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Significance

Single-atomic catalysts (SACs) 
represent the most promising 
catalyst candidates in efficiently 
converting carbon dioxide (CO2) 
into carbon monoxide (CO). 
Nevertheless, the complicated 
synthetic routes result in 
uncontrolled single-atomic 
configurations, making it rather 
difficult to gain an explicit 
understanding on how to achieve 
a high CO selectivity. Herein, we 
present a facile approach for the 
direct growth of N-doped 
graphene fibers-supported nickel 
(Ni) SACs through harvesting the 
interaction between catalytic Ni 
substrate and N-related species 
as decomposition products of 
N-containing precursors. 
Mechanistic studies reveal a dual 
role of N in the morphology of 
graphene and coordination 
environment of Ni SACs. This 
work clarifies the significance of 
precursor design on the single-
atomic configurations and offers 
an ingenious strategy for 
achieving SACs.
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Despite the various strategies for achieving metal–nitrogen–carbon (M–N–C) 
single-atom catalysts (SACs) with different microenvironments for electrochemical 
carbon dioxide reduction reaction (CO2RR), the synthesis–structure–performance 
correlation remains elusive due to the lack of well-controlled synthetic approaches. 
Here, we employed Ni nanoparticles as starting materials for the direct synthesis of 
nickel (Ni) SACs in one spot through harvesting the interaction between metallic 
Ni and N atoms in the precursor during the chemical vapor deposition growth of 
hierarchical N-doped graphene fibers. By combining with first-principle calculations, 
we found that the Ni-N configuration is closely correlated to the N contents in the 
precursor, in which the acetonitrile with a high N/C ratio favors the formation of 
Ni-N3, while the pyridine with a low N/C ratio is more likely to promote the evo-
lution of Ni-N2. Moreover, we revealed that the presence of N favors the formation 
of H-terminated edge of sp2 carbon and consequently leads to the formation of 
graphene fibers consisting of vertically stacked graphene flakes, instead of the tra-
ditional growth of carbon nanotubes on Ni nanoparticles. With a high capability in 
balancing the *COOH formation and *CO desorption, the as-prepared hierarchical 
N-doped graphene nanofibers with Ni-N3 sites exhibit a superior CO2RR perfor-
mance compared to that with Ni-N2 and Ni-N4 ones.

Ni single atoms | precursor mediation | direct growth | Ni-N configuration | CO2 electroreduction

The electrocatalytic carbon dioxide reduction reaction (CO2RR) is an intriguing approach 
for relieving the anthropogenic CO2 emission while storing the intermittent renewable 
energy in the chemical bond of valuable chemicals and fuels (1, 2). Recent technoeconomic 
analyses suggest that carbon monoxide (CO) is one of the most economically viable prod-
ucts owing to its two-electron transfer process and appreciable market benefit (3–5). More 
importantly, CO is a significant one-carbon building block for producing a wide variety 
of long-chain compounds through the methanol synthesis and Fischer–Tropsch process. 
To this end, tremendous efforts have been made in exploring catalysts that are selective 
toward CO production over the competing hydrogen evolution reaction (HER) (6–11).

Metal–nitrogen–carbon (M–N–C) catalysts with M-Nx as active sites have emerged as 
promising electrocatalysts in highly efficient conversion of CO2 into CO due to their 
unique electronic structure and maximum atom utilization (12–16). The prevailing syn-
thetic strategies for M–N–C catalysts can be generally divided into two types: i) thermal 
evaporation/release of metal-based species and then anchoring onto the available carbon 
supports with N heteroatoms (17–21); ii) incorporation of metal ions through specific 
adsorption or space confinement into the predesigned carbon hosts or frameworks, fol-
lowed by high-temperature treatment in argon/ammonia atmosphere (22–28). These 
approaches strongly rely on the interaction of metal with the N atoms in the N-doped 
carbon matrices, which are either available or been synthesized before metal implantation. 
Thus, the involved multistep synthetic/pyrolysis procedures are not only tedious, but also 
would make it rather difficult to precisely control the configuration of metal center and 
effectively prevent metal agglomeration at high temperatures, which could limit the 
CO2RR performance (13, 14). More importantly, the fundamental understanding of the 
inherent synthesis–structure–performance correlation still remains elusive. In addition to 
preventing the metal single atoms (SAs) from agglomerating, the carbon substrate mor-
phology can influence the exposure of active sites and the mass/charge transfer, thus 
contributing to the final CO2RR performance (17, 20, 24, 29). Therefore, it is highly 
desirable to develop a straightforward and facile route for synthesizing well-defined 
M–N–C catalysts that are able to establish an explicit synthesis–structure–property–
performance relationship.D
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It is well known that transition metals with unpaired 3d elec-
trons (e.g., Ni, Co, Cu) can serve as catalytic substrates for the 
chemical vapor deposition (CVD) growth of nanocarbons such as 
carbon nanotubes (CNTs) and graphene, during which the 
N-containing precursor can be decomposed into C-H and C-N 
fragments (30, 31). The as-obtained CNx species with rich electrons 
are more likely to coordinate with the transition metal, forming 
M–Nx bonds and directly incorporating into the graphitic carbon 
lattices. Compared with the traditional strategies, the CVD 
approach with transition metal as the starting material can enable 
the concurrence of M-Nx doping and carbon growth in one spot, 
which makes it possible to regulate the M-Nx configurations and 
avoid the metal agglomeration at high temperatures. Moreover, the 
growth kinetics of nanocarbons can be regulated through the 
growth parameters (e.g., hydrogen partial pressure) (32, 33), adjust-
ing the carbon morphology without using template. Nonetheless, 
there has been a lack of studies and insights into this aspect.

