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Abstract 

Single atom catalysts (SACs) have attracted much attentions due to the advantages of high 

catalysis efficiency and selectivity. However, the controllable and efficient synthesis of SACs 

remains a significant challenge. Herein, we report a controlled one-pot synthesis of nickel single 

atoms embedded on nitrogen doped carbon nanotube (NiSA-N-CNT) and nitrogen-doped 

graphene (NiSA-N-G). The formation of NiSA-N-CNT is due to the solid-to-solid rolling up 

mechanism during the high temperature pyrolysis at 800 
o
C from the stacked and layered Ni 

doped g-C3N4, g-C3N4-Ni structure to a tubular CNT structure. Addition of citric acid introduces 

amorphous carbon source on the layered g-C3N4-Ni and after annealing at the same high 

temperature of 800 
o
C, instead of formation of NiSA-N-CNT, Ni single atoms embedded in 

planar graphene type supports, NiSA-N-G were obtained. The density functional theory (DFT) 

calculation indicates the introduction of amorphous carbon source substantially reduces the 

structure fluctuation or curvature of layered g-C3N4-Ni intermediate products, and thus interrupts 

the solid-to-solid rolling process, leading to the formation of planar graphene type supports for 

Ni SACs. The as-synthesized NiSA-N-G with Ni atomic loading of ~6 wt% catalysts shows a 

better activity and stability for the CO2 reduction reaction than NiSA-N-CNT with Ni atomic 

loading of ~15 wt% due to the open and exposed Ni single atom active sites in NiSA-N-G. This 

study demonstrates the feasibility in the control of the microstructure of carbon supports in the 

synthesis of SACs.  

Keywords: Ni single-atom catalysts; controlled synthesis methods, carbon nanotube; graphene; 

carbon dioxide reduction. 

 

1. Introduction 

Single atom catalysts (SACs) consist of individual atoms dispersed on and/or coordinated with 

the surface atoms of an appropriate support with high catalytic activity, selectivity and high 

atomic efficiency, and have attracted increasing attention in recent years.
[1]

 Because the single 

atoms are highly active and tend to form aggregates to reduce the Gibbs free energy, the atomic 

loading is generally very low, less than 1-3 wt%.
[1a, 2]  Thus the development of facile and 
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scalable synthesis method of SACs with high loading is critical for the practical application of 

SACs.
[3]

 To this end, many efforts have been explored to the synthesis of SACs with high 

loading on different support materials, as reviewed recently by Wu et al.
[3d]

  

Due to the feasible preparation associated with the impregnation method, metal oxides,
[4]  and 

metal or carbon nitride 
[5]

  have been extensively studied as potential supports to fabricate SACs. 

However, the large mass ratio and limited surface area of the support results in a restrained 

loading of SACs to generally less than 2-3 wt.%. Significant amount of work has been made in 

the synthesis of SACs supported on carbon materials including carbon nanotubes (CNTs),
[6]

  

graphene,
[2, 7]

  g-C3N4,
[8]

 porous carbon,
[9]

  carbon fibers,
[10]

  carbon spheres,
[11]

 as well as MOF 

derived porous carbon.
[12]

 CNTs supports offer the high structural stability but less exposed 

active sites as compared with the graphene materials. The challenges still remain to develop 

facile synthesis processes of SAC with desired carbon support materials and controllable high 

loading. [1b, 13]
 It is vital to explore possibilities to selectively design characteristic active sites for 

electrocatalysis and catalysis applications.
[14]

  

Most recently, we developed a facile one-pot pyrolysis method to synthesize carbon nanotube 

supported Ni SACs (NiSA-N-CNT) with atomic loading as high as 20.3wt%.
[15]

 The formation 

of NiSA-N-CNT is most likely through a solid-to-solid rolling-up mechanism of the stacked and 

layered Ni single atom embedded g-C3N4  (g-C3N4-Ni) sheets to bamboo-shaped tubular 

structure activated by the high kinetic energy of embedded Ni single atoms.
[16]

 The as-

synthesized NiSA-N-CNT shows a high activity and selectivity for the electrochemical CO2 

reduction (CO2RR) to CO with depressed activity for H2 evolution reaction (HER). However, we 

also found that the Ni SACs embedded with the inner tubes of CNTs are not active for the 

CO2RR due to the shielding effect of the outer walls of CNTs. In this work, we introduce 

amorphous carbon source to restrain the solid-to-solid rolling-up process of g-C3N4-Ni and 

interrupts the CNT support formation. The results indicate the successful formation of Ni SACs 

embedded in N-doped graphene rather than N-doped CNTs with high catalytic performance for 

the CO2 reduction reaction. The current study demonstrates a facile and controllable one-pot 

synthesis method for SACs, an important step in the practical application of SACs. 

