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Single-atom catalysts (SACs) are the smallest entities for catalytic reactions with projected high atomic 

efficiency, superior activity and selectivity; however, practical applications of SACs suffer from a very 

low metal loading of 1-2 wt%. Here, a class of SACs based on atomically-dispersed transition-metals 

on nitrogen-doped carbon nanotubes (MSA-N-CNTs, where M = Ni, Co, NiCo, CoFe, NiPt) is 

synthesized with an extraordinarily high metal loading, e.g., 20 wt% in the case of NiSA-N-CNTs, 

using a new multi-step pyrolysis process. Among these materials, NiSA-N-CNTs show an excellent 

selectivity and activity for the electrochemical reduction of CO2 to CO, achieving a turnover frequency 

(TOF) of 11.7 s
-1

 at -0.55 V (vs RHE), two orders of magnitude higher than Ni nanoparticles supported 

on CNTs. 

 

In catalysis, the size of supported metal nanoparticles (NPs) plays a determining role in their activity, 

selectivity and stability. Metal NP specific activity usually increases with decreasing NP size because 
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of the rising number of low-coordinated metal atoms functioning as the catalytically active sites. 

Recent research has demonstrated that, a reduction in NP size to sub-nanometre scales with only 

several to dozens of atoms, can achieve unexpected properties, and the activity could be 

significantly tuned even through the addition or subtraction of a single atom[1]. Further efforts have 

pushed this to the extreme, leading to the development of the smallest heterogeneous 'particles' 

possible - single-atom catalysts (SACs). The development of SACs opens a new frontier in 

heterogeneous catalysis for applications such as CO oxidation[2, 3], oxygen reduction[4], hydrogen 

evolution[5] and organic synthesis[6]. SACs show a much higher activity and enhanced selectivity 

because, unlike many other heterogeneous catalysts, they do not suffer from a broad distribution of 

particle sizes and concomitant chemistries[7]. 

Despite the high activity and selectivity of SACs, the extremely high surface energy of single atoms 

makes them very challenging for synthesis and characterization. There are generally two approaches 

to achieve atomic dispersion of metal species on supports: (i) mass-selected soft-landing or physical 

techniques and (ii) wet-chemistry methods[8]. Physical techniques, such as atomic layer deposition 

(ALD), are capable of preparing SACs due to their ability to exactly control the size of metal species 

by using mass-selected molecules or atom beams to precisely regulate the surface structure of the 

support through combinations with ultrahigh vacuum surface science procedures. However, the high 

cost and low yield of physical techniques make them impracticable in applications of heterogeneous 

catalysts. The lack of chemical bonding between the deposited single-atoms and substrate is also a 

concern for long-term stability with SACs. With wet-chemistry methods, the key issue is to anchor 

metal species onto a support through a chemical reaction and to avoid their aggregation during 

post-treatment processes. In this case, the use of anchoring sites via surface species of the support, 
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such as ligands, uncapped sites or defects play an important role in the distribution and loading of 

single-atom metal species, while a strong metal-support bond is the key to overcoming aggregation 

of the single atoms on the substrate surface. Due to the low and insufficient anchored sites on 

support structures, the loading of SACs by wet-chemical methods is low (Table S1). For example, 

with a precise control of the co-precipitation temperature and pH, the maximum loading of isolated 

Pt atoms anchored to the surface of FeOx is less than 2.0 wt%[2].  

Herein, we report for the first time on the synthesis and development of SACs from atomically-

dispersed transition-metals in nitrogen-doped carbon nanotubes (MSA-N-CNTs, where M = Ni, Co, 

NiCo, CoFe and NiPt) via a new and facile multi-step pyrolysis method with exceptionally high metal 

loading. These MSA-N-CNTs exhibit excellent selectivity and high activity for electrochemical CO2 

reduction reaction (CO2RR) compared to their metal NP supported counterparts on CNTs and N-

CNTs. 

Atomically-dispersed Ni on N-CNTs (NiSA-N-CNTs), as synthesized by a multi-step pyrolysis method, 

were characterized in detail and the results are presented in Figure 1. The average CNT diameter 

was ~31 nm and no metallic NPs were observed (Figure 1A-B). This is very different from the 

observation of CNT-metal NP composites synthesized using conventional methods based on 

pyrolysis of metal and carbon precursors [9]. X-ray elemental mapping reveals a uniform distribution 

of C, N, O and Ni species across the tubular structure (Figure 1C).  

