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Transition-metal chalcogenide nanostructures provide a unique material platform to engineer next-
generation energy storage devices such as lithium-ion, sodium-ion, and potassium-ion batteries and
flexible supercapacitors. The transition-metal chalcogenide nanocrystals and thin films have enhanced
electroactive sites for redox reactions and hierarchical flexibility of structure and electronic properties in
the multinary compositions. They also consist of more earth-abundant elements. These properties make
them attractive and more viable new electrode materials for energy storage devices compared to the
traditional materials. This review highlights the recent advances in chalcogenide-based electrodes for
batteries and flexible supercapacitors. The viability and structure—property relation of these materials are
explored. The use of various chalcogenide nanocrystals supported on carbonaceous substrates, two-
dimensional transition metal chalcogenides, and novel MXene-based chalcogenide heterostructures as

electrode materials to improve the electrochemical performance of lithium-ion batteries is discussed.
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structural strength to counteract the large volume expansion during the ion intercalation/deintercalation

processes

is highlighted. The promising performances of

layered chalcogenides and various

chalcogenide nanowire compositions as electrodes for flexible supercapacitors are also discussed in

detail. The review also details the progress made in new chalcogenide nanostructures and layered

mesostructures for energy storage applications.

1. Introduction

With increasing energy consumption and the gradual depletion
and carbon emission of finite nonrenewable energy sources,
energy generation and storage from sustainable sources have
become key for several modern technologies."* Modern
portable and wearable electronics such as laptops, cell phones,
and several health monitoring devices are made possible by
electrochemical energy storage technologies including batteries
and supercapacitors.>” In a supercapacitor, the electrical energy
is stored at the electrolyte-electrolyte interface.® One of the
major advantages of a supercapacitor is its high specific energy.
They also exhibit promising specific power. Batteries, on the
other hand, use electrochemical reactions to store energy and
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are characterized by exceptional energy density. However, they
are limited by low power densities.>"

One of the most effective pathways to realize revolutionary
electrochemical energy storage, beyond the scope of existing
technologies and to further enhance the electrochemical
performance of existing devices is through new electrode
materials.”** Chalcogenides constitute a promising class of
novel electrode materials for both batteries and supercapacitors
(Fig. 1).***® Chalcogenides are compounds which contain one
or more chalcogen anions such as oxygen, sulfur, selenium, and
tellurium. However, oxides typically show properties that are
distinct from those of other chalcogenides and are treated as
a separate class of materials. Various binary and ternary
compositions of chalcogenides have been reported in the
literature.”* Binary chalcogenide compositions are most
stable and are easier to synthesize. Fewer reports of quaternary
and multinary chalcogenides are available as they require
higher levels of control on the synthetic parameters. However,
these multinary chalcogenide compositions allow higher levels
of flexibility in electrochemical properties due to their hierar-
chical structure.*»*

This review highlights the key role of various chalcogenide-
based materials in catalyzing new advances in electrochemical
energy storage. Application of chalcogenide nanocrystals and
novel hybrid chalcogenide nanoarchitectures for lithium-ion,
sodium-ion, and potassium-ion batteries and flexible super-
capacitor technologies is discussed. The role of emerging
chalcogenide-based electrodes in addressing the existing limi-
tations of these energy storage technologies is highlighted from
a materials perspective. The review concludes with a perspective
capturing new insights into the fundamental charge transport
mechanisms in novel chalcogenide electrodes and the
emerging new technologies such as hybrid devices for realizing
the full potential of electrochemical energy storage. Industrial
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Fig.1 Layered CuSbSe,S,_,, x = 1 mesocrystals as electrode materials for supercapacitors. (A) Schematic of the effect of interlayer spacing on
the electrochemical properties of these new materials. (B) SEM-EDX mapping images of CuSbSe,S,_,, x = 1 mesocrystals showing uniform
distribution of Cu, Sb, S and Se, and (C) specific capacitance and cycling performance of the new chalcogenides. (a) Cycling performance of the
CuSbS, and CuSbSe; electrodes at a constant current of 0.5 mA using NaOH electrolyte. The inset shows the first few cycles of the charge—
discharge curves. (b) Cyclic performance of CuSbSe; 5S¢ 5 using different electrolytes. Reproduced with permission from Ramasamy et al., Chem.

Mater., 2015, 27, 379.28

sectors such as electric motor vehicles are some of the major
worldwide users of battery technology. Recently, there has been
a growing interest to partially replace the existing lithium-ion
technology with more sustainable battery technologies con-
sisting of raw materials from widely abundant sources e.g., the
sodium-ion battery. The Na-ion technology is also more
convenient for consumers as it minimizes safety risks and costs
related to shipping and transport of the battery when compared
to the Li-ion batteries. Therefore, companies such as Faradion
in UK, HiNa in China, Natron Energy in USA, and Tiamat and
Altris AB in Europe have focused on the development and
scalable production of Na-ion batteries.”® However, suitable
anode materials like transition metal dichalcogenides with
large interlayer spacings are being explored to account for the
large volume expansion of the Na-ion intercalation-dein-
tercalation process and to increase the performance efficiency
of the Na-ion batteries for large-scale applications. Recently,
Pang et al. reported another highly sustainable rechargeable

2726 | Nanoscale Adv., 2023, 5, 2724-2742

battery technology consisting of aluminum, the most earth-
abundant element, as the negative electrode and Se or S as
the positive electrode.”” The large-scale application potential of
this energy storage technology is huge as all the raw materials
are readily available, making the cost of this battery 12-16%
that of the existing lithium-ion cells.

