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ABSTRACT

Electrocatalytic nitrogen reduction reaction (NRR) is an efficient and green way to produce ammonia,
which offers an alternative option to the conventional Haber-Bosch process. Unfortunately, the
large-scale industrial application of NRR processes is still hindered by poor Faraday efficiency and high
overpotential, which need to be overcome urgently. Herein, combined with density functional theory
and particle swarm optimization algorithm for the nitrogen carbide monolayer structural search
(CNg_m, m = 1-7), the surprising discovery is that single transition metal-atom-doped C4N4, monolayers
(TM@Cy4N,4) could effectively accelerate nitrogen reduction reaction. TM@C4N4 (TM = 29 transition
metals) as single-atom catalysts are evaluated via traditional multi-step screening method, and their
structures, NRR activity, selectivity and solvation effect are investigated to evaluate their NRR perfor-
mance. Through the screening steps, W@C4N, possesses the highest activity for NRR with a very low
limiting potential of —0.29 V. Moreover, an intrinsic descriptor ¢ is proposed with machine learning, which
shortens the screening process and provides a new idea for finding efficient SACs. This work not only offers
promising catalysts W@C4N, for NRR process but also offers a new intrinsic and universal descriptor ¢.

© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

The energy crisis and the greenhouse effect threaten the rapid
development of human society [1]. Ammonia has attracted much
attention due to its high hydrogen density (17.8 wt%) and easy liq-
uefaction (8 atm), as green energy to ease the energy crisis and
achieve carbon neutrality [2-5]. Moreover, ammonia is an essential
industrial raw materials in fiber synthesis, medicine manufactur-
ing, agriculture and other fields [6-8]. However, the traditional
nitrogen manufacturing method, the Haber — Bosch process needs
to be carried out under high temperature (700 K) and high pressure
(100 bar) [9]. It consumes 2% of humanity’s annual energy con-
sumption and releases huge carbon dioxide [10,11]. It is urgent
to find an environmentally friendly method for producing ammo-
nia. What'’s exciting is that the electrocatalytic nitrogen reduction
reaction (NRR) is currently the most prospective replacement of
the Haber-Bosch process [12,13]. The key to NRR is to weaken
the N=N bonds in N, molecules through efficient catalysts, in order
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to achieve ammonia synthesis at room temperature and pressure
[14]. Therefore, it is imperative to develop new and efficient NRR
catalysts.

Single-atom catalysts (SACs), is defined as a substrate loaded
with uniformly dispersed single metal atoms [15,16]. Such cata-
lysts have attracted a lot of attention due to their excellent advan-
tages: (1) Maximize the metal utilization rate and save the cost of
precious metals [17]. (2) The uniform dispersion of metals provides
a large number of active sites [18]. (3) Transition metal d orbitals
possess abundant valence electrons and empty orbitals simultane-
ously, which can produce strong electronic interaction with reac-
tants [19-21]. In addition, the determined coordination of the
active site makes the reaction highly selective and helps to eluci-
date the catalytic mechanism [22-24]. Due to these advantages,
SACs have made a series of satisfying achievements in NRR very
recently [5,25-31]. However, the current single atom catalyst has
not achieved industrial production, and it is necessary to find an
appropriate substrate to achieve efficient SACs. Therefore, many
2D materials are researched as substrates for their large specific
surface areas and specific electronic properties [32-35]. Zhai
et al. screened the electrocatalytic performance of TM@MoS, and
Re supported on MoS; get the best activity of NRR with the limiting
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potential of —0.43 V [36]. Liu et al. designed a series of transition
single metal atom anchored on the black phosphorene and calcu-
lated their performance for NRR process. The W@BP has the best
performance and has a limiting potential of —0.42 V [37]. However,
the preparation materials of MoS, and black phosphorene are
expensive and scarce. Due to the widely distributed of carbon
source materials, carbon based materials such as graphene
[38,39], N-doped graphene [40,41], g-C3N4 [42,43] and g-C;N
[44,45] have been widely explored as substrates of SACs, which
is due to their cheap constituent materials and the simple synthe-
sis methods. Herein, the particle swarm optimization (PSO) algo-
rithm is used to search the different nitrogen carbide monolayer
structures (C;Ng_,, m = 1-7) [46]. Among them, the C4N4 shows
the best structural stability due to its lowest formation energy. In
summary, the SACs composed of C4N4 possess all the advantages
mentioned above, and it is the most stable material among the pre-
dicted nitrogen carbide monolayer structures (C;;Ng_,, m = 1-7).
For these reasons, C4N,4 is selected as the substrate for SACs in sub-
sequent research.

