of only single atoms and there was no formation of cluster 

particles, agglomerated particles and NPs noticed. The authors observed the agglomeration of 

single atoms with several Pt atoms or randomly distributed atoms by increasing the reducing 

temperatures to 250 °C with constant Pt quantity [54]. 

 
Overall, co-precipitation is an easy, fast, and cost-effective technique to synthesize SACs. To 

improve the efficiency, further modification of the parameters is needed to enhance the 

deposition of more and more single atoms on the suitable substrate. Furthermore, the utilization 

of co-precipitation method to manufacture metal SACs can lead to the difficulties like metal 

atoms situated on the boundary areas of support material aggregates which is restricted on the 

obtainability of precise porous substrates and the complete elimination of inactive metal 

precursor ligands throughout the post action [54]. Apart from the above discussed synthesis 

protocols for SACs, there are several other methods summarized in table.1. 

 
Table 1. Represents the different methods utilised for the synthesis of SACs. 

 

Entry Methods SACs References 

1. Mass-selected soft landing Pt/MgO films [55] 

2. Ion implantation Au/Al3O3
+, Al3O4

+, Al3O5
+

 [56] 

3. Wet-impregnation method Pt1 /FeOx [12] 

4. Strong electrostatic 

adsorption 

Pd, Cu, Co, Ru, Ni/ silica [57] 



5. Combustion synthesis Pt/Rh/Pd/Au/Ag/Cu doped into CeO2, 

TiO2, Al2O3, and ZnO 

[58] 

6. Pyrolysis Ni/MOF [59] 

7. High temperature vapor 

transport 

Pt/CeO2 [60] 

8. Pyrolysis Fe and Co/ ZIF-8 [61] 

9. Pyrolysis Mn/ZIF-8 [62] 

10. Modular synthetic 

approach 

Co1/MOF [63] 

11. High temperature atom 

trapping 

Nb1/Graphene [64] 

12. Galvanic replacement Pt/MoS2 [65] 

13. Photochemical route Pd/TiO2 [18] 

 
1.3 Other synthesis methods of SACs 

There are several synthesis approaches for the preparation of SACs with specific reaction 

pathway mentioned in the Table 1. Where pyrolysis is one of the most essential procedures for 

fabricating doped carbon material since it allows the fabrication of single atoms. To generate 

stabilized SACs, the technique usually includes heating at a high temperature. Li et al. 

developed a highly reactive and stable isolated single-atom Fe/N-doped porous carbon (ISA 

Fe/CN) catalyst with Fe loadings up to 2.16 wt % [65]. Initially, Fe(acac)3@ZIF-8 molecular- 

 

subjecting pyrolysis at 900 °C under Ar atmosphere, ZIF-8 was transferred to N-doped porous 

carbon, and Fe(acac)3 reduced by the carbonization of organic linkers, thereby directed the 

formation of Fe single atoms. Likewise, single Ni atoms were created via ionic exchange 

between Zn nodes and adsorbed Ni ions within ZIF-8 cavities, followed by pyrolysis at 1000 

°C [66]. Moreover, wet-chemical synthesis is a superficial technique that act efficiently for the 

scale was enclosed by gathering Zn2+, 2-methylimidazole and Fe(acac)3 molecules. After 



 

and co-precipitation. Galvanic replacement processes another wet chemical strategy that is 
 

 

 

 

 

 

reaction rates. 
 
 

 

neutrally charged porous substrate  and selecting an labile ligand species.  Initially   the metal 
 

removed via ion exchange mechanism forming SACs grafted onto the neighbouring O-vacancy 
 

 

 

 

 

containing 1% PdCl2  or H2PtCl6. The combustion of this combination resulted in Pd or Pt 
 

high temperatures are detrimental to catalyst function. Jones and workers employed ceria 
 

 

 

single atoms into a porous support to form atomically dispersed SACs [63]. 
 
 

2. Large-scale Production of SACs 
 

restriction severely limits overall catalytic effectiveness and practical applications. In general, 
 

 

preparation of SACs. There are some wet-chemical synthetic methods rather than impregnation 

employed for the synthesis of SACs. For example, Li et al. [65] prepared single Pt atoms on 
MoS2 where the succeeding reaction, Pt atoms replaced Mo atoms in the MoS2 nanosheets. 

Overall, the reaction conditions must be accurately controlled during wet-chemical synthesis 

to achieve SACs, wherein atomically distributed separation, and isolation of precursors on 

substrates are critical for the creation of single atoms. To protect as-formed single atoms from 

migration and aggregation, metal precursors should be reduced at comparatively moderate 

Further, ion exchange and strong electrostatic adsorption phenomenon are the two most 

synthetic tools of wet impregnation method. Where ion exchange can be performed over the 

species are distributed on to the porous substrate. In the next step the ligand species are 

sites of the substrate. In case of electrostatic method, the change in the surface charge and metal 

atoms will undergo electrostatic adsorption mechanism for the fabrication of SACs [57]. 

Combustion synthesis method was an effective discovery by Bera et al. An aqueous solution 

of stoichiometric mixture of aluminium nitrate and urea boils, and burns at 1500 °C, providing 

high surface area R-alumina. The authors further investigated by dispersing the metal atoms 

metals of 4-7 nm size scattered on R-alumina [67]. Unless these mobile atoms can be confined, 

particles with similar surface areas, but distinct exposed surface facets. Ref The Pt transferred 

to the ceria and was restricted when united with a Pt /Al2O3 catalyst and aged in air at 800 °C 

[60]. Modular synthetic approach involves the incorporation of coordinatively unsaturated 

In spite of high activity, SACs metal loading is often kept less to hinder sintering [68]. This 

the competition between the distribution of atoms and agglomeration is based upon metal-metal 

and metal-support interaction [69]. Hence, for the large-scale production of SACs, an 



 

distribution of metal  atoms on suitable supports,   mainly two ways are   used such  as  mass- 
 

 

 

 

 

 

species  onto  a  substrate  via  a  chemical  reaction  while  avoiding  aggregation  during post 
 

less and lack of anchoring sites on support. For example, the highest loading of single Pt atoms 
 

temperature and pH are precisely controlled [12]. However pyrolysis is considered as the 
 

that atoms or molecules containing a lone pair of electrons, such as sulphur (S), oxygen (O), 
 

 

 

[71]. 
 

containing N-anchoring sites by following pyrolysis synthesis method. For example, Han et al. 
 

 

 

solvents. The precursor powder was transferred to a crucible and heated at 650 °C in an argon 
 

al. mixed a nitrogen-free Cu MOF, (Cu(BTC) (H2O)3) with dicyandiamide (DCD) to prepare 
 

 

 

pyrolysis step, the M-N cooperation between metal precursors and N-contained precursors 
 

 

appropriate substrate with strong metal-support interactions is required. To accomplish feasible 

selected soft-landing, and wet-chemistry methods [70]. Physical methods such as ALD, can 

manufacture SACs because in this method, the size of the metal species can be perfectly 

controlled. By using the mass-selected molecules or atom beams to carefully handle the surface 

assembly of the support via ultrahigh vacuum surface science operations. Physical approaches, 

on the other hand, are impractical for large scale synthesis of SACs due to their high cost and 

limited yield. The fundamental difficulty with wet-chemistry approaches is anchoring metal 

treatment operation. The yield of SACs by wet-chemical procedures is limited because of the 

anchored to the surface of FeOx is less than 2.0 wt% even though the coprecipitation 

effective synthesis strategy for manufacturing SACs in large quantity [22]. Also, it has noticed 

and nitrogen (N) have a strong interaction ability with metal atoms and performed as an 

effective stabilising site for SACs. Thus, the important factors responsible for large scale 

production of SACs are the construction of anchoring sites and spatial confinement of atoms 

There are several literatures which established the large-scale production of SACs mainly 

prepared Mo SAC on nitrogen doped porous carbon by taking ammonium molybdate 
((NH4)6Mo7O24) with glucose and hydroxylamine hydrochloride [72]. The mixtures were 

mixed with water and ethanol and allowed to stir for 16 h under 70 °C until the evaporation of 

(Ar) environment for 4 h providing Mo SACs of 9.54 weight % metal loading. Further, Li et 

Cu SACs of 20.9 wt % metal loading [73]. The reactants were subjected for thermal treatment 

at 800 °C in an Ar environment for 3 h. The unreacted residues were then filtered using oxygen 

saturated 5 % hydrochloric acid (HCl) to yield Cu SACs. It has observed that during the 

serves to stabilise the distribution of single atoms. By dissolving N-contained compounds 

instead of using gaseous ammonia, N can be doped into carbon compounds. Because of high 



 

precursors, including melamine, urea, DCD, and thiourea can be thermally polymerized in situ 
 

 

 

 

 

 

to maximize the Ni loading upto 20 wt %. Finally, Ni SACs with a Ni-N4  structure were 
 

with 5.44 wt % Ni loading was obtained [75]. Similarly, Wu et al. synthesized Co-SACs on 
 

method. 
 
 

contained substrates. For example, Choi et al. synthesized Pt SACs having 5 wt % of metal 
 

 

 

 

pyrolysis technique to form  mesoporous S-doped carbons supported SACs with high yield 
 

metal atoms to be secure via strong chemical M-S interactions. The authors prepared Ru, Rh, 
 

 

 

 

 

 

 

 

 

 

 

N content (60 wt %), g-C3N4 is essential in the large-scale synthesis of SACs. Different N-rich 

to produce this material. For example, Zhao et al. used a multi-step pyrolysis protocol to 
prepare SACs on N-doped CNTs [22, 74]. Due to the weak van der Waal's force, Ni(acac)2 was 

clearly distributed in DCD under normal synthesis procedure, and the mixture was further 
agitated for 10 h before drying at 70 °C. After then Ni-g-C3N4 was produced in situ by melem 

condensation at 650 °C in the multi-step pyrolysis method. By trapping Ni atoms in the cavity 
of g-C3N4, the formation of Ni- g-C3N4 hampered the sintering of Ni atoms. The authors able 

produced at temperatures ranging from 700 to 900 °C. Further, by pyrolyzing ZIF-8, Ni SACs 

ZIF-67 organic framework having 15.3 wt % of Co loading [76] by following pyrolysis 

S-contained materials are also used for large-scale synthesis of SACs, in addition to N- 

loading with S-doped zeolite templated carbon (ZTC) by chemical vapour deposition (CVD) 
method, where the S-density was 17 wt % [40]. In a typical synthesis of acetylene/H2S in NaX 
zeolite subjected for CVD process under H2S/He or only He circumstances at 800 °C and 

further HCl/HF solution was used to remove the remaining zeolite. Moreover, Wang et al. used 

[77]. The huge surface area and high S content provides more crowded anchoring sites for 

Pd, Ir, and Pt SACs with high metal loading up to 10 wt % using the sulfur-tethering strategy. 

The synthesized SACs exhibited 30 and 20-fold more reactivity for formic acid oxidation and 

quinoline hydrogenation than the commercial Pt/C and Ir/C catalysts. The peculiar structure of 

meso S-C can effectively shield metal atoms agglomeration during the synthesis due to the 

strong M-S co-ordination. Other than this, Li et al. established Pt SACs having metal content 
upto 7.5 wt % decorated on the MoS2 nanosheet [65]. As discussed earlier the Mo atoms were 

replaced by the metal atoms. It has observed that compared to O and N-doped anchoring sites, 

S-doped anchoring sites are more strongly bonded to Pt atoms [7, 78]. The use of highly toxic 
H2S and HF during the reaction process is the major downside of using S-doped substrates. 

The production of high metal loading SACs on a large scale is limited because to the several 
processes required to create S-doped substrates. Moreover, to form a high value of MoS2 



nanosheet a precise working condition is necessary which limits the low cost and high amount 

SACs manufacturing. 

