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Abstract: Electrocatalysis plays an essential role in diverse electrochemical energy 

conversion processes that are vital for improving energy utilization efficiency and mitigating 

the aggravating global warming challenge. The noble metals such as platinum are generally 

the most frequently used electrocatalysts to drive these reactions and facilitate the relevant 

energy conversion processes. The high cost and scarcity of these materials pose a serious 

challenge for the wide-spread adoption and the sustainability of these technologies in the long 

run, which have motivated considerable efforts in searching for alternative electrocatalysts 

with reduced loading of precious metals or based entirely on earth-abundant metals. Of 

particular interests are graphene-supported single atom catalysts (G-SACs) that integrate the 

merits of heterogeneous catalysts and homogeneous catalysts, such as high activity, selectivity, 

stability, maximized atom utilization efficiency and easy separation from reactants/products. 

The graphene support features a large surface area, high conductivity and excellent (electro)-

chemical stability, making it a highly attractive substrate for supporting single atom 

electrocatalysts for various electrochemical energy conversion processes. In this review, we 

highlight the recent advancements in G-SACs for electrochemical energy conversion, from 

the synthetic strategies and identification of the atomistic structure to electrocatalytic 

applications in a variety of reactions, and finally conclude with a brief prospect on future 

challenges and opportunities. 
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1. Introduction

Electrochemical energy conversion plays an essential role in addressing the global 

challenge in climate change and energy crisis. Consequently, extensive research efforts have 

been devoted to advanced electrochemical energy conversion technologies, such as water 

splitting, CO2 conversion, N2 reduction, fuel cells and metal-air batteries, that are critical for 

renewable energy harvesting, storage and efficient energy utilization.1 The performances of 

these devices strongly rely on the properties of the materials used in each component, 

particularly the catalysts employed at the electrode/electrolyte interface to decrease the kinetic 

barrier of the associated electrochemical processes for improving the energy conversion 

efficiency.2 As a result, considerable research efforts have been devoted to the development of 

highly active, selective, robust and cost-effective electrocatalysts. 

In this regard, homogeneous and heterogeneous catalysis were developed 

independently as two parallel frontiers, each with their own merits and limits.3 Homogeneous 

catalysis is characterized by the maximized atom utility efficiency, well-defined catalytic 

center and coordination configuration, which allows a rational design and synthesis of high-

performance catalysts based on the established structure-property correlation. However, in 

practical applications, homogeneous catalysis is often limited by the low stability and 

difficulty in separation from products and solvents. Although strategies have been explored to 

address these challenges by immobilizing the homogeneous catalysts on solid supports, none 

of them have thus far found use in industry mainly due to the insufficient stability of the 

immobilized catalysts and the extra cost imposed by the immobilization process.4 On the 

other hand, heterogeneous catalysts, particularly those based on nanostructured materials, 

have attracted increasing interest for their high stability, facile separation and recycling, and 

easy immobilization on electrodes. However, most heterogeneous catalysts feature a broad 

distribution of particle sizes and surface characteristics, posing serious challenges in 

fundamental mechanistic studies and the rational design of active sites with tailored activity 

and selectivity.5 Additionally, the heterogeneous catalysts typically show a limited atom 

utilization efficiency due to the limited surface active sites as most the atoms are embedded in 

the bulk. To this end, significant research efforts have been devoted to downsizing the particle 

size and engineering the surface morphology to achieve more surface sites, which is 

particularly important in precious metal-based catalysts where cost and scarcity are of serious 

concerns.6
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Single atom catalysts (SACs) with atomically dispersed metals on solid support 

represent the ultimate limit of nanoscale catalysts that bridge the gap between heterogeneous 

catalysts and homogeneous catalysts to deliver the combined merits of both.7-10 Due to the 

high surface free energy of single atoms, SACs are typically supported on substrates with high 

surface area and abundant anchoring sites to prevent aggregation during synthesis and 

catalytic processes.11,12 Typical substrates include metal surface, metal oxide, metal nitride, 

metal chalcogenide and nanocarbons, and SACs on these substrates have been applied to 

catalyze a wide range of chemical reactions, such as oxidation reactions, hydrogenation 

reactions, and electrocatalytic reactions.13-19 With well-dispersed SACs on a solid support, the 

metal-support interactions and coordination environment may be systematically varied. In this 

regard, the supporting substrate plays a critical role in tailoring the catalytic activity, 

selectivity and stability of SACs.

Graphene, a two-dimensional material consisting of a single layer of sp2-hybridized 

carbons arranged in hexagonal lattice, has extraordinary physicochemical properties and it has 

found applications in broad ranges of areas, such as electronics, sensing, polymer composites, 

energy storage and conversion.20 Graphene exhibits several unique features to make it an 

attractive supporting substrate for various nanostructured catalysts (such as nanoplates, 

nanoparticles or nanoclusters, nanowires)21-24 or SACs (Fig. 1). First, the atomically thin two-

dimensional (2D) nature of graphene features an ultrahigh theoretical surface area (2630 

m2/g) that is important for the uniform dispersion of metal atoms, particularly at high mass 

loading, and for the maximized exposure of the catalytic centers to the reactants. Moreover, 

the highly crystalline nature of the ultrathin graphene substrate provides an excellent platform 

for atomistic imaging of the exact coordination configuration of the metal centers by 

advanced characterization techniques, which is important for the fundamental understanding 

of the catalytic behavior for formulating design principles for future generations of catalysts.25 

Second, graphene exhibit excellent electrical conductivity for efficient transport of electrons 

to or from the catalytic sites, which is particularly important for electrocatalysis involving 

long-range charge transport. In comparison, SACs on metal oxide-based supports typically 

have rather low electrical conductivity and consequently their application areas are mainly 

limited to the conventional heterogeneous reactions (e.g., CO oxidation, water-gas shift 

reactions, oxidation and hydrogenation of organic molecules) where long-range electron 

transport is not a necessity.13 Third, graphene exhibits extraordinary chemical and 

electrochemical  stability over wide potential windows, and can withstand the harsh liquid 

electrolyte environment and large potential range that are typically encountered in 
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electrocatalytic processes. For example, in order to achieve efficient and stable operation of 

water splitting, a strong acid or base electrolyte is needed to increase the ionic conductivity 

and minimize the pH gradient occurred from the proton consumption and production at the 

cathode and anode, respectively.26 Such a requirement limits the choice of stable catalysts and 

excludes most of SACs supported on metal or metal oxide due to the insufficient stability in 

such highly corrosive media. Lastly, defects engineering and chemical doping in graphene 

offers an additional degree of freedom to tailor the anchoring sites for the dispersion of SACs, 

which provides a rich playground for exploring synthetic strategies and tuning metal-support 

interactions.27 In particular, pristine graphene sheets are not good supports for SACs since the 

adatoms on the dangling-bond free graphene sheets are highly mobile and could easily 

aggregate due to their low migration energy barrier.28 Calculation results suggested that the 

transition metal adatoms on pristine graphene had binding energies of 0.2-1.5 eV and 

migration barriers of 0.2-0.8 eV, indicating that the adatoms should be mobile at room 

temperature. To this end, the generation of defective sites in graphene provides various 

possible bonding configurations for metal atoms, such as single and double vacancies.29 The 

metal atoms can be anchored by the defective sites of graphene as a substitutional or 

interstitial dopant and form metal-vacancy complexes with much higher binding energies that 

ensure its stability, as has been demonstrated by both experiments and calculations.28-31 

Besides, a wide range of heteroatoms (e.g., N, B, O, S) can be incorporated within graphene 

lattice to serve as potential anchoring sites for metal atoms with diverse coordination 

geometries, providing a new dimension to tune the interaction between metal atoms and the 

coordination environment.32 

Fig. 1   Graphene as supports for nanostructured catalysts. Schematic illustration of graphene 

supports for different types of nanostructures, including nanoplate, nanowire, nanoparticles 
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and single atomic metals. Image of nanoplate on graphene: reproduced with permission from 

Wang et al.21 Copyright 2010 American Chemical Society. Image of nanowire on graphene: 

reproduced with permission from Hu et al.22 Copyright 2017 Wiley-VCH. Image of 

nanoparticles on graphene: reproduced with permission from Kundu et al.23 Copyright 2011 

American Chemical Society. Image of single atomic metals on graphene: reproduced with 

permission from Deng et al.33 Copyright 2015 American Association for the Advancement of 

Science.     

With its intriguing physicochemical properties and versatility in chemical 

functionalization, the exploration of graphene as supports for SACs has attracted intense 

research interests and endeavors in the past few years. This review provides an overview of 

the recent progress in graphene-supported SACs (G-SACs) for electrochemical energy 

conversion processes. We will begin with recent theoretical and experimental efforts in 

establishing the correlation between the structure and catalytic properties of G-SACs, 

elaborating how the catalytic behaviors could be tuned or influenced by tailoring the 

electronic interaction between metal atoms and graphene support. We will then summarize the 

various synthetic strategies developed to access G-SACs, the recent advancements in the 

identification of the atomistic structure and their applications in different types of 

electrochemical energy conversion processes, including oxygen reduction reaction (ORR), 

hydrogen evolution reaction (HER), oxygen evolution reaction (OER), CO2 reduction reaction 

(CO2RR), N2 reduction reaction (NRR) and so on. Finally, we briefly discuss about the 

challenges and opportunities ahead.  

2. Understanding structure-activity correlation

The activity of an electrocatalyst system can be generally improved by either 

increasing the number of active sites (e.g., through the increased loading or minimizing the 

size to increase exposed active sites) or enhancing the intrinsic activity of each active site (Fig. 

2).2 For catalysts based on transition metals, it has long been established that the intrinsic 

activity is highly dependent on the strength of the adsorbate-surface interaction and hence on 

the surface electronic structure (the d-band center).34 With respect to traditional 

heterogeneous catalysts of metal surfaces, the regulation of their electronic structure and 

hence catalytic activity has been realized by alloying, sizing, defects, strain, interface, 

geometry, etc.35-37 In the case of the homogeneous catalysts with organometallic compounds, 

the variability in their reactivity can be generally achieved by tuning the ligand-field effect, 
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which is governed by the central metal center as well as its chemical and structural 

coordination environment.38 Considering that G-SACs can be regarded as the mimics of 

organometallic complexes by having the metal center and neighboring coordinators 

accommodated in the π-conjugated graphitic carbon, the concept of electronic modulation by 

ligand-field effects can be transferred to some degree from the familiar paradigm of 

homogeneous catalysis to G-SACs. In this regard, the intrinsic activity of G-SACs can be 

regulated by various factors, including the metal identity, the coordination configuration of 

the metal center, the Lewis acidity/basicity (electron-donating/withdrawing capability) of the 

graphene substrate and the metal location (edge site versus basal plane site) (Fig. 2). A 

fundamental theoretical understanding on how these factors influence the catalytic activity 

along with experimental validations is central for defining the basis for the rational design of 

new generations of high-performance G-SACs. 

Fig. 2   Overview of factors affecting the intrinsic activity and active sites number in G-SACs.

In recent years, numerous theoretical simulations have been performed on G-SACs to 

explore their potential applications in electrocatalysis with focus on establishing the 

correlation between the local atomic structure and the catalytic properties. Choi et al. 

performed a high-throughput computational search for hydrogen electrocatalysts based on the 

porphyrin-like complexes embedded in the graphene lattices (Fig. 3A).27 The regulation in the 

electronic structure of these motifs was achieved by varying the metal center (30 d-block 

transition metals), the coordination atoms (B, C, N, O, S) coordinated to the metal center, and 

the coordination geometry (threefold and fourfold coordination geometries at the mono-

vacancy and di-vacancy sites, respectively). The consideration of these variables produced a 
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large candidate pool (300 combinations), among which 180 combinations passed the complex 

stability screening test while the others would form metal aggregates. The stability screening 

test further suggested that C and N are the best coordination atoms and they predominantly 

adopt the threefold (3C) and fourfold (4N) configurations, respectively. The catalytic activity 

of the selected combinations was then evaluated with the descriptor based on the free energy 

of the hydrogen adsorption on the metal centers. The screening results reveal that the majority 

of the active and stable catalysts were related to the 3C configuration (Fig. 3B), attributed to 

the free orbitals of threefold-coordinated metal center that can interact more strongly with the 

hydrogen 1s orbital. In another study, Xu et al. developed a theory-based universal design 

principle to evaluate the catalytic activity of G-SACs toward a variety of reactions, including 

ORR, OER and HER.39 A total of 112 G-SACs models were constructed on various transition 

metal atoms embedded in graphene with four types of configurations (Fig. 3C), including a 

mono-vacancy with three carbon atoms (SV-C3), a di-vacancy with four carbon atoms (DV-

C4), four pyridine nitrogen atoms (pyridine-N4), and four pyrrole nitrogen atoms (pyrrole-N4). 

A complex descriptor, associated with the electronegativity of the metal atom, coordination 

atom type and coordination number, was identified to intimately correlate with intermediate 

adsorption strength and thus catalytic activities, and used to predict highly active G-SACs 

with specific active centers (e.g., Fe-pyridine/pyrrole-N4 for ORR, Co-pyrrole-N4 for OER 

and Mn-pyrrole-N4 for HER). Similar theoretical efforts have been performed to understand 

the influence of local chemical and structural environments of the metal centers on their 

catalytic activity and selectivity toward CO2RR, CO reduction, and NRR.40-42 
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Fig. 3   Theoretical studies on the correlation between structure and intrinsic catalytic activity 

in G-SACs. (A) Illustration of the possible transition metal-embedded graphene complexes 

forming the initial material pool for the search of hydrogen electrocatalysts. (B) Descriptor-

based screening results of G-SACs catalyst candidates based on activity and stability. The 

lower-left quadrant contains materials that passed both criteria. Reproduced with permission 

from Choi et al.27 Copyright 2015 Wiley-VCH. (C) Schematic of a transition metal atom 

embedded in graphene with different coordination environments. From left to right: mono-

vacancy with three carbon atoms (SV-C3), di-vacancy with four carbon atoms (DV-C4), four 

pyridine nitrogen atoms (pyridine-N4), four pyrrole nitrogen atoms (pyrrole-N4). Reproduced 

with permission from Xu et al.39 Copyright 2018 Nature Publishing Group.

Despite considerable progress in theoretical studies, to experimentally establish the 

exact structure-to-property correlation in G-SACs remain challenging mainly due to the 

difficulties in accessing G-SACs with well-defined and controllable atomistic structure, and 

the technical difficulties in unambiguously identifying the exact atomic structure of G-SACs. 

