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To deal with the problem of NOs;~ enrichment in water environment, electrochemical catalysis of
nitrate reduction reaction (NO3RR) provides a possibility. However, this catalytic process requires
efficient and highly selective NO3RR electrocatalysts to catalyze NOs;~ conversion. Consequently, the
objective of this work is to search highly active NO3;RR electrocatalysts by employing an efficient
screening strategy using density functional theory methods. The catalytic activity is assessed by
calculating limiting potential U (NO3RR) and U (HER). The research results indicate that Os;_CigN3
not only has excellent catalytic activity (U (NOsRR)=-0.15V), but also can effectively avoid the oc-
currence of competitive hydrogen evolution reaction. The NO3RR process of Os,_CigN3 is *+NO3~
—)*NO3—>*N03H—> N02—>*N02H—>*N0—>*NOH—>*N—>*NH—)*NHz—)*NH3—>*+NH3. When 052,C1g
N3 is in the condition of DFT-Sol, DFT-D, and DFT-D-Sol, the NO3RR process is *+NO3~ — *NO3; — *NO3
H— NO, — *NO,H — *NO — *NOH — *NHOH — *NH,0H — *NH; — *NH3; — * + NH;, and the U (NO3RR)
values are —0.06, —0.15, and —0.06V, respectively. This research may offer potential reference values for
the development of innovative NO3RR catalysts and the synthesis of NHs.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Although the excessive consumption of fossil energy has
brought great development of society and technology, it has also
led to new environmental problems and energy crisis [1,2]. Es-
pecially in the context of carbon peak and carbon neutrality, the
use of clean energy sources to replace fossil energy sources is
extremely significant [3,4]. Researchers have conducted extensive
studies on energy sources, such as superoxide generated amines
[5] and catalytic oxidation of sulfides [6]. As one of the impor-
tant renewable carbon-free energy carrier, ammonia (NH3) is en-
vironmentally friendly, low cost, high safety, and the heat loss ra-
tio of ammonia combustion is much lower than that of gasoline
and hydrogen, which makes it have a good potential for ammonia
energy development [7,8]. At present, the industrial production of
NH3 mainly relies on the Haber-Bosch process, which not only has
high conditions for temperature and pressure, but also produces a
large amount of carbon dioxide [9,10]. Therefore, it is of great sig-
nificance to explore the efficient green way of NH3 production for
achieving carbon peak and carbon neutrality.
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In search of an effective alternative solution to ammonia pro-
duction by the Haber-Bosch process, the electrochemical N, reduc-
tion reaction (NRR) and nitrate reduction reaction (NO3RR) have
attracted considerable research interest in the past few years due
to its lower energy consumption and lower CO, emissions [11,12].
However, the high dissociation energy of N=N bond leads to the
problems of poor yield and low selectivity [13]. The dissociation
energy of the N=0 bond for NO3~ (204 k]J/mol) is much lower than
that of the N=N bond (941 kJ/mol) [14], which lays a solid founda-
tion for improving NHs; formation kinetics. In addition, electrore-
duction of NO3~ can also effectively mitigate the problem of NO3;~
enrichment in water environment, so that other pollutants can be
effectively removed by the addition of synthetic cleaning chemi-
cal [15,16]. Therefore, electrochemical catalytic NOsRR provide new
opportunities for large-scale production of NH; under environmen-
tal conditions [17,18], which is of great significance for achieving
carbon peak and carbon neutrality [19,20]. Finding efficient and
highly selective NO3RR electrocatalysts is the key to catalyze NO3~
conversion.

