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Nitrogen-doped carbon loaded single-atom catalysts (SACs) are promising candidates for electrocatalytic
conversion of CO, into high-valuable chemicals, and the modification of catalysts by heteroatom-doping
strategy is an effective approach to enhance the CO, reduction performance. However, the large difference
exists in atomic radius between nitrogen atoms and the doped heteroatoms may lead to the poor stability
of active sites. In this study, we have synthesized a Ni single atom catalyst with S doping at the second-
shell on the ultrathin carbon nanosheets support (Ni-N4-SC) by solid-phase pyrolysis. The S atom in the
second-shell contributes to the higher efficiency of CO, conversion at lower potentials while the Ni-Ng4-
SC can be more stable. The experimental results and theoretical calculations indicate that the S atom in
second-shell breaks the uniform charge distribution and reduces the free energy of hydrogenation, which
can increase the adsorption of CO,, accelerate charge transfer, and reduce the reaction energy barrier. This
work reveals the close relationship between the second-shell and the electrocatalytic activity of single

atom sites, which also provides a new perspective to design efficient single atom catalysts.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Electrochemical conversion of carbon dioxide (CO,) to value-
added chemicals is a promising approach to develop carbon cycling
and carbon neutrality [1-3]. Owing to the highly thermodynamic
stability and slow dynamics of CO, reduction reaction (CO,RR),
constructing optimal catalysts is critical for efficient electrochemi-
cal CO,RR [4-6]. Among the various CO,RR catalysts, single-atom
catalysts (SACs) have been considered as an excellent candidate be-
cause of their high atomic utilization, homogeneous active sites,
and unique electronic structure [7-10]. Especially, for the nitrogen-
doped carbon loaded SACs, in which the metal atom was immobi-
lized by the coordination bonds to form the M-Nx (M: metal atom)
structure, show high-loading, high-conductivity, and high-activity
[11,12]. For example, the Fe-N4 and Ni-N,4 sites SACs achieved high
efficiency and selectivity for CO, to CO [13,14]. However, in the
single-atom active sites with a M-Nx structure, the symmetry and
strong electronegativity of adjacent N atoms reduce the CO, ad-
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sorption and increase the reaction energy barriers, leading to a
great limitation for its CO,RR activity at low potentials [15,16].

It has been suggested that replacing one or more N atoms with
other heteroatoms in M-Ny can significantly modulate the elec-
tronic structure of active sites and change their local charge den-
sity [17-19]. The heterogeneous nonmetallic elements doping can
alter the electronic structure of the M-Nyx active sites by forming
the N and other heteroatoms co-coordinated asymmetric M-NxXy
structure (X: nonmetallic atom) [20-22]. For example, the N and S
co-coordinated Ni single atom catalyst achieved low activation en-
ergy for the reduction of CO, [23]. However, the large difference
exists in atomic radius between N and S atoms, and the weak in-
teraction between metal and S also result in the poor stability of
M-NySy active sites [24,25]. The integration of heteroatoms (ie., P,
O, B, and S) into carbon skeleton can not only improve the hy-
drophilicity of carbon materials but enhance the thermal stability
[26,27]. Based on this, we propose the introduction of heteroatoms
into the second-shell of M-Ny sites, which can not only greatly af-
fect the electronic structure, but also avoid the influence of bond
length and atomic radius on the stability of the M-Ny sites.

Herein, a Ni single atom catalyst with S doping in the second-
shell of Ni-N4 moiety (Ni-N4-SC) by solid-phase pyrolysis was ob-
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tained. The Ni-N4-SC presents high activity and stability of CO,
electroreduction. DFT calculations show that the S atoms in the
second-shell of Ni-N, significantly affect the highly symmetric
structure of Ni-N4 and make the Ni atom a more electron-rich
state while reducing the activation free energy for the intermedi-
ates. This study provides a new standpoint for the design of highly
efficient and more stable single atom active sites by introducing
heteroatoms into the second-shell.

