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a b s t r a c t

Increasing environmental pollution and shortage of conventional fossil fuels have made it urgent to de-

velop renewable and clean energy sources. Electrocatalytic water splitting, with its abundant raw mate-

rials, simple process, and zero carbon emission, is considered one of the most promising processes for

producing carbon-neutral hydrogen which has excellent energy conversion efficiency and high gravimet-

ric energy density. Among them, oxygen evolution reaction (OER) electrocatalysts and hydrogen evolution

reaction (HER) electrocatalysts are critical to decreasing the intrinsic reaction energy barrier and boost-

ing the hydrogen evolution efficiency. Therefore, it is imperative to develop and design low-cost, highly

active, and stable OER and HER electrocatalysts to lower the overpotential and drive the electrocatalytic

reactions. Transition metal sulfides, especially iron-based sulfides, have attracted extensive exploration by

researchers as a result of its high abundance in the Earth’s crust and near-metallic conductivity. Conse-

quently, in this review, we systematically and comprehensively summarize the progress in the application

of iron-based sulfides and their composites as OER and HER electrocatalysts in electrocatalysis. Detailed

descriptions and illustrations of the special relationships among their composition, structure, and electro-

catalytic performance are presented. Finally, this review points out the challenges and future prospects

of iron-based sulfides in practical applications for designing and fabricating more promising iron-based

sulfide OER and HER electrocatalysts. We believe that iron-based sulfide materials will have a wide range

of application prospects as OER and HER electrocatalysts in the future.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

At present, environmental pollution and energy exhaustion as

the top ten global crises that have attracted widespread attention.

At the same time, the accelerated consumption of traditional fos-

sil energy sources such as coal, oil, and natural gas has caused

irrevocable damage to the ecological environment while promot-

ing the rapid development of our economy [1–7]. For this reason,

it is an urgent need to explore and develop more renewable and

environmentally friendly clean energy sources. It has become one

of the ideal solutions to cope with the energy and environmen-

tal crisis, as well as to build a clean, low-carbon, and efficient

modern energy system in the world [8–13]. In recent years, re-

newable energy sources such as wind, solar, tidal, and bioenergy
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have been extensively applied in our daily life. Nevertheless, the

generation of these energy sources is not only affected by nat-

ural conditions such as day and night, season, geographical lati-

tude, and sea-level height but also limited by economic conditions

such as inefficiency and high cost, which makes it difficult to meet

the demand of power supply for large-scale production through-

out the day [14–20]. In contrast to these intermittent, local, and

climatic energy sources, hydrogen energy, with its excellent en-

ergy conversion efficiency and higher gravimetric energy density

than gasoline, has been widely recognized as the most promising

clean energy source to replace non-renewable fossil fuels [21–25].

Both steam reforming or partial oxidation of hydrocarbons and coal

gasification are still widely developed and applied means of hy-

drogen production. Nevertheless, this hydrogen production process

not only consumes a large number of fossil fuels and increases the

energy pressure, but also produces harmful gases such as carbon

dioxide, which causes irreversible secondary pollution to the en-

vironment [26–33]. Therefore, in recent years, the generation of

https://doi.org/10.1016/j.cclet.2023.108900
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Fig. 1. (a) Schematic diagram of electrocatalytic oxygen and hydrogen evolution reaction (OER and HER). (b) Pie chart of the percentage of different iron-based sulfides

materials as electrocatalysts for OER and HER.

hydrogen by electrochemical water splitting has emerged as the

ideal way to achieve efficient energy utilization and storage, due

to its advantages of using the earth’s abundant water as feedstock,

zero CO2 emission, low cost, and efficient hydrogen production,

and high purity of hydrogen production among various large-scale

hydrogen generation technologies [34–39]. Unfortunately, it is still

greatly hindered in practical production applications.

The electrochemical water splitting consists of two main half-

reactions, namely the water reduction hydrogen evolution reaction

(HER) at the cathode and the water oxidation oxygen evolution

reaction (OER) at the anode [35,40-44]. Theoretically, a theoreti-

cal thermodynamic potential energy of 1.23 V is required to drive

the overall water splitting to produce hydrogen and oxygen [45,46].

Yet, the actual process in which the OER and HER reactions occur

requires overcoming the inherent activation obstacles of the an-

ode (ηa) and cathode (ηc), as well as other unavoidable hindrance

(ηother) caused by the electrolyte-electrode contact, which makes

the actually operational potential much higher than the theoretical

one [3,47-51]. Consequently, it is urgently necessary to design and

develop efficient and stable electrocatalysts to reduce this energy

barrier and accelerate the reaction kinetics so that the overall wa-

ter splitting for hydrogen production technology can be perfected.

To date, noble metal Ru/Ir-based materials and Pt-based materi-

als are considered to be the most efficient OER and HER electrocat-

alysts, respectively [52–55]. Unfortunately, noble metal-based ma-

terials are greatly limited by the scarcity of sources and high costs

in practical production applications [56–60]. As a result, it is nec-

essary to find a cheap and efficient electrocatalyst to facilitate the

further development of OER and HER technologies. In recent years,

with the continuous improvement and development of production

technology levels, as alternatives to precious metal-based materi-

als, non-precious metal-based electrocatalysts with abundant earth

content, such as transition metals (Fe, Co, Ni, Cu, W) and their

alloys [41,61-63], oxides [64–66], hydroxides [67–70], phosphides

[71–74], sulfides [75–77], and nitrides [78–80] have been received

wide attention regarding their outstanding OER and HER catalytic

activity, low cost, and easy availability.

Among the above non-precious metal-based materials, tran-

sition metal sulfides (TMSs) have enjoyed world-wide research

attention due to their unique electronic orbital structure, two-

dimensional structures, low cost, modifiable electronic properties

and compositions, and abundant active sites [81–84]. Moreover,

compared with other TMSs, iron-based materials are regarded as

promising alternatives to noble metal-based materials for their ad-

vantages such as simple preparation, high natural abundance, low

cost, and similar catalytic mechanism with [Fe-Fe] hydrogenase

[85–88]. Therefore, recently, the research on iron-based sulfide

compounds as OER and HER electrochemical catalysts has made

great progress, and it is necessary to summarize the development

of their study.

Meanwhile, S (sulfur) atoms are considered to play a crucial

role in the excellent electrocatalytic performance of TMS since

they can promote the formation of unique structures and abun-

dant active species in the catalyst during electrochemical processes

[76,89-91]. Compared with other TMSs, iron-based sulfides electro-

catalysts have a bright application prospect: (1) Transition metal Fe

element as the most abundant metal element in the earth’s crust,

have significant advantages such as high natural abundance and

low cost [92]; (2) Iron-based sulfides, a natural metal sulfide, ex-

hibits excellent electrocatalytic performance in HER owing to the

similar electrocatalytic mechanism with high active native [Fe-Fe]

hydrogenase [93,94]; (3) The synthesis method of iron-based sul-

fides is simple and time-saving, which is also one of the outstand-

ing advantages of Fe-based sulfide materials [95]; (4) Iron-based

sulfides electrocatalysts contain a large amount of Fe-Fe and Fe-S

bonds, which are beneficial to promote the formation of ∗OOH in-

termediates during OER process and the combination of ∗H inter-

mediates to form H2 during HER process [76,96-98]; (5) The con-

tinuous network of Fe-Fe bonds makes them exhibit metallic prop-

erties with better electrical conductivity, which facilitates rapid

charge transfer [99,100]. Because of these properties, iron-based

sulfides are considered to be excellent candidates for non-noble

metal-based electrocatalysts. Nevertheless, to date, there have been

few targeted reviews on iron-based sulfide electrocatalysts and op-

timization strategies to improve their electrocatalytic performance.

Therefore, an in-depth summary of the research progress on non-

precious metal iron-based sulfide electrocatalysts for OER and HER

applications is necessary.

This paper reviews the research advancement of iron-based sul-

fide electrochemical catalysts, mainly including FeS, FeS2, Fe7S8
and their composites, as well as their application in electrochemi-

cal hydrogen evolution reactions and oxygen evolution reactions in

recent years. The composition, structure, and electrochemical cat-

alytic performance of the catalysts are systematically summarized,

as shown in Fig. 1. In addition, potential challenges in the develop-

ment of iron-based sulfide electrocatalysts are discussed, and some

suitable and effective suggestions are made for their future devel-

opment prospects. It is hoped that the review in this paper will

provide practical solutions for the subsequent design and devel-

opment of new high-performance and low-cost iron-based sulfide

electrocatalysts for actual applications in this field.

2. The synthesis of iron-based sulfides electrocatalysts

The morphology, material size, and composition of iron-based

sulfide electrocatalysts are affected to diverse degrees by differ-
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Fig. 2. SEM and TEM images of (a) FeS-RGS, (b) FeS-NFS and (c) FeS-NPS. (d) Comparison of the overpotential of different samples. Copied with permission [94]. Copyright

2021, The Royal Society of Chemistry. (e) The synthetic pathway for the FeS2 NPs. (f) LSV curves of overall water splitting in 1.0 mol/L KOH by using FeS2/C/NF as both the

cathode and anode. Copied with permission [105]. Copyright 2018, The Royal Society of Chemistry. (g) SEM and (h) TEM image of FeS2/C nanowires. Copied with permission

[103]. Copyright 2021, Elsevier. (i) HER polarization curves of the mesoporous FeS2. (j) Reaction pathways for O-H bond breaking of H2O molecule on (210) (red line) and

(100) (blue line) surfaces. Copied with permission [110]. Copyright 2020, Wiley-VCH GmbH. (k) Schematic illustration of the synthesis of a-FeS and c-FeS nanorods. (l) HRTEM

and (m) SAED pattern of a-FeS nanorods. Copied with permission [102]. Copyright 2019, Multidisciplinary Digital Publishing Institute. HRTEM image of (n) FeS2 pre-catalyst

and (o) the amorphous/crystalline hybrid FeS2 catalyst. Copied with permission [111]. Copyright 2020, World Scientific. (p) Schematic illustration of FeS/IF as a pre-catalyst

for generating active electrocatalysts for both HER and OER. (q, r) LSV curves for HER and OER in 1 mol/L KOH solution (without iR correction). Copied with permission [87].

