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Abstract: The reaction of precursors containing both nitrogen
and oxygen atoms with NiII under 500 88C can generate a N/O
mixing coordinated Ni-N3O single-atom catalyst (SAC) in
which the oxygen atom can be gradually removed under high
temperature due to the weaker Ni@O interaction, resulting in
a vacancy-defect Ni-N3-V SAC at Ni site under 800 88C. For the
reaction of NiII with the precursor simply containing nitrogen
atoms, only a no-vacancy-defect Ni-N4 SAC was obtained.
Experimental and DFT calculations reveal that the presence of
a vacancy-defect in Ni-N3-V SAC can dramatically boost the
electrocatalytic activity for CO2 reduction, with extremely high
CO2 reduction current density of 65 mAcm@2 and high
Faradaic efficiency over 90% at @0.9 V vs. RHE, as well as
a record high turnover frequency of 1.35 X 105 h@1, much higher
than those of Ni-N4 SAC, and being one of the best reported
electrocatalysts for CO2-to-CO conversion to date.

The excessive emission of CO2 from continuous consump-
tion of fossil fuels has triggered serious environmental
issues.[1, 2] Electrocatalytic CO2 reduction has been considered
as a promising and clean approach to decrease the atmos-
pheric concentration of CO2 greenhouse gas through the
conversion of CO2 into valuable carbonaceous products.[3–6]

For industrial application of electrocatalytic CO2 reduction,
both high current density and high Faradaic efficiency are
essential. However, the Faradaic efficiencies usually drop
rapidly along with the increase of overpotentials for achieving
high current densities, due to the competing reaction of
hydrogen reduction.[7–14] There is still difficult for achieving
high Faradaic efficiency at high current density, and only few
electrocatalysts display high current density and high Faradaic
efficiency simultaneously.[15–17]

Recently, single atomically dispersed catalysts (also called
single-atom-catalysts, SACs) have been drawn much attention
in heterogeneous catalysis, which is due to their 100% atomic

utilization efficiency, as well as their outstanding catalytic
performance in water splitting,[18–21] oxygen reduction,[22, 23]

CO2 reduction,[9–12, 14–17,24, 25] and other heterogeneous catalytic
reactions.[26–28] Many factors can affect the catalytic perfor-
mance of SACs. Besides the supports, the loading amount and
coordination numbers of SACs, the defects on the support
have also been found to be a tunable factor for optimizing the
catalytic performance of SACs, through inducing different
local electronic densities of state of metals.[29,30] However,
controlling the positions and numbers of defects on the supports
during the synthesis of SACs remain great challenge, and it
still lacks efficient strategy for control synthesis of such SACs.

Herein, we report a facile strategy for control synthesis of
a vacancy-defect Ni SAC, using the precursors of cyanuric
acid (CA) and 2,4-diamino-6-phenyl-1,3,5-triazine (DPT)
based on the following considerations: 1) Both oxygen and
nitrogen atoms in CA and DPT (Figure 1a) can coordinate to
NiII to form O/N mixed coordinated geometry, in which the
coordinated oxygen atom can be primarily removed under
high temperature (800 88C) due to the weaker Ni-O coordina-
tion bond (compared with Ni@N bond), potentially resulting
in a vacancy-defect at single Ni atom site (Figure 1 a); 2) it is
worth noting that the mixed precursors of CA and DPT go
through a melting process before pyrolysis (Supporting
Information, Figure S1), thus it can be easily and strongly
coated the vacancy-defect SACs on any conductive substrates,
such as carbon cloth, metal foils, or metal foams (Supporting
Information, Figure S2). Using the above strategy, we easily
obtained a vacancy-defect Ni SAC (named as Ni-N3-V) on the
surface of carbon cloth. The state-of-the-art Ni-N3-V SAC
displays excellent electrocatalytic performance for CO2-to-
CO conversion, with both high current density of 65 mAcm@2

and high Faradaic efficiency over 90 % at @0.9 V vs. RHE, as
well as a record high turnover frequency of 1.35 X 105 h@1. The
general strategy for the control synthesis of vacancy-defect
SACs presented herein will boost the development of highly
efficient heterogeneous catalysts towards various catalysis,
and deeply understand the vacancy defects on the catalytic
performance of SACs.

