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A B S T R A C T

Ammonia production through electrocatalytic and photocatalytic N2 fixation approaches has attracted a huge
interest as a sustainable and clean route owing to the use of renewable energy to drive the processes. However,
these approaches do not fulfil the industrial requirement because of the poor catalytic activity and efficiency of
the catalysts. Therefore, rationally designed and highly efficient catalysts are urgently needed. Transition metal
sulfide-based catalysts have gained great research interest as promising materials to catalyze artificial ammonia
synthesis due to their structural similarity to the active site of the natural nitrogenase. This review gives some
insights into the recent progress on the developments of transition metal sulfide-based electrocatalysts and
photocatalysts for nitrogen fixation to ammonia under ambient conditions. A prospect on the future develop-
ment on the rational design of efficient metal sulfide-based catalysts for artificial N2 fixation is also discussed.
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1. Introduction

Nitrogen is a vital building block for amino acids, nucleotides and
other important biological compounds in plants and animals [1,2].
Earth’s atmosphere is mainly composed of nitrogen in the form of
molecular nitrogen (N2), constituting around 78 % by volume. But,
nitrogen molecules cannot be directly utilized by most organisms
and thus need to be converted into ammonia or nitrate [3]. Therefore,
the fixation of nitrogen to ammonia is one of the most vital chemical
process in nature, made possible by diazotrophic organisms that con-
tain the nitrogenase enzyme [4]. The nitrogenase catalyzes the fixation
of nitrogen to ammonia by utilizing redox-active FeMo-cofactor
(Fig. 1) in cooperation with reductase enzyme. The nitrogenase com-
monly consists of two independent proteins, a charge-transfer Fe pro-
tein and N2-fixing MoFe protein, both containing metal-sulfur clusters
[5,6]. During reaction, electrons delivered from the reductase are
transferred to the Fe protein and eventually to the FeMo cofactor
(FeMoco), where the conversion of N2 to NH3 occurs [7]. The electrons
get accumulated at the MoFe protein for the reduction of N2 into two
NH3 molecules along with the reductive elimination of one H2 mole-
cule (eq (1)) [8,9].

N2 þ 8Hþ þ 16MgATP þ 8e� ! 2NH3 þ H2 þ 16MgADP

þ 16Pi ð1Þ
Ammonia is essential for industrial chemical synthesis, playing a

key role as a main component for commercial chemicals like fertilizers
and fibers [11,12]. It may also be used in fuel cells because of its suit-
ability as a hydrogen energy carrier in its liquid form and is under con-
sideration as fuels for ships and planes to replace fossil fuels [13,14].
NH3 is most commonly produced in industry through the Haber-Bosch
process, which is carried out at high temperature (400–500 °C) and
pressure (15–25 MPa) [15]. This process involves a gas-phase reaction
between N2 and H2 molecules using Fe or Ru-based catalysts (equation
2) [16]. Due to the high temperature

N2ðgÞ þ 3H2 ðgÞ ! 2NH3ðgÞΔH298K ¼ �92:2 kJ mol�1 ð2Þ
and pressure conditions, it is highly energy-consuming and releases
large amount of CO2 contributing to the global greenhouse gas emis-
sions [17]. Apart from this, the hydrogen is conventionally generated
through an energy intensive steam methane reforming process. Thus,
to reduce CO2 emissions and minimize energy input during the fixation
process, exploration of alternative nitrogen fixation processes, which
can operate under milder conditions and based on sustainable technolo-
gies, is of considerable significance.

In recent years, several alternative processes have been examined
for a sustainable NH3 synthesis under mild conditions [18] such as
photocatalysis [19], electrocatalysis [20], thermal/solar-thermal catal-
Fig. 1. Structure of the FeMo-co of the Mo-nitrogenase [10].
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ysis [21], and plasma catalysis [22,23]. Among which, photocatalysis
and electrocatalysis have gained huge research interest among scien-
tists [24]. Photocatalytic nitrogen reduction offers a green NH3 pro-
duction path owing to the abundant and clean solar energy and the
earth abundant H2O reductant used in this process [24,25]. Electro-
chemical N2 reduction is another attractive alternative due to the
availability of electrical energy produced by photovoltaic plants,
inducing an intensive research activity in the development of efficient
electrocatalysts [20,26,27]. But these processes display very low effi-
ciency and thus still need efficient catalysts to break the strong
N„N bond. Therefore, designing excellent catalysts to boost the elec-
trocatalytic and photocatalytic nitrogen fixation efficiencies is highly
demanded.

Inspired by nature, transition metal sulfides are considered as
promising materials to catalyze artificial ammonia synthesis on their
surface due to their structural similarity to the active site of the nitro-
genase [17,18]. The metal-sulfur bonds in the nitrogenase enzyme are
believed to help in retaining low-valence charge density sites on the
metal [28] that facilitate the N2 adsorption and subsequent polariza-
tion and activation [29]. Metal sulfides have recently attracted a wide-
spread research interest as photocatalysts and electrocatalysts for
nitrogen fixation due to their distinctive structural features, rich active
sites, adjustable electronic properties and relatively narrow bandgaps
[30–36].

Herein, the review elucidates the recent advances on the develop-
ments of transition metal sulfide-based electrocatalysts and photocata-
lysts for N2 fixation to NH3. After a brief introduction of the
fundamental principles of the NRR, the different kinds of metal sul-
fides and their composites reported recently for photocatalytic and
electrocatalytic NRR is systematically summarized. The focus of this
review is to explain the strategies to enhance the NRR activity of tran-
sition metal sulfides including modification with co-catalysts, interfa-
cial and defect engineering, crystal phase engineering, modulating
morphology, and constructing heterostructures. Finally, we present a
brief summary, prospects on the state-of-the-art transition metal sul-
fide-based catalysts, main challenges, and future perspectives in this
research field.
2. Fundamentals of nitrogen fixation

Nitrogen fixation is a process, where gaseous nitrogen (N2) is con-
verted into useful chemicals such as NH3, NO3

–, and NO2
– by combining

with other elements and using energy input. It is a multielectron pro-
cess and involves N2 adsorption, activation and breaking of the N„N
bond, hydrogenation of N2, and ammonia desorption. A sustained elec-
Table 1
Hydrogenation reactions and the corresponding reduction potential vs RHE
during nitrogen fixations [25].

Reactions Eo (V)

H2O → 1/2O2 + 2H+ + 2e− 1.23
2H+ + 2e− → H2 0
N2 + e− → N2

– −4.16
N2 + H+ + e− → N2H −3.2
N2 + 2H+ + 2e− → N2H2 −1.10
N2 + 4H+ + 4e− → N2H4 −0.36
N2 + 5H+ + 4e− → N2H5

+ −0.23
N2 + 6H+ + 6e− → 2NH3 0.55
N2 + 8H+ + 8e− → 2NH4

+ 0.27



Fig. 2. The conventionally accepted mechanisms for reduction of nitrogen to ammonia. Reproduced with permission from [38]. Copyright 2021, Elsevier.
tron supply is the key to this process, which can highly support a con-
tinuous N2 fixation reaction. The N„N bond activation to form N2

− on
the surface of catalysts is the rate-limiting step due to its high activa-
tion energy and high reduction potential (-4.16 V vs RHE) (Table 1)
[37].

Currently, there are three well known mechanisms for the catalytic
nitrogen fixation to ammonia; the dissociative, associative and enzy-
matic mechanism [38]. The dissociative mechanism proceeds by cleav-
age of N„N bond first, and then NH3 gradually forms via
hydrogenation. Typically, the well-known Haber-Bosch process is
believed to undergo through the dissociative mechanism (Fig. 2(a)).
In the associative mechanism, there are two possible pathways; distal
and alternating pathways, referring to the different intermediates
[39]. As shown in Fig. 2, in the distal pathway, the single N atom fur-
thest away from the surface is preferentially hydrogenated releasing
the first one equivalent of NH3. Then the remaining nitride-N is hydro-
genated. Whereas, in the alternating pathway, hydrogenation takes
place on each of the two nitrogen atoms alternately until one of the
nitrogen is converted into NH3 and the NAN bond is broken. Different
from the above-mentioned pathways, enzymatic mechanism (Fig. 2
(d)) undergoes by adsorbing the nitrogen molecule on the catalysts
by the edge of each atom rather than one side and the hydrogenation
occurs to both the N atoms at the same time. It usually occurs with
nitrogenases and some catalysts.
Fig. 3. A Schematic diagram of photo-driven nitrogen fixation using
semiconductor photocatalysts in an aqueous solution. Reproduced with
permission [43]. Copyright 2021, Springer Nature.
2.1. Photocatalytic nitrogen fixation

As an environmentally friendly and energy-saving process, photo-
catalytic nitrogen fixation directly produces NH3 from sunlight, N2,
and H2O. Since the earliest investigation by Schrauzer and Guth
[40] on titania based nanostructured materials, many catalytic materi-
als have been explored to enhance the photocatalytic performance and
improve NH3 yield. However, the conversion efficiency is still low as a
result of the recombination of electron-hole pairs and limited active
sites.
3

The overall photocatalytic nitrogen fixation involves three key
steps (Fig. 3) [41,42]. The first step is photoexcitation, in which the
semiconductor absorbs solar energy generating photoelectrons. These
photogenerated electrons are excited to the conduction band (CB)
while holes are created and retained in the valence band (VB). Then
the photoelectrons and holes are transferred to the active site on the
surface of the photocatalyst to drive reduction and oxidation reactions,
respectively. In the last step, the adsorbed N2 molecules are reduced to
yield ammonia by the photogenerated electrons as shown in equation
(3). The H2O or other sacrificial reagents are oxidized by the photo-
generated holes to generate H+, O2, CO2 and other by products. Equa-



tion (5) shows the overall process of photocatalytic NH3 synthesis from
N2 and H2O under ambient conditions.