Unlike homogeneous catalysts where precise synthetic chemistry can guide the synthesis and 

modification of active sites, current progress in the synthesis of G-SACs primarily involves a 

trial-and-error approach. For instance, high-temperature pyrolysis of mixed precursors 

represents the most frequently used approach to metal-nitrogen-carbon (M-N-C) catalysts 

with atomic MNx active sites, which however usually leads to the formation of atomic metal 

sites mixed with metal aggregates.43 Furthermore, diverse coordination configurations could 

be simultaneously formed in a given M-N-C catalyst.44 These structural and compositional 

heterogeneities severely complicate the identification of the active site and further the 

correlation between the structure and catalytic properties. Nevertheless, a few experimental 

efforts have recently been carried out, aiming at establishing such correlations. For example, 

our group recently developed a general approach to a series of atomic transition metals (Fe, 

Co, Ni) embedded in nitrogen-doped graphene with a common MN4C4 moiety, which can be 

described as the metal atom occupying the di-vacancy in graphene lattice with coordination to 

four pyridinic N (Fig. 4A).25 The well-defined atomistic structure and the systematically 

tunable metal center in the different catalysts provided an ideal model system to correlate the 

specific metal center with the catalytic property. Density functional theory (DFT) calculation 

and electrochemical measurements suggested that the catalytic activity toward OER were 

strongly dependent on the metal center with the activity following the trend Ni > Co > Fe. In 

another example, Wang et al. synthesized a series of graphene-supported single atomic Co 
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with varied numbers of N coordinators, as identified by EXAFS spectra (Fig. 4B, C). 

Experimental and theoretical explorations on applying these materials as CO2RR catalysts 

suggested that the decrease in the number of coordinating N atoms would result in more 

unoccupied 3d orbitals of Co atoms, resulting in an increase of the absorption of reaction 

intermediates and thus the catalytic activity.45 Moreover, the modification in the coordination 

configuration of the metal center in G-SACs by secondary binding sites (e.g., boron, sulfur, 

chlorine, carbon monoxide) in addition to the nitrogen sites have recently been employed to 

modulate their electronic structure and catalytic behaviors.46-50

Fig. 4   Representative experimental studies on the correlation between structure and intrinsic 

catalytic activity in G-SACs. (A) Illustration of the trend for the catalytic activity toward OER 

for MN4C4 moieties supported in graphene lattices. Adapted with permission from Fei et al.25 

Copyright 2018 Nature Publishing Group. (B) Schematic illustration of the dependence of 

CO2RR catalytic behavior on the coordination configurations. (C) EXAFS spectra for 

different atomic catalysts. Adapted with permission from Wang et al.45 Copyright 2018 

Wiley-VCH. (D) Model structures of the bulk-hosted and zigzag edge-hosted FeN4. Adapted 
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with permission from Chung et al.51 Copyright 2017 American Association for the 

Advancement of Science. 

Considering that the graphene substrate constitutes an integral part of the active site 

with covalent bonding rather than merely serves as an electrical conductor in G-SACs, its 

properties such as Lewis acidity/basicity and the location of the active sites in the substrate 

could also play important roles in determining the intrinsic activity of G-SACs. Ramaswamy 

et al. elucidated the relationship between the ORR catalytic activity of atomic Fe-Nx moieties 

and the basicity of the π-conjugated carbon support in Fe-N-C catalysts.52 It was suggested 

that the electron-donating or withdrawing capability of the graphene support resulted from its 

delocalized π-electrons could regulate the d-orbital configuration of the metal center and 

consequently the chemisorption strength of O2 and reaction intermediates on the active site. In 

another study, Zitolo et al. measured the pKa of the surface nitrogen groups in their Fe-N-C 

catalysts and found that the higher ORR activity of the NH3-annealed catalyst correlated well 

with their higher basicity than that of the non-annealed counterpart.43 Chung et al. obtained 

the atomic-scale images of ORR-active FeN4 moiety in Fe-N-C catalyst by aberration-

corrected scanning transmission electron microscopy (AC-STEM) and confirmed such 

structure by electron energy-loss spectroscopy (EELS) with single-atom resolution.51 Based 

on the quantum chemical calculation results and the observation that the dispersed Fe single 

atoms were preferably located at the surfaces of the graphitic domains or step edges in 

multilayer graphene, it was suggested that the edge-hosted FeN4 sites rather than bulk-hosted 

FeN4 primarily contribute to the observed ORR activity  (Fig. 4D).  The enhanced catalytic 

contribution of edge-hosted MNx moieties was confirmed by later studies that synthesized G-

SACs with a high fraction of the edge-hosted sites by porosity engineering in the graphene 

matrix.53-55 

3. Synthetic strategies

A prerequisite for studying G-SACs is to stabilize the single atomic metals onto the 

support of graphene layers. The preparation of G-SACs is challenging due to the mobility of 

the metal atoms and their tendency to agglomerate during synthesis and post-treatments. 

Pristine graphene is not a good support for G-SACs since most metal adatoms usually exhibit 

a rather low migration barrier and high mobility on pristine graphene even at room 

temperature.29 Therefore, the generation of defective sites or functionalization of graphene are 
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generally required to create anchoring sites to stabilize metal atoms without the formation of 

metal aggregates. We summarize below the synthetic strategies toward G-SACs.  

3.1. Pyrolysis and thermal activation

The pyrolysis and thermal activation of precursors at high temperature remain the 

most widely adopted method to obtain single atomic metals supported on graphene or 

graphene-like nanocarbons with small domains of graphene surrounding the metal centers. 

The pyrolysis method is simple, scalable and does not require sophisticated instrumentation, 

and therefore can be readily carried out across different laboratories. Furthermore, there are 

versatile precursors to choose from for the optimization of metal doping and nanostructure 

engineering that are critical in determining the catalytic activity. The precursors used for 

pyrolysis can be generally divided into three different categories: molecular/polymeric 

precursors, graphene oxide (GO) and metal organic frameworks (MOFs). 

3.1.1. Molecular/polymeric precursors

Transition metal macrocycles, such as Fe and Co porphyrins or phthalocyanines, were 

the first studied precursors for synthesizing M-N-C catalysts through pyrolysis at high 

temperature (typically above 700 °C).43  It was later shown that the replacement of these 

expensive macrocycles was possible by pyrolyzing separate metal-, nitrogen- and carbon-

containing precursors and since then different combinations of metal salts and N/C-containing 

precursors have been investigated, such as imidazole, pyrrole, melamine, formamide, 

polyaniline and polydopamine.56-61 For example, Zhao et al. developed a cascade anchoring 

strategy to synthesize a wide range of carbon-supported single atomic metals (e.g., Fe, Co, Cu, 

Mn, Ni, Mo) with metal loading up to 12 wt%.62 During the synthesis, the metal ions were 

firstly chelated with glucose and further anchored onto oxygen-functionalized porous carbon 

to isolate the metal ions (Fig. 5A). The complex was then mixed with melamine as nitrogen 

source, which would release carbon nitrogen species (CNx) during high-temperature pyrolysis 

to bind with metal atoms to form MNx moieties. The resulted composite exhibited uniform 

distribution of Fe and N elements (Fig. 5B). With systematic experimental comparisons, it 

was found that the chelation of metal ions, physical isolation of chelate complex, and the 

binding with N-species at high temperature were critical in achieving atomic metal dispersion 

at high loading. 

The choice of precursors is not only important for the effective implantation of atomic 

M-Nx species into carbon but could also affect the structure and porosity of the carbon support. 
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For example, Chung et al. deliberately combined precursors of polyaniline and cyanamide to 

synthesize a catalyst that exhibited both porous structure and high intrinsic catalytic activity.51 

Precursors containing multiple heteroatoms (e.g., sulfur, boron, phosphorus) other than 

nitrogen could be included to introduce multiple types of dopants to modify the local 

coordination configuration of the metal center or tune the electronic properties of the carbon 

support, which could both be applied to regulate the catalytic performances.46,48,63-65 

Fig. 5  (A) The cascade anchoring strategy for the synthesis of carbon-supported single atomic 

metals. First, glucose as chelating agent sequesters metal ions and binds to O-rich carbon 

support. Second, the chelated metal complexes secure metal atoms via the decomposed 

residues at elevated temperature. Third, CNx species decomposed from melamine at higher 

temperature capture metal atoms to generate M-Nx moieties incorporated in the pyrolyzed 

carbon substrate. (B) HAADF-STEM image and EELS mapping images of Fe, N and overlaid 

Fe and N. Scale bar, 2 nm. Reproduced with permission from Zhao et al.62 Copyright 2019 

Nature Publishing Group. (C) The preparation route to single atomic atoms on nitrogen-doped 

graphene by a two-step mixing and annealing process with GO as precursor. Reproduced with 

permission from Zhang et al.66 Copyright 2017 American Chemical Society.

3.1.2. GO as precursors
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GO is an oxidized form of graphene and it is typically prepared by the oxidation of 

graphite followed by solution-phase exfoliation.67 Because of the solution-based processing of 

GO, it has desirable manufacturability for scalable production and therefore has become one 

of the most popular starting materials to graphene-based nanomaterials for wide ranges of 

application areas, especially those where mass-production is required such as energy storage, 

catalysis, composite materials and coating.24,68 The surface of graphene oxide is enriched with 

a high density of oxygen functional groups, including carboxyl, hydroxyl, carbonyl and epoxy, 

and these functional groups provides handful opportunities for surface modification and 

functionalization. To date, research on GO has mainly focused on their restoration by 

chemical or thermal reduction to pristine graphene alternatives (reduced graphene oxide, 

rGO) for applications in electronics, electrocatalysis, energy storage.69-71 Recently, the 

intrinsic defects in rGO resulting from the removal of carbon-containing by-products such as 

CO and CO2 gas during the reduction process have been used to stabilize single atomic 

metals.25 The synthetic procedure typically involved simple two-step treatments (Fig. 5C).66 

The first step was the mixing of metal precursor and GO in aqueous solution with the 

negatively charged functional groups on GO providing anchoring sites for the metal ions. 

After being freeze-dried to prevent the restacking of GO nanosheets, the mixture was 

annealed in NH3 atmosphere at high temperature, during which GO was reduced to rGO and 

nitrogen dopants were introduced into the carbon lattices as the effective binding sites for the 

individual metal atoms. It is critical to precisely control the amounts of metal precursor added 

in order to achieve maximized activity while preventing the metal aggregation. Unlike other 

carbon precursors, the reduction of GO to highly conductive rGO does not require the 

catalyzing effects of metals for the formation of conductive graphitized carbon and therefore 

excessive addition of metal precursors can be avoided, which is beneficial for the 

achievement of exclusive or predominant atomic metal dispersion. This method has been 

employed to prepare a variety of atomic metals (e.g., Fe, Co, Ni, Ru, Mn, Sc) dispersed in 

nitrogen-doped graphene.25,66,72-75 

However, the preparation of G-SACs by thermally annealing the mixture of GO and 

metal precursors typically involves prolonged heating treatment, which is not only time- and 

energy-consuming, but also could cause aggregation of metal atoms. To this end, our group 

recently developed a facile and rapid strategy to prepare a series of monodispersed atomic 

transition metals (e.g., Co, Ni, Cu) by microwave irradiating the mixture of amine-

functionalized GO and metal precursors with conventional microwave oven.76 The microwave 

treatment can simultaneously induce the reduction of GO, the doping of nitrogen and the 
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incorporation of metal atoms into the graphene lattices. In addition, the microwave treatment 

is so rapid (~ 2 s) that there is less chance for metal aggregation to occur, resulting in the 

predominant presence of atomic species. 

3.1.3. MOFs as precursors

With rich structural diversity, high porosity, tailorable compositions and versatile 

functionality, MOFs have been widely used as precursors to create nanostructured materials 

(e.g., porous nanocarbons, metal carbides, nitrides, phosphides and oxides) by high-

temperature pyrolysis.77 Compared to other approaches to nanostructured materials, the 

pyrolysis of MOFs offers controllability in size, shape, composition and porosity and allow 

the integration of diverse functionalities in one step.78,79 Recently, the pyrolysis of MOFs has 

been demonstrated as an effective method to access G-SACs, and careful synthetic design is 

critical to ensure the uniform distribution and spatial separation of the metal sites in order to 

prevent their aggregation during pyrolysis.55,80-90 For example, Yin et al. achieved the atomic 

dispersion of Co atoms on nitrogen-doped porous carbon by pyrolyzing Zn/Co bimetallic 

MOFs with homogeneous distribution of Zn and Co in the framework.89 The addition of Zn2+ 

as metal nodes in the MOFs serve as spacer to dilute Co2+ and it can be evaporated away at 

high temperature due to its low boiling point. By carefully controlling the molar ratio of Zn 

and Co, catalysts with Co predominantly in the form of single atoms could be achieved. 

Motivated by these results, Wu et al. synthesized nitrogen-coordinated single Mn sites 

supported on graphitic carbon through the pyrolysis of Mn-doped ZIF-8 precursors.91 Unlike 

the case of Co2+, Mn2+ cannot easily exchange with Zn2+ in ZIF-8 and therefore only a limited 

number of atomic Mn sites were introduced into the carbon matrix by the one-step pyrolysis 

treatment. In order to increase the Mn loading, the pyrolyzed products with a high degree of 

microporosity was further used as host materials to absorb additional metal and nitrogen 

sources, followed by secondary thermal activation (Fig. 6A). With such a two-step doping and 

adsorption strategy, the atomic Mn loading was significantly increased, resulting in excellent 

catalytic activity. 

The preparation of atomically dispersed noble metals (e.g., Ru, Pt, Au) by the strategy 

of converting the atomically dispersed metal nodes in situ from MOFs was hindered as these 

metals were rarely used as the metal nodes of MOFs. To circumvent this limitation, Wang et 

al. utilized the uncoordinated -NH2 group on the skeletons of MOFs structure as the Lewis 

base to immobilize Ru precursor. Benefited from the strong interaction between the lone pair 

electrons and d-orbital of Ru ion, single Ru sites were prepared without obvious aggregation 
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during high-temperature pyrolysis, while Ru clusters were found in the sample without the 

assistance of -NH2 groups.92 Zhao et al. found that the metal precursor need not to be pre-

mixed within the MOF. Rather, they developed a gas-migration strategy to access a series of 

metal atoms (Cu, Co, Ni) via direct thermally emitting from bulk metals and the subsequent 

trapping on MOF-derived nitrogen-rich carbon with the assistance of NH3.84 This gas-

migration strategy is general in producing different types of atomic metals and easy to scale 

up as it avoids the complex operating steps and sensitive conditions encountered in the 

conventional method. With the similar strategy, Sun and coworkers reported a metallorganic 

gaseous doping method to synthesize single Fe atoms by evaporating iron organic compound 

of ferrocene and trapping into ZIF-8 precursors placed at the downstream during thermal 

activation.93 Besides MOF-derived nanocarbon, graphene oxide was used as the trapping 

agent to anchor atomic Pt via the thermal emitting method.94 

Fig. 6   (A) Schematic for the synthesis of atomically dispersed MnN4 sites. In the first step, 

Mn-doped ZIF-8 were carbonized and leached with acid to prepare a partially graphitized 
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carbon host with optimal nitrogen doping and microporous structures. In the second step, 

additional Mn and N sources were adsorbed into the carbon host by a thermal activation to 

generate increased density of MnN4 active sites. Reproduced with permission from Li et al.91 

Copyright 2018 Nature Publishing Group. (B) Scheme of the transformation of nanoparticles 

to single atoms and structural characterizations of Pd single atoms. (C) Energy dispersive X-

ray spectroscopy elemental mapping results of Pd, N and C, showing their uniform 

distribution. (D) HAADF-STEM image of Pd single atoms. (E) Fourier transforms of k3-

weighted Pd K-edge EXAFS experimental data for Pd nanoparticles and Pd single atoms, 

showing the coordinating atoms adjacent to Pd atoms before and after pyrolysis. Reproduced 

with permission from Wei et al.86 Copyright 2018 Nature Publishing Group.

