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Abstract

Supercapacitors have emerged as a promising class of energy storage technologies, renowned for their impressive specific
capacities and reliable cycling performance. These attributes are increasingly significant amid the growing environmental
challenges stemming from rapid global economic growth and increased fossil fuel consumption. The electrochemical per-
formance of supercapacitors largely depends on the properties of the electrode materials used. Among these, iron-based
sulfide (IBS) materials have attracted significant attention for use as anode materials owing to their high specific capacity,
eco-friendliness, and cost-effectiveness. Despite these advantages, IBS electrode materials often face challenges such as
poor electrical conductivity, compromised chemical stability, and large volume changes during charge—discharge cycles.
This review article comprehensively examines recent research efforts aiming at improving the performance of IBS materials,
focusing on three main approaches: nanostructure design (including OD nanoparticles, 1D nanowires, 2D nanosheets, and
3D structures), composite development (including carbonaceous materials, metal compounds, and polymers), and material
defect engineering (through doping and vacancy introduction). The article sheds light on novel concepts and methodologies
designed to address the inherent limitations of IBS electrode materials in supercapacitors. These conceptual frameworks and
strategic interventions are expected to be applied to other nanomaterials, driving advancements in electrochemical energy
conversion.

Keywords Anode materials - Supercapacitors - Electrochemical performance - Nanostructures - Carbonaceous materials

Introduction

In the wake of increasing fossil fuel depletion and ensu-
ing environmental crises, the pivot toward renewable and
clean energy sources has garnered global attention, emerging
as pivotal subjects of scholarly inquiry [1-8]. Solar, wind,
and tidal energies, alongside hydrogen fuel, hold promise
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to mitigate the adverse effects stemming from fossil fuel
consumption, such as dwindling reserves, rising global
temperatures, and exacerbating environmental degradation
[9-13]. However, these clean energy sources face challenges
regarding their stability [14—17], underscoring the need for
advanced electrochemical energy storage solutions that
boast high-energy density, efficiency, flexibility, and opera-
tional flexibility. Electrochemical double-layer capacitors
(EDLCs), colloquially referred to as supercapacitors, have
garnered the interest of the research community owing to
their broad spectrum of applications in energy consump-
tion, generation, and storage. As depicted in Fig. 1a, illus-
trating the Ragone graph delineating energy density in Wh/
kg vs power density in W/kg, supercapacitors (SCs) exhibit
distinct advantages compared to conventional batteries. In
particular, they are capable of attaining theoretical capaci-
ties in the order of several thousand farads via constrained
cell voltage [18-24]. Despite their relatively low cell volt-
age and energy density, supercapacitors excel in providing
high power density, thermal stability, low impedance, and
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Fig.1 a Ragone plot depicting the performance characteristics of
specific power versus specific energy for various electrical energy
storage technologies. Times indicated on the plot represent discharge
times, calculated by dividing the energy density by the power den-
sity; b radar chart illustrating carbon material properties, MXenes,
metal oxides/hydroxides, conducting polymers, and transition metal
dichalcogenides (TMDs). The properties range from poor to good,

remarkable cycle life. These attributes render them invalu-
able across diverse industrial domains, encompassing elec-
tric vehicles and solar energy plants [25-30].

Carbon materials, commonly encompassing activated car-
bon (AC) [40, 41], carbon nanotubes [42, 43], and graphene
[44, 45], serve as the backbone for EDLCs, where charge is
stored through iron adsorption at the electrode—electrolyte

progressing from the inner to the outer regions Reproduced with per-
mission from Ref. [31]. [33-39] Copyright © 2024, Wiley; ¢ Crystal
structures of stoichiometric iron sulfides (from left to right: troilite
FeS along different directions, greigite Fe;S,, and pyrite FeS,) Repro-
duced with permission from Ref. [32]. Copyright © 2014, Royal
Society of Chemistry; d potential windows of operation for various
electrode materials in an aqueous electrolyte

interface, exemplifying a typical mechanism [46]. Con-
versely, pseudocapacitors (PCs) rely on rapid and revers-
ible redox reactions for charge storage, employing materi-
als such as conducting polymers [47, 48], transition metal
oxides and hydroxides [49, 50], MXenes [51, 52], and transi-
tion metal sulfides [53-55]. TMDs, as illustrated in Fig. 1b,
have been recognized for their exceptional performance as

@ Springer



520

C.Wang et al.

supercapacitor electrode materials, outshining conventional
capacitive materials. Additionally, metal sulfides, particu-
larly iron-based sulfides (IBSs), have emerged as prominent
candidates for SCs owing to their complex redox chemistry
that enables higher specific capacities or capacitances com-
pared to other TMDs [56—59]. Moreover, they boast supe-
rior electrical conductivity, mechanical strength, and thermal
stability when compared to their metal oxide counterparts,
marking a significant advancement in electrode material
selection. IBSs have garnered significant interest as poten-
tial electrode materials for supercapacitors owing to their
advantageous characteristics. Their appeal lies in the multi-
ple valence states of iron (Feo, Fe?™*, Fe3+), which facilitate a
rich redox chemistry, including transitions such as Fe’/Fe**,
Fe'/Fe**, and Fe**/Fe®*. This extensive redox activity ena-
bles IBSs to achieve high specific capacitance [60-64]. The
rising interest in IBSs is evidenced by the increased number
of research publications and citations over the past decade.
The Fe-S phase diagrams depicted in Fig. 1c elucidate the
diverse stoichiometries and crystal structures of the four iron
sulfides, which vary with temperature, pressure, and sulfur
concentration [32]. Compounds like FeS, Fe;S,, and FeS,
have been extensively studied as potential high-capacity
anode materials for supercapacitors [65-67]. Furthermore,
IBSs have been extensively investigated for their high elec-
trochemical properties, low toxicity, and elevated specific
capacity [31]. According to previous reports, the Faradaic
redox processes can be attributed to the FeS/FeSOH and
FeSOH/FeSO transitions. The corresponding equations are
shown below [15, 18, 30]:

FeS, + OH™ = FeS,OH + ¢~ (1

FeS,OH+ OH™ = FeS, 0+ H,0+¢” )

Recent advancements in electrode materials for superca-
pacitors, particularly those based on transition metal oxides,
hydroxides, and sulfides, have been notable. This progress
is captured in the analysis of the typical operating potential
windows of these materials, as illustrated in Fig. 1d [60,
68-74]. Notably, IBSs warrant further investigation com-
pared to other iron-based materials. Simultaneously, they
offer a stable and broad operating window at negative poten-
tials, rendering them highly promising candidates for high-
performance negative electrodes in supercapacitors [75-79].

