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Transition metal sulfides are demonstrated to play an increasingly important role in boosting the de-
ployment of ecofriendly electrocatalytic energy conversion technologies. It is also widely recognized
that the introduction of vacancies is now becoming an important and valid approach to promote the
electrocatalytic performance. In this review, the significance of sulfur vacancies on the enhancement
of catalytic performance via four main functionalities, including tuning the electronic structure, tailor-
ing the active sites, improving the electrical conductivity, and regulating surface reconstruction, is com-
prehensively summarized. Many effective strategies for the sulfur vacancy engineering, such as plasma
treatment, heteroatom doping, and chemical reduction are also comprehensively provided. Subsequently,
recent achievements in sulfur vacancy fabrication on various hotspot electrocatalytic reactions are also
systematically discussed. Finally, a summary of the recent progress and challenges of this interesting field
are organized, which hopes to guide the future development of more efficient metal sulfide electrocata-
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1. Introduction

The rapid development of economy and society stimulates re-
searchers to explore more energy sources. Currently, large propor-
tions of these energy sources are derived from traditional fossil fu-
els, such as oil, coal, natural gas, resulting in environment dete-
rioration and energy crisis [1,2]. Therefore, exploiting sustainable
and feasible energy conversion or storage devices to decrease the
dependence on fossil fuels and alleviating the ever-increasing envi-
ronmental pollution is becoming increasingly critical [3,4]. Sustain-
able energy conversions are widely recognized as promising tech-
nologies for producing energy sources, and many advanced energy
conversion technologies have been successfully developed in re-
cent years, such as fuel cells [5-8], water electrolysis [9,10], metal-
air batteries [11], featuring with high energy conversion efficiency
and environmental benignity, which can be potentially employed
in the portable devices and commercial vehicles. It should be noted
that electrocatalyst is the crucial component of these advanced en-
ergy conversions, which is demonstrated to be effective for low-
ering the activation energy barrier for catalytic reactions [12,13].
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However, some challenging issues should also be addressed to pro-
mote the catalytic performance of catalysts and further boost the
widespread applications of energy conversion devices and thereby
break away from the dependence on traditional fossil fuel.

According to the electrocatalytic reaction mechanisms, it is
clearly found that the catalytic performance of an electrocatalyst is
associated with its intrinsic electronic structure and surface prop-
erties, where an electrocatalyst with intrinsically favorable elec-
tronic configuration will benefit for the optimization of the binding
strength with intermediates [14,15]. Additionally, fabricating a cat-
alyst with modified surface properties will endow them with rich
catalytically active sites, which will thus facilitate the catalytic re-
actions by providing a full contact area [16-18]. Bearing these two
concepts into considerations, intensive research efforts have been
dedicated to the modification of electrocatalysts via electronic con-
figuration and geometric structure engineering.

In recent years, defect engineering has been reported to be a
promising strategy to adjust the electronic configuration of cata-
lyst, which may thus afford a chance to obtain outstanding elec-
trocatalytic performance [19]. In general, defect sites in electro-
catalysts are usually unique electronic structure that can properly
combinate with reaction intermediates to deliver enhanced cat-
alytic activity and durability. In addition, it should also be noted
that defect engineering can effectively regulate the active sites via

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



X. Chu, Y. Liao, L. Wang et al.

Plasma Annealing

Method

Doping Reduction & Etching

Scheme 1. Schematic illustration of the method for engineering sulfur vacancies.

increasing the density and optimizing the active sites [20,21]. Also,
it is well recognized that the defect site engineering is benefi-
cial for substantially improving the electrical conductivity, thereby
accelerating the electron transfer during electrochemical reactions
[22]. Additionally, defect site engineering has also confirmed to be
effective for regulating the surface reconstruction of nanocatalysts
and induce the formation of highly active species for further boost-
ing the catalytic reaction [23].

Generally, defect includes anion vacancy, cation vacancies,
metal defects and nonmetal defects. Among them, the anion va-
cancy, especially for oxygen vacancy and sulfur vacancy, have at-
tracted increasing interest for boosting electrochemical reactions
due to their unique properties [24]. In recent years, transition
metal sulfides are emerging as promising candidates to substitute
noble metals for boosting electrocatalytic reactions, due to their
high intrinsic activity, multiple active sites, and tunable electronic
configuration [25,26]. Most of all, the creation of sulfur vacan-
cies in the metal sulfides will effectively tailor the physiochemi-
cal and electrochemical properties, which will thus endow them
with distinguished electrocatalytic performance [27]. Inspired by
this, tremendous efforts have been dedicated to the modification
of metal sulfide catalysts via sulfur vacancy engineering, and their
catalytic performance is substantially improved. However, a com-
prehensive review regarding the formation of sulfur vacancies, im-
portant roles of sulfur vacancies, and the application of sulfur-
enriched catalysts for various hotspot electrocatalytic reactions is
rarely reported.

