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Abstract:

The energy-intensive Haber-Bosch process currently dominants the production of ammonia (NH,), an indispensable chemical for
humans. For the sustainable development of society, highly efficient and green strategies to convert nitrogen (N,) to NH, are urgently
required. Electrocatalytic N, reduction reaction (eNRR) is universally regarded as a promising strategy owing to the mild operating
conditions and renewable energy supply. The key for eNRR is the high-performance catalysts, which activate the inert N-N triple bond
and thus decrease the energy barrier. Herein, the recent theoretical and experimental progress on eNRR catalysts at room temperature
and ambient pressure is summarized, aiming to provide a reference for future design of high-performance eNRR catalysts.
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1. Introduction

Growing human population, expanding industrialization,
and potential foreground as hydrogen energy carrier
everlastingly increase the requirement of ammonia
(NH,).l"” In industry, currently, NH, synthesis
largely depends on the Haber-Bosch process, where
atmospheric nitrogen (N,) is reduced to NH, using iron-
based catalysts.[**] However, such a reduction reaction
is proceeded at high temperature and high pressure,
and consequently it consumes tremendous amounts of
fossil fuels and causes serious greenhouse gas emissions."
2n this regard, it is pressing to replace the Haber-Bosch
process with highly efficient and fossil-free pathways.
Inspired by the biological N, fixation, which
occurs in mild conditions on nitrogenase enzymes,
where FeMo-cofactors are the catalytic active sites,!> %
electrocatalytic N, reduction reaction (eNRR) is widely
regarded as a promising pathway to synthesize NH,,
where N, and H,O are needed and the energy sources
are renewable and clean.!">??! On the one hand, the N-N
triple bond is strong with a bond energy of 941 k] mol
!, so the splitting of this bond is sluggish, resulting in
the requirement of highly active catalysts.'') On the
other hand, the active sites on catalyst surfaces towards

eNRR are usually also active for the reduction of H,O
to hydrogen (H,), leading to a low Faradaic efficiency,
where proton-electron pairs (H* + e) in the catalytic
system are mainly consumed by the hydrogen evolution
reaction (HER) rather than eNRR.[?*2%I Thus, sufficient
eNRR catalysts should have high activity and excellent
selectivity.

In the field of catalysts design, theoretical
calculations provide the guidance while experimental
explorations examine the guidance and give suggestions
back.?*2731 Hence, theoretical and experimental studies
are both important for optimal catalysts. With this in
mind, in this review, we summarize the recent theoretical
and experimental progress on eNRR catalysts, mainly
focus on the maximum energy barrier and the selectivity,
where the former is determined by the change of free
energy for the potential determining step (PDS) in
theoretical calculations and the latter is reflected by the
Faradaic efficiency in experimental tests.

2. Reaction Mechanisms

In general, electrocatalytic reduction of N, to NH, can be
divided into the dissociative mechanism, the associative
mechanism, and the Mars-van Krevelen mechanism,
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where the reduction is realized with hydrogenation
induced by the proton-electron pairs (H*+e’), as depicted
in Figure 1. For the dissociative mechanism, the adsorbed
N, molecule is split into two N atoms, i.e. *N and *N,
where * is an adsorption site of the catalyst. Large energy
input is usually required to catalyze eNRR through
this mechanism owing to the strong N-N triple bond.
The associative mechanism can be further classified
into three mechanisms, i.e. the distal mechanism, the
alternative mechanism, and the enzymatic mechanism,
where six hydrogenation steps are involved for every
mechanism. In detail, standing-on adsorbed N, molecule
is reduced via the distal or alternative mechanism, while
lying-on adsorbed one is reduced in the enzymatic
mechanism. Moreover, for the distal mechanism, a NH,
molecule is formed in the first three steps based on
the distal N atom, and then the left N atom is further
reduced into NH, in the last three steps. Different to
the case of the distal mechanism, two N atoms of an
absorbed N, molecule are alternately hydrogenated in the
alternating and enzymatic mechanisms. As regards the
Mars-van Krevelen mechanism, which usually occurs on
the surfaces of nitrides, a surface N atom is first reduced to
NH,, causing a N-vacancy. A N, molecule will be adsorbed
on such a vacancy, and the N atom out of the catalysts is
hydrogenated to form the second NH, molecule.
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Figure 1. Scheme illustrations of possible eNRR mech-
anisms, including dissociative, Mars-van Krevelen, distal,
alternating, and enzymatic mechanisms. For the Mars-van
Krevelen mechanism, the rectangular blank denote a N va-
cancy. For distal, alternating, and enzymatic mechanisms,
sixe elementary hydrogenation steps are labelled.