Copyright 2018, Elsevier.

ent synthesis methods, thus significantly improving their OER and

HER catalytic performance. In recent years, with the development

of diverse technologies and a better understanding of iron-based

sulfide electrocatalysts, a wide variety of methods have been used

for the synthesis of different iron-based sulfide nanomaterials. The

main types of sulfidation methods are as follows: (1) Hydrother-

mal: For iron-based sulfides, owing to their controlled composi-

tion and structure, they are usually synthesized by hydrothermal

methods using solutions containing sulfur sources and metal salt

precursors containing Fe or iron metal substrate materials (iron

foam). The composition and structure can be modified by adjusting

the ratio of Fe and the reaction temperature/pressure. For instance,

Zou et al. [87] synthesized FeS/IF nanosheet arrays using thiourea

as the sulfur source to directly sulfide on IF. After HER electro-

chemical activation, a large number of nanoparticles were gener-

ated in situ on FeS/IF nanosheets; porous amorphous FeOx films

were formed after OER activation. (2) Electrodeposition method:

This method involves the transfer of positive and negative ions in

an electrolyte solution under the action of an external electric field,

as well as the formation of a plating layer by the redox reaction

of electrons at the electrode. When metal cations are generated

on the cathode to form a metal coating, it is called electroplat-

ing; when metal oxidation occurs on the anode to form an oxide

film, it is called electrochemical oxidation. For example, Elakkiya et

al. [94] immersed the pretreated NF in an electrolytic mixture of

5.0 mmol/L Fe(NO3)3·9H2O+7.0 mL DMSO+0.1 mol/L HNO3 and

scanned it for 5 cycles between −0.163 V and 1.63 V using the

CV method. The SEM image of Fig. 2a shows that the FeS-RGS/NF

obtained by electrodeposition has a rice-like morphology, which

has high surface area and abundant defective active sites. For in-

stance, Tan et al. [101] prepared FeS/FeOxH@Fe nanosheets directly

by one-step electrodeposition, using FeSO4·7H2O and thiourea as

the iron and sulfur sources, respectively, and electrodeposited 240

s at a current density of 300 mA/cm2. The crystalline and amor-

phous interfacial structures were formed by a simple one-step co-

deposition method, which resulted in excellent electrical conduc-

tivity and stability. (3) Solvothermal method: For example, Zhang

et al. [102] used an octylamine solvent to promote the formation of

amorphous structures, resulting in prepared a-FeS nanorods with

more defective active sites and larger active specific surface area.

The octylamine solvent acts as a reducing agent for Fe3+ and S on

the one hand, and as a capping agent covering the catalyst sur-

face on the other hand, which prevents the directional growth of

nuclei and facilitates the generation of amorphous structures with

highly disordered atomic arrangements. FeCl3·H2O and S react with

the octylamine solvent to form the corresponding complexes, re-

spectively, and then react with each other to form a-FeS at high

temperature. For instance, Pan et al. [103] used ethylenediamine

and ethylene glycol as solvents to prepare FeS2-coordinates pre-

cursors in which the decomposition of organic molecules in sub-

sequent reactions led to the creation of a large number of voids

in the carbon shells of nanowires, which facilitated the generation

of more active sites and the rapid transfer of electrons. (4) Chem-

ical vapor deposition (CVD): This method refers to the deposition

of hydrogen sulfide gas or sublimated sulfur onto a solid precursor

substrate of heated metal compounds or metal elements after sev-

eral reactions at high temperatures, and this method is suitable for

preparing thin sheets or nanoblocks with high crystallinity on the

substrate. For example, Chen et al. [104] first prepared α-Fe2O3@C

precursors by a two-part hydrothermal reaction, and subsequently

3
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prepared γ -Fe2O3@FeS2@C by partially sulfidation the precursors

with S powder in a 1:3 ratio by annealing in a tube furnace at

600 °C.

3. Pristine iron-based sulfides electrocatalysts for OER and HER

In recent years, iron-based sulfides (FeS, FeS2, Fe7S8, etc.) have

been demonstrated to be excellent OER and HER electrocata-

lysts. It is well known that nanostructured electrocatalysts with

high specific surface area are widely used in OER and HER due

to the fact that constructing a favorable morphology can obtain

a larger specific surface area than the native material and ex-

pose more effective active sites for higher catalytic efficiency. Cur-

rently, various nanostructured iron sulfide materials have been

synthesized and applied in the field of electrocatalysis, such as

zero-dimensional (0D) nanoparticles (NPs), one-dimensional (1D)

nanowires (NWs), two-dimensional (2D) nanofilms/sheets (NSs)

and three-dimensional (3D) network structures.

For example, by using Fe(NO3)3·9H2O and dimethyl sulfoxide

(DMSO) as the iron and sulfur sources, respectively, Rajasekaran

Elakkiya and his colleagues [94] prepared a series of different mor-

phologies (rice seeds, flowers and NPs) of FeS with three different

synthetic strategies, namely electrodeposition, solvothermal and

chemical reduction, to modulate the morphology of ferrous sulfide

FeS (Figs. 2a-c). The rice-like FeS (FeS-RGS) nanomaterial prepared

by electrodeposition is found to exhibit good OER catalytic activity

in alkaline media. When FeS-RGS is used as the anode material,

only an overpotential of 0.20 V is required to achieve a current

density of 10 mA/cm2 with a Tafel slope of 54.2 mV/dec (Fig. 2d).

The excellent OER electrocatalytic performance can be attributed to

its unique rice-like morphology, which exhibit high active specific

surface area and abundant active defect sites.

Li et al. [105] prepared FeS2/C NPs by a simple hydrother-

mal method using C5H10NS2Na·3H2O as the sulfur source and

FeCl3·6H2O as the iron source (Figs. 2e and f). Electrochemical

performance tests reveal that FeS2/C/NF NPs grown on conductive

substrate Ni foam have excellent OER and HER electrocatalytic ac-

tivities. The morphology of the nanoparticles allows for a larger

specific surface area and thus more active sites, which can promote

the charge and mass transfer rates of the OER and HER reaction

processes, thereby improving activity and stability.

In addition to the morphology, porosity is also an essential

factor that affects the electrocatalytic performance of the materi-

als. Consequently, porous and mesopore materials facilitate rapid

charge/mass transfer due to their exposure of large active sur-

face areas, thus improving the electrocatalytic activity of the ma-

terials [106–109]. For example, Pan et al. [103] synthesized FeS2-

ethylenediamine nanowire precursors by hydrothermal method

and then pyrolyzed them to obtain FeS2/C catalysts with porous

nanostructures. The pyrolysis of organic groups produced many

pores in the carbon shell of the nanowires, which provided abun-

dant active sites for the OER reaction and channels for rapid elec-

tron transfer (Figs. 2g and h). More importantly, after electrochem-

ical activation, FeS2/C exhibited good OER catalytic activity with

overpotentials of 291 mV and 338 mV required to reach current

densities of 10 mA/cm2 and 50 mA/cm2, respectively, and could be

stabilized for 15 h.

Miao et al. [110] prepared an efficient mesoporous iron disul-

fide nanoparticle material that could operate stably under alkaline

conditions by using a facile inverse micellar sol-gel method and

low-temperature sulphuration method. Benefiting from the meso-

porous structure, the obtained mesoporous FeS2 has a high spe-

cific surface area and abundant active sites, which are favorable for

charge transfer and mass transport. The polarization curves shows

that the mesoporous FeS2 with low overpotential has better HER

performance (96 mV@10 mA/cm2) under 1.0 mol/L KOH conditions.

Furthermore, the analysis of the results based on the density func-

tion theory (DFT) calculations (Figs. 2i and j) shows that the acti-

vation barrier EA of the (210) crystal plane (0.89 V) is lower than

that of the (110) (1.46 V), which is more easily subjected to water

splitting reaction. And the transition state energy value of (210)

surface is calculated to −1.09 V, which is lower than that of (110)

surface (−0.21 V). In summary, mesoporous FeS2 possesses supe-

rior catalytic activity for hydrogen production.

The inherent electrocatalytic activity of iron-based sulfides can

be effectively modified by phase modulation. Pure amorphous

phases are inherently contained rich defects, making them favor-

able in the adsorption of OH∗ and the formation of OOH∗. For ex-

ample, Zhang et al. [102] synthesized an amorphous Fe0.95S1.05(a-

FeS) nanorods using a facile solvothermal method (Fig. 2k). The

highly disordered arrangement of the atoms and the amorphous

nature can be seen in Figs. 2l and m. The obtained sample shows

better HER catalytic activity and long-term stability (67 mV@10

mA/cm2@80 h) compared to crystalline Fe0.95S1.05 (c-FeS). The im-

proved catalytic performance of HER is attributed to the large

number of unsaturated atoms in a-FeS amorphous nanorods ar-

ranged in a disorderly manner, which exposes a large number

of catalytically active sites with surface defects, thus facilitating

charge transfer between the electrode and the electrolyte solution.