Taking a step further, Yang et al. reported that Ni nanoparticles within MOF-derived 

N-doped carbon can be transformed into Ni single atoms through a thermal diffusion 

mechanism, during which the Ni nanoparticles could break C-C bonds to generate pores on 

the surface and at the same time the Ni atoms split from the nanoparticles could be bound to 

the N-rich defects due to the strong M-N interaction, resulting in the atomization of Ni 

nanoparticles.95 In another work, Li and coworkers found that noble metal nanoparticles (Pd, 

Pt, Au) embedded in N-doped carbon derived from ZIF-8 can be transformed into single 

atoms at high temperature in an inert atmosphere (Fig. 6B).86 The dynamic process for the 

transformation was directly observed by in situ environmental TEM. Specifically, ZIF-8 

nanocrystals with embedded metal nanoparticles were heated at 900 °C under an inert 

atmosphere for 3 h and the morphologic evolution of the nanocomposite during different 

heating stages was recorded by STEM. The metal nanoparticles firstly grew larger and the 

size distribution became less homogeneous. Subsequent heating led to the amorphization of 

the metal nanoparticles and the decrease in the number of nanoparticles. After extensive 

pyrolysis, the remaining metal nanoparticles were digested within the substrate. 

Characterizations by the energy dispersive X-ray spectroscopy analysis, AC-STEM and 

EXAFS confirmed that the metal atoms were atomically dispersed in the carbon matrix (Fig. 

6C-E). Detailed experimental studies by TEM and DFT calculations revealed that the high 

temperature transformation from metal nanoparticles to metal atoms was driven by the 

formation of M-N4 moiety that is more thermodynamically stable than the metal nanoparticles.
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Fig. 7   Summary of synthetic strategies toward G-SACs. (A) HRTEM image, simulated 

image and atomic model of a Pt atom trapped in a di-vacancy of graphene. The left panel 

shows the schematic illustration of the metal ions irradiating graphene surface. Reproduced 

with permission from Wang et al.29 Copyright 2012 American Chemical Society. (B) 

Schematic illustration of the ball milling approach to graphene-supported FeNx moieties. (C) 

Schematic illustration of Pd atoms on graphene synthesized via a two-step process of 

anchoring sites creation and Pd ALD. Reproduced with permission from Yan et al.96 

Copyright 2015 American Chemical Society. (D) Schematic for the synthesis of atomically 

dispersed Pt by the ultralow-temperature photochemical reaction, during which the nucleation 

process of isolated atoms was prevented. Reproduced with permission from Wei et al.97 

Copyright 2019 Royal Society of Chemistry. (E) Schematic of the ultra-low temperature 

solution reduction process. The nucleation of reduced metal atoms can be significantly 

suppressed mainly due to the sluggish thermodynamics and kinetic process. Reproduced with 

permission from Huang et al.98 Copyright 2019 Nature Publishing Group. (F) Schematic 

illustration of surface immobilization of transition metal ions on N-doped graphene via ion 

adsorption. Reproduced with permission from Bi et al.99 Copyright 2018 Wiley-VCH.

3.2. Electron/ion irradiation 
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High-energy electron/ion bombardment has been demonstrated as an effective method 

to generate defects and vacancies in graphene, which are then able to trap mobile transition 

metal atoms. A variety of metal atoms (e.g., Fe, Cu, Co, Pt) have been successfully 

incorporated into the graphene lattices by this approach.29,100 For example, Wang et al. 

developed a two-step process to dope graphene with Fe atoms: create carbon vacancies using 

energetic Au or B species ejected from laser ablation and fill these vacancies with Fe atoms 

by focused ion beam in the presence of Fe precursor (Fig. 7A).29 It was suggested that the 

defect structure was affected by the energy and the incident angle of the bombarding species 

and therefore the refinement of the process was important to selectively generate vacancies 

for hosting metal dopants. Another related study showed that focused electron beam 

irradiation using TEM operated at an accelerating voltage of 80 kV was able to generate 

vacancies for metal doping in graphene with 10 × 10 nm2 spatial control.100 Metal atoms were 

most frequently observed at mono-vacancy and di-vacancy sites of graphene, and in some 

cases at topological defects. This method has the advantage of enabling the in situ study on 

the structure of the metal atoms and their migration behaviors.101 However, the irradiation 

method lack the capability of mass production and its application for catalysis has yet to be 

demonstrated.   

3.3. Ball milling

Ball milling is a common technique in the powder production industry and it is a 

process where the moving balls apply their kinetic energy to the materials, reconstructing the 

chemical bonds of materials and producing fresh surfaces. In addition, a high-energy ball 

milling process has the capability to create a local high temperature up to 1000 °C and high 

pressure up to several GPa, and it has been demonstrated as a powerful tool for the synthesis 

and modification of materials, such as organics and carbon-based nanomaterials.102 For 

instance, ball milling has been applied for the exfoliation of graphite into graphene as well as 

the fragmentation and chemical functionalization of graphene.103 More recently, Deng et al. 

used ball milling approach to synthesize well dispersed single atomic FeN4 moieties within 

graphene matrix at a large quantity with iron phthalocyanine (FePc) and graphene nanosheets 

as precursors (Fig. 7B).33 For the formation mechanism, it was proposed that the outside 

macrocyclic structure of FePc could be destroyed by ball milling, leaving the residual isolated 

FeN4 center to interact with the defective sites of graphene, meanwhile the adjacent carbon 

atoms of FeN4 could further reconstruct to finally form the graphene-embedded FeN4 centers. 

The atomic Fe content was estimated to be ~ 2.7 wt% by inductively coupled plasma (ICP) 
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and further increasing the metal loading would lead to agglomeration. The generality of this 

method to prepare various atomic 3d transition metals (e.g., Mn, Fe, Co, Ni, Cu) within 

graphene lattices was demonstrated later by the same group.104

3.4. Atomic layer deposition 

Atomic layer deposition (ALD) is a promising bottom-up technique to prepare 

catalysts with atomic precision. During the fabrication process, a substrate is alternately 

exposed to a series of reactive precursors, which react in a self-limiting manner to deposit 

materials in an atomic layer-by-layer fashion.105 As the technique is based on chemisorption, 

deposition only happens on reactive surface sites and therefore it is possible to realize area-

selective ALD. When graphene nanosheets are used as substrate for dispersing single atomic 

metals by ALD, they need to be pre-treated to introduce nucleation sites for selective 

deposition. Yan et al. reported the synthesis of graphene-supported Pd single atoms by the 

ALD technique (Fig. 7C).96 The generation of anchoring sites on perfect graphene nanosheets 

was achieved by firstly oxidizing graphite into graphite oxide, followed by thermal exfoliation 

and deoxygenation through high-temperature reduction to precisely tune the type and amounts 

of surface oxygen functional groups. It was suggested that isolated phenols or phenol-

carbonyl pairs on the graphene were the primary anchoring sites for metal atom deposition 

during ALD. With a similar procedure, Sun et al. fabricated Pt atoms on oxygenated graphene 

nanosheets and found that the size, density and loading of Pt on graphene can be precisely 

controlled by adjusting the number of ALD cycles.106 Moreover, nitrogen-doped graphene has 

also been demonstrated as an effective substrate to support Pt atoms with enhanced interaction 

between metal and N sites.107,108 However, due to the scalability and cost issues, the capability 

of ALD technique to produce catalysts for commercial applications is still limited in its 

current format.8   

3.5. Photochemical reduction

Photochemical reduction chemistry involves the absorption of photons and 

electronically excited states and it has been widely employed to synthesize nanocrystals.109 

Recently, Wu and coworkers developed an iced-photochemical reduction method to 

synthesize Pt single atoms (Fig. 7D). H2PtCl6 aqueous solution was firstly frozen to yield an 

ice layer with a homogeneous distribution of Pt precursor and then the frozen solution was 

exposed to UV irradiation to reduce Pt precursor into Pt atoms.110 During the photoreduction 

process, the ice lattice confined the dispersed reactants and therefore suppressed nucleus 
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formation. Subsequently, the melted solution containing Pt atoms was mixed with different 

types of substrates such as defective graphene that provided anchoring sites to stabilize Pt 

atoms. The same group later developed an ultralow temperature photoreduction process to 

synthesize Pt single atoms by firstly UV-irradiating H2PtCl6 precursor in an antifreeze 

solution containing ethyl alcohol and water at – 60 °C and then mixed with nitrogen-doped 

mesoporous carbon.97 The ultralow reaction temperature can effectively prevent the 

nucleation and aggregation of isolated metal atoms in solution. Wang et al. developed a 

modified photoreduction process, in which PtCl6
2- ions were firstly absorbed on nitrogen-

doped porous carbon with rich absorption sites (e.g., nitrogen and oxygen heteroatoms), high 

porosity and abundant defects that are beneficial for the absorption of metal ions.111 The 

carbon with absorbed PtCl6
2- ions in solid state was then irradiated with UV light to realize 

the reduction of PtCl6
2- ions to Pt atoms supported on carbon. The as-prepared Pt atoms were 

well-dispersed on the carbon without formation of clusters or nanoparticles. The 

photochemical reduction process is considered to be green and simple, but it is mainly used to 

synthesize noble metal atoms. Its generality for synthesizing non-noble metal atoms remain 

questionable considering the limited reducing capability of UV light. 

3.6. Solution-phase synthesis

The rapid nucleation and growth of solid-state products during solution-phase 

synthesis make the formation of ultrafine nanoclusters or metal single atoms challenging. 

Recent research efforts suggest that metal single atoms can be obtained by solution-phase 

synthesis provided that the kinetics for the nuclei formation could be significantly reduced or 

strong metal-support interaction could be introduced. Wu et al. developed a low-temperature 

(– 60 °C) solution synthesis of single atomic Co supported on nitrogen doped mesoporous 

carbon through the liquid-phase reduction of CoCl2 with hydrazine hydrate using a 

water/alcohol mixed solvent having low freezing point (Fig. 7E).98 The low reaction 

temperature was found to be critical in suppressing nuclei formation to ensure atomic metal 

dispersion. Zhang et al. immobilized single atomic Pt onto the nitrogen-doped carbon 

nanocages by simply dispersing the nanocarbon into H2PtCl6 aqueous solution, followed by 

filtration, washing and mild drying.112 Combined experimental and theoretical investigations 

suggested that the micropore trapping and nitrogen anchoring from the nanocarbon substrate 

was beneficial for trapping the metal ion and the derived Pt single atoms. Such impregnation-

adsorption method was employed to synthesize atomically dispersed Ni and Cu by immersing 

nitrogen-enriched graphene in the corresponding solution of metal precursors, followed by 
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mild post-treatments (Fig. 7F).99,113 Besides nitrogen dopants, graphene functionalized with 

nitrile groups and carboxy groups was employed to anchor metal atoms (Cu and Fe) as the 

nitrile groups and carboxylated groups could serve as strong and selective ligands for the 

metal ions.114 The solution-phase synthetic method is simple, general and potentially suitable 

for mass production. 

4. Identification of atomistic structure by synchrotron X-ray absorption spectroscopy 

Recent years have witnessed much progress in the synergistic efforts of theoretical and 

experimental studies in the rational design of high-performance electrocatalysts.2 At the 

foundation of such design lays the catalyst’s atomistic and electronic structure that dictates the 

reaction mechanism and intrinsic activity trends. However, the unambiguous identification of 

the atomistic structure of the active sites in G-SACs represents a serious challenge largely due 

to the non-crystallographic ordering of the metal atoms and the heterogeneity in structure and 

composition.43 Several characterization techniques, such as STEM, Mössbauer spectroscopy, 

X-ray photoelectron spectroscopy (XPS) and electron paramagnetic resonance (EPR) 

spectroscopy, have been used to probe the atomistic or electronic structures of SACs.8,13,46 

Recently, a blossoming interest has been paid to synchrotron X-ray absorption spectroscopy 

(XAS), which can provide valuable information about the coordination environment and the 

chemical state of the probed atom in an element-selective way. Moreover, with the capability 

of hard X-rays to penetrate the electrode through the catalyst/electrolyte interface, XAS 

allows the study of the dynamic process of electrochemical reactions under in-situ/operando 

conditions, which is essential for establishing a more precise structure-activity relationship 

and thus a fundamental understanding of the key factors governing these reactions. Rapidly 

increasing number of publications on these subjects have proved XAS to be a well-suited and 

powerful technique for characterizing G-SACs.25,43,44,46,115 Nonetheless, unambiguously 

extracting exact atomistic and electronic structure by XAS remains neither trivial nor 

straightforward and the complementary use of different techniques is often needed. Here we 

focus our discussion on recent efforts in the employment of XAS in identifying the atomistic 

and electronic structure of the active sites in G-SACs. By examining the advantages and 

disadvantages of different XAS analysis methods, we describe a global strategy for the 

structural identification by XAS that can reduce loose ends to a minimum, likely serving as a 

general guide for future studies facing the structural characterization of G-SACs.

4.1. Brief introduction to XAS basics
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XAS measures the X-ray absorption coefficient of a material as a function of X-ray 

photon energy (Fig. 8A). The incident X-ray photon energy scans through a specific element 

threshold to excite inner-shell electrons to the unoccupied continuum level (Fig. 8B), resulting 

in a sharp rise at certain energies (the absorption edge) and a series of oscillatory structure 

that contains unique signature of a given material. XAS can be roughly divided into two 

regions (Fig. 8A), the X-ray absorption near edge structure (XANES) and extended X-ray 

absorption fine structure (EXAFS) for their different origins, and thus they will be treated 

differently with emphasis on different information that can be provided. Specifically, in the 

frame of the single/multiple scattering approach (Fig. 8C), the EXAFS oscillations obtained 

by data reduction can be interpreted by the well-known standard EXAFS equation expressed 

as the sum of a series of sine-function-like scattering signals from different coordination 

shells.116 By modeling and least-squares curve fitting the experimental EXAFS data, local 

structure such as interatomic distance and coordination number around the probed atoms can 

be determined. On the other hand, the XANES region contains much chemical information 

and is generally not as readily interpreted as EXAFS. The edge energy position exhibits 

sensitive dependence on the formal oxidation state of the probed atom (chemical shift), which 

can be quantitatively identified using reference compounds with known oxidation states. The 

XANES spectral shape and edge energy position are also sensitive to ligand types and the 

three-dimensional coordination environment around the central absorbing atom. Shoulder 

features on the edge of the XANES spectrum are sometimes introduced for square-planar 

configuration of the ligand atoms. The pre-edge features are sensitive to the coordination 

symmetry and the formal oxidation state of the probed atom. For instance, the pre-edge peak 

for 3d transition metals can result from quadrupolar allowed transition (1s-3d) or from 3d-4p 

orbital mixing induced by a noncentrosymmetric chemical environment where the peak 

intensity is directly proportional to the coordination deviation of the absorbers from 

centrosymmetry. In general, XANES contains more abundant structural information and can 

be described qualitatively in terms of coordination chemistry, molecular orbitals, band 

structure and multiple scattering. Interested readers are referred to more detailed reviews and 

books on XAS theory and its application in catalysts.116-118
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Fig. 8   Brief introduction to XAS basics. (A) The XAS spectrum consisting of absorption 

edge and a series of oscillatory structures. The conventional division between XANES and 

EXAFS region is indicated by different colors. The inset shows the magnified XANES region. 