3. Elemental Catalysts

3.1. Transition metal

Due to the concept of “accept and backdonate”, where the
unoccupied d orbitals accept electrons from adsorbed
N, and the occupied d orbitals backdonate electrons

to adsorbed N, simultaneously, transition metal (TM)
atoms usually have high eNRR activity. With the help of
density functional theory (DFT) calculations, Skulason
et al. first explored the possibility of forming NH, via
eNRR on close-packed and stepped TM surfaces,? using
the computational hydrogen electrode (CHE) model
developed by Nerskov and coworkers.® According to
the theoretical calculations, Mo, Fe, Rh, and Ru are the
most active TM surfaces (Figure 2). However, the major
competing reaction, HER, will significantly decrease the
Faradaic efficiency of eNRR on these TM surfaces. In
contrast, the bonding of N, is more stronger than that of
H adatom on early TM surfaces, such as Sc, Y, Ti, and Zr,
suggesting that NH, should be the main product rather
than H, on these TM surfaces. Moreover, in Skulason’s
work,®? the linear scaling relations were proposed,
which shows that binding energy of all the N.H and
NH_species can be expressed on the basis of the binding
energy of N adatom. After this pioneering theoretical
work, Montoya et al. further highlighted that the linear
scaling relations between *N_H and *NH, can be used to
predict the overpotential of the eNRR process.

According to above theoretical studies,!®>
especially that Mo is one of the TM atoms on the top of the
volcano diagrams, Yang et al. synthesized (110)-oriented
Mo nanofilm to catalyze eNRR, and achieved a Faradaic
efficiency of 0.72% at an overpotential of 0.14 V and a
rate of NH, formation of 3.09x10"" mol s cm™ under
an applied potential of -0.49 V vs reversible hydrogen
electrode (RHE).’™) To reveal the origin of excellent
performance of oriented Mo nanofilm, electrochemical
tests were done in four Mo-based samples, including
commercial Mo foil, Mo-A-R, Mo-D-R-1h, and Mo-D-R-
5h, where A is the electrochemical anodization, R is the
reduction process, D is the electro-deposition, and 1h and
5h are the time of electro-deposition. Among these four
samples, Mo-D-R-5h shows the best catalytic performance,
as shown in Figure 3. This is because Mo-D-R-5h possesses
the highest (110) orientation and lowest (211) orientation,
where Mo(110) plane can bind N adatom more strongly
than H adatom while HER is the predominant reaction on
Mo(211) plane.

In usual, noble metals have excellent activity to
various reactions. Bao et al. synthesized tetrahexahedral
gold nanorods (THH Au NRs), which are enclosed by
stepped facet and composed of (210) and (310) sub-
facets, to endow the eNRR with a NH, yield of 1.648
pg h' cm™2.® According to DFT calculations, the PDS
of Au(210) and Au(310) sub-facets are both the first
hydrogenation of adsorbed N,. Similarly, taking Au as
the raw materials, Nazemi et al. synthesized hollow gold
nanocages (AuHNCs) to catalyze eNRR under ambient
conditions,”* and it obtained a Faradaic efficiency of 30.2%
at-0.4 Vvs. RHE and a NH, yield of 3.9 pg cm? h™ at - 0.5
V vs. RHE in 0.5 M LiCIO, aqueous solution (Figure 4).
Moreover, the eNRR rate was also evaluated using solid Au
nanoparticles of various shape with similar nanoparticle
concentrations, including rods (NRs), spheres (NSs), and