Amorphous/crystalline hybrid iron disulfide synthesized by sur-

face self-reconstruction is developed for the first time by Wang

et al. [111] for an OER electrocatalyst. The amorphous/crystalline

FeS2 catalyst is used as the anode to catalyze the oxygen evolu-

tion reaction with an overpotential of mV at a current density of

10 mA/cm2, which is superior to that of commercial RuO2. The

authors pointed out that the outstanding electrocatalytic perfor-

mances were mainly due to a certain degree of change in the

catalyst surface phase, composition and structure before and af-

ter the OER reaction, with partial crystalline transformation into an

amorphous state with abundant defects (Figs. 2n and o). Notably,

through the XPS spectra, it can be found that the ratio of Fe3+/Fe2+

increased after the OER reaction. Moreover, the S elements are

heavily leached after the OER reaction and abundant sulfates are

adsorbed on the catalyst surface. The results indicates that FeS2
are partially transformed into amorphous Fe(OH)x or Fe2O3 active

material, which plays an important role in the high OER catalytic

performance.

Zou et al. [87] provided some new insights into the electrocat-

alytic mechanism of FeS in OER and HER (Figs. 2p-r). During elec-

trochemical reduction conversion (HER), the iron near the surface

of the FeS nanosheet arrays are reduced to form metal nanopar-

ticles and large leaching of S2−, which are subsequently oxidized,

resulting in the in-situ generation of a thin sulfur-doped oxide shell

layer (Fe@FeOxSy) on the Fe nanoparticles. According to various an-

alytical tests, it is confirmed that the presence of S and O atoms in

FeOxSy increase the electron density of the surface and decrease

the Gibbs free energy of intermediate H∗ adsorption value (�GH∗ ).
Therefore, the conversion of the FeS/IF surface into the catalytically

active phase Fe@FeOxSy can provide more active sites and improve

the HER catalytic activity. In the OER process, the sulfur on the FeS

surface are consumed and completely replaced by oxygen, result-

ing in amorphous FeOxH films with porous structures on IF. The

electrocatalytic performance of FeS/IF has been greatly improved

using electrochemical activation (243 mV@100 mA/cm2@HER, 238

mV@10 mA/cm2@OER).

This section summarizes the application of pristine iron-based

sulfide catalysts in OER and HER (Table 1). Based on the above dis-

cussion of pristine iron-based sulfide electrocatalysts, we can sum-

marize the following points: Firstly, iron-based sulfide nanopar-

ticles with porous and mesoporous structures have the larger

electrocatalytic specific surface area and active sites than pure

nanoparticles, making them more favorable for electron/mass
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Table 1

Morphology and performance of pristine iron-based sulfides electrocatalysts (The electrolyte is 1.0 mol/L KOH).

Catalyst Morphology Working electrode

substrate

Overpotential @ current density

(mV@mA/cm2@OER or HER)

Tafel slope

(mV/dec)

Stability

(h)

Ref.

FeS/IF Nanosheet arrays Iron foam 238@10@OER,243@100@HER 77@HER 50 [87]

FeS Rice-grains-like

nanoparticles

RGS 200@10@OER 54.2@OER 15 [94]

Fe0.95S1.05 (a-FeS) Nanorods / 67@10@HER 43@HER 80 [102]

FeS2/C Porous nanowires / 291@10@OER,338@50@OER 65@OER 15 [103]

FeS2/C Nanoparticle Ni foam 240@10@OER,202@10@HER 98@OER 5 [105]

FeS2 Mesoporous nanoparticles / 96@10@HER 78@HER 24 [110]

FeS2 Hollow-sphere structure / 189.5@10@OER 71@OER 5 [111]

transfer and thus improving OER and HER performance. Secondly,

the disordered arrangement of a large number of unsaturated

atoms in amorphous Fe-based sulfides exposes more defective ac-

tive sites, facilitating charge transfer by more favorable contact be-

tween electrolyte solution and electrode. Finally, it is found that

iron-based sulfides usually exist as pre-catalysts in electrocatalytic

reactions, easily generating iron-based oxides or hydroxides, which

are the real active sites of iron-based sulfides in OER and HER re-

actions.

4. Hetero-atom doped FeS-based electrocatalysts for OER and

HER

Heteroatom doping is considered as an effective strategy to

modulate the catalytic performance of catalysts from the atomic

scale. It can not only optimize the electronic structure and sur-

face composition of iron sulfide nanomaterials with higher elec-

trical conductivity and more effective active sites, but also improve

the intrinsic catalytic activity of iron sulfide-based catalysts by op-

timizing the adsorption energy of catalytic reaction intermediate

active species and reducing the free energy of the decisive step

of catalytic reaction. Moreover, the synergistic effect between ions

will also further improve the electrocatalytic performance. Het-

eroatom doping is mainly classified into metal doping, anion dop-

ing and anion-cation co-doping.

Co atom doping optimizes the electronic and crystal structures

of iron sulfide materials, adjusts the position of the d-band cen-

ter, leads to a significant improvement in electrical conductivity,

and therefore accelerates the rate of electron and mass transmis-

sion during the catalytic reaction, thus enhancing the electrocat-

alytic activity of iron sulfide nanomaterials. Gao et al. [112] suc-

cessfully prepared Co-doped FeS2 nanospheres with porous struc-

tures by a simple solvothermal reaction and sulfidation reaction.

The catalyst achieves a current density of 10 mA/cm2 in 1 mol/L

KOH requiring only a cell voltage of 1.60 V to drive the overall

water splitting (Fig. 3a). Notably, the porous nanosphere structure

formed by Co-FeS2 is beneficial to obtain a larger specific surface

area, improve the contact between the material and the electrolyte,

and accelerate the rapid diffusion of gas. Wu et al. [113] synthe-

sized ultrathin nanosheets of Co-doped Fe7S8 (Co13.6%-Fe7S8) by a

simple hydrothermal and thermal treatment method (Fig. 3b). To

achieve a current density of 10 mA/cm2, it requires only 311 mV

and 284 mV for OER and HER. It can be observed by XPS that the

electron binding energy of Fe 2p gradually shifts to lower values

with increasing Co doping (Fig. 3c), which indicates that the ac-

tive Co atoms optimize the electronic structure of Fe. Meanwhile,

the results of contact angle measurements demonstrate that Co

doping improves the adsorption capability of Fe7S8 to water in al-

kaline medium and accelerates the electrolyte delivery and elec-

tron transport rate. Consequently, the catalytic efficiency of HER

and OER in alkaline medium has been improved by metal Co dop-

ing. Wang et al. [114] synthesized a sequence of Fe1−xCoxS2/RGO

through a simple thermal injection method. The Fe atoms on the

catalytic surface has been partially replaced by Co atoms (Figs. 3d-

g). It is indicated that the Fe sites adsorbed hydrogen atoms more

easily according to the DFT calculations (Fig. 3h). The �GH∗ value

of the Fe site on the original FeS2 (001) surface is calculated to

0.65 eV, while after Co doping, the �GH∗ value of the Fe site de-

creases to 0.02 eV, which is close to zero. This indicates that the

adsorption of hydrogen atoms at Fe sites is significantly enhanced.

In summary, Co doping improves the chemical environment of Fe

atoms and significantly strengthens the intrinsic catalytic activity

of HER. As a result, the low overpotential of HER is 198 mV at 10

mA/cm2 in 0.5 mol/L sulfuric acid solution.

Jiang and coworkers [115] investigated the effect of doping with

different levels of nickel on the HER electrocatalytic performance

of FeS2 nanoparticles on redox graphene (FeNixS2-RGO). It was

found that the FeNi0.2S2-RGO electrode nanoparticle morphology

remained intact when the nickel doping ratio was 20% (x=0.2)

and exhibited better HER electrocatalytic performance than the

FeNi0.1S2-RGO electrode in 0.5 mol/L H2SO4. Yin et al. [116] pre-

pared Ni-Fe-S hollow-layered spheres with a layered porous struc-

ture through a simple two-step hydrothermal treatment. After the

doping of Ni atoms, Ni-Fe-S still maintains a hollow sphere struc-

ture similar to the pure Fe-S (Fig. 3i). The red-shifted XPS spec-

trum of Fe 2p after Ni doping has been observed from XPS (Figs.

3j and k), which indicates that the heteroatom doping changed the

surface chemical composition and valence state of Fe atoms. At

the same time, the formed porous nanosphere structure discloses

more active sites, which together contribute to the enhancement

of catalytic performance. Hence, the catalyst exhibits remarkable

OER and HER electrocatalytic performances and long-term stabil-

ity in 1.0 mol/L KOH. Specifically, when the current density is 10

mA/cm2, it requires only 223 mV and 115 mV of overpotential for

OER and HER, respectively. Moreover, the overall water splitting

cell which is assembled by Ni-Fe-S exhibits a low cell voltage (1.57

V@10 mA/cm2) in alkaline medium.