2. Experimental section 

2.1 Chemicals and synthesis of g-C3N4 
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Urea (CON2H4, Sigma Aldrich), nickel (II) acetylacetonate (Ni(acac)2, Sigma Aldrich), 

KHCO3 (Sigma Aldrich), citric Acid (C6H8O7, Sigma Aldrich), nickel phthalocyanine (NiPc, 

Sigma Aldrich), polyethyleneimine (PEI, Sigma Aldrich), CNTs (multi-walled CNTs, Shenzhen 

Nanotech Port Co. Ltd) were purchased and used without further treatment. The g-C3N4 was 

synthesized according to method reported.
[17]

 Urea (100 g) was heated at 600 °C (ramp rate, 5 °C 

min 
−1

) in air for 2 h in a covered alumina crucible placed inside muffle furnace, forming g-C3N4.  

2.2 Synthesis of CNT and Graphene supported Ni SACs 

Ni single atom doped g-C3N4 was prepared by dissolving Ni(acac)2 into ethanol and acetone 

(with volume ratio of 4:1) solution, followed by addition of g-C3N4 powder, grinding to complete 

dry. The Ni(acac)2 to g-C3N4 molar ratio was kept constant at 1:55. The yellowish powder was 

heated to 660 
o
C at a ramp rate of 7 

o
C per min and kept for 1 h under Ar at a flow rate of 50 mL 

min
-1

. After cooling down to room temperature, the powder was successively leached at 70 °C in 

2 M HCl for 12 h to remove nickel nanoparticles or clusters. The intermediate product was dried 

at 80 
o
C for 10 h, denoted as g-C3N4-Ni. The powder was annealed again at 800 °C in Ar for 1 h 

at a ramp rate of 10 
o
C per min. The final product was denoted as NiSA-N-CNT. 

To interrupt the formation of Ni single atoms on N-CNTs, citric acid was introduced to the 

ethanol and acetone solution and then Ni(acac)2 was dissolved in the solution (with Ni and citric 

acid molar ratio 1:10, 1:50, 1:100, 1:200). This was followed by the addition of g-C3N4 with 

Ni(acac)2 to g-C3N4 molar ratio of 1:55. The mixture was ground to complete dry and then was 

annealed at 660 
o
C for 1 h. Similarly, the as-annealed powder was washed by HCl for 12h to 

remove metallic Ni particles. The intermediate product was dried at 80 
o
C for 24 h, denoted as g-

C3N4-Ni-C. The powder was heated again at 800 °C in Ar for 1 h at a ramp rate of 10 
o
C per min 

and the final product was denoted as NiSA-N-G. Fig. 1 shows the synthesis procedure.  
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Figure 1. Synthesis procedure steps of NiSA-N-CNT and NiSA-N-G.   

For the purpose of comparison, Ni doped CNT (Ni-CNT) was synthesized through our 

previously reported microwave assistant method.
[18]

 Briefly, CNTs was functionalized with PEI. 

Subsequently, PEI functionalized CNTs (100 mg) was  ultrasonicated and dispersed in 100 mL 

ethylene glycol solution for 1 h, followed by the addition of 50 mg Ni(acac)2. The dispersion was 

ultrasonicated for 20 min and then stirred for 1 h before placed in a microwave oven (1000 W) in 

the fume cupboard and continuously heated for 6 min, followed by stirring for 10 h. The solution 

was then filtered using the membrane film and washed using the ethanol for 5 times. Thermally 

reduced graphene oxide (G) was prepared according to the reported methods previously.
[19]

 The 

synthesis of Ni-G also follows the above procedure. The final Ni loading of Ni-CNT and Ni-G 

was 10 wt% and 7 wt%, assessed by TGA. 

2.3 Structure and electrochemical characterization  

X-Ray Diffraction (XRD) data was collected with a Bruker D8 Advance diffractometer 

operated at 40 kV and 40 mA with Cu Kα (λ = 1.5406 Å) in the range of 10-80°. The specific 

surface area was calculated by the Brunauer–Emmett–Teller (BET) method. The inductively 

coupled plasma atomic emission spectroscopy (ICP-AES, TJA RADIAL IRIS 1000) was used to 

determine the mass content of Ni. Nitrogen adsorption/desorption characteristics were 

determined using a Micromeritics ASAP 2020 instrument at 77 K. Microstructure and 
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morphology were obtained using scanning electron microscopy (SEM, Zeiss Neon 40 EsB) and 

high-resolution transmission electron microscopy (HRTEM, FEI Titan G2 80-200 TEM/STEM). 

