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Abstract

Generation, storage, and utilization of most usable
form, viz., electrical energy by renewable as well as
sustainable protocol are the key challenges of
today’s fast progressing society. This crisis has led
to prompt developments in electrochemical energy
storage devices embraced on batteries,
supercapacitors, and fuel cells. Vast research and
development are being executed worldwide on
each of these systems. Although fuel cells and
batteries possess higher energy density but
excessive installation cost, bulkiness, low power
capabilities, and short life time are major limitations
till date. The performances of supercapacitors at
present lie in-between these batteries and
conventional capacitors, hence serve as supporting
or secondary devices for uninterrupted power
supply systems. Nonetheless, supercapacitors
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Copper sulfides (CuxS, x=1–2), have been recognized as industrially significantmaterials with diverse applications in
exotic technological fields of electronics, sensors, catalysis, photovoltaics, energy storage, etc. Their promising electro-
chemical performance, ease of availability, and low production cost have motivated enormous interest in fabricating
high-performance supercapacitors to meet the sky-rising demands for proficient electrochemical energy storage de-
vices. Various copper sulfide nanostructures obtained via different synthetic methodologies to design superior elec-
trode materials for high-energy supercapacitors have been briefly outlined here. The variations in capacitive
behavior with diverse copper sulfidesmorphologies have been compared and elaborated. As pristinemetal chalcogen-
ides nanomaterials often suffer a high rate of agglomeration, irreversible volume change during large electrochemical
cycles in addition to poor charge transport features, their commercial usage gets severely restricted. Accordingly, to
overcome the aforesaid limitations and bring about superior material qualities, copper sulfides have been intimately
blended with a range of other electro-active materials like inorganic semiconductors including metal oxides, hydrox-
ides, chalcogenides, carbides, etc., conducting polymers including polyaniline, polypyrrole, derived polythiophenes,
etc. as well as with diverse carbon-based systems in the form of activated carbons, carbon nanotubes and functional-
ized graphene systems, etc., to furnish varieties of exquisite binary, ternary and quaternary nanocomposites. Thesema-
terials have exhibited improved features, especially, in terms of capacitance, energy, and power efficiencies besides
offering goodmechanicalflexibility and environmental stability to be applied in various energy-seekingfields of global
technology. To the best of knowledge, very few review reports are available in the literature that highlights systematic
as well as comprehensive discussion on the extent of progress of supercapacitive applications of different copper sul-
fide nano-systems and their nanocomposites. Besides, this study also outlines the current challenges faced as well as
figures out some prospective ways that may promote better strategic sketching of smarter copper sulfides-based
nanomaterials for high-performing supercapacitors in the upcoming days.
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Electrochemical behavior
Supercapacitors
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Specific power
Specific energy
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Electrochemical energy storage has emerged as one of the
principal topics of present-day research to deal with the high
energy demands of modern society. Accordingly, besides fuel
cells and battery technologies, interesting and challenging
results have been observed in the recent past, during the
materialization of “supercapacitors” or “ultracapacitors”, which
have provoked a sharp increase in research inclination to revisit
this aspect of renewable and sustainable energy storage.
Supercapacitor performances are largely dependent on elec-
trode materials, the nature of the electrolyte used, and the
range of voltage windows employed. Carbon-based electrode
materials have tunable properties such as electrical conductiv-
ity, extensive surface area, and faster electron transfer kinetics
with low fabrication costs. But their specific capacitances are

found to be too low for commercialization. Ruthenium dioxide
(RuO2), owing to its high theoretical specific capacitance value
(1400–2000 Fg�1), has been extensively recognized as a favor-
able material for supercapacitor devices, but high production
cost and agglomeration effects stand as high barriers prevent-
ing marketable usage. Consequently, RuO2-based nanocompo-
sites have been widely studied to optimize the material cost,
with simultaneous improvement in the electrochemical per-
formances. This Review describes comprehensively the recent
progress in terms of the fabrication and design, electrochemical
performance, and achievements of RuO2 and its nanocompo-
sites as electrode materials for supercapacitors, which will be
beneficial for further research designing high-performance
supercapacitor devices.