This study aims to provide a comprehensive review of
the methodologies employed to enhance the suboptimal
performance of IBS materials and their properties. Spe-
cial emphasis is placed on the latest synthetic approaches
developed over the past five years, designed to address the
specific challenges confronting IBSs, as delineated in Fig. 2.
Despite the proliferation of high-quality reviews on the syn-
thesis and application of IBSs in supercapacitors, there has
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Fig.2 Schematic representation outlining diverse enhancements uti-
lized for IBSs to attain exemplary electrochemical energy storage per-
formance

been a noticeable gap in the literature regarding detailed
discussions on remedial approaches for the issues associ-
ated with IBSs. While certain reviews have touched upon
the preparation and potential applications of iron sulfides,
they have predominantly emphasized the advanced proper-
ties and preparation techniques of IBSs, leaving a void in
the systematic evaluation of solutions aimed at improving
the electrochemical performance of IBS nanocomposites.
The core objective of this review article is to shine a light
on the efforts to enhance the electrochemical performance of
IBS nanomaterials for use as electrodes in supercapacitors.
Through various methodologies, remarkable electrochemi-
cal performances have been attained, and our objective is to
delineate these achievements.

Architectures of IBS Electrode Materials

In this section, we delve into various strategies for fabri-
cating IBS materials into nanostructures spanning different
dimensions. We emphasize how these diverse nanostructures
enhance the electrochemical properties of the materials.
A rational research and development endeavor is directed
toward devising and customizing novel IBSs possessing
0D, 1D, 2D, and 3D morphologies. Such morphological
diversity is engineered to optimize surface areas, shorten
diffusion pathways, and increase the availability of ion-
interacting active sites. These modifications are vital for
achieving optimal specific capacitance. The fabrication of
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IBS materials into OD, 1D, and 2D morphologies is geared
toward enhancing their suitability for intercalation and de-
intercalation phenomena. This is attributed to their ability
to offer restricted diffusion, flexibility, and extensive surface
availability. Conversely, 3D materials distinguish themselves
by offering a plethora of reaction sites, thereby contribut-
ing to enhanced energy and power density. The prevalent
techniques for fabricating these 0-3D nanostructured IBSs
have been succinctly outlined and categorized, as depicted
in Fig. 3.

0D Nanostructures

Zero-dimensional (0D) structured materials are advanta-
geous for use as electrodes in supercapacitors owing to
their notable properties. These materials exhibit relatively
short electron transport paths owing to their sizes, which
in turn reduces resistance and enhances the charge transfer
rate. Additionally, 0D structured materials typically pos-
sess a very high specific surface area, which significantly
enhances the amount of active material to be in contact
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with the electrolyte for a given volume or mass. This trait
increases the interfacial area between the electrode and the
electrolyte, thereby improving the charge storage capacity.
[47, 63, 67] Nanoparticles, quantum dots, and nano-clusters
are three types of 0D morphologies to iron-sulfide materials
in usual, with extremely high activity.

Recently, Wang et al. [80] immobilized FeS,/CoS, nano-
particles on porous carbon derived from kelp through heat-
ing Fe** and Co?" ions. The porous carbon showcases an
average particle size distribution ranging between 500 and
900 nm, as shown in Fig. 4a and b. Its hierarchical honey-
comb structure within the kelp-derived porous carbon acts as
areservoir for electrolyte ions, effectively shortening the dif-
fusion pathway of these ions, facilitating charge transfer, and
ensuring the FeS,/CoS, nanoparticles remain immobilized
during electrochemical reactions. This integration of metal
disulfides with conductive porous carbon mitigates volume
expansion during charge—discharge cycles and improves the
overall electrochemical performance. Moreover, the addi-
tion of graphene has been shown to significantly improve
IBS performance. Turali-Emre et al. [81] successfully
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Fig.3 Common preparation methods for 0D-3D architectures of IBS electrode materials: a 0D nanoparticles, b 1D nanowires, ¢ 2D nanosheets,

and d 3D nanoflowers
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Fig.4 a SEM image, and b
TEM image of FeS,/CoS,@
KC-800 Reproduced with
permission from Ref. [80]
Copyright © 2023, Elsevier;
TEM pictures of core—shell
particles ¢ 5A and d 5B
obtained in sulfidation reactions
of 13 nm zerovalent iron NPs
with benzyl thiol after 18 h

and 4 h, respectively Repro-
duced with permission from
Ref. [82] Copyright © 2018,
Wiley—VCH; TEM images of

e NSA-FeS,, f high-resolution
lattice image of NSA-FeS, and
g NSA-FeS,/PANI Reproduced
with permission from Ref. [84]
Copyright © 2023, American
Chemistry society

synthesized FeS, nanoparticles through a process that
inhibited their spontaneous self-assembly. The newly pre-
pared iron-sulfide nanoparticles display an electrokinetic
zeta potential of = +20.5+1.5 mV and have a disk-like
geometry with a diameter of 4.5+ 1.6 nm and a height of
approximately 1.5 nm, as determined via transmission elec-
tron microscopy. Chaudret et al. [82] prepared iron-sulfide
nanocomposites through reactions of bis[bis(trimethylsilyl)
amido]iron(II) or zerovalent iron nanoparticles with hydro-
gen sulfide. TEM pictures of core—shell particles 5A and 5B
were obtained in sulfidation reactions of 13 nm zerovalent
iron nanoparticles with benzyl thiol after 18 h and 4 h, as
shown in Fig. 4c and d, respectively. Tucek et al. [83] used
a rapid growth method on highly functionalized graphene
support to firmly anchor ultrasmall greigite (Fe;S,) nano-
particles, which could not be achieved without the use of
graphene. GCNFe;S, has a typical gray mica mixed-valence
spinel structure characterized by the basic structural unit
of thiocarban. This novel 0D electrode exhibits outstand-
ing performance in rate capacity and cycling stability. Jung
et al. [84] fabricated nanosheet-assembled FeS, (NSA-FeS,)
through a novel method. They generated sub-micron drop-
lets of sulfur particles stabilized with polyvinylpyrrolidone
in a silicone oil medium. Fe(CO); was then absorbed and
reacted on the surface of these droplets to form core—shell
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particles, ES/[Fe], with a sulfur core and an iron-contain-
ing outer shell. High-temperature treatment of ES/[Fe]
produced NSA-FeS, (Fig. 4e and f), in which pyrite FeS,
nanosheets grew and were partially interconnected. Tested in
a three-electrode system, the newly prepared NSA-FeS, and
NSA-FeS,/polyaniline (PANI) composites (Fig. 4g) exhib-
ited specific capacitances of 763 and 976 F/g, respectively,
at a current density of 0.5 A/g, maintaining capacitance
retentions of 93% and 96% after 3000 charge—discharge
cycles. Additionally, Cai et al. [85] explored a simple and
fat solid-phase reaction to create FeS/C composites, using
starch as both a dispersant and carbon source. The resultant
composite showcased an exceptional specific capacitance
of 275.65 F/g and maintained up to 90% of its maximum
specific capacitance after 1000 electrochemical cycles.
These studies underscore how 0D structured materials can
effectively form active sites and pair with multi-dimensional
substrate materials, such as porous carbon and graphene,
to achieve excellent ionic conductivity. This significantly
enhances supercapacitor performance.

