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Single-atom catalysts (SACs) are attracting significant attention due to their exceptional 

catalytic performance and stability. However, the controllable, scalable and efficient 

synthesis of SACs remains a significant challenge for practical application of SACs. Herein, 

we report a new and versatile seeding approach to synthesize SACs supported on different 

two-dimensional (2D) materials such as graphene, boron nitride (BN) and molybdenum 
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disulfide (MoS2). This method has been demonstrated on the synthesis of Ni, Co, Fe, Cu, Ag, 

Pd single atoms as well as binary atoms of Ni and Cu co-doped on 2D support materials with 

the mass loading of single atoms in the range of 2.8-7.9 wt%. In particular, the applicability 

of the new seeding strategy in electrocatalysis has been demonstrate on nickel SACs 

supported on graphene oxide (SANi-GO), exhibiting excellent catalytic performance for 

electrochemical CO2 reduction reaction with a turnover frequency (TOF) of 325.9 h
-1

 at a low 

overpotential of 0.63V and high selectivity of 96.5% for CO production. The facile, 

controllable and scalable nature of this approach in the synthesis of SACs is expected to open 

new research avenues for the practical applications of SACs. 

 

Keywords: Single-atom catalysts (SACs); seeding methods; 2D materials supports; transition 

metals; noble metals. 

 

Single-atom catalysts (SACs), comprised of monodispersed metal atoms on various 

supports with large surface area, have been demonstrated to exhibit high efficiency and 

excellent selectivity in energy-related or environmental catalysis, far exceeding those of 

metal nanoparticles catalysts [1]
. The high catalytic efficiency of SACs originates from the 

maximized atom utilization and unique coordination environments of metal atoms. However, 

the grand challenge in the practical application and commercialization of SACs is how to 

develop a facile method for the synthesis of SACs with high mass loading of single atoms 

without aggregation on different support materials [2]
. Therefore, much effort has been 

devoted to the synthesis of SACs, ranging from noble metals to non-noble metals.
[3]

 Owing to 



 

 

 

This article is protected by copyright. All rights reserved. 

 

the relative ease of preparation by the impregnation method, metal 
[3b, 3c, 4]

, metal oxides 
[3a]

, 

and metal nitrides [5]
 have been studied as the potential supports to anchor SACs. However, 

the large mass ratio and limited surface area of the supports give rise to a restrained mass 

loading of SACs in the range of 0.5-3 wt.%.
[1c, 2a]

 Physical deposition methods such as atomic 

layer deposition (ALD) [6]  have also been applied to synthesize SACs, but the catalyst 

loading is generally less than 1wt% and agglomeration of the single atom to nanoclusters and 

particles is inevitable after a number of deposition cycles. Carbon materials possessing high 

levels of nitrogen doping with a suitable chemical coordination environment have been 

utilized for the support of SACs, including carbon nanotubes (CNTs) 
[7]

 , graphene 
[8]

, carbon 

nanosheet 
[9]

, g-C3N4 
[10]

, carbon nanoshere or porous carbon
[11]

 and so on. However, the 

practical and wide applicability of the SACs synthesized by the reported methods is also 

restricted by the limited and low catalyst loading. Recently, a facile one-pot pyrolysis method 

has been reported to possess advantages in achieving high atomic loadings for SACs 
[8b, 8d, 12]

. 

Nevertheless, the loading could not be easily controlled due to multiple high-temperature 

annealing processes involved in the complex chemical reaction pathway. The mass-selected 

soft-landing method, a physical deposition method well-known for synthesizing metal 

clusters with precisely controlled number of atoms, has also been utilized to prepare SACs 

[13]
. But the general conditions required for a soft landing are difficult to achieve with respect 

to the precise control of single atom loadings on the support material, as well as the control of 

the substrate properties including surface energy, hardness, polarizability and temperature as 

required for the practical applications [14]
. Therefore, it is highly desirable to develop a 

synthetic approach that is easy, controllable, and generally applicable while achieving high 

mass loading of single atoms. Such an approach is highly attractive and would open up 

possibilities to selectively design on-demand active sites for targeted applications.
[2b, 15]
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In this work, we have developed a general strategy, referred to as a seeding approach, to 

synthesize wide range of SAs on various 2D materials (including graphene, molybdenum 

disulfide (MoS2), and boron nitride (BN)) by utilizing single metal atom dispersed carbon 

nitride (CNx) as the seed. Compared to the SAC supported on 1D materials such as CNTs, 

