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Electrocatalytic synthesis of ammonia as an environment-friendly and sustainable development method
has received widespread attention in recent years. Two-dimensional (2D) materials are a promising cat-
alyst for ammonia synthesis due to their large surface area. In this work, we have constructed a series
of 2D metal borides (MBenes) with transition metal (TM) defects (TMd-MBenes) and comprehensively
calculated the reactivity of electrocatalytic synthesis of ammonia-based on density functional theory. The
results have demonstrated that the TMd-MBenes can effectively activate nitrogen oxide (NO) and nitrogen
(N2) molecules thermodynamically. Particularly interesting, the co-chemisorption of O atoms, dissociated
from NO, can facilitate the spilled of the inert N2 molecules into single N atoms, which can further hy-
drogenate into ammonia easily with an ultralow limiting potential of 0.59V on TMd-MnB. Our research
has not only provided clues for catalyst design for experimental study but also paved the way for the
industrial application of electrocatalytic ammonia synthesis.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the development of the human industry and global econ-
omy, the energy shortage and environmental pollution have at-
tracted extensive attention [1,2]. Ammonia (NH3) is one of the
most important chemical commodities in human society which
is widely applied in the industry [3-6]. NH3 can be also used
as a raw material to synthesis other compounds like fertilizer in
agriculture [7-9]. With the development of industrialization, the
amount of ammonia produced by human society has increased
from 117 million tons in 1996 to 175 million tons in 2016 and the
value maintains an increasing tendency [10,11]. Haber-Bosch pro-
cess is the main method for producing ammonia in the industry
which can catalyze the reaction of nitrogen (N, ) and hydrogen (H,)
on iron-based catalysts to generate ammonia. In this process, high
temperatures (400-600°C) and enough pressures (20-40 MPa) are
necessary to destroy the highly intensive triple bond (N=N) [12-
14]. However, only 20% efficiency can be achieved for ammonia
production at this condition [15]. In addition, some issues on large
energy consumption and CO, emissions still hinder the develop-
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ment of the industrial synthesis of ammonia. Thus, an eco-friendly
method is urgently needed to be developed [5,16-18].

Recently, many fields including electrocatalysis [19-22], photo-
catalysis [11,23,24], and biological enzyme catalysis are studied in
the field of nitrogen reduction reaction (NRR) [25-27]. For elec-
trocatalytic nitrogen reduction to synthesize ammonia, the reduc-
tion of N, mainly follows associative and dissociative mechanisms.
For the associative mechanism, the hydrogen protons and free elec-
trons from an aqueous solution combine with the chemisorbed N,
on the catalyst [14]. Three different pathways will be followed ac-
cording to the way of subsequent hydrogenation named distal, al-
ternative, and enzymatic [28]. For dissociated mechanism, the ni-
trogen molecule will be split into two isolated nitrogen atoms with
strong chemisorption on the surface of the catalyst. The following
hydrogenation process will be carried out separately on the iso-
lated single nitrogen atoms, which is also the basic principle of
the Haber-Bosch process [29]. The mechanism has been investi-
gated comprehensively, while the low activity and selectivity for
N, reduction still hinder the development of catalysts [30].

Over the past few years, theoretical research has found that the
empty d orbitals in the transition metals (TMs, e.g., Fe, Cr, Mo,
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and V) could receive the long-pair electrons of N, molecule, thus
separated electrons from TMs would donate to the antibonding
orbital [31,32]. N, molecules can be effectively activated through
this electronic “acceptance-donation” mechanism. Therefore, re-
searchers have tried many new types of electrocatalytic ammonia
synthesis materials, including TMs, transition-metal nitrides, car-
bides, and oxides [33]. On the other hand, the change of catalyst
configuration plays a vital role in the improvement of catalytic
activity [34], TMs are structured into different structures includ-
ing single-atom catalysts (SACs) [35-39], vacancy [40-42], core-
shell, heterojunction [33], nanoclusters [43], organic framework,
and clusters [44]. The non-metal element boron also exhibits an
“acceptance-donation” mechanism like TMs in the process of cat-
alyzing N, according to the research result of Ling et al. [45,46].
Wang et al. have also investigated the theoretical mechanism of N,
reduction from the aspect of carriers recombination [47].