1D Nanostructures

1D structured materials stand out for their exceptional elec-
tron transport properties, which directly contribute to the
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rapid charging and discharging capabilities of supercapaci-
tors, as well as an increase in power density. Their advanta-
geous mechanical properties make them versatile in elec-
trode design, adapting to various shapes and sizes, thereby
enhancing electrode reliability and durability. The large
aspect ratio and high specific surface area of 1D structured
materials endow them with a higher number of active sites
for charge storage, thereby increasing the energy density of
supercapacitors [42-44, 71, 72]. 1D morphologies are often
nanowires, nanotubes, and nanofibers, which are typically
fabricated using hydrothermal in situ synthesis.

For example, Wang et al. [86] successfully synthesized
1D FeS,@C nanowires from organo-inorganic hybrid SAFA
nanowires, as shown in Fig. 5a and b. Thanks to the syn-
ergistic advantages of the 1D porous nanostructures com-
bined with a thin amorphous carbon layer, these FeS,@C
nanowires shortened the diffusion path of lithium ions. The
amorphous carbon layer can effectively prevent polysulfide
dissolution during the cycling process and increase conduc-
tivity, thereby overcoming typical challenges confronting
the FeS, cathode. Consequently, FeS,@C nanowires demon-
strate high reversible capacity, excellent rate capability, and
stable cycling performance. The SEM images of FeS,@C
electrode at full discharge after 10 cycles at 0.1 A/g and at
full charge state after 10 cycles at 0.1 A/g demonstrated
that FeS, @C nanowires retain their original nanowire mor-
phology before and after cycling. In addition, introducing
composite carbon nanofibers has been shown to effectively
improve the small specific capacity of IBSs. Huang et al.

Fig.5 a SEM images and b
TEM images of the precur-

sor SAFA nanowires; ¢ SEM
images of a FeCo,S, HNNA/
CNF composite film: depos-
ited lawn-like FeCo,S, hollow
nanoneedle arrays; d SEM of
ultrasonically broken FeCo,S,
hollow nanoneedles Reproduced
with permission from Ref. [87]
Copyright © 2019, Elsevier; e
SEM images of carbonized Fe—
CNEF fibers; f FeS—CNFs Repro-
duced with permission from
Ref. [88] Copyright © 2020,
Springer Heidelberg; g SEM
images of P/Co—FeS, nanocom-
posites on CFP Reproduced
with permission from Ref. [89]
Copyright © 2017, Wiley; h
Scanning electron microscopy
(SEM) and i TEM images of the
FeS,—ethylenediamine precursor
Reproduced with permission
from Ref. [90] Copyright ©
2019, MDPI

[87] have rationally synthesized lawn-like FeCo,S, hollow
nanopin arrays (HNNA) on flexible carbon nanofiber (CNF)
films via a two-step hydrothermal method. These unique
hollow structures and stable tip-welded FeCo,S, nanopins,
uniformly deposited on conductive CNF films as shown
in Fig. 5c and d, provide a large number of electroactive
sites and short pathways for electrolyte transport, enhanc-
ing energy storage efficiency and accommodating shape
changes during charge and discharge cycles. The porous
CNF films facilitate homogeneous nucleation of FeCo,S,
nanopins, ensuring fast charge transfer pathways for electro-
chemical processes and acting as powerful current collectors
for binder-free electrodes. Such features enable the FeCo,S,
HNNA/CNF composite electrode to exhibit a high specific
capacitance of 2476 F/g at 1 A/g. The supercapacitor device
based on this composite film also offers a high-energy den-
sity of 88.5 Wh/kg at 800 W/kg and excellent cycling stabil-
ity with capacitance retention of 81.2% after 5000 charge/
discharge cycles. Wang et al. [88] prepared FeS—CNF com-
posites through electrostatic spinning and hydrothermal
methods, highlighting its high specific capacitance (502 F/g
at a current density of 2 A/g), good cycling stability (90%
capacitance retention after 1000 cycles), and excellent multi-
plicative properties, with capacitance retention up to 401 F/g
at a current density of 10 A/g. The SEM images of carbon-
ized Fe—CNF fibers before and after FeS—CNFs are shown in
Fig. 5e and f, respectively. These improvements are largely
attributed to the carbon fibers’ increased specific surface
area and provision of a higher number of electrochemically
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active centers for ion intercalation or delamination, thus
improving the electrochemical properties of the material.
Kuo et al. [89] introduced a Co-FeS, catalyst with surface
phosphide doping (P/Co-FeS,), showing nanocomposite
particle morphology with an average size of approximately
100 nm (Fig. 5g). Furthermore, Pan et al. [90] synthesized
the FeS,/C catalyst featuring a porous nanostructure through
a meticulously designed in situ electrochemical activation
method. This approach yielded FeS,—amine nanowires with
diameters d of approximately 100 nm and lengths stretching
up to tens of micrometers, characterized by a highly uniform
nanowire morphology and a fairly smooth surface (Fig. 5h).
Polyvinylpyrrolidone (PVP), a substance commonly used
for chemical reduction or to steer the 3D structure forma-
tion of products, played a crucial role in this synthesis. The
lone electron pairs of oxygen present in PVP can donate
and coordinate with Fe ions during the reaction process.
The FeS,—ethylenediamine precursor showcased through
TEM imaging a 5-nm amorphous and uniform outer layer
(Fig. 5i). 1D nanostructures can reduce the distance for ion/
electron transport, which is vital for improving reaction
kinetics and active substance utilization. Additionally, the
increased specific surface area provides abundant electro-
chemical active sites [91]. Therefore, excellent electrochemi-
cal performance can be obtained by constructing reasonable
1D nanostructures.

2D Nanostructures

Two-dimensional (2D) structured materials offer numer-
ous advantages for supercapacitor electrodes, including
high specific surface area, excellent electrical conductivity,
superior electrochemical stability, and significant customiz-
ability. The ability to tailor these materials through methods
like doping, compounding, or modulating their layer spac-
ing adds a layer of flexibility that can optimize electrode
performance. By adjusting the layer spacing of 2D materi-
als, one can effectively enhance ion diffusion and storage
capabilities within the electrodes, thereby improving the
overall efficiency and capacity of supercapacitors [33, 38,
59, 61]. These properties are further improved when they are
structured into 2D nanoforms, which possess large specific
surface areas and numerous active sites.