 High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) 

imaging and element mapping were performed through ChemiSTEM Technology operating at 

200 kV. The NiSA-N-CNT and NiSA-N-G were dispersed and deposited onto TEM sample grids 

using a high purity anhydrous ethanol solution. High-resolution aberration-corrected scanning 

transmission electron microscopy annular dark field images (AC-STEM-ADF) and annular 

bright field images (AC-STEM-ABF) were carried out by a Nion UltraSTEM100 microscope 

operating at 60 kV at a beam current of 60 pA. The recorded images were filtered through a 

Gaussian function (full width half maximum = 0.12 nm) to reduce high frequency noise. The 

convergence half angle of the electron beam was set to 30 mrad and the inner collection half 

angle of the ADF images was 51 mrad. The samples were dried at 160 
o
C overnight before 

performing STEM. XPS patterns were conducted using a Kratos AXIS Ultra DLD system with 

monochromated Al Kα X-rays (1486.7 eV) operating at 225 W. The vacuum pressure of 1 x 10
-9

 

mbar or better was kept throughout the experiment. The high-resolution spectra were collected 

with a pass energy of 160 eV for survey and 40 eV for fine element spectra. The spectra were 

analyzed via CasaXPS software and further calibrated by shifting the main peak in the C 1s 

spectrum to 284.5 eV associated with SP2 carbon. Element loading of C, N, O, H was obtained 

by the elemental analyzer (Elementar, vario MICRO cube). Raman patterns tests were performed 

using one alpha300 RA Correlative Raman-AFM Microscope with a 532 nm He−Ne laser. The 

spectrum represents the average of 20 scans.  

Near edge x-ray absorption structure (NEXAFS) spectroscopy measurements were 

performed at the Soft X-Ray beamline of the Australian Synchrotron.
[20] These measurements 

were conducted under ultra-high vacuum (UHV) conditions with a base pressure of 5 x 10
-

10
 mbar or better. All spectra were obtained in partial electron yield (PEY) mode. All NEXAFS 

spectra were analyzed and normalized using the QANT software program developed at the 

Australian Synchrotron.
[21] X-ray absorption spectroscopy (XAS) experiments were carried out at 

the XAS Beamline (12ID) at the Australian Synchrotron. With the beamline optics employed 

(Si-coated collimating mirror and Rh-coated focusing mirror) the harmonic content of the 

incident X-ray beam was negligible. The samples were pressed into pellets via mechanical 

grinding with cellulose binder through a mortar/pestle for about 30 mins. Both fluorescence and 



This article is protected by copyright. All rights reserved 

ChemNanoMat 
 

7 
 

transmission spectra were recorded based on the concentration of Ni in each sample. All XAS 

data were processed through the Athena software.  

The resistance of the NiSA-N-CNT and NiSA-N-G powder samples was measured by a 

standard four-point-probe resistivity measurement system (RTS-9, Guangzhou, China). Before 

the measurement, NiSA-N-CNT and NiSA-N-G powders were dispersed and made into film by 

vacuum filtration
[22]

 with mass of 1 mg cm
-2

. Average resistivity value was calculated based on 

five measurements at different positions on each film sample. Electrochemical CO2 reduction 

reaction (CO2RR) experiments of NiSA-N-CNT and NiSA-N-G catalysts were performed in N2 

and CO2 saturated 0.5 M KHCO3 solution using linear scan voltammetry (LSV). The electrolyte 

was purified by electrolysis between two graphite rods at -0.15 mA for 24 h under CO2 flow to 

remove any metallic residual. LSV test was conducted with the catalysts loading of 0.2 mg cm
-2

. 

The electrodes for CO2RR were made via casting the catalysts-ethanol-Nafion solution (5 mg 

mL
-1

 catalysts, 1% Nafion) on carbon paper (1 cm
-2

, Toray,
 
Japan) with a gas diffusion layer and 

loading of 0.5 mg cm
-2

. The CO2RR was carried out in one gas tight electrochemical quartz cell 

under different potentials for 2 h (versus RHE). The final product was collected in the outlet with 

a gas bag for double channel gas chromatography (Shimadzu, GC-2014) analysis.  

2.4 Computational methods.  

In this work, density functional theory (DFT) calculations were performed by using the 

Vienna Ab-initio Simulation Package with the projector augmented wave
[23]

 to describe the 

electron-ion interaction. The Perdew-Burke-Ernzerhof functional
 
was used for the exchange-

correlation term. The plane-wave cutoff was set to be 400 eV. A 2×2×1 g-C3N4 and a 6×6×1 

graphene supercell with the vacuum thickness of 15 Å were used to calculate the binding energy 

of metal atom in the g-C3N4 and N-doped graphene, respectively. The Monkhorst-Pack (3×3×1) 

k-point was used to sample the Brillouin zone.  