Herein, C4N4 is doped with 29 kinds of transition metal ele-
ments to construct a series of TM@C4N,. Then, stability, adsorption
free energy of N,, NRR process pathway and selectivity are investi-
gated to screen the promising catalysts by using density functional
theory (DFT) calculation. Thereafter, the influence of implicit solva-
tion model is considered, W@C4N, and Re@C4N, obtain the best
performance. Through the analysis of electronic properties and
electron transfer for W@C4N, and Re@C4N,, the origin of NRR
activity is obtained, which provides theoretical guidance for the
research and development of new NRR catalysts. Moreover, in
order to greatly speed up the screening process of finding efficient
NRR catalysts, the descriptor ¢ composed of intrinsic properties of
TM atoms is identified by machine learning method of Sure Inde-
pendence Screening and Sparsifying Operator (SISSO) [47]. This
work demonstrates that W@C4N,4 and Re@C4N,4 are excellent cata-
lysts of NRR and provide a promising guidance for electrocatalytic
NRR.

2. Theoretical approach

The different nitrogen carbide monolayer structures (C,;Ng_.m,
m = 1-7) are searched with the particle swarm optimization
(PSO) algorithm, which is implemented by the particle swarm opti-
mization (CALYPSO) code in crystal structure analysis [46]. All of
the first-principle spin polarization computations are obtained in
the Vienna ab initio Simulation Package (VASP) [48,49]. In order
to demonstrate the electron exchange correlation functional, the
Perdew — Burke — Ernzerhof (PBE) function as advanced by gener-
alized gradient approximation (GGA) is used [50,51]. To describe
the ion-electron interaction, the projector augmented wave
(PAW) potential is employed [52]. The cut off energy of 400 eV is
set in the process of structural optimization, the 4 x 4 x 1 Mon-
khorst-Pack k-point meshes are used to sample the Brillouin
region. The criterion of convergence for energy is 107 eV, and for
force, it is 0.02 eV/A. The long-range van der Waals interaction is
determined using the Grimme’s DFT-D3 scheme [53], and a vac-
uum space of 20 A is added in vertical direction which is enough
to eliminate the interactions between periodic layers. The NVT
ensemble and Andersen thermostat is used to perform molecular
dynamics simulations. The charge transfer between each part of
catalysts is computed by Bader analysis. The solvation effects are
under consideration, and the VASPsol is used to implement an
implicit solvation model, in which the dielectric constant was set
to 78.45 [54,55]. The package of SISSO was used to obtain simple
intrinsic descriptor ¢, which can forecast the activity of SACs for
NRR process.
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The formation energy of C;,Ng_, is defined as follows:

—mpc — (8 —m)uy (1)

Where Ec,n, ,, Tepresents the total energy of the C,Ng_r». The m
and 8-m represent the number of carbon and nitrogen atoms in the
unit cell of C;,Ns_m, respectively. The p-and pycorrespond to the
chemical potentials of carbon and nitrogen, which are defined as
the total energy of graphene per carbon and one-half of the total
energy of N, molecule, respectively.

The binding energy between the TM atom and C4N, is defined
as follows:

Er =Ec,ng

(2)

Where Ermac,n, and Egupsirare represent the energy of the TM@C,-
N4 and the bare C4N4 with a vacancy that has not been doped TM
atom. The Epy represents the total energy of single transition metal
atom.

The changes of Gibbs free energy (AG) of each NRR basic step
are defined as follows:

AG = AE + AEzpe — TAS + AGpy + AGy

Eb = ETM@C4N4 - Esubstrate - ETM

3)

Where AE represents the difference of electronic energy
between the product and reactant, which was directly computed
from the DFT calculation. AEzpr and AS are the variation in zero
point energies and entropy change at 298.15 K. AGpy is computed
by AGpy = kg T x pH x In10, which is the correction of free energy
for pH, the pH is assigned the value of zero in this research, and kg
is the Boltzmann constant respectively. The AGyrepresents the
contribution of free energy, which originate from the applied elec-
trode potential (U).

Thus, the changes of Gibbs free energy (AG) lead to the N,
adsorption free energies for TM@C4N4, which are defined as
follows:

AG., =G.y, — G, — Gy, (4)

Where G.y, represents the total Gibbs free energy of TM@C4Ny,
which has adsorbed nitrogen molecule. The G, represents the
Gibbs free energy of separate TM@C4N,4, and Gy,represents the
Gibbs free energy of isolated nitrogen molecule.

The limiting potential (U, ) is defined as follows:

UL = *AGmax/e (5)

Where AGrepresents the maximum change of free energy
among each elementary step alone the lowest-energy pathway,
which is called potential-determining step (PDS) in the NRR
process.

3. Results and discussion
3.1. Structure and stability of TM@C4N,

Several stoichiometric (C;;Ng_n,, m = 1-7) carbonized nitrogen
monolayers are obtained using the CALYPSO code. In order to get
the most stable substrate, their relative formation energies are cal-
culated as shown in Fig. 1(a), and the C4N4 possess the best perfor-
mance due to its lowest relative formation energy of —3.60 eV. The
C4N4 monolayer has a puckered structure which is formed of C
atoms and N atoms. The (2 x 2) supercell of C4Ny4 is constructed
with the lattice a = 7.17 A, b = 12.2 A in this work. The 29 kinds
of transition metals are considered by doping the C4N4 supercell,
and the geometric structures of TM@C4N,4 and pristine C4N4 are
shown in Fig. 1(b) and Fig. S1. Most of the optimized structures
of TM@C4N, are folded, and the metal atoms of partial TM@C4N,4
have bulged from the C4N4 plane. More details are presented in
Fig. S1. In the NRR process, one of the indispensable performances
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Fig. 1. (a) Relative formation energies of nitrogen carbide monolayer structures (C,;,Ns_p,, m = 1-7). (b) The structures of W@C4Ny. (c) The ELF map of W@C4N,. The positions of
the metal atoms have been marked in the figure. (d) Calculated binding energy E,, of the TM atoms in the TM@C4N,4 SACs.

