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SPECIAL TOPIC: Computation-assisted Materials Screening and Design

Recent progress on catalyst design of nitrogen reduction reaction by
density functional theory

Tian-Yi Dai, Chun-Cheng Yang* and Qing Jiang*

ABSTRACT The electrochemical nitrogen reduction reaction
(NRR) technique has great potential for alleviating the high
fossil fuel consumption and carbon emissions of the industrial
Haber-Bosch method for ammonia (NH3) synthesis. More-
over, the NRR provides great prospects for fully exploiting
renewable energy since NH3 is a promising energy carrier
without carbon emissions. However, the development of the
NRR technique is limited by the lack of efficient catalysts.
Great efforts have been made to develop high-efficiency cat-
alysts thus far, in which density functional theory (DFT) cal-
culations have played an important role in assisting catalyst
design. Herein, we summarize the recent catalyst design
strategies to boost the NRR performance, i.e., the activity and
selectivity. Additionally, representative computational studies
are reviewed, accompanied by insights into further improving
the catalytic behavior. Finally, we briefly discuss the challenges
and opportunities in catalyst design via DFT calculations. The
purpose of this review is to motivate more intelligent design
strategies for high-efficiency NRR.

Keywords: nitrogen reduction reaction, density functional the-
ory, materials design, two-dimensional materials, machine
learning

INTRODUCTION
Ammonia (NH3) is one of the most important chemicals in the
world, and its annual output exceeds 200 million tons globally,
with a market value of over USD $70 billion [1]. Approximately
80% of the produced NH3 is utilized for producing fertilizers,
and the remainder is used as an industrial refrigerant or a
chemical feedstock for producing explosives, plastics, synthetic
fibres, resins, and so on [2–5]. Moreover, owing to its high
hydrogen content (17.8 wt%) and high energy content
(5.2 kW h kg−1), NH3 is also considered a promising energy
carrier with zero carbon emissions [6,7]. That is, NH3 is not only
a strong candidate for a hydrogen carrier but also can be directly
used as a fuel for internal combustion engines and fuel cells
[8,9]. Moreover, the existing technologies for NH3 liquefaction,
storage and transport are well established; thus, NH3 is an ideal
energy carrier [1,10].

The industrial production of NH3 is currently dominated by
the Haber-Bosch method, in which N2 and H2 directly react to
produce NH3 (N + 3H 2NH2 2 3, H = 45.9kJ mol )298 K

1 [11].

This reaction requires a high temperature (300–500°C) to
overcome the sluggish kinetics and a high pressure (200–
300 bar, 1 bar = 105 Pa) to shift the equilibrium towards NH3
production. Therefore, the Haber-Bosch process can only run in
substantial centralized infrastructures that can maintain harsh
reaction conditions [12,13]. Moreover, the H2 feedstocks are
produced from fossil fuels, including natural gas, coal and pet-
roleum, with strong energy demands of 7.8, 10.6, and
11.7 MW h per ton of NH3, respectively [14,15]. In addition, the
corresponding CO2 emissions are 1.6, 3.0, and 3.8 tons per ton
of NH3, which are very harmful to the environment. As a result,
the Haber-Bosch method consumes approximately 2% of the
global energy supply and generates more than 300 million
metric tons of carbon dioxide (CO2) annually [16–18]. It is
widely known that fossil fuel reserves are limited and will be
depleted in the future, while CO2 emissions cause climate
change and bring about extreme weather events [19]. Therefore,
the century-old NH3 synthesis technology urgently needs to be
transformed to be environmentally friendly to eliminate
dependence on fossil fuels. This goal presents new challenges for
basic science and engineering research.

Green NH3 synthesis powered by renewable electricity reduces
the CO2 emissions in NH3 production. One of the routes is to
combine water electrolysis technology for H2 production with
the established Haber-Bosch factories. The energy consumption
in this route is suggested to be 10–12 MW h per ton of NH3 [14].
Nonetheless, the intermittency of renewable energy sources
(except for hydro and geothermal sources) causes difficulties in
the continuous operation of the Haber-Bosch process, and thus
additional energy storage devices are required. Another route of
green NH3 synthesis is to directly produce NH3 via the elec-
trochemical nitrogen reduction reaction (NRR), which can be
performed under mild conditions with a H source supplied by
water [11,20]. This route is well suited for a distributed farm
economy rather than substantial centralized infrastructures, is
thus a good match for intermittent renewable energy and alle-
viates the need for significant H2O feedstock [21]. In particular,
electrochemical devices can potentially realize direct utilization
of seawater without the need for desalination, and the H2O
feedstock for the NRR can thus be abundantly supplied [22]. The
entire process involves zero carbon emissions [13,23]. Moreover,
given that NH3 is an ideal energy carrier, electrochemical NH3
synthesis also provides a promising energy storage approach for
recycling off-peak electrical power. In summary, the develop-
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ment of electrochemical NH3 synthesis technology can not only
alleviate the high fossil fuel consumption of the Haber-Bosch
method but also complement the existing energy system.

One of the priorities in realizing electrochemical NH3 synth-
esis is to explore efficient electrocatalysts for the NRR. In
addition, other approaches can further improve the NRR activity
and selectivity, such as optimizing the electrolyzer, improving
the N2 solubility and selecting appropriate electrolyte. Density
functional theory (DFT) calculations, which are based on the
electron density of atoms, are acknowledged as powerful tools
for assisting in material design [24–26]. At present, the state-of-
the-art DFT calculations can not only describe the electronic
interactions of catalytic sites but also reveal the mechanisms
underlying catalytic reactions [27–30]. Therefore, DFT calcula-
tions provide a fundamentals-based bottom-up approach for the
design of materials with high performance and good stability
[31]. In the past few years, great efforts have been made to
develop innovative materials for the electrocatalytic NRR [32–
36]. Early on, Rod et al. [37] thoroughly studied the NRR pro-
cess on Ru(0001) via DFT calculations. They first proposed the
possible reaction pathway of the NRR and discussed the selec-
tivity between the NRR and the hydrogen evolution reaction
(HER). The high NRR activity and preferential selectivity of
Ru(0001) were subsequently verified by experimental studies
[38,39]. Skúlason et al. [40] established a catalytic volcano plot of
the NRR on pure transition metals (TMs), which has become an
important guideline for catalyst design. Our group theoretically
proposed that MoB2 can be a high-efficiency NRR catalyst [41].
The remarkable NRR performance of MoB2 was further con-
firmed by a proof-of-concept experiment, which successfully
bridged the gap between theory and experiment. These studies
suggest that theoretical computations can assist in the discovery
of new catalyst materials.

In this review, we summarize recent theoretical progress in the
design of materials for highly efficient electrochemical NRR.
Herein, we first introduce the fundamental understanding of the
NRR from a theoretical perspective, including the possible
reaction mechanisms, as well as the advances and bottlenecks at
this stage. Then, we present rational material design strategies
for achieving high activity and high selectivity for the NRR and
review representative computational studies. Finally, we briefly
discuss the existing challenges and future opportunities in this
research field.

FUNDAMENTALS OF THE CATALYTIC NRR
The electrochemical NRR is a complex process involving six
proton-electron transfer steps and multiple intermediates, which
results in great difficulties in exploring the reaction mechanisms
[42]. Moreover, the NRR yields still do not satisfy the standards
for practical applications due to limitations in the activity and
selectivity [43,44]. The industrialization standard of the NH3
yield is up to 6120 μg h−1 cm−2, with a Faradaic efficiency (FE) of
up to 50% [45]. The above points are briefly presented in this
section.

Reaction mechanisms
Several possible NRR mechanisms have been established based
on theoretical studies, which mainly include the dissociative
mechanism, the associative mechanism and the Mars-van Kre-
velen (MvK) mechanism [45]. In the dissociative mechanism, N2
molecules are first split into two N atoms on the catalyst surface,

and then, the N atoms are independently hydrogenated. The
dissociative mechanism is similar to that in the industrial Haber-
Bosch method and requires a high activation energy to cleave the
stable N≡N triple bond. In contrast, in the associative
mechanism, the N2 molecules are hydrogenated step by step, and
the N≡N bond is continuously cleaved and finally broken, with
the release of NH3 [35]. At present, most catalysts preferentially
exhibit the associative mechanism in the electrochemical NRR
since direct cleaving of the N≡N triple bond is extremely diffi-
cult under mild conditions. Nonetheless, rational catalyst design
is promising for obtaining a low energy barrier for N2 dis-
sociation, in which case the dissociative mechanism may be the
dominant mechanism [46]. Therefore, both the dissociative
mechanism and associative mechanism should be considered in
a catalyst system.

