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Powering the Future by Iron Sulfide Type Material (FexSy)
Based Electrochemical Materials for Water Splitting and
Energy Storage Applications: A Review

Ahmad Farhan, Wajeeha Qayyum, Urooj Fatima, Shahid Nawaz, Aldona Balčiūnaitė,
Tak H. Kim, Varsha Srivastava, John Vakros, Zacharias Frontistis, and Grzegorz Boczkaj*

Water electrolysis is among the recent alternatives for generating clean fuels
(hydrogen). It is an efficient way to produce pure hydrogen at a rapid pace with
no unwanted by-products. Effective and cheap water-splitting electrocatalysts
with enhanced activity, specificity, and stability are currently widely studied. In
this regard, noble metal-free transition metal-based catalysts are of high
interest. Iron sulfide (FeS) is one of the essential electrocatalysts for water
splitting because of its unique structural and electrochemical features. This
article discusses the significance of FeS and its nanocomposites as efficient
electrocatalysts for oxygen evolution reaction (OER), hydrogen evolution
reaction (HER), oxygen reduction reaction (ORR), and overall water splitting.
FeS and its nanocomposites have been studied also for energy storage in the
form of electrode materials in supercapacitors and lithium- (LIBs) and
sodium-ion batteries (SIBs). The structural and electrochemical characteristics
of FeS and its nanocomposites, as well as the synthesis processes, are
discussed in this work. This discussion correlates these features with the
requirements for electrocatalysts in overall water splitting and its associated
reactions. As a result, this study provides a road map for researchers seeking
economically viable, environmentally friendly, and efficient electrochemical
materials in the fields of green energy production and storage.

A. Farhan, W. Qayyum, U. Fatima
Department of Chemistry
University of Agriculture Faisalabad
Faisalabad 38040, Pakistan
S. Nawaz, A. Balčiūnaitė
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1. Introduction

Hydrogen, also known as “green energy,”
has been generated using various technolo-
gies such as steam reforming, coal gasifica-
tion, partial oxidation of methane, and wa-
ter electrolysis. Hydrogen (H2) has a wide
range of applications, which include hydro-
genation of oils and fats, ammonia syn-
thesis (via the Haber process), methanol
production, HCl generation, and so on.[1]

Nowadays, H2 is synthesized mainly by
the steam reforming method. However,
this method has certain limitations, requir-
ing high pressure, elevated temperature,
and discharging carbon dioxide into the
atmosphere.[2] Finding alternative energy
sources to produce H2 on a large scale
without harming the environment is essen-
tial for a greener society because hydrocar-
bons are scarce and not renewable.[3,4] Wa-
ter electrolysis is vital for obtaining pure
hydrogen without carbon dioxide emission
into the environment,[5] especially when
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electricity is produced from renewable sources. When hy-
drogen, especially green hydrogen, is employed in a fuel cell,
the simple byproduct is H2O, making H2 a green energy source.
Electrocatalytic water splitting includes hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER). The OER
occurs at the anode, while the HER occurs at the cathode in
the electrocatalytic water-splitting cell.[6,7] Since water has poor
conductivity, conductive electrolytes such as 1 M KOH or 0.5 M
H2SO4 enhance the water-splitting process.[8–10] When consid-
ering electrocatalytic water splitting, developing earth-abundant
catalysts for widely producing H2 at an affordable price is
highly sought due to their availability.[11] Recent discoveries
have permitted the effective exploitation of transition metals,
that is, nickel, cobalt, copper, and iron, which have primarily
been studied as hydroxides,[12–18] oxides,[19–22] sulfides,[18,23–25]

chalcogenides,[26–28] and phosphides[29,30] for HER and OER at
various pH values. Recently, many researchers have presented
groundbreaking experiments using transition metal catalysts
for electrocatalytic applications.[31] Transition metal sulfides are
widely studied for their efficient performance in electrocatalytic
water splitting. Because metal–sulfide ionic bonds are weaker
than metal-oxide bonds, transition metal sulfides (TMSs) have
more favorable properties for electrocatalytic performance.[32]

This phenomenon improves conductance and drops the catalytic
kinetic barrier for electrocatalytic water splitting. Transition
metal sulfide, CuS, NiS, MnS, CoS, FeS, and CdS have been
broadly researched as better-performance water-splitting cata-
lysts during the last decade.

Among metal sulfides, iron sulfide (FexSy) and multimetallic
iron sulfide-based materials have recently gained significant at-
tention as electrocatalysts for HER, OER, oxygen reduction reac-
tion (ORR), and overall water splitting.[33–36] Because of the high
concentrations of iron and sulfur in the Earth’s continental crust
(3500 ppm of sulfur and 5630 ppm of iron[37]), pyrite (FeS2) is the
most prevalent inorganic material on the surface of the planet.[38]

Iron sulfide (FeS) is broadly used in supercapacitors because
of its excellent electrochemical properties, low price, and abun-
dant availability.[39] Because of its high 609 mAh g−1 capac-
ity and strong electrocatalytic characteristics, FeS has sparked
much interest and attention as a typical conversion-type an-
ode material.[40] Using freeze-drying and carbonization to uni-
formly embed FeS nanoparticles in a carbon matrix, Xu et al.[41]

significantly reduced electrode deterioration throughout the
charge/discharge course and enhanced specific capacitance at 1
A g−1 current density. The reversible capacity (420 mAh g−1) was
sustained after a hundred cycles when a FeS@C/carbon cloth
electrode was prepared by Wei et al.[42] using the hydrothermal
method in conjunction with subsequent heat treatment. More-
over, the electrode potential of the iron–sulfur compound was
higher than that of graphite electrodes,[43] along with the bene-
fits of typical TMS electrodes.

This review paper thoroughly covers the various aspects of iron
sulfide and its various composites for advanced electrochemi-
cal activities. The primary emphasis is on recent developments
and breakthroughs by iron sulfide-based nanostructures in HER,
OER water-splitting, ORR, and energy storage materials. We thor-
oughly discussed the various synthetic methods of iron sulfide
and compared them to evaluate the pros and cons of various
methods. Various structural forms of iron sulfide were also dis-

cussed, and it was concluded that by changing the iron sulfide
structure, the overall properties of nanocomposites can be var-
ied. Thus, more research is required to validate which structural
form is better to combine with other materials (polymers, semi-
conductors, and carbon-based materials).

This article mainly focuses on how iron sulfide nanostruc-
tures were used to develop environmentally friendly energy and
energy storage materials (supercapacitors and batteries). Vari-
ous parameters (Tafel slop, stability, and overpotential) and the
mechanism of the electrocatalytic process are comprehensively
discussed. It was observed that iron sulfide-based nanocompos-
ites with more synergistic effects and unique heterojunctions
between them showed enhanced performance. Finally, we dis-
cussed how the efficiency and performance of iron sulfide-based
nanocomposites can be improved to develop better electrochem-
ical materials.

2. Structural Description of Iron Sulfide

Mackinawite (FeS), pyrite (FeS2), greigite (Fe3S4), pyrrhotite
(Fe(1−x)S(x = 0−0.2)), and marcasite (FeS2) are the most common
iron sulfide in solid phases (Figure 1). Therefore, the amount of
iron inside affects a biomaterial’s phase, form, and physical and
chemical characteristics. Each iron atom in FeS is usually coordi-
nated with four sulfur atoms, giving the compound a tetragonal
structure. The monoclinic hexagonal structure is seen in Fe1xS.
Stable iron (II) disulfides with cubic structures can be formed
when FeS2p is present. When comparing FeS2m to FeS2p, it will
be noticed that the former is an orthorhombic metastable iron
(II) disulfide while the latter is a cubic metastable iron (II) Fe
(III) sulfide. The hexagonal Fe9S11 is associated with the Fe1−xS
phase.[38]

Iron atoms in FeS are coordinated with four sulfur atoms at
equal distances using tetrahedral bonds, giving the compound
a layered tetragonal structure. Coordinated with four equally
spaced sulfur atoms is a single iron atom. In metric terms, the
Fe–Fe separation is 2.5967 Å. Also, Fe–Fe bonding plays a signifi-
cant role in FeS. Sheets containing Fe are stacked along the C-axis
to evaluate the consequences of van der Waals forces caused by
the S atoms. There is a 5Å separation between each of these lev-
els. Fe2S2 has a very similar structure to that of FeS. As with NaCl,
the S2 ion is centrally placed in a cube in FeS2, but this time it’s
a tetrahedron. The symmetry of the cubic structure is somewhat
poor.

The inverse spinel structure of Fe3S4 consists of eight Fe atoms
in the tetrahedral A-sites and sixteen Fe atoms in the octahedral
B-sites. Fe3S4 has a unit cell size of 9.876 Å. In Fe3S4, the cu-
bic structure generates a tightly packed array of S molecules con-
nected by smaller Fe units. A hexagonal supercell for Fe7S8 has
been proven.[44,45] Fe9S10 was found to have a structure charac-
terized by the optimal vacancy site distribution for the NiAs base
structure.[46]

3. Synthetic Methods of Iron Sulfide Formation

Iron sulfide at the nanoscale includes several different iron and
sulfur compounds. Many synthetic iron sulfide methods are dis-
cussed in detail (Figure 2). Moreover, the most widely reported
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Figure 1. Various structural forms of iron sulfide

synthetic techniques for producing iron sulfide phases are dis-
cussed in Table 1.

3.1. Hydrothermal Synthesis

The utmost prevalent hydrothermal process for producing iron
sulfide is thermal degradation. Dissolving FeCl3•6H2O in wa-
ter is the first step in the hydrothermal synthesis of nFeS. Af-
ter adding the NaOAc and organosulfur compounds, that is, di-
allyl sulfide, allyl methyl sulfide, diallyl disulfide, cysteine, dial-
lyl trisulfide, cystine, methionine, or glutathione (GSH), the as-
prepared solution was mixed under vigorous stirring. Next, it was
sonicated for 10 min before being placed in a stainless steel au-
toclave coated with Teflon. The reaction occurs in 12 h at 200 ˚C
followed by washing residues. The items were dried at 60 °C for
3 h.[62]

Aqueous Fe(III) diethyl dithiophosphate is produced by re-
acting (C2H5O)2P(S)NH4 and FeCl3 with surfactant hexade-
cyltrimethylammonium bromide and then reacting with the only
precursor, [(C2H5O)2P(S)S]3FeS2.[63] Ethanolamine and thiourea
were mixed in a solution of FeCl3•6H2O dissolved in ultrapure
water to fabricate FeS. The liquid was stirred for 25 min before
being placed in a Teflon-lined autoclave for a 12-h reaction at
180 °C. Fe3S4 is synthesized in a way that is distinct from FeS.
Polyvinyl pyrrolidone (PVP) was added to a mixture of thiourea,
ethylene glycol, FeCl3•6H2O, and hydrogen peroxide and then
heated to 180 °C for 18 h to prevent the NPs from becoming too
large or clumping together.[64] Fe1−xS single crystals were formed
hydrothermally by reacting K0.8Fe1.6S2, iron powder, thiourea,

and NaOH in deionized water at 120 °C for 3–4 days.[65] Zheng
and coworkers stated that while altering the structure of Fe3S4,
ionic liquids that form extended hydrogen bond systems were
employed to build higher structures based on the hydrother-
mal approach. The hydrothermal method yields a product with

Figure 2. Various synthetic methods to prepare iron sulfide.
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Table 1. Lattice spaces, appearances, and sizes of various iron sulfides.

Phases Synthesis method Morphology Size thickness [nm] Lattice space [nm] Application Refs.

FeS High-temperature chemical
synthesis

Nanoplates 32-36 0.286 Antimicrobial [47]

Sonochemical synthesis Spherical 6–20 [48]

Hydrothermal synthesis Flower-like 3000 Supercapacitors [49]

Biomineralization Spherical 2–7 Antimicrobial [50]

FeS2 High-temperature chemical
synthesis

Cubic 60–200 – [51]

Microwave Big particles 200 Coal pyrolysis [52]

Hydrothermal synthesis Uniform nanowires 40–60 0.269 – [53]

Thermal decomposition Nanoribbons 100–250 0.313 ORR [54]

Biomineralization Nanodots 7 Biomedical [55]

Low-temperature synthesis Hexagonal 600–700 Hg (II) removal [56]

Fe2S4 Hydrothermal synthesis Plates 2000-−5000 17.7 0.298 Biomedical [55]

Hydrothermal synthesis Nanocrystals 2.5–4.5 Biomedical [55]

Hydrothermal synthesis Hexagonal nanoplates (side length) 100 Corrosion [57]

Co-precipitation Irregular particles 50–100 0.572 – [58]

Fe7S8 Hydrothermal synthesis Spherical 5.6 Lithium-ion battery [59]

Solvothermal synthesis Hedgehog-like 10 000 Lithium-ion battery [60]

Flux Nanorods 200
1500–2000 (length)

Biomedical [55]

Hydrothermal synthesis Nanowires 0.289 Catalytic activity [61]

improved controllability and dispersibility; however, iron oxide
contamination may affect the synthesis of iron sulfide. Mean-
while, X-ray diffraction patterns for hydrothermally generated
materials suggest that multiphase iron sulfide formation is sim-
ple by this method.[66]

3.2. Microwave Synthesis

Compared to traditional heating techniques, the main benefits of
microwave-assisted procedures include a shorter reaction time,
a narrower particle size distribution, and greater purity.[67] Be-
cause of its intense dipole moment, ethylene glycol is an ideal
microwave solvent. Atmospheric nitrogen is used in a microwave
reaction with PVP–K-30, FeSO4.7H2O, and S powder in ethylene
glycol to produce FeS2 microspherolites.[68] It is essential to high-
light that this new method does not seem to enhance the aggre-
gation phenomena, although it may be preferable.