of catalysts is to maintain structural stability and their bonding
characters are computed by the electron localization function
(ELF) as shown in Fig. 1(c) and Fig. S2. Generally speaking, a large
ELF value describes a covalent bond type between atoms and a
smaller ELF value corresponds the ionic bond. It could be found
that the ELF value between TM atom and coordination atoms is
close to the max value, which means the strong covalent is formed,
the metal atoms are tightly doped to the substrate. In order to
obtain the strength of binding between the substrate and the metal
atoms, the E;, between the TM atoms and C4N,4 are calculated to
illustrate whether metal atoms tend to stick to the substrate. In
Fig. 1(d), all of binding energies are negative, and Ta@C4N, gets
the most negative binding energy (-10.7 eV). The binding energies
of most elements are more negative than —6 eV. Here, the binding
energies of TM@C4N, are compared with that of other common
SACs such as TM@g-C3N, [43], TM@g-CN [56], TM@MOoS, [36]
and TM@GY [57]. The most binding energies of TM@g-C5N,,
TM@g-CN, TM@MoS, and TM@GY are more positive than —6 V,
and Sc@g-C3N4 get the most negative binding energy (-7.50 eV),
which is more positive than Sc@CyN, (-8.41 eV). Therefore, the
metal atoms in TM@C4N, are very tightly doped to the substrate,
and TM@C4N,4 has extremely high structural stability.

3.2. N, adsorption and activation

The adsorption and activation of the N, molecule are very crit-
ical steps in NRR, which is due to a high requirement of energy for
breaking the N=N. Fortunately, the TM atoms can effectively acti-
vate the N, molecule by the mechanism called “donation and back-
donation” [58]. As shown in Fig. 2(a), the TM atoms have the
occupied d orbitals filled with valence electrons and empty d orbi-
tals simultaneously, and thus the lone-pairs electrons of N, mole-
cule are captured by empty d orbitals of TM atoms. Meanwhile, the
7* antibonding orbitals of N=N bond can receive the backdonation
electrons from the occupied orbitals of TM atoms, which weaken
the bond strength of N, molecule. Hence, the N, molecule become
activated, which is a prerequisite for NRR to proceed. Then the
AG,y,and the changes in N=N bond length during adsorption pro-
cess are analyzed for revealing N, activation. In particular, for N,
molecule, two adsorption configurations which are called side-on
configuration and end-on configuration constantly occur on the
metal atoms. In the end-on configuration, the distances between
the two nitrogen atoms and the metal atoms are very different,
and only the closer atom build bonds with the metal atom. Regard-
ing side-on configuration, both nitrogen atoms are adjacent to and
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bonded to the metal atom. For 29 TM@C4N,, 58 different adsorp-
tion configurations including side-on and end-on configuration
are calculated. The structural stabilities of PA@C4N4, Ag@C4Ny
and Hg@C4N, are broken, and N, is not effectively captured for
TM@C4N,4 (TM = Co, Ni, Cu, Zn, Tc, Rh, Cd, Re, Os, Ir, Pt, Au) in
side-on configuration and TM@C4N,4 (TM = Mn, Cu, Zn, Rh, Cd, Ir,
Pt, Au) in end-on configuration. The configurational transformation
appears in structure optimization for TM@C4N,4 (TM = Sc, Cr, Mn,
Fe, Y, Ru), in which their side-on configuration is transformed into
end-on configuration, which indicates that the TM@C4N4 (TM = Sc,
Cr, Mn, Fe, Y, Ru) is prefer end-on configuration over side-on con-
figuration. That is because the 4-coordination structure of metal
atoms leads to their outer electron orbitals being nearly saturated,
and it is very difficult for these metal atoms to bond with two
nitrogen atoms simultaneously. So, the rest TM@C4N,4 (TM = Ti,
V, Zr, Nb, Mo, Hf, Ta, W) in side-on configuration and TM@C4N4
(TM = Sc, Ti, V, Cr, Fe, Co, Ni, Y, Zr, Nb, Mo, Tc, Ru, Hf, Ta, W, Re,
Os) are further studied. The adsorption free energies are computed
and the bond length of N, molecule is researched for revealing of
N, activation. The adsorption free energies of TI@C4N4, V@C4N,4 in
side-on configurations and Cr@C4N,4, Co@C4N, in end-on configura-
tions are 0.03 eV, 0.15 eV, 0.17 eV and 0.15 eV as shown in Fig. 2(b),
which are removed consideration due to their positive adsorption
free energies. In all adsorption configurations, N=N bonds are acti-
vated according to the bond length is longer than the pristine N,
molecule (1.117 A), and the bond length for side-on configurations
are always much longer than that for the end-on configuration. The
longest N=N bond length (1.21 A) is the W@C4N, (side-on), and the
shortest N=N bond length in side-on configurations is 1.13 A,
which is close to the longest end-on configuration of Ta@C4N4
(1.15 A). In the side-on configurations, both nitrogen atoms are
directly receiving feedback electrons from the metal atom, leading
to a greater weakening for N=N bond. However, in terms of
adsorption free energies, the end-on configurations have lower val-
ues such as Zr@C4N4, Nb@C4N4, Mo@C4N,4, Hf@C4N,4, Ta@C4N4 and
W@C4N,4. Therefore, end-on configurations are easily constituted
due to lower adsorption free energy and higher structural stability.
Hence, only the TM@C4N, (Sc, Ti, V, Fe, Ni, Y, Zr, Nb, Mo, Tc, Ru, Hf,
Ta, W, Re, Os) in end-on configuration is focused in the further
discussion.