6Hþ þ N2 þ 6e� ! 2NH3 ð3Þ

2H2O þ 4Hþ ! 4Hþ þ O2 ð4Þ

2N2 þ 6H2O ! 4NH3 þ 3O2 ð5Þ
2.2. Electrocatalytic nitrogen reduction

Electrocatalytic nitrogen reduction is highly considered as a
promising and ecofriendly technology to achieve N2 fixation to pro-
duce NH3 and has attracted wide attention [27]. As the cost of electric-
ity derived from renewable sources continues to decrease, this route
can provide an alternative pathway to the energy intensive Haber-
Bosch process and has the advantage of scalability. Electrochemical
nitrogen reduction is a multistep process involving a proton-coupled
6-electron reduction process and produces two ammonia molecules
per dinitrogen molecule. The electrocatalytic NRR process encom-
passes the following elementary steps: 1) diffusion of N2 into the sur-
face; 2) activation of N2 molecules to intermediates via the
participation of protons and multiple electron transfer; and 3) desorp-
tion of the reduced product from the surface. In the concrete process,
the water oxidation and N2 reduction occur in the anode and cathode,
respectively, in a three-electrode system. The corresponding reactions
in acidic and basic media are shown as follows:

Acidic condition
Anode

3H2O ! 3=2O2 þ 9Hþ þ 6e� ð6Þ
Cathode

6Hþ þ 6e� þ N2 ! 2NH3 ð7Þ
Alkaline condition
Anode

6OH� ! 3=2O2 þ 3H2O þ 6e� ð8Þ
Cathode

6H2O þ N2 þ 6e� ! 2NH3 þ 6OH� ð9Þ
Overall reaction

N2 þ 3H2O ! 3=2O2 þ 2NH3 ð10Þ
3. Recent advances in metal sulfide-based photocatalysts

3.1. CdS-based materials

CdS is demonstrated as a very attractive visible light driven photo-
catalyst with a strong broad light absorption owing to its narrow band
gap (2.4 eV) and appropriate band structure [44–46]. However, it
easily oxidizes under light irradiation and suffers photocorrosion, lim-
iting its applications [47,48]. Various strategies were employed to
improve the activity and stability of CdS including formation of solid
solutions, modification with co-catalysts, and metal atom doping.

Dong et al. investigated Zn1-xCdxS (x = 0, 0.2, 0.4, 0.6, 0.8, 1) solid
solution photocatalysts with a twin structure composed of major zinc
blende and minor wurtzite phases [49]. Among the Zn1-xCdxS solid
solutions, the Zn0.8Cd0.2S (x = 0.2) achieved an optimal photocatalytic
NH3 yield rate of 66.91 μmol g−1h−1 under visible light and an appar-
ent quantum efficiency (AQE) of 3.77 % at 420 nm. This NH3 produc-
tion rate is much greater compared to the ones from the pristine CdS
and ZnS. The significantly enhanced photocatalytic N2 fixation of the
Zn0.8Cd0.2S solid solution can be accounted for enhanced electron-hole
4

pair separation by the inner homojunctions formed between the two
crystal phases.

The main challenge in the photocatalytic nitrogen reduction is the
low activity and low efficiency of the semiconductors because of the
fast electron-hole pairs recombination. Modifying semiconductors
with cocatalysts helps to tackle this challenge by enhancing charge
separation and providing abundant active sites for N2 activation. Ye
and coworkers designed a Ni2P cocatalyst loaded Cd0.5Zn0.5S solid
solution photocatalyst [50]. An ammonia production rate of 254 μmol
gcat−1h−1 was achieved on the Ni2P/Cd0.5Zn0.5S under visible light illu-
mination without using any scavengers. A high quantum efficiency of
4.32 % was attained at 420 nm. The NH3 yield rate is 35.7 times more
than that of Cd0.5Zn0.5S implying the role of Ni2P cocatalyst in promot-
ing transfer of photogenerated electrons and holes and enhancing sta-
bility. In another study, Shen and coworkers developed a metal-free
cocatalyst of black phosphorous nanosheets (BPNS) to improve the
nitrogen fixation activity of CdS photocatalyst [51]. They prepared
the BPNS by a scalable electrochemical expansion method from bulk
black phosphorus (BP) with large surface area and it provides good
support for the growth of CdS nanoparticles. The BPNS/CdS composite
with the optimal BPNS content of 1.5 % achieved NH3 production rate
of 240.17 μmol g−1h−1 under visible light illumination and employing
methanol as the sacrificial reagent. This photocatalytic activity of
BPNS/CdS is 3.69 times more than that of bare CdS, demonstrating
the key role of BPNS in accelerating the charge separation and
transfer.

Another study done by Gao et al. demonstrated the fascinating
aspect of cocatalysts in promoting N2 adsorption [32]. Employing
NiS as a cocatalyst on CdS, N2 molecules were observed to adsorb
favorably onto the surface of NiS/CdS and is evidently displayed in
the temperature programmed desorption (TPD) profiles (Fig. 4(d)).
The composite exhibited excellent N2 fixation capability of 2.8 and
1.7 mg L−1 in 1 h under full spectrum and visible light, respectively
(Fig. 4 (a&b)). With increasing NiS loading from 0.1 wt% to 1.0 wt
%, the ammonia production rate was shown to increase 1.7 times
reaching 1.7 mg L−1h−1 (Fig. 4(b)). This enhancement in activity is
ascribed to the improved N2 adsorption and better charge separation
efficiency brought about by the NiS loaded on CdS. Recently, a hybrid
material composed of oxygen-doped 1T-MoS2 nanosheets with rich
sulfur vacancy (SV) loaded on CdS nanorods displaying an exceptional
photocatalytic performance has been reported [52]. The CdS loaded
with 30 wt% sulfur vacant 1T-MoS2 cocatalysts displayed an outstand-
ing photocatalytic ammonia production rate of 8220.83 μmol/Lh−1

g−1 under simulated solar light (Fig. 5). Compared to CdS/ (0.1 wt
%) Pt, the ammonia production rate of SV-1T-MoS2/CdS is increased
by 2.36 times, exceeding Pt as a co-catalyst. This photocatalytic activ-
ity is one of the best among the previously reported non-noble metal-
based photocatalysts. The metallic 1T phase MoS2 with rich sulfur
vacancies has more exposed active edge sites. The presence of the sul-
fur vacancy defects in SV-1T-MoS2 is confirmed by XPS analysis as
shown in Fig. 5(e) & (f), which indicates the shifts in the correspond-
ing peak of Mo 3d positions and the difference in proportion of 1T
phase in SV-1T-MoS2 and 1T-MoS2 samples. Thus, the SV-1T-MoS2
offers a superior performance to SV-1T-MoS2/CdS composite by pro-
moting N2 adsorption, enhancing light absorption and facilitating effi-
cient charge separation and transfer.