Within this category, materials such as nano-films, which
can move freely within the 2D nanoscale range of 1-100 nm,
have shown particular promise. Vadivel et al. [92] created
a CNT/FeNiS, @PPy nanotube @nanodisk heterostructure,
showcasing a simple and cost-effective hydrothermal and
polymerization method for creating what is described as an
efficient electrode option for Ni foam. The FeNiS, morphol-
ogy is shown in Fig. 6a. Ma et al. [93] utilized graphene
oxide and thioglycolic acid (TGA) to prepare a 3DSG com-
posite material with a distinct pore structure, a large specific
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surface, and specific capacitive properties using a one-step
microwave method. To synthesize more efficient battery-
type capacitor electrode materials, NiFeS,/3DSG compos-
ites were simultaneously synthesized by adding Ni and Fe
precursors during the microwave process. The small size and
uniform dispersion of NiFeS, nanoparticles on the 3DSG
surface, coupled with the use of TGA as a sulfur source for
both 3DSG and NiFeS,, made the synthesis process more
efficient. The resulting NiFeS,/3DSG composites exhibited
high specific capacitance, excellent multiplicative capability,
and long cycle stability, especially for hybrid asymmetric
supercapacitor devices with competitive energy and power
densities.

2D thin metal sulfide nanostructures have emerged as
powerful materials for enhancing electrochemical revers-
ible reactions and possessing a high theoretical capacity,
making them highly suitable for flexible energy storage
devices. Velmurugan et al. [94] demonstrated the excel-
lent energy storage capabilities and electrocatalytic oxygen
evolution reaction potential of an in situ troilite 2H phase
FeS thin film nanostructure with a thickness of 250 nm,
utilizing the pulsed laser deposition (PLD) technique. The
process involves a PLD coating technique for depositing
FeS thin films, providing detailed insight into the deposi-
tion mechanism and showcasing the morphological image
of the troilite 2H phase FeS (A650) thin film, as shown in
Fig. 6b—e. Further analysis using TEM and HRTEM offered
a deeper understanding of the nanostructural aspects of FeS
RT (Fig. 6b and c) and FeS (A650) (Fig. 6d and e) thin films,
each coated on carbon paper substrates. Yan et al. [95] pre-
pared ultrathin single-crystalline Fe-doped nickel thiophos-
phate (NiPS;) nanosheets using a simple solid-state method,
achieving large-scale production, as shown in Fig. 6f and g.
The resultant nanosheets demonstrated good electrochem-
istry performance. Lu et al. [96] reported a novel FeS-NiS
hybrid nanosheet array embedded on a Ti mesh. This hybrid
serves as a highly efficient non-noble-metal electrocatalyst,
which can improve supercapacitor performance, as shown in
Fig. 6h and i. Therefore, 2D nanostructures can effectively
increase the specific surface area and electrochemical activ-
ity center of the material. Furthermore, while compounded
with 2D matrix materials, they significantly improve the
electrochemical performance of the material.

3D Nanostructures

3D structured materials offer a higher specific surface area,
significantly increasing the contact area between the elec-
trode and the electrolyte. This increase in contact area pro-
vides a higher number of active sites available for charge
storage and, coupled with the typical porosity of 3D struc-
tures, significantly facilitates the rapid transport and penetra-
tion of electrolyte ions, thereby reducing internal resistance.
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(ii0)

(020)

Fig.6 a FESEM image of the FeNiS, material Reproduced with per-
mission from Ref. [92] Copyright © 2023, Elsevier; b, ¢ HRTEM
analysis: TEM morphologies of the FeS RT thin film; d, e TEM mor-
phologies for FeS (A650) thin film Reproduced with permission from
Ref. [94] Copyright © 2023, Royal Society of Chemistry; f High-

Furthermore, advanced fabrication techniques, such as
template methods, offer precise structural control over the
design and structure of 3D materials, enhancing their per-
formance and suitability for supercapacitors [25, 50]. The
3D morphology of iron-based sulfide materials plays a cru-
cial role in enhancing their electrochemical performance for
energy storage applications.

Zhang et al. [97] proposed a simple and controllable
method for synthesizing KFeS, with a diatomite morphol-
ogy using a multistep sacrificial template. Diatomite, cho-
sen for its high porosity, low volumetric weight, chemi-
cal stability, and high specific surface area (SSA), served
as an excellent sacrificial template [98, 99]. Additionally,
the 3D structure of diatomite effectively prevents material
agglomeration [100—102]. The morphology of the products
is shown in Fig. 7a and b. As shown in Fig. 7b, the end
product retained a diatomite-like round cake shape that
consisted of numerous interconnected nanosheets, forming
a porous structure that significantly enhanced the SSA of
KFeS,, crucial for improving its electrochemical proper-
ties. Ye et al. [103] synthesized a GA-supported flower-like
FeS, composite (GA-FeS,) via a two-step self-assembly

FeS (A650) (d

)
|

7

magnified SEM; g TEM images of the Fe-doped NiPS; nanosheets
Reproduced with permission from Ref. [95] Copyright © 2018, Else-
vier; h SEM images of FeS—NiS/TM and i TEM image of a FeS—NiS
nanosheet Reproduced with permission from Ref. [96] Copyright ©
2019, Royal Society of Chemistry

process, starting with the preparation of graphene oxide
(GO) following the modified Hummers method as in pre-
vious reports [104]. Exfoliation of GO in deionized (DI)
water was carried out through ultrasonication. The GA-
FeS, composite was synthesized through a two-step self-
assembly method. SEM images, as depicted in Fig. 7c and
d, showcase the micro-morphology of the newly prepared
GA-FeS,. Within this structure, flower-like FeS, clusters,
measuring 1-2 pm, are uniformly spread across the intercon-
nected RGO sheets, exhibiting no obvious agglomeration.
The fabrication process involves Fe** ions adhering to the
GO sheets, compelling them to organize into a specific order.
This self-assembled structure, retained by the subsequent
reduction phase, effectively prevents the RGO sheets from
aggregation, resulting in a cohesive GA morphology [105].
Figure 7d offers a closer look at the structure of a flower-
like FeS, cluster, revealing its composition of numerous
nanorods and nanoplates, each about 100 nm in size. For
practical application evaluation, GA-FeS, was utilized as
the electrode material in constructing a simple symmetric
supercapacitor device. This supercapacitor containing GA-
FeS, exhibited excellent performance, benefiting from the
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Fig.7 a, b Magnification
increases for the SEM images of
the diatomite-like KFeS, Repro-
duced with permission from
Ref. [97] Copyright © 2023,
MDPI; ¢, d SEM images of the
newly prepared GA-FeS, in low
and high magnification; e high-
magnification FE-SEM image
of the FeS,—FeSe,-CSS sample;
f high-magnification FE-SEM
image of the GW @FeS,—FeSe,-
CSS sample Reproduced with
permission from Ref. [106]
Copyright © 2019, Royal
Society of Chemistry; g SEM
images of FeS,@CS-40 mate-
rial Reproduced with permis-
sion from Ref. [107] Copyright
© 2019, American Chemistry
Society; h low-resolution SEM
and i high-resolution SEM
images of the FeS foams with
surface-grown carbon nanotube
arrays Reproduced with permis-
sion from Ref. [108] Copyright
© 2020, Royal Society of
Chemistry