3.3. Reaction mechanism and selectivity for NRR

The NRR process is a six-electron reaction (N, + 6H" + 6e
2NH3). According to very recent research, the first step of



C. He, J. Ma, Y. Wu et al.

Journal of Energy Chemistry 84 (2023) 131-139

@ ®) o, S
—~ A side-on ~
| eoce 5 024 4 ¢ o O endon 02 5
& 00 A e L00 2
Z'-0.2 N --02 Z
BETEENN S 0.4 , --04 O
, , < .0.6 --06 <
Empty d orbital  Occupied o orbital T T T T 7T T L L L L L L
_ Ti V Zr NbMoHf Ta W Sc Ti V Cr Fe CoNi Y Zr NbMo Tc Ru Hf Ta W Re Os oy
C\ “ ”‘S 1.22 T T T N L F T TN T T TN NN N TN T T N TN T N S A | °$
* o £ 120 L0 Yo . rlisg
2 1.18 o & 114 2
21164 4 © 2
7 back-donation 21144 4 =2 A -1.13 2
N=N s 1'12 1 " FreN, Ruelun | o Y e eI 1.12 S
Occupied d orbital ~ Empty 7* orbital z 1:1 Py B I 111 7
Z. Z
(C) (d) _7NHNH = *NH-NH,
14 *N-NH Allt!l‘ll‘dll[lg *NH,-NH,
Ti@ &
s 12f L zr Hf © TM-C\N, 05 FN-NH, —>*N —> *NH
d Ni o6 *N-N
= 10F o ® 5 ®
Z : v ?
O 0 R e i e e : Base *NH; *NH,
? 0.6 Tcg %0 ONb T, \l/ N
S L (e} *N-*N
& 04 Re o U *N-*NH, = *N > *NH
3 02} ° e ! R .
0.0 i o R N-*NH Enzymatic _ *NH,-*NH,
-1.2-1.0-0.8 -0.6 -0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0 1.2 +NH-*NH—> *NH-*NH, )
AG*NH,"AG*NHS (V)

Fig. 2. (a) The “donation and backdonation” mechanism. (b) The N, adsorption free energy (AG.y,) and the N=N bond length after adsorption of TM@C,4N,. (c) The Gibbs free
energy changes (AG) of the first hydrogenation step and the last hydrogenation step of TM@C4N,. (d) The four common NRR pathways: alternating, distal, consecutive and

enzymatic pathway.

hydrogenation reaction (*N, + H" + e = *N,H) and the last hydro-
genation step (*NH, + H* + e” = *NH3) get high probability to con-
stitute the potential-determining step (PDS) with the maximum
AG [59]. In particular, after the catalysts complete the NRR process
to produce NH3, NH3 needs to be removed from the substrate. In
acidic conditions, NH; can get further hydrogenation to form
NHj, and thus, there is no great obstacle in desorption of NH; on
TM@C4N,4 [60]. To obtain the best performance SACs among
TM@C4N, for NRR, the AG in the first and last hydrogenation steps
are calculated. As shown in Fig. 2(c), the TM@C4N,4 (TM = Tc, Mo,
Re, W) are excluded because they satisfy the criteria of
AG*NZﬁ*NZH < 0.8 eV and AG*[\”-[ZA.*]\M3 < 0.8 eV. The AG*NZA.*NZH of
Tc@C4yN, (0.46 eV), Mo@C4N, (0.54 eV) are larger than
AG.NH, w1, 0f them which indicates that their first hydrogenation
step is more likely to be the PDS in all NRR steps. For W@C4Ny,
the AG.n,—.n,n 15 0.53 eV, which is much bigger than AG in the first
hydrogenation. Therefore, for W@C4Ny, the last hydrogenation step
is more likely to be the PDS. It is worth mentioned that Re@C,Cy4
has the smallest value in AG.n,—.n,u (0.22 €V) and AG.nH,—.NH,
(0.17 eV) simultaneously, and Tc is a radioactive element, which
leads to its exclusion for being efficient NRR catalysts. Hence, the
Mo@C4N,4, W@C4N4 and Re@CyN,4 are remaining for the further
study.