 
Furthermore, O-anchoring sites similar to N and S can be employed to form SACs in large- 

scale. Metal oxides are suitable for electrochemical applications, because of their good 

conductivity. For example, Kim et al. generated Pt SACs of 8 wt % metal loading on antimony 

doped tin oxide (ATO) [79]. Pt SACs were prepared using an incipient wet impregnation 

synthesis protocol and then reduced at 400 °C in a 10 % H2 atmosphere. It was observed that 

the synthesis mechanism changes with the alteration in the reduction temperature. When the 

reduction temperature was 100 °C, Pt NPs were formed and with increasing the temperature to 

400 °C, Pt SACs were found. Interestingly, the catalytic action of both Pt SACs and Pt NPs 

were different for formic acid oxidation process and ORR. Pt NPs endured an indirect path for 

formic acid oxidation and 4e reaction mechanism for ORR, whereas Pt SACs took a direct path 

in formic acid oxidation and selected the 2e path for ORR. As it is clear that the oxygen 

containing groups are more freely distributed on the carbon material surface, Ir SACs were 

prepared on reduced graphene oxide aerogel (rGA) of 14.8 wt % of Ir content [21]. In 

anhydrous toluene, Ir(CO)2(acac) reacts with O-containing groups on a reduced graphene 

aerogel (rGA) carried out in an air-only environment. Because rGA has a large surface area 

and a high density of sites for attaching Ir species, it has a high metal loading and also rGA is 

a good electron donor compared to other metal oxides. 

 
3. Stability of SACs 

 

The activity of the metal atoms increases with the increase in the surface free energy and the 

metal sites become energetic for the chemical interactions between support and adsorbate. This 

accounts the size effects of metal nanocatalysts. In case of SACs, the surface free energy is 

comparatively high due to extremely active valence electrons, quantum confinement of 

electrons, and the sparse quantum level of metal atoms [70]. This results to form chemical 

interactions with the support to remain stable which can be geometric/position effect and 

electronic effect. Another factor that is necessary for the stability of SACs is the metal-support 

interaction which are discussed one by one in this section. 
 

In case of the interaction like geometric or position effect, the metal atoms are associated to the 

anchoring sites for forming M-O-cation (support) or resides within the place of cations in case 

of oxide supports [80, 81]. For example, Au SACs on (111) surface of the single crystal 



 

tetrahedral ions would occupy in bulk iron oxide crystal [80]. Several reports indicated that the 
 

 

 

 

 

 

stabilised at the corner position of the Pd due to the higher chemical potential of Au compared 
 

single atom positions. 
 

 

of SACs but also differentiate SACs from the metal NPs. According to their coordinated 
 

coordination with the support material is highly significant that discussing a single metal atom 
 

with open sites of the supports, causing charge transfer between them. Hence, the anchored 
 

 

 

 

85]. 
 

affect the stability of SACs. Generally, it was observed that different single metal atoms can 
 

 

 

 

 

 

 

 

magnetite revealed that Au metal atoms were attached to uncapped O anchoring sites which Fe 

atomically distributed metal atoms on γ-Al2O3 supports were formed O-Al bonding 

contributions in single-atom metals [82, 83]. Huang et al. established that the individual Ag 

chains can be produced in the channels of a hollandite-type manganese oxide support with 

oxygen channels that have lone-pair of electrons and an appropriate diameter for Ag-O-Mn 

bonding [84]. The position of single atoms in SACs with metals as support is determined by 

the chemical potential of the metal atoms. For instance, Zhang et al. investigated that Au 

to Pd [85]. SACs occupied all active metal atoms due to the simple geometric impact of such 

Another bonding effect is generated due to the location and chemical interaction of metal and 

support which is known as the electronic effect. These effects not only established the stability 

surroundings, SACs electrical structures are substantially more volatile. In fact, the 

without the support is insufficient. Due to differing chemical potentials, metal atoms connect 

metal atoms generally contain some charge which is confirmed by various techniques [86, 87]. 

The electron transfer between single-atom centres and the supports also affects the electronic 

characteristics of single atoms on metal or graphene. Pt single atoms on graphene was shown 

high vacant 5d densities of states, similar to metal atoms fabricated on the oxide surfaces [47, 

One of most important factor is the interaction between metal and support which inevitably 

alter the properties of the support material in several ways. For example, Wang et al. noticed 
that doping lanthanum (La) on α-Al2O3 act as single atom prevent the degradation of dyes [82]. 

Moreover, single metal atoms were detected to assist the reduction of supports for noble metals 
on reducible supports such as Pt/FeOx and Ir/CeO2 [12, 32]. Hence, a strong metal-support 

interaction is necessary for the stability of SACs. Though, there are variety of supports 

available for the synthesis of SACs, recently oxides were the most widely used substrate. 

Oxides offer several benefits over alternative supports for the stability of SACs due to their 

high specific surface areas, abundant oxygen vacancies, and surface OH groups. Fe oxides are 



 

But due to the redox activity of Fe, the oxide can be formed in multiple phases based on the 
 

 

 

 

 

 

helpful for many of applications such as CO oxidation, the WGS reaction, and the CH3OH 
 

influence the stability of single metal atoms on CeO2. To examine the behaviour of single Pt 
 

cuboctahedral Ce40O80 nanoparticle [88]. It was seen that Pt atoms favourably interacted on the 
 

 

 

 

 

 

 

oxide supports for precious metals. This p-block oxide has favourable structural abilities and 
 

stability.  Al2O3  has a thermal  stability  benefit over reducible oxides as  revealed by  current 
 

 

 

 

 

than remaining in a low valent state and experiencing sintering [27]. 
 

limited to materials with oxo ligands. Other donor atoms can also be useful, especially when it 
 

 

common 3d-metal-based substrate that are utilised to keep single precious metal atoms stable. 

reaction circumstances. Under oxidising conditions, haematite (α- Fe2O3) and maghemite (γ- 
Fe2O3) can be prevailed, whereas under reducing conditions, magnetite (Fe3O4) and wüstite 

(FeO) can generate [70]. Because the composition of Fe oxides is unknown, pinpointing the 
precise positioning of precious metal atoms on Fe oxide supports is difficult. CeO2 is a 

significant 4f oxide that can be reduced to stable single metal atoms, either by substitution at a 
Ce site or by attaching to the surface O or N. Metal/CeO2 SACs are predicted to be stable and 

stream reforming etc are all examples of chemical reactions. The shape and size of the surface 

SAC stabilisation on different faces of nano CeO2, the authors donated bulk CeO2 as a 

polar facets by donating 1e- to every two neighbouring Ce4+ cations (Pt→Pt2+, 2Ce4+→2Ce3+), 

generating a PtO4 core with a square-planar structure in which Pt2+ (5d8) is stabilised according 

to the calculations. Further, simulation revealed that a single Pd or Ni atom can likewise be 

accommodated in an O4 metal binding site [89]. The polar CeO2 (100) surface is less stable 
than the CeO2 (111) surface, which could explain why metals bond strongly to the former. 
However powdered CeO2 can be used as a support for the formation of SACs instead of nano 
or single-crystal CeO2. In industrial catalysis, Al2O3 is one of the most commonly utilised metal 

firmly binds noble metals, allowing SACs to have outstanding mechanical and thermal 

results which may open different synthetic methods to thermally stable SACs [90, 91]. Despite 
the fact that, Al3+ is redox inactive under several conditions. Al2O3-supported SACs have 

received less attention than the above-mentioned reducible metal oxides. The charge transfer 
between potential single metal sites and Al2O3 is limited due to the low reduction potential, 

providing a driving factor for single metal centres to undergo oxidation and bind oxos rather 

Moreover, bonding between metal atoms and the support has a stabilising effect that is not 

comes to carbon-rich supports. For example, Bulushev et al. observed that N atom in carbon- 

rich support not only securely anchor individual metal centres but also change the carbon's 



electrical characteristics [92]. Metal sites on N-doped carbon materials can have higher activity 

and selectivity than metals placed on undoped supports. According to DFT calculation for these 

materials, each single atom is firmly coordinated to two pyridinic N atoms at the graphitic 

sheet's edge with the bond strength observed in the order of Ru > Pt > Pd. 

5 Catalytic application of SACs 

5.1 Electrocatalytic Applications of SACs 
 

Noble metal and transition metal based electrocatalysts for various energy applications are well 

known [93]. However, it still remains a great challenge to build an electrocatalyst with high 

efficiency, durable and economically stable, displaying greater performance in reactivity and 

mainly showing the importance in development of electrochemical energy conversion 

technologies. Fig. 6 shows the schematic representation of some key importance of SACs in 

electrochemical applications such as HER, OER, ORR, methanol/ethanol/formic acid oxidation 

and other electrocatalytic applications like zinc-ion battery, CO2 reduction, N2 reduction, etc 

[90, 94]. 
 

 
Figure 6. Schematic representation of several key electrochemical applications of SACs. 



5.1.1 Hydrogen evolution reaction (HER) 
 

Electrochemical water splitting, also known as HER (2H + 2e → H2) provides a reliable 

explanation about H2 production for clean and inexhaustible energy systems. Pt based 

electrocatalytic applications for HER are well known and most effective [95, 96]. However, Pt 

is an expensive rare earth noble metal and because of the less availability of Pt, it is superior to 

design an inexpensive and stable catalyst for hydrogen economy. After several trials, a relevant 

nonprecious sulphide-based material [97] and C3N4 [98] materials came into consideration, 

even after several trials, it was noticed that the replacement of Pt atoms as its present form is 

not suitable for industrial use [99, 100]. This difficulty was later solved by preparing metal 

clusters or SACs on various supports. When the size of the Pt NPs was reduced to single atoms, 

it could reduce the use of metal atoms and increase the atomic utilisation efficiency and enhance 

the electrocatalytic properties [101]. Cheng and co-workers achieved the production of single 

Pt atoms fabricated on nitrogen fixed graphene nanosheets by following the ALD technique for 

HER. The size and distribution of catalyst was controlled by specifying the number of ALD 

cycles. This resulted in the utilisation of all metal atoms for HER, and SACs showed better 

performances compared to only Pt NP [102]. 
 

 
Figure 7. Schematic representation of the Pt ALD process on NGNs. Reproduced from Ref. 

[102] by permission of Springer Nature Communication. 
 
 

The succeeding reaction paths were established using ALD process as shown in Fig. 7. This 

figure represents the process of formation of the single Pt catalyst fabricated NGNs. As 

revealed, through the ALD procedure, the metal atom precursor first interacts with the NGNs 

Carbon atom Nitrogen atom Pt 



inclined by the N-dopant. Chemical bonding held among the metal-support resulted a solid 

contact [64]. To know the shape of the synthesized ALD Pt on NGNs with 50 and 100 ALD 

cycles, annular dark field (ADF) imaging with aberration corrected scanning transmission 

electron microscopy (STEM) analysis was performed shown in Fig. 8 (a-d). 

 

Figure 8. (a, b, c, d) Depicts the ADF STEM images of ALD Pt/NGNs after 50 and 100 ALD 

process (Where (a, c) 10 nm scale bars and (b, d) 5 nm scale bars). The HER polarization curves 

for ALDPt/NGNs and Pt/C catalysts were achieved by LSV where the inset demonstrates the 

inflamed arcs at the onset potential province of the HER for other catalysts. (f) represents the 

mass activity at 0.05V of the ALDPt/NGNs and the Pt/C catalysts for the HER. (g) The 

polarization curves at initial stage and after 1000 cyclic voltammetry sweeps which signifies 

the robustness of the ALD50Pt/NGNs. (h, i) is the electronic arrangement of a Pt atom before 

and after hydrogen adsorption. Partial density of states (PDOS) of (h) non-H and (i) two H 

atoms adsorbed on a single Pt atom of ALDPt/NGNs. Reproduced from Ref. [102] by 

permission of Springer Nature Communication. 



 

The linear sweep voltammetry (LSV) analysis was conducted to observe the HER activity of 

the ALDPt/NGNs with 50 and 100 cycles. The voltametric study revealed poor HER activity 

for NGNs without Pt as shown in Fig. 8(e). However, significantly higher catalytic activity was 

observed for the ALDPt/NGN compared to the Pt/C catalysts. Also, the HER performance of 

the ALDPt/NGNs was reduced with rising the number of ALD cycles due to the development 

of clusters after 100 ALD cycles. At 29 mV dec-1, a reduced Tafel slope was accomplished for 

the ALDPt/NGNs catalysts than for the Pt/C catalysts using the same conditions. Specific 

activity for individual catalysts was determined from the polarisation curves by normalising 

the current per the overall area of the electrode. Additionally, controlled to the Pt loading shown 

in Fig. 8 (f), the action of the HER for the ALD50Pt/NGNs catalysts was 10.1 A mg -1 having 

an overpotential of 0.05 V. It was observed that the ALD50Pt/NGNs catalyst displayed 7.8 

times better mass activity compared to ALD100Pt/NGNs compound (2.12 A mg -1) and 37.4 

times larger than the Pt/C catalyst (0.27 A mg -1). Fig. 8 (g) unveiled the polarization curve for 

ALD50Pt/NGNs sample after 1000 cycles and confirmed the retention of similar performance 

to the initial with only 4% loss in the current density having the same overpotential of 0.05 V. 