Herein, we organized a comprehensive review about the sul-
fur vacancy engineering for boosting electrocatalytic reactions with
specifical focus on the engineering strategies and roles of sul-
fur vacancies in electrochemical reactions. We discuss in detail
the engineering strategies of sulfur vacancy and provide a com-
prehensive and timely research progress of sulfur vacancy en-
gineering (Scheme 1) on regulating the catalytic properties of
the hotspot electrochemical reactions of oxygen evolution reaction
(OER), hydrogen evolution reaction (HER), nitrogen reduction reac-
tion (NRR), CO, reduction reaction (CO,RR), and oxygen reduction
reaction (ORR). Additionally, we also discussed the effects of sulfur
vacancy to tune electrocatalytic performance from four aspects and
also presented a brief summary of this interesting field (Scheme 2),
with ideas about the future directions and potential challenges.

2. Methods for creating sulfur vacancies
2.1. Plasma treatment

Plasma, the fourth state of matter, consists of various species
including electrons, neutrals, excitons, and excited molecules gen-
erated at low or atmospheric pressures. The plasma species are
more active than the ground-state atoms or molecules, which
can thus show great advantages for enabling the fabrication of
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Scheme 2. Schematic illustration of the crucial roles of sulfur vacancies in electro-
catalytic reactions.

vacancy-enriched nanocatalysts [28]. Generally, it is demonstrated
that the high-energy proton from plasma species tends to inter-
act with anion than cation, and in that case, plasma treatment
normally creates anion vacancy [29,30]. Moreover, the concentra-
tion of anion vacancy can be easily tailored by regulating the
treatment time, irradiation time and intrinsic structure of the cat-
alyst. Low-temperature plasma treatment represents a powerful
tool for materials processing including defect engineering, surface
modification, and have been successfully used for the production
and modulation of electrode materials and electrocatalysts for en-
ergy storage and conversion technologies [31]. For instance, Wang
et al. [32] reported the synthesis of low-cost NiCo,S,; and then
processed using low-temperature plasma to further modify their
electrochemical properties. By employing Ar low-pressure plasma
treatment, surface reconstruction and phase changes are success-
fully achieved while tailoring the S-vacancy concentration. More-
over, it is also demonstrated that plasma-induced NiCo,S,; could
also present the reduction of Ni and Co valence states and gener-
ate more sulfur vacancies.

Li et al. [32] also demonstrated that plasma treatment could
also induce the formation of rich sulfur vacancies in MoS,. As
shown in Fig. 1a, they used remote hydrogen plasma to create sul-
fur vacancies on amorphous molybdenum sulfide, which leads to
the substantial improvement in electrocatalytic HER performance.
According to Fig. 1b, it is also uncovered that the surface of pris-
tine amorphous MoSx (a-MoSx) on carbon cloth is hydrophobic
(137°) but it becomes hydrophilic (7°) after H, plasma treatment.
Moreover, it is also demonstrated that the hydrogen plasma treat-
ment of a-MoSy not only increases the active site density but also
changes the surface energy of the catalysts (Figs. 1c and d), which
results in inhibiting the bubble trapping on catalytic surfaces.

2.2. Annealing treatment

Typically, metal sulfides can be prepared via wet-chemical
methods that employing metal salts as precursors and sodium
thiosulfate, thioacetamide, and sodium sulfide as sulfur sources
[33]. Besides, metal sulfides can also be synthesized via anneal-
ing treatment by using sulfur powders as sulfur source. Some sul-
fur atoms would be released during the high-temperature anneal-
ing treatment, leading to the formation of high-quality metal sul-
fides with rich sulfur vacancies [34,35]. For example, Voiry et al.
[36] have investigated the role of sulfur vacancies in MoS, on the
electrocatalytic performance of HER. Specifically, they have intro-
duced the sulfur vacancies in the 2H-MoS, lattice via annealing
the nanosheets under H, atmosphere from 400 °C up to 800 °C.
After annealing under hydrogen atmosphere, additional defects in
the form of sulfur atom vacancies are clearly observed in the
MoS, basal planes (Fig. 2a). More importantly, it is also uncovered
that the MoS, signatures decrease when increasing the annealing
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Fig. 1. (a) Schematic illustration for H, plasma treatment of a-MoSy. (b) The contact measurement and the photo for contact behaviors of water droplets to pristine and
H, plasma treated a-MoS,. XPS spectra of the (c) Mo 3d and (d) S 2p of a-MoS, before and after H, plasma treatment. Reproduced with permission [32]. Copyright 2016,

Wiley-VCH.

Fig. 2. (a) Evolution of the different structures of MoS, that prepared via different
methods. (b) TEM images of the MoS,. (¢, d) High-resolution TEM images of the
stacked individual layers of the as-synthesized MoS,. Reproduced with permission
[36]. Copyright 2019, American Chemical Society.

temperatures under hydrogen (Figs. 2b-d). This work has con-
firmed the great significance of annealing treatment for the con-
struction of sulfur vacancies in the sulfides.