Based on the above rationale, we ingeniously propose a 
Ni-catalytic CVD growth strategy for the direct synthesis of hier-
archical N-doped graphene-supported Ni SAs. We explicitly cor-
relate the Ni-Nx configurations with the N ratios in the carbon 
feedstock through a combination of computational and experi-
mental analyses. It is found that the concentration of N in the 
precursor not only dictates the coordination number of N in 
Ni-Nx, but also impacts the morphology of the carbon skeleton 
in alliance with hydrogen passivation. Experimentally, we success-
fully realize the controlled synthesis of hierarchical N-doped 
graphene nanofibers-supported single-atomic Ni-N2, Ni-N3, and 
Ni-N4 sites by correspondingly increasing the N/C ratio of 
N-containing precursor. Compared to Ni-N2 and Ni-N4, Ni-N3 
shows a higher activity and selectivity toward CO production due 
to a higher capability in balancing the process of *COOH inter-
mediate formation and *CO desorption. The deep insight into 
the formation mechanism of Ni SACs is helpful for future design 
of the precursors toward the optimized configuration of SACs.

Results

Fig. 1A schematically illustrates the ambient-pressure CVD 
(APCVD) growth process of N-doped graphene-supported Ni 
single atoms (Ni-NG). With the merit of high abundance and 
high dissolubility, commercially available sodium chloride (NaCl) 
powder was selected as the substrate to prevent Ni agglomeration. 
Prior to growth, NaCl was thoroughly mixed with nickel chloride 
(NiCl2) through a dissolution and ball-milled treatment. During 
the annealing process under H2 atmosphere, the NiCl2 was in situ 
reduced to metallic Ni nanoparticles, which are uniformly distrib-
uted on NaCl surface (SI Appendix, Fig. S1). To gain insight into 
the growth mechanism of Ni SAs, acetonitrile and pyridine with 
different N/C ratios were selected as N-containing precursors. 
Meanwhile, ethanol without N atom was also employed. Purified 
powder was readily achieved by dissolving the CVD product in 
dilute hydrochloric acid and filtrating. This approach can enable 
mass production and gram-scale product in a one-batch synthesis 
(Fig. 1B and SI Appendix, Fig. S2). Notably, the synthesis process 
does not involve the use of harmful chemicals, which is more 
ecofriendly and controllable to operate than the traditional routes.

The morphology of CVD product was examined by scanning 
electron microscopy (SEM) and transmission electron microscopy 
(TEM). As shown in Fig. 1 C and D, the nanocarbons with ace-
tonitrile and pyridine as precursors both display hierarchical nano-
fibers assembled by nanosheets. In the absence of NiCl2, 
microcubes that retain the original shapes and sizes of ball-milled 
NaCl templates were achieved with acetonitrile as a precursor 

(SI Appendix, Fig. S3), suggesting that the presence of metallic Ni 
is responsible for the hierarchical nanofiber growth. While for 
ethanol as a precursor, CNTs were mainly observed on NaCl/
NiCl2 substrate (Fig. 1E and SI Appendix, Fig. S4). These results 
demonstrate that the CVD growth strategy is feasible and facile 
in controlling the carbon morphology, as discussed later. The 
nanocarbons with acetonitrile, pyridine, and ethanol are denoted 
as the Ni-NG (acetonitrile), Ni-NG (pyridine), and Ni-CNTs 
(ethanol), respectively.

The well-defined diffraction spots and rings in selected-area 
electron diffraction (SAED) pattern indicate its highly graphitic 
feature but with polycrystalline nature (Fig. 1F and SI Appendix, 
Fig. S5), possibly due to nanodomain size of graphene nanosheets 
and lattice disorders. Moreover, no diffraction peaks correspond-
ing to metallic Ni or Ni oxides in Ni-NG (acetonitrile) and 
Ni-NG (pyridine) samples were observed. The Raman spectra in 
Fig. 1G exhibit three characteristic peaks that can be assigned to 
D, G, and 2D bands, respectively. The strong G band further 
validates the highly graphitic feature of Ni-NG products, while 
the presence of D band is attributed to the structural defects and 
partially disordered structures of the sp2 domains caused by N and 
Ni dopants, which is in good accordance with SAED patterns.

The elemental mappings of Ni-NG (acetonitrile) and Ni-NG 
(pyridine) obtained by energy-dispersive spectroscopy (EDS) 
show a homogenous spatial distribution of Ni and N (Fig. 2 A 
and B), indicating that the Ni-N species are spread throughout 
the carbon matrix. Then, aberration-corrected high-angle annular 
dark-field scanning transmission electron microscopy 
(HAADF-STEM) imaging and electron energy loss spectroscopy 
(EELS) technique were employed to discern the Ni dispersion 
in Ni-NG (acetonitrile) and Ni-NG (pyridine) at the atomic 
scale. Isolated bright dots along with sharp peaks at ~855.2 eV 
in EELS spectra visually confirm the presence of single-atomic 
Ni species (Fig. 2 C–E). Notably, no Ni clusters or nanoparticles 
were observed. The XRD patterns of Ni-NG (acetonitrile) and 
Ni-NG (pyridine) samples in Fig. 2F both show two distinct 
peaks centered at around 26° and 43° that can be ascribed to the 
plane (002) and (100) of graphitic carbon, respectively. No char-
acteristic peaks can be assigned to crystalline Ni species in the 
samples of Ni-NG (acetonitrile) and Ni-NG (pyridine). While 
the Ni-CNTs (ethanol) display obvious peaks associated with Ni 
metal after repeated acid washing (SI Appendix, Fig. S6), possibly 
due to the carbon layers’ coating on Ni surface that prevents acid 
penetration. The sharp contrast indicates that the hierarchical 
structure is beneficial for electrolyte contact, which can facilitate 
mass transfer in the CO2RR. The Ni content in Ni-NG (ace-
tonitrile) and Ni-NG (pyridine) was calculated to be ~4.15 wt% 
and ~3.91 wt% by inductively coupled plasma atomic emission 
spectroscopy, respectively (SI Appendix, Table S1). These results 
verify that the direct CVD growth on metallic Ni with 
N-containing precursors can enable the formation of 
single-atomic Ni sites that are uniformly dispersed onto the hier-
archical N-doped carbon lattice.