To understand the working mechanism of the catalyst, the authors performed the mechanistical 

study as shown in Fig. 8 (h, i). It was noticed that Pt and N-doped graphene coordinate with 

chemical bonding interaction which directed the exceptional charge transfer phenomenon 

among the single Pt atoms related to the Pt NPs. The distinct 5d-orbitals of the Pt molecules 

were assorted with the N-2p orbitals at the Fermi level. The Pt atoms situating on N-doped 

graphene comprise of empty 5d orbitals as shown in Fig. 8 (i), Proceeding with H 

chemisorption, the 5d empty spaces of the single Pt atom interrelated strongly with the empty 

1s orbitals of the H atoms, finally H2 was generated by electron pairing [102]. 

 
Similarly, Qiu and co-workers synthesized single-atom Ni catalysts attached to the nanoporous 

graphene (np-G) support for HER performance [103]. The CVD technique was used to 

synthesize the SAC for HER application. Figure 9 (a) represents the FESEM image of np-Ni 

over an impermeable graphene layer. To form the desired np-G with doped Ni, the sample was 

allowed for chemical exfoliation by liquifying the np-Ni patterns in a 2.0 M HCl solution. 



 

Figure 9. (a) FESEM picture of the synthesized np-Ni/graphene composite, (b) After six hours 

of Ni suspension, SEM micrograph of Ni-doped np-G, (c) TEM image of Ni-doped np-G. Inset 

of the SAED pattern, and (d) HAADF-STEM picture of Ni-doped graphene. Inset: In an 

enlarged HAADF-STEM image marked in red circle and white lines, a positioned Ni atom 

(bright orange spot) occupies a carbon site in the graphene lattice. Reproduced from Ref. [103] 

by permission of WILEY-VCH. 

 
After finishing the np-Ni suspension, the nanoporous shape of the material is mentioned in Fig. 

9 (b). A bright-field TEM image was captured, revealing the complex 3D shape of np-G as 

shown in Fig. 9 (c), confirmed the full suspension of the Ni templates. Inset of Fig. 9 (c) showed 

that the np-G sample had several lattice alignments, which are related to the unintentional 

movement of the interrelated graphene sheets in the 3D arrangements. Figure 9 (d) represents 

the STEM image of Ni-doped graphene's structural arrangement, as captured by a high-angle 

annular dark field (HAADF). The catalytic behaviour of the Ni-doped graphene was initially 

studied in 0.5M H2SO4 solution in a three-electrode system. As revealed in Fig. 10 (a), samples 

 a    b  

  c  



with lesser Ni suspension times (3–5 h) showed a significant increase in the current response, 

indicating the huge quantity of remaining metallic Ni(0). A noticeable current comeback was 

noticed between 0 and 0.1 V, due to the distribution of additional Ni and henceforth, 

unsatisfactory electrochemical solidity. Subsequently, when 2.0 M HCl solution was taken for 

Ni dissolution for six hours, the Ni as a dopant became more electrochemically stable. The 

compared HER activity of the catalyst is shown in the polarisation curve of Fig. 10 (a) and it 

confirmed that the HER activity was significantly reduced when Ni content is very low (0.38 

%, 9 h dissolution). These findings suggest that Ni dopant has an important role in exhibiting 

HER activity. The Ni-doped graphene material revealed an overpotential substantially lesser 

than or like the best values obtained with Pt-free uniform catalysis. 

 
The Tafel equation is used to fit the linear parts of the Tafel plots: η = b log(j)+a, where j 

represents the current density and b signifies the Tafel slope. At 6 h dissolution, the Tafel slope 

 

(c) showed an evaluation of the Tafel hills and overpotentials of Ni-doped graphene. 

Substitutional Ni-doping appears to transform graphene’s chemical activity from unreacted to 

the most effective HER catalysis. After 120 h of operating at a continual overpotential of 150 

mV, Ni-doped graphene demonstrated exceptional HER activity, with approximately 90% of 

the preliminary action retained as shown in Fig. 10 (d). The catalyst showed minor cathodic 

current reduction after 1000 cycles. In acidic solutions, the HER reaction mechanism can be 

defined as a three-step procedure involving 1) initial H+ and e- production, 2) midway H* 

adsorption, and 3) ultimate ½ H2 production [104-106]. The Gibb’s free energy of a suitable 

catalyst has H* adsorption, [ΔGH*]. To further understand, why single-atomic Ni-doped 
graphene has such high catalytic activity, the structural characteristics of Gibb’s free energy 

image of graphene- Ni catalysts in three different conformations, Ni-dopants can exist as 1) 

interstitial atoms in a material, 2) replaceable dopants that reside in c sites in the graphene 

lattice’s location, and 3) attaching atoms on defect spots. These findings show that single Ni 

atoms residing in graphene carbon sites were the most effective HER catalysts. Hence, perform 

a key character in the remarkable HER actions. Furthermore, chemical interaction amongst the 

Ni dopants and the carbon around the Ni species appears to stabilise the Ni species in acidic 

conditions. Due to the interaction between the substituted single atomic Ni dopants and the 

adjacent C atoms, the Ni-doped graphene exhibits outstanding HER catalysis and was 

extremely stable. The suitable structural representation and the free energy diagram is shown 

in Fig. 10 (e, f) respectively. 

of Ni-doped graphene was found to be 45 mVdec-1, as shown in Fig. 10 (b). However, Fig.10 



 

Figure 10. (a) Polarization curves of the synthesized material with different Ni mixing times 

compared with Pt, (b) Ni-doped graphene and Pt-doped graphene Tafel plots (both at 6 h 

dissolution), (c) Studies of the overpotential (left) and Tafel slope (right) of several HER 

catalysts in acidic medium, (d) Cycling stability tests (red line: Ni-doped graphene (6 h 

dissolution); black dashed line: after 1000 cycles) and (green line) durability of Ni-doped 

graphene, and (e) For a Pt catalyst and Ni-doped graphene (Niab/G, Nisub/G, and Nidef/G) 

trials, hydrogen adsorption positions and arrangement of the Nisub/G model with DGH*=0.10 

eV (left) and calculated Gibbs free energy of the HER at equilibrium potential (right), (f) The 

free energies for hydrogen adsorption on pristine graphene and Pt metal, with DGH*=0.79 and 

0.09 eV, correspondingly, are designed for comparison. Reproduced from Ref. [103] by 

permission of WILEY-VCH. 



Apart from using metal atoms on the graphene-based support, sulphide-based supports such as 

MoS2 with a cost-effective single atom can be proposed as a possible substitute for Pt-based 

catalysts for HER. For example, Wang et al. established an innovative way of synthesizing 

single metal Ni atoms on MoS2 [107]. The authors confirmed the rise in the HER action of the 

catalyst in case of alkaline as well as acidic conditions. The synthesis protocol includes the 

hydrothermal method to form MoS2 nanosheets on carbon cloth and following the decoration 

of solo Ni atoms by wet-impregnation and calcination method. It was established that the 
synthesized MoS2 showed a uniform distribution of the nanosheet array on the carbon cloth 

substrate, which indicates that the geometry and combined behaviour of the MoS2 nanosheets 

on Ni-decorating. The optimization for HER performance was initially estimated in a 1 M KOH 

solution due to the exceptional geometrical structures of NiSA-MoS2/CC. For a better evaluation 

study, the HER activity of Ni/CC, MoS2/CC and Nic-MoS2/CC were examined by following 

the same reaction parameters. Initially the LSVs of the above-mentioned catalysts were taken 

in 1 M KOH. It was confirmed that the HER performance of MoS2 was improved after Ni 

distribution in the form of gathered or distributed atoms. It can be due to the collaborative result 

of Ni on the support material. 

 
The activity of HER has further performed in 0.5 M H2SO4 electrolyte. It acquired an 

overpotential of 110 mV to attain a current density of 10 mAcm-2, whereas for Nic-MoS2/CC 

and for simple MoS2/CC the overpotential was 157 mV and 186 mV. However, NiSA-MoS2/CC 

exhibited a Tafel slope of 74 mV decade-1 which was lesser in comparison to Nic-MoS2/CC 

(119 mV·decade-1) and the bare MoS2 showed 130 mV decade-1, representing the greater HER 

performance of single atom catalyst in acidic condition. After the HER study, the stability of 
NiSA-MoS2/CC was carried out and a slight decrease in activity was observed after 2000 CV 

cycle. EDS results discovered that Ni atoms in NiSA-MoS2/CC still uniformly spread and there 

is reduce in the loading amount. Whereas Ni clusters present in Nic-MoS2/CC was immediately 

disappeared after performing 2000 the CV cycles as mentioned. 

 
5.1.2 Oxygen evolution reaction (OER) 

The oxygen evolution reaction (OER) has broadly considered due to its usefulness in the 

growth of environmentally required energy aids such as HER, batteries, and so on. Due to the 

OER's inherent slow reaction kinetics, highly effective electrocatalysts are sought to increase 

energy conversion efficiency. The mechanistic aspect for enormous and robust electrocatalysts 

for water splitting was established by OER's fundamentally slow kinetics, which include multi 



proton-coupled electron-transfer steps [108]. Advanced OER electrocatalysts have also been 

investigated using nanomaterial containing single atoms. Li and colleagues discovered that the 

transition metal atoms fabricated on graphitic C3N4 could be useful as a novel class of effective 

OER catalysts based on DFT calculations [109]. As a result, Co/Ni-C3N4 electrocatalysts with 

exceptionally low overpotentials should be capable OER electrocatalysts. Kent and his 

colleagues synthesized single-atom Co(II)-improved fluoride doped tin oxide (FTO) 

electrodes. Further, they dipped the FTO in a Co (ClO4)2 in methanol solution at ambient 

temperature [110]. Co(II) substituting Sn(IV) in the FTO, and the development of oxygen 

defect was proved the presence of single-atom Co(II) on FTO. The OER's high-turnover 

frequency was indicated by the analysis of a steady state current. When the high-surface-area 

nano FTO electrode was used as a backing material instead of the planar FTO, the current 

density increased by a factor of 5. Another advantage is that FTO electrodes can be used as the 

inner electrical sensors to detect O2 produced in real time. Methodical X-ray absorption studies 

and direct transmission electron microscopy imaging were performed to recognize a sequence 

of uniformly distributed metal atoms (for example, Fe, Co, Ni) surrounded by N-doped 

graphene with a common MN4C4 fraction, as stated by Fei and co-workers [111]. The clear 

structure allows density functional theory to predict MN4C4 fractions as the effective OER 

catalysts with activities that follow the trend as Ni > Co > Fe which is supported by 

electrochemical experiments. The purpose of atomistical construction and its relationship to 

catalytic capabilities is a crucial step in rationally designing and synthesising precious and 

nonprecious SACs with high atom usage efficiency and catalytic activity. 

 
The researchers predicted a four-step OER process involving OH*, O*, OOH*, and O2* (the 

symbol signifies the adsorption position). Both the M and C moieties in MN4C4 have been 

explored as plausible absorption places for the intercedes. The metal's amount of d electrons 

(Nd) in MN4C4 halves has a major influence on whether C atoms engage in the OER method. 

On the other hand, O* and OH* favour to be at the C site, while OOH* prefers to be at the M 

atom. The presence of metals increases activity to varying degrees: Ni > Co > Fe. The Ni– 

NHGF catalyst was shown an arrival potential of 1.43 V (mentioned as the potential at 0.5 mA 

cm–2) and a 10 of 331 mV, which is substantially lower than the Co–NHGF (402 mV) and Fe– 

NHGF (402 mV) catalysts (488 mV). Tafel plot was used to examine the OER kinetics. Tafel 

slope of Ni–NHGF was significantly lower (63 mV per decade) than that of Co–NHGF (80 mV 

per decade) or Fe–NHGF (164 mV per decade). To assess Ni–intrinsic NHGF's activity, 



the authors calculated the turnover frequency (TOF), which measures a catalyst's activity on a 

particular-energetic-site base. 