2.3. Heteroatom doping

Heteroatom doping of transition metal sulfides has drawn great
interest because of its applicability to the modulation of their elec-
trical and optical properties [37-39]. In addition, it is also reported
that heteroatom doping can regulate the electronic structure of
lattices to improve the electrical conductivity and provide addi-
tional active sites. Taking Qian’s work as a representative example
[40], they have reported the synthesis of the Py-FeS, x with abun-
dant sulfur vacancies via P doping (Fig. 3a). Specifically, the Pre-
Fe microflowers containing abundant nanosheets are firstly pre-
pared, and then converted into FeS, microflowers via sulfidation
treatment. Finally, P atoms were doped into FeS, lattice and in-situ
formed the sulfur vacancies under a low-temperature phosphating
process. Owing to the difference of P and S in electronegativity, P
atom was easily bonded with Fe atom and thus occupied the loca-
tion of S atoms, thereby yielding abundant sulfur vacancies.

Incorporating metal ions to replace the host metal ions in
the sulfides can also create sulfur vacancies. As demonstrated by
Chen’s work [41], they have proposed an effective method for con-
structing sulfur vacancies modulated SnS, nanoflower by Cu dop-
ing (Fig. 3b). It was uncovered that Cu doping could replace the
position of Sn and favors for introducing sulfur vacancies in SnS,,
which thus afforded a potential method for synthesizing sulfur va-
cancy modified electrocatalysts.

2.4. Chemical reduction

Plasma treatment frequently needs high temperature and a
large amount of gas, which is not conducive to environmental pro-
tection in the perspective of energy consumption. Developing mod-
erated method for creating sulfur vacancies is urgently sought. In
recent years, chemical reduction method is emerging as an effec-
tive strategy for creating the sulfur vacancies for boosting electro-
catalytic reactions, where the reductants can reduce the oxidation
states of the metal cations to form the anion vacancies through
the charge neutrality of the crystal [42]. Generally, the widely uti-
lized reducing agents include N,H,4, NaBH4, H,, NH3, CaH, and
NaH [43]. In general, moderate reduction with NaBH4 has been
proved to be a facile, low-energy consumption and safe method to
introduce defects into the materials. NaBH, can be used as a scav-
enger at room temperature to remove the sulfur atom from metal
sulfides with the merit of its reducibility. In general, the specific
reaction mechanisms can be illustrated as the following equation:

8M"+ 4+ NaBH,4 4+ 2H,0 — 8M("~D+ 1 NaBO, + 8H+ (1)

Taking Chen’s work as an example [24], they have reported
the synthesis of reduced graphene oxide (rGO) supported sulfur-
vacancy-enriched FeNi,S; nanocrystals through a facile chemical
reduction method. It is demonstrated that the introduction of
NaBHy4 can significantly create the amount of sulfur vacancies, and
the possible reaction is also presented as the following equation:

4FeNi,S4 + xNaBH, + 2xH,0 — 4FeNi,S, +xNaBO, + 4xH,S  (2)

Xu et al. [44] also reported a low-cost and mild NaBH, reduc-
tion method can conveniently fabricate the NiCo,S4-based materi-
als to deliver superb electrochemical performance.

2.5. Electrochemical etching

Electrochemical etching has recently demonstrated to be a
promising strategy for creating metal defects in nanocatalysts to
boost electrochemical reactions, due to the dissolution of metal
ions [45-47]. However, anion vacancies creation by electrochem-
ical etching method has been rarely reported. Recently, previous
works have reported that inert and stable sulfur atoms can be
hydrogenated and removed via electrochemical treatment under
appropriate potentials. For example, Tsai et al. [30] created the
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Fig. 3. Schematically showing the formation of sulfur vacancies via heteroatom doping. (a) Scheme of the synthesis of P,-FeS,_x. Reproduced with permission [40]. Copyright
2022, Elsevier. (b) Scheme of the synthesis of Cu/SnS,_,. Reproduced with permission [41]. Copyright 2021, Elsevier.
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Fig. 4. (a) Surface energy per unit cell for 2H-MoS, as a function of applied potential for the basal plane of 2H-MoS, with different adsorbate species at a fixed sulfur
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are existed in succession. (d) Free energy diagram for the HER on S-vacancy sites. Reproduced with permission [30]. Copyright 2017, Nature Publishing Group.

sulfur-vacancy on the basal plane of the 2H-MoS, via an innova-
tive electrochemical method. They have disclosed that the sulfur
atoms on the basal plane can be electrochemically reduced under
accessible applied potentials, where the sulfur atoms can be hy-
drogenated and then removed as H,S gas to generate S-vacancies
(Figs. 4a and b). More interestingly, it is also demonstrated that
the concentration of sulfur vacancies can be well varied by altering
the applied desulfurization potential. Additionally, this method
could also be extended to the generation of S-vacancies on mul-
tilayered MoS, supported on flat carbon rods and porous carbon
foam, leading to the substantial improvement in electrocatalytic
HER performance (Figs. 4c and d).