flower-like FeS, clusters and the stable, conductive network
of 3D interlinked GA during the charge—discharge cycles.
Morteza et al. [106] introduced a new method to con-
struct a graphene-wrapped FeS,—FeSe, core—shell cratered
sphere (GW-FeS,—FeSe,-CSS) as an anode electrode for
asymmetric superconductors. This innovative construction
led to notable enhancements in performance, as shown in
Fig. 7e and f. Similarly, Xia et al. [109] synthesized a hier-
archical heterostructure by anchoring Fe,O; nanospheres
onto FeS, nanosheets through a one-step hydrothermal
treatment method. This hybrid electrode design effectively
enhances the electrochemical performance. Qiao et al. [107]
presented a distinct fabrication technique involving a mag-
netic field-guided interface coassembly to create a uniform
carbon-coated FeS, (FeS,@C) nanochain material. Initially,
Fe;O, nanospheres are assembled into chains during a poly-
mer coating process within a dynamic magnetic field. This
step is followed by successive carbonization and sulfida-
tion treatments to generate the final FeS,@C, as shown in
Fig. 7g. The surrounding carbon layer protects the FeS, from
degradation during electrocatalysis and augments catalytic
efficiency through the interfacial interaction between metal
nanoparticles and nanocarbon. Moreover, Wang et al. [108]
outlined a comprehensive yet simple strategy to obtain metal
sulfide (Ni;S,, CogSg and FeS) foams. This process entails
an in situ conversion of commercial nickel (Ni), cobalt (Co),
and iron (Fe) foams through a conventional annealing reac-
tion. Interestingly, this method also facilitates the growth of

@ Springer

nitrogen (N)-doped carbon nanotubes on the foam surfaces,
which are catalyzed by the corresponding metal sulfide
nanocrystals. The low- and high-resolution SEM images
shown in Fig. 7h and i reveal the FeS foams adorned with
carbon nanotube arrays, indicating their potential as effec-
tive electrodes in electrochemical applications. These studies
underscore the significant impact of 3D morphologies in
boosting IBS performance.

IBS for Supercapacitors

IBS amalgamation with other compounds can significantly
enhance their properties and functionalities. The develop-
ment of composite materials by combining IBSs with vari-
ous structural carbons, metal compounds, and polymers
can lead to improved electrical conductivity and electron
transport characteristics, consequently enhancing their elec-
trochemical energy storage properties. Furthermore, these
composite formations can refine the surface properties of
IBSs and increase the number of active sites available for
electrochemical reactions. This not only enhances the per-
formance but also ensures greater stability and durability,
extending the long-term operational stability of IBSs across
diverse applications. Table 1 summarizes the enhanced elec-
trochemical properties of IBSs resulting from the implemen-
tation of various composite strategies.
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IBSs Nanocomposites Consist of Carbonaceous
Materials

Owing to their superior electrical conductivity, large SSA,
affordability, and structural controllability, carbon materi-
als such as graphene quantum dots, carbon nanotubes, gra-
phene, and porous carbon have garnered significant attention
in energy storage and conversion [125-128]. Consequently,
IBS amalgamation with various dimensional carbon frame-
works not only addresses the inherent low electrical conduc-
tivity but also modulates the morphology of IBS crystals,
facilitating improvements in reaction kinetics, rapid charge/
discharge rates, and cycling stability of IBS materials/car-
bon composites [129]. A comparison of the physicochemi-
cal properties of carbon materials of different dimensions is
depicted in Fig. 8. To ameliorate the low electrical conduc-
tivity of IBS materials and augment their SSA and active
sites, composite formation with conductive carbon skeletons
or structural carbon is deemed an efficacious solution to the
aforementioned challenges [130]. This section will review
recent advancements in IBS/carbon hybrid electrodes, eluci-
dating their advanced properties in terms of structural design
strategies and the resultant properties attained.

[C] 0D carbon quantum dot

Chemical stabllity Conductivity

Conductivity

Bulk density S

Ific surface area

 J

Carbon materials such as carbon dots, carbon nanofib-
ers, carbon nanotubes, and graphene/graphene oxides exhibit
high electrical conductivity, good flexibility, and superior
functionality, making them widely used as single-electrode
materials or conductive substrates for superconductors. In
this process, IBSs are physically or chemically introduced
in situ onto the carbon surface, or the carbon is grown on
the IBS surface. This strategy effectively controls the IBS
morphology while significantly improving overall electrical
conductivity, power density, and energy density. Zhao et al.
[115] prepared a new type of FeS ,/C/CNT composite with
micro-sized spherical particles via spray drying and subse-
quent high-temperature calcination in an inert atmosphere,
as shown in Fig. 9a. The morphology of FeS,/C/CNT is
depicted in Fig. 9b and c. SEM images at low magnification
reveal that the composite comprises primary nanoparticles,
amorphous carbon, and stacked carbon nanotubes. Elemen-
tal mapping of FeS,/C/CNT, C, Fe, and S is uniformly dis-
tributed, mainly concentrated on the spherical particles, sug-
gesting that FeS, in FeS /C/CNT is well wrapped by C/CNT,
thus providing a good conductive skeleton. The specific
capacitances of the FeS,/C/CNT composites were measured
at617.5, 508.0, 436.1, and 365.0 F/g at current densities of

Conductivity

Bulk density

[[1 3D activited carbon 5

Chemical stability. Conductivity

Bulk density

Specific surface area

Fig.8 Comparison of the physicochemical properties of different carbon dimensions Reproduced with permission from Ref. [130]. Copyright ©

2021, Springer Nature
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1,2, 3,and 5 A/g, respectively, highlighting their potential as
high-performance superconductor electrode materials. Sun
et al. [116] synthesized FeS, nanoparticles anchored on gra-
phene nanosheets (FeS,/GNS) with integrated electrochemi-
cal properties using a facile and rapid microwave-assisted
hydrothermal method, as shown in Fig. 9d. SEM images of
pristine FeS, and FeS, @HPC are presented in Fig. 9¢ and f.
The FeS,/GNS anodes exhibited a high specific capacity of
up to 793 C/g at 3 A/g, surpassing commonly used carbon
and metal oxide anodes. The anode material also exhibited
excellent multiplicative capability (82% capacity at 30 A/g)
and impressive cycling stability (88% capacity retention
after 5000 cycles at 20 A/g). Subsequently, a FeS,/GNS//

Ni(OH),@Co4S; solid-state hybrid supercapacitor device
was assembled. Owing to the perfect matching of the anode
and cathode, the system voltage was extended to 1.7 V. With
the high specific capacity and wide potential range of the
FeS,/GNS anode, the hybrid supercapacitor achieved a high-
energy density of 95.8 Wh/kg at an average power density
of 949 W/kg. Furthermore, this all-solid-state hybrid device
demonstrated robust cycling stability, retaining 86% of its
capacitance after 5000 cycles.