 
In another report, Talib and co-workers recently reported, the electrocatalytic performance of 

nineteen different transition metals (TM) (TM = Ti, V, Cr, Mn, Fe, Co, Ni, Zr, Nb, Mo, Ru, 

Rh, Pd, W, Re, Os, Ir, Pt, and Au) catalyst attached to phosphomolybdic acid (PMA) substrate 

[112]. It was observed that out of all the SACs, the Co1/PMA, Pt1/PMA, and Pd1/PMA 

exhibited excellent catalytic activity for OER with designed overpotentials of 0.45, 0.49, and 

0.54 V, respectively. 
 
 

According to the definitive path of OER at pH zero, 

2H2O → 4H + O2 + 4e − 
The progress of 4 electron reaction steps for OER are mentioned below, 

H2O(l) + M1* → M1OH* + e − + H+ 
M1OH* → M1O* + e − + H+ 
H2O(l) + M1O* → M1OOH* + e − + H+ 
M1OOH* → O2(g) + e − + H++ M1 * 
Here M1* denotes the catalyst and energetic adsorption site, liquid and gas phases represented 

by (l) and (g), and OH*, O*, and OOH* represent the adsorbed mediates on the active species. 

ΔGa=ΔGOH*, ΔGb = ΔGO* - ΔGOH*, ΔGc = ΔGOOH* - ΔGO*, ΔGd = 4.92 - ΔGOOH* are denoted for 

the variation in the Gibbs free energy throughout the OER process. 

 
It was reported that the morphological arrangement of PMA support permits four different 

bonding positions to the metal species. Those are basically, two 3-fold hollow sites (3H - Oc 

and 3HObri), one 4-fold hollow site (4H), and a bridge site (B - Oc - Obri) as shown in Fig. 11 

(a). The authors confirmed that all the atoms are positioned in a distorted-square planar 

geometry at the 4H site. According to Fig. 10 (b, c), the higher stability showed higher binding 

energy to the substrate and vice versa. The trend of binding strength follows the order as: Zr > 

Ti > Nb > W > V > Mo > Os > Re > Cr > Mn > Fe > Co > Ir > Ni > Ru > Rh > Pt > Pd > Au. 

Further, for a better understanding about the stronger metal-support interaction, the authors 

were carried out an outstanding analysis of difference in the charge density with respect to the 

Bader charge comparison with the subsequent doping of the active metal atoms. The Bader 

charge analysis is shown in Fig. 11 (b) which signifies the transfer of electrons from the TM 



atom to the PMA surface and the electron movement decreases with the increasing the atomic 

number of active metals. 

 
Figure 11. (a) Schematic arrangement of PMA substrate with different possible binding 

positions, (b) Connection of the calculated binding energy and the Bader charge of all the active 

metal atoms bonded to the PMA substrate, (c) Plot between the formation energy and TM atoms 

in eV, and (d) Represents the 4e− OER mechanism on the M1/PMA catalyst with the enhanced 

arrangements for intermediates. Reproduced from Ref. [112] by permission of WILEY-VCH. 

 
It was confirmed that the above-mentioned data refers to the formation of chemical bonds 

between the support PMA and metal atoms. The complete OER reaction was usually described 

in terms of four major adsorption/5-desorption stages as shown in Fig. 11 (d) on PMA surface. 
The initial step was completed by dissociating the H2O into *OH and H+ fragments. In the 

second step, the dissociation of *OH forms *O and H+ species. After this, the generated *O has 
reacted with another H2O molecule to generate *OOH and H+ in the third step. The fourth and 

final step has completed by generating H+ and O2 from *OOH fragment and O2 fragment has 

been removed from M1/PMA substrate. The effective OER analysis was conducted by taking 



the series of metals supported on PMA substrate. It was observed that, the Co1/PMA and 

Pt1/PMA catalysts displayed excellent electrocatalytic act for the OER property. 

 

 

Figure 12. (a-c) Relation between the Gibbs free energy (ΔG) and the oxygenated (ΔGO*, 
ΔGOH*, and ΔGOOH*) fragments. (d) The maximal potential-limiting (−ΔGmax) step is 

 b 

  

 



displayed against the ΔGO* − ΔGOH* step to better understand the OER properties. (e) 

mechanistical representation of the four consecutive basic paths involved in the OER of 

Co1/PMA catalyst. Reproduced from Ref. [112] by permission of WILEY-VCH. 

 
Fig.12 (a-c) shows the connection between the free energy of adsorption and the fragmented 

intermediates (ΔGO*, ΔGOH*, ΔGOOH*) for the diverse M1/PMA systems. A link between 

the adsorption energies GO* and GOH*, on the other hand, appeared to be less likely. As a 

result, the distinction served as an exceptional signifier for the OER activity. Fig.12 (d) displays 

a volcano curve relationship between ΔGO*- ΔGOH* and adverse extreme potential limiting 

phases. Theoretical investigations revealed that among the various M1/PMA catalysts, the 

Co1/PMA and Pt1/PMA combinations have the lowest values (0.42 and 0.49 V) and are near 

the maximum of the volcano curve. As a result, Co1/PMA and Pt1/PMA could be viable OER 

electrocatalysts. The Co1/PMA catalyst's excellent catalytic behaviour for the OER was further 

supported by the thermodynamic mechanism. Fig. 12 (e) displayed the energy profile diagram 
for detailed OER pathways. The H2O molecule is chemically bonded to the 4H site of the 

Co1/PMA catalyst through atomic oxygen in the catalytic cycle, with a predicted adsorption 

energy of -0.58 eV. The adsorbed H2O was first deprotonated by the breaking of the H-O bond 

in H2O to a *OH species, and then a proton passage from H2O to the neighbouring 4H site O 

atom, resulting in the [M1]-O-H…..OH intermediate through the first transition state (TS1) 

having 0.67 eV energy of activation and an imaginary frequency of 459i cm-1. In the second 

phase (TS2), the residual *OH radical on the Co1/PMA undergoes further deprotonation with 

a subsequent formation of *O, and a proton travels from *OH to one more 4H site O atom via 

the breakage of an O-H bond. For the deprotonation of *OH→ *O + H* alteration. The formed 

radical was tightly attached to the Co1/PMA, as evidenced by the fact that this kinetic energy 

barrier is much more than the OH* first-step energy barrier. A crucial and most awaited step 

was the third step (TS3), which started with the creation of an O2 molecule. The second H2O 

molecule contact with the residual metal-oxo species (O*) to give a hydroperoxo (*OOH) 

species through a TS with a kinetic energy barrier of 1.68 eV. The proton was released from 

the H2O molecule and attaches to the nearby 4H site O atom when the O-H bond is broken and 

leading to the formation of *OOH species. The *OOH fragment was deprotonated in the last 

phase, resulting in the creation of *OO species by breaking the O-H bond. The activation barrier 

(TS4, imaginary frequency 1094i cm-1) derived mathematically and found to be 1.08 eV. The 

first stage was advantageous in terms of both thermodynamics and kinetics. The produced *OO 

species can then be recovered from the surface, producing an O2 molecule, and 



the catalyst's active site can be reused, allowing another OER cycle to begin. Further, 

considering the importance of OER, Zeng and co-workers reported the fabrication of Sc, Ti, V, 

Cr, Mn, Fe, Co, Ni, Cu, Zn, Rh, Pd, Ir, and Pt as the catalytically active metals on nitrogen- 

doped boron phosphide (N3-BP) 2D support for the performance of OER [113]. The initial 

experimental analysis in this literature was highlighted the study of the geometrical, electric, 

and magnetic assets of the pristine and vacancy-doped BP monolayers (MLs), which was 

subsequently demonstrated insufficient electrocatalytic action for OER as well as for oxygen 

reduction reaction. By thoroughly examining the behaviour of each metal atom’s activity, it 

was confirmed that CoN3-BP, NiN3-BP, and PtN3-BP showed better catalytic property for 

OER. The binding energy of the adsorption material vs the overpotential were used to detect 

the activity. The authors mentioned several characteristics which made them capable of ORR 

as well as bifunctional electrocatalysts. Furthermore, the reported findings have shown that the 

M site's catalytic activity was extremely connected to the electrical structures of its immediate 

surroundings. More importantly, this study revealed an intrinsic property of highly efficient 

OER catalysts. It also enlightened the reaction site's spin- and site-precise electrical conditions, 

as well as the surrounding N atom’s parallel spin polarisation. 

 
5.1.3 Oxygen reduction reaction (ORR) 

Significant and long-term application of polymer electrolyte membrane fuel cells in cars 

requires high-reactive active species with minimal Pt feeding for cathode material throughout 

the ORR in fuel cells. Liu et al. reported a carbon black-reinforced, inexpensive, active, and 

stable Pt SACs with CO/methanol acceptance for the cathodic ORR [114]. A Pt payload of 

0.09 mgPt cm2 and power density of up to 680 mWcm2 at 80 ⁰C was achieved in agreement with 

a Pt utilization of 0.13 gPt kW-1 in the fuel cell. According to theoretical calculation, the 
important efficient sites on such Pt SACs were single-pyridinic-N-doped single-Pt atom 

centres, which are CO/methanol tolerant yet very active for the ORR. Further, Wan and 

colleagues successfully built single-atom-distributed Co sites with nonplanar organization in 

N-doped carbon, as evidenced by advanced electron microscopic and X-ray spectroscopy 

measurements [115]. The ORR performance and efficacy of catalysts were evaluated and 

compared in detail. CoNC700 provided significantly higher reactivity as shown in Fig.13 (a,b) 

than cobalt-free catalysts, with a high onset potential (0.960.01 V) and half-wave potential 

(E1/2, 0.850.01 V). In addition, CoNC700 showed a Tafel slope of 78 mV dec-1, which was 

somewhat greater than that of Pt/C (73 mV dec-1) as mentioned in Fig. 13 (e). Likewise, catalyst 

CoNC700 represented in Fig. 13 (c) exhibited a large rise in ORR actions in the acidic medium 



due to the insertion of single-atom Co sites as shown in Fig. 13 (c, d) and a small Tafel slope 

of 72 mV dec-1, nearly alike to that of Pt/C (70 mV dec-1) represented in Fig. 13 (f). SAC with 

planar Co-N site was substantially lower activity. 

Figure 13. (a) Cyclic voltammograms of CoNC700 at a scan rate of 5 mVS−1 in 0.1 m KOH, 

(b) CoNC700, and Pt/C in 0.1 M KOH. (c) 0.1 M HClO4 saturated with N2 or O2 LSVs at 5 
mVS−1 of KB, NC700, KB-NC700, (d) 0.1 m HClO4 saturated with oxygen at the speed of 

1600 rpm, Tafel slopes of CoNC700 and Pt/C catalysts in (e) 0.1 M KOH, and (f) 0.1 M HClO4. 
Reproduced from Ref. [115] by permission of WILEY-VCH. 

 
In situ chemical ion probing was used to investigate the connections between single-atom Co- 

sites and adsorbates. A half-wave potential shift of roughly 150 mV in the negative direction. 

The action of CoNC700 in an acidic media has been demonstrated in Fig. 14 (a), illustrating 

the importance of Co-comprising catalytic materials spots in an acidic environment. The same 

activities in 0.1 M KOH, on the other hand, only bring about minor activity degradation, as 

shown in Fig. 14 (b). Further, pyridinic-N doping might function as the major catalytic 

positions in the alkaline medium deprived of being contaminated by SCN ions, resulting in 

nearly undegraded ORR activity even if SCN ions were present in the active sites for Co were 

completely blocked as shown in Fig. 14 (c). Co L-edge NEXAFS was performed before and 

after ORR catalysis to gain a well knowledge of Co–adsorbate interactions in various situations. 