1. Introduction

1.1. Supercapacitors as Proficient Electrochemical Energy
Storage (EES) Devices

Electrochemical energy storage (EES) systems comprising of fuel
cells, batteries and supercapacitors are quickly emerging as one
of the blazing issues of research to cope up with high energy
demands of the modern society. Among these various electro-
chemical energy storage systems, supercapacitors (SCs) design-
ing and fabrication technology are fast growing ever since the
last decade, especially to meet the exceeding needs of
miniature, portable criteria besides high lifetime, elevated
power densities, flexibility, wide operating temperature range,
low maintenance costs and light weight not only to supplement
the former ones to but to replace them in many high energy-
seeking sectors.[1–2] Supercapacitors are often popularly called
as ultracapacitors or electrochemical capacitors, because of
their superior designing so as to attain appreciably higher
capacitances, large energy densities at large power densities
compared to conventional capacitors. SCs are often treated as
battery-complementary devices for high power demanding
applications as they show higher power density compared to
batteries although much improvements in energy densities are
still in progress.[3] Besides, their applications are rapidly
emerging in the fields of computers and memory storage
devices. Furthermore, combination of supercapacitors and other
renewable energy generating sources such as wind mills, solar
cells, fuel cells are targeted for maximized energy storage and

rapid charging capabilities with improved charge/discharge
cycle performance of the hybrid as well as electric-vehicles for
public transits.[3] Supercapacitor applications are getting popu-
lar by days in various uninterrupted power supply seeking areas
of public securities, electronic gadgets, heavy machineries, bio-
medical, space and military applications.[4] Further, it is realized
that assembling one supercapacitor electrode with suitable
battery-type (hybrid systems) can considerably boost the
energy density of the device. Thus, it’s not far that commercially
viable, flexible, maintenance-free, standalone supercapacitor-
battery (termed as supercapatteries) will be readily available in
the market.[5]

1.2. Essential Facts Related to State-of-the-Art
Supercapacitors

Generally, “typical supercapacitors (EDLCs)” employ two large-
surface-area-based electrodes separated by an insulating sepa-
rator and submerged in electrolyte within a sealed jacket, as
depicted in Figure 1.

Electrochemical energy storage (EES) device’s efficacy is
indicated by two crucial parameters, namely, specific energy/
energy density and specific power/ power density, respectively
expressed by Equations (1) and (2):[1,6]

Specific Energy Eð Þ ¼ 1
2m

Cs DVð Þ2 (1)

Specific Power ðPÞ ¼ ðE=DtÞ � 3600 (2)

[a] Dr. D. Majumdar
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[c] Prof. Z. Jiang
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of Zhejiang Province, Department of Physics
Zhejiang Sci-Tech University, Hangzhou 310018, P. R. China Figure 1. A typical two-electrode supercapacitor setup.
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Manganese dioxide (MnO2) has proved itself as a popular
pseudocapacitive material with low fabrication cost, high
availability, low toxicity, and improved handling safety com-
pared to many other inorganics or carbon-based systems
existing in the market. However, the specific capacitance
reported to date has been far inferior to that of the theoretically
predicted value (ca. 1370 Fg�1), which is mainly attributed to
the issues associated with poor conductivity, nanostructure
agglomeration, low porosity, rapid electrolyte-mediated dissolu-
tion, and so forth, which have considerably limited its
commercial effectiveness. Thus, to bring about improvement in
the electrochemical performance of MnO2-based supercapaci-
tors, novel designs of MnO2 nanomaterials through composite
formations with other substances, such as nanocarbons,
conducting polymers or inorganic materials, namely metal
oxides and sulfides, have been comprehensively explored.
Extensive studies on these MnO2 binary nanocomposites
revealed significant improvement in the electrochemical fea-
tures compared to pristine phases; nevertheless, the achieved
state is still far below practicability. Hence, scientists have opted