X-ray photoelectron spectroscopy (XPS) was performed to deter-
mine the chemical composition and valence states of single-atomic 
Ni in Ni-NG (acetonitrile) and Ni-NG (pyridine). The high- 
resolution N 1s XPS spectra of the two samples both reveal three 
kinds of N species, including pyridinic N, Ni-N, and graphitic N, 
suggesting the interaction between Ni and N atoms (Fig. 3 A and 
B). Accordingly, the Ni 2p peaks of Ni-NG (pyridine) and Ni-NG 
(acetonitrile) are both located between Ni0 and Ni2+, indicative of 
the ionic Niδ+ (0 < δ < 2) state in Ni-NG. Comparatively, no XPS 
signals related to N was detected in Ni-CNTs (ethanol), and the 
Ni species are a combination of Ni0 and Ni2+ (SI Appendix, Fig. S7), D
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largely due to the absence of Ni-N. These strongly validate that the 
N-containing precursors play a determining role in the formation 
of single-atomic Ni and Ni-N configurations.

The electronic structure of single-atomic Ni was further stud-
ied by X-ray absorption near-edge spectroscopy (XANES) and 
extended X-ray absorption fine structure (EXAFS) spectroscopy 
(34–36). As shown in Fig. 3 C and D, the absorption edges of Ni 
species in Ni-NG (pyridine) and Ni-NG (acetonitrile) both pos-
itively shift compared to Ni foil and are close to Ni (II) phthalo-
cyanine (NiPc), indicating the positively charged states of Ni 
species (37). The Fourier-transformed (FT) Ni K-edge EXAFS 
profile of Ni-NG (acetonitrile) and Ni-NG (pyridine) in Fig. 3 E 
and F shows a prominent peak at 1.35 Å and 1.38 Å, respectively, 
falling near Ni-N scattering path in the first coordination shell for 
Ni-PC at ~1.47 Å, which can be attributed to Ni-C or Ni-N 
contributions. No apparent peaks assigned to Ni–Ni bonding at 
~2.15 Å was observed, affirming the absence of Ni nanoparticles 
or Ni clusters.

To further differentiate the coordination numbers around Ni 
sites in Ni-NG (acetonitrile) and Ni-NG (pyridine), the EXAFS 
spectra were subjected to wavelet transform (WT) analysis for 
high-resolution information in both R and k spaces (38, 39). As 
revealed by the WT-EXAFS contour plots in Fig. 3G, the Ni-NG 
(acetonitrile) exhibits a single-intensity maximum at 3.8 Å−1 
assigned to Ni-N, which situates between Ni-NG (pyridine) at 
3.4 Å−1 and NiPc at 4.2 Å−1. This implies that the N coordination 
numbers around Ni sites follow the decreasing order: NiPc > 
Ni-NG (acetonitrile) > Ni-NG (pyridine). According to the 
EXAFS fitting results (Fig. 3 E and F and SI Appendix, Fig. S8 
and Table S2), it can be concluded that the local structure of 
single-atomic Ni in Ni-NG (acetonitrile) consists of three N atoms 
and one C atom, while the one in Ni-NG (pyridine) is coordinated 
with two N atoms and two C atoms. Therefore, the configuration 
of Ni sites in Ni-NG (acetonitrile) and Ni-NG (pyridine) is pro-
posed to be Ni-N3C and Ni-N2C2, respectively. The above results 
ascertain our hypothesis that engineering of N content of 

Fig. 1. Synthesis and characterizations of hierarchical N-doped graphene nanofibers-confining Ni single atoms. (A) Schematic of APCVD growth on NiCl2/NaCl 
substrate with different precursors including acetonitrile, pyridine, and ethanol. (B) Batch production of Ni-NG aqueous solution. SEM (Left) and TEM (Right) images 
of Ni-NG with (C) acetonitrile and (D) pyridine as precursors, respectively. (E) TEM image of CNTs with ethanol as a precursor. (F) SAED pattern of an individual 
graphene nanosheet from Ni-NG (acetonitrile). (G) Raman spectra of Ni-NG (acetonitrile) and Ni-NG (pyridine).
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precursors can enable the tailored microenvironments of isolated 
Ni sites.