Attributable to special physical and chemical properties, two-
dimensional (2D) transition metal borides (MBenes), as an impor-
tant branch of 2D materials [4,48,49], has been predicted in theory
by Sun and coworkers [33] and was experimentally synthesized by
Alameda and coworkers in 2018 [50]. MBenes have attracted ex-
tensive attention in heterogeneous catalysis due to many charac-
ters: metallic properties and numerous elements, which are bene-
ficial to nitrogen activation [51]. Guo et al. have conducted a sys-
tematic study on 16 different MBenes to synthesize ammonia via
electrochemical nitrogen reduction reaction (NRR) mode through
first-principles calculations [52]. It is identified that CrB, MoB, and
WB exhibited intrinsic catalytic activity for NRR with a low lim-
iting potential range of —0.62 ~ 0.82V while could superior sup-
press the competitive hydrogen evolution reaction (HER). The re-
search results of other scholars on VB, NbB, TiB, etc. also show sim-
ilar properties. However, the position of the boron atom is lower
than the transition metal atom, therefore the property of the boron
atom could not be displayed during the catalytic process. In addi-
tion, most of the research on the electrocatalytic synthesis of am-
monia is devoted to the hydrogenation of N, molecules to synthe-
size ammonia according to the associative mechanism [5,53]. Can
N=N bond be broken directly based on the good catalytic activity
of MBene?

In this paper, we have constructed the MBenes structure with
exposed boron atoms and investigated the possibility of acti-
vated N, molecules on the transition metal defected MBene (TMd-
MBene) surfaces based on density functional theory (DFT) calcu-
lation. Referring to our previous research [25], we have consid-
ered the synthesis of ammonia with N, which can be directly
dissociated as the nitrogen source. Herein, we introduced oxygen
atoms from NO and investigated whether the presence of O atoms
can promote the dissociation of N, molecules [54-56], the result
showed when O atoms have coexisted on the surfaces of TMd-
MBenes, the dissociation procession of N, molecules becomes eas-
ier, and especially for TMd-CrB and TMd-MoB, the dissociation pro-
cess of N, molecules changes from thermodynamic endothermic
to exothermic. Then, the effect of the coexistence of O atoms on
the surface of TMd-MBenes on the hydrogenation of N was stud-
ied. The free energy diagrams show that the coexistence of oxygen
atoms not only reduces the reaction barrier but changes the rate-
limiting step of the entire reaction. When NO and N, participate in
the reaction together, the limiting potential of ammonia synthesis
on the surface of TMd-MnB is only 0.59eV. Finally, a new electro-
catalytic reaction mechanism for the synthesis of ammonia from
nitrogen molecules is proposed.

VASP (Vienna Ab initio Simulation Package) is used in all spin-
polarized DFT calculations [57-59]. The projector augmented wave
(PAW) method is adopted for the interactions between valence
electrons and ion core while the Perdew-Burke-Ernzehof (PBE)
functional with the generalized gradient approximation (GGA) was
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employed to describe the exchange-correlation term [60-62]. A
2 x 2 x 1 supercell of MBene is built which consists of 6 transition
atoms and 8 boron atoms with a vacuum space of 20 A to avoid
the interactions between two periodic images [63]. The geometry
optimizations and self-consistent calculations are implemented in
the cutoff energy of 500eV and a Monkhorst-Pack k-point mesh of
5x5x 1 is used to sample the Brillouin zone. All the atoms are re-
leased until the maximal residual force is less than 0.02eV/A dur-
ing the optimization process. At the same time, the van der Waals
(vdW) interactions are described by DFT-D3 [64], and Bader charge
analysis evaluated the charge transfer [65]. For electronic struc-
ture calculations, we used a 7 x 7 x 1 k-points grid. The projected
crystal orbital Hamilton population (pCOHP) was calculated by the
LOBSTER code which is used to analyze the chemical bonding be-
tween atoms [66].