In recent years, two-dimensional carbon-nitride materials (e.g.,
C)N, C3N4, and C4N) have been widely studied and proved to be
the excellent transition metal doped substrates in the field of elec-
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trocatalysis [21-23]. Transition metal doped often forms M —N co-
ordination centers, which have been shown to catalyze oxygen
reduction reaction, oxygen evolution reaction, NRR, and NOsRR
[24,25]. Zhu et al. have proved that Hf/g-C,;N are predicted as po-
tential electrocatalysts for the NO3RR with limiting potential (U)
values of —0.27V [26]. Lv et al. have been explored that Ru/g-C3N4
is the most promising catalysts because of its lowest energy barrier
and extraordinary selectivity [27]. The nuclear number of transi-
tion metal active centers can significantly regulate the catalytic ac-
tivity of the catalyst. That is, different from single-atom catalysts,
dual-atom catalysts (DACs) can provide more active sites and active
configurational space, and the synergistic effect of dual transition
metal atoms can effectively regulate the catalytic activity [28-30].
For example, Lv et al. have used DFT methods to calculate NO3RR
catalytic activity for transition-metal dimer embedded N-doped
graphene [16]. The calculated results have shown that under the
synergistic action of dual transition metal atoms, Cu,@NG exhibits
the lowest U, of —0.36V. Wu et al. have efficiently screened dual-
atom Fe, DAC anchored by N-doped porous graphene (Fe,@NG)
for producing NHs, which exhibits a rather low U, =-0.45V [31].
In addition, Chen et al. have designed novel homonuclear transi-
tion metals supported on N-doped graphene (TM,/Ng-G). Cry/Ng-
G, Mn,/Ng-G, and Cu,/Ng-G have demonstrated that they possess
the excellent NH3 conversion and the Faradic efficiency are greater
than 61.28 %, which makes them serve as the promising NOsRR cat-
alysts [32]. Shen et al. have indicated that double atom doped g-
C3N4 can find efficient NO3RR catalysts [33]. Recently, Tan et al
have proposed four novel carbon-nitride materials (C;N3, CioNs,
Cy3N3, and CigN3) and demonstrated that they have excellent elec-
trical conductivity, which makes them possess excellent potential
in the field of electrocatalysis [34]. Transition metal doped them
can form M-N active center, which provides the basic guarantee
for catalyzing NO3RR. However, current studies have shown that
they have the potential to catalyze ORR and OER [35]. For exam-
ple, Cai et al. have demonstrated by DFT that C;N3 is a good sub-
strate to load transition metal, forming a catalyst that can effec-
tively catalyze ORR [36]. Moreover, Chen et al. have proven that
Rh-Ci3N3 possesses the lowest overpotentials and exhibits supe-
rior ORR and OER bifunctional catalytic activity [35]. The outstand-
ing performance of these materials in ORR and OER raises high ex-
pectations for their potential in NO3RR. Therefore, based on the
above analysis, we speculate that transition metal doped C;Ns,
C1oN3, Ci3N3, and CigN3 may exhibit good catalytic potential for
NOsRR.

In this work, we systematically investigated the possibility
of homonuclear dual transition metal atoms doped C;N3, CioNs,
Ci3N3, and CygN3 (M;-CxN3) as NO3RR catalysts by DFT meth-
ods. The homonuclear dual-atom is doped into the pore of carbon-
nitride material to form the M-Ny active center with the surround-
ing N atoms. Firstly, the stability of M,_CxN3 was evaluated by cal-
culating formation energy (E¢) and dissolution potential (Ug;ss). The
density of states (DOS) and band structures are calculated to de-
scribe the electronic properties of the catalyst. Secondly, the ad-
sorption behaviors of NO3~, U (NO3RR) and the free energy dia-
grams are calculated to evaluate the NO3RR catalytic performance.
In particular, the solvation effects and dispersion correction on
catalytic activity were also considered of M,_CyN3 with excel-
lent NO3RR catalytic performance. Thirdly, the competitive reac-
tion of hydrogen evolution reaction (HER) on M,_CxN3 was stud-
ied. Then, the electronic structure analysis of Os,_C;gN3 were con-
ducted. Finally, the first-principles molecular dynamics (FPMD) cal-
culation of Os,_Cy;gN3 was calculated at 300 and 500K to fur-
ther evaluate stability. This work can not only effectively predict
and high-throughput screening NO3RR electrocatalysts with high
performance, but also provide effective guidance value for experi-
ments.
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The spin-unrestricted DFT framework and implemented with
the DMol® module was used in the Materials Studio software
[37,38]. The Perdew-Burke-Ernzerhof (PBE) functional of general-
ized gradient approximation (GGA) was employed as the exchange
and correlation model [39]. The atomic orbitals’ basic set was de-
scribed using a double numerical plus polarization (DNP) method
[40]. Convergence criteria were set as follows: energy convergence
of 2x10-° Ha, maximum force convergence of 0.004 Ha/A, and
maximum displacement convergence of 0.005A. To avoid artificial
interactions, a vacuum layer with a thickness of 30 A was used. For
optimization, a 3 x 3 x 1 k-point grid centered around /" was used,
while electronic structure calculations (DOS, Mulliken charge, and
deformation charge density) employed a dense 5x5x 1 k-point
grid. The FPMD calculations are performed during a period of 2 ps
at the temperatures of 300 and 500 K.