To elucidate the effect of N-containing precursor on the Ni-Nx 
configuration, density functional theory (DFT) calculations were 
performed to reveal the stability of various Ni coordination envi-
ronments. As shown in Fig. 4A, eight types of Ni single atoms 
with different structures are employed, namely, Ni-N4, Ni-N3, 
Ni-N3C, Ni-N2C2-I, Ni-N2C2-II, Ni-N2C2-III, Ni-NC3, and 
Ni-C4. The Ni-N3 structure is constructed by substituting four 
neighboring carbon atoms in the graphene sp2 network by one Ni 
and three N atoms. Due to the much larger atomic radius of Ni 
than C, the single Ni atom in the Ni-N3 structure shows an 
out-of-plane distortion. The rest seven kinds of structures are con-
structed by placing a Ni atom to a double-vacancy site of graphene 
and then replacing 0-4 C atoms around the Ni atom by N, and 
no visible out-of-plane distortion is observed in these structures. 
Their relative stabilities are assessed by their formation energies, 
as defined by the equation below:

	 [1]EF = ET −NC �C −NN�N − �Ni,

where ET  is the total energy of the Ni coordination structure; �C 
and �Ni represent the energy of a C in perfect graphene sheet and 
Ni atom in Ni crystal, respectively; �N  is the chemical potential 
of N; and NC and NNi represent the number of C and Ni atoms, 
respectively. Fig. 4B shows the formation energy profiles of these 
eight types of Ni coordination structures as a function of �N  . In 
our calculation, the energy of one N atom adsorbed on Ni surface 
is −8.6 eV and therefore, a reasonable range of �N  from −10 to 
−8 eV is chosen. It can be seen that the Ni-N2C2-I structure is 
most stable under a low �N  , suggesting that a low concentration 
of N in the synthesis environment favors the formation of 
NiN2C2-I. With the increase of �N  , the formation energies of 
both Ni-N3C and Ni-N4 become comparable to that of NiN2C2-I. 
Therefore, with the increase of N concentration in the synthesis 

environment, Ni-N3C and Ni-N4 will be gradually formed. 
We have estimated the proportion of each Ni coordination struc-
ture �i as a function of �N  using the equation below:

	 [2]
�i =

e
−EF_i∕kT

∑

i
e
−EF_i∕kT

,

where k, T, and i are Boltzmann constant, temperature, and struc-
ture index, respectively. As shown in Fig. 4C, under low �N  , 
Ni-N2C2-I is the dominant structure. With the increase of �N  to 
−9.23 eV, the proportion of Ni-N3C gradually increases. These 
results suggest that the coordination structure of Ni single atoms 
embedded in graphene can be effectively tuned by the concentra-
tion of N in the synthesis environment. That is, the pyridine with 
a low N/C ratio favors the formation of Ni-N2C2-I, and the ace-
tonitrile precursor with a high N/C ratio is beneficial for Ni-N3C 
production. Guided by the theoretical calculations, we further 
increased the N/C ratio of precursor by mixing ethylenediamine 
(C2H8N2) and acetonitrile (C2H3N) with a volume ratio of 2:1, 
which is defined as Ni-NG (ethylenediamine). As expected, hier-
archical graphene nanofibers confining Ni-N4 configurations were 
successfully obtained with atomic Ni content of 4.30 wt%, as 
shown in Figure SI Appendix, Figs. S9 and S10 and Tables S1 and 
S2, indicating the great potential of our precursor-mediated growth 
strategy in adjusting the microenvironment of single atoms.

Then, DFT calculations were conducted to understand the 
growth mode of hierarchical N-doped graphene nanofibers. It has 
been well acknowledged that Ni nanoparticles can serve as catalysts 
for synthesis of CNTs, as schematically shown in the upper panel 
of Fig. 4D. During the growth of a CNT on a Ni nanoparticle, 
its root (edge) is strongly attached to the surface of Ni nanopar-
ticle. Our previous studies have also shown that the edge of CNT 
can also be passivated by hydrogen (H) (32), leading to a weak 
binding between the CNT edge and catalyst surface and thus a 
termination of the CNT growth (33). Consequently, a graphitic 

Fig. 2. Characterizations of Ni single atoms. TEM image and EDS elemental mappings of C, N, and Ni in (A) Ni-NG (acetonitrile) and (B) Ni-NG (pyridine). HAADF-
STEM image of (C) Ni-NG (acetonitrile) and (D) Ni-NG (pyridine). Some representative Ni single atoms are marked with yellow circles. (E) EELS spectra of Ni-NG 
(acetonitrile) and Ni-NG (pyridine). (F) XRD patterns of Ni-NG (acetonitrile) and Ni-NG (pyridine).
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fiber consisting of graphene nanoflakes connected by weak van 
der Waals interaction might be formed (Lower panel of Fig. 4D). 
To form such a structure, the stability of H-terminated CNT edge 
needs to be more stable than that of the Ni-terminated CNT edge. 
We calculated the formation energies of H-terminated and 
Ni-terminated CNT edges (see SI Appendix, Fig. S11 for calcula-
tion details). As shown in Fig. 4E, the formation energy of 
H-terminated CNT edge decreases exponentially with the partial 
pressure of H2 in synthesis environment, while the formation 
energy of Ni-terminated CNT edge increases linearly with the 
increase of Ni concentration on the surface of Ni catalyst. Based 
on the growth condition that the partial pressure of H2 is ~5 KPa, 
the formation energy of H-terminated CNT edge is calculated to 
be 0.32 eV nm−1. Therefore, by increasing the line concentration 
of Ni on the surface of Ni nanoparticle to >0.5 nm−1, the CNT 
growth mode (Ni-terminated CNT edge) will be changed to the 
graphitic fiber growth mode (H-terminated CNT edge). This is 
realized by the N-containing precursor used in our experiments.