When we were studying the chemisorption and activation of N,
molecules and NO molecules on the surface of TMd-MBenes, the
chemisorption energy (AE,4s) of molecules on the surface of the
catalysts needs to be considered. This calculation uses the follow-
ing formula [67,68]:

AEads = Etot - Esub - Emolecule

where Ei is the total energy of the chemisorbed combination,
and Egy, and Eqglecyle Tepresent the energy of separate d-MBenes
substrate and gas molecules, respectively. It is worth noting that
the more negative the value of AE,y, the stronger the chemical
chemisorption between the gas molecules and the catalysis [69].

The Gibbs free energy change (AG) for each elemental step of
the ammonia synthesis process is obtained following the compu-
tational hydrogen electrode (CHE) model proposed by Nerskov and
coworkers [70,71]. The energy of a proton/electron (H* +e™~) is
equal to a half of the chemical potential of hydrogen in this model
and the value of AG is calculated by the following formula:

AG= AE+ AZPE —TAS + AGpy +eU

where AE is the reaction energy of the product species
chemisorbed and reactant on the catalyst surface directedly ob-
tained from DFT calculations; AZPE is the zero points and AS
is the entropies between chemisorbed species and the gas phase
molecules, which is calculated from the vibrational frequencies.
The reaction temperature and the pH value are set to be 300K and
zero, respectively. AGpy is the free energy correction of pH which
is calculated by AGpy =Kg x pH x In10, thus AGy only can be zero
in the present research.

The DFT calculation is a commonly used method in catalysis
area, which can be combined perfectly with experimental studies.
Because it can reveal the geometric and electronic properties from
more microscopic level. Ji et al. have realized the investigation of
bandgap and positions of conduction band/valence band via DFT
method. These properties are essential for reactivity of catalysis.
Thus, DFT method should be widely used in the further studies
[72].

The configurations of the 2D material structure of MBene after
full geometric optimization are shown in Fig. 1 which is similar
to previous research [73]. The 2D material has many merits in the
process of catalysis as reported in pioneering works [74,75]. An et
al. have demonstrated that the 2D borophenes can adsorb ethy-
lene and formaldehyde with forming chemical bonds [74]. MBenes
(M denotes Cr, Mn, and Mo) are composed of two layers of tran-
sition metal (TM) atoms. In general, TM atoms arrange outmost
in MBenes, which can thus be treated as the active sites. To ex-
plore the function of the boron atom in the MBenes structures, we
have deliberately removed the outmost layer of MBenes as shown
in Fig. 1b (this structure is denoted as TMd-MBenes). The position
of transition atoms and boron atoms have no change basically ex-
cept the distance between the top two boron atoms after full opti-
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Fig. 1. The schematic configurations of (a) perfect and (b) defective MBene after full geometric optimization. The total and partial density of states (DOS) of (c) CrB and
TMd-CrB; (d) MnB and TMd-MnB; and (e) MoB and TMd-MoB. The Fermi level was set to be zero. Dark turquoise and pink spheres represent transition metal atoms and

boron atoms, respectively.

mization compared to MBenes (Fig. S1 and Table S1 in Supporting
information). All three kinds of TMd-MBenes have been stretched
about 0.01-0.02 A in b direction compare to perfect MBenes, the
lattice parameter in a direction for TMd-CrB and TMd-MoB have
been stretched for —0.02 and 0.01 A, respectively (Table S1 in Sup-
porting information). These negligible changes of TMd-MBenes in-
dicate that the structure is stable enough for subsequent research
on chemisorption and catalytic performance.