2. Lithium-ion batteries

Batteries are one of the key resources for electrochemical energy
storage today. Among them, the lithium-ion batteries (LIBs) are
most widely used worldwide since their first commercial
introduction by SONY Corporation.*® They offer a facile and
rechargeable platform for powering major electronic devices
used in our daily life including cell phones, laptops, iPads,
wearable and portable electronics, modern electric vehicles,
and storage devices for clean energy generated from renewable
sources such as solar and wind.>*** The cathode in LIBs typically

© 2023 The Author(s). Published by the Royal Society of Chemistry
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consists of a Li-intercalation compound like LiCoO, or LiFePO,
while graphite serves as the traditional anode material for LIBs.
The Li ions undergo intercalation and de-intercalation within
the layers of the graphite anode during the discharge/charge
cycle forming graphite intercalation compounds. The first Li-
ion battery, developed by Yoshino used a carbon anode and
LiCoO, cathode with the following electrochemical reaction:**
Anode:

C + xe” + xLi* = Li,C

Cathode:

LiCoO, — xe~ — xLi* = Li;_,Co0O,

However, the low specific capacity of the graphite anode
poses a limitation in terms of achieving the increasing demand
for high energy density LIBs. New battery strategies are required
to satisfy the energy density needed for realizing affordable and
sustainable energy storage and distribution. Therefore, there is
a continuous scientific search for suitable active anode mate-
rials with enhanced specific capacities for next-generation LIB
technologies.”® To this end, layered materials consisting of
transition-metal dichalcogenides (TMDs) are promising candi-
dates as they exhibit high specific capacities and enhanced
charge/discharge capabilities.

2.1 Transition-metal chalcogenides for anodes

Germanium, being a homologue of carbon is an attractive
alternative as an anode material for LIBs as it has a higher
capacity and conductivity compared to carbon and facilitates
faster diffusion of the Li-ions. However, the large volume
changes during lithium alloying/dealloying and low cyclability
limit its commercial viability. To this end, doping with chalco-
genides such as a zinc chalcogenide doped amorphous Ge
compound has been achieved via solvothermal synthesis to
realize improved anode materials with high reversible capacity,
stable capacity, and increased capacity retention.*® The porous
hierarchical morphology of this new material promotes
increased ion conductivity and maintains the structural integ-
rity by limiting the volume expansion during Li alloying/
dealloying. Transition-metal selenides, having inherent high
electrical conductivity and storage capacity, are also one of the
most promising candidates as next-generation anode materials
for LIBs, and various strategies have been implemented to
improve the kinetics of Li-ion transport in these materials. For
example, hybrid nanostructures of transition-metal selenides
with multiwalled carbon nanotubes (CNTs) have been reported,
as the CNTs are both chemically stable and serve as an excellent
conductive matrix. CNTs decorated with Co,_gsSe and CuCo,Se,
nanocrystals show high specific capacities, good -cycling
stability, and excellent reversible capacities even at increased
current rates.* The unique morphology of this functionalized
anode material facilitates faster transport for Li ions, provides
increased active sites for electrochemical reaction, and provides

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a buffer for the large volume changes during Li" dealloying/
alloying, thereby enhancing the electrochemical performance
of the battery.

Two-dimensional TMDs offer another attractive platform as
anode materials for LIBs as their unique layered structure is
similar to that of the traditional graphite electrodes of LIBs, but
their interlayer spacing and capacity are significantly larger.*>?¢
The increased interspacing and higher surface area of these
novel materials provide increased active sites for the storage of
Li ions and hence facilitate faster transport of Li'. Conse-
quently, the TMD anodes show improved rate performance or
capacity to generate high power with minimal voltage loss even
at high current loads. They also exhibit increased pseudocapa-
citance. Both these properties of a TMD anode are attractive for
next-generation LIBs.*”*® Layered semiconductor TMDs such as
MoS, and WS, have been integrated on conductive substrates
like graphene to further augment their electrochemical perfor-
mance for LIB anodes. For example, Wang et al. reported MoS,
nanosheets on an exfoliated graphene substrate, where the
graphene layer facilitates enhanced electron transport and
provides structural stability during battery operation.* The
morphology of the MoS, nanostructures plays a key role in the
electrochemical performance of these anode materials. MoS,
nanoflakes supported on n-doped carbon nanosheets have also
been synthesized via a hydrothermal route and exhibit excellent
capacity at high current densities, good cycling stability, as well
as increased rate capacity. Different novel three-dimensional
structures have been reported with MoS, for promising appli-
cation as LIB anodes. In one such example, Chen et al
synthesized hierarchical tubular assembly of MoS, nanosheets
that have been wired with CNTs for enhanced electrochemical
performance in terms of specific capacity, rate capability, and
cycling lifetime.**** Novel hybrid nanoarchitectures have also
been synthesized with other chalcogenides including MoSe,,
VS,, VSe,, WS,, and WSe, for improved anode materials for
LIBs.*® In one such combination, VS, has been integrated with
CNTs to form a LIB anode.*” Carbon-coated VSe, nanosheets
have also been reported using a solvothermal synthesis.** These
materials exhibit excellent capacity, cycling stability, and rate
performance as LIB anodes. Another hybrid aerogel nano-
architecture composed of WS, nanosheets on a CNT-rGO
substrate has been synthesized via a solvothermal approach and
exhibits high specific capacity and attractive electrochemical
properties as a LIB anode material.*

Novel heterostructures of layered two-dimensional TMDs
offer the advantages of 2D materials while minimizing their
limitations, which makes them promising materials for LIB
anodes. These materials are synthesized via stacking various
two-dimensional TMDs and provide higher levels of flexibility in
terms of realizing high performance anodes. For example,
MoS,-on-MXene hetero-architectures have been reported using
an in situ sulfidation of Mo,TiC,T, MXene, where the unique
MXene component adds excellent conductivity and mechanical
support to the heterostructure.” Based on first principles
investigations, the high conductivity of the MXene substrate
makes the heterostructure metallic although MoS, is a semi-

conductor. The novel MoS,-on-MXene heterostructure

Nanoscale Adv., 2023, 5, 2724-2742 | 2727
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promotes strong Li adsorption on the two-dimensional surface
and thereby exhibits excellent specific capacity, cycling stability,
and rate capability. Heterostructures of intrinsically metallic
TMDs like VS, have also been explored as attractive anode
materials for LIBs. The advantages of each component can be
integrated in these structures for an enhanced electrochemical
performance. For example, the limiting stability of VS, due to
Peierls distortion can be overcome through good cycling
stability of the other components in the TiO,-B@VS, hetero-
structured nanowires, while utilizing the high capacity and
conductivity of the VS, chalcogenides.* These nanostructures
exhibit an impressive reversible capacity of 365.4 mA h g~ " after
500 cycles at 335 mA g~ ' (1C) and rate capacity (171.2 mAh g ™"
@ 10C rate).