Introducing defects by creating vacancies on the surface of photo-
catalysts has recently been realized to promote nitrogen activation
and protonation [53,54]. Specifically, for transition metal-based pho-
tocatalysts such as metal sulfides anion vacancies help in constructing
more active sites. By making use of the vacant d orbitals, the transition
metal accepts electron density from the nitrogen p-orbital, forming a σ
bond. This is followed by a back donation of the electron density from
the d orbital of TM to the π* of N2, eventually weakening the NAN tri-
ple bond. Hu and his colleagues constructed a series of ternary metal
sulfides by heterometal doping to introduce surface sulfur vacancies



Fig. 4. (a) NH4
+ production changes with the reaction time under full spectrum light irradiation. (b) NH4

+ production changes with the reaction time under the
visible light irradiation (λ > 420 nm) within 1 h. (c) NH4

+ production under different conditions (darkness, DMSO as solvent and water + light + N2 or Ar) and
exposure to visible light. (d) Temperature programmed desorption (TPD) curves of N2 on CdS and NiS/CdS. Reproduced with permission from [32]. Copyright
2019, Elsevier.
on CdS [55,56]. They synthesized the ternary metal sulfides Zn0.1Sn0.1-
Cd0.8S, Zn0.1Mo0.1Cd0.8S, Ni0.1Sn0.1Cd0.8S, and Mo0.1Ni0.1Cd0.8S by
using Ni, Sn, Mo, and Zn dopants. The metal doping causes the crystal
lattice distortions as shown in the XRD patterns in Fig. 6(c) and
induces the formation of surface sulfur vacancies, which acts as active
sites for N2 binding. Moreover, the EPR spectra given in Fig. 6(d) fur-
ther confirms the formation of sulfur vacancies. They demonstrated
that there is a direct relationship between the photocatalytic N2 fixa-
tion activity and sulfur vacancy concentration (Fig. 6(a) & (b)). The
sulfur vacancies were shown to be tuned by controlling the type and
proportion of the metal cations.

3.2. 2D MS2 (M = Mo, W)-based materials

2D Transition-metal dichalcogenides (TMDC) such as MoS2, MoSe2,
MoTe2, WS2, and WSe2 have drawn extensive research interest in
catalysis due to their high activity, chemical stability and tunable elec-
tronic properties [57,58]. Recently, Li and coworkers have theoreti-
cally elucidated that 2D transition-metal disulfides can be considered
as highly promising materials for an efficient N2 fixation with the
edges acting as the active sites [59]. The nitrogen molecules are shown
to preferably adsorb on the edges rather than the basal planes and thus
the N2 fixation can be enhanced by engineering their edges. Reports
made by Sun et. al. and others have theoretically and experimentally
demonstrated that the defects and Mo edges of the 2D MoS2 nanostruc-
ture play an important role in N2 adsorption, polarization, and activa-
tion [60,61].

In 2017, Sun and coworkers carried out the first experimental con-
firmation of photocatalytic N2 fixation to ammonia on MoS2 [30].
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They developed ultrathin MoS2 nanosheets with a thickness of about
3.5 nm and a high ammonia production rate of 325 µmol g−1h−1

was obtained under visible light without the use of scavengers. The
photocatalytic activity was shown to be induced by charged excitons
formed on the ultrathin MoS2 nanosheets acting as electron rich spe-
cies (Fig. 7). Due to the strong quantum confinement in ultrathin tran-
sition metal dichalcogenides (TMDs), the strong coulomb interactions
cause the formation of tightly bound excitons from photoexcited elec-
tron-hole pairs [62,63]. This leads to formation of charged excitons
(such as trions) by capturing of additional electrons by tightly bound
excitons and can act as electron-rich species to facilitate multielectron
N2 reduction process [62]. A large amount of sulfur vacancies also
exists on the surface of the ultrathin MoS2 nanosheets and is believed
to capture the N2 molecules facilitating its activation. This study has an
implication of an exceptional advantage of electron rich systems hav-
ing high concentration of localized electrons in N2 activation and
reduction.

Strategies involving the regulation of edges for better exposure of
active sites as well as the modulation of interaction between Mo and
NHx species is crucial in developing efficient MoS2 photocatalysts.
Recently, Hu et al. theoretically proposed rational design of active sites
of MoS2 by regulating the edge sites using Mn as a dopant [64]. The
Mn doping was shown to change inert S edge sites to active sites by
forming S vacancies and thus resulting in higher exposure of Mo edge
sites. The fabricated Mn-doped MoS2-x nanoflowers with optimal Mn
content displayed excellent photocatalytic performance, achieving an
ammonia yield of 213.2 μmol g−1h−1 in pure water without the use
of sacrificial agent under full light irradiation. This activity is 5.3 times
higher than that of the pristine MoS2 (40.2 μmol g−1h−1) and is supe-



Fig. 5. Photocatalytic NH4
+ production rates of (a) SV-1T-MoS2, CdS nanorods, and SV-1T-MoS2/CdS composites containing different amounts of SV-1T-MoS2, (b)

CdS nanorods, CdS-Pt (0.1 wt%), and 30 wt% SV-1T-MoS2/CdS composites under simulated solar light irradiation, (c) 30 wt% SV-1T-MoS2/CdS composites under
different light irradiation, (d) Band structure of CdS, 30 wt% 1T-MoS2/CdS, and 30 wt% SV-1T-MoS2/CdS composites, and high-resolution XPS spectra of (e) Mo
3d, and (f) S 2p. Reproduced with permission from Ref. [52]. Copyright 2020, American Chemical Society.
rior to most of the reported MoS2-based photocatalysts. The Mn doping
creates rich planar defects on MoS2 and lowers the energy barriers thus
facilitating N2 adsorption and activation by elongating the N„N bond.

Crystal phase engineering in transition-metal dichalcogenides is a
powerful strategy to develop efficient photocatalysts and tuning their
catalytic activities [103–106]. MoS2 generally exists in two phases,
stable hexagonal (2H) semiconducting phase and metastable trigonal
(1T) metallic phase. The 1T-MoS2 is highly conductive and has more
active sites, facilitating fast electron/charge transfer, which leads to
much higher catalytic activity than the 2H-MoS2.Thus, to make use
of both stability and higher activity, it is imperative to design a multi-
phasic catalyst (1T/2H MoS2) by controlling the concentration of the
phases [65,66]. Xu and coworkers proposed ultrathin alloyed mixed-
6

phase Mo1-xWxS2 nanosheets synthesized by a one-step hydrothermal
method with controlled 2H/1T phase ratios [67]. The Mo1-xWxS2 with
33.6 % of 1T phase concentration and Mo/W = 0.68:0.32 (MWS-2)
displays an optimum photocatalytic performance with an NH3 produc-
tion rate of about 111 μmol gcat−1h−1 under visible light irradiation and
using Na2SO3 as a scavenger (Fig. 8(a) & (b)). This N2 fixation rate is
3.7 (or 3) times more than that of the pristine MoS2 (or WS2)
nanosheets. The DFT calculations and in situ N2 absorption XANES
together with the N2-TPD (Fig. 7(c)) show that the W doping promote
the N2 adsorption process and induces the change of interfacial electric
density. The synergistic effect of the optimum ratio of the mixed-phase
2H/1T structure and W doping accounts for the high photocatalytic
activity of the Mo1-xWxS2 nanosheets (Table 2. Table 3.



Fig. 6. Dependence of photocatalytic N2 fixation performance on the concentration of sulfur vacancies in CdS-based materials doped with (a) Zn and Sn or (b) Mo
and Ni. For (a), reproduced with permission from ref. [56]. Copyright 2016, Royal Society of Chemistry. For (b), reproduced with permission from ref. [55].
Copyright 2016, Royal Society of Chemistry. (c) The XRD patterns of Mo0.1Ni0.1Cd0.8S and Mo0.1Ni0.1Cd0.8SO (d) EPR spectra of Zn0.1Sn0.1Cd0.8S and
Zn0.1Sn0.1Cd0.8SO.

Fig. 7. Schematic of the trion-induced multi-electron N2 reduction process. Reproduced with permission [30]. Copyright 2017, Elsevier.
Another effort was recently made to use MoS2 as an effective pho-
tocatalyst for nitrogen fixation enhanced by non-metal doping and use
of a noble metal Pt co-catalyst [68]. The flower like N-doped MoS2
microspheres were made by self-assembly of nanosheets, which is
advantageous providing more active sites and ultimately improving
the N2 fixation. The Pt/N-MoS2 displayed improved N2 photofixation
compared to the pure MoS2 owing to the band gap narrowing by N-
doping and accelerated charge transfer and carrier separation by the
Pt co-catalysts. Moreover, the authors suggested the promise of using
ultrasonic method to facilitate N2 fixation and that the synergistic
effect of sonocatalysis and photocatalysis further improves the activity.
7

Shi et al. [69] recently reported WS2@TiO2 nanoporous films (NFs)
prepared by using a facile method. Here, the WS2 nanoflakes are used
as attractive cocatalysts for the first time to promote photocatalytic fix-
ation of N2. They were deposited inside the nanopores of the oxygen
vacancy TiO2 film. The WS2@TiO2 NFs with a 20 % WS2 loading dis-
play highly outstanding performance with an outstanding NH3 yield
rate of 1.39 mmol g−1h−1 under simulated sunlight irradiation. The
WS2@TiO2 NFs heterojunctions formed enhance charge separation
efficiency and prolong the lifetime of charge carriers. The oxygen
vacancy on the surface of TiO2 plays a big role by providing binding
site for N2 adsorption.