3. Characterizations of sulfur vacancy

With the rapid development of material science and technology,
the material characterizations, especially for surface defect charac-
terization techniques have been substantially improved, the mys-
tery of microstructure in materials has been gradually revealed. For
the characterization of sulfur vacancies, many advanced characteri-
zation methods have been well developed, which can be mainly di-
vided into two categories. One is the spectroscopy method, which
can identify the surface structure changes of materials by analyz-
ing the spectroscopy signal [34]. The other is associated with the
microscopic imaging technology [35].

3.1. Spectroscopy characterization methods

X-ray photoelectron energy spectrum (XPS) is one of the most
important characterization techniques for analyzing the surface de-
fect of catalysts, which has also been widely used for the char-
acterizations of sulfur vacancies by analyzing the surface chemi-
cal valence and bonding information of sulfides [48]. Raman spec-
troscopy is also used to achieve the surface chemical bonds’ vi-
bration signal of materials to investigate the surface structure of

catalyst, where the defects inducing the change of surface chemi-
cal bond energy can well be detected by the Raman spectroscopy.
In recent years, the X-ray adsorption fine spectroscopy (XAFS) is
also obtained to gain a better understanding on the atomic coordi-
nation environment and chemical bond length of catalyst, which is
also beneficial for analyzing the sulfur vacancies of catalyst [49,50].
Besides these important techniques, the electron paramagnetic res-
onance spectroscopy (EPR) is one of the most important techniques
for characterizing the defect structures, especially for oxygen de-
fects and sulfur vacancies in catalysts by measuring the resonance
response signal of unpaired electrons in materials in the applied
magnetic field [36].

3.2. Microscopic imaging characterization methods

In addition to the spectroscopy methods, microscopic imaging
technology is also used for the characterizations of sulfur vacan-
cies [51,52]. Microscopic imaging technology mainly included the
scanning electron microscope (SEM), transmission electron micro-
scope (TEM), atomic force microscope (AFM), and scanning tun-
neling microscope (STM). STM and TEM are often used to study
the atomic defect structure of catalysts with a high resolution.
The high-angle annular dark field-scanning transmission electron
microscopy HAADF-STEM images can characterize the local defect
structure and defect distribution on the surface of the catalyst,
which can help analyze the surface atomic arrangement of the cat-
alyst and thus characterize the surface sulfur vacancies of sulfides.

4. Roles of sulfur vacancies

The electronic structures are demonstrated to play a critical
role in tuning the electrocatalytic performance of nanocatalysts,
and this can be modified by heteroatom doping [53], defect engi-
neering [54], interface engineering [55], and so on. After tailoring
the electronic structure, the spin and charge will be redistributed,
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Fig. 5. (a) The crystal structure of NiS, with a typical pyrite-type phase. (b, c) The
optimized model for hydrogen adsorption at the S sites of sulfur vacancy-enriched
P-NiS; (Vs-P-NiS,). HER free energy diagram for different (d) Ni sites and (e) S sites.
(f) The calculated Gibbs free-energy diagram for four steps of OER on V,-P-NiS;. The
Bader charge numbers of atoms in (g) NiS, and (h) V,-P-NiS,. (i) Charge density dis-
tribution of V,-P-NiS,. Reproduced with permission [58]. Copyright 2021, Elsevier.

leading to the significantly enhanced catalytic performance. As is
well known to all, vacancies can regulate the stoichiometric ratio
and lead to the distortion of electric field, thus resulting in a vari-
ation of the electronic distribution [56,57].

4.1. Tuning the electronic structure

Particularly, the introduction of sulfur vacancies into sulfides
can induce the cracking of crystal, modulate the atomic structure
and subsequently realize the electronic structure regulation, all of
which are demonstrated to be beneficial for the substantial im-
provement in electrocatalytic performance. For instance, the sul-
fur vacancies created on the basal plane of 2H-MoS, can expose
under-coordinated edge sites and induce a more disorder structure,
thereby leading to the optimization of the adsorption free energy
of hydrogen (AGy+) and improved HER catalytic activity. Chen et
al. [58] demonstrated that the sulfur-vacancies defect engineering
in the NiS, could significantly modulate its electronic structure to
elevate the electrocatalytic HER and OER performance by simul-
taneously optimizing AGy+ and oxygen-containing intermediates
(OH*, O* and OOH*) (Figs. 5a-f), which have further confirmed sig-
nificance of sulfur vacancy engineering on the substantial improve-
ment in electrocatalytic performance (Figs. 5g-i).