3.3. Precipitation

This process is carried out at mild temperatures and allows the
formation of mostly Fe3S4. It includes dissolving iron (II) sul-
fate heptahydrate and sodium sulfide in ultrapure distilled wa-
ter. Drop by drop, the solution was mixed with the acetic acid
while stirring for several minutes to get the pH down to 3.0. A
nitrogen environment was used in the reaction in order to main-
tain an inert environment.[69] In a continuous stirred tank reactor,
eco-friendly synthesis was accomplished. According to earlier re-
ports, co-precipitation necessitates more rigorous synthesis con-

ditions than other procedures, and the resulting compounds may
exhibit poor homogeneity.[70]

3.4. High-Temperature Chemical Synthesis

The chemical production of FeS2 has been described, and it in-
volves high temperatures. The degassed mixture of oleylamine
(OLA), trioctylphosphine oxide (TOPO), and iron (II) acetylacet-
onate (Fe(acac)2) was heated at 110 °C for 1 h.[71] Subsequently,
the mixture was quickly heated to 220 °C for 1 h while being vig-
orously magnetically stirred in an atmosphere of nitrogen. The
solution was then heated at 220 °C for 1 h before introducing the
sulfur. After the solution had cooled, the FeS2 nanoplates were
developed by adding ethanol. It has also been claimed that Fe1−xS
and Fe3S4 can be synthesized by using a high-temperature syn-
thesis method.[72]

3.5. Sonochemical Synthesis

The production of nanoparticles is achieved by applying
high−frequency ultrasound radiation (ranging from 20 kHz to
10 MHz) on molecules in the sonochemical synthesis process.[73]

First, a solution of sodium sulfide in distilled water was synthe-
sized. Subsequently, FeSO4•7H2O was liquefied in a mixture of
polyethylene glycol and double distilled water (1:1). After con-
tinually sonicating the solution mentioned above for 30 min, a
drop of the sodium sulfide solution containing the Triton-X sur-
factant was added. Then PVP was added, the system was mixed
with ultrasound for 30 min, and iron sulfide nanoparticles were
obtained.[48]
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3.6. Other Chemical Methods

There have been reports of specific peculiar synthetic chemical
techniques. Nanoparticles of FeS2 were first reported as being
synthesized at low temperatures in 2022.[74] In a nutshell, in an
anaerobic pH 5.6 acetate buffer, sodium polysulfide (Na2Sx) and
FeCl3 were blended. After that, the black mixture was reacted in
an oil bath at 90–100 °C for 4 h to generate a grey FeS2 substance.
Then, 1D Fe7S8 was synthesized using flux techniques. The reac-
tion occurred in a furnace between 750 and 850 °C.[55]

3.7. Biomineralization

Iron sulfide biosynthesized by microorganisms is more effec-
tive for therapeutic uses.[44] In the presence of certain enzymes,
FeS nanoparticles (NPs) are formed within microorganism cells
after interacting with target ions.[75] As a bonus to green pro-
duction, biological processes make iron sulfide more biocom-
patible because they are stable over a pH range (1–12).[76] Re-
search has shown that bacteria can create FeS2, Fe3S4, and
FeS NPs. A magnetotactic bacteria can biomineralize Fe3S4 and
FeS2.[77] Sulfate-reducing bacteria cultured on iron-containing
substrates created FeS particles.[78] Using magnetotactic bacteria,
Bazylinski and colleagues reported the production of Fe3S4.[79]

Charnock and coworkers showed that sulfate-reducing bacteria
might create Fe1−xS.[80] The microbes then generated FeS NPs
at the surface, demonstrating that the spongy structure of the
iron sulfide NPs was insufficient to impede the metabolic pro-
cesses. These tests confirmed the validity of using this technique
for effective NP manufacturing. FeS Quantum dots (QDs) and
FeS2 have been synthesized using chemical biomineralization
techniques.[72,81,82]

4. Parameters of Water Splitting

Hydrogen may be produced by electrochemically converting wa-
ter to hydrogen and oxygen, requiring free energy of 238 kJ mol−1

(Equation (1)).

2H2O(l) → 2H2(g) + O2(g) (1)

Water splitting may look like a simple reaction since it is
an extension of standard electrochemistry, but it requires sub-
stantial effort because of energy loss embedded in mechanical
complexity.[83,84] The water-splitting process entails two distinct
halves: The reaction involves the release of hydrogen gas at the
cathode and the oxygen gas is generated at the anode.[85,86]

There are several possible routes for oxygen evolution, includ-
ing metal oxide, oxy-hydroxide, and hydroxide, and it is not yet
known which one is used. In 3D transition metals, movement
is proportional to the electron density of the eg and t2g orbitals.
As a result of the intercalation of hydroxyl radical (•OH) and the
cleavage of O2 at the surface, total OER activity is changed.[87] The
electron density of the electrode should be high for optimal –OH
group binding and subsequent O2 cleavage. Considering these
factors, the electronic configuration of Fe group metals (Fe, Ni,
and Co) is favorable for OER. In the case of iron, the large electron

density effectively slows down the −OH interaction, even though
repulsion is encouraged. Therefore, the hydroxide/oxide phase
generated in OER behaves as the proper surface of the catalyst.
In contrast, architecture in the structures of catalysts made up of
transition metals is activated with various combinations.

Because the steps in HER are centered on the H2 desorption
and adsorption processes, the mechanism is more straightfor-
ward than in OER. The first step in the hydrogen evolution reac-
tion, also known as the Volmer step, is hydrogen adsorption, and
the subsequent steps are hydrogen desorption from the electrode
surface, known as the Volmer–Tafel step or Volmer–Heyrovsky
step, respectively.[36] Depending on the amount of exposed active
surface area, desorption at the working electrode can be either
chemical or electrochemical. For example, platinum follows the
Tafel process for hydrogen adsorption and desorption with opti-
mum free energy and a high exposed surface area on top of the
‘volcano plot.’ OER and HER have quite different reaction mech-
anisms depending on the electrolytes utilized. In an acid, hydro-
gen ions combine with electrons to release hydrogen and water
to release oxygen. The electrode surface in alkali reacts with OH
ions for OER and H2O for HER. Because of this, OER is exces-
sively rapid and HER too slow in alkaline environments, and vice
versa in acidic ones. The equation is as follows Equations (2–5).

In acidic media,
cathodic reaction

4e− + 4H+ → 2H2 (2)

anodic reaction

2H2O → 4H+ + 4e− + O2 (3)

In alkaline media,
cathodic reaction

4e− + 4H2O → 4OH− + 2H2 (4)

anodic reaction

4OH− → 2H2O + 4e− + O2 (5)

Since high rate activity for HER and OER demonstrated tran-
sition metal-based catalysts in essential circumstances, It is ev-
ident that the creation of realistic amounts of H2 using earth-
abundant minerals is beyond the capabilities of bifunctional
catalysts.[36,88,89] However, the acid’s corrosive properties reduce
the catalysts’ durability. The goal is to reduce the prevalence of
overpotentials so that water can be divided at a large enough scale
using less anodic and cathodic energy inputs while maintaining
a durable electrode.

4.1. Tafel Slope

Tafel slope values are used as a measure of the intrinsic electron
transport at the electrode/electrolyte contact. For larger anodic
and cathodic overpotentials, the Butler–Volmer equation that was
obtained from quantum mechanical principles was found to be
in good agreement by the use of the Tafel equation, thereby (j)
is the density of current being proportional to the (i0) density of

Small 2024, 2402015 © 2024 The Authors. Small published by Wiley-VCH GmbH2402015 (5 of 30)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202402015 by Pcp/T
echnical U

niversity O
f, W

iley O
nline L

ibrary on [11/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
D

o
w

nl
o

ad
ed

 f
ro

m
 m

o
st

w
ie

d
zy

.p
l

http://www.advancedsciencenews.com
http://www.small-journal.com
http://mostwiedzy.pl


www.advancedsciencenews.com www.small-journal.com

exchange current and the Tafel curve (b) being inversely propor-
tional to (j). It can find written as in Equation (6).

i = i0log (𝜂∕b) (6)

where i is the current density, i0 is the density of exchange cur-
rent, 𝜂 is the overpotential, and b is the Tafel constant. The polar-
ization curves are commonly employed to extract Tafel slopes; the
log of current density is obtained against the overpotential, and
the analyzed results reveal the Tafel curve values in mV dec−1. In
this case, however, because of potentiodynamic, the current de-
tected is not necessarily the true current, and there is a chance
of inconsistency, which will cause the Tafel slope values to vary.
Therefore, the steady-state current can be obtained with more
precision using potentiostatic analysis, and the static current den-
sities witnessed at various overpotentials can be used to get the
values of the Tafel slope. In addition to comparing overpoten-
tials, the kinetics of multiple electrodes can be acquired from
the obtained Tafel slope values. Different catalysts exhibit vary-
ing degrees of activity at different overpotentials and current
densities.[36] OER is estimated to be around 30 mV dec−1 if four
electron transfers occur at the contact, though this estimate can
shift with variations in kinetic efficiency.[88] Like the hydrogen
evolution reactions, the Tafel slope measurements show that the
electrode uses electrochemical or chemical desorption. For Pt-
based catalysts, if the value is close to 30 mV dec−1, the reaction
progresses through the Tafel mechanism and is accompanied
by chemical desorption. Therefore, from Tafel slope values, the
charge transfer kinetics can be determined; potentiostatic anal-
ysis should be used to get the log current densities so that the
correct Tafel curve values can be observed and related to the ki-
netics of the working electrodes in the preferred HER or OER
study.[89]

4.2. Overpotential

Among the available options, electrocatalytic water splitting is
the most practical. Due to its stable octet structure, water is
thermally non-spontaneous, having a net free energy change of
+237 kJ mol−1.[87] H2 evolution had a standard reduction poten-
tial of zero V versus RHE (reversible hydrogen electrode). In con-
trast, O2 evolution has a potential of 1.23 V. Therefore, the theo-
retical potential required for water splitting is 1.23 V Equation (7).

H2O → H2 + 1∕2O2 Eo = 1.23V vs RHE (7)

Nevertheless, the surplus potentials, also known as overpoten-
tials, are dragged by the aforementioned aided resistances, which
include the electrode, circuit, distance, and kinetic processes in-
volved in both HER and OER. The mechanism of OER is more
complicated than HER as it includes a four-proton linked elec-
tron transfer reaction, and every step in the process carries ad-
ditional overpotentials. Quantitative measures for assessing the
performance of novel catalysts are the overpotentials at a given
current density (e.g. 300, 250, 100, and 100 mA cm−2).[90] For an
electrocatalyst to show good electrochemical activity, its overpo-
tential must be low. Lower overpotential means higher perfor-

mance and vice versa.[91] Doping can lower overpotential, creat-
ing synergistic heterojunctions between materials, oxygen vacan-
cies, and so on.[92] The linear sweep voltammetry (LSV) plot may
be used to calculate overpotential. The overpotential for OER is
the voltage at a current density of 10 mA cm−2 minus 1.23 V (the-
oretical voltage for EWS); for HER is the voltage at a current den-
sity of 10 mA cm−2.[93]

4.3. Stability

For electrocatalytic water splitting, a catalyst’s durability is es-
sential over the long term to discuss its applicability in practice.
This can be verified by the potentiodynamics study, that is, cyclic
voltammeter scan rates are in the range of 1000–5000 cycles, and
potentiostatic analysis, that is, chronoamperometry. The stabil-
ity of the catalysts is ensured by the fact that there is almost no
change in activity before and after the stability investigations. To
evaluate the strength of a catalyst in potentiodynamic conditions,
one looks at how much the overpotential shifts for a given current
density. The destructive nature of the acid and the anodic over-
potentials both damage the electrode surface substantially, mak-
ing stability in acidic circumstances the bottleneck for OER. Elec-
trodeposition and hydrothermal methods that mimic the growth
of Ni and Cu foams produce materials with excellent stability. The
electrode material adheres tenaciously to the pores of the con-
ducting materials, which is one of the most important aspects of
stability. Recent research has demonstrated the strength of cat-
alysts based on 3D transition metals in basic HER and OER.[87]

Bifunctional catalysts are being developed to replace rare met-
als in applications demanding high stability and activity. Better
catalysts for electrocatalytic water splitting in a vast range of pH
circumstances cannot be derived without carefully analyzing and
considering several factors, including overpotential, TOF, Tafel
slope, and stability.