Recently, metal-organic frameworks including MIL-96-Al,
a chalcogenide-based metal-organic framework has been
found to be promising electrodes for Li-based battery technol-
ogies.””*® It has been observed that the smaller sizes and the
hexagonal bipyramidal crystal phase of this electrode material
significantly improves the cycling performance of the battery by
suppressing the shuttle effects. Three-dimensional ordered
macroporous materials have also emerged as new and prom-
ising active materials for electrochemical energy storage as
compared to the one-dimensional and 2D materials because the
efficiency of light absorption, dissociation of photoinduced
charge pairs, and the surface electron transfer efficiency are all
enhanced within the three-dimensional structures.*” Hollow
structures can be used to tune the mass and charge transfer and
have also been promising materials for energy storage.*®

2.2 Liion cathodes

TMDs have also served as promising cathode materials for
LIBs.”* For example, a novel 2D/2D heterostructure-based
cathode material has been synthesized with TiS,-decorated
VS, flakes deposited on carbon nanotubes via chemical vapor
deposition (CVD).** A thin layer of TiS, coating (thickness ~ 2.5
nm) on the VS, platelets has been achieved using the atomic
layer deposition (ALD) approach in this new cathode material. It
protects the VS, core during the lithiation/delithiation process,
which facilitates significant improvement in stability, specific
capacity, and rate capacity of the electrode. Therefore, the
electrochemical performance of LIBs can be enhanced through
2D heterostructure cathode materials as the capacity retention
of VS, electrodes is 40% that of the novel TiS,/VS, architec-
tures.*>** To this end, Fang et al. reported a hierarchical layered
structure of VS, chalcogenides on graphene nanosheets via
a one-step hydrothermal synthesis as an effective cathode
material for LIBs. The layered architecture of the electrode
promotes effective transport of the Li-ions, thereby enhancing
the stability and discharge capacity of the electrode as
compared to the pristine VS, electrodes.** Table 1 shows
a comparative summary of various lithium ion battery materials
reported so far.

LIBs have been the dominant rechargeable battery tech-
nology over the last few decades as they exhibit high energy
densities along with high power and acceptable cyclability.

2728 | Nanoscale Adv., 2023, 5, 2724-2742
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However, there is a continuous thrust to further improve the
energy densities of LIBs and to minimize the safety risks in
transport.”® The anode material consisted of metallic Li in the
first LIBs, but was subsequently replaced with graphite-based
substrates due to the safety risks of metallic Li. However, the
replacement also compromised the energy density of the LIBs.
The first cathodes for LIBs were composed of TiS, and provided
moderate energy storage capacity as it intercalated the Li ions at
a low potential. A major improvement in both the potential and
storage capacity of LIBs was brought about by the next phase of
anode materials in the form of layered transition metal oxides.
This has been accompanied by a 90% drop in the cost of LIBs
over the last ten years. TMDs have emerged as promising anode
materials for LIBs over the years owing to their high specific
capacity, increased charge/discharge capacity, and tunable
porous morphology that can promote increased ion transport
and compensate the volume expansion during the Li-ion
intercalation/deintercalation processes. Among them, the sele-
nides provide higher electrical conductivity and storage capacity
than the sulfide-based anodes, but they have been less explored.
The two-dimensional layered TMDs and their hybrid nano-
architectures, such as the new MXene-based materials offer
further structural flexibility to achieve enhanced power and
cyclability. Recently, hybrid chalcogenides like TiS,/VS, archi-
tectures have also served as promising cathode materials for
LIBs.

3. Sodium-ion batteries

Sodium-ion batteries (SIBs) have received widespread attention
as an attractive alternative for LIBs, particularly for large-scale
energy storage applications as sodium sources are more abun-
dant and cost-effective as compared to lithium.”””® Though their
operation mechanism is similar to that of LIBs, the larger size of
Na* compared to Li* (1.02 A vs. 0.76 A) induces slower ion
transport and electrochemical reaction kinetics. There are also
considerable volume changes accompanying the charge/
discharge process in SIBs. These factors limit the energy
density of SIBs.”® Additionally, the larger size and lower stan-
dard electrochemical potential of Na-ions may lead to safety
issues from explosion or corrosion.””*® Therefore, high-capacity
materials such as transition-metal chalcogenides have been
explored as SIB anodes to enhance the cell density and elec-
trochemical performance of SIBs. However, the chalcogenides
inherently exhibit poor electrical conductivity and large volume
expansion during the de-intercalation of Na ions.*"** Therefore,
various novel modification strategies have been explored to
further improve the electrochemical performance of the
transition-metal chalcogenide anode materials including
carbon doping, metal substitution, and synthesis of hybrid
nanoarchitectures.®»** Transition to nanoscale size increases
the surface area, which significantly enhances the electrode-
electrolyte interaction surface and compensates for stresses
from volume changes during the sodiation/desodiation
process.””® For example, the three-dimensional hollow nano-
architecture form of the chalcogenides can immensely improve
the electrochemical performance of the anodes as the nanoscale

© 2023 The Author(s). Published by the Royal Society of Chemistry
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size shortens the Na' ion transmission distance while the
hollow morphology counteracts the volume expansion during
the de-intercalation of Na-ions.*® Metal substitution is another
key strategy that is known to enhance the rate performance of
the chalcogenide anodes, as observed for the case of Co-
substituted FeS,.**® Similarly, metal-substituted CoS,@Cu,S
nanostructures exhibit higher capacity (535 mA h ¢! @
0.1 A g "), discharge rate (333 mAh g " @ 5 A g ') and cycle
capacity (76% capacity retention over 300 cycles) as compared to
the parent CoS, electrode (e.g., 249.0 mAh g ' at0.5Ag " and
1000 cycles at 1 A g~ ').7®% Other novel hybrid nanostructures
have been realized that combine a single layer of MoSe, onto the
surfaces of core-shell Fe,Ses@C structures.® This hybrid chal-
cogenide anode material vastly improves the stability and
retention rate of the battery.