cubes (NCs).** The NH, yield rate and Faradaic efficiency
of solid Au nanoparticles were significantly lower than
those of AuHNCs, where Au NRs are the worst among solid
nanoparticles. This is because the number of coordination
unsaturated surface atoms increases for nanoparticles with
sharper edges, where coordination unsaturated surface
atoms are active for adsorbing and reducing N,. The
authors concluded that the cavity can entrap N, molecules,
resulting in the high frequency collisions with the hollow
Au cages and increasing residence time of N, molecules on
the nanoparticle inner surface, and AuHNCs thus shows
excellent eNRR performance.®® Besides Au, Ag also has
proved its worth in eNRR. Huang et al. synthesized Ag
nanosheet to act as high-performance eNRR catalysts
at ambient conditions.*”) Electrochemical tests showed
that a Faradaic efficiency of 4.8% and a NH3 yield rate of
4.62x10"" mol s' cm™? at 0.60 V vs RHE were achieved on
Ag nanosheet, and little changes in Faradaic efficiency
and the NH, yield rate can be seen after several times of
recycling tests on this catalyst.

3.2. Nonmetal

Recently, Légaré et al. presented that N, binding and
reduction can be realized by a non-metal element, boron,

because the empty sp? and occupied p orbitals of boron
atom can accept electrons from and backdonate electrons
to N, similar to the cases of TM atoms. Based on this
observation, Liu et al. proposed that inorganic boron
monolayer can catalyze eNRR with the help of DFT
calculations.®”! Two types of boron monolayer were
considered, a-sheet and B, -sheet, and the maximum free
energies of eNRR were 0.77 eV and 1.22 eV for them,
respectively. Moreover, the authors found that the catalytic
performance will be improved if two boron-sheets are
deposited on Ag and Cu surfaces. In experiments, Zhang et
al. synthesized boron nanosheet (BNS) to catalyze eNRR.
The corresponding DFT calculations suggested that the
boron atoms of both oxidized and H-deactivated BNS can
catalyze eNRR more effectively than the clean BNS.[*"!

In addition, encouraged by the principle of “like
dissolves like”, Zhang et al. synthesized well-exfoliated few-
layer black phosphorous nanosheets as metal-free eNRR
catalysts. Such catalysts were efficient for eNRR, and a high
NH, yield of 31.37 ug h" mg_ " under ambient conditions
can be attained.!! DFT calculations revealed that the
selective reduction of N, to NH, occurs on the zigzag and
dift-zigzag edges with the alternating mechanism due to
the active orbitals and electrons.
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Figure 2. Negative of the change of the free energy (-AG) is proportional to the onset potential, for all the charge
transfer steps of ammonia synthesis as a function of the nitrogen binding energy at U = 0 V for (a) flat surfaces and (b)
stepped surfaces via the Heyrovsky-type associative mechanism. Reproduced from Ref.[32] with permission from the
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Figure 3. The relationship among the (110) orientation, (211) orientation and maximum Faradaic efficiency of four
Mo-based electrochemical catalysts. Reproduced from Ref. [35] with permission from The Royal Society of Chemistry.
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Figure 4. (a) UV-vis extinction spectra of AuNSs, AuNCs, and AuNRs. (b), (¢), and (d) are the TEM images of AuNSs,
AuNRs, and AuNCs, respectively. (¢) Ammonia yield rate and Faradaic efficiency for nanoparticles of various types and
shapes at the potential of - 0.4 V vs RHE in 0.5 M LiClO, aqueous solution. Reproduced from Ref. [36] with permission

from Elsevier B. V.