3. Results and discussion 

3.1. Microstructure evolution 

Fig. 2 shows the microstructure of g-C3N4 prepared from urea after heat-treatment at 600 
o
C 

in air. The morphology of g-C3N4 synthesized in 600 
o
C was characterized by irregular structure 
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(stacked and layered structure). The size of g-C3N4 was around 2 μm. The morphology of g-C3N4 

is consistent with that reported in the literature. 
[24]

 

 

Figure 2.  a) SEM and b) TEM micrographs of g-C3N4, synthesized from urea and heated at 

600 °C. 

Pristine g-C3N4 is not stable at high temperatures and will be decomposed completely at 660 

o
C.[16] However, with the introduction of Ni(acac)2 (the process A, Fig.1), the microstructure of g-

C3N4  remains intact after the heat treatment at 660
o
C, forming g-C3N4-Ni. With further 

annealing at 800 
o
C in Ar for 1 h, NiSA-N-CNT was obtained. Figure 3 shows microstructure 

and element distribution of g-C3N4-Ni before and after annealing at 800 
o
C in Ar. g-C3N4-Ni is 

characterized by irregular and layered nanosheets (Fig.3A). This indicates the presence of Ni 

stabilizes the g-C3N4 structure at high temperatures, consistent with previous study.
[15-16]

 The 

EDS results show the uniform distribution of Ni, N on the surface of g-C3N4 (Fig. 3Ad). The 

high resolution TEM image confirmed there is no cluster or nanoparticles present in the structure 

after the HCl washing treatment (Fig.3Ae). Isolated single atoms were atomically dispersed on 

the substrate as shown by the AC-STEM image (Fig.3Af). This indicates the formation and 

uniform distribution of Ni single atoms in the layered g-C3N4 nanosheets.  

After annealing at 800 
o
C in Ar, the layered nanosheets disappear and bamboo-like CNTs 

were obtained (Fig.3B). The TEM confirms the formation of multi-walled CNTs with number of 

walls of 8 shown in Fig.3e. The diameter of CNTs is 20-60 nm and the length of the individual 

section of the bamboo-like CNTs is 5-10 μm. The EDS mapping results confirm the uniform 

dispersion of Ni and N on the CNTs structure (Fig. 3Bd). The AC-STEM images further indicate 

the presence of Ni single atoms and uniformly dispersed in the CNTs structure (Fig. 3Bf). The 

density of distributed Ni single atoms appears very high, indicating the high loading of the 

NiSA-N-CNT, consistent with previous study.
[15]

 The transformation from stacked g-C3N4-Ni 
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layered structure to Ni single atoms embedded CNTs occurs via the solid-to-solid rolling-up 

mechanism, activated by the kinetically active Ni single atoms embedded, as explained in our 

early papers.
[16]

   

 
 

Figure 3. Microstructure and element distribution of (A) g-C3N4-Ni  after annealing of g-C3N4 

and Ni(acac)2 mixture and (B) NiSA-N-CNT after annealing of g-C3N4-Ni at 800 
o
C in Ar for 1 

h. (a) SEM, (b) TEM, (c) AC-HAADF, (d) EDS patterns of the selected area in (c), (e) HRTEM, 

and (f) AC-STEM. In A), scale bar=50 nm and in B), scale bar=60 nm.   

In the synthesis step B, citric acid was introduced in the synthesis of the Ni single atoms 

doped g-C3N4 stacked structure, g-C3N4-Ni-C (see Fig.1). Most interesting, with further 
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annealing at 800 
o
C in Ar for 1 h, identical conditions to g-C3N4-Ni, NiSA-N-G instead of NiSA-

N-CNT was obtained. Figure 4 shows microstructure and element distribution of g-C3N4-Ni-C 

before and after annealing at 800 
o
C in Ar. After introduction of citric acid, the intermediate 

product g-C3N4-Ni-C shows similar nano-sheet layered structure like g-C3N4-Ni but the size of 

the stacked layer is 5 μm, larger than 2 μm measured on g-C3N4-Ni (Fig.4Aa-d). Similar to g-

C3N4-Ni, the EDS results show the uniform distribution of Ni, N on the surface of g-C3N4-Ni-C 

(Fig. 4Ad). The uniformly dispersed single Ni atoms were also obtained (Fig.4Af). Most 

importantly, after annealing at the same high temperature of 800 
o
C as that used in g-C3N4-Ni, 

the planar graphene-like structure was formed rather than tubular structure (see Fig.4B). The 