The atomic dispersion of Ni atoms has been revealed by aberration-corrected scanning transmission 

electron microscopy (AC-STEM). The bright dots correspond to Ni atoms homogenously dispersed 

throughout the CNTs (Figure 1D). The CNTs are composed of 5-20 walls and the diffraction pattern 
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indicates an interlayer spacing of around 0.33 nm (Figure 1E). Individual Ni atoms are incorporated in 

carbon layers rather than confined between carbon layers. Raman spectroscopy of NiSA-N-CNTs 

shows the merging of the D (~1300) and G bands (~1600) (Figure 1G), consistent with the disruption 

of normal C6 carbon rings of CNTs and the formation of C5, C7 and other non-C6 carbon rings (Figure 

1F). The XRD pattern shows a broad major peak at a 2 of 26.15o for the (002) plane of the 

hexagonal graphitic structure, corresponding to an interlayer spacing of 0.34 nm, the same as that of 

0.34 nm interplanar separation of conventional multi-walled CNTs (Figure 1H and Figure S1, Table 

S2). However, the absence of C (100) peaks for the NiSA-N-CNTs compared to pure CNTs suggests a 

disordered arrangement of carbon π systems. By contrast to Ni NPs deposited on N-CNTs (Ni-N-

CNTs) and CNTs (Ni-CNTs), diffraction peaks at 44.5o, 51.8o and 76.5o 2associated with Ni (PDF 87-

0712)[10] are insignificant, suggesting an absence of Ni NPs in NiSA-N-CNTs, consistent with the TEM 

observation. These results clearly indicate a formation of atomically-dispersed Ni in N-doped CNTs.  

The chemical environments of NiSA-N-CNTs were characterized by X-ray absorption spectroscopy (X-

ray absorption near edge structure, XANES, and X-ray absorption fine structure, XAFS). The higher 

peak intensity at 286.9 eV than the sp2 carbon at 285.2 eV for pure CNTs in the C K-edge XANES 

spectra indicates that the majority of carbon is present as C-N or C-N-Ni (Figure 2A). The N K-edge 

shows a broad peak ranging from 397 to 403 eV centred at 399.5 eV, which can be assigned to Ni-N 

(399.5 eV), pyridinic N(398.4 eV) and graphitic N (401.5 eV) (Figure 2B)[11]. The Ni L3 and L2-edges are 

located at 854.2 and 871.1 eV, respectively, which are similar to those of nickel phthalocyanine 

(NiPc) (Figure 2C). A shift in the Ni K-edge to a higher energy compared with Ni metal (Figure 2D) 

confirms that the Ni in NiSA-N-CNTs is predominantly in the form of Ni2+. Furthermore, the absence 
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of a pre-edge feature at 8338 eV in the NiSA-N-CNTs suggests that the Ni-N is not a planar 

structure.[12] 

The coordination structures of Ni atoms were established by combining STEM observations together 

with first principle simulations of the XANES spectra. The conceived structures were relaxed with 

density functional theory (DFT) simulations and their XANES spectra were calculated and compared 

with experimental data. The best fit was obtained for a structure with four nearest N coordination 

shell followed by two carbon shells (1st carbon shell in yellow, 2nd carbon shell in green, Figure 2E). 

This structural model gave a good comparison to the XANES simulation despite different defect 

structures. Based on this model, extended XAFS (EXAFS) fitting was carried out (Figure 2F and Figure 

S2, Table S3), and the Ni to N coordination number was calculated to be 3.8±0.7, which suggests Ni is 

in the form of Ni-N4 with a bond length of 0.186±0.001 nm. This is similar to the coordination of Ni in 

NiPc. 

The loading of atomically-dispersed Ni atoms was comprehensively analysed. Ni content in NiSA-N-

CNTs were obtained by X-ray energy-dispersive spectroscopy (EDS). The results indicate that the 

content of C, N, O and Ni in NiSA-N-CNTs is 58±4, 23±3, 2.2±0.7 and 19±3 wt%, respectively (Figure 

S3A and Table S4). The elemental analysis combined with thermogravimetric analysis (Figure S3B), 

further find that the bulk contents of C, N, O, H and Ni are 56±5, 19±4, 1.6±0.9, 0.5±0.2 and 23±4 

wt%, respectively. A linear combination analysis (LCA) of the Ni L-edge XANES spectra for the NiSA-

N-CNTs revealed that the Ni species consisted approximately of 88±2% of Ni-N, 5.8±0.7% of Ni(OH)2 

and 6.3±1.8% of Ni0 (Figure 2C). Hence, the portion of Ni dispersed in a single atom form in the NiSA-

