
Nano Energy 77 (2020) 105158

Available online 25 July 2020
2211-2855/© 2020 Published by Elsevier Ltd.

Isolated Ni single atoms in nitrogen doped ultrathin porous carbon 
templated from porous g-C3N4 for high-performance CO2 reduction 

Yan Lu a,b, Haojing Wang a, Pengfei Yu c, Yifei Yuan d, Reza Shahbazian-Yassar d, Yuan Sheng a,b, 
Shuyang Wu a,b, Wenguang Tu a, Guanyu Liu a,b, Markus Kraft b,e, Rong Xu a,b,* 

a School of Chemical and Biomedical Engineering, Nanyang Technological University, 62 Nanyang Drive, Singapore, 637459, Singapore 
b C4T CREATE, National Research Foundation, CREATE Tower, 1 Create Way, 138602, Singapore 
c Shanghai Institute of Microsystem and Information Technology, Chinese Academy of Sciences, 865 Changning Road, Shanghai City, 200050, PR China 
d Department of Mechanical and Industrial Engineering, University of Illinois at Chicago, Chicago, IL, 60607, United States 
e Department of Chemical Engineering and Biotechnology, University of Cambridge, CB2 3RA, UK   

A R T I C L E  I N F O   

Keywords: 
Ni single atom 
Nitrogen doped carbon 
G-C3N4 template 
Electrocatalyst 
CO2 electroreduction 

A B S T R A C T   

Electrochemical reduction of CO2 to value-added products is an effective approach to manage the global carbon 
balance. However, the lack of effective electrocatalyst for CO2 reduction process is a major obstacle for its 
development. Currently, constructing atomically dispersed non-precious metal electrocatalysts presents a 
promising way to build high-performance and cost-effective electrochemical CO2 reduction systems. Herein we 
demonstrate a novel strategy to realize the anchoring and stabilization of isolated Ni atoms in the nitrogen-doped 
ultrathin porous carbon nanosheets via a polydopamine-assisted g-C3N4 template method. Benefitting from the 
abundant atomic Ni sites and ultrahigh specific surface area of porous 2D supports (>1000 m2 g 1), the catalyst 
exhibits excellent activity for CO2 reduction with particularly high selectivity towards CO, achieving a faradaic 
efficiency of 96% at  0.86 V (vs. RHE) with a current density of 26.4 mA cm 2 in 0.1 M KHCO3 solution.   

Recently, electrochemically converting greenhouse CO2 to value- 
added fuels and chemicals has attracted increasing attention in terms 
of its great significance for both environmental protection and energy 
crisis mitigation [1–3]. However, the extremely stable chemical bond in 
CO2 (C––O, 806 kJ mol 1) makes the electrochemical reduction of CO2 
highly challenging as it requires large overpotentials to overcome the 
activation barriers and under which, competitive side reactions such as 
the hydrogen evolution reaction (HER) can easily take place [4,5]. In 
this regard, finding robust catalysts with high activity, selectivity and 
stability is of paramount importance to realize the practical application 
of CO2 electrochemical reduction [6]. 

Over the past decades, a large number of materials have been eval
uated as catalysts for CO2 electroreduction [7,8]. Among them, 
non-noble metal-based single-atom catalysts have shown great potential 
as promising high-efficiency and low-cost systems [9,10]. Thanks to the 
unique geometric and electronic properties stemming from the absence 
of metal-metal bonds and the cationic (or sometimes anionic) nature of 
the isolated catalytic sites, single-atom catalysts can exhibit much su
perior performance than their bulk counterparts in CO2 reduction re
action (CO2RR) [3,11–13]. However, the construction of single-atom 

catalysts remains a challenging task because of the high surface en
ergy of single atoms. 