TEM image shows the number of layers of NiSA-N-G is about 3-5 with massive wrinkles 

(Fig.4Be). The bright dots in Fig.4Bf indicate the atomically dispersed single Ni atoms 

embedded within the graphene structure.  
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Figure 4. Microstructure and element mapping of (A) g-C3N4-Ni-C after annealing of g-C3N4, 

Ni(acac)2 and citric acid mixture and (B) NiSA-N-G after annealing of g-C3N4-Ni-C at 800 
o
C in 

Ar for 1 h. (a) SEM, (b) TEM, (c) AC-HAADF, (d) EDS element mapping of the selected area in 

(c), (e) HRTEM, and (f) AC-STEM. In A) scale bar=200 nm and in B) scale bar=40 nm.  

The g-C3N4 is yellowish in color and with the presence of Ni single atoms, the color of g-

C3N4-Ni changed into brown (Fig.5a). With the addition of citric acid, the g-C3N4-Ni-C formed 

after calcination at 660 
o
C is black in color. This may indicate formation of the carbon film on 

the surface of g-C3N4-Ni due to the decomposition of citric acid. The XRD patterns confirm that 

g-C3N4-Ni and g-C3N4-Ni-C have the same structure of g-C3N4 (Fig.5b). The two main peaks 

(100) at 12.8
o 
and (002) at 27.6

o
 can be attributed to g-C3N4. The presence of Ni atoms plays an 

important role in the stabilizing g-C3N4 layered structure during the high temperature annealing 

at 660 
o
C, forming Ni single atoms doped g-C3N4. With the addition of citric acid, the layer 
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thickness of g-C3N4-Ni-C was reduced. This is supported by the fact that the surface area of g-

C3N4-Ni and g-C3N4-Ni-C powder is 188 and 255 m
2
 g

-1
, respectively, much higher than 36 m

2
 g

-

1
 obtained on pristine g-C3N4. This demonstrates that Ni single atoms in the g-C3N4 structure not 

only stabilize the carbide structure but also increase the surface area significantly. There is no 

characteristics associated with metallic Ni as shown in Ni-CNT and Ni-G for g-C3N4-Ni and g-

C3N4-Ni-C (Fig.5c), consistent with the AC-STEM results (Fig.3B and 4B). 

The FTIR spectra of g-C3N4, g-C3N4-Ni, g-C3N4-Ni-C show a characteristic peak at around 

820 cm
-1

 related to C–N heterocycles due to the triazine ring mode (Fig.5d). Another peak in the 

range of 1200–1600 cm
-1

, attributed to the specific aromatic skeleton vibration of carbon nitride 

[25]
, was also observed. A broad band was evident in the range of 3000–3700 cm

-1
 corresponding 

to the stretching mode of –NH2, which are uncondensed amine groups, or to N–H group 

vibrations present at the surface of carbon nitride [25]
. The related peaks confirmed that the basic 

structure of g-C3N4 was retained in g-C3N4-Ni. However, FTIR results confirm that the 

introduction of citric acid during the formation of g-C3N4-Ni-C removed the characteristic peaks 

from 1200-1600 cm
-1 

in g-C3N4. This may indicate the presence of amorphous carbon on the 

surface of g-C3N4-Ni derived from citric acid at 660
o
C. The presence of an amorphous carbon 

derived from citric acid decomposition is also supported by the color change from brownish for 

g-C3N4-Ni to black for g-C3N4-Ni-C. The presence of such amorphous carbon film could 

increase the stability of the layered structure.  

The Raman patterns from NiSA-N-G shows Ig/Id ratio of 0.7 higher than 0.4 obtained on 

NiSA-N-CNT. In the case of NiSA-N-CNT, D and G peaks are not clearly separated, which 

confirms the existence of abundant defects and poor carbon crystallinity. Based on the N2 

absorption spectrum curves, the surface area of NiSA-N-CNT and NiSA-N-G is 130 and 308 m
2
 

g
-1

, respectively (Fig.5f). The transformation from layered structure to tubular CNT supports 

reduces the surface area, while the formation of graphene supports increases the surface area. 

This indicates that the NiSA-N-G owns more exposed active sites than NiSA-N-CNT. The 

loading of Ni in the NiSA-N-CNT and NiSA-N-G are 15.1 and 6.1 wt%, respectively, as 

evaluated by TGA (Fig.5g), very close to 15.3 and 5.9 wt% obtained by the ICP-AES analysis. 