The catalysis performance for material is always determined
by its electronic properties which should be discussed in-depth.
Therefore, we calculated the partial density of states (PDOS) and
total density of states (TDOS) for different TMd-MBenes. As shown
in Fig. 1c, the TDOS is continuous near the Fermi level for CrB and
TMd-CrB which indicates the metallic character. According to the
PDOS of Cr-3d and B-2p in a different structure near the Fermi
level, the contribution of boron atoms to the metallicity of the
TMd-CrB has increased due to the number of Cr atoms decrease.
The total magnetic properties of the system come from metal
atoms because with the decrease of metal atoms, TMd-CrB shows
lower magnetic properties than CrB. The DOS of TMd-MnB and
TMd-MoB presented in Figs. 1d and e showed similar character-
istics to TMd-CrB. With the increase of magnetic properties, cat-
alytic activity of TMd-CrB improves. As depicted by An et al., the
high spin state is beneficial for N, adsorption, which can lead to
higher reactivity for N, reduction [76]. These changes in electronic
properties would have an impact on the subsequent chemisorption
of gas molecules.

The chemisorption of N, and NO on the catalyst surface is the
first and most important step in the catalytic reaction to guaran-
tee the activation of inert molecules [77]. Therefore, we first fo-
cus our study on the chemisorption behavior of N, and NO on
the TMd-MBenes surface. As shown in Fig. 2, due to the expo-
sure of boron atoms, there are four different chemisorbed sites
on the TMd-MBene surface, named Hg, Tg, H, and Ty, respec-
tively. The chemisorption of N, and NO molecules generally in-
cludes the vertical and horizontal manners as shown in Fig. 3 with
the chemisorption energies for different positions. On the TMd-CrB
surface, the maximum chemisorption energy of N, on the TMd-
CrB surface is —1.39 eV, the maximum chemical chemisorption en-
ergies of N, molecules on TMd-MnB and TMd-MoB surfaces are
—1.75 and —1.25eV, respectively. In contrast, the chemisorption en-
ergy of NO molecule on the TMd-MBenes surface is higher, and
the chemisorption energy for the most stable structure is —5.97,
—5.91, and -6.25eV. The Tz and H positions are more favorable
for N, and NO chemisorption on TMd-MBene except for the sit-

Y H-B
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O Boronatom

Fig. 2. The (a) top view and (b) side view of adsorption configurations of N2 and
NO molecule on TMd-MBenes.

uation of TMd-MnB. Since the N, molecule includes two perpen-
dicular w bonds and a ¢ bond, which is far more stable than the
NO molecule. Therefore, NO is easily activated, and the correspond-
ing chemisorption energy is also higher compared to N,. Fig. S2
(Supporting information) shows the lowest energy structure after
chemisorption of NO and N, molecules. The distance of N atoms
in N, has stretched into 1.35, 2.90, and 1.4 A, respectively on TMd-
CrB, TMd-MnB, and TMd-MoB. In comparison, The NO molecule is
completely dissociated into isolated O and N atoms.

N, molecule is different to dissociate due to the strong bond
between two nitrogen atoms. Thus the dissociation of the N,
molecule during the chemisorption process can be treated as a vi-
tal step for the subsequent ammonia synthesis, which can be re-
alized on TMd-MBenes. Since NO can dissociate directly on the
TMd-MBenes surface, we consider the coexistence of O atoms and
N, molecules on the TMd-MBenes surface. For the chemisorption
on TMd-CrB, N, molecule chemisorb on Ty vertically the corre-
sponding chemisorption energy is —1.01eV and the bond length
has been stretched to 1.35A, we found the energy of N, molecule
diffuse to H position is 0.11 eV which is endothermic. As shown
in Fig. 4a, when the O atom obtained by the dissociation of NO
molecule co-exist on the surface, this process turns into a self-
emitting heating procession. For the dissociation of N, molecules
on the surface of TMd-MnB (Fig. 4b) and TMd-MoB (Fig. 4c), the
coexistence of oxygen atoms reduces the thermodynamic dissocia-
tion barriers of N, molecules by 1.93 and 2.23 eV, respectively. This
result indicates that the coexistence of oxygen atoms promotes the
reduction of the dissociation energy barrier of N, molecules.
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Fig. 5. (a, b, c) The crystal orbital Hamilton populations (COHPs) of N2 on three TMd-MBenes (TMd-CrB, TMd-MnB, and TMd-MoB), respectively, when oxygen atoms coexist
and the computed partial density of states (PDOS) of N2 with O atom co-adsorption. The charge density differences and the values of Bader charge transfer for N2 and O
atom coexist chemisorption on (d) TMd-CrB, (e) TMd-MnB, and (f) TMd-MoB, respectively. The isosurface value was set to be 0.05eV/A3. The red, blue, and pink spheres
represent oxygen, nitrogen, and boron atoms, respectively. The sky blue, purple and dark turquoise spheres of the substrate represent Cr, Mn, and Mo atoms, respectively.