4. Compound Catalysts

4.1. Single-atom catalysts

Zhang et al. first proposed the single-atom catalyst in
2011, where a single-atom catalyst with atomically
dispersed Pt atoms anchored on the surface of iron oxide
was prepared to catalyze the CO oxidation. After this,
single-atom catalysts have been fascinating systems in the
field of catalysis owing to 100% active atomic utilization
efficiency and uniform active centers with low atomic
coordination number."*-*! To expose the active centers as
much as possible, 2D materials are the preferred supports.
So, the following discussions are focused on single-atom
catalysts towards eNRR with the supports of 2D materials.
4.1.1. Single-TM-atom catalysts

Owing to the concept of “accept and backdonate” as
aforementioned, TM atoms are also welcomed active
centers in single-atom catalysts. Since 2D materials
are the popular supports, it is necessary to discuss the
eNRR catalysts with graphene, the well-known 2D
material, being the support. Inspired by the fact that Fe
plays an important role in activating N, in nitrogenases
enzymes,”’) Li et al. proposed that the FeN, active
center supported on graphene was highly active for

N, reduction."s) The FeN, active center is highly spin-
polarized, contributing to the adsorption and activation
of N, molecule. After evaluating the three possible
associative mechanisms, PDS of the FeN,-embedded
graphene is *N, + H* + e > *N,H or *NH, + H* + e
- *NH,. Moreover, according to the charge population
analysis, the FeN, active center acts as an electrons
transmitter between gaphene and adsorbed species.
(48] Similarly, with Fe being the active center, Wei et al.
proposed that Fe-doped monolayer phosphorene as an
eNRR catalyst using the spin-polarized DFT.’!

As for the systematic study on the possibility of
graphene as the support of eNRR catalysts, Choi et al.
systematically studied the single-TM-atom catalysts
with defective graphene being the support, where 30
TM atoms with La being the representative of La-Gd
were embedded into four models, including M@C,,
M@C, M@N,, and M@N." Among 120 catalysts, Ti@
N, and V@N, have the best catalytic activity with the PDS
of 0.69 and 0.87 eV (Figure 5a, ¢), respectively, which are
lower than that of the Ru(0001) stepped surface (0.98 eV).
Besides the high activity, significantly improved eNRR
selectivity on these catalysts was also found, compared
to the corresponding surface of bulk metal (Figure 5b).



Such an excellent selectivity is the result of resemble effect,
where *H on top site is the most stable for single-TM-atom
catalysts while bridge or hollow site is preferred for pure
metal. Moreover, due to the metal-support interaction,
electronic structure of TM atoms are quite different from
those of bulk TM. Charge transfer is universally present
between metal and support, resulting in that the anchored
TM atoms usually carry positive charge, hindering H*
approaching the metal.[*!

Similar to Fe, Mo plays a key role in FeMo-cofactor
of nitrogenases enzymes as well, and Mo-N_complexes
are promising eNRR molecular catalysts.*" %2 So,
incorporating Mo-N_ moiety into 2D heterogeneous
catalysts seems to be a highly efficient strategy for
eNRR catalysts. In this regard, Zhao et al. proposed an
advanced eNRR catalyst with Mo atoms anchored on the
boron-vacancy of monolayer BN."**! Mo is the optimal
one between Sc to Zn, Mo, Ru, Rh, Pd, and Ag, because
of its abilities to adsorb N, selectively stabilize *N_H
and destabilize *NH,. According to DFT calculation,
lying-on and standing-on adsorbed N, were both stable
on Mo-embedded BN, and eNRR can be processed
on Mo-embedded BN at a potential of -0.35 V via the
enzymatic mechanism. Similar to the FeN, -embedded
graphene, central Mo atom in Mo-embedded BN is also
spin-polarized, and Mo-N, acts as a electron transmitter
in the whole reduction process. In addition, Ling et
al. proposed that Mo supported on N-doped graphene
can catalyze eNRR with a overpotential of 0.24 V via
the enzymatic mechanism,*¥ and Ou et al. proposed
that Mo supported on N-doped black phosphorus can
catalyze eNRR with a potential of 0.18 V via the distal
mechanism. !