Xu et al.[131] successfully synthesized FeS, nanocrys-
tals@hierarchical porous carbon (HPC) using pre-prepared
HPC. After 100 cycles, the specific capacity of FeS, @ HPC
reached 720 mAh/g (Fig. 9g). This high capacity is attributed

1
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L e SR e S
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Fig.9 a Schematic diagram of preparation of FeS /C/CNT; b, ¢ SEM
images of FeS /C/CNT Reproduced with permission from Ref. [115].
Copyright © 2020, Elsevier; d Formation process of FeS, nanocrys-
tals in hierarchical porous carbon capsules; SEM images of e pristine
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NIOM),@Co,S, Separator FeS /OGNS

Energy density (Wh

1000 10000
Power density (W kg )

FeS, and f FeS, @HPC Reproduced with permission from Ref. [116].
Copyright © 2018, Elsevier; g schematic diagram of the FeS,/GNS
performance and capacitor structures Reproduced with permission
from Ref. [131]. Copyright © 2016, Elsevier
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to the HPC’s interconnected macroporous carbon capsule
and microporous shell, which effectively buffer the volume
changes in FeS,, restrain FeS, growth to nanoscale particles,
and inhibit the loss of active substances during cycling. Zhao
et al. [132—-134] synthesized a porous RGO/FeS composite
in situ on the Fe foil surface. This RGO/FeS was directly
used as a supercapacitor electrode, exhibiting excellent elec-
trochemical performance: 900 mF/cm? (300 F/g) with 97.5%
maximum capacity retention after 2000 cycles. The impres-
sive performance is attributed to graphene’s role as a soft,
flexible support that alleviates volume changes, increasing
cyclability, and improving the composite conductivity. Addi-
tionally, graphene’s high SSA allows for uniform anchoring
of active material particles, preventing agglomeration and
controlling particle size [135]. Huang et al. [87] reported
the rational design and synthesis of a novel flexible super-
capacitor electrode consisting of lawn-like FeCo,S, hollow
nanoneedle arrays (FeCo,S, HNNA) grown on electrospun
carbon nanofiber film via a two-step sulfidation method. In
this setup, the porous carbon nanofiber film induces homo-
geneous nucleation of FeCo,S, nanoneedles, provides fast
charge transfer pathways during electrochemical processes,
and acts as a robust current collector for binder-free elec-
trodes. This design results in excellent material perfor-
mance, manifesting a high specific capacitance of 2476 F/g
at 1 A/g and delivering a high-energy density of 88.5 Wh/kg
at 800 W/kg, as well as excellent cycling stability, retaining
81.2% of its capacitance after 5000 charge/discharge cycles.

IBS Nanocomposites Consist of Other Metal
Compounds

The compositing of IBSs with other metal compounds is
a widely used method for enhancing the electrochemical
properties of IBS materials. Li et al. [124] demonstrated
the synthesis of a novel 3D multi-component structure
composed of sulfated NiFe LDH (NiFeS,@CNTs@MnS @
diatomite) nanosheets and carbon nanotubes on diatomite
using the chemical vapor deposition and hydrothermal meth-
ods (Fig. 10a). The addition of carbon nanotubes improved
the nanomaterial morphology, as illustrated in Fig. 10b and
¢, and reduced its electrochemical impedance, resulting in
an excellent conductive material with shortened electron
transfer and ion diffusion paths. This material exhibited a
capacitance of 552 F/g at 1 A/g, a rate capacity retention
of 68.4% at 10 A/g, and a capacitance retention of 89.8%
after 5000 cycles. Furthermore, it demonstrated a maximum
energy density of 28.9 Wh/kg and a maximum power density
of 9375 W/kg in a two-electrode test. Another approach for
enhancing electrochemical performance involves combining
active components and conductive substrates, which reduces
internal resistance and provides excellent cycling stability
[136, 137]. Hao et al. [80] devised a high-energy density

hybrid supercapacitor (HSC) utilizing FeS,/CoS, @KC-800
as the cathode and NSKC-800 as the anode. The integration
of metal disulfides and conductive porous carbons effec-
tively alleviates volume expansion during charge/discharge
cycles, thereby improving overall electrochemical perfor-
mance. The obtained FeS,/CoS, @KC-800 exhibited a high
specific capacitance of 3480.47 F/g at 0.5 A/g and retained
2100.38 F/g at 15 A/g. In a different study, Ma et al. [93]
synthesized 3D sulfur-doped graphene loaded with Ni—Fe
bimetallic sulfides via a one-step microwave aluminothermic
method using TGA as the sulfur source. The small particle
size of the Ni-Fe sulfide, combined with the spatial network
structure of the 3D graphene, provided an increased contact
area between the electrode and the electrolyte, resulting in a
specific capacitance of 643.9 C/g (1073.2 F/g) at a current
density of 1 A/g in a 6.0 mol/L KOH electrolyte. Further-
more, the asymmetric supercapacitor device composed of
NiFeS,/3DSG electrodes as the positive electrode and 3DSG
as the negative electrode (NiFeS,/3DSG//3DSG) showcased
a superior energy density of 45.7 Wh/kg at a power density
of 222 W/kg over a wide potential range of 1.6 V. The device
retained 82% of its specific capacitance after 5000 charge/
discharge cycles. Additionally, Huang et al. [87] designed
and synthesized a flexible supercapacitor electrode consist-
ing of a lawn-like FeCo,S, hollow nanopin array (FeCo,S,
HNNA) on a carbon nanofiber film utilizing a two-step vul-
canization method. Tao et al. [138] employed a solvothermal
process (Fig. 10d) followed by reduction with NaBH, to
prepare reduced graphene oxide-based FeNi,S, electrode
materials with abundant sulfur vacancies (r-FeNi,S,-rGO)
as shown in Fig. 10e and f. This structure achieved excellent
performance, suggesting a fast reversible property for the
capacitor (Fig. 10g). The performance enhancement mecha-
nism is shown in Fig. 10h: rtGO with continuous channels
acts as a conducting base to shorten the electron transfer
path. Sulfur vacancies, acting as siderophore defects, facili-
tate electron jumping between metal ions, increasing sidero-
phore density and improving conductivity. At the same time,
sulfur vacancies provide additional active sites that improve
the adsorption capacity of OH- and accelerate redox reac-
tion kinetics.