5. OER

Nowadays, there is a growing awareness of the hazards to human
life caused by changing energy consumption and a deteriorating
environment.[94,95] As a result, improving viable energy storage
and transformation devices for the future, that is, metal–air bat-
teries, fuel cells, and water-splitting technologies, has become
vital.[96–98] The electrocatalytic OER and ORR are the basic electro-
chemical processes of the aforementioned viable devices.[99–101]

However, their low reaction rate and poor chemical stability limit
their broad utilization.[96,102,103] The ORR and OER’s highly ac-
tive electrocatalysts have been novel metal composites, that is,
Ru/Ir- and platinum-based.[104,105] These two electrocatalysts are
expensive and have limited reserves, limiting their large-scale
manufacture.[106,107]

Many reaction pathways for OER on heterogeneous electro-
catalysis have been postulated centered on kinetic studies[108–110]

or theoretical density functional theory (DFT) calculations.[111,112]

Nevertheless, no experimentally confirmed reaction mechanism
for heterogeneous catalysts has yet been presented. Bockris cre-
ated pioneering kinetic models for several OER processes. Bock-
ris revealed that a rate-determining step (rds) inside a reaction
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Figure 3. Four types of OER mechanisms, including oxide path, electrochemical oxide path, electrochemical metal peroxide path, and DFT-predicted
peroxide path

mechanism governs the Tafel slope. This study assumed that the
rate-determining step rds are one step in each process mecha-
nism and that only the rate-determining step reactant may make
up a significant surface coverage.[108] To compare the electro-
chemical oxide route to RuO2, the Tafel slope analysis indicated
an extra chemical re-arrangement step of the M–OH species be-
tween reactions, as shown in Figure 3. Four basic mechanisms
proposed are i) the DFT-predicted pathway, ii) the electrochem-
ical metal peroxide pathway, iii) the electrochemical oxide path-
way, and iv) the oxide pathway.

5.1. Iron Sulfide-Based Nanocomposites for OER

Zhang et al. reported that due to their exceptional activity in the
OER, transition metal sulfide electrocatalysts have garnered a
lot of interest. Here, hydrothermal and vulcanization techniques
were used to synthesize the highly effective iron-doped nickel
sulfide catalyst effectively based on functionalized N-doped re-
duction graphene oxide (Fe–NiS/NrGO). The doped Fe alters the
electronic structure of NiS, speeding up the kinetics of OER. The
homogeneous dispersion of Fe–NiS nanoparticles is facilitated
by the NrGO, which has a large specific surface area and high
conductivity. This increases the active catalytic area and speeds
up the charge transfer rate. The Fe–NiS(2)/NrGO has exceptional
OER performance, achieving a current density of 100 mA cm−2

in 1.0 M KOH with an overpotential of 344 mV, and a Tafel
slope as low as 47 mV dec−1. Compared to commercial RuO2,
Fe–NiS(2)/NrGO exhibits superior OER performance.[113]

Wang et al. reported that the optimization of electrocata-
lyst activity is achieved by revealing the actual catalytic active
species by surface reconfiguration of the catalysts during the
OER. This article presents a straightforward method for achiev-
ing Fe1−x S nanocrystals/ultra-thin carbon (Fe1−x S NCs/@ UT–
C) nanolamellar structure electrochemical reconfiguration in its
entirety during the oxygen evolution reaction (OER) process. The
quick and thorough reconfiguration is facilitated by the homo-
geneous dispersion of Fe1−x S nanocrystals on the very thin car-
bon layer. Fe1−x S is quickly reconfigured to produce new catalyt-
ically active amorphous iron-based oxide species, combined with
an incredibly thin carbon layer to promote OER charge transfer.
In addition to allowing for the reduction of ohmic losses, more
thorough graphitization of the ultra-thin carbon layer also im-
proves the material’s overall electrical conductivity and OER ac-
tivity. With a Tafel slope of 55 mV dec−1 and a low overpotential
of just 303 mV at 100 mA cm−2, the Fe1−x S NCs/@UT–C pre-
catalyst exhibits significant OER activity. Furthermore, in alkaline
circumstances, the redesigned catalyst exhibits high stability for
168 h.[114]

Deng et al. reported that promoting the electrochemical
synthesis of oxygen from water requires the development of
effective non-noble metal catalysts. This study shows that a
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Figure 4. a) Polarization curves of OER, b) Tafel slopes for several catalysts, c) EIS spectra, d) MoFeS NSs current against time curves at 1.45 and
1.55 V versus RHE, as well as LSV current versus time curves before and after a 1000 cycles (inset), e) double-layer capacitance, and f) evaluating the
overpotential of OER versus the most recent reports. Reproduced with permission from.[97] Copyright 2020, Elsevier.

straightforward sulfurization technique may be used to create
a FeS/Co3S4 heterostructure composite on carbon cloth that re-
sembles a flower. Better than the FeS and Co3S4 electrodes, the as-
prepared FeS/Co3S4 composite exhibits good OER performance
with a modest Tafel slope of 58 mV dec−1, and a low overpotential
of 252 mV at 10 mA cm−2. Furthermore, the FeS/Co3S4 compos-
ite exhibits exceptional structural stability with no deterioration
throughout extended testing. The enhanced specific surface area
and heterojunction formation of FeS/Co3S4 are responsible for
the enhanced OER catalytic performance of the FeS/Co3S4 com-
posite. Furthermore, according to theoretical calculation find-
ings, the FeS/Co3S4 heterojunction exhibits a greater adsorption
capacity to •OH, which is more advantageous for the OER than
the single FeS and Co3S4 counterpart.[115]

The electrocatalytic performance might be improved by incor-
porating anion flaws and amorphous structures into the ultra-
thin 2D structure of iron sulfide. A simple method for manu-
facturing ultrathin, amorphous Mo–FeS nanosheets (NSs) were
prepared and rich in sulfur defects. Mo–FeS nanosheets showed
an overpotential of 210 mV at 10 mA cm−2, the Tafel slope of
50 mV dec−1, and the maintenance of such worthy catalytic
stability above 30 h all showed that the Mo–FeS NSs ben-
efit from their ultra-thin, amorphous nanomaterial and the
synergy effect of molybdenum doping and sulfur imperfec-
tion, resulting in their exceptional electrocatalytic activity to-
ward OER in basic medium (Figure 4a–f). Mo–FeS NSs out-
performed IrO2, and other testified top-performing electrocat-

alysts regarding catalytic efficiency. In addition to helping the
OER kinetics, sulfur vacancies boost the activity of nearby iron-
active sites.[97] A co-precipitation technique and subsequent py-
rolysis in an N2 environment were used to prepare a series
of NiSFeS/N, sulfur co-doped carbon for use in an OER. In
NixFeyS/NSC, the NiSFeS hybrid was consistently incorporated
with S, N co-doped carbon. Exhibiting strong OER catalytic ac-
tivity, NixFeyS/NSC was adjusted to provide a Tafel slope of
30.9 mV dec−1 in 1 M KOH and an OER overpotential of 239
mV, resulting in a 10 mA cm−2 current density. The OER cat-
alytic activity of these compounds was superior to that of IrO2
but also on par with that of the most recently reported NiFe-
based sulfides for OER. Research showed that the hybridiza-
tion of NiS and FeS enhanced OER. The catalytic performance
was improved due to the increased number of sulfides as active
species due to the hybridization process. Hybridization also in-
creased the amount of graphitic and S, nitrogen co-doped car-
bon, which enhanced charge transfer efficiency and produced
petal-like morphologies, contributing significantly to a larger
ECSA.[116] Various iron sulfide-based nanomaterials have been
studied (Table 2). Mo−FeS nanosheets and NiSFeS/N, S co-
doped carbon showed overpotential 210 and 239 mV, respec-
tively. Mo–FeS nanosheets showed better performances due
to enhanced charge transfer among the heterostructure. The
unique heterostructure between Mo and Fe was responsible
for enhanced oxygen evolution performance compared to other
nanocomposites.

Small 2024, 2402015 © 2024 The Authors. Small published by Wiley-VCH GmbH2402015 (8 of 30)
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6. ORR

ORR has gained significant research interest in electrochemi-
cal catalysis for renewable and clean energy technologies, that
is, fuel cells and metal−air batteries.[126] Given the cost and stor-
age constraints, significant effort has been expended in creating
novel, inexpensive catalysts with large stability and activity to re-
place costly platinum-based catalysts. Many non-platinum-based
electrocatalysts containing transition metal phosphides,[127,128]

oxides,[129,130] sulfides,[131–137] or nitrides[138,139] have been ex-
tensively examined. Due to their comparatively high conduc-
tance and activity, TMSs drew the most interest. Aside from
component regulation, various additional characteristics, that is,
accessible active sites, electrode geometrical structure, and elec-
trical conductivity, were revealed to have a significant impact
on catalytic activity.[140] ORR mainly comprises two mecha-
nisms, viz. associative and dissociative responses, as shown in
Figure 5.

6.1. Iron Sulfide-Based Nanocomposites for ORR

To manufacture clean and sustainable fuel via electrochemical
methods, it is essential to fabricate highly efficient, inexpensive,
and earth-abundant electrocatalysts for the oxygen reduction re-
action. Iron sulfide/graphene hybrid was synthesized using a
simple hydrothermal approach in an oxygen reduction reaction.
Catalyst morphology showed that iron sulfide NPs are uniformly
covered on the surface of reduced graphene oxide sheets. The
hybrid’s half-wave potential is +0.845 V, its onset potential is
+1.0 V (against a reversible hydrogen electrode), and its oxygen
reduction catalytic efficiency is greatly enhanced (Figure 6a–d).
It also shows remarkable long-term stability in alkaline environ-
ments. The hybrid electrode was more stable and resistant to

methanol than the reference platinum/carbon electrode under
basic conditions. Exceptional activities were observed due to the
synergistic linkage between FeS and graphene. Based on the find-
ings, metal sulfide could be a viable alternative to platinum as a
catalyst for the ORR.[141] Before the oxidative polymerization pro-
cess begins, the precursor is made by synchronizing SCN− with
Fe3+ ions adsorbed in situ within the polypyrrole matrices (PPy–
Fe3+). The FeNx/S–NC catalyst, including Fe–Nx active sites and
thiophene-like sulfur structures, was obtained by further py-
rolyzing the PPy–Fe3+–SCN− precursor. In addition, the specific

Figure 5. Associative and dissociative mechanisms of an oxygen reduc-
tion reaction mechanism.

Table 2. Comparison of various FeS-based nanocomposites for effective OER.

Composite Tafel slope
[mV dec−1]

Overpotential
[mV]

Current density
[mA cm−2]

Double layer
capacitance [mF cm−2]

Resistance
[Ω]

Stability
[h]

Synthesis method Refs.

NiFeS@NF 34.8 243 10 4.38 9.5 12 One-step electrodeposition
strategy

[117]

Co9S8–CuS–FeS 79 300 10 1.51 26 10 Hydrothermal method [118]

Co–Fe–S/N-doped carbon
composites

50 340 10.5 – – 7 Calcination route [119]

Co–Fe–S nanocomposite 92.7 283 10 40.6 10.1 50 Solvothermal route [120]

FeS/Fe2O3/IF 51.17 266.5 10 3.35 9.57 50 Solvothermal method [121]

FeS/FeOxH@Fe nanosheets 71 245 10 2.23 – 36 One-step co-deposition
method

[122]

Mo–FeS NSs 50 210 10 13.3 – 30 Facile hydrothermal strategy [97]

NiS–FeS/NSC ≈30.9 ≈239 10 3.105 10.37 8.3 Simple co-precipitation
method

[116]

FeS2 CL@WS2 54 260 10 26.32 2.3 5 Solvothermal method [123]

CoFe/Co8FeS8/CNT 38 290 10 22.22 16.7 18 Microwave-assisted sulfidation
and annealing process

[124]

FeNi(OH)x/FeS/IF 63 273 100 – – 12 Ultrafast surface modification
process

[125]

NiFeS@NF 34.8 243 10 4.38 9.5 12 h One-step electrodeposition
strategy

[117]
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Figure 6. a) CV curves of the FeS/G hybrid in O2− and N2− saturated 0.1 M KOH electrolyte; b) comparison of ORR activity of different FeS/G; c) LSV
of different FeS/G hybrids; d) EIS outcomes of altered FeS/G hybrids in 0.1 M potassium hydroxide electrolyte in the frequency range of 105–10−2.
Reprinted with permission.[141] Copyright 2019, American Chemical Society.

surface area of the FeNx/S–NC catalyst is higher than that of the
FeNx–NC catalyst without SCN− in the precursor.

The valence band of FeNx/S–NC is higher (at −7.27 eV) than
FeNx–NC (at −7.76 eV), resulting in a lower energy gap with
the LUMO oxygen level. The ORR catalyst based on FeNx/S–
NC had one of the most extraordinary catalytic activities cen-
tered on Fe–N–C reported, with an initial potential of 1.02 V and
a half-wave potential of 0.90 V in an alkaline environment. Af-
ter 5.5 h, the FeNx/S–NC catalyst still upholds 91% of its initial
current density, making it more stable than Pt/C. Furthermore,
when used as the cathode material for a Zn–air battery, FeNx/S–
NC demonstrates higher peak power and specific capacity than
Pt/C.[142] Iron sulfide/graphene nanomaterial and FeNx/S–NC
showed better ORR activity than other iron sulfide-based com-
posites (Table 3). Iron sulfide/graphene showed the best ORR ac-

tivity with an onset potential of 0.845 mV and electron transfer
number 4. Heterojunction between graphene and iron sulfide re-
sulted in a decrease in charge resistance and an increase in onset
potentials.

7. HER

Probably, HER has been the most investigated reaction in elec-
trocatalysis ever since the scientific breakthrough in 1789.[147]

This process contains two straight protons–electron transfers
while a side reaction does not occur.[148] Many studies focused
on understanding how different physical features of metals,
including their surface morphology, impact HER kinetics.[149]

This extensive investigation helped clarify active sites’ chem-
istry and their relationship to HER activity. Among other

Table 3. Comparison of various FeS-based nanocomposites for effective ORR.

Composite Onset
potential

Electrolyte Electron
transfer

Resistance
[ct]

Stability Stability
efficiency

Synthetic method Refs.