(B) X-ray absorption edges nomenclature and their relationship with the corresponding 

excitation of core electrons. (C) The schematic illustration of the single (left) and multiple 

(right) scattering process of the excited photoelectrons. The EXAFS oscillations can be 

regarded as these originate from the constructive and destructive interferences between the 

scattered photoelectron waves near neighbor atoms (denoted as S1 and S2) with the outgoing 

photoelectron waves at the absorbing atom (denoted as O).

4.2. Probing local structure by EXAFS

EXAFS has been extensively employed to decipher the local bonding environment in 

various materials, attributed mostly to the fact that the Fourier transform (FT) of the EXAFS 

spectra enables the separation of backscattering atoms directly by a path-length criterion.116 

Specifically, a qualitative estimate of the coordination shells surrounding the absorbing atom 

can be made according to the radial locations of the EXAFS peak distributions in the FT 

modulus. Further quantitative structural information (e.g., bond length, coordination number 

and bond disorder) can be obtained by a least-squares curve fit of the EXAFS data to the 

standard EXAFS equation. However, a necessary step of EXAFS analysis is to pre-select and 
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test the identity of the backscattering atom through trial-and-error fit; this process is a black 

box and usually suffer from large uncertainty and artificiality. Moreover, the experimental 

XAS data of G-SACs often has a low signal-to-noise ratio and short k-range, which can make 

the pre-selection of atom type more difficult. For FT, while the identification of the 

backscattering atoms is relatively straightforward if the coordination shells constitute only one 

type of atoms at one distance (as shown in Fig. 9A, C), the analysis is substantially 

complicated with different types of atoms at one distance (where the FT is characterized a 

single peak as shown in Fig. 9B, D).119 In contrast to FT, the wavelet transform (WT) of 

EXAFS allows to resolve the backscattering atoms in both k- and R-spaces that provide the 

elemental nature and radial distance resolutions, respectively. From Fig. 9E, F, it can be 

appreciated that the type of backscattering atoms indistinguishable in the FT peak can be 

readily distinguished based on the k locations of the intensity maxima in the WT distribution, 

without any fitting process required. Therefore, the R and k space information given by WT 

can greatly ease the discrimination between heavier (i.e., metal atoms) and lighter 

backscattering atoms (i.e., C, N and O) even if they overlap at the same distance from the 

central atom, which is the frequently encountered situations for atomic structural investigation 

in G-SACs.

 

Fig. 9   Comparison between EXAFS FT and WT. (A-B) Schematic view of two different 

coordination configurations for one type of backscattering atom (denoted as S1) located at 
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two distances (so-called two shells) and two types of backscattering atoms (denoted as S1 and 

S2) overlapping at one distance (so-called one shell) around the central absorbing atom 

(denoted as O). (C-F) The simulated EXAFS-FT moduli (C-D) and EXAFS-WT distributions 

(E-F) corresponding to the two coordination configurations as shown in (A-B), respectively.

We recently synthesized a series of monodispersed atomic transition metals of Co, Ni 

and Cu embedded in nitrogen-doped graphene.76 The EXAFS-FT profiles feature a single 

main peak at ~1.6 Å and another minor peak at ~2.1 Å (Fig. 10A). While the main peak at 

~1.6 Å can be readily ascribed to the bonding between metal and nearest-neighbor light atoms, 

the assignment of the minor peak at ~2.1 Å is rather difficult mainly because in this radial 

range the peak arising from next nearest-neighbor light atoms overlaps substantially with the 

peak from the metal-metal bond. The metal-metal peak is regarded as an indicator for the 

presence of metal-derived crystalline structure. Nevertheless, the WT of the weighted EXAFS 

signals clearly reveal a single intensity maximum at ~ 4.0 Å−1 that can be assigned to the 

metal-N/O/C contributions (Fig. 10B), in marked contrast to the intensity maxima at ~7.0 Å-1 

resulting from the metal-metal contributions, confirming the atomic dispersion of the metals 

in the samples. Another example is concerning the comparison of the EXAFS signals for Co-

NG with Co atomically dispersed on N-doped graphene and Co-G without N doping.72 The 

FT moduli of EXAFS signals for both the Co-NG and Co-G show only one single main peak 

at ~1.6 Å in R-space (Fig. 10C), and the WT distributions correspond to one intensity 

maximum at 3.4 Å-1 for the Co-NG and one at 3.2 Å-1 for Co-G (Fig. 10D). Theoretical 

calculation indicates that the location of WT maximum is largely affected by the type of 

backscattering atoms (i.e., 3.2 Å-1 for Co-C path, 3.5 Å-1 for Co-N path, 4.3 Å-1 for Co-O path, 

and 6.8 Å-1 for Co-Co path). As a result, the WT maximum A at 3.2 Å-1 for the Co-G can be 

associated with the Co-C path, and 3.4 Å-1 for the Co-N path within the Co-NG. A least-

squares curve fitting analysis was carried out for the first coordination shell of Co to confirm 

the validity of the above WT-EXAFS interpretation. Thus, combined WT and FT is highly 

useful for the discrimination of the single atomic dispersion in G-SACs during EXAFS 

analysis of G-SACs. 
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Fig. 10   EXAFS-FT and EXAFS-WT analysis of the coordination environment for 3d 

transition metal atoms in M-N-C catalysts. (A) FT magnitudes of the K-edge phase-

uncorrected EXAFS signals of Ni-NG-MW and Cu-NG-MW along with bulk metals. The 

vertical dashed line highlighted the position of the M-M peaks. (B) WT for the k2-weighted 

EXAFS signals of Ni-NG-MW, Cu-NG-MW and bulk metals with optimum resolutions at ~ 

2.0 Å. Reproduced with permission from Fei et al.76 Copyright 2018 Wiley-VCH. (C) FT 

magnitudes of the Co K-edge phase-uncorrected EXAFS signal in R space. (D) WT in both k- 

and R-spaces for Co-NG and Co-G. Reproduced with permission from Fei et al.72 Copyright 

2015 Nature Publishing Group. 

In the past several years, WT has been widely used to characterize many different 

types of materials. Besides G-SACs, WT is also suitable to SACs supported on non-carbon 

substrates.120 WT has been used to preclude the presence of metal cluster, and it can also be 

used to detect the existence of weak metal-metal interaction in sub-nano clusters.121 Therefore, 

complement of FT with WT is strongly recommended in future EXAFS analysis.

4.3. Electronic and 3D geometric structure by XANES

At the energy region of XANES, the single scattering approximation breaks down and 

many processes contribute in a non-negligible way, including many-body effect, multiple 

scattering effect, polarization effect and so on, which make the signal at the relevant energies 
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very sensitive to the 3D atomic, electronic and magnetic structures. Therefore, XANES is 

highly valuable in resolving the electronic and 3D geometric structure in G-SACs. For 3d 

transition metals, two significant pre-edge features can often be observed. The peak at lower 

energy is due to quadrupolar-allowed 1s-3d transition or 3d-4p orbital hybridization and its 

intensity is directly proportional to the coordination deviation of the photo-absorbers from 

centrosymmetry, while the peak at higher energy arises from a 1s→4pz shakedown transition 

and acts as a fingerprint for a square-planar configuration with high D4h symmetry. For 

example, Zitolo et al. revealed slight differences in the XANES spectra of a pyrolyzed Fe-N-

C catalyst and non-pyrolyzed Fe(II) phthalocyanine (Fe(II)Pc) (Fig. 11A), which suggests a 

valence state of +2 for the Fe sites in Fe-N-C.43 However, the pre-edge feature at 7118 eV 

shows a strong intensity for Fe(II)Pc that has a square-planar configuration but is absent in the 

pyrolyzed Fe-N-C, thus revealing a broken D4h symmetry with axial ligands. Similar results 

for the two pre-edge features were reported in a Co-N-C catalyst (Fig. 11B).25 Yang et al. also 

used XANES to study the oxidation state and coordination structure of atomic Ni catalysts 

with and without the addition of a sulfur precursor (denoted as A-Ni-NG and A-Ni-NSG).46 

Interestingly, a comparison of the inflection point of the second-derivative spectrum of Ni K-

edge XANES suggests that the oxidation state of the Ni atoms in A-Ni-NG and A-Ni-NSG 

was +1 with a 3d9, S = 1/2 electronic configuration, which could result from the lower 

electronegativity of pyridinic N and S relative to the pyrrolic N in Ni(II)Pc (Fig. 11C). 

Furthermore, as compared to Ni(II)Pc, the increased intensity in the pre-edge peak A and the 

reduced intensity in the pre-edge peak B for A-Ni-NG and A-Ni-NSG both indicate that the 

Ni atoms possess distorted D4h symmetry. 
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Fig. 11   Structural identification of single metal moieties in various M-N-C catalysts by 

XANES spectroscopy. (A-C) The experimental K-edge XANES spectra of Fe-N-C, Co-N-C 

and Ni-N-C and reference samples. The inset in (A) and (C) shows a magnification of the pre-

edge feature. The inset in (B) shows the first derivative curves. Reproduced with permission 

from Zitolo et al.43 Copyright 2015 Nature Publishing Group. Reproduced with permission 

from Fei et al.25 Copyright 2018 Nature Publishing Group. Reproduced with permission from 

Yang et al.46 Copyright 2018 Nature Publishing Group. (D-E) Comparison between the K-

edge XANES experimental spectra (black dashed lines) of Fe-N-C and the theoretical spectra 

calculated with the depicted porphyrinic structures (solid red lines). Reproduced with 

permission from Zitolo et al.43 Copyright 2015 Nature Publishing Group. (F-H) Comparison 

between the K-edge XANES experimental spectra (black dashed lines) of Co-N-C and the 

theoretical spectra calculated with the depicted porphyrinic structures (solid red lines). In (G) 

and (H), two defective sites derived from the porphyrinic moiety by subtracting one or two 

nitrogen atoms were shown. Reproduced with permission from Zitolo et al.44 Copyright 2018 

Nature Publishing Group. (I) Comparison between the K-edge XANES experimental 

spectrum of Co-N-C (solid red line) and the theoretical spectrum (black dotted line) calculated 
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with the depicted pyridinic moiety. Reproduced with permission from Liu et al.122 Copyright 

2016 The Royal Society of Chemistry. 

Besides the above qualitative analysis, XANES calculations and fits can be used to 

better identify the atomistic structure in G-SACs. XANES calculation has been used to 

resolve the structural configuration based upon a profile/shape comparison between the 

experimental and theoretical spectra, which includes the peak positions and their intensity 

relationship. This is based on the fingerprint of XANES to similar structural configurations 

despite possible slight differences in the bond distances and/or angles. On the other hand, 

XANES fitting is a method to extract quantitative structural information via an iterative 

minimization of the differences between the experimental XANES spectrum and many 

theoretical ones, which proceeds via varying iteratively the structure parameters (e.g., bond 

distances and bond angles) based on an initial given geometry until the convergence criteria 

are reached.123,124 Therefore, XANES fitting can be considered as a refinement of the moiety 

used for XANES calculation and can also be used to confirm or discard a structural model. 

Zitolo et al. performed a thorough XANES fitting investigation of active site structure in their 

single atomic Fe-N-C catalyst.43 They initially excluded a FeN4 moiety enclosed in a 

graphene sheet and a FeN2+2 moiety bridging two graphene sheets, due to obvious 

discrepancies between the experimental and calculated spectrum. Then, they examined a 

porphyrin-like FeN4C12 moiety and the agreement was improved. Substantial improvement 

over the whole energy range was obtained by including one O2 in the end-on configuration. 

The inclusion of a second O2 along the axial direction resulted in an excellent agreement 

between experimental and theoretical spectra (Fig. 11D). Besides, the same FeN4C12 moiety 

with O2 adsorbed side-on was also found to correctly reproduce the experimental spectrum 

(Fig. 11E). In a followed study, Zitolo et al. reported the identification of atomistic structure 

in a Co-N-C catalyst.44 Similar to the Fe-N-C catalyst,43 the porphyrin-like CoN4C12 moiety 

with and without an end-on adsorbed O2 was found to produce an excellent agreement 

between experimental and theoretical spectra (Fig. 11F). Additionally, two defective moieties, 

derived from the porphyrinic CoN4C12 moiety by subtracting one or two nitrogen atoms, were 

also suggested as viable candidates (Fig. 11G, H). In another study, Liu et al. studied the 

structure of an atomic Co catalyst. Different from the porphyrinic moieties, their XANES 

calculation shows that the main features of the experimental spectrum could be reproduced by 

a pyridinic CoN4C8 moiety with the addition of two O2 in end-on mode (Fig. 11I).122

4.4. Global XAS analysis strategy and application
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XAS studies on G-SACs (and other types of SACs) were usually separated into two 

independent processes of EXAFS and XANES, with emphasis on atomic radial distribution 

and electronic structure, respectively. However, it is worth emphasizing that both EXAFS and 

XANES have a common structural origin and thus the derived structural information should 

keep consistent with each other. Based on this fact, it is strongly suggested to routinely make 

complementary uses of multiple XAS analysis approaches (i.e., EXAFS fitting, XANES 

simulation, XANES fitting, EXAFS calculation) in a global way, as schematically shown in 

Fig. 12A. In particular, qualitative EXAFS-WT comparison can be first used to identify the 

atomic distribution; then, quantitative EXAFS-FT fitting is used to extract interatomic 

distances and coordination number, which are crucial parameters to distinguish potential 

structural motifs and can facilitate the modeling of atomic structure used for XANES 

calculation. As compared to the radial atomic distribution detected by EXAFS, one of the 

greatest strengths for XANES is its high sensitivity to the spatial arrangement of the 

coordinating atoms. Detailed XANES analysis usually requires extensive theoretical 

calculation with various well-defined model structures. Also, EXAFS simulation can be used 

to assist the structural identification. Just as triangulation, the ultimate goal is to achieve a 

global consistency between EXAFS and XANES. Therefore, the as-described global XAS 

analysis strategy can allow the analyzers to efficiently and properly identify the structure of 

SACs with minimized uncertainty and artificiality.
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Fig. 12   Schematic presentation of the global XAS analysis strategy and its application to the 

structural identification of the atomistic sites in Ni-NHGF catalyst. (A) Global XAS analysis 

strategy consisting of various EXAFS and XANES analysis approaches. (B) FT magnitudes 

of the experimental K-edge EXAFS signals of Ni-NHGF along with reference samples (solid 

lines). The dashed lines represent calculated spectra based on a divacancy-based NiN4C4 

moiety enclosed in the graphene lattice. (C) WT for the k3-weighted EXAFS signals of Ni-

NHGF. (D-E) Ni K-edge EXAFS analysis of Ni-NHGF in k (D) and R (E) spaces. Curves 

from top to bottom are the two-body backscattering signals included in the fit and the total 

signal (red line) superimposed on the experimental signal (black line). The inset shows the 

structural model of a NiN4C4 moiety. (F) The experimental Ni K-edge XANES spectra and 

first derivative curves (insets) of Ni-NHGF and reference samples. (G) Comparison between 

the experimental K-edge XANES spectra of Ni-NHGF and the theoretical spectra calculated 

with the depicted structure. (H) The best fit between the theoretical (solid red lines) and 
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experimental XANES spectra (black dotted lines) for Ni-NHGF. Reproduced with permission 

from Fei et al.25 Copyright 2018 Nature Publishing Group. 