The catalyst’s stability was assessed in detail using E; and Uy
[41,42]. E; mainly focuses on exploring the change of per dopant
atom to the stability of the catalyst. The calculation formulas for
these parameters are provided below:

Ef = (Etotal - Esubstrate - 2ETM)/2 (])

Udiss = Uodiss (metal, bulk) — Ef/ne (2)

where, the Eia), Esupstrate» and Epyv correspond to the total energy
of the catalyst, the substrate, and the energy of transition metal
atoms in their bulk structure, respectively. U°;.(metal, bulk) de-
notes the standard dissolution potential of the bulk metal, while
n signifies the number of electrons participating in the dissolution
process.

In this study, the reaction processes between NO3RR and inter-
mediates were understood through the framework of thermody-
namics. The equation of the whole reaction pathway from NO3RR
to NHs is as follows [43]:

NO;~ +9H* + 8e~ — NH; + 3H,0 (3)

The Gibbs free energy change (AG) of each elementary step
during NO3RR process was computed by the widely employed
computational hydrogen electrode (CHE) model [44,45]:

AG = AE + AZPE — TAS (4)

where, E, T, AZPE, and AS represents the total energy, the temper-
ature of 298.15K, the change of zero-point energy, and the differ-
ence of the entropy, respectively.

The adsorption energy (E,q4s) is calculated as follows [46]:

Eads = E*species -E, - Especies (5)

where, the Exgyecies, Ex, and Egpecies are the energies of species ad-
sorbed on catalyst, catalyst, and species, respectively.

For the adsorption free energy of *NO3 (AGsp,), the calcula-
tion formula is as follows [47]:

AG,no; = GiNoy — G — Grnoy(g) + 1/2Gh, (g (6)

where, Gno,, G+, GhNo, (g), and Gy, (g) are the Gibbs free energy
of NO3~ adsorbed on catalyst, catalyst, HNO3, and H, molecules,
respectively.

Since the energy of HNO3 used in the above formula is gaseous
energy, it is necessary to correct the formula. The correction for-
mula is as follows:

AG,NO;—correct = GiNo; — G — Grno,(g) + 1/2Gh, g) + AGcorrect (7)

where, AGeorrect i the correction of free ion energy, and the value
is 0.392 eV according to previous studies [47].
The theoretical limiting potential (U;) can be defined as [48]:

U, = — AGpax/€ (8)
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Scheme 1. Screening process for NO3RR electrocatalyst.

The hydrogen adsorption energy (AE«y) is represented by the
equation:

AE*H = E*H + E* - 1/25]—[2 (9)
where, E-y, E+, and Ey, are the total energies the total energies of
catalyst adsorpted with H atom, catalyst, and H, molecule, respec-
tively.