The four possible reaction pathways in NRR process are studied
for screening out the best catalyst with the highest NRR activity as
shown in Fig. 2(d). There is no difference in the first two steps
between the consecutive pathway and enzymatic pathway, and
N, molecule builds bonds with the metal atom in side-on adsorp-
tion configuration. Then, one of the nitrogen atoms receives a pair
of proton and electron, and forms an intermediate *N*NH, and the
change in Gibbs free energy is almost the same in this step regard-
less of which nitrogen atom is hydrogenated. In consecutive path-
way, the proton will keep attacking the nitrogen atom which is
hydrogenated until the *N*NHs3 is formed, and the first NH; is
released and the remaining nitrogen atom continues the hydro-
genation process. In enzymatic pathway, the proton bond with
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the nitrogen atom which has not been hydrogenated. The *NH*NH
species is generated, then hydrogenation process alternates
between the two nitrogen atoms until NH; is released from species
*NH,*NHs, and *NH,; species is left. After the last hydrogenation
step, the whole NRR process is completed in enzymatic pathway.
After the screening process above, only Mo@C4N,, W@C4N, and
Re@C4N, are remaining, and all of them are end-on adsorption
configurations.

The changes of Gibbs free energies along alternating pathway
and distal pathway for Mo@C4N4, W@C4N4 and Re@CyN, are calcu-
lated to get their limiting potentials (Up). As shown in Fig. 3(a), for
the Mo@C4N, in a vacuum, the N, molecule was adsorbed on sub-
strate with —0.41 eV adsorption free energy, indicating that this
structure effectively traps nitrogen molecules. Then, the nitrogen
atom on the remote side is hydrogenated to generate species
*NNH. This step is accompanied by an increase with the AG of
0.54 eV, and it is PDS both in distal and alternating pathway. In dis-
tal pathway, the second hydrogenation step generates the species
*NNH, from species *NNH with AG of —0.53 eV. Following, the
next step which is also the third step proceeds, and the protons
are continually trapped by the nitrogen atom at the far end, which
results in the formation of *N species. The NHj is released by
accomplishing the third hydrogenation step with the AG of
—0.51 eV. Then hydrogenation process continues, the *NH, *NH,
and *NHs are formed in next three hydrogenation steps by the
AG of —0.65 eV, —0.24 eV and 0.33 eV. At this point, the entire
6-steps NRR reaction is completed in distal pathway. As shown
in Fig. S3(a), in alternating pathway, the nitrogen molecule adsorp-
tion process and first hydrogenation step are the same as distal
pathway. The difference is that in the second step, a pair of proton
and electron is received by the nitrogen atom, which is closer to
the metal atom, and the *NNH species are converted to the *NHNH
species with AG of 0.11 eV, and then the second step performs with
formation of *NHNH species and the AG of this step is —0.20 eV.
The fourth step conducts in another nitrogen atom, and *NH,NH,
is formed with AG of 0.26 eV. After, for *NH,NH,; species, a pair
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Fig. 3. (a-c) The Gibbs free energy diagrams for the distal pathway of NRR catalyzed by Mo@C4N4, W@C4N, and Re@C4Ny. (d) Schematic diagram of hydrogen evolution

reaction on Mo@C4N4, W@C4N4 and Re@C4Ny.