Fig. 8. (a) Corresponding time course of the NH3 yield rate over different catalysts under the visible-light irradiation; (b) comparison of the NH3 yield rate; (c) N2-
TPD profiles of MoS2 and MWS-2; (d) scheme for photocatalytic N2 reduction over 2H/1T Mo1-xWxS2 nanosheets. Reproduced with permission from [67].
Copyright 2021, American Chemical Society.
3.3. Indium-based sulfides

Indium based sulphides are well known visible-light-responsive
semiconductors with exceptional absorption coefficient, excellent car-
rier mobility, reasonable band gap, chemical stability and low toxicity
[70–73]. Different approaches were devised to improve its photocat-
alytic property such as introducing surface defects and forming hetero-
junctions [73–76].

He and coworkers designed In2S3 nanotubes containing sulfur
vacancies formed by thermal treatment under nitrogen atmosphere
[33]. The constructed sulfur vacancies in In2S3 resulted in enhanced
photocatalytic performance with NH3 yield rate of 52.49 µmol g−1h−1.
This enhancement is due to an accelerated photogenerated charge sep-
aration efficiency. In another study, these same group of researchers
reported In2O3/In2S3 microsphere heterostructures prepared by a sim-
ple two-step hydrothermal process [76]. Flakes of In2S3 were formed
in situ and assembled on the In2O3 microsphere host. The photocat-
alytic N2 fixation activity of In2O3/In2S3 heterostructure was signifi-
cantly improved and achieved fixation rate of 40.04 μmol g−1h−1

under UV–vis light irradiation. This activity is higher than that of
the pure In2O3 and In2S3, respectively (Fig. 9(a)). The enhanced pho-
tocatalytic nitrogen fixation is ascribed to the construction of
heterostructures with strong interfacial contact, which increases the
oxygen vacancies as shown in the ESR spectra (Fig. 9(b)) and extends
the light absorption range. The oxygen vacancies act as trap states
accepting photon-generated electrons and thus promote charge trans-
fer and separation efficiency (Fig. 9(c)).

Ternary indium sulfides are another class of indium-based sulfides
that are of current interest [77]. As the ternary indium sulfides have
outstanding electronic and optical properties and chemical stability,
they have potential applications in various photocatalytic fields such
as H2 evolution [78], CO2 reduction [79], and CAC coupling
8

[80,81]. Among them, the zinc indium sulfides (Zn-In-S) are the most
important visible-light-responsive photocatalysts in this family
[82,83]. Han et. al. synthesized 3D nanosheet-assembled Zn3In2S6
spheres with rich zinc vacancies (VZn) as a highly active photocatalyst
for nitrogen fixation [84]. The zinc defect VZn-Zn3In2S6 achieved NH4

+

production of 355.2 mg L−1 gcat−1 after 4 h reaction under visible light
irradiation, a much higher activity than the bulk Zn3In2S6 with poor
VZn. The greatly enhanced photocatalytic activity is mainly due to
the VZn and the unique 3D multi-staged nanosheet structure, which
accelerate charge carrier separation and transport and generate more
surface-active sites enhancing photocatalytic efficiency. In another
study, Swain et al. [85] developed 2D-2D type p-MoS2/n-MgIn2S4
heterojunction with a flower-like morphology by a two-step
hydrothermal method. The heterojunction displayed an enhanced pho-
tocatalytic NH3 production by controlling the loading of MoS2. A pho-
tocatalytic NH3 yield of 0.81 mg/L was achieved for 5 % MoS2/MIS in
pure water, which is 4.05 and 6.75 times more than that of bare MoS2
and MIS, respectively. The NH4

+ generation is observed to be more effi-
cient in 10 vol% methanol–water solution serving as a sacrificial agent
and achieved a NH4

+ yield of about 1.54 mg/L. The p-n heterojunction
provides large reactive sites for the photocatalytic N2 activation and
provides a suitable pathway for the efficient reduction of nitrogen.
3.4. Metal sulfide/carbon heterostructures

Heterostructure photocatalysts contain interfaces that helps in
employing the distinctive properties of the components and synergistic
effects between them [86,87]. The heterojunction constructed helps in
fast charge transfer and separation and enhances light absorption.
Owing to their enhanced electronic conductivity, high surface area
and chemical stability, carbon-based heterojunction photocatalysts
are attractive materials for nitrogen photofixation.



Fig. 9. Determination of the generated NH3 under UV–vis light (b) ESR spectra of pure In2O3, In2O3/In2S3 (III) heterostructure and In2S3 (c) Schematic diagram
showing the mechanism for photocatalytic nitrogen fixation. Adapted with permission from [76]. Copyright 2019, Elsevier.

Fig. 10. (a) Nitrogen photofixation performance over the as prepared catalysts under visible light, (b) The N2-TPD of CN, ZnMoCdS, ZnMoCdSO and ZMCS-CN
(20 %), and (c) The schematic illustration of electron-hole separation and transport at the g-C3N4/ZnMoCdS heterojunction interface. Reproduced with permission
from [88]. Copyright 2016, Royal Society of Chemistry.
Zhang et al. prepared a heterojunction g-C3N4/ZnMoCdS by post-
treatment of g-C3N4 hydrothermally with the metal precursors and sul-
fur source [88]. The heterojunction with an optimum 80 % by weight
of ZnMoCdS displays the maximum NH4

+ production rate under visible
light (Fig. 10(a)). The prepared ZnMoCdS ternary metal sulfide has a
composition of Zn0.12Mo0.12Cd0.9S1.14 and possesses many sulfur
defects, which function as active sites to adsorb and reduce N2 mole-
cules. N2 is strongly adsorbed on ZnMoCdS and ZMCS-CN (20 %) sug-
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gesting that the nitrogen photofixation occurs on the ZnMoCdS
(Fig. 10(b)). Therefore, the superior nitrogen photofixation ability of
the composite is ascribed to the heterojunction formation and sulfur
vacancies. In a similar study, these researchers reported another tern-
ary metal sulfide ZnSnCdS coupled to g-C3N4 forming a heterojunction
[89]. The ternary metal sulfide with defects of sulfur vacancies and
composition Zn0.11Sn0.12Cd0.88S1.12 plays the main role in the enhance-
ment of the photocatalytic activity of the heterojunction. The hetero-



Table 2
Recent advances in transition metal sulfide-based photocatalysts for nitrogen fixation.

Photocatalyst Light source Sacrificial agent Ammonia production
rate (µmol g−1h−1)

Quantum efficiency Ref.

Ultrathin MoS2 nanosheets 500 W Xe lamp, >420 nm None 325 [30]
Pt/N-MoS2 300 W Xe lamp, >420 nm Methanol 121.2 [68]
Mn-MoS2-x 300 W Xe lamp None 213.2 0.26 % @ 350 nm [64]
MoS2/n-MgIn2S4 250 W Hg lamp Methanol 142.6 [85]
Mo1-xWxS2 nanosheets 300 W Xe lamp, > 400 nm Na2SO3 111 0.09 % @ 420 nm [67]
WS2@TiO2 film AM 1.5G Na2SO3 1390 [69]
Zn0.8Cd0.2S 300 W Xe lamp Na2SO3 66.91 3.77 % @ 420 nm [49]
SV-1T-MoS2-/CdS AM 1.5G Methanol 822.08 4.42 % [52]
NiS/CdS 300 W Xe lamp None 94.4 0.76 % @ 420 nm [51]
BPNS/CdS 300 W Xe lamp, >420 nm Methanol 240.17 [32]
Ni2P/Cd0.5Zn0.5S 300 W Xe lamp, >420 nm None 254 4.32 % @ 420 nm [50]
Mo0.1Ni0.1Cd0.8S 250 W Na lamp Ethanol 88.89 [55]
Zn0.11Sn0.12Cd0.88S1.12/g-C3N4 250 W Na lamp, >420 nm Ethanol 209.5 [89]
g-C3N4/ZnMoCdS 250 W Na lamp, >420 nm Ethanol 97.2 [88]
In2O3/In2S3 microsphere 300 W Xe lamp None 40.04 [76]
In2S3 nanotubes 300 W Xe lamp None 52.49 [33]
Zn3In2S6 nanosheets 300 W Xe lamp, >420 nm Methanol 246.67 [84]
FeS2/CNT Xe lamp None 67.35 0.41 % @ 367 nm [93]

Table 3
Recent advances in transition metal sulfide-based electrocatalysts for nitrogen fixation.

Catalyst Electrolyte Potential
(V vs RHE)

NH3 yield FE (%) Ref.