for MnO2-based ternary nanocomposites achieved by blending
appropriate proportions the three components (MnO2 nano-
structures being one of the constant components) that would
promote synergism to attain suitable dimensions, crystallinity,
crystal structure, conductivity, mass loading, and electrolyte
selectivity so as to confer superior capacitance, charge transfer
kinetics, better utilization of electroactive materials, energy and
power densities, as well as improved mechanical stability and
environmental adaptability. Herein, recent developments and
advancements in the research of various MnO2-based ternary
nanocomposites employed for supercapacitor applications have
been discussed and are compared with binary analogs with
special emphasis on correlating their composition, morphology,
and the electrochemical properties that are noticeably modified
upon introduction of the third component. The associated
challenges encountered in their progress toward commerciali-
zation and the probable ideas of persuading better strategic
designs of these ternary systems for high-performance super-
capacitor applications have also been delineated.

1. Introduction

Over the past few years, the demand for renewable energy
generation technologies has achieved tremendous worldwide
research consideration to effectively resolve the issues of fast
exhausting fossil fuels and their adverse environmental
consequences.[1] However, their usage has not been commonly
accepted partially due to high installation costs and the failure
to provide good energy solutions during off-source periods.
Thus to successfully drive these green technologies, explora-
tions in the field of energy storage systems have intensified
with the urge to develop smart gadgets that can efficiently
storage as well as deliver energy economically as well as
profitably at the time of requirement.[2] These fundamental
objectives have channelized scientific interests to design
superior electrochemical energy storage (EES) devices to meet
the sky-high needs of uninterrupted power supply.[3,4] Among
the EES, the gigantic, voluminous batteries are currently
considered as the premier and commonest energy supporting
systems as they have championed in high specific energy
(energy stored per unit mass) values irrespective of poor term-
life, inferior specific power (energy delivered per unit time per
unit mass), environmental-toxicity and safety troubles partic-
ularly associated with their recycling and after-life disposal
uncertainties.[4–6] These obvious drawbacks have been deliber-
ately overlooked due to the lack of suitable alternative energy
storage systems available today. Conventional capacitors
although capable of delivering high power and long cycle life,
display inferior energy density and thus, have restricted

industrial applications. This knowledge has urged in devising
novel EES systems that may balance the fine qualities of
batteries as well as capacitors to counter the immediate energy
problems.[6–7] Eventually, this led to the establishment of ‘super-
capacitors’ or ‘ultracapacitors’ that possess unique features of
portability, robustness, high specific power with appreciable life
expectancy, and low maintenance expenses to replace the
popular low-lasting bulky batteries shortly.[7]

However, the specific capacitance and energy density values
of generation-I supercapacitors have been far away from the
theoretical expectations and thus, flexible, upgraded versions
with high energy performances are in the immediate demand
for smarter energy solutions in the near future. Rigorous
investigations have revealed that the electrode materials take a
major role in assigning the efficiency of these EES, and
consequently wide varieties of nanomaterials including inor-
ganic compounds such as metallic oxides, chalcogenides,
carbides, etc.; conducting polymers and their derivatives;
various nano-carbons; etc. have been fabricated for achieving
the desired goal.[8] Several nanocomposites based on these
substances have also been formulated for realizing high electro-
chemical efficiency in these devices. Nonetheless, the so-far
obtained standards are considerably inferior to the much-
needed targets for commercialization.[9] Accordingly, dedicated
scientific minds are persistently engaged in the task of design-
ing novel and intelligent electrode ingredients for witnessing a
better tomorrow.[10]

The current review, in this perspective, comprehensively
discusses the state of the art of research of various MnO2-based
ternary nanocomposites employed for supercapacitor applica-
tions, with special emphasis on correlating their electrochemical
properties with composition and morphology that have
rewarded them higher priority in respect to their binary
analogs. Such systematic assessment might promote well-
judged, productive formulations of an improved class of
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