The AG:y can assess the HER catalytic activity and the formula
is as follows [49]:

AG,y = AE.y + AZPE —TAS (10)

The main purpose of this work is to search for highly active
NO3RR electrocatalysts through efficient screening methods. There-
fore, a strategy with four filtering steps is designed, as shown in
Scheme 1. For this screening strategy, structural stability is first
evaluated by calculating E; and Uy;ss. After screening catalysts with
excellent stability, the adsorption behaviors of NO3;~ is calculated
on all catalysts, which is a prerequisite step for NO3RR. Then,
the electrocatalysts with excellent NOsRR are found by calculating
UL (NO3RR). Finally, a good electrocatalyst must be able to with-
stand the competitive impact of HER. If the candidate satisfies both
AGno, < AGwy and U (NO3RR) > Ui(HER), it has great potential
to catalyze NO3RR.
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In this work, the crystal structure can be made by graphene su-
permonomers by removing the C atom of the six-membered ring
and replacing the N atom. All substrates (C;N3, CioN3, C13N3, and
Cy9N3) are constructed and presented in Fig. 1a and Figs. Sla-c
(Supporting information). All transition metals considered in this
work are shown in Fig. S1d (Supporting information). Meanwhile,
the dual transition metal atom doped with the surrounding N
atoms can form two coordination structures, one for M;N4 active
center, named M,_CxN3-I, and one for M;Ng active center, named
M,_CxN3-II, as shown in Figs. 1b and c and Fig. S2 (Supporting in-
formation).

In order to evaluate whether the electrocatalyst has excel-
lent thermodynamic and electrochemical stability in the catalytic
NO3RR process, E; and Uy;es are respectively calculated as param-
eters for evaluating thermodynamic and electrochemical stability
[46], and the results are presented in Figs. 1d and e and Fig.
S3 (Supporting information). When E; is less than OeV, it indi-
cates that the M,_CxN3-I and M,_CxN3-II have the good thermody-
namic stability. When Uy;ss is greater than 0V, it indicates that the
M, _CxN3-I and M,_CxN3-II have the good electrochemical stability.
The greater the absolute value of E; and Uy, the more stable the
catalyst. For the calculated results, it can be observed that most
of the M,_CxN3-I and M,_CxN3-II have good stability. In particular,
the E; values of Zn-CxN3 can reach —3 eV or even more negative. In
addition, taking Ni doped as an example, it can be observed that all
Ni,_CxN3 have excellent thermodynamic and electrochemical sta-
bility. However, the stability of catalyst is different for different
doping configurations. For example, the E; values of Ni,_C;N3-I and
Ni,_C;N3-II are —1.16 and —1.28 eV. The Ug;ss values of Niy_C7N3-
I and Niy_C;N3-II are respectively 0.32 and 0.38V. Obviously, for
Ni,_C;N3, the catalyst is more inclined to form Ni;_C;N3-II than
Ni;-C7N3-I. A similar situation is found in all catalysts. Thus, in the
subsequent studies, only the most stable configuration is used and
defined as M,_CxN3.

To have a deeper understanding of the interaction between the
doped active metal and the surrounding N atoms, taking Os,-CxN3
as an example, the density of state (DOS) is calculated and shown
in Figs. S3a-d. It can be clearly observed that the d orbital of Os
atoms overlapped significantly with the p orbital of N atoms at
the Fermi level near the energy of OeV. In other words, there is
a strong orbital hybridization between the d orbital of Os atoms
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Fig. 1. Structural diagram of (a) C;N3, (b) M;_C7N3-I and (c) M,_C7N3-Il. Ef and Ug;ss values of (d) M,_C;N3-I and (e) M,_C7N3-IL
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and the p orbital of N atoms, which makes Os and N atoms have
a strong interaction, which provides a good basis for the stabil-
ity of the Os,_CxNs. In addition, M,_CyN3 electrocatalytic NOsRR
requires excellent electrical conductivity. Thus, the band structures
of 0s,_CxNj3 are calculated and plotted in Figs. S3e-h. They all have
extremely low band gap (Epand gap)» Which indicates that they all
have very good electrical conductivity. In other words, the cata-
lyst with lower Ej,,pq gap value is advantageous for catalyzing the
NO3RR process.