The oxidation resistance temperature of NiSA-N-G is 470 
o
C, higher than 400 

o
C observed on 

NiSA-N-CNT, which is lower than traditional CNT and G of 800 
o
C. [19, 26]

 This indicates the 

higher graphitic structure of NiSA-N-G with the presence of amorphous carbon film, consistent 
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with the Raman results. The square resistance of NiSA-N-CNT and NiSA-N-G films is 106 and 

35Ω/□ at room temperature, respectively. This indicates the higher conductivity of NiSA-N-G as 

compared to NiSA-N-CNT. Nevertheless, the resistance of NiSA-N-G is still higher than that of 

graphene with 3Ω/□, indicating the existence of sufficient defects in the NiSA-N-G.
[22]

 Table 1 

lists the specific surface area and Ni single atom loading of as-prepared catalyst samples. 

 

Figure 5. Color and structural Characterization of g-C3N4, g-C3N4-Ni, g-C3N4-Ni-C, NiSA-N-

CNT and NiSA-N-G. (a) optical image, (b) and (c) XRD pattern, (d) FTIR spectrum of different 

intermediates, (e) Raman spectrum, (f) N2 absorption and desorption curves, and (g) TGA curves. 

The transformation of layered g-C3N4 to tubular CNTs and/or planar graphene structure 

depends on the ratio of Ni (or g-C3N4) to citric acid. Figure 6 shows microstructure of the 

powder product after the final annealing at 800 
o
C of g-C3N4-Ni-C as a function of Ni/citric acid 

ratio. When the citric acid content is not high, both CNTs and graphene are formed (see Fig.6a-c). 

However, the relative content of graphene structure increases with the increase of citric acid 

content. When the Ni/citric acid mass ratio reaches 1:1, the transformation of layered g-C3N4-Ni-

C to graphene structure is complete, indicating the restrained formation of tubular CNT (Fig.6d). 

The change in the distribution of CNT and graphene supports in the final powder after annealing 
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at 800 
o
C confirms the important role of citric acid in the control of the microstructure and 

morphology of the supports for the embedded Ni single atoms. The results indicate the feasibility 

in the control of the microstructure of the supports for SACs.  

 

Figure 6. SEM micrographs of the powder products after the final annealing at 800 
o
C of g-

C3N4-Ni-C as a function of Ni/citric acid ratio. (a) 1:0 (i.e., NiSA-N-CNT), (b) 1:10, (c) 1:50, (d) 

1:100, (e) 1:200  and (f) higher magnification of (e). 

 

3.2 Ni SACs on CNT and G 

The chemical environments of NiSA-N-CNT and NiSA-N-G were investigated through X-ray 

absorption spectroscopy (Fig.7). The Ni L-edge shows typically two groups of peaks around 

850-855eV (L3-edge) and 868-874 eV (L2-edge) corresponding to the splitting of the Ni 2p 

orbitals (Fig.7a). The Ni L3-edge of the NiSA-N-CNT and NiSA-N-G own a major peak at 

around 854.7 eV. The main peaks in NiSA-N-CNT and NiSA-N-G are at ~854.2 eV and 854.1 

eV respectively, which are very close to that of NiPc, ~854.3 eV, different from Ni in Ni foil 

(852.7 eV), NiO (853.0 eV) and Ni (OH)2 (853.2 eV). Furthermore, the Ni 2p XPS spectrum 

(Fig.S1) indicates the Ni is in the form of 2
+
 but not the metallic Ni

0
. This evidently proves that 

the Ni in NiSA-N-CNT and NiSA-N-G is mainly coordinated with N but not in the form of Ni-

Ni, Ni-O or Ni-OH [7c]
. The N K-edge of NiSA-N-CNT shows two main peaks at 398.6 eV and 

401.5 eV (Fig.7b), assigned to pyridinic and graphitic N, respectively. Different from NiSA-N-

CNT, the notable peak at 402.5ev appears in NiSA-N-G which is consistent with the graphitic N. 

It confirms that the introduction of amorphous carbon has influenced the N structure in the 

carbon lattice. The overall nitrogen content of both catalyst samples is 19.5 and 17%, indicating 
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the high level of N doping of the carbon supports (Table S1). The peaks centered at 399.4 eV can 

be assigned to Ni-N-C species 
[27]

. Compared to a Ni foil, the pre-edge of Ni K-edge XANES 

spectra shift to higher energies (Fig.7c). The Fourier-transformed extended X-ray absorption fine 

structure reveals that NiPc shows a sharp peak centering at 1.43 Å (Fig.7d), consistent with the 

well-defined Ni-N4 species 
[28]

. However, the intensity of the peak at 1.42 Å is lower than that of 

NiPc, likely because of the formation of unsaturated Ni-N2, Ni-N3 and well-defined Ni-N4 

species. Further, the broad peaks at 2.30 Å is likely contributed by the presence trace amount of 

Ni NPs in NiSA-N-CNT, but the peak was not found in NiSA-N-G.  