Besides Fe and Mo, which are important elements in
cofactors of nitrogenases enzymes, other TM atoms also
act well in boosting eNRR. Single Pt atom embedded in
monolayer g-C.N, as efficient single-atom catalysts for
NH, synthesis was explored by Yin et al.**) With DFT
calculations, they found that Pt/g-C\N, has excellent
activity to catalyze eNRR with a low potential of -0.24
V at ambient conditions. Moreover, Pt/g-CN, is stable,
and it has excellent conductivity. It is believed that the
excellent activity of Pt/g-C,N, came from its significant
deviation from the linear scaling. To further study the
origin of this deviation, NJH and NH, adsorptions
on Pt(111), an isolated Pt atom, and Pt/g-C\N, were
comparatively studied.[56] In comparison with Pt(111)
and an isolated Pt atom, embedding the isolated Pt atom in
g-C N, completely cancels out the stability enhancement of
*NH,, while maintaining the stability of *N H. The single
Pt atom and g-C N, work in concert to stabilize *N,H and
destabilize *NH,, providing highly active sites for eNRR.

Embedding TM active centers into 2D materials
has been extensive studied, and great progress has been
made. Meanwhile, it is notable that discovering new
materials is always attractive for new advances. In eNRR,
by means of DFT calculations, Chen et al. designed a new

cobweb-like 2D MoC, structure (Figure 6a), and they
found that MoC, can efficiently realize the N, to NH,
process under ambient conditions.F” They suggested a
feasible pathway to synthesis the MoC, structure, where
two process are involved: the synthesis of graphyne, and
the deposition of Mo atoms. For the catalytic process,
N, is adsorbed on the bridge site from the orientation
relationship of the frontier molecular orbitals (Figure
6b), and the following reduction of N, to NH, can be
realized at a potential of -0.54 V via the enzymatic
pathway (Figure 6¢). Moreover, the adsorption energy
of N, is -0.36 eV, stronger than that of H atom (-0.15
eV), showing that competing HER is inhibited.