The electrochemical CO2 reduction performance of the pre-
pared samples was evaluated in a gas-tight three-electrode H-type 
cell containing 0.5 M potassium bicarbonate (KHCO3). All poten-
tials are measured with reference to RHE (reversible hydrogen 
electrode) except noted. The Faradaic efficiency of gas products 

was analyzed by online gas chromatography (GC). As shown in 
the linear sweep voltammetry (LSV) curves in Fig. 5A, the Ni-NG 
(acetonitrile) shows the highest current density and most positive 
onset reduction potential as compared to Ni-NG (pyridine) and 
Ni-NG (ethylenediamine), suggesting the more active nature of 
Ni-N3C than Ni-N2C2 and Ni-N4. Moreover, the three kinds of 
sample recorded in the CO2-saturated KHCO3 solution are all 
higher than that of Ni-NG (acetonitrile) in Ar-saturated electro-
lyte, indicating that Ni-N4, Ni-N3C, and Ni-N2C2 atomic sites 
are all more active for CO2RR than HER. This hypothesis can be 
further validated by CO2RR selectivity. As shown in Fig. 5B, the 
Ni-NG (acetonitrile) achieves a higher Faradaic efficiency for CO 
production (FECO) in a more positive voltage range with respect 
to Ni-NG (pyridine) and Ni-NG (ethylenediamine). The CO 
selectivity in Ni-NG (acetonitrile) reaches a maximum Faradaic 
efficiency of 91.7% at −0.74 V, where the Ni-NG (pyridine) exhib-
its a quite low FECO of ~31.7%. As the potential negatively shifted, 
the CO selectivity in Ni-NG (pyridine) gradually increases and 
finally reaches a maximum FECO of 85.6% at −0.81 V. On sharp 
contrast, the CO selectivity in Ni-NG (ethylenediamine) is lower 
than that of Ni-NG (acetonitrile) but higher than that of Ni-NG 
(pyridine) over the relatively low potential range. At −0.77 V, the 
maximum FECO in Ni-NG (ethylenediamine) reaches 72.6%. 

Fig. 3. Characterizations of Ni coordination environment in Ni-N-G. XPS spectrum of N 1s (Top) and Ni 2p (Bottom) for (A) Ni-NG (acetonitrile) and (B) Ni-NG 
(pyridine), respectively. (C) Ni K-edge XANES spectra. (D) k3-weighted χ(k) function of the EXAFS spectra. EXAFS fitting curve for Ni sites in (E) Ni-NG (acetonitrile) 
and (F) Ni-NG (pyridine). Insets are the proposed configurations. (G) Wavelet transform (WT) EXAFS (R space) of NiPc (Top), Ni-NG (Middle), and Ni-NG (Bottom).
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Accordingly, the Ni-NG (acetonitrile) exhibits the highest partial 
current density of CO (jCO) over the entire potential range 
(SI Appendix, Fig. S12), suggesting the superior CO2RR perfor-
mance of Ni-NG (acetonitrile) as compared to Ni-NG (pyridine) 
and Ni-NG (ethylenediamine). In comparison, H2 is the major 
reduction product for Ni-CNTs with negligible CO production 
(Fig. 5B and SI Appendix, Figs. S13 and S14), indicating the piv-
otal role of single-atomic Ni in catalyzing the conversion of CO2 
into CO.

Furthermore, the double-layer capacitances (Cdl) of all the sam-
ples were obtained through comparing the cyclic voltammetry 
(CV) curves with the value for bare carbon cloth (SI Appendix, 
Fig. S15). Apparently, the Cdl of Ni-NG (acetonitrile), Ni-NG 
(pyridine), and Ni-NG (ethylenediamine) are very close, which 
are all ~5 times higher than that of Ni-CNT, indicating that the 
hierarchical graphene-like structures feature a high electrochemical 
active surface area, which facilitates fast charge transfer during the 
CO2RR. Moreover, the Tafel slope of Ni-NG (acetonitrile) is 
110.1 mV dec−1 and much lower than that of Ni-NG (pyridine) 
(197.8 mV dec−1) and Ni-NG (ethylenediamine) (247.7 mV 
dec−1), elucidating the superior kinetics of Ni-N3C for CO2RR 
compared to Ni-N2C2 and Ni-N4. Notably, our direct growth 
strategy for Ni-N3C catalysts exhibits a comparable Tafel slope 
with those of reported Ni-Nx catalysts at a relatively high current 
density range (10, 20, 23, 40–44).

The morphological and structural analysis of the Ni SAs after 
CO2RR is essential to illustrate the stability of the catalysts. To 
this end, we carried out a series of postmortem analyses on the 
sample of Ni-NG (acetonitrile), Ni-NG (pyridine), and Ni-NG 
(ethylenediamine). As shown in SI Appendix, Fig. S16, the Ni-NG 
(acetonitrile) can well preserve its hierarchical morphology with 
uniform spatial distribution of Ni and N throughout the carbon 
matrix. Moreover, the HAADF-STEM image reveals the isolated 
bright dots along with sharp peaks at ~855.0 eV in EELS spectra, 
indicating the existence of Ni SAs. No observable Ni clusters or 
nanoparticles indicates the structural stability of 
graphene-supported Ni-N3 species. This can be further confirmed 
by the Ni 2p peaks that are both located between Ni0 and Ni2+ 
before and after CO2RR (SI Appendix, Fig. S17), where no Ni0 or 
Ni2+ is detected. Likewise, the Ni-NG (pyridine) and Ni-NG 
(ethylenediamine) also remain at the original morphology, 
single-atomic dispersion, and ionic Niδ+ (0 < δ < 2), as shown in 
SI Appendix, Figs. S18 and S19.