Lately, we have conducted such a global and comprehensive XAS analyses toward the 

unambiguous identification of the MN4C4 (M = Fe, Co, Ni) moiety implanted in graphene 

lattice.25 Taking the Ni case for instance, we firstly performed EXAFS-FT and EXAFS-WT 

analyses to confirm the exclusive atomic dispersion of Ni atoms. We found that the EXAFS-

FT profile features a co-presence of a Gaussian-like main peak at 1.44 Å and a minor satellite 

peak at 2.01 Å (Fig. 12B). While the minor satellite peak overlaps partially with the Ni-Ni 

peak at 2.18 Å for bulk Ni, EXAFS-WT analysis detects only one intensity maximum at 

approximately 4.0 Å–1 (Fig. 12C), which can be assigned to the M-N/O/C contributions. On 

the basis of the EXAFS-WT result, three backscattering paths of Ni-N, Ni-O and Ni-C were 

used to model the EXAFS signal by EXAFS curve fitting. The first coordination sphere of Ni 

was revealed to be a square-pyramidal configuration for the Ni-N/O bonding (Fig. 12D,E), 

with a second coordination sphere of about four C atoms, indicating a NiN4C4 moiety with 

one oxygen atom in the axial direction. On the other hand, the XANES spectrum indicates a 

valence state of +2 for Ni (Fig. 12F). Moreover, the rather weak intensity for the pre-edge 

peak (Fig. 12F), which is due to a 1s–4pz shakedown transition characteristic for a square-

planar configuration with high D4h symmetry, indicates a broken D4h symmetry and calls for 

axial ligands, which is in accordance with the EXAFS fitting results. Then, XANES 

calculation based on various possible NiNxCy moieties was applied to resolve the atomic-site 

structure. The porphyrin-based NiN4C12 moiety and a pyridinic-N-based NiN4C8 moiety were 

excluded due to the large discrepancy observed between the simulated spectrum and the 

experimental spectrum. Another series of XANES simulation by embedding the NiN4C4 

moieties in the 2D graphene lattice were examined, with substantially improved agreement. 

With the addition of one end-on dioxygen molecule in the axial position of the Ni centre, 

excellent agreement was obtained (Fig. 12G). XANES fitting based on the as-determined 

NiN4C4 moiety reveals that the calculated spectra match excellently with the experimental 

spectra (Fig. 12H), and the bond metrics are in good agreement with those determined by 

EXAFS analysis and DFT prediction. Together, these XANES analysis clearly demonstrate 

single atomic metal centers with four pyridinic N atoms and one adsorbed O atom in the first 

coordination sphere and four C atoms in the second coordination sphere, which is fully 

consistent with the EXAFS results. Lastly, EXAFS simulations based on such divacancy-

based NiN4C4 moiety show that the simulated EXAFS spectra (dash lines in Fig. 12B) are 
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nearly identical to the experimental spectra. Therefore, the combination of EXAFS-WT, 

EXAFS-FT and XANES analyses on Ni-NHGF has achieved a global consistency and 

unambiguously identified the divacancy-based NiN4C4 moiety in the graphene lattices.

4.5. Monitoring dynamic processes by in situ/operando XAS

The real-time observation on the reacting single-atom sites via in situ/operando 

studies could provide in-depth insights into the dynamic changes in the atomic and electronic 

structures of the catalysts as a function of the applied potential, the complex reaction kinetics 

and mechanisms as well as the stability over time or potential. Benefited from the ability of 

X-ray photons to penetrate matter at the micrometer or even millimeter scale (depending on 

the photon energy) and the suitability of XAS to study the geometric and electronic structure 

of the catalysts, XAS hold a place of choice for catalytic in situ/operando studies of G-

SACs.125-128 Zitolo et al. studied the atomic and electronic structures of pyrolyzed Co-N-C and 

Fe-N-C catalysts during the ORR using operando XANES.44 Upon increasing the potential, 

the main absorption edge for Co-N-C showed insignificant changes across the whole ORR 

potential range (Fig. 13A), suggesting that the Co moieties did not change structure. In 

contrast, Fe-N-C exhibited gradual shift toward higher energy (Fig. 13B), which indicates an 

increase of oxidation state and structural changes due to the reorganization of the N (or C) 

ligands and/or spin state. Besides, the authors used comparative operando XANES spectra 

collected in O2-free or O2-saturated electrolyte to detect the bonding of the active sites (Fig. 

13C,D). While slight spectral changes were observed for Fe-N-C, large variation was detected 

at the white line peak region for Co-N-C. Analysis of the differential ΔµO2-N2 spectra of Co-N-

C at 0.8 V revealed an active-site structure with four N atoms at 1.95 Å with or without an 

oxygen molecule adsorbed end-on at 2.22 Å. As oxygen comes exclusively from water 

activation in N2-saturated electrolyte, these results suggest the formation of Co-O bond only 

in O2-saturated electrolyte for Co-N-C and a formation of Fe-O bond probably in both O2- and 

N2-saturated electrolytes for Fe-N-C. However, the exact structural change induced by the 

redox switch remains unclear and will be of great interest in the future.
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Fig. 13   Operando XANES studies during ORR process. (A-B) Metal K-edge XANES 

spectra taken in 0.5 M H2SO4 aqueous solution saturated with N2 at ORR potentials for Co-N-

C (Co0.5) (A) and Fe-N-C (Fe0.5) (B), respectively. The insets show differential Δµ XANES 

spectra relative to the spectrum recorded at lowest potential of 0.2 V. (C-D) Metal K-edge 

XANES spectra for Co-N-C (Co0.5) (C) and Fe-N-C (Fe0.5) (D) measured as a function of the 

saturating gas (O2 or N2) at either 0.2 V or 0.8 V versus RHE. Insets are Δµ spectra obtained 

by subtracting the normalized XANES spectra recorded in O2-saturated to that recorded in N2-

saturated electrolyte at a fixed potential. Reproduced with permission from Zitolo et al.44 

Copyright 2017 Nature Publishing Group. 

Yang et al. reported an A-Ni-NG catalyst with atomically dispersed monovalent Ni(I) 

atoms for CO2RR.46 They applied both the operando Ni K-edge XANES and EXAFS spectra 

to track the adsorption and activation of CO2 on A-Ni-NG. The absorption edge position 

exhibited a positive shift of ~0.4 V under open-circuit voltage in CO2-saturated KHCO3 

solution when compared to Ar-saturated electrolyte (Fig. 14A), indicating a slight oxidation 

of Ni sites that was interpreted as delocalization of the unpaired electron in the 3dx2-y2 orbital 

and spontaneous charge transfer from Ni(I) to the carbon 2p orbital in CO2 to form a CO2
δ− 

species. The formation of Ni-C bond due to CO2 absorption also caused a slight increase of 

the intensity for the first nearest-neighboring major peak at approximately 1.45 Å in EXAFS-

FT (Fig. 14B). However, when a CO2 reduction potential of -0.7 V versus RHE was applied, 

the Ni oxidation state was reduced based on the observation of a shift of the absorption edge 
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back to lower energy, which was ascribed to a recovery of low-oxidation-state Ni after one 

cycle of CO2 reduction. Simultaneously, the major peak dominated by the Ni-N bond showed 

a shift of ~0.04 Å to longer lengths, ascribed to an elongation of the Ni-N bond that resulted 

from the displacement of Ni atoms out of the graphene plane due to the electron transfer from 

Ni atom to CO2.

Fig. 14   Operando X-ray absorption spectroscopy of A-Ni-NG during CO2 reduction process. 

(A) Normalized operando Ni-edge XANES spectra for A-Ni-NG at various biases (applied 

voltage versus RHE) in 0.5 M KHCO3 aqueous solution at room temperature in atmosphere of 

Ar or CO2. The inset shows the enlarged Ni K-edge XANES spectra. (B) EXAFS-FT spectra 

(without phase correction) of A-Ni-NG under open-circuit voltage in Ar (OCV-Ar) and CO2 

(OCV-CO2), and at -0.7 V (versus RHE), in which an expanded Ni-N bond was detected. 

Reproduced with permission from Yang et al.46 Copyright 2018 Nature Publishing Group. 

5. Applications for electrochemical energy conversion

Electrochemical energy conversion has been considered as one of the most promising routes 

for the construction of a sustainable and environmental-friendly energy cycle.129 The 

development of high-performance and inexpensive electrocatalysts is of vital importance to 

increase the reaction rate, efficiency, selectivity and stability of energy conversion 

technologies, such as water splitting, fuel cells, CO2 conversion, N2 reduction and metal-air 

batteries. As stated above, the ultrahigh surface area, superior electrical conductivity, 

excellent (electro-) chemical stability make G-SACs highly attractive as electrocatalysts for 

energy conversion applications. Below, we will summarize recent progress in the applications 

of G-SACs in ORR, HER, OER, CO2RR, NRR and so on.

5.1. Oxygen reduction reaction
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The ORR proceeds through either a 2-electron pathway (O2 + 2H+ + 2e → H2O2 in 

acid) or a 4-electron pathway (O2 + 4H+ + 4e → 2H2O in acid). The 4-electron pathway is 

desired for electricity generation and it is important in several energy-conversion technologies, 

such as fuel cells and metal-air batteries, while the H2O2 generated by the 2-electron pathway 

is a valuable chemical used in disinfection, pulp bleaching and the oxidation of various 

chemicals. The electrochemical production of H2O2 is a preferred method compared to the 

traditional anthraquinone redox process as it is environmentally friendly, safe, and easily 

adopted on a small scale.130 Therefore, considerable research efforts have been devoted to 

developing catalysts that can selectively catalyze either 2-electron pathway or 4-electron 

pathway. 

Pt-based materials remain the most active catalysts toward the 4-electron process, but 

its scarcity and high cost calls for alternatives catalysts based on non-precious transition 

metals or nanocarbons, among which M-N-C (M = Fe or Co) catalysts with atomic MNx 

moieties embedded in graphene represent an attractive alternative.131 M-N-C catalysts were 

generally prepared by the pyrolysis method and the optimizations in the synthetic conditions 

(e.g., precursor combinations, pyrolysis parameters) have resulted in a large number of high-

performance ORR catalysts.53,62,64,65,82,93,131-135 Zitolo et al. synthesized a Fe-N-C catalyst by 

pyrolyzing Zn(II) zeolitic imidazolate framework, Fe(II) acetate and 1,10-phenanthroline, and 

the resulted composite were quasi-free of crystallographic Fe structures, as demonstrated by 
57Fe Mössbauer spectroscopy and EXAFS-FT analysis.43 They found that keeping the metal 

loading sufficiently low and pyrolysis duration short was critical in minimizing the formation 

of crystalline Fe species. When tested in acidic condition with a rotating ring-disk electrode 

(RRDE) and in a polymer electrolyte membrane (PEM) fuel cell, the optimized catalysts 

generated less than 2% H2O2 at potentials of interest for PEM, suggesting a 4-electron 

dominated reduction process. Combined EXAFS and XANES analyses revealed the atomistic 

structure of Fe to be a porphyrinic planar architecture with a FeN4C12 core integrated in 

disordered graphene matrix and with O2 absorbed in the side-on or end-on configuration. 

Adopting the similar synthetic approach, the same group then synthesized a Co-N-C catalyst 

free of cobalt particles and it exhibited considerably higher ORR activity in acidic medium 

than metal-free N-C catalyst, suggesting the atomic Co moieties were the active sites.44 The 

selectivity for water formation of the Co-N-C catalyst was found to be lower than the Fe-N-C 

counterpart. XANES, EXAFS, magnetic susceptibility measurements and DFT analysis were 

applied to identify the atomistic structure and electronic state of the Co sites in Co-N-C. 

Interestingly, other than the porphyrinic CoN4C12 moiety as found in Fe-N-C, two defective 
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cobalt porphyrinic moieties (CoN3C10 and CoN2C5) were also suggested as viable candidates 

in Co-N-C. DFT calculation showed that these cobalt moieties likely bind oxygen 

intermediates too weakly to allow efficient O2 reduction. Based on these findings, it was 

proposed that the modifications of the carbon matrix in Co-N-C with nitrogen or other 

heteroatoms resulting in a stronger O2 binding energy at Co centers should improve their 

ORR activity. 

 

Fig. 15   Fe-N-C electrocatalysts toward ORR with 4-electron pathway. (A) A schematic 

illustration of active sites at the triple-phase boundary in the concave-shaped Fe-N-C catalyst-

based electrodes. (B) k3-weighted EXAFS-FT with optimum resolutions at 2.0 Å. (C) k3-

weighted EXAFS-WT with optimum resolutions at 2.0 Å of the concave-shaped Fe-N-C 

catalyst. (D) A comparison between an experimental XANES spectrum and a theoretical 

spectrum, for which calculations are based on the predicted structure of the FeN4C8 moiety 

with two O2 molecules adsorbed in end-on mode. (E) Polarization and power density curves 

of the optimal catalyst and control catalysts at 2.5 bar H2-O2. (F) Tafel plot for determination 

of the activity for the optimal catalyst at 0.9 ViR-free and volumetric activity at 0.8 ViR-free 
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measured under 1 bar H2-O2. Reproduced with permission from Wan et al.85 Copyright 2019 

Nature Publishing Group.

It is important to note that not all single atomic metal sites in M-N-C catalysts can 

participate in the ORR process as the reaction takes place at the multiple-phase boundary and 

metal sites that are buried within the carbon matrix remain inactive. To improve the utilization 

efficiency of active sites, high degree of mesoporosity and macroporosity can be introduced 

into the M-N-C catalysts. For example, Chung et al. synthesized a porous Fe-N-C catalyst 

with polyaniline and cyanamide as nitrogen precursors.51 The cyanamide with low 

decomposition temperature served to form macropores, which would provide better 

accessibility to the catalytic sites and a more open framework for improving the ionomer 

distribution within the catalyst layers. The atomic dispersion of FeN4 active sites and the 

coordination between metal and nitrogen atoms were evidenced by HAADF-STEM and EELS 

but without verification by XAFS analysis. Significantly, the hydrogen (H2)-air fuel cell 

fabricated using the Fe-N-C catalysts exhibited comparable performance to a Pt cathode under 

automotive-application conditions. In another work, Wan et al. fabricated a concave-shaped 

Fe-N-C catalyst with rich mesoporosity, external surface area and dense Fe-N4 moieties by 

pyrolyzing mesoporous SiO2-coated ZIF-8.85 The high porosity in this catalyst can afford a 

large number of active sites at the triple-phase boundary of carbon (e-), the ionomer (H+) and 

O2 during ORR tests and at the same time facilitate efficient mass transport (Fig. 15A). The 

EXAFS-FT of the catalyst exhibited a main peak at 1.5 Å-1 in R space and the EXAFS-WT 

showed only one intensity maximum at ~ 4.0 Å-1 in k space that was assigned to Fe-N(O), 

suggesting the mononuclear Fe centers free of crystalline structures (Fig. 15B,C). The 

structure of the Fe center was identified as the FeN4C8 moiety with two O2 molecules 

adsorbed in end-on mode by XANES analysis (Fig. 15D). When tested in a PEM fuel cell 

under 2.5 bar H2-O2, this porous Fe-N-C catalyst exhibited a current density of 560 mA cm-2 

at 0.8 ViR-free that is comparable to Pt/C and a peak power density of 1.18 W cm-2 at 0.47 V 

(Fig. 15E). The control sample without additional mesopores displayed inferior activity and 

its voltage dropped more rapidly at higher current densities when compared to the porous 

counterpart, suggesting its poor mass transport. When tested under the DOE testing protocol 

at 1 bar H2-O2, the porous Fe-N-C catalyst exhibited a current density of 0.047 A cm-2 at 0.88 

ViR-free, suppressing the DOE target of 0.044 A cm-2 (Fig. 15F). 