The associative mechanism can be further classified into four
possible pathways according to the different initial adsorption
configurations of N2 molecules on the active sites: the distal and
alternating pathways for an end-on adsorption configuration of
N2 and consecutive and enzymatic pathways for a side-on
adsorption configuration of N2. In the distal pathway (Fig. 1a),
hydrogenation first occurs for the N atom away from the active
site. It successively generates NNH*, NNH2

* and NNH3
* inter-

mediates, and the first NH3 molecule is released with the N–N
bond breaks. Subsequently, the remaining N atom on the active
site continues to hydrogenate, successively generating NH*,
NH2

* and NH3
* intermediates and eventually releasing the sec-

ond NH3 molecule. In the alternating pathway (Fig. 1b), the two
N atoms of N2 are alternately hydrogenated to produce NNH*,
NHNH*, NHNH2

* and NH2NH2
* intermediates, which succes-

sively generate two NH3 molecules in the following steps. For the
side-on adsorption configuration of N2, the consecutive pathway
(Fig. 1c) is analogous to the distal pathway, i.e., hydrogenation
first occurs on one of the N atoms and then on the other N atom
after the release of the first NH3 molecule. The enzymatic
pathway (Fig. 1d) is similar to the alternating pathway, in which
two N atoms are alternately hydrogenated, and the two NH3
molecules are successively released.

The MvK mechanism is possible on transition metal nitrides
(TMNs) and transition metal carbides (TMCs) [47]. In this
mechanism, an N atom on the lattice is first reduced to NH3,
which is released, with a vacancy left on the catalyst surface.
Then, the vacancy is refilled by the capture of a new N2 mole-
cule, which is further reduced to the second NH3 molecule.
Recently, a surface hydrogenation mechanism was proposed in
which H+ ions are first adsorbed on catalyst surfaces, and then,
the N2 molecule directly reacts with two adsorbed H* ions to
form an NHNH* intermediate [48]. The subsequent steps are
akin to the enzymatic pathway, which involves the formation of
NHNH2

* and NH2NH2
* intermediates and the sequential release

of two NH3 molecules. These two NRR pathways bypass the
hard N2 activation step, thus effectively alleviating the high
overpotentials of the associative mechanism.

Activity challenges
N2 is often used as a protective gas due to the high dissociation
energy of the N≡N bond (941 kJ mol−1). The extraordinary
stability of the N2 molecule can also be attributed to the high
cleavage energy of the first bond in N≡N (410 kJ mol−1) [13],
leading to much greater stability of N2 than that of other triple-
bonded molecules, such as acetylene (HC≡CH, with dissociation
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energy of 962 kJ mol−1 but with a low cleavage energy of the first
bond of 222 kJ mol−1 [49]). In addition, the large energy gap
between the highest occupied and lowest unoccupied molecular
orbitals (10.82 eV) of the N2 molecule hinders electron transfer.
Thus, N2 is relatively inert for chemical interactions [50].

The molecular orbital diagram of N2 is shown in Fig. 2a, where
the N≡N bond is generated by the hybridization of 2p orbitals of
two N atoms, with three antibonding orbitals (σ* and π* orbitals)
generated at the same time [51]. During the chemisorption of N2
onto TM atoms, the empty d orbitals of the TMs accept the lone-
pair electrons of N2, and the occupied d orbitals of the TMs
donate electrons to the π* orbitals of N2. The entire electron
transfer process is called the “acceptance-donation” mechanism
(Fig. 2b) [52]. The acceptance mechanism stabilizes the
adsorption of N2 onto the active site, while the donation
mechanism fills the antibonding orbitals of N2 and thus weakens
the N≡N bond.

The prerequisite for the “acceptance-donation” mechanism is
the coexistence of empty and occupied orbitals at active sites.
TM-based catalysts, such as Fe (3d6) and Ru (4d7), fit this
requirement well and are thus widely used in industrial Haber-
Bosch methods for NH3 synthesis [53,54]. Interestingly, the
nonmetal element B (2p1) can also mimic the “acceptance-
donation” process, where the empty sp2 orbitals of B work for
the “acceptance” process and the occupied p orbitals of B affect
the “donation” process [55,56]. Unlike TM-based catalysts, B
atoms can prohibit the binding of Lewis acid protons in elec-
trolytes, resulting in B simultaneously promoting the NRR and
inhibiting the HER [57]. A further requirement for the “accep-
tance-donation” mechanism is good matching of electronic
orbitals in terms of both energy and symmetry [58]. It is plau-
sible that the N2 in a side-on adsorption configuration is better
activated than that in an end-on configuration, since the π*

orbitals of side-on N2 better match the occupied orbitals of TMs
and thus receive more electrons in the “donation” process [59].

The challenges associated with the NRR activity can also be
attributed to the existence of scaling relations. That is, the

adsorption energies of intermediates on catalyst surfaces linearly
scale with each other. Scaling relations can describe the trends of
the adsorption energies and reaction energies of several catalyst
systems, which is helpful for predicting the catalytic activity of
similar systems. Nonetheless, the scaling relations also impose
an inherent limit on the catalytic activity. An ideal NRR process
should involve strong binding of N2 to guarantee effective N2
activation but weak adsorption of *NHz (z = 1, 2) intermediates
to promote their further hydrogenation [60]. It is extremely
difficult for one catalyst to simultaneously satisfy these two types
of requirements. Thus, moderate adsorption is suggested. In this
case, the NRR activity can at most achieve the highest values
described by volcano plots, while this activity is still unsa-
tisfactory compared with the industrialized standard. At present,
the NRR activity is evaluated by the limiting potential (UL),
where a smaller absolute value of UL indicates higher intrinsic
catalytic activity of a catalyst. To address the activity challenges
of the NRR, scaling relations should be avoided, and low UL
values should be obtained.

Figure 1 Schematic illustration of the NRR reaction pathways. (a) Distal pathway. (b) Alternating pathway. (c) Consecutive pathway. (d) Enzymatic
pathway.

Figure 2 (a) Schematic diagrams of N2 molecular orbitals. Reprinted with
permission from Ref. [51]. Copyright 2014, The Royal Society of Chemistry.
(b) “Acceptance-donation” mechanism for N2 activation. Reprinted with
permission from Ref. [52]. Copyright 2022, American Chemical Society.
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Selectivity challenges
In aqueous solutions, the NRR is severely hampered by the
competitive HER, which involves only two proton-electron
transfer steps and is kinetically more favourable [61]. A further
understanding of the competition between the NRR and HER is
based on the fact that the rate of the NRR is zeroth-order in the
proton and electron concentrations, while that of the HER is
first-order in both [44]. That is, as the proton and electron
concentrations in the solution increase, the reaction rate of the
HER also increases, while the effect on the NRR is negligible
[62]. Moreover, owing to the quite low solubility of N2 in elec-
trolytes, the active sites are easily occupied by the large amount
of protons. Overall, all of the above issues present great chal-
lenges for NRR selectivity. A low NRR selectivity increases the
cost of NH3 production due to the large waste of electrical power
on the HER. As a result, an effective strategy for suppressing the
HER is urgently required.

The selectivity of the NRR can be evaluated by the FE value,
which describes the percentage of charge transferred to the NRR
in the whole system. A higher FE indicates better selectivity for
the NRR [63]. Thus far, several experimental strategies have
been proposed to improve the NRR selectivity, such as using a
nonaqueous solution or adding a hydrophobic layer onto the
catalyst surface to block protons, through which the adsorption
of N2 can be greatly improved [64,65]. From a theoretical per-
spective, the preferential adsorption of N2 over that of protons is
required for NRR catalysts, where the adsorption free energies of
N2 ( )G N 2

* and H+ (ΔGH*) on the active sites should be com-
pared in a computation work. However, since the adsorption of
H+ involves both proton and electron transfer, it is promoted by
the negative electrode potential under reducing conditions [66].
In contrast, the adsorption of N2 without proton or electron
transfer is insensitive to the electrode potential. Therefore, the

G N 2
* on active sites should be much greater than ΔGH* to

obtain a high FE value.

STRATEGIES TO IMPROVE THE ACTIVITY
The catalytic activity of a catalyst is determined by the number
and intrinsic activity of the active sites, which can be improved
via rational material design. DFT calculations are powerful tools
for exploring interactions at the atomic level and accurately
describing electronic properties. By performing DFT calcula-
tions, both regulation of the electronic structures of active sites
and prediction of new reaction mechanisms as efficient strate-
gies to improve the NRR activity can be realized [67]. In this
section, these strategies for the NRR are summarized.

Regulating the interactions between active sites and substrates
Regulation of the interactions between active sites and substrates
is an effective strategy. It can not only contribute to the stability
of the catalyst, but also optimize the electronic structure of the
active sites to further improve the performance [68]. Two-
dimensional (2D) materials as substrates have attracted great
attention due to their large specific surface area, high mechanical
strength and fast electron transport [68,69]. The uniformly
distributed pores on the basal surface of 2D materials are natural
sites for sustaining active single atoms or clusters, and the
confinement effect of these pore structures further contributes to
the stability of the catalysts. Moreover, the preparation techni-
ques of 2D materials are very facile, and surface engineering is

facilely achievable due to the large fraction of surface atoms;
thus, further improvement of the conductivity or the formation
of more active sites can be easily realized [70]. In particular, the
2D geometric structure provides an ideal model for establishing
a bridge between theory and experiment, which is very favour-
able for optimizing the catalytic behavior by modifying the
electronic structure [71].