MoS2 0.1 M Na2SO4 −0.5 8.08 × 10−11 mol s−1 cm−2 1.17 [61]
Defect rich MoS2 nanoflowers 0.1 M Na2SO4 −0.4 29.28 µg h−1 mg−1

cat. 8.34 [60]
VS-MoS2 0.1 M Na2SO4 −0.5 46.1 × 10−11 mol s−1 cm−2 4.58 [104]
WS2-x nanosheets 0.1 M Na2SO4 −0.6 16.38 µg h−1 mg−1

cat 12.1 [105]
CoS1-x 0.05 M H2SO4 −0.15 12.1 μg h−1 mgcat−1 16.5 [106]
VS2-350 0.1 M HCl −0.6 20.29 μg h−1 mgcat−1 3.86 [107]
MoS2-V 0.1 M Na2SO4 −0.35 20.11 μg h−1 mgcat−1 15.72 [109]
FeS2-Mo 0.1 M KOH −0.2 26.15 μg h−1 mgcat−1 14.41 [110]
Co-doped MoS2-x 0.01 M H2SO4 0.3 0.63 mmol h−1g−1 10 [111]
Mo-SnS2-Vs 0.5 M LiClO4 0.5 41.3 μg h−1 mgcat−1 20.8 [112]
Fe-ReS2@N-CNF 0.1 M Na2SO4 −0.2 80.4 μg h−1 mgcat−1 12.3 [115]
N-doped MoS2 0.1 M Na2SO4 −0.3 69.82 μg h−1 mgcat−1 9.14 [119]
P-doped MoS2 0.1 M Na2SO4 −0.6 60.27 μg h−1 mgcat−1 12.22 [120]
B-VS2 0.5 M LiClO4 −0.4 55.7 μg h−1 mgcat−1 16.4 [121]
F-MoS2 0.05 M H2SO4 −0.2 35.7 μg h−1 mgcat−1 20.6 [122]
FeS@MoS2 0.1 M Na2SO4 −0.5 8.45 μg h−1 cm−2 2.96 [124]
FeS2-MoS2@IF200 0.1 M KOH −0.5 7.1 × 10−10 mol s−1 cm−2 4.6 [125]
CoS2/MoS2 0.1 M Li2SO4 −0.6 54.7 μg h−1 mgcat−1 20.8 [126]
FeNi2S4/NiS 0.1 M KOH −0.3 128.4 μg h−1 cm−2 28.64 [127]
Fe3%-Cu2-xS QDs 0.1 M Na2SO4 −0.7 26.4 μg h−1 mgcat−1 3.1 [128]
NPG@SnS2 0.1 M Na2SO4 −0.6 20.72 μg h−1 cm−2 49.3 [131]
AuNPs@MoS2 0.1 M KOH −0.3 25 mg h−1 mgcat −1 9.7 [132]
Ru/2H-MoS2 0.01 M HCl −0.2 6.7 × 10−11 mol cm−2 s−1 17.6 [133]
SACs-MoS2-Fe 0.1 M KCl −0.2 97.5 mg h−1 cm−2 31.6 [136]
MoS2/g-C3N4 0.1 M LiClO4 −0.3 18.5 μg h−1 mg−1 17.8 [137]
CoSx/NS-G 0.05 M H2SO4 −0.2 25.0 μg h−1 mg−1

cat 25.9 [138]
NiCoS/C 0.1 M Li2SO4 0 26.0 μg h−1 mg−1 12.9 [143]
Fe2Mo6S8 0.5 M Na2SO4 −0.2 70 μg h−1 mgcat−1 12.5 [141]
Re2MnS6 0.1 M Na2SO4 −0.3 3.78 μg h−1 mgcat−1 17.42 [142]
junction with 80 % by weight of ZnSnCdS displays the highest NH4
+

production rate.
The nitrogenase in nature has essentially iron-sulfur nanoclusters as

active sites for nitrogen fixation [90]. As a bio-inspired material, Iron
pyrite (FeS2), has been proven to have nitrogen fixing ability owing to
the similar ligand field structure of its iron atom to natural nitrogenase
[91,92]. Lashgaria et al. synthesized FeS2 through a solvothermal
route in the presence of carbon nanotube (CNT) as an effective and
narrow-bandgap photocatalyst for N2-photofixation under ambient
conditions [93]. The composite FeS2/CNT is shown to be an effective
photocatalyst by displaying an ammonia production rate of around
750 μmol/L g−1h−1, twice as the bare FeS2 without any scavenger.
The presence of CNT in the composite adjusts the energy band posi-
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tions and boosts the absorption of photons, increases the surface area,
and thus improves the charge separation. This study suggests the
importance of carbon support materials in improving and stabilizing
the photocatalytic activity of solar-energy materials.

Other heterostructures and heterojunctions of metal sulfides with
other materials are also reported, which offer enhanced photocatalytic
performance. For example, Chen and colleagues investigated hetero-
junction composites of Bi2S3, CuS, Ag2S, and NiS with perovskite-struc-
tured KNbO3 and KTaxNb1-xO3 oxides prepared by optimizing the
metal sulfide loadings [94–98]. These composite heterostructures
demonstrated high efficiency in the photocatalytic reduction of N2 to
NH3. The metal sulfides displayed an obvious promotion effect on
KNbO3 under light irradiation because the heterojunction formed at



the contact interface of metal sulfides and KNbO3 greatly improved the
separation efficiency of electron-hole pairs. In addition to the high
photocatalytic performance, these materials have a remarkable piezo-
catalytic activity suggesting the synergistic effect of the two processes
in enhancing the overall catalytic N2 fixation [98]. In another study
Xing et al. [99] reported a ternary MoS2/C-ZnO composite prepared
by a combination of hydrothermal synthesis of C-ZnO and photodepo-
sition of MoS2 nanoparticles on the C-ZnO. The carbon layer formed on
the surface of ZnO acts as a photosensitizer to transfer electrons to ZnO
or MoS2 and the MoS2 is shown to further enhance the separation of
electron-hole pairs by trapping electrons. Table 2 summarizes the
recently reported metal sulfide-based photocatalysts for nitrogen fixa-
tion comparing the their performance.
4. Recent advances in metal sulfide-based electrocatalysts

Metal sulfide-based materials are widely employed as effective
electrocatalysts for the nitrogen fixation under ambient conditions
owing to their resemblance to the nitrogenase. Recently, various tran-
sition metal sulfide electrocatalysts have been developed with promis-
ing NRR activity (Table 3). However, the NH3 production and faradaic
efficiency (FE) is still low due to sluggish reaction kinetics, the inert-
ness of N2 molecules, and the competing hydrogen evolution reaction
(HER). Thus, it is imperative to design strategies to boost the intrinsic
NRR activity and enhance efficiency of these electrocatalysts. Various
strategies have been employed including defect engineering [100],
heteroatom doping [101], interfacial engineering, and construction
of metal sulfides with multi active sites.
4.1. Defect engineering

Defect engineering is important in tuning the electronic structure of
electrocatalysts in order to provide ample active sites and improve the
intrinsic activity. This is essential to realize excellent NRR activity and
boost the faradaic efficiency [100,102]. Sulfur vacancies defects are
the most investigated defect types for metal sulfides and have been
demonstrated to efficiently adsorb N2. The primary role of the sulfur
vacancies is to regulate the electronic structure of the catalyst and
boost donation of electrons from the metal back to the N2 antibonding
orbitals so as to activate the N„N triple bond effectively [103].

MoS2, as the most important class of 2D chalcogenide material, has
been widely investigated for its NRR activity and the role of sulfur
defects on its activity by engineering the edges [59]. Sun et al. [61]
first proved theoretically and experimentally MoS2 as an active elec-
trocatalyst for nitrogen fixation. A NH3 yield rate of 8.08 × 10−11

mol s−1 cm−2 and FE of 1.17 %, is achieved at −0.5 V in 0.1 M Na2-
SO4. The theoretical studies demonstrated that the MoS2 edges appears
to be the active site for the NRR. Nevertheless, the FE is very low due
to the competing HER and thus engineering the edge sites by creating
defects is considered as an effective strategy to improve the activity. Li
et al. prepared defect rich MoS2 nanoflowers and it achieved FE of
8.34 % and NH3 yield of 29.28 µg h−1 mg−1

cat. at −0.40 V in 0.1 M Na2-
SO4 [60]. The activity is higher than the counterpart without defects
(13.41 µg h−1 mg−1

cat. and 2.18 %). The defect introduced to MoS2
nanoflowers is shown to provide lower energy barrier than the defect
free MoS2. Recently, Ma and coworkers synthesized sulfur-vacancies
defected MoS2 (VS-MoS2) with excessive Mo atoms displaying a great
potential for NRR [104]. The VS-MoS2 attained NH3 production rate of
46.1 × 10−11 mol s−1 cm−2 at−0.5 V and FE of 4.58 % at−0.4 V sug-
gesting that the Mo exposed due to sulfur vacancy defects enhances the
NRR activity.