To understand the mechanism of N, molecular dissociation
deeply, we have performed the calculation of electric properties.
Fig. 5 shows the crystal orbital Hamilton populations (COHPs) and
PDOS of the chemisorbed N, molecule and the density of states
of the O atom. Compared with the molecular orbitals of free N,
(Fig. S3 in Supporting information), the electron transfer between
N, molecules and TMd-MBenes follows the "acceptance-donation”
mechanism [78,79]. The N, molecules accept electrons from the
d orbitals of the transition metals in MBenes, leading to the par-

tial occupation of 27* orbitals near the Fermi level. The COHP
also demonstrates that the states of O are hybridized significantly
with N, with the split of 30 bonding orbital and the 27* anti-
bonding orbitals for all N,. By integrating the energy band state
to the highest occupied energy level, we obtained the integrated
crystal orbital Hamiltonian (ICOHP). The more negative ICOHP cor-
responds to the stronger coupling between TM-d orbitals and N,-
2m* orbitals. Compared with ICOHP without the participation of
O atoms (Fig. S4 in Supporting information), we find that the co-
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Fig. 6. The free energy diagram for isolated N atom hydrogenation to NH3 (a-c). The Red and blue lines represent the isolated N atom and oxygen atoms coexisting on the

surface, respectively.

exist of O atoms enhances the interaction between nitrogen and
transition metals. In the case of the coexistence of oxygen atoms,
the N, molecules ICOHP on the surface of TMd-CrB, TMd-MnB, and
TMd-MoB are respectively —5.49, —8.43, and —4.39, which are in-
creased by —0.8, 0.85, and 0.54, respectively compared to the sit-
uations without O co-chemisorption. This may stem from the in-
creased charge transfer from the substrate to N, under the influ-
ence of O atoms (Fig. 5 and Fig. S4 in Supporting information). It
is reasonable for one to propose that the co-adsorbed O atom fa-
cilitates the interaction between N, and the surface, inhibiting its
diffusion. Regardless of whether it is bonding or anti-bonding, as
well as for the chemisorption and activation of small molecules,
MnB is optimal. When calculating the charge difference, it can be
seen that the charges transferred from TMd-MBene to N, molecule
are 1.41, 1.26, and 1.55 |e|, respectively, when the N, molecule is
chemisorbed. As the O atom adsorbed on the surface, the charge
transfer increases significantly especially on TMd-MnB. The charges
transferred from the base to the O atom and N, molecule are 1.58,
2.21 and 1.70 |e|, respectively.

To further explore the feasibility of synthesizing ammonia on
TMd-MBene, we investigate the free energy change of subsequent
hydrogenation of N atom to NHj. The elementary reaction equa-
tions can be described as follows:

*Ny — 2*N (1)
*N+H"+e”—*NH )
*NH +H* + e~ — *NH, (3)
*NH, + H* + e~ — *NH;3 (4)
*NH3 — * + NH;3 (5)

As shown in Fig. 6a, the reduction of N atom to NHj3 on
TMd-CrB generally follows a three-protonation step. The limit
step is *NH, +H™ +e~ — *NH3 (Eq. 4) in the whole reaction with
a limiting potential of 0.67 eV, which can be deduced via co-
chemisorption of O. Thus, we focus our study on the hydrogena-
tion of N atoms under the coexistence of oxygen atoms (Fig. 6a).
After the coexistence of oxygen atoms, the limiting step of N hy-
drogenate has transformed into *NH + H* + e~ — *NH, (Eq. 2) with
a deduced limiting energy of 0.38eV. As O atoms chemisorbed on
TMd-CrB, part of the charge on the substrate would be transferred

to the oxygen atoms (Table S2 in Supporting information). Com-
pared with the situation without oxygen, the amount of charge
distribution on NxH, is nearly unchanged.