of proton and electron is accepted and *NH, species are left on the
substrate. Meanwhile, NHs species is released resulting in AG of
—2.11 eV, and after the last step with AG of 0.33 eV, another
NH3 species is formed. In two different pathways, the first steps
which act as potential-determining steps (PDS) both have the lim-
iting potential (Ur) of —0.54 V. In distal pathway, the steps besides
the first step and the last step are all exothermic reaction, which
means these steps are thermodynamic spontaneous progression.
In general, since the limiting potential and PDS are the same in
two different pathways, the NRR process can occur in both paths
for Mo@C4N,4. Then the NRR pathway of W@C4N, in vacuum is
researched including distal and alternating pathways. Similar to
Mo@C4Ny4, nitrogen is adsorbed on substrate in end-on configura-
tion with the adsorption free energy of —0.63 eV as shown in
Fig. 3(b), and the first step generates the *NNH species with an
extremely low AG (0.20 eV). In distal pathway, followed by the sec-
ond step, the *NNH species are converted to *NNH, species with
AG of —0.60 eV. Next, three hydrogenation steps take place in
sequence with AG of —0.37 eV, —0.99 eV and 0.10 eV. And the last
hydrogenation step gets the most increase AG with 0.53 eV as the
PDS for W@C4N, in distal pathway. In alternating pathway as
shown in Fig. S3(b), *NHNH, *NHNH; and *NH,NH, are generated
sequentially and in these three hydrogenation steps, the AG of
them are 0.31 eV, —0.40 eV and 0.54 eV. In the next steps, a pair
of proton and electron continues to attack the distal nitrogen atom
resulting that the first NH; molecule is released with the largely
reduce of Gibbs free energy of —2.31 eV. Finally, the remaining
NHj3 is also released with the AG of 0.53 eV. Although the PDS
along the two pathways are different, the difference of limiting
potential is only 0.1 V, and the NRR processes are supposed to per-
form in both two pathways for W@C4N,. For Re@C4N, in vacuum, it
has a very low change of AG in the first step (0.22 eV) and last step
(0.17 eV), and the NRR path way of Re@C4N, is discussed in Fig. 3
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(c). In distal pathway, the four hydrogenation steps in intermediate
process get the AG of 0.18 eV, —1.30 eV, 0.40 eV and —0.72 eV. The
four-step Gibbs free energy changes in the alternating pathway are
0.76 eV, —0.36 eV, 0.15 eV and —2.00 eV as shown in Fig. S3(c). In
the distal pathway, U, = — 0.40 V getting better performance than
UL =-0.76 V in alternating pathway, and the NRR process is inclined
to complete the NRR reaction in distal pathway. The solvent effect
on the NRR process is evaluated by the implicit solvation model
performed in the VASPsol. As shown in Fig. 3(a-c), the AG in distal
pathways of Mo@Cy4N,4, W@C4N,4 and Re@C4N,4 are calculated. The
U of Mo@C4N,4, W@C4N,4 and Re@C4N,4 become —0.56 V, —0.29 V
and —0.55 under the effect of implicit solvation model. Compare
with vacuum environment, the U, of Mo@C4N, and Re@C4N,4
increase, which shows that their catalytic activity will be weak-
ened in solvent effect. Meanwhile, the U, of W@C4N, decrease,
which illustrates that W@C4N, is well suited to act as NRR catalysts
in solvents. Compare the AG curves in vacuum and solvation
model of Mo@C4N4, W@C4N,4 and Re@C4N,4, when the substrates
have not released first NHs, the solvation model has little effect
on the AG of the systems. When adsorbed molecules get smaller
during NRR process, the solvent effect will become more
important.

Under acidic conditions, the required proton during the NRR
process is supplied by the solution, so that the hydrogen evolution
reaction (HER) is an important competition process of NRR. An effi-
cient NRR catalyst should have good selectivity, and the perfor-
mance of HER for Mo@C4N4, W@C4N,4 and Re@C4N, is evaluated
to reveal the realistic NRR activity as Fig. 3(d). The Gibbs free
energy decrease when proton bonds with the metal atom due to
a strong interaction between them, and the limiting potentials of
HER are —0.36 V, —0.74 V and —0.57 V for Mo@C4N,, W@C4N,
and Re@C4N,. It is observed that Mo@C4N,4 has the lowest limiting
potential for HER, and thus HER process is very effortless to occur.
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The W@C4N, has the highest limiting potential for HER, which
makes HER process hard to take place. In particular, the limiting
potential for HER of Re@C4N, is moderate, which means that the
difficulty of HER reaction for Re@C4N,4 is between Mo@C4N, and
W@C4N,. To be clear, when the limiting potential of NRR is signif-
icantly lower than HER, the catalyst can effectively inhibit the com-
petitive hydrogen evolution reaction. Compared to the limiting
potential of NRR and HER, the Mo@CyN, is preferred to the HER
process, and W@C4N, and Re@C4N, are preferred to the NRR pro-
cess. So far, the W@C4N, and Re@C4N, exhibit the promising NRR
catalytic activity and selectivity. In addition, in order to further
confirm the stability of the catalyst after the screening, the thermo-
dynamic stability of W@C4N, and Re@C4N, are acquired by molec-
ular dynamic (MD) calculation in 300 K, 400 K and 500 K as shown
in Fig. S4. The energy curve fluctuates very little at different tem-
peratures, and the structures of the catalyst remain almost
unchanged. It is demonstrated that W@C4N4 and Re@C4N,4 have
both high NRR catalytic activity and high structural stability, which
are perfect to reduce nitrogen.