Carbon-based materials are widely used in electrocatalysis due
to their excellent conductivity, easy fabrication and low cost
[72]. Moreover, N-decorated carbon-based materials can not
only exhibit improved charge mobility but also provide stable
binding sites for good dispersion of TM atoms [73]. Our group
has explored the NRR performance of a series of N-doped
graphene-supported double-atom catalysts (DACs) [74]. The
structure of a DAC is illustrated in Fig. 3a, where the active
centres are composed of two TM atoms with six coordinated N
atoms. Owing to the stable chemical bonding between the TMs
and N atoms, these DACs exhibit good stability, as confirmed by
the binding energy calculations shown in Fig. 3b. Moreover, the
coordinated N atoms modify the electronic structures of the TM
atoms, and the DACs thus possess high intrinsic activity for the
NRR. Through a thorough computational screening of the cat-
alytic activity for the NRR, VFe-N-C was identified as the
optimal catalyst. Guo et al. [75] also proposed 2D expanded
phthalocyanine (Pc) as a substrate for supporting DACs, where
the active centres are M2-N6 moieties. They explored the ther-
modynamic and electrochemical stabilities of the catalysts by
computing the formation energy and the dissolution potential
(Fig. 3c), in which only 5 of 30 candidates were ruled out,
indicating the high stability of the Pc substrate. They further
screened for the best catalyst, V2-Pc, whose UL value was
−0.39 V vs. reversible hydrogen electrode (RHE). The electronic
structure of N2 on V2-Pc is illustrated in Fig. 3d, where the N2
and V orbitals are well hybridized with each other. The electrons
of V are transferred to N2, and thus, the antibonding states of N2
are located below the Fermi level, effectively weakening the N≡N
bond.

Stacked heterostructures of 2D materials, based on van der
Waals interactions between layers, were proposed as stable
substrates to effectively prevent metal atoms from dissolving and
aggregating. Graphdiyne (GDY) is a 2D carbon allotrope with an
ordered porous geometry, in which sp-hybridized C atoms can
stably bond to external TM atoms via strong d-π interactions
[76]. The band gap (~1.2 eV) of GDY hampers electron trans-
port in electrocatalysis, while the stacked heterostructure of
GDY and single-layer graphene (GDY/Gra) can realize
improved conductivity and good stability, and can thus serve as
a substrate material to support Fe atoms for the NRR [70]. The
structures of Fex-GDY/Gra are shown in Fig. 4a, where active
centres with different atomic numbers are proposed. Fex-
GDY/Gra exhibits metallic characteristics in the density of states
(DOS), which confirms the excellent conductivity of the
GDY/Gra heterostructure. Moreover, Fex-GDY/Gra exhibits
high stability since Fe atoms are tightly confined to the pores of
GDY/Gra, which is demonstrated by the computed results of
strong binding energies in the thermodynamics (Fig. 4b) and
ultrahigh diffusion barriers in the kinetics (Fig. 4c). Owing to the
high stability of GDY/Gra, the ultimate theoretical mass loading
of Fe atoms reaches 35.8 wt% when all the pores of GDY are
covered. The NRR process on Fe3-GDY/Gra-35.8 is shown in
Fig. 4d, which follows the consecutive pathway with a low UL
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value (−0.26 V vs. RHE), denoting a high NRR performance.
Deng et al. [77] proposed a strategy of encapsulating metal
atoms into the interlayer of 2D material heterostructures to
greatly enhance the stability of catalysts. In light of this strategy,
Tang et al. [78] proposed a heterostructure of a single TM atom
sandwiched between hexagonal boron nitride (h-BN) and gra-
phene (BN/TM/G, Fig. 4e), where the TM atom exhibited a
strong binding energy and a high diffusion barrier as expected.
Interestingly, the active sites are no longer the trapped TM
atoms but the B atoms on the h-BN surface with modified
electronic structures. The N2 molecule is activated at the B sites,
as shown in Fig. 4f. The PDOS illustrates (Fig. 4g) that the empty
pz orbitals of B accept the lone-pair electrons of N2, and the
occupied pz orbitals of B donate electrons to the π* orbitals of N2
and weaken the N≡N triple bond. Thus, a facile NRR process on
BN/TM/G is realized.

2D materials with covalently bonded atomic layers possess
intrinsic stabilities and are powerful candidates for substrates. A
typical representative is MoS2, which has attracted significant
attention due to its high catalytic activity and good stability [79].
Azofra et al. [80] proposed the use of single Fe atom-doped
MoS2 to mimic the active moiety in the nitrogenase of an
Fe-Mo-S cofactor (Fig. 5a), which successfully realized conver-
sion of N2 to NH3 with high selectivity. Owing to the rigid
configuration of 2D materials with covalent bonds between the
layers, they are very suitable for supporting atomic clusters. It is
proposed that the synergistic effect of atomic clusters can
enhance the “donation” process to N2-π* orbitals for robust N2

activation (Fig. 5b); thus, an Fe4 cluster catalyst anchored to the
2D GaS surface was developed for catalysing the NRR (Fig. 5c)
[58]. Owing to the strong N2 activation, the first step of the NRR
process on Fe4/GaS is very facile. Moreover, 2D materials of this
type can be solely used for catalysing the NRR since surface
defects and edge sites with extra dangling bonds can strongly
activate N2 [81]. In addition, with a rational catalyst design
strategy, the density of intrinsic defects is even greater than that
in TM-doped materials, which indicates the potential of 2D
materials as high-efficiency NRR catalysts [82].

Transition metal oxides (TMOs) are promising substrates
since they are nontoxic, abundant and stable, and show poor
activity for the HER. Gao et al. [83] reported the Nb single-
atom-decorated anatase TiO2(110) for the NRR (Fig. 6a). The
PDOS in Fig. 6b illustrates that Nb atom doping can increase the
electron density at the Fermi level, thus improving the electrical
conductivity. Moreover, the Nb site on TiO2(110) shows a lower
ΔG of the PDS than pristine TiO2(110), demonstrating that Nb
doping on TiO2(110) can enhance the NRR performance
(Fig. 6c). Huang et al. [84] proposed a strategy to boost N2
activation on MnO2 surfaces via Fe doping. N2 molecules can be
stably adsorbed on the Fe–Mn bridge sites with the reception of
electrons (Fig. 6d). As a result, the ΔG of the PDS on Fe-MnO2 is
0.13 eV greater than that on pristine MnO2 (Fig. 6e). Jin et al.
[85] prepared a catalyst with a core-shell nanostructure by
coating polypyrrole (PPy) onto S-doped Fe2O3 nanoparticles,
which was denoted as S-Fe2O3@PPy (Fig. 6f). DFT calculations
demonstrated that the synergistic effect of the S doping and the

Figure 3 (a) Structural illustration of VFe-N-C from the top and side views. (b) Comparison of the average binding energies and average cohesive energies of
a single TM atom in DACs and the bulk phase. Reprinted with permission from Ref. [74]. Copyright 2021, Wiley-VCH. (c) Computed formation energy and
dissolution potential of TM atoms in M2-Pc. (d) Crystal orbital Hamilton populations (COHPs) and partial DOS (PDOS) of N2 on V2-Pc. Reprinted with
permission from Ref. [75]. Copyright 2020, American Chemical Society.
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PPy coating is conducive to N2 activation on S-Fe2O3@PPy. In
this case, the potential limiting step (PLS, which is another
expression for the PDS) of the NRR on S-Fe2O3@PPy is the last
step, while the PLSs on Fe2O3 and S-Fe2O3 are the first step
(Fig. 6g). DFT calculations revealed that S-Fe2O3@PPy achieves a
low UL of −0.45 V and an NH3 yield of 22.1 μg h−1 mgcat

−1 with a
FE of 24.6%.