The synthesis schematic of Ni-N4-SC is illustrated in Fig. 1a.
During the high-temperature carbonization of the precursors, the
melamine and thiourea provided N and S atoms into the carbon
lattice by the released gasses [28,29]. Meanwhile, the Ni atoms
were coordinated with N atoms. As shown in Fig. S1 (Support-
ing information), the XRD pattern of Ni-N4-SC only shows two
peaks at 26.2° and 44.0°, which belong to the (002) and (100) of
graphite [30,31]. And there are no characteristic peaks attributed
to the Ni species detected, indicating the absence of metallic Ni. As
shown in Figs. 1b and c, the Ni-N4-SC presents an ultrathin two-
dimensional (2D) nanosheets structure with a thickness of approx-
imately 7.5nm as measured by AFM (Fig. S2 in Supporting infor-
mation). In addition, no obvious clusters or nanoparticles are ob-
served in Ni-N4-SC (Figs. 1b and c, Figs. S3a and b in Supporting
information), which is consistent with XRD results. As depicted in
Fig. 1d, the AC-HAADF-STEM image shows that the Ni species are
atomically dispersive (light spots). Furthermore, the energy disper-
sive X-ray spectroscopy (EDS) further demonstrates that Ni, N, and
S are uniformly dispersed throughout the carbon support (Fig. 1e
and Fig. S3c in Supporting information). The Ni single atom cat-
alyst without S doping (Ni-N4-C) was also successfully prepared
(Fig. S4 in Supporting information). The mass fraction of Ni in Ni-
N4-SC is confirmed to be 6.97 wt% by inductively coupled plasma
emission spectroscopy (ICP-OES, Table S1 in Supporting informa-
tion). In addition, the contents of each element in Ni-N4-C and Ni-
N4-SC were obtained by analyzing the X-ray photoelectron spec-
troscopy (XPS) data (Fig. S5a in Supporting information).

To further confirm the coordination environment and chemical
state of Ni atoms in Ni-N4-SC, X-ray absorption near edge struc-
ture (XANES) and extended X-ray absorption fine structure (EXAFS)
were carried out. As shown in Ni K-edge XANES spectra (Fig. 2a),
the absorption edge of Ni-N4-SC is located much closer to that of
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Fig. 2. (a) Ni K-edge XANES spectra, (b) Fourier transform of Ni K-edge EXAFS spec-
tra, and (c) WT-EXAFS plots of Ni foil, NiS, and Ni-N4-SC. (d) EXAFS fitting curve in
R space, and (e) structure model of the Ni-N4-SC.

NiS than that of Ni foil. Combined with the XPS results (Fig. S5b in
Supporting information), it is shown that Ni atoms are in an oxida-
tion state about +2 [12,32]. In addition, the Ni species in Ni-N4-SC
showed a more reductive state relative to Ni-N4-C evidenced by
the blueshift of binding energy at 0.54 eV, which may be induced
by the neighboring S atoms [33]. As shown in Fig. 2b, the Ni-N4-
SC has only one peak located at 1.32A while Ni-Ni bond (2.18A)
and Ni-S bond (1.93A) are not detected, which is consistent with
the wavelet transform (WT) contour plots of samples (Fig. 2c). The
similarity in the position of the maximum peak in Ni-N4-SC and
nickel phthalocyanine (NiPc) proves the presence of Ni-N bonds.
Additionally, such characterization results could be supported by
an XPS spectra analysis. As demonstrated in Fig. S5c¢ (Supporting
information), the high resolution N 1s XPS spectrum of Ni-N4-SC
revealed Ni-N as well as other nitrogen species, while Ni-S bond-
ing species are ruled out by the S 2p XPS spectrum of Ni-N4-SC
(Fig. S5d in Supporting information), which prove again that the
Ni is coordinated with N atoms rather than S atoms. In addition,
based on the EXAFS fitting data provided in Table S2 (Supporting
information), it can be seen that no signals from the Ni-S bond
were fitted to the Ni-N4-SC. Therefore, the Ni atoms in Ni-N4-SC
are atomically dispersion and directly coordinated by N atoms. As
can be seen in Fig. 2d, the experimental results are in good agree-
ment with the fitted model, confirming that the Ni atoms are co-
ordinated with four N atoms and S is doped in the second shell of
Ni-N4. The corresponding structural model is displayed in Fig. 2e.
The electrocatalytic CO,RR activities of samples were tested in
a three-electrode system with 0.5 mol/L KHCO3 as the electrolyte.
Compared with saturated Ar atmosphere, the Ni-N4-SC presents a
significant increase in cathodic current density and a positive shift
in onset potential with saturated CO, (Fig. 3a), indicating that the
Ni-N4-SC tends to reduce CO, rather than H* [19,25]. The elec-
trochemical CO, reduction activities of samples were evaluated by
linear scanning voltammetry (LSV), which shows that the Ni-N4-SC
presents superior electrochemical activity compared with the sam-
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Fig. 3. (a) CV curves of the Ni-N4-SC under different atmosphere. (b) LSV curves of samples. (c) FEco of samples. (d) CO partial current density (Jo,) at different potentials.
(e) TOF of Ni-N4-C and Ni-N4-SC at different potentials. (f) Charging current density differences plotted against scan rates.

