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Carbon-based single atom catalysts (SACs) are attracting extensive attention in the CO, reduction
reaction (CO,RR) due to their maximal atomic utilization, easily regulated active center and high
catalytic activity, in which the coordination environment plays a crucial role in the intrinsic catalytic
activity. Taking NiN4 as an example, this study reveals that the introduction of different numbers of
S atoms into N coordination (Ni—N,S4_, (x = 1-4)) results in outstanding structural stability and catalytic
activity. Owing to the additional orbitals around —1.60 eV and abundant Ni d,;, d,,, ds2, and d,2 orbital
occupation after S substitution, N,S coordination can effectively facilitate the protonation of adsorbed
intermediates and thus accelerate the overall CO,RR. The CO,RR mechanisms for CO and HCOOH gen-
eration via two-electron pathways are systematically elucidated on NiN4, NiNzS; and NiN,S,. NiN,S,
yields HCOOH as the most favorable product with a limiting potential of —0.24 V, surpassing NiNg4
(—1.14 V) and NiNsS; (=0.50 V), which indicates that the different S-atom substitution of NiN4 has con-
siderable influence on the CO,RR performance. This work highlights NiN,S, as a high-performance
CO3RR catalyst to produce HCOOH, and demonstrates that N,S coordination is an effective strategy to
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1. Introduction

The electrocatalytic CO, reduction reaction (CO,RR) is a pro-
mising and effective strategy for addressing CO, emissions
and producing high-added-value fuels and chemicals." The
chemical inertness of CO, makes it difficult to convert; thus,
exploring appropriate catalysts to break the high-energy C=0
bond and generate specific products in the CO,RR is particu-
larly critical.* A plethora of CO,RR electrocatalysts have been
extensively designed and investigated to achieve exceptional
catalytic activity, superior selectively, and good stability to meet
the demands of industrial-scale production.>® Recently, single-
atom catalysts (SACs) have attracted great attention because of
their remarkable catalytic activity, maximal atomic utilization,
easily regulated active center and low cost.””® In carbon-based
SACs, N coordinated structures provide a plethora of possible
active sites on which to anchor metal atoms.'** Numerous
studies have shown that carbon-based SACs exhibit excellent
CO,RR performance. Fe-NC was observed to exhibit a dramatic
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regulate the performance of atomically dispersed electrocatalysts.

increase in CO,RR activity and could reach a CO selectivity of
over 80% at a current density of 35 mA em ™ >."**®> Co-NC has
exhibited a relatively low limiting potential in the CO,RR and
was predicted to have the potential to convert CO, into the
products CO and HCOOH.'® Ni-NC catalysts have exhibited
unique reactivity and faradaic efficiency in converting CO, into
CO, especially compared to Au- and Ag-based catalysts.'”"'
After 100 h of continuous reaction at CO formation current
densities of up to 22 mA cm %, Ni-NC could maintain 98%
selectivity toward CO." In addition to the metal active centers,
the regulation of the coordination environment by heteroatoms
may also have significant effects on the catalytic properties of
SACs.”® The introduction of S atoms into N coordination allows
for electron structure modulation of the active sites, which
could facilitate the protonation of reaction intermediates as
well as the overall CO,RR process.”! Lu et al. found that doping
S atoms into the N coordination of Ni-SACs could improve their
CO reduction efficiency and stability, allowing them to remain
stable for 19 h without apparent activity decay. They demon-
strated that the introduction of S heteroatoms could reduce the
electron supply of Ni to the coordinating N atoms and con-
tribute to the overall higher CO,RR selectivity.”” Jia et al
observed that the introduction of S atoms could tune the
local electronic density of the Ni-NC catalysts, which was
conducive to reducing the energy barriers for the reduction of
CO, to CO.** Although previous studies of CO,RR to give CO on
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Ni-SACs have been attempted, research on the effect of the
number of coordinated S atoms in Ni-SACs on CO,RR perfor-
mance has not been systematically reported. In addition,
detailed information involving the structural stability, electro-
nic structure, and two-electron pathways of the CO,RR to give
CO and HCOOH on Ni-SACs with N,S coordination needs to be
systematically provided.