Layered two-dimensional TMDs (e.g., VS,, MoS,, and CoS,),
with their unique interlayer spacings and high theoretical
storage capacity, provide an ideal platform for rapid
intercalation/de-intercalation of Na ions and are attractive
anode materials for SIBs.*® For example, hierarchical 2D nano-
flake ensembles of VS, facilitate improved transport of Na” and
significantly improve the electrochemical performance of the
battery.”* Anode materials containing VS, chalcogenides with
a flower-like morphology have also been reported and these
nanostructures promote superior rate performance as well as
excellent long-term cycling stability in SIBs.”*> Apart from VS,,
various layered MoS, and MoSe, chalcogenide nanostructures
have been reported as key electrode materials for SIBs
(Fig. 2).°*°* Na-ions are stored in these materials via a two-step
process, intercalation at higher potential and conversion in
a lower potential window as follows:*

MoS, + xNa = Na,MoS, (>04V, x < 1.5)
Na,MoS, + (4 — x)Na = Mo + 2Na,S (<0.4 V)

The interlayer spacing of these materials plays a crucial role
in improving the electrochemical performance of the battery as
the capacity and rate capability of the SIB increases with the
interlayer distance in MoS, nanoflake-based anodes. In addi-
tion, electrode materials consisting of hybrid nanoarchitectures
of chalcogenides supported on one-dimensional substrates,
such as MoS, decorated n-doped carbon ribbon and core-shell
MoSe,@n-doped carbon shell structures also facilitate signifi-
cant improvement in the cycling stability, reverse capacity, and
capacity of the battery. Sun et al. reported novel hierarchical
nanohybrid anode materials with MoS, on a two-dimensional
graphene substrate.”® These electrodes have exhibited key
enhancements in the current density, rate capability, as well as
cycling stability of the SIB. In another report, graphene oxide
cross-linked with hollow carbon spheres has been used as
a novel 2D scaffold for MoS, nanoflakes.”” The porous
morphology of this novel electrode material offers a unique
solution to counteract the volume expansion in SIBs and to
promote enhanced transport of electrolytes, ions, and electrons.
New SIB anode materials have also been reported with MoS,
nanoflakes vertically aligned on conductive carbon paper.®® The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Schematic Illustration of the formation process of MoS,-rGO/HCS and (B) electrochemical performance of the MoS,-rGO/HCS for sodium
storage. (a) Representative CV curves of the MoS,-rGO/HCS electrode in a voltage range of 0.01 to 3.0 V and at a scan rate of 0.1 mV s, (b)
Charge—discharge voltage profiles of the MoS,-rGO/HCS electrode at a current density of 0.1 A g~*. (c) Cycling performance and (d) rate
capability of MoS,-rGO/HCS, MoS,/HCS, MoS,-rGO, and bare MoS,. (e) Cycling performance and coulombic efficiency of MoS,-rGO/HCS for
500 cycles at a current density of 1 A g~1. Reproduced with permission from Hu et al., ACS Nano, 2018, 12, 1592.%
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three-dimensional carbon fiber matrix offers increased active
sites and ion/electron transfer channels to enhance the reaction
kinetics of the electrochemical reactions in SIBs.

SnS,-based anodes are the second most widely researched
materials for SIBs due to their key advantages of eco-
friendliness, high capacity, and huge natural abundance.****
The large interlayer spacing of SnS, allows facile intercalation/
de-intercalation of Na ions for improved reaction kinetics.
The material has the capacity for storing Na ions during the
conversion process as well as the intercalation/de-intercalation
process through the following reaction:

4Sn + 15Na* + 15¢~ < Na;sSny

The storage capacity of SnS, is therefore higher compared to
that of the other materials, making it attractive for SIBs. Various
novel strategies have been applied to SnS,-based materials to
further improve the limiting electrochemical properties
including poor stability, high stress from volume changes, and
low conductivity. Xiong et al. reported a hybrid nanostructure
with SnS nanoparticles on a conducting n-doped graphene
scaffold.” The graphene support minimized aggregation of the
nanoparticles and greatly improved the retention rate of the
SIB. In another study, a novel nanosheet morphology of SnS,
has facilitated enhanced active sites for the electrochemical
reactions while the unique structural features of the rGO
substrate allow rapid transport of Na ions and provide struc-
tural stability to withstand changes in volume. As a result, the
composite anode shows excellent charge capacity (630 mAh g™*
at 0.2 A g 1), rate performance (544 mA h g " at 2 Ag '), and
cycling stability (500 mAh g~ "at 1 Ag~" for 400 cycles). Liu et al.
synthesized a unique composite anode with SnS, nanoparticles
decorated on reduced graphene oxide nanoribbons with
a paper-like morphology that has induced remarkable
enhancements in the discharge capacity of the battery.'** SnSe,-
based electrodes, though less widely reported in the literature,
have recently been synthesized via novel hydrothermal
approaches and exhibit improved rate performance and cycling
stability.'**'** Various composite electrodes based on other
transition metal chalcogenides such as CoS,/Se,, NiS,/Se,, and
WS,/Se, have also been explored as promising materials for
SIBs.**1%711% In a recent report, novel composites of NiSe,
enclosed in boron carbonitride nanotubes have been synthe-
sized via a facile pyrolysis approach.'® These anodes show
excellent reversible Na' storage capacity and long-term cycling
stability. In general, the reaction kinetics and decay mecha-
nisms are similar for both S and Se-based electrode materials.
Various novel carbonaceous substrates have been reported to
overcome the issues of conductivity and volume changes. Se-
based electrodes offer a more suitable platform for next-
generation SIBs as they possess a larger interlayer spacing and
intrinsic conductivity compared to sulfides.