WS2 nanosheets like MoS2 can be modified by defects to expose
more metal sites to boost its NRR activity. Ma et al. prepared WS2-x
nanosheets with rich sulfur defects by calcining oxygen vacancy
WO3 in the presence of sulfur and boron under vacuum [105]. The
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WS2-x displayed NH3 production rate of 16.38 µg h−1 mg−1
cat. and high

FE of 12.1 % at −0.6 V in 0.1 M Na2SO4 solution. The WS2-x nanosheets
were observed to achieve high durability and structural stability after
catalytic reaction.

Cobalt sulfide is another potential transition metal sulfide electro-
catalyst, which can be used as a suitable catalyst for NRR by construct-
ing sulfur vacancies owing to the existence of Co2+/Co3+ redox pairs.
Li et al. designed CoS nanoflowers with abundant sulfur vacancies
(CoS1-x) by Ar-plasma treatment of the as prepared CoS [106]. An
enhanced NRR activity with FE of 16.5 ± 1.5 % and NH3 yield rate
of 12.1 ± 1.4 μg h−1 mgcat−1 is obtained in 0.05 M H2SO4. The sulfur
vacancies in CoS1-x boost the NRR activity by effectively suppressing
HER and the exposed Co selectively adsorbs N2 molecules.

Most of the research works on transition metal sulfide based NRR
electrocatalysts give stronger emphasis to elucidating the metal atoms
as active sites. But, the role of S sites has not been given enough atten-
tion, and the strategy of modifying S sites is rarely investigated.
Recently, Zhao et al. designed VS2 by removing S edges by a thermal
treatment at 350 °C and keeping the structure of VS2 edges intact
[107]. The as-prepared VS2-350 electrocatalyst demonstrates NH3 pro-
duction rate of 20.29 μg h−1 mgcat−1 at−0.6 V in 0.1 M HCl, better than
the untreated VS2. The promising NRR activity of VS2-350 is ascribed
to the more exposed V atoms and suppressed HER caused by removing
S edges.

4.2. Heteroatom doping

4.2.1. Metal doping
Heteroatom doping can also be used in the optimizing the elec-

tronic structure of electrocatalytic materials and tuning the adsorption
of N2 molecules [108]. Niu et al. studied the role of Fe and V dopants
on MoS2 prepared by in situ doping to understand the relationship
between nitrogen adsorption, nitrogen activation and ammonia des-
orption in the NRR process [109]. It is shown that the V-doped
MoS2 (MoS2-V) displays better nitrogen adsorption and activation,
while Fe-doped MoS2 (MoS2-Fe) attains higher ammonia production
rate of 20.11 μg h−1 mgcat−1 at −0.35 V (Fig. 11). Thus, the Fe-doped
MoS2 exhibited a better balance in terms of N2 adsorption and activa-
tion and NH3 desorption. This indicates the need for the optimal bal-
ance between the three key steps of NRR to achieve the best
performance. In another study, Wang and.

coworkers designed a biomimetic electrocatalyst by doping Mo(IV)
on FeS2 (FeS2-Mo) [110]. The Mo doped FeS2 exhibits FE of 14.41 % at
−0.2 V and a NH3 yield rate of 26.15 μg h−1 mgcat−1 higher than the
undoped FeS2. Thus, the Mo4+ dopant acts as an active site and boosts
the N2 adsorption and its subsequent activation.

A strategy combining heteroatom doping and vacancy engineering
is employed to bring synergistic effect of creating more active sites and
tuning the electronic properties of catalysts. Zhang et al. demonstrated
that sulfur vacancy (Vs) MoS2-x nanosheets tailored by Co doping pre-
sent excellent NRR activity [111]. The Co-doped MoS2-x attained an
ammonia yield rate of 0.63 mmol h−1g−1 and a FE of over 10 % at
an overpotential of 0.3 V. The outstanding activity of Co-doped
MoS2-x is due to the combined effect of metal doping and vs which
facilitates N2 adsorption and efficient N2 activation. Chu et al. used
this strategy to prepare Mo-doped SnS2 (Mo-SnS2-Vs), which caused
the generation of sulfur vacancy defects (Vs) [112]. The Mo-doped
SnS2 nanosheets displayed high NH3 yield of 41.3 μg h−1 mgcat−1 at
0.5 V and a FE of 20.8 % at 0.4 V in 0.5 M LiClO4. The DFT studies
have revealed that the Mo-SnS2-vs shows unique NRR mechanism pro-
ceeding through an enzymatic pathway and enhanced activity due to
the formation of Mo–Sn–Sn trimer active sites.

Rhenium disulfide (ReS2), as a 2D transition metal dichalcogenide
has recently attracted research interest as highly efficient electrocata-
lyst due the weak interactions between the layers [113,114]. Lai et al.
proposed doping transition metals (Fe, Co, Ni, Cu, Zn) with low



Fig. 11. (a) N2 TPD profiles of MoS2-Fe, MoS2, and MoS2-V. (b) Average NH3 yields of MoS2-Fe, MoS2, and MoS2-V at different potentials. (c) Free-energy profiles
of the NRR of MoS2-Fe (red line), MoS2 (blue line) and MoS2-V (orange line) at −0.35, −0.45, and −0.55 V, respectively. Reproduced with permission from
[109]. Copyright 2021, Springer Nature. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
valency in to ReS2 to tune its energy levels, which creates enhanced
charge density around the dopants [115]. It is demonstrated that Fe-
doped ReS2 nanosheets exhibits excellent NRR activity with eightfold
more ammonia production of 80.4 μg h−1 mgcat−1 (FE = 12.3 %) than
the pristine ReS2 at−0.2 V in 0.1 M Na2SO4. The boosted NRR activity
can be ascribed to the introduction of dopants in to the ReS2 structure
forming an active site for adsorption and optimal activation of N2.
4.2.1.1. Non-metal doping. Similar to metal doping, non-metal doping
have also been widely used to modify electrocatalysts to bring about
charge redistribution on the surface to adjust the NRR activity
[116–119].

Zeng and colleagues developed N-doped MoS2 nanoflowers having
rich sulfur vacancies for efficient NRR [119]. The N-doped MoS2
nanoflowers offered an outstanding NH3 yield of 69.82 μg h−1 mgcat−1

and a high FE of 9.14 % at −0.3 V in 0.1 M Na2SO4 solution. The
excellent performance of the N-doped MoS2 is due to the sulfur vacan-
cies created and formation of Mo-N active sites upon N doping and
thus facilitating electron transfer and enhancing N2 activation.
Recently, Fei et al. constructed P-doped MoS2 with rich sulfur vacancy
by a simple hydrothermal method [120]. The optimized P-doped MoS2
catalyst attained an NH3 production rate of 60.27 μg h−1 mgcat−1 and a
large FE of 12.22 % at−0.6 V in 0.1 M Na2SO4 (Fig. 12). The P doping
created.

rich vs in MoS2 and regulated the defect level as it is evident from
the N2 TPD and (Fig. 12(a)) and increased the electrochemical active
surface area (ECSA), as well (Fig. 12(d)). Thus, the doping is shown
to enhance the N2 adsorption and activation significantly. In a similar
trend, Li and coworkers simultaneously constructed S-vacancies (Vs)
and introduced B-dopants into VS2 to activate its basal planes [121].
The B-doped VS2 nanoflower achieved an NH3 production rate of
55.7 μg h−1 mgcat−1 at −0.4 V and an FE of 16.4 % at −0.2 V making
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it one of the best V-based electrocatalysts reported. The researchers
demonstrated that the S-vacancies (Vs) and B-dopants work synergisti-
cally by creating unique B-adjacent-unsaturated-V active sites to suc-
cessfully enhance the nitrogen reduction and inhibit the competitive
HER (Fig. 13.. Fig. 14).

Another approach used to introduce defects is by strain engineer-
ing, which is meant to alter the interlayer spacing of crystal structures,
thus enhancing the activity and efficiency of the catalysts. Liang et al.
developed strain induced defect MoS2 by introducing F− into the inter-
layer of MoS2 [122]. The F-MoS2 shows superior NRR activity with
NH3 production rate of 35.7 μg h−1 mgcat−1 and a high FE of 20.6 %
at −0.2 V. The high NRR activity is due to the reduction of HER
and formation of more active sites upon F doping.

4.3. Interfacial engineering

Interface engineering is an important strategy that helps to modu-
late the electrocatalytic activity of catalysts. Interfaces allow acceler-
ated charge transfer and adjusted free energies of intermediates due
to the strong interfacial interactions of components [123]. Owing to
the poor electronic transfer and agglomerations of transition metal-
based catalysts, which reduces the active sites, the NRR activity of sin-
gle component electrocatalysts is generally unsatisfactory.