In addition to Co and Fe single atoms, other transition metal atoms (e.g., Zn, Mn, Cu, 

Ir, Pt) supported on defective carbon have also been demonstrated as excellent ORR 

Page 38 of 69Chemical Society Reviews



39

electrocatalysts with 4-electron pathway that have comparable or even superior performance 

compared to commercial Pt/C catalysts.80,91,136-138

Fig. 16   Structure and ORR activity of Pt/ZTC, Pt/LSC and Pt/HSC catalysts. (A) Atomic 

resolution HAADF-STEM image of Pt/HSC catalyst. (B) Fourier transforms of k3-weighted 

Pt LIII-edge EXAFS, confirming that Pt species in Pt/HSC exhibited only Pt-S coordination 

(CN = 3.8) without significant Pt-Pt coordination and the formation of Pt-Pt bonding in 

Pt/ZTC and Pt/LSC. (C) Proposed atomistic structure of Pt/HSC with possible thiophene- and 

thiolate-like functional groups at graphene edge sites, as well as coordinated Pt species. (D) 

ORR activities of the catalysts measured in an O2-saturated 0.1 M HClO4 electrolyte with 900 

r.p.m. rotation. (E) H2O2 production selectivity estimated by RRDE experiments (Pt ring 

potential: 1.2 VRHE). Reproduced with permission from Choi et al.130 Copyright 2016 Nature 

Publishing Group. 

The unique electronic properties and isolated atomic sites in SACs can suppress 

reactions requiring metal ensemble sites and therefore offer opportunities to tune the 

selectivity. For example, Choi and co-workers achieved selective O2 reduction toward H2O2 

production on atomically dispersed Pt catalyst.130 This catalyst was synthesized via a simple 

wet-impregnation method with S-doped zeolite-templated carbon composed of 3D graphene 

nanoribbons as substrate, where the S content can be tuned by adjusting the annealing 

atmosphere (H2S/He and pure He) during the post-treatment of the carbon substrate. As 

revealed by TEM and EXAFS-FT (Fig. 16A,B), Pt (5 wt%) was in highly dispersed atomic 
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form in the sample with high S content (up to 17 wt%) (HSC), while the formation of Pt 

clusters was observed in the sample with low S content (4 wt%) (LSC) and non-doped zeolite-

templated carbon (ZTC), indicating that the S-moieties can efficiently stabilize the Pt atoms. 

The active site structure of Pt/HSC was proposed to be Pt atom ligated by two thiophenes and 

two thiolates based on EXAFS fitting (Fig. 16C), and the oxidation state of Pt was determined 

to be +2 by XPS and XANES. Electrocatalytic measurements under acidic media showed that 

the Pt/HSC catalyst predominantly produced H2O2 (96% selectivity, n = 2.1) via a 2-electron 

ORR process, in contrast to Pt/LSC (60% selectivity, n = 2.9) and Pt/ZTC (28% selectivity, n 

= 3.5) catalysts mediating mixed 2-electron and 4-electron pathways (Fig. 16D,E). DFT 

calculations implied that the 2-electron pathway is kinetically more favored than the 4-

electron pathway on the S-coordinated Pt atoms. 

5.2. Hydrogen evolution reaction 

Hydrogen (H2) is the cleanest fuel available and is an attractive substitute for fossil 

fuels. Electrochemical reduction of water through the hydrogen evolution is a sustainable 

approach to H2 and it is promised to replace traditional production method of steam-reformed 

methane that is energy demanding and environmentally unfriendly.139 The most effective 

catalysts for HER is based on precious Pt nanomaterials with low overpotential, small Tafel 

slope and high exchange current density. Due to the high cost and scarcity of Pt, decreasing 

the size of Pt nanoparticles to the limit of single atoms is highly desirable to maximize their 

efficiency by making use of nearly all Pt atoms.140-142 Cheng et al. fabricated single Pt atom 

and clusters on nitrogen-doped graphene using the ALD technique and studied their catalytic 

performance toward HER.108 During ALD process, the Pt precursor reacted with the nitrogen-

doped graphene, where the nitrogen dopants provided strong interaction between the 

deposited species and the support (Fig. 17A). The resulted catalysts exhibited negligible onset 

overpotentials with higher activity than the commercial Pt/C catalyst (Fig. 17B). Moreover, 

when normalized to the Pt loading, the mass activity of the optimized catalyst was 37 times 

higher than that of the Pt/C catalyst. The enhancement in performance was ascribed to the 

partially unoccupied density of states in the 5d orbital of the Pt atom. However, it is worth 

noting that there was a co-presence of Pt atoms and clusters in the catalysts, as observed by 

STEM images, and thus it was difficult to deconvolute the catalytic contributions from each. 

In another work, Liu et al. suggested that the introduction of curvature into the graphitic 

carbon can enhance the HER activity of the supported Pt atoms (Fig. 17C).141 Pt single atoms 

distributed on nanosized onion-like carbon (Pt1/OLC) were synthesized by ALD and their 
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atomic deposition on multishell fullerene structures was characterized by STEM and EXAFS-

FT (Fig. 17D,E). Electrochemical studies suggested that the Pt1/OLC with only 0.27 wt% of 

Pt exhibited a low overpotential of ~38 mV at 10 mA cm-2, which is comparable to a 

commercial 20 wt% Pt/C catalyst and superior to a 5 wt% Pt/C catalyst (Fig. 17F). 

Additionally, Pt atoms supported on two-dimensional graphene (Pt1/graphene) prepared by 

the same ALD procedure displayed inferior activity compared to Pt1/OLC. When normalizing 

the current by the Pt loadings at the same overpotential of 38 mV, the Pt1/OLC catalyst 

exhibited mass activity of 7.4 A mg-1
Pt that is ~2.5 times and ~43 times higher than those of 

the Pt1/graphene catalyst and the commercial Pt/C catalyst, respectively (Fig. 17G). DFT 

calculation revealed that the enhanced catalytic activity of Pt1/OLC could be ascribed to a tip-

enhanced local electric field at the Pt site on the curved support and the high local proton 

concentration near the catalyst surface. This interesting study highlights the critical roles of 

the local structure and morphology of the substrates in modulating the catalytic performances 

of the supported metal atoms and provides a new avenue to the rational design of high-

performance SACs. 

 

Fig. 17   (A) Schematic illustration of the Pt ALD mechanism on nitrogen-doped graphene 

nanosheets. (B) HER polarization curves of ALD-derived Pt catalysts. Reproduced with 

permission from Cheng et al.108 Copyright 2016 Nature Publishing Group. (C) The schematic 

illustrates that the catalytically active particles were reduced in size to a single-atom form and 
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the dimensionality of the catalyst support was reduced by using quasi-0D OLC. (D) The 

HAADF-STEM image of Pt1/OLC. (E) The Pt L3 edge EXAFS-FT spectra of Pt1/OLC (red) 

along with several control samples for comparison. (F) Polarization curves of Pt1/OLC in 

comparison with Pt1/graphene and Pt/C in a 0.5 M H2SO4. (G) The mass activity of Pt1/OLC 

normalized to the Pt loading at an overpotential of 38 mV compared to the reference catalysts. 

Reproduced with permission from Liu et al.141 Copyright 2019 Nature Publishing Group.

The desire to eliminate the reliance on the use of Pt has stimulated the search for HER 

catalysts based on earth-abundant metals, which however usually suffer from the insufficient 

chemical stability in strong acidic or basic electrolyte. The strong coordination of the metal 

atoms to the support can greatly enhance their (electro-)chemical stability. By acid etching of 

a porous Ni foam pre-coated with CVD-grown graphene layers, Qiu et al. fabricated 

nanoporous graphene-supported Ni atoms along with small amounts of 1-2 nm clusters, as 

observed by STEM.143 The resulted catalyst showed superior HER performance with low 

onset overpotential of ~ 50 mV and cycling stability, which were ascribed to the charge 

transfer between the Ni atoms and the neighboring C atoms. Yao and co-workers prepared 

well-dispersed atomic Ni (1.5 wt%) in graphitized carbon matrix by carbonization of a Ni-

based MOF in inert atmosphere followed by electrochemical activation.144 Examination of 

different regions by STEM suggested that about 78% of the Ni species were present as well-

separated single atoms with the rest as nanoclusters. This catalyst exhibited overpotentials of 

34 mV, 48 mV, 112 mV at the current density of 10 mA cm-2, 20 mA cm-2 and 100 mA cm-2, 

respectively, a low Tafel slope of 41 mV dec-1, and stable operation for over 25 h in 

chronoamperometric test. The same group later synthesized another HER catalyst of 

atomically dispersed Ni on defective graphene (A-Ni@DG, 1.24 wt% Ni) by annealing the 

mixture of Ni2+ precursor and defective graphene, followed by acid-leaching to remove the 

redundant Ni-derived nanoparticles (Fig. 18A).145 The A-Ni@DG catalyst displayed a 

fragmentized and porous 2D structure without any obvious nanoparticles and the Ni atoms 

were uniformly distributed on the graphene layers (Fig. 18B). The Ni atom was suggested to 

occupy the di-vacancy of the graphene lattices, as revealed by HAADF-STEM image (Fig. 

18C). The Ni species were predominantly present as atomically dispersed Ni, as evidenced by 

the absence of appreciable Ni-Ni peak in the EXAFS-FT spectra. The HER activity of A-

Ni@DG, with overpotential at 10 mA cm-2 as low as 70 mV and Tafel slope of 31 mV dec-1 

in 0.5 M H2SO4, was highly comparable to that of the commercial Pt/C catalyst (Fig. 18D). 
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Fig. 18   Representative examples of HER catalysts based on graphene-supported atomic Ni 

and Co catalysts. (A) The fabrication schematic of Ni atoms on defective graphene. (B-C) 

STEM-EDS elemental mapping (B) and HAADF-STEM image (C) of the atomic Ni catalyst. 

(D) HER polarization curves of the atomic Ni catalysts along with other control samples. 

Reproduced with permission from Zhang et al.145 Copyright 2018 Elsevier. (E) HAADF-

STEM image of the single Co atoms on nitrogen-doped graphene in the Co-NG catalyst. (F) 

HER polarization curves of the Co-NG catalyst along with control samples. (G) Tafel plots of 

the Co-NG catalyst and control samples. Reproduced with permission from Fei et al.72 

Copyright 2015 Nature Publishing Group.

In addition to Ni, another first-row transition metal Co has also been atomically 

dispersed in graphene and repeatedly explored as HER electrocatalysts. Fei et al. achieved 

atomic Co (0.57 at%) embedded in nitrogen-doped graphene (Co-NG) that is active and stable 

in both acidic and alkaline conditions.72 The catalyst was synthesized by thermally annealing 

GO and Co precursor in NH3 atmosphere. The Co metals were  atomically dispersed in the 

graphene substrate (Fig. 18E), and further confirmed by EXAFS-FT and EXAFS-WT 

analyses. The co-existence of Co and N in the catalysts was found to be critical in achieving 
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the high HER activity (Fig. 18F), indicating the active sites were associated with the Co and 

N. Impressively, the onset overpotential of Co-NG in acid was as low as 30 mV and the 

overpotential required to deliver 10 mA cm-2 was 147 mV. The Tafel slope of Co-NG was 

determined to be 82 mV dec-1 (Fig. 18G). Other than GO, molecular and polymeric precursors 

have been used to prepare atomic Co catalysts toward HER via the pyrolysis strategy.146-148 

Liang et al. obtained a CoNx/C catalyst by pyrolyzing Co-N4 macrocycles or cobalt/o-

phenylenediamine composites with silica colloids as hard templates.147 This catalyst, with 

only 0.14 wt% Co, exhibited low overpotential of 133 mV at 10 mA cm-2, high turnover 

frequencies and high stability. Though XAFS characterizations were not provided in this 

study, high-resolution TEM and XPS analyses, along with the acid leaching and thiocyanate 

ion poisoning experiments, suggested that the catalytic activity originated from the atomically 

dispersed CoNx centers. Wang et al. synthesized self-supported and porous carbon fiber foams 

embedded with CoNx complex by pyrolyzing Co2+-absorbed polyaniline precursor.146 The 

annealing temperature and the porous structure were suggested to play critical roles in the 

formation and activity of the atomic Co sites. XAFS analyses suggested that annealing below 

850 °C resulted in the predominant formation of atomic Co, while metal nanoparticles would 

form when annealed at 950 °C. The optimal catalyst annealed at 750 °C with 0.22 at% Co 

showed excellent HER activity (138 mV at 10 mA cm-2; 212 mV at 100 mA cm-2) and long-

term stability. Besides, single Mo and W atoms supported on nitrogen-doped graphene layers 

have recently been demonstrated as highly efficient HER catalysts.149-151 Table 1 summarizes 

different HER catalysts based on single metal atoms supported on graphene layers or 

graphitized carbons.

5.3. Oxygen evolution reaction 

OER is an important process in several energy-conversion technologies, such as water 

electrolyzers, metal-air batteries and CO2 conversion. The intrinsically sluggish kinetics of the 

OER, which involves multiple proton-coupled electron-transfer steps, have stimulated the 

exploration for highly active and stable electrocatalysts.5,57 Precious-metal-based 

electrocatalysts (Ru and Ir) possess high activity, but their high cost and scarcity have 

hindered their large-scale practical application. As alternative catalysts based on earth-

abundant elements, Fe-, Co- and Ni-based oxides and derivatives have been intensively 

studied,152 and their atomic counterparts supported on graphene have recently been 

demonstrated as efficient OER catalysts (Table 1). For example, the A-Ni@DG catalyst 

discussed in the HER section was also highly active toward OER with a small overpotential of 
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270 mV to deliver 10 mA cm-2 and Tafel slope of 47 mV dec-1 in 1 M KOH.145 Chen et al. 

developed an OER catalyst composed of atomic Fe-N species (verified by HAADF-STEM 

and EXAFS-FT) on N and S co-doped hierarchical carbon layers, prepared by pyrolysis of 

CNTs coated with 2,2-bipyridine and Fe precursor.57 The resulted catalyst exhibited an 

overpotential of 370 mV at a current density of 10 mA cm-2 and a Tafel slope of 82 mV dec-1 

in 0.1 M KOH solution. Guo et al. reported boron-doped Co-N-C active sites dispersed in 

porous carbon sheets by a soft template self-assembly pyrolysis method.47 The atomically 

dispersed boron-doped Co-N-C sites were evidenced by HAADF-STEM, XPS, XANES and 

EXAFS characterizations. The catalyst required 430 mV to deliver 10 mA cm-2 in 0.1 M KOH. 