 

Figure 7. Chemical environment of NiSA-N-CNT and NiSA-N-G as invested via X-ray 

absorption spectroscopy. (a) Ni L-edge spectra. (b) N K-edge spectra of NEXAFS spectra. (c) 

pre-edge of Ni in EXAFS. (d) Fourier transform of the EXAFS spectra from NiPc, NiSA-N-CNT, 

NiSA-N-G, Ni(acac)2, Ni Foil, NiO. 

 

3.3 Formation mechanism of CNT and graphene supports for Ni SACs  

For revealing the fundamental mechanism on the structure transformation of the layered g-

C3N4 structure into tubular CNT or planar graphene, the first-principle calculations were carried 
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out. The structure model of single Ni atom supported by pure g-C3N4 was constructed. The 

geometry optimization indicates that the perfect two-dimensional (2D) structure of the g-C3N4 

suffers from a deformation after the introduction of Ni atoms (Fig. 8a-c), because the original 

planar structure of g-C3N4 has undergone a large structure fluctuation of 1.48 Å along the z 

direction. Considering that the charge state of materials has influence on structure elucidation, 
[29]

 

the structure fluctuation or curvature of g-C3N4 is most likely induced by the charge 

redistribution of g-C3N4 after Ni introduction (Fig.8b). This deformation of the structure may 

lead to the crimp or rolling-up of the layered g-C3N4 during the high temperature annealing 

process. However, the situation is quite different when a graphene carbon source is introduced to 

g-C3N4. In this case, a heterojunction structure of Graphene/g-C3N4 was constructed to simulate 

the effect of carbon source formed by decomposition of citric acid on g-C3N4-Ni. Such 

heterojunction structure of Graphene/g-C3N4 possesses the well structure stability (Fig.S2), 

which can be seen from the perfect planar structure for both graphene and g-C3N4. Based on this 

heterojunction materials, the structure stabilization effect was further investigated after the 

introduction of the single Ni atom. As shown in Figs. 8d-e, the Graphene-g-C3N4 heterojunction 

structure maintains the planar nature with the presence of Ni atoms. The structure fluctuation of 

g-C3N4-Ni in this case is within 0.06 Å, substantially smaller than 1.48 Å along the z direction 

calculated for the freestanding g-C3N4-Ni. Although the charge state of g-C3N4 is also 

redistribution in the g-C3N4/Graphene composite, the Van der Waals(vdW) interaction of the 

heterojunction between the g-C3N4 and Graphene can inhibit the crimp of the layered g-C3N4 

during the high temperature annealing process. The theoretical calculation indicates that the 

presence of additional carbon source has a significant influence on the structure fluctuation of g-

C3N4-Ni intermediates, which in turn has important implication to the evaluation and 

transformation of the microstructure of carbon-based supports for the Ni SACs. 
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Figure 8. (a) Top view of models simulating the g-C3N4-Ni structure and (d) g-C3N4-

Ni/Graphene composite after geometric optimization, (b) Top view of the charge density 

differences of the g-C3N4-Ni structure and (e) g-C3N4-Ni/Graphene composite. (c) Side view of 

the charge density differences of the g-C3N4-Ni structure and (f) g-C3N4-Ni/Graphene composite. 

Blue and yellow represent charge loss and charge accumulation, respectively. The iso-surface is 

set to 0.002 e/Å
3
. 

Based on the experimental and theoretical calculations, a controlled one-pot synthesis of Ni 

SACs embedded in CNT and graphene carbon supports can be proposed, as shown in Fig. 9. The 

presence of Ni single atoms stabilizes the layered g-C3N4 structure at a high annealing 

temperature of 660 
o
C. However, without the introduction of carbon source or layer, significant 

fluctuation or curvature of the layered g-C3N4-Ni structure occurs. Such structural fluctuation 

would lead the curving and eventually rolling-up mechanism during the high temperature 

annealing at 800 
o
C, forming tubular CNT supports for Ni SACs. The fundamental reason is due 

to the high mobility and activation energy of Ni single atoms. With the introduction of citric acid, 

amorphous carbon layers are formed on the surface of g-C3N4-Ni due to the decomposition of 

citric acid at low temperature annealing at 660 
o
C, as showing by the FTIR (Fig.5d). The 

presence of amorphous carbon source forms graphene/g-C3N4-Ni-like heterojunction structure, 

substantially reducing the structure fluctuation and preventing the rolling-up mechanism during 

the high temperature annealing for the precursor with Ni/citric acid ratio of 1:100 or higher.  
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Figure 9. Controlled synthesis of NiSA-N-CNT and NiSA-N-G. 