4.3.1. Metal sulfide/metal sulfide interface
Constructing metal sulfide/metal sulfide heterojunctions is an

effective strategy to create interfaces in metal sulfide based electrocat-
alysts. Guo et al. prepared FeS@MoS2 hybrid catalyst via a one-step
hydrothermal method with FeS nanoparticles homogeneously dis-
tributed on the MoS2 nanosheets [124]. Due to the synergy between
the Fe and Mo active sites and conductive CFC support, the
FeS@MoS2/CFC with an optimum Fe/Mo ratio exhibits NH3 produc-



Fig. 12. (a) EPR spectra generated by the Mo-S dangling bonds for the different MoS2 samples (b) Comparison NH3 yield rates and FEs at −0.6 V vs RHE for
various catalysts under the same conditions (c) Time-dependent current density curve of P-M−1 at −0.6 V for 23 h. (d) Evolution of the NH3 yield rates with the
value of ECSA. Reproduced with permission from [120]. Copyright 2021, Elsevier.
tion rate of 8.45 μg h−1 cm−2 and FE of 2.96 % in a pH neutral elec-
trolyte at −0.5 V. This hybrid catalyst offers a promising NRR activity
by imitating the natural FeMoS-nitrogenases. A similar study was
reported by Yang and coworkers designing flower cluster-like FeS2-
MoS2 hybrid catalyst employing a conductive 3D iron foam (IF) as a
support and the iron source [125]. The prepared FeS2-MoS2@IF200
shows a significant NH3 production rate of 7.1 × 10−10 mol s−1

cm−2 at −0.5 V and an optimal faradaic efficiency of 4.6 % at
−0.3 V in 0.1 M KOH. This is a much higher performance compared
to the single MoS2 and FeS2 counterparts.

In another effort to modulate interfacial charge distribution and
promote N2 adsorption, Yang et al. constructed CoS2/MoS2 nanocom-
posite catalyst with CoS2 nanoparticles loaded on MoS2 nanosheets
and controlling the Mo/Co atomic ratios [126]. The composite catalyst
displayed a superb NRR performance with a NH3 production of
54.7 μg h−1 mgcat−1 and an outstanding FE of 20.8 % in 0.1 M Li2SO4.
The strong interfacial interaction between CoS2 and MoS2 in the com-
posite, the N2 binding and activation role of CoS2 and MoS2 acting as
center for hydrogenation facilitated NH3 formation.

Designing a multi-phased interface offers an opportunity to create
more active catalytic sites and provide electron-transfer channels.
Liu et al. prepared FeNi2S4/NiS hetero-interface electrocatalysts using
NiFe-MOF-74 precursor supported on carbon cloth and investigated
the effects of interfaces on the NRR activity [127]. By varying the
Fe:Ni stoichiometric ratios, the morphology and exposed crystal planes
of FeNi2S4/NiS were modulated, which helps in regulating the elec-
tronic structures. The optimized FeNi2S4/NiS electrocatalyst displayed
an excellent NRR activity of 128.398 ± 1.32 μg h−1 cm−2 and a high
FE of 28.64 ± 0.18 % at−0.30 V in 0.1 M KOH. The outstanding NRR
activity can be ascribed to the formation of double-phase interface
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(DPI) with regulated exposed crystal planes and having a strong inter-
action. Zhang et al. synthesized Fe doped Cu2-xS quantum dots (QDs)
by adding an Fe precursor during the synthesis of Cu2-xS [128]. It is
demonstrated that by controlling the amount of Fe dopant, double-
phased Cu2-xS/Cu5FeS4 could be prepared. Combining the synergetic
effect of the double-phase interface and Fe doping, the optimized
Cu2-xS/Cu5FeS4 QD displayed an NH3 yield of 26.4 μg h−1 mgcat−1 at
−0.1 V and an FE of 3.1 % at −0.7 V in 0.1 M Na2SO4.
4.3.2. Metal/metal sulfide interface
A metal–semiconductor junction can modulate both the band posi-

tions of the semiconductor and the d-band center of the surface-active
atoms [129,130]. It thus helps to lower the activation barrier of N2 and
suppress the competitive HER and hence improve the faradic
efficiency.

Biswas et al. prepared NPG@SnS2 by assembling hexagonal SnS2
facets over a cubic nanoporous gold (NPG) layer [131]. The
NPG@SnS2 electrocatalyst attained one of the highest FE reported,
as high as 49.3 % at −0.5 V in 0.1 M Na2SO4. The catalyst also dis-
played an excellent stability with no compromise in NRR activity for
22 h. The lower work function displayed by NPG@SnS2 than SnS2
and the adjusted d-band center of Sn atom resulted in the reduction
of HER activity and a strikingly high FE. In another study, by taking
advantage of the strong binding force between Au–S bonds, Zhou
and coworkers developed AuNPs@MoS2 by directly growing ultra-fine
AuNPs on MoS2 nanosheets [132]. The AuNPs@MoS2 showed excel-
lent NRR performance with an average NH3 production rate of
25 mg h−1 mgcat −1 and FE of 9.7 % at −0.3 V in 0.1 M KOH and
demonstrated remarkable stability in all pH conditions. This high
NRR performance is due to the strong interactions between AuNPs



Fig. 13. (a) The protrusions formed by coordinating Fe-SA with three nearest neighboring S of Mo (b) Charge density differences of N2 adsorbed onto Fe SAC
protrusion immobilized on MoS2 (c) 3D topographic potential distribution images of N2 adsorbed onto Fe SAC protrusion immobilized on MoS2, pure MoS2, and Fe
nanocluster immobilized on MoS2 (d) Performance comparison of SACs-MoS2-Fe-Y (Y = 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 atom %) at 0.2 V versus RHE in flow cell.
Reproduced with permission from [136]. Copyright 2020, Elsevier.
and MoS2, the HER inhibiting effect of 2H MoS2, and the synergistic
effect of AuNPs and MoS2.

Polymorph engineering of MoS2 is an effective approach to inhibit
HER kinetics to achieve high NRR performance and selectivity. To sup-
press the high HER activity of the metallic phase of 1T-MoS2, Suryanto
and co-workers designed Ru clusters decorated semiconductor phase
2H-MoS2 (Ru/2H-MoS2) [133]. The Ru/2H-MoS2 displays NH3 pro-
duction rate of 6.7 × 10−11 mol cm−2 s−1 and high FE of 17.6 %
in 0.01 M HCl at −0.2 V with NRR, which is 7 times more than that
of Ru/1T-MoS2. The Ru clusters were shown to be the active sites
for adsorption of N2 and the S vacancies in the 2H-MoS2 bind the
H+. The high NRR performance and selectivity derives from the cumu-
lative effect of introduction of active sites of Ru and the S-vacancies on
the semiconducting 2H-MoS2, which plays an important role in sup-
pressing the HER.
14
Single-atom catalysts (SACs) are those that contain atomically dis-
persed sites anchored on supports and have received big interest as
photocatalytic/electrocatalytic materials for nitrogen fixation [134].
They have the advantage of efficient atom utilization and outstanding
catalytic activity and selectivity due to the suppressed HER [135]. Li
and coworkers proposed a novel.

interfacial polarization strategy triggered by SACs supported on
atomically thin MoS2 nanosheets as an efficient approach to enhance
N„N cleavage [136]. They demonstrated that Fe single-atom catalysts
with protrusion-shape supported onto the MoS2 nanosheets (SACs-
MoS2-Fe) achieved a superior NH3 yield rate of 36.1 ± 3.6 mmol g−1-
h−1 (97.5 ± 6 mg h−1cm−2) and FE of 31.6 % ± 2 % (Fig. 13). The
NRR was carried out in a flow cell at −0.2 V in 0.1 M KCl. This NRR
activity is 240-fold performance compared with monolayer MoS2. The
in-situ EXAFS, XANES and theoretical studies identified the Fe protru-



sion as the catalytically active center while the Mo and S act as the
spectators during the NRR. Thus, the polarization triggered by curva-
ture-rich surface of SAC protrusion and the heterojunction interface
drives the superior NRR performance by enabling faster electron trans-
fer and subsequent N2 activation.
4.3.3. Metal sulfide/carbon interface
Owing to their enhanced electronic conductivity, high electro-

chemical active surface area and chemical stability, carbon-interfaced
electrocatalysts have been explored as effective catalysts for NRR.

Designing 2D/2D hybrid materials using a carbon support to
improve the contact interface has been used as an effective strategy
to develop highly active electrocatalysts. Carbon nitrides, due to their
unique 2D morphology and tunable electronic structure, have been
considered as highly attractive carbon support for transition metal
based electrocatalysts. Chu et al. reported a 2D/2D heterostructures
of MoS2/g-C3N4, in which the MoS2 was grown in situ on g-C3N4

nanosheets with an improved interface [137]. The MoS2/g-C3N4

heterostructure offered an enhanced NRR activity with a high FE of
17.8 % and an NH3 yield of 18.5 μg h−1 mg−1 at −0.3 V in 0.1 M
LiClO4. The efficient contact interface between MoS2 and g-C3N4 effec-
tively improves the NRR performance by promoting the stabilization
of *N2H intermediate on Mo edges and simultaneously decreasing
the energy barrier. It also hinders the competing HER on the Mo edge
sites that are NRR-active.