It was mentioned that the two tiny satellite peaks may have appeared for CoNC700- cycled at 

roughly 784.5 and 799.5 eV, respectively mentioned in Fig. 14 (c, d). These two satellite peaks 

substantially stable in the Co L-edge NEXAFS of CoNC700-cycled after 



finishing the ORR in acidic media shown in 14 (c). Adsorbate ligands efficiently and easily 

adsorbed on single-atom Co sites with more vacant 3d orbitals. 

f 
 
 
 
 
 
 
 

Figure 14. (a) In acidic, and (b) alkaline media, probing the primary catalytic sites in single- 

atom dispersion catalysts. Co L-edge NEXAFSs of pristine catalyst CoNC700 and cycled 

CoNC700 in (c) alkaline, and (d) acidic media, respectively; LSV curves of catalyst CoNC700 

with/without 5 mM NaSCN in acidic and alkaline media. Several overriding catalytic paths are 

depicted schematically in (e) acid and (f) base. Reproduced from Ref. [115] by permission of 

WILEY-VCH. 

 
The metal-to-ligand and ligand-to-metal charge transfer amid Co spots and adsorbates was 

substantially weaker in alkaline media under the similar circumstances shown in Fig. 14 (d). 

In addition to the Co sites, the above-mentioned adsorbates can be absorbed by some type of 

doped N-species in alkaline media, catalysing the ORR. As a result, compared to acidic media, 

Co sites showed a lower important role in ORR in alkaline media. In this study, the authors 

directed evidence for Co–adsorbate relations and Co -comprising sites in SAC. Because the as- 

prepared SAC contained Co -containing and pH-dependent ORR catalytic sites, it exhibited 

moderate-dependent ORR catalytic characteristics. ORR positively occurred on single-atom 

scattered Co sites with strong contact with adsorbates in acidic media, but active ORR catalysis 

in basic media may be obtained for single-atom Co places or pyridinic-N doping shown in Fig. 

14 (e, f). 
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respectively. ‒1 MOR compared to the commercial Pt/C which is 6766 vs. 441 mA mgpt 

5.1.4 Methanol, ethanol, or formic acid oxidation 

The indirect pathway of the methanol oxidation process (MOR), which results in the generation 

of CO, is widely recognised. To understand the consequence of scope of Pt atom on the 

electrochemical MOR activity, Kim and co-workers prepared size-measured Pt catalyst 

fabricated on CNTs [116]. Pt atoms remained on thiolated multiwalled CNTs (Pt-SMWNTs) 

can be easily formed by reducing a Pt precursor adsorbed on thiolated MWNTs (S-MWNTs). 

The formation of Pt clusters of various sizes was triggered by further heating at various 

temperatures. The resulted Pt- S-MWNTs by single Pt atoms was verified by XANES. For the 

MOR, several nanomaterials were utilised as electrocatalysts. The electrocatalytic activity of 

the MOR was observed to rise with a decrease in the size of the Pt catalyst. On the other hand, 

the generated Pt-S-MWNTs containing single Pt atoms, displayed that the MOR couldn’t 

proceed, confirming that only Pt atoms are not advantageous for the MOR through either the 

indirect or direct methods. Sun et al. produced Pt/ graphene with varied particle sizes, beginning 

from a single atom using ALD technique [47]. The number of vacancies and defects in graphene 

was crucial for the single atoms to remain stable. After 50 ALD cycles, the coexistence of Pt 

single atoms, clusters, and tiny NPs was detected. The cluster/NP size increased when the ALD 

cycles increased (100 and 150 ALD). Relating to the current density and onset potential, 

Pt/graphene after 50 cycles was shown the best MOR activity. Zhang et al performed MOR 

using Pt1/RuO2, the catalyst was prepared by following an impregnation- adsorption approach 

[117]. It was confirmed that Pt1/RuO2 exhibited good performance for 
The 

ethanol oxidation reaction (EOR) is complicated as there are two separate adsorption facilitates 

with one or two carbon atoms [118]. Weber and colleagues studied the size-relevant 

electrocatalytic performance in the EOR at Ptn/ITO (n=1 to 14) after depositing mass-selected 

Ptn+ on ITO [119]. The electrocatalytic activity of the OER was shown to vary randomly, with 

Pt4/ITO and Pt10/ITO providing the finest EOR results. Pt1/ITO electrocatalysts with separated 

Pt atoms were ineffective for EOR. The EOR activity was likewise said to be anticorrelated 

with Pt 4d binding as reported. 

 
Formic acid fuel cells are considered the most viable and suitable energy-conversion strategies. 

The attempts to produce an efficient catalysts for the formic acid oxidation reaction (FAOR) 

have continued from a long time. The electrocatalytic FAOR is widely known to use a dual 
route mechanism. The direct method (HCOOH → 2H+ + CO2 + 2e-) includes a direct oxidation 

to CO2 deprived of producing CO as a chemical intermediary, whereas the indirect pathway 



outcomes in the creation of surface contaminating species of COads (HCOOH→ H2O+ + COads) 

[120]. As it is clear that exploring novel formic acid oxidation catalysts with ultra-high mass 

activity and CO resistance is critical to overcome the criteria of possible applications. In this 

regard, recently, Xiong et al. synthesized atomically dispersed Rh on N-doped carbon (SA- 

Rh/CN) for FAOR [121]. After several thorough testing, it was confirmed that SA-Rh/CN 

provided considerably improved resistance to CO poisoning and that Rh atoms in SA-Rh/CN 

shield sintering, ensuing high catalytic stability. Further, the CO resistance was confirmed by 

performing two separate reactions which confirmed that SA-Rh/CN can hinder the dehydration 

of formic acid, eliminating CO poisoning. To understand the mechanism of FAOR on SA- 

Rh/CN and its superior CO tolerance, DFT calculation was performed. It was found that on 

SA-Rh/CN, the formate approach is preferable. The high barrier to producing CO together with 

the highly unfavourable binding with CO contribute to its CO tolerance. Li et al. devised an 

universal host–guest technique for producing a variety of SACs on nitrogen-doped carbon 

(M1/CN, M = Pt, Ir, Pd, Ru, Mo, Ga, Cu, Ni, Mn) [122]. It was observed that Ir1/CN showed 

good performance for FAOR compared to SACs. Moreover, the reactivity of Ir1/CN was 16 

and 19 times higher compared to commercial Pd/C and Pt/C, respectively. 

 
5.1.5 Other electrocatalytic activities of SACs 

The necessity for developing a suitable and adequate catalyst for high-performance 

electrochemical devices like rechargeable Zn–air batteries is increasing. Recently, SACs are 

being investigated for several electrocatalysis applications. In this view, Li and co-workers 

described a suitable method to build a single-atom Co–Nx–C electrocatalyst for HER, OER and 

Zn–air battery applications [123]. A hybrid of Co-coordinated framework porphyrin with 

graphene (called Co-G@POF) was developed as the pyrolysis precursor. The Co-coordinated 

framework porphyrin (Co-POF) was chosen because of its analogous chemical structure, which 
is Co–Nx–C. A facile one-pot synthesis protocol was followed to get high yield and output. 

Graphene (G) was used as a template for the morphological framework of porphyrin during 

stacking. Co-POC, a pyrolyzed product generated from Co-G@POF, was the necessary single- 
atom Co–Nx–C structures, as evidenced by extensive characterizations. With a narrow 

overpotential gap of 0.87 V, comparable to noble-metal-based electrocatalysts, quick kinetics 

with reduced Tafel slopes, and long-term durability, the Co-POC electrocatalyst exhibited good 

bifunctional oxygen electrocatalytic activity. As a result, rechargeable Zn–air batteries with the 

Co–POC cathode contained higher power density, better rate performance, and cycling stability 

for over 200 cycles at 2.0 mA cm2 than noble metal-based cathodes. Co-G@POF is a covalently 



bound Co-coordinated porphyrin connected into a hybridised 2D structure on the surface of G 

produced via π-π intermolecular interactions. 
 
 

reaction (CO2RR) is necessary. There are variety of different products can be obtained after the 
 

 

 

commercial carbon black in a gas-phase electrocatalytic reactor in a suitable ambience. As a 
 

 

 

 

 

the electrochemical CO2RR by taking in Fe-N-C SACs and proposed the reaction mechanism 

shown in Fig. 15 (a) and CO2 reduced to CO involves the steps such as [125], 

 
 

 
 

 
 

 
 

 

Where ∗ denotes the active sites of the SAC surface. 

𝐶𝐶𝐶𝐶2  + ∗ + 𝐻𝐻+ + 𝑒𝑒− →  *COOH (1) 

(1b)  𝐶𝐶𝐶𝐶2 + ∗ + 𝑒𝑒− → *𝐶𝐶𝐶𝐶− 
(1c)  *𝐶𝐶𝐶𝐶− + 𝐻𝐻+ → *COOH 

*COOH + 𝐻𝐻+ +  𝑒𝑒− → *CO + 𝐻𝐻2𝑂𝑂 (2) 

*𝐶𝐶𝐶𝐶  → 𝐶𝐶𝐶𝐶 + ∗ (3) 

To combat the increasing CO2 concentration in the surrounding, electrochemical CO2 reduction 

CO2RR such as CO, formic acid, hydrocarbons including methane, ethane and alcohols like 

methanol, ethanol etc. These gases further can be utilized in fuels or suitable fit for the vehicles 

and industries. Zheng and workers described a simple technique of abundant Ni SACs using 

result, the single-atomic spots work exceptionally well in converting CO2 to CO with current 

density exceeding 100 mA cm2 and approximately 100% selectivity for CO. However, the HER 

was roughly 1% in favour. The total current in one unit cell may readily rise to more than 8 A 

while retaining restricted CO evolution with a production rate of 3.34 L hr-1 per unit cell by 

climbing up the electrode to a 10 3 10-cm2 modular cell [124]. Similarly, Sheng et al. performed 



 
 

 

adsorption, COOH* intermediate generation, CO* production and CO* desorption and CO 
 

production considering the electron transfer in every elementary phases. Reproduced from Ref. 
 

energy diagram for NRR on (e) Ru@Zr32O63 and (f) on Ru@NC2. Reproduced from Ref. [103] 

by permission of Cellpress . 
 
 

as coupled proton-electron pathway and proton decoupled electron pathway. However, proton- 
 

*COOH. Further, the *COOH intermediate undergoes proton-electron transfer and forms *CO, 
 

 

 

 

 
et al. synthesized Ni (I) SAC anchored on N-doped graphene matrix for electrocatalytic CO2RR 

 

 

 

Figure 15. (a) Structural illustration of electroreduction of CO2 to CO, counting CO2 

 process CO− generates *COOH equation 1(c) and finally proceeds to form CO product. Yang 

formation. (b) Energy profiles diagram of CO2RR to CO. (c) mechanistic aspects for CO 

[125] by permission of Elsevier. (d) Calculation models for Ru@Zr32O63 and Ru/NC2. Free- 

The electrochemical conversion of CO2 to CO can be completed in two mechanistic path such 

electron coupled pathway is broadly followed, where the electron transfer from CO2 provides 

and the weakly bonded *CO then dissociates to form the CO. In case of proton decoupled 
pathway, the formation of hydroxyl intermediate *COOH forms in two steps i) CO2 adsorption 

 via one electron transfer to form CO− as shown in equation 1(b) and further by protonation 

and showed excellent reduction ability and stability [126]. The authors observed the 
delocalization of the unpaired electron in Ni 3dxz-yz orbital which attributed to the rapid charge 

transfer from the metal atom to the substrate 2p-orbital. As a result of which the energy barrier 



 
prepared by Gong et al. for the CO2RR to form CO product [127]. It followed host-guest co- 

 

 

 

 

 

 

compared to NiSA-N3-C and NiSA-N4-C catalysts. The reason was confirmed from theoretical 
 

C, it become more feasible for the generation of *COOH intermediate. Therefore, responsible 
 

CO2RR in the presence of different SACs [128-131]. 
 
 

products. Apart from using the old Haber-Bosch process for NH3 production, it is more feasible 
 

 

 

 

NH3  production [133]. In another report, it was seen that Ru SAC on N-doped carbon showed 
 

and the ΔG for dissociating N2 on Ru-N-C SAC was lower than Ru (101), which subsequently 
 

 

 

 

 

 

 

 

 

SACs compared to costly catalyst [137, 138]. 

for CO2RR was reduced fastening the product formation. A variety of NiSA-Nx-C SACs 

operative strategy for the formation of SACs by taking polypyrrole (PPy) into bimetallic MOF. 