3.4. Origin of NRR activity on W@C,4N, and Re@Cy;N,

To further reveal the mechanism behind the high NRR activity
of W@C4N,4 and Re@C4N,, the difference of charge density, DOS
and COHP are investigated. The differential charge density of
W@CyN, and Re@C4N, during the nitrogen adsorbed on the sub-
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strate is shown in Fig. 4(a). The blue areas express the dissipation
of electrons, and the yellow areas express the aggregation of elec-
trons. For W@C4N,4, it can be clearly noticed that the electron
depletion appears near the two N atoms, meanwhile the area
between the TM atom and closed N atom occurs electron accumu-
lation which indicates the chemical bonds are formed by the dona-
tion process. Briefly, the empty d orbital of the metal accepts the
nitrogen’s electrons and forms chemical bonds. what’s more, the
electron accumulation occurs near two N atoms indicating that
electron backdonation. And the similar pattern emerges in Re@Cy-
N4, by Bander charge analysis, the 0.32 e of electrons are trans-
ferred to the nitrogen molecule from W atom, and there are also
0.29 e of electrons transferred from Re atom to nitrogen molecule.
To explore the changes of orbitals for nitrogen molecule and TM
atom after adsorption, the DOS is calculated. The DOS of nitrogen
molecule before adsorption is shown in Fig. 4(b). For the free nitro-
gen molecule, g, ¢* and 7 orbitals locate below the Fermi level, and
the ©* antibonding orbitals locate so much higher above the Fermi
level, which leads to the high stability of nitrogen molecules. After
the nitrogen molecule adsorbed on the W@C4N, and Re@C4N,, the
PDOS including the nitrogen molecule and TM atoms (W or Re) are
shown in Fig. 4(c) and 4(d). For W@C4N,4, obviously, the appearance
of many hybridized peaks indicates that nitrogen molecular orbi-
tals are strongly hybridized with the metal orbitals because d orbi-
tals of the metal atom are near or upper the Fermi level, where
approach the * antibonding orbitals. After hybridization between
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Fig. 4. (a) Charge density difference after N, adsorption on W@C4N, and Re@C4N, (Cyan and yellow respectively represent the consumption and accumulation of electrons.
The isosurface value is set to 0.0035 e A=3). (b) The density of states (DOS) of free N, molecule. (c) The partial density of states (PDOS) of the adsorbed N, molecule on W@C4N,
and the W atom binding to the N,. (d) The PDOS of the adsorbed N, molecule on Re@C4N,4 and the Re atom binding to the N,. The Fermi level in DOS and COHP figures is set to
0 eV. (e) The crystal orbital Hamilton population (COHP) between W atom binding to N, and N atom of N, in W@CyN,. (f) The COHP between Re atom binding to N, and N

atom of N, in Re@C4Ny,.
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orbitals of the metal atom and n* antibonding orbitals of nitrogen
molecule, the 7t* orbitals are shifted left below the Fermi level par-
tial. In this case, ©#* antibonding orbital can be filled, which weak-
ens the N=N bonds and makes subsequent hydrogenation steps
carry out. Re@C4N, exhibits very similar performance. The strong
hybridization below the Fermi level represents the transfer of elec-
trons from nitrogen to empty metal orbitals in donation process,
which result in dramatic change of the PDOS of nitrogen molecule
and also describe a strong binding between the N and Re atoms. On
the other hand, the hybridization above and around Fermi level
represents the backdonation process, in which the electrons are
transferred from Re atoms to nitrogen molecules. In order to fur-
ther study the bonding property of nitrogen molecules and metal
atoms, as shown in Fig. 4(e and f), the COHP and the ICOHP
between N and TM atoms of W@C4N, and Re@C4N, are computed.
The ICOHP of the adsorption configuration of W@C4N, is —2.15,
and the value of Re@C4N, is —2.05. The two large negative values
demonstrate a very strong bond between the metal atom and
nitrogen atom. The peaks with positive COHP values above the
Fermi level represent the subsistent of backdonation mechanism,
the electrons are shifted from the metal d orbitals to the nitrogen
n* antibonding orbital. With regard to the electronic structures,
the W@C4N, and Re@C4N, get high activity for NRR process
because the W and Re atoms have the appropriate amount of unoc-
cupied d orbitals and valence electron, and these build the balance
between adsorption and activation for nitrogen molecules.

To study the specific role of each part of catalyst in the NRR pro-
cess, understand the transfer of electron in the system, the distri-
bution diagram of charge for W@C4N,4 and Re@C4N, are obtained
by Bander charge analysis. As shown in Fig. 5(a), the adsorption
structures during the NRR process are separated into three parts.
The moiety 1 is N H,, which represents the intermediates formed
by hydrogenation of nitrogen during the NRR reaction. The moiety
2 is composed of metal atom and its coordination atoms. In
W@C4N, and Re@C4Ny, the coordination atoms are two carbon
atoms and two nitrogen atoms. The moiety 3 is the substrate with-
out other moieties. As shown in Fig. 5(b), the first step of reaction
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pathway represents that nitrogen is adsorbed on W atom. The next
six steps are the hydrogenation steps of nitrogen. In the first step,
electrons from the moiety 2 are transferred to the substrate and N,.
Before the first NH; molecule is released, more and more electrons
are transferred from the moiety 2 to NyH,. With the formation of
*N species, moiety 1 gets the most electrons during NRR process.
Then hydrogenation continues, the electrons of N,H, transfer back
to the moiety 2. The intermediates get a lower electron require-
ment probably because there is only one nitrogen atom left, and
the nitrogen atom becomes gradually saturated for linking more
hydrogen atoms. As shown in Fig. 5(c), the charge distribution of
Re@C4N, exhibits the very similar performance. In the whole
NRR process, the distribution trend of charge in moiety 1 and moi-
ety 2 are nearly opposite, which indicates that the NH, exchanges
electrons directly with metal atom. The substrate serves as a huge
source of electron to balance the charge distribution of other
moieties.