4.1.2. Single-nonmetal-atom catalysts

The unique electronic structure of boron atom enables
it to be alternative element for TM atoms as aforesaid,
which means that single-nonmetal-atom catalysts and
metal-free catalysts are possible for boosting eNRR.
Yu et al. synthesized a boron-doped graphene as an
efficient metal-free eNRR catalyst.[** Electron density
redistribution in the graphene support is realized by
doping boron, and the electron-deficient doping boron
increases the adsorption energy of N, molecules. Among
three boron-doped graphene structures, including
BC,, BC,0, and BCO,, BC, presents the lowest energy
barrier of 0.43 eV for eNRR. After electrochemical tests,
an excellent performance with a NH, production rate of
9.8 pg-hr'.cm? and a Faradic efficiency of 10.8% at 0.5 V
vs RHE was presented, while the performance of undoped
graphene is poor.®® As for theoretical explorations,
Ling et al. proposed that N, molecule can be efficiently
adsorbed and reduced to NH, on B/g-C,N, and the whole
reduction process can be proceeded at a low potential of
0.20 V via the enzymatic mechanism. Meanwhile, B/g-
C,N, can absorb visible light well, which renders it ideal
for solar-driven reduction of N_.*! Ji et al. proposed that
a boron-interstitial-doped C N layer can be an excellent
metal-free eNRR catalyst. The doping boron is positive
and magnetic, contributing to tis high activity and high
selectivity. The eNRR process prefers to proceed via the
enzymatic mechanism with a potential of 0.15 V.[°! Ly et
al. proposed that B/g-CN can activate the adsorbed N, and
further convert it to NH, with a overpotential of 0.15 V, and
the activation barrier of PDS is 0.61 eV.®! Furthermore,
Liu et al. modeled 21 catalysts with boron atoms anchored
on eight 2D materials, including graphene, boron nitride,
boron sulfide, black phosphrous, S-triazine-based g-CN,,
tri-s-triazine-based g-C,N,, h-MoS,, and T-MoS , as shown
in Figure 7a.[®) Among these eNRR catalysts, single boron
atoms supported on graphene or substituted into h-MoS,
shows best catalytic activity towards eNRR. According to
the charge analysis, the authors found that the catalytic
activity is highly related to the charge transfer between
the boron atom and the substrate. Boron site with more
electrons has higher possibility to inject electron and
activate N, and boron site with positive charge is obviously
beneficial to inhibit HER, as indicated in Figure 7b.[¢
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Figure 5. (a) Free energy (AG) of PDS on 120 single-atom catalysts, where single-atom catalysts filled with patterns
represent thermodynamically unstable single-atom catalysts. (b) Difference between H adsorption free energy on the
single-atom catalysts (AG,, (*H)) and adsorption free energy on the surface (AG_ . (*H)) of the same metal atoms. (c)
Calculated AG(*H) and AG(*N,) on single-atom catalysts that satisfy AG, . < 1.0 eV. Dashed line indicates AG(*H) =
AG(*N,). Reproduced from Ref. [50] with permission from American Chemical Society.
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4.2. Transition metal nitrides

Abghoui et al. proposed that the transition metal
mononitrides can act as cost-efficient catalysts to convert
N, molecule to NH, under ambient conditions, where
a low applied bias is only required.®” By means of DFT
calculations, the most promising catalysts are VN, ZrN,
NbN and CrN among 25 considered TM mononitrides.
Moreover, the competing HER is inhibited for above four
mononitrides, which differs to the cases of pure metals.
Since the structural particularity of TM mononitrides, the
authors explored the poisoning and possible decomposition,
and they pointed that, under operating conditions, ZrN,
NbN and CrN should be single-crystal surfaces because
polycrystalline surfaces may be decomposed, while
polycrystalline surfaces of VN may be used.®! Li et al.
proposed that transition metal binitride nanosheet, MoN_,
as an eNRR catalyst at ambient conditions with the scheme
of DFT.* Different to transition metal mononitrides,
MoN, is a 2D layered material. According to calculations,
MoN, acts well in adsorbing and activating N, molecule,
but large energy is required to refresh the MoN, surface.
To improve the performance, Fe-doping was used, which
can significantly improve it to proceed the whole reduction
reaction with an overpotential of 0.47 V.

In experiments, Zhang et al. synthesized MoN

nanosheets array grown on carbon cloth (MoN NA/CC)
to catalyze eNRR.® This catalyst achieved a NH3 yield
of 3.01x10" mol s' cm™ and a Faradaic efficiency of
1.15% at -0.3 V vs RHE in 0.1 M HCI under ambient
conditions. After theoretical calculations of free energy
profile, the PDS of MoN NA/CC to catalyze eNRR is the
second protonation of the surface N.

4.3. Transition metal dichalcogenides

As emerging 2D materials, transition metal dichalcogenides
have attracted worldwide interests because of the unique
physical, chemical, and mechanical properties. Zhang et al.
first explored the possibility of MoS, as an eNRR catalyst.
%l To evaluate the possibility of MoS, to catalyze eNRR,
the electronic structures of MoS, and the energy profile of
eNRR were explored using DFT calculations. The results
showed that the basal plane is inert to absorb N, molecule
while the edge appeared to be active, and the energy profile
indicted that the PDS is the first hydrogenation of *N, with
a barrier of 0.68 eV (Figure 8a). After this, the authors
synthesized MoS, nanosheet array grown on carbon cloth
(MoS,/CC) to catalyze eNRR, and the NH, yield rate and
Faradaic efficiency can reach 8.08 x 10" mol s cm™ and
1.17%, respectively. Moreover, Li et al. further improved the
performance of MoS, on eNRR by synthesizing defect-rich
MoS, nanoflowers, where the active centers are on the basal