It was illustrated that by incorporating Mg2+ in MgNi-MOF-27, extended the spatial distance 

of the neighbouring Ni atoms and PPy acted as the stabilizing agent for the individual Ni atoms 

during the synthesis. Further, different N-coordination number of Ni SACs was found with 
altering the pyrolysis temperature. Pointedly, it was confirmed that the NiSA-N2-C catalyst 

accomplished highest CO Faradic efficiency upto 98 % and 1622 h-1 turn over frequency 

calculation which stated that due to the low co-ordination number of metal atoms in NiSA-N2- 

for superior CO2 reduction ability. There are many other reports which established for the 

Ammonia (NH3) is an important chemical material for manufacturing fertilizers and other 

to follow the N2 conversion to NH3 by electrochemical reduction pathway. Different SACs 

catalysed nitrogen reduction reaction (NRR) to ammonia are widely reported. Wang et.al 
produced Au1/C3N4 SAC for NH3 production under ambient conditions [132]. Qin et al. also 

reported Au SAC supported on N-doped porous carbon for NRR and exhibited outstanding 

enhanced NRR [134]. Geng et al. confirmed that the catalyst facilitates the adsorption of N2 

enhance the NRR activity. Similarly, Tao et al. synthesized Ru@ZrO2/NC SAC by annealing 
UiO-66 containing Ru [135]. The structural model of Ru@Zr32O63 and Ru/NC2 are shown in 

Fig. 15 (d) and as demonstrated in Fig. 15 (e, f) The increased NRR performance of 
Ru@ZrO2/NC was due to a lower ΔG for the energy-consuming stage in electrochemical NRR 

(*NNH production on Ru SAC) compared to Ru (0001). Moreover, there are several non-noble 

metal-based transition metal SACs which plays critical role in NRR.For instance Zhao et al. 

compared the NRR performance between the metal catalysts such as Zn. Mo, Rh, Pd, Ag etc. 

and observed that Mo SAC showed enhanced N2 reduction over other transition metal atom 
SACs [136]. There are some reports which established the better N2 reduction ability of Mo 



 

major air impurity released from the automobile and industry sources. Among the technologies 
 

 

 

 

 

 

reduction to N2  and it is confirmed that Pt SAC showed substantially higher selectivity 
 

of Pt-SAC of 0.06 wt % Pt loading and further by following a suitable approach, Pt-Nano 
 

of NO to N2 was carried out in the presence of H2. The electrochemical study was confirmed 
 

the presence of more oxygen vacancies on the Pt-SAC, as well as stronger NO adsorption and 
 

 

 

 

 

compared to 1.0 wt % Pt/CeO2 [140]. Apart from this, there are several other reports have been 
 

142]. 
 
 

the more efficient methods for removing CO and purify the air. There are many reports for the 
 

 

 

 

 

 

 

 

Various NOx air pollutants are generated due to fossil fuel burning. Out of which NO is the 

used after combustion, selective catalytic reduction is thought to be the best method for 

reducing NO emissions because of its superior NO removal performance and it is quite easy to 

remove. Installation of equipment that is simple to use and has a low operating cost and so on. 

Previously, Pt based metal nanocatalysts were used to reduce NO, but due to the cost and the 

availability issue of Pt, SACs are considered to be the better substituent instead of Pt based 

metal nanocatalysts [139]. For example, Lin et al. synthesized FeOx supported Pt SAC for NO 

compared to Pt nanocatalyst [54]. A co-precipitation method was followed for the preparation 

catalyst with 1.22 wt % of metal loading was prepared for the comparison study. The reduction 

the superior activity of Pt-SAC over Pt nanocatalyst. This improved performance was due to 

simpler dissociation of the N–O link. The authors confirmed that Pt SACs enabled the 

dissociation of NO to N(ad) and O(ad), later the oxygen vacancies can absorb the O(ad) and 
endorsed the formation of N2 by NO reduction. In another report, Wu et al. performed the 
reduction of NO in presence of Cu SAC fabricated on the spinel structure of MgAl2O4. Cu1- 
MgAl2O4 is reported to have substantially higher catalytic activity for NO reduction by CO 

published for the NO reduction to N2 in terms of good catalytic activity and N2-selectivity [141, 

CO is prevalent in both car and stationary exhaust systems, and catalytic oxidation is one of 

catalytic oxidation of CO, such as Pt SACs on CeO2 support shows great impact on CO 

oxidation [143-145]. Jones et al. performed CO oxidation by taking Pt SAC supported on 

different active facets of CeO2 [60]. The authors observed that polyhedral ceria and nanorods 

were most suitable than ceria nanocubes for Pt binding. Zhao and co-workers synthesized 

Au1/CeO2 SAC for CO oxidation and compared its activity with Au NPs in presence of H2O 

[146]. It was observed that the CO oxidation intensely endorsed in case of Au SAC in presence 
of H2O, and the reaction progress is slower in case of NPs. To further understand the active- 
site geometry dependent H2O boosting effect and the underlying processes that distinguish 



Au1/CeO2 SAC from CeO2-supported Au NP catalysts, DFT calculation was performed. The 

Mars-van-Krevelen (MvK) mechanism governs CO oxidation on ceria-supported metal NP 

catalyst in general [147]. 

 

Figure. 16 (a) Mechanism for CO oxidation on the Au1/CeO2 (111), the inset displays the 

energy profile and elementary phases. Reproduced from Ref. [146] by permission of Nature 

communication. (b) Structural model of the configuration of all molecules adsorbed on Rh- 

GDY. (c) ER mechanism for CO oxidation catalyzed by Rh-GDY. (d) (d’) and (d’’) LH 

mechanism for CO oxidation in presence of Rh-GDY. (e) CO oxidation energy profile diagram 

of TER mechanism. All bond lengths are specified in Å. Reproduced from Ref. [148] by 

permission of Elsevier. 

 
The energy profile diagram of Au1/CeO2 catalysed CO oxidation and detailed structure is 

described in Fig. 16 (a). The OH-groups on the surface over Au1/CeO2 might participate in the 



 

al. designed Rh single atom anchored on graphdiyne nanosheet (Rh-GDY) for CO oxidation in 
 

 

 

 

 

 

in  Fig.  16 d,  and  e,  respectively.  Additionally, based on their rection rate constants   under 
 

several other examples of SAC catalysed CO oxidation observed, such as Pd–CeO2  [149] 
 

[47]. 
 
 

5.2 Photocatalytic application of SACs 
 

photocatalytic  system,  SACs  have  probably  become  the  most  active  study  direction  in 
 

 

 

in photocatalysis. As a result, the charge-transfer dynamics during photocatalytic reaction are 
 

activity of the photocatalytic system. The initial step in photocatalysis is light harvesting, which 
 

 

 

 

photocatalytic reactions like H2 production, CO2 reduction and N2 fixation are performed. 
 
 

Until now, production of hydrogen with an affordable, efficient scheme driven by light has 

been a significant hurdle. Photocatalytic production of hydrogen by splitting the water has been 

projected to be a viable option for ensuring long-term environmental sustainability for the 

supply of energy [156]. The most significant challenge is to improve the photocatalytic 

performance even more. SACs have recently appeared as an innovative technique for 

reaction more easily and MvK was greatly suppressed by the formation of H2O process. Xu et 

presence of O2 [148]. The Rh atom was discovered to be stable and isolated as a single metal 

atom bound to the carbon atom in the GDY. The most stable configuration bound to the catalyst 

surface is mentioned in Fig. 16 (b). As mentioned in Fig. 16 (c, d, and e), there are general 

pathways followed for CO oxidation such as Eley-Rideal (ER), the Langmuir–Hinshelwood 

(LH) and Trimolecular Eley–Rideal (TER) mechanism. However, LH and TER paths can be 

more desirable because of their rate-determining stages have a low reaction barrier as shown 

several temperatures, LH mechanism may preferably follow over TER mechanism. There are 

Pt/Al2O3 [15], Au/FeOx [150], Pd/CeO2 [151], Ir/Fe(OH)x [32], Ag/MnOx [152], Pt/graphene 

Due to the increasing of light-harvesting, charge transfer dynamics, and surface reactions of a 

photocatalysis. A catalytically active site and a light-harvesting unit are the two main factors 

responsible for a conventional photocatalytic system. The metal single-atom and its support 

generally serve as the catalytically active site and the metal light-harvesting unit, respectively, 

directly related to the metal-support interaction, which fundamentally defines the overall 

involves determining a photocatalytic system's ability to absorb incident photons and produce 

enough electron hole pairs for succeeding catalytic reactions [153]. To obtain high 

photocatalytic performance, charge separation and transmission of photogenerated electrons 

and holes at the metal semiconductor contact is critical [154, 155]. Based on this mechanism, 



constructing efficient surface-active sites, [157] overcoming classic metal nanoparticle flaws 

such as limited atom usage and slow charge transfer [97]. Pt SA on a highly stable Al based 

porphyrinic MOF (Al-TCPP) was prepared by Fang et al. for photocatalytic H2 production 

[158]. The structural diagram of Al-TCPP is shown in Fig. 17 (a) which demonstrated that 

Al(OH)O4 chains were interlinked with the porphyrin linkers to form a 3D microporous 

network. Further, the Pt single atoms were fabricated into the 3D network by simple reduction 

shown in Fig. 17 (a). In hydrogen formation, the Al-TCPP-0.1Pt catalyst was shown excellent 

visible-light photocatalytic efficiency. On a per-Pt-atom basis, the achieved TOF value was 30 

times that of Pt NPs (3 nm) stabilised by Al-TCPP as well as all previously reported Pt-MOF 

composites. The energy profile diagram of H2 production is shown in Fig. 17 (b). In another 

report, Jin and workers described a simple method to activate Ni SA on carbon nitride (CN) 

substrate for photocatalytic H2 production [159]. Because of its unique N/C-organizing 

arrangement containing of tri-s-triazine construction, which formed active reactive sites for 

metal atoms, CN was selected as the effective material for photocatalyst. Large CN was 

sequentially ultrasonicated for 3 h in NiCl2 solution, then cold-dried to ensure the molecular 

level distribution of Ni atoms (the required material was designated as CN-xNi2+, where x 

represents the atomic % of Ni in the solution). Afterwards, the powder was calcined in either 

H2, O2, or H2 followed by O2, yielding CN-xNi-H, CN-xNi-O, and CN-xNi-HO photocatalysts, 

respectively. Bulky CN has also been calcined in H2 or O2 at 350 °C as standard samples, 

designated as CN-O and CN-H, correspondingly. The authors discovered that the 

photocatalytic performance of the synthesised SAC material was increased by 30 times. The 

3d orbitals of partly oxidised Ni single atom sites were discovered to be loaded with half-filled 

d-electrons that are prepared to be stimulated by radiation. There are several reported literatures 

that enables the property of the SACs towards photocatalytic H2 production [160-163]. 
 

Recently, photocatalytic CO2 reduction has gained a lot of interest as a way to reduce CO2 

levels in the air by completing the carbon cycle and producing lucrative solar fuels like 

methane, methanol, and ethanol [164, 165]. Single-atom photocatalysts have discovered to be 

one of the promising materials for attaining practical application in the pursuit for a viable 

photocatalytic system for CO2  reduction amidst of several research. For instance, Huang et al. 

 

and demonstrated excellent activity and product selectivity toward CO formation [166]. As the 

presence of the Co single-atoms could greatly enhance the charge carrier utilisation efficiency 

and enhance the number of reactive sites on the surface of the SAC, the photocatalytic act of 

performed the synthesis of single Co2+ sites on C3N4 substrate by a simple deposition method 



2 

 
 

 

formation of CoOx. Similarly, Jun et al. thoroughly explored the performance of Co single- 

atoms on the 2D layered Bi3O4Br in the photocatalytic CO2 reduction activity [167]. The charge 

transfer, carrier separation, CO2 adsorption, and activation are all favoured by the Co SAC in 

Bi3O4Br. It can lower the CO2 activation energy barrier by stabilising COOH* intermediates 

and altering the rate-limiting step from COOH* formation to CO* desorption. The efficiency 

of the synthesized SACs was confirmed by performing the light-driven CO2 reduction with a 

selective CO production, which was roughly 4 and 32 times greater than atomic layer Bi3O4Br 

and bulk Bi3O4Br, respectively. According to the report, the photocatalytic CO2 reduction can 

be followed as, 

 

𝐻𝐻2𝑂𝑂  → 𝐻𝐻+ + 𝑂𝑂𝑂𝑂− 

𝐶𝐶𝐶𝐶2 ∗  + 𝑒𝑒− → 𝐶𝐶𝐶𝐶∙ − ∗ 
 

 
 

Where " ∗ " signifies the adsorption site on the catalyst surface. 
 