In this work, the reaction considered is detailed in formula 3,
involving the transfer of nine protons and eight electrons. The con-
sidered reaction pathways are shown in Fig. 2a. For these path-
ways, the difference mainly lies in the adsorption behavior of *NO
on all stable catalyst. If the catalyst is adsorbed with *NO-end, it
will likely move in the direction of removing the H,O. If the cata-
lyst is adsorbed with *NO-side, there are two adsorption configu-
rations for its next hydrogenation, as shown in Fig. 2a. Firstly, the
adsorption of NO3~ is the first step, and its adsorption behavior on
the catalyst is crucial for the subsequent reaction. By comparing
the adsorption behavior of *NO3 in various catalysts, the relative
affinity of each catalyst for *NO3 was predicted, and the catalytic
potential of the catalyst for NOsRR was preliminarily predicted.

There are respectively two adsorption configurations for NO;—, that
is, 10- and 20-manner in Fig. S5 (Supporting information). There-
fore, we calculated the optimal adsorption configuration of each
catalyst. The optimal adsorption energy (E-no,) and free adsorption
energy of *NO3 (AGxo, ) are calculated and shown in Fig. S6 (Sup-
porting information). The more negative the E«yo, and AGsyo,, the
more inclined the reaction species to adsorb on the catalyst. For
Fig. S6a, it can be found that some catalysts (Pd-, Os-, Fe-, Rh-,
and Ir-C;N3) have weak adsorption strength, which may greatly af-
fect the subsequent catalytic process. A similar condition has been
observed with other catalysts (e.g., Pd- and Zn-C;gN3, Rh-, and Zn-
Cy3N3, Rh-, and Zn-CygN3). Thus, their subsequent NO3RR activity
is not discussed.

Then, the NO3RR activity on all screened stable catalysts are
evaluated and the limiting potentials (U (NO3RR)) are calculated,
as shown in Fig. 2b. The closer the value of U (NO3RR) is to 0V,
the higher the NO3RR activity of the catalyst. In other words, the
darker the red region, the better the catalytic activity of the cat-
alyst. Obviously, for M;_C;N3, the U (NO3RR) value of Zn,_C;N;
(-=0.36V) is closest to 0V, which indicates that it has the best cat-
alytic activity in this type of catalyst. Moreover, the U;(NO3RR)
values of Au,_CyoN3, Fe,_Cy3N3, Fey_CigN3, and 0Os,-CygN3 are
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between —0.60V and 0V, which indicates that they have excel-
lent NO3RR catalytic activity. Moreover, the formation of *NO3H
and *NOH in the catalytic process of NO3RR is often accompa-
nied by the input of external energy. Therefore, AG+«yo3y and
AGsnoy as activity descriptors with U; are used to construct
the volcano plot, as shown in the Fig. 2c. It can be seen that
the darker the red region, the better the catalytic activity, that
is, the best NO3RR catalytic activity of Os,_CigN3. In particular,
by comparing their values with other reported excellent NO3RR
catalysts in Table S1 (Supporting information), such as HOF-
Til (UL(NO3RR)=-0.15V) [47], V,-Pc (U (NO3RR)=-0.25V [50],
0s/GDY (UL (NO3RR)=-0.37V) [13], Os,-C19N3 has excellent cat-
alytic activity with the U;(NO3RR) of —0.15V. Thus, it can be used
as the most promising NO3RR catalyst.