In this work, based on density functional theory (DFT)
calculations, we have comprehensively investigated the CO,RR
performances of a series of Ni-N,S,_, (x = 1-4) structures to
evaluate the promotion effect of N,S coordination. First, the
optimized structures of Ni-N,S, , were determined, and
their stability and electronic structures, including charge den-
sity differences as well as electronic density of states, were
analyzed. Subsequently, the CO,RR mechanisms to give CO
and HCOOH via two-electron pathways were illustrated.
Finally, the limiting potential was measured as a descriptor to
evaluate the CO,RR activity and selectivity over the competing
hydrogen evolution reaction (HER) on NiN,, NiN;S; and
NiN,S,. Results of this work highlighted the N,S synergistic
effect on SACs in CO,RR by tuning the coordination environ-
ment and provided an effective strategy to design ideal
electrocatalysts.

2. Computational details
2.1 Simulation details

All calculations were carried out using spin-polarized DFT as
implemented in Vienna ab initio simulation package (VASP)
6.1.0°>* with the Perdew-Burke-Ernzerhof (PBE)*® generalized
gradient approximation (GGA). The cutoff energy was set as
420 eV. To avoid the interaction of periodic units, the thickness
of the vacuum layer was set to 15 A. The K-points were set
to 3 x 3 x 1 for geometry optimization and 15 x 15 x 5 for
accurate electronic density of state calculations. The electronic
energy and forces for structural optimization were converged to
within 1.0 x 107° eV and 0.02 eV A~*. The electronic energy for
frequency calculation was converged to within 1.0 x 1077 eV.
DFT energies were converted into free energies at 298.15 K
using vibrations obtained from the VASP calculations with
IBRION = 5. The van der Waals interactions were considered
using the Grimme (DFT-D3) method.>® The effect of the solvent
was taken into consideration using the VASP implicit solvent
model. Electric fields with counter charge were considered
using VASPsol to consider the effect of electrochemical double
layers.>” VASPsol set a continuum charge distribution in the
vacuum region of the cell with a positive or negative charge.>®
The non-electrostatic parameter TAU was set as zero to avoid
numerical instabilities, in accordance with recent published
works.?? The continuum charge was sampled as 0, 0.50, 1.00,
and 1.50 e to simulate different electric field intensities. The
famous work by Peterson et al.*® indicated that the PBE func-
tional can cause errors in the total energy of gas molecules.
Thus, a correction of +0.45 eV was applied to CO, in the
current study.
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2.2 Computational hydrogen electrode model

The computational hydrogen electrode (CHE) model*" was
employed to determine the changes in the Gibbs free energy
(AG), in which the reaction: H" (aq) + e~ = 1/2 H, (g) was
equilibrated at 0 V versus the reversible hydrogen electrode
(RHE). AG for each elementary step was defined as follows:

AG = AE + AEzpg + Jcpdr — TAS + AGy + AGyy

where AE is the electronic energy directly obtained from DFT
calculations, AEzpg, [Cp,dT, and AS are the zero-point energy,
enthalpic temperature correction, and the entropy difference
between the products and the reactants, which were calculated
based on the vibration analysis and employed to transform
the electronic energies into free energies at room temperature
(T = 298.15 K), respectively. The computational hydrogen
electrode (CHE) model was also employed to determine the
reaction energies as a function of the potential with a proton-
electron pair in the reactant. The chemical potential of the
proton and electron could be related to that of H, at 0 V versus
the standard hydrogen electrode (SHE):

1
Mg+t He-= E :qu(g)

The surface charge inducing interfacial field effect was also
added to the reaction energy,** which was expressed as

AG(U) =AG° + AGU + AGﬁe]d

where AG° is the free energy for the reaction at the potential of
zero charge, and AGy and AGgq are the contributions of the
applied electrode potential and electric field, respectively. Chan
et al. have demonstrated surface charge density as an appro-
priate descriptor for the electrostatic effects of the double layer
on reaction energies, which describes the variations of the
interfacial field local to the reaction plane.'** Here, we relate
the surface-charge density o-dependent energies to the
potential-dependent energies through the differential Helm-
holtz capacitance Cy and potential of zero charge ¢p,c as
follows:

1
P=ce + Ppzc

where the values of Cy and the potential of zero charge ¢p;c are
21 uF em ™2 and —0.07 V vs. SHE.'* Thus, the added continuum
charges of 0, 0.50, 1.00, and 1.50 e were converted to potentials
of 0V, —0.23 V, —0.54 V, and —0.84 V vs. SHE. For the vibration
analysis of intermediate states, frequencies were calculated by
treating all 3N degrees of the adsorbates as vibrational in the
harmonic oscillator approximation, and the vibrations of the
substrate surface were negligible. The potential limiting step
(PLS) referred to the reaction step with the largest AG (AGpax)-
The limiting potential (U;) was defined by the equation
Ui, = —AGnmax/|e|, where AGp,.x was the free energy change in
the PLS.>***3°
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2.3 Structural stability calculation

The cohesive energies were defined as E.op = (ncEc + nnEx +
nsEs + Exi — Epase)/(Nc + hix + ng + 1), where nc, ny, and ng denote
the numbers of C, N, and S in the SACs, respectively; Ec, Ey, Es,
and Ey; are the DFT energies of single C, N, S, and Ni atoms,
respectively. The positive E.., values indicated the considerable
thermodynamic stability. The formation energies were calcu-
lated using the equation Ef = Enigsus — Fsusp — Eni, Where
Eni@sus 1s the total energy of the SAC, Ey; is the DFT energy of
the Ni atom, and Egyp is the energy of the substrate. The
negative E; values indicated favorable synthetic feasibility.
The dissolution potentials were calculated using the equation
Udiss = Udiss(metal, bulk) — E¢/eN., where Ujiss(metal, bulk) and
N, represent the standard dissolution potential of the bulk
metal and the number of electrons involved in the dissolution.
All the U3je(metal, bulk) and N, values refer to the values in
Guo’s previous studies.*® The positive Uy, values indicated the
superior electrochemical stability under CO,RR conditions.

3. Results and discussion
3.1 Structure and stability

To investigate the effect of N,S cocoordination on Ni SACs, we
systematically examined the Ni-N,S; , (x = 1-4) structures.
Fig. 1 shows the stable configurations of NiN,, NiN;S;, and
NiN,S,. The optimized configurations of NiN,S,-1, NiN;S;, and
NiS, are provided in Fig. S1 in the ESI.{ The lattice parameters
of the NiN, structure were optimized to be 9.84 x 12.78 x
15.06 A with all atoms in the same plane. For NiN;S, one of the
N atoms in NiN, was substituted by a S atom; the Ni-N distance
was elongated to 1.884 from 1.872 A in NiN,, and the Ni-S
length was 2.075 A. Ni-N,S, was subdivided into NiN,S, and
NiN,S,-1 according to the position of the two S atoms, where
NiN,S, and NiN,S,-1 represent para substitution and ortho
substitution. For NiN,S,, two opposing N atoms in NiN, are
substituted by two S atoms; the Ni-N length is 1.928 A and the
Ni-S length is 2.046 A. For NiN,S,-1, two neighboring N atoms
in NiN, are substituted by two S atoms; the Ni-N length is
1.874 A and the Ni-S length is 2.116 A. In NiN;S;, the Ni-N
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length is 1.977 A and the Ni-S length is 2.153 A. For NiS,, the
Ni-S length is 2.137 A. These configurations are all distorted,
resulting in a non-coplanar framework with the surrounding
ligands, except in the case of NiN,. The non-coplanar frame-
work and the changes in the lengths of Ni-N and Ni-S are
mainly caused by the larger atomic radius of the S atom
compared to that of the N atom.

The synthetic feasibility, thermodynamic stability, and elec-
trochemical stability of the structures were evaluated using the
formation energy E; cohesive energy E.n, and dissolution
potential Uy;gs, respectively. The values of E¢ were observed to
be —6.39, —4.57 and —2.62 eV for NiN,, NiN;S;, and NiN,S,, as
shown in Table S1 in the ESL{ The E; values of NiN,S,-1,
NiN;S3, and NiS, are all less than zero. More negative Er values
indicate more favorable synthetic feasibility; thus, the synthetic
feasibility follows the sequence NiN, > NiN3S; > NiN,S,-1 >
NiS, > NiN,S, > NiN;S;. The values of E.,, are 9.03, 8.89, 8.76,
8.78, 8.64, and 8.52 eV for NiN,, NiN,S;, NiN,S,, NiN,S,-1,
NiN;S3, and NiS,, respectively, demonstrating that these struc-
tures are all thermodynamically stable. The values of Uy;ss are
2.93, 2.02, 1.05, 1.93, 0.88, and 1.09 V on NiN,, NiN,S;, NiN,S,,
NiN,S,-1, NiN;S;, and NiS,, respectively. A more positive Ugjss
demonstrates that the metal atoms can bind strongly with the
substrate and can be prevented from dissolution, which
endows higher stability under electrochemical conditions.
Analyses of the formation energy, cohesive energy, and dissolu-
tion potential suggest that these configurations are all stable.
Comparatively, NiN,, NiN;S;, and NiN,S, are much more stable
than NiN,S,-1, NiN;S; and NiS,. Note that NiN, and NiN;S;
have been successfully synthesized and performed well in
electrochemical conditions.’” Metal-free N,S, porphyrin with
para-position S atoms has also been successfully synthesized in
a previous experiment,*® while the adjacent S coordinated
porphyrin has not been reported yet. Therefore, NiN,S, may
also be available experimentally and able to work steadily under
electrochemical conditions. Based on the above-mentioned
analyses, we mainly focused on NiN,, NiN;S;, and NiN,S, in
the following investigation.