Fabricating metal-nitrogen-carbon (M-N-C) moiety based materials 
with atomically dispersed M centres bonded to neighbouring N atoms in 
carbon-rich supports has been proved as an effective way to obtain 
single-atom catalysts, by which N atoms can anchor single M atoms and 
avoid their aggregation into nanoparticles during synthesis and reaction 
[4,14–18]. More importantly, the unique structure and coordination 
environment of the formed M-N-C moiety can endow them with 
favourable kinetics and excellent catalytic activities [5,14,19–22]. Up to 
date, some design strategies for such catalysts have been demonstrated, 
including ionic exchange of metal-organic-frameworks [15,23,24], 
topo-chemical transformation strategy [19], pyrolysis of metal com
plexes containing both N and C [12,25,26], and multistep pyrolysis 
method [27]. Despite these progresses, the synthesis of single atom 
catalysts is still in its infancy and strategies for control over the contents 
of singly active sites need to be improved. Further, unravelling the co
ordination environment and electronic structure of single-atom catalyst 
and understanding the structure-performance relationship at molecular 
level is particularly desirable, yet highly challenging. 
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Herein, we demonstrate a novel strategy for the successful synthesis 
of a single-atom catalyst consisting of isolated Ni active centres 
anchoring on ultrathin porous N-doped carbon nanosheets (designated 
as NiSA/N–C) with excellent activity and selectivity for CO2 reduction to 
CO. This synthesis relies on the use of polydopamine (PDA) as a unique 
anchoring agent, which is reported to have N-containing ligands for 
metal (such as Ni2þ, Cu2þ, Hg2þ, and so on) coordination [28–32], and 
can adhere to virtually all types of surfaces, regardless of the substrate 
chemistry [33–35]. Consequently, PDA can be easily coated on the 
surface of porous g-C3N4 template and subsequently anchor Ni2þ from 
the metal precursor solution under a mild condition [29]. The 
pre-formation of Ni2þ-PDA complex not only stabilizes the atomic metal 
centres during the subsequent pyrolysis, but also enables the formation 
of Ni–N coordination geometry by the N-containing moiety. Impor
tantly, the content of Ni single atoms in the composite catalysts can be 
controlled by simply tuning the amount of Ni precursor. Furthermore, 
no additional acid-leaching process is required for removing metal 
nanoparticles which might compromise the property of the carbon 
support [4,14,20,36]. The atomically dispersed active sites, together 
with the large specific surface areas of the support boost the catalytic 
reaction, achieving a maximum conversion efficiency of 96% for CO 
with high current density and remarkable turnover frequency (TOF). 
Compared with previous reports using PDA to prepare single-atom cat
alysts [37,38], our method employs g-C3N4 as a self-sacrificial template, 
which adopts the advantages of both g-C3N4 and PDA, rendering the 
facile synthesis of single-atom catalysts with ultrahigh specific surface 
area. It is anticipated that this work may open new avenues for the 
design and synthesis of high efficiency electrocatalytic systems for CO2 
conversion reactions and hasten the practical implementation of CO2 
conversions. 

A scheme illustrating the synthesis process of the catalyst is shown in 
Fig. 1. First, porous g-C3N4 nanosheets were prepared by thermal 
decomposition-polymerization of urea (Fig. S1). Then, the g-C3N4 tem
plate was dispersed in a tris-buffer solution and ultrasonicated for 30 
min to form a light-yellow milky mixture. Subsequently, PDA was coated 
onto the surface of g-C3N4 template (PDA@g-C3N4) by adding dopamine 
precursor (dopamine hydrochloride, designated as DAH) in the mixture 
at room temperature. During this process, an apparent colour change 
from light yellow to dark grey was observed, indicating the successful 
adhesion of PDA layer onto g-C3N4 template. After that, PDA@g-C3N4 
was collected and re-dispersed into Ni2þ containing aqueous solution 
with a precursor weight ratio of 7.24 wt% (Ni2þ/DAH) (Table S1). By 
virtue of the chelating property of PDA, Ni2þ is easily anchored and 
forms Ni2þ-PDA@g-C3N4 precursor. Finally, Ni single atoms anchored 
on nitrogen doped ultrathin porous carbon nanosheets (NiSA/N–C) were 
obtained by pyrolysis of Ni2þ-PDA@g-C3N4 precursor at 1000 �C in N2 
atmosphere. During which, PDA coating was carbonized and g-C3N4 
template was decomposed and converted to nitrogen doped carbon 
skeleton [39]. Most importantly, the isolated Ni2þ ions were stabilized 
by N coordination and further reduced by the surrounding carbon, 

forming atomically dispersed active centres. 
The as-prepared NiSA/N–C possesses an ultrathin porous two 