SACs supported on 2D materials will have a much higher utilization efficiency due to the 

much better exposed active sites as compared to CNTs, in which the SAC imbedded in the 

inner tubes of CNTs would not be active for the electrocatalytic reactions, as shown early.
[12]

 

The synergistic combination of 2D materials and single metal atom seeds makes it possible to 

achieve SACs with tunable mass loading and superior catalytic performance that cannot be 

otherwise achieved by using conventional synthesis method. Different to the conventional 

synthesis methods, the seeding strategy reported herein exhibits distinct advantages with 

respect to the compatibility of different metal elements and different substrates. To some 

extent, the loading can also be adjusted to satisfy the needs of various applications by simply 

controlling the seed concentration and content. The synthesized SACs exhibit high dispersion 

and uniformity without aggregation, opening up prospects for further studies into their 

electrochemical, photochemical and catalytic properties. For example, nickel single atoms 

supported on graphene, SANi-GO, exhibits excellent catalytic performance for 

electrochemical CO2 reduction reaction, with a low overpotential of 0.63V and high 

selectivity of 96.5% for CO production. 

To load the SAs onto the 2D support materials, the seeding approach consists of three 

steps; the SA-seed preparation, surface functionalization of the 2D materials by 

polyvinylpyrrolidone and polyethyleneimine (PVP/PEI) modification and final high 

temperature annealing (Figure 1). Generally, the preparation of SA-Seed involves absorption 
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of metal precursor followed by annealing process (Figure S1). The strategy is illustrated by 

making the nickel single atom catalysts by using graphene oxide as the support. SANi-Seed 

posseses a nanosheet-type structure after annealing at 660 
o
C for 2h, as shown early.

[16]
 The 

surface area of SANi-Seed is 235 m
2
g

-1
, much higher than 8 m

2
g

-1
 measured on the pristine g-

C3N4 phase, indicating the presence of Ni SAs substantially enhances the dispersion of g-

C3N4. The detailed abberration-corrected high-angle annular dark-field (AC-HAADF) 

analysis confirms that single Ni atoms are trapped within the g-C3N4 layer structure and 

anchored in the six-fold interstices between tri-s-triazine units.
[16-17]

  

To increase the dispensability and absorption capacity, GO was first modified or 

functionalized with PVP and PEI. For the purpose of comparison, nitrogen doped GO (N-

GO) and Ni nanoparticle deposited on GO (Ni-GO) were also prepared (Fig. S2 and S3). The 

average particle size of Ni was ~8 nm with the loading around 6 wt%. We have found that 

without PVP/PEI surface modification, the metal carbide aggregation occurs on the support 

(Figure S3). This indicates that PVP/PEI functionalization of 2D supports serves as an 

essential step to anchor the single atom seeds. The uniform deposition of SANi-Seed on GO 

is most likely through the non-covalent interaction between PVP/PEI functionalized GO and 

SANi-Seed, similar to the self-assembly process. The slow annealing process caused the 

gradual decomposition of SANi-Seed, leading to the formation of single atoms anchored 

uniformly onto GO, namely SANi-GO. The surface area of SANi-GO is 816 m
2
g

-1
 with a 

pore volume of 3.4 cm
3
 g

−1
, close to that of N-doped GO (3.8 cm cm

3
 g

−1
). 