Recently, multi-metal chalcogenides have emerged as highly
promising electrode materials for SIBs as the multiple metallic
centers provide enhanced adsorption capability and conduc-
tivity as well as increased active sites for the electrochemical
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reactions. Chen et al. synthesized heterojunction bimetallic
sulfide nanosheets of the SnS,/FeS,/rGO composite, which have
shown highly improved capacities.'”” New materials containing
multiple transition metals (e.g., NiCo,S, and Cu,NiSnS,) as well
as multi-phase components (e.g., ZnS-Sb,S;, NiS,-CoS,, and
Co0¢Sg-ZnS) have been realized. In general, the electrochemical
performance of the multi-metal chalcogenides significantly
surpasses that of single component transition-metal
chalcogenides.'***** However, these materials are synthetically
challenging to achieve with a few reports on sulfide-based
structures and limited reports on the selenides. Further
insights on a compatible carbonaceous support and avenues to
enhance the theoretical capacity will help make these materials
viable next-generation electrodes for SIBs.

All solid-state SIBs have been another innovative alternative
to LIBs and have emerged as an area of major scientific research
in recent years."* A solid-state electrolyte is used in this battery
technology that holds the advantages of being leak-free as well
as having high thermal stability as compared to the traditional
liquid electrolytes. A vast range of inorganic solid electrolytes
for SIBs comprise various chalcogenides such as the Naz;MS,
series,'>*"?® the NazMSe, (M = P, Sb) series,"**'*° or the Na,P;X;;
(X=0,8, Se) series.*** These electrolytes are appealing and cost-
effective alternatives to oxides as they can be synthesized at
lower temperatures. However, chalcogenide-based electrolytes
can be unstable in air and can contain voids that have a detri-
mental impact on the materials' conductivity. Therefore, several
modification strategies including doping of cations at the P site
or halogen ions at the S site, forming hybrid organic-inorganic
composites like polyethylene oxide-based Na;PS,, high-
temperature heat treatment for crystal transformation, and
ceramization and vitrification have been effectively explored to
increase the stability, electrochemical performance, and
mechanical properties of these next-generation solid-state
chalcogenide electrolytes.'**%*

SIBs contain source materials that are cost-effective, abun-
dantly available on earth, and do not pose any safety concerns.
Therefore, they provide an attractive and more sustainable
alternative to the existing lithium-ion technology. However, the
large volume expansion during the charge/discharge process
and the slower ion transport due to the larger size of the Na ion
limit the energy density of SIBs in comparison to that of Li-ion
batteries. Therefore, transition metal chalcogenides with high
specific capacities have been explored as active electrode
materials for SIBs. Strategies such as carbon doping, metal
substitution, formation of hybrid structures with transition
metal chalcogenides, as well as using the nanoscale form of the
chalcogenides have been used to enhance the electrical
conductivity of these chalcogenide-based SIB electrodes.
Furthermore, two-dimensional TMDs such as MoS, nanoflakes,
MoSe,, and VS, have been used to improve the cycling stability,
rate capacity, and current density of SIBs. Various hybrid
morphologies of SnS,-based chalcogenides serve as promising
electrode materials for SIBs owing to the higher storage capacity
of Sn. Finally, all solid-state SIBs are also attractive as next-
generation SIB electrodes as they are leak-free and thermally
more stable compared to the existing liquid electrolytes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Potassium-ion batteries

Although LIBs have revolutionized battery technology in terms
of an uninterrupted energy supply for wearable devices, electric
vehicles, and stationary energy storage, the limited global
reserves of lithium have been an impediment to realizing
affordable technologies. To this end, SIBs and recently,
potassium-ion batteries (PIBs) have been explored as alternative
materials to achieve a more sustainable, affordable, and high-
performance rechargeable battery technology.’® There are
a couple key theoretical advantages of PIBs as compared to the
LIB and SIB technology. PIBs can ideally attain higher working
voltages compared to their Li and Na counterparts as the
standard redox potential of K'/K (—2.93 V vs. SHE) is compa-
rable to that of Li'/Li (—3.04 Vvs. SHE). K" is also a weaker Lewis
acid and its higher diffusion rate and ionic conductivity facili-
tate a favorable and reversible intercalation with the graphite
anode compared to the irreversible intercalation in SIBs."***> A
suitable anode material with superior specific capacities,
cycling stability, diffusion rate, and reaction kinetics is one of

View Article Online
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the key aspects for achieving efficient and practically applicable
PIB technology.

Two-dimensional metal chalcogenides (e.g., M0S,, VS,, SnS,,
and Sb,S;) with low energy barriers for alkali metals and large
specific capacities are highly attractive as anode materials for
PIBs (Fig. 3 and 4)."* These chalcogenide anode materials for
PIBs can be primarily classified as the conversion type or
conversion/alloying type based on the mechanism of potassium
insertion in the anode materials.***7*¢ The metal and chalcogen
are electrochemically inactive for the conversion type materials
while the metal atoms in the conversion/alloying anode mate-
rials have the ability to store potassium via alloying reactions. In
the conversion-type materials (e.g., M0S,, FeS,, ZnS, and V;Sg),
the chalcogen component is the primary contributor of specific
capacity while the inactive metal atom serves to provide
a continuously conductive platform.’"**'*1¥ Metals from
group 14 and 15 constitute the active metallic component in the
conversion/alloying type chalcogenide anode materials (e.g.,
Sb,S3, SnS,, and GeSe) for PIBs. The metal and chalcogen both
form reversible alloys with the potassium ion, thereby
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from Li et al., ACS Nano, 2019, 13, 7939.%°
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enhancing the capacity of this type of anode material. The
detailed mechanism of potassiation/depotassiation of MoSe,
anodes was first investigated by Lu et al. through a combination
of XRD and Raman spectroscopic characterization of the
materials at different phases of charge/discharge."*® It was
discovered that this electrochemical potassiation proceeds via
a two-step process consisting of K' intercalation and conver-
sion, with the Se chalcogen facilitating the K-Se redox reaction,
similar to the reaction mechanism in Li-S batteries. Guan et al.
reported that the potassiation of FeS, based anode materials
proceeds through an initial irreversible transformation to
K,FeS,, which is followed by reversible intercalation and
conversion stages.™® The charge and discharge mechanisms in
another anode material, Sb,S; were investigated using
synchrotron XRD. Intercalation of K" within the Sb,S; structure
first expands the interlayer distances prior to the conversion
and alloying reactions. Xia et al. reported the potassiation/
depotassiation mechanism in SnS, materials using XRD and
in situ TEM."** One of the limitations of the conversion/alloying

2734 | Nanoscale Adv, 2023, 5, 2724-2742

materials is the large volume expansion associated with the
potassiation process.