Since the screened catalysts proved to have good catalytic
activity, their catalytic mechanisms are studied in detail. In order
to evaluate the reaction pathway on M,_CxNs3, the E,4s values
of *NO are calculated. The more negative the E,4s values, the
stronger the adsorption of *NO on M,_CxNs3. For Zn,_C;N3 in
Fig. 2d, *NO is more inclined to take the *NO-end route rather
than the *NO-side route, because the adsorption energy (E:ng)
on Zn,_C;N;3 for *NO-end (Esyg.end=-—0.53eV) is less than
that of *NO-side (E«no.sige=—0.50€V). For the whole reaction
process, the potential-determining step (PDS) is determined
to be the largest AG. Obviously, the PDS is *+NO3~ — *NO;
and the corresponding value is 0.36eV, which requires ad-
ditional energy. The similar condition has been reported for
M~—N-C catalyst [51]. The NO3RR pathway of Zn,_C;N3 is
*4+NO3~ — *NO3 — *NO3H — NO, — *NO3;H — *NO — *NOH — *N —
*NH — *NH, — *NH3 — * + NH3. For AU27C10N3, F627C]3N3. and
Fe,_CioN3 in Fig. S7 (Supporting information), *NO also exists
in the form of *NO-end. Thus, the reaction pathway of them
and Zn,_C;N3 are the same. Their PDS are *NO, *NOs, and *NO;
hydrogenation, respectively, and the corresponding values are
0.53, 0.58, and 0.60eV respectively. Moreover, for 0s;-CigN3 in
Fig. 2e, *NO, is hydrogenated to form *NO,H as the PDS, and
the corresponding value is 0.15eV. Unlike Zn;_C;N3, *NO is more
likely to adsorb in the form of *NO-side (E:ng-sige =—1.90eV)
than *NO-end (E«ng.end = 1.75€V), which changes the subsequent
hydrogenation pathway. The results show that *NOH is more likely
to be hydrogenated to remove H,O, rather than hydrogenated
to produce *NHOH. Thus, the NO3RR pathway of 0s;-CigNs3 is
*+NO3~ — *NO3 — *NO3H — NO; — *NO,H — *NO — *NOH — *N —
*NH — *NH,; — *NH3 — * +NH3. In summary, different catalysts
will produce different configurations of adsorption intermediates,
which will affect the adsorption strength of catalyst for reaction
intermediates. Then the PDS of the catalyst may be changed,
changing the reaction pathway of the catalyst, thus affecting the
catalytic activity of the catalyst.

HER is a competitive reaction of NO3RR, which will affect the
reaction efficiency of NO3RR. Therefore, it is very necessary to

evaluate the performance of catalyst for HER. In this paper, two
methods are used to evaluate the selectivity of the catalyst and
AGsNo,, AGsy, UL(NO3RR), and Ur(HER) are calculated. The catalyst
with more negative AGsyo, value and more positive U (NO3RR)
value has better catalytic selectivity. First, AG«y values on all
screened catalysts are calculated and the free energy diagrams
of HER are plotted in Fig. 3a and Figs. S8a-c (Supporting infor-
mation). Then, the values of AG:y and AGsyp, values are com-
pared for preliminary screening of M,_CxN3 with catalytic poten-
tial for NO3RR. The values of AG:«yo, should be more negative than
that of AG+y, indicating that M,_CxN3 preferentially adsorbs NOs.
That is, M,_CxN3 in the yellow region has excellent NO3RR cat-
alytic selectivity in Fig. 3b and Figs. S8d-f (Supporting informa-
tion). Obviously, as the number of x increases, more M,_CxN3 have
excellent NO3RR catalytic selectivity. Moreover, U; is the domi-
nant factor in the entire electrocatalytic process and is more suit-
able for evaluating the catalytic selectivity of NO3RR and HER of
M, _CxN3. Therefore, to determine that NO3RR has an energy ad-
vantage over HER, U;(NO3RR) and Uj(HER) on M,_CxN3 are com-
pared, as shown in Fig. 3c and Figs. S8g-i (Supporting information).
M,_CxN3 in the blue region indicates the lower U (NO3RR) values,
which means better NO3RR selectivity. Overall, Os,_CigN3 has su-
perior catalytic potential for NO3RR, and the values of U;(NO3RR)
is —0.15V. It is worth noting that although the remaining M,_CxN3
do not have excellent NOsRR catalytic selectivity, their HER ac-
tivity is extremely valuable. Rh;_C;oN3, 0s,-Cy3N3, and Pd;_CigN3
possess excellent HER catalytic activity, the corresponding U; (HER)
values are —0.02, —0.05, and —0.03V, which is far superior to
other reported excellent HER catalysts in Table S2 (Supporting
information), such as, Rh-2D-SA (U;(HER)=-0.13V) [46], Sc@C5-
CN (UL(HER)=-0.07V) [52], Ti@Corrole (U (HER)=-0.02V) [53],
and Au@BC; (U (HER)=-0.04V) [54]. After a series of screening
strategies in Fig. S9 (Supporting information), 52 stable catalysts
are selected. On this basis, the adsorption behavior of NOs, cat-
alytic activity of NO3RR and competitive reaction HER are investi-
gated. Finally, Os,-CygN3 with the best NO3RR catalytic activity is
selected.