DFT calculations suggested that the introduction of boron gives an electron-deficient site that 

can strengthen the interaction with oxygenated species, facilitating the reaction kinetics. Hou 

et al. reported S- and N-coordinated Ni atoms dispersed in porous carbon nanosheets as a 

highly active and stable OER catalyst with a low overpotential of 1.51 V at a current density 

of 10 mA cm-2 and a Tafel slope of 45 mV dec-1 in alkaline media, making it superior to the 

benchmark Ir/C catalysts.48 XANES and EXAFS studies revealed that the Ni atom adopted a 

distorted Ni-[N/S]4 bonding configuration deviated from the ideal square planar geometry and 

the coordination numbers of Ni-N and Ni-S were estimated by EXAFS fitting results to be 

2.8(2)and 0.8(3), respectively. Theoretical studies based on such coordination environment 

suggested that the high catalytic activity of the S- and N-coordinated Ni atoms resulted from 

the optimized density-of-states distribution and enhanced electron transfer ability of the active 

sites. Our group recently reported a series of atomic transition metals (Fe, Co, Ni) in nitrogen-

doped graphene by pyrolyzing GO and metal precursor in NH3 atmosphere and investigated 

the influence of the metal center in determining the OER activity.25 The uniform distribution 

of the metal atoms in the graphene matrix was evidenced by HAADF-STEM (Fig. 19A) and 

EXAFS-FT/WT (Fig. 12B,C). DFT calculation results suggested that the OER activity and 

reaction pathways were strongly dependent on the number of d electrons (Nd) of the metal 

with Fe (Nd = 6) and Co (Nd = 7) following the single-site mechanism and Ni (Nd = 8) 

following the dual-site mechanism (Fig. 19B). Electrochemical measurements in 1 M KOH 

electrolyte confirmed the metal-dependent OER activity in different atomic catalysts 

following the trend Ni > Co > Fe. Specifically, the atomic Ni catalyst exhibited an onset 

potential of 1.43 V and an overpotential at 10 mA cm-2 of 331 mV, much smaller than those 

of atomic Co (402 mV) and atomic Fe (488 mV) (Fig. 19C). The Tafel slope for atomic Ni 

was determined to be 63 mV dec-1, smaller than those of atomic Co (80 mV dec-1), atomic Fe 

(164 mV dec-1) and metal-free catalysts (175 mV dec-1) (Fig. 19D). Stability tests by both 
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electrochemical measurements and structural characterization of XAFS suggested that the 

metal atom and its coordinating matrix were robust enough to withstand the OER operation 

condition. Atomic Mn in nitrogen-doped graphene has recently been demonstrated to exhibit 

superior OER activity with intrinsic activity close to that of nature’s catalyst CaMn4O5 in 

photosystem II and much higher than those of previously reported Mn-based OER catalysts.74  

Fig. 19   Structural and electrocatalytic characterizations of atomic metal catalysts toward 

OER. (A) Atomic structure characterizations of Ni, Fe, Co single atoms supported on 

nitrogen-graphene by HAADF-STEM. (B) Proposed reaction scheme with the intermediates 

having optimized geometry of the single-site (top) and dual-site mechanisms (bottom) toward 

OER. (C) OER polarization curves of different atomic catalysts along with control samples. 

(D) Tafel plots for different atomic metal catalysts and metal-free nitrogen-doped graphene. 

Reproduced with permission from Fei et al.25 Copyright 2018 Nature Publishing Group.

5.4. CO2 reduction reaction

Electrochemical reduction of CO2 to value-added molecules such as carbon monoxide 

(CO) and hydrocarbons is an effective strategy to remit the environmental and energy issues. 

However, significant overpotentials are typically needed to overcome the activation barrier of 

CO2 reduction due to its sluggish kinetics; moreover, there are wide distributions of products 
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(e.g., CO, HCHO, CH3OH, CH4) and competitive side reactions such as HER.153 Therefore, 

developing highly active, selective and stable electrocatalysts is of paramount significance to 

realize CO2RR for practical applications. Many types of materials, including metals, metal 

oxides, carbon-based materials, and molecular compounds, have been shown to be effective 

CO2RR electrocatalysts and their performances have been greatly enhanced by optimizing the 

size, structure, and composition.154-156

 

Fig. 20   Structural and CO2RR catalytic characterizations of the atomic Ni catalyst supported 

on N- and S-codoped graphene. (A) FT-EXAFS spectra of the atomic Ni catalyst along with 

reference samples. (B) Polarization curves in CO2-saturated 0.5 M KHCO3 solution. (C) CO 

Faradaic efficiency at various applied potentials. (D) Current-time response at constant 

potential. Reproduced with permission from Yang et al.46 Copyright 2018 Nature Publishing 

Group. 

Recently, first-row transition metals (e.g., Zn, Mn, Fe, Co, Ni, Cu, Sn) atomically 

dispersed in graphene layers have been explored as CO2RR electrocatalysts in aqueous 

solution with CO as the dominant product and Ni-based ones are the most widely studied 

among different atomic metal catalysts (Table 2).46,73,99,157-172 For example, using the pyrolysis 
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method with Ni-pentaethylenehexamine and GO as precursors, Su et al. prepared atomic Ni 

embedded in nitrogen-doped graphene that exhibited a high activity for CO formation in 

neutral solution with Faradaic efficiency exceeding 90% at -0.7 V to -0.9 V.157 The 

competitive HER was greatly suppressed, in strong contrast to the metal-free nitrogen-doped 

graphene and Ni metal electrode. The NiNx moiety was proposed to be the active center based 

on the EXAFS-FT analysis as well as on the observation that the replacement of the Ni by Cu 

resulted in significantly lower CO2RR activity and that the Faradaic efficiency of CO did not 

decrease after lowering the concentration of the NiNx moiety. With the similar synthetic 

strategy, Jiang et al. reported another atomic Ni catalyst that presented a high CO selectivity 

of 95% at an overpotential of 0.55 V and long-term stability over 20 hours’ continuous 

electrolysis in 0.5 M KHCO3.73 The atomic dispersion of Ni and a mixed Ni-C/Ni-N 

coordination environment within the catalyst were suggested by XANES and EXAFS 

analyses. The active sites were proposed to be associated with the NiNx moiety by the control 

experiments on Ni-coordinated graphene with no nitrogen incorporation, nitrogen-doped 

graphene and Ni3N catalysts, all exhibiting significantly lower CO2RR activity and CO2-to-

CO selectivity. The critical role of the Ni atoms in forming the active centers was confirmed 

by the catalytic evaluation on a variety of other atomic transition metals (e.g., Fe, Co, Mn, 

Cu) synthesized by the same approach, which showed dramatically decreased selectivity. The 

use of GO as pyrolysis precursor to prepare CO2RR-active atomic catalysts was recently 

extended to Fe-N-C catalyst by Tour and coworkers.173 They found that the CO2RR activity of 

Fe-N-C was highly dependent on the pyrolysis temperature and the sample prepared at 750 °C 

had predominant atomic Fe dispersion (evidenced by EXAFS-FT) that resulted in the optimal 

activity of a maximum Faradaic efficiency of 80% toward CO formation at -0.6 V. Moreover, 

the formation of Fe3O4 and metallic Fe nanoparticles resulted from the increase in the Fe 

loading would lead to lower selectivity (<10%) toward CO production, consistent with the 

study by Huan et al.174 

In addition to GO, MOF and molecular/polymeric precursors have also been 

frequently applied in the pyrolysis method for the preparation of M-N-C catalysts toward 

CO2RR.46,158-161,175 With handful choices of molecular precursors for the pyrolysis synthesis 

of G-SACs, multiple dopants can be simultaneously introduced in the carbon substrate to tune 

the electronic structure of the metal center and thus the CO2RR activity. Yang et al. prepared 

atomically dispersed Ni on nitrogen-doped graphene (A-Ni-NG) and sulfur-, nitrogen-

codoped graphene (A-Ni-NSG) by pyrolyzing a mixture of amino acid (L-alanine or L-

cysteine), melamine and Ni acetate.46 The resulted composite possessed a two-dimensional 
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structure, and the Ni existed as isolated atoms on the graphene substrate with no Ni-Ni 

bonding, confirmed by the HAADF-STEM image and FT-EXAFS spectra (Fig. 20A). When 

tested as CO2RR catalysts (Fig. 20B), A-Ni-NSG showed an earlier onset potential than A-Ni-

NG and both of them delivered considerably higher current density than control samples of 

nitrogen-doped graphene (NG) and Ni nanoparticle decorated NG (Ni-NG). The enhancement 

from sulfur doping was attributed to the distorted coordination geometry around Ni center in 

A-Ni-NSG owing to the non-centrosymmetric ligand strength, which was expected to 

promote better adsorption of reactants and intermediates on the catalyst surface. The two 

single Ni atom catalysts maintain over 80% selectivity toward CO production, even at very 

negative applied potentials (Fig. 20C). Moreover, the A-Ni-NSG catalyst could deliver stable 

performance, retaining 98% of the initial current after 100 hours operation (Fig. 20D). The 

active site was identified as monovalent Ni atomic center with a d9 electronic configuration 

based on operando X-ray absorption and photoelectron spectroscopy measurement.  

Fig. 21   CO2RR activity and selectivity of Co-N2, Co-N3, Co-N4 and Co NPs. (A) Linear 

sweep voltammetry of the different catalysts evaluated in 0.5 M KHCO3 with pure carbon 

paper as background. (B) CO Faradaic efficiencies at different applied potentials of the 

different catalysts. Reproduced with permission from Wang et al.45 Copyright 2018 Wiley-

VCH.

Though Co-N-C catalysts with atomic CoNx moieties were most frequently 

investigated as HER electrocatalysts and studies focusing on elucidating the correlation 

between the type of metal center and CO2RR activity of M-N-C catalysts have suggested that 

Co-N-C catalysts generally exhibit low Faradaic efficiency for CO formation compared to Ni-

based and Fe-based counterparts,176 it was indicated by recent reports that their selectivity 

toward CO formation and H2 generation can be tuned by altering the coordination 
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environment of the Co center.45,163,177,178 For example, Wang et al. synthesized a series of 

atomic Co catalysts by pyrolyzing Co/Zn MOFs and the nitrogen coordination numbers of the 

Co center was regulated by the variation in pyrolysis temperature. Specifically, the increase in 

pyrolysis temperature would lead to the decrease in N coordinators due to the volatile nature 

of C-N fragments, generating three different types of CoNx moieties (i.e., Co-N2, Co-N3 and 

Co-N4), as determined by EXAFS fitting (Fig. 4C). As shown by the linear sweep 

voltammetry (Fig. 21A), the overall current density was highest in Co-N2 and it reached 18.1 

mA cm-2 at -0.63 V, which was significantly higher than those for Co-N3, Co-N4 and Co 

nanoparticles. Analysis of products distribution by gas chromatography and 1H nuclear 

magnetic resonance confirmed that CO and H2 were the main products with no other gas 

products or liquid products detected for all catalysts studied. The CO Faradaic efficiency for 

Co-N2 reached up to 95% at -0.68 V, higher than the maximum value for Co-N3 (63% at -0.53 

V), Co-N4 (below 5% at -0.83 V to -1.03 V) and Co nanoparticles (below 7% across all 

applied potentials) (Fig. 21B). Experimental and DFT calculations suggested that the high 

performance of the Co-N2 catalyst could be ascribed to its low coordination number that 

facilitated the activation of CO2 to the CO2
• ─ intermediate. 

5.5. N2 reduction reaction 

NH3 is one of the most highly produced chemicals that is widely used in agriculture 

and industry applications.179 Currently, NH3 is primarily synthesized by the Haber-Bosch 

process with heterogeneous Fe-based catalysts at high temperature and pressure, accounting 

for ~ 1.5% of global energy consumption and generating 300 million metric tons of fossil 

fuel-derived CO2 annually.180 The electrochemical reduction of N2, ideally under ambient 

conditions with H2O as hydrogen source, has been proposed as a sustainable alternative for 

NH3 synthesis.181 However, the development of the electrochemical approach has been 

impeded by the lack of efficient electrocatalysts with high activity and selectivity over 

hydrogen generation. Thanks to the recent research efforts, some electrocatalysts for N2 

reduction have been developed, including noble metals, nonprecious metal-based materials, 

and nanocarbons.180-182 Recently, Geng et al. reported that Ru single atoms (0.18 wt%) on 

nitrogen-doped carbon (denoted as Ru SAs/N-C) can work as efficient electrocatalyst toward 

electrochemical N2 reduction.183 The catalyst was synthesized by pyrolyzing Ru-containing 

derivative of zeolitic imidazolate frameworks (Fig. 22A). XANES and EXAFS studies 

suggested that the Ru was atomically dispersed in the carbon matrix with coordination to N 

atoms and the valence state of Ru species was ≈+3. The electrochemical measurements were 
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performed in three-electrode system with two-compartment cell in 0.05 M H2SO4. The partial 

current for NH3 production (determined by the indophenol blue method) of Ru SAs/N-C was 

significantly higher than that of the control sample Ru NPs/N-C at all applied potentials (Fig. 

22B). At -0.2 V versus RHE, Ru SAs/N-C achieved a Faradaic efficiency of 29.6% for NH3 

production, which was about 2-fold higher than that of Ru NPs/N-C (Fig. 22C). When 

normalized by the weight of catalysts, Ru SAs/N-C exhibited the yield rate of 120.9 µgNH3 

mg-1 h-1 at -0.2 V (Fig. 22D). It should be cautioned that without an elaborated calibration and 

control, the accurate quantification of the NH3 production could be plagued by possible 

contamination in laboratory environment, purging gases, electrolyte solvents or the catalysts 

N2, electrolytes or the catalysts. To this end, the authors conducted a series of control and 

confirmatory experiments, including open circuit control measurements, argon control 

measurements and 15N2 reduction experiments to verify that the NH3 production over Ru 

SAs/N-C is indeed originated from N2 electrochemical reduction. Electrochemical stability 

testes revealed that Ru SAs/N-C experienced less than 7% decay of yield rate for NH3 

reduction during a 12 h potentiostatic test at -0.2 V (Fig. 22E). In another work, Mo single 

metals (evidenced by EXAFS-FT) supported on N-doped carbons were reported as efficient 

and stable electrocatalysts toward N2 reduction with high NH3 production yield and Faradaic 

efficiency.184 
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Fig. 22   Synthetic route and NRR electrocatalytic characterizations of Ru SAs/N-C. (A) 

Scheme of the synthetic procedure for Ru SAs/N-C. (B) Current densities for NH3 production 

of Ru SAs/N-C and Ru NPs/N-C. (C) Faradaic efficiency and (D) yield rate of NH3 

production at different applied potentials on Ru SAs/N-C and Ru NPs/N-C. (E) 12 h 

durability test for Ru SAs/N-C toward N2 electrochemical reduction at -0.2 V versus RHE. 

Reproduced with permission from Geng et al.183 Copyright 2018 Wiley-VCH.