4.1 Challenges

The current state-of-the-art chalcogenide anode materials are
highly attractive for potassium storage; however, some limita-
tions still exist in the technology in terms of practical applica-
bility.****%15> For example, detrimental side reactions during
the deep potassiation phase, lead to formation of potassium
polychalcogenide compounds that hinder the diffusion of K" by
forming a film on the metal surfaces and thereby reduce the
capacity of the device."******* Another limitation of the chal-
cogenide anode materials is the low structural stability caused
by the large volume expansion and partially reversible phase
transformations during their charge/discharge cycles. The bulk
chalcogenides exhibit low electric and ionic conductivity, which
detrimentally affect the diffusion of K' and electron transport
mechanisms. Therefore, there is a continued scientific interest
to overcome these challenges in the chalcogenide anode

© 2023 The Author(s). Published by the Royal Society of Chemistry
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materials for achieving practically viable and high-performance
PIB technologies.

4.2 Technological solutions

To this end, a few key technological strategies have been
explored to improve the long-term cycling stability and capacity
of chalcogenide anode materials. Wu et al. applied a novel
approach of tuning the discharge depth during the K" interca-
lation in MoS, to facilitate the formation of K, 4Mo0S, as the
degradation product.”™ K, 4MoS, exhibited a lower volume
expansion as compared to MoS, and thereby minimized the
detrimental effects on the structural integrity of the anode.
Another approach by Shu et al. prevented the capacity loss in
TiSe, materials due to irreversible depotassiation through
pretreatment cycles that facilitated the formation of
Ko.4TiSe,.""* K, 4 TiSe, serves as a suitable host material for K*
intercalation for reversible potassium conversion reactions.

Another strategy for improving the chalcogenide anodes is via
incorporation of carbon nanophases. The nanophase carbon
provides a stable platform for minimizing the aggregation and
volume expansion of the chalcogenides during the potassiation
and depotassiation processes and enhances the structural integrity
of the anode materials. The carbon nanophase-metal chalco-
genide hybrid composites also show increased electrical conduc-
tivity as the carbon component facilitates a faster electron transfer
channel for the chalcogenides. These metal chalcogenide-carbon
nanophase hybrid structures can be realized by either embedding
the small metal chalcogenides within the carbon matrix or by
encapsulation of the chalcogenides with carbon. For example, the
electrospinning approach has been effectively used for embedding
graphene-coated FeS, chalcogenide nanoparticles within carbon
nanofibers.”® An improved cycling stability of PIBs has been
observed with the FeS,-graphene-carbon nanofiber composite
anode material.”* Electrospinning-based approaches have also
proved effective for other chalcogenide nanoparticles like VSe, s,
where the VSe; 5 embedded carbon nanofiber composite showed
stable capacity as the carbon component minimized aggregation
and transport of the nanoparticles during cycling.”*® In another
novel hybrid chalcogenide nanoparticle-based composite anode,
CoS nanoparticles have been encapsulated at the ends of carbon
nanotubes as well as on the surfaces of n-doped carbon nanofibers
via an in situ CVD and electrospinning synthetic strategy.'” This
hybrid  nanocomposite  facilitates = enhanced  capacity
(400 mA h g7 ") and good cycling stability (i.e., 130 mA h g™ " at
3.2 A g~ ! after 600 cycles) in PIBs owing to the efficient confine-
ment of aggregation and migration of the chalcogenide nano-
particles. Guan et al. reported a unique yolk-shell structure
consisting of an FeS, core with an outer carbon shell to control the
volume expansion during potassiation and depotassiation.** The
ability to accommodate volume expansion is a key advantage of
the yolk-shell nanostructure as it protects the structural integrity
of the anode. The confinement effect within the carbon shell also
facilitates enhanced ion and electron transport in the yolk-shell
nanostructures.

Ternary alloying is a novel material strategy in which a third
cation or anion is used as a key tool to enhance the vacancies

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and realize tunable electronic and physical properties in the
metal chalcogenide anode materials. For example, Guo et al.
synthesized MoSSe nanoplates as PIB anode materials via
a novel alloying strategy where the 1: 1 S/Se stoichiometric ratio
facilitates enhanced vacancy concentration.'® The vacancy sites
in this novel ternary material increases electron transfer and
minimizes K" ion adsorption during cycling.'*® These properties
of the MoSSe alloy impart enhanced reversible capacity and
cycling stability to the PIB anode. Hybrid PIB anode materials
constituting a layered graphene substrate containing ternary
chalcogenide nanodots that are prepared via substitution of
cations, e.g., SnSb,Te, have also shown enhanced ionic and
electric conductivity." A modified ball-milling approach has
been used to synthesize these anodes. Wang et al. synthesized
ternary Ta,NiSes; nanosheets via a novel ion-intercalation based
exfoliation method as anode materials for PIBs.'*® These ternary
chalcogenides exhibit a large capacity as well as stable cycla-
bility, which is attractive for potassium storage owing to their
multiple Se sites.