ples without Ni and/or S (Fig. 3b) [14,34]. The liquid and gaseous
products were analyzed using 'H NMR spectroscopy and gas chro-
matography (GC), respectively. As illustrated in Fig. S6 (Supporting
information), there are no liquid products detected in both Ni-N4-C
and Ni-N4-SC systems. The Faraday efficiency of CO product (FEcqg)
for each catalyst at different potentials shows that the single Ni
atoms are the catalytic active sites, and that S doping inhibits the
HER side-reaction to enhance CO, reduction activity, particularly
at relatively low potentials (Fig. 3c and Fig. S7 in Supporting in-
formation). In addition, the electrocatalytic reduction tests under
different atmospheres show that the product of CO was from CO,
(Fig. S8 in Supporting information). As shown in Fig. 3d, the Ni-N4-
SC shows a higher CO partial current density of —28.21 mA/cm? at
—1.0V vs. RHE than Ni-N4-C. The intrinsic activities of the sam-
ples were evaluated through the calculated turnover of frequency
(TOF) of the CO product. As depicted in Fig. 3e, the TOF values of
Ni-N4-SC are higher than Ni-N4-C at electrode potentials between
—0.4V and —-1.0V vs. RHE, which also indirectly proves that the
S in the second-shell of Ni-N4-SC is indeed favorable for boost-
ing CO,RR activity [23,35]. In Fig. 3f, the Ni-N4-SC exhibits a larger
electrochemical surface area, estimated by the double-layer capac-
itance (CdI) method (Fig. S9 in Supporting information), indicating
that Ni-N4-SC has more active sites than Ni-N4-C [7,36]. The FEcg
maintains up to 95% over 24 h under a constant voltage at —0.7V
vs. RHE (Fig. S10 in Supporting information), which shows the sta-
bility of Ni-N4-SC.

To further explain the origin of the superior CO,RR catalytic
performance of Ni-N4-SC, DFT calculations were carried out. The
adsorption of CO, on the surface of the catalyst is a prerequisite for
the CO,RR [5]. As shown in Fig. 4a, the adsorption energy of the
Ni-N4-SC for CO, molecule is more negative than that of Ni-N4-
C, confirming that the presence of S in the second-shell helps Ni-
N4-SC possess a stronger capacity of CO, adsorption. Furthermore,
the differential charge density of Ni-N4-C and Ni-N4-SC prove that
the S in the second-shell of Ni-N4-SC breaks the uniform charge
distribution around the Ni atoms and makes the Ni atom a more
electron-rich state (Fig. 4b), which facilitates the transfer of elec-
trons to the adsorbed CO, molecule [37]. As shown in Fig. 4c, the
hydrogenation process of the adsorbed CO, molecules is the rate-
limiting step overall reaction. When the S atom is introduced into
the second-shell of the active site, the free energies of the CO, re-
duction with rate-limiting step decrease from 1.954 eV of Ni-N4-C
to 0.876 eV of Ni-N4-SC, which further demonstrates that the S can
promote the conversion of CO, to *COOH. According to the above
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Fig. 4. (a) Adsorption energies of CO,, (b) charge density difference map, and (c)
free energies diagram for the CO, conversion to CO of the Ni-N4-C and Ni-N4-SC.
(d) The proposed reaction paths of Ni-N4-SC for electroreduction CO, to CO.

results, the S in the second-shell can accelerate electron migration
to the Ni active site and reduce the reaction energy barrier in the
process of CO, reduction. The reaction path of Ni-N4-SC for CO,
electroreduction is proposed as demonstrated in Fig. 4d. Based on
these experimental results and DFT calculations, it is known that
the Ni single atoms act as the active site and the introduction of S
in the second-shell of Ni-Ny is the key factor to increase the elec-
trocatalytic CO,RR activity and selectivity for CO production.

In summary, a Ni single-atom electrocatalyst with S doping at
the second-shell of the Ni sites on the ultrathin carbon nanosheets
support was successfully synthesized for CO,RR. The S atoms in
the second-shell of Ni sites help the Ni-N4-SC better improve the
electrocatalytic CO, reduction and CO selectivity. Experimental re-
sults and DFT calculations show that the S in the second-shell can
accelerate electron migration and reduce the reaction energy bar-
riers of CO, reduction, thus boosting CO, reduction activity. Simul-
taneously, the S atoms in the second-shell can also avoid the in-
stability caused by its large atomic radius. This study provides a
new viewpoint for the exquisite design of single atom active sites
with adjustable electronic structure and good stability by doping
heteroatoms in the second-shell of the M-Ny sites.
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