To elucidate the effect of Ni coordination configuration on 
CO2RR behavior, we calculated the free energy diagram of elec-
trochemical CO2 reduction into CO by DFT calculations, and 
the corresponding pathway is presented in Fig. 5D. For the first 
intermediate *COOH formation, the free energy changes on the 
three kinds of sites are all endergonic and increase in the following 
order of Ni-N4 (1.47 eV) > Ni-N3C (0.89 eV) ≥ Ni-N2C2 (0.87 

Fig. 4. Theoretical modeling on the stabilities of various Ni single-atom coordination structures in sp2 carbon and their formation mechanism. (A and B) Structure 
and formation energies of various types of Ni coordination in sp2 carbon. (C) Relative proportions of various Ni coordination structures as a function of the 
chemical potential of N and �

N
 . (D) Schematics showing the CVD growth mechanisms of CNT and/or graphitic fibers on Ni nanoparticles. (E) Formation energies 

of H-terminated and Ni-terminated CNT edges as functions of H2 partial pressure and N concentration in precursor on Ni nanoparticle.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

U
N

IV
ER

SI
TA

ET
SB

IB
LI

O
TH

EK
 B

O
C

H
U

M
 Z

EI
TS

C
H

R
IF

TE
N

TE
A

M
 U

B
 5

/8
/E

-O
N

LY
 o

n 
Ju

ne
 2

0,
 2

02
3 

fr
om

 IP
 a

dd
re

ss
 1

34
.1

47
.1

2.
21

9.

http://www.pnas.org/lookup/doi/10.1073/pnas.2219043120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219043120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219043120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219043120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219043120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219043120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219043120#supplementary-materials


PNAS  2023  Vol. 120  No. 14  e2219043120� https://doi.org/10.1073/pnas.2219043120   7 of 10

eV). The lower free energy changes for both Ni-N3C and Ni-N2C2 
suggest that they have superior ability for CO2 activation and 
protonation than the common Ni-N4. The *COOH is then hydro-
genated to transform into *CO and this process is exothermic on 
all the three kinds of sites. However, desorption of *CO from 
Ni-N2C2 to produce CO gas is endergonic (with a binding energy 
of 0.35 eV), indicating that Ni-N2C2 sites can be easily poisoned 
by *CO. In contrast, the free energy change for *CO desorption 
from Ni-N3C sites is negative (with a binding energy of −0.11 
eV), suggesting the spontaneous CO desorption. To further elu-
cidate the adsorption of CO on NiN4, NiN3C, and NiN2C2, we 
calculated the d band center of Ni in NiN4, NiN3C, and NiN2C2 
sites, respectively. As shown in Fig. 5E, the d band centers of Ni 
in NiN4, NiN3C, and NiN2C2 sites are −2.03 eV, −1.33 eV, and 
−0.77 eV, respectively. Since a higher d band center represents a 
higher chemical activity of the Ni atom, the binding energy of 
CO on the NiN2C2 should be largest, and then followed by those 
on the NiN3C and NiN4 sites. This result is consistent with our 
calculations on the free energy changes.

Furthermore, we conducted in situ electrochemical attenuated 
total reflection Fourier-transform infrared spectroscopy to monitor 

the *CO intermediate on Ni-N2C2, Ni-N3C, and Ni-N4 at differ-
ent potentials in CO2-saturated 0.5 M KHCO3 solution. 
Compared to Ni-N3C and Ni-N4, the Ni-N2C2 sites exhibit an 
obvious peak at ~1,910 to 1,940 cm−1 that can be assigned to *CO 
at a lower potential (SI Appendix, Fig. S20), validating our calcu-
lation results that the *CO is difficult to release from Ni-N2C2 
sites, thus requiring a high overpotential to promote CO desorp-
tion. By contrast, the Ni-NG (ethylenediamine) shows a negligible 
*CO peak especially at lower potentials, matching well with the 
conclusion that of a large energy barrier is acquired to produce 
*COOH intermediate on Ni-N4 sites. Moreover, the Ni-NG 
(pyridine) and the Ni-NG (acetonitrile) both show bands redshift 
as potential decreases, as expected from the vibrational Stark effect 
(45). Thus, the Ni-NG (acetonitrile) with Ni-N3C sites shows the 
best CO2RR performance due to a higher capability in balancing 
the *COOH formation and *CO desorption.

Long-term stability of the catalysts is also a critical factor to 
evaluate the CO2RR performance. To this end, we monitored the 
CO and H2 evolution for 40 h of continuous catalysis. As depicted 
in Fig. 5F, the current density is relatively stable with a consistently 
high FE (CO) of above 90%, indicating the good pristine stability 