dimensional (2D) structure with wrinkled surfaces as revealed by field 
emission scanning electron microscopy (FESEM) and transmission 
electron microscopy (TEM) images (Fig. 2a and b), which is nearly the 
same as that observed for the nitrogen doped ultrathin porous carbon 
nanosheets (N–C) support without loading of Ni species (Fig. S2). 
Disordered graphene lattices are observed in the HRTEM image with 
lattice spacing measured to be around 0.34 nm (Fig. 2c), indicating the 
partial graphitization of N–C support (also evidenced by Raman spec
trum in Fig. S3). The corresponding selected area electron diffraction 
(SAED, inset of Fig. 2c) pattern displays diffraction rings that are 
consistent with the typical hexagonal pattern of graphene with poor 
crystallinity [40,41]. Notably, Ni nanoparticles are not observed under 
both FESEM and TEM observations, implying that Ni species are highly 
dispersed at sub-nanometer scale on the carbon nanosheets. This is 
confirmed by aberration-corrected high-angle annular dark field scan
ning transmission electron microscopy (HAADF-STEM) images, in which 
bright spots corresponding to single Ni atoms are well observed across 
the entire carbon nanosheets, demonstrating the atomic dispersion of Ni 
in NiSA/N–C (Fig. 2d and e). Element mapping images indicate the 
homogeneous distribution of Ni and N species in carbon nanosheets 
(Fig. 2f), confirming the formation of nitrogen doped carbon nanosheets. 
N doping here is considered to play a critical role in trapping and 
bonding a significant number of Ni atoms in the N–C support. The actual 
loading of Ni is 0.86 wt% as determined by ICP-AES. The specific surface 
area of NiSA/N–C is 1009.2 m2 g 1, which is much higher than that of 
the g-C3N4 template (63.5 m2 g 1) and comparable to that of N–C itself 
(1081.1 m2 g 1) (Figs. S4a and b and Table S2). One can see that there 
are no characteristic peaks of Ni crystals in the XRD pattern of NiSA/N–C 
(Fig. S5), further confirming the absence of Ni nanoparticles in 
NiSA/N–C. The presence of a broad peak at around 25–26� indicates the 
formation of graphitic carbon, which is consistent with the observation 
of the lattice fringes in Fig. 2c. Notably, our strategy offers the unique 
advantage in controlling the loading of single-atom species by simply 
tuning the amount of precursor during the synthesis. For instance, 
samples with atomic Ni loadings of 0.50 wt% (0.05xNiSA/N–C) and 
4.26 wt% (10xNiSA/N–C) (Figs. S5c–d, Figs. S6–S7 and Table S2) have 
been successfully synthesized at precursor weight ratios of 0.362 wt% 
and 72.4 wt% (Table S1), respectively. 

To identify the critical role of PDA in achieving single atom disper
sion, two control experiments were carried out. In the first experiment, 
Ni2þ precursor and DAH were added simultaneously at the ratio of 7.24 
wt% (same with that for NiSA/N–C) in the reaction system. In this case, 
polymerization of dopamine was promoted because of the catalytic ef
fect of Ni2þ [32], which resulted in an uncontrollable anchoring of Ni2þ

and formation of Ni nanoparticles in the subsequent pyrolysis process 
(NiNP/N–C, Fig. S5e and Figs. S8a–c). In the second control experiment, 
a physical mixture of Ni(NO3)2⋅6H2O and PDA@g-C3N4 (same precursor 
weight ratio) was pyrolyzed. Ni nanoparticles dispersed on nitrogen 

Fig. 1. Schematic illustration of the synthesis of NiSA/N–C.  
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doped carbon consisting of carbon nanosheets and carbon nanotubes 
(NiNP/N-CM, Fig. S5f and Figs. S8d–f) were obtained given poor 
interaction between Ni2þ and PDA at the solid state. Given the above 
results, it is speculated that PDA can anchor suitable amount of Ni2þ

species from the precursor solutions [42] and guarantee the formation of 
atomically dispersed Ni species even after the high temperature pyrol
ysis process [30]. 