The Ni-N3-V SAC was prepared by heating a mixture of
CA, DPT, and NiCl2·6 H2O under an N2 atmosphere (Fig-
ure 1a). Firstly, the solids of the above three precursors were
stirred in deionizer water for 6 h, and subsequently dried in
vacuum for 12 h. The obtained mixture was heated with
a piece of carbon cloth under an N2 atmosphere. When the
temperature was increased to 460 88C, the solid mixture turned
into a yellow liquid (Supporting Information, Figure S1),
which can be strongly and uniformly coated on the carbon
cloth. Upon further heating to 500 88C, N/O mixing coordi-
nated Ni-N3O SACs were formed within 2D carbon nano-
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sheets (Figure 1a), in which the coordinated oxygen atom
together with the connected carbon atom can be primarily
removed by releasing a CO molecule at high temperature
(500–800 88C), generating a vacancy-defect Ni-N3-V SAC at
800 88C (Figure 1a). While the reaction of DPT with NiII at
800 88C can only obtain a no-vacancy-defect Ni-N4 SAC,
though the mixed precursors of NiCl2·6 H2O with DPT also
go through a melting process before pyrolysis (Supporting
Information, Figure S3). This provides an ideal strategy for
large-scale control synthesis of vacancy-defect SACs firmly
coating on any conducting substrate, such as carbon cloth,
copper foam or titanium foil (Supporting Information, Fig-
ure S2), which can be used directly as an electrode without
requiring extra glues to stick SACs onto the surface of
conducting substrate. Such a facile strategy for large-scale
synthesis of SACs on any conducting substrate is beneficial
for industrial applications.

The microstructure of Ni-N3-V was investigated by
scanning electron microscopy (SEM), transition electron
microscopy (TEM), and high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM). As
shown in Figures 1 b and c, the SEM images indicate the
surface of carbon cloth becomes rough after coating Ni-N3-V.
The cross-sectional SEM image (Figure 1d) and correspond-
ing element mapping (Supporting Information, Figure S4)
confirm the growth of Ni-N3-V layer on the carbon cloth, with
the thickness of about 200 nm. Furthermore, Ni-N3-V shows
a nanosheet morphology with numerous wrinkles (Figure 1e),
and a large BET-surface area of 126 m2 g@1 with well CO2

adsorption ability (Supporting Information, Figure S5). The
high-resolution TEM image exhibits obvious lattice fringes
with spacing of 0.34 nm (Figure 1 f), which can be assigned to
the (002) plane of graphitic carbon.[31] Furthermore, the
HAADF-STEM image of Ni-N3-V shows abundant pores, as
noted by red circles in the Supporting Information, Figure S6.
The size of the pores is about 1 nm, corresponding well with
the pore diameter distributions obtained from N2 sorption
isotherm (Figure 1h). Moreover, the atomic resolution
HAADF-STEM image (Figure 1g) also confirms the exis-
tence of pores (Supporting Information, Figure S6), as well as
abundant isolated Ni single atoms. The element mapping of
Ni-N3-V (Figures 1 i–l) shows the uniform distribution of C, N,
and Ni elements, demonstrating the successful synthesis of
atomically dispersed nickel atoms on vacancy-defect-rich N-
doped graphitic carbon. Similar to Ni-N3-V, Ni-N4 can be also
uniformly coated on the surface of carbon cloth through
a melting process (Supporting Information, Figure S7a), with
the thickness of about 200 nm (Supporting Information,
Figure S7b). Moreover, the atomic resolution HAADF-
STEM image (Supporting Information, Figure S8a) confirms
that the Ni atoms in Ni-N4 are also atomically dispersed, with
the uniform distribution of C, N, and Ni elements (Supporting
Information, Figure S8b).

The electronic and structural information of Ni atoms in
Ni-N3-Vand Ni-N4 were investigated by X-ray absorption fine
structure (XAFS) spectroscopy. As shown in Figure 2a, the
energy of pre-edge in X-ray absorption near edge structure
(XANES) curves for Ni-N3-V and Ni-N4 are higher than that
of Ni foil and lower than that of NiO, indicating the Ni atoms
have positive charges of Nid+ (0<d< 2) in Ni-N3-Vand Ni-N4.
Furthermore, as demonstrated by Fourier transformations-
extended X-ray fine structure (FT-EXAFS) spectra in Fig-
ure 2b, Ni-N3-V and Ni-N4 display the main peaks around
1.86 c, which can be assigned to the Ni@N bonds,[32] as this
distance is close to that of NiPc, and shorter than that of
Ni(acac)2 (Supporting Information, Figure S9). The absence
of a Ni@Ni peak at about 2.5 c confirms the isolated
dispersion of Ni atoms on N-doped graphitic carbon for
both Ni-N3-V and Ni-N4. To identify the coordination
environment around Ni atom, the FT-EXAFS of Ni-N3-V
and Ni-N4 were fitted in R space. The fitting curves accord
well with the experimental curves (Supporting Information,
Figure S10), and the results show that each Ni atom is
coordinated by three nitrogen atoms for Ni-N3-V and four
nitrogen atoms for Ni-N4, respectively (Supporting Informa-
tion, Table S1). Moreover, the Ni@N distance in Ni-N3-V