Finally, synthesizing the chalcogenide materials at the
nanoscale can be used as a niche strategy to address the limited
ionic and electrical conductivities of the bulk phases.'*'*> A
higher flexibility in obtaining a tunable structure-property
relationship can be achieved at the nanoscale owing to the
available surface area. The nanoparticles offer a shorter diffu-
sion pathway, improved electron transport, and accommoda-
tion for the volume expansion during the potassiation/
depotassiation cycles, which are key to maintaining the struc-
tural integrity of the anode and enhancing the potassiation/
depotassiation length. Consequently, these metal chalco-
genide nanostructures can serve as a next-generation platform
for the anode material of PIBs in terms of enhanced capacity
and cycling stability. A few key synthetic approaches used for
chalcogenide nanocrystals include chemical vapor deposition,
solution-based processes, hydrothermal, calcination, and hard/
soft templating.'3*140147:156.163 For example, Wang et al. reported
a novel solvothermal synthesis of PIB anode materials con-
taining octahedral CoSe, nanoparticles that are well-dispersed
in n-doped carbon nanotubes to facilitate increased electron
transport and structural stability.**® Anodes with novel shape-
controlled and hollow MoS, nanoparticles threaded on n-
doped carbon nanotubes have also been reported.'*” The
abundant active sites, defects, and ion diffusion channels in the
expanded MoS, layers of these hybrid anode materials facilitate
enhanced potassium storage. In another modification, rose-
shaped MoS, nanoparticles on reduced graphene oxide (rGO),
synthesized via a facile hydrothermal route, have shown
significantly improved cycling and capacity retention at high
rates due to the stability and minimized nanoparticle aggrega-
tion provided by the rGO support and the abundant ion diffu-
sion channels within the structure.*®* It has been observed that
nanoengineered MoSe, nanosheets with a flower-like
morphology where some of the nanosheets are attached to n-
doped carbon layers exhibit a more stable capacity during
cycling.*® Layered Sb,S; nanosheets are also promising as PIB
anode materials in terms of enhanced cycling performance and
reversible capacity due to the soft layered structure of these
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materials."** Hybrid PIB anode nanostructures synthesized with
VsSg nanosheets supported on novel hollow carbon nano-
spheres have shown the most efficient rate capability among the
metal chalcogenide-based anode materials synthesized so
far.150,165,166

In summary, PIBs have the potential to achieve higher
working voltages than Li and Na-ion batteries. They consist of
earth-abundant source materials and facilitate an increased
diffusion rate and ion conductivity compared to SIBs. These
attributes make PIBs attractive for electrochemical energy
storage. Two-dimensional metal chalcogenides (e.g., M0S,, VS,,
Sb,S3, SnS,, FeS,, ZnS, and V5Sg) have been explored as prom-
ising next-generation anode materials for PIBs in both conver-
sion and conversion/alloying types of anodes. One limitation of
chalcogenide-based anodes is the formation of potassium pol-
ychalcogenide residues during the deep potassiation phase that

View Article Online
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hinder the transport of K-ions. Therefore, novel approaches like
controlling the discharge depth during the K-ion intercalation,
using hybrid and nanoscale chalcogenides as anode materials,
ternary alloying via adding another cation or anion within the
chalcogenide anode material, and adding a nanoscale carbo-
naceous support have been effectively applied in recent years to
further enhance the rate capability and long-term cycling
stability of PIBs.

5. Flexible supercapacitors

Wearable and portable electronics such as mobile phones,
health-tracking devices, and laptops have become an inherent
part of modern life and have revolutionized our living condi-
tions. Flexible energy storage devices like flexible super-
capacitors are the key to sustaining these next-generation
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Fig. 5 Flexible supercapacitor assembly based on CuSbS, nanoplates. (a) Schematic of a flexible quasi-solid-state supercapacitor device
fabricated using 55 + 6.5 nm CuSbS, nanoplates, (b) cyclic voltammogram curves of the CuSbS, nanoplate supercapacitor device at different
scan rates using KOH, (c) cyclic voltammogram curves of the CuSbS, nanoplate supercapacitor device at different bending angles, (d) cyclic
voltammogram curves showing cyclic stability of the CuSbS, nanoplate device, and (e) cycling performance of the CuSbS, nanoplate super-
capacitor device at a constant current of 1 mA. The inset shows the first few cycles of the charge—discharge curves. Reproduced with permission

from Ramasamy et al., J. Mater. Chem. A, 2015, 3, 1326317
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compact and wearable technologies. They combine the high-
power density, rapid charging/discharging capability, and
longer lifetime with mechanical flexibility. Each component of
a flexible supercapacitor from the case to the electrode is flex-
ible, providing a suitable platform for modern portable elec-
tronics.”*¢”'%® A flexible electrode material greatly influences the
overall performance, structural flexibility, and stability and is
therefore one of the major components of a supercapacitor.
Traditional carbonaceous materials cannot meet the high
energy density required for commercial viability of these next-
generation electrochemical energy storage devices. On the
other hand, transition-metal chalcogenides with their high
specific capacitance, excellent storage capacity and electron/ion
diffusion, long operation lifetime, and morphology-tunable
synthesis strategies are attractive candidates as electrode
materials for flexible supercapacitors (Fig. 5). Chalcogenide-
based materials can be engineered to have excellent mechan-
ical properties required for high-quality flexible super-
capacitors. The morphology of the electrode materials also plays
a major role in realizing high-performance flexible super-
capacitors, and as a result hollow and linear shapes of the
transition-metal chalcogenides have been investigated. One
example is a novel nanowire array of Niz;CosSg chalcogenides on
nitrogen-doped flexible carbon foam prepared via a facile
hydrothermal approach.'® The unique morphology of the
chalcogenide electrode facilitates enhanced electrochemical
performance in terms of specific capacity (243 mA h g™%), rate
capability, as well as cycling stability (i.e., 84% specific capaci-
tance after 10000 cycles) due to the increased efficiency of
consumption of the active material. Zhai et al. developed a new
chalcogenide-based electrode material combining two transi-
tion metal sulfides (i.e., copper sulfide and zinc sulfide) having
high pseudo-capacitance with a porous carbon substrate having
excellent double-layer capacitance.” The electrode induced
a transformative increase in the energy density of the flexible
supercapacitor, which is important for commercial viability and
large-scale applicability of the technology. Layered chalcogen-
ides are another class of promising electrode materials for
flexible supercapacitors.”**”**”* The limited conductivity in
these layered materials has been addressed via various novel
strategies. For example, InSe-based electrodes have been
incorporated into an interdigitated and flexible micro super-
capacitor technology to bring a breakthrough enhancement in
the mobility of charge carriers. The structure of these thin
layered chalcogenide materials also greatly influences their
inherent properties and can therefore be used to tune the
electrical conductivity of these materials.'”® Hu et al. added
hydrogen to Cu,WS, layered nanosheets and the resulting
materials transitioned from semiconductor into metallic, which
induced a huge increase in the electrical conductivity."”* In
another novel electrode material, ultrathin two-dimensional
structures of Ti;C,T, MXene embedded with FeCo,S, chalco-
genide nanoparticles have been deposited in situ on
polyacrylonitrile/polyvinylpyrrolidone-modified carbon nano-
fibers via electrospinning.'”® This flexible device facilitates rapid
and continuous transport of electrolyte and provides break-
through cycling stability and improved sulfide conductivity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Recent studies have also highlighted the remarkable potential
of layered MoS, and MoSe, chalcogenides for flexible super-
capacitor electrodes.”® For example, a detailed investigation of
the intercalation properties of MoS, has revealed its excellent
specific capacitance and energy density in both aqueous and
organic phases."”” MoS, synthesized on carbon nanofibers via
a microwave-assisted hydrothermal approach has also showed
remarkable electrochemical performance.”®  Therefore,
transition-metal chalcogenides have emerged as attractive
components of electrodes that can meet the high energy density
and specific capacitance required for next-generation flexible
supercapacitors.