Considering the great exploration space of the potential sin-

gle-atom catalysts (SACs) for the NRR, machine learning (ML)
provides a solution to accelerate the discovery of highly efficient
catalysts. Zafari et al. [86] used a deep neural network (DNN) to
predict the NRR performance among B-doped graphene SACs.
The ML dataset contained 182 candidate catalysts of B-Gr-SAC,
which were constructed by combining seven different types of
coordination in SACs and 26 TMs (Fig. 7a). The DNN model
(Fig. 7b) was trained in terms of EN2

, G N N H2 2
and

Figure 4 (a) Structural illustration of Fex-GDY/Gra along with the corresponding synthetic strategy. (b) Binding energies of Mx-GDY/Gra (M = Mn, Fe, Co,
and Ni) and their corresponding cohesive energies in the bulk state. (c) Diffusion paths of a single Fe atom to the nearby pore of GDY/Gra. (d) Free energy
profiles for the NRR on Fe3-GDY/Gra with a mass loading of 35.8 wt%. Reprinted with permission from Ref. [70]. Copyright 2020, The Royal Society of
Chemistry. (e) Geometrical structures and partial charge densities of BN/V/G. (f) Schematic illustration of the electron “acceptance-donation” mechanism
between the orbitals of N2 and B. (g) PDOSs of B and N2 before and after N2 adsorption. Reprinted with permission from Ref. [78]. Copyright 2020, American
Chemical Society.
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G NH NH2 3
, which represent the adsorption energy of N2 with-

out a free energy correction and the reaction free energies of the
first step and the last step. The output of the ML model was the
probability of an efficient catalyst, where a high accuracy of a
root-mean-square error of 0.11 was achieved with the Light
Gradient Boosting Machine (LGBM) model (Fig. 7c). After
screening, the optimal catalyst of CrB3C1 was obtained, which
had a low UL of −0.29 V vs. RHE (Fig. 7d). Chen et al. [87]
developed ML models based on the boosted regression tree
ensemble method to predict the NRR performance among 126
SACs, which were built from nine 2D substrates and 14 TMs.
Three ML models were established for evaluating the outputs of
ΔGPLS, ΔGH* and ΔEb-M, which were used to describe the NRR
activity, HER activity and stability of the catalysts, respectively.
The predicted results of all three models coincide well with the
DFT-computed results (Fig. 7e), indicating the satisfactory
accuracy of the developed ML models. Moreover, the ML
models also exhibit generalizability since the predicted over-
potential (η), which is a direct indicator of the NRR activity in
experiments, well matches those obtained in previous studies
(Fig. 7f). The authors also analyzed the importance of the fea-
tures of the ML models. Interestingly, the NRR activity (Fig. 7g)
is mostly determined by the number of electrons in the doped
TMs, while the HER activity (Fig. 7h) is influenced by the Fermi
energy of the substrate and the electronegativity and electron
affinity of the doped TMs. The above findings obtained from ML
models are very helpful for designing SACs with high NRR
activity but low HER activity. Overall, by regulating the inter-
actions between active sites and substrates, the NRR activity can
be greatly promoted.

Regulating the electronic structures of the active sites
The targets of regulating the electronic structures of active sites
include enhancing the “acceptance-donation” mechanism and
optimizing the interactions between substrates and active atoms
[88]. As is known, highly efficient N2 activation requires not

only the synergy of the occupied and empty orbitals of the active
sites but also favorable orbital matching in both the energies and
spatial orientations. Therefore, a comprehensive understanding
of the electronic orbitals, especially the suborbitals, should be
established before material design. In this section, the electronic
regulation strategies for the active sites are summarized into
three modes: nonmetal to metal, metal to metal, and nonmetal
only.

Mode 1 is the most common mode in which the d orbitals of
TMs can be effectively modulated by covalent bonding to non-
metal atoms. In recent years, successful explorations of nitrides,
oxides, carbides, sulfides, and borides for the NRR have been
conducted using DFT calculations. For TMNs, Kong et al. [89]
theoretically investigated the NRR performance on the (001) and
(110) facets of Mo5N6 (Fig. 8a). The Mo-terminated surfaces
have lower surface energies than the N-terminated surfaces;
thus, the former is mainly exposed. The NRR on Mo-terminated
Mo5N6(001) and Mo5N6(110) follows the enzymatic mechanism,
and the free energy diagrams are shown in Fig. 8b, c, respec-
tively. The PDS of the NRR on Mo5N6(001) is the NH2

* to NH3
*

step, with ΔG = 0.52 eV, and that on Mo5N6(110) is the NHNH*

to NHNH2
* step, with ΔG = 0.46 eV. The distinct NRR perfor-

mances can be attributed to different coordination numbers for
surface N atoms. Jin et al. [90] developed a W2N3 nanosheet for
the NRR and demonstrated that N vacancies are active sites. The
charge density difference diagram in Fig. 8d illustrates that the N
vacancies produce an electron-deficient area on the surface,
which act as N2 activation sites due to an enhanced “acceptance”
mechanism. The ΔG for the first NRR step is thus only 0.55 eV
(Fig. 8e). Experimentally, W2N3 shows an NH3 yield of 11.66 ±
0.98 μg h−1 mgcat

−1 and a FE of 11.67% ± 0.93%.
TMOs are promising substrates and can also be used solely as

NRR catalysts by imposing lattice strain or producing O
vacancies. Li et al. [91] discovered that a strain effect on TiO2
could improve its NRR performance. The charge density dif-
ference of N2 adsorbed on strained TiO2 shows that electrons

Figure 5 (a) Representation of the nitrogenase FeMo cofactor and optimized structure of Fe deposited on a MoS2 2D sheet. Reprinted with permission from
Ref. [80]. Copyright 2017, Wiley-VCH. (b) Enhanced “donation” mechanism for N2 activation by double atoms. Reprinted with permission from Ref. [52].
Copyright 2022, American Chemical Society. (c) Structural illustrations of Fe4/GaS. Reprinted with permission from Ref. [58]. Copyright 2014, The Royal
Society of Chemistry.
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mainly accumulate on N atoms and are depleted between them
(Fig. 8f), suggesting effective N2 activation. Compared with that
on pristine TiO2, the ΔG of the PDS of the NRR on strained TiO2
decreases from 0.73 to 0.61 eV (Fig. 8g). As a result, an NH3
yield of 16.67 μg h−1 mgcat

−1 and a FE of 26% are obtained by
strained TiO2 in experiments. Zhang et al. [92] developed
Nb-based MXenes with O vacancies for the NRR (Fig. 8h). The
O vacancies serve as adsorption sites for N2 with an end-on
configuration. The NRR proceeds via the distal mechanism, and
the PDS is the first step, with a ΔG of 0.86 eV (Fig. 8i). The
results show an NH3 yield of 29.1 μg h−1 mgcat

−1 and a FE of
11.5%. Xia et al. [93] proposed that ZrO2 with an O vacancy
favors N2 adsorption and activation. The N≡N bond length
increases from 1.114 to 1.200 Å when N2 is adsorbed on Zr sites
in a side-on configuration, which facilitates the N2 reaction.

Experimentally, the large concentration of oxygen defects in
ZrO2 allows for a yield of 9.63 μg h−1 mgcat

−1 and a FE of 12.1%.
TMCs with 2D MXene structures have been widely explored

as catalysts in recent years since their large specific surface areas
can provide abundant active sites. Wang et al. [94] systematically
explored a series of M2C (M = Sc, Ti, V, Cr, Mn, Fe, Zr, Nb, Mo,
Ta and Hf) MXenes for the NRR. The M2C MXenes provide
multiple active sites for the NRR, where N2 can adsorb on both
the top and hollow sites (Fig. 9a). A volcano plot is plotted in
Fig. 9b, which describes the relation between the adsorption
energy of N2 and the NRR performance. The Fe2C MXenes are
located nearest to the top of the volcano and achieve a
remarkable computed UL of −0.23 V. In addition, MXenes can
be used as substrates for SACs. Huang et al. [95] proposed that
Mo-doped Mo2CO2 MXene is a potential candidate for the NRR.

Figure 6 (a) Structural illustration of Nb-TiO2(110). (b) PDOSs of TiO2(110), Nb-TiO2(101), and Nb-TiO2(110). (c) Gibbs free energy diagram for the NRR
on TiO2(110), Nb-TiO2(101), and Nb-TiO2(110). Reprinted with permission from Ref. [83]. Copyright 2022, Elsevier. (d) Charge density difference of N2

adsorbed on Fe-MnO2(211). (e) Gibbs free energy diagram for the NRR on MnO2(211) and Fe-MnO2(211). Reprinted with permission from Ref. [84].
Copyright 2022, The Royal Society of Chemistry. (f) Top view of a structural illustration of S-Fe2O3@PPy. (g) Gibbs free energy diagram for the NRR on Fe2O3,
S-Fe2O3 and S-Fe2O3@PPy. Reprinted with permission from Ref. [85]. Copyright 2023, Elsevier.
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The PDS of the NRR on Mo@Mo2CO2 is the first step, with
ΔG = −0.32 V (Fig. 9c, d).

Transition metal sulfides (TMSs) show remarkable NRR per-
formance since S plays an important role in natural nitrogenase.
Liu et al. [96] developed a metallic 1T phase of MoS2 for the
NRR. 1T-MoS2 exhibits stronger N2 adsorption than 2H-MoS2;
thus, it greatly facilitates the NRR process. It achieves a high
NH3 yield of 71.07 μg h−1 mgcat

−1 and a FE of 21.01%. Yin and
Du [97] imposed surface defects on the 2D Fe mono-
chalcogenides FeX (X = S, Se), which enhanced the N2 activa-
tion. According to DFT calculations, the first step is very facile
on FeS-Vs and FeSe-VSe (Fig. 9e–g). The PDS is the third step for
FeS-Vs, with ΔG = 0.65 eV, and is the last step for FeS-Vs, with
ΔG = 0.84 eV.