According to the above calculation results of U (NOsRR),
0s,_CigN3 has the best catalytic activity of NO3RR
(U (NO3RR)=—-0.15V). Therefore, the detailed electronic struc-
ture analysis of Os,_CigN3 is carried out. Firstly, Os,;_CigN3
and reaction species are divided into two moieties respec-
tively. That is, Os,_CigN3 is moiety-1 and the reaction species
is moiety-2, as shown in Fig. S10a (Supporting information).
Then, the Mulliken charge is calculated and charge variation
during the process of NOsRR on Os,_CigN3 is analyzed in Fig.
S10b (Supporting information). Obviously, it can be observed
that there is a significant charge transfer between 0s,_CigN3
and reaction species, which indicates a strong interaction be-
tween them. In addition, the amount of charge transfer between
different reaction species and the catalyst is different, which
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Fig. 4. Free energy diagrams for NO3RR under the conditions of (a) DFT-Sol, (b) DFT-D, and (c) DFT-D-Sol for Os;-CjgNs.

will affect the interaction between the reaction species and the
0s,-CqgN3. This can change the adsorption strength of Os,_C;gN3
towards reaction species, thereby altering their catalytic ac-
tivity. In order to more clearly show the interaction between
0s,-C1gN3 and reaction species, deformation charge density of
reaction species on 0s,;_CigN3; are calculated and displayed in
Fig. S11 (Supporting information). The blue and yellow repre-
sent electron accumulation and depletion, respectively. It can
be observed that there is obvious accumulation and depletion
between 0Os,_CigN3 and reaction species. This further indicates
that there is a strong interaction between Os,_CigN3 and reaction
species during NO3RR process, which is consistent with the above
studies.

Finally, in order to further investigate the stability of Os,_CygN3
at different temperatures (300 and 500K), FPMD is calculated
and exhibited in Fig. S12 (Supporting information). The results of
FPMD calculation show that the energy always oscillates at the
equilibrium state regardless of 300 or 500K, which indicates that
0s,-C1gN3 can exist stably at 300 and 500K. This calculation re-
sults further verify the excellent stability of Os;_CqgNs.

It is well known that solvation effects (DFT-Sol) and dispersion
corrections (DFT-D) will enhance the adsorption strength of the
reaction intermediates on catalyst to a certain extent. In addition,
it is extremely important to evaluate the catalytic activity of
0s,-C1gN3 under the conditions of DFT-Sol, DFT-D, and DFT-D-Sol.
Therefore, a detailed study is conducted on the catalytic process of
0s,-C1gN3 towards NO3RR under the conditions of solvation effects
and dispersion corrections. The free energy diagrams are plotted in
Fig. 4. First, under the condition of solvation in Fig. 4a, the adsorp-
tion strength of *NO on of Os,_C;g9Nj3 is enhanced, which are —1.78
(E+No-end) and —1.94eV (E:yo.sige)- Then, it is found that when
0s,-C1gN3 adsorbs *NOH for further hydrogenation, Os;-CigN3 is
more inclined to form *NHOH than *N. It is speculated that the
solvation effects on *NHOH of Os,_CigN3 is greater than that on
*N. That is, the NO3RR of Os,_CygN3 is carried out in pathway II.
In particular, when the Os,_CigN3 adsorbs *NH,OH, Os,-C;gN3
can form *OH by hydrogenation to remove NH3 (pathway III), and
can also form *NH, by hydrogenation to remove H,O (pathway
II). It can be found that *NH,O0H to *OH requires the input of ad-
ditional energy, which is disadvantageous. Thus, *NH,OH is more
inclined to hydrogenate to form *NH,. In summary, under DFT-Sol,
the optimal reaction pathway of the catalyst is pathway II, that
is, *+NO3~ — *NO3 — *NO3H — NO,; — *NO,;H — *NO — *NOH —
*NHOH — *NH,OH — *NH; — *NH3 — * + NH3.  Similarly, under
the conditions of DFT-D and DFT-D-Sol, the optimal pathway for
0s,-CygN3 to catalyze NO3RR are also pathway II, as shown in
Figs. 4b and c. It can be found that under the three conditions,
0s,_CygN3 still possesses excellent catalytic activity, and the
U.(NO3RR) values are —0.06, —0.15, and —0.06V, respectively.
In summary, solvation effects and dispersion corrections can
change the adsorption behavior of reaction intermediates on