plane.”) In 0.1 M Na,SO,, this catalyst attained a Faradic
effciency of 8.34% and a NH, yield of 29.28 pg h" mg"’
at -0.40 V versus RHE, significantly higher than those of
defect-free MoS, nanosheet (2.18% and 13.41 ugh”' mg" ).
The vacancy with one missing Mo atom and two missing
S atoms was regarded as the active sites, and the PDS of
the eNRR process was calculated to be *“NH_>*NH, with
the PDS of 0.60 eV, which is less than the edge Mo atoms
(0.68 eV).lee)

The edge Mo atomsand the defectin basal plane of MoS,
can be active centers for eNRR, suggesting the potential
of transition metal dichalcogenides as efficient eNRR
catalysts. In addition, as a 2D material, MoS, absolutely
can act as support to anchor the active centers. Suryanto et
al. synthesized Ru/MoS, to catalyze eNRR, and a Faradaic
efficiency of 17.6% and a NH, yield rate of 1.14 x 10""° mol
cm™? s' were obtained at 50 °C.[68] The corresponding
DFT calculations carried out with a hcp Ru,,, nanocluster
on MoS, suggested that PDS is *NH_>*NH, with a barrier
of 0.35 eV through the dissociative mechanism. In this
model, the S-vacancies on MoS, provides a fundamental
role in eNRR process to provide H adatom, where the
already formed *H can be transferred to nearby bound
*N, or *NH_.[*%)

Besides conventional MoS , a new class of 2D materials
called “Janus” MoSSe has been recently synthesized with
Mo atomic layer being sandwiched between S and Se ones.
(¢, 701 Similar to MoS,, MoSSe has shown good catalytic
performances.”" 72 As for its possible application in eNRR,
Li et al. performed a theoretical screening of different TM
atoms anchored on the S- or Se-vacancy of monolayer
MoSSe as efficient eNRR catalysts.””) According to the
screening, Mo atom anchored on the S-vacancy presents
the highest activity with a potential of -0.49 V, while HER
is significantly inhibited due to larger free energy of *H
adsorption.

4.4, Transition metal carbides

From the d orbital theory, transition metal carbides
should have good adsorption ability for electron-enriched
adsorbates because of the unoccupied d orbitals.’ Among
various transition metal carbides, Mo,C has exhibited
a potential application in catalytic hydrogenation.”> 7¢
Moreover, the Mo-based materials have shown excellent
performance in eNRR as stated above. According to this,
Cheng et al. synthesized Mo,C nanodots supported on
ultrathin carbon nanosheets (Mo,C/C) to fix N, molecule
and catalyze the eNRR. The as-synthesized Mo,C/C
nanosheets presented promising catalytic performance
with a NH, yield rate of 11.3 ug h" mg"'_ and a Faradic

cat.

effciency of 7.8% under ambient conditions.””!

Outlook: Exploring highly-performance eNRR catalysts
has emerged as a new research hotspot. In theoretical
calculations, various catalysts show excellent catalytic
activity, especially the single-atom catalysts. However,
most practically synthesized catalysts towards eNRR
are based on the active centers from the defects. Though

several single-atom eNRR catalysts have been fabricated,
the corresponding loading of active site is usually kept at
a low level or the heteroatoms are usually aggregated to
nanoclusters. On the other hand, theoretical calculations
neglect some important respects, such as the electrode-
catalyst interface, the catalyst-electrolyte interface,
and the mass and electron transportation. More
instructive theoretical calculation should be developed,
and consequently bridge the gap between theoretical
calculations and experiments.
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