3.5. New descriptor ¢ via exploring the intrinsic properties of metal
atoms

In the study of TM@C4N,4 as high-performance NRR catalysts,
the traditional multi-step screening method is used, which
includes adsorption free energy and changes in the bond length
of nitrogen molecules, the AG in the first and last step of hydro-
genation process and the Uy by calculating the entire pathways
of NRR. There is no doubt that multi-step screening method con-
sumes much time and resources. Fortunately, a number of descrip-
tors have been found to describe high-performance NRR catalysts
[61,62]. However, there are still many shortcomings, and many
properties involved in the descriptors such as charge transfer and
change of Gibbs energy are obtained with calculation. Using the
intrinsic properties of materials as descriptors can greatly speed
up the screening process of NRR catalysts. Here, SISSO package is
used to identify a descriptor ¢, which is used to describe the acti-
vation of NRR process for TM@C4Ny. In previous studies, N=N bond
length in the adsorption process has been proven to be an effective
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Fig. 5. (a) Diagram of the division of three moieties in W@C4N4 and Re@C4N,. (b) Schematic diagram of three moieties and charge variation of the NRR on W@C4N,. (c)

Schematic diagram of three moieties and charge variation of the NRR on Re@C4N,.
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descriptor of NRR process [63]. Herein, the N=N bond length calcu-
lated by DFT and Predicted by SISSO are compared as shown in
Fig. 6(a). It can be seen that the trend predicted by the N=N bond
length of SISSO on the catalyst adsorption process is roughly the
same as that calculated by the DFT method. Then the best-
performing one-dimensional descriptor ¢ in SISSO is selected.
The descriptor ¢ is correlated with N=N bond length to measure
NRR activity for TM@C4N,4 (TM = Ti, V, Fe, Ni, Zr, Nb, Mo, Tc, Ru,
Hf, W, Re) with end-on configuration, and it is defined as
m/n - b/l. Here, m is the number of empty d orbitals in the free
metal atom, n is the number of electrons that the free metal d orbi-
tal has filled, b is the covalent radius represents that half of the dis-
tance of two atoms, and these atoms are bonded with a single
covalent bond for their typical oxidation number and coordination,
and [ is the atomic radius (non-bonded) of metal atom which
means that half of the distance of two unbonded atoms. The two
atoms are the same element, and the electrostatic forces are bal-
anced. The ‘volcano’ relationship between N=N bond length in
adsorption process and descriptor ¢ is constructed as shown in
Fig. 6(b). It can be found that when ¢ is close to 0, the N=N bond
length reaches its maximum value, which means that the catalysts
have the highest catalytic activity simultaneously. More impor-
tantly, the catalysts screened by DFT calculation has a lower limit-
ing potential such as Re@C4;N, and W@C4N,4, and they have the
larger N=N bond length when their ¢ value is close to 0. The
descriptor ¢ of other NRR catalysts is also researched, and the same
pattern is observed in catalysts such as TMPc-TFPNs [64] and
TM;5(HAB), [65], which prove that this descriptor is universal to
many systems. Subsequently, the mechanism behind the descrip-
tor ¢ is further discussed.

When ¢ value is close to 0, the value of m/n is close to b/l. Here,
m/n is the number of empty d orbitals divided by number of elec-
trons that the free metal d orbital has filled. If the metal atom has
only one electron in its outer orbital, this orbital is going to be seen
as a half-full orbital with the value of 0.5. The value of m/n is
regarded as an intrinsic property of a metal atom. The b/l is viewed
as a variable value with coordination environment. Many studies
have demonstrated the ability of various metals to perform the
NRR process. However, only a few metals have high NRR activity
on a specific substrate. The descriptor ¢ leads to an answer that
most metal atoms possess potential NRR activity, and the potential
NRR activity of metal atoms can only be realized if the surrounding
substrate environment is suitable for metal atoms. This provides a
new way to study NRR catalyst that calculating the intrinsic prop-
erties of a particular atom, and looking for different substrates to
match different values of b/l.

4. Conclusions

In this study, the TM@C4N, as the efficient catalysts for NRR is
examined, and TM@C4N4 has extremely high structural stability
as SACs. For the doped 29 TM@C4N, structures, through the
multi-step screening method by calculating the N, adsorption
and activation, reaction mechanism of NRR process and selectivity
between HER and NRR, W@C4N4 and Re@C4N, are selected as high
activity NRR catalysts with limiting potentials of —0.29 V and
—0.55 V. Differential charge density, density of states, crystal orbi-
tal Hamilton population and charge transfer are used to reveal the
NRR activity source of W@C4N, and Re@C4N,4. Furthermore, the
descriptor ¢ (m/n - b/l) is obtained by SISSO method, and the “vol-
cano” relationship between descriptor ¢ and N=N bond length in
adsorption process is constructed. The descriptor ¢ can not only
effectively describe the catalytic activity of SACs, but also provides
a new strategy for designing NRR catalysts. In general, this work
screens TM@Cy4N,4 for the high catalytic activity of NRR, and pro-
vides a new way to design High performance SACs.
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