FeNx/S–NC 1.02 V 6 M KOH 4.0 – 5.5 h 91% Double-doping strategy [142]

FeS/G 0.845 V 0.1 M KOH 4.0 102.5 Ω 5.5 h 94.3% Hydrothermal method [141]

FeS/ZnS@N,S–C-900 1.0 V 0.1 M KOH 4.0 – 5.5 h 90% One-step pyrolysis [143]

FeS2@rGO composite – 0.1 M KOH 4.0 – 1.3 h 94.3% A facile method [144]

FeNx/FeSx– CS−CNT composite 0.94 V 0.5M H2SO4

or
0.1M KOH

4.0 0.055 Ω at
0.40 V

12 h – Pyrolysis process [145]

Fe3C/FeS encapsulated carbon
with a heteroatom

0.91 V 0.1 M KOH
electrolyte

3.99 – – 87% Pyrolysis process [146]
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Figure 7. Mechanism of hydrogen evolution reaction of iron sulfide (Fe:
Brown spheres, S: Yellow spheres)

factors, HER activity is significantly affected by acidic or alkaline
mediums.[150]

Nobel metals like platinum and platinum−based substances
are highly effective but costly and less available electrocata-
lysts for hydrogen/oxygen energy sources.[48] Due to these con-
straints, researchers sought low-cost, available materials that
may replace these expensive metals as capable catalysts for di-
verse possible sources, hydrogen production, and energy-related
applications.[151,152] Recent initiatives have replaced noble metals
with transition metal complexes, that is, nickel, tungsten, cobalt,
and molybdenum.[153] Metal sulfides, that is, FeS, CoS2, ZnS, and
Bi2S3, have been effectively utilized for supercapacitors, lithium-
ion batteries, and HER.[154]

Among all metal sulfides, FeS has remarkable applications in
LIBs, solar energy, and supercapacitors due to their rich coordi-
nation chemistry of iron and sulfur.[155] Due to oxidation and re-
duction reactions in electrolytic conditions with polysulfide end
constructions, iron holes surrounding sulfur lattices are partic-
ularly interesting to scientists. It might be a counter electrode
for active electrochemical testing.[156,157] The mechanism of HER
due to FeS has been shown in Figure 7.

7.1. Iron Sulfide-Based Nanocomposites for HER

Hosseini et al. reported that the goal is to develop new, eas-
ily fabricated structures to manufacture long-lasting, highly ac-
tive electrocatalysts for the urea oxidation reaction (UOR) and
HER. To achieve that Ni–S 3D patterns were studied.[158] In or-
der to optimize the electrodeposition time, Ni–S 3D patterns
were synthesized via gradient electrodeposition over four dis-
tinct time regimes. In order to improve the pulse electrode-
position parameters, Ni–Fe–S nanosheets were synthesized us-
ing pulse electrodeposition at three distinct frequencies and
duty cycles. The sample produced at 13 min of gradient elec-
trodeposition with a 1 Hz frequency and 0.7 duty cycle for
pulse electrodeposition showed the greatest electrocatalytic per-
formance. With just 54 mV and 1.25 V needed to give 10 mA
cm−2 for HER and UOR reactions, respectively, the improved
electrode demonstrated even more impressive performance. The
two-electrode system’s total cell voltage in 1 M KOH and 0.5
M urea was also measured at 1.313 V, yielding 10 mA cm−2.

The electrochemical surface area of the Ni–S and Ni–S layers
rose dramatically from 51 to 278 when Ni–Fe–S nanosheets
were built over 3D Ni–S. The ideal Ni–Fe–S nanosheets on
Ni–S had Tafel slopes of 131 mV dec−1 for the UOR and 98
mV dec−1 for the HER, respectively, and 182 mV dec−1 for
the HER and UOR for the Ni–S coating layer. In terms of
the HER and UOR, minimal variation in potential was seen at
100 mA cm−2 over 50 h, indicating remarkable electrocatalytic
stability.[158]

Nourshargh et al. reported the first-ever electrochemical two-
step synthesis of the NiFeS@CoFeLDH nanostructure. On the
nickel foam (NF) substrate, the first layer of NiFeS was deposited
in the first stage. In the second stage, the electrodeposition con-
dition was controlled to deposit the second layer of cobalt–iron
layered double hydroxide (CoFeLDH), on the first. Both the po-
tential and the deposition duration were maximized. At cur-
rent densities of −10 and −100 mA. cm−2, respectively, the op-
timized NiFeS@CoFeLDH coating on NF displays minor over-
potentials of −191.5 and −304.0 mV, indicating promising HER
activity.

Moreover, the produced NiFeS@CoFeLDH electrocatalyst has
excellent performance for the UOR because it requires just
358 mV overpotentials to function at a current density of 10 mA
cm−2. A highly steady response was seen for at least 10 h when
the electrode stability was tested at an industrial scale current
density of −100 and 10 mA. cm−2 for HER and UOR, respec-
tively. The results demonstrated the synergistic impact of apply-
ing CoFeLDH and NiFeS electrocatalysts simultaneously, which
enhances the active sites and raises the surface-to-volume ratio.
Based on its excellent HER and UOR performance as well as its
easy, quick, and binder-free production without requiring costly
ingredients to build the electrocatalyst layer, the suggested elec-
trode is a promising option for water splitting in the presence of
urea.[159]

A simple synthetic procedure for synthesizing mesoporous
FeS2 without a rigid template (HER) was studied. Following a
sulfurization process in a hydrogen sulfide environment, meso-
porous FeS2 materials with an extraordinary surface area were
effectively produced using the sol-gel method. In their ap-
proach, outstanding HER catalytic performance was attained
with an overpotential of 96 mV at 10 mA cm−2 of current
and a Tafel slope of 78 mV per decade under alkaline condi-
tions (pH 13). Exposed (210) facets are responsible for meso-
porous FeS2’s high catalytic activity. As an alternative to Pt-
based electrocatalysts for water splitting, the mesoporous FeS2
material is cost-effective for HER.[160] Amorphous Fe0.95S1.05
nanorods are produced using a simple solvothermal process
with an octylamine solvent and are used as a cheap and hy-
peractive electrocatalyst for an effective HER. In this process,
molecules of capped octylamine formed the amorphous struc-
ture. Due to their irregular, chaotic atomic organization and
abundance of unsaturated atoms, the alpha-FeS nanorods are
endowed with many defects as exposed catalytic sites. The
electrochemical active surface area and exceptional catalytic
activity of alpha-FeS nanorods are significantly higher than
those of crystalline Fe0.95S1.05 nanorods. A tiny Tafel slope of
43 mVdec−1, low overpotential of 67 mV at the current den-
sity of 10 mA cm−2, and lengthy operation stability of 80 h
are significant results (Figure 8a–d). This study displays the

Small 2024, 2402015 © 2024 The Authors. Small published by Wiley-VCH GmbH2402015 (11 of 30)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202402015 by Pcp/T
echnical U

niversity O
f, W

iley O
nline L

ibrary on [11/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
D

o
w

nl
o

ad
ed

 f
ro

m
 m

o
st

w
ie

d
zy

.p
l

http://www.advancedsciencenews.com
http://www.small-journal.com
http://mostwiedzy.pl


www.advancedsciencenews.com www.small-journal.com

Figure 8. a) Cathodic LSV curves of c-FeS-500, c-FeS-300, a-FeS, and Pt/C in 0.5 M H2SO4 electrolyte. b) Tafel plots of c-FeS-500, c-FeS-300, a-FeS,
and Pt/C. c) Assessment of the overpotentials to drive a current density of 10 mA cm−2 of some recently reported iron sulfide-based catalysts. d)
Comparison of the Tafel slopes of some recently reported iron sulfide-based catalysts. Reprinted with permission from.[161] Copyright 2022, American
Chemical Society.

highest catalytic activity level for hydrogen production by FeS-
based electrocatalysts.[161] While comparing mesoporous FeS2
and amorphous Fe0.95S1.05 (a-FeS) nanorods, it was observed that
the former has a lower overpotential than amorphous Fe0.95S1.05.
The unique structure of iron sulfide resulted in enhanced HER
properties vis reduced charge transfer resistance, lower Tafel slop
and overpotential, increased electrochemical surface area, and
improved stability. Table 4. depicts the comparison of various
FeS-based nanocomposites for effective hydrogen evolution re-
actions.

8. Overall Water Splitting

Swathi et al. reported that transition metal sulfides are often used
as bifunctional electrocatalysts because of their distinct struc-
tural characteristics, well-positioned active sites, and adjustable
mechanical and electrical characteristics. Using a hydrothermal
method, they have created very effective ternary copper iron sul-
fide (CuFeS2)/reduced graphene oxide (rGO) composites for an
overall water-splitting process. CuFeS2 microflowers anchored
on rGO sheets have their tetragonal structure determined by

Table 4. Comparison of various FeS-based nanocomposites for effective HER.

Composite Tafel slope
[mV dec−1]

Overpotential
[mV]

Current density
[mA cm−2]

Double-layer
capacitance [mF cm−2]

Resistance
[Ω, ct]

Stability
[h]

Synthetic method Refs.

Fe–Mo–S/carbon nanocomposite 62 321 10 – 48 8000 s Simple one-pot
hydrothermal synthesis

[162]

PU@PANI@FeS2 15 266 10 – – – Electrospinning process. [163]

Mesoporous FeS2 78 96 10 - 238 24 Sol-gel method [160]

alpha-FeS 43 67 10 8.7 5.5 80 Solvothermal method [161]

g-C3N4/FeS2/MoS 87.7 −193 10 20.9 0.961 10 Hydrothermal method. [164]

FeS/Fe2PeAg@IF 117.6 214.9 100 – 1.16 30 Two-step hydrothermal
method

[165]

Ultra-thin troilite FeS nanosheets 36.9 142 10 – 14 100 Solvothermal process [166]

Carbon-layer-coated CoS2–FeS2

heterojunction
105 210 10 4.1 – 26 A facile one-pot strategy [167]

Fe3O4–FeS/IF 126.3 120.8 20 690.8 6 20 Chemical oxidation
process

[168]

N–FeS2 124 126 10 44 – 20 Facile solvothermal
method

[169]
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X-ray analysis and compared to Joint Committee on Pow-
der Diffraction Standards (JCPDS) #35−752. The presence of
the rGO composite with CuFeS2 is confirmed by the pres-
ence of two bands in the Raman spectrum: D (defects) and
G (graphitic). The ratio of the D and G bands (ID/IG) is
1.18. The production of microflowers with rGO sheets is
confirmed by the morphological examination performed with
scanning electron microscopy and transmission electron mi-
croscopy. Energy-dispersive X-ray analysis was used to de-
termine the elemental composition of CuFeS2/rGO. The re-
sults showed a weight proportion of different compositions
of Cu (18.07%), Fe (11.32%), S (13.88%), and C (56.74%).
CuFeS2/rGO composites also showed large pore volume, diam-
eter, and surface area, measuring 0.162 mL g−1, 2.471 nm, and
50.3 m2 g−1, respectively. The produced electrodes were inves-
tigated by the use of electrochemical characterization. In both
OER (176 mV and 216 mV dec−1) and HER (153 mV and 150
mV dec−1), the obtained data unmistakably demonstrated low
overpotential and low Tafel slope values. Furthermore, the com-
posite that was created had low 1.59 V cell voltages, resulting
in a more stable water-splitting process. It also demonstrated a
faradaic efficiency of 95.5% for O2 and 97.8% for H2. As a result,
the rGO composite in ternary metal sulfide is primarily responsi-
ble for enhancing the material’s electrocatalytic activity, and the
CuFeS2/rGO composite shows promise as an electrode for the
water-splitting process.[170]

Bhardwaj et al. reported that in the field of renewable en-
ergy technology, creating an efficient material for electrocatalytic
and supercapacitor (SC) applications is the main focus. Here,
we describe a straightforward hydrothermal process for creat-
ing cobalt–iron-based nanocomposites, followed by phosphoriza-
tion and sulfurization. X-ray diffraction has been used to confirm
the crystallinity of nanocomposites, demonstrating an improve-
ment in crystalline nature from as-prepared to sulfurized to phos-
phorized. In contrast to the phosphorized CoFe-nanocomposite,
which needs 240 mV to achieve 10 mA cm−2, the as-synthesized
CoFe-nanocomposite needs 263 mV overpotential for the OER.
For the CoFe-nanocomposite, the HER shows an overpotential
of 208 mV at 10 mA cm−2. Furthermore, the data improved
upon phosphorization, reaching 10 mA cm−2 at 186 mV. The as-
synthesized nanocomposite has a specific capacitance (Csp) of
120 F g−1 at 1 A g−1, a power density of 3752 W kg−1, and a maxi-
mum energy density of 4.3 Wh kg−1. Furthermore, with the maxi-
mum power and energy density of 4.2 kW kg−1 and 10.1 Wh kg−1,
as well as 252 F g−1 at 1 A g−1, the phosphorized nanocomposite
exhibits the best performance. This demonstrates that the out-
comes are enhanced more than twofold. The 97% preservation
of capacitance after 5000 cycles demonstrates the phosphorized
CoFe’s cyclic stability. Thus, their study provides highly efficient
and cost-effective material for applications involving the genera-
tion and storage of energy.[171]

Due to its high metallic conductivity and low cost, iron–
nickel sulfide is one of the most favorable bifunctional electro-
catalysts for HER and OER in alkaline media. (Ni, Fe)3S2 has
been reported to have some HER activity; however, this activ-
ity is currently lacking. A facile one-step simultaneous sulfu-
ration and phosphorization technique was used to produce P-
doped (Ni, Fe)3S2 nanosheet arrays on nickel foam that demon-
strate significantly improved HER activity and drive outstanding

OER activity (Figures 9 and 10). The improvements in electri-
cal conductivity and electrochemical surface area, as well as a
notable optimization of the hydrogen/water absorption free en-
ergy (GH*/GH2O*), can be attributed to P’s integration. Over-
potentials for HER and OER in 1 M KOH are similarly low for
the optimum P–(Ni, Fe)3S2/NF, coming in at 98 and 196 mV at
10 mA cm−2. In addition, the P–(Ni, Fe)3S2/NF electrodes used in
an alkaline electrolyzer require just 1.54 V at 10 mA cm−2 in cell
voltage, show excellent long-term stability, and are more effective
than the vast majority of other modern electrocatalysts. Future
applications of the disclosed electrocatalyst activation strategy by
anion doping are very promising. This method can be applied
to various transition metal chalcogenides for electrolysis.[172]

Implementing commercial electrocatalytic water splitting cycles
that produce clean hydrogen necessitates a scalable method for
manufacturing stable bifunctional electrocatalysts. A 3D core
chrysanthemum-like FeS/Ni3S2 heterogeneous nanoarray was ef-
fectively fabricated on a porous nickel foam skeleton using a
modest and rapid one-step hydrothermal technique. With over-
potentials of just 192 mV (−10) for OER and 130 mV for HER,
chrysanthemum-shaped FeS/Ni3S2@NF heterostructure nanos-
tructures demonstrate enhanced catalytic activity in alkaline en-
vironments. This research confirms that integrated interface en-
gineering and accurate morphology control are efficient methods
for accelerating the OER kinetics and strengthening the overall
water-splitting performance by promoting charge transfer, acti-
vating the Ni3+/Ni2+ coupling, and enhancing the material’s in-
trinsic activity.[173] Various advanced iron sulfide-based nanocom-
posites for effective overall water splitting are depicted in
Tables 5 and 6.