To understand the N,S coordination effect, the electronic
structures of NiNy, NiN;S;, and NiN,S, were investigated using

NiN;S, NiN,S,
Z D yi=1.88484 ;,D NiNS 1928‘\
[ L ) |
| F © N4
Y F F Y T DA FLOFA T DARs F2.046 A7

Fig. 1 Optimized structures of (a) NiNy, (b) NiN3sS; and (c) NiN,S,.
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Fig. 2 Electronic structure analysis. (a) Electronic density of states (DOS) and (b) electron projected density of state (PDOS) of NiNg4, NiN3S; and NiN,S,.
Charge density differences of (c) NiNg4, NiNsS; and NiN,S,. Yellow and cyan regions represent increased and decreased electron densities, respectively,

and the isosurface values are 2 x 10~ e Bohr™>.

electronic density of states (DOS) and charge density differ-
ences. As shown in Fig. 2a, a large amount of new peaks appear
at around —1.60 eV in NiN;3;S; and NiN,S, but are not observed
in NiN,, which indicates that the substitution of S atoms has
great potential to promote intramolecular electron transfer in
these SAC catalysts. As shown in Fig. 2b, the peaks of NiN;S; at
around —1.60 eV are mainly contributed by the d,;, d,2, and d,,
orbitals of Ni. For NiN,S,, the characteristic peaks are mainly
contributed by the Ni d,, d, and d,, orbitals, which are more
likely to hybridize with the electron orbitals of intermediates
and are thus beneficial to the adsorption of intermediates in
the z direction of the Ni atom.?® The charge density differences
in Fig. 2c show that electrons in NiN, would transfer from the
Ni atom and N atoms to the Ni-N bonds, forming stable Ni-N
bonds. In NiN;S; and NiN,S,, a large amount of electrons are
activated in the Ni atom, which are beneficial to the activation
and further conversion of the reactant at the Ni site. More
electrons are observed to accumulate at the Ni-S bonds relative
to the Ni-N bonds, indicating the stronger interactions between
Ni and S atoms than between Ni and N atoms. The charge
density differences of the other structures doped with S atoms

29954 | Phys. Chem. Chem. Phys., 2023, 25, 29951-29959

are shown in Fig. S2 (ESI{). Similar phenomena are observed in
NiN,S,-1, NiN;S;, and NiS,. To sum up, analyses of the charge
density differences and DOS demonstrate that the N,S coordi-
nation can provide substrates with a favorable electronic struc-
ture for SACs.*’

3.2 CO,RR to give CO and HCOOH via a two-electron pathway

The adsorption and initial activation of intrinsically inert CO,
is the primary step of the CO,RR.*" A stable CO, adsorption
configuration would significantly improve the activation of CO,
and its subsequent reduction. The optimized adsorption con-
figurations and adsorption energies of CO, on NiN, under
different potentials are presented in Fig. S3 (ESIt). At 0 V,
—0.23 V, and —0.54 V, CO, is physically adsorbed on the surface
of NiNy; the distance between the CO, molecule and the surface
is around 3.30 A. The adsorption energy under 0 V is —0.58 eV,
while that at —0.23 V is 0.13 eV lower and that at —0.54 V is
—0.06 eV lower than that at 0 V. At —0.84 V, CO, is chemically
adsorbed on the NiN,, and the adsorption energy is —0.37 eV
due to the slight bulge of the Ni atom. The distance between
CO, and the surface is 1.99 A, and O-C-O is 135.95°.