N-CNTs was estimated to be ~20±4 wt%, which is consistent with 19±3 wt% obtained from the EDS 

analysis. This is the highest metal loading for SACs reported to date (Table S1). 
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A reconnaissance study of the formation mechanism of MSA-N-CNTs was undertaken using NiSA-N-

CNTs. In the multi-step pyrolysis process, condensation of the dicyandiamide in the presence of the 

Ni precursor led to the formation of Ni-O-C on the melem skeleton through the ketoamine 

condensation reaction at ~350 oC (Figure S4). Further condensation of melem would form Ni-g-C3N4 

at a higher temperature of 650 oC and AC-STEM imaging of the intermediate Ni-g-C3N4 revealed Ni 

single atoms confined in the cavity of g-C3N4 (Figures S4, S5)[13, 14]. The strong covalent bonding 

between the Ni atoms and g-C3N4 confines the Ni atoms in a sixfold cavity[14, 15], thereby inhibiting 

aggregation. The NiSA-N-CNTs are formed during the condensation of Ni-g-C3N4 with the 

concomitant formation of Ni-N4 structure. This is supported by the fact that, without metal 

precursor, no carbon was obtained because pure C3N4 was completely decomposed at temperatures 

exceeding 650 oC, with an increased NiSA-N-CNTs yield at elevated Ni(acac)2:DCM ratios. The 

formation mechanism of NiSA-N-CNTs is very different from the well-established growth mechanism 

of CNTs, where the catalytic NPs play an important role, with over-saturated carbon atoms in the 

partially liquefied metal NPs precipitated to form the graphitic walls of CNTs[16]. 

The electrocatalytic activity of NiSA-N-CNTs on the CO2RR was studied, and the results are 

presented in Figure 3. The NiSA-N-CNTs showed a much higher activity in CO2-saturated KHCO3 

solution with a low onset potential of -0.31 V vs RHE (Figure 3A). By contrast, conventional Ni-CNTs 

and Ni-N-CNTs gave similar electrocatalytic activities in both N2 and CO2-saturated KHCO3 solution 

(Figure 3B), consistent with the preferential H2 evolution reaction (HER) activity of Ni-based 

electrocatalysts [17]. The excellent selectivity and activity of NiSA-N-CNTs were further confirmed by 

monitoring of the products formed at different potentials collected over 2 hours of electrolysis using 

gas chromatographic analysis of gas products and gas chromatographic-mass spectroscopic analysis 
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of liquid products. CO and H2 were confirmed as the only products for the CO2RR on NiSA-N-CNTs 

(Figure S6), with NiSA-N-CNTs showing a much better activity and selectivity for CO2RR, compared to 

Ni-CNTs, N-CNTs and Ni-N-CNTs (Figure 3C and Figure S7). For example, the CO yield is 4.00 x 10-3 

mmol cm-2 min-1 with a very low yield of H2 at -0.55 V (Figure 3C), which is two orders of magnitudes 

higher than Ni-CNTs, 6-7 times greater than N-CNTs and Ni-N-CNTs. This is consistent with a recent 

report that Ni single-atoms confined in metal-organic frameworks are highly active on the CO2RR[18]. 

The current density for CO2RR, jCO, increases significantly with an increase in the cathodic potential 

of NiSA-N-CNTs compared with a minor increase in the case of N-CNTs, Ni-CNTs and Ni-N-CNTs. For 

example, at -0.7 V, jCO of NiSA-N-CNTs is 23.5 mA cm-2, which is 95 times that of Ni-CNTs, 9 times that 

of N-CNTs and 4 times that of Ni-N-CNTs (Figure 3D). The activity of the NiSA-N-CNTs is significantly 

higher than noble-metal-free catalysts in a KHCO3 electrolyte [19], better and/or comparable to most 

noble-metal-based catalysts reported to date[20] (Table S5). The advantages of NiSA-N-CNTs are 

further exemplified by a high Faraday efficiency (FE) for the electrochemical CO2-to-CO conversion, 

reaching a high value of 89.0% and 91.3% at -0.55 and -0.7 V, respectively (Figure 3E).  