9. Supercapacitors

The rapid advancement of human civilization has resulted in
environmental degradation and energy deficit. Consequently,
there is a rising need for renewable and unpolluted energy re-
sources, including wind power, hydropower, solar power, and
biofuels.[183,184] As a result of their extreme reliance on environ-
mental factors, significant effort is devoted to the research and
development of efficient and practically applicable energy stor-
age systems to meet the demands of energy sources globally.[185]

The ongoing expansion of the human population is now de-
pendent on fossil fuels. Renewable energy resources compris-
ing wind, tidal, and sun have been widely utilized to achieve
these increasing energy demands in recent years. Still, consump-
tion rates have enhanced the need for efficient energy sources
with sophisticated storage technologies.[186] Supercapacitors are
gaining popularity because of their cheap maintenance costs,
high power densities, quick charge/discharge rates, and long
cycle life (>1 000 000 cycles) in this context, with other advan-
tages such as these.[187–190] Energy is stored between an elec-
trolyte and a solid electrode, and while several names have
been developed for supercapacitors, essential functions persist
the same. Since 1957, General Electric first demonstrated and
patented supercapacitor technology, and research into and de-
velopment of these devices have been a priority in academia
and industry. The electrodes’ large surface area and the dielec-
tric separator’s low thickness in a supercapacitor allow it to
store and release much more energy than a regular capacitor.[191]
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Figure 9. a) LSV curves of Ni3S2/NF, (Ni, Fe)3S2/NF, Px%–(Ni, Fe)3S2/NF, and Pt/C/NF (x = 4.12, 9.03, and 13.76) evaluating HER performance. b)
Comparison of overpotentials at 10, 20, and 100 mA cm−2. c) Tafel plots. d) P9.03%–(Ni, Fe)3S2/NF LSV curve after the first and 3000 cyclic voltammetry.
Reprinted with permission.[172] Copyright 2019, American Chemical Society.

Figure 10. a) The LSV curves of the (Ni,Fe)3S2/NF, PX%–(Ni, Fe)3S2/NF, Ni3S2/NF, and IrO2/NF of OER activity. b) The evaluation of overpotential at
10, 20, and 100 mA cm−2. c) Tafel plots. d) The LSV curves of P9.03%–(Ni, Fe)3S2/NF after the 1st, 3000th CV (Inset: Long-term stability test of P9.03%–(Ni,
Fe)3S2/NF at 295 mV [vs RHE]). Reprinted with permission.[172] Copyright 2019, American Chemical Society.
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Table 5. Comparison of various FeS-based nanocomposites for effective water splitting (HER).

Composite Tafel slope
[mV dec−1]

Overpotential
[mV]

Current density
[mA cm−2]

Double-layer
capacitance [mF cm−2]

Resistance
[ct, Ω]

Stability [h] Synthetic method Refs.

P–(Ni,Fe)3S2/NF 88 98 mV 10 18.7 1.56 15 A simple one-step
simultaneous

phosphorization

[172]

FeS2 29.6 150 10 3.45 – 17 Hydrothermal [174]

CoFeSP/CNT 67 (acidic)
70 (basic
electrolyte)

114 10 13.9
(alkaline electrolyte)

11.3
(acidic electrolyte)

– 50 Three-step synthesis route [175]

NiS2/FeS2/NC 68.56 172 10 6.3 – 8 Facile synthesis technique [176]

H–Fe–CoMoS 58 138 10 79 – 20 Self−assembly approach [177]

FeS/IF 77 243 100 – 2 100 Solvothermal system [35]

Ni0.7 Fe0.3 S2 109 155 10 3.0 – 50 000 s Facile hydrothermal
method

[178]

Ni–FeS/NF 29.6 157 10 0.040 – 11 One-pot electrodeposition
process

[179]

FeS/Ni3S2@N 124 130 −10 22.8 2.6 55 One-step hydrothermal
method

[173]

Ni0.9Fe0.1PS3

nanosheets (NSs)
73 72 −10 2.74 5.6 50 Ultrasonication-assisted

exfoliation process
[180]

Co0⋅95Fe6.05S8 88 284 10 60 19 10 Two-step method [181]

Supercapacitors have improved power densities compared to
fuel cells and batteries, but they only store a fraction of the
energy.[192] Researchers have focused on increasing the energy
density of supercapacitors to match rechargeable batteries to
close the power and energy gap between batteries and conven-
tional capacitors.[193]

9.1. Performance Evaluation of Supercapacitors

High-performance supercapacitors have many desirable char-
acteristics, such as excellent mechanical stability; large specific
capacitances; outstanding cyclic lifespans; lower self-discharge
rates; enormous power and high energy densities (> 10 Wh kg−1);

Table 6. Comparison of various FeS-based nanocomposites for effective water splitting (OER).

Composite Tafel slope
[mV dec−1]

Overpotential
[mV]

Current density
[mA cm−2]

Double-layer
capacitance [mF cm−2]

Resistance
[ct, Ω]

Stability
[h]

Synthetic method Refs.

P–(Ni,Fe)3S2/NF 30 196 10 18.7 1.12 15 A simple one-step
simultaneous

phosphorization

[172]

FeS2 29.6 326 100 3.45 – 17 Hydrothermal [174]

CoFeSP/CNT 47 262 10 13.9
(alkaline electrolyte)

11.3
(acidic electrolyte)

– 12 Three-step synthesis route [175]

NiS2/FeS2/NC 44.2 231 20 6.3 – 80 Facile synthesis technique [176]

H–Fe–CoMoS 98 282 10 79 – 20 Self-assembly approach [35]

FeS/IF 82.7 238 10 – 2 Ω > 30 Solvothermal system [178]

Ni0.7 Fe0.3 S2 56 198 10 3.0 – 50 000 s Facile hydrothermal method [179]

Ni–FeS/NF 59.2 255 100 0.040 – 11 One-pot electrodeposition
process

[173]

FeS/Ni3S2@N 70 192 10 22.8 2.2 Ω 55 One-step hydrothermal
method,

[180]

(Ni0.9Fe0.1PS3)
nanosheets (NSs)

69 329 20 2.74 5.6 Ω 50 Ultrasonication-assisted
exfoliation process

[181]

Co0⋅95Fe6.05S8 50 311 10 60 19 Ω 10 Two-step method [35]

NiS@FeS2

nanocomposites
63 298 20 − 92 Ω 12 Solvothermal method [182]
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Quicker charge/discharge rates; larger voltage windows; safer op-
erations; reduced fundamental and maintenance costs.[194] The
qualities of the three parts that make up a supercapacitor, the neg-
ative electrode, the positive electrode, and the separator, signifi-
cantly impact the device’s overall performance. A specific surface
area in electrode materials or active masses is crucial since it can
give electrolytes more active sites and boost capacitance.[195] Pore
size distribution, the morphology of electroactive materials, elec-
trical conductivity, and the inherent characteristics of electrolytes
and separators are other significant performance-affecting char-
acteristics. Additionally, the porous shape of active masses may
boost surface areas, facilitate electrolyte access, and lessen elec-
trochemical polarization. Micropores (> 2 nm) may hinder ion
transport; in addition to their function as ion buffering reservoirs,
macropores (> 50 nm) do not significantly contribute to larger
surface areas, making pore size a crucial component in boost-
ing capacitance. Therefore, pore diameters equal to or close to
the size of ions may generate maximal specific capacitances.[196]

The equation for Specific Conductance using CV curves and
supercapacitors using galvanostatic charge/discharge slope is
as follows (Equations (7) and (8)).[197] These two approaches
may determine the specific capacitance of electrode materials
Equations (8) and (9).

Cs = 1∕
(
mv

(
Vf − Vi

))
∫

Vf

Vi
I (V) dV (8)

Cs =
IΔt

mΔV
(9)

where the specific capacitance, Cs, is measured in F g−1, the ac-
tive mass of the electrode material, m, is given in grams, the
potential scan rate, Vv, is shown in volts per second per volt,
the voltage window, V = (VfVi), is given in volts, the instanta-
neous current, I, is given in amperes, and the discharge time,
t, is shown in seconds. The energy density of supercapacitors
is less than that of batteries, and increasing it to battery levels
is difficult.[198] Here, the density of both power and energy are
essential characteristics to assess supercapacitor performances,
and they may be computed with the aid of the following
equations.

E = CV2

2
=

QV
2

(10)

P = V2

4R
(11)

where C represents the specific conductance (F), V represents
the cell’s voltage, m represents the active mass, and E repre-
sents the corresponding series resistance (in ohms). Further, in-
creasing the energy density of a supercapacitor cell requires in-
creasing the specific conductance and the voltage while reduc-
ing the equivalent series resistance. The energy and power den-
sities of supercapacitors are found to be proportional to the volt-
age square (Equations (10) and (11)), indicating that an increase
in cell voltage may significantly boost the electrochemical per-
formance. In this case, the voltages of the cell are primarily af-
fected by intrinsic properties, that is, additional redox capaci-
tance, specific surface area, and electrical conductivity, as well
as pore size (e.g., the use of ionic/organic electrolytes in place

of aqueous electrolytes); thus, optimizing these properties may
increase the voltage.[199] One can achieve higher specific capaci-
tance values by producing nanostructured materials with larger
optimized pore sizes and surface areas and maintaining electric
conductivities.[200] This is because the electrolyte ions can access
more of the material’s active sites, leading to faster faradaic re-
actions. Ion diffusion resistance in electrodes, contact resistance
between current collectors and electroactive material, and intrin-
sic and ionic resistance in electrolytes contribute to the equiva-
lent series resistance.[201] Scientists demonstrated that ESR val-
ues might be reduced and power densities increased by directly
depositing electroactive materials on conductive substrates like
Cu or Ni foam.[202]

9.2. Factors Affecting Supercapacitors

Materials of an electrode and their reliability with suitable elec-
trolyte conjugates utilized for various operations providing nec-
essary loftier specific energy have an important impact on SC
activity. To significantly impact the performance improvement
of SCs, unique high-performance supercapacitor technology de-
velopment requires the careful manufacturing of electrode ma-
terial and the appropriate usage of electrolytes.[203–206] Effective
impending SC electrodes on electrode materials with high the-
oretical capacitance, porosity, highly accessible electrochemical
active sites, short diffusion routes, and strong electrical conduc-
tivity to ensure high performance and effective usage. There-
fore, innovative electrode material design that is both sustain-
able and economical in shape and composition may be favor-
able to increased activity, and this is where energy research
has been focusing over the last several years.[207–210] The selec-
tion of electrolytes is just as significant as the electrode ma-
terials regarding how much energy can be stored, how stable
the system is, and how much power it can produce.[211,212] The
performance of SCs may be negatively affected by the elec-
trolyte parameters, such as their thermal stability, ionic con-
ductivity, ionic radius, charge carrier mobility, and dielectric
constant. Many studies have concentrated on synthesizing var-
ious electrolytes to improve the performance of SCs.[213] Choos-
ing electrolytes carefully is essential, as many have undesirable
properties.