The SANi-GO exhibits a smooth 2D structure and inserted optical image indicates the 

fluffy black product with a mass of 630 mg, indicating the scalability of the method (Figure 

2A). The SANi-GO was then characterized by high-resolution transmission electron 
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microscopy and no nanoparticles were observed (Figure 2B). The XRD patterns confirm that 

the SANi-GO is similar to that of the GO without any signals of metallic nickel or Ni 

nanoparticles (Figure S3B), consistent with the TEM results. Importantly, the energy 

dispersive spectrum (EDS) elemental mapping images indicate that the C, Ni, N elements are 

uniformly distributed throughout the entire structure (Figure 2C). Isolated single atoms were 

atomically dispersed on the GO substrate as shown by the AC-STEM image (Figure 2D). 

XPS pattern of Ni 2p confirm the Ni is Ni
2+

 (Figure S4A), and the N 1s is also dominated by 

pyrrolic nitrogen which is consistent with Ni-N structure [8d, 12]
.  

X-ray absorption spectroscopy (XAS) measurements were performed to further 

characterize the local coordination environment of Ni. As shown in Figure 2E, the Ni K-edge 

NEXAFS spectra for the SANi-GO exhibit strong similarities to that of nickel phthalocyanine 

(NiPc), suggestive of the existence of Ni-N bonds in SANi-GO. In contrast, the spectra are 

very different to Ni metal, indicating the absence of the Ni-Ni metallic bonds, consistent with 

the XPS observations. The Ni K-edge is shown in Figure 2F, where the pre-edge at around 

8333 eV in position A is attributed to the dipole-forbidden but quadrupole-allowed transition 

(1s→3d), which is corresponding to 3d and 4p orbital hybridization of the Ni center atom. 

The integrated pre-edge peak intensity of NiPc is inconspicuous, which can be explained by 

its high D4h centrosymmetry [8d]
. The increase in the pre-edge peak intensity in SANi-GO is 

attributed to the increased dipole-allowed transitions (1s→4p), which occur through mixing 

of the 3d and 4p orbitals because of the distorted D4h symmetry. In contrast with that found 

from NiPc, the intensities of the 1s→4pz transition (peak B) in SANi-GO are reduced. These 

transitions act as an evidence for square-planar M-N4 moieties, and this result further 

confirms the distorted D4h symmetry of the Ni atoms from SANi-GO, contrary to that 



 

 

 

This article is protected by copyright. All rights reserved. 

 

observed in NiPc. The Fourier-transform of the extended X-ray absorption fine structure 

(EXAFS) spectra is presented in Figure 2G. A dominant peak at 1.34 Å consistent with NiPc 

and can be assigned to the Ni-N coordination, which demonstrates the bonding environment 

of Ni in SANi-GO. The simulated near edge curve (Figure 2H) matches well with the 

experimental result, which confirms the existence of Ni-N4 structure in SANi-GO.  

In order to obtain a more comprehensive understanding of the synthesis process of Me-

N4 atomistic structure, DFT calculations were performed to explore the thermodynamic 

stability of different metal atoms in g-C3N4 and Me-N4 (Figure 3A). After a full relaxation, 

the metal atoms preferred to locate in the six-fold interstices between tri-s-triazine units of g-

C3N4.
[12, 17]

 The Ni atoms are stabilized by the surrounding carbon and nitrogen, which 

prevents the Ni atoms from aggregation. Pure DCD-350 completely decomposed at 660 
o
C, 

which further confirms the critical role of metal atoms in stabilizing the g-C3N4 structure. 

Nevertheless, the binding energy calculations show that it is energetically unstable for the 

single metal atoms in the g-C3N4 environment, due to weak interactions between metal atoms 

and g-C3N4. When the temperature increases up to 800 
o
C, the six-fold interstices structure 

transforms into a strong Me-N4 stable structure anchored on the surface of substrate. Among 

the series of single atom metals explored in this study, the Me-N4 structure on graphene is 

considered to be energetically stable (Table S1). Consequently, it is reasonable to speculate 

that, at high temperatures, metal atoms prefer to take the Me-N4 structure in graphene rather 

than the Me-g-C3N4 structures. It should be noted that, among the metal atoms studied in this 

work, the Ni-N4 structure on graphene possesses the highest positive binding energy, 

indicative of its high stability, which is also consistent with our previous results.
[12]
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The methods to prepare SANi-Seed are significantly versatile and establish the premise 