Figure 1. a) Illustration for the synthesis of Ni-N3-V. b),c) SEM images
for the carbon cloth before (b) and after (c) coating Ni-N3-V. d) SEM
image for the cross section of Ni-N3-V grown on the carbon cloth. e)–
g) TEM image (e,f) and HAADF-STEM image (g) for Ni-N3-V, showing
the lattice fringes of graphitic carbon (f) and Ni single atoms (bright
dots in (g) in Ni-N3-V. h) The pore diameter distribution for Ni-N3-V
obtained by nitrogen adsorption isotherm. i)–l) HAADF-STEM image
(i) and element mapping (j–l) for Ni-N3-V.
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(1.84(1) c) is slightly shorter than that in Ni-N4 (1.88(1) c;
Supporting Information, Table S1), indicating the stronger
Ni@N coordination interactions in Ni-N3-V.

To further understand the electronic state and coordina-
tion environment of Ni sites in Ni-N3-V, the X-ray photo-
electron spectroscopy (XPS) measurements were conducted.
As shown in Figure 2c, the binding energy position of Ni 2p3/2

in Ni-N3-V is 855.0 eV, which is higher than that of Ni0

(853.5 eV) and lower than that of Ni2+ (855.8 eV),[17] further
demonstrating the valence state of Ni is between 0 and 2. This
low-valent Ni atom in SACs has been considered as the highly
active sites for CO2 electroreduction due to partially occupied
3d orbital.[17] The high-resolution XPS of N 1s for Ni-N3-V can
be deconvoluted into six subpeaks located at 398.1, 398.9,
399.4, 400.5, 401.3, and 403.0 eV, respectively (Supporting
Information, Figure S11), which can be assigned to the
pyridinic-N, Ni@N (pyridinic-N), pyrrolic-N, graphitic-N,
quaternary-N, and oxidized-N, respectively (Supporting Infor-
mation, Table S2). In NC, however, no subpeak at 398.9 eV
belonging to Ni@N species can be observed (Supporting
Information, Figure S11). The above difference indicates the
existence of Ni@N species in Ni-N3-V. Moreover, the high-
resolution XPS of C 1s indicate the patterns of Ni-N3-V and
NC are almost identical (Supporting Information, Fig-
ure S12), further demonstrating the Ni atoms in Ni-N3-V are
coordinated to N rather than C atoms. To further investigate
the formation process of Ni-N3-V, the coordination environ-
ment of Ni atoms in Ni-N3O was investigated by FT-EXAFS.
As exhibited in the Supporting Information, Figures S7a,d
and Table S1, the Ni atoms in Ni-N3O are coordinated by four
nitrogen or oxygen atoms. Although we cannot definitely
distinguish Ni@N and Ni@O bonds, the average Ni@N/O
distance in Ni-N3O is 1.88(1) c, which are close to the Ni@N
distances in Ni-N4 and NiPc (Ni@N), and shorter than Ni@O
distance in Ni(acac)2 (Supporting Information, Figure S9),
indicating the main species in Ni-N3O is N rather O.

Furthermore, the O 1s XPS data for Ni-N3O and the samples
obtained at 600, 700 and 800 88C were further measured. As
shown in Figure 2d, the O 1s XPS for Ni-N3O shows four
subpeaks located at 531.8, 532.6, 533.6, and 534.4 eV, respec-
tively, which can be attributed to the O species from O=