Even though ionic liquids and organic electrolytes may be used
to create a broad chance interval for the higher energy density of
SC, their lower ionic conductivity can lead to far higher equiva-
lent series resistances than those of aqueous electrolytes. How-
ever, whereas organic electrolytes may function across a broad
temperature range, they also carry the danger of flammability.[214]

However, ionic liquids save the day regarding security, as or-
ganic electrolytes and ionic liquids have lower ionic conductiv-
ities than regular aqueous electrolytes. Low-potential electroly-
sis windows in highly ion-conductive aqueous electrolytes limit
available energy.[215] Although they are the wave of the future,
all-solid-state, flexible SCs have poor mechanical and thermal
stability. As shown in Figure 11, electrolytes have a noticeable
effect on SC performance, making it critical to develop suit-
able electrolytes by understanding the compatibility between
electrodes via experimental and theoretical study. Several vari-
ables influence the efficiency of an energy harvesting system,
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Figure 11. Various factors affecting the performance of supercapacitors

including the materials used and the design of the accom-
panying energy storage system. Properties of material against
the device’s performance must be carefully addressed, as may
the separator, packaging, and electrode thickness, which can
considerably influence the time constant and total output of
SCs.[216]

9.3. Iron Sulfide-Based Nanostructures as Effective
Supercapacitors

Iron sulfide (FeS2) has gained the attention of many researchers
because of its potential use in energy storage applications. It
is inexpensive, exhibits extremely strong electrical conductivity,
and has abundant active sites.[49,217,218] Numerous supercapaci-
tors with unique morphologies and architectures have been cre-
ated using nanocomposites of FeS2 as the electrode material. One
example is the hydrothermal fabrication of a hybrid supercapac-
itor composed of FeS2 and reduced graphene oxide. Under the
same circumstances, the specific capacitance of the developed
hybrid supercapacitor is 21.28 mF cm−2 higher than that of pure
iron sulfide. In addition, after 10 000 cycles at a current density of
0.3 mA cm−2, it still had 90% of its original SC.[219] Due to its low
cost, high availability, abundance, benign nature, vast region hav-
ing several electrochemically active sites, and a range of valences,
iron sulfide has attracted significant attention as a possible elec-
trode material for supercapacitor devices.[220,221] Iron sulfide and
composite materials based on it have been the subject of several
efforts at synthesis, with each shape chosen to meet the need for
high energy density best. Karade et al. used a 2 V potential win-
dow to manufacture an asymmetrical supercapacitor device that
can effectively bend in the solid state. The manufactured device
had notable electrochemical features at a galvanostatic current of
0.75 mA, including an SC of 4.62 F g−1 and a high specific energy
of 2.56 Wh kg−1. The symmetric device showed excellent cyclic
stability, with 91% capacitance retention after 1000 cycles and

bending the device up to 175 C. The potential usefulness of the
solid-state devices was shown by lighting a panel of 21 red LEDs.
Because of its high electrochemical characteristics, it was easily
shown that it might be used in flexible, portable electronics.[222]

Zardkhoshoui et al. created a positive electrode composed of
graphene-wrapped NiCo2S4 microspheres on a nickel foam sub-
strate and a negative electrode composed of petal-like FeS2 on
a nickel-foam substrate. Electrochemical testing found a large
specific capacitance of 2112.30 F g−1 with a negligible loss of
6.8% after 5000 cycles. In addition, FeS2 demonstrated a spe-
cific capacitance of 321.30 F g−1 with a respectable rate capac-
ity of 47% capacitance retention. Graphene-wrapped NiCo2S4 mi-
crospheres and iron sulfide petals made up a flexible asymmet-
ric device. Due to its notable electrochemical properties, it dis-
played a specific capacitance of 221.30 F g−1 and a remarkable
energy density of 78.68 Wh kg−1.[223] Chen, Shi, et al. developed
an innovative hierarchical structure of T/2HMoS2 nanoflower or-
namented with watermelon-like FeS2@carbon nanospheres us-
ing a simple synthetic approach. A standard three-electrode setup
with 6M KOH electrolyte was used for the electrochemical per-
formance. The specific capacitance of the synthesized compos-
ite hybrid materials was 1321.4 F g−1 at 2 A g−1, with outstand-
ing capacitance retention of 81.2% and cycling stability after 1000
cycles. Electrochemical characteristics suggested that the meso-
porous structure of MoS2, the carbon layer, and the FeS2 all
work together to make this material an excellent candidate for
use as a supercapacitor electrode in future research.[224] Due to
its remarkable performance as a supercapacitor electrode mate-
rial, FeS2/PVP/NF was produced using a simple and inexpensive
chemical bath deposition process. With a specific capacitance of
526.08 F g−1 at a current density of 1 A g−1, the composite ma-
terial was an efficient electrode material for an SC when tested
in a 3 M KOH solution. In addition, after 3000 charge–discharge
cycles, it retained 91.2% of its original capacitance, demonstrat-
ing a remarkable rate capability far greater than that of naked
FeS2/NF. Due to its larger surface area, greater number of active
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sites, and faster electron transfer and ion transport channel, the
composite containing PVP exhibited improved electrochemical
characteristics.[225] With simple reflux combined with an anneal-
ing technique, Liu et al. synthesized a hierarchical Fe3O4@FeS2
nanocomposite as a high specific-capacitance electrode material
for a supercapacitor. The charge may move more quickly be-
tween the electrode surface and the electrolyte due to the het-
erojunction between Fe3O4 and FeS2. Excellent cycling stabil-
ity and rate capability, as well as a high specific conductance of
597.1 F g−1 in 1 M potassium hydroxide at a current density of
3 A g−1, showed that the produced sample was a good electrode
material for future electrochemical energy storage devices.[226]

Sun et al. manufactured phosphorous-doped FeS2 grown over
graphene as anode materials for a hybrid supercapacitor us-
ing a microwave-assisted method and a heat treatment with
NaH2PO22H2O. PSFG (Pr0.8Sr0.2Fe0.8Ga0.2O3) material manufac-
tured has a great surface area and good electrical conductivity. A
three-electrode setup examined the PFSG’s electrochemical per-
formance in a 2M KOH of aqueous electrolytic solution. Over
the potential range of 1.1 to 0 V, it displayed a high specific ca-
pacity of 246 mA h g−1 at a current density of 3 A g−1. In ad-
dition, they produced a hybrid supercapacitor with PFSG serv-
ing as the anode and Ni(OH)2@Co9S8 serving as the cathode,
resulting in a superb energy density of 111 Wh kg−1 at an av-
erage power density of 1045 W kg−1. The findings suggest they
might be used in electrochemical storage systems.[227] The hi-
erarchical nanostructure of Fe7S8@Fe5Ni4S8 was synthesized by
Zhang, Liu, et al. in a single alcohol thermal process, mimicking
the structure of a flower’s central stamen and outer petals. Af-
ter undergoing a standard three-electrode electrochemical test, it
was found that the material had a high specific capacitance of
670.4 F g−1 at a current density of 1 A g−1, along with an ex-
cellent rate capability of 79.2%. A high energy density of 49.9
Wh kg−1 was achieved at a power density of 770.0 W kg−1 in
a constructed asymmetric device with activated carbon serving
as the cathode and Fe7S8@Fe5Ni4S8 serving as the anode, and
the device showed excellent long-term cycling stability.[228] Syn-
thesis of Fe3O4@FeS composites has been shown in this work
using a simple and inexpensive solid-phase reaction and in situ
growing procedure. This technology reduces the need for expen-
sive FeS preparation while offering a novel approach to the wide-
ranging use of acid-pickled iron oxide red. Lithium-ion batter-
ies (LIBs) and supercapacitor electrodes made from Fe3O4@FeS
composites have high conductivity and good electrochemical per-
formance far exceeding those of pure FeS. The synergistic in-
teraction between Fe3O4 and FeS is crucial throughout the dis-
charge process, and the structure’s distinctive enhancements to
FeS’s electrochemical property and conductivity attest to this.
For example, the kinetic study reveals that the electrode mate-
rial contributes as much as 98.6% to the pseudo capacitance.
The high specific energy of 64.6 Wh kg−1 is delivered by an
all-solid-state hybrid supercapacitor made using Fe3O4@FeS as
the positive electrode, and the specific energy is maintained at
8000 W kg−1.[229] Here, they used a double-substitution method
using an anion and a cation to synthesize iron sulfide nanopar-
ticles on a graphene composite with electrical conductivity im-
provements over pure FeS2. The NiFeSP/G composite shows an
amazing rate capability of 65% at 100 A g−1 and a high specific
capacity of 765 C/gat 5 A g−1. The NiFeSP/G anode and NiCo-

LDH/graphene cathode of an aqueous asymmetric supercapaci-
tor exhibit a remarkable 109 Wh kg−1 at 1591 W kg−1 of energy
density and a cycling performance of 89% after 8000 cycles.[230]

Sun et al.[231] reported that biomass-based carbon electrode ma-
terial with a hierarchical porous structure for supercapacitor ap-
plications is considered a viable option since it may improve elec-
tron transfer and shorten ion diffusion paths. However, their
poor energy density severely limits the large range of uses of
carbon-based materials. A straightforward pyrolysis procedure
is used to create 3D N-doped hierarchical porous carbon com-
bined with nickel–iron sulfide nanoparticles (Fe5Ni4S8/FeS@N–
HPC). There are additional channels for ion transport and elec-
tron transfer thanks to the 3D N-doped interconnected porous
structure with a high specific surface area. To increase the charge
storage capacity of supercapacitors, many sites for reduction and
oxidation may occur inside the nickel–iron sulfide nanoparticles
in the porous carbon. As a result, the Fe5Ni4S8/FeS@N–HPC
electrode that was produced shows remarkable electrochemi-
cal characteristics. At a current density of 0.5 A g−1, the opti-
mized Fe5Ni4S8/FeS@N–HPC composite, which was manufac-
tured below 800 °C, has an outstanding capacitance of 2812.4
F g−1 (734.56 C g−1). Furthermore, the Fe5Ni4S8/FeS@N–HPC-
800/active carbon asymmetric supercapacitor exhibits a superior
cycling stability of 93.24% over 10 000 charge–discharge cycles
and an energy density of 76.8 Wh kg−1 at a power density of
395.03 W kg−1.

Hassanpoor et al. reported that unique, simple, and effective
procedures were used to produce tiny FeS2 nanoparticles. In this
work, graphene oxide was reduced and sulfur-doped simultane-
ously using a novel, straightforward chemical technique, result-
ing in the FeS2-SRGO nanocomposite (pyrite–sulfur-doped re-
duced graphene oxide). Different physicochemical and electro-
chemical techniques were used to characterize and approve the
prepared samples. On a carbon paste electrode substrate, the
FeS2-SRGO nanocomposite was coated. The electrochemical ca-
pacitive behavior of the electrode was investigated using the gal-
vanostatic charge–discharge (GCD) method and CV in a variety
of electrolytes, such as 6 M KOH, 1 M H2SO4, 1 M Na2SO4, 1 M
NaCl, 1 M NaNO3, 1 M KCl, and 3 M NaOH. The electrode in 1
M H2SO4 electrolyte with a specific capacity of 277 F g−11 has the
highest supercapacitor performance, according to experimental
data and specific capacitance calculations. Even after 200 charge
and discharge cycles, the capacity retention remains at around
90% of the starting capacity.[232]

10. FeS as Effective Storage Material (LIBs and
SIBs)

• Iron sulfides are plentiful and cheap, making them a suit-
able electrode material for energy storage applications. They
play a crucial role as anodes in Li/Na battery technologies,
as they have minimized electrolyte reduction, high Li/Na in-
sertion voltages, and the development of solid electrolyte in-
terface (SEI) layers. Like many other kinds of anode mate-
rials, iron sulfides have several drawbacks that must be ad-
dressed. Carbon-coated iron sulfides have been frequently
used to improve their electrochemical characteristics to create
nanostructures.[233,234]LIBs
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Table 7. Comparison of various iron sulfide-based materials for SIBs and LIBs.

Iron sulfide materials Energy density Power density No. of cycles Synthetic method Application Refs.

FeS/carbon microsphere 736 mAh g−1 50 mA g−1 50 Solvothermal method SIBs [236]

FeS2 crystalline powder 420 mAh g−1 0.1 C 30 Solid-state reaction SIBs [256]

FeS nanosheets/ultra-thin carbon 615 mAh g−1 100 mA g−1 100 Soft-template method LIBs [41]

FeS/rGO nanoparticle 978 mAh g−1 100 mA g−1 40 Direct precipitation and post-annealing LIBs [257]

FeS2 nanocrystals (Li/Na) (Na) 500 mAh g−1

(Li)> 630 mAh g−1

1 mA g−1

and
0.3 mA g−1

400
100

Solution-phase chemical synthesis SIBs/LIBs [258]

FeS2/CPAN 470 mAh g−1 50 Solid-state reaction LIBs [259]

FeS nano−structures/TiO2 635 mAh g−1 100 mA g−1 100 Hydrothermal method LIBs [237]

FeS@C/carbon cloth (Li/Na) (Li) 365 mAh g−1

(Na) 370 mAh g−1

0.15 and 7.5 C. 100
50

Hydrothermal method LIBs/SIBs [42]

FeS nanodots
@porous graphitic carbon nanowires

400 mAh g−1 61 mA g−1 50 Electrostatic spinning LIBs [260]

FeS2 nanocrystals 401.7 mAh g−1 0.5 mA g−1 400 Solvothermal method SIBs [261]

FeS microsheet networks 677 mAh g−1 100 mA g−1 20 Hydrothermal method LIBs [262]

FeS/carbon nanofiber networks 535 mAh g−1 1500 mA g−1 200 Electrostatic spinning LIBs [263]

FeS2–TFSI 542 Wh kg−1 80% capacity
retention

50 Ball-milled commercial FeS2 LIBs [264]

FeS nanoparticles/carbon nanosheets 703 mAh g−1 1 A g−1 150 Freeze-drying/carbonization method LIBs [41]

Sandwich graphene-wrapped
FeS/graphene nanoribbons

536 mAh g−1 400 mA g−1 100 Chemical vapor deposition SIBs/LIBs [265]