IBSs Nanocomposites Consisting of Polymers

The combination of IBSs and conductive polymers is also a
very common modification method. Conductive polymers,
such as polypyrrole, polyaniline, and polythiophene, are
considered are considered highly promising materials for
pseudocapacitors in supercapacitors owing to their excel-
lent conductivity, low cost, and ease of synthesis [139—-143].
In general, a high-performance electrochemical electrode
requires minimizing four primary resistances during elec-
trochemical charge—discharge: (1) ion transport in the

@ Springer
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Fig. 10 a Schematic illustration for the preparation process of rGO; e FESEM image and f TEM image of FeNi,S, hollow spheres;
NiFeS ,@CNTs@MnS @Diatomite; b, ¢ SEM images in different g CV curves at different scan rates; h Schematic illustration of the
scales of NiFeS,@CNTs@MnS@Diatomite Reproduced with per- possible mechanism of the r-FeNi,S,-rGO electrode for energy stor-
mission from Ref. [124]. Copyright © 2021, Elsevier; d illustration age in an alkaline electrolyte Reproduced with permission from Ref.
of the synthesis process of FeNi,S,, FeNi,S,-rGO, and 1-FeNi,S,- [138]. Copyright © 2021, Royal Society of Chemistry
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electrolyte; (2) ion transport in the electrode; (3) electro-
chemical reactions in the electrode; and (4) electron conduc-
tion in the electrode and current collector (Fig. 11a). Lee
et al. [144] achieved good reversibility and efficiency by
embedding pure natural cubic FeS, (pyrite) in a stabilized
polyacrylonitrile (PAN) matrix. The PAN matrix restricts
the electrically active reduced species of FeS, and traps
intermediate polysulfides and elemental iron, preventing
them from dissolving into the electrolyte when fully charged,

()

(e)

1. Inherent conductivity

2. Mechanical adhesion and ductility

® . 3.Chemical compatibility

Nanostructured

Traditional Polymer S/ o ductive Polymer ® Conductive Additive @ Active Material

Fig. 11 a Schematic representation of a high-performance electro-
lyte electrode with the following desirable properties: large electrode
surface and interface, high electrical conductivity, high ionic acces-
sibility, good electrochemical compatibility, and excellent process-
ability and scalability. The enlarged image illustrates the four main
resistances in the electrode Reproduced with permission from Ref.
[143]. Copyright © 2022, Elsevier; b TEM image of an embedded
FeS, particle in a PAN-FeS, electrode collected after completing its
10th charge; ¢ EELS elemental mapping of C (red), Fe (blue), and S
(green); d cyclic stability of the stabilized PAN-FeS, electrode versus
that of a bare FeS, electrode. Specific capacity is reported concern-
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(h
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as shown in Fig. 11b—d. In addition to this, there are still few
studies on the composite of IBSs with conductive polymers
for superconductor electrodes, requiring further research to
exploit more IBS properties [140, 145, 146].

Moreover, since conductive additives are not mechani-
cally bound, they tend to aggregate upon volume expansion,
disrupting the electrical connection, as shown in Fig. 11e.
By contrast, nanostructured conductive polymers can be
practically applied to high-capacity alloy-type anodes owing
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ing the mass of the FeS, active material Reproduced with permission
from Ref. [144]. Copyright © 2014, Wiley; e Traditional approach
using a conductive additive and a polymer as a mechanical binder
may result in broken electric contacts; f a nanostructured conductive
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to their unique properties, as shown in Fig. 11f: (1) excellent
electronic conductivity inherited from the conductive poly-
mer framework; (2) robust mechanical adhesion and ductil-
ity to withstand large volume changes; and (3) high ionic
conductivity facilitated by good electrolyte absorption [143].
A considerable amount of research has focused on develop-
ing self-supporting and binder-free electrode materials for
supercapacitor applications. Typically, discrete powdered
materials are mixed or blended with conductive agents such
as carbon black and insulating polymer binders such as pol-
ytetrafluoroethylene and polyvinylidene oxide to synthesize
electrodes. However, the addition of binders and conductive
agents increases polarization, dead volume, and self-weight
of the electrode, which negatively impacts rate performance.
Therefore, exploring new polymeric binder materials com-
pounded with iron-sulfide agents is key to ameliorating the
above-mentioned problems [147, 148]. Recently, Kim et al.
[18] successfully deposited FeS,/PVP on Ni foams via a
chemical bath deposition method, as shown in Fig. 11g.
This process leveraged the complementary properties of
FeS, and PVP’s considerable surface area, alongside its
high thermal and mechanical conductivity, to fabricate high-
performance electrodes for supercapacitors. This pioneering
study is the first to employ FeS,/PVP/NF for supercapaci-
tor applications. The FeS,/PVP/NF composites exhibited
various advantages, such as enhanced reversible capacity,
improved rate capability, and greater cycling stability owing
to the presence of PVP molecules [149]. Additionally, PVP
nanoparticles exhibited multiple distinct advantages, such
as expedited electronic communication, increased surface
area, and minimal toxicity [150, 151]. Figure 11h presents
the specific capacitance in different current densities. There-
fore, this study could provide a new avenue for improving
the specific capacitance performance and commercialization
of FeS,/PVP-based supercapacitors.

Optimization Strategies for IBS Electrode
Materials

Enhancing the electrochemical properties of IBS materials
by exploring and adjusting material defects is an effective
strategy. By strategically introducing material defects to the
material, several benefits can be achieved: increasing the
number of active sites, facilitating charge transfer rates, and
bolstering overall stability. These changes can lead to sig-
nificant improvements in the electrochemical performance
of these materials [152-154].