of dispersing wide range of metal single atoms (Figures S5). Through seeding approach, the 

synthesis of SACs is not only applicable to transition metal (Fe, Co, Ni, Cu), but also can be 

easily extended to noble metals like Ag and Pd. Besides single metal atoms, bimetallic SACs 

can also be achieved through a careful preparation of the SAMe-Seed using two metal 

precursor sources together, such as but not limited to Cu and Ni, dispersed within CNx. After 

the seeding process, bimetallic Cu and Ni atoms were simultaneously loaded on the surface 

of graphene, forming SACuNi-GO (Figure 3G). Furthermore, the structures of SAMe-GO 

were investigated by Raman and XRD and the results indicate the presence of basic graphene 

sheet structure with typical carbon peaks and no signals associated with metal nanoparticles 

(Figures S6). XPS shows a high nitrogen content in SAMe-GO of more than 9.5 at. % (Table 

S2) and Me-N elemental environment (Figure S4), indicating the coordination and 

stabilization of metal single atoms by nitrogen, similar to that of SANi-GO as described 

above. The electronic structure of SAFe-GO was also characterized by XAS measurements 

(Figure S7), where the Fe-N4 structure is consistent with recent reports [18]
. The single atom 

loading achieved was in the range of 2.8 wt% for SAAg-GO to 7.9wt% in the case of SANi-

GO (Table S2). Most importantly, the loading of single metals can be controlled through 

adjusting the content or amount of SA-Seed. Thus, the more metal seed used, the higher 

single atom loading on the 2D materials. 

In addition to GO substrates, other 2D materials such as MoS2, BN were also used in the 

synthesis of SACs (Figures 3H-J). To demonstrate the feasibility of this approach, Ni and Fe 

atoms were successfully loaded on the surface of MoS2 and BN nanosheet using the 

abovementioned seeding approach. The PVP/PEI functionalization immobilizes the SAMe-
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Seed on MoS2 and BN, similar to that on GO. In the case of SANi-MoS2, the results show 

layered structure after single nickel introduction (Fig. S8). The EDS mapping confirms the 

uniform distribution of Mo, S, N and Ni. The selected diffraction of SANi-MoS2 indicates the 

(110) and (001) planes, which shows the uncovered MoS2 with good crystallinity. As 

comparison, the selected diffraction reveals the amorphous structure with carbon layer 

coating. The HRTEM confirms that there is no occurrence of nanocluster or nanoparticles, 

consistent with the atomic dispersion of Ni. The same has also been observed for SAFe-MoS2 

(Fig.S9) and SANi-BN (Fig.S10). The SAMe-Seed nanosheets landed uniformly on the 

surface, which is crucial for the formation of the final SACs on the 2D materials. The gradual 

integration of the single atom dispersed g-C3N4 structure on the 2D substrates during the final 

pyrolysis steps effectively stabilize single atoms on 2D materials, preventing them from 

forming metal clusters or nanoparticles. The seeding strategy presented in this study is 

essentially different from the conventional approaches which mainly relies on the anchoring 

the SACs by defects on the substrate surface. In comparison to the recently reported synthesis 

of copper single-atom catalysts via direct atoms emitting from bulk metals with the assistance 

of ammonia 
[19]

 and formamide-converted metal-nitrogen-carbon electrocatalysts,
[9d]

 the 

current synthesis approach has advantages of the versatility in the wide selection of metal 

atoms and carbon or non-carbon-based 2D support materials, providing the possibility of the 

synergistic effect between the embedded single atoms and the support substrates. The new 

approach for the SACs on 2D materials provides more possibilities for various 

electrocatalytic applications.  