Fig. 5. Electrochemical CO2 reduction measurements. (A) LSV curves acquired in CO2-saturated or Ar-saturated 0.5 M KHCO3 solution on Ni-NG (acetonitrile), 
Ni-NG (pyridine), and Ni-NG (ethylenediamine). (B) Faradaic efficiencies of CO on Ni-NG (acetonitrile), Ni-NG (pyridine), Ni-NG (ethylenediamine), and Ni-CNTs at 
different applied potentials. (C) Tafel plots of the CO partial current density for the Ni-NG (acetonitrile), Ni-NG (pyridine), and Ni-NG (ethylenediamine). (D) Free 
energy diagram of CO2RR pathways on Ni-N4, Ni-N3C, and NiN2C2 sites. (E) Projected density of states for the d orbitals of Ni in NiN4, NiN3C, and NiN2C2. The d 
band centers are denoted by blue dash lines. (F) Stability of Ni-NG (acetonitrile) at −0.78 V in the H-type cell. (G) Faradaic efficiency of CO and H2 (Left), partial 
current density of CO (Right), and (H) stability test at 100 mA cm−2 on Ni-NG (acetonitrile) in the flow cell.
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of Ni-NG (acetonitrile). Owing to the low solubility of CO2 in 
aqueous electrolyte, the current density is severely restricted by the 
low mass transfer. To mitigate this issue, we performed CO2RR in 
a flow cell equipped with gas-diffusion electrodes (GDEs) in 1 M 
KOH electrolyte. As shown in Fig. 5G, the Ni-NG (acetonitrile) 
delivers a FECO higher than 95 % at different potentials from −0.4 
V to −1.6 V with the maximum partial current density for CO 
(jCO) approaching 200 mA cm−2, which is much higher than that 
in the H-type cell. Moreover, the Faradic efficiency of CO achieved 
in the Ni-NG (acetonitrile) remains stable (>90%) after 20 h of 
continuous electrocatalysis at a current density of 100 mA cm−2 
(Fig. 5H). The high Faradic efficiency of CO and good stability at 
high current densities demonstrate the practical application of 
Ni-NG (acetonitrile) toward CO production.

Discussion

In summary, we have proposed an efficient strategy for the direct 
growth of N-doped hierarchical graphene nanofibers-supported 
Ni single atoms, which allows to establish an explicit synthesis–
structure–property–performance correlation. A combined study 
of theoretical calculations and experimental characterizations 
reveals that the N content in the precursor plays a critical role in 
regulating the formation of hierarchical graphene nanofibers cata-
lyzed by Ni nanoparticles, the microenvironment of single-atomic 
Ni sites, and the final electrocatalytic CO2RR performance. By 
selecting an appropriate N-containing precursor with a higher 
N/C ratio, we realize the scalable synthesis of hierarchical N-doped 
graphene nanofibers confining Ni-N3C sites in one spot, which 
is found to facilitate *COOH formation and the release of *CO 
intermediates. The as-prepared Ni-NG catalysts with Ni-N3 sites 
achieve a high CO Faradaic efficiency of 91.7% at −0.74 V, much 
superior to that with Ni-N2 ones. This work provides a perspective 
to design the coordination environment of single-atomic sites.

Materials and Methods

Synthesis of Hierarchical N-Doped Graphene Nanofibers Confining Ni 
Atoms. 40 g commercial sodium chloride (NaCl) crystal (99.5%, EMD Millipore 
Corporation Shanghai Aladdin Biochemical Technology Co., Ltd.) was first mixed 
with 1 g commercial nickel chloride (NiCl2) salt and then dissolved in deionized 
water, followed by evaporation, drying, and high-energy mechanical milling 
treatment, forming NiCl2/NaCl mixture. Then, graphene growth was carried out 
in a home-built ambient-pressure chemical vapor deposition (CVD) system. 
The NiCl2/NaCl mixture was placed in the hot center of the furnace (Lindberg/
Blue M) equipped with 1-inch-diameter quartz tube. The system was repeat-
edly purged with 50 sccm hydrogen (H2) and 450 sccm argon (Ar) to remove 
air. Then, the furnace was heated up to 700 to 720 °C with the same flow at 
ambient pressure, wherein the NiCl2 was reduced to metallic Ni nanoparticles 
that catalyze the graphene growth and embed into the graphene lattice. After 
maintaining for 10 min, the N-doped graphene-confining Ni single atoms (Ni-
NG) were initiated through introduction of nitrogen (N)-containing compound 
by carrier gas. Acetonitrile (99%, Shanghai Macklin Biochemical Co., Ltd.) and 
pyridine (99%, Sinopharm Chemical Reagent Co., Ltd.) were employed as the 
precursors to achieve Ni-NG (acetonitrile) and Ni-NG (pyridine), which was 
predominated with Ni-N3 and Ni-N2 configuration, respectively. The mixture of 
liquid ethylenediamine and acetonitrile with a volume ratio of 2:1 was used 
as the precursor for Ni-N4 configuration. Before growth, liquid precursor was 
stored in a stainless-steel container. After 0.5 to 2 h of growth, the furnace was 
cooled down to room temperature under the protection of 50 sccm H2 and 450 
sccm Ar. Then, the Ni-NG-covered NaCl/Ni powders were immersed in deionized 
water with diluent hydrochloric acid overnight to dissolve NaCl/Ni substrates. 
Finally, the Ni-NG powders were collected via filtration process, repetitively 
washed with water, and lyophilized. For the growth of Ni-CNTs, ethanol was 
employed as the precursor with the same growth procedure.

Characterizations. Scanning electron microscope (SEM) images were obtained 
using FEI Scios2 SEM and JSM-7500F. Transmission electron microscope (TEM) 
images, energy-dispersive spectroscopy (EDS) mappings, and corresponding 
selected area electron diffraction (SAED) were performed on a Talos F200X G2. The 
aberration-corrected high-angle annular dark-field scanning TEM (HAADF-STEM) 
images and electron energy loss spectroscopy (EELS) were collected by JEOL 
NEOARM 200F with a probe corrector. Raman spectra were collected on a Horiba 
HR800 Raman system with 532 nm laser wavelength. X-ray photoelectron spec-
troscopy (XPS) analysis was conducted on Thermo ESCALAB 250XI with Al K Alpha 
(photon energy = 1,486.6 eV) anode mono X-ray source. X-ray diffraction (XRD) 
measurements were performed on a Smart Lab 9 KW X-ray diffractometer equipped 
with a Cu-target X-ray tube (λ = 0.154 nm) operated at 150 mA and 40 kV. Part of 
X-ray absorption fine spectroscopy measurements were carried out using Beamline 
of TPS44A1 in National Synchrotron Radiation Research Center, Taiwan, and the 
rest XANES and EXAFS experiments were performed at beamline 2-2 at Stanford 
Synchrotron Radiation Light source of SLAC National Accelerator Laboratory. A Lytle 
detector was used to collect Ni K-edge fluorescence signal. All XAS data analyses 
were performed with Athena to extract XANES information, and the model-based 
EXAFS fitting was performed with Artemis. In-situ electrochemical attenuated total 
reflection-Fourier-transform infrared spectroscopy (FTIR) experiments were carried 
out on Thermofisher Scientific Nicolet iS50 FTIR spectrometer. The spectra were 
collected every 30 s at a constant potential with a wavelength of 4 cm−1.