The bonding states of Ni, N and C in NiSA/N–C are investigated by 
soft X-ray absorption spectroscopy (sXAS) and X-ray photoelectron 
spectroscopy (XPS). As revealed in Fig. S9a, NiSA/N–C possesses a very 
similar Ni L3 and L2 edge sXAS profile to that of Ni Phthalocyanine 
(NiPc). Specifically, the main peak A at Ni L3 edge is very sharp, indi
cating the lowest 3d unoccupied state is very local. The asymmetric 
feature of peak A in region A1 implies the formation of π bond between 
Ni 3d and N 2p orbitals, which is often accompanied by a charge transfer 
from the metal atom into the ligand [43–45]. In addition, the small 
peaks observed in the range from 858 to 865 eV might be attributed to 
the bonding interaction between Ni 4sp and N 2p orbitals. The inter
action between Ni and N can also be confirmed by the N 1s XPS in 
Fig. S10a. The N1s spectra could be deconvolved into three peaks, cor
responding to pyridinic-N, graphitic-N, and pyridinic Nþ-O-, respec
tively. The absence of pyrrolic N might be ascribed to the carbonization 
at a high temperature of 1000 �C, which agrees with previous reports 
[39,46–48]. Compared with N–C, the peak assigned to pyridinic-N in 
single-atom catalysts shifts to the higher energy side, implying Ni 
bonding with pyridinic N (Fig. S10a) [19]. Such an interaction between 
Ni and N is further clarified by the observation of an additional feature 
(N1 peak in Fig. S9b) in N K-edge profile of NiSA/N–C when comparing 
with that of N–C. This feature is corresponding to the observed character 
in region A1 at Ni L3 edge, further evidencing the formation of π bond 
between Ni and neighbouring N in NiSA/N–C. In addition, C K-edge 
profiles and C1s XPS are also investigated. By comparison, C1s sXAS of 
NiSA/N–C is almost the same with that of N–C (Fig. S9c), excluding the 
formation of Ni–C bond, which can be also supported by the C1s XPS 
results (Fig. S10b). 

To determine the detailed electronic structure and coordination 
environment around Ni sites, Synchrotron-based X-ray absorption near- 
edge structure (XANES) and extended X-ray absorption fine structure 
(EXAFS) of NiSA/N–C were examined. The absorption edge position of 
NiSA/N–C is located between that of Ni foil and NiO as indicated by red 
arrow in Fig. 3a, suggesting the valence of Ni species is situated between 
Ni(0) and Ni(II) [49,50]. The Ni K-edge exhibits a similar near edge 
structure to that of nickel phthalocyanine (NiPc), indicating that the 
coordination atoms for Ni sites should be those with a weaker electro
negativity than O, such as C and N. As can be seen in the Fourier 
transform (FT) k3-weighted χ(k) function of the EXAFS spectra (Fig. 3b), 
NiSA/N–C only exhibits one dominant peak at 1.44 Å, ascribed to Ni–N 
coordination, proving the atomic dispersion of single Ni sites. In 
contrast, NiNP/N–C shows a main peak around 2.11 Å, which belongs to 
the Ni–Ni coordination. Further, the absence of a peak around 2.5 Å 
compared with that observed in NiPc precludes the formation of Ni–C 
coordination, which is consistent with the results analysed from C1s 
sXAS (Fig. S9c) and C1s XPS (Fig. S10b). The wavelet transform (WT) 
plot of NiSA/N–C shows the WT maximum at 5.5 Å 1, which is corre
sponding to the Ni–N bonding by comparing with that for Ni foil, NiO, 
NiNP/N–C and NiPc (Fig. 3c). There is no intensity maximum corre
sponding to Ni–Ni bonding observed for NiSA/N–C, further confirming 
its single-atom feature. The coordination configuration of Ni atom is 
speculated to be Ni–N4 according to the EXAFS fitting results (Fig. 3d, 
Table S3), which is consistent with previous reports on Ni–N active 
centres [4,19,27,37]. Combining with the previous verification that 
there are no Ni–C bonds in NiSA/N–C (Figs. S9–10), the structural model 
of our Ni catalyst is proposed as shown in Fig. 3d. 