0s,_CigN3, thereby regulating the NOsRR catalytic activity of
052_C19N3.

In summary, this work is aim to search for highly active
NO3RR electrocatalysts through efficient screening strategy by
DFT method. The four-step screening strategy was used to search
for high-performance NO3RR electrocatalysts. Firstly, for this
screening strategy, structural stability is evaluated by calcu-
lating E; and Uyjs. The results show that different transition
metal doped will preferentially generate different catalyst con-
figurations. Then, the results of DOS provide strong evidence
for the stability of the catalyst and the band structure, which
makes it possible for M;_CyN3 to electrocatalyze NOsRR. Sec-
ondly, the adsorption behaviors of NO; as a prerequisite step
for NO3RR, the adsorption configuration is considered. Thirdly,
the electrocatalyst with excellent NO3RR is found by calculating
U (NO3RR). Different M,_CxN3 will produce different configura-
tions of adsorption intermediates, which will affect the adsorption
strength of M,_CxN3 for the intermediates, and thus affect the
catalytic activity of Mz_CxN3. AUZ_C10N3, Fez_C]3N3 Fez_C19N3,
and 0s,_CigN3 possess lower U (NO3RR) values with -0.53,
—-0.58, -0.60, and —0.15V, respectively. In particular, the free
energy diagrams of M,_CyN3 with excellent NOsRR catalytic per-
formance have been studied. The NO3RR process of Os,_CigNj3 is
*+NO3~ — *NO3 — *NO3H — NO; — *NO,H — *NO — *NOH — *N —
*NH — *NHp — *NH3 — * + NH3. In addition, applying the AG:yo,
< AGsy as evaluation criteria, the results show that as the num-
ber of x increases, more M,_C;N3 have excellent NO3RR catalytic
selectivity. The applying U (NOsRR) < U (HER) as evaluation
criteria, Os;_CigN3 has superior catalytic potential for NOs3RR,
and the values of U (NO3RR) is —0.15V. The volcano plot also
proves that Os,_C;9N3 possesses the best NO3RR catalytic activity.
It is worth noting that ha_cloNg, 0s,-Cy3N3, and sz_C]9N3
possess excellent HER catalytic activity, the corresponding U; (HER)
values are —0.02, —0.05, and —0.03V. In particular, it can be
found that under the conditions of DFT-Sol, DFT-D, and DFT-D-Sol,
0Os,_CigN3 still possesses excellent catalytic activity, and the
UL(NO3RR) values are —0.06, —0.15, and —0.06V, respectively.
For electronic structure analysis and stability of Os,_Cy;gN3 (the
best NO3RR performance), the Mulliken charge is calculated
and charge variation during the process of NO3RR is analyzed.
Different amounts of charge transfer can change the adsorption
strength of 0s,_CigN3 towards reaction species, thereby altering
their catalytic activity. This conclusion is further proved by the
deformation charge density. Finally, the results of FPMD calcu-
lation show that 0s,-CigN3 can exist stably at 300 and 500K.
Thus, Os;_-CigN3 shows excellent thermodynamic and electro-
chemical stability by calculating E; and Uy, and also possesses
low Up(NO3RR) values, which is a NO3RR catalyst with high cat-
alytic potential. This work can provide a possible reference value
for further exploration of novel NO3RR catalysts and ammonia
synthesis.
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