The high electrocatalytic activity of SACs made with the seeding strategy in this study 

has been illustrated on SANi-GO catalysts for the electrochemical reduction of CO2 (CO2RR) 
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in CO2- saturated 0.5 M KHCO3 solution and the results are given in Figure 4. Linear sweep 

voltammetry (LSV) was firstly performed over SANi-GO catalysts under CO2 atmosphere 

showed one cathodic peak at approximately -0.7 V (versus RHE), while there is no obvious 

cathodic peak present under N2 (Figure 4A). The electrocatalytic activity of SANi-GO for 

CO2RR is substantially higher as compared with that on Ni-GO and N-GO. The gaseous 

products of CO2RR were analyzed by on-line gas chromatography and only carbon monoxide 

(CO) and hydrogen (H2) products were identified. The Faradaic efficiency (FE) of CO 

formation was measured at selected applied potentials. The SANi-GO electrode exhibits FE 

(CO) of 91%, 94.7% and 96.6% at -0.83, -0.73 and -0.63 V (versus RHE), respectively, for 

CO2RR. The mass spectrometry analysis did not detect the formation of methane or other 

liquid products. The much higher selectivity of CO2 by SANi-GO was achieved, compared 

with Ni-GO and N-GO (Figure 4B). Compared with Ni-GO and N-GO, the atomic dispersed 

Ni SACs provide a much higher active sites and thus dramatically enhance the efficiency and 

performance of N-based catalysts. A high current density of 8.3 mAcm
-2

 for CO production 

was achieved at -0.63 V on SANi-GO. The turnover frequency (TOF) of CO increased with 

the overpotential, achieving 325.9 h
-1

 at -0.63 V (see Figure 4C). The excellent selectivity 

and activity of SANi-GO were further investigated by in situ monitoring of the products 

formed at different potentials collected over 2 h of electrolysis using gas chromatographic 

analysis of gas products and gas chromatographic-mass spectroscopic analysis of liquid 

products. CO and H2 were confirmed as the only products for the CO2RR on SANi-GO. The 

cycling stability of the CO2RR was investigated at -0.63 V, exhibiting a high CO2 selectivity 

even after 50 h at 91% FE. The performance of SANi-GO is comparable with reported results 

based on the SACs (Table S3).
[8a, 20]

 The high activity of SANi-GO for the CO2RR indicates 
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the applicability of the new seeding synthesis method in the development of advanced SACs 

for electrocatalytic applications. 

In summary, we have developed a new versatile and controllable method to synthesize a 

series of single metal atom catalysts supported on 2D materials via an innovative seeding 

strategy. The seeding strategy is versatile and has been demonstrated on Ni, Co, Fe, Cu, Ag, 

Pd single atoms as well as bimetallic NiCu atoms supported on 2D materials including GO, 

MoS2 and BN nanosheets. The applicability of the synthesized SA-2D catalysts has been 

demonstrated on the high activity and selectivity of SANi-GO for CO2RR. The seeding 

approach described in this work serves as an enabling technology for multiple applications 

including heterogeneous catalysis, electrode materials for energy storage and conversion, etc. 

The method represents a generic strategy for the fabrication of SACs on 2D support and in 

principle, the same approach can also be applied to the fabrication of SACs on 0D and 1D 

support materials. This paper is expected to prompt further research on the optimization and 

functionalization of various 2D support materials and wide range of single as well as 

bimetallic metal seeds in the development of highly active and practical SAC based catalytic 

materials for electrochemical and catalytic applications.  

Experimental Section 

 

Materials synthesis. All chemicals were purchased from Sigma-Aldrich unless otherwise 

specified. The annealing process was performed at Ar atmosphere. Dicyandiamide (C2H4N4, 

DCD) was heated at 350 
o
C for 1 h, noted as DCD-350. Metal acetylacetonate (Me = Ni, Co, 

Fe, Cu, Ag, Pd) ethanol solution (50% distilled water with 10 mg/ml citric acid) was added 

dropwise to DCD-350, grinded and annealed at 650-700 
o
C for 2 h, noted as SA-Seed. SA-
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Seed with two different metal was also prepared. SA-Seed was deposited onto PVP/PEI 

modified 2D supports (GO, MoS2 and BN) via the proposed hard landing approach, see Fig.1. 