Transition metal borides (TMBs) are also attracting interest
for the NRR. Mo is the main investigated TM for the NRR due

to its nearly optimal electronic structure for N2 activation, as
well as its close proximity to the top of the volcano plots
describing the NRR activities [40,98]. Our group proposed that
the electrons in the d z2 orbitals of Mo atoms can be transferred
to B atoms by bonding; thus, MoB2 was proposed for the NRR
[41]. As shown in Fig. 10a, the geometry of MoB2 has an
alternating layered structure of Mo atoms and B atoms, and the
electronic structure of the Mo atoms on the surface has been
modified to satisfy the “acceptance” mechanism. The N2 acti-
vation nature on MoB2 is elucidated by the PDOS in Fig. 10b,
where the bonding states (in the range from −5 to −7 eV)
indicate that the Mo-d orbitals accept the lone-pair electrons of
N2, and the bonding states (in the range from −3 to 0 eV) reflect
the electrons filling in the π* orbitals of N2. As a result, acti-
vation of the N≡N bond is promoted on MoB2. In particular, the
simulation results of the high NRR activity of MoB2 were ver-

Figure 7 (a) Structures of B-doped graphene SACs with the TMs considered for screening. (b) Artificial neural network architecture with ten neurons in
each hidden layer. (c) Parity plot comparing the DFT-calculated and ML-predicted outputs for the NRR performance. (d) Gibbs free energy diagram for the
NRR on CrB3C via the distal mechanism. Reprinted with permission from Ref. [86]. Copyright 2020, The Royal Society of Chemistry. (e) Parity plot
comparing the DFT-calculated and ML-predicted outputs for ∆Eb, ∆GH* and ∆GPLS. (f) Comparisons between ML-predicted overpotential (η) and literature η
values. (g) Feature importance in the ML model for ∆GPLS. (h) Feature importance in the ML model for ∆GH*. Reprinted with permission from Ref. [87].
Copyright 2021, Elsevier.
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ified by a proof-of-concept experiment, where MoB2 exhibited
excellent NRR performance with an NH3 yield rate of
40.94 μg h−1 mgcat

−1 and a FE of 30.84% at −0.4 V vs. RHE.
Interestingly, Feng et al. [99] demonstrated that the B vacancies

on NbB2 nanoflakes (NFs) play an important role in N2 activa-
tion. This catalyst has an NH3 yield rate of 30.5 μg h−1 mgcat

−1 at
−0.4 V vs. RHE and a superhigh FE of 40.2%.

In mode 2, since the electronic modulation is based on

Figure 8 (a) Geometric structures of bulk Mo5N6 and supercells of the (001) and (110) facets. (b) Gibbs free energy diagram for the NRR on Mo-terminated
Mo5N6(001). (c) Gibbs free energy diagram for the NRR on Mo-terminated Mo5N6(110). Reprinted with permission from Ref. [89]. Copyright 2021, Wiley-
VCH. (d) Charge density difference diagram of N vacancies on W2N3. (e) Gibbs free energy diagram for the NRR on NV-W2N3 along with the corresponding
configurations of all intermediates. Reprinted with permission from Ref. [90]. Copyright 2019, Wiley-VCH. (f) Charge density difference diagram of N2

adsorbed on the strained TiO2, and illustrations of the N2 activation mechanism. (g) Gibbs free energy diagram for the NRR on TiO2 and the strained TiO2

along with the corresponding intermediate configurations. Reprinted with permission from Ref. [91]. Copyright 2020, Wiley-VCH. (h) Structural illustrations
of the N2-adsorbed Nb2O5/C (green: Nb; red: O; blue: N). (i) Gibbs free energy diagram for the NRR on Nb2O5/C along with the surface configurations of
intermediates. Reprinted with permission from Ref. [92]. Copyright 2023, Elsevier.
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metallic bonding, the effect is normally weaker than that in
mode 1, which is based on covalent bonding. Pure metal
nanostructures show improved NRR performance compared
with bulk metals due to the decrease in the coordination num-

bers of the active sites. Bao et al. [100] demonstrated that tet-
rahexahedral Au nanorods enclosed by stepped facets could be
used to catalyze the NRR at room temperature and atmospheric
pressure. The catalysts resulted in a high NH3 yield of

Figure 9 (a) Geometric structures for N2 adsorption on the top and hollow sites of M2C MXenes. (b) Volcano diagram of the NRR activity for all M2C
catalysts. Reprinted with permission from Ref. [94]. Copyright 2020, The Royal Society of Chemistry. (c) Gibbs free energy diagram for the NRR on
Mo@Mo2CO2 along with (d) the corresponding configurations of all intermediates. Reprinted with permission from Ref. [95]. Copyright 2019, The Royal
Society of Chemistry. Gibbs free energy diagram for the NRR on (e) FeS-VS and (f) FeSe-VSe, along with (g) the corresponding configurations of all
intermediates. Reprinted with permission from Ref. [97]. Copyright 2022, Wiley-VCH.

SCIENCE CHINA Materials REVIEWS

April 2024 | Vol. 67 No. 4 1111© Science China Press 2024



1.648 μg h−1 cm−1. Wang et al. [101] reported carbon black-
supported Pd nanoparticles (Pd/C) that strongly promoted the
hydrogenation of N2. The Pd/C catalyst exhibited an NH3 yield
of 4.5 μg h−1 mgcat

−1 and a FE of 8.2% at 0.1 V vs. RHE.
Alloying can be used to establish multiple active sites for the

NRR to overcome the limitation of the scaling relations between
the adsorption energies of NNH* and NH2

* on a single active
site. Our group has proposed intermetallic Ni3Mo for the NRR
and realized the separation of active sites [102]. The first
hydrogenation step of NNH* formation occurs at the Mo–Mo
sites, while the last step of NH2

* to NH3
* occurs at the Mo–Ni

sites. Therefore, Ni3Mo successfully avoids the scaling relations.
Yin et al. [103] systematically investigated the NRR performance
of a series of bimetallic alloys composed of iron and group-IVA
elements (Si, Ge and Sn). Among all the candidates, Fe3Si has the
highest catalytic activity for the NRR, with a low UL of −0.37 V
vs. RHE. The PDS of the NRR on Fe3Si is the first step
(Fig. 10c, d), where the intermediates gradually shift during the
NRR process, reducing the total reaction-free energy. Interest-
ingly, the PDS of the NRR on Fe3Ge is the fourth step, while
those on Fe13Ge3 and Fe3Sn are the last step. This suggests that
the optimal NRR catalysts should not only induce strong N2
activation but also balance all six elementary steps. The N2

activation on Fe3Si was considered (Fig. 10e), where the large
spin polarization of the Fe atom causes significant electron
transfer to the π* orbitals of N2, thus weakening the stable N≡N
bond. Furthermore, Yin and Du [104] also examined the NRR
performance on a ternary Ru2MnSi alloy. Owing to the diversity
of active sites on the catalyst surfaces, both the first and last NRR
steps can be promoted, and the ΔG values of these two steps are
0.43 and 0.44 eV (Fig. 10f, g), respectively. Interestingly, a novel
electronic modulation mechanism was found based on the
metallic interactions in mode 2. Single-atom alloy catalysts, with
weak interactions between the doped atoms and the substrate
matrix, can form special electronic states resembling those of a
free atom [105,106]. During N2 adsorption, electronic redis-
tribution of the d-states of the TMs is induced by the stronger
TM-N interaction to satisfy the needs of the “acceptance-
donation” mechanism, i.e., the coexistence of empty and occu-
pied orbitals [107,108]. Thus, N2 activation can be enhanced.

In mode 3, metal-free catalysts are developed for the NRR due
to their much weaker binding energies to protons than those of
metal-based catalysts. B has played an important role since its
electronic configuration (2s22p1) satisfies the requirements of the
“acceptance-donation” mechanism [109]. Liu et al. [110] con-
structed 21 B-based SACs for the NRR (Fig. 11a) to understand

Figure 10 (a) Geometric structures of MoB2. (b) PDOS of N2 on the Mo atoms of MoB2. Reprinted with permission from Ref. [41]. Copyright 2021, Elsevier.
(c) Gibbs free energy diagram for the NRR on Fe3Si along with (d) the corresponding configurations of intermediates. (e) PDOSs of free N2, N2 adsorbed on
Fe3Si, and individual Fe3Si. Reprinted with permission from Ref. [103]. Copyright 2023, The Royal Society of Chemistry. (f) Gibbs free energy diagram for the
NRR on Ru2MnSi along with (g) the corresponding configurations of intermediates. Reprinted with permission from Ref. [104]. Copyright 2022, American
Chemical Society.
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the electronic modulation mechanism arising from substrates
where B serves as the active site. They established a NRR volcano
plot through a thorough computation of the NRR activity
(Fig. 11b). B-doped graphene is closest to the top of the volcano
plot and has a high NRR activity, with a UL of −0.31 V vs. RHE.
In particular, Li et al. [111] proposed a carbon-decorated gra-
phitic carbon nitride (C/g-C3N4) for the NRR (Fig. 11c). The
catalytic centers of C/g-C3N4 are akin to those of high-efficiency
“N-heterocyclic carbenes”, where the doped C atoms possess
both lone-pair electrons and partially occupied pz orbitals. These
features satisfy the requirements of the “acceptance-donation”
mechanism. The electronic structures of N2 on C/g-C3N4 are
plotted in terms of the charge density difference and PDOS in
Fig. 11d, e. There is obvious orbital hybridization between the 2p
orbitals of N2 and the 2p orbitals of C atoms, implying that N2
has been activated. By following the enzymatic pathway
(Fig. 11f), NRR activity with UL = −0.21 V vs. RHE is realized.
Notably, although the ΔGd of NH3 is as high as 2.31 eV, the
energy released in the NRR process of 3.28 eV can completely
provide the energy needed for NH3 desorption. Additionally,
recent studies have proposed that NH3 desorption indirectly
occurs via further protonation to NH4

+ under acidic or alkaline
conditions, and that the formed NH4

+ can be readily soluble in
electrolytes [75,112]. Thus, NH3 desorption may not be a pro-
blematic obstacle in the NRR.