4.2. Regulating the active sites

Active sites for a certain catalyst mean the position where elec-
trochemical reactions occur. Introducing vacancies on the electro-
catalysts thus played a crucial role in affecting the catalytic per-
formance via following two strategies. (1) Increase the number of
catalytic active sites; introducing vacancies can activate some in-
active metal sites to work as highly active sites to boost electro-
chemical reactions, which will lead to an increase of overall den-
sity of active sites [59]. (2) Regulate the intrinsic activity of each
active site; introducing vacancies is also an effective method for
substantially enhancing the overall catalytic activity by improv-
ing the intrinsic activity of each active site. For example, Xu et
al. [60] demonstrated that the creation of sulfur vacancies in the
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Fig. 6. (a) The calculated free energy for alkaline HER on the S site (S-AGy,o and S-
AGy:) and metal (Ti or Ni) sites, (M-AGyyo and M-AGy: ) of the NiS, TiS, and TiS,_x
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tween d-band centers and the calculated free energies of hydrogen adsorption and
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TiS,_x and TiS,_x/NiS catalysts. (e) The free energy diagrams of the TiS,_,/NiS cata-
lyst for alkaline and acidic HER on the TiS,_ side, the NiS side, and the TiS,_y/NiS
heterointerface. Reproduced with permission [61]. Copyright 2022, Elsevier.

spinel-type Cos3S4 can significantly regulate the active sites to boost
electrocatalytic OER. Yang et al. [61] reported the synthesis of non-
stoichiometric TiS,_x/NiS heterostructure that comprised of abun-
dant sulfur vacancies (Fig. 6). By integrating DFT calculations and
experimental results, it is uncovered that the existence of rich sul-
fur vacancies and multiple active sites could effectively regulate
the d-electronic structure of the metal Ti and Ni atoms, thereby
achieving an optimized binding strength with H* and delivering
outstanding electrocatalytic HER performance.

4.3. Enhancing the electrical conductivity

For synthesized electrocatalysts, electron conductivity can
greatly accelerate the electron transfer during electrochemical pro-
cess, and the existence of sulfur vacancies in the constructed elec-
trocatalysts can significantly improve the electron conductivity to
accelerate electron transfer [62-64], improving the catalytic activ-
ity accordingly. The generated sulfur vacancies in the metal sul-
fides can form new defect states near the band gap and the con-
duction band can thus be easily activated by the two electrons
close to the sulfur vacancies and thus the electrochemical resis-
tance decreased [65]. Theoretical calculations reveal that the local-
ized electrons with the neighboring sulfur vacancies will be delo-
calized to easily facilitate the electron transport from the reaction
interfaces to electrodes [66,67]. Besides, sulfur vacancies can act as
an electronic charge carrier to greatly improve the intrinsic electri-
cal conductivity of metal sulfide, they can also create more active
sites for catalytic reactions, allowing for a fast redox reaction. For
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example, Huang et al. [68] synthesized the covalent MoS,-CoqSg
heterostructure loaded on the surface of RGO with rich sulfur va-
cancies in both MoS, and CogSg (Fig. 7a). According to a series
of Mo 3d XPS spectra (Fig. 7b), it is discovered that the Mo 3d
peaks of MoS,_x shift to lower binding energy due to the sulfur
vacancy, resulting in enriched electron cloud densities around Mo
and reduced valence states of Mo. In addition, a higher Co*/Co%*
of MoS;_x-CogSg_y/rGO than the CogSg/rGO (0.62 vs. 0.36) also
confirms the successful formation of S vacancy in CogSg (Fig. 7c).
Moreover, the density of state (DOS) model of MoS,_x presents a
remarkable rearrangement of states of MoS,, generating a donor
level in the forbidden band region between the conduction and va-
lence bands (Fig. 7d). Consequently, electrons in the valence band
can leap to the defect level and form hole carriers, increasing
the carrier concentration while also lowering the transition barrier
of electrons to the conduction band, which greatly improves the
electronic conductivity. Therefore, it is uncovered that sulfur va-
cancy and can significantly improve the electrical conductivity of
sulfides.

4.4. Tailoring the surface reconstruction

For electrochemical reactions, surface reconstruction normally
takes place and plays a crucial role in determining the elec-
trocatalytic performance of nanocatalysts. Introducing vacancies
into electrocatalysts has been reported to be recognized as an
effective method for improving the catalytic performance [69,70].
Recent works have witnessed that vacancies can effectively tailor
the surface reconstruction to further elevate the electrocatalytic
performance [71-76]. For example, Shi et al. [77] synthesized
the CogSg having rich sulfur vacancies (Sy-CogSg) via Ar-plasma
treatment for enhanced alkaline HER (Figs. 8a-d). By comparing
with pristine CogSg, the Vs-CogSg after experiencing alkaline HER
pretreatment can exhibit much higher electrocatalytic activity
and lower charge transfer resistance. During HER process, Vs
can induce partial dissolution of sulfur on the surface, thereby
leading to the formation of Co(OH),, which demonstrate a
strong synergistic effect with the still-existing sulfur vacancies
in optimizing the hydrogen adsorption (Figs. 8e and f). Addi-
tionally, the water dissociation promoted by the Co(OH), and
excellent electron conductivity stemmed from the S,-CogSg
synergistically contributed to the enhanced HER performance.
Therefore, sulfur vacancies played a crucial role in tailoring the
surface reconstruction to substantially improve the electrocatalytic
performance.
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5. Sulfur vacancy-based catalysts for electrocatalytic reactions
5.1. Hydrogen evolution reaction