 

To explore the catalytic performance the DFT calculation was performed by the authors and 

the theoretical model or structural illustration of CO formation is shown in Fig. 17 (c) and Fig. 

17 (d) showed the electronic state of CO2 reduction. Based on SAC, there are many reports 

published on photocatalytic CO2 reduction [63, 168]. 

the Co2+/g-C3N4 slowly enhanced with the Co loading up to 0.016 mol/mg. Further, the 
performance of the Co2+/g-C3N4 was decreased with increasing the Co loading due to the 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶∗ + 𝐻𝐻+ + 𝑒𝑒− → 𝐶𝐶𝐶𝐶∗+ 𝐻𝐻2𝑂𝑂 

𝐶𝐶𝐶𝐶2(𝑔𝑔) → 𝐶𝐶𝐶𝐶2 

 𝐶𝐶𝐶𝐶∙ − ∗ + 𝐻𝐻+ → 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶∗ 

𝐶𝐶𝐶𝐶∗ → 𝐶𝐶𝐶𝐶 



 
Figure 17. (a) Schematic illustration for synthesis of Al-TCPP-Pt for photocatalytic H2 

production, (b) Free energy diagram for photocatalytic H2 production, Reproduced from Ref. 

[158] by permission of WILEY-VCH, (c) Theoretical study and diagram of CO2 photoreduction 

mechanism on the Co–Bi3O4Br, (d) Free energy diagrams of CO2 photoreduction to CO for the 

Bi3O4Br and Co–Bi3O4Br. Reproduced from Ref. [167] by permission of Springer Nature 

Communications. (e) The possible structure of the TiO2(001) surface (upper-layer) and the 

most stable binding states and their comparative adsorption energies of Ru atomic sites 

supported on the perfect, O-2v, and O-3v defective surfaces (bottom-layer), (f) Mechanism of 

N2 fixation of Ru/ TiO2 SACs. Reproduced from Ref. [169] by permission of American 

Chemical Society. 



 
beings to sustain the life cycle. However, photocatalytic reduction of N2  to NH3  under normal 

 

 

 

 

 

 

was always presented onto semiconductors as a dinitrogen activation point on the surface, 
 

following a typical conversion process. For example, Liu et al. described the formation of Ru 
 

enhanced  the  photoreduction  of N2  to  NH3  with  a high  rate.  Further,  the DFT  study was 
 

on TiO2(001) surface phenomena that are both perfect and imperfect. From two types of oxygen 
 

 

 

 

 

17(f). Similarly, in another report Guo et al. showed that the Mo single-atoms could be used as 
 

Beside this, some other photocatalytic application on organic synthesis was performed by using 

SACs [171-173]. 

 
6 SACs for organic transformation 

In this section, out of several uses, the main factors discussed are C-C bond forming reactions, 

C-X heteroatom bond coupling reactions, selective oxidation from alcohol to aldehyde, and 

selective oxidation from alkane to alcohol. 

 
6.1 C-C bond forming reactions 

The scarcity of fuel supplies and the inadequacy of eco-friendly importance not only motivate 

individuals to seek out innovative and clean energy sources, but they also provide a promising 

need to keep the source of fuel regular and consistent. In the future, bulk chemical raw materials 

Production of NH3 is an important reaction since it is one of the most essential source for living 

reaction condition represents a suitable method for substituting Haber-Bosch process. Yet, the 

real-world application of such procedure was restricted due to low productivity and unsuitable 

mechanism. To address these drawbacks, SACs can be a workable solution because it not only 

improves the generation of charge carrier but also offers numeral surface-active sites for 
adsorption and activation of the N2 molecules. Cleavage of the N-N triple bond of N2 is widely 

known to be a difficult problem for photocatalytic dinitrogen fixation. As a result, the defect 

lowering their bonding strength in order to hasten the dinitrogen reaction to form HH3 

SAC fabricated onto the TiO2 nanosheets [169]. It was concluded that the Ru SAC significantly 

performed to confirm the stability of Ru atoms on TiO2 substrate. All of the results are based 

atoms (two-fold coordinated O-2c and three-fold coordinated O-3c, as indicated in Fig.17 (e), 

two kinds of oxygen vacancies (D-O-2v and D-O-3v) might be formed. The electron densities 
of D-O-3v-TiO2(001) surface move to lower energies compared to the electron densities of 
Ru4d and O2p over flawless TiO2 (001) surface, resulting in improved Ru-O interaction. As a 
result, the Ru-O link is stronger. The photoreduction mechanism of N2 to NH3 is shown in Fig. 

N2 adsorption sites on semiconductors to initiate the photocatalytic NH3 formation [170]. 



will be needed in order to fulfil the demands of mankind . Owing to its direct use of 

functionalizing materials and lengthening carbon chains, the C-C bond forming reaction stands 

out from other types of chemical synthesis processes, making it crucial in upgrading methane 

[174-177]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18. Shows two hydroformylation reaction routes, each giving a linear and branched 

product. Reproduced from Ref. [176] by permission of Springer Nature Communication. 

 
With association to costly and difficult-to-separate homogeneous catalysts, SAC provides 

suitable contact for industrialization due to its heterogeneous catalytic mode. Tang et al. also 

stated that Rh1O5@ZSM-5 may convert methane to acetic acid [178]. Wang et al. investigated 

propene hydroformylation in great depth, both experimentally and conceptually [176]. The 

authors provide a method that can be used to improve our knowledge of both reaction and 

catalyst design as shown in Fig. 18. Finally, several complex organic applications like alkene 

metathesis [176], Sonogashira and Heck [179] and Suzuki, [180, 181] C-C coupled reactions 

have effectively presented into the SAC system, inspiring people to build a catalytic 

construction of outdated homogeneous catalysts in a heterogeneous SAC system with a depth 

consideration of reactions [182]. 



6.2 C−X Bond Coupling Reactions (X = Si, B, Cl) 

The heteroatom catalysing hydrosilylation reaction is important in several ways; it can be used 

to make aerogels, wetting agent, release coatings, greases/oil/fats, and adhesives along with 

chemical synthesis. Miura et al. reported the first hydrosilylation SAC, Pd1Au5/Nb2O5, in 2017 

[183]. This SAC has good reactivity and can catalyse not only selective hydrosilylation of 

essential alkynes, but also hydrosilylation of 1,4-unsaturated ketone. Both the catalytic 

phenomena exhibit an effective range of applications. Another major C-X bond coupling 

reaction, hydrochlorination, is critical in the production of vinyl chloride monomer, which is 

one of the most prevalent and in high demand chemicals. Because the Cl atom is valuable in 

the replacement reaction, the insertion of Cl atom in an organic fragment will also open more 

chances for industrialisation towards the manufacturing of intricate designed compounds. Since 

Cl atom can be easily replaced and beneficial for substitution reaction, which is helpful for 

more functionalising the catalyst at an engineer scale. Still, the previously reported, Hg- based 

materials are substituted with Au-based catalysts because Hg-based catalysts are less 

ecological, inactivation of Au-based catalysts, such as severe over-reduction, creates new 

challenges for the vinyl chloride sector [183]. Ye et al. reported that Au/CeO2 SAC with self- 

renewal characteristics under reaction parameters in 2019 to overcome this challenge [184]. 

The further reduced Au atoms oxidised by Ce4+ from the CeO2 support during the catalytic 

cycle, emphasising the utility of metal support contact. Even though this inside oxidation- 

reduction interaction between energetic atoms and supporter has been described in the past 

[185]. 

 
6.3 Selective Oxidation from Alcohol to Aldehyde 

Because of its huge potential for lowering economic costs, careful oxidation of alcohol or 

dehydrogenation of alcohol to create an aldehyde has widely explored from years. In order to 

eliminate H atoms from the -OH group and carbon, a slight oxidizing agent (air, peroxides, 

water, and ethanol) can be used [186]. Similarly, some other reactions, for example, alcohol 

elimination, which provides alkene, acid produced oxidation, profound C-C bond breakage, 

harvesting CO and evaporative hydrocarbon. The aldol reaction, which produces ketone, 

consequence in low yields of required products. Because the reactions that may occur in the 

reaction scheme cannot be designated physically by merely altering the parameters 

(temperature or pressure) without the presence of catalyst [187, 188]. 



The initial stage in the selective oxidation of alcohol is the cleavage of the OH bond. As a 

result, instead of stable acidic sites, moderate acidic or sturdy basic positions on support are 

essential. Less alkalinity can also increase back-donation, i.e., the π* bond contact that endorses 

CO. bond breakage [189]. Single atom catalysis allows for more flexibility in adjusting the 

acidity of active positions than NP equivalents. For example, on Au/ZnZrOx, the output of the 

isopropanol dehydrogenation performance is effectively increased, thanks to the Au single 

atom's lower acidity than that of Zn and Zr [190]. 

 
6.4 Selective Oxidation from Alkane to Alcohol 

It's even more difficult to prepare alcohol from an alkane. Controlled C-H cleavage appears to 

be so subtle as a vital phase as it is necessary to decrease the energy wall of the early C-H 

breakage to acquire high affinity while simultaneously enlarging the energy wall of the deep 

CH breakage to avoid carbon deposition [191]. Various processes of alkane to alcohol changes 

were mentioned previously, as opposed to dehydrogenation of alcohol [192-195]. Deng et al. 

discovered in the FeN4/GN system that benzene to phenol oxidation proceeds via the E-R 

mechanism, in which CH activation is substituted by a proton release path of a supported 

particle [196]. In recent years, researchers have discovered Fe-SA/CN and Cu-SA/HCNS 

[197], both of which have a structure like FeN4/GN. Advanced selectivity of ADCs associated 

to majority metal catalysts that ignore additional oxidation than NP matching part may be due 

to localised heterogeneousness of electron dispersal on the outward. Where the H atoms are 

distributed gradually compared to the metal surface and O2 stimulation is slightly decreased 

because of the restricted intersection of d and antibonding orbitals [196]. 

 
Apart from the uses described above, there are number of other literatures based on several 

applications using SACs as shown in Table.2. 

Table 2. Several applications by taking SACs on different suitable support. 
 

Entry Support SAC Application Reference 

1 Graphdiyne Pt HER [198] 

2 S-doped carbon Fe ORR 

OER 

Metal-air battery 

[199, 200] 



3 MoS2 Co, Pt, Ni Hydrodeoxygenation 
 
HER 

reaction [201, 202] 

4 FeOx Pt, Ir CO oxidation reaction 

Hydrogenation of nitroarenes 

Water-gas shift 

[203-205] 

5 MgO Ni CO2 reduction [206] 

6 ZrO2 Pd Direct synthesis of indole [207] 

7 MoS2 Co Peroxidase-like reaction [208] 

8 Al2O3 Pt Hydrogenation reaction 
 
CO oxidation reaction 

[209] 

9 MoC Pt Hydrogenation from water and 

methanol 

[210] 

10 ZnO Rh Hydroformylation of olefins [211] 

11 N-doped carbon Sn CO2 reduction reaction [212] 

12 Ultrathin 

C3N4 

g- Ag and carbon 

quantum dots 

photocatalytic degradation of 

naproxen 

[213] 

13 Carbon nitride Ag Photocatalytic 

hydrogenation 

1-hexyne [214] 

14 Carbon nitride Cu Photocatalytic 

production 

hydrogen [215] 

15 g-C3N4 Pt for photocatalytic 

H2 evolution or NO oxidation 

under visible light 

[216] 



16 g-C3N4 Ni, Pd, Pt, Cu, 

Ag or Au 

Photocatalytic HER and OER [217] 

17 g-C3N4 Ag Photocatalytic degradation of 

bisphenol A 

[218] 

 
 
 

7. Dual site behaviour of SACs 
 

 

the single metal atoms in catalysis. Since most of the transition metals have the capacity to be 
 

 

 

 

instance,   Bakandritsos   et   al.   designed   cyanographene   (G(CN)-Cu)   supported   strong 
 

charge transfer [219]. The synthesized 2D mixed-valence SAC employed for the two O2- 
 

bonds. A schematic view of the SACs  through the characterization of the mixed valency state 
 

image of the G(CN)-Cu is shown in Fig. 19 (b) and high resolution HRTEM images of the 
 

elemental mapping for C and Cu are shown in Fig. 19 (g, h)  and the HR-XPS analysis shown 
 

phenomena of G(CN)-Cu catalyst is shown in Fig. 19 (j-l) established the stability of the metal 
 

valency SACs is shown in Fig. 19 (m). Fig. 19 (n) is the spectra drawn for radical formation 
 

 

 

 

 

synthesized by the same group. 