In order to compare the intrinsic performance, the active sites of the NiSA-N-CNTs were further 

explored by ex-situ XANES spectroscopy as a function of cathodic shifts in the applied potential in a 

CO2 saturated KHCO3 electrolyte (Figure S8). The Ni L-edge peak shifts to a higher photon energy by 

~0.2 eV, which is most likely due to the electrocatalytic effects of oxidation of Ni2+ to Ni3+ [21], and the 

N K-edge at 399.9 eV (Ni-N4) shifts by 0.2 eV to 400.1 eV. However, the position for pyridinic N 

(398.4 eV) and graphitic N (401.5 eV) remain unchanged, which differs from that of N-CNTs which 

shows a positive shift of 0.2 eV for the pyridinic N and graphitic N (Figure S9). These results infer that 

the Ni-N species in the NiSA-N-CNTs are the active centres for CO2RR to CO. This difference, as 
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compared with N-CNTs, is likely resulted from the fact that N atoms in the NiSA-N-CNTs are locked to 

Ni via coordination (Figure 2F). The intrinsic performance of NiSA-N-CNTs is further evidenced by the 

calculated turnover frequency (TOF) through determining the number of Ni involved in the reaction 

through the Ni2+ to Ni3+ redox transition (Figure 3F). At -0.55 V, TOF of NiSA-N-CNTs for the reaction 

was calculated to be 11.7±0.2 s-1, which is 3 and 93 times higher than that of Ni-N-CNTs and Ni-CNTs, 

respectively, clearly revealing the high intrinsic activity of the Ni SAC. The TOF of NiSA-N-CNTs is 

higher than the Ag nanocoral[22] and other protoporphyrin-based homogeneous catalysts[23], and also 

substantially better than 1.46 s-1 at -1.0 V (vs RHE) recently reported on a metal-organic framework 

derived Ni SAC[18]. Preliminary results shows that NiSA-N-CNTs are relatively stable and except the 

initial rapid decay in the current density for CO2RR, the reduction in the current density for the 

reaction is relatively small, a ~12% in the next 12 hours electrolysis (Figure S10A), and most 

importantly the atomically-dispersed Ni remains with no obvious aggregation and demetallation 

(Figure S10B), clearly revealing the structural durability of NiSA-N-CNTs electrocatalysts. 

The versatility of the multi-step pyrolysis method has been demonstrated by synthesizing other 

transition-metal-based SACs such as Co, NiCo, CoFe and NiPt doped CNTs, denoted as CoSA-N-CNTs, 

NiCoSA-N-CNTs, CoFeSA-N-CNTs, and NiPtSA-N-CNTs (Figure 4). AC-STEM-ADF and STEM-EDS 

analysis clearly showed that Co, NiCo, CoFe and NiPt were atomically dispersed in the CNTs 

structure. For example, a predominant C6-ringed structure with metal atoms was observed in the 

case of CoFeSA-N-CNTs (Figure 4C). CoSA-N-CNTs, NiCoSA-N-CNTs and CoFeSA-N-CNTs all exhibit 

good activity for the electrochemical conversion of CO2 to CO, although the activity and selectivity 

are inferior to that of NiSA-N-CNTs (Figure S15). On the other hand, NiPtSA-N-CNTs showed high 

activity for HER but low activity for CO2RR (Figure S11), consistent with the excellent performance 
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characteristics of Pt on the HER, indicating that the multi-step pyrolysis method is also applicable to 

the synthesis of noble metal SACs. 

In conclusion, a novel multi-step pyrolysis process has been developed to synthesize transition-metal 

single-atom catalysts with single atom metal loading as high as 20 wt%. The transition metals such as 

Fe, Co, and Ni are coordinated with N to form M-Nx species in the CNTs, exhibiting outstanding 

activity for electrochemical reduction of CO2 to CO. This new type of atomically-dispersed transition-

metal SACs on N-CNTs have tremendous potential as a new class of SACs with promising applications 

in the areas of electrocatalysis and catalysis for energy conversion and storage as well as sensors and 

other applications. 

Experimental Section  

Materials synthesis: Nickel(II) acetylacetonate (Ni(acac)2, Sigma Aldrich), cobalt (II) acetylacetonate 

(Co(acac)2, Sigma Aldrich), iron (II) acetylacetonate (Fe(acac)2, Sigma Aldrich), platinum(II) 

acetylacetonate (Pt(acac)2, Sigma Aldrich), dicyandiamide (C2H8N2, Sigma Aldrich) were purchased 

and used without further treatment. In the case of NiSA-N-CNTs, Ni(acac)2 was dispersed with C2H8N2 

in 100 ml solution and stirred for 10 h, followed by drying and grinding. Subsequently, the mixture 

was heated at 350 oC for 3 h and then at 650 oC for 3 h under Ar with a flow rate of 50 mL min-1. 