The construction of amorphous structures in two-dimensional

layered materials has been shown to be an effective strategy

for generating surface reconstruction and increasing the num-

ber of active sites. Shao et al. [117] successfully prepared ultra-

thin amorphous two-dimensional Mo-doped FeS nanosheet (Mo-

FeS NSs) structures with abundant sulfur vacancy defects by a sim-

ple geothermal strategy. It has been found by TEM and SAED map-

ping that FeS transformed from a layered crystalline structure to an

amorphous nanosheet structure after Mo doping, resulting in ex-

cellent OER electrocatalytic activity in alkaline media. It exhibits a

low overpotential of 210 mV at 10 mA/cm2 and maintains 30 h sta-

bility for OER (Fig. 3l). The effect of Mo doping on the OER activity

of Fe-S catalysts has been further understood based on DFT (Figs.

3m and n). The accelerated electron/mass transfer on the oxygen

intermediate during the electrochemical reaction can be attributed

to the surface remodeling and sulfur-rich vacancy defects caused

by the amorphous structure.

In addition, anion doping can also modulate the electronic

structure of the catalyst and optimize the adsorption or desorp-
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Fig. 3. (a) Polarization curves of Co-FeS2 for the HER and OER in 1 mol/L KOH solution. Copied with permission [112]. Copyright 2020, The Royal Society of Chemistry.

(b) TEM image of Co0.95Fe6.05S8 (Inset exhibits the thickness of nanosheets). (c) XPS survey spectra of Fe7S8 and Co-Fe7S8. Copied with permission [113]. Copyright 2021,

Elsevier. Top views of the adsorbed structures of hydrogen atom near (d) Fe and (e) S sites of pure FeS2 (001) surface and (f) Fe and (g) Co sites of Co-doped FeS2 (001)

surface. The Fe, Co, S and H atoms are represented as bluish violet, pink, yellow and white spheres, respectively. (h) The calculated �GH∗ for hydrogen adsorption on Fe and

S sites of pure FeS2 (001) surface and Fe and Co sites of Co-doped FeS2 (001) surface. Copied with permission [114]. Copyright 2021, Elsevier. (i) low-resolution TEM image

of the Ni–Fe–S hierarchical sphere. (j, k) XPS of Fe 2p of Ni-Fe-S before and after OER. Copied with permission [116]. Copyright 2020, American Chemical Society. (l) OER

polarization curves of Mo−FeS. (m) Mo−FeS NSs Free energy diagram of three simulated models at U=0. (n) Projected DOS of Mo−FeS-NSs. The Fermi level is set to zero.

Copied with permission [117]. Copyright 2019, Elsevier.

Fig. 4. (a) Simplified schematics of preparation process of N-FeS2 nanoparticles. DFT calculation of FeS2 and N-FeS2: (b) The PDOS plots; (c) Free-energy diagram for the

HER. Copied with permission [118]. Copyright 2021, Elsevier. (d) The iR-corrected HER polarization curves and (e) Tafel slopes of the FeS2/CC, B-Fe7S8/FeS2/CC, and Pt/C-

CC electrocatalysts. The DFT calculation results of the B-Fe7S8/FeS2 electrocatalysts: (f) The corresponding free energy diagrams of the B-Fe7S8/FeS2 electrocatalysts toward

alkaline HER on the B-Fe7S8 side, the FeS2 side, and the B-Fe7S8/FeS2 heterointerface; (g) The electronic density of states (DOSs). (h) Dependence of free energies of hydrogen

adsorption on the d-band centers (εd) of Fe 3d state and (i) the p-band centers (εp) of S 3p state. Copied with permission [119]. Copyright 2022, Wiley-VCH GmbH. SEM

images of (j) carbon fiber paper (CFP) and (k) P/Co-FeS2 nanocomposites on CFP. (l) Polarization curves. (m) Current versus time during the long term (6.5 d) with constant-

potential (−0.07 V) electrolysis of P/Co-FeS2 catalysts on CFP. Copied with permission [120]. Copyright 2017, Wiley-VCH GmbH.

tion energy of the intermediate, thus improving the intrinsic OER

and HER activities of iron sulfide. Owing to the higher electronega-

tivity of N atoms than S atoms, the doping of nitrogen can remark-

ably boost the performance of the catalyst. Ye et al. [118] success-

fully synthesized nitrogen-doped FeS2(N-FeS2) NPs with a simple

hydrothermal and CVD method which used sulfur powder and am-

monia as the sulfur and nitrogen sources, respectively (Fig. 4a). The

optimized N-FeS2 exhibits favorable HER activity, which requires

only a low overpotential of 126 mV to achieve a current density

of 10 mA/cm2 in 1.0 mol/L potassium hydroxide solution with a

Tafel slope of 124 mV/dec. To further investigate the effect of N

doping on FeS2, the authors proceed DFT calculations (Figs. 4b and

c), the presence of N dopant remarkably increases the total den-

sity of states (DOS) around the Fermi energy level, which results

in higher electrical conductivity of N-FeS2. The p-band center of

N-FeS2 (0.25 eV) is slightly higher than that of FeS2 (0.26 eV) as

shown by the surface p-band density of state bias (PDOS) calcula-

tion. Consequently, the interaction between H∗ and the S atoms on
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Table 2

Performance of hetero-atom doped iron-based sulfides electrocatalysts.

Catalyst Doping

element

Doping method Working electrode

substrate

Electrolyte Overpotential @ current

density (mV@mA/cm2

@OER or HER)

Tafel slope

(mV/dec)

Stability

(h)

Ref.

Co-FeS2 Co Solvothermal / 1.0 mol/L KOH 267@10@HER

324@10@HER

57 10 [112]

Co13.6%-Fe7S8 Co Hydrothermal / 1.0 mol/L KOH 311@10@OER,

284@10@HER

50@OER, 88@HER 10 [113]

Fe0.39Co0.61S2/RGO Co Hot-injection RGO 1.0 mol/L KOH 198@10@HER 94 / [114]

FeNi0.20S2-RGO Ni Hydrothermal RGO 0.5 mol/L H2SO4 183@10@HER 78 / [115]

Ni-Fe-S Ni Hydrothermal / 1.0 mol/L KOH 223@10@OER,

115@10@HER

41@OER, 108@HER 10 [116]

Mo-FeS Mo Hydrothermal / 1.0 mol/L KOH 210@10@OER 50 30 [117]

N-FeS2 N NH3 treatment / 1.0 mol/L KOH 126@10@HER 124 20 [118]

6B-Fe7S8/FeS2 B NaBH4 Boronation CC 1.0 mol/L KOH 113@10@HER 57 30 [119]

P/Co-FeS2 P, Co CVD CFP 0.5 mol/L H2SO4 90@100@HER 41.5 156 [120]

the surface is weakened, which facilitates the desorption of H2 at

the surface. Furthermore, the �GH∗ value on the pure FeS2 surface

is 0.046 eV, and the N-doping reduces the �GH∗ value to 0.029

eV, which is much closer to zero. Therefore, it can be seen that N

doping enhances the intrinsic activity of FeS2.

In contrast to N dopant, electron-deficient B dopant is also

known to be an effective strategy to optimize the electronic struc-

ture of iron sulfide nanomaterials and promote their intrinsic

electrocatalytic activity. Wu et al. [119] synthesized boron-doped

Fe7S8/FeS2 (B-Fe7S8/FeS2) electrocatalysts on carbon cloth on the

basis of DFT calculation and studied the effect of boron dop-

ing on the catalytic reaction mechanism firstly. Subsequently, it

was demonstrated that the catalysts with optimal B-atom dop-

ing showed exceptional catalytic activity for HER (Figs. 4d and

e) in alkaline media (113 mV@10 mA/cm2), which was superior

to most reported iron-based sulfide electrocatalysts. Mechanistic

studies have shown (Figs. 4f-i) that doping an appropriate amount

of boron atoms in the Fe7S8/FeS2 system can modulate the posi-

tion of the d-band center of the Fe atom and the p-band center of

the S atom, which increase the electron density near the fermionic

energy level and accelerate the charge transfer rate in the catalytic

process, thus reducing the hydrolysis energy barrier and the hy-

drogen adsorption free energy (�GH∗ value of only −0.103 eV),

thereby obtaining excellent HER electrocatalytic performance.

Optimizing the electronic structure and surface composition

of iron-based sulfides by co-doping metal atoms and anions

to promote the adsorption/desorption of intermediates is an-

other effective strategy to improve the catalytic performance

of iron-based sulfides. Kuo et al. [120] successfully synthe-

sized cobalt/phosphorus co-doped FeS2 nanocomposite (P/Co-FeS2)

through simple solvothermal, sulfurization and phosphating pro-

cesses (Figs. 4j and k). P/Co-FeS2 catalyst shows promising HER

activity (90 mV@100 mA/cm2) in 0.5 mol/L sulfuric acid solution,

with a Tafel slope of 41.5 mV/dec, and maintains good durability

during 156 h of HER with almost no significant change in surface

structure (Figs. 4l and m). Co and P co-doping promote the adsorp-

tion process of adjacent hydrogen atoms and decrease the free en-

ergy of hydrogen adsorption, which can together enhance the cat-

alytic activity of HER.