As it is clearly understood that SACs are designed to bridge the gap between homogeneous and 

heterogeneous catalysts, the main concern to discuss is the role of the mixed valency state of 

stable in different oxidation states, the reaction conditions would control the electron transfer 

and electron accepting behaviour. Hence, the issue is to create SACs that allow metal atoms in 

different valence states to coordinate while limiting leaching and nanoparticle formation. 

However, there are very few reports published for the dual site behaviour of SACs. For 

coordination of single metal Cu(II) ions somewhat reduced to Cu(I) due to graphene-induced 

mediated reactions such as oxidative coupling of amines and the oxidation of benzylic C-H 

of catalyst by different techniques is shown in in Fig. 19 (a) The low magnification HRTEM 

before and after reaction are represented in Fig. 19 (c, d) and Fig. 19 (e, f), respectively. The 

in Fig. 19 (i) achieved the reduction of ≈50% of the Cu(II) ions to Cu(I), the charge transfer 

atom on the substrate. Further, a possible organic reaction mechanism catalysed by the mixed 

during the reaction and Fig. 19 (o) represents the EPR spectrum after catalyst turnover. It was 

confirmed that the synergistic property of Cu(II) and Cu(I) was played a vital part in the 

reaction progress providing high conversions (up to 98%), selectivities (up to 99%). Through 

their cooperation with other functional groups of graphene is the established technique opens 

the door to a large portfolio of additional SACs such as Fe(III)/Fe(II) on carboxy graphene 



 

Figure 19. (a) Represents the schematic of mixed-valence copper catalyst. b) HRTEM image 

of graphene in G(CN)-Cu catalyst. (c–f) High resolution HRTEM images from the catalyst (c, 

d) before and (e, f) after reaction. (g) EDS elemental mapping of G(CN)-Cu for C and h) Cu. 

(i) HRXPS G(CN)-Cu catalyst. (j–l) charge transfer mechanism of G(CN)-Cu catalyst. (m) 

possible mechanism of organic reaction. (n) plot of the •OH radicals formed during the catalytic 

reaction. (o) X-band EPR spectrum of the G(CN)-Cu catalyst after turnover. Reproduced from 

Ref. [219] by permission of WILEY-VCH. 

 
From this discussion, we observed that even after having higher co-ordination with substrate, 

less sintering and outstanding performance, the dual site study of the SACs is remained 

unexplored. This can lay the way for a new field of 2D coordination chemistry including 

covalent graphene derivatives having several functional groups such as thiols, carboxyls, or 

hydroxyls co-ordinating with different metal atoms (e.g., Au, Fe, Ni, Co, Pt, Mn etc.) [220, 

221]. 



8. Bimetallic SACs 
 

metal  atoms  in  the  catalyst,  but  also  display  interesting  activity  due  to  their significant 
 

 

 

 

 

unexplored that how the effect can serve in case of atomic scale NPs. Based upon this, Fu et 
 

hydrogenation of 4-nitrostyrene (4-NS) to 4-vinylaniline (4-VA) and it is found that 100% 
 

bimetallic SAC was compared with single atom Ir1/TiO2 and Mo1/TiO2 catalysts. It was noticed 
 

Ir1/TiO2  and no activity for Mo1/TiO2  for 4-NS reduction. The EDS mapping characterization 
 

 

 

 

 

(b) which expanded the understanding for bimetallic SACs. 
 
 

acetylene hydrochlorination [224]. Several salts were used as an alternative Cl-source for gold 
 

 

 

 

 

process. Feng and co-workers performed electrochemical CO2RR by taking M@Cu(211) 

bimetallic SACs [225]. 

SACs that use only a single or a few metal atoms as active sites not only reduce the amount of 

proportion of low-coordinated metal atoms which generally function as active sites [222]. As 

discussed throughout in this review, the only way to improve the atomic efficiency of supported 

noble metal catalysts is to downsize the usual noble metal NPs to single atoms or an alternative 

approach is to form bimetallic SAC by incorporating second metal atoms. The synergistic 

effect of the bimetallic catalyst in catalysis is widely reported, however, it is still remained 

al. synthesized a bimetallic Ir1Mo1/TiO2 SAC and performed the chemoselective 

conversion with > 96 % of selectivity [223]. The catalytic efficiency of the synthesized 

that the individual catalyst provided less activity of 38 % selectivity, and 87 % conversion for 

as mentioned in Fig. 20 (a) showed that the bimetallic SAC was well distributed on the TiO2 

support and DFT study revealed that both the metal atoms played significant role in 
hydrogenation reaction. The Ir1 atomic site was responsible for H2 activation and Mo1 site was 

accountable for 4-NS adsorption by the synergistic effect between the two single atoms 

providing better activity as compared to SACs. The reaction mechanism is shown in Fig. 20 

Similarly, Kaiser et al. reported Au based bimetallic SACs synthesis on C- support for 

dispersion and finally reached to atomic level using H2PtCl6 and Fig. 20 (c) provided the 

structural illustration of the synthesis of Au/Pt-C bimetallic SACs. The synthesized bimetallic 

SACs exhibit higher stability and prevent agglomeration up to 800 K and exhibited two times 

increased acetylene hydrochlorination with retention in the activity. From this observation, it 

can be understand that the Au-Pt single atoms successfully improves the tendency for catalytic 



 

Figure 20. (a) Elemental mapping of Ir1Mo1/TiO2, (b) Proposed reaction mechanism for 4-NS 

reduction. Reproduced from Ref. [223] by permission of American Chemical Society. (c) 

Synthesis of Au-based SACs on carbon support. Reproduced from Ref. [224] by permission of 

WILEY-VCH. 

 
Charge density difference for CO2 adsorbed on (d) Fe@Cu(211) and (e) Ru@Cu(211) 

representing both side and top views where yellow indicates charge accumulation and cyan is 

for charge depletion. DFT study for CO2 RR toward (f) CH4 formation via *COOH path for 

Fe@Cu (211) and (g) CH4 formation via *OCHO path on Ru@Cu (211). Reproduced from 

Ref. [225] by permission of American Chemical Society. 

 
The M was replaced by eleven metal atom in place of M (Y, Fe, Co, Ni, Zn, Ru, Rh, Ag, Au, 

Pd, and Pt.), out of which the Ru@Cu(211) and Fe@Cu(211) were shown remarkable activity 

for endorsing CO2 RR to form CH4 due to the broken of the linked relation of the critical 



 

charge  accumulations  are  shown  in  Fig.  20  (d,  e)  for  Ru@Cu(211)  and  Fe@Cu(211), 
 

 

 

 

 

 

dehydrogenation  of  ethanol  was  achieved[227].  Ag  alloyed  Pd  SACs  for  hydrogenation 
 

stated that even though alloying of two metal enhances the yield and selectivity, but still it has 
 

SACs without alloying one metal remains as a key concern. 
 
 

9. Summary and challenges 

This discipline has progressed at a breakneck pace since the concept of "single-atom catalysis" 

was initially proposed. An efficient, improved, and developed material is crucial for sustainable 

 

scale and for a non-hazardous photocatalytic process, there is a subsequent demand for suitable 
 

efficacy, high reactivity, and selectivity due to the availability of low co-ordination states, 
 

summary of SACs based on variety of metal-support interactions. The study includes the 
 

 

 

 

 

 

that still needs further attention. These are stated as follows. 
 
 

I. Advance synthesis of SACs: There is no uncertainty that novel manufacturing approaches 

will be vital to passage the utility of SACs from synthetic to real-world applications. But 

when it comes to manufacture more energetic and durable catalysts, the goal is to upsurge 

intermediate formed during the reaction at the active sites. The adsorption of CO2 and the 

and versatile catalytic applications. Likewise, to synthesize the raw chemicals in industrial 

respectively. The authors were able to identify the different mechanistic path as shown in Fig. 

20 (f, g) for Ru@Cu(211) and Fe@Cu(211) bimetallic catalysts. It was observed that in both 

the reactions, the second and third intermediate formation was different from each other while 

all other phases were constant. Similarly, there are many reports established for bimetallic 

SACs formation for several catalytic applications. Hou et al. prepared bimetallic single-atom 
Pd1Co1/Al2O3 catalysts for benzene oxidation [226], and PdAu bimetallic SACs for 

reaction was performed [228]. From the above study on bimetallic SACs production, it can be 

significant challenge in metal quantity optimization. In another way the formation of bimetallic 

catalyst. SACs have proven to be the appropriate catalysts exhibiting extreme atom use 

single site effect, and suitable metal-support interaction. This review offers a complete 

synthesis of SACs using several suitable synthesis protocols as well as large scale production 

techniques followed by typical catalytic examples. A brief explanation about the stability of 

SACs accompanied by variety of electrocatalytic, photocatalytic and organic transformation 

applications are explained. For advancing the SACs research, role of mixed valency state of 

SACs are brought into notice and also the current review suggests the performance of 

bimetallic SACs towards catalysis so far. However, the overall study found some challenges 



 

different active site development will be more efficient for creating asymmetric structural 
 

 

 

 

Hence, an advance SACs synthesis method will be sufficient to tackle these challenges. 

II. An economical SACs is required: Exhaust gases, volatile organic compounds, and ground- 
 

 

commonly used, however, low-cost metal SACs have not been explored much. SACs could 
 

a tower or air clean-up unit could be developed utilizing such economical catalysts. 

III. SACs for electrochemical organic reactions: It is worth noting that SACs have been 
 

CO oxidation etc. However, the usage of SACs for electrochemical organic reactions, on 

the other hand, has yet to be investigated. 

IV. Versatile and multi-functional SACs is required: Because transition metals have multiple 
 

 

SACs has demonstrated exceptional catalytic activity for O2 mediated reactions, as 
 

behaviour, there has been very little research on these topics. Hence, an versatile and 

multipurpose SACs formation needs to be explored thoroughly. 

V. Exploring bimetallic SACs: Most importantly, instead of synthesizing only monometallic 
 

stability and synergistic effect may provide an alternate result in the field of catalysis. Our 
 

 

 

 

 

 

 

the number of active positions while improving their reactivity. To address this issue, 

SACs. In another way, even though there are several synthesis approaches are considered 

for the large-scale production of SACs, those strategies are mainly performed using carbon- 

based porous substrates whereas other substrate like silica, alumina, and some biological 

support such as cellulose, chitosan etc. are not explored for large scale SACs production. 

level ozone are key pollutants that have a significant impact on human health and the 

environment. It was observed that mainly expensive metals like Pt, Pd, and Rh, Ru etc. are 

also be used in air filtration technologies to eliminate air pollutants in homes or businesses; 

thoroughly investigated for electrocatalytic HER, OER, ORR, CO2, CO, NO, N2 reduction, 

oxidation states, SACs with mixed valency states can function differently for catalytic 

applications and they can also demonstrate greater stability. The mixed valency state of 

previously stated. Despite the fact that this emphasises the importance of SACs dual site 

SACs, bimetallic SACs may act efficiently as well as in the favour of economy. The 

insightful study on bimetallic SAC conveyed that, in case of bimetallic SACs, metal content 

optimisation is not thoroughly performed. Hence, during the synthesis of SACs, it is more 

accurate to tune the metal compositions based on their physical and chemical phenomenon. 

However, why are just alloy morphologies formed? Why aren't other shapes formed? By 

advancing the bimetallic SACs themes, this field of research needs to be explored 

systematically. We believe that by combining unique synthetic methodologies, advanced 

characterisation tools, and theoretical modelling, it will be able to gain a better 



understanding of SACs and realise aim of tweaking and creating catalysts on a single 

atomic scale. 
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