3.4 CO2RR electrochemical performance 

The electrochemical performance of NiSA-N-CNT and NiSA-N-G for CO2RR were 

conducted in N2- and CO2-saturated 0.5 M KHCO3 solution and the results are shown in Fig. 10. 

A significantly higher current density was obtained in CO2-saturated solution as compared to that 

in N2-saturated solution for NiSA-N-CNT and NiSA-N-G with an onset potential of -0.27 and -

0.25V vs RHE. Glassy carbon showed negligible CO2RR activity (Fig. 10a). The Ni-G and Ni-

CNT catalysts were synthesized for performance comparison (see Fig.S3). Ni-G and Ni-CNT 

showed the improved activity, but the performance is much less than NiSA-N-CNT and NiSA-

N-G. The NiSA-N-G and NiSA-N-CNT show a much better activity for CO2RR with suppressed 

H2 evolution as compared to Ni-CNT and Ni-G (Figs.10b, c). The CO yield increases with the 

increase of cathodic potentials (Fig.10b). The NiSA-N-G and NiSA-N-CNT show a high activity 

for CO2RR, achieving a current density of 19.1 and 16.2 mAcm
-2

 for CO2RR at an overpotential 

of 0.63 V (vs RHE), respectively. The Ni SACs have obvious advantages of the highly selective 

reduction of CO2 to CO as compared to Ni-G and Ni-CNT. The Faraday efficiency (FE) of 

NiSA-N-CNT is 94% at -0.63V slightly lower than 96% of NiSA-N-G (Fig.10c). Furthermore, 

the Ni SACs synthesized by one-pot method have outperformed the counterparts shown in Table 

S3. 

The preliminary stability of NiSA-N-CNT and NiSA-N-G for CO2RR was tested at -0.63 V 

(Fig.10d). The initial current density for  CO2RR was ~19.1 and 16.2 mA cm
-2 

for NiSA-N-G 
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and NiSA-N-CNT respectively, and decreased slightly by 3% and 10% after polarization for 25 

h. After the polarization the FE for elctrochemical CO2-to-CO conversion was 87% on NiSA-N-

CNT and 93% on NiSA-N-G. These results furthermore confirm that the stability of NiSA-N-G 

is higher than NiSA-N-CNT due to more efficient active sites and higher sructural durability. 

The remarkable CO2RR performance of NiSA-N-G shows the significance and superiority of the 

planar graphene supports for Ni SACs.  

 

Figure 10. CO2RR performance. (a) Linear scan voltammetry (LSV) curves, (b) plots of j of Ni-

CNT, Ni-G, NiSA-N-CNT, NiSA-N-G, (c) Faradaic efficiency, and (d) initial stability of NiSA-

N-CNT and NiSA-N-G electrodes, measured in CO2 saturated 0.5 m KHCO3 solution. 

 

4. Conclusions 

In conclusion, we have demonstrated a well-characterized and controlled method to 

synthesize NiSA-N-CNT and NiSA-N-G through introducing citric acid to stabilize the layered 

g-C3N4-Ni and interrupt the solid-to-solid rolling process. The DFT results identify the 

introduction of amorphous carbon in g-C3N4 plays important role on significant reduction in the 
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structure fluctuation or curvature of g-C3N4-Ni, thus interrupting the solid-to-solid rolling up into 

tubular CNT supports for Ni SACs. The addition of citric acid is effective to form the graphene 

type carbon supports for SACs, consistent with the experimental data. The higher CO2RR 

performance of NiSA-N-G than NiSA-N-CNT even with lower SACs loading confirms that the 

exposed active sites are more significant in the electrochemical reduction process. Our results 

provide the feasibility to achieve controllable one-pot synthesis of carbon-based SACs catalysts. 
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Table 1. Surface area of g-C3N4, g-C3N4-Ni, g-C3N4-Ni-C, NiSA-N-CNT and NiSA-N-G and Ni 

single atom content of NiSA-N-CNT and NiSA-N-G. 

Samples g-C3N4 g-C3N4-Ni g-C3N4-Ni-C NiSA-N-CNT NiSA-N-G 

Surface area (m
2
g

-1
) 36 188 255 130 308 

Ni atomic loading by 

TGA (wt%) 

   15.1 6.1 

Ni atomic loading by 

ICP-AES (wt%) 

   15.3 5.9 

 

 

   

 

 

 

 

  

 

  

 

 

 