Developing a new reaction mechanism
In the associative mechanism, both the first hydrogenation step
of N2

* to NNH* and the last hydrogenation step of NH2
* to NH2

*

could have difficulty proceeding [113]. Hence, a smart strategy is
to circumvent these steps by developing a new mechanism. The
MvK mechanism has been proposed on TMNs and TMCs, in
which the N atoms on the lattice are reduced to NH3 and then
replenished by N2 molecules (Fig. 12a) [114]. Ellingsson et al.
[46] performed systematic DFT calculations to evaluate the NRR
performance on TMCs. The representative structure of WC for
the (100) facet of the rocksalt (RS) structure is shown in Fig. 12b.
The N2 molecule can readily undergo dissociative adsorption on
the C vacancy on the surface. The entire reaction pathway on
WC is illustrated in Fig. 12c. The lattice N atom is hydrogenated
to the final NH3 step by step, where the ΔG of the PDS is only
0.35 eV, indicating the high NRR activity.

Noble metal catalysts with high NRR activity have been
reported, but the general reaction mechanism cannot fully
explain this activity due to their relatively weak interactions with
N2 [100]. Therefore, a surface hydrogenation mechanism on
noble metal catalysts (Fig. 12d) was proposed by Wang’s group
[48]. Namely, the Volmer reaction for H adsorption first occurs
on the catalyst surface, in which the N2 molecule can directly
react with two adsorbed H* to form the N2H2

* species. In the
latter steps, the N2H2

* intermediates can be spontaneously
reduced to NH3. The first step of H adsorption was identified as
the PDS for the entire process, which accounted for the low
electrode potential required for the NRR to proceed. This work
not only bridged the gap between the experimental results and
theoretical understandings but also stimulated more interests in
developing new catalytic mechanisms for high-efficiency NRR.

It has been proposed that the HER can be kinetically sup-

Figure 11 (a) Structural illustrations of the 2D materials proposed as the substrates for boron atoms. The black, blue, rose, yellow, purple, and cyan spheres
represent C, N, B, S, P, and Mo, respectively. (b) Volcano diagrams for the B-doped 2D materials for the NRR. Reprinted with permission from Ref. [110].
Copyright 2019, American Chemical Society. (c) Structural illustration of C/g-C3N4. (d) Charge density difference and (e) PDOS of N adsorbed onto C/g-C3N4

in a side-on configuration. (f) Free energy profiles of the NRR on C/g-C3N4 along the enzymatic pathway. Reprinted with permission from Ref. [111].
Copyright 2019, Elsevier.
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pressed under alkaline conditions, but the slow dynamics of H+

transfer can also limit the reaction rate of the NRR [115]. Our
group [116] proposed a hydrogen spillover mechanism under
alkaline conditions for the NRR, in which the H atoms in
adsorbed OH* species serve as H sources and thus improve the
kinetics of the NRR. Following this strategy, a catalyst of
Fe-doped Mo2N with a vacancy (Fe/SV-Mo2N) was developed,
whose structure is shown in Fig. 13a. The vacancy of
Fe/SV-Mo2N can spontaneously adsorb three OH− ions, result-
ing in H spillover from OH* to N2

*. The entire reaction pathway
with H spillover is shown in Fig. 13b, where all the hydro-
genation steps are spontaneous except for the NH2NH* to
NH2NH2

* step. The ∆G of this step is only 0.22 eV, corre-
sponding to a very facile NRR process with the assistance of H
spillover under alkaline conditions. A proof-of-concept experi-
ment was further performed to confirm the superior electro-

catalytic activity of Fe/SV-Mo2N. The NH3 yield rate is
36.4 μg h−1 mgcat

−1, which is higher than that of intact Mo2N. Lv
et al. [117] proposed an analogous reaction mechanism on an
MXene catalyst with hydroxyl termination. As shown in Fig. 13c,
N2 is hydrogenated by the surface H atoms in the OH terminal
group, and the remaining H vacancies can easily self-repair. By
following this mechanism, the OH-terminated MXenes exhibit
higher NRR activity than the bare MXenes (Fig. 13d).

The above strategies are akin to the associative mechanism, in
which N2 is first hydrogenated rather than the N≡N bond
broken. A dual-site dissociative mechanism was proposed by
Abild-Pedersen’s group [118]: N2 is first dissociated by confined
dual sites, and the separate N atoms are reduced to NH3
molecules. The energy barrier for N≡N bond breaking is greatly
reduced by following the dual-site dissociative mechanism,
which can be attributed to the stabilized transition state and the

Figure 12 (a) Schematic illustration of the MvK pathway for the NRR. Reprinted with permission from Ref. [114]. Copyright 2020, Wiley-VCH.
(b) Structural illustration of WC for the (100) surface of the rocksalt structure. (c) Free energy diagram of the NRR following the MvK pathway on WC.
Reprinted with permission from Ref. [46]. Copyright 2023, Wiley-VCH. (d) Schematic of the surface hydrogenation mechanism for the NRR on noble-metal-
based catalysts. Reprinted with permission from Ref. [48]. Copyright 2019, American Chemical Society.
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enhanced “donation” mechanism at the dual sites. Table 1 dis-
plays the computational and experimental NRR activities of the
catalysts discussed in this review.

STRATEGIES TO IMPROVE THE SELECTIVITY
As mentioned above, the NRR is severely limited by the com-
petitive HER under aqueous solution conditions and, thus, the
decrease in the FE [115]. To address the selectivity issue induced
by the HER, the reaction mechanisms of the HER should first be
understood. Thermodynamically, the HER performance is
determined by ∆GH*, whose ideal value is close to zero
[127,128]. Kinetically, the HER involves only two proton-elec-
tron transfer steps, and the first step of H* formation at the
active sites, i.e., the Volmer step, is the most important step
[129]. In this section, the strategies used to suppress the HER
based on thermodynamic and kinetic methods are summarized.

Thermodynamic suppression of the HER
The thermodynamic methods for suppressing the HER include
(1) weakening H adsorption and (2) increasing the UL of the
HER. That is, a stronger G N 2

* than ∆GH* indicates dominant N2

adsorption onto the active sites. The active sites for the NRR
would, therefore, not be blocked by H+. A lower UL-NRR than
UL-HER means that a lower applied potential is required to trigger
the NRR than the HER. These thermodynamic parameters can
be accurately acquired by DFT calculations. Zhao et al. [98]
proposed a theoretical estimation of the selectivity for the
NRR (fNRR) based on the difference (δG) between ∆GPDS-HER and
∆GPDS-NRR according to the Boltzmann distribution:
f G k T= 1 / (1 + exp[ / ]), (1)

NRR B

where kB is the Boltzmann constant and T is the temperature.
fNRR represents the mole fraction of NH3 in the total product
stream, which assumes that the reaction rates of the NRR and
HER are determined only by the thermodynamic reaction
energy of their PDS. They designed a NRR catalyst of Mo atoms
anchored on N-doped graphene (Mo1/N3-G), where a fNRR of
~40% was realized, denoting its high selectivity for the NRR. Liu
et al. [66] evaluated a series of SACs supported on g-C3N4
(TM@g-C3N4) for the NRR, where the fNRR values of Ru@g-C3N4
and Rh@g-C3N4 reached 97% and 73%, respectively. Li et al. [62]
estimated the fNRR of Mo-doped graphene-like GaN (Mo@g-
GaN), which exhibited a substantial selectivity of ~31% for the
NRR. Although the proposed fNRR is an ideal assumption, it can
be an effective guide for catalyst design.