Electrochemical water splitting holds great promise for the sus-
tainable hydrogen production [78-82]. Pursuing highly active and

stable electrocatalysts for boosting electrochemical water splitting
to generate H, has thus attracted much attention [83,84]. To date,
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Pt-based nanomaterials could exhibit the best catalytic perfor-
mance for HER with the lowest overpotential and smallest Tafel
plots [85-88]. However, the high cost and low natural reserves
have seriously hampered their widespread applications. Exploring
efficient and low-cost HER electrocatalysts as alternatives to sub-
stitute Pt-group noble metals is highly important [89-92]. In re-
cent years, various noble-metal-free nanocatalysts have been well
developed for boosting HER, and vacancy engineering has been re-
ported to be one of the most effective strategies. As one of the
most promising HER electrocatalysts, sulfides, particularly for MoS,
with abundant sulfur vacancies [93,94], have been uncovered to
be highly active towards HER, due to the presence of rich active
sites that originated from creation of sulfur vacancies. Huo et al.
[42] have confirmed that the introduction of in-plane sulfur vacan-
cies and 3d transition metal dopants in concert could effectively
activate the basal planes of MoS,, and thus achieve outstanding
electrocatalytic HER performance (Figs. 9a and b). The EPR spectra
confirmed that the as-prepared MoS, possessed abundant sulfur
vacancies (Fig. 9c). Upon DFT calculations, it is uncovered that the
strong electronic coupling between metal dopants and host MoS,
can synergistically reduce the AGy+ and oxygen intermediate ad-
sorption on the exposed active sites to boost electrocatalytic per-
formance (Figs. 9d and e). As a result, the as-prepared MoS, cata-
lyst can exhibit superb catalytic performance towards HER and OER
(Fig. 9f).

Besides MoS, catalysts, sulfur vacancy can also enable other
sulfides to be promising electrocatalysts towards HER. For instance,
Yu et al. [95] synthesized the Mo-doped NiS/Ni3S, polymorph het-
erostructure with plentiful sulfur vacancies (Figs. 10a and b). Deep
investigations revealed that the sulfur centers on the Ni3S, side of
the nickel sulfide polymorphs are serving as the H,-evolving sites,
while the Ni sites on the Mo-NiS side are favorable for cleaving the
HO-H bond (Fig. 10c). More importantly, theoretical calculations
disclosed that the rich sulfur vacancies can expedite the evolution
of H* to molecular H,, thereby promoting the HER kinetics (Figs.
10d-f). Remarkably, the optimal Mo-NiS/Ni3S, polymorph electro-
catalyst could display the outstanding HER activity and excellent
durability in alkaline solution, with the overpotentials of 73 and
230 mV at 10 and 100 mA/cm?, respectively.

5.2. Oxygen evolution reaction

OER is a key process for various energy conversion technolo-
gies, such as metal-air battery and water-splitting for hydrogen
production, resulting in tremendous attention to optimize OER

in recent decades [96-98]. Compared with HER, OER is more
complicated, which involves a 4-electron pathway and leads to
sluggish reaction kinetics [99-101]. In recent years, many noble-
metal-free electrocatalysts have also been developed and designed
for boosting OER process via reducing the reaction energy barriers
[102-106]. Also, anion vacancies, especially for oxygen vacancies
have been proofed to be favorable for promoting the catalytic OER
performance, which thus attract increasing attention [107-110].
Besides oxygen vacancies, sulfur vacancies are also reported to play
a crucial role in affecting the electrocatalytic OER performance
by modulating the electronic properties and/or increase exposed
active sites of catalysts. In general, introducing sulfur vacancies
can modify the electronic structure and regulate the oxygenated
intermediate formation, which greatly promote the charge transfer
and facilitate the exposure of catalytic active sites, thus resulting in
substantial improvement in electrocatalytic performance [111]. Xu
et al. [60] proposed the synthesis of spinel Co3S, with rich sulfur
vacancies, where the introduced sulfur vacancies can effectively
delocalize the Co neighboring electrons and expose more Co%*
sites in spinel Co3S,4 (Figs. 11a and b), lowering the charge transfer
resistance and facilitate the generation of Co3* active sites during
the preactivation process. As a result, the sulfur-vacancy-enriched
Co3S4 nanocatalyst can exhibit superb catalytic performance to-
wards OER, which can exhibit low overpotential and small Tafel
slope (Fig. 11c).

Chen and coworkers [112] also synthesized the sulfur-vacancy-
enriched Co3S,; nanocatalyst to deliver superb catalytic perfor-
mance towards OER. Specifically, the Co precursor grown on the
nickel foam (NF) was prepared via a facile hydrothermal process.
Subsequently, the Co3S4/NF was then obtained via sulphuration
step, and after a method of NaBH,4 etching, the sulfur-vacancy-
enriched Vs-Co3S4/NF was finally prepared. According to a series
of electrochemical measurements and mechanism studies, it was
disclosed that the introduction sulfur vacancy can efficiently alter
the electron structure around the reactive sites, thereby promoting
the adsorption of oxygen-involved intermediates. As expected,
the Vs-Co3S4/NF could exhibit outstanding electrocatalytic perfor-
mance towards OER, with an ultralow overpotential of 245 mV at
100 mA/cm?.