This journal is © the Owner Societies 2023
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Fig. 3 Free energy profiles of CO,RR to give (a) CO and (b) HCOOH and the adsorption configurations of the corresponding intermediates on (c) NiNg,

(d) NiN3Sl, and (e) NIstz

In the CO,RR process, the most accessible products are CO
and HCOOH via two-electron pathways. Under neutral condi-
tions, the most competitive pathways to form CO and HCOOH
on NiN,, NiN;S; and NiN,S, are presented in Fig. 3, together
with their corresponding configurations. A plethora of experi-
mental studies have confirmed that NiN, and the corres-
ponding S doping structures mainly produce CO and
HCOOH, so we did not further calculate the subsequent reac-
tions of the CO,RR.'7-19:42744

As shown in Fig. 3a, the CO,RR to give CO tends to proceed
along the path CO, — *COOH — *CO — CO. Fig. 3c-d present
the most stable configurations along the CO,RR pathways on
NiNy, NiN;S;, and NiN,S,. On NiN,, a large free energy change
AG of 1.47 €V is required for the initial protonation of CO, to
form the intermediate *COOH. This large AG value indicates
that it is difficult to form *COOH. The subsequent process
*COOH — *CO is favorable with a AG of -0.95 eV, followed by a
AG of —0.64 eV for the desorption of CO. On NiN3S;, similar
processes to those on NiN, are observed, with a smaller AG of
0.28 eV for the formation of the *COOH intermediate. For
NiN,S,, the CO, — *COOH reaction requires a AG of 0.57 eV,
which is 0.90 eV smaller than that on NiN,. The reaction of
*COOH to *CO proceeds along a downhill energy step, and the
AG value is —0.91 eV. The desorption of CO requires a AG of

This journal is © the Owner Societies 2023

0.53 eV. Evidently, the potential determining step (PDS) for
CO production is the initial protonation of CO, to form
*COOH on NiN,, NiN3;S; and NiN,S,. For the CO,RR to give
CO, NiN,S, exhibits an advantage over NiN, and NiN,S;.

In the HCOOH production process, the reactions proceed via
the CO, - *HCOO — *HCOOH — HCOOH pathway. As shown
in Fig. 3b, on the pristine NiN,, the reaction CO, —*HCOO
requires a AG of 1.14 eV, which represents the PDS in the
HCOOH production process. The reaction of *HCOO to
HCOOH proceeds via two continuous downhill energy steps
with AG values of —0.66 and —0.43 eV. For NiN;S,, the CO, to
*HCOO step requires a AG of 0.50 eV, which is 0.64 eV smaller
than that for NiN,. The protonation of CO, to *HCOO repre-
sents the PDS. The *HCOO — *HCOOH step presents a smooth
reaction trend with a AG of —0.10 eV, followed by a AG of
—0.42 eV for the desorption of HCOOH. For NiN,S,, the
CO, to *HCOO step has a AG value of —0.18 eV. The
*HCOO —*HCOOH step continues the uphill energy trend, with
a AG value of 0.24 eV. The HCOOH desorption requires a AG of
—0.08 eV. The reaction of *HCOO to *HCOOH is the PDS, with a
AG value of 0.24 eV. To sum up, the CO,RR proceeding via the two-
electron pathway tends to yield HCOOH rather than CO on NiN;S;
and NiN,S,, and HCOOH is much more easily achieved on NiN,S,
with a relatively lower AG of 0.24 eV in the PDS.

Phys. Chem. Chem. Phys., 2023, 25, 29951-29959 | 29955
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Considering that the number and position of the S atoms
may influence the CO,RR performance, we also evaluated the
potential of NiN,S,-1, NiN;S;, and NiS, for the CO,RR, as
shown in Fig. S4 (ESIt). The results show that free energy
changes AG of 1.53, —0.18, and 0.97 eV are required for the
initial protonation of *CO, to form the *COOH intermediate on
NiN,S,-1, NiN;S;, and NiS,. The reaction of CO, — *HCOO
requires a AG value of 1.11, —0.92, and 0.29 eV in the HCOOH
production process on NiN,S,-1, NiN;S3, and NiS,. For NiN,S,-1
and NiS,, the protonation of CO, is the PDS for the formation of
CO and HCOOH. However, the desorption of CO or HCOOH is
the corresponding PDS on NiN;S;. It is evident that the coordi-
nation environment of three S atoms and one N atom is
conductive to the initial protonation of CO,. In addition to
NiS,, the ability to activate the CO, molecule improves with
increasing the number of doped S atoms. Compared with the
other S doped structures, due to its overall lower AG and lowest
PDS, NiN,S, is the most favorable for the formation of CO and
HCOOH, and HCOOH is formed prior to CO.