We next evaluate the CO2RR activities of the as-prepared catalysts in 
a H-type electrochemical cell separated by a Nafion 117 membrane. As 
can be seen from the linear sweep voltammetry (LSV) curves, NiSA/N–C 
with Ni–N4 active sites exhibits extremely high electrocatalytic activity 
for CO2RR, evidenced by a large current density of 80.2 mA cm 2 at 
 1.0 V, which is more than 2 times of those for Ni NPs catalysts 
(Fig. S11a) and 4.5 times of that for the pristine N–C (Fig. 4a). This value 

Fig. 2. (a) FESEM, (b) TEM, and (c) HRTEM images of NiSA/N–C with 0.86 wt% Ni loading (inset of c is the corresponding SAED pattern). (d,e) Magnified HAADF- 
STEM images of NiSA/N–C. Ni single-atoms are marked with red circles. (f) EDS maps revealing the homogeneous distribution of Ni and N on the carbon support. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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is also larger than most of the previously reported CO2 electroreduction 
catalysts (Table S4). When tested in a concentrated electrolyte with 0.5 
M KHCO3, an even higher current density of 111.5 mA cm 2 is reached 
at  1.0 V for NiSA/N–C (Fig. S12a). It is noteworthy that the electro
chemical activity of Ni single-atom catalysts is not simply related to the 
contents of Ni species as suggested by the results that NiSA/N–C shows 
larger current density than those of other single Ni atom catalysts (26 
mA cm 2 at  1.0 V for 0.05xNiSA/N–C and 50 mA cm 2 at  1.0 V for 
10xNiSA/N–C). It is understandable that NiSA/N–C with more active 
centres shows better performance than 0.05xNiSA/N–C. While for the 
one with a high Ni loading of 4.26 wt%, the inferior performance might 
be due to the reduction of mono-dispersibility of Ni species, which can 
be evidenced by the observation of aggregates consisted of several atoms 
under magnified HAADF-STEM image (Fig. S7e). Another possible 
reason might be ascribed to the less percentage of N in 10xNiSA/N–C 
than that in NiSA/N–C (Table S2), which would lead to a lower con
ductivity of the N–C support [51,52]. This can be also evidenced by the 
electrochemical impedance spectroscopy (EIS) measurements (Fig. S13) 
that a larger internal resistance is observed in 10xNiSA/N–C than that in 
NiSA/N–C. In this consideration, controlled synthesis of single-atom 
catalysts with optimized metal contents is crucial for obtaining 

high-performance CO2 reduction catalysts, which indicates the advan
tage of our synthesis strategy. 

The measurement of faradaic efficiency (FE) was further carried out 
to evaluate the selectivity of the prepared catalysts for CO2 reduction. 
Gas chromatography analyses suggested that the primary reduction 
products for all catalysts are CO and H2. Trace of CH4 was also detected 
during the CO2 reduction, which leads to the sum FE of CO and H2 less 
than 100% (Fig. 4b and Fig. S14). There was no liquid product detected 
by 1H nuclear magnetic resonance spectroscopy (Fig. S15). Particularly, 
in the case of metallic nickel catalyst, it has been reported to have a 
trend to produce H2 because of its strong *H binding [18,53,54]. This is 
consistent with the case of NiNP/N–C and NiNP/N-CM, which only show 
maximum faradaic efficiency (FE) for CO (FECO) of 86% ( 0.86 V) and 
84% ( 0.86 V) (Fig. S11b), respectively. In strong contrast, when Ni 
species are engineered to be in atomically dispersed Ni–N4 centres, a 
FECO of 96% is obtained for NiSA/N–C at  0.86 V (Fig. 4b), which is 
much higher than that of metallic Ni catalysts (NiNP/N–C and 
NiNP/N-CM), showing the excellent selectivity of Ni–N4 centres. This 
might be attributed to the low binding energy toward *H and low-to-no 
binding of *CO, according to DFT simulations [18,55,56]. Notably, 
NiSA/N–C also exhibits remarkable performance in 0.5 M KHCO3 with 

Fig. 3. (a) XANES spectra and (b) Fourier transform 
(FT) at the Ni K-edge of Ni foil, NiO, NiSA/N–C, 
NiNP/N–C and NiPc. (c) Wavelet transform (WT) of 
Ni foil, NiO, NiSA/N–C, NiNP/N–C and NiPc. (d) The 
corresponding EXAFS R space fitting curves of NiSA/ 
N–C (inset shows the structure of the nickel site in 
NiSA/N–C; the balls in green, pink and grey represent 
Ni, N and C atoms, respectively). (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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the highest FECO of 94% achieved at  0.84 V (Fig. S12b), which is 
higher than many reported atomic Ni-based catalysts as compared in 
Table S4. Besides, comparable selectivity with similar FECO values has 
been obtained for the as-prepared three single-atom catalysts (Fig. 4b). 
On the contrary, the pristine N–C matrix shows very poor selectivity 
towards CO, demonstrating that the electrocatalytic activity for CO2 
reduction comes from Ni–N sites (Fig. 4b). This is further proved by the 
poison experiment for NiSA/N–C, where SCN was adopted as poison 
ion to metal sites (Fig. S16). The remarkable depression of catalytic 
activity for NiSA/N–C by adding SCN could be attributed to blocking of 
Ni atoms by SCN , thus confirming the active site role of the Ni–N4 
structure. In addition, the suppressed H2 evolution over NiSA/N–C 
compared with other catalysts can be clearly observed (Fig. S11b and 
Fig. S14). 