Electrochemical Measurements. The CO2 reduction experiments were carried 
out in a gas-tight H-type cell separated by anion exchange membrane with 0.5 M 
potassium bicarbonate (KHCO3) as electrolyte, which was connected to an elec-
trochemical workstation (CHI 660E). 10 mg as-prepared catalyst was dispersed in 
2 mL ethanol containing 20 μL 5 wt% Nafion under stirring to form a homogenous 
slurry and then casted onto carbon fiber paper or gas-diffusion electrode (GDE), 
followed by drying in a vacuum oven, serving as the working electrode. Saturated 
calomel electrode (SCE) and platinum (Pt) mesh were used as reference electrode 
and counter electrode, respectively. All potentials were converted to reversible 
hydrogen electrode (RHE) based on the following equation:

	
[3]E (vs. RHE) = E (vs. SCE) + 0.244 V + 0.0591 × pH.

Before each test, CO2 gas was continuously fed to the cathodic compartment with 
a flow rate of 30 sccm for 0.5 h to remove the air and form CO2-saturated 0.5 M 
KHCO3 solution. All the potentials were recorded with a constant iR-correction 
excepted noted. For the flow cell measurements in a custom-designed flow cell 
reactor, Ag/AgCl was employed as the reference electrode. The catholyte was 1 M 
KOH. All potentials were converted to RHE according to the following equation:

	 [4]E (vs. RHE) = E (vs. Ag∕AgCl) + 0.197 V + 0.0591 V × pH.

Linear sweep voltammetry (LSV) spectra were collected at a scan rate of 10 mV∙s−1 
under Ar-saturated or CO2-saturated 0.5 M KHCO3 electrolyte. The electrochemical 
impedance spectroscopy measurements were performed by applying an AC voltage 
with 5 mV amplitude in a frequency range from 100 kHz to 0.01 Hz. The gas-phase 
products were detected by a gas chromatograph (GC-2014) equipped with a flame 
ionization detector (FID) and a thermal conductivity detector, which were used to 
quantify the concentration of carbon monoxide (CO) and hydrogen (H2), respectively. 
The gas concentration ( x i) was achieved by the peak area and the corresponding cali-
bration curve. The Faradaic efficiency for CO and H2 product was calculated as follows:

	 [5]FE = xi ∗ flow rate ∗
2F p0
RT ∗ j

∗ 100%,

where p0 = 1 atm, F is the Faradaic constant, R is the gas constant, T is the detec-
tion temperature, j  is the current density at selected potentials, and flow rate = 
30 sccm.

Theoretical Calculation Details. Density functional theory (DFT) calculations 
were performed via the Vienna ab initio simulation Package (46, 47). The Perdew–
Burke–Ernzerhof generalized gradient approximation was employed to treat the 
exchange-correlation effect (48). The interaction between the ionic cores and valence 
electrons was described by the projected augmented wave method (49). To account for 
the weak van der Waals interaction between graphene and Ni, the DFT-D2 method was D
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used (50). An energy cutoff of 400 eV was chosen for the plane wave basis. The distance 
between adjacent K-points in the Monkhorst–Pack scheme is set to be 0.03 Å−1 (51).

To calculate the formation energy of Ni-terminated CNT edge in the presence 
of N, a Ni (111) slab consisting of three atomic layers was constructed to model 
the surface of Ni nanoparticle, and a graphene nanoribbon along zigzag direction 
was used to attach to the Ni (111) surface (SI Appendix, Fig. S11). The formation 
energy EF of the Ni-terminated CNT edge is defined by:

	 [6]EF = EF_ZZ + Eb,

where EF_ZZ is the formation energy of a bare graphene zigzag edge as referred 
to a perfect graphene, and Eb is the binding energy between the graphene nano-
ribbon and the Ni (111) surface.

The relative free energy profiles for the CO2RR are calculated by:

	 [7]ΔGCOOH = GCOOH − GCO2 − �H ,

 

	 [8]ΔGCO∗ = GCO∗ − GCO2 + �H2O
− 2�H ,

	 [9]ΔGCO = GCO − GCO∗ ,

where GCOOH , GCO2, and GCO∗ represent the free energy of COOH, CO2, and CO 
adsorbed on single atom Ni site, respectively; GCO is the free energy of des-
orbed CO; �H and �H2O are the free energies of one H atom in H2 and H2O 
under standard condition, respectively; GCOOH , GCO2, and GCO∗ are calculated by 

G= ET +
∑

i

�

1

2
ℏwi+kBTln(1−e−ℏwi∕kBT )

�

 . The free energy of desorbed CO  is 

calculated by the harmonic oscillation approximation method for gas molecules.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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