3.3 CO,RR activity and selectivity evaluation

CO, adsorption is the initial and crucial step for the CO,RR.
A stable CO, adsorption configuration would significantly
improve the activation and further reduction of CO,.*> On both
the NiN, and NiN3;S; surfaces, CO, prefers to bind at the top site
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of the Ni atom with adsorption energies of —0.58 and —0.59 eV,
as shown in Fig. 4a and Fig. S5 (ESIT). The adsorption energy of
CO, is —0.68 eV, which is 0.10 and 0.09 eV lower than that on
NiN, and NiN;S;, indicating a more effective improvement of
the CO, capture ability on NiN,S,. Up can be used as an
indicator to evaluate the electrocatalytic performance of the
catalysts.*® Fig. 4b summarizes the Uy values for the CO,RR
toward CO and HCOOH on NiN,, NiN3S;, and NiN,S,. The
PDS and corresponding free energies for the Uy, calculation are
shown in Table S3 (ESIt). On NiNy, the Uy, values are —1.14 and
—1.47 V in the HCOOH and CO production processes, suggest-
ing that the products appear in the sequence HCOOH > CO.
On both NiN;S; and NiN,S,, the products appear in the same
sequence as on NiNy, and it is worth noting that the Uy, value of
NiN,S, is more positive than that of other structures. Fig. S6
(ESIt) summarizes the Uy, values, PDS, and corresponding free
energies for the CO,RR toward CO and HCOOH on other
structures. Comparatively, NiN,S, exhibits more excellent per-
formances of the CO,RR to give CO and HCOOH than NiN;S,
and NiNy, especially for HCOOH.

The possibility of the HER, as a side reaction of the
CO,RR, must be taken into consideration due to its intense
competition with the CO,RR, which is caused by their similar
thermodynamic equilibrium potentials. As shown in Fig. S5
(ESIY), the H atom prefers to be adsorbed at the top site of N
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Fig. 4 (a) CO, and H adsorption energies on NiN4, NiN3S; and NiN,S,. (b) Free energy diagram of the hydrogen evolution reaction on NiNg4, NiNsS; and
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rather than Ni on NiN,*” with an adsorption energy of 1.14 eV,
which is 1.72 eV less stable than that of CO,. Therefore, the
adsorption of H is far less competitive than that of CO, on
NiN,. On NiN3;S;, the H atom can be adsorbed more stably at N
than the Ni site, with an adsorption energy of 0.69 eV. The
adsorption of the H atom at the N site is 1.28 eV less stable than
that of CO,, indicating that the adsorption of CO, is more
competitive than that of H. For NiN,S,, the adsorption energy
of the H atom at the N site is 0.37 eV, which is 1.05 eV less
stable than that of CO,, indicating that CO, adsorption is more
competitive. Generally, an ideal electrocatalyst for the CO,RR
should not only possess a high CO, conversion performance,
but also have excellent HER inhibition ability.*® Achieving
these properties requires that the electrocatalysts have suitable
active sites for the initial adsorption of CO, rather than H.
Here, NiN,, NiN,;S;, and NiN,S, electrocatalysts evidently dis-
play these merits, which guarantees that CO, can occupy the
active sites rather than H. Therefore, the CO,RR is likely to be
the primary reaction. We further compare the free energy
profiles of the formation of *H on NiN,, NiN;S;, and NiN,S,,
as shown in Fig. 4c. The H atom tends to be adsorbed at the top
site of N, which is determined to be the active site for *H
formation. The reaction of H + e~ — *H has AG values of 1.14,
0.69, and 0.37 eV on NiN,, NiN,S;, and NiN,S,, respectively,
suggesting that the reaction is easiest to perform on NiN,S,.
Therefore, it is likely to generate adsorbed H atoms on N near
Ni on NiN,S,, which can be transferred to CO, to promote the
hydrogenation reaction. To sum up, the substitution of two S
atoms in NiN, can further facilitate the protonation of
adsorbed intermediates and accelerate the overall CO,RR com-
pared to other S doped structures.