5.3. Nitrogen reduction reaction

Electrochemical synthesis of NH3 via NRR appeals considerable
attention due to its fascinated merits, including moderate reac-
tion condition, abundant reactants, and environmental friendliness
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[113,114]. However, as well known, N=N triple bond is difficult to
split, thus, to realize the synthesis of advanced electrocatalysts to
effectively split the N=N triple bond is highly important [115-117].
Besides, the NRR electrocatalysis is also plagued by the competitor
HER occurring in aqueous electrolyte during NRR process, hence,
the selective adsorption of N, molecules on active sites to effec-
tively regulate HER is prominently vital for a superb HER electro-
catalyst. Similar to electrocatalytic HER, noble metals (Pd, Au, Ru
and Rh) are still the benchmarked catalysts for NRR. However, the
high cost and limited natural abundance have severely hindered
their widespread applications [118]. Therefore, exploring inexpen-
sive transition metal compounds is highly appreciated for boosting
electrocatalytic NRR. Very recently, manufacturing oxygen or sulfur
vacancies in electrocatalysts to effectively catalyze NRR have been
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sorption on CoS;_y and CoS surface. Gibbs free energy diagrams of distal pathways
for NRR on (b) CoS and (c) CoS;_y surface at different potentials. Reproduced with
the permission [120]. Copyright 2021, Elsevier.

extensively researched due to the tailored electronic structure, sur-
ficial configuration and selective chemisorption of molecules [119].
As a result, the intrinsic activity and electronic conductivity are
significantly enhanced.

For example, Yang et al. [120] rationally synthesized the CoS
nanoflowers with rich sulfur vacancies via Ar-plasma treatment. As
well known, plasma can induce free electrons, energetic photons,
reactive and radical species, which can break up the Co-S bond to
generate sulfur vacancies at the edge sites of CoS (Fig. 12a). Ben-
efitting from the existence of sulfur vacancies, the CoS nanoflower
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Fig. 13. (a-d) In-situ infrared absorption spectroscopy with attenuated total reflection mode analyses of CdS-CNTs for CO,RR. The distribution of electron deformation density
of (e) CdS(111) without S, and (f) CdS(111) with S,. (g-i) DFT calculation results of relative energy for possible intermediates during CO,RR on CdS (111) without Sy and CdS
(111) with S, at different potentials. Reproduced with the permission [128]. Copyright 2019, Elsevier.

catalyst can yield a faradaic efficiency of 16.5%+1.5% and NH3 pro-
duction rate of 12.1+1.4 pgnys h™! mge~!' at —0.15 V vs. RHE.
Theoretical calculations revealed that the sulfur vacancies could
promote the N, chemisorption and lower the Gibbs free energy
for N, protonation (Figs. 12b and c). Sun and coworkers [121] also
demonstrated that the introduction of sulfur vacancies could fa-
cilitate the adsorption and activation of N, molecules. Specifically,
they have demonstrated that ZrS, nanofibers with sulfur vacancies
can behave as efficient electrocatalyst for ambient N, reduction to
NH3 with superb selectivity. Remarkably, In 0.1 mol/L HC], this ZrS,
catalyst attains a large NH; yield of 30.72 ug h™! mge~! and a
high faradaic efficiency of 10.33% at —0.35 V and —0.30 V vs. RHE,
respectively.

5.4. CO, reduction reaction

Electrocatalytic CO, reduction into a variety of economically
valuable chemicals and fuels show a promising way for not only
alleviating the “greenhouse effect” but also solve the serious
problem of energy shortage [122-124]. However, due to the ther-
modynamic stability of the CO, molecule, a relatively negative
potential is normally demanded to activate the molecules, which
inevitably results into large energy consumption [125]. To break
this bottleneck, the development of efficient and inexpensive elec-
trocatalyst is highly important. In recent years, transition metal
compounds, especially for sulfides are reported to be highly active
electrocatalysts for CO,RR. Deep mechanism study also uncovered
that the existence of sulfur vacancies in the sulfides can enhance
the CO, adsorption and the metal sites near the sulfur vacancies
are also reported to be conducive to the efficient activation of CO,
to CO,*" [126,127]. Additionally, it is also demonstrated that the
S-vacancy can also modify the electronic structure of the catalyst,
thereby playing a critical role in tailoring the catalytic perfor-
mance of nanocatalysts. For example, Peng et al. [128] reported
the synthesis of a composite consisting of CdS with abundant
sulfur vacancies and highly conductive CdS to drive electrocat-
alytic CO,RR. According to the electrochemical measurements, it
is demonstrated that the as-prepared CdS/CNT can catalyze CO,
reduction to CO with a high faradaic efficiency of 95% due to the
in-situ generated sulfur vacancies (Figs. 13a-f). More importantly,
it is uncovered that the catalytic activity of CO,RR to CO is asso-
ciated with the content of sulfur vacancies, with the increase of
sulfur vacancies, the catalytic activity of CO,RR to CO improves
substantially and the charge-transfer resistance decreases. Inte-
grated with in-situ characterizations and theoretical calculations, it
is summarized that the formation of sulfur vacancies can alter the
electron density of the catalyst surface and decrease the energy
barrier for the conversion of COOH* to CO* (Figs. 13g-i).