Constructing bridging bonds at the interface to form a strongly cou-
pled hybrid catalysts can effectively boost the NRR activity. Chen et al.
synthesized CoSx/NS-G hybrids by growing small cobalt sulfide
nanoparticles on a graphene nanosheet (NS-G) and in situ annealing
method [138]. Detailed characterizations by using XANES demon-
Fig. 14. (a) Comparison of Faradaic efficiency and corresponding NH3 yield rates
revealed from the relationship between ammonia content and electrolysis duration
average NH3 production rate for Mo6S8 and M2Mo6S8 (M= Fe, Mn, and Cu) electro
N2 absorption and subsequent conversion to NH3. Reproduced with permission fro
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strated that there exist bridging bonds of Co–N/SAC formed at the
CoSx-graphene interface allowing the charge transfer from Co to the
NS-G. The CoS2/NS-G hybrid exhibits superb NRR activity with NH3

generation rate of 25.0 μg h−1 mg−1
cat at −0.2 V and an outstanding

FE of 25.9 % at −0.05 V. The result indicates that the interface created
by the strong bridging bonds can accelerate transfer of electrons and
improve the NRR. Wu et al. also reported strongly chemically coupled
NiCoS/C nanocages prepared by etching the precursor ZIF-67 nanocubes
and vulcanizing at low temperatures. Owing to the strong chemical
interaction effects between C and NiCoS and unique nanocage structure,
it attained a high NH3 production of 26.0 μg h−1 mg−1 and FE of 12.9 %
at 0 V in 0.1 M Li2SO4. The theoretical studies have shown that chemi-
cally coupled NiCoS/C adsorbs N2 stronger than that of NiCoS and sup-
presses the hydrogen evolution reaction, resulting in enhanced NRR
activity and selectivity.
4.4. Multi-site metal sulfides

Constructing catalysts with multiple active sites for synergistic N2

adsorption and activation of key intermediates, can significantly accel-
erate N2 fixation and inhibit the undesired HER [139,140]. The metal-
loenzymes such as MoFe nitrogenase in nature typically have both a N2

binding protein and a reducing protein that provide sites that can syn-
ergistically assist N2 adsorption and activation.

Lu and coworkers synthesized a bioinspired Fe-Mo-S based Chevrel
phase chalcogenide Fe2Mo6S8 as a selective electrocatalyst [141]. The
unique structure of Fe2Mo6S8 provides multiple active binding sites
with the Fe/Mo sites for activating N2 and the Fe-promoted S site
for adsorbing reactive Had* intermediates (Fig. 14). A FE up to
12.5 % was observed at −0.20 V and a stable NH3 yield rate of
under different applied potential (b) Durability of the Fe2Mo6S8 catalysts as
for 50 h (at −0.2 V) (c) Comparison of N2 to NH3 conversion efficiency and

catalysts and (d) Schematic illustration of the proposed binding mechanism for
m [141]. Copyright 2021, American Chemical Society.



70 μg h−1 mgcat−1 in 0.5 M Na2SO4 and 0.1 M sodium citrate buffer for
50 h. The comparative activity of the same Chevrel phase structures
but different modulator cations including Mo6S8, Cu2Mo6S8, and Mn2-
Mo6S8 exhibited much lower N2 conversion activity. It was demon-
strated that the interactions between Fe and Mo6S8 clusters
modulate the catalytic pathways, and the Fe plays important roles by
involving in the absorption and/or conversion of N2.

Modulating and understanding the intermediates that form on the
surface of an electrocatalyst during NRR is vital to overcome limita-
tions associated with the adsorption of N2 molecules. Fu et al. con-
structed an intermetallic ternary Re2MnS6 nanosheets with
hybridized dual-metal Mn-Re sites to efficiently activate N2 [142]. A
FE of 17.42 % and NH3 yield rate of 3.78 μg h−1 mgcat−1 was obtained
at −0.2 V and −0.3 V, respectively in 0.1 M Na2SO4. This NH3 yield
rate is 6.6-fold more than that of the ReS2. The dual-metal sites allow
the simultaneous bonding of both N atoms of N2 molecule to form a
more stable intermediate ReANANAMn in the alternating process.
This strategy interrupts the limitations associated with the distal path-
way on a single metal site and effectively improves N2 reduction into
NH3.

5. Conclusions and perspectives

Photocatalytic and electrocatalytic nitrogen fixation to ammonia is
considered as a sustainable and green alternative to the traditional
Haber–Bosch process owing to the use of renewable energy to drive
the processes. Compared with photocatalysis, the electrocatalytic
NRR is more efficient because of the inadequate utilization of photons
with photocatalysts. However, if the photocatalytic technology can
achieve a high solar-to-fuel conversion efficiency, it would become a
preferable process. These processes, however, require innovative
advances in the design of efficient catalysts to make them favorable
technologies for artificial ammonia production. Metal sulfides have
recently attracted a great attention as effective and efficient electrocat-
alysts and photocatalysts for nitrogen fixation due to their structural
similarity to the active site of the nitrogenase, presence of rich active
sites, adjustable electronic properties, and relatively narrow bandgaps.
Various metal sulfide-based catalysts have been investigated for artifi-
cial fixation of nitrogen. Considering the diversity of metal sulfides
there is more to explore further about this class of catalysts as efficient
and effective catalytic materials for artificial nitrogen fixation. Here,
this review outlines the latest advances in transition metal sulfide-
based photocatalysts and electrocatalysts for nitrogen fixation to
ammonia at ambient conditions. The focus of this review is on the var-
ious modification strategies to introduce more active sites for N2 acti-
vation and thus to improve the overall activity of the nitrogen fixation
on metal sulfides.

i) Metal sulfide based photocatalysts have appropriate band gap
and can absorb visible light making them suitable for nitrogen
fixation. However, studies carried out so far over metal sulfides
are limited, mainly based on CdS, and they display poor effi-
ciency. There are various metal sulfides such as 2D metal disul-
fides (MX2; M = Mo, W, Re & X = S, Se), ternary zinc indium
sulfides (Zn-In-S), that are theoretically and experimentally pre-
dicted to be potentially active for catalytic nitrogen fixation
[59]. The key to make use of these and other new class of metal
sulfide based materials as effective photocatalysts lies in devel-
oping different modifications strategies that can create more
active sites on the metal and sulfur edges [103]. This includes
creating defect, morphology control, doping, and employing
co-catalysts. These modifications will enhance the nitrogen
adsorption and activation, light absorption and charge separa-
tion and thus boost the photocatalytic performance. The easy
active site modification of metal sulfides can benefit in widen-
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ing the range of photocatalytic material types, properties and
N2 activation mechanisms.

ii) Considerable progress has been made on exploration of metal
sulfides for electrocatalytic nitrogen fixation. However, suffi-
cient faradaic efficiency has not been achieved yet. The electro-
catalytic activity of metal sulfides can be improved by
regulating their electronic structure through defect and inter-
face engineering. In addition, several strategies have been
employed to suppress the HER and enhance the efficiency and
selectivity of the NRR. New types of multisite metal sulfides,
which mimic the metalloenzyme nitrogenase, are currently
being investigated displaying a significantly enhanced NRR
activity and provide more insight into the mechanism of N2

fixation.
iii) Although there are promising developments in the design of cat-

alysts and overall improvement of the nitrogen fixation process,
the catalytic efficiency and the amount of ammonia produced
are still very low. This leads to possible experimental errors
impeding the reliable analysis of produced ammonia. This is
one of the main challenges that needs to be addressed in a more
convincing approach. The determination of ammonia produced
needs a rigorous experimental methodology to avoid any false
positives originating from different sources of contamination
and to make reliable conclusion. Proper blank experiments need
to be carried out to exclude the ammonia from the background.
Colorimetric method, as the most common ammonia quantifica-
tion technique, needs to be complemented by other methods
such as ion chromatography, NMR spectroscopic techniques,
and isotope labeled experiments.

iv) The deep understanding of the reaction mechanisms is impor-
tant to have the overall picture of the nitrogen fixation process
and helps in devising better ways of catalyst design. Advanced
theoretical calculations and experimental methods such as in-
situ studies should be applied to explore the detailed processes
and investigate intermediates. Thus, with more concerted
efforts among the scientific community a breakthrough could
be achieved for artificial nitrogen fixation in the near future
using novel catalytic materials including metal sulfides.
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