We further compared the limiting potential difference

between the CO,RR and HER <UEOZRR - U{‘ER) in Fig. 4d,

which can effectively elucidate the selectively between the
CO,RR and HER. A more positive value indicates higher CO,RR
selectivity relative to the HER. NiN,S, exhibits more positive
USORR _ HER yalyes and thus more considerable CO,RR
competition toward both CO and HCOOH than NiN;S; and
NiN,. Therefore, NiN,S, might be a superior CO,RR electro-
catalyst. Fig. S6 (ESIT) compares the limiting potential difference
between the CO,RR and HER on NiN,S,-1, NiN;S;, and NiS,. The
limiting potential difference between the CO,RR and HER are
shown in Table S4 (ESIt). The result reveals that the products
appear in the sequence HCOOH > CO on NiN,S,-1, NiN;S;, and
NiS,. To sum up, N,S coordination can effectively decrease the Uy,
of the CO,RR and improve the electrocatalytic performance,
rendering it a promising support material for SACs. NiN,S, was
determined to be a promising CO,RR catalyst for the production
of HCOOH with considerable activity and selectivity.

Compared with previous calculations and experimental
works with U = 0, it can be found that the NiN, and NiN;S;
calculated in this work have similar adsorption configurations,
free energy change diagrams, and Uy, values of the CO,RR to
those reported in the references. The accuracy of the calculated
results is further explained."®?*37:42
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We compared the Uy for the CO,RR to give HCOOH on
NiN,S, with that on SACs®**" and Cu-based electrocatalysts.>>
FeN,-C was predicted to possess a U, of —0.69 V by DFT
calculations.®® Cu,O was found to possess a FEjcoon Of
97.7% at —0.64 V in an experiment.>”> Other electrocatalysts
in previous studies presented Uj, values ranging from —1.14 to
—0.74 V."®%%%% Here, on NiN,S,, the U, for HCOOH generation
is —0.24 V, which is lower than that on most CO,RR electro-
catalysts. Thus, NiN,S, would be an ideal electrocatalyst for
HCOOH production. To sum up, N,S coordination can effec-
tively decrease the Up of the CO,RR to give HCOOH and
improve the electrocatalytic performance, rendering it a pro-
mising support material for SACs.

4. Conclusions

In summary, we have performed an in-depth theoretical inves-
tigation on the N,S coordination effect in CO,RR by doping
different numbers of S atoms in NiNj,.

(1) N,S coordination provides a more stable anchoring site to
form Ni SACs than regular N coordination. The substitution of
S atoms in NiN,S, and NiN;S, leads to non-coplanar structures
and elongated Ni-N distances. NiN,, NiN3S;, and NiN,S, exhib-
it excellent thermodynamic and electrochemical stability. Elec-
tronic structure analyses show that more electrons accumulate
in the Ni-S bonds relative to the Ni-N bonds, forming stronger
interactions between the Ni and S atoms. Our findings revealed
NiN,S, to be a high-performance CO,RR catalyst to give
HCOOH, and revealed that adjusting coordination environ-
ment is an effective strategy to design ideal catalysts for the
CO,RR.

(2) NiN,S, possesses better intramolecular electron transfer
ability than NiN3S; and NiN,, which was ascribed to the effect
of the number of S atoms substituted into NiN, on the
performance of the substrate. The additional Ni d,. orbitals
contribution in NiN,S, can effectively tune the binding of CO,,
H and reaction intermediates in the Ni z direction. N,S coordi-
nation facilitates the protonation of adsorbed intermediates,
and thus accelerates the overall CO,RR.

(3) CO,RR proceeding via a two-electron pathway tends to
yield HCOOH rather than CO. The PDS is the protonation of
CO, on NiN, and NiN;S,, while the *HCOO to *HCOOH step is
the PDS for NiN,S, with a AG value of 0.24 eV, which is smaller
than those of the other structures. N,S coordination can effec-
tively decrease the Up of the CO,RR. On NiN,, NiN;S;, and
NiN,S,, the products all follow the sequence HCOOH > CO,
and the Uy, values are —1.14, —0.50, and —0.24 V for HCOOH.
This reveals that two-S-atom substitution in NiN, mainly pro-
duces HCOOH rather than CO, which further indicates that the
coordination environment has an influence on the catalytic
performance.
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