Table 2 summarizes the above heteroatom-doped iron-based

sulfide electrocatalysts. As can be seen from the table, for the

single-atom doped iron-based sulfide catalysts, the catalysts doped

with Co atoms have the most excellent OER performance, while

the B-doped catalyst has superior HER catalytic performance. Re-

markably, the anionic and cationic co-doped P/Co-FeS2 possesses

the most excellent HER performance. Moreover, it was found that

anionic doping usually improved the HER electrocatalytic perfor-

mance of iron-based sulfides more than cationic doping, while

cationic doping improved the OER performance better. This may

be due to the fact that multi-metal doping increases the metal-

centered catalytic active sites in the reaction, while anionic dop-

ing optimizes the electronic structure of the catalyst and promotes

the improvement of the intrinsic catalytic performance. It is also

evident from Table 2 that the hydrothermal method is commonly

used in most atomic doping reactions due to its convenience of

operation and controlled composition and structure. So far, most

of the studies on improving the electrocatalytic performance of

iron-based sulfides OER and HER using heteroatom doping meth-

ods have focused on cation doping. Therefore, in order to promote

the improvement of the overall electrocatalytic performance of cat-

alysts, anionic and cationic co-doping methods should be investi-

gated more extensively and systematically.

5. Iron-based sulfide composites electrocatalysts for OER and

HER

To further enhance the OER and HER activity of iron-based sul-

fide catalysts, iron-based sulfide is combined with other materi-

als such as carbon, metal oxides, metal hydroxides, metal sulfides

and other materials to form nanocomposites. This sub-section will

present a detailed description of these different types of iron-based

sulfides electrocatalysts and their electrocatalytic properties.

5.1. Iron-based sulfides/carbon composites

It is well known that the excellent carbon-based materials are

widely used to facilitate charge transfer and provide effective ac-

tive sites in catalysts, which are attributed to their high electrical

conductivity, large surface area and robust mechanical properties.

Consequently, the construction of iron sulfide with carbon nanohy-

brids is an effective strategy to improve their OER and HER per-

formance. Carbon substrates mainly include N-doped carbon nan-

otubes (NCNT), porous graphene, MXene and carbon nanosheets

(CN).

For instance, Xie et al. [121] designed and synthesized a novel

type of ultra-miniature FeS2 NPs distributed on MXene nanosheets

(FeS2@MXene) through a refined adsorption-growth pathway. The

MXene material as a substrate effectively prevents the aggregation

of FeS2 NPs, thus exposing more active sites. Furthermore, the in-

terface formed by FeS2 and MXene has strong electronic interac-

tions, which facilitates the contact between active sites and elec-

trolyte solution, resulting in improving catalytic activity and sta-

bility. In Fig. 5a, distinct FeS2 NPs can be observed on the MXene

nanosheets. With the benefit of interfacial effect and unique three-

dimensional structure, the prepared FeS2@MXene catalysts exhibit

excellent electrocatalytic performance for both OER (240 mV@10

mA/cm2) and HER (87 mV@10 mA/cm2) in alkaline solution. Addi-

tionally, it was found by in situ Raman spectroscopy (Fig. 5b) that
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Fig. 5. (a) TEM of FeS2@MXene. (b) In situ Raman spectra of the FeS2@MXene catalyst at various potentials for OER processes. Copied with permission [121]. Copyright

2022, The Royal Society of Chemistry. (c) Schematic illustration of the ultrafast, in situ transformation of minerals to catalyst nanoparticles. (d) The HER polarization curves

of nano-FeS2-RGO in comparison to micro-FeS2-RGO in 0.5 mol/L H2SO4. Copied with permission [122]. Copyright 2017, Wiley-VCH GmbH. (e) Schematic illustration of

the synthesis process of FeS2@C nanochains. (f) SEM images of FeS2@CS-40 material. (g) LSV curves for all electrocatalysts. Copied with permission [123]. Copyright 2019,

American Chemical Society. (h) Low-resolution SEM and (i) high-resolution SEM images of the FeS foams with surface grown carbon nanotube arrays. Copied with permission

[124]. Copyright 2020, The Royal Society of Chemistry.

FeOOH as the active material enhanced the intrinsic activity of the

catalyst in the OER process.

Chen et al. [122] constructed ultrafine FeS2 NPs (FeS2@RGO)

which were uniformly distributed on reduced graphene oxide

by utilizing a high-temperature rapid thermal shock technique

(Figs. 5c and d). The 3-D structure consisting of embedded grown

FeS2 NPs and two-dimensional reduced graphene oxide nanosheets

effectively ensures the electrical conductivity and high surface area

of the composite, and accelerates ion diffusion and electron trans-

fer. With these advantages, the FeS2@RGO composite nanomateri-

als are used as efficient and stable HER electrocatalysts. The low

overpotential is 139 mV in 0.5 mol/L sulfuric acid solution when

the current density is 10 mA/cm2.

In addition, a carbon layer as support is also an effective

solution to enhance electroconductivity and improve the active

sites of the material. Fan et al. [123] successfully synthesized

FeS2 nanochains (FeS2@C) which were encapsulated by a uniform

carbon layer with a magnetic-field-guided interface co-assembly

method. This unique core-shell structure is formed (Figs. 5e-g), it

is first assembled into chains by polymer coating under a mag-

netic field environment, then follows by continuous carbonization

and hydrothermal vulcanization process. It prevents iron disulfide

nanoparticles from aggregating during the HER process, which ex-

poses more active sites. Also, this increases specific surface area

of the catalyst, which is beneficial to improve the charge/mass

transfer efficiency. Moreover, the interfacial effect between FeS2
NPs and carbon layer also enhance electrocatalytic activity. Con-

sequently, FeS2@C nanocomposites with a thickness of 40 nm are

considered as an effective and stable HER electrocatalysts. At a cur-

rent density of 10 mA/cm2, only 195 mV overpotential is required

to catalyze the hydrogen evolution reaction with stable persistence

over 150 h.

Guo et al. [124] synthesized FeS foam precursors by an in-situ

sulfidation process using thiourea as the sulfur source. Then, N-

doped carbon nanotube arrays (FeS/NCNTs foam), which are cat-

alyzed by FeS nanocrystals, are obtained on the surface of FeS foam

by a simple annealing process (Figs. 5h and i). The NCNT material

as a coating not only greatly improves the electrical conductivity

and corrosion resistance of the ferrous sulfide foam, but also pro-

vides a unique superaerophobic structure for FeS foam, which re-

duces the solid-gas contact area at the electrode-bubble interface,

effectively avoiding the adsorption of large bubbles on the elec-

trode and exposing more active sites. A cell voltage of only 1.942

V is required to achieve a current density of 100 mA/cm2 when

applying the FeS/NCNTs foam electrode to overall water splitting.

5.2. FeS/metal oxides composites

Chen et al. [104] first prepared Fe2O3@C by a two-step hy-

drothermal reaction, and then synthesized γ -Fe2O3@FeS2@C with

a unique core-double shell heterogeneous nanostructure using sul-

fur powder as the sulfur source (Fig. 6a). As shown in Figs. 6b

and c, the catalyst exhibited an overpotential of 268 mV in 1.0

mol/L KOH when 10 mA/cm2 was reached, which was smaller than

that of pure α-Fe2O3, α-Fe2O3@C and γ -Fe2O3@FeS2. And the Tafel

slope of γ -Fe2O3@FeS2 was also lower than that of other pure

catalysts, which indicated the unique dual interface of the core-

double shell nano-heterostructure accelerated the rapid electron

transfer and the electrochemical reaction of oxygen-containing in-

termediates, thus improving the OER performance.

Wang et al. [125] constructed a series of Fe3O4/FeS2 composites

with heterogeneous structures using an in situ sulfuration strategy

(Figs. 6d and e). Among them, Fe3O4/FeS2-2.5 provides excellent

catalytic activity for OER. In alkaline electrolytes, a low overpo-

tential of only 306 mV is required for a current density of 100

mA/cm2. Moreover, it can keep a current of about 10 mA/cm2 for

36 h without significant performance degradation, which indicates

Fe3O4/FeS2-2.5 has good durability (Fig. 6h). It is worth noting

that XPS indicates that the charge at Fe and S is transferred to O,

achieving a charge redistribution. As shown in Figs. 6f and g, DFT

calculations also confirm that the charge redistribution at the in-

terfacial region reduces the activation potential barrier of oxygen-
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Fig. 6. (a) Schematic illustration of the formation of core-double shell heterostructure γ -Fe2O3@FeS2@C nanocubics. (b) LSV curves. (c) Tafel plots of various catalysts for OER

tests. Copied with permission [104]. Copyright 2021, Elsevier. (d, e) The HRTEM images for Fe3O4/FeS2-2.5. The free energy diagram of (f) the OER process at 1.23 V and (g) at

the onset potentials. (h) Polarization curves of different electrocatalysts (with IR correction). Copied with permission [125]. Copyright 2020, The Royal Society of Chemistry.

(i) The overpotentials at 100 mA/cm2 and 500 mA/cm2 of the FeOxH, FeS0.1/FeOxH@Fe, FeS/FeOxH@Fe, FeS0.3/FeOxH@Fe, FeS0.4/FeOxH@Fe and Ni foam. (j, k) XPS of Fe 2p of

FeS/FeOxH@Fe before and after stability. Copied with permission [101]. Copyright 2022, Elsevier. (l) Schematic illustration of the synthesis process of FeNi(OH)x/FeS/IF. (m)

LSV curves of various samples. Copied with permission [126]. Copyright 2020, Elsevier.

containing intermediates, and thereby improving the catalytic per-

formance of OER.