Subsequently, the as-prepared yellow powder was heated in a selected temperature range of 700-

900 oC. The obtained sample was denoted as NiSA-N-CNTs. Similarly, CoSA-N-CNTs, NiCoSA-N-CNTs, 

CoFeSA-N-CNTs and NiPtSA-N-CNTs were prepared. 

Materials characterization: The morphology of MSA-N-CNTs were studied by transmission electron 

microscopy (TEM) and high angle annular dark field scanning TEM (HAADF-STEM) with elemental 
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mapping on a Titan G2 60-300 at 80 kV. The synthesized materials were dispersed using an ethanol 

solution onto TEM sample grids. The annular dark field images (ADF) were collected using a Nion 

UltraSTEM100 microscope operated at 60 kV at a beam current of 60 pA. The recorded images were 

filtered using a Gaussian function (full width half maximum = 0.12 nm) to remove 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 baked at 160 oC overnight before STEM 

observation. Diffraction data was collected with a Bruker D8 Advance diffractometer operated at 40 

kV and 40 mA with Cu Kα ( = 1.5406 Å) in the range of 20-90° 2 with CaF2 as a reference. Peak 

positions were obtained by using the crystal structure of CaF2 as a standard and fitting asymmetric 

pseudo-Voigt peaks to the diffraction peaks from the CNTs. X-ray absorption spectroscopy (XAS) 

measurements were performed at the wiggler XAS Beamline (12ID) at the Australian Synchrotron in 

Melbourne, Australia using a set of liquid nitrogen cooled Si(111) monochromator crystals. X-ray 

absorption near edge structure spectroscopy (XANES) measurements below photon energies of 

2,500 eV were conducted at the Soft X-Ray beamline of the Australian Synchrotron.[24]  

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Characterization of NiSA-N-CNTs. A) Scanning electron microscopy (SEM) image, B) 

Transmission electron microscopy (TEM) image. C) STEM-EDS mapping. D) AC-STEM-annular dark 

field (ADF) images showing the atomic dispersion of Ni in NiSA-N-CNTs, E) ADF image showing the Ni 

single atoms located on the walls of a CNT (The red circles show typical Ni atoms embedded in the 
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carbon plane of walls. The insert is the Fourier transform of E). F) ADF images showing structure 

environment of Ni single atoms. G) Raman spectra and H) XRD patterns of NiSA-N-CNTs, Ni-N-CNTs 

and N-CNTs.  
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Figure 2. Chemical environment of NiSA-N-CNTs as probed via X-ray absorption spectroscopy. A) C K-

edge, B) N K-edge, C) Linear combination analysis of the Ni L-edge, D) Ni K-edge spectra of the EXAFS 
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spectrum, E) Comparison of a simulated XANES spectrum of the inserted Ni-core structure with 

experimental results, and F) Fourier transform of the EXAFS spectrum of Ni foil, Ni-N-CNTs, NiPc, and 

NiSA-N-CNTs. 
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Figure 3. CO2 reduction performance. The linear scan voltammetry (LSV) curves of A) NiSA-N-CNTs, 

and B) Ni-N-CNTs in N2 and CO2 saturated 0.5 M KHCO3 solution. C) Product yields of NiSA-N-CNTs, 

Ni-N-CNTs, N-CNTs and Ni-CNTs for CO2RR at -0.55 V; D) jco and E) Faradaic efficiency of CO for NiSA-
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N-CNTs, Ni-N-CNTs, N-CNTs and Ni-CNTs at -0.28, -0.40, -0.55 and -0.70 V; and F) TOF of NiSA-N-

CNTs, Ni-N-CNTs and Ni-CNTs at -0.28, -0.40, -0.55 and -0.70 V. The CO2RR was conducted in CO2 

saturated 0.5 M KHCO3 solution with catalysts loading of 1 mg cm-2. The potentials were IR 

corrected.  
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Figure 4. High angle annular dark field (HAADF)-STEM-EDS mapping and AC-STEM micrographs of A) 

CoSA-N-CNTs, B) NiCoSA-N-CNTs, C) CoFeSA-N-CNTs and D) NiPtSA-N-CNTs.  

 

Table of Content: 

A novel atomically dispersed transition metal single atom catalyst supported on CNTs is synthesized 

with atomic loading as high as 20 wt%, excellent selectivity and activity for the electrochemical 

reduction of carbon dioxide. 
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