However, the experimental FE values for the NRR are usually
poor, even when a positive prediction of the NRR selectivity is
given by DFT calculations. The main reason for this gap is
attributed to the negative electrode potential under working
conditions, which greatly promotes H+ adsorption while exerting
a negligible influence on N2 adsorption [130]. In Fig. 14, the
selectivity between the NRR and HER is compared based on the
difference between G N 2

* and ∆GH*, where nearly one-third of
the catalysts exhibit dominant NRR at 0 V vs. RHE [41]. How-
ever, when the electrode potential is considered, most catalysts
are screened out. In particular, the theoretically designed MoB2
can suppress the HER even at the working potential, and a
remarkable FE of 30.84% is experimentally realized. The high
NRR selectivity of MoB2 can be attributed to the enhanced
adsorption of N2 by the modified Moδ+ sites, as well as the
electrostatic repulsion between the Moδ+ sites and protons. The

Figure 13 (a) Adsorption configurations of N2
* on Fe/SV-Mo2N&3OH* along with the charge density difference, where the yellow and pink isosurfaces

indicate electron accumulation and depletion, respectively. (b) Free energy profiles of the NRR with hydrogen spillover and OH* recovery processes. Reprinted
with permission from Ref. [116]. Copyright 2023, Elsevier. (c) Schematic of the reaction mechanism for the NRR on M2C(OH)2. (d) Comparison of the onset
potentials between M2C and M2C(OH)2. Reprinted with permission from Ref. [117]. Copyright 2021, American Chemical Society.
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same is true for the Moδ+ sites on Fe/SV-Mo2N, which exhibits a
FE value of 17.60% [116].

The thermodynamic suppression strategies also suggest the
selection of TMs with weak ∆GH* in catalyst design, where noble
metal catalysts play an important role [119]. For example,

Au-based catalysts with high NRR performance have been
reported regardless of the structure of stepped facets [100],
nanoclusters [120] or alloys [121] due to their ability to inhibit
the HER. However, by taking the cost into consideration, Cu in
the same group as Au may be a potential substitute. The selec-

Table 1 NRR activity of several typical NRR catalysts mentioned in this review

Catalysts UL (V vs. RHE) NH3 yield (μg h−1 mgcat
−1) Ref.

V2-Pc −0.39 – [75]

Fe3-GDY/Gra −0.37 – [70]

BN/Ti/N-G −0.82 – [78]

Fe-Mo-S −0.99 – [80]

Nb-TiO2(110) −1.64 21.3 [83]

Fe-MnO2 −0.58 39.2 [84]

S-Fe2O3@PPy −0.45 22.1 [85]

CrB3C1 −0.29 – [86]

Ru/N4-C −0.55 – [87]

Co-MoS2 −0.59 0.63
(mmol h−1 g−1) [88]

Mo5N6(110) −0.46 – [89]

W2N3 −0.55 11.66 ± 0.98 [90]

s-TiO2 −0.61 16.67 [91]

Nb2O5/C −0.8 29.1 [92]

ZrO2(VO) −0.664 9.63 [93]

Fe2C −0.23 – [94]

Mo@Mo2CO2 −0.32 – [95]

1T-MoS2 −0.36 71.07 [96]

FeS-Vs −0.65 – [97]

NbB2 NFs −0.91 30.5 [99]

Au{730} – 1.648 (μg h−1 cm−1) [100]

Pd/C −1.18 4.5 [101]

Fe3Si −0.37 – [103]

Ru2MnSi −0.44 – [104]

B-graphene −0.31 – [110]

C/g-C3N4 −0.21 – [111]

WC(100) −0.35 – [46]

Fe/SV-Mo2N −0.22 36.4 [116]

Mo2C(OH)2 −0.62 – [117]

Mo1/N3-G −0.34 – [98]

Mo@g-GaN −0.33 – [62]

Au NP −1.13 – [119]

Au/TiO2 – 21.4 [120]

Ag4Ni2NCs −0.79 23.32 [121]

Re-Cu(111)-TBE −0.27 – [122]

NiSb −0.78 56.9 [123]

Ru-N4 −0.16 – [124]

TiO2-PEG – 1.07 (μmol cm−2 h−1) [125]

Bi NS – 13.23 [126]
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tivity between the NRR and HER on the twin boundary edge of
Cu(111) facets with Re atom doping (denoted as Re-
Cu(111)-TBE) was evaluated by DFT calculations [122]. The
computed ∆GH* plus the working potential is −1.01 eV, which is
less negative than G N 2

* = −1.05 eV, showing dominant

N2 adsorption onto the active sites under working conditions.
Moreover, the UL-NRR is much lower than UL-HER on
Re-Cu(111)-TBE. Therefore, Re-Cu(111)-TBE can exhibit high
selectivity for the NRR.

Moreover, the NRR selectivity can also be improved by
separating the active sites of the NRR and HER (Fig. 15a). Fan
et al. [123] designed a NiSb catalyst with different active sites for
the NRR and HER. As shown in Fig. 15b, the proton prefers to
adsorb on the Ni2–Ni3 bridge site of the NiSb surface, while N2
prefers to adsorb on the Ni1-Sb-Ni2 site. Thus, the active sites of
the NRR are no longer limited by the competitive HER, which
results in a remarkable FE of 48.00%. On intermetallic Ni3Mo,
the protons prefer to be adsorbed on the Mo–Ni bridge sites,
which would not block the active sites for the NRR, i.e., the
Mo–Mo bridge sites (Fig. 15c), resulting in a high FE [102].

Kinetic suppression of the HER
There are two well-known reaction mechanisms for the HER,
the Volmer-Heyrovsky mechanism and the Volmer-Tafel
mechanism, both of which involve the Volmer step, i.e., the
formation of H* on the active sites [115]. In an acidic solution,
the Volmer step can directly utilize abundant protons (H3O+ +
e− → H* + H2O) and is thus kinetically more favorable than the
NRR. Wu et al. [124] systematically investigated the kinetic
processes of the NRR and HER on Ru-N4 sites by using grand
canonical ensemble DFT (GCE-DFT), which can consider the
effects of the electrode potential. The Volmer step on the Ru-N4
site is shown in Fig. 16a. As the electrode potential decreases, the

Figure 14 Plot of UL versus the difference between G N2
* and ∆GH* on the

reported catalysts. The grey and purple regions represent the HER- and
NRR-dominant regions at 0 V vs. RHE, respectively. The shaded region
represents the NRR-dominant region at the NRR operating potential. Rep-
rinted with permission from Ref. [41]. Copyright 2021, Elsevier.

Figure 15 (a) Schematic illustration of the separation of the active sites of the NRR and HER on NiSb alloy. (b) Possible binding sites for protons on
NiSb(101) in the top view, along with the corresponding binding energies. Reprinted with permission from Ref. [123]. Copyright 2023, Wiley-VCH.
(c) Adsorption configurations and the corresponding binding energies of N2 on the B1MoMo (left) and B2MoMo (right) sites on the Ni3Mo(211) surface with full
H coverage. Reprinted with permission from Ref. [102]. Copyright 2023, Elsevier.
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Volmer step becomes both thermodynamically and kinetically
more favorable, which explains the poor NRR selectivity.
However, since the Ru sites strongly adsorb N2, the reaction
barrier of the Volmer step increases when the active sites are
occupied by N2

*, and the energy barrier of the first hydrogena-
tion step of the NRR decreases (Fig. 16b). The researchers pre-
dicted that the kinetic energy barrier of the NRR is 0.16 eV lower
than that of the HER when the electrode potential is −0.2 V vs.
RHE, which accounts for the high FE of 30% experimentally
proven for Ru-N4. This work provides kinetic evidence that
dominant N2 adsorption improves the NRR selectivity.

In the microscopic view, after a catalytic cycle is finished, the
active site is prepared to capture a new adsorbate. If there are
sufficient protons in the vicinity of the active sites, the proton
adsorption will dominate, especially under a relatively negative
potential [44]. This will result in a low selectivity for the NRR. In
contrast, if there are insufficient protons while a substantial
number of N2 molecules are located around the active sites, then
N2 adsorption will be the dominate process. This will improve
the NRR selectivity to some extent, while insufficient protons
also delay the hydrogenation steps in the NRR [115]. In this case,
regulation of the proton transfer kinetics can guarantee both
suppression of proton adsorption and hydrogenation of NRR
intermediates. Zhi’s group [125] proposed a strategy to regulate
the HER kinetics by adding poly(ethylene glycol) (PEG) to the
electrolyte. As shown in Fig. 16c, H2O and H3O+, which have
asymmetric charges, can form hydrogen bonds with PEG via
electrostatic interactions. Therefore, when PEG was added to an

acidic electrolyte (Fig. 16d), the Volmer step of the HER could
be kinetically retarded by the limited H3O+ diffusion. In contrast,
the binding energy of nonpolar N2 on PEG is much weaker than
those of H2O and H3O+, so N2 molecules can freely diffuse to the
catalyst surface. Moreover, PEG can be added to an alkaline
electrolyte, in which the limited H2O diffusion also suppresses
the HER kinetics. By following this strategy, the TiO2 nanoarray
catalyst with a PEG-containing acidic electrolyte experimentally
achieved a remarkable NRR FE of 32.13%. To suppress the HER,
other H sources can be utilized in the NRR rather than protons.
When H+ has a low availability under neutral or alkaline con-
ditions, the Volmer step will involve water dissociation with
sluggish kinetics (H2O + e− → H* + OH−), and the NRR
selectivity will improve (Fig. 16e) [115,131]. Fortunately, a
hydrogen spillover mechanism for the NRR has been developed
by directly utilizing the H atom in OH* species as an H source,
and OH* can be easily recovered from H2O molecules. Thus, the
NRR can readily proceed with limited HER kinetics [116].