Similar results can also be found in Yu's work [129]. To be
specific, they have synthesized the S-deficient SnS,_x coupled
N-doped hollow carbon spheres (SnS,_x/NHCS) for boosting elec-
trocatalytic CO,RR. It is disclosed that the existence of sulfur
vacancies and energy-level adapted coupling can synergistically
decrease the reaction barrier, increase the CO, adsorption capacity
and affinity with intermediated species, thereby elevating the elec-
trical conductivity and delivering a current density of 35.3 mA/cm?
at —1.2 V vs. RHE and a faradaic efficiency for formate >80%. These
advanced researches have confirmed the positive effects of sulfur
vacancies on the promotion of electrocatalytic CO, performance.

5.5. Oxygen reduction reaction

Sulfur vacancy is also demonstrated to be significant for pro-
moting the electrocatalytic performance towards ORR. Recent years
have witnessed the rapid development of ORR electrocatalysts,
and many transition metal sulfides with rich sulfur vacancies
are reported to be highly active and durable toward ORR. Tak-
ing Feng’'s work as a good example [130], they fabricated the
nanocomposite of NiCo,S, that uniformly anchored on N, S co-
doped rGO with rich sulfur vacancies (Sy-NiCo,S4/N, S-rGO). Ben-
efitting from numerous active sites and synergistic effect between
N, S co-doped rGO and sulfur vacancy-enriched Sy-NiCo,Sy4, the as-
prepared nanocomposite can exhibit superb catalytic performance
towards ORR in 0.1 mol/L KOH solution, with a high half-wave po-
tential of 0.84 V and a low Tafel slope of 43.8 mV/dec. Besides,
such nanocatalyst can also exhibit superb catalytic performance to-
wards the electrocatalytic OER performance.

6. Conclusion and perspectives

In summary, we have concluded the recent progress of the sul-
fur vacancies engineering for boosting electrocatalytic reactions,
which include the engineering strategies and the roles of sul-
fur vacancies played in enhancing catalytic performance. Based
on the tremendous efforts devoted, many effective strategies have
been proposed for realizing the sulfur vacancy engineering, such as
plasma treatment, high-temperature annealing, heteroatom doping,
chemical reduction, and electrochemical etching. In addition, it is
also summarized that the introduced sulfur vacancies can regulate
the electronic structure, tune the active sites, enhance the electron
conductivity, and tailor the surface reconstruction. Although the
great promise of sulfur vacancy engineering for promoting catalytic
performance, some challenging issues should also be addressed be-
fore pushing it to practical applications.

First, the characterization technologies of sulfur vacancies
should be advanced. In most published works, the vacancy and
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defects are usually determined by XPS and EPR measurement,
which are superficial characterizations that do not reveal the actual
quantities of vacancy. Therefore, the development and employment
of more advanced and effective characterization techniques are es-
sential to precisely quantify the exact degree of vacancy in the de-
signed nanomaterials.

As previously demonstrated, sulfur vacancies can be prepared
via many effective strategies, such as heteroatom doping, plasma
and annealing treatment. However, it is still difficult to identify
the real role of sulfur vacancy plays in the electrocatalytic re-
actions since these methods also induce some positive influence
on catalytic performance, such as electronic structure modification
via heteroatom doping, crystal phase change and surface area in-
creased via plasma and annealing treatment. Therefore, developing
innovative strategies for creating sulfur vacancies without causing
other changes in host catalyst is important for investigating the
structure-property relationship between sulfur vacancy and cat-
alytic activity.

Most of the researches have identified that introducing sulfur
vacancies may post a positive influence on catalytic performance,
whereas the relationship between catalytic activity and the con-
centration of sulfur vacancies is still unclear. Whether a positive
relationship between catalytic activity and concentration of sulfur
vacancies or not, more efforts should be made.

In addition to catalytic activity, the long-term stability is also a
paramount parameter for practical applications. It is well accepted
that sulfur vacancy plays a critical role in improving the electro-
catalytic activity, but vacancy stability remains poorly understood.
Taking electrocatalytic OER as a representative example, when ap-
plied a high potential for OER, the precatalyst will be oxidized into
high-valence metal oxides or oxyhydroxides. Therefore, determin-
ing the dynamic change of sulfur vacancy during electrochemical
process is essential to identify the effects on catalytic activity. Also,
the influence of sulfur vacancies on the electrocatalytic durability
of catalyst is also important, which should be identified.

Overall, the development of sulfur vacancies in the sulfides is
a valid strategy to improve catalytic performance, but challenges
remain. Therefore, more endeavors should be made to deeply in-
vestigate the key roles of sulfur vacancies in tailoring catalytic per-
formance, and more advanced technologies should also be devel-
oped to gain a better understanding on the relationship between
catalytic performance the concentration of sulfur vacancy.
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