IBSs Nanocomposites Doped with Foreign Atoms

Doping foreign atoms into transition metal compounds has
recently emerged as an effective method for enhancing the

@ Springer

electrochemical properties of electrodes. This approach
increases the number of active sites available for redox reac-
tions, thereby enhancing the overall electrochemical perfor-
mance [155-158]. Ni, S, and phosphorus (P) are commonly
used elements owing to their appropriate electronegativity
and atomic radius. When N, S, or P are introduced, they
formed new bonds are formed with other atoms, causing
lattice distortion and changes in chemical characteristics. For
example, Huang et al. [113] synthesized FeS,CNFs doped
with N and S, as shown in Fig. 12a. They used a hydrother-
mal method to prepare hollow Fe,O; nanospheres, which
were then mixed with PAN to form Fe,O5/PAN precursors
through electrospinning. These precursor films were subse-
quently pre-oxidized and calcined at 500 °C in N, atmos-
phere to obtain Fe;O,CNFs. The Fe;O,CNFs were then
sulfur doped in situ at 400 °C in an argon atmosphere to pro-
duce FeS,CNFs, as shown in Fig. 12b—d. Additionally, Qu
et al. [159] designed and synthesized porous P-doped FeS,
nanoparticles supported on graphene nanosheets (P-FeS,/
GNS, referred to as PFSG) composite. The synthesis pro-
cess of PFSG, as shown in Fig. 12e, involved first grow-
ing FeS, on graphene oxide using an ultrafast microwave
method (FSG). P was then doped into FSG through a heating
treatment. During this process, the P source (NaH,PO,-H,0)
releases PH; gas, which reacts with water on the FSG sur-
face to form a porous architecture. This unique structure
facilitates rapid electrolyte ion diffusion during electro-
chemical testing. Figure 12f, g shows that the FeS, retains
its flower-like structure post-phosphorous doping. The
PFSG morphology differs significantly from that of pristine
P-FeS,, as shown in Fig. 12h—j. PFSG displays a loose struc-
ture with numerous P-FeS, nanoparticles uniformly distrib-
uted on graphene nanosheets (Fig. 12h), effectively prevent-
ing graphene aggregation (Fig. 12i and j). As expected, the
resulting porous PFSG composite shows high performance
as an anode for supercapacitors, holding great potential for
application in high-performance energy storage systems.

Vacancies in IBSs Nanocomposites

Vacancies are currently the most prominent method used
to improve electrode performance in IBSs. Other material
defects have received limited research attention [160-163].
Thus, this section will mainly review methods that utilize
vacancies to enhance IBS performance. Qian et al. [164]
rationally designed FeS, microflowers with sulfur vacan-
cies through in situ P doping, which induced atomic rear-
rangement and the introduction of P atoms. This special
structure, as shown in Fig. 13a, contained a large number
of nanoparticles and organic-derived carbon (Fig. 13b and
c), effectively reducing volume expansion and maintaining
structural stability. The atomic rearrangement and sulfur
vacancies also adjusted the electronic structure, improving
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sion at the FeS,CNFs electrode in Faradic redox reaction Reproduced

conductivity, increasing the number of active sites, and
enhancing overall electrochemical performance. In another
study by Qian et al. [165], sulfur vacancies were quanti-
tatively increased in FeS, nanorods as anode materials,
thereby significantly improving their energy storage per-
formance. The synthesis process of these FeS, nanorods
and the resulting product are illustrated in Fig. 13d-g,
respectively. Sulfur defects effectively provided electron
donors, reduced the jump energy barrier for conduction
and valence band electrons, and enhanced conductiv-
ity. Deng et al. [166] further explained the enhancement
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mechanism of sulfur vacancies in FeS, through adsorp-
tion spectrum analysis. The structural features of FeS, and
the calculated adsorption coefficient of FeS, with sulfur
vacancies demonstrated improved electrical conductivity
and photocatalytic properties of the FeS, electrode mate-
rial. Hence, the introduction of sulfur vacancies effectively
increases IBS conductivity, leading to improved electro-
chemical performance of the electrode by increasing the
number of active sites [167-172].
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Conclusion and Perspective

In this paper, we provide a comprehensive review of strate-
gies aimed at mitigating the primary limitations encoun-
tered by IBS composites when used as electrode materials
in supercapacitors. This study focuses on recent progress in
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three key aspects of IBS composite nanomaterials: archi-
tectural design, material compounding, and defect modula-
tion. By analyzing current research methodologies designed
to address IBS drawbacks, this study assesses the impact
of different strategies on their electrochemical properties.
It covers the design and controlled synthesis of 0D-3D
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nanostructures, composite formation with other materials
(such as IBS nanocomposites with various carbonaceous
carriers, composites with other metal ions, and polymers),
and material defect engineering. Detailed analyses of
selected exemplary experiments are provided.

Looking forward, recent research on IBS electrode mate-
rials for supercapacitors should address five key challenges
despite their benefits. This paper outlines these challenges
and links them to the IBS advantages, as depicted in Fig. 14.
Additionally, the paper offers suggestions and perspectives
on the next research directions from five specific aspects,
aiming to inspire ideas and strategies for future research in
this field.

Design New Architectures

Explore novel IBS nanostructures or discover new archi-
tectures (e.g., biomimetic morphology/templates) for mate-
rial synthesis. Wang et al. [97] achieved high performance
in supercapacitors by constructing biomimetic diatom
structures for IBSs, demonstrating a promising avenue for
enhancing electrochemical properties.

Composite Suitable Materials

Integrate IBSs with one or several other materials, such as
structural carbon materials, other metal ions/compounds,
and polymers, to complement their strengths and effec-
tively improve their electrochemical properties. Li et al.
[124] achieved high performance by compositing IBSs with

equally high-performance materials, effectively balancing
their strengths and weaknesses.

Synthesize Material Defects

Introduce material defects, such as vacancies, to modulate
material properties. However, this strategy has been rela-
tively underutilized in studies on IBS materials. Qu et al.
[159] significantly improved the electrochemical perfor-
mance of IBSs through P doping. Characterizing these
defects using advanced techniques like aberration-corrected
transmission electron microscopy, atomic force micros-
copy, and qualitative or quantitative analyses such as X-ray
absorption fine structure and electron paramagnetic reso-
nance spectroscopy is essential.

Understand Mechanisms of Materials Synthesis

Despite numerous new structures, composites, and mate-
rial defects being synthesized, their formation mechanisms
remain unclear and often rely on empirical methods. Eluci-
dating these mechanisms underlying their formation is cru-
cial for further enhancing and developing new composite
materials. This represents a significant challenge that war-
rants increased focus in future research.

Investigate Mechanisms of Electrochemical
Reactions

Many studies lack in-depth explanations regarding changes
in electrochemical reaction mechanisms after adopting cer-
tain methods. Future research should emphasize elucidating
these reaction processes and mechanisms using advanced
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material characterization tools such as in situ X-ray diffrac-
tion, X-ray photoelectron spectroscopy, Raman spectros-
copy, and Fourier transform infrared spectroscopy. Further-
more, experimental results can be corroborated and analyzed
alongside density functional theory calculations to derive
fundamental principles.

The advancement of IBS nanomaterials and their utiliza-
tion as supercapacitor electrodes hold significant promise
for the future. However, these materials are still primarily
in the research stage, and numerous challenges remain to be
resolved. This review of recent research progress will serve
as a valuable reference for future studies in this field, thereby
fostering the further development of IBSs as supercapacitor
electrode materials.
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