Since the Volmer step involves one electron transfer,
decreasing the electron availability can also retard the HER
kinetics. Singh et al. [44] proposed two strategies for limiting the
accessibility of electrons: (1) adding an insulator layer between
the electrode and the catalyst surface and (2) employing a
photochemical method to control the electron flow. Specifically,
semimetals with semiconducting features effectively limit the
availability of surface electrons. Li et al. [126] designed a 2D Bi
nanosheet for the NRR whose large charge-transfer resistance
effectively limited the electron accessibility of the catalyst sur-

Figure 16 (a) Volmer step on the Ru-N4 site along with the adsorption configurations. (b) Schematic illustration of the reaction pathway for the NRR.
Reprinted with permission from Ref. [124]. Copyright 2022, American Chemical Society. (c) Electrostatic potentials of various molecules in the
PEG-containing aqueous electrolyte. (d) Schematic illustrations of the diffusion behaviors of N2, H2O and H3O+ to the catalyst electrode in PEG400-containing
acidic and alkaline electrolytes. Reprinted with permission from Ref. [125]. Copyright 2021, Wiley-VCH. (e) Schematic illustration of the competition between
the HER and NRR in different electrolytes. Reprinted with permission from Ref. [115]. Copyright 2021, The Royal Society of Chemistry.
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face, with a FE of 10.46%. Notably, the kinetic suppression of the
HER also retards the NRR process. Hence, the balance between
the NRR selectivity and efficiency should be considered.

STRATEGIES TO ADDRESS OTHER CHALLENGES
There are several other factors that limit the NRR performance
beyond the catalyst itself, including the electrolyzer, proton-
exchange membrane, and electrolyte. The above issues are dis-
cussed in this section.

Electrolytes
Aqueous electrolytes are the most commonly used electrolytes in
the electrochemical NRR due to their simplicity, economy, and
high fluidity. Nonetheless, aqueous electrolytes exhibit high
proton transfer efficiency and thus facilitate the HER, leading to
a significant challenge in realizing NRR selectivity. Strategies to
modify electrolytes to increase the selectivity for the NRR have
been suggested. Adding alkali metal ions to electrolytes can
effectively delay the transfer rate of the proton donor due to
solvation and steric effects [115]. Hao et al. [65] demonstrated
that K+ cations on a Bi catalyst surface restrict proton transfer
from the bulk solution to the electrode surface; thus, the active
sites are highly accessible to N2. Moreover, K+ cations can
enhance the NRR activity by decreasing the ∆G of the first NRR
step. As a result, an NH3 yield of 200 mmol g–1 h–1 and a
remarkable FE of 66% is obtained in an aqueous electrolyte
under ambient conditions.

It is acknowledged that N2 suffers from solvation limitations
in aqueous electrolytes, with low solubility of 1.98 × 10−3 g per
100 g

H O2
at 20°C. Fortunately, this property can be greatly

improved in some organic solvent electrolytes. For example,
fatty alcohols provide a 30 times higher solubility of N2 than that
in H2O. However, a proton source to reduce N2 should be
provided if organic solvent electrolytes are used, which are
generally composed of some alcohols or H2O. Kim et al. [132]
developed ethylenediamine (EDA) as a cathodic solvent for the
NRR, with which the Ni catalyst achieved an NH3 yield of
3.58 × 10−11 mol s−1 cm−2 and a FE of 17.2%.

The electrolytes in the lithium-mediated NRR (Li-NRR) have
also received attention due to their great impact on the perfor-
mance [133]. Steinberg et al. [134] conducted cryogenic trans-
mission electron microscopy to explore the surface phenomena
in the Li-NRR. They found that the presence of a proton donor
(for example, ethanol) could disrupt the passivation layer,
enabling continuous catalytic activity at the Li surface. Cai et al.
[135] conducted a systematic investigation of ether-based sol-
vents for the Li-NRR by combining molecular dynamics (MD)
simulations and experiments. The tetrahydrofuran (THF)-based
electrolyte showed a good solvent effect, and Li achieved an
impressive FE of 58.5% ± 6.1%. Li et al. [136] also reported that
adding small amounts of O2 to the Li-NRR system is beneficial
for both the FE and the stability, in which a record high FE of up
to 78.0% ± 1.3% is obtained.

Electrolytic cell equipment
At present, more than 90% of reported NRR studies use H-type
cells. This type of cell contains a cathode chamber and an anode
chamber, which are separated by a proton-exchange membrane.
The cathode chamber is assembled with working and reference
electrodes, while a counter electrode is set in the anode chamber.

The advantage of H-type cells is the ability to control the
potential applied to the working electrode, and reactants can be
readily added to and separated in the cell. The rational design of
electrolytic cell equipment and proton-exchange membranes can
further improve the NRR performance. For example, a flow cell
would increase the solubility of N2 in the electrolyte, thereby
improving the NRR performance. Fu et al. [137] reported that
continuous-flow electrolyzer equipment addresses the issue of
the low N2 accessibility of the catalyst. In addition, by combining
the hydrogen oxidation reaction (HOR) on the anode, a sus-
tainable hydrogen source for NH3 synthesis can be provided.
Under optimal operation conditions, a FE of up to 61% ± 1%
and an energy efficiency of 13% ± 1% at a current density of
−6 mA cm−2 are achieved.

Electrolyzer design could also improve the NRR selectivity.
For instance, the back-to-back cell may have a natural ability to
suppress the HER since there is a dense membrane separating
the two chambers, which can control the proton source supply
[138]. This increases the N2 accessibility of active sites, thus
improving the NRR selectivity. Following this strategy, Renner
et al. [139] developed a back-to-back cell for the NRR, where the
Fe-based catalyst realized an ultrahigh FE of 41%.

Membrane design is essential for accurate NH3 detection. The
Nafion membrane is the most common membrane used to
separate the cathode and anode chambers, as it can adsorb and
release NH3, affecting the NH3 quantitation in the NRR. Liu
et al. [140] performed a series of experiments to examine dif-
ferent membranes for the NRR with Pd nanosheets as catalysts.
They discovered that the Celgard 3501 membrane exhibited the
lowest adsorption and release of NH3. To more accurately
evaluate the NRR activity, Ren et al. [141] proposed that the
Nafion membrane be replaced by a salt bridge.

CONCLUSIONS AND OUTLOOK
The electrochemical NRR is not only an environmentally
friendly alternative to the energy-intensive Haber-Bosch method
but also a promising technique for the utilization and storage of
renewable sources. In the near future, there are green prospects
for the widespread use of distributed electrochemical NH3 pro-
duction devices powered by renewable energy. It is well
acknowledged that catalysts account for most of the cost of the
electrochemical NRR, but their catalytic performance is still
unsatisfactory due to their low activity and selectivity. Thus,
high-efficiency NRR catalysts are urgently required. In parti-
cular, DFT calculation is a powerful tool to assist in catalyst
design, which provides fundamental insights into the catalytic
mechanism and an understanding of the structure-performance
relationship. We believe that DFT calculations will guide the
development of NRR catalysts and accelerate the wide applica-
tion of the electrochemical NRR.

However, there is still a nonnegligible gap between the cal-
culations and experiments. To achieve more practical results,
several aspects of DFT calculations should be further considered:
(1) Since the reaction rate directly depends on the kinetics,
developing an advanced kinetic model would be very helpful for
accurately predicting the NRR performance. (2) A precise
description of the electronic structure is very important to
understand the “acceptance-donation” mechanism for N2 acti-
vation, which requires good matching between the frontier
orbitals. Therefore, a view of the suborbitals should be obtained
to determine the electronic interactions. (3) The effects of the
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electrode potential and electrolyte should be considered since
they greatly affect the catalytic behavior during the NRR process.
It is known that the present computational capabilities cannot
fully simulate the real reaction situations of the NRR; thus, there
will always be a trade-off between unlimited model size and
limited computational resources. At this stage, we strongly
propose performing proof-of-concept experiments to verify the
DFT results, which is very meaningful for further development
of material design.
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密度泛函理论在氮还原反应催化剂设计中的应用进展
代天一, 杨春成*, 蒋青*

摘要 发展电化学氮气还原反应(NRR)的合成氨技术可以有效缓解工
业上的哈伯-博什法合成氨的化石燃料消耗与碳排放问题. 同时, 氨是
一种无碳的能源载体, NRR可以实现可再生能源的转换, 因此具有广阔
的发展前景. 然而, 高效催化剂的缺乏限制了NRR技术的发展. 为此, 人
们对开发高效催化剂进行了广泛的探索, 其中密度泛函理论(DFT)计算
在辅助催化剂设计方面发挥了重要作用. 在本综述中, 我们总结了最近
的催化剂设计策略, 这些策略的目的是提高NRR的催化活性和选择性.
此外, 本综述还回顾了具有代表性的计算工作, 并对进一步改善催化性
能提出了见解. 最后, 本综述简要讨论了通过DFT计算进行催化剂设计
所面临的挑战和机遇. 目的在于指导人们采用更有效的设计策略来实
现高效的NRR过程.
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