5.3. FeS/metal hydroxides composites

Tan et al. [101] successfully grow FeS/FeOxH@Fe nanosheets

with amorphous-crystalizes interface structure on Ni foams

through a convenient one-step co-deposition method, which can

be used as electrocatalytic electrodes for highly active and stable

OER. FeS/FeOxH@Fe exhibited excellent electrocatalytic activity in

the OER process with current densities up to 500 mA/cm2 and

overpotentials as low as 376 mV (Fig. 6i). The outstanding cat-

alytic performance of FeS/FeOxH@Fe electrode might be attributed

to the defective heterogeneous interface structure formed by FeS

and FeOxH which not only provided a larger active surface area

and exposed more angular/edge active sites, but also promoted

charge/mass transfer at the interface and facilitated the adsorp-

tion/desorption of bubbles. At the same time, according to the XPS

results of Fe 2p before and after stability (Figs. 6j and k), the re-

sults showed that the binding energy was positively shifted, which

was due to the significant changes in the electronic structure of

the material surface during the stability test, and most of the FeS

was converted to the active material FeOOH, which also further

improved the OER catalytic activity.

Chen et al. [126] rationally constructed and prepared amor-

phous Fe-Ni bimetallic hydroxide films (FeNi(OH)x/FeS/IF) grown

vertically on three-dimensional and conductive FeS/IF nanosheets

through an ultrafast surface modification process (Figs. 6l and

m). Firstly, they prepared FeS/IF precursors using a conventional

hydrothermal vulcanization method, and then put them into a

mixed solution of nickel nitrate and sodium nitrate at 100 °C for

a rapid reaction of 30 s (ultra-fast surface modification process)

to obtain amorphous Fe-Ni bimetallic hydroxide nanosheet films

grown vertically on three-dimensional and conductive FeS/IF. The

in-situ grown OER catalyst without a binder successfully solves the

problems of poor stability and inefficiency. More importantly, the

unique inter-cross-linked nanosheet structures exposes a larger ac-

tive surface area and abundant active sites, as well as the synergis-

tic effect of Fe(OH)x and Ni(OH)x, which together improve the elec-

trocatalytic performance of OER. As a result, the FeNi(OH)x/FeS/IF

catalyst exhibits a low overpotential of 273 mV at a current density

of 100 mA/cm2.

5.4. FeS/metal sulfides composites

By using NiFe-LDH/TM as the precursor material, Luan et al.

[127] prepared FeS-NiS hetero-structured nanosheet arrays (FeS-

NiS/TM) based on Ti mesh substrates by hydrothermal sulfidation

strategy. The catalysts exhibited superior OER electrocatalytic ac-

tivity and stability than pure FeS/TM and NiS/TM in alkaline con-

ditions. Fig. 7a clearly shows the overlapping lattice stripes of FeS

and NiS, which may have a synergistic effect and thus improve the

electrocatalytic performance. The Cdl of the FeS-NiS/TM electrode

(3.40 mF/cm2) was higher than that of FeS/TM (1.28 mF/cm2).

Since the double-layered capacitance is proportional to the elec-

trochemical active surface area (ECSA), FeS-NiS/TM has a larger

active surface, which indicates the presence of more exposed ac-

tive sites between the FeS and NiS interfaces, as well as the syn-

ergistic effect of the interfaces enhancing their catalytic reaction

kinetics.

Pan et al. [128] successfully constructed a three-dimensional

porous Ni-Fe sulfide (Ni-Fe-S/NF) nanosheet array structure on NF

by a simple hydrothermal strategy (Fig. 7b). The catalyst requires

only low overpotentials of 253 mV and 262 mV to achieve OER and

HER at a current density of 100 mA/cm2, respectively. Moreover,

the excellent overall water splitting performance requires only 1.55

V and 1.75 V at 10 mA/cm2 and 100 mA/cm2, respectively, and is

stable for about 100 h. As can be seen from the HRTEM (Figs. 7c

and d), there are many small pores on the nanosheets, which ex-

pose more active sites and provide channels for electron trans-

fer and mass transport. The three-dimensional porous nanosheet

structure exposing a large number of active sites, as well as the
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Fig. 7. (a) HRTEM image of FeS-NiS nanosheet. Copied with permission [127]. Copyright 2019, The Royal Society of Chemistry. (b) Schematic illustration for the synthesis

of 3D porous Ni-Fe-S/NF. (c) HRTEM and (d) HAADF-STEM of Ni3S2-FeS/NF-2. Copied with permission [128]. Copyright 2022, Elsevier. (e) HRTEM image of FeS2/CoS2 NSs,

the dotted circles and large oval represent defects and disordered structure, respectively. (f) EPR spectra of FeS2/CoS2 NSs, FeS2 NSs, and CoS2 NSs. LSV curves of different

electrocatalysts for (g) HER and (h) OER. Copied with permission [129]. Copyright 2018, Wiley-VCH GmbH. (i) Schematic fabrication of the synthesis of CoS2/FeS2 hybrid

nanocrystals. Copied with permission [130]. Copyright 2018, American Chemical Society. (j) Schematic of illustration of the FeS2/CoNiSe2 on NF. (k) LSV polarization curves of

various electrocatalysts. (l) Model structure of FeS2/CoNiSe2. (m) The differential charge densities of FeS2/CoNiSe2 (the yellow and blue regions represent electron accumula-

tion and depletion, respectively). (n, o) Free energy profiles for FeS2/CoNiSe2 and FeS2 at zero potential (U=0 V) and equilibrium potential for oxygen evolution (U=1.23 V).

Copied with permission [132]. Copyright 2018, The Royal Society of Chemistry.

strong electronic interactions and synergistic effects between Ni3S2
and FeS, resulting in excellent electrocatalytic properties and good

durability.

By using CoFe2O4 nanoparticles prepared by a simple co-

precipitation method as precursors, Li et al. [129] successfully syn-

thesized FeS2/CoS2 nanosheets by chemical transformation strat-

egy. It can be seen from the HRTEM image of FeS2/CoS2 nanosheets

in Fig. 7e that the homogeneous nanosheets have a clear two-

phase interface and many defects, which may be attributed to

the generation of S vacancies. The electron paramagnetic reso-

nance spectra in Fig. 7f precisely demonstrate this point, that the

FeS2/CoS2 nanosheets have a strong EPR signal compared to other

samples. As a result of the heterogeneous interfacial disordered

structure and abundant sulfur vacancy defects of FeS2/CoS2 in the

nanosheets, the catalysts obtain more fully exposed active sites and

the best reaction kinetics for the overall water splitting. Due to

these advantages, the FeS2/CoS2 NSs electrode exhibits high elec-

trocatalytic activity for OER (302 mV@100 mA/cm2) and HER (78.2

mV@10mA/cm2) and superior stability (80 h@10mA/cm2@HER) in

1.0 mol/L KOH solution (Figs. 7g and h). More importantly, the

FeS2/CoS2 NSs electrodes composed of overall water splitting de-

vice requires only 1.47 V cell voltage to achieve a current density

of 10 mA/cm2 and maintains more than 21 h.

Jordan et al. [130] reported a FeS2/CoS2 core-framework nanos-

tructure as an efficient and stable HER electrocatalyst (Fig. 7i). It

is observed by the 3-D rendering technique that CoS2 acts as the

outer framework wrapping the FeS2 nanoparticles, and this unique

structure provides sufficient stability and porosity for the catalyst.

At the same time, the catalyst also possesses a large active specific

surface area, which enrich the active sites on the catalyst surface.

Compared with pure FeS2, FeS2/CoS2 core-framework nanocompos-

ites exhibit superior HER activity in acidic electrolyte solution.

Wang et al. [131] prepared Co-FeS2/CoS2 heterostructure elec-

trocatalysts on carbon cloth (CC) using a facile hydrothermal

method. The prepared catalyst has a unique three-dimensional lay-

ered nanostructure and exhibits excellent electrocatalytic activity

for OER and HER. The authors concluded that the improved elec-

trocatalytic performance could be attributed to the following rea-

sons: (1) Co doping decreased the reaction potential barrier of FeS2
and enhanced its intrinsic catalytic activity; (2) The unique three-

dimensional layered nanostructure resulted in a high specific sur-

face area, as well as the raised heterogeneous structure of CoS2
further exposed more active sites that could contact with elec-

trolyte ions and promoted the adsorption and desorption of bub-

bles; (3) The synergistic effect between the two phases of CoS2
and FeS2 further enhanced the electrocatalytic activity; (4) It was

further demonstrated by DFT calculations that sulfur was the real

active site of the catalytic reaction, while the combination of the

two phases resulted in a lower free energy of hydrogen adsorp-

tion, which theoretically demonstrated the good catalytic kinetics

of the Co-FeS2/CoS2 nanocomposite.

Yang et al. [132] designed and prepared a heterostructure con-

sisting of FeS2 and MOF-derived CoNiSe2 (FeS2/MCoNiSe2) as an

excellent OER electrocatalyst (Figs. 7j and k). When it is applied to

1.0 mol/L KOH electrolyte for OER testing, only an overpotential of

230 mV is required to drive a current density of 10 mA/cm2, and

it can be stable for about 45 h. The outstanding electrocatalytic

performance is mainly attributed to the electron coupling at the

heterogeneous interface of FeS2/MCoNiSe2, which is indicated by

the theoretical calculations (Figs. 7l-o). The electron transfer from

CoNiSe2 to the vicinity of FeS2 according to the analysis in Figs. 6a

and b, which indicates a reduction of the water adsorption energy.