Therefore, the transition-metal chalcogenides have emerged
as attractive electrode materials for high-performance flexible
supercapacitors due to their inherently high specific capaci-
tance and storage capacity coupled with their tunable
mechanical properties. The electrochemical properties of the
chalcogenides including rate, cycling stability, and specific
capacity can be further enhanced through shape-control while
the mechanical properties are further improved using flexible
carbon-based supports. One such example of an improved
electrode material for flexible supercapacitors is the Ni;CoeSg
nanowire array supported on nitrogen-doped carbon foams.
Layered chalcogenides are also attractive for flexible super-
capacitors as the interlayer spacing can be controlled to achieve
enhanced electrical conductivity in these materials. For
example, MoS, nanoparticles supported on carbon nanofibers
exhibit remarkable electrochemical performance as flexible
supercapacitors. A vast increase in cycling stability has also
been achieved with hybrid materials containing chalcogenide
nanoparticles embedded in MXenes.

6. Future perspectives

Transition-metal chalcogenides and their layered architectures
offer a unique class of materials with tunable properties for
next-generation electrochemical energy storage devices. For
example, our group has realized layered CuSbS, nanoplates
with tunable thickness ranging from six to several layers and
CuSbS, mesobelts that can be exfoliated to a monolayer thick-
ness. These materials offer thickness-dependent electronic and
optical properties and are attractive as electrodes for next-
generation flexible supercapacitors.>®'”>”® Our group has also
synthesized a new class of multinary Cu,ZnAS,_, and CuZn,AS,
(A = Al, Ga, In) nanocrystals in the metastable wurtzite phase.
The electronic structures of these new chalcogenide semi-
conductors show a dependence on the ionic radius of the group
III cation, which can be tuned to achieve a desired electronic
property for electrochemical energy storage. However, the
practical viability of transition-metal chalcogenides as stand-
alone electrode materials for batteries and flexible super-
capacitors is limited due to their inherent constraints in
structural stability and charge transport. Therefore, several
novel strategies have been realized to further enhance the
electrochemical and structural properties of the chalcogenides.
Among them, various organic and inorganic materials for
support, hybrid nanostructures with carbonaceous or
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conducting polymeric materials, doping with heteroatoms, and
realizing multinary chalcogenide compositions have paved the
way for attractive electrochemical properties and viability of
chalcogenide-based electrodes for energy storage. A three-
dimensional porous network provides a key material platform
for various chalcogenide-based electrodes for electrochemical
energy storage, but limited information is currently available on
their charge transport dynamics. Understanding the mecha-
nisms of ion/electron diffusion in these new hybrid porous
nanostructures through advanced material characterization
tools including high-throughput synchrotron X-ray diffraction,
small-angle X-ray scattering, and electron energy loss spectros-
copy will be the key to realizing practically viable and high-
energy density electrodes required for emerging energy
storage technologies.’

Tellurides have higher volumetric energy density and unique
electronic conductivity as compared to sulfides and selenides,
offering an attractive alternative for high-throughput electro-
chemical energy storage in terms of facilitating lightweight and
miniaturized next-generation devices.'®" The larger size of the
Te ion favors enhanced rates of electrochemical energy
conversion reaction. The larger interlayer spacing in tellurides
provides a platform for increased diffusion of ions. Tellurides in
the nanoscale form also offer higher structural stability to
withstand volume expansion during the electrochemical energy
conversion process. Therefore, these materials could be the key
to portable and enhanced energy storage.

Electrosorption in the new layered and porous electrode
materials that have been realized for high-throughput energy
storage applications involves complex capacitive mechanisms
beyond the traditional non-faradaic electric double-layer
capacitance and faradaic charge transfer via pseudocapaci-
tance. The unique electrolyte confinement in these materials
involves new phenomena at the interface of the electric double
layer and pseudocapacitive charge transfer, which open the
scope for rich innovations in future energy storage
technologies.*®>

One of the niche future directions for electrochemical energy
storage is realizing hybrid devices that synergize multiple
desirable properties such as high energy and power densities,
long cycle-life, and rapid self-charging within a single device.
For example, an asymmetric supercapacitor combines a battery-
type electrode with a supercapacitor electrode to exploit the
different potential windows of the electrodes for achieving
a four-fold higher energy density as compared to regular
supercapacitors.'®**** However, the specific power and cycling
life can be limiting metrics for these hybrid platforms. There-
fore, different battery technologies and supercapacitors have
been hybridized to achieve an alternative class of energy storage
devices that can meet both the high energy and high power
density requirements.”**** With the increasing application of
portable and wearable electronics, next-generation energy
storage devices in the form of self-charging supercapacitors
have been developed that integrates energy harvesting from
sustainable sources (e.g., wind, water, and solar) and super-
capacitor technologies within the same device."** " These

hybrid technologies synergize energy harvesting from
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renewable sources with the advantages of supercapacitors to
achieve the next frontier of electrochemical energy storage
devices.
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