Caromatic, O@Caromatic, Ni@O@Caromatic, and adsorbed water,
respectively.[33] While only two subpeaks located at 532.6
and 534.4 eV can be observed for the sample obtained by the
reaction of NiCl2·6 H2O with DPT at 500 88C (Supporting
Information, Figure S13), the absence of Ni@O@Caromatic sub-
peak demonstrate Ni-N3O cannot be formed in the absence of
CA. Notably, the intensities of subpeak located at 533.6 eV
belonging to Ni@O@Caromatic decrease along with increasing
temperature, and almost disappear at 800 88C (Figure 2 d),
which can be attributed to gradually transformation from Ni-
N3O to Ni-N3-V, through removing the coordinated Ni@O@
Caromatic in NiON3 with increasing temperature, owing to the
weaker Ni-O coordination bond (compared with Ni@N bond),
as the Ni@O bond length is longer than the Ni@N bond length
(Supporting Information, Figures S6 and S11). Indeed, CO
can be detected by the in situ IR spectra during heating Ni-
N3O from 500 to 700 88C (Supporting Information, Fig-
ure S14), confirming the conversion process from Ni-N3O to
Ni-N3-V (Figure 1a).

The CO2 electrocatalytic activities of Ni-N3-V, Ni-N4, and
NC were investigated in a three-electrode system containing
CO2-saturated 0.5m KHCO3 as electrolyte. As shown by the
linear sweep voltammetry (LSV) in Figure 3a, Ni-N3-V
displays extremely high electrocatalytic activity for CO2

reduction, achieving a current density of 65 mAcm@2 at
@0.9 V vs. RHE, with a slow scan rate of 1 mVs@1, this value is
much larger than those of Ni-N4 (19 mAcm@2) and NC
(12 mA cm@2), and also larger than those of most reported
CO2 reduction electrocatalysts (Supporting Information,
Table S3), demonstrating that Ni-N3-V is one of the best
reported electrocatalysts for CO2-to-CO conversion to date.

Figure 2. a) Ni K-edge XANES profiles for Ni-N3-V, Ni-N4, Ni foil and
NiO. b) Ni K-edge k3-weighted FT-EXAFS spectra of Ni-N3-V, Ni-N4,
and Ni foil (the EXAFS intensity of Ni foil is shown at one third value).
c) Ni 2p XPS of Ni-N3-V. d) O 1s XPS of the samples obtained at 500
(Ni-N3O), 600, 700 and 80088C (Ni-N3-V).

Figure 3. a) Linear sweep voltammetric curves in N2 or CO2-saturated
0.5m KHCO3 electrolyte, with a scan rate of 1 mVs@1, and a stirring
rate of 550 rpm using a magnetic stirring bar. b) Faradaic efficiencies
for CO. c) Specific current density of CO for Ni-N3-V, Ni-N4 and NC
(the value for NC is shown times 100). d) TOFs of Ni-N3-V and Ni-N4

for CO compared with those of other state-of-the-art SACs.
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To rationally compare the catalytic activity of Ni-N3-Vand Ni-
N4, their current densities were normalized to the mA/
mgNi cm2. The mass activities of Ni-N3-V are over four times
than those of Ni-N4 at @0.7–@0.9 V vs. RHE (Supporting
Information, Figure S15), demonstrating the enhanced cata-
lytic activity of Ni-N3-V origins from its vacancy-defect rather
than the different loading of Ni. Furthermore, the electro-
catalytic performance of as-prepared samples with CA/DPT
ration of 0.5, 1.5, and 2.0 were also measured, and compared
with those of Ni-N4 (CA/DPT = 0) and Ni-N3-V (CA/DPT=

1.0). Ni-N3-V shows the best catalytic performance (Support-
ing Information, Figure S16), though the density of defect
sites determined by the Raman spectra[8] increase linearly
with increasing CA/DPT ratio (Supporting Information,
Figure S16a).

Controlled potential electrolysis was conducted to eval-
uate the Faradaic efficiencies (FEs) of the catalysts. The
results show that CO and H2 are the dominant reduction
products, and no liquid product was detected by 1H NMR
spectroscopy (Supporting Information, Figure S17). As
shown in Figure 3 b, the Faradaic efficiencies for CO produc-
tion is over 90% under the potentials ranging from @0.7 to
@0.9 V, with a maximum FE of 94% at @0.8 V, while Ni-N4

and NC shows FEs of only around 85 % and 0.6% under the
same potential range. The Tafel slope value for Ni-N3-V
(124 mVdec@1) is also much smaller than those of Ni-N4