In addition, in Figs. 6c and d, the �GH∗ value of pure FeS2 is cal-

culated to be 0.52 eV, and the �GH∗ value after constructing het-
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Fig. 8. (a-d) TEM and HAADF-STEM images of the carbon-layer-coated CoS2-FeS2 heterojunction nanosheets. Copied with permission [133]. Copyright 2020, The Royal Society

of Chemistry. (e) Schematic illustration of the synthesis of FeS2/TiO2. (f) Illustration of the proposed surface evolution process of FeS2/TiO2 under OER conditions. (g, h)

HRTEM images of S-FTO before and after OER test, respectively. (i) S 2p and (j) Fe 2P regions before and after the OER test. Copied with permission [134]. Copyright 2021,

The Royal Society of Chemistry. (k) SEM images of PU@PANI@FeS2 nanocomposites. Copied with permission [135]. Copyright 2020, Elsevier.

erojunction FeS2/MCoNiSe2 is reduced to 0.31 eV, which indicates

that FeS2/MCoNiSe2 has faster electrochemical kinetics and better

OER catalytic activity. Meanwhile, according to the analysis of the

density of states (DOS) results, FeS2/MCoNiSe2 has a higher DOS

near the Fermi energy level compared with FeS2, which signifi-

cantly improves the conductivity. As shown above, the construc-

tion of FeS2 and CoNiSe2 into a heterogeneous structure reduces

the potential barrier of the OER reaction process and enhances the

electron transfer rate at the heterogeneous interface.

Wang et al. [133] proposed a simple one-pot method to de-

velop an amorphous carbon layer-coated CoS2-FeS2 heterojunction

nanosheet bifunctional electrode (Figs. 8a-d). The prepared carbon-

layer-coated CoS2-FeS2 composite nanomaterial has the following

structural properties and advantages: (1) The amorphous carbon

layer can change the chemical state of the CoS2-FeS2 nanosheet

surface and accelerate the electron transfer rate of water, thus im-

proving the electrical conductivity of the electrode; (2) The het-

erojunction interface formed between CoS2 and FeS2 exposes more

active sites, meanwhile, the synergistic effect of CoS2 and FeS2 at

the interface modulates their electronic structure and promotes the

electron transfer between the electrolyte solution and the elec-

trode; (3) The carbon-layer coated CoS2-FeS2 nanocomposite has

excellent OER and HER catalytic performance and long-term stabil-

ity in 1.0 mol/L KOH. This low-cost and highly efficient bifunctional

catalyst offers promising applications. It requires only a low over-

potential of 147 mV and 210 mV for OER and HER, respectively,

to drive a current density of 10 mA/cm2. It is worth noting that

only 1.66 V of cell voltage is required at a current density of 10

mA/cm2 in its composition of a two-electrode device and has been

tested for 26 hours of durability.

5.5. FeS/other materials composites

Chen et al. [134] rationally designed and synthesized an effi-

cient and stable hetero-structured FeS2/TiO2 (S-FTO) electrocatalyst

using titanite (FTO) as raw material through a simple sulfuration

treatment (Fig. 8e). S-FTO exhibits excellent OER activity and long-

term durability in a 1.0 mol/L KOH electrolyte with a potential of

230 mV (10 mA/cm2), which is much better than the pristine FTO.

To further understand the conformational relationship between the

electronic properties-catalytic activity of the catalyst surface dur-

ing OER, the authors use S-FTO as a model material and analyzed

its structural transformation after i-t testing. The significantly en-

hanced OER activity of the dynamically self-optimized 24h-S-FTO

(FeS2/TiO2@FeOOH) compared with the original 0h-S-FTO can be

attributed to the following reasons (Figs. 8f-j): (1) During the OER

process, the S-FTO morphology changes remarkably, and the abun-

dant nanoparticles expand the catalyst/electrolyte contact area; (2)

After OER, the massive leaching of S elements not only induce the

catalyst surface reconstruction and in situ generation of new active

sites FeOOH, but also regulate the surface electronic structure and

accelerate the charge/mass transfer; (3) The OER process promotes

the in-situ generation of the core-shell structure FeS2/TiO2@FeOOH,

with FeS2/TiO2 as the core ensuring high conductivity and long-

term stability and FeOOH as the shell providing abundant active

sites.

Since the inherent HER catalytic activity of iron disulfide is lim-

ited by low electrical conductivity and low surface area, Manju-

natha et al. [135] reported a novel nanocomposite PU@PANI@FeS2
by polymerizing and precipitating organic PANI (polyaniline) with

FeS2 nanoparticles on electrospun PU (polyurethane) nanofibers

(Fig. 8k). The prepared catalyst shows excellent HER catalytic

performance in 1.0 mol/L KOH electrolyte (265 mV@10 mA/cm2,

372 mV@50 mA/cm2), while PANI and PU improve their electri-

cal conductivity and long-term durability. In addition, the one-

dimensional PU nanofibers with FeS2 nanoparticles make the sur-

face with high porosity and high specific surface area, which is fa-

vorable for charge/electrolyte transfer, thus contributing to the en-

hancement of HER catalytic activity.

The iron-based sulfide composites are summarized in Table 3.

It can be observed that the hetero-structured catalysts constructed

from Ni3S2 and FeS have the best OER catalytic performance, while

the hetero-structured catalysts fabricated by FeS2 and CoS2 have

the best HER catalytic performance. It can also be noted that

heterogeneous catalysts composed of iron-based oxides/hydroxides

and iron-based sulfides exhibit good catalytic properties at high
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Table 3

Performance of iron-based sulfide composites electrocatalysts.

Species Electrocatalyst Working

Electrode

Substrate

Electrolyte Overpotential @ Current

density (mV@mA/cm2

@OER or HER)

Tafel slope (mV/dec

@OER or HER)

Stability (h) Ref.

Carbon FeS2@MXene Mxene 1.0 mol/L KOH 87@10@HER,

240@10@OER,

1.57V@overall

58.6@OER,

97.7@HER

30 [121]

FeS2-RGO RGO 0.5 mol/L H2SO4 139@10@HER 64@HER 10@24 mA/cm2 [122]

FeS2@C / 1.0 mol/L KOH 195@10@HER 128@HER 150 [123]

FeS/NCNTs foam NCNTs 1.0 mol/L KOH 1.942V@100@overall / 50@100 mA/cm2 [124]

Metal oxides γ -Fe2O3@FeS2@C / 1.0 mol/L KOH 268@10@OER,

308@50@OER

54@OER 10@50 mA/cm2 [104]

Fe3O4/FeS2 / 1.0 mol/L KOH 306@100@OER 48@OER 36@100 mA/cm2 [125]

Metal hydroxides FeS/FeOxH@Fe Ni foam 1.0 mol/L KOH 376@500@OER 71@OER 36@1000 mA/cm2 [101]

FeNi(OH)x/FeS/IF Iron foam 1.0 mol/L KOH 273@100@OER 53@OER 10 [126]

Metal sulfides FeS–NiS/TM Ti mesh 1.0 mol/L KOH 260@10@OER 80@OER 25 [127]

Ni3S2-FeS/NF Ni foam 1.0 mol/L KOH 253@100@OER,

262@100@HER

48@OER 100@100 mA/cm2 [128]

FeS2/CoS2 / 1.0 mol/L KOH 302@100@OER,

78.2@10@HER

42@OER, 44@HER 21 [129]

FeS2@CoS2 / / [130]

Co–FeS2/CoS2 Carbon cloth 0.5 mol/L H2SO4 278@10@OER,

103@10@HER

73@OER, 56@HER / [131]

FeS2/CoNiSe2/NF Ni foam 1.0 mol/L KOH 230@10@OER 54@OER 45 [132]

CoS2-FeS2 / 1.0 mol/L KOH 147@10@OER,

210@10@HER

46@OER, 105@HER 26 [133]

Others FeS2/TiO2 / 1.0 mol/L KOH 230@10@OER,

270@100@OER

47@OER 24 [134]

PU@PANI@FeS2 / 0.5 mol/L H2SO4 265@10@HER,

372@50@HER

15@OER / [135]

current densities and have been extensively studied. The overpo-

tential at 10 mA/cm2 current density is not reported in some liter-

ature due to the presence of oxidation peaks of pre-catalytic sul-

fides in OER tests, which makes the comparison of electrocatalytic

performance more difficult.

In conclusion, simple and effective design principles and strate-

gies need to be developed for better OER and HER performance

of iron-based sulfides. In fact, two main strategies are used to im-

prove their electrochemical properties: (1) exposing more accessi-

ble active sites; (2) changing their electronic structure to increase

the intrinsic electrical conductivity. To achieve these goals, the fol-

lowing approaches are mainly used: heteroatom doping, compos-

ite design and generation of vacancy defects. In many works, het-

eroatom doping has been well established as an important and

effective method to boost the intrinsic catalytic activity of iron-

based sulfides, which is achieved by optimizing the surface elec-

tronic structure, increasing the free energy of adsorption of oxy-

genates and decreasing the free energy of hydrogen adsorption

(�GH∗ ). It is mainly divided into metal doping and anion doping,

with transition metals Ni, Co and Mo as the main doping elements.