The as-synthesized SAMe-2D catalysts were characterized by X-Ray Diffraction (XRD), 

scanning electron microscopy (SEM), high-resolution transmission electron microscopy 

(HRTEM), high angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM), energy dispersive X-ray spectroscopy, high-resolution aberration-

corrected scanning transmission electron microscopy annular dark field images (AC-STEM-

ADF), XPS, Raman spectroscopy and near edge x-ray absorption structure (NEXAFS) 

spectroscopy measurements were performed at the Soft X-Ray beamline of the Australian 

Synchrotron [21]
. The specific surface area was calculated by the Brunauer–Emmett–Teller 

(BET) method and mass loading was determined by the inductively coupled plasma atomic 

emission spectroscopy and X-ray absorption spectroscopy (XAS) measurements.   

The density functional theory (DFT) calculations were performed by using the Vienna 

Ab- 

initio Simulation Package [22]
 with the projector augmented wave method [23]

 to describe the 

electron-ion interaction. CO2RR experiments were performed in a 0.5 M KHCO3 solution 

using a BioLogic VMP3 workstation with a customized gastight H-type glass cell that was 

separated thorough Nafion cation-exchange membrane. Catalyst loading was controlled about 

0.52 mgcm
-2

. All electrochemical measurements were tested versus the SCE reference 

electrode and converted into the reversible hydrogen electrode (RHE). The gas products were 

quantified by a gas chromatograph (GC) and the liquid products were analyzed by NMR 

spectroscopy (Varian Inova 600 MHz) with one water suppression technique. The details of 
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the experimental methods, physical and electrochemical characterization methods and 

procedures are given in the Supporting Information. 

Supporting Information  

 

Supporting information is available for the Wiley Online Library or from the author. 
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Figure 1. Schematic of synthesis of SA-2D material through a seeding strategy approach. (A) 

2D support material, (B) modification of 2D support by PVP/PEI functionalization, (C) 

uniform deposition or landing of SA-Seed on PVP/PEI modified 2D support material and (D) 

formation of SA-2D material via a high temperature annealing step.  
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Figure 2. Structural characterization of SANi-GO. (A) SEM image of SANi-GO and the 

inserted optical image is SANi-GO formed with final weight of 0.63g, (B) TEM image of 

SANi-GO and the insert shows the HRTEM image, (C) element mappings of carbon (C), 

nickel (Ni) and nitrogen (N). Scale bar=50 nm, (D) AC-STEM image showing the dispersion 

of Ni single atoms, (E) NEXAFS spectrum of Ni(OH)2, Ni foil, SANi-GO and NiPc, (F) Ni 

K-edge XANES spectra of NiPc, Ni foil, and SANi-GO, (G) Fourier transformation of the 

EXAFS spectra, in which the NiPc and Ni foil spectra were reduced in size, and (H) 

comparison of a simulated XANES spectrum of the inserted Ni-core structure with 

experimental results, the grey, blue and red spheres represent the C, N, Ni, respectively. 
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Figure 3. DFT calculation of SA synthesis and structural investigations of various SAMe-2D 

materials. (A) Schematic structures of g-C3N4-Me and Graphene-N4, the grey, green, blue 

balls denote the C, N, and metal atoms, respectively. High-angle annular dark field 

(HAADF)-STEM-EDS mapping and AC-STEM images of (B) SAFe-GO, (C) SACo-GO, 

(D) SACu-GO, (E)SAPd-GO, (F) SAAg-GO, (G) SACuNi-GO, (H) SAFe-MoS2, (I)SANi-

MoS2, and (J) SANi-BN. 
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Figure 4. Electrochemical CO2RR performance in CO2-saturated 0.5 M KHCO3 solution. (A) 

LSV curves, (B) CO Faradaic efficiency at various applied potentials, (C) TOF of SANi-GO 

at different overpotential. The insert image shows the total and partial current density, and 

(D) Current–time response of for CO2 reduction on SANi-GO catalysts prepared on carbon 

paper, measured at an overpotential of -0.63 V.  
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A facile, controllable and scalable method is developed for the fabrication of single-atom 

catalysts (SACs) on various 2D materials supports with high loading and activities via a new 

seeding approach, significantly accelerating the practical application of SACs for the areas of 

electrocatalysis and catalysis. 

 