For the situation of TMd-MnB, *NH, + H* + e~ — *NH;3 (Eq. 4)
is the limiting step with a reaction energy of 0.84eV (Fig. 6b).
The O co-chemisorption has nearly no influence on reaction en-
ergy for ammonia synthesis on TMd-MnB, but the reaction en-
ergy barrier has been significantly reduced: The energy barriers
of *NH+H* +e~ — *NH, (Eq. 2) and *NH, + H* + e~ —*NH;3 (Eq.
4) are reduced from 0.33 and 0.84eV to 0.24 and 0.59 eV, respec-
tively. The presence of oxygen atoms not only reduces the bar-
rier of the rate-limiting step but also makes the remaining hydro-
genation steps easier to take place. Table S3 (Supporting informa-
tion) shows the Bader charge variations of the different moieties in
TMd-MnB. When there are O atoms on the surface of TMd-MnB,
the amount of charge that NyH, obtains from the substrate de-
creases, and at the same time, a large amount of charge on the
substrate is transferred to the oxygen atom.

Finally, we investigated the catalytic procession of TMd-MoB
for N atoms and the influence of the presence of oxygen atoms
on the reaction procession (Fig. 6¢). Regardless of whether there
is free oxygen atom chemisorption on the surface of TMd-
MoB, the rate-limiting step in the N hydrogenation process is
*NH+H* +e~ — *NH, (Eq. 3). The coexistence of oxygen atoms
only reduces the rate-limiting barrier by 0.03-0.87 eV. At the same
time, the exothermic nature of *N+H* +e~ — *NH (Eq. 2) and
*NH, + Ht + e~ — *NH3 (Eq. 4) process have not changed. The
charge analysis shows that the presence of oxygen atom still has a
certain effect on the redistribution of surface charge on TMd-MoB
which is shown in Table S4 (Supporting information). The adsorp-
tion of N, on CrB and MoB are physical sorption and it is chemi-
sorption for MnB. While, the following nitrogen reduction is the
protonation process of *N after *N, dissociation, which is indepen-
dent with the adsorption manner of N,. Thus, the reaction pro-
cesses of nitrogen reduction exhibit similar tendencies on MBenes.

In this work, we constructed a defected 2D MBene named TMd-
MBene which contains transition atomic defects. We demonstrate
using first-principles calculations the defect structure can effec-
tively activate nitrogen molecules and nitric oxide molecules and
can dissociate NO molecules. Furthermore, we investigated the in-
fluence of oxygen atoms from NO molecules on the activation of
N, molecules, and the results showed that the dissociation process
of N, molecules can be thermodynamically transformed from en-
dothermic to exothermic when oxygen atoms coexist. Through the
electronic structure analysis of the dissociation process of nitrogen
molecules, it is found that the existence of O atoms increases the
amount of charge transferred from TMd-MBene to N, molecules,
which is the reason for coexisting O atoms promoting the dissocia-



C. He, J. Wang, L. Fu et al.

tion of N, molecules. Finally, we investigated the hydrogenate pro-
cession of N atoms on the TMd-MBenes surface to produce ammo-
nia. The free energy diagrams show that the coexistence of oxygen
atoms not only reduces the reaction barrier but changes the rate-
limiting step of the entire reaction. When NO and N, participate
in the reaction together, the limiting potential of ammonia synthe-
sis on the surface of TMd-MnB is only 0.59 eV. Our research points
out a scheme for activation and dissociation of N, molecules, and
at the same time, points out new ideas for the experimental elec-
trocatalytic synthesis of ammonia.
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