To get insight into the reaction mechanism of NiSA/N–C, Tafel slope 
was examined. For NiSA/N–C, a Tafel slope of 139 mV dec 1 was ob
tained, suggesting that the initial one-electron reduction of CO2, which 
generates the CO2

�– key intermediate, is the rate-determining step for CO 

evolution [1,57–59]. Besides, a smaller Tafel slope indicates the better 
catalytic performance. Accordingly, NiSA/N–C shows the smallest Tafel 
slope compared with other catalysts (145, 203 and 595 mV dec 1 for 
0.05xNiSA/N–C, 10xNiSA/N–C and N–C, respectively) (Fig. 4c), indi
cating its most favourable kinetics for CO2 reduction. In addition, the 
Nyquist plots in Fig. S13 also demonstrate that NiSA/N–C has the 
smallest resistance, which would lead to remarkably enhanced activity 
for CO2 reduction. 

NiSA/N–C gives the highest TOF values over all potentials among the 
prepared catalysts (Fig. 4d and Fig. S11c). Specifically, TOF values of 
8483 h 1 and 20752 h 1 are achieved when tested in 0.1 M KHCO3 at 
 0.86 V and 0.5 M KHCO3 at  0.84 V, respectively, which are also much 
higher than most of the reported catalysts (Table S4). Although several 
reported atomic Ni catalysts (Ref. S11, S12, S14 in Table S4) show 
higher TOF values than our NiSA@N–C sample, their other properties 
are inferior. Those performance comparisons further highlight the 
excellent catalytic performance of the Ni–N4 structure. During the sta
bility test, no obvious decay in FECO and current density was detected for 

Fig. 4. (a) LSV curves at a scan rate of 10 
mV s 1, (b) FEs of CO and (c) Tafel plots for 
N–C, 0.05xNiSA/N–C, NiSA/N–C, and 
10xNiSA/N–C catalysts tested in CO2-satu
rated 0.1 M KHCO3 electrolytes. (d) TOFs of 
0.05xNiSA/N–C, NiSA/N–C, and 10xNiSA/ 
N–C samples in CO2-saturated 0.1 M KHCO3 
electrolytes and NiSA/N–C sample in CO2- 
saturated 0.5 M KHCO3 electrolyte at 
different applied potentials. (e) Stability of 
NiSA/N–C at a potential of  0.86 V vs. RHE 
during 22 h in CO2-saturated 0.1 M KHCO3 
electrolyte.   
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NiSA/N–C at a set potential of  0.86 V (Fig. 4e), indicating the excellent 
chemical stability of the Ni sites in NiSA/N–C for potential practical use. 
The slight increase of current density is most probably due to the in
crease of electrolyte temperature during the course of stability test. The 
good stability is also evidenced by the comparison of Ni 2p spectra for 
NiSA/N–C before and after test, which shows no obvious peak shifts 
(Fig. S17a). Further, the structure and morphology of the post- 
electrolysis of NiSA/N–C were also well maintained even after a long- 
term test as revealed by FESEM and TEM observations (Figs. S17b–e), 
demonstrating again the robust of the prepared catalyst. 

In summary, we have developed a PDA-assisted method for facile 
preparation of supported metal catalysts with atomic dispersion, 
controllable loading, and ultra-high surface areas. Ni SAs are stabilized 
by the N-doped porous carbon support derived from pyrolysis of PDA 
coated g-C3N4 template. Significantly, NiSA/N–C with Ni–N4 active 
centres demonstrates excellent activity in the conversion of CO2 to CO 
with remarkably high selectivity, current densities and TOF values. We 
anticipate that our work may open a new avenue for the design and 
synthesis of supported SA metal catalysts with controllable metal load
ings for a variety of applications. 
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