(470 mVdec@1) and NC (588 mVdec@1; Supporting Informa-
tion, Figure S18a), suggesting the favorable kinetics of Ni-N3-
V for the reduction of CO2. Moreover, the results of the
electrochemical impedance spectroscopy (EIS) indicate that
Ni-N3-V possesses much lower charge-transfer resistance than
Ni-N4 and NC (Supporting Information, Figure S18b), bene-
fiting the electrochemical reduction of CO2. The specific
current densities of CO for Ni-N3-V, Ni-N4, and NC were
calculated at @0.7, @0.8, and @0.9 V (Figure 3 c), demonstrat-
ing both high activity and selectivity of Ni-N3-V for CO2

reduction. To confirm the catalytic active sites in Ni-N3-V,
SCN@ anion was applied as an indicator to poison the Ni
atoms. As shown in the Supporting Information, Figure S19,
the current density of Ni-N3-V is obviously suppressed after
the addition of SCN@ , validating the single atomically
dispersed Ni is the main active site for CO2 reduction.[34]

The turnover frequencies (TOF) for CO2 reduction normal-
ized to single Ni sites were calculated (Supporting Informa-
tion, Figure S18c), of which Ni-N3-V possesses a record high
TOF value of 1.35 X 105 h@1 at @0.90 V, much higher than
those of Ni-N4 (3.46 X 104 h@1), it is also obviously higher than
those of reported state-of-the-art SACs measured under
similar conditions (Figure 3d).[7, 10, 14,25, 35–38] Besides high Far-
adaic efficiency and high TOF value at high current density,
Ni-N3-V also exhibits long time stability, retaining 95% of the
initial current density after 14 h electrolysis (Supporting
Information, Figure S18d), holding great potential for indus-
trial application in electrocatalytic CO2 reduction.

To further understand the origin of the outstanding
catalytic performance of Ni-N3-V for CO2 reduction, DFT
calculations were carried out. As exhibited in Figure 4a, three
optimized structures of Ni SACs, including Ni-N4, Ni-N3, and
Ni-N3-V are used as the models for calculations (Supporting

Information, Figure S20). The reaction paths for CO2 electro-
reduction to CO are known to encompass the following four
elementary steps (Figure 4 b):

CO2 þ * ! CO2* ð* ¼ catalytic siteÞ ð1Þ

CO2* þHþ þ e@ ! COOH* ð2Þ

COOH* þHþ þ e@ ! CO* þH2O ð3Þ

CO* ! COþ * ð4Þ

in which the reduction of CO2 to COOH* is generally
regarded as the rate-limiting step.[39] The reaction free
energies are shown in Figure 4c. For the total energies of
the first and second steps, Ni-N4, Ni-N3-V, and Ni-N3 exhibit
the free energies of 1.649, 0.680, and @0.061 eV, respectively,
indicating Ni-N3 possesses the most favorable DG in this step.
After that, all of the three catalysts could easily realize the
transformation of COOH* species to CO*, owing to their
downhill free energy profiles. However, at the fourth step, Ni-
N3 shows difficulty to release CO from its active site, as the
calculated free energy (DG = 1.264 eV) is the largest among
the three catalysts, indicating that Ni-N3 without a vacancy is
not an efficient SAC for CO2 reduction.[40] Given all this, it is
expected that Ni-N3-V displays the highest electrocatalytic
activity for CO2 reduction owing to its optimizing and
moderate DG values for CO2 activation and CO desorption.

In summary, we have developed a facile method for
control synthesis of vacancy-defect Ni-N3-V SAC on con-
ducting substrate, by using the precursors containing both
oxygen and nitrogen atoms, in which the oxygen atom in
initially formed Ni-N3O can be removed under high temper-
ature to generate a vacancy-defect Ni-N3-V. The Ni-N3-V
SAC shows outstanding electrocatalytic performance for CO2

reduction, achieving high current density (65 mAcm@2) and
high Faradaic efficiency (over 90%) simultaneously for CO
evolution at @0.9 V vs. RHE, as well as a record turnover
frequency of 1.35 X 105 h@1. The results of experimental and
DFT calculations revealed that the presence of a vacancy
defect at the Ni-N3 site plays a key role for boosting the CO2

electroreduction, which can lower the energy barriers for the
formation of COOH* intermediate and desorption of CO.
Our work opens a new window for control synthesis of

Figure 4. a) Three optimized structures of Ni SACs. b) The proposed
reaction paths of Ni-N3-V for CO2 electroreduction to CO. c) Calculated
free-energy diagram for the conversion of CO2 to CO.
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vacancy-defect SACs to engineer and optimize the coordina-
tion environments and electronic structures of SACs to
enhance their catalytic activity.
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