FeS–N, S co-doped carbon
nanostructures

1106.9 mAh g−1 100 mA g−1

500 mA g−1

50 In situ growth LIBs [245]

Porous FeS nanofibers with numerous
nanovoids (Na)

92 mAh g−1 500 mA g−1 150 Electrospinning and subsequent
sulfidation

SIBs [243]

FeS2 415 mAh g−1 200 mA g−1 100 Solid-state method SIBs [266]

Yolk–shell FeS/C nanopheres (Na) 452 mAh g−1 0.2 C 100 Solid-state method SIBs [242]

FeS/N, S-doped carbon 1106.9 1.1 mA g−1 50 Carbonization LIBs [267]

Porous Co/FeS2–C core/branch nanowire
arrays

850 mAh g−1 70 Chemical bath deposition,
electrodeposition, and glucose

decomposition

LIBs [268]

Sandwiched graphene@FeS–graphene
nanoribbons

693 mAh g−1 0.1 mA g−1 25 Vulcanization of
graphene@Fe3O4−graphene

nanoribbons via the CVD method

LIBs [269]

Carbon precursor-coated FeS
microcrystals

550 1st and 2nd One-pot solvothermal reaction LIBs [270]

Pyrrhotite Fe–S@CNTs 674 mAh g−1

670 mAh g−1

50 mA g−1 20th 65th Vapor deposition and followed heat
treatment

SIBs [271]

FeS2@rGO (SIBs) 240.5 mAh g−1

192.9 mAh g−1

250 mA g−1 One-step hydrothermal method SIBs [272]

FeS/rGO-60 1300 mAh g−1 1 A g−1 1100 Hydrothermal method LIBs [273]

FeS/C@rGO 1428.2 mAh g−1 0.1 A g−1 130 Solvothermal and calcination LIBs [274]

FeS/MoS2 325 mAh g−1 5 A g−1 200 cycles Hydrothermal SIBs [275]

FeS@NSC composite LIBs (185 mAh g−1)
SIBs (356.2 mAh g−1)

1 A g−1

0.5 A g−1

250
100

Solvothermal synthesis LIBs/SIBs [276]

FeS2 nanorods 711.1 mAh g−1 1000 mA g−1 450 Facile chemical synthesis SIBs [277]

NiS–FeS@NC 395.8 mAh g−1 1.0 A g−1 200 Solvothermal SIBs [278]

FeS2/SnS2 Li (724.9 mAh g−1)
Na (451.8 mAh g−1)

02 A g−1

0.2 A g−1

500
200

Solvothermal LIBs/SIBs [279]

FeS@C 360 mAh g−1 0.3 A g−1 600 Sol−gel method SIBS [280]

FeS2@Li2S 360 mAh g−1 1 A g−1 100 Hydrothermal SIBs [281]

FeS2@C 600.8 mAh g−1 3A g−1 1100 Solvothermal SIBs [282]

rGO@FeS2@C 820.7 mAh g−1 5 A g−1 300 Hydrothermal LIBs [283]

S/FeS2@CNTs 440.2 mAh g−1 1 A g−1 500 Facile chemical synthesis LIBs [284]
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FeS has a substantially larger theoretical capacity
(609 mAh g−1) than commercial graphite (372 mAh g−1)
(Equation (12)).[235]

FeS + 2e− + 2Li+− ←→ Li2S + Fe (12)

Many investigations have been conducted to determine how to
enhance its electrochemical properties. The carbon nanosheet-
encased FeS microspheres that Wu et al. produced exhibit im-
pressive capacity and good high-rate capability.[236]

The battery has an initial capacity of 1564 mAh g−1 and retains
736 mAh g−1 after 50 cycles at 50 mA g−1. The capacity drops to
541 mAh g−1 at 5 A g−1 reversible current from 783 mAh g−1 at
a current density of 0.5 A g−1, 734 mAh g−1 at 1 A g−1, and so
on. The dispersed presence of carbon nanosheets makes for en-
hanced performance. Polysulfides have more difficulty dissolving
the FeS structure because of the carbon nanosheet wrapping. It
has been shown that incorporating carbon nanosheets may sig-
nificantly improve conductivity. Nanosheet-coated FeS (FeS@C)
developed on carbon has the most significant material capacity at
1022 mAh g−1.[41]

Because the SEI layer’s charge capacity improves to
635 mAh g−1 after one cycle. The composite’s ultra-thin thick-
ness and tiny grains enhance the contact surface between the
electrode material and the electrolyte, decreasing the path Li-ions
take to diffuse through it. Also, after 20 cycles, its cycle capacity is
623 mAh g−1; after 100 cycles, it drops to 615 mAh g−1, which is
constant. The addition of TiO2 nanoparticles to FeS nanosheets
was investigated.[237] FeS@TiO2 nanostructures are much more
cyclically stable than pure FeS, retaining 87% of their original
capacity after 100 cycles and achieving a Columbic efficiency
of 99%. The kinetics of Li-ion extraction and insertion at the
electrolyte/electrode interface and the diffusion rate of Li-ion is
improved by the presence of a TiO2 phase. Wei et al. employed
carbon-coated FeS as an anode without using carbon black or a
current collector. The initial capacity is 453 mAh g−1 at 1.2 C,
and after 200 cycles, only around 300 mAh g−1 remained.[42]

Capacity dropped from 560 mAh g−1 at 1.0–2.6 V to
370 mAh g−1 when the current density was raised from 0.15
to 7.5 C. By increasing the contact area between the electrolyte
and electrode and decreasing the distance that electrons and ions
must travel to reach the electrode, carbon cloth boosts cycle sta-
bility and rate performance. The carbon layer protecting FeS
particles prevents the particles from clumping together and in-
hibits volume expansion during cycling. Deng et al. first reported
synthesizing FeS/rGO nanocomposite and employing it as an
anode in LIBs, demonstrating a specific capacitance of ≈432.9
mAh g−1.[238] The composite’s potential to exhibit superior elec-
trochemical properties includes a high initial discharge capacity
(1428.8 mAh g−1). It is remarkable that after 150 cycles, the bat-
tery still has a 624.9 mAh g−1 capacity. It is also observed that
adding carbon materials may protect the composite structure and
improve experimental capability.

Each of the FeS mentioned above is a troilite. The possibility
of Li storage in the uncommon pyrrhotite FeS has also been ex-
plored. Carbon nanotubes loaded with FeS nanoparticles were
produced by Yu et al. At 50 mA g−1, the 20th cycle capacity of the
prepared Fe-S@CNTs was 674 mAh g−1, while the 65th cycle ca-
pacity was 670 mAh g−1.[41] Coating iron sulfide with the high

surface area graphitic biomass carbon improved the material’s
conductivity. It led to a discharge capacity of 505 mAh g−1 after
100 cycles at 1 C, despite iron sulfide’s inherent weak structural
and conductivity disorder during charge–discharge.[239] Luo et al.
reported that after fully extracting two Li-ions, lithium iron sili-
cate (Li2FeSiO4) has a high theoretical capacity of 332 mAhg−1 a
considerable volume change, and a strong delithiation potential.
Li2FeSiO4 cathode stabilization may be achieved by sulfur alter-
ation. Through a hydrothermal and solid-state reaction pathway,
a series of carbon-coated Li2FeSiO4 samples with various quanti-
ties of sublimed sulfur at 5, 10, 15, 20, and 25 at% were generated
at a fixed sucrose content (14 wt% carbon). A thorough investi-
gation was conducted into the crystal structures, chemical com-
positions, microstructures, and electrochemical performances of
the various sulfur-modified Li2FeSiO4/C. Surface and near-bulk
alterations of sulfur are examined, along with potential current
chemical states of sulfur and sulfur–carbon co-modifications. All
of the samples had a monoclinic P21 structure Li2FeSiO4, but the
impure phases, iron sulfides (Fe1−xS), and lithium metasilicate
(Li2SiO3) were generated when the sulfur level exceeded 10%.

Furthermore, when sulfur and carbon were introduced to
Li2FeSiO4 simultaneously, three different kinds of sulfur states
were discovered. The sulfur–carbon co-modification would raise
the charge transfer resistance while decreasing the resistance
at the solid/electrode interface (SEI), as indicated by the sur-
faces’ predominance of S–C and S–O–C. Increased interactions
between sulfur and silicon S−Si(−O) or iron S–Fe(−S) close to
the bulk might produce potential contaminants or sulfur replac-
ing oxygen. While the latter is advantageous to increase specific
capacity and cycle stability, the former is harmful since it low-
ers the effective sulfur quantity. The sulfur concentration of the
sulfur–carbon co-modified sample has a complex effect on its
overall performance. With 5 at% sulfur alteration, the highest
initial discharge capacity of 152.3 mAhg−1 was achieved; with
15 at% sulfur modification, the greatest overall performance was
noted, exhibiting a typical warm-up response and strong cycle
stability.[240]

• Li et al. reported that because of its remarkable struc-
ture, high specific capacity, and changing chemical valence
state, 2D layered marcasite (FeS2) is a potential material for
anode electrodes in LIBs. Nevertheless, there are significant
volume variations throughout the discharge and charging op-
eration, which causes a sharp decline in capacity and sub-
par electrochemical performance. The marcasite (FeS2) an-
ode’s rapid electron transit would be greatly aided by intro-
ducing a sulfur vacancy structure, improving LIBs’ electro-
chemical performance. Here, these issues were resolved us-
ing FeS2 nanoparticles synthesized from the biomolecule L-
cysteine as the sulfur source and the reduction process of GO
to rGO sheets by NaBH4, which resulted in an interesting
S-vacancy 3D FeS2/rGO (FSG) composite, guided by density
functional theory (DFT) calculations. On the surface of rGO
sheets, uniformly sized S-vacancy FeS2 nanoparticles with an
average size of 100 nm were generated. Comparing the FSG
electrode to pure FeS2, it exhibits a greater cyclability of 826
mAh g−1 after 150 cycles at 0.2 C and a higher rate capability
of 410 mA h g−1 at 5 C (1 C = 900 mA g−1). We demonstrate
that S-vacancies may modify the surface electronic structure,
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increasing the binding energy and charge-transfer rate of FSG
composites using DFT predictions and methodical characteri-
zation. We discovered that the substantial 3D and S-vacancy
architectures of FSG anode materials account for their bet-
ter performance. The FSG composite materials enhance the
charge storage reversibility of the conversion process. The irre-
versible formation and breaking of Li–S bonds disintegrate the
crystallographic structure. The findings show that a straight-
forward, workable process might be developed to create
composites with an S-vacancy structure and high-performing
anodes for LIBs.[241]

SIBs Na resources are both less expensive and more eas-
ily accessible than Li resources. Regarding theoretical capac-
ity, FeS as an anode for SIBs is impressive, with an estimated
610 mAh g−1. Yet, the shuttle effect of NaSx is substantial, leading
to poor efficiency and rapid capacity decrease during operation at
room temperature. Egg-shaped FeS@carbon nanospheres were
produced.[242]

Due to the carbon shell’s effect on the active material’s con-
ductivity, a high reversible capacity is achieved. By expanding
the electrolyte/electrode contact and limiting the diffusion chan-
nel of ion/electron, nanosized FeS enhances the reaction rate by
reducing the detrimental impact of volume changes during so-
diation and desodiation and speeding up the reaction process.
This battery has an impressive 722 mAh g−1 charge and dis-
charge capacity right out of the box, and it maintains a steady 488
mAh g−1 at 0.2 C after 300 cycles. At 5 C, the rate can still achieve
452 mAh g−1 of capacity. Nanofibers of porous FeS were
created.[243]

A high specific capacity of 283 mAh g−1 at a current density of
1 A/g was achieved after 400 cycles by Li et al. FeS nanoparticles
decorate 1D carbon fiber for SIBs’ excellent performance. It has
been demonstrated that the strong 1D carbon support acts as a
protective layer to stop the structural breakdown and loss of FeS
active material, leading to increased throughput.[244]

Several other studies are being conducted on FeS anode mate-
rials with particular morphologies and remarkable electrochem-
ical performance. The material and morphology of FeS, its syn-
thetic technique, and electrochemical data are briefly addressed.
Then, various carbon compounds coat or alter FeS materials,
resulting in a diverse spectrum of hierarchical structures and
morphologies. Also, the recent critical accomplishments in this
area have helped make more precise comparisons between the
varying electrochemical performances of FeS anode materials for
LIBs.

11. FeS2 as Effective Storage Material (LIBs & SIBs)

• There are many benefits to using FeS2, such as its low toxicity,
cheap cost, and natural abundance. Its appropriate band gap
(Eg = 0.95 eV) makes it useful for solar cells. Electrochemical
energy storage is another common use. In particular, the main
Li/FeS2 battery entered commercial use in the 1980s. Never-
theless, FeS2 cannot be employed economically at room tem-
perature because of its low electrochemical reversibility. Also,
various researchers found a substantial discrepancy in the volt-
age profiles of FeS2 as an anode for LIBs.

[245]LIBs

Four Li+ ions may be stored per FeS2 molecule by reacting to
Li2S and Fe. This gives the material a theoretical capacitance as
large as 894 mAh g−1, making it ideal for application in LIBs.
Using carbon coating, Jin et al. created FeS2 spheres on S-doped
graphene (FeS2@C/S–GAs).