Meanwhile, the doping methods are diverse, combining with hy-

drothermal method to add the salt of target doping atoms in the

reaction precursor is a relatively simple method at present. Com-

posite design, mainly divided into the construction of heterostruc-

tures or composites, is another attractive strategy for designing

high-performance iron-based sulfide electrocatalysts currently. It is

mainly used to construct heterogeneous interfaces or heterojunc-

tions between iron-based sulfides and other materials resulting in

changes of the surface electronic structure; meanwhile, integrat-

ing the unique physicochemical properties of two or more materi-

als to jointly optimize the OER and HER performances. Normally,

metal sulfides, oxides and hydroxides as well as carbon materi-

als with excellent properties such as high electrical conductivity

are selected to construct a high-performance system with iron-

based sulfides. Sulfur vacancy defects are generally produced in

iron-based sulfides, which can not only effectively modulate the

adsorption/desorption free energy and improve the intrinsic activ-

ity of electrocatalysts, but also directly participate in the adsorp-

tion and electron transfer processes as active sites. Moreover, sul-

fur vacancies can also effectively modulate the electronic structure

of active sites, influence the energy band structure and improve

the conductivity.

6. The catalytic mechanism of iron-based sulfides

electrocatalysts

For basic OER, the reaction mechanism:

M∗ +OH− →M∗-OH+ e− (1)

M∗-OH+OH− →M∗-O+H2O(g)+ e− (2)

M∗-O+OH− →M∗-OOH+ e− (3)

M∗-OOH+OH− →M∗ +O2(g)+H2O(l)+ e− (4)

2M∗-O→2M∗ +O2(g) (5)

There are usually two types of OER pathways. However, iron-based

sulfides usually follow the first route as Eqs. 1-4. At first, the cat-

alyst (M∗) adsorbs OH− in the electrolyte to form M∗-OH, which

subsequently reacts with OH− to form M∗-OO, which in turn reacts

with OH− to form M∗-OOH intermediate, and finally M∗-OOH re-

acts with OH− to form O2. For example, FeS2/MCoNiSe2/NF NSs re-

ported by Yang et al. [132]. As shown in Figs. 7l-o, the Fe atoms on

the catalyst surface absorb the hydroxide in the KOH electrolyte to

form ∗OH, then ∗OH is deprotonated to form ∗O, ∗O combines with

another OH− to form ∗OOH, and then ∗OOH combined with OH−

is decomposed to OO∗ desorbed from the Fe atoms to form O2.

It is shown by theoretical calculations that FeS2/MCoNiSe2, which

forms a heterogeneous interfacial structure, has a lower reaction

energy barrier as well as a faster electron transfer rate compared to

pure FeS2. For example, when FeS2/C NPs were used as OER elec-

trocatalysts as reported by Li et al. [105], OH− in 1.0 mol/L KOH

was adsorbed on Fe sites to form FeS2-OH;
∗O preferentially bound
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to Fe sites to form Fe-O bonds on the FeS2 surface. Finally, the ac-

tive intermediates (∗OH, ∗OOH and ∗O) combine with FeS2 to pro-

duce O2.

7. Conclusions and perspectives

This paper reviews the research progress and prospects of iron-

based sulfide materials as OER and HER electrocatalysts. The syn-

thesis methods of some iron-based sulfides and their composites,

various nano-morphologies and their effects on catalytic perfor-

mance are discussed. The above strategies have some application

value and significance for the construction of novel and efficient

iron-based sulfide electrocatalysts.

Based on the progress of iron-based sulfide catalysts in elec-

trocatalytic OER and HER applications, we summarize the follow-

ing points: (1) For pristine iron-based sulfide materials, modulation

of mesoporous and hollow morphology can effectively improve

electrocatalyst activity; (2) For heteroatom-doped electrocatalysts,

atomic doping of metallic cobalt and molybdenum as well as non-

metallic boron can achieve greater catalytic performance improve-

ment. However, most of the current atomic doping methods are

hydrothermal methods, which are too single. Other doping meth-

ods and multi-element doping should be explored and tried, which

may have unexpected results; (3) For the construction of catalysts

with heterogeneous structures, the synergistic effect of each com-

ponent in the electrocatalyst should be used reasonably. By taking

advantage of the excellent electrical conductivity of iron-based sul-

fides and combining them with materials that have excellent cat-

alytic properties and stability, highly active and long-lasting stable

electrocatalysts can be constructed.

However, we should recognize that the practical application of

iron-based sulfide electrocatalysts in OER and HER is still in its

early stages and facing many challenges.

(1) More studies are needed to further reveal the contribution

of iron-based sulfide electrocatalysts to the key steps of elec-

trocatalysis and to illuminate the conformational relation-

ships between composition-structure-performance, which

would facilitate a wider range of catalysts in OER and HER

applications. And, at present, the mechanism of electrocat-

alytic OER and HER reactions in water electrolysis by elec-

trocatalysts has not been fully explained. Therefore, it is nec-

essary to invest in multifaceted theoretical studies to reveal

the real reaction mechanism at the atomic level so as to pro-

vide strong theoretical support for the development of excel-

lent electrocatalysts.

(2) For heteroatom-doped iron-based sulfides, the main dop-

ing elements are still Ni, Co and N, etc. However, in order

to further realize this strategy, more elements need to be

explored to optimize the electronic structure of iron-based

sulfide electrocatalysts. Consequently, more insight into the

mechanisms involved in atomic doping is needed to facili-

tate the rational design of OER and HER electrocatalysts. In

addition, there are few reports on iron-based sulfides with V

as dopant, which will be a potential direction for their fur-

ther development.

(3) Synergistic effect. It has been found empirically that iron-

based sulfide electrocatalysts designed by just one strategy

of increasing the number of active sites or increasing the in-

trinsic activity of the active sites are not sufficient to com-

pete with noble metal electrocatalysts [136]. Hence, how to

realize the organic combination of multiple strategies in the-

ory and practice will become a new direction for us to inves-

tigate.

(4) Surface electrochemical reconstruction. At present, a large

number of studies have suggested that iron-based sulfides

only act as "pre-catalysts" and that reduction and amor-

phization occur during the electrochemical activation pro-

cess. For this reason, it is important to discuss the surface

reconstruction in OER and HER processes. It is necessary

to gain more in-depth understanding of what "by-products"

are generated on the Fe-based sulfide catalyst surface during

electrochemical activation and how they affect the final Fe-

based sulfide OER and HER electrocatalytic activity, since the

steady-state electrocatalyst performance is assessed by the

reconstructed electrode surface rather than by volume. At

present, few theoretical studies have focused on how surface

reconstruction affects the OER and HER activities of iron-

based sulfide electrocatalysts, and the actual active sites of

iron-based sulfides in the OER and HER processes as well

as the catalytic mechanisms. Therefore, great efforts and re-

search are needed in this field.

(5) Currently, many efforts are mainly concentrated on the con-

struction of iron-based sulfides and their composite nano-

materials with good morphology and thus excellent elec-

trocatalytic properties. However, their catalytic mechanisms

have been little attention. Consequently, more attention

should be paid to the dynamic processes on the catalyst

surface during electrocatalytic reactions. Some of advanced

modern in-situ characterization techniques are useful to un-

cover their catalytic mechanisms, such as in-situ simulta-

neous X-ray techniques, transmission electron microscopy

techniques (3D reconstruction, five-dimensional reconstruc-

tion, spherical differential correction electron microscopy,

and in-situ transmission electron microscopy), in-situ scan-

ning probe techniques, in-situ XRD techniques, and in-situ

Roman techniques. They may also reveal the transformation

relationships between the species in the catalytic process, as

well as more critical information that is relevant to interme-

diates and real active substances, and provide guidance for

the design of catalysts.

(6) Density functional theory calculation is also an effective tool

to deeply understand the conformational relationship be-

tween composition-structure-properties of nanomaterials. It

can provide a more intuitive and accurate perspective of

the whole electrocatalytic reaction process through simulat-

ing the theoretical crystal structure and calculating the ad-

sorption energy and electronic density of states of the cat-

alyst. Combining characterization techniques with theoreti-

cal calculations can help us to propose specific and effective

modification strategies, which are important for improving

the catalytic performance of iron-based sulfide materials and

other non-precious metal-based materials.

In summary, although great progress has been made in iron-

based sulfide nanomaterials for OER and HER, more research and

exploration are needed to improve the catalytic performance and

durability of iron-based sulfides at high current densities for even-

tual application in large-scale hydrogen production devices. Mean-

while, the currently reported iron-based sulfide electrocatalysts

are mainly applied in alkaline electrolytes, while only a few of

them have been employed in acidic and/or neutral media, which

is mainly attributed to the susceptibility of iron-based sulfide elec-

trocatalysts to corrosion and instability during long-term water

electrolysis, thus severely limiting their practical applications in

industry. Accordingly, there is an equal need to design and con-

struct universal-pH bifunctional iron-based sulfide electrocatalysts

with outstanding electrocatalytic activity and long-term durability

in near-neutral media, as these would be of great significance for

the large-scale development of seawater electrolysis industry. We

believe that a rational design and modulation of the component-

structure-property relationship, as well as an in-depth understand-
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ing of the catalytic mechanism of iron-based sulfide materials will

facilitate their further development as OER and HER electrocata-

lysts.

We expect that this review will stimulate more innovative ideas

for the development of iron-based sulfides and other transition

metal sulfide materials as OER and HER electrocatalysts.
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