5.6. Other electrochemical reactions

Bao and co-workers reported the use of G-SACs as alternative counter electrode to Pt 

electrode for dye-sensitized solar cells (DSSCs).104 A series of single atomic metals (Mn, Fe, 

Co, Ni and Cu) in the form of MN4 moieties confined in the basal plane of graphene were 

synthesized by ball milling of a metal phthalocyanine and graphene nanosheets, and the 

atomic dispersion of the metals were confirmed by HAADF-STEM and EXAFS-FT. Among 

the different metals, CoN4 can work as highly active and stable catalysts facilitating the 

interconversion of the redox couple I─/I3
─. Further, a solar cell device utilizing the CoN4 as 

counter electrode was fabricated and displayed a higher power conversion efficiency than the 
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Pt counterpart. DFT calculations suggested that the resulting superior catalytic properties of 

CoN4 could be ascribed to the desired adsorption energy of iodine on the single Co sites.    

Sun and co-workers employed the ALD technique to synthesize single atoms and sub-

nanometer clusters of Pt on the surfaces of defective graphene nanosheet and studied their 

catalytic behaviors toward methanol oxidation reaction (MOR), which represents the key 

reaction of the direct methanol fuel cell technology.106 The morphology, size, density and 

loading of Pt on graphene could be well regulated by tuning the number of ALD cycles, 

which allowed the investigation in the effects of different Pt species on catalytic properties. 

Catalytic measurements revealed that these catalysts had much higher activity for methanol 

oxidation and superior tolerance than commercial Pt/C and the excellent catalytic 

performance was attributed to the low-coordination and partially unoccupied densities of 

states of Pt atoms 5d orbital. 

6. Conclusion and outlook

The development of efficient and cost-effective catalysts is of great interest and 

importance for clean energy applications. Benefited from the unique physicochemical 

properties of graphene substrate, G-SACs represent a unique class of single atom catalysts 

compared to those supported on metal oxide-based substrates for catalyzing electrochemical 

energy conversion processes including hydrogen evolution, oxygen reduction, oxygen 

evolution, CO2 reduction, N2 reduction and methanol oxidation. These G-SACs have been 

prepared by a variety of strategies including electron/ion irradiation, atomic layer deposition, 

ball milling, photochemical reduction, solution-phase synthesis, pyrolysis using different 

types of precursors including molecules, polymers, MOFs and GO. In addition, considerable 

research efforts have been devoted to establishing the correlation between structure and 

catalytic properties in G-SACs by applying the concept of ligand-field effects adapted from 

coordination chemistry since single atoms embedded in graphene can be considered as the 

mimics of organometallic complexes with the metal center and neighboring coordinators 

accommodated in the π-conjugated carbon matrix. This aspect has been demonstrated by 

several experimental and theoretical studies where the regulations in the identity of the metal 

center and coordinators, coordination configuration, the electronic structure of the carbon 

substrate and the location of the active site have resulted in the effective tuning of the 

catalytic behaviors in G-SACs. The foundation for the establishment of the structure-to-

activity linkage in G-SACs lies in the identification of the active site structure. Among the 

various characterization techniques, XAS analyses comprising EXAFS and XANES are 
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powerful tools for determining the geometric and electronic structure of the active sites, such 

as the oxidation state of the metal center, bond length, bond disorder, coordination number 

and geometry. Despite the excitement and achievements brought by the research on G-SACs 

for electrochemical energy conversion to date, considerable challenges and opportunities 

remain from both fundamental and applied research perspectives. 

From the outset, the achievement of high metal loading in G-SACs with exclusive 

single atomic dispersion remains a most critical challenge for the field. The formation of 

strong interaction between the metal center and the neighboring coordinators typically involve 

the processes of bond breaking and reforming, which require the input of high energy during 

catalysts preparation (e.g., pyrolysis or ball milling). These activation processes could 

simultaneously cause the metal atoms to diffuse and agglomerate due to their large surface 

free energy and therefore the amounts of metals added during preparation need to be 

sufficiently low to avoid aggregation. Thus far, the metal contents in most studies are 

typically below 5 wt%, which greatly limits the number of active sites and performance of G-

SACs to meet practical applications. Besides the nominal metal loading, another important 

consideration is that the single metal atoms should be preferentially exposed at the surface so 

as to actively participate in catalytic reaction. To increase the metal loading of G-SACs, 

defects engineering of graphene could potentially be explored to introduce additional doping 

sites for both metal atoms and heteroatoms. Alternatively, modification of existing synthetic 

strategies and development of novel methods that can minimize the exposure of precursor 

materials to high-energy environment could minimize aggregation while increasing atomic 

metal loading. 

Second, despite some pioneering attempts, it remains difficult to correlate the exact 

structure configuration with the catalytic properties, which further precludes the establishment 

of design principles in optimizing the intrinsic activity of G-SACs. The reasons behind this 

difficulty are multifold. Firstly, the heterogeneous structure with co-presence of atomic sites 

and metal aggregates, and the nonuniform distribution of different types of atomic sites 

severely complicate the identification of active sites as well as the origin of catalytic activity. 

Secondly, there is a lack of efficient synthetic methods that can systematically modulate the 

metal center and its coordination environment in a tunable and predictable manner. For most 

methods developed for synthesizing G-SACs to date, any given method can usually only 

generate one or a few specified structures and it remains unclear how the adopted structures 

are correlated with the synthetic conditions. In addition, most studies of G-SACs have focused 

on atomic MNx moieties, while other heteroatoms (e.g., B, O, S) are less investigated either as 

Page 54 of 69Chemical Society Reviews



55

coordinators to the metal center or as dopants in the carbon matrix. The incorporation of these 

multiple dopants could provide new avenues to tune the electronic structure and therefore the 

intrinsic activity of the metal center. Additionally, the comparison in the intrinsic activity 

among different types of atomic sites prepared by different methods is not straightforward 

considering that several structural characteristics (e.g., electrical conductivity, porosity, 

surface area and wettability) beyond the active site structure can influence the catalytic 

activity of G-SACs and are highly sensitive to the synthetic routes. Therefore, the 

development of a universal method to synthesize G-SACs with monodispersed and 

systematically tailorable active sites are highly desirable for unraveling the fundamental 

correlation between local atomic structures and the catalytic properties. 

Lastly, there is little experimental insight on the metal-reactant and metal-support 

interactions in G-SACs under electrocatalytic conditions, and a limited understanding of the 

mechanistic details of the reactions on the catalyst surface. As large differences could exist in 

the geometric and electronic structure of the active metal during electrochemical reaction 

from that derived under ex situ condition, in situ/operando studies will play important roles in 

properly unveiling the real active site and the dynamic process for various catalytic processes. 

The precise understanding of the reaction mechanism is pivotal for the rational design of next 

generation of high-performing G-SACs for practical technological applications. Despite many 

challenges ahead, we have witnessed enormous increase of research efforts in the relevant 

areas in the past few years. The continued efforts in synthetic design and 

structural/mechanistic studies will surely help accelerate the development of G-SACs with 

high activity, selectivity and stability for the applications in wide ranges of electrochemical 

reaction as well as other types of catalytic processes. 
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Table 1  Single atom catalysts supported on graphene layers or graphitized carbon for electrocatalytic water splitting

Catalyst Synthetic method Metal content
[wt%]

Catalyst loading
[mg cm-2] Electrolyte η10 [mV] Tafel slope 

[mV decade-1] TOF [s-1] at specific η Ref.

Hydrogen evolution reaction
ALDPt/NGNs ALD 2.1 by ICP 0.05 0.5 M H2SO4 ~40 29 N/A 108
Pt1/OLC ALD 0.27 by ICP 0.51 0.5 M H2SO4 38 36 40.78 at 100 mV 141
Pt1/graphene ALD 0.33 by ICP 0.51 0.5 M H2SO4 ~60 42 16.67 at 100 mV 141
Pt1/MC Photochemical reduction 2.6 by ICP 0.38 0.5 M H2SO4 25 26 N/A 110
Pt1/NPC Photochemical reduction 3.8 by ICP 0.1 0.5 M H2SO4 29 28 2.93 at 25 mV 111
Pt1/NMC Photochemical reduction 2.54 by ICP 0.39 0.5 M H2SO4 29 26 N/A 97
Pt SAs/DG Thermal emitting 2.10 by ICP 1.0 0.5 M H2SO4 23 25 N/A 94
Pt1/hNCNC Impregnation-adsorption 2.92 by UV-vis 0.1 0.5 M H2SO4 15 24 7.67 at 20 mV 112
Pt@PCM Pyrolysis 0.53 by ICP N/A 0.5 M H2SO4 105 64 43.6 at 500 mV 142
Co-SAS/HOPNC Pyrolysis 0.49 by ICP 0.6 0.5 M H2SO4 137 52 0.41 at 100 mV 60
Co-NG Pyrolysis 2.54 by ICP 0.28 0.5 M H2SO4 147 82 0.10 at 100 mV 72
Co-NG-MW Microwave-assisted pyrolysis 1.1 by ICP 0.1 0.5 M H2SO4 175 80 0.385 at 100 mV 76
Co1/PCN Pyrolysis 0.3 by ICP 0.5 1 M KOH 89 52 5.98 at 100 mV 126
PANICo750A Pyrolysis 1.05 by ICP N/A 0.5 M H2SO4 138 55 N/A 146
CoNx/C Pyrolysis 0.14 by ICP 2.0 0.5 M H2SO4 133 57 0.39 at 100 mV 147
Co-SAC Pyrolysis 1.39 by XPS 0.2 0.5 M H2SO4 230 99 N/A 148
Ni-doped graphene CVD N/A N/A 0.5 M H2SO4 ~180 45 0.8 at 300 mV 143
A-Ni-C Pyrolysis 1.5 by ICP 0.28 0.5 M H2SO4 34 41 N/A 144
A-Ni@DG Pyrolysis 1.24 by ICP 0.26 0.5 M H2SO4 70 31 5.7 at 100 mV 145
W-SA Pyrolysis 1.21 by ICP 0.2 0.1 M KOH 85 53 6.35 at 120 mV 150
Mo1N1C2 Pyrolysis 1.32 by ICP 0.41 0.1 M KOH 132 90 0.465 at 100 mV 149

Oxygen evolution reaction
Ni-NHGF Pyrolysis 0.25 by ICP 0.27 1 M KOH 331 63 0.72 at 300 mV 25
S|NiNx-PC/EG Pyrolysis 0.2 by ICP 0.15 1 M KOH 280 45 10.9 at 300 mV 48
A-Ni@DG Pyrolysis 1.24 by ICP 0.26 1 M KOH 270 47 13.4 at 300 mV 145
S,N-Fe/N/C-CNT Pyrolysis 3.3 by XPS 0.6 0.1 M KOH 370 82 N/A 57
Fe-N4 SAs/NPC Pyrolysis 1.96 by ICP 0.51 1 M KOH 430 95 N/A 151
Mn-NG Pyrolysis 0.026 by ICP N/A 1 M KOH 337 55 N/A 74
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Table 2  Single atom catalysts supported on graphene layers or graphitized carbon for electrocatalytic CO2 reduction

Catalyst Synthetic method Metal content
[wt%]

Catalyst loading
[mg cm-2] Electrolyte Potential Current density 

[mA cm-2]
Main product
(Faradaic efficiency) Ref.

A-Ni-NSG Pyrolysis 2.8 by ICP 0.4 0.5 M KHCO3 -0.72 V vs RHE 23.5 CO (94%) 46
Ni-N-C Pyrolysis 0.24 by ICP 0.5 0.5 M KHCO3 -0.77 V vs RHE ~7.5 CO (92%) 61
Ni-NG Pyrolysis 2 by XPS 1 0.5 M KHCO3 -0.74 V vs RHE 11 CO (95%) 73
Ni2+@NG Ion-adsorption 0.8 by ICP 0.3 0.5 M KHCO3 -0.68 V vs RHE 10.2 CO (92%) 99
Ni-N-Gr Pyrolysis 2.2 by ICP 0.3 0.1 M KHCO3 -0.8 V vs RHE ~1.5 CO (90%) 157
Ni SAs/N-C Pyrolysis 1.53 by ICP 0.1 0.5 M KHCO3 -1.0 V vs RHE 10.5 CO (70.3%) 158
Ni-N4-C Pyrolysis 1.41 by ICP 0.2 0.5 M KHCO3 -0.81 V vs RHE 28.6 CO (99%) 159
NiN-GS Pyrolysis ~5 by XPS 1 0.5 M KHCO3 -0.76 V vs RHE 21.3 CO (96%) 160
C-Zn1Ni4 ZIF-8 Pyrolysis 5.44 by ICP 2 0.5 M KHCO3 -1.03 V vs RHE 71.5 CO (93.5%) 161
H-CP Solid-state diffusion N/A 3.5 0.5 M KHCO3 -1.2 V vs RHE 60.11 CO (90.8%) 166
Ni SAs/NCNTs Pyrolysis 6.63 by ICP 0.8 0.5 M KHCO3 -1 V vs RHE 57.1 CO (95%) 167
Ni-N-MEGO Pyrolysis 6.7 by ICP 0.5 0.5 M KHCO3 -0.7 V vs RHE 29.1 CO (92%) 170
Ni-NCB Pyrolysis 0.27 by ICP 0.2 0.5 M KHCO3 -0.68 V vs RHE 6.8 CO (99%) 171
Ni-N-C Pyrolysis 1.8 by XPS 0.75 0.1 M KHCO3 -0.84 V vs RHE 15 CO (81%) 175
Ni-N-C Pyrolysis 1.73 by XPS 0.76 0.1 M KHCO3 -0.75 V vs RHE 11.2 CO (80%) 176
Co-N2 Pyrolysis 0.25 by ICP 0.8 0.5 M KHCO3 -0.63 V vs RHE 18.4 CO (94%) 45
Co1-N4 Pyrolysis 0.6 by ICP N/A 0.1 M KHCO3 -0.8 V vs RHE ~15 CO (82%) 177
Co-N5/HNPCSs Pyrolysis 3.54 by ICP N/A 0.2 M NaHCO3 -0.79 V vs RHE 10.2 CO (99.3%) 178
Fe3+-N-C Pyrolysis 2.8 by ICP 0.6 0.5 M KHCO3 -0.47 V vs RHE ~21 CO (~95%) 128
Fe-N-C Pyrolysis 0.5 by XPS 0.6 0.1 M KHCO3 -0.68 V vs RHE 2.8 CO (93%) 163
Fe/NG-750 Pyrolysis 1.25 by ICP 0.32 0.1 M KHCO3 -0.6 V vs RHE ~3 CO (80%) 173
Fe0.5d Pyrolysis 1.5 by XAS 1 0.1 M KHCO3 -0.6 V vs RHE 4.5 CO (91%) 174
ZnNx/C Pyrolysis 0.1 by ICP 1 0.5 M KHCO3 -0.43 V vs RHE 4.8 CO (95%) 164
Zn-N-G-800 Pyrolysis ~1.6 by ICP 2 0.5 M KHCO3 -0.5 V vs RHE 4.1 CO (91%) 172
(Cl,N)-Mn/G Pyrolysis 0.05 by ICP 0.5 0.5 M KHCO3 -0.6 V vs RHE 13.4 CO (97%) 168
Sn1

δ+-NG Pyrolysis 0.82 by ICP 0.24 0.25 M KHCO3 -1.6 V vs SCE 11.7 Formate (75.1%) 165

Page 68 of 69Chemical Society Reviews



The synthetic strategies, structural identification and electrocatalytic applications of single 
atom catalysts supported on graphene or graphene-like carbons are reviewed. 
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