FeS2 + 4Li+ + 4e− → 2Li2S + Fe (13)

The initial anodic scan shows a single decrease peak at
1.15 V. The first cathodic scan reveals two peaks (at −1.94 and
2.55 V). The second reduction–oxidation cycle has a pair of oxida-
tion peaks at −1.98 and 2.50 V and reduction peaks at −1.82 and
1.30 V. Due to the creation of the SEI layer and irreversible loss of
electrolyte, FeS2@C/S–GAs exhibits an extra peak at 0.64 V com-
pared to pure FeS2. Pure FeS2 anodes often have poor rate capa-
bility and rapidly degrade capacity. Many techniques, including
carbon coating and nanostructure preparation, have been under-
taken to improve its poor conductivity and structural pulveriza-
tion. Good electrochemical performance was achieved by creat-
ing water-soluble NaCl-templated FeS2@C nanocomposites, and
this was accomplished.[246]

Creating the solid electrolyte interface (SEI) layers requires
the irreversible consumption of lithium ions, contributing to the
poor initial Columbic efficiency (70.8%). Yet, after being sub-
jected to 300 milliampere seconds for 100 cycles, the composite
has a 445.7 milliampere seconds per gram capacity. Furthermore,
it shows excellent rate performance, with capacities of 440, 615,
720, and 820 mAh g−1 at 1000, 500, 300, and 200 mA g−1, respec-
tively. The “sphere on mattress” microstructure and design of
FeS2 sandwiched between carbons in the NaCl–FeS2@C compos-
ite may boost conductivity and minimize polysulfide diffluence
by boxing and absorbing. For their experiment, Du et al. used
a solution route to synthesize rGO-wrapped FeS2 microspheres
that resemble cauliflower.[247]

After 700 cycles at 0.2 A g−1, the anode’s reversible capacity is
1720 mAh g−1; after 800 cycles at 5.0 A g−1 and 85 °C, it drops to
340 mAh g−1.

The regeneration of FeS2 is a more favorable strategy for the
full-charge reaction at the cathode, demonstrating comparatively
strong cycling performance for the Li/FeS2 battery, as indicated
by a density functional theory simulation performed by Yam-
aguchi et al.[248]

• Numerous investigations have been conducted with pyrite-
type FeS2, but relatively few studies have been performed on
the metastable marcasite form. Marcasite FeS2’s electrochem-
ical performance was investigated.[249] After 100 cycles at 0.1
A g−1, the carbon nanofibers/FeS2 composite maintains a ca-
pacity of 1399.5 mAh g−1, at 10 A g−1, its capacity drops to
782.2 mAh g−1. Superior electrochemical performances are
due to the hierarchical structures and the incorporation of car-
bon nanofibers, which enhance redox kinetics and structural
stability.SIBs

According to the SIB theoretical capacity formula,

FeS2 + 4Na+ + 4e−2Na2S + Fe (14)
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FeS2 has a capacity of 894 mAh g−1. Clean FeS2 as electrode
materials for sodium ion batteries causes rapid capacity fading
and low rate ability because its semiconductor features and shape
are pulverized throughout the charging and discharging process.
Polysulfides (Na2Sx, 2 ≤ x ≤ 8) may be dissolved in non-aqueous
electrolytes at potentials below 0.8 V,[250] and their production de-
creases when FeS2 is used. These problems may be solved by
regulating the discharge cut-off voltage and obtaining nanostruc-
tured FeS2 with a carbon covering.[251,252]

Electrolytes of the ether type, 1.0 M NaCF3SO3 in diglyme,
were used instead of the more common carbonate type, and FeS2
showed a significant improvement in its capacity to store Na.[253]

An energy density of 750 Wh kg−1, or more than 600 mAh g−1,
is possible at 20 mA g−1. By increasing the current to 60 mA g−1,
the battery’s capacity was raised to 530 mAh g−1; after 100 cycles,
45% of its initial capacity remained. In addition to the research
mentioned above, Kitajou et al. looked into the charge/discharge
process of FeS2 for SIBs.[254]

Using the high theoretical capacity of FeS2, Chen et al suc-
cessfully synthesized a juncus-based FeS2/carbon/FeS2 compos-
ite that demonstrated a high reversible capacity of 542.2 mAh g−1

at a current density of 0.1 A g−1. The SEM reveals a reticulated
structure, which slows the volume growth and facilitates rapid
ion/electron kinetics, leading to increased Na+ storage.[255] The
summary of FeS and FeS2 nanocomposite electrode materials for
LIBs and SIBs is given in Table 7.

12. Summary of Prospects

Extensive analyses of various methods and approaches for prepar-
ing iron sulfide have been carried out. Scientists are particu-
larly intrigued by metal sulfide materials because of their excep-
tional conductivity, specific surface area, lightweight, and expan-
sive structure. These characteristics make them ideal electrode
materials for electrocatalytic water splitting and supercapacitors.
Iron sulfide has become increasingly popular among scientists
studying hydrogen generation, oxygen evolution reaction, oxy-
gen reduction reaction, and storage materials. This is due to its
abundant supply, large specific surface area, excellent mechani-
cal properties, and ease of molding. Scientists have made notable
progress in improving the composition, structure, and control of
the electrochemical performance of iron sulfide materials used
in supercapacitors. These materials are often mixed with carbon-
based, polymer-based, and semiconductor-based materials.

Nevertheless, there are still a multitude of issues and con-
cerns that need more advancements and investigation. The fast
evolution of society and the continual enhancement of nanoma-
terial preparation technology are causing people’s expectations
and requirements to increase. Hence, acquiring the knowledge
to choose and fabricate iron sulfide-based nanomaterials and de-
velop efficient, eco-friendly, smart, and economical techniques
is crucial. Further inquiry is necessary to address specific dif-
ficulties identified via the description and analysis of prior re-
search on iron sulfide materials in electrochemical water split-
ting and supercapacitors. Iron sulfide-based nanostructures are
considered high-performance energy storage materials for super-
capacitors and batteries because they possess improved electrical
conductivity and specific surface area. The efficient performance
of various nanocomposites based on iron sulfide is attributed to

the synergistic interaction between FeS and other components.
Among the various materials studied, Mo–FeS NSs exhibit a po-
tential of 210 mV for the OER, alpha-FeS shows a potential of 67
mV for the HER, and FeS/G demonstrates a potential of 0.844
V for ORR. P-doped (Ni, Fe)3S2 displays potentials of 98 and 196
mV for HER and OER, respectively. Graphene-wrapped NiCo2S4
microspheres on an NF substrate and a negative electrode com-
posed of petal-like FeS2 exhibit a high specific capacitance of
2112 F g−1. FeS/carbon microspheres demonstrate a high capac-
ity of 736 mAh g−1 for SIBs, while FeS/C@rGO exhibits a 1428.2
mAh g−1 capacity for LIBs. Additional investigation in this do-
main using iron sulfide as a principal constituent can potentially
facilitate the advancement of superior electrocatalysts and mate-
rials for energy storage.

Analysis of future directions of the research in this field high-
lights some important aspects.

1) The effect of structural design and material matching on the
electrochemical performance was investigated in detail. Still,
more research is required to evaluate iron sulfide’s struc-
tural and synthesis properties and features. This study will
help researchers fabricate various iron sulfide nanocompos-
ites precisely.

2) The broader application of iron sulfide materials in energy
production and storage depends on better balancing the
interaction between the mechanical performance, electro-
chemical performance, and electrical conductivity of mate-
rials.

3) Researchers have long been concerned with the portability,
lightweight stability, environmental adaptability, and safety
of electrocatalysts, and these elements remain the focal
points of future study and attention.

4) There are many unexplored fields of research into the in-
teraction relationship, interface relationship, and synergis-
tic effect of various components of iron sulfide compos-
ites. Finally, there is still a long way to go in researching
and designing environmentally friendly, low-cost, and high-
performance iron sulfide materials.

5) Efficient iron sulfide catalysts for water electrolysis may be
developed with a better understanding of the reaction pro-
cesses and active reaction centers.

6) FeS electrode materials can be improved by designing ratio-
nal nanocomposites with desirable porosity and high spe-
cific surface area, mainly 3D hierarchical hollow/core–shell
nanostructures, which could provide more extensive elec-
trolyte/electrode interfaces, more active sites, and suppress
the aggregation.

7) Researchers have paid much attention to experimental stud-
ies but have not explored much work on systematic theoret-
ical studies. In order to forecast the structural connection
and their performance and minimize synthesis iterations,
we need advanced computational studies and designs for
producing FeS electrode materials.

8) Since the iron component of FeS is connected to the redox
stability and reactivity, it further impacts the electrochemical
performances.

9) Altering composition is a straightforward technique to im-
prove the electrochemical characteristics of FeS. Element
doping, surface modification, and vacancies are successful
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interface engineering techniques that will eventually im-
prove electrochemical performance.

10) Composite materials combining FeS with polymers, carbon
materials (CNTs, graphene, etc.), and other metal-based ma-
terials (oxides, sulfides, etc.) have emerged as promising
contenders for cutting-edge SCs. When combined with an-
other material with inherent complementary qualities, the
resulting composite structure has more flexibility, stability,
and energy storage capacity.

11) FeS catalysts exhibit a lower susceptibility to sulfide poi-
soning compared to noble metal catalysts. Iron sulfide
structures combined with 2D-carbon nanomaterials often
demonstrate superior electrocatalytic activity and chemical
durability compared to pure iron sulfides.

12) Similarly, additional metals or transition metal compounds
doping the FeS phases result in the production of extremely
reactive catalysts for energy storage materials.

13) In summary, these instances demonstrate the necessity for
the advancement of novel electrocatalysts that contain FeS
and the enhancement of current materials. This is crucial in
order to fully use the untapped potential of a catalyst fam-
ily that has been previously disregarded, specifically for the
purpose of hydrogen evolution.

13. Conclusion

The article provides a summary of selected milestones in the fast-
expanding research subject of developing iron sulfide catalysts
for electrochemical hydrogen evolution. Despite being less ad-
vanced and generally less efficient than noble metal systems, iron
sulfide electrocatalysts have shown remarkable catalytic efficacy
in several well-designed materials. Specifically, the existence of
disulfide groups (S2

2−) contributes to a significant catalytic ac-
tivity for the HER and OER, making FeS materials particularly
appealing as electrocatalysts.

The quest for low-carbon (or non-carbon) energy has become
more essential in energy engineering due to the ongoing use of
fossil fuels and the more severe worldwide environmental pollu-
tion. Hydrogen referred to as “green energy,” has enormous envi-
ronmental benefits and possible practical uses, making it one of
the most promising carbon-free energy sources. Among the avail-
able approaches, electrochemical water-splitting is a sustainable
and cost-effective way to produce environmentally friendly green
energy.

In electrochemical water splitting the catalyst’s promotion of
proton reduction with a low overpotential to reduce extra energy
consumption is crucial for the efficiency and stability of the hy-
drogen evolution process. Because of this need, scientists are ac-
tively seeking ways to employ electrochemical catalysts for hydro-
gen production aiming to replace noble metal catalysts.

When considering electrocatalytic water splitting for hydrogen
production, the pursuit of earth-abundant catalysts gained signif-
icant attention as electrocatalysts. The potential of metal sulfides,
iron sulfide (FexSy), and multimetallic iron sulfide-based materi-
als have been explored as electrocatalysts for HER, OER, ORR,
and overall water splitting due to high their enhanced electrocat-
alytic activities and abundance concentrations of iron and sulfur
in the Earth’s continental crust to utilize in iron sulfide-based
electrocatalysts development. Iron sulfide-based nanocomposites

such as Mo–FeS, alpha-FeS, and FeS/G have shown effective roles
in OER, HER, and ORR respectively. TMSs have shown many
advantageous features for electrocatalytic performance such as
their weaker metal-sulfide ionic bonds, distinct structural char-
acteristics, well-positioned active sites, and adjustable mechani-
cal and electrical characteristics. Utilizing readily available and
cost-effective materials for the development of electrocatalysts
can pave the way for the sustainable production of hydrogen.

Besides water-splitting applications, iron sulfide-based nanos-
tructures are also considered high-performance energy stor-
age materials (supercapacitors and batteries) due to enhanced
electrical conductivity and specific surface area. In order to
provide electrolytes with more active sites and boost the
capacitance, electrode materials with a high specific sur-
face area are crucial. For high performance, supercapaci-
tors should have desirable characteristics such as outstand-
ing cyclic lifespans, faster charge/discharge rates, wider volt-
age windows, high energy densities, and excellent mechani-
cal stability. Additionally, pore size distribution, morphology
of electroactive materials, and electrical conductivity, are im-
portant features that impact performance. Various iron-sulfide-
based nanocomposites showed efficient performance due to
the synergistic interaction of other components with FeS.
FeS/carbon microsphere and FeS/C@rGO are successfully em-
ployed for SIBs and LIBs, respectively. Carbon-coated iron sul-
fides have been also developed to improve their electrochemical
characteristics.

However, for the large-scale application of FexSy-based elec-
trocatalysts in sustainable hydrogen production via water split-
ting, or application in energy storage materials various factors
including energy consumption, material consumption, and the
generation of secondary waste, such as wastewater, and emis-
sions during material development, should also be taken into ac-
count. Regarding practical usability, the durability of FexSy-based
material is crucial for electrocatalytic water splitting or energy
storage applications. Furthermore, when applying FexSy-based
material on an industrial scale, considerations about the envi-
ronmental impact of materials must be considered. A life cy-
cle assessment (LCA) study could be beneficial to understand-
ing the environmental aspect of FexSy -based material devel-
opment and applications. Further research in this field using
iron sulfide as a primary component can lead to the develop-
ment of high-quality electrocatalysts and energy storage materi-
als. When creating iron-sulfide-based energy storage or electro-
catalysts materials additional crucial factors that must be taken
into consideration